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  EDITORIAL

  
    Ribeiro SJL, Baptista MS. Shedding Light on Chemistry. J. Braz. Chem. Soc. 2015;26(12):2389-89

  

  
    Shedding Light on Chemistry

  

   

   

  The General Assembly of the United Nations proclaimed the year 2015 as the International Year of Light and Light-Based Technologies. Light is connected with humans in several ways. From photosynthesis to health, optics and photonics, light has revolutionized our society.

  The advancement of photonics allowed light to be present in almost any device used by us, from an advanced research or medical equipment to simple home-appliances. Light is also revolutionizing many fields of research and technology such as in medicine, communications, computers, etc. Photons are perhaps the tool mostly used by chemists, because they are present both in the preparation of chemicals and materials as well as in their analysis. Some photochemists use the interaction of light and materials to bring new properties to molecules and others use special materials to change properties of photons.

  In recognition to this and expecting that light will play an increasing role in future technologies, the Journal of the Brazilian Chemical Society prepared this issue to present some examples of novel developments in this field, hoping to foster high-level discussions related with light induced phenomena.

  Among the 21 articles presented in this special issue, the reader can find a wide range of light inspired activities. From luminescent and photochromic glasses and thin films to writing nanostructures on glasses and thin films with femtosecond lasers; from the preparation and testing of new materials for photodynamic therapies to the laser and ionizing radiation effects on hard tissues; from materials enhancing the efficiency of photovoltaic cells to materials to optically measure the temperature at the nanometric scale; from lanthanide containing to carbon-dots containing new luminophors. 

  This issue for sure highlights the International Year of Light. Even photochemistry without light is touched here!

  Enjoy it!

  
    Sidney J. L. Ribeiro

      Unesp

    Maurício S. Baptista

      USP
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  REVIEW

  
    Wainwright M. Tricyclic Cationic Chromophores as Models for New Photoantimicrobials. J. Braz. Chem. Soc. 2015;26(12):2390-2404

  

  
    Tricyclic Cationic Chromophores as Models for New Photoantimicrobials

  

   

   

  Mark Wainwright*

   

  
    Despite the preponderance of literature pertaining to photosensitisers based on the porphyrin system, many other chemical classes are available with similar or improved characteristics and potential for use in photodynamic medicine. Several of these classes are based on small, tricyclic, heteroaromatic chromophores, often originally developed from textile dyes or biological stains. The latter classification is useful in providing a basis for biological uptake and antimicrobial activity. The current review covers the chemistry and photoantimicrobial applications of established and novel cationic bisamino derivatives of the acridine, phenazine, phenoxazine, phenothiazine and xanthene systems and related compounds. The range covered is considerable and demonstrates photodynamic performance to rival the porphyrin class. In addition, the chemical synthesis of new analogues of lead compounds such as methylene blue or acridine orange is relatively straightforward and inexpensive, and compound series with varying physicochemical profiles have been produced for structure-activity studies in order to furnish improved photosensitisers for clinical trialling.

    Keywords: acridine, benzologue, chalcogens, phenazine, phenoxazine, phenoselenazine, phenothiazine, rosamine, photosensitiser.

  

   

   

  1. History

  Dyes and pigments are very important in the modern world - from the coloration of the human environment with paints, plastics and textiles, to dyed clothing and food colors. The significance of the chemicals used in the various processes leading to coloration is mostly taken for granted, if appreciated at all. Similarly, the non-traditional, high-technology use of dye molecules has applications in electronics, light-emitting diodes, photovoltaics, lasers and biosensors, again normally unappreciated by the end user. The application of dyes as biological stains remains highly important in the establishment of infectious disease aetiology via the ubiquitous use of the Gram stain, and there are many examples of established stains in histochemistry and histopathology.1

  Another aspect of synthetic dye usage is their part in the development of modern drugs. The growth of the pharmaceutical industry can be traced back to the initial essays in aniline dye synthesis in the middle part of the nineteenth century, following Perkin’s accidental synthesis of the phenazine derivative, mauveine in 1856. The oxidative reagents used with the various available (but impure) anilines led to the production of a range of colors due to the oxidised heteroaromatic chromophores produced, often involving sulphur as well as nitrogen. Among the earliest chromophores thus obtained were oxidised phenothiazines (phenothiaziniums), methylene blue and thionine being first reported in 1876.2,3 Early research into the use of such compounds to differentiate cells by Koch, Ehrlich and others eventually led to selective toxicity studies and, in turn, to chemotherapy. Here, dyes which were employed directly as drugs, e.g., the aminoacridines, the azo dye Prontosil and methylene blue itself, became lead compounds for future drug development.4

   

  2. Photosensitisation

  Photosensitisers - as opposed to conventional dyes - are light-absorbing molecules which are able to populate the excited electronic triplet state (*T1) significantly, thus allowing electron transfer reactions with, or energy transfer to, molecules - typically oxygen - in the environment. The basis of cytotoxic photosensitisation is the generation of reactive oxygen species in situ. The superoxide anion, hydroxyl radical and peroxides are produced via electron transfer and singlet oxygen via energy transfer (Figure 1).

  
    

    [image: Figure 1. Excitation/relaxation pathways]

  

  Tricyclic lead compounds, such as the phenothiazinium derivative methylene blue, produce singlet oxygen efficiently, but it is also possible to design analogue molecules based on the enhancement of factors supporting this, e.g., heavy atom inclusion (q.v.).

  For the triplet excited state to be sufficiently populated, a relatively long-lived excited singlet state allowing efficient conversion from *S1→*T1 is essential. Deactivation of the *S1 state may occur radiatively (fluorescence) and non-radiatively (internal conversion), as with conventional dye molecules.

  Stabilisation of the *T1 state itself by the inclusion of atoms of a high atomic number is due to large associated spin-orbital coupling constants and is known as the "heavy atom" effect. The peripheral inclusion of bromine or iodine in the chromophore, or (usually) of sulphur or selenium as ring heteroatoms is common modern practice in the maximisation of singlet oxygen production.

  2.1. Dyes as photoantimicrobials

  Raab’s initial reporting of the photosensitising action of dyes in 1900 was based on the simple nitrogen tricyclic molecule acridine and the xanthene derivative eosin,5 the latter also featuring in mammalian cell (anticancer) studies within a few years.6 Although various discoveries were made with synthetic dyes throughout the next sixty years, the proper development of photodynamic therapy (PDT) as a cancer treatment, beginning in the 1960s,7 was firmly based on naturally-occurring porphyrin derivatives, and this remains the case to date, with synthetics constituting something of a lower class. To a certain extent, this is also true in the related field of photodynamic antimicrobial chemotherapy (PACT),8 despite the fact that there is far less rationale for the use here of the anionic porphyrins used in cancer PDT. If PDT did not exist, PACT would be firmly based on cationic dyes such as methylene blue and the benzo[a]phenoxazine Nile blue. However, there remains what amounts almost to a "porphyrin panacea" approach to all aspects of potential photodynamic medicine among a large section of researchers.

  The lead compounds for synthetic photosensitisers proposed for use in biomedicine, particularly in the area of photoantimicrobials, constitute, in the main, a sub-class of established biological stains. Undoubtedly, methylene blue is premier among these, but it is important to recognise that it is not the sine qua non, despite its many medical applications in the past.9 Substituting a methylene blue panacea for the porphyrin version is equally unsuitable in taking forward photodynamic science or its medical applications.

  There are many candidate chromophores for novel photosensitisers from the field of biological staining, and these underpin the "stain and kill" approach to the development of fit-for-purpose photoantimicrobial agents. Several lead compounds may thus be found in the tricyclic cationic class which, due to the large number of starting points for photosensitising drug discovery, is the subject of the present work. A section of the xanthene class has also been included among the tricyclic cationic compounds: the diamino functionality and cationic nature of the pyronin and rosamine derivatives offer considerable structural commonality with methylene blue and its congeners.

  In the 21st century, it is incumbent on scientific researchers to ensure that their work is relevant to modern requirements. Photosensitiser discovery, particularly relating to infection control applications, satisfies this criterion since it addresses a serious, often fatal, gap in conventional antimicrobial chemotherapy, viz. drug-resistant infection.10

  2.2. Structures

  The fundamental chemical structure involved in tricyclic cationic chromophores consists of a fused, linear, tricyclic arrangement of six-membered aromatic rings, the central one containing one - or, more usually, two - heteroatoms. Traditionally, the combination of heteroatoms is N/NR, N/O, and N/S, but this has been extended to combinations of nitrogen with the lower period, group VI atom selenium, and also to the CH/N, RCH/O, RCH/S, etc. couples, in order to encompass the acridine, pyronine and rosamine photosensitisers (Table 1).

  
    

    [image: Table 1. Structures of tricyclic photosensitiser]

  

  The representative structures given in Table 1 provide an idea of general molecular similarity, although it should be remembered that the different X/Y atomic combinations govern the electron density and distribution of the resulting delocalised chromophore (Figure 2), thus explaining some of the varying activities among representative examples, this being of particular relevance to photosensitising capability. On a more obvious note, this variation in electron density/distribution may be visibly observed in solution color. For example, acridine orange and methylene blue are identical structures save for the central chromophoric heteroatoms, CH/N and N/S, respectively. This can also be observed spectrophotometrically for direct phenoxazinium and phenothiazinium analogues (i.e., N/O → N/S), usually demonstrating a bathochromic shift of λmax of ca. 20 nm.

  
    

    [image: Figure 2. General azinium-type structures]

  

  2.3. Photosensitising activities

  Among research groups involved in new photosensitiser development, there has been considerable effort committed to measuring the reactive oxygen species (ROS) generation of synthesised candidates as one of the necessary performance indicators. Usually this consists of mixing the candidate with a quencher, illuminating and measuring the decay of the latter spectrophotometrically. Conversely, singlet oxygen can be measured directly via its phosphorescence (delayed fluorescence) at 1270 nm.11 However, the generation, or otherwise, of ROS - since this is governed by the lifetime of the electronic excited state - depends to a large extent on the molecular environment of the photosensitiser. Thus, measurements made in solution may not reflect behavior in the clinical situation. For example, the production of singlet oxygen by methylene blue can be observed in alcoholic solution via the decrease in visible absorption of a quencher such as 1,3-diphenylisobenzofuran or 4-nitroso-N,N-dimethylaniline.12 Such photosensitising activity depends on the absorption of light by the methylene blue molecule. Similarly, the binding of methylene blue to deoxyribonucleic acid (DNA), an important and often cited cellular target, can be demonstrated spectrophotometrically, since the λmax of methylene blue shifts by approximately 4 nm.13 This is a clear indication that there has been a change to the π-electron cloud of the molecule, compared to that in the free state in solution. Since the generation of singlet oxygen also depends on electronic transitions in the photosensitiser, there is clearly potential for biomolecular binding to influence photosensitising activity. Related molecules, such as the acridines proflavine and acridine orange produce no measurable singlet oxygen in the standard spectrophotometric test but are excellent cellular photosensitisers. This may also support the preceding argument or indicate an electron transfer/redox mode of action (type I photosensitisation).

  Such behavior merely underlines the fact that the testing of potential photosensitisers should be realistic. A ranking order of photosensitising ability constructed using a conventional spectrophotometric assay will, in all likelihood, be completely dissimilar to the order of efficiency of photokilling, for example, in a bacterial strain for the same series of compounds. As the intended target is bacterial infection, it thus makes more sense to use the relevant biological challenge, rather than the in vitro assay, as a principal performance indicator. By similar reasoning, a photosensitiser which is an excellent candidate for clinical anticancer PDT may have severe shortcomings in anti-infective terms.

  For the tricyclic, heteroaromatic range of photosensitisers, as with other groups, efficiency in cell killing depends on structure since, although there are many well-known examples of biological photosensitisers contained here, there are basic structures which are inactive, whether in the in vitro assay or in cell culture. However, there is sufficient knowledge of chemistry and structure-function relationships to be able to remedy such situations via suitable chromophoric substitution patterns, as detailed in the sections below.

   

  3. Nucleic Acid Intercalation and Deleterious Effects in Humans

  The planar structure, surface area and cationic charge of the photosensitisers covered here provide many examples of potential nucleic acid intercalators, i.e., molecules which, because of their geometry and charge, are able to fit between consecutive base-pairs in the double helical structure of DNA. As mentioned, this interaction can be observed easily using a spectrophotometric approach, since the interaction causes a fluctuation in the adjacent molecular electron clouds, leading to absorption wavelength shifting. The importance of a sufficient molecular planar area and positive charge in this interaction was ably demonstrated by Albert in the 1940s.14

  In terms of photodynamic efficacy, such exquisite targeting of a biomolecule is obviously highly appealing. However, in reality it does not constitute a magic bullet. It is true that adding a photosensitiser such as methylene blue to a solution of DNA leads to observable intercalation. Subsequent red-light irradiation of the interacting pair causes oxidative breakdown of the nucleic acid, which is again easily observable via high performance liquid chromatography (HPLC) of the resulting mixture, 8-hydroxyguanosine being a major product.15

  Conversely, interaction between cellular DNA and such photosensitisers is a much more difficult proposition, the degree of difficulty being in proportion to cellular complexity. Thus, intercalation may occur with viruses in media, or in bacterial cells in culture, and DNA damage following photodynamic action has been reported.16 However, nuclear DNA in human cell lines is compartmentalised in the cell nucleus and, while there are vital nuclear stains, it is more likely that most of the tricyclic cations currently under consideration, if localised in the nucleus, would only do so after cell death. DNA damage in the photosensitised cell requires careful analysis, as this may occur indirectly, after critical damage to the cell elsewhere, e.g., in the lysosome, followed by relocalisation, as is the case for methylene blue.17

  It is equally important to consider this proposition objectively. Biological stains such as methylene blue and acriflavine have been used in medicine and clinical laboratories for well over 100 years. There have been no documented associated cases of cancer. A similar argument is possible for the photosensitisers discussed below. While it is imperative to carry out efficacy/safety testing on novel drugs, overall objectivity is also essential. The above-mentioned methylene blue, for example, is clearly safe for human use and yet produces a positive Ames (bacterial mutagenicity) test result.18

   

  4. Photosensitiser Requirements: ‘Fit for Purpose’ Photoantimicrobials

  Regardless of molecular type, there are certain criteria which must be satisfied for photosensitisation. Simply, this is the combination of the target, a photosensitiser molecule, oxygen and light. Any of the various applications is merely an elaboration of this and may be deconstructed to provide problem-solving where required in practice. For example, killing bacteria in planktonic culture (i.e., non-biofilm) using a standard photosensitiser such as methylene blue should be a straightforward process. This is only useful if relevant information is provided towards a clinical end-point, e.g., what is the lowest photosensitiser concentration at which complete bacterial kill is achieved? Equally, it is important that the target is relevant - for example, broad-spectrum photobactericidal activity cannot be extrapolated merely from demonstrable efficacy against the standard Gram-positive organism, Staphylococcus aureus. The resounding failure of the otherwise excellent anionic porphyrin photosensitisers used in anticancer PDT has been their absence of activity against Gram-negative bacteria.19

  Light absorption by the photoantimicrobial, at its target cell, is an essential part of the killing process. Consequently, anything which diminishes the amount of incident light makes the process less efficient. Thus, light absorption by biomolecules such as melanin, haem or cytochromes, known as endogenous absorbers, should be avoided. This means that where there is the risk of interaction with such species (e.g., in wounds), photoantimicrobials must absorb outside their spectral range, typically at longer wavelengths. This is normally taken as the 630-900 nm region and should inform the molecular design of potential photoantimicrobials.

  Similarly, the period of illumination required to satisfy microbial kill targets should be reasonable with respect to patient treatment. A period of tens of seconds or a few minutes is reasonable. One of several hours is not.

  One of the greatest hurdles encountered in moving a drug molecule from bench to bedside remains that of human toxicity. Clearly this has been the main problem in developing new clinical photosensitisers, once improved structures have been decided on the basis of laboratory testing. For this reason, it may be more prudent, initially, to return to the lead compounds themselves as putative agents, given that many - methylene blue, crystal violet, acriflavine, etc. - possess a considerable history in terms of direct human application as anti-infectives.20 Consequently, many such examples are covered in this review.

  4.1. Acridines

  Although as mentioned above, the initial laboratory demonstration of the photodynamic effect involved acridine itself,5 in the main, the photosensitising activity of this family of compounds has been limited to the early bisamino derivatives proflavine and acriflavine. Much of the associated literature covers mutagenic effects in yeast strains as evidence of the deleterious potential of acridine-based drugs against nucleic acid.21

  The acridines represent an important class of agents with respect to the current argument. Several members of this class have been used clinically in a conventional antimicrobial capacity, without significant side effects. Examples include the antibacterials aminacrine, proflavine, acriflavine (mixture of proflavine hydrochloride and its 10-methyl quaternary salt) and Nitroakridin and the antimalarial agent mepacrine (Figure 3). As mentioned, given the considerable use of these examples as drugs, there should be fewer problems with their regulatory approval as clinical photosensitisers than would be the case for completely new agents. Also as noted above, the correlation of DNA binding capability in vitro with mutagenicity/carcinogenicity in humans is often an assumed relationship.

  
    

    [image: Figure 3. Clinically-used antimicrobial acridines]

  

  Using the amount of literature concerning nucleic acid interactions of acridines in yeasts also as strong evidence for photodynamic activity, photobactericidal investigations have been carried out on the effects of a range of structurally-related acridines against pathogenic bacteria commonly encountered in the hospital milieu. Many of the compounds employed were examples which were, or had been, in use in humans as topical antibacterial agents.22

  The resulting photobactericidal effects reported were in stark contrast - particularly against Gram-positive bacteria (e.g., S. aureus, Table 2) to the related singlet oxygen efficiencies of the compounds used in the study, since none of the acridine derivatives produced any measurable 1O2 in vitro.22 Dark toxicities were also measured, at much increased concentrations, in agreement with previous work reported to be due to bacterial DNA interference via an intercalative mechanism.23 Given this mode of action, the increased activity of the acridines used in the study may be considered in terms of the disastrous consequences of critically-localised photosensitisers. In other words, bacterial DNA intercalation leads to interference with cellular reproduction, but is reversible on removal of the agent; photoactivation of the agent in situ leads to oxidation at various points, catastrophic breakdown, and is thus irreversible.
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  Albert and co-workers24,25 synthesised many simple amino acridines, which enabled their work on the structure-activity relationships of antibacterial examples. Very few have been examined from the photodynamic aspect, so this is another potentially rich area for drug discovery.

  In terms of drug design, the physicochemical of aminoacridines can be adjusted with relative simplicity. Just as it has been shown that chain length alteration in 10-alkyl derivatives of acridine orange leads to differences in mammalian subcellular organelle localisation,26 logically the relationship to lipophilicity can also be used to synthesise derivatives which do not enter mammalian cells. For example, the use of quaternising chains containing basic character, i.e., as would be protonated in the physiological range. Similar, auxochromic amino substitution having basic functionality has, of course, been employed in a great many of the aminoacridines tested for their antimalarial potential.27

  From a practical point of view, given that such proposed compounds are aimed at photodynamic infection control, the aminoacridines generally exhibit their longest absorption wavelengths in the 400-500 nm range, so as noted previously, this might lead to problems with endogenous absorption. However, riboflavin (vitamin B2) has been reported to retain its photoantimicrobial activity in the presence of red blood cells,28 and yet has a strong absorption in this region (475 nm), so it may be that there is potential for the aminoacridines here also. In addition, there is certainly potential for their use in infected presentations not involving blood, for example skin or eye bacterial or viral disinfection or fungal skin disinfection. Proflavine was one of the photosensitisers employed in the clinical treatment of genital herpes in the 1970s.29

  It is also possible, should this be required, to extend the absorption of acridine-based candidates into the red or near infrared regions. This is established chemistry,30 and utilises the acidic carbon functionality of 9-methyl quaternary acridines to furnish styryl derivatives31 (Figure 4). This has been extended to cyanine-type analogues having longer wavelength absorption.32 Little has been reported on the photosensitising potential of such derivatives.

  
    

    [image: Figure 4. Acridines with extended spectral absorption]

  

  4.2. Phenazines

  Given the primogenicity of mauveine among synthetic dyes, as a class of compounds it is perhaps surprising that the phenazines are not more widely investigated. Closely related to the acridines, several examples of the phenazine class also have the capability for DNA intercalation.33,34 The structural commonality is typified by neutral red (Figure 5) which, as can be seen from comparison with Figure 4, is isosteric with the early clinically-used acridine Flavicid, and also the phenothiazinium photosensitiser, toluidine blue (Figure 9).
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  DNA-intercalating criteria, i.e., sufficient molecular planar area and cationic charge was noted above for the azine class as a whole and unsurprisingly, this interaction has been reported for most well-known derivatives, e.g., neutral red35 and phenosafranine.36 Most recently, methylene violet 3RAX (the 7-N,N-diethyl analogue of phenosafranine) has also been shown to intercalate strongly with DNA.37

  Neutral red is undoubtedly the most commonly tested phenazine in terms of photodynamic activity, mainly owing to its involvement in the clinical phototreatment of genital herpes in the United States during the late 1960s and early 70s.38 As with the simple acridines, neutral red forms aggregated species due to its high degree of molecular planarity. Thus, in terms of singlet oxygen generation, it is important to ensure that the correct (monomeric) absorption band is targeted on illumination (λmax monomer = 450 nm; λmax aggregate = 536 nm).39 However, it should be remembered that neutral red is also a live stain for mammalian cells, and this must preclude its use as a photoantimicrobial on the grounds of lack of selectivity.

  As with other, related azinium-type photosensitisers, the synthesis of neutral red and its derivatives is oxidative. However, derivatives may be prepared easily from a nitroso-containing starting material (Figure 6), allowing considerable scope for derivatisation, for example altering the hydrophilic/lipophilic balance of the molecule via hydroxylation of the auxochromic alkyl groups.40

  Safranine O was one of the early biological stains to be demonstrated as a Gram-negative photobactericide, a logical use given its part in the Gram-staining procedure.41 Interestingly, more recently it has also been patented for photoantimicrobial use.42

  Novel photosensitiser geometries might also be achieved by facile alteration of the azoaryl moiety in Janus Green (Figure 5), given that this molecule arises merely from the coupling of diazotised methylene violet 3RAX and N,N-dimethylaniline. Again this would allow for alteration of physicochemical properties. As with neutral red, Janus Green is taken up by mammalian cells, thus a significant increase in the hydrophilicity of the molecule would be required in order for microbial selectivity to be achieved.

  Janus Green is unusual among the phenazinium dyes for its long wavelength absorption. For the most part established phenazinium compounds have associated λmax values short of the therapeutic window normally expected for photoantimicrobial applications. This has been remedied via both extension of the chromophore and rigidification of the amine auxochromic groups, through the use of N,N-dialkyltetrahydroquinoxaline as a starting material. The resulting pentacyclic phenaziniums exhibited both increased λmax values and singlet oxygen yields (Figure 7).43

  4.3. Phenoxazines

  Clinical interest in this class comes from long experience with the biological stain Nile blue A. This is, in fact, a benzo[a]phenoxazine (Figure 8), and it is thus dealt with under Benzannelated compounds section, below. Basic blue 3 (Figure 8) is the best known example of the phenoxazinium class itself but is of no use in terms of the photodynamic effect.

  The phenoxazine dyes, i.e., oxygen analogues of the methylene blue-type phenothiaziniums, do not produce reactive oxygen species on illumination, whether by a type I or type II mechanism. The excited state is very short-lived in the parent, undeveloped phenoxazinium chromophore. However, extended lifetimes can be realised via the use of the heavy atom effect, i.e., the inclusion of low-period atoms in the structure which stabilise the excited state molecule, as has been carried out for the realisation of effective Nile blue derivatives (below).

  Due to the instability of the excited state chromophore, phenoxazinium dyes find considerable use as fluorescent sensors44 and, in line with previous work on Nile blue, have also been suggested as conventional antimalarial leads (e.g., Figure 8).45

  4.4. Phenothiazines

  Given the longevity of the medical use of methylene blue (MB, Figure 9), it is surprising that there has not been more drug development based on this structure. As noted earlier, MB has found use in a variety of roles, in addition to its position as lead compound in antimalarial, antipsychotic and antidepressant research.9 However, its primogenicity in matters photoantimicrobial has probably inhibited the further clinical introduction of newer phenothiazinium photosensitisers, particularly from a toxicology point of view: MB is safe for human use, whereas any new chemical entity based on its structure would have to undergo extensive testing prior even to pre-clinical trialling. There are many examples of new compounds based on MB which have far greater photoantimicrobial potential - MB itself is only a moderate example - but these face huge regulatory barriers, whereas MB is already licensed for use in blood product photodecontamination,46 and oral and nasal photodisinfection.47

  As far as drug development is concerned, the synthesis of novel phenothiaziniums has seen higher productivity than even the benzo[a]phenoxazinium (Nile blue) derivatives. In addition, there exists a greater mix of peripheral and auxochromic congeners among MB derivative series.

  Synthesis

  The traditional, dye industry, synthesis of MB utilises the oxidative coupling of N,N-dimethylaniline and N,N-dimethyl-p-phenylenediaminethiosulphonic acid, which is produced in situ. The coupled intermediate, Binschedler’s green is oxidatively cyclised to provide the phenothiazinium chromophore (Figure 10).

  
    

    [image: Figure 10. 'Classical' thiosulphonic]

  

  In terms of analogue production for drug design, this is an unsuitable process, principally because of the strong oxidants, e.g., chromium(VI), utilised during the synthesis, which cause denaturation of auxochromic groups and peripheral substituents. Similarly, the traditional synthesis is carried out in aqueous media, which limits the lipophilicity of starting materials and products alike.

  Weaker oxidants, such as silver(I) salts in alcoholic media, allow greater product range via a similar route to that described above, while the use of iodine or bromine provides a straightforward method of preparation of direct methylene blue analogues (Figure 11).48
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  Despite such advances in synthetic methodology, the preponderance of novel derivatives is of the direct methylene blue type, i.e., auxochromic variants only (Figure 12). Few workers have reported chromophoric substitution of lead compounds, thus limiting proper drug discovery. However, a range of chromophore methylated derivatives49 and a homologous series based on a second lead, toluidine blue (Figure 9), have been reported.50 Similarly, the use of indoline and tetrahydroquinoline precursors has allowed the synthesis of tetra- and pentacyclic derivatives (Figure 12).51,52
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  Activities

  Generally, most series based on MB have contained analogues with significantly greater photoantimicrobial activities than the parent. Such increases have not been correlated to singlet oxygen yields, which is not surprising given that - as noted above - singlet oxygen measurement in vitro and cell killing in culture are two very different processes, the latter including cellular uptake and potential metabolism of the photosensitiser, neither of which is related to singlet oxygen yield.

  A good example of this phenomena is provided by the pentacyclic derivative DO15 (S137). This produces lower yields of singlet oxygen than MB, but is considerably more active as a photoantimicrobial under the same conditions as the parent (Table 3).52 In addition, its activity against Gram-negative bacteria is greater than usually seen with phenothiazinium photosensitisers and this is due to its lower propensity to aggregate formation (due to bulkier molecular shape) and ability to alter membrane structure.53
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  4.5. Phenoselenazines

  As noted under Phenoxazines, the heavy atom effect has been utilised in several photosensitiser types in order to increase the occurrence of inter-system crossing and significant production of the activated photosensitiser triplet state. Given that the change from ring oxygen to ring sulphur (phenoxazinium to phenothiazinium chromophore) generally furnished efficient photosensitisers via this route, the subsequent change to ring selenium should be supposed to provide further increases in singlet oxygen yields. Very little work has been carried out following this line of inquiry, compared to the benzologues or rosamine derivatives (q.v.).

  However, a series of selenium homologues of MB was synthesised and tested by Griffiths and Gorman,54 with surprising results from both in vitro and photoantimicrobial testing Table 4.
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  Synthesis of the derivatives followed the earlier halogen oxidation work on phenothiazine (Figure 11), but using 10H-phenoselenazine instead as the starting material.

  4.6. Benzannelated compounds

  The selectivity of the benzo[a]phenoxazine Nile blue for tumour tissue in vivo during the mid-20th century led to the use of this as a lead compound for anticancer PDT agents by Foley in the 1980s.55 Interestingly, a significant series of papers by Crossley et al.56 concerning Nile blue derivatives (NBDs) as potential anti-tubercular agents was published in the 1950s. Although photodynamic testing was not carried out in either the tumour staining or anti-tuberculosis (TB) work, the biological activity demonstrated in both cases is a strong argument for drug development and photodynamic analogues have resulted.56

  As with the phenoxazinium parent chromophore, the disadvantage of Nile blue lies in its lack of photodynamic activity, whether by a type I or type II mechanism. Similarly, bromo- and iodo-analogues have been synthesised with increased yields of singlet oxygen, but perhaps more significantly ring analogues with sulphur or selenium replacing oxygen have provided excellent scaffolds for drug development in the area of photoantimicrobials. As can be seen from Figure 13, the influence of heavy atoms is considerable.

  
    

    [image: Figure 13. Chalcogen substituted photosensitisers]

  

  Due to its relatively high yield of singlet oxygen, the benzo[a]phenoselenazinium derivative EtNBSe (X = Se, Figure 13) has been used by several groups to investigate applications in photoantimicrobial activity as well as further synthesis.57

  In terms of functionalisation, and as with most of the derivatives discussed in this review, very little has been reported concerning peripheral substitution. Clearly, it is much simpler to produce analogues having variation in the auxochromic group, given the wide variety of amines available, but also due to the alteration of the redox characteristics of the parent aromatic constituents on functionalisation, which often inhibits either aromatic coupling in (A + B)-type syntheses, or chromophoric oxidation to yield the cationic heteroaromatic system.

  Within this area, the effect of charge on the photobactericidal acitivity (as noted above for the anionic porphyrins) has been reported for the sulphur analogue (Figure 13, X = S). As expected, the presence of an anionic carboxylate residue removed activity against the Gram-negative bacterium Escherichia coli.58 Unsurprisingly, also, the inclusion of a (cationic) guanidinyl moiety on the N-ethyl side chain has been found to increase photobactericidal activity against Gram-negative species, including the dangerous pathogen Acinetobacter baumanii.59

  4.7. Xanthyliums (rosamine-type)

  While rhodamines have exhibited reported activity in the field of PDT, as noted above, this is not necessarily an indication of potential for photoantimicrobial action, and certainly the propensity for rhodamine uptake by mammalian mitochondria60 would argue against the selectivity of such examples for microbial cells. However, the structurally related pyronines, i.e., rhodamines without the 9-aryl moiety are singlet oxygen producers and highly active photobactericides.61 Given the anionic contribution of the 2’-carboxyl function in rhodamines, broad-spectrum activity against microbial species is unlikely, thus the removal of this group to furnish the cationic rosamines is logical. This class of photosensitiser might therefore be thought of as a 9-arylpyronine or, conversely, a 2,2’-oxygen-bridged triarylmethane. Either scenario provides antimicrobial pedigree.

  In relatively recent work by Detty et al.,62 rosamine derivatives containing bridging heteroatoms other than oxygen were reported to have associated singlet oxygen yields similar to those of the phenothiaziniums, once again demonstrating the importance in photosensitiser design of the heavy atom effect (Figure 14).
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  Rosamine analogue synthesis is relatively straightforward62 and a variety of 9-aryl/heteroaryl substituents may be obtained via organometallic attack on the corresponding xanthone derivative (Figure 15).

  
    

    [image: Figure 15. Synthesis of functionalised sulphur]

  

  For example, the use of 2-lithiothiophene produces the 9-thienoanalogue,63 which extends the longest absorption wavelength to 590 nm (methanol) for the thiorosamine analogue, compared to 571 nm for the equivalent 9-phenyl derivative.

  Rigidification of one of the amino auxochromes (e.g., the julolidino derivative, Figure 16, λmax = 582 nm) has a lesser effect on wavelength.64 As expected, the heavy atom effect also produces longer wavelengths, but the use of structural alterations other than that of heavy atom substitution does not appear to alter the singlet oxygen yield significantly.

  
    

    [image: Figure 16. 9-(2'-Thienyl)- and auxochrome]

  

  Tellurium substitution is, of course the rational extension of this work - although there remain some concerns about the associated potential toxicity of this element - and this has been achieved, in contrast to work carried out in the study of phenothiazinium and benzo[a]phenothiazinium photosensitiser analogues. Tellurium-containing analogues have been synthesised which show the expected extension of the absorption spectrum beyond 600 nm.65 Effects of the heavier atoms on λmax for the 9-(2-thienyl) compound can be seen in Figure 17.
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  Apart from derivatives intended for use in blood photodecontamination (e.g., the 9-thienyl seleno-derivative mentioned above), the majority have been aimed at PDT application. Consequently, this is an area worth exploring for novel photoantimicrobial derivatives. However, it is noticeable that the wavelength range of derivatives reported thus far has been significantly shorter than that normally desired for anti-infective work, as noted above (in the Photosensitiser Requirements section).

   

  5. Future Directions

  In the early 21st century, the photoantimicrobial approach has not yet reached proper clinical acceptance, being largely ignored by the pharmaceutical industry and viewed mainly sceptically by the medical profession in most countries. Consequently, to discuss novel derivatives at such a stage of development might seem somewhat fanciful.

  This is not the case, due to the ever-increasing problem of clinical drug resistance among many serious pathogens and the very slow production of new antimicrobials. The ‘treatment gap’ in hospitals worldwide is becoming greater year on year and new approaches, hopefully including photoantimicrobials, must be employed in order at least to slow resistance development. The local application of photoantimicrobials offers considerable potential for the conservation of traditional antimicrobial drugs.

  The few instances of current clinical photoantimicrobial use, whether in oral or nasal disinfection or in blood product photodecontamination employ methylene blue for the most part. It is hoped that this use will extend in these areas and that others in infection control will be developed. Novel photoantimicrobials will be required at this stage on the grounds of efficacy in the different presentations, but also for the commercialisation of the product, in the same way as conventional antimicrobials.

  Given the very close similarities between the various derivatives discussed here, it is possible to derive a general structure-activity picture, as shown in Figure 18.
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  Mark Wainwright began research into novel photosensitisers for anti-cancer photodynamic therapy in 1987. Since 1992 his main interest has been the development of photosensitisers for infection control, especially where there is involvement of conventional drug resistant microbes. He coined the terms 'photoantimicrobial' and 'photodynamic antimicrobial chemotherapy' (PACT) in 1997, has collaborated with most research groups and companies involved in this field and has approximately 150 publications in the area. He is currently Professor of Chemotherapy at Liverpool John Moores University in the UK and spends much of his time promoting the photoantimicrobial approach to the pharmaceutical industry and medical establishment.
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    We present a review of recent works on optically investigated thermal effects in crystalline and amorphous materials doped with trivalent rare-earth (RE) ions. The paper describes how the frequency upconversion (UC) photoluminescence (PL) technique is used to investigate the thermal behavior of samples and how to perform optical measurements of temperature. The UC technique is based on the sequential multiphoton absorption phenomenon that leads to anti-Stokes type emission. By measuring the relative intensity between UC emissions from thermally coupled RE energy levels, the absolute temperature of a sample can be determined. Research in this area is motivated by the possible uses of UC for basic characterization of materials and for noncontact thermometry using nanoscale devices as well as for biological and medical studies. Examples based on the application of bulk materials and nanopowders doped with several RE ions are presented.
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  1. Introduction

  1.1 Motivation

  Thermal effects manifest themselves in condensed matter systems in a variety of ways, from the simple deposition of energy in a material due to light absorption, leading to local heating and temperature increase, to the opposite effect, where phonon-assisted light absorption leads to material’s cooling. The first kind of process can be exploited for detecting nanoparticles with sub 10 nm sizes in diffraction limited optical systems,1 while the second is used for laser cooling of solids.2 There are in between a myriad of thermal processes and different ways to exploit and apply them.

  Rare-earth (RE) ions in solid state matrices are often used for obtaining frequency down- and upconversion (UC)3 of incident radiation,4 obtaining laser at new wavelengths,5 integrated optical systems and amplifiers6 and to operate sensors for many physical quantities.7 Indeed, RE ions are special optical probes because their 4f optically active electrons are shielded by more external electronic subshells, making them not very sensitive to their environment, but enough for observing changes which can be exploited for sensing applications. In this work, we focus on how thermal effects in RE doped materials are used for getting information about the materials in which they are embedded, for making thermometers in micro and nanoscopic scales and for getting thermal information in biological samples.

  1.2 Statistical distribution of thermal population

  The use of the spontaneous Raman scattering technique gives us interesting hints how to make spectroscopic studies in order to perform thermometry. In this scattering phenomenon, the incident laser photon with frequency ωL is inelastically scattered by (but not exclusively) a molecule that can be excited to a high energy vibrational level associated to the electronic ground state manifold. In a simple picture, we consider two such vibrational levels: the ground state |g> and the first vibrational state |e> having energy larger than the ground state by the vibrational mode energy, ћΩ. The laser photon may induce a transition through a virtual level |v>, simultaneously generating a Stokes-shifted photon with frequency ωL – Ω. As a result, the molecule ends in the vibrational excited state |e> and a quantum of molecular vibration (a phonon, in the sense of a quantum of molecular vibration) was created; therefore the molecular system becomes hotter. In another possible process the laser photon may interact with the molecule when it is in the vibrational excited state |e> driving it to the ground state |g> with the instantaneous emission of an anti-Stokes photon having frequency ωL + Ω. The final result is that the vibrational excitation (the phonon) has been annihilated and the molecule gets colder.

  The occupation probability distribution of the molecules’ energy levels as a function of the temperature T, described by the Maxwell-Boltzmann statistics, is given by
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  In this case, one speaks in terms of "thermally coupled energy levels" associated with the states |g> and |e>, meaning that a non-negligible fraction of the total population in the ensemble of molecules can reach the |e> level due to available thermal energy in the system. Then, in spontaneous Raman scattering, since the intensity of the Stokes and anti-Stokes emissions are proportional to the population of molecules in the states |g> and |e>, respectively, if one knows the molecule vibrational modes’ energies activated in the Raman process and records the intensities of the Stokes and anti-Stokes Raman signals, one gets immediately the temperature of the molecular ensemble. For example, CS2 presents a very strong Raman mode at 658 cm-1 related to the molecular stretching mode. Considering equation 1, at 300 K a fraction of 11.2% of the molecules is thermally kept in the |e> vibrational level, so that the Stokes/anti-Stokes intensity ratio is approximately 8.

  The above features are also observed in the case of solid-state matrices, in which one defines phonons in the sense of solid state physics - a quasi-particle with energy and momentum, representing the collective oscillations of the crystalline matrix. Nonradiative (NR) transitions of an atom/ion in a matrix from lower energy levels to higher energy levels and the contrary have their energy gaps bridged by the absorption (annihilation) or emission (creation) of matrix phonons, cooling or heating the matrix, respectively. This means that if a pair of energy levels of an element embedded in a matrix is thermally coupled and in any given previous characterization experiment (absorption spectrum, for example) one measures the energy difference between these two levels, by recording the photoluminescence (PL) intensity originated from these states or Raman spectrum one can determine the sample’s temperature. Conversely, if one knows the sample’s temperature, one can get information about the matrix phonons, their density of states, etc.

   

  2. Rare-Earth Doped Materials for Basic Host Characterization

  We now turn our attention to thermal studies of RE doped materials, aiming at solid-state spectroscopy: matrix characterization and thermometry. For these purposes, we start by reviewing how the solid-state matrix should be considered in order to take into account multiphononic transitions.

  2.1 The phonon density of states, maximum energy phonon mode vs. effective phonon mode

  The study of multiphonon (MP) assisted processes in RE doped materials has been the subject of much interest. In the past, PL and frequency UC mediated by phonons have been analyzed by Auzel et al.8-11 They demonstrated that it is possible to induce PL in solids doped with RE ions even when the difference between the excitation frequency and the electronic transition frequency is larger than the maximum phonon frequency of the host material. This was observed both for transitions involving creation or annihilation of phonons. For understanding and modelling such MP transitions, one should take into account the temperature dependence of the involved parameters. Indeed, the nonresonant absorption cross-section is given by12
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  where σ0 is the resonant absorption cross-section, ħω is the energy of the cutoff phonons (discussed below), k is the Boltzmann constant and q is the number of phonons needed to bridge the nonresonant gap in the absorption process. Further, the MP excitation rates should be written as13
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  where qij is the number of phonons involved in the MP excitation from level i to level j. Finally, the population relaxation rates γ(T) = γrad + Wnrad(T) must take into account the temperature dependence of the NR decay rates Wnrad(T) as8
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  where q is the number of phonons involved in the NR relaxation to the lowest lying energy level and Wnrad(T0) is the NR decay rate determined by using the energy gap law,14,15 known at a given temperature T0.

  The idea that the cutoff mode would dominate the phonon-assisted processes is based on the fact that these processes are described in the framework of perturbation theory, and that, e.g., processes involving two phonons would be a second-order perturbation process, then being less probable than one phonon process (which would be a first-order perturbation process). Thus, the phonon-assisted process involving phonons with highest energy (the cutoff phonons) would be more probable than, for example, a relaxation process involving two phonons with half of the energy of the cutoff phonon.

  However, with this argumentation one forgets to consider the phonon density of states, that is, the number of phonon modes per unit frequency per unit volume of real space. It can happen that the number of cutoff phonons is so small compared with the number of phonons with, say, half of this energy that, effectively, all phonon modes are responsible for promoting the NR transitions. Then, contrarily to what was generally thought it was shown8-11 that MP assisted processes should be described in terms of an "effective phonon mode" (EPM), or "promoting mode", with a frequency smaller than the cutoff phonon frequency of the host material. This EPM would represent a kind of weighted average between the phonons energies and their respective populations, being a characteristic of each and every matrix. This has been verified in many studies.16-18 Moreover, studies of phonon-assisted UC in RE doped nanocrystals (NCs) revealed that, for a given temperature, the UC spectrum changes as a function of the NCs’ size, indicating that the phonon density of states changes due to quantum confinement effects,19 thus changing the EPM energy and corroborating the assumption that the EPM dominates the MP process in condensed matter systems.

  2.2 Thermal characterization of glasses, crystals and ceramics

  The vast majority of studies on phonon-assisted optical processes in RE doped matrices that we are interested in was made by exploiting the two green emissions of trivalent erbium ions, Er3+, at ca. 525 and ca. 545 nm that correspond to transitions from the excited states 2H11/2 and 4S3/2 to the ground state 4I15/2, respectively. The states 2H11/2 and 4S3/2 are thermally coupled and typically separated by ca. 750 cm-1 that does not vary much in different hosts due to the nature of RE ions. This means that, at room temperature, by resonantly exciting the ions to the 4S3/2 state, ca. 8.2% of its population will be thermally promoted to the 2H11/2 state. The ratio between the PL intensities at ca. 545 and ca. 525 nm can thus be written as20
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  where ∆E is the energy gap between the levels 2H11/2 and 4S3/2 and C depends on the levels’ lifetimes and electronic weights. The experimental technique is sometimes referred to as fluorescence intensity ratio (FIR). It offers some practical advantages over alternative techniques available for performing thermometry like fluorescence lifetime measurements, since, among other reasons, for all cases of interest, it is immune to excitation light intensity fluctuations and it can be used with continuous wave (CW) excitation. Besides this, its detection scheme requires basically only two photodetectors, eventually with spectral filters which select the wavelength to be registered by each detector. On the other hand, for performing lifetime measurements, for example, besides the need to use a pulsed (or at least modulated) excitation source a stage in the apparatus able to register the photodetector signal as a function of the time is required. As will be discussed in a later section, the performance/sensitivity of thermal sensors based on the ratio between PL intensities starting from thermally coupled levels depends on this factor C and the energy gap ∆E. One relationship very often used for quantifying the performance of optical thermometers based on the PL intensity ratio, R, is the so-called sensor sensitivity (or relative sensitivity) SR, commonly defined in the literature as
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  and another quantitative performance index is the sensitivity (or absolute sensitivity), which is defined as
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  One strategy to improve the performance of the optical thermal probes is the use of codoped samples. In this case, ytterbium ions, Yb3+, are mostly used since they present a reduced number of excited states, resulting in large transition oscillator strength.21 This makes Yb3+ good absorbers of radiation at ca. 980 nm. The energy levels of Yb3+ are close enough to Er3+ levels such that the energy transfer (ET) rates from Yb3+ to Er3+ are larger than the radiative absorption rates of the Er3+ if they were the lone dopants of the matrix. Nevertheless, for the sake of matrix characterization, singly doped systems are also investigated.

  2.2.1 Singly doped systems

  2.2.1.1 Er3+ doped systems

  Matrices in the glassy, nanocrystalline and ceramic phases have been extensively studied. Tripathi et al.22 investigated ET among Er3+ under excitation of a Ti:sapphire laser emitting at 800 nm (resonant with the 4I15/2 → 4I9/2 transition) in a bismuth oxide based glass and how it leads to the population of the canonical Er3+ thermally coupled levels (CETCL). Besides this, the authors exploit the thermal coupling of the two Stark sublevels of 4S3/2, which are ca. 263 cm-1 far apart and compare the thermometric performance with that using the CETCL. Similar study was made for a tellurite glass.23 In another work24 the behaviors of UC emissions in the ultraviolet and in the visible were examined as a function of the temperature in a tellurite glass and the role of a temperature dependent NR relaxation rate described by equation 4 is evidenced. The behavior of the emissions from CETCL was recorded but no comparison of the results with the literature was made.

  By resonantly exciting Er3+:ZnO NCs at 978 nm,25 the authors investigated the effect of different annealing times on the samples’ optical properties using the emissions from the CETCL. They concluded that longer annealing times influenced the ZnO nanocrystalline structure thus changing the energy gap between the CETCL. Thermometric studies were made leading to a thermometer sensitivity of 0.62% K-1. Ceramics, which are composite materials consisting of a glassy host with crystalline micro- and nano-inclusions, have also been investigated. The thermometric studies reported by Zou et al.26 present a comparison of the intensities ratio between the PL from levels 2H11/2 (emission at 532 nm) and each of the two Stark sublevels of 4S3/2 (emissions at 544 and 554 nm). It was verified that the maximum sensitivities were 0.37 and 0.17% K-1, respectively, and the reasons for that were discussed in terms of substitutional sites of the ceramics.

  2.2.1.2 Systems doped with other rare-earth ions

  The use of RE ions other than Er3+ is less common. Holmium ions, Ho3+, present a pair of thermally coupled levels 5F4 and 4S2 with an energy gap of ca. 240 cm-1 that emit light respectively at ca. 538 and ca. 545 nm due to transitions to the ground state 5I8. The ratios of PL intensities emitted from these levels in Ho3+ doped tellurite glass were compared27 with thermocouple measurements in the range 265-383 K and a good agreement in the temperature measurement was found. In order to extend the temperature range in which the tellurite glass still can be used as the thermal probe, the authors included PbO2 and BaCO3 as glass modifiers, and observed that the temperature range could be extended up to 450 K, but the accuracy of the temperature measurements decreased.

  There are also reports on the use of europium ions, Eu3+, as the single dopant for thermal characterization of a solid state matrix. NaEuF4 phosphor has been investigated28 and the transitions from the thermally coupled levels 5D1 and 5D0 to the ground state manifold 7FJ (J = 0-4) - emissions in the range 500-560 and 570-690 nm, respectively, were analyzed as a function of the sample’s temperature for all lines. Using equation 2 and applying the same fit parameters for all samples, the energy gap between levels 5D1 and 5D0 could be measured as (1.69 ± 0.11) × 103 cm-1, agreeing well with the theoretical value of 1734 cm-1.

  Neodymium ions, Nd3+, were also used as thermal probes in condensed matter systems. Kumar et al.29 excited the Nd3+ hosted in a lithium-tellurite glass at 800 nm (resonant absorption 4I9/2 → 4F5/2) and observed among other PL lines the phonon-assisted upconverted emission at 766 nm (transition 4G7/2 → 4I15/2). No measurements of relative intensities were performed, but solely the intensity of the emission at 766 nm. By varying the sample’s temperature from 298 to 523 K a 90-fold enhancement in the emission at 766 nm was observed. Characterization of the thermometer sensitivity was made as well as time resolved measurements as a function of temperature. In another work18 the same kind of experiments was performed, but dealing with a tellurite glass and reporting a 670-fold enhancement in the emission at 754 nm when changing the samples’ temperature from 200 to 535 K. Aiming at a comparison with other reports, a parameter called luminescence enhancement to temperature interval (LETI) was defined, leading to a LETI = 2.00 K-1, the largest ever reported in such systems. A rate equation model was proposed to explain the mechanism behind this particular UC emission and excited state absorption cross-sections were estimated. The EPM of the tellurite matrix was determined as ca. 700 cm-1, smaller than the cutoff phonon energy of ca. 850 cm-1.

  2.2.2 Codoped systems

  2.2.2.1 Yb3+/Er3+ codoped systems

  In the codoped systems, the resonant excitation of Yb3+ is usually performed at ca. 980 nm. The energy absorbed by the Yb3+ is transferred to Er3+ and the UC processes are triggered. This codoping strategy is frequently used in glassy hosts. dos Santos et al.30 used a chalcogenide glass to perform thermal studies using a less common excitation scheme at 1064 nm. This wavelength is still within the absorption band of Yb3+ but is red-detuned relative to the absorption peak at ca. 980 nm. The PL intensities ratio from the CETCL was monitored as a function the samples’ temperature. A high sensitivity of 0.52% K-1 at 443 K was obtained thanks mainly to the excitation scheme, which makes the system even more dependent on the absorption of phonons in order to bridge the energy gaps of the transitions involved in the UC process exploited for thermometry. The PL from the CETCL as a function of the temperature of the oxyfluoride glass matrix was studied31 and their potentialities for thermometric applications were evaluated. Also the intensities ratio between both green emissions and that in the red at 659 nm, corresponding to the 4F9/2 → 4I15/2 transition of Er3+, were evaluated. A fluorophosphate glassy host was the choice where a detailed spectroscopic study32 including the Judd-Ofelt analysis, infrared spectroscopy, PL at different excitation schemes and lifetime measurements were presented; the green and red emissions of Er3+ as a function of temperature were studied in detail.

  Yb3+/Er3+ codoping was also used to study the crystalline phase, like where the authors used a codoped crystalline sapphire fiber in order to determine the PL intensity ratio between the red and green emissions of Er3+ to measure temperatures up to 1,420 K.33 In another study34 a La2O3 phosphor was characterized and the thermal behavior of the CETCL was investigated, stressing that this material can be used for thermometric applications up to 600 K. In a very interesting work,35 the authors studied individual NaYF4 codoped microspheres, with diameters between 0.7 to 2.0 µm, using an inverted microscope with the capability of heating the samples. Again, the green emissions of Er3+ were monitored as a function of temperature. Surface effects, more drastic for smaller microspheres, were also analyzed. Glass ceramics were also studied. An oxyfluoride matrix containing Yb3+/Er3+:NaYF4 NCs was reported36 and among other characterization studies thermal experiments with the green emission lines of Er3+ were performed. The potential of the transparent glass-ceramics was evaluated for photonic and thermometric applications. Sodium-niobium-tellurite glass-ceramics were characterized in details by differential thermal analysis, X-ray diffractometry, Raman spectroscopy, scanning electron microscopy, optical absorption and lifetime measurements.37 The thermal behavior of both green emissions besides the red emission of Er3+ was studied when exciting the samples at 980 nm for characterization of the UC mechanisms responsible for generating these emissions.

  2.2.2.2 Yb3+/Ho3+ codoped systems

  Although not as frequently as Er3+, holmium ions, Ho3+, were used as codopant with Yb3+ for UC studies in a variety of matrices. An amorphous codoped calcium aluminate phosphor synthesized using solution combustion process was studied.38 Strong multicolored (blue, green and red) UC emission due to Ho3+ions is observed, showing tunability (from green to red) depending on the excitation power. The color tunability is a consequence of an induced local heating due to laser absorption; the temperature changes were measured using the FIR method. The temperature could be sensed through two pairs of thermally coupled levels in Ho3+, producing green PL (5F4, 5S2 → 5I8) around 550 nm and the other in the blue (5G4, 5G5 → 5I8) around 475 nm. β-NaLuF4 crystalline microprisms were investigated by Zhou et al.39 Studies on the temperature dependence of two thermally coupled multiplets (5F1, 5G6 and 5F2,3, 3K8) were carried out from 390 to 780 K. The large energy difference (1,438 cm-1) between the thermally coupled levels could account for a higher relative sensitivity in this system than most RE doped materials. The authors in another study40 made the characterization of an oxyfluoride matrix containing β-PbF2 NCs; in this matrix the NR decay rates are smaller than in other materials, enhancing the efficiency of UC processes, including those exploited in the applications based on the thermally coupled levels of Ho3+ from 303 to 643 K.

  2.2.2.3 Other Yb3+ codoped systems

  In optical spectroscopy, thulium ions, Tm3+, are often considered when one is interested in the blue region of the spectrum. In the case of thermometry with Yb3+/Tm3+ the excitation scheme is more complex than in the previous cases. The thermal sensitivity of the emissions from Tm3+ is due to the fact that the ET mechanism from the sensitizer Yb3+ to the Tm3+ is nonresonant and demands participation of phonons. Such mechanism was reported for a codoped tellurite glass.41 The FIR between the PL at 478 nm (transition 1G4 → 3H6) and at 651 nm (transition 1G4 → 3F4) was measured vs. the temperature and helped clarify the mechanisms related to the diverse UC emissions. In another set of experiments using LiNbO3 single crystals as host,42 another pair of thermally coupled levels in Tm3+ was exploited from 323 to 773 K. In this case, PL at ca. 700 nm (3F2,3 → 3H6) and ca. 800 nm (3H4 → 3H6) were found to be thermally coupled. A theoretical model was used for obtaining the gap between the thermally coupled levels, leading to 2,160 cm-1 which is compared to the value 1,805 cm-1 obtained from the UC spectra.

  Nd3+ can also be used as thermal probes in condensed matter systems. In the same way as codoping with Tm3+, codoping with Nd3+ enables the exploitation of phonon-assisted ET from Yb3+ to Nd3+ which produces a temperature dependent UC spectrum. The group of Nd3+ thermally coupled levels (4F7/2, 4S3/2; 4F5/2, 2H9/2; and 4F3/2) decay to the ground state 4I9/2 emitting PL at ca. 754, 805 and 866 nm, respectively.15,17 Xu et al.40 studied these thermally coupled levels and how they are influenced by temperature changes in oxyfluoride glass-ceramics containing β-PbF2 NCs and characterized the UC emissions spectrally and temporally. It was verified that the presence of the NCs enhances the UC emission as compared to the precursor glass. In another work43 an unusual and interesting approach was used. Instead of using Yb3+ as sensitizers, this role was played by the Nd3+ and the emission of Yb3+ was monitored in experiments with yttrium silicate crystalline powders.

  Even less common is the use of terbium ions, Tb3+, to characterize host materials due to the complexity of Tb3+ energy level structure and, in the case of codoping with Yb3+, the large energy mismatches between both ions. Nevertheless, cooperative ET followed by UC in a fluoroindate glass host was studied17 where a large temperature dependence of the Tb3+ emissions at ca. 417 nm (transition 5D3, 5G6 → 7F5) and ca. 454 nm (transition 5D4 → 7F5) was observed when exciting the samples with radiation at 1064 nm, red-detuned from resonance, but still in the absorption band of the Yb3+ ions. A rate equation model taking into account temperature-dependent cross-sections and relaxation rates was proposed. The experimental data showing the behavior of the Tb3+ emissions from 308 to 530 K were explained with a single fitting parameter, the EPM energy of the glass. It was verified that the data could not be adjusted to the theoretical model when the cutoff phonon energy was used, corroborating the relevance of the EPM concept. More recently, by exciting a germanate glass at 976 nm, multicolor PL due to Tb3+ was studied and the role played by different UC mechanisms was investigated from 278 to 523 K.44 The authors observed the emergence of competing phenomena like the increase of the Yb3+ absorption cross-section as the temperature increases accompanied by deleterious effects for UC due to energy migration among the sensitizers and MP excitation of Tb3+ in the 7FJ (J = 0-4) manifold.

  Interesting behavior was observed in triply-doped systems like the one reported by Xing et al.45 In this work, NaNbO3 single crystals were simultaneously doped with Yb3+, Ho3+ and Tm3+ aiming at the observation of multicolor PL. By exciting the samples at 980 nm and changing the samples temperature from 289 to 773 K white light emission was obtained.

  To close this section, we mention that there are also reports on thermal studies in other codoped systems, like Yb3+/Pr3+,46 and Yb3+/Sm3+,47 but they will not be discussed due to the space limitation in this paper.

  3. Rare-Earth Doped Materials for Thermometric Applications

  This section is devoted to explicit uses of RE doped systems for thermometric applications. We start with proof-of-principle experiments, followed by applications in nanothermometry and biothermometry.

  3.1 Thermometric devices

  3.1.1 Singly doped systems

  3.1.1.1 Er3+ doped systems

  The majority of reports related to the use of RE doped materials for thermometry uses the method of FIR, where the PL emitted from thermally coupled levels (or manifolds) is detected and their ratio is calculated, thus giving a measure of the material’s temperature as indicated in equation 5. This leads to, e.g., immunity against the excitation laser intensity fluctuations. The optical thermometers operated in this way are suitable for uses in electromagnetically noisy environments like inside high power voltage transformers or for noncontact temperature measurements inside systems having micrometer dimensions.

  Many reports use glasses as matrices for RE ions that probe the temperature. For instance, Maciel et al.20 use an Er3+ doped fluoroindate glass with different doping levels for temperature measurements from 296 to 448 K by exciting the samples at 1,480 nm, resonant with the 4I15/2 → 4I13/2 transition of Er3+ ions. The CETCL were reached after ET among three and four Er3+ and the FIR between the green emissions at ca. 522 nm (transition 2H11/2 → 4I15/2) and ca. 543 nm (transition 4S3/2 → 4I15/2) was recorded as a function of the samples’ temperature. The sensitivity measured was 0.52% K-1, which is high for singly doped materials. Another glassy system was investigated48 where the same transitions were exploited, but the samples were excited at 800 nm. Temporal measurements were also made since the dynamics of the UC process may influence the thermometer performance. Sensitivities of the same order of magnitude as those determined by León-Luis et al.48 were obtained applying the same excitation and detection schemes, but using a very common silicate glass as host; a thermometer operating from 296 and 633 K presenting a maximum sensitivity of 0.23% K-1 was obtained.49 An integrated optoelectronic approach was used in order to operate a thermometer based on a silica-on-silicon waveguide.50 The same excitation and detection schemes used in the two previously cited papers were used and the maximum sensitivity of the device was 0.9% K-1 at 430 K, larger than the reported sensitivities for a thermometer based on bulk silica. The authors of another study51 operated a sensor based on a chalcogenide glass excited by commercial low cost, low power semiconductor lasers emitting at 1,540 nm, operating between 293 and 493 K and presenting an accuracy of 0.3 K, besides analyzing the role played by the host matrix in the sensor’s performance.

  An excitation laser at 980 nm was used to study the infrared-to-visible UC in lead lanthanum-zirconate-titanate transparent ceramics.52 The emissions from the CETCL have wavelengths ca. 534 and ca. 565 nm, red shifted in relation to what normally is observed in glassy systems. The ceramic matrix allowed the thermometer to be operated at high temperatures around 885 K with moderate sensitivity of 0.4% K-1. The ceramic system 0.5Ba(Zr0.2Ti0.8)O3-0.5(Ba0.7Ca0.3)TiO3 was employed53 which used basically the same approach as de Camargo et al.52 but reached the maximum temperature of 443 K and sensitivity of 0.44% K-1. However, electrical characterization of the material was made which is an important step for the future use of the system as optoelectronic device.

  3.1.1.2 Systems doped with other rare-earth ions

  As mentioned before, for materials investigated to be used in thermal sensing devices, it is much less common to use RE ions other than Er3+. However, Ho3+ ions were used as dopant of a tellurite based glass.54 The excitation was performed at 890 nm (resonant with the transition 5I8 → 5I5 of Ho3+) and the intensities of the emissions at ca. 538 nm (transition 5F4 → 5I8) and at ca. 543 nm (transition 5S2 → 5I8) were monitored as a function of the temperature, which varied in the range 265 K < T < 363 K. The addition of PbO2 and BaCO3 to the matrix, making it harder, extended this range up to ca. 450 K. Another approach was used where the authors applied a Tm3+:YAG crystal integrated to optical fibers to build a temperature sensor.55 The excitation light at 785 nm was intensity modulated by a mechanical chopper and was sent through the fiber to excite the crystal; the PL signals at ca. 1,880 and ca. 1,470 nm, corresponding to the Tm3+ ions transitions 3F4 → 3H6 and 3H4 → 3F4, respectively, were collected through the fiber for temporal analysis. With this scheme, the temporal resolution achieved was ca. 2 µs. The Tm3+ emissions were spectrally separated by filters and sent to different photodetectors to record the PL dynamics. It was observed that due to the increase of the sample’s temperature, the PL decay times were reduced from several ms to 0.2 ms when the temperature varied from room temperature to 1,473 K, with an average sensitivity of 3 µs K-1.

  3.1.2 Codoped systems

  3.1.2.1 Yb3+/Er3+ codoped systems

  This codoping strategy is by far the most used when investigating materials aiming at devices. Unless otherwise specified, the strategy is to resonantly excite the Yb3+ at ca. 980 nm and to observe UC from the Er3+ due to the ET Yb3+→ Er3+; sometimes UC is also observed due to the simultaneous multiphoton excitation of the Er3+. The CETCL are populated and the PL intensity ratio between the green emissions due to the transitions 2H11/2 → 4I15/2 (ca. 525 nm) and 4S3/2 → 4I15/2 (ca. 545 nm) is measured as a function of the samples’ temperature.

  Working with a codoped ZBLA glass multimode fiber as a sensor element butt-coupled to a multimode silica fiber, Berthou et al.56 operated a thermometer up to 473 K and characterized the UC process that leads to the green emissions in details. The FIR was measured as a function of the temperature as usual. A chalcogenide glass from which optical fibers can be pulled was investigated51 where a Nd3+:YAG laser at 1064 nm was employed as excitation source for the thermometer operating from 293 and 493 K and presenting a maximum sensitivity of 0.52% K-1. In another study,57 besides colorimetric and color tunability studies of the UC emissions in a tungsten-tellurite glass under excitation at 808 nm, the authors performed measurements from 300 to 690 K exciting the glass at 980 nm. The sensitivity achieved was 0.29% K-1. In an interesting work,58 the authors used microspheres of codoped niobium-borate glass. Whispering-gallery modes (WGM) resonant with the CETCL emissions were analyzed under different temperatures from 290 to 380 K. The band shapes and the WGM resonances were temperature dependent and shifts of 4.7 pm K-1 were observed, induced by heating due to the excitation laser. The FIR method was also used for comparison reasons; a temperature resolution of 0.7 K was obtained in the FIR technique, while a 100 times better resolution was obtained for the WGM method.

  In general, crystalline hosts allow temperature sensing up to higher temperatures than glasses. Many applications reported involved micro and nanocrystalline matrices, with measurements performed on ensembles of particles. Dong et al.59 used alumina particles for performing thermometry at high temperatures, up to 973 K using the FIR technique. They measured a sensitivity of 0.51% K-1 and a resolution of 0.3 K when exciting the particles with a laser diode emitting at 978 nm. In the same way, TiO2 codoped particles were used for performing FIR based thermometry.60 By adding Li+ to the host they observed a strong PL enhancement and used such matrix for measurements up to 925 K with a sensitivity of 0.25% K-1. Following the same line, another group used the same approach to study a Yb3+/Er3+:Gd2O3 nanocrystalline phosphor, measuring sensitivities of 0.39% K-1 and temperatures up to 900 K.61

  The β-NaYF4 matrix is known to be an efficient upconverter when doped with Er3+ or codoped with Yb3+/Er3+. Recently β-NaYF4 microsprisms were used to make thermometry using the FIR technique but in a less common temperature range, from 160 to 300 K.62 The maximum sensitivity was 1.20% K-1, higher than usually found due to the operation at low temperatures (see equation 6). The heating effects due to the laser absorption were investigated and it was observed that they were not significant for the thermometer operation. An yttrium-niobate phosphor codoped with Yb3+/Er3+ was studied63 where not only UC but also downconversion emissions were studied. In the material characterization, measurements using the FIR scheme were performed from 300 to 573 K and a high sensitivity of 0.73% K-1 was obtained.

  Also recently, looking for a new appropriate material to be used for optical thermometry,64 the authors employed a Yb3+/Er3+ codoped polycrystalline CaWO4 for obtaining UC emissions at ca. 384 and ca. 408 nm, corresponding to 4G11∕2 → 4I15∕2 and 2H9∕2 → 4I15∕2 of Er3+, respectively. The FIR technique was used to characterize the system from room temperature to 873 K, leading to a maximum sensitivity of 0.73% K-1. The same group published another work with the same material following the canonical techniques for thermometry and demonstrated the use of the polycrystalline samples for temperature measurements from 294 to 923 K with a maximum sensitivity of 0.92% K-1.65

  Yb3+/Er3+ doped zincate phosphor (Yb3+/Er3+: Ba5Gd8Zn4O21) was characterized, including the UC spectroscopy.66 The CETCL emissions were recorded as a function of temperature and a maximum sensitivity of 0.24% K-1 was measured. This sensitivity is not high, but the color of the samples changed in a large spectral range from red to yellow/green when the temperature is tuned. Also interesting is the work67 where the authors reported a detailed study of the UC processes observed and applied the Judd-Ofelt theory for determining the matrix optical parameters. Following the standard FIR technique, they determined a maximum sensitivity of 0.8% K-1. SrF2 was also studied in the temperature range from 295 to 695 K and a sensitivity of 0.396% K-1 was measured.68 Finally, a La2S3 matrix was spectroscopically characterized and its properties as a thermometer investigated in the temperature range from 110 to 900 K, leading to a sensitivity of 0.75% K-1.69

  Also ceramic materials have appeal for applications in thermometry, since they may combine the best characteristics of glassy and crystalline materials. An optical temperature sensor based on the infrared-to-visible UC in Er3+/Yb3+ co-doped Bi3TiNbO9 ceramics was reported.70 The FIR method applied to the green emissions of Er3+ ions from 123 to 693 K resulted in a maximum efficiency of 0.32%K-1. The same investigation strategy was used in another work,71 where yttrium-silicate crystalline ceramic powders prepared by combustion synthesis was used as a thermometer operating in the range 300 to 600 K, leading to a maximum sensitivity of 0.56% K-1 under continuous-wave excitation and 0.70% K-1 under pulsed excitation; the different sensitivities were attributed to the heating due to larger irradiation. In another study72 Na0.5Bi0.5TiO3 ceramics were studied from 93 to 613 K and a sensitivity of 0.31% K-1 was achieved.

  3.1.2.2 Yb3+/Ho3+ and Yb3+/Tm3+ codoped systems

  In this section we describe a less common class of codoped thermometers. One example of interest was reported73 using a Ho3+ doped CaWO4. Since intense blue emissions from the (5G6, 5F1) and (5F2,3, 3K8) states to the 5I8 ground state of Ho3+ are easily excited, the thermometric behavior based on the FIR was studied. The temperature dependences of the blue emissions were measured in the range 303-923 K, with a maximum sensitivity of 0.5% K-1. A similar work was presented74 where Ba0.77Ca0.23TiO3 ferroelectric ceramics were used as thermometer matrix. An unusual temperature range from 93 to 300 K was explored, and a maximum sensitivity of 0.53% K-1 was verified.

  Crystalline yttria doped with Tm3+ was investigated75 under continuous-wave illumination at 976 nm. The FIR technique, applied to the blue UC emission lines at 476 and 488 nm, originated from the thermally coupled Stark sublevels 1G4(a) → 3H6 and 1G4(b) → 3H6, respectively, was exploited to operate a thermometer working in the range 303 to 753 K with a maximum sensitivity of 0.35% K-1. The use of oxyfluoride glass-ceramics codoped with Yb3+ and Tm3+ was reported76 where the Yb3+ ions were excited at 980 nm and UC emissions at 700 and 800 nm (respectively the 3F2,3 → 3H6 and 3F2,3 → 3H4 transitions on Tm3+ ions) were detected. The FIR was measured from 293 to 703 K and a large sensitivity of 3.3% K-1 was observed, that is, according to the authors, the largest for thermometers using that technology at that time.

  3.1.2.3 Other Yb3+ codoped systems

  A non-conventional codoping strategy, using two different species as acceptors, was reported77 where the behavior of a Yb3+/Ho3+/Tm3+ codoped matrix was investigated. Again, Yb3+ were used as sensitizers and the goal was the exploitation of thermally coupled levels belonging to Ho3+ and Tm3+. The combination of three RE ions allows management of the effective energy level structure of the system. In this case, the triply-doped yttria matrix was submitted to temperatures from 303 to 703 K; a maximum sensitivity of 0.69% K-1 and a relative sensitivity of 0.34% K-1 were obtained. The same strategy was adopted78 where microcrystalline Yb3+/Tm3+/Gd3+ doped NaLuF4 was applied to exploit the FIR in the ultraviolet region. As usual, Yb3+ were used as sensitizers to successively transfer energy to Tm3+ which were used as ladders to reach excited levels near 37,000 cm-1 (3P2,1,0). Then the highly excited Tm3+ transfer their energy to the 6IJ (J = 15/2, 13/2, 11/2, 9/2 and 7/2) Gd3+ energy levels, which are thermally coupled. In the temperature range investigated (298 to 523 K) the sensor showed a sensitivity of only 0.04% K-1. Other transitions in the blue were also used for thermal sensing but in all cases, the sensitivity was small.

  3.3 Nanothermometry

  This section is devoted to review papers focusing in thermometry in the nanoscale. A very good survey in this subject is found in Jaque and Vetrone,79 which however does not limit itself to RE doped systems.

  Er3+ still is the mostly used probe in singly-doped nano and micrometer sized systems. In the past, Alencar et al.80 used BaTiO3 NCs and observe the green emissions from the CETCL when exciting the ensembles at 980 nm, studying crystalline powders with grains of different average sizes. By varying the samples’ temperatures from 322 to 466 K, using the FIR technique they observed that the sensitivity of such sensors depends on the size of the NCs. This was explained considering modifications of NR relaxation mechanisms with the NCs size. Five years later, working with Er3+:NaYF4 NCs having different sizes, Schietinger et al.19 verified the effect of quantum confinement of phonons, corroborating the analysis made before.80 In another study,81 the authors observed that inserting molybdenum into the Yb2Ti2O7 matrix one sees an enhancement of the green emission originated in the CETCL due to the fact that Mo ions contribute as an extra ET channel for excitation of the CETCL. The study was based on the FIR technique applied from 290 and 610 K with a sensitivity of 0.74% K-1. An interesting work was reported,82 where Er3+:Y2O3 NCs were synthesized and their thermometric performances using the CETCL were compared before and after re-calcination of the powders. After re-calcination, the green UC lines were 56 times stronger, and the sensor sensitivity was doubled, reaching 0.4% K-1. This procedure proved that OH– groups on the NCs surface are greatly reduced by re-calcination, and the presence of these groups promotes depopulation of ions in upper energy levels by efficient ET processes from Er3+ to OH–.

  A large number of reports on Yb3+/Er3+ codoped systems is available. For example, Yb3+/Er3+:ZrO2 NCs were used to obtain a high sensitivity of 1.34% K-1 operating the thermometer from 323 to 673 K, exploiting the FIR technique between Stark levels associated with the green and red emissions from the Er3+.83 Yttria NCs doped with Yb3+/Er3+ were synthesized and analyzed in details.84 The NCs properties before and after a calcination process were measured. Using the FIR technique for the CETCL and varying the temperature from 315 to 555 K, the sensitivities were determined and a large improvement for calcined samples was verified. The maximum sensitivity were 1.8% K-1. Yttria NCs were also used for thermometry in a wide temperature range (93 to 613 K).85 Also recently one group claimed that BaGd2ZnO5 NC is the best matrix for thermometry based on ET-UC.86 However, they used Yb3+/Er3+ doped BaGd2ZnO5 as temperature sensor from 350 to 800 K and obtained a small sensitivity of 0.31% K-1. Another trial for identification of a high sensitivity thermometer was reported87 where using Yb3+/Er3+ doped GdVO4 nanoparticles a maximum sensitivity of 1.11% K-1 was obtained, smaller than the sensor based on calcined samples of Yb3+/Er3+ doped yttria.84

  Besides Er3+ and Yb3+/Er3+ other doping strategies were tried for temperature sensing using NCs. Particular attention is deserved by Zhou et al.88 where an original approach to achieve high sensitivities was presented. Since, by definition, the relative sensitivity of optical thermometers is proportional to the energy gap between the thermally coupled levels used in the FIR technique, the authors proposed a new strategy by using the UC emissions that are originated from two multiplets with energies having opposite temperature dependences.88 Then, by using Tm3+ in β-NaYF4:20% Yb3+ core-shell nanoparticles under excitation at 980 nm, a relative sensitivity of 1.53% K-1 from 350 to 510 K was obtained.

  3.4 Biothermometry

  The investigation of physical and/or chemical processes inside a cell is not a trivial task, and in the recent past years, many experimental techniques were developed to extract relevant information from cells. One important information is the temperature, which for example may indicate inflammatory processes inside the cell that may trigger cell diseases. So, measuring temperature inside cells is a challenge for modern biology. In this section, we highlight works which directly apply the thermometric techniques discussed so far in the present paper aiming at getting biological information.

  A recent review paper stresses how UC with RE doped NCs can be used not only for highly sensitive bio- and chemical sensing, like detection of biomolecules (avidin, ATP), ions (cyanide, quicksilver), gases (oxygen, carbon dioxide, ammonia), but also for in vitro temperature sensing, by using the FIR technique with the Er3+ UC emissions in the green.89 An interesting paper shows how Yb3+/Er3+ codoped NaYF4 NCs can be used inside HeLa cervical cancer cells for monitoring their temperature in a colloidal solution.90 The FIR between the green emissions from Er3+ was used. A pump-and-probe scheme was used for inducing heating in the cells, which were killed when the colloidal temperature achieved 45 °C. The excitation at ca. 980 nm is also convenient for light penetration in the tissues purpose. Thermal images were also made, in which for each diffraction-limited spot a spectrum was taken and the FIR calculated. In this kind of application the influence of the cell environment is very important. Preliminary studies in this direction were reported in another work, where the authors used Er3+:BaTiO3 NCs to study the role of the NCs’ sizes and the surrounding medium on the green PL for different temperatures.91 The studies were performed with the NCs in air and inside liquids of biological interest, like water and glycerol.

  Yb3+/Er3+ co-doped Gd2O3 NCs were used to increase the temperature in the environment and for its simultaneous measurement.92 The temperature increased up to 504 K, due to absorption of excitation photons and the phonon-assisted relaxations, and was measured using the FIR technique monitoring the strong green PL due to the Er3+. The authors claim that the controlled optical heating of NCs and its nanovolume has large potential for applications such as localized hyperthermia and in the creation of nanoscale holes in soft media. The proposal was confirmed by a work which studied the UC process and the FIR of nanoscopic Er3+:Y3Ga5O12 in the biological temperature range (292 to 335 K) and stressed that one needs to keep the RE doping level low in order to avoid heating of the medium by the thermometer.93 Considering the possibility of induced heating Sedlmeier et al.94 characterized Yb3+ sensitized Er3+/Ho3+/Tm3+:NaYF4 NCs and suggested their use for thermally activated intracellular drug delivery conjugated with thermal sensing. In the same line, the use of multifunctional NaYF4:Yb3+,Er3+@Ag core/shell nanoparticles was proposed.95 In this hybrid material, by absorption of light, silver would induce a large local heating, while the RE part would sense the resulting temperature. Convincing results were shown where Yb3+/Er3+ doped YVO4 NCs were used simultaneously as high performance nanoheaters and nanothermometers, presenting a high sensitivity of 1.2% K-1 and a high induced heating (from 315 to 460 K) within a small excitation power interval from ca. 13 to 50 W cm-2.96 Based on the obtained results, the authors claim that Yb3+/Er3+:YVO4 NCs are indicated for therapeutics.

  A different approach for performing thermometry in biological systems was adopted by Benayas et al.97 Water dispersible Nd3+:YAG NCs were excited at 808 nm and the PL at 938 and 945 nm, due to Nd3+ transitions starting from Stark levels of the manifold 4F3/2 to the ground state, were recorded as a function of the NCs temperature. Taking advantage of the large downconversion efficiency over that of the UC processes, it was demonstrated that this system allows an easy-to-use thermometer in the biological spectral window. Other functionalities were introduced by Haro-González et al.,98 where the authors present a potential biosensor which could be optically manipulated. Silica nanospheres having diameter of ca. 590 nm, singly- or co-doped with Er3+, Eu3+ or Tb3+, were employed as a thermometer using the FIR technique on the respective transitions, but presenting the possibility of being positioned at will inside a biological structure by the use of optical tweezers. The thermometric properties of the analyzed particles were studied and good sensitivities up to 3% K-1 (in the case of Er3+ doped silica nanospheres) were achieved.

  4. Summary and Conclusions

  This short review paper summarizes some works on the characterization of thermal effects in rare-earth doped materials aiming possible applications of the materials as optical thermometers. Several examples of glasses and crystals - bulk samples and nanoparticles - were described. The results reviewed here were obtained exploiting the frequency upconversion phenomenon that is observed in media doped with trivalent rare-earth ions excited by lasers operating in the infrared region.

  The temperature measurements in the cases considered were based on measurements of the intensity ratio between the photoluminescence emitted by pairs of thermally coupled levels of RE ions embedded in various hosts. Resonant and nonresonant excitation of the active RE ions, energy transfer and phonon-assisted (excitation and relaxation) electronic processes were considered in order to describe the results of the several experiments. Absolute temperatures were determined assuming that the population distribution of the RE emitting levels is in quasi-thermal equilibrium, determined by the Maxwell-Boltzmann statistics, due to the interaction between the RE ions and the host medium. The given examples illustrate applications of the fluorescence intensity ratio technique in solids and bio-molecules. From the collection of results summarized here the reader may identify possible lines for future work in order to achieve better optical thermometers. The existing challenges for obtaining temperature sensors with larger sensitivities were mentioned and we hope that the herein highlighted features may stimulate the synthesis and use of new materials that may present better characteristics for operation of more efficient devices in the future.
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    Materials specially designed for photonics have been at the vanguard of chemistry, physics and materials science, driven by the development of new technologies. One particular class of materials investigated in this context are glasses, that in principle should exhibit high third order optical nonlinearities and fast response time, whose optical properties can be tailored by compositional changes, such as, for instance, the incorporation of metallic nanoparticles to explore plasmon resonances. Simultaneously to the development of novel materials, and motivated by the need of device miniaturization, direct laser writing by femtosecond pulses has been used to advanced processing of glasses. Such method allows fabricating high resolution three-dimensional optical devices, as well as to produce spatially localized metal nanoparticles. This review paper initially presents results on the nonlinear optical characterization of special glasses, in addition to progresses on the use of femtosecond laser micromachining for producing waveguides and spatially confined metal nanoparticles.
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  1. Introduction

  Materials exhibiting high optical nonlinearities play a major role in the development of new technologies in optics and photonics. To enhance the performance of optical devices, a great deal of research has sought after materials with interesting nonlinear optical properties, including organic molecules, polymers, inorganic semiconductors and glasses. Specifically, glasses are of great interest because they can present high third order optical nonlinearities, especially those containing heavy metal elements.1-3 Furthermore, their linear and nonlinear optical properties can be tailored by using distinct elements,1,2,4 aiming at photonic devices for optical switching, optical limiters and infrared technologies, for example. At the same time, glasses containing metallic nanoparticles (NP) have also been developed with the objective to explore the enhancement of optical properties provided by the surface plasmon resonance (SPR).5,6 Commonly, such glasses are prepared by the introduction of the desired metal ions into the glass matrix, followed by metal reduction that can be achieved by heat treatment.2,3,7 Alternatively, femtosecond laser irradiation can also be used to promote the metal reduction and subsequent nanoparticle formation.7

  In parallel to the development of novel materials and motivated by the miniaturization of devices required for technological applications,8 femtosecond laser micromachining has been explored for the fabrication of micro/nano structures in glasses. Such method allows high resolution and the ability to structure materials in 3D, and can be used to ablate or modify structural properties of materials. The use of femtosecond laser pulses for micromachining transparent materials has been employed to fabricate several optical devices, such as, resonators, couplers, splitters, data storage and waveguides, most of them in standard optical glasses.9,10 Since the first demonstrations of waveguides fabrication in glasses using femtosecond laser micromachining,11,12 several works have been done to perfect it through the optimization of laser parameters and irradiation conditions.13,14 More recently, however, femtosecond laser pulses have also been used to promote photoreduction of ions within the glass and subsequent production of metal nanoparticles through nucleation and growth.15,16

  In this context, this paper describes some results that our and other research groups have obtained on the nonlinear optical properties of special glasses, with emphasis to the nonlinear refraction and absorption. Additionally, achievements on the use femtosecond laser pulses to micromachine such glasses, with special attention to the fabrication of waveguides and the production of spatially confined metal nanoparticles are also described.

   

  2. Experimental Methods

  2.1. Nonlinear optical characterization

  To characterize the nonlinear optical properties of glasses, one of the most widely used approaches is the Z-scan technique, originally developed by Sheikbahae et al.17 Essentially, this method monitors changes in the nonlinear transmittance as the sample is scanned through the Z-axis, which contains a focused Gaussian laser beam. One of its advantages is allowing obtaining the nonlinear refraction and the nonlinear absorption by placing (closed-aperture) or removing (open-aperture) an aperture in the far field, respectively. As excitation sources for Z-scan experiments, lasers pulses with duration from nano to femtoseconds and distinct repetition rates and wavelengths can be employed. However, most of the recent studies in glasses have been obtained using femtosecond laser pulses and low repetition rate (kHz), usually delivered by Ti:sapphire chirped pulse amplified systems. Furthermore, in order to obtain the spectral response of the nonlinear refraction and absorption, optical parametric amplifiers (OPA) pumped by the Ti:sapphire laser have been used, allowing excitation source tuning from 450 up to 2000 nm, typically. Alternatively, it has also been shown that white-light continuum (WLC), produced by focusing infrared fs-pulses on water or sapphire, can also be used to determine the spectrum of optical nonlinearities using the so called WLC Z-scan technique.18

  For determining electronic nonlinear refraction and multi-photon nonlinear absorption, in general, Z-scan measurements are carried out with intensities in the order of 100 GW cm–2. For a refractive nonlinearity, the light field induces an intensity dependent refraction, n = n0 + n2I, where I is the laser beam irradiance, n0 is the linear index of refraction and n2 is the nonlinear index of refraction associated with the electronic response, which can be obtained through the closed aperture Z-scan. Conversely, for a sample presenting multi-photon absorption, specifically two-photon absorption (2PA), the light field creates an intensity dependent absorption, α = α0 + βI, in which α0 is the linear absorption coefficient, and β is the 2PA coefficient, determined by the open-aperture Z-scan.

  The dynamics (response time) of optical processes in glasses are usually determined using pump-probe methods. In such type of experiments, the sample is excited by fs-pulses focused into the sample (pump), with the pulse energy below the damage threshold. The time-resolved optically induced response is measured with a second pulse (probe) time delayed in respect to the pump.19,20 Ti:sapphire laser systems, as well as OPAs are generally used as excitation sources. Most of the ultrafast dynamics pump-probe experiments are performed in two distinct configurations; (i) optical Kerr gate (OKG) and (ii) excited state absorption (ESA).

  For the OKG, the laser beam is split into pump (strong) and probe (weak-a few percent of the pump) beams. The probe beam polarization is set at 45º with respect to the pump beam. Pump and probe beams were focused and spatially overlapped into the sample. An analyzer, whose transmission axes is crossed with respected to the first one, is placed after the sample and before the photodetector. The light transmittance through the analyzer, due to the transient birefringence induced in the sample by the pump, is monitored as a function of the time-delay between pump and probe.

  In the ESA configuration, transient transmittance measurements can be performed using as a probe beam either a discrete wavelength (portion of the pump or a OPA beam) or a WLC probe, usually generate by using a small fraction of the pump beam in a sapphire window. The pump induced transmittance changes are measured as a function of the time delay between pump and probe pulses, carefully varied by a computer controlled translation stage.

  2.2. Linear optical and structural characterization

  After the glass sample preparation and prior to its nonlinear optical studies, they are usually characterized by X-ray diffraction (XRD), Raman spectroscopy and differential scanning calorimetry (DSC). For samples presenting nanoparticles, its presence and nature are usually checked by high resolution transmission electron microscopy (HR-TEM) and selective area electron diffraction (SAED). Linear absorption (UV-Vis) and fluorescence spectra measurements are usually carried out as complimentary results to the nonlinear optical characterization.

  2.3. Femtosecond laser micromachining in glasses

  Laser micromachining is performed by focusing the femtosecond laser into the sample volume or surface, while the sample is translated or the laser beam is scanned. The intensity level achieved by ultrashort pulses at the focus is usually high enough to cause nonlinear interaction, which can lead to structural changes, photo-reduction, degradation or ablation of the material. The nonlinear nature of the light-mater interaction confines the process to the vicinity of the focal volume.

  From the experimental point of view, femtosecond laser (fs-laser) micromachining can be accomplished by optical systems that three-dimensionally scan the sample stage, or by setups in which scanning mirrors are responsible for the two-dimensional scanning of the beam, while the z axis movement is carried out by a translation stage. Figure 1 displays a schematic representation of the micromachining setup using the translation stages. The laser beam is focused into the sample by microscope objectives with different numerical apertures (NA). Basically, the NA determines the width of the focal volume and, consequently, the micromachining feature size. Moreover, the NA also influences the geometry of the structures; while small NAs produce asymmetric structures, high NAs allow producing spherically symmetric features. The sample is placed on a computer-controlled x-y-z stage that moves the sample with a constant speed in relation to the objective lens that remains fixed. The fabrication process can be accompanied in real time using a charge-coupled device (CCD) camera.
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  In general, fs-laser micromaching in glasses can be achieved with pulse energies on the order of nanojoules, which can be obtained through laser oscillators (not amplified systems). In this case, the time interval between consecutive pulses is smaller than the heat diffusion time, giving an accumulative nature to the micromachining process.9,21 Thus, one of the most employed excitation sources for fs-laser micromachining in glasses are Ti:sapphire laser oscillators operating at an wavelength of approximately 800 nm and with repetition rate of MHz. Naturally, other wavelengths and repetition rates can also be used. However, when laser systems operating at kHz repetition rate are used the micromachining process becomes repetitive, as opposed to the cumulative nature obtained when oscillators are employed.9 The micromachined samples are usually analyzed by optical microscopy, atomic force microscopy, scanning electron microscopy and standard spectroscopic tools (UV-Vis, fluorescence and Raman).

   

  3. Nonlinear Optical Spectroscopy in Glasses

  Nonlinear optical spectroscopy in glasses have been extensively studied at the last decades due to their vast application in devices, such as all-optical switches.22 The potential of these optical glasses reside on the possibility to operate devices at speeds and bandwidths greater than electronics. Optical glasses present high transparency in a large wavelength range. Additionally, the response times of the nonlinear effects are, in most cases, related to parametric effects, whose origin is purely electronic.23

  In this research area, several optical glasses have been studied. For example, Friberg et al.22 measured nonlinear index coefficients of several glasses using degenerate four-wave-mixing24 at 1.06 µm, in order to obtain the response time of optical glasses to be used as all-optical switches. By measuring the relative magnitudes of the fast and slow nonlinearities of the samples, they were able to quantify switching power and thermal index change, which are related, respectively, to nonlinear refraction index (n2) and change in the linear refraction index with the local temperature (dn/dT). By observing both effects on glasses, they defined a new figure of merit (FOM) for nonlinear optical materials used for ultrafast waveguide switching devices, in order to address thermal effect problems and fast-time-response requirements. The greatest result observed on SF-59 glass was a FOM about 10 times higher than the one to semiconductor doped glasses and 100 times higher when compare to GaAs and GaAs/GaAlAs. Even though n2 is about 100 times smaller for SF-59 than for GaAs, the FOM increased because SF-59 presents a very small linear absorption and a small change in the linear refractive index due to the induced local temperature. This work was prominent to define a way to look for new materials for photonics that need to present a combination of larger n2, smaller absorption and fast response times.

  Approximately one year later, Hall et al.25 demonstrated that chalcogenide glasses, in specific glasses with heavy metals such as lead and bismuth, which present linear refractive index (n0) higher than SF’s glasses, also present higher n2. In that work,25 they demonstrated a correlation between heavy metal content and nonlinear susceptibility (χ(3)), and predicted an upper limit to χ(3) in this type of material. They observed an enhancement of a factor of 3 for lead-bismuth-gallate when compared with glasses reported elsewhere.

  Smolorz et al.6 also studied chalcogenide and heavy-metal oxide glasses using the Z-scan technique. They described a monotonically increase of the nonlinear index of refraction as the excitation wavelength approaches the absorption edge of the sample. This effect was ascribed to a resonance enhancement caused by two-photon absorption on the material. As mentioned on that work, sometimes this effect is not desired on glasses because the increased refractive nonlinearity comes together with nonlinear absorption. Once nonlinear absorption is present, thermal effects, which have long relaxation times, may also appear, which is not desired for all-optical switches.

  Chalcogenide glasses have been an important topic of study in nonlinear optics. In 2003, Zakery et al.26 elaborated an important review on this subject. They reviewed different works with different experimental techniques to compare the magnitude of n2 as a function of the nonlinear absorption and band gap energy for many chalcogenide glasses. An important information described on that work was that at near half-gap, chalcogenide glasses, such as As2S3, GeAsSe, Ge25Se65Te10, a maximum FOM is desirable for all-optical switching because it permits the design of an efficient switch with a large nonlinearity. The FOM increases near ħω/Egap ca. 0.45 when the absorption edge is not completely sharp. They described a remarkable value of FOM of about 11 for As40Se60. In special, this optical glass displays a nonlinear refractive index higher and two-photon absorption lower than other glasses cited on the review.

  In parallel to these works, Vogel et al.27 studied nonlinear optical effects on silicate glasses, observing which changes in structural and optical properties mainly modified the nonlinear optical response. Studying an optical glass system composed by different proportion of four components; TiO2, Nb2O5, Na2O and SiO2, they described a dependence on the linear and nonlinear refractive index with the composition. Both, linear and nonlinear refractive indices were observed to increase when a combination of Ti and Nb cations were present in the glass composition, in comparison with the matrix with only Nd. However, the composition with Ti only presented the highest increment for n2. Additionally and curiously, the main report on that work was to observe that the nonlinear refraction was much more sensitive to distinct cation than n0.

  The FOM defined by Friberg et al.22 has been used from that time until nowadays. Many works are employing this definition to classify new optical glasses that could have potential application on optical switches. In 1990, Lines28 elaborated a comparative study in oxide glasses for fast photonic switching. He described general restrictions for researchers when looking for new optical glasses aiming at all-optical switching. Some of the restrictions are related to a range of operating wavelengths of the optical switches. First, the frequency of the light (ω) needs to be lower than the lower limit determined by the nonlinear absorption of the material (Eg/2). It will avoid two-photon absorption process. Second, the frequency needs to be higher than the overall frequency (Ω) of the optical phonon modes present on the material. Based on these points, the energy range of interest for all-optical switches was defined as 10ħΩ ≲ ħω ≲ Eg/2. Throughout this range, n2 is almost completely dominated by its electronic component in most of cases. Using his definition and elaborating a figure of merit, he identified that the empty d-band transition metal oxides gallates and tellurites glasses were the most promising candidates for operation on the telecommunication region. The relation with unfilled or empty d shells such as Ti4+ that contributes more strongly to the nonlinear polarizabilites was also confirmed by Sabadel et al.29 Another interesting feature pointed out is that the largest nonlinear responses are generated by the highest valence metal cations or by the maximum p-d orbital overlap.29

  Third-order nonlinear spectra and optical limiting of lead oxifluoroborate glasses20 have been studied from 500 nm up to 1600 nm using femtosecond Z-scan technique. In that work, an increase and a small red shift on the two-photon absorption spectrum was described and related to a reduction of the band-gap energy of the glasses due to the amount of PbO added to the glass (see Figure 2a). Additionally, it was reported an enhancement of n2 as a function of the cation concentration in the glass matrix. By increasing the percentage (x) of xPbO of x = 25, 35 and 50% and, consequently, decreasing the percentage of (50 − x)PbF2 led to an increase in the nonlinear refractive index from 14 to 25 times higher than the value reported for fused silica.30 In Figure 2b, a constant value as a function of the wavelength for n2 of approximately 4.9 × 10-19 m2 W-1 was observed for the sample containing 50% of PbO.
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  Almeida et al.31 have studied another interesting class of glasses; borate glasses doped with transition metals. In that work, by using Z-scan they quantified the nonlinear refraction index on the wavelength range from 600 nm up to 1500 nm. A value of about twice of the fused silica30 was determined. They observed that the nonlinear index of refraction was mainly defined by the matrix composition and that the addition of transition metals with a small concentration, of about 0.1 mol%, did not modified significantly the n2 values on the range studied. Even though the linear optical properties were significantly changed, the nonlinear optical properties were kept the same. Waveguides and its application were also studied on that work for borate glasses and optical losses have been quantified.

  As it can be seen, many optical glasses have been studied to be employed as all-optical switches, waveguides and so on. Not less important in this field is the study on the incorporation of nanoparticles on the glass matrix, in order to observe changes in the linear and nonlinear optical properties. Uchida et al.32 have studied optical nonlinearities in glasses as a function of high concentration of small metal particles (between 5 and 50 nm radius), specifically copper and silver nanoparticles. The interesting information reported on that work was that nonlinear optical process increases as a function of the nanoparticles concentration incorporated on the glass matrix. Additionally, they observed that the nonlinear effect also increases with the size of the nanoparticles, achieving saturation for higher nanoparticles radius.

  In the same direction, Falcão-Filho et al.33 have studied third-order nonlinearities of transparent glass ceramics containing sodium niobate nanocrystals at two specific wavelengths, by using Z-scan and optical Kerr-gate. They observed two interesting opposite behaviors for the nonlinear optical process on this class of glasses; at 1064 nm a positive n2 that increases with the nanocrystals concentration (filling factor) was observed. However, at 532 nm the n2 also increased in module as the concentration of nanocrystals increases, but it presentes a negative value due to the proximity of the photon energy with the band gap energy.

  De Boni et al.34 have studied third-order nonlinear effects on lead-germanium oxide glasses containing small concentration of silver nanoparticles. By using femtosecond Z-scan and white-light Z-scan18 techniques, they obtained the nonlinear refractive index and nonlinear absorption coefficient spectra. The interesting behavior noticed on that work is that there is not dependence of n2 with small quantities of nanoparticles (less than 2%). The n2 exhibits the same value and signal for the nonlinear refractive index, even when the photon energy approaches the band-gap energy. However, the nonlinear optical absorption shows a strong dependence on the nanoparticles content. In this case, the two-photon absorption effect, close to the plasmonic band of the nanoparticle, was significantly increased when compared with the glass without nanoparticles. Additionally, the authors observed an inversion of the nonlinear absorption effect when the photon energy was in resonance with plasmonic band. Saturable absorption instead of two-photon absorption was confirmed at the nanoparticles plasmon band.

  Glasses containing heavy metal oxides, such as PbO, WO3, Bi2O3 and Sb2O36 were the subject of research because their nonlinear optical effects can be enhanced by using the proper concentration of the hyperpolarizable elements. Heavy metal oxide glass containing metallic copper nanoparticles were also studied in order to observe the enhancement effect on the nonlinear refractive index due to the amount of the nanoparticles formed on the glass. Manzani et al.35 employed femtosecond and white-light Z-scan techniques, combined with optical Kerr-gate and transient transmittance (pump-probe) experiments to reveal the nonlinear absorption and refraction, as well as their relaxation times. Manzani et al.35 observed that the copper nanoparticle formation on tungsten lead-pyrophosphate glasses increases the third-order nonlinear process. They observed an enhancement of about three times when compared with the glass without nanoparticle for the region close to the copper plasmonic band (ca. 800 nm).35

  An interesting point observed was that the nonlinear absorption changes its signal from positive to negative with the presence of the Cu0 nanoparticles.35 This effect is very similar to the one observed by De Boni et al.34 indicating that inside the plasmonic band a saturable absorption prevails. According to Manzani et al.,35 the enhancement of the n2 with the presence of Cu0 nanoparticles is explained by the long relaxation time (ca. 2.3 ps) measured in the transient absorption experiment at 560 nm. This time is related to the energy exchange from the excited electron of the nanoparticles to the matrix glass (electron-phonon interaction). This relaxation time was not observed for 780 nm, excitation wavelength outside of the nanoparticles plasmon band. For this wavelength, only Cu2+ was excited, displaying a response time shorter than 200 fs.

  Another interesting work in glasses with nanoparticles was reported on heavy metal oxide glasses containing gold nanoparticles.36 By using femtosecond Z-scan and optical Kerr-gate, the authors observed that these glasses present an average value for n2 of about 1.8 × 10-19 m2 W-1 from 500 nm up to 1500 nm, one order of magnitude greater than fused silica. In Figure 3 it is possible to observe changes in the signal of the nonlinear absorption caused by the presence of Au nanoparticles. Figure 3a displays a decrease on the normalized transmittance due to a two-photon absorption effect when the energy of the photon is close to the band-gap edge. With the presence of the Au nanoparticles, Figure 3b, both effects, two-photon absorption and saturable absorption, were observed simultaneously for the same excitation wavelength (500 nm, inside of the plasmonic band). The interesting information described by Almeida et al.36 is that the nonlinear absorption coefficient magnitude related to the two-photon absorption was not changed by the presence of the nanoparticles. However, the presence of Au nanoparticles added a new absorption effect on the glass matrix.
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  As it can be seen, third-order nonlinear optical effects have been studied in a vast classes of glasses with or without nanoparticles. The presence of nanoparticles tends to enhance the nonlinear refractive index until a saturation point, determined by the nanoparticles concentration. Additionally, nanoparticles have also enhanced nonlinear absorption (most of the time two-photon absorption) effects only in the region close to the plasmonic band. Moreover, inside the plasmon band a new effect on the nonlinear absorption of the optical glasses containing nanoparticles were added, creating a region in which nonlinear absorption can be controlled by the concentration of the nanoparticles.

  Qu et al.37 also demonstrated nonlinear absorption in glasses containing gold nanoparticles, induced by femtosecond pulses. Irradiating glasses containing Au nanoparticles with different intensities, the authors observed a decrease in the plasmonic absorption band intensity as a function of the average intensity. Furthermore, using nanosecond pulses at 523 nm they observed that the saturable absorption also decreases proportionally to the Au plasmon band decrease. At high irradiation intensity, in which the plasmon band is not more visualized at 530 nm, only reverse saturable absorption was measured, indicating that the control of nanoparticles concentration and plasmon band position are useful to tune nonlinear effects.36

   

  4. Fs-laser Written Waveguides in Glasses

  The origin of 3D waveguides in glass is related to studies on laser-induced breakdown in dielectrics. The damage caused by laser-matter interaction has been investigated since the laser development in 1960.38 Nevertheless, the possibility to fabricate optical waveguides was reported about three decades later, when femtosecond lasers became available at research laboratories. Investigating the damage produced by fs-pulses tightly focused inside fused silica, Hirao and co-workers11 observed a local change in the refractive index, Δn, of approximately 0.015. The nature of this Δn was discussed considering effects on the glass network resulting from localized melting or defects formation, as peroxy radicals, Si E’and nonbridging oxygen hole centers. Moreover, multiphoton processes were associated with laser-induced damage.11 In the following year, the functionality of those damage lines for waveguide was demonstrated and the role of fs-laser became clearer.12 Due to the high intensity in the focal volume, multiphoton absorption occurs, confining material ionization and plasma formation in the focused region inside the glass. The further interactions can lead to a local heating, and therefore structural densification during cooling and increase of the refractive index.11,39 The process of laser-induced modification in glass is illustrated in Figure 4, in which multiphoton ionization, confined in the focal volume, results in structure densification and changes in the refractive index.14,40
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  The guided modes are mainly determined by the shape, size and Δn of the waveguide, which can be controlled by the writing conditions, including the average power and repetition rate of the fs-laser, as well as sample scan speed and numerical aperture of the objective.12,41 Moreover, the direction of sample movement defines the waveguide geometry. Elliptical or roughly cylindrical cross sections are obtained when the sample is translated transversally or longitudinally to the laser beam, respectively.11 Although cylindrical waveguides favor the light coupling and guiding, their length is limited by the work distance of the employed objective, usually shorter than 10 mm for NA > 0.25. Thus, at the beginning of 20th century one of the first issues to be solved dealt with the asymmetry of the waveguides when produced by transversal writing. Such asymmetry follows the beam intensity profile where nonlinear interactions take place. Therefore, it is feasible that the waveguide cross-section be equivalent to the confocal parameter (b = ) along the beam propagation direction and correspondent to the beam diameter 2w0 when seen perpendicularly to it. In order to control the beam diameter without affecting the focal length, Osellame et al.42 developed the astigmatic beam-shaping technique, in which a telescope with cylindrical lenses is employed so that the size and symmetry of the waveguide can be adjusted. A modification on the experimental setup became the micromachining of cylindrical waveguides simpler. Similar beam shaping can be achieved by using a slit, positioned before the objective lens and oriented parallel to the sample translation direction.43,44 Figure 5a shows a nonfunctional waveguide and its elliptical cross-section, produced by a fs-laser (800 nm, 120 fs, 1 kHz) in a phosphate glass, using a 20× (NA = 0.46) and scan speed of 40 µm s-1 without slit. Using a slit of 500 µm, cylindrical waveguide is performed, as shown in Figure 5b, enabling the light confinement. To obtain a waveguide with symmetric profile the ratio between the beam waist at perpendicular directions to the laser propagation must be  at the objective entrance, where n is the refractive index and x is the waveguide axis, according to the description.43
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  Other drawback was related to the processing speed of those waveguides. The amplified laser systems employed so far own repetition rate of the order of kHz, which restricted the increase of the processing rate. Thus, the development of long cavity Ti:sapphire oscillator provided fs-pulses at MHz rate with enough energy per pulse for such task. Although the pulse energy decreased from µJ to nJ, the time interval between two consecutive pulses rises typically from ms to ns, bringing not only faster laser scan speed, but also new issues concerning the heating accumulation effect. Given that the heat diffusion time out of the focal volume of a high numerical aperture lenses is about 1 µs, there is no enough time for the irradiated region cools down, resulting on the increase of the temperature and consequently melting/material modification in a dimension much larger than the focal volume.13 Structures composed by concentric rings are commonly seen when fs-lasers with repetition rate of MHz are used, as illustrated on the top-view microscope image of Figure 6. The inner ring represents the region achieved by laser pulses, where nonlinear effects initiated by multiphoton absorption and followed by multiphoton- and avalanche ionization take place.45 Part of the energy absorbed by the electrons is transferred to the lattice, and the central region acts as a heat source outwards the focal volume. The local temperature can achieve values as high as several thousand ºC. Then, the melted glass resolidifies according to the temperature and pressure gradients, leaving stress-stain zone that affects the inner region and giving rise the outer rings.46,47 The magnitude of the heat affected zone, and therefore the waveguide size, depends on the number of laser pulses, thermal diffusion coefficient and the material’s optical band gap, which defines the nonlinear interactions. Furthermore, in general, 200 kHz can be defined as the onset of repetition rate for heat accumulation effects generated by laser in glass. Because of its high band gap energy and melting temperature, pure fused silica is a particular case, requiring wavelength closer to the band gap and greater pulse energy and repetition rate.46 Nevertheless, waveguides can be micromachined in fused silica by using fs-lasers of low repetition rate (1 kHz), in which the change of refractive index is controlled by the laser scan speed.41
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  In this sense, the choice of MHz or kHz laser systems substantially affects the resulting photo-written structure. If thermal effects are adverse, as in the obtainment of sub-micrometric structures, low repetition rate are appropriate, whereas high repetition rate lasers can play as a heat source, being beneficial for the reduction of waveguide loss, induced crystallization and ionic diffusion.46,48 Encompassing diffusion and crystallization with nonlinear optical processes caused by fs-laser pulses, it has been possible to control the formation of metallic nanoparticles three-dimensionally at micrometer scale.19,49,50 There are several interests on metallic nanoparticles in glass, as discussed in nonlinear optical spectroscopy section, however its control through fs-laser micromachining might be an important advance towards the development of metamaterials for all-optical devices. Both, low and high repetition rate lasers enable the space-selective formation of metallic NPs.19,51,52 That is because the nucleation process is a consequence of the nonlinear interactions, such as multiphoton ionization that promotes electrons from valence to conduction band, giving rise to photoreduction reactions. Metallic ions present in the glass matrix, like Ag+, Au3+ and Cu2+, trap the free electrons to form neutral atoms. Once nonlinear optical processes promoted the nucleation, a heating source is necessary to promote the diffusion and aggregation of those metallic atoms. Therefore, space-selective formation of metallic NPs is achieved using only direct laser writing when MHz fs-laser is applied, while an additional annealing, usually carried on temperatures close to the glass transition, is required for the case of low repetition rate.

  A practical way to check if the precipitation of metallic nanoparticles occurred is through the absorption spectrum, which must present the surface plasmon resonance at visible region. Figure 7 shows the extinction spectra of an Au2O3 doped silicate glass after the irradiation using three different intensities (from a 800 nm, 120 fs, 1 kHz laser) and subsequently annealing. The effect of irradiation with intensities of 6.5 × 1013, 2.3 × 1014 and 5.0 × 1016 W cm-2 plus heating, resulted in the formation of bands centered at 568, 532 and 422 nm, respectively. The bands seen on spectra Figures 7a and 7b are due to surface plasmon resonance (SPR) of Au nanoparticles, whereas the spectrum in Figure 7c has been assigned to undecagold compounds with small Au clusters.49 The blue shift on the SPR bands with the increase of light intensity represents a decrease on the average size of Au nanoparticles, suggesting that higher intensities improves the formation of neutral Au0 atoms per unit of volume, rising the concentration of nucleation centers.49 The potentiality to produce and control metallic nanoparticles within complex microstructures is illustrated in the inset of Figure 7, in which a butterfly of Au NPs was designed. It is important to note that in this example two steps were applied: (i) fs-laser micromachining and (ii) heat treatment. As mentioned before, if a high repetition laser had been employed the second step could be ruled out. We have reported the differences concerning the usage of kHz or MHz laser systems for the space-selective formation of silver and copper NPs in borosilicate glass.52 Basically, multiphoton absorption and ionization, caused by fs-laser exposure, lead to free electron generation and photoreduction reactions. When kHz repetition rate laser is applied, such effects are observed in the absorption spectrum through color centers, defects and other induced electronic states. Then, this preferential light absorption gives rise to the plasmon band after the suitable annealing. On the other hand, metallic nanoparticles readily precipitate when thermal effects associated with high repletion rates are presents, and the SPR band is observed even without heat treatment. An detailed study about the ionic species and clusters of silver induced by femtosecond laser was recently reported.53

  
    

    [image: Figure 7. Extinction spectra]

  

  Metallic nanoparticles have been exploited for improvement of the nonlinear optical properties in different material systems.54 Naturally, not only the optical nonlinearities but also linear optical properties are affected by SPR. An increase of the refractive index of 4.6% (or Δn = 7 × 10-2) has been reported due to the presence of silver NPs in silicate glasses.51 Thus, the precipitation of Ag NPs using fs-laser micromachining improves the refractive index changes caused by nonlinear interactions and additionally incorporates the optical properties associated with the metallic nanoparticle in the microstructure. Figure 8 displays a 3D-waveguide containing metallic silver nanoparticles in its core, produced by femtosecond laser irradiation in phosphate glass.16 The waveguide size can be increased from 2 to 30 µm, while its propagation loss decreases from 1.4 to 0.5 dB mm-1 at 632.8 nm, according to the increase of the pulse energy (37-60 nJ). It was found a dependency of light intensity profile with the region of NP precipitation, which may result in a non-uniform Δn distribution and therefore additional losses. Nonetheless, all benefits related to Ag NPs, like short lifetimes, high quantum yield and stability against photobleaching,55 are integrated in the waveguide, bringing new prospects for the development of all-optical devices. For instance, 2D and 3D nonlinear architectures with second harmonic generation has been demonstrated.56
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  We have discussed the effects of longitudinal and transversal laser write as well as the influence of repetition rate over the fabrication of waveguides in glass. Among the experimental parameters, pulse duration also affects the laser-induced damage in transparent materials. Experiments and modeling on fused silica are studied,57,58 for regimes of short and ultra-short pulses respectively, in which contributions from multiphoton, tunnel, impact and avalanche ionizations are thoroughly described. Also investigating fused silica, Mazur group found a dependence of NA with the damage caused by fs-laser pulses.59 For NA ≥ 0.10 there is a sharp threshold energy that indicates the onset of multiphoton ionization. Such threshold energy is well below the critical power for self-focusing for a regime of high NA (greater than 0.25), resulting in structures that matches with the confocal parameter, whereas lower NAs cause broken filaments, suggesting multiple refocusing of the femtosecond laser beam.59,60

  Most of the key works concerning laser-induced damage and waveguides are performed using standard or commercial glasses. Nevertheless, studies on optical nonlinearities, addressed in the former section, demonstrate the importance of tailoring material properties through the composition, stimulating the usage multicomponent glass for direct laser write. For instance, quantitative measurements on fs-laser induced Δn have shown strong dependency on glasses composition, its structure and thermal properties.11,61 Positives, negatives and nonuniform variations result not only from the glass composition but also from the laser writing parameters.62 The waveguide shape is also affected by composition, as in the case of heavy metal oxide glasses, which have high n2and hence self-focusing effect.63 Even so, Y-splitters, directional couplers, supercontinuum and second harmonic generation have been demonstrated in those glasses using fs-laser micromachining.64 In addition, heavy metal oxide glasses are excellent hosts for earth-rare elements, enabling the development of active waveguides with internal gain in the C-band.65

   

  5. Final Remarks

  In this paper we presented a survey of results obtained by our and other research groups on the study of the nonlinear refraction and absorption in special glasses, as well as on the processing of such materials by femtosecond laser pulses. From the point of view of nonlinear spectroscopy, very interesting results have been obtained, revealing a clear interdependence between the glass composition and the nonlinear refraction and absorption that can lead to tailoring the material’s optical properties for applications in optics and photonics. Considering the processing of such special glasses, the results here compiled demonstrate that femtosecond laser is a powerful tool to change glassy materials properties by micromachining, which led to obtaining, among other applications, the waveguide fabrication and the controlled production of metallic nanoparticles. Therefore, those two research areas combined, nonlinear spectroscopy and fs-laser micromachining, allows exploiting new venues into the use of special glasses for the development of devices.
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    In the early seventies, Giuseppe Cilento (São Paulo University), Emil White (Johns Hopkins University) and Angelo Lamola (AT&T Bell Laboratories) postulated that typical photochemical reactions could occur in dark parts of living organisms if coupled to enzymatic sources of electronically excited products. Their paradoxical hypothesis of "photochemistry without light" was chemically anchored on the synthesis and weak chemiluminescence of several 1,2-dioxetanes, unstable cyclic peroxides whose thermal cleavage produces long-lived and reactive triplet carbonyls. Collisional reactions or energy transfer of triplet species to cellular targets could eventually result in "photo" products that potentially trigger normal or pathological responses. These ideas flourished in the labs of various researchers who attempted to explain the presence and biological roles of "dark" secondary metabolites, including plant hormones, pyrimidine dimers, alkaloid lumi-isomers, protein adducts, and mitochondrial permeators, thereby broadening the field of photobiology.

    Keywords: photochemistry in the dark, peroxidase, 1,2-dioxetanes, triplet carbonyl, chemiluminescence.

  

   

   

  1. Chemiluminescence and Bioluminescence

  Chemiluminescence (CL)1 and bioluminescence (BL)2 are cold and visible light emissions from chemical reactions in the absence and in the presence of enzymes, respectively. These phenomena are the opposite of photochemical reactions, whose chemical transformations are initiated by light. In the former case, the energy of chemical bonds is converted into electronic excitation energy, whereas in photochemical processes the energy of the electromagnetic radiation is utilized to drive chemical transformations. Light emission in BL and CL can be intense, as in the case of firefly BL or the peroxyoxalate CL; moderate, as in the case of luminol oxidation; weak, as the direct emission observed during 1,2-dioxetane decomposition or in fungal BL; or ultraweak, like that accompanying lipid peroxidation or peroxidase catalyzed aldehyde oxidation. In each case, light can be considered to be one of the reaction products.3

  In the last few decades, many chemiluminescent substrates have been discovered and utilized for the development of a wide variety of analytical assays of environmental, clinical, biological and forensic samples.3 One of the most important and well-known CL transformations is the oxidation of luminol (5-aminophthalhydrazide) catalyzed by many transition metals (Figure 1a) and widely employed in the detection of hydrogen peroxide and a vast number of transition metal ions. It is used, for example, in the characterization of redox imbalance in cells and biological tissues, as a sensitive detection system in immunoassays or in an antioxidant capacity assay. Noteworthy is its use to reveal traces of blood in forensic chemistry.3

  
    

    [image: Figure 1. Classical chemiluminescent reactions]

  

  Other classical CL processes with wide analytical application potential are (i) the transition metal-catalyzed reaction of lucigenin (10,10'-dimethyl-9,9'-biacridylium salt) with hydrogen peroxide (Figure 1b) used mainly for transition metal quantification, but also as a detection system for oxidative metabolism, and (ii) the base-catalyzed reaction of activated oxalate esters with hydrogen peroxide in the presence of highly fluorescent compounds called activators (ACT, Figure 1c), such as rubrene, perylene, 9,10-diphenylanthracene, chlorophyll, which have been employed for sensitive hydrogen peroxide and fluorescent compounds quantification. Many luciferins-the substrates of BL reactions-have been isolated, identified, synthesized and some of them employed in analytical essays.

  Emil White contributed to the development of this area by describing the synthesis and properties of luminol and the firefly luciferin, two of the luminescent systems most exhaustively studied and widely used in analytical kits for pure and applied chemistry.1,2

  1.1. Peroxide intermediates in chemiluminescence: 1,2-dioxetanes, 1,2-dioxetanones, and 1,2-dioxetanedione

  The dependence of chemiluminescent and bioluminescent reactions on molecular oxygen or hydrogen peroxide led to the proposal that unstable four-membered ring peroxides, called 1,2-dioxetanes and 1,2-dioxetanones, are the "energy-rich" intermediates responsible for the creation of excited products upon thermal cleavage.5 A significant advance in the elucidation of chemiexcitation mechanisms of diverse substrates was achieved with the synthesis of these peroxides in the 1960s and 1970s.5

  Although the final CL and BL products were indeed those expected from the cleavage of these cyclic peroxide intermediates, it was believed that their synthesis would be an arduous task, given the high steric strain of their 1,2-dioxacyclobutane structures. Moreover, their weak O−O bond (ca. 140 kJ mol-1) and the strong thermodynamic driving force towards their conversion into extremely stable carbonyl products (Figure 2) would contribute to their decomposition. 1,2-Dioxetanones should be even less stable owing to the presence of an sp2 carbonyl carbon atom in the four-membered ring. Therefore, it was expected that 1,2-dioxetanes would be too unstable to be isolated and could only exist as highly reactive intermediates, prone to cleave and release their intrinsic chemical energy in the form of electronic excited products, which either emit light or undergo photochemical changes.

  
    

    [image: Figure 2. Thermal cleavage]

  

  Despite the above-mentioned constraints, in 1969, Kopecky and Mumford6 (University of Alberta, Canada) reported the first synthesis of a 1,2-dioxetane at low temperature, 3,3,4-trimethyl-1,2-dioxetane, whose decomposition upon heating generated the expected decomposition products, acetone and acetaldehyde, and a bluish light emission. Soon thereafter, in 1972, Adam and Liu7 (University of Puerto Rico, USA) reported the first synthesis of a 1,2-dioxetanone (α-peroxylactone), namely the 3-tert-butyl-1,2-dioxetanone.

  The presence of a carbonyl group in the peroxidic ring makes it much less stable (Ea ca. 80 kJ mol-1, where Ea is the thermolysis activation energy) than 3,3,4-trimethyl-1,2-dioxetane (Ea ca. 100 kJ mol-1).8

  The unimolecular decomposition of 1,2-dioxetanes leads to the preferential formation of triplet-excited carbonyl compounds (Figure 2); the stability and quantum yields of excited products are crucially dependent on the number and the nature, mainly the size, of the substituents in the peroxidic ring; and the stability of disubstituted 1,2-dioxetanes proved to be similar to that of 1,2-dioxetanone derivatives.9-12 The preferential formation of triplet excited states (up to 60%) and the low quantum yields for singlet excited state formation (< 1%) imply a low CL emission quantum yield in the unimolecular decomposition of 1,2-dioxetanes. Therefore, this system is not a suitable model for efficient BL transformations, contrary to the initial prediction.1,2 On the other hand, as will be discussed later herein, triplet carbonyls have long lifetimes (> µs) and behave similarly to oxyl radicals, which gives these excited molecules the ability to promote radical chain reactions, ultimately leading to a plethora of photoproducts originating from isomerization, cyclization, cleavage, substitution, and hydrogen abstraction reactions.

  The thermal cleavage of 1,2-dioxetanones shows characteristics similar to those presented by 1,2-dioxetane decomposition, with dominant triplet excited state formation and very low singlet excitation yields, and consequently low CL emission quantum yields (Figure 2). Interestingly, the chemiexcitation quantum yields of the thermolysis of 1,2-dioxetanones are lower than those of corresponding 1,2-dioxetanes, although the former possess higher energy content.5 Nonetheless, studies conducted independently by Schuster, Adam, Turro, and Wilson3,4 showed that dioxetanones, specifically 3,3-dimethyl-1,2-dioxetanone, the only α-peroxylactone derivative whose CL properties have been thoroughly investigated, decompose faster in the presence of fluorescent aromatic hydrocarbons, yielding the aromatic compound in its singlet excited state. The decomposition rate and efficiency of excited state formation were shown to depend on the concentration and oxidation potential of the aromatic hydrocarbon, called an activator (ACT), because these compounds "activate" peroxide decomposition. These experimental observations led to the formulation of the "chemically initiated electron exchange luminescence" (CIEEL) mechanism, which consists of an initial electron transfer from the ACT to the cyclic peroxide and concomitant O−O bond cleavage. The electron back-transfer from a carbonyl radical anion, formed by cleavage of the central C−C bond to the ACT radical cation, is responsible for the ACT’s excited state formation and subsequent fluorescence emission (Figure 3).13-16
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  The CIEEL mechanism was greeted with enthusiasm by the research groups of this area and frequently utilized to rationalize excited state formation in numerous CL transformations,16 and frequently cited to explain the chemiexcitation step of firefly BL.17

  The quantum yields initially determined for the catalyzed decomposition of 3,3-dimethyl-1,2-dioxetanone by various research groups (ca. 10%) indicated a reasonably efficient process, in agreement with the high emission quantum yields generally observed in BL transformations, thereby justifying the adoption of the CIEEL mechanism as a model for the bioluminescence of a number of luminescent organisms. However, recent redeterminations of the quantum yields obtained in the catalyzed decomposition of 3,3-dimethyl-1,2-dioxetanone and two other more stable 1,2-dioxetanone derivatives indicated that the quantum yields for these transformations are actually at least two orders of magnitude lower than that initially reported.18 Although these observations might lead one to question the validity of the CIEEL hypothesis and its application to efficient BL transformations, recent experimental evidence has confirmed the occurrence of electron or charge transfer processes in these transformations. In addition, their low chemiexcitation efficiency has been associated with steric effects on complex formation between the peroxide and the activator, using the supermolecule approach.19

  Moreover, as early as the 1980s, it had been observed that the decomposition of certain 1,2-dioxetanes containing electron donor substituents occurs with the efficient formation of singlet-excited states.20 The decomposition of 1,2-dioxetane derivatives, whose electron donor moiety is protected, can be induced by suitable deprotection agents ("induced 1,2-dioxetane decomposition"), namely chemical reagents or enzymes.21 In the latter case, enzyme-induced decomposition is the chemical basis of the detection system of numerous immunoassays used in clinical assays.22 The corresponding reaction mechanism involves, after chemical or enzymatic deprotection, an intramolecular electron transfer from the electron-rich substituent, generally a phenolate oxygen atom, to the cyclic peroxide unit, accompanied by subsequent O−O and C−C bond cleavage and a final electron back-transfer, which may occur in either an inter- or intramolecular fashion and can lead to efficient singlet-excited state formation (Figure 4: path A, intramolecular; path B, intermolecular).8 Therefore, the mechanism of the induced 1,2-dioxetane decomposition constitutes the intramolecular version of the CIEEL mechanism.
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  Various research groups have shown that these 1,2-dioxetane derivatives possess high thermal stability and their induced decomposition leads to the efficient formation of singlet-excited states with excitation quantum yields of up to 100%.23-25 The occurrence of an intramolecular electron transfer from the electron donor substituent to the peroxidic ring has been demonstrated experimentally in a Hammett substituent study on a series of acridinium-substituted 1,2-dioxetanes.26,27  Additionally, it has been shown that the formerly observed solvent-cage effect on the quantum yields in the induced 1,2-dioxetane decomposition28-30 can still be in agreement with an intramolecular electron back-transfer, indicating that this highly efficient process occurs in an entirely intramolecular fashion.31

  The results outlined above indicate an empirical general rule that the transformations of cyclic peroxides that involve intermolecular electron transfer processes exhibit low chemiexcitation efficiency, whereas the corresponding intramolecular processes occur with high quantum yields.32

  However, there is a CL system involving an intermolecular chemiexcitation process that produces extremely high CL emission yields: the peroxyoxalate reaction.33 This reaction was discovered by Chandross,34 who observed intense light emission during the reaction of oxalyl chloride with hydrogen peroxide in the presence of a fluorescent compound. Rauhut35 (American Cyanamid Co.) subsequently developed commercial applications for this system in the so-called ‘light sticks’ by using several oxalate derivatives, mainly esters and amides. The base-catalyzed reaction of oxalic esters with hydrogen peroxide occurs in a series of consecutive and parallel reaction steps and results in the formation of a high-energy intermediate, which is responsible for excited state formation upon interaction with the fluorescent activator (ACT) (Figure 1a).33 The putative intermediate is the 1,2-dioxetanedione, a carbon dioxide dimer, as already suggested by Rauhut;35 however, to date there is no unequivocal experimental proof of its existence.33 Excited state formation, which is responsible for CL emission, occurs in this reaction in a sequence of electron transfers from the ACT to the peroxidic intermediate, bond cleavages and electron back-transfer steps in a viscous solvent cage, as indicated in a series of recent studies.36-38 As the efficiency of the transformation is undoubtedly high,33,35,36 this reaction is the only chemiluminescent system occurring by an intermolecular CIEEL mechanism with proven high chemiexcitation quantum yields.32 Additionally, the peroxyoxalate reaction has found widespread analytical application and can be useful in chemistry education through experiments that illustrate the effects of concentration, pH, temperature and catalyst on the kinetics of a chemical reaction.

  The reaction kinetics can be easily monitored visually from the course of emission intensity decay, which is sufficiently high to be photographed.39 Various oxalates and CL activators, which elicit different colors (e.g., rubrene-yellow; perylene-green; 9,10-diphenylanthracene-blue), are sold in the form of ‘light sticks’ and used as attractors for fishing, in emergency kits, and as recreational objects. Although the contents are highly cyto- and genotoxic (in particular the activators), they are labeled as safe (provided the contents are not ingested or applied on the skin) and no instructions are given for their proper disposal after use.40 Thousands of light sticks are used to attract pelagic fish and can be found discarded on beaches in Brazil’s northeastern regions, where naive locals use the oily content of the sticks for several purposes, e.g., as sun filters, massage, insect repellent, or as an ointment to alleviate joint pain.

   

  2. Why "Photochemistry Without Light"?

  The decomposition of 1,2-dioxetane and 1,2-dioxetanones leads to the generation of excited carbonyl products, mainly in the triplet state, which can undergo the same photophysical and photochemical processes as when electronically excited by irradiation.41 Excited aldehydes and ketones decay by a variety of processes from the singlet as well as the triplet manifold, which encompass homolytic C−C bond cleavage (α- and β-cleavage), hydrogen abstraction (photoreduction), [2 + 2] cycloadditions (Paternò-Büchi reaction), quenching by conjugated dienes, and others (Figure 5).42
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  In the early seventies, anchored on the chemistry of 1,2-dioxetanes, which tend to yield long-lived and reactive triplet carbonyls, and on the identification of typical photoproducts in tissues of plants and animals never directly exposed to light, Emil White (Johns Hopkins University), Angelo Lamola (AT&T Bell Laboratories) and Giuseppe Cilento (University of São Paulo) postulated the hypothesis of "photochemistry without light" or "photochemistry in the dark," which seemed at first sight to be a paradox. The idea behind their hypothesis is that "photoproducts" can be formed in living cells from electronically excited precursors, which have been formed in the dark from appropriate enzyme-catalyzed or chemical transformations, not from direct light absorption (Figure 6). Triplet carbonyl species seemed to be excellent candidates for "photochemistry in the dark," as they are long-lived (> microseconds) and can react like a diradical, particularly as an alkylperoxylradical.5,43 Accordingly, they are expected to: (i) abstract hydrogen atoms from polyunsaturated fatty acids (PUFAs), initiating their peroxidation; (ii) undergo cleavage, yielding carbon-centered or oxygen-centered radicals; and (iii) transfer electronic energy to several biological acceptors, followed by light emission or chemical transformations.
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  This hypothesis is strongly supported by the occurrence of some "dark" photoproducts in living organisms, such as cyclobutane dimers, which cannot be credited to ground state reactions because, according to the Woodward-Hoffmann rules, these [2 + 2] cycloaddition reactions are forbidden in the ground state, but allowed in the electronically excited state. According to these rules, concerted transformations such as cycloaddition, electrocyclic, sigmatropic and group transfer reactions, are "allowed" or "forbidden" in the ground state or in the excited state because of changes in the orbital symmetry of reagent and product, depending on the electronic distribution.44

  Motivated by the photochemistry of excited carbonyls, Cilento and White looked for secondary metabolites in the biochemical and biological literature, whose origin is "allowed" preferentially from the excited state, aiming to validate the hypothesis of dark photochemistry. Their search for enzymatic sources of triplet species was founded upon: (i) the reported chemical mechanisms of chemiluminescence and bioluminescence; (ii) the structural similarity between luciferins and potential sources with respect to the presence of a carbonyl-activated α-hydrogen atom, and (iii) enzymatic products identical to those obtained from a hypothetical 1,2-dioxetane or 1,2-dioxetanone intermediate.

  2.1. Emil White’s contributions to "photochemistry in the dark"

  White’s work focused on the synthesis and use of 1,2-dioxetanes as clean sources of excited carbonyl species that could transfer electronic energy to classical photoreceptors, whose products are chemically similar to those found in plants. In White et al.45 review published in 1974, it was exemplified several photochemical reactions that could take place in the dark at the cost of dioxetane thermolysis. These reactions included: (i) isomerization of trans-stilbene to the cis-isomer coupled with the thermolysis of 3,3,4-trimethyl-1,2-dioxetane, a reaction analogous to the isomerization of cinnamates in sweet clover (Figure 7); (ii) [2 + 2] cycloaddition of dioxetane-generated singlet acetone to 1,2-dicyanoethylene, yielding an oxetane somewhat similar to the dimerization of cinnamates to truxillates in coca (Erythroxylum coca), and triplet acetone-induced isomerization of trans-dicyanoethylene (Figure 8); (iii) cyclic rearrangement of santonin into lumisantonin, both present in absinthe (Artemisia maritima), coupled to the thermolysis of 3,3,4-trimethyl-1,2-dioxetane (Figure 9).
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  To the best of our knowledge, the first in vivo demonstration of "photochemistry in the dark" was given by Bechara and co-workers,46 in a study of the electrocyclic ring closure of the tropolonic alkaloid colchicine into lumicolchicines in the corms of autumn crocus (Colchicum autumnale). This is a short-day plant used since ancient times as a source of colchicine to alleviate gout pain. In the winter, 14C-colchicine was infused into underground corms of the plant, without leaves and flowers. After two days, radiolabeled β- and γ-lumicolchicines (respectively, trans- and cis-cyclobutene isomers) resulting from the disrotatory electrocyclic ring closure of colchicine, reportedly formed by exposure of colchicine to light, were detected in the corm extracts (Figure 10).
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  Unexpectedly, in vitro experiments with colchicine treated with 3,3,4,4-tetramethyl-1,2-dioxetane in the dark under heating for two hours were not consistent with a triplet acetone-induced process. Instead, flash photolysis studies revealed that colchicine isomerization was driven by singlet acetone.47 The colchicine system must also be revisited using more accurate methods, because of another intriguing finding: colchicine successfully underwent isomerization when challenged with Fe(CO)5 (unpublished results). Two conjugated π bonds of the colchicine tropolone ring are expected to displace two CO molecules of the iron complex, concomitantly strengthening the π character of the central σ-bond, which could ultimately facilitate the intramolecular cyclization of colchicine to the "lumi" derivatives. This observation raises the question of whether transition metal complexes or metalloenzymes could also promote colchicine isomerization in the ground state.

  2.2. Cilento’s contributions to "photochemistry in the dark"

  In contrast, up to his death in 1994, Cilento, together with his students and collaborators, persisted in the search for substrates of horseradish peroxidase (HRP) and other peroxidase that might generate triplet excited carbonyl species via 1,2-dioxetanes intermediates.48 Triplet carbonyls are weak emitters or non-emissive, have long lifetimes in aqueous and hydrophobic media, albeit quenchable by dissolved molecular oxygen, and react as alkoxyl radicals that play important roles in biological peroxidation.49 Alkoxyl radicals undergo C−C cleavage and hydrogen abstraction reactions, can initiate radical polymerization, dimerize, and add to unsaturated functional groups (Figure 11), like triplet acetone illustrated in Figure 5.
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  Taking advantage of the vast body of literature on the photophysical and photochemical properties of excited acetone, Cilento considered the HRP-catalyzed aerobic oxidation of isobutyraldehyde (IBAL) to formic acid and triplet acetone, in phosphate buffer at physiological pH (7.4), an adequate model for a close approximation to physiological conditions (Figure 12).50 Moreover, IBAL is structurally similar to the metabolite methyl malondialdehyde, which also contains a hydrogen atom activated by the carbonyl group. The HRP enzymatic cycle is initiated by H2O2 and involves a two-electron oxidation of its native form [HRP-FeIII] to HRP-compound 1 [HRP-•+FeIV], a highly oxidizing species that promotes oxidation of the substrate’s enol form. The initially formed resonance-stabilized enol radical reacts with dissolved oxygen, yielding a peroxyl radical whose reduction by sugar portions of the enzyme leads to a hydroperoxide (IBAL-OOH), which can cyclize to a 1,2-dioxetane derivative (IBALO2), whose thermal cleavage results in the formation of formic acid and acetone, partly in the triplet state (Figure 12).
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  The rationale for triplet acetone generation by IBAL/HRP/O2 implies previous H2PO4− catalyzed enolization of the substrate. Enolates are oxidized more easily than their carbonyl form, thus favoring hydrogen abstraction from IBAL by the highly oxidizing HRP-compound 1 intermediate. Once formed inside the enzyme active site, triplet acetone removes hydrogen atoms from the carbohydrate portion of HRP (18% carbohydrate content), leading to pinacol and 2-propanol (Figure 12). A large volume of kinetic and spectroscopic data strongly supports this mechanism. Importantly, excited carbonyls can also be formed from other sources, such as the dismutation of alkoxyl and alkylperoxy intermediates of lipid peroxidation (Figure 13).51,52
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  It took only a few years for detailed mechanistic studies of the reaction to be unveiled and the formation of acetone in the triplet state (roughly 30%) to be proven by: (i) matching the CL emission spectrum with the phosphorescence spectrum of acetone (λmax ca. 430 nm); (ii) efficient energy transfer to the water-soluble 9,10-dibromoanthracene-2-sulfonate (DBAS) anion; (iii) quenching of the emission with sorbate (2,4-hexadienoate) anion, a water soluble conjugated diene; and (iv) detection of photoproducts originated from triplet excited acetone, namely isopropanol and pinacol (Figure 12).51,53

  Additional studies indicated the need for H2O2 as a HRP co-substrate and enolic IBAL as the enzyme substrate. IBAL is oxidized by peroxidase, which acts as an oxidase in a typical enzymatic cycle involving peroxidase compounds 1 and 2, as mentioned earlier.54,55 The involvement of the enolic form of IBAL was definitively proven by the use of the corresponding IBAL silyl enol ether. The silyl IBAL derivative resulted in higher reaction rate constants, and significantly increased emission intensities and quantum yields (Figure 12).56 Under these experimental conditions, acetone phosphorescence is enhanced to the point that it can be easily seen by eyes adapted to the dark. In the presence of the triplet energy acceptor DBAS, the chemiluminescence of IBAL/HRP could even be photographed.53,57 Using the enolic substrate, it was also possible to show that triplet acetone is generated inside the chiral environment of the active site, as indicated by observed differential emission quenching by D- and L-tryptophan.56

  Unlike aldehydes, the corresponding carboxylic acid derivatives are not peroxidase substrates in analogous experimental conditions, probably due to their much lower enol content. However, the utilization of protected enol equivalents of carboxylic acid derivatives containing active α-hydrogen atoms results in substrate oxidation accompanied by light emission. This indicates the production of excited species by a mechanism similar to the aldehyde reaction.58

  In parallel, another interesting HRP substrate named methyl acetoacetone (MAA, 3-methylpentane-2,4-dione) was studied as a putative source of excited diacetyl. MAA was chosen as a model for methyl acetoacetate, a ketone body accumulated in diabetes and isoleucinemia patients. MAA is a β-diketone long known to enolize in aqueous medium. Indeed, the MAA/HRP system was found to generate diacetyl in the triplet state (τ ca. 20 µs), which undergoes quenching by sorbate and shows a CL emission spectrum identical to the phosphorescence spectrum of diacetyl (λmax ca. 520 nm, shoulder at 550 nm) (Figure 14).59
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  The mechanism of the MAA oxidation reaction was corroborated by product analysis (acetate and diacetyl), oxygen and peroxynitrite consumption, detection of MAA• and acetyl radical adducts by electron paramagnetic resonance (EPR) spin trapping with methylnitrosopropane (MNP) (aN = 1.52 and 0.82 mT), and the spectral coincidence between CL and phosphorescence of diacetyl.

  Moreover, the substrates 2-phenylpropanal and diphenylacetaldehyde were oxidized by dissolved oxygen in the presence of HRP by a mechanism analogous to that of IBAL to acetophenone and benzophenone, respectively, in their triplet excited states (Figure 15).60 In the latter case, the observed red light emission was assigned to singlet oxygen derived from excited benzophenone energy transfer to ground state oxygen. Additionally, mitochondria isolated from mouse liver challenged with diphenylacetaldehyde led to oxidative damage to their proteins, lipids and DNA, which was attributed to triplet benzophenone (τ ca. 100 µs) formed by the aerobic oxidation of the substrate catalyzed by cytochrome c present in the inner mitochondrial membrane.61 In this regard, various reports have revealed that different hemoproteins, acting as peroxidases (e.g., HRP, myoglobin, cytochrome c, lipoxygenase), catalyze ultraweak chemiluminescent reactions, thus possessing the potential to cause deleterious effects induced by excited species.
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  Other peroxidase substrates of biological interest are the plant growth hormones phenylacetaldehyde and indole acetaldehyde, generators of formate and benzaldehyde or indole aldehyde, respectively.62 Potentially important in plant biochemistry is the HRP catalyzed oxidation of n-pentanal yielding formic acid and triplet n-butanal, whose intramolecular γ-hydrogen abstraction and subsequent β-cleavage (Norrish type II photochemical reaction) yield acetaldehyde (ethanal) and ethylene (ethene), another plant growth hormone.63

  Using the IBAL/HRP system as a triplet acetone source, Cilento et al.48 successfully excited and/or chemically modified various biologically relevant energy acceptors, among others, xanthene dyes (eosin, rose bengal, sensitizers for singlet oxygen formation); red- and infrared-sensitive phytochromes (day-period mediators in phototropism and photoperiodism); chlorophyll (involved in photosynthesis); diethylstilbestrol (an estrogen with tumorigenic properties) and tetracyclines (antibiotics with bactericidal activity) (Figure 16).
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  For many years, G. Cilento collaborated closely with W. Adam at the Universität Würzburg, Germany. One of the most outstanding works resulting from this collaboration in dark-photochemistry appeared in 1992, describing how various 1,2-dioxetane derivatives are able to induce chemical modifications of DNA, mainly the [2 + 2] cycloaddition (Paternò-Büchi) reaction of adjacent DNA pyrimidines to cyclobutane dimers (CPDs, "cyclobutane pyrimidine dimers") and the oxidation of guanosine to 8-hydroxy-2’-deoxyguanosine.64 The CPDs generated by energy transfer from a triplet carbonyl to the ground state of guanine were detected with a UV specific endonuclease. According to the authors, oxidized guanine might be formed by energy transfer from a triplet carbonyl compound, followed by reaction with dissolved molecular oxygen, or by direct reaction with residual 1,2-dioxetane.

  Noteworthy in this respect is Lamola’s report43 twenty years earlier that the incubation of 3,3,4-trimethyl-1,2-dioxetane with isolated 14C-labeled Escherichia coli DNA in nitrogen-purged phosphate buffer at 70 ºC produces a major compound detected by descending paper chromatography, attributed to thymine dimers (TT, 6.5%). Minor amounts of UT dimer (0.8%) derived from CT were also identified (Figure 17). Accordingly, irradiation of the TT-containing fraction with 254 nm light re-formed thymine, thereby confirming triplet acetone-induced thymine dimerization.
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  It is important to emphasize that the development of the fields of chemiluminescence and bioluminescence was significantly advanced by the Workshop Brazil-United States on Chemiluminescence and Bioluminescence held at the Chemistry Institute of the University of São Paulo (USP), and by the International Conference on Chemi- and Bioenergized Processes, organized by Giuseppe Cilento and Waldemar Adam in 1978 in the municipality of Guarujá, SP, Brazil. These meetings were attended by prominent scientists who established the fundamentals for the identification of the sources, targets, mechanisms and biological responses of excited states in CL, BL and photo(bio)chemistry in the dark (Figure 18).
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  3. Recent Advances in Photochemistry in the Dark

  New advances and inspiring insights into "dark" photobiochemistry have been triggered by modern methodologies and technology. For instance, (i) diffusion-controlled quenching of triplet acetone by 2,4-hexadienoates (kq, rate constant ≥ 109 mol L-1 s-1in aqueous media at room temperature), commonly known as sorbates, yielding the cis,trans-isomers of the diene, has been verified, as well as (ii) the ability of triplet species to abstract the double-allylic hydrogen atoms from linoleic and arachidonic acids, triggering peroxidation.51,65 Furthermore, the role of triplet carbonyls in mitochondrial swelling, accompanied by lipid, protein and DNA damage, has been clearly demonstrated.

  For many decades, the impairment of mitochondria properties by phosphate buffer was not fully understood, making it imperative to isolate these organelles in amino-alcohol buffers, mainly Tris [tris(hydroxymethyl)aminomethane] and HEPES [4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid] buffers. In phosphate buffers, isolated mitochondria rapidly undergo perforation with consequent swelling, collapse of the transmembrane potential, loss of respiratory control, accumulation of calcium, and decrease of ATP synthesis. In 1996, the hypothesis was put forward that phosphate could be responsible for amplifying the peroxidation chains of the mitochondrial membrane lipids, because phosphate reportedly catalyzes the enolization of aldehydes resulting from spontaneous lipid peroxidation, which is followed by cytochrome c catalyzed oxidations, yielding triplet carbonyls (Figure 19). This was shown to be accompanied by the formation of mitochondrial permeability transition pores (MPTs), leading to organelle deterioration and death (Figure 19).66 This proposition was endorsed by the inhibitory effect of the phosphate-promoted mitochondrial swelling by both the antioxidant 2,6-di-tert-butyl-4-methylphenol (BHT, "butylated hydroxyltoluene") and by cyclosporin A, which prevents MPTs from opening, thus inhibiting cytochrome c release, a potent apoptotic stimulation factor. Both compounds reportedly block mitochondrial peroxidation and, accordingly, were found to prevent formation of MPTs upon the addition of sorbate, a potent quencher of triplet carbonyls.
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  Also notable was the demonstration that myoglobin catalyzes the aerobic oxidation of acetoacetate and 2-methylacetoacetate to formate plus methylglyoxal or biacetyl, respectively, accompanied by ultraweak light emission.67 Like the HRP-catalyzed oxidation of IBAL, the β-ketoacid oxidation by myoglobin was envisaged as involving the following steps: oxygen insertion into the α-carbon of the substrate, cyclization to a dioxetane, and cleavage to triplet dicarbonyls. Using EPR spin trapping with MNP, acetyl radicals were detected in the reaction mixtures, probably resulting from the cleavage of excited dicarbonyl products. These two β-ketoacids are included as the "ketone bodies" that accumulate at millimolar concentrations in the blood of diabetics and individuals under ketogenic diet and may be involved in rhabdomyolysis.

  3.1. Light, oxygen, and melanin: a dangerous combination

  According to the World Health Organization, two to three million individuals acquire skin cancer annually, of which about 130 thousand cases were diagnosed as melanoma, the most lethal kind of cancer. Among genetic and environmental factors triggering carcinogenesis, UV exposure appears as the main cause, and has been imputed to atmospheric ozone depletion. The skin pigment, melanin, predominantly black (eumelanin) in dark individuals, brown (pheomelanin) in blondes and redheads and almost absent in albinos, absorbs the sunlight and dissipates the energy as heat, thereby protecting the skin against photochemical lesions in DNA, which may induce mutagenesis and carcinogenesis. Thus, overexposure to sunlight may trigger skin burns, mutations and cancer. Most skin cancers have been attributed to the photochemical [2 + 2] dimerization of adjacent DNA pyrimidine bases, mainly thymine (T) and cytosine (C) when they absorb UVB light (290-320 nm).68

  The dimers are commonly referred as CPDs, i.e., "cyclobutane pyrimidine dimers," which reportedly lead to mutagenic transitions C→T and CC→TT. Melanoma has been increasingly related to C→T mutations induced by sunlight UVA (315-380 nm) and by artificial tanning units as well.

  Surprisingly, experiments carried out at Yale University by Brash and co-workers69 revealed continuing CPDs formation 3-4 hours after UVA and UVB illumination of mouse melanocytes, hence, in the dark. As expected, direct UV exposure of fibroblasts, brown and albino melanocytes generates CPDs within one picosecond. The CPD peak then slowly decays to the baseline due to the DNA repair systems in action. However, long after UV irradiation of dark melanocytes, but not fibroblasts and albino melanocytes, CPDs persistently formed. The addition of kojic acid, an inhibitor of melanin synthesis, inhibited the formation of CPDs, thus confirming that the observed DNA damage is melanin dependent. Also, as expected, production of CPDs significantly decreased in response to the addition of inhibitors of the nuclear DNA repair systems. Special attention was given to thymine-cytosine dimers, which prevailed among the detected CPDs, and are the UV-signature for C- > T mutations, the putative cause of melanoma.

  These results were later interpreted as an outstanding case of "photochemistry in the dark" on the basis of evidence unveiled by classical quenching tests of triplet carbonyls. "Dark" CPDs significantly decreased upon the addition of sorbate to melanocyte cultures, and the DBAS-enhanced chemiluminescence of the cell cultures also hindered the formation of "dark" CPDs. These data provided clues to design additional experimental strategies to postulate a reaction mechanism, which is sketched in Figure 20.
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  In summary, UVA absorbed by melanin results in the latter’s fragmentation and activation of nitric oxide synthase (iNOS) and NADPH-dependent oxidase (NOX), respectively, sources of NO and superoxide anion-radical, whose bimolecular reaction rapidly yields highly oxidizing peroxynitrite. Gradually, melanin fragments and precursors as well as peroxynitrite diffuse to the nucleus, where they form melanin-derived radicals. Melanin radical fragments then add molecular oxygen to ultimately produce a hypothetical indole dioxetane, whose thermal cleavage yields a triplet kynurenine analogue. Energy transfer from the excited product to adjacent DNA pyrimidines then sensitizes dimerization and CPDs formation. Accordingly, iNOS and NOX inhibitors hampered "dark" CPDs formation; nitrotyrosine-containing nuclear proteins were detected by immunofluorescent techniques; melanin fragments were found surrounding the nuclei before UVA irradiation and inside the nuclear volume during "dark" CPD formation; sorbate and DBAS were effective as triplet interceptors and "dark" CPD blockers, and the use of silencing genes of DNA repair systems maintained the levels of CPDs for much longer. Last but not least, the triplet-triplet energy transfer from excited melanine products (3.8 eV) to pyrimidines (3.0 eV), which leads to CPDs, is exothermically favored.

  Numerous questions remain to be answered, particularly about the reaction mechanisms and carcinogenesis. These findings reinforce the need for extra care against excessive exposure to sunlight between 9:00 a.m. and 4:00 p.m., and the recommendation to the cosmetic industry to add triplet quenchers to its formulations of sun protection creams, lotions, sunscreens and antioxidants, in order to prevent "dark" CPDs and carcinogenesis. Triplet carbonyls have been neglected as reactive oxygen species in biomedicine, although they react like alkoxyl radicals and are produced by dioxetane thermolysis and in peroxidation chains by dismutation of oxyl and peroxyl radicals. More investment in research on the pathophysiological roles of triplet species would benefit our understanding of the molecular aspects of health maladies.

  3.2. Generation of singlet oxygen in the dark

  The spin prohibition for ground state molecular oxygen (3Σg−) to directly react with diamagnetic molecules is known to be circumvented by its photo- or chemiexcitation to its singlet state (1Δg).71,72 The discovery of singlet oxygen in the 1930s by Kautsky using very simple dye-photosensitization of molecular oxygen, and its "rediscovery" by Seliger in 1960 by reacting hypochlorite with H2O2, was followed in the early sixties by the spectroscopic identification of its dimol and monomol emission bands, respectively, in the red (634, 703, and 762 nm) and infrared (1270 nm) spectral regions by Kasha, Khan and Ogryslo. Given its high electrophilicity, the ability of singlet oxygen to react with unsaturated compounds (1,2-, 1,3-, and 1,4-cycloadditions) and sulfides leading to peroxides and sulfoxides, respectively, was soon characterized.72

  Quenching by azide, tertiary amines, histidine, tocopherol, carotenoids, among others, was also introduced as a simple pretest to confirm the presence of singlet oxygen.73 However, unequivocal identification of singlet oxygen in a given in vitro or in vivo system is currently considered to be as the detection of its monomol emission at 1270 nm and/or trapping with anthracene derivatives as the corresponding 9,10-endoperoxides, using 18O2 as compared to 16O2, monitored by mass spectrometry. Figure 21 illustrates some photochemical, chemical and enzymatic sources of singlet oxygen and several biological targets and responses reported in the literature.74
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  Recently, the triplet-triplet energy transfer from acetone generated from either 1,2-dioxetane thermolysis or the IBAL/HRP system to ground state oxygen yielding the molecular oxygen excited singlet state (1Δg) was achieved and unequivocally demonstrated (Figure 22).71 First, concomitant emission of triplet acetone (λmax ca. 430 nm) and singlet oxygen (λmax ca. 1270 nm) was measured during the course of the reaction. Then, after purging the dioxetane or IBAL/HRP reaction mixture with 18O2 in the presence of the singlet oxygen water-soluble probe 9,10-diethylanthracene sulfonate, the corresponding 18O-incorporated 9,10-endoperoxide. These data reinforce the hypothesis that singlet oxygen can potentially be generated and play normal or pathogenic roles in the absence of light when sensitized by triplet carbonyls.
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  Finally, singlet oxygen was also detected as a by-product of the reaction of glyoxal with peroxynitrite in aerated buffer.75 Glyoxal, methylglyoxal and diacetyl are endogenous toxicants overproduced in tissues through the peroxidation of carbohydrates, lipids, and proteins. The former two α-dicarbonyls have been detected in diabetes, and diacetyl is well-known as flavorant in buttered foods such as popcorn and cookies, although it causes bronchiolitis.76 In cells, dicarbonyls have been shown to attach to proteins through Schiff reactions, leading to protein cross-linking, precipitation, and loss of biological functions. In addition, they were found to undergo phosphate-catalyzed nucleophilic addition of peroxynitrite, causing carbonyl-carbonyl cleavage to carboxylic acids via acyl radicals: acetyl radical from diacetyl and methylglyoxal, and formyl radical from glyoxal.77,78

  Acetyl radical was able in vitro to acetylate amino acids, synthetic peptides, albumin, and 2’-deoxyguanosine, which raises the hypothesis that these reactions may be involved in post-translational modifications of proteins (epigenetics) and mutagenesis. In turn, formyl radical added molecular oxygen, yielding a formyl peroxyl radical whose geminal hydrogen atom makes it prone to undergo the Russell annihilation reaction, yielding singlet oxygen.75 Thus, the glyoxal/peroxynitrite system constitutes another interesting potential route to generate deleterious singlet oxygen in cells not exposed to light (Figure 23).
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  4. Conclusions

  This review updates the advances that further corroborate Cilento-Lamola-White hypothesis of "photo(bio)chemistry without light." It emphasizes not only that photoexcited biomolecules play crucial roles in living organisms, e.g., chlorophyll in photosynthesis, rhodopsin in vision, and phytochrome in phototropism, but also that chemically and enzymatically generated excited products - triplet carbonyls and singlet oxygen - may trigger important biological events in tissues never exposed to light. The hypothesis of "photochemistry in the dark" is illustrated here with examples of isomerizations and cycloadditions of natural products in plants, phosphate-induced permeabilization and inactivation of isolated mitochondria, production of plant hormones (ethylene and phenylacetaldehyde), mutagenesis associated with pyrimidine dimerization, endogenous and xenobiotic toxicants, and singlet oxygen generation, among others. The substrates, mainly luciferin-like compounds, that possess an abstractable α-hydrogen atom vicinal to a carbonyl group, are prone to form a 1,2-dioxetane after oxygen insertion, and produce cleavage products in the electronically excited state. Highly emissive singlet excited states are produced in bioluminescence, whereas non-emissive but extremely reactive triplet states are involved in "dark" photobiochemistry. Their potential biological targets are the same as those attacked by radicals and other strong oxidants such as oxygen and carbonate radicals, hypochlorite, peroxynitrite, and peroxidase/H2O2, which are recognized participants in so-called oxidative stress or redox imbalance.79

  Investigating the nature, source and role of excited species in dark processes is not an easy task, although remarkable success has been achieved in studies of the biochemistry and biomedicine of radicals, which can sometimes be short-lived as triplet carbonyls and present in comparably low concentrations. All too often we make frustrating attempts to determine concentrations and fluxes of reactive species in cell cultures and tissues, to synthesize specific probes for reliable establishment of mechanistic routes, and to find selective biomarkers for the diagnosis of inherited and acquired maladies. The astounding progress that has been made in the development of new analytical separation and spectroscopic techniques in recent years has paved the way for clarifying and resolving many of these technical problems.
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    Photodynamic therapy (PDT) is a minimally invasive and effective procedure for treatment of cancer, based on the combination of a drug (photosensitizer, PS), light (visible or near-infrared, NIR) and induced local formation of reactive oxygen species (ROS) and radicals. Despite its less significant side effects as compared with conventional therapies, many efforts still are been focused on enhancing the selectivity and efficiency of PSs and thus, of commercial drugs. Nanotechnology is providing many interesting possibilities and tools to develop drug delivery systems (DDS) and multifunctional platforms for therapy, diagnosis and theranostics. More recently, their effectiveness against tumor cells and tissues is being improved by combining the synergic effects of chemotherapeutic agents and other therapies, making them more interesting therapeutic alternatives. Accordingly, this review is focused on the recent contributions of nanotechnology on PDT, converging to the development of DDSs and multifunctional systems and their application for cancer therapy.
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  1. Introduction

  Cancer is one of the most prevailing and fearful diseases in modern society, responsible for about 7.6 million deaths in 2008, and prevision to escalate to 13.1 million in 2030.1 In fact, it refers to a group of diseases characterized by abnormal and uncontrolled growth of cells that invade a particular tissue or organ in an aggressive manner, and is capable to spread to other parts of the body, thus characterizing the so called metastasis process. According to the specialized literature, there are more than 100 different types of cancer and about 13 million of new cases are diagnosed every year.2

  Generally is treated by chemotherapy, radiotherapy and surgery, techniques considered invasive and potentially capable of promoting serious short and/or long-term side effects. For example, those therapies can cause nausea and vomiting, disorders in the immune system, severe damage to epithelial surface, infertility, swelling of soft tissues, mutilation and other undesirable side effects.3 Thus, efforts are being focused in their improvement and refinement, especially to minimize side effects. In fact, many non-conventional, less invasive, more efficient and cost-effective treatments are being developed.

  Photodynamic therapy (PDT) is an example of an alternative method for treatment of cancer that minimizes most of the unwanted side effects of conventional therapies. PDT is based on the combination of three factors when promoted by the so-called mechanism type II: (i) a photosensitizer (PS) agent, a drug that can be activated by light; (ii) irradiation of the affected region with light of appropriate wavelength, typically in the visible or near-infrared (NIR); and (iii) presence of oxygen. During irradiation, highly reactive species, such as reactive oxygen species (ROS), capable of causing direct damage to biomolecules, triggering the death of tumor cells, are generated in situ.4 Also, the excited photosensitizer itself can be reactive enough to produce radical species or promote the direct oxidation of biomolecules, then leading to cell death by the type I mechanism. In short, the combination of nontoxic components (PS + oxygen) with low energy light generates cytotoxic species making possible the treatment just of the irradiated volume, in contrast with chemotherapy drugs that induce systemic toxicity, and ionizing electromagnetic radiation therapy that damages neighboring normal tissues.

  The success of PDT is been possible thanks to a multidisciplinary effort involving researchers from several areas. Physicists have been working on the development of new radiation sources (laser and light-emitting diode, LED). Chemists are contributing to the development of new molecules and formulations with suitable properties and to the understanding of the interaction of light with PS and biological systems, as well as the photophysical processes induced by irradiation. Biologists, biochemists and pharmacists are focusing their attention on the understanding of the mechanisms of transport, interaction and action of PSs in biological systems, in parallel with the possible toxic effects that they may induce. Finally, medical researchers are being responsible for the application and evaluation of the clinical efficacy of new PSs and sources of radiation in advanced tests, commonly using animal models and eventually patients, leading to the development of optimized clinical protocols. Although each of those areas seems to be performing restricted roles, a comprehensive knowledge and a multidisciplinary approach are needed to ensure the advancement of research on PDT. Similar are the cases of many other areas, but is particularly true in the case of most recently created areas, such as nanomedicine and biomedical engineering.

  In the particular case of chemistry, understand the photophysics and photochemistry of PS, as well as its mechanism of action and interaction in biological systems, are fundamental for the design of more efficient and selective photosensitizers, exhibiting enhanced pharmacokinetic and targeting properties. However, hardly the actual behavior and biological activity of a molecule can be anticipated thoroughly. Accordingly, a variety of molecules with appropriate structural and photophysical properties have been synthesized and tested for PDT application.

  More recently, nanobiomaterials increased the possibilities to develop new pharmaceutical formulations, enhancing the efficiency and bioavailability while reducing the toxicity and side effects of well-established and newly developed drugs. In the particular case of PDT, the combination of PSs and nanosystems has shown to be very promising. The major achievements leading to the development of liposomes, micelles and polymeric nanoparticles for PDT application in the last five years, as well as of nanosystems synergically combining PSs and chemotherapeutic or PDT agents with other therapies, in order to overcome the eventual drawbacks and extend the frontiers are the main focus of this review.

   

  2. Photodynamic Therapy

  Photodynamic therapy has been used for cancer therapy for more than 25 years, and its successful application for treatment of several types of cancer has been recently reviewed.5-8 Nowadays, PDT is also been employed for treatment of diseases, such as leishmaniasis,9 psoriasis,10 age-related macular degeneration,11 as well as in cardiology,12,13 urology,14 immunology,15 ophthalmology,11,16 dentistry,17-19 and dermatology.9,20-22 The combination of light and PS has been promising for treatment of bacterial, fungal, parasitic and viral infections too.23-27

  Broadly, the clinical procedure can be described by the scheme shown in Figure 1a. The PS is administered intravenously, orally or topically, and accumulates in the tumor tissues, which is then irradiated with a light source of appropriate wavelength (typically visible and NIR light). Generally, a short-lived excited PS in the singlet state is generated upon absorption of a photon that converts to a more long-lived triplet state (PS*) after intersystem crossing. Then, the excited PS* may transfer a proton or an electron to other molecules and biomolecules to form a radical cation or anion, respectively, which then reacts with oxygen to produce reactive oxygenated species, such as superoxide anion radicals, hydroxyl radicals, and hydrogen peroxide (type I mechanism). Alternatively, in the type II mechanism, the excess of energy of PS* is transferred to ground state oxygen molecules, generating reactive singlet oxygen (1O2).1 The amount of ROS generated can be controlled by the light dose in order to promote enough cell and tissue damage to induce necrosis and apoptosis, indirectly stimulating the production of inflammatory mediators. In addition, PS* itself may also be toxic to the target cells through the so-called type III reaction, in which the PS* reacts directly with biomolecules (nucleotides in DNA and protein residues) through an oxygen-independent pathway.28 The three mechanisms are illustrated in the scheme shown in Figure 1b.
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  PDT can also be combined with other therapies, such as chemotherapy, radiotherapy, hyperthermia and electrotherapy and has presented promising results in the treatment of several types of cancer, significantly reducing the side effects as compared to conventional therapies.29 Furthermore, PDT can help releasing chemotherapy agents from acidic compartments, thereby increasing its availability at the respective intracellular sites of action, improving their efficacy. Khdair et al.30 investigated the anticancer activity of doxorubicin (Dox) in combination with photodynamic therapy based on methylene blue (MB) in drug-resistant NCI/ADR-RES cells and a drug-resistant mouse tumor model.31 Aerosol-OT™ (AOT, Fisher Scientific) and a naturally occurring polysaccharide polymer, sodium alginate, were used for synchronized delivery of the two drugs. This combination resulted in a significant inhibition of tumor cell proliferation, as a consequence of enhanced cytotoxicity and elevated local ROS production as compared to single drug treatment, suggesting its potential for treatment of drug-resistant tumors.

  Although this elegant combination of drug and light seems simple, it depends on several factors including the light source employed, as well as the complex interaction processes in the body and the effective incorporation of drugs by tumor cells, the presence of oxygen, and the generation of singlet oxygen and/or other reactive species in the desired location and in high enough concentrations to promote the destruction of tumor tissues.32 In fact, the success of PDT is mainly due to the development of new light sources with appropriate characteristics for the therapy,33 allied to a better understanding of PSs interaction mechanisms with tumor cells, which have enabled the synthesis of new photosensitizers with higher photodynamic efficiency.

   

  3. Photosensitizers

  Photosensitizers are light-absorbing species which exhibit suitable energy and/or electron transfer properties. The main PSs currently in use for PDT are porphyrins and their analogs, such as chlorins, bacteriochlorins, and phthalocyanines, i.e., cyclic tetrapyrrolic aromatic structures like those shown in Figure 2. Their advantages and drawbacks have been recently reviewed in detail by Ormond and Freeman.34 Examples of potential non-porphyrinic photosensitizers include Rose bengal (RB), MB, acrydine dyes35 and 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) derivatives.36 Table 1 presents the PSs that have been approved or achieved clinical trial stage for treatment of specific types of cancer and other diseases. Their main characteristics, applications and limitations were described in detail in several recent reviews.3,8,11,34,36-39
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  Porfimer sodium (Photofrin®, Pinnacle Biologics) is one of the earliest clinically approved PDT agent and has received worldwide regulatory approval mainly for treatment of esophagus, lung and bladder cancer. It is a mixture of oligomeric porphyrin units (up to eight) linked by ester and ether groups activated by red light (630 nm). Photons of this wavelength are able to penetrate just few millimeters in biological tissues. As a consequence, porfimer sodium is only suitable for superficial tumors or those that can be reached by endoscopic/fiber optic procedures.36

  The 5-aminolevulinic acid (ALA)-based photosensitizers, like Levulan® (DUSA Pharmaceuticals, Inc.) and Metvix® (MAL; Photocure), are based on non-photoactive molecules by themselves (prodrugs), but show a preferential intracellular accumulation inside cancer cells where the active species is generated. In fact, they are metabolized in the heme biosynthesis cycle to porphyrin derivatives, such as protoporphyrin IX (PPIX) able to produce reactive species and large enough oxidative stress after irradiation to induce cell death.28 Metvix® is based on a methyl ester precursor of Levulan® and presents greater penetration through the skin stratum corneum. Once inside the target cells, Metvix® is demethylated to ALA by the action of intracelular estearases.39 Rollakanti et al.40 have identified a number of cellular differentiation-promoting agents that increase the ability of epithelial cells to synthesize PPIX from exogenous ALA. Among them, the administration of low nontoxic doses of vitamin D lead to augmented tumor response to ALA-PDT, offering new perspectives for improved remission of cutaneous breast cancer metastases.

  Among the PSs in clinical trials, Tookad® (palladium-bacteriopheophorbide; Steba Biotech) has presented promising results for prostate cancer treatment. This drug accumulates in the tumor vasculature inducing vessel occlusion and stasis upon irradiation, leading to tissue ischemia and necrosis and, eventually, tumor ablation. It presents a high molar extinction coefficient at maximum absorption wavelength of 763 nm (ε0 = 10.86 × 104 mol L−1 cm−1 in chloroform) where the light penetration depth is 4 mm as compared to 1.6 mm at 630 nm used for Photofrin®. Also, showed faster clearance from circulation of mice (15 min), preventing accumulation in tissues and photosensitivity, and a plasma half-life of about 20 min in mice.39 Other photosensitizers in clinical trial or preclinical testing include Purlytin® (Trademarkia), Lutrin® (Pharmacyclics), Hypericin® (Aktin Chemicals, Inc.), chalcogenopyrylium dyes, phenothiazinium dyes (methylene blue, toluidine blue, nile blue) and derivatives, cyanines, etc.34

  In recent decades, new compounds, particularly porphyrin derivatives with more appropriate photophysical and structural properties, have been synthesized in order to minimize/eliminate the side effects caused by conventional drugs, as well as increase the efficiency, selectivity and biocompatibility.41-43 Typically, an ideal photosensitizer should present the following properties:3,37,38 (i) PS synthetic route should be efficient and reliable to allow for excellent and reproducible batch to batch synthetic yields; (ii) the drug should be stable and the reconstitution process should be simple to perform when needed; (iii) the administration of the drug should be rather by topical than systemic way, either intravenous, intranasal or by oral ingestion, without toxicity or pain; (iv) ideally the PS should preferentially accumulate in the tumor tissue to maximize selectivity of therapy; (v) rapid accumulation and clearance of the PS is preferred allowing the treatment in a day associated with low systemic toxicity; (vi) the PS should be cytotoxic only in the presence of light; (vii) PS must have high quantum yield for ROS generation, mainly singlet oxygen; and, (viii) PS should have high extinction coefficients in the electromagnetic spectrum region, where the light presents maximum penetration in the tissues and enough energy to produce singlet oxygen (typically in the range of 600 to 900 nm).

  Photosensitizers can be classified according to their synthetic purity, targeting/selective accumulation properties, chemical structure and generation. Porphyrin based PSs constituted the first generation and included hematoporphyrin and its derivatives named hematoporphyrin derivatives (HpD). Second generation PSs were developed aiming to solve deficiencies and limitations presented by the first generation drugs, and are constituted by various compounds including porphyrins, expanded porphyrins, and chlorophyll derivatives, and dyes with high absorption properties in the therapeutic window and low toxic side effects. Third generation drugs contain first and second generation PSs conjugated to biomolecules, like proteins, peptides and also nanocarriers, in order to improve selectivity and bioavailability.37

  Substantial progress has been achieved in recent years considering both, the development of new potential PSs and radiation sources, leading to improved therapeutic efficiencies and clinical protocols. Significant success has been achieved in the synthesis of stable PSs absorbing light in the red and NIR region of the spectrum (650-800 nm), which penetrates deeper in tissues.44 Some studies suggest that NIR light (typically between 700 and 1000 nm) presents lower photo-toxicity to normal cells and tissues, also affording penetration depths an order of magnitude larger than that of visible light.45

  However, a key obstacle to be overcome is the low water solubility, low bioavailability and the tendency of several currently investigated PSs to form non-photoactive aggregates (dimers, trimers and oligomers). The formation of aggregates and precipitates not only reduces the photoactivity but can cause serious side-effects due to clogging of arteries and veins.46 Another challenge is to increase the selectivity of therapy. Although some photosensitizers accumulate in tumor tissues with certain selectivity, they also accumulate in healthy tissues resulting in undesired side effects, such as prolonged photosensitivity and photoalergic reactions. Accordingly, the development of new strategies to increase PSs solubility and selectivity is one of the main goals of current research in PDT.

  One strategy to reduce PSs aggregation is the introduction of bulky and/or electrically charged groups in the periphery of the porphyrin ring in order to prevent π-stacking interactions by means of steric and electrostatic effects.47 Santos et al.48 described the synthesis and characterization of some functionalized chlorin derivatives hybridized with different substituted maleimides. Studies performed by nuclear magnetic resonance (NMR), ultraviolet-visible (UV-Vis) spectroscopy and also high resolution mass spectrometry (electrospray ionization time-of-flight, ESI-TOF; and matrix-assisted laser desorption/ionization-time-of-flight, MALDI-TOF) indicated that these compounds are immune to aggregation in solution. Photophysical and photochemical evaluations were also performed, showing that the new photosensitizers present singlet oxygen quantum yields in the 0.35 and 0.41 range, considered suitable for PDT application.

  Studies to investigate the photophysical properties and the structure/activity relationship of compounds with potential application in PDT have been carried out42,49,50 revealing fundamental aspects to develop strategies for further improvement of PSs. These studies showed that features, such as the amphiphilic character and the electric charge, influence significantly their interaction with the cell membrane, the cytolocalization and the singlet oxygen quantum yield, the main factors responsible for the photodynamic efficiency. All these factors are discussed in a review recently published by Benov.7

  Amphiphilic photosensitizers with appropriate structural properties and characteristics to improve selectivity and cell interaction have been synthesized in the last five years,51 and promising results have been obtained in in vitro and in vivo studies.52,53 Another alternative that has presented interesting results is the conjugation of biomolecules, such as peptides, anti-bodies and folic acid, to the porphyrin ring in order to produce molecules with targeting properties. Han et al.54 synthesized a PS conjugating PPIX to an amphipathic biodrug (KLAKLAK)2 peptide through a short polyethylene glycol (PEG) linker, able to target mitochondria. The in situ generation of ROS led to significant decrease in mitochondrial membrane potential and cell death. Relative high accumulation in tumors, minimal systemic cytotoxicity and efficient long-term tumor inhibition in vivo were confirmed using a murine model. Antibodies or antibody fragments can also be conjugated to PSs in order to improve selectivity and biocompatibility.55 Another strategy is based on the conjugation of polymeric chains to porphyrin derivatives. Nawalany et al.56 prepared a 5,10,15,20-tetrakis(4-hydroxyphenyl)porphyrin (p-THPP) functionalized with PEG (350, 2000 or 5000 Da). In vitro studies showed that the presence of PEG side chains reduces the cytotoxicity of the porphyrin in the dark. Also, a phototoxicity dependent on the length of PEG chain was observed for the PEGylated porphyrins.

  In recent years, the use of nanotechnologic strategies has improved the efficiency of PDT treatments by increasing the pharmaceutical efficacy of several drugs. Nanocarriers with suitable physico-chemical characteristics to protect the drug and improve selectivity and solubility has shown very interesting results for treatment of cancer and several others diseases. In vitro and in vivo studies confirmed an increase in efficacy of chemotherapeutic agents when incorporated in nanosystems, such as liposomes, micelles and polymeric particles.57-60 The achievements employing this strategy on PDT research are the main focus of this review.

   

  4. Photosensitizers Nanoformulations

  Nanotechnology has given major contributions in recent years in the pharmaceutical area for the development of formulations to enhance solubility, bioavailability, uptake, biodistribution, metabolism and excretion of drugs, with consequent decrease in toxicity.61 Among them, biocompatible and/or biodegradable nanosystems for transport and controlled release of drugs, such as lipidic, micellar and polymeric carriers, are the most widely explored alternatives.4,62,63

  Drug delivery systems (DDS) offer several advantages over conventional formulations: they (i) protect the drug from premature degradation, (ii) increase drug solubility and circulation time in the bloodstream, (iii) improve intracellular penetration, (iv) improve drug delivery to selected cells and tissues, (v) prevent the drug efflux by multi-drug resistance pumps, and (vi) control the release of drugs from few days to few weeks.64,65 Thus, the use of nanocarriers enabled the reduction of the number of administrations, which means greater comfort and better adherence to treatment, as well as consequent cost reduction.4,61 Alternative administration routes, such as oral and transdermal, are feasible by using DDS. In addition, organs that cannot be treated by conventional drugs because they fail to cross biological barriers, such as blood-brain barrier, can be successfully reached.66

  In recent years it has been reported that PSs can be combined with different micro and nanometric systems enabling the development of new photosensitizing agents (nanophotosensitizers) for PDT application.6 Covalent conjugation or physical inclusion of photosensitizers to nanoparticle carrier systems changes the PS interaction with the biological medium, including cells, and consequently the photodynamic efficacy. Also, this strategy can facilitate the dispersion of lipophilic molecules, otherwise insoluble in aqueous media, making them compatible with the biological environment. The results are formulations with reduced photosensitivity to the skin and eyes, enhanced antitumor efficacy and increased passive tumor accumulation via enhanced permeability and retention (EPR) effect by tumor tissues.67

  Nanosystems can also be employed to increase PSs selectivity for tumor cells by an active or passive mechanism. Passive targeting is achieved when the drug accumulates in tumor tissues due to nanocarriers specific characteristics, such as composition, size and surface properties, in addition to pathophysiological factors, such as the tumor microenvironment and EPR effect. In the active mechanism, the drug is delivered to specific target sites by molecular recognition process as a result of specific interactions of molecules/biomolecules present in nanosystems surface with biomolecules expressed in tumor cells.68

  Several nanoformulations have been developed and evaluated by researchers around the world and some of them are already commercially available, such as the lipossomal formulations temoporfin (Foscan®, European Medicines Agency) and verteporfin (Visudyne®, Bausch & Lomb Inc.). Other promising systems include polymeric nanospheres and nanocapsules, micelles, carbon nano-platforms and even silica and metal particles, with or without active targeting molecules, such as proteins, peptides and aptamers.

  4.1. Liposomes and micelles

  Liposomes and micelles were the first nanosystems investigated to carry and delivery PSs in PDT. They have similar structures, characterized by a core/shell like system able to incorporate hydrophilic, hydrophobic and amphiphilic drugs, as illustrated in Figure 3.
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  Liposomes have been investigated since 1970 as carrier systems to improve the delivery of drugs to specific sites in the body, being the first class of nanoparticles used in medicine. A liposome is constituted by a lipid bilayer and can incorporate hydrophilic drugs in the aqueous core and/or hydrophobic drugs in the bilayer. Recognition groups also can be anchored to the bilayer surface to enhance the selectivity.69 Liposomes and several other vesicular systems, such as niosomes, transfersomes and pharmacosomes, have been investigated and applied in immunology and dermatology, as vaccine adjuvant and brain targeting, as well as for treatment of eye disorders, infective diseases and tumors.57,70

  Several methods are available for preparation of liposomes controlling the size and number of shells, but ultrasound and extrusion processing are the most widely employed methods nowadays. The selection of a suitable preparation method is dependent on photosensitizers’ properties, such as the balance of hydrophobicity and hydrophilicity, the desired final particle size and the intended application.71,72 Liposomes are capable to fuse with cytoplasmic membrane delivering the load of active molecules to the cell.58

  Although liposomes and micelles have a similar core/shell like organization, some differences can be easily noticed on their structure and chemical composition. Micelles are monolayer structures formed by amphiphilic surfactants or block copolymer molecules in liquid-colloid dispersions, in which the hydrophilic head are in contact with the aqueous phase (typically the surrounding solvent) and the hydrophobic tails are directed to the center (Figure 3). They are generally used to carry hydrophobic PSs, which can be physically incorporated in or covalently bound to the hydrophobic core, to be delivered to tumors via passive or active targeting strategies.67 Hydrophilic and amphiphilic substances also can be adsorbed on the surface or dissolved in the micelles shell (Figure 3) in order to tune their properties.

  Polymeric micelles have been extensively used in recent years due to their higher stability as compared to micellar systems based on conventional surfactants. Their higher stability can be assigned to the presence of multiple hydrophobic interaction sites in the polymeric chain.61,73,74 Polymeric micelles are frequently prepared by association of copolymers dispersed in an aqueous medium, forming particles with diameters below 100 nm. Alkyl chains or lipids may also be conjugated to the polymer in order to enable the formation of a hydrophobic core to dissolve poorly water-soluble drugs. In analogy to some detergents, the dispersion of polyethylene glycol-phosphatidylethanolamine conjugates (PEG-PEs) films in aqueous solution was shown to spontaneously generate 7 to 35 nm diameter micelles.73,75

  Another alternative that has been recently explored involves the conjugation of suitable polymers and co-polymers to the four porphyrin ring meso-positions in order to obtain photosensitizers with star-shaped structure prone to self-assemble, forming nano-micelles in water. The PS is the core and the polymeric chains interact more or less strongly, forming the shell at low critical micellar concentration (CMC). In general, these systems exhibit high singlet oxygen and high fluorescence quantum yields.76-78 Interesting photodynamic efficiency against psoriasis10 and tumor cells in vitro79 has also been reported.

  Liposomes and micelles have been extensively studied for PDT application showing that the chemical composition and size of these nanosystems and the presence of targeting ligands can modify some PSs fundamental properties, such as their aggregation state, interaction with biological systems, systemic circulation, pharmacokinetics and cytolocalization. All these factors can modulate PSs cytotoxicity (in the dark) and photodynamic efficacy. Thus, a greater PDT activity is observed when nanosystems with adequate characteristics are employed.

  The main side effect reported in PDT is the prolonged photosensitivity, as described before. Encapsulation of PSs may also be promising to reduce or avoid its accumulation on skin and the photosensitivity, as demonstrated by Shieh et al.80 They evaluated the cytotoxicity and antitumor effects in vitro and in vivo of poly(2-ethyl-2-oxazoline)-b-poly(D,L-lactide) diblock copolymer micelles loaded with m-tetra(hydroxyphenyl)chlorin (m-THPC) as photosensitizer, which showed no significant adverse effects in vivo in mice model. Interestingly, the micellar formulation presented lower skin phototoxicity after an extended delivery time, despite the similar antitumor effects as compared with free m-THPC.

  4.1.1. Effects of liposomes and micelles on PSs aggregation, stability and photodynamic activity

  The incorporation of photosensitizers in liposomes and micelles tend to decrease the aggregation and improve their solubility, stability and tumor-selective accumulation. In addition, the photophysical and photochemical properties of PSs can be changed by incorporation in micelles and liposomes, consequently, changing their photodynamic activity.4 Spectroscopic studies realized by Chai et al.81 showed that hydrophobic metallo-tetraphenylporphyrins (TPP; MgTPP and ZnTPP) incorporated in polyethylene glycol-block-poly(4-vinylpyridine) (PEG-b-P4VP) micelles possess higher photostability and better electron transfer capability than the free species. The approved PS, Photofrin® was recently incorporated in micelles prepared with an amphiphilic chitosan derivative82 and its photophysical properties and PDT activity evaluated. The encapsulated PS presented lower fluorescence quantum yield and fluorescence lifetime than free Photofrin® in solution, indicating that micelle is suppressing the photoactivity of the PS. However, the micellar formulation showed higher fluorescence and generated higher levels of ROS than free Photofrin® in in vitro experiments, inducing stronger phototoxicity and significant levels of apoptosis in human pancreatic cancer cells. These clearly indicate that the PS was effectively delivered to cells and concentrated in microenvironments, leading to less pronounced excited state suppression.

  Garcia et al.83 showed by absorption spectra, triplet excited state and singlet oxygen quantum yield measurements, that the incorporation of zinc phthalocyanine (ZnPc) and zinc hexadecafluorophthalocyanine (ZnF16Pc) into liposomal formulations of dimyristoyl-phosphatidyl choline (DMPC), dipalmitoyl-phosphatidyl choline (DPPC) and distearoyl-phosphatidyl choline (DSPC) decreases the degree of aggregation of those photosensitizers. In addition, in vitro studies using human cervical carcinoma (HeLa) cells indicated that the photodynamic activity is influenced by the presence of aggregates and the composition of liposome bilayer.

  Temoporfin (Foscan®, m-THPC) is an example of PS formulated using a commercially available unilamellar liposomal delivery system based on dipalmitoyl-phosphatidyl choline/dipalmitoyl-phosphatidyl glycerol (DPPC/DPPG). The chlorin-based photosensitizer (Table 1) presents high hydrophobic character that favors its precipitation in biological media when not administered as a liposomal formulation. The liposomal formulation Foslip® (Biolitec AG) promotes reduced damage to healthy tissues and have higher efficacy and lower toxicity in the absence of light as compared to Foscan® and is in preclinical tests.4 Its biodistribution, pharmacokinetics and photodynamic efficiency were evaluated by Lassalle et al.84 The best antitumor response was observed 6 h after drug administration, when m-THPC was detected in both endothelial and parenchyma cells. According to Reshetov et al.,85 Fospeg® (Biolitec AG), a m-THPC liposomal formulation based on polyethylene glycosylated liposome, exhibits higher photodynamic efficacy in tumor-grafted mice as compared with Foslip® due to the enhanced EPR-based accumulation in tumor cells associated with improved stability in the blood circulation and PS release properties. Another example is verteporfin (Visudyne®), a liposomal formulation approved for treatment of age-related macular degeneration (AMD), a disease caused by abnormal blood vessel growth on retina. Non-encapsulated verteporfin aggregates in aqueous solution, impairing the photodynamic activity and causing undesirable side effects.36

  Photosensitizers other than m-THPC and verteporfin have also been investigated as liposomal formulations for PDT application. In a recent work published by Li et al.,86 hypocrellin B (HB), a photosensitizer isolated from Hypocrella bambuase fungus sacs, was incorporated in multilamellar vesicles made of egg lecithin and cholesterol, showing promising results for PDT treatment of AMD. HB has low toxicity in the dark, a high metabolic rate in vivo and generates high concentrations of ROS. The stability, in vitro PDT efficacy and in vivo pharmacokinetics, and skin phototoxicity of the liposomal formulation were evaluated. The formulation presented high stability and in vitro photodynamic efficiency even after one year storage, associated with a short half-life (about 2 h) and nearly complete clearance and no phototoxicity 24 h after injection in mice. The encapsulation of HB in phosphatidylcholine liposomes also enhanced its phototoxicity in vitro against HeLa cells, probably due to a more efficient delivery and, consequently, higher intracellular concentrations, as reported by Zhou et al.87

  Rocha et al.88 described the PDT efficacy of chloro-aluminum-phthalocyanine encapsulated in liposomes for the treatment of female dog breast cancer cells in vitro. The high cell necrosis rate was accompanied by morphological alterations, not observed in the dark, as confirmed by optical and electron microscopy. The use of liposomal chloro-aluminum-phthalocyanine was used for treatment of different oral cancer cell lines (oral squamous cell carcinoma, OSCC; and hmn salivary gland tumor cell, HSG), and in OSCC tumors induced in nude mice as reported by Longo et al.89 In vitro and in vivo assays led to disruption of tumor blood vessels and cells death mainly by necrosis.

  4.1.2. Particles composition, size and charge

  Particles size is an important factor controlling pharmacokinetics and biodistribution of PSs, especially when administered systemically. Generally, small particles are more easily incorporated by endocytosis and can also accumulate in tumor tissues by EPR effects. On the other hand, larger particles are recognized by the reticuloendothelial system, activating the immune system.71

  It has been demonstrated that liposomes charge can modulate the interaction and uptake by tumoral cells influencing the PDT activity. Cationic DMPC liposomes and cationic gemini surfactant were utilized to incorporate m-THPC, increasing its uptake by various human glioblastoma cell lines (A172, DBTRG, LN229, U118) in vitro, leading to their total destruction after irradiation.90 Cationic vesicles loaded with 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) also showed better penetration into skin, delivering a higher concentration of ALA as compared to neutral or anionic liposomes.76

  Several authors described that the incorporation of PSs in micelles can significantly decrease the tendency to form aggregates. However, the micellar composition also has an important role to preserve the PS in the monomeric form. This was demonstrated by Romero et al.,91 who incorporated a lipophilic tetra-menthyl substituted zinc phthalocyanine (ZnMintPc) in micelles prepared with 12 different surfactants, namely the ionic detergents sodium dodecylsulfate (SDS), cetyltrimethylammonium bromide (CTAB) and N-hexadecyl-N-N’-dimethyl-3-ammonio-1-propane-sulfonate (HPS), the non-ionic detergents Tween® 20 and Tween® 80 (Sigma-Aldrich), polyoxyethylene 9 lauryl ether (C12E9), Brij® 30, Brij® 35, Brij® 97 and Brij® 98 (Sigma-Aldrich), and the triblock copolymers Pluronic® F-68 and Pluronic® F-127 (Sigma-Aldrich). The ability of the PS to generate singlet oxygen when encapsulated in all systems was investigated. The nature of the surfactant influenced the monomer/aggregates ratio, directly influencing the singlet oxygen quantum yield (ΦΔ). The ΦΔ reached the maximum when the PS was incorporated in the triblock copolymer Pluronic® F-127 (ΦΔ ca. 1) and the lowest values when encapsulated by ionic micelles, suggesting that Pluronic® F-127 is a promising surfactant to incorporate ZnMintPc. The micelle constituents are also important to modulate its interaction with biological media, particularly the cell membrane and organelles, changing the mechanism of incorporation and cytolocalization of the drug.92 The cytotoxicity can also be tuned by changing the chemical constituents of the micellar monolayer. Zhiyentayev et al.93 studied the influence of nine Pluronic copolymers on the phototoxicity of chlorin e6 (Ce6), demonstrating that it increases as function of the copolymer molecular mass, and that only hydrophilic Pluronics (F-127, F-108, F-68 and F-87) were effective at nontoxic concentrations.

  Pluronics are among the main block copolymers investigated to produce micellar systems. Photofrin® II (Photomedica Inc.), a commercially available PS, was encapsulated in polymeric micelles prepared using a mixture of Pluronic® P-123 and F-127 and the photodynamic activity evaluated using two cancer model cell lines, breast MCF-7/WT (caspase-3 deficient) and ovarian SKOV-3 (resistant to chemotherapy). The micellar nanosystem presented higher biocompatibility with lower cytotoxicity in the dark, and increased ROS level and enhanced PDT activity against tumor cells, as compared to free Photofrin® II.94

  Yang et al.95 compared the photodynamic efficacy of hematoporphyrin (Hp) incorporated in different nanosystems (liposomes, micelles and polymeric nanoparticles) with similar size (112 to 135 nm). All nanoformulations were more effective in reducing cell viability of human lung epithelial carcinoma A549 cells as compared to Hp in solution. Among them, the micellar formulation constituted by Pluronic L122 block copolymers presented the highest cellular uptake and photodynamic activity.

  4.1.3. PEGylated liposomes and micelles

  Although liposomes and micelles have been extensively used in PDT in recent years due to their capacity to incorporate hydrophobic and hydrophilic photosensitizers, and their ability to accumulate in tumor tissues through the EPR mechanism, they are still susceptible to recognition by hosts’ immune system and rapid uptake by the reticuloendothelial system (RES).96 In this context, PEG is a water-soluble and biocompatible polymer with great acceptance for clinical applications due its low toxicity, non-immunogenicity and antigenicity, in addition to the high tolerance by protein.4 Thus, among the alternatives to solve this specific problem, the most well established strategy to protect them from being recognized by opsonins and taken up by the RES is grafting PEG on their surface.67

  Bovis et al.96 investigated the biodistribution and accumulation of two PEGylated liposomal m-THPC formulations (FosPEG 2% and FosPEG 8%) increasing the blood plasma circulation and EPR effect, enhancing tumor selectivity in comparison to Foscan®. The antitumor efficiency of ZnPc encapsulated in similar polyethylene glycol coated liposomes was investigated using human extrahepatic cholangiocarcinoma (Sk-Cha1) cells as model.97 The lipid concentration was used to modulate the extent of particles uptake and cell death induced by PDT-mediated oxidative processes. Oliveira et al.98 showed that the presence of cholesterol improves the stability and photodynamic activity of ZnPc incorporated in unilamellar liposomal formulations, by optimizing the release and modulating its phototoxicity against several human tumor cells.

  Two interesting systems based on p-THPP were prepared and evaluated by Nawalany et al.:99 (i) by incorporating in sterically stabilized liposomes, and (ii) by attaching PEG to the porphyrin ring (p-THPP-PEG2000). Both liposomal formulations presented lower cytotoxicity in the dark and higher photodynamic activity than free p-THPP.

  PEG is also frequently used for preparation of polymeric micellar systems. In fact, high loading efficiency and loading density were reported for hydrophobic m-THPP in polyethylene glycol-co-poly(D,L-lactic acid) (PEG-PLA) micelles, generating a formulation that exhibits low dark toxicity (less than 10%) and higher than 90% phototoxicity against human head and neck cancer cells in vitro after incubation and irradiation.100 The same block copolymer PEG-PLA was used to incorporate PPIX. Photophysical studies showed the formation of PPIX aggregates inside micelles when high concentrations (4%) of PS were incorporated as evidenced by the decrease of 1O2 quantum yields. However, PDT efficacy in cancer cell models showed an opposite trend and was higher with a 4% PPIX formulation, as a result of the larger amounts of porphyrin delivered to cells.101 PPIX was also incorporated in pH-responsive block copolymer micelles in order to enable simultaneously tumor diagnosis and therapy in vivo. This micellar system is based on the combination of hydrophilic methoxy-polyethylene glycol (mPEG) with poly(b-amino ester) and presents pH-responsive micellization/demicellization transition at acidic pH conditions prevalent inside tumors, enabling the release of large enough concentrations of PPIX to allow clear fluorescent imaging of tumors and their complete ablation after irradiation with red light, whereas free PPIX led to incomplete cell death.102

  The silicon phthalocyanine Pc4 is a highly hydrophobic second-generation photosensitizer that has showed promising results for PDT treatment of cancer. In order to allow its compatibility with aqueous media, it was incorporated in less than 100 nm polymeric nano-micelles based on polyethylene glycol-block-poly-e-caprolactone (PEG-PCL) copolymer, with an encapsulation efficiency of 70%. Significant phototoxicity and cell death, probably by apoptosis, was reported with MCF-7c3 human breast cancer cells in vitro.103

  4.1.4. Targeting properties

  Strategies based on the control of the lipidic and micellar layer composition and binding of targeting molecules, such as antibodies, aptamers and peptides on their surface, have been investigated71 to increase the selectivity of liposomal and micellar formulations.

  A liposomal formulation for specific delivery of ZnPc to the cytoplasmic membrane was developed by Kim et al.104 using 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy (polyethylene glycol)-2000] and 1,2-dioleoyl-3-trimethylammonium-propane. This formulation increased ZnPc accumulation in tumor cells membrane, inducing cell necrosis due to enhanced local ROS generation and phototoxicity.

  Folic acid (FA) is one of the most used biomolecules to develop nanoparticles with higher selectivity towards tumor cells. The folate receptor (FR) is over-expressed and is being explored to enhance the selectivity of drug delivery systems to many types of human cancer cells. m-THPC was incorporated in FA-functionalized PEGylated liposomes to develop a tumor selective nanosystem for PDT application. In vitro results obtained with KB cells showed that FA-liposomes doubled the uptake of m-THPC as compared to conventional liposomes and enhanced the photo-induced cytotoxicity.105

  Folic acid was used to functionalize micelles made of polyvinylpyrrolidone (PVP) containing ZnPc as PS. Zinc phthalocyanine molecules are accommodated in polymer micelles in the monomeric state as confirmed by UV-Vis spectroscopy, greatly enhancing the efficiency of singlet oxygen production and the photodynamic activity in vitro and in vivo.106

  The introduction of molecules capable of binding appropriate receptors, that are overexpressed by tumor cells or at the tumor vasculature or surface, have also been explored to improve the selectivity of micellar systems used in PDT.107 Chen et al.108 described a very low dark toxicity and significantly higher phototoxicity of a porphyrin incorporated in micelles based on a surfactant-like tetra-tail amphiphilic peptide [(C18)2K]2KR8GRGDS, consisting of four hydrophobic aliphatic tails and a hydrophilic peptide head group. This amphiphilic peptide has an arginine-glycine-aspartic acid (RGD) sequence, which confers selectivity for tumor cells and was responsible for the enhanced uptake by HeLa and 293T cells as confirmed by laser-scanning confocal microscopy. Master et al.109 reported the encapsulation of Pc4 in polymeric micelles grafted with GE11-peptides to enhance the selectivity towards head and neck cancer cells. The nanoformulation presented faster and higher uptake by tumor cells, which resulted in higher phototoxicity in vitro and in vivo.

  On the other hand, Paszko et al.110 showed that the conjugation of transferrin to liposomes loaded with Foscan® did not increase the photodynamic efficiency against OE21 esophageal cancer cell line, as compared to the liposomal formulation prepared without transferrin or even the non-encapsulated PS.

  Syu et al.111 designed folate-conjugated polymeric micelles, with diameter about 100 nm, and able to accumulate in tumor cells targeting the folate receptors overexpressed in KB cells, for m-THPC delivery. No significant adverse effects were observed in in vivo mice models, and after an extended delivery time, a single dose of folate-conjugated m-THPC loaded micelles showed higher antitumor effects (tumor growth inhibition of 92%) than free m-THPC, inhibiting cell proliferation and reducing the density of blood vessels. In addition, the folate-conjugated delivery system decreased the skin phototoxicity and reduced to a third of the usual photosensitizer dosage necessary to achieve similar antitumor efficacy using the free PS.

  The cellular and subcellular targeting strategy was explored by Xu et al.112 to enhance the PDT efficacy. A cationic porphyrin derivative (MitoTPP) was synthesized as the mitochondrion targeting PS, and encapsulated into the acid responsive and FA-modified polymer micelles. This nanosystem was preferentially uptake by FR-positive cancer cells releasing in the cytoplasm MitoTPP molecules that selectively accumulate in mitochondria, as shown by confocal microscopy analyses, causing oxidative damage and apoptosis upon irradiation.

  4.1.5. Topical PDT

  Liposomes are considered excellent systems to carry and delivery drugs because they are able to incorporate both hydrophobic and hydrophilic compounds, allowing the development of stable formulations.113 In fact, some hydrophilic PSs applied for topical PDT present low skin penetration, but this problem can be solved by their incorporation in liposomes, thus greatly enhancing PDT activity. For example, RB is a potent hydrophilic photosensitizer based on xanthene chromophore that has largely been overlooked for PDT application because of its low lipid solubility and low capacity to cross biological barriers such as cell membranes. However, a multivesicular RB liposomal formulation, constituted by D,L-dipalmitoyl-phosphatidyl choline, cholesterol and tripalmitin, was able to cross the epidermis and reach the dermal layers after topical application to mice skin, whereas free RB accumulated in the epidermis.114 ALA also is a hydrophilic molecule that presents limited capacity to cross the skin and cell membranes. Thus, several approaches have been investigated to enhance ALA delivery, such as the development of new more lipophilic synthetic ALA derivatives (for example MAL), or its entrapment in more lipophilic vehicles, such as liposomes.115 In fact, liposomes prepared with dipalmitoyl-phosphatidyl choline were shown to increase the uptake of ALA by human cholangiocarcinoma HuCC-T1 cells, enhancing the photodynamic effects.116

  Sutoris et al.117 reported that a liposomal formulation containing hydroxy-aluminum phthalocyanine (AlOH-PC) cured 100% of experimental animals evaluated for topical PDT treatment of prostate carcinoma. The same group described the application of this formulation for topical treatment of mammary carcinoma, leading to complete tumor remission in 90% (9 in 10) of experimental animals, whereas the commercially available Metvix® only postponed the tumor growth.118 Temizel et al.119 evaluated the PDT efficacy against HeLa and AGS cancer cell lines of a liposomal formulation of PPIX functionalized with lipophilic oleylamine side-arms (PPIX-Ole) and with 1,2 dioleyl-sn-glycero-phosphatidylcholine (PPIX-DOPC). Both formulations were more photoactive than PPIX in solution, where the degree of toxicity is dependent on the liposomal concentration and type of cancer cell.

  In a recent report, squamous cell carcinoma in mice model was successfully treated with liposomes decorated with ICG-C18, a more hydrophobic derivative of indocyanine green (ICG). ICG is highly fluorescent (λem ca. 820 nm), has low toxicity and generates heat and singlet oxygen when irradiated with NIR (800 nm) light. Because of these properties, it has been used for optical imaging and as PS in PDT. ICG-C18 incorporated in liposomes was shown to be biocompatible and phototoxic, inducing apoptosis in squamous cell carcinoma murine model in vitro and in vivo.120 Shemesh et al.121 also demonstrated that indocyanine green loaded liposomes are effective in inhibiting triple negative breast cancer cells growth after PDT treatment in vitro.

  4.1.6. Combined therapy

  As mentioned before, liposomes, micelles and others nanosystems can also be employed to incorporate chemotherapeutic agents, and the combination of chemoterapy and PDT is shown to be an interesting alternative to be explored. Recently,122 Dox) and Ce6 co-encapsulated in PEGylated liposomes was shown to be released upon irradiation, thanks to the photodynamic action of PS on the liposomal membrane, accumulating in the nuclei, enhancing the in vitro and in vivo cytotoxic effects as compared to liposomes containing Dox or Ce6 separately.

  Park et al.123 developed amphiphilic Ce6 conjugated to Pluronic® F-127 self-assembling units capable to form 30 nm diameter micelles that were loaded with Dox. In vitro and in vivo assays carried out on drug-resistant cancer cells demonstrated that 1O2 causes cell membrane damage (lipid peroxidation) enhancing the cellular uptake of Dox, thus overcoming the drug resistance without undesirable side effects. Similar strategy was used by Saravanakumar et al.,124 who designed and explored a novel micellar system based on the biocompatible and visible-light responsive amphiphilic copolymer PEG-PCL. Ce6 and the hydrophobic anticancer drug Dox were co-encapsulated and the potential of this micellar formulation investigated as a dual-drug carrier for enhanced photodynamic therapy. The double bond of vinyldithioether, the linker unit in between PEG and PCL, can readily be cleaved by singlet oxygen since they react forming the unstable dioxetane intermediate. So, after irradiation, the generated 1O2disrupt the polymeric linker releasing the monomeric PS and Dox in high enough concentration to induce synergistic anticancer effects. Yu et al.125 explored a similar strategy encapsulating the chemotherapic agent 5-fluorouracil (5FU) in novel core-shell cross-linked dextran-hemin micelles. Hemin was used as both, the phototrigger for the controlled release of 5FU and as the PS responsible for photodynamic activity.

  Therapies other than chemotherapy have also been combined with PDT. Pluronic® F-68 was used by Chu et al.126 to encapsulate natural chlorophyll (Chl) extracted from plants, in order to generate a micellar system for cancer imaging and therapy. It accumulated in mouse tumor tissues and inhibited its growth after submitted to an irradiation protocol combining laser-triggered photothermal (PTT) and photodynamic effects. A synergic anti-tumor effect of PTT and PDT was observed in vitro and in vivo assays by Gong et al.127 using a polymer based theranostic platform made of poly(maleic anhydride-alt-1-octadecene) grafted with a long PEG-amine (5 kDa) and a short diamine-PEG (324 Da) (C18PMH-PEG 5k/PEG 324 -NH2), which was then conjugated with the photosensitizer Ce6 complexed with Ga3+. This system, denominated C18PMH-PEG-Ce6, was utilized to encapsulate the photothermal agent IR825 generating IR825@C18PMH-PEG-Ce6 micelles containing both agents. The combined treatment in vivo damaged both the surface and the interior of tumors under mild doses of light. In fact, 7.2 J cm−2 for PDT and 108 J cm−2 for PTT are rather low doses as compared to those generally used in PDT or PTT applications.

  4.2. Polymeric particles

  Polymer based nanoparticles (NPs) are considered more attractive DDS than liposomes and micelles due to their higher stability, small diameter and sharp particle size distribution, which contributes to their passive targeting delivery via the EPR effect. Also, the small size prevents their recognition by macrophages and proteins, thus allowing prolonged circulation time in the blood.6 Furthermore, a larger amount of drug can be incorporated in them with a higher control on the release process.67 In fact, biologically active substances can be dissolved or dispersed in, or coated or encapsulated by the polymeric matrix, protecting the drug from harsh environments, such as pH, light and enzyme induced degradation processes. Polymeric NPs are classified as nanospheres and nanocapsules (Figure 3) presenting less than 1000 nm diameter. Nanocapsules are core@shell systems formed by a polymeric shell disposed around a hydrophilic or lipophilic core. The drug can be dissolved/dispersed in the core and/or in the polymeric shell. In contrast, nanospheres are solid polymeric structures in which the therapeutic molecules can be entrapped or adsorbed.128 Figure 3 shows an illustration of a polymeric nanocapsule with a lipophilic core and of a polymeric nanosphere where hydrophobic PSs can be dissolved/adsorbed. Adequate modifications on nanocapsules and nanospheres polymer composition can allow the incorporation of hydrophilic and amphiphilic PSs.

  4.2.1. Poly(lactic-co-glycolic acid) - PLGA nanoparticles

  All components of polymeric nanosystems should have good biocompatibility generating biodegradable NPs. Among them, poly(lactic acid) (PLA), poly(glycolic acid) (PGA), and their copolymer (PLGA) have been extensively studied because they have already been approved for clinical use by the U. S. Food and Drug Administration (FDA). Their degradation under physiologic conditions releases lactic and/or glycolic acid that are easily metabolized and eliminated by the organism.129 PLGA were first approved in 1989 and is being widely employed, since then on the design of DDS because of the good stability, reliability and fine control achieved in the release of drugs over periods ranging from days to weeks.130

  The effectiveness of a NP formulation of meso-tetra(p-hydroxyphenyl) porphyrin (p-THPP) based on PLGA was evaluated using EMT-6 tumor cells. An enhanced PS accumulation and increased cell death rate upon irradiation was reported as compared to free p-THPP.131 The cytotoxicity and intracellular accumulation of analogous nanosystems but loaded with m-THPC was investigated by Low et al.132 using human colon carcinoma cells (HT29) as model. A significant reduction of dark cytotoxicity, one of the main limitations of this PS, was observed for the m-THPC incorporated in PLGA and in PEG/poly-(d,l-lactide-co-glycolide) (PEG-PLGA) nanoparticles. However, the presence of PEG in the NPs accelerated the PS release and reduced the cellular uptake, decreasing the PDT activity to that of free m-THPC level.133

  Silveira et al.134 showed that three different photosensitizers, (5,10,15,20-tetra(3-hydroxyphenyl)porphyrin, 5-hexyl-10,20-bis(3-hydroxyphenyl)porphyrin and 5-hexyl-10,15,20-tris(3-hydroxyphenyl)porphyrin), with different amphiphilic properties but similar singlet oxygen quantum yields, encapsulate in the same nanosystem (PLGA nanoparticles) exhibit the same cytotoxicity and cytolocalization in the perinuclear region of the cells. This fact indicated that the interaction and incorporation of encapsulated PSs by cells are mainly governed by the characteristics of capsules rather than PSs’ interaction properties.

  PEGylated PEG-PLA NPs were also employed to encapsulate indium(III) phthalocyanine (InPc), a hydrophobic PS that aggregates in high polarity media, thus hindering their systemic administration and restricting clinical studies. Souto et al.135 evaluated the PDT efficacy of NPs loaded with InPc and their cellular uptake using MCF-7 breast tumor cells. They showed that factors, such as the PS concentration, incubation time and laser power also influence the photodynamic effects. In general, InPc incorporated in PEG-PLGA nanoparticles were more efficient in reducing MCF-7 cell viability than the free PS. For example, for a light dose of 7.5 J cm−2 and laser power of 100 mW, encapsulated InPc reduced the viability to 34 ± 3% whereas the PS in the free form reduced only to 60 ± 7%.

  The incorporation of photosensitizers in polymeric NPs also considerably improves the photodynamic efficacy, due to the delivery of increased concentrations of phototherapeutic agents to the target tissues. Konan-Kouakou et al.136 reported a seven times increase on in vitro and in vivo phototoxicity and enhanced photodynamic efficiency of verteporfin when encapsulated in PLGA, due to increased uptake rate of the drug by cultured tumor cells, allowing better control of tumor growth. Silva et al.137 showed for the first time that PLGA-based NPs are able to increase skin penetration, enhancing in vitro retention of PPIX in both stratum corneum and epidermis + dermis, which is very promising for topical delivery of PSs to skin cancer and other skin diseases for PDT treatment. Fadel et al.138 studied the influence of ultra-sonication time on PLGA nanoparticles characteristics and observed that it did not affect the encapsulation efficiency of ZnPc, but the particle size was significantly decreased as a function of the processing time. The histopathological examination of animals after PDT treatment with this polymeric formulation showed a significant improvement and regression of tumor cells. According to Shi et al.,139 PLGA NPs formulations can enhance the delivery and the production of PPIX in human skin squamous carcinoma cells in vitro, providing a promising strategy for topical PDT treatment based in ALA. Wang et al.140 reported similar results very recently.

  4.2.2. Other polymeric nanoparticles

  Chitosan and its derivatives have unique properties, such as high hydrophilicity, biocompatibility and biodegradability, and are suitable for preparation of nanocarriers responsive to external and/or internal physical and chemical stimuli, such as pH, light and temperature, that can be explored in targeted drug delivery.141 Recently, Graciano et al.142 evaluated the efficacy of chitosan particles to incorporate and deliver toluidine blue O (TBO) to buccal tissues, as well as their PDT activity. The chitosan formulation was shown to enhance TBO retention and induce cell apoptosis in vivo after laser irradiation.

  Some authors have assigned the contrasting cell uptake and photodynamic activity of a given PS to the methodology employed for incorporation in the polymeric NPs. For example, glycol chitosan NPs modified with hydrophobic groups were shown to be suitable for physical incorporation of hydrophobic Ce6 photosensitizer143 generating Ce6-loaded glycol chitosan nanoparticles (HGC-Ce6). Alternatively, amphiphilic HGC-Ce6 conjugates, prepared by bonding Ce6 molecules to glycol chitosan polymers, were used to self-assemble NPs in aqueous media (GC-Ce6). Both, HGC-Ce6 and GC-Ce6, presented similar average diameters (300 to 350 nm), were rapidly uptaken by cells and exhibited similar in vitro singlet oxygen generation quantum yields. However, GC-Ce6 showed longer circulation time and accumulated more efficiently in tumor cells than the HGC-Ce6 formulation, resulting in higher therapeutic efficacy in vivo.

  Baumann et al.144 encapsulated a Rose bengal-bovine serum albumin (RB-BSA) conjugate using two types of amphiphilic block copolymers (poly(2-methyloxazoline)-block-poly(dimethylsiloxane)-block-poly(2-methyloxazoline), PMOXA-PDMS-PMOXA; and poly(N-vinylpyrrolidone)-block-poly-(dimethylsiloxane)-block-poly(N-vinylpyrrolidone), PNVP-PDMS-PNVP; and showed that their molecular properties can influence particles characteristics, such as size, stability, encapsulation efficiency and uptake by cells. Nanoparticles based on PMOXA-PDMS-PMOXA presented higher RB-BSA encapsulation efficiency and stability, are rapidly uptake by HeLa cells and produce ROS in high enough concentration for PDT application upon illumination.

  PEG modified gelatin NPs (HB-PEG-GNP) loaded with HB induced mitochondrial damage after irradiation with light leading to cell apoptosis in vitro and in vivo. Experiments using mice bearing a solid tumor showed a significant regression rate of (38.5 ± 2.2%, p < 0.05) in contrast to (29.36 ± 1.62%) when treated with HB-PEG-GNP and free HB, respectively.145 Biodegradable NPs based on HB encapsulated in polyethylene glycol modified gelatin (PEG-GEL) and polylactic acid (PLA) particles was efficiently internalized by MCF-7 human breast adenocarcinoma, AGS human gastric sarcoma, and mice specific DLA Dalton’s lymphoma tumor cells, presenting enhanced PDT activity as compared to the free photosensitizer.146

  Core/shell polymeric NPs (nanocapsules) also present promising results for encapsulation of many drugs and photoactive substances. Stable oil cored 200 nm diameter nanocapsules based on 1.75% (m/v) soybean lecithin, 1.25% (m/v) Poloxamer 188, 2.5% (v/v) soybean oil, and 0.75% (m/v) PLGA polymer, and loaded with chloroaluminum phthalocyanine (ClAlPc), were developed by Siqueira-Moura et al.147 An encapsulation efficiency of 70% was achieved without affecting the photochemical properties of the PS as attested by the high singlet oxygen quantum yields and significant photodynamic activity even upon irradiation with low light doses.

  Poly(n-butylcyanoacrylate) (PBCA) nanocapsules stabilized by non-ionic aldonamide-type surfactants were prepared by Wilk et al.148 based on oil in water (o/w) microemulsion method and used to incorporate the hydrophobic PS cyanine IR-780. Four different surfactants, namely dicephalic N-dodecyl-N, N-bis[(3-D-glucoheptonylamido)propyl]amine (C12DGHA) and N-dodecyl-N,N-bis[(3-D-gluconylamido)propyl]amine (C12DGA), as well as gemini N,N’-bisdodecyl-N,N’-bis[(3-glucoheptonylamido)propyl]ethylenediamine (bis(C12GHA)) and N,N’-bisdodecyl-N,N’-bis[(3-gluconylamido)propyl]ethylenediamine (bis(C12GA)), were synthesized. In vitro assays carried out with breast cancer cells revealed that PBCA NPs are biocompatible and the biological responses to PDT treatment depend on the surfactant structure. In fact, this parameter seems to modulate particle uptake by cells.

  4.2.3. Effects on physicochemical properties, cytolocalization and PDT efficacy

  Although polymeric particles enable the incorporation of both, hydrophilic and hydrophobic molecules, they are mainly used to disperse lipophilic compounds inside, improving their biocompatibility, stability and bioavailability. Liu et al.149 devised two polymeric nanosystems to encapsulate the hydrophobic PS silicon phthalocyanine dichloride (SiPcCl2). Poly(N-isopropylacrylamide) (pNIPAM) microgel particles, decorated or not with lipid molecules (Pc@pNIPAM/lipid and Pc@pNIPAM, respectively), were prepared to improve the biocompatibility of SiPcCl2 and prevent its aggregation in aqueous media. The phase transition of pNIPAM was explored to release that hydrophobic PS from both nanosystems inside HeLa cells by a thermo-triggered mechanism, improving the confocal fluorescence imaging and the PDT effect. The incorporation of lipid molecules improved significantly the encapsulation efficiency of SiPcCl2.

  Hypocrellin A (HA) is a perylenequinoid pigment isolated from a traditional chinese medicinal fungus, which exhibits excellent antiviral and antitumor properties. However, its hydrophobicity, photodegradation and dark cytotoxicity limits its clinical application. However, Qi et al.150 demonstrated that the incorporation of HA in polymeric particles is an excellent alternative to overcome those limitations, as confirmed by the high dispersibility in aqueous media and the enhanced photostability measured spectrophotometrically. Further in vitro experiments demonstrated that HA loaded PLGA NPs were taken up by A549 tumor cells and exhibited reduced dark cytotoxicity, while maintaining excellent anti-tumor properties and ROS production ability.

  Indocyanine green (ICG) is another promising photosensitizer, whose instability in aqueous solution is been overcome by incorporation in biocompatible nanosystems. For example, its encapsulation in a biologically inert polymeric matrix improved stability and photoactivity against human breast adenocarcinoma cells (MCF-7) and hepatocellular carcinoma cells (HepG2).151 PCL nanoparticles with a mean diameter of 187 nm, prepared by a solvent emulsification-evaporation method, were used to incorporate ZnPc for in vitro PDT of human lung adenocarcinoma A549 cells. The cellular viability determined after 24 h of incubation showed that ZnPc-loaded NPs and free photosensitizer eliminated about 95.9 ± 1.8% and 28.7 ± 2.2% of A549 cells, respectively, after irradiation with red light. The results also showed that the phototoxicity was time dependent until up to 4 h and concentration dependent at 0-5 µg of ZnPc, and cells viability decreased as a function of the light dose in the 10-100 J cm−2 range.152

  Oil-cored PBCA nanocapsules with unimodal size distribution and spherical shape were prepared by interfacial polymerization153 with a quite high encapsulation efficiency (91.7%) of cyanine IR-768. This nanocarrier efficiently delivered the PS in vitro to Dox-sensitive and Dox-resistant MCF-7 cell lines, promoting a significant decrease in cell viability after irradiation. In addition, low hemolytic and toxic effects were reported in the dark.

  Another interesting effect pursued by encapsulation is the control of cytolocalization since this parameter is fundamental for PDT activity as well as to avoid side effects. In this context, micro- and nanocapsules made of marine atelocollagen and xanthan gum were demonstrated to be excellent vehicles for lipophilic porphyrins and metalloporphyrins. In fact, carefully designed studies were performed, demonstrating that they act as shuttles penetrating and crossing the tumor cell membrane (HeLa cells), releasing the photosensitizer in the cytoplasm, as illustrates in Figure 4a.49,154 Interestingly, no significant changes could be observed in the cell structure after irradiation, showing that just enough damage was caused in internal organelles, such as mitochondria and lysosomes, to trigger apoptosis, the controlled death mechanism. In contrast, the respective free porphyrin photosensitizer was mainly concentrated in the cell membrane (Figure 4b), promoting severe damage as demonstrated by trypan blue and propidium iodide assay, inducing necrosis.155
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  4.2.4. Targeting properties and combined therapies

  One of the main advantages of polymeric NPs is the easy surface modification with functional molecules and biomolecules, such as antibodies, in order to improve selectivity.4 For example, Abdelghany et al.156 conjugated an antibody targeting the death receptor 5 (DR5), a cell surface apoptosis-inducing receptor up-regulated in various types of cancer cells, on the surface of chitosan/alginate NPs loaded with hydrophilic meso-tetra(4-N-methyl-pyridynium)porphyrin (TMPyP) tetra-tosylate as photosensitizer agent. The presence of the antibody enhanced the uptake and therapeutic effect of TMPyP on HCT116 cells.

  PLGA NPs with dual surface modification, PEG and FA, were designed and prepared by Ma et al.157 to enhance the accumulation of ICG in tumor tissues. Biodistribution studies performed with mice models, xenografted with MDA-MB-231 human breast cancer cells with high expression of FR, indicated longer circulation time in blood and higher ICG concentrations in plasma and tumor in detriment of liver as compared to non-modified PLGA nanoparticles.

  Cancer therapies exploiting either additive or synergistic effects arising from the combined action of two or more biologically active species can maximize the therapeutic efficacy. Conte et al.158 described a multifunctional polymeric nanocarrier based on ZnPc and the chemotherapic agent docetaxel (DTX). Core-shell NPs were prepared using the biodegradable and amphiphilic block-copolymers PCL (B) and poly-ethylene oxide (PEO, A), forming AB and ABA architectures. The ZnPc/DTX-loaded system showed higher cytotoxicity in vitro as compared to NPs loaded only with DTX, thus demonstrating the advantage of combining the antitumor activity of both, DTX and ZnPc.

  Methylene blue is a promising photosensitizer that tends to concentrate mainly in endolysosomal vesicles, but a significant nuclear localization was observed, when encapsulated in AOT-alginate nanoparticles159 and incubated with MCF-7 and 4T1 tumor cell lines. In addition, an enhanced intracellular ROS production and consequent higher phototoxicity was observed inducing the necrosis of those tumor cells. This result was further improved by combining the chemotherapeutic agent Dox. An improved intracellular and nuclear delivery was accomplished for the two drugs, leading to higher ROS production as compared to single drug treatments.30 The combined action of chemotherapy and PDT was able to overcome resistance mechanisms and improve cytotoxicity towards drug-resistant tumor cells.160 An increased production of ROS under both, normoxic and hypoxic conditions, was shown to be controlled by the degree of interaction of the cationic photosensitizer with the anionic alginate polymer, enabling efficient electron transfer reactions directly from the excited PS and PDT activity by type I mechanism.

  Polymeric nanoparticles are also promising platforms for theranostics, i.e., materials enabling simultaneously the diagnosis and the treatment of cancer. An interesting example is the development of a multifunctional nanocarrier based on biodegradable polyacrylamide NPs by Wang et al.,161 allowing cancer diagnosis by fluorescence imaging and the treatment by PDT just by controlling the dose and wavelength of incident light. The nanoparticles have 44 nm average diameter and PEG and tumor targeting molecules grafted on the surface. A good selectivity was achieved in vitro as confirmed by a strong fluorescence from inside tumor cells, and a significant and selective PDT activity after incubation with that nanoformulation.

   

  4.3. Other nanosystems

  Although liposomes, micelles and polymeric nanoparticles are the most commonly explored DDS in PDT, other nanosystems also presented promising results for the development of nano-PSs or combined therapeutic agents. Some general aspects on this subject will be reviewed below.

  Dendrimers are highly branched molecules constituted by layers of individual dendrons or wedges, that emanate out symmetrically from a central common core, where the number of concentric layers constitutes the dendrimer generation.162 Higher generation dendrimers can assume macromolecular dimensions ultimately affording nanostructures possessing cavities between branches and a more or less globular shape as many proteins in biological system, thus, behaving as nanocarriers. Dendrimers’ dispersion and interaction properties are mainly defined by the outermost molecular layer, which can be tailored by known conventional chemical reactions. Accordingly, molecules can be easily encapsulated in their interior or chemically attached on their surface or core (Figure 5a), thus been extensively explored to incorporate photosensitizers enhancing PSs’ biocompatibility, bioavailability and tumor tissue specificity, increasing the potentiality for PDT application.163 In fact, several dendrimer architectures incorporating porphyrin and phthalocyanine in the structure have been synthesized in the last years as reviewed by Figueira et al.162

  
    

    [image: Figure 5. Alternative nanosystems]

  

  Carbon-based materials, such as graphenes, carbon nanotubes and fullerenes, are interesting due to their very high surface-to-volume ratio, thermal conductivity, structural rigidity and variety of post-chemical modification possibilities.164 However, it is important to remember at this point that there are still many concerns about their toxicity, cytotoxicity and clearance properties.

  Graphene is a material constituted by a monolayer of sp2 hybridized carbon atoms bond together in a honeycomb arrangement where the pz orbitals form an aromatic conjugated π-system.165 Graphene based nanosystems have been shown to improve the stability, bioavailability, and photodynamic efficiency of photosensitizers. In addition, they present an intrinsic near infrared absorption that can be explored to impart photodynamic and photothermal hyperthermia properties to those nanomaterials for optimum therapeutic activity.166 Direct physisorption via π-π interaction can be used to load many drugs, particularly hydrophobic PSs (Figure 5b). Recently, Xu et al.167 described the PDT efficacy of a PEG-functionalized and folic acid-conjugated graphene oxide (GO) loaded with a cationic porphyrin derivative, exhibiting preferential accumulation in mitochondria. This nanosystem presented higher phototoxicity toward FR-positive cells and was preferentially uptake by cancer cells overexpressing folate receptors.

  Fullerenes are round shaped molecules formed by 60-100 carbon atoms characterized by an extended π-conjugated system exhibiting long-lived excited triplet state capable to generate ROS upon absorption of ultraviolet and visible light.1 A poly(ethyleneimine) (PEI) functionalized fullerene loaded with Dox (C60-PEI-Dox), prepared by Shi et al.168 showed significantly improved in vivo therapeutic efficacy for cancer treatment. This result was attributed to a synergistic effect resulting from the combination of chemotherapy and photodynamic therapy using C60-PEI-Dox nanoparticles.

  The association of PSs with fullerenes (Figure 5c) can also result in new compounds with enhanced singlet oxygen generation and tumor cell penetration efficiency, as reviewed by Constantin et al.169 This class of nanomaterials can also be functionalized in order to confer targeting properties as demonstrated by Lim et al.164 Hoechst 33258 was bond to target necrotic tumor cells and hyaluronic acid to target CD44 receptors overexpressed in tumor cells surface. Such Hoechst 33258/hyaluronic acid conjugated fullerene showed significantly increased in vitro phototoxicity and in vivo tumor inhibition properties as compared to fullerene conjugated only with hyaluronic acid.

  Carbon nanotubes (CNTS) have emerged as both anticancer drugs and drug delivery agents because present strong optical absorption in the NIR region, that extends until the UV region, suitable for photothermal therapy of cancer cells, as well as for transport of drugs (Figure 5d).170 For example, single wall carbon nanotubes (SWCNTs) loaded with Ce6 by noncovalent π-π interactions, and wrapped with chitosan to improve dispersibility in aqueous media and biocompatibility, showed high cellular uptake and PDT activity against HeLa cells in vitro.171

  Silica nanoparticles (SiNPs) are highly porous, structurally and chemically inert materials, not susceptible to swelling and other structural changes as a function of medium conditions, such as pH. Furthermore, there are several methods available to control their size, shape, porosity and to encapsulate a great variety of PSs. The surface modification with specific biomolecules has also been explored to confer targeting properties and improve cellular uptake.172,173 Teng et al.174 developed a nanocarrier platform for PDT, based on phospholipid-capped, PPIX-loaded and FITC-sensitized mesoporous silica conjugated with FA. This multifunctional nanosystem showed selective accumulation in folic acid receptors over expressed in HeLa cells, exhibiting higher cellular and in vivo PDT activity than free PPIX, being able to mitigate nearly 65% of B16F10 tumor cells in inoculated nude mice model.

  Photosensitizers can be conjugate to SiNPs surface or encapsulated in the silica matrix pores (Figure 5e), changing their photophysical properties, as recently described by Fashina et al.175,176 Zinc phthalocyanine molecules encapsulated in silica nanoparticle pores showed improved triplet and singlet oxygen quantum yields than those grafted on the surface, probably due to the protection provided by the silica matrix. The possibility of encapsulating and attaching drugs on silica nanoparticles surface allowed the development of multi drug delivery systems, combining chemotherapy and PDT,177 or the construction of theranostic platforms. For example, Zhao and co-workers86 incorporated superparamagnetic Fe3O4 NPs (contrast agent) in the silica matrix and conjugated methylene blue on the surface.

  Gold nanoparticles (AuNPs) have been explored in biomedical applications for more than 40 years and currently efforts are been mainly focused on the development of nanomaterials for diagnosis, vector transfection, drug and gene delivery, hyperthermia treatment, and as imaging probes.178 Biomolecules and molecules can be easily attached to AuNPs surface (Figure 5f), making them interesting systems for development of multifunctional materials for theranostics. Meyers et al.179 described a nanosystem based on the conjugation of Pc4 and epidermal growth factor peptide (EGFpep) on the surface, presenting enhanced blood circulation time, selective delivery of the PS to tumor tissues and PDT activity. Hematoporphyrin180 conjugated with 15 and 45 nm large AuNPs were shown to be more phototoxic in vitro than free PS. Interestingly, nanocomposites prepared with 45 nm large AuNPs exhibited higher activity, probably because bigger particles are able to transport larger amounts of porphyrin molecules at once to malignant cells. Yu et al.181 combined MB with AuNPs, exploring the intermolecular interactions between the polystyrene-alt-maleic acid (PSMA) layer and MB, producing a material with improved quantum yield for singlet oxygen generation as compared to free MB. The conjugation of transferrin and MB to the surface resulted in 2-fold enhancement of PDT efficiency and apoptosis of HeLa cells.181

  The attachment of photosensitizers on superparamagnetic iron oxide nanoparticles (SPIONs) is an alternative that has been extensively explored in the last years to combine more than one therapy for treatment of cancer, such as magnetohyperthermia (MHT) and PDT. MHT is based on the heating of magnetic particles when exposed to alternating current (AC) magnetic fields, thus promoting thermally-induced (temperatures ranging from 41 to 46 °C) direct and indirect cellular effects to the microvasculature, blood flow, energy and oxygen status, such as ischemia (decreased blood perfusion) and vascular occlusion (nutrient and oxygen deficiency in neoplastic cells).182

  Bolfarini et al.182 explored this strategy, combining PDT and MHT in magnetoliposomes loaded with ZnPc conjugated to cucurbituril (CB) derivatives. PDT was shown to be more effective than MHT in reducing the viability of B16-F10 melanoma cells in vitro, but the combined treatment doubled the cellular damage and cell death as compared with PDT alone. More recently, a nanoplatform based on liposomes containing SPIONs in the core and m-THPC photosensitizer in the lipid bilayer, developed by di Corato et al.,183 was shown to be capable of total solid-tumor ablation in an in vivo rodent model by combined PDT and MHT treatment.

  All nanosystems described in this review improved the photodynamic activity of free PSs. However, interesting synergic effects, resulted from the combination with other therapies, thus, generating promising platforms with enhanced efficiency183,184 and theranostic application,185-187 enabling a myriad of possibilities for development of nanomaterials and formulations for treatment and diagnostic of cancer.

   

  5. Concluding Remarks and Perspectives

  Recent advances have reinforced the idea that nanotechnology can provide valuable tools for the development of new photosensitizer formulations with improved PDT activity, enhancing its potentiality for treatment of cancer. Generally, nanosystems improve the solubility, bioavailability, delivery, biodistribution, selectivity and photoactivity of PSs, reducing the formation of aggregates responsible for decreasing the singlet oxygen quantum yields and, consequently, their PDT efficacy. In addition, DDS could also enhance the concentration of PS in the tumor tissue by passive or active targeting mechanisms, according to its physicochemical characteristics, increasing the photodynamic efficiency and selectivity of the therapy thus reducing side effects such as systemic toxicity and skin photosensitivity.

  However, the chemical constitution and physicochemical characteristics of the nanosystems, such as size, morphology, charge and shape of nanoparticles will affect their interaction with biological systems influencing the biocompatibility, pharmacokinetics and also their efficiency. Thus, understand and control all these factors is important to design more efficient and safe DDS. In this respect, polymeric nanocapsules and nanospheres are very promising, because of the great number of biocompatible polymeric materials available, allowing the incorporation of high amounts of drugs and the delivery of adequate concentrations by simple control of the polymeric wall cross-linking and resistance. In addition, the polymeric composition can also be modulate in order to insert selected functional groups to the particle surface, controlling the hydrophobic and hydrophilic characteristics as well as the chemical reactions to bind specific molecules/biomolecules for target delivery.

  The toxicity of those nanomaterials should also be addressed in order to assure their bio-safety in clinical protocols. Few were the studies considering the dark toxicity whereas the long-term effects were almost neglected. In fact, the lack or insufficient information about them seems to reflect the low number of nano-PDT drugs approved so far. Thus, the success of PDT based on nanomaterials and nanoformulations will depend on a concentrate effort involving experts from the several areas (physics, chemistry, biology, biochemistry, pharmacy, medicine, nanomedicine, biomedical engineering, etc.) needed to get well characterized enough materials, as well as understand their interactions with our organism and with light, enhancing the benefit-to-risk ratio to acceptable levels for clinical application. In short, nanotechnology is providing interesting tools for preparation of multi-functional agents, now not only focused in the treatment but also diagnosis of tumors, thanks to the development of efficient targeting mechanisms continuously improving the selectivity of delivery systems, opening the road for theranostics.
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    Light and rare earths (RE) have a long lived relationship that dates from the discoveries of these elements in the nineteenth century. Since then, the increasing comprehension of their spectroscopic properties conducted to a wide and alluring literature about light absorption and emission by this particular and fascinating group. For more than 50 years, RE-containing solid-state optical materials have undoubtfully been an important subject for the development of more efficient lighting, visualization, communication and health everyday applications. Therefore, this review introduces the spectroscopic properties of rare earth materials and their applications, with a brief discussion of the main mechanisms of light absorption and emission from a 4f elements inorganic physical chemistry perspective. Special attention is devoted to the use of these elements in systems concerning photoprotection and to the fundamentals of visible light generation for lighting and visualization.
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  1. Introduction

  In the ca. 100 years that followed the discovery of yttrium by Gadolin in 1794, rare earth (RE) elements were considered as mere laboratory curiosities with a limited practical importance.1-6 Nevertheless, throughout the twentieth century, the improvement of separation procedures enabled the obtainment of larger amounts of RE with increased purity, which lead to the development of countless high technology applications.3,4,7-10 In the last years, this group of seventeen chemically similar elements (Sc,Y, and the lanthanoids, La-Lu)11,12 has definitively left the bottom of periodic tables and chemistry textbooks to figure both in the most up-to-date research subjects and in the geopolitical scenario around the world. Currently, RE elements can be associated with practically all everyday activities of modern society due to their enormously wide range of applications, which comprise materials for catalysis, magnets, phosphors, ceramics, polishing, glasses, batteries, among others.1-5 RE elements play a central role in the so-called green policies worldwide,13,14 since they are strictly associated with several key points of environmentally sustainable economic growth, such as (i) clean energy generation (magnets for wind turbines15,16 and photovoltaic systems for solar panels),17,18 (ii) more efficient energy storage and conversion (rechargeable NiMH batteries for hybrid vehicles19,20 and high-output phosphors for lamps and displays),21-24 (iii) reduction of pollution indices (catalytic converters for engine exhausts25-28 and (photo)catalysts for degradation of harmful waste),29,30 and (iv) optimization of petroleum resources (cracking catalysts).31 Therefore, the availability of these elements is considered to be an important bottleneck for the development and application of new technologies, which since 2009 has caused an increasing concern regarding their supply, as the RE global market is dominated by China.32 This, in turn, stimulates the search for alternative sources of RE elements notably by means of recycling of waste products in the so-called "urban mining",33-35 whereas cleaner approaches for the RE mining and metallurgy are also required.36,37

  This critical dependence of advanced technologies upon REs is particularly more evident in the field of optical materials,38-43 since these elements are almost irreplaceable for a number of specific functions comprising absorption or emission of electromagnetic radiation. Such applications range from optical devices technologies21-24 (e.g., lasers, lamps) to health44-47 (e.g., UV protection, biological markers). This is only possible due to the unique spectroscopic properties of the lanthanoids, which currently consists in a highly significant topic in chemistry, physics and materials science. The obtainment of solid state RE-based materials and the description of their interaction with the electromagnetic radiation are thereby crucial for the comprehension of their activity mechanisms and for the improvement of their functionalities in different light-emitting/absorbing systems.

  In summary, light and the rare earths are intimately related since the discoveries of these elements in the nineteenth century3,4 and, after the 1960s, RE-containing solid state optical materials are an undoubtfully important subject for the development of more efficient lighting, visualization, communication and everyday health applications. In this regard, the literature is considerably rich in papers detailing the synthesis and the application of optical properties associated with RE ions, which normally requires a quite specific focus on particularly desired systems due to the broadness of this field. Therefore, in the context of the International Year of Light (IYL 2015), this review presents an introduction to the spectroscopic properties of rare earth elements and their application in solid state optical devices, with a brief discussion of the main mechanisms of light absorption and emission from a perspective of 4f elements inorganic physical chemistry. Special attention is devoted to the use of these elements in systems concerning photoprotection, particularly against sunlight and UV radiation, and to the fundamentals of the application of RE materials in the generation of visible light for lighting and visualization.

   

  2. Rare Earths: General Properties and Electronic Structure

  The chemistry of rare earths is characterized by the trivalent state and by a high similarity among their chemical behaviors. This, for instance, means that REs always occur as mixtures in nature and leads to a remarkably difficult separation of these elements.5,10,48 However, this group displays several differences in comparison to main group elements as a consequence of the filling of 4f orbitals in the case of lanthanoids.4 In this sense, Sc, Y and Lu are usually considered to belong to group 3 of the periodic table (as well as Lr), while La-Yb (and Ac-No) are considered to comprise the f-block elements.3,49-51 The tendency to form trivalent ions, as well as low reduction potentials and low electronegativities ascribed to REs is determined by their electron configurations. In the case of trivalent lanthanoids (Ln3+), electron configurations assume the form [Xe] 4fn (n = 0-14), in which the xenon core displays 5s2 and 5p6 filled orbitals that are radially more external than 4f orbitals. This, in turn, results in a low interaction of 4f electrons with the chemical environment, which culminates in a low degree of covalence in their chemical bonds and in a high similarity in chemical properties. These ions interact with ligands predominantly through ionic or ion-dipole bonds, thus behaving as hard acids in the Pearson HSAB classification. Another main characteristic associated with lanthanoids is the termed "lanthanoid contraction", which consists in the progressive reduction of atomic and ionic radii from La to Lu. This characteristic is mostly due to a large increase in the effective positive charge over 5s2 and 5p6 electrons with increasing atomic numbers, as an effect of the low shielding power of 4f electrons. Additionally, ca. 10% of the lanthanoid contraction is usually ascribed to relativistic effects due to the high atomic numbers of these elements.52-54 The lanthanoid contraction accounts for the decrease of basicity of Ln3+ ions along the series and results in very subtle differences in solubility and crystal structures of their compounds. The most remarkable chemical differences within the lanthanoids take place when divalent or tetravalent ions can be formed, which was one of the most important approaches for RE purification prior to the development of ion exchange55-57 and solvent extraction10,48 techniques. In most of the lanthanoids, the fourth ionization energy is higher than the sum of the three first ionization energies, thus making trivalent ions highly stable with respect to oxidation. Cerium, praseodymium and terbium form stable tetravalent species, from which only Ce4+ can exist in aqueous solution. Ions with high third ionization energies (Sm, Eu, Tm, Yb) can form stable divalent species, which normally are strongly reducing agents that are readily reoxidized in aqueous solutions.1-6

  Despite the fact that the [Xe] 4fn electron configurations introduce highly similar chemical properties, progressive filling of 4f orbitals results in particular physical properties with respect to the spectroscopy and magnetism of lanthanoid ions. Spectroscopic properties of Ln3+ ions are governed by the shielding effect of 5s2 and 5p6 electrons over 4f electrons, which gives rise to well-defined energy levels. As a consequence, electronic structures of lanthanoids are unique among the elements, since similar behavior cannot be observed in other groups, not even within actinoids (5f). In this sense, spectrochemical descriptions of Ln3+ ions mostly comprise the evaluation of energy levels arising from 4fn configurations, where the number of states can be very high (Table 1). Due to the shielding effect of [Xe] core outmost electrons, the weak interactions of 4f electrons with ligands result in negligible effects regarding coordination geometries and enable the description of their electronic properties in terms of the crystal field theory. 4fn configurations can in a first approach be characterized by the three quantum numbers of angular momentum, namely total spin angular momentum (S), total orbital angular momentum (L), and total angular momentum (J), in which the spin-orbit coupling (LS) is assumed to obey the Russell-Sauders scheme. In free ions, energy levels are first affected by the central field (H0), which can be considered as the hydrogenoid fraction of the level approximation. The central field depends on the principal and azimuthal quantum numbers and separates the different configurations (5p, 4f, 5d, etc.) in ca. 105 cm−1 in energy. Since the H0 term has a purely radial contribution and, consequently, a spherical symmetry, the degeneracy of 4f configurations is not removed by the central field. However, the interelectronic repulsion interaction (He-e) that is inherent to multielectronic systems removes the degeneracy of 4f configurations. As a result, low multiplicity (2S + 1)L levels have lower energies and are separated from higher energy levels by ca. 104 cm−1. Each of these levels is further affected by the spin-orbit coupling term (HSO), which removes the degeneracy of (2S + 1)L levels with respect to their 2S + 1 components of total angular momentum, resulting in a typical separation of 103 cm−1 within the (2S + 1)LJ levels. Finally, as also observed in d electrons, diminution of the symmetry from a spherical field (free ion) to a non-spherical crystal field (VCF) results in the loss of degeneracy of (2S + 1)LJ levels, which can split into a maximum of 2J + 1 Stark components according to the crystal field symmetry, with energy separations of ca. 102 cm−1.
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  As the nature of the crystal field has a low effect on the final energies of (2S + 1)LJ levels, basic properties regarding 4f configurations can be represented for each trivalent lanthanoid in a practically universal scheme applicable to any chemical environment, which is known as the Dieke diagram (Figure 2). This diagram has been experimentally extended up to ca. 70,000 cm−1, whereas theoretical determinations enable the description of 4f configurations up to ca. 200,000 cm−1. Trivalent ions of lanthanum and lutetium have closed configurations and are not represented in the diagram. These ions, as well as Sc3+ and Y3+, have 1S0 ground terms and cannot display electron transitions within the 4f configuration. Consequently, they are considered as spectroscopically inert ions, thus being mostly applied in the composition of host lattices as further discussed. With regard to the other trivalent lanthanoids, ground terms change from a doublet to an octet from Ce3+ to Gd3+ (Table 1), whereas from Tb3+ to Yb3+ ions assume equivalent terms in the opposite order, according to the electron-hole formalism. However, ground levels in ions with configurations from 4f8 to 4f13 correspond to terms with the highest J = L + S value.
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  3. Light Emission and Absorption by Lanthanoid Ions: Basic Aspects

  3.1. Selection rules

  As atomic orbitals represent wavefunctions that are solutions of the Schrödinger equation in an electronic system, such functions must be orthogonal if they represent non-degenerate states, which is known as the Hermitian condition. Therefore, wavefunctions of different electronic states a and b of a particular electronic configuration, represented by Ya and Yb, the condition ∫ψaψbdτ = 0, where dτ represents all coordinates of the system, must be obeyed. If this integral assumes a non-zero value due to a perturbation operating over the two non-degenerate electronic states, then a photon can be absorbed or emitted by the system, which will undergo a transition from the a state to the b state. Such a transition will be possible if a resonance condition is obeyed, since the energy of the emitted or absorbed photon must be equal to the difference between the energies of the a and b states. Nevertheless, only perturbations that fulfill some specific requirements can lead to a transition between these electronic states. Such conditions are summarized by the so-called selection rules, which arise from the condition that the integral ∫ψa*µψbdτ must be non-zero. In this case, "*" represents the complex conjugate of the wavefucntion and µ is the operator related to the perturbation over the system. This perturbation can be considered as a result of the interaction of the system with electric or magnetic components of the electromagnetic radiation oscillating field. The term µ is thereby defined as a transition momentum operator. Selection rules are, in a broad sense, conservation laws applied to angular momenta and parities of photon and atomic/molecular wavefunctions. The integral ∫ψa*µψbdτ is usually represented as a Dirac notation: 〈a|µ|b〉, in which |b〉 denotes the wavefunction of the b state and 〈a| represents the complex conjugate of the a state. If the integral vanishes, then the process is classified as a forbidden transition, which means that the process has a low probability to occur.

  Electronic transitions can thereby be defined in terms of the nature of transition momentum operators. Differences between electric and magnetic transitions arise from the angular momentum of photons involved in each case. Photons are fundamental particles that obey the Bose-Einstein statistics (bosons), thus being associated with a unitary spin (sγ = 1) and an intrinsic odd parity (πγ = −1). Due to their relativistic nature, photons must have a zero rest mass, and their spin (sγ) and angular momentum (lγ) quantum numbers are not independent, since a photon cannot have a zero total angular momentum (jγ ≥ 1). The most common physical situation in light-matter interactions consists in the absorption or emission of a photon with a zero orbital angular momentum (lγ = 0). In this case, the total angular momentum of the photon arises from its spin, then sγ = 1, lγ = 0, and jγ = 1, while the intrinsic odd parity (πγ = −1) is unchanged. An electronic transition involving a photon with such characteristics comprises an interaction with the electric component of the radiation, thus being described as an electric dipole transition.

  However, a photon involved in the absorption or emission process can also display a unitary orbital angular momentum (lγ = 1), which results in an alteration to an even parity state (πγ = 1). The combination of the non-zero orbital angular momentum of such a photon with its spin (sγ = 1) results in two possible total angular momentum states, namely jγ = 1, and jγ = 2 (jγ = 0 is not possible for a photon). If this photon with lγ = 1 is characterized by a unitary total angular momentum (jγ = 1), the electronic transition associated to the process is determined by an interaction with the magnetic component of the radiation, thus being termed as a magnetic dipole transition. If a photon with lγ = 1 carries a total angular momentum of 2 (jγ = 2), the transition is associated with the electric component of the radiation, thereby being called as a electric quadrupole transition (Table 3). Although possible, processes with jγ = 2, 3, n, etc. (quadrupole, octupole, 2n-pole, etc.) have a much lower probability than dipole transitions and usually display a low contribution to electronic spectra.
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  In all these possible electronic transitions, conservation laws impose that alterations of parity and angular momentum must be compensated by the parity and angular momentum of the photon involved in the photophysical event. Therefore, in an emission process, for instance, the parity and the angular momentum of the initial electronic state must be the same as the combined angular momenta and parities of the photon and final electronic state. With respect to the angular momentum, which is an additive property, evaluation of the transition probability is facilitated through the use of (2S + 1)LJ spectroscopic term symbols. In both electric and magnetic dipole transitions, as the photon carries an angular momentum of jγ = 1, the alteration in J introduced by the electronic transition must be ∆J = 0, ±1, where a J = 0↔0 transition is not allowed. As the electric component of the electromagnetic radiation does not operate over spin components of electronic wavefunctions, electric dipole transitions must not lead to spin changes in the involved states. This spin conservation rule for electric dipole transitions (∆S = 0) therefore imposes that the alteration in the total angular momentum must be associated with an alteration of ±1 in the orbital angular momentum, which is written as ∆L = 0, ±1 (where L = 0↔0 is not allowed). Regarding the parity, which is a multiplicative property, the evaluation can be simplified by the group theory description of ∫ψa*µψbdτ, where this integral will be non-zero only if the direct product of the symmetry representations of the initial and final states and transition momentum contain the totally symmetric representation of the system point group. These representations have even parities, which are denoted by "g" in point groups with inversion center. As mentioned above, photons have an odd parity (πγ = −1, represented by "u") in electric dipole transitions and so does the transition operators in these cases. The direct product related to the ∫ψa*µψbdτ integral will be even (g) only if the initial and final states display opposite parities (u × u × g = g or g × u × u = g). An electric dipole transition will be allowed if there is a change in the parity in the involved electronic states (πa = −πb). This restriction is commonly known as the Laporte rule, which imposes the limitation that ∆ℓ = ±1 to electric dipole transitions in order to fulfill the parity requirements, where ℓ is the azimuthal quantum number of the considered electronic states (Table 3).

  In magnetic dipole transitions, photons have both spin and angular momenta, as well as an even parity (πγ = +1), so that the transition operator has a g symmetry. In fact, the magnetic dipole momentum operator transforms as rotations over the x, y, and z axes, thus being related to the Rx, Ry, and Rz functions in character tables. As a result, in a magnetic dipole transition, the direct product will be even only if the initial and final states have the same parity (g × g × g = g and u × g × u = g). Such a transition does not necessarily conduct to an alteration in the orbital angular momentum (∆ℓ = 0 and ∆L = 0 ±1). Moreover, in contrast to electric dipole transitions, the magnetic component of the electromagnetic radiation is expected to effectively interact with the electron spin. Therefore, in this case, the alteration in the total angular momentum can also arise from the spin, so ∆S = 0 ±1 is a possible condition for magnetic dipole transitions (Table 3).

  3.2. f-f transitions

  The classical selection rules are normally strictly valid only for light elements, although their basis can be applied for more complicated schemes. In the case of RE ions, the Russell-Saunders coupling is not a good approximation, since high atomic numbers induce a decrease in electrostatic interactions and an increase in the importance of spin-orbit interactions. As a result, spin-orbit interactions have almost the same magnitude of the electrostatic interactions in RE3+ ions (Figure 1, Table 2), which makes L and S no longer good quantum numbers. In this sense, although J continues as a good quantum number, the notation (2S + 1)LJ of a particular state of a 4fn configuration becomes a simple indication of dominant components of spin and orbital angular momentum and term symbols cannot be strictly considered to account for selection rules. Therefore, an intermediate coupling scheme is required for describing free ion 4f states, in which 4f wavefunctions are expanded in linear combinations of different Russel-Saunders states.43,58,59 Consequently, a particular state denoted as (2S + 1)LJ actually corresponds to a linear combination of different terms with the same J value.
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  Considering the fundamental selection rules, transitions within different levels of 4fn configurations by an electric dipole mechanism are forbidden by parity and, in several cases, by spin. This accounts for the low molar absorptivity coefficients that are normally observed in trivalent lanthanoids. However, as reported in the classic work of van Vleck,60 several f-f transitions display intensities that are largely higher than expected for forbidden transitions, even considering the results of intermediate coupling scheme for the relaxation of some selection rules. Indeed, at that time, a number of authors observed that f-f intensities were also higher than expected for magnetic dipole-allowed, electric quadrupole-allowed, and vibronically relaxed electric dipole transitions in some lanthanoid compounds.

  In 1962, Judd61 and Ofelt62 independently proposed that f-f transitions occur through a forced electric dipole mechanism. These two publications consisted in one of the main advances in the comprehension of 4f transitions and still today are considered as landmark papers of electronic spectroscopy.63,64 In addition, as mentioned by Prof Brian G. Wybourne, "… the coincidence of discovery was indicative that the time was right for the solution of the problem."65 The termed Judd-Ofelt theory describes the intensities of 4f transitions in solids and solutions by considering the chemical environment around the central ion as a static perturbation of the free ion, whereas interactions between electrons of different configurations are neglected. For the accurate treatments of the Judd-Ofelt theory, readers are referred to a more specific literature.63,66,67

  The Judd-Ofelt theory is based in a crystal field conception, where ligands are considered as point charges that do not introduce covalence in chemical bonds of Ln3+ ions, which are considered to be embedded in an optically isotropic medium. The crystal field potential (VCF) is then considered as a perturbation that mixes the terms of 4fn configurations with high energy terms of opposite parity (as 5d or 5g, for instance). In this sense, two wavefunctions Ya and Yb arising from a 4fn configuration will assume a mixed parity state due to the crystal field perturbation, as described in equation 1.

  
    [image: Equation 1]

  

  In equation 1, φa and φb are same parity states, as two levels of a 4fn configuration for instance; φβ is an opposite parity state, as a 4fn − 1 5d configuration; and Ea, Eb and Eβ are the energies associated with each of these states. In this case, an electric dipole transition between a and b states related to a µED operator will be governed by the integral:

  
    [image: Equation 2]

  

  The crystal field enables the integral in equation 2 to be non-zero for an electric dipole transition even though the φa and φb states have the same parity, since this perturbation provides a non-negligible mixing with the opposite parity jβ state. These assumptions are the basis of the approaches of Judd and Ofelt, which also considered the odd part of the crystal field as a perturbation that mixes the opposite parity states. Such transition scheme induced by the crystal field perturbation is commonly known as forced (or induced) electric dipole mechanism. Further assumptions of this treatment comprise the consideration that jβ opposite parity states are degenerate in J and have a sufficiently high energy separation from the same parity states, in order that (Ea − Eβ) is close to (Eb − Eβ) is a good approximation. Based in these considerations, Judd and Ofelt took advantage of the solid algebraic methods developed by Giulio Racah in his four seminal papers some years before68-71 to propose an expression that relates two arbitrary 〈4fnψJ| states through the electric dipole momentum operator µED. The achievement of this relation was also largely helped by computers that have been developed at the end of the 1950s, which allowed the tabulation of all angular momentum coupling coefficients.67 The simplified form of this relation is given by equation 3, which summarizes the correlation between 4f states and the electric dipole operator:
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  where the term  is the reduced matrix element of the J ↔ J’ transition. The Ωλ (λ = 2, 4, 6) terms are known as Judd-Ofelt intensity parameters. Such phenomenological parameters, usually expressed in cm2, depend on radial wavefunctions of the 4fn configuration, admixing opposite parity states (4fn − 1 5d, 4fn − 1 5g), and crystal field parameters. Therefore, the Ωλ parameters can be considered as a combination of intrinsic properties of the RE ion and characteristics of the chemical environment. The Ωλ terms are adjustable parameters that can be applied for the theoretical calculations of the 4f intensities, whereas they are usually calculated from absorption or emission spectrum for different coordination environments. The Ωλ parameters can be directly related to dipole strengths (DED) of forced electric dipole transitions in 4fn configurations, as shown in equation 4:
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  where e is the elementary charge (4.803 × 10−10 esu) and  are the tabulated square reduced matrix elements for the J ↔ J’ transition.

  A new set of selection rules can be derived for J ↔ J’ transitions in lanthanoid ions through assumptions of the Judd-Ofelt theory, as shown in Table 4. However, as an intermediate coupling scheme is assumed for 4f states, S and L cannot be considered as good quantum numbers. Indeed, such calculations are not trivial and may contain large errors. In addition, the Judd-Ofelt theory considers that the (2J + 1)-fold degenerate term sublevels are equally populated, which is not valid at ordinary temperatures according to the Boltzmann distribution.
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  As a result of such complexities, the Judd-Ofelt theory must be extended in order to account for additional phenomena leading to a further relaxation of selection rules. The initial approach of the Judd-Ofelt theory does not consider the contribution of relativistic effects to lanthanoid ions, which, as already mentioned, has prominent effects in their atomic sizes. Readers are referred to a more specific literature for the relativistic approach of the Judd-Ofelt theory.72,73 Other extensions comprise, for instance, the so-called J-mixing effect.73-75 In this case, wavefunctions of a J ≠ 0 state are mixed on a J = 0 state through even parity terms of the crystal field. As a result, J is no longer a good quantum number and J-mixing phenomena increase the probability of forbidden J ↔ J’ = 0 ↔ 0 transitions in some symmetries. Another important effect contributing to the relaxation of selection rules is termed dynamic coupling,76,77 which has been proposed in order to explain the hypersensitivity of some transitions (∆J = 2, 4, 6) with respect to the chemical environment. This mechanism considers the occurrence of transient local electric dipoles around lanthanoid ions due to the effect of the incident radiation on electrons of ligand atoms, as depicted in Figure 3. In the presence of the dynamic coupling field, the interaction between induced dipoles and quadrupolar transition momenta of central RE3+ ions results in a non-zero transition momentum. This effect is obviously dependent on the symmetry of the occupied sites, being forbidden in the presence of an inversion center. In low symmetries, larger the magnitudes of induced electric dipole lead to higher dynamic coupling contributions the total spectral intensity.
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  3.3. Absorption by Ln3+ ions

  The description of light absorption by lanthanoid ions involves three main schemes that depend on the nature of the electronic transitions involved. The first comprises intraconfigurational 4fn transitions (Figures 1 and 2), where the effect of the chemical environment on the energy levels is low in comparison to the free ion perturbations. As a result, 4f-4f absorptions are sharp and usually present molar absorption coefficients between < 1 and 10 mol−1 L cm−1. Such transitions occur through the forced electric dipole mechanism proposed in the Judd-Ofelt theory, although they can also correspond to magnetic dipole-allowed transitions, which are normally weak. Moreover, 4f-4f absorptions (∆J = 2, 4) can also display a hypersensitive behavior, presenting intensity alterations higher than 100 times depending on the chemical environment. Such processes are also named as pseudo-quadrupolar transitions.

  The second kind of electronic transition commonly observable in lanthanoid ions comprises 4fn-4fn − 1, 5d absorptions, which can occur as broad and highly intense bands. As these transitions are parity- and spin-allowed even in Russell-Saunders coupling selection rules, such processes are associated with very high absorption coefficients and absorption cross sections (ca. 10−18-10−17 cm2).41 The broad nature of 4f n-4fn − 1, 5d bands arises from very high contributions of 5d states, which are more strongly affected by the chemical environment than 4f states (Figure 4). In this case, large crystal field splitting of 4fn − 1, 5d states can be caused by short metal-ligand distances or by ligands leading to high covalence in chemical bonds. Such ligands comprise electron rich and highly polarizable donor atoms, which are more easily affected by the lanthanoid cations. Although 4f-4f transitions can occur in a wide range of energies from near infrared (NIR) to ultraviolet (UV), 4fn-4fn − 1, 5d transitions usually involve high energy states. As a consequence, 4fn − 1, 5d absorption bands occur in the UV and vacuum ultraviolet (VUV, λ < 200 nm) regions. However, Ce3+ and Tb3+ can present 4f-5d absorptions at lower energies (λ > 300 nm) depending on the crystal field strength.
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  The third type of lanthanoid absorption involves charge transfer (CT) transitions, which are also parity- and spin-allowed and give rise to highly intense broad bands. Such transitions comprise electron transfers from ligands to lanthanoid ions with lower oxidation states at close energies (ligand-metal charge transfer, LMCT), as well as electron transfers from oxidable lanthanoid species to electron-acceptor ligands (metal-ligand charge transfer, MLCT). LMCT transitions are highly important for a number of RE optical applications, being usually observed in Ce4+, Pr4+, Sm3+, Eu3+, Tb4+, Tm3+, and Yb3+ ions in the UV range. MLCT processes are less often observed in lanthanoid ions, with exception of cerium, which has the most stable tetravalent state within the group. As CT and 4f-5d transitions occur in similar wavelengths with comparable intensities, confusions between these two processes are commonly found in articles dealing with the attribution of absorption bands. In addition, confusions of CT processes with resonant energy transfer processes between two different species are even more frequent in the literature, usually as a result of wrong parallels with d-block metal complexes.

  3.4. Emission by lanthanoid ions

  Emission spectra of 4fn ions involve the same absorption characteristics of lanthanoid ions regarding the nature of the electronic transitions, bandwidths and intensities. With exception of the spectroscopically inert Sc3+, Y3+, La3+ and Lu3+ ions, the RE ions display luminescent properties ranging from the UV to the NIR region, which can arise from narrow 4f-4f emissions or broad 5d-4f brands. Both emission types have contributions concerning the application of lanthanoids, even though the use of 5d-4f emitters is usually restricted to Ce3+ and Eu2+.40-43 Most of the practical importance associated with lanthanoids is due to their forced electric dipole 4f-4f emissions, which can give rise to very high intensities according to the Ln3+ ion and chemical environments.

  The emission probability of 4fn excited states can also be described by the Judd-Ofelt theory in terms of Einstein spontaneous emission coefficients (A). Such coefficients are expressed in frequency units (s−1) and indicate the number of spontaneous radiative decay events per unit of time. The A coefficients can be determined from forced electric dipole transition strengths between two J ↔ J’ manifolds of a 4f configuration through the adjustment of Ωλ parameters and tabulated matrix elements (equation 5). In this sense, the A coefficients for J ↔ J’ 4fn transitions can be expressed as:
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  where ν is the average transition energy in cm−1, ħ is the reduced Planck constant (1.054 × 10−27 erg s−1), and n is the refractive index of the medium. The contribution of magnetic dipole transition strengths (DMD) to the global transition probability is usually low for lanthanoid ions and can be more easily calculated, since this term is practically independent of the chemical environment. Indeed, strength of a magnetic dipole transition is independent of the Ωλ parameters and can be calculated from equation 6:
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  where me is the electron mass and c is the speed of light. Therefore, the Judd-Ofelt theory also provides the description of 4fn emission spectra in terms of A emission coefficients, which can be related to oscillator strengths and excited state lifetimes. However, due to the approximations of the Judd-Ofelt theory and the need to adjust the Ωλ parameters, the experimental determination of emission coefficients and lifetimes for the further comparison of chemical environment parameters is more common.

  In this sense, the narrow f-f transitions of lanthanoids can attain high intensities, thus making these ions adequate for the generation of the three primary colors in optical devices.21,41 To this end, Ln3+ ions are applied as activators, which means that they are the chemical species actually responsible for the optical properties of the material, being normally added at low concentrations. For instance, emissions of Tb3+ ions occur mainly in the green region due to 5D3,4 → 7FJ transitions, in which the 5D4 → 7F5 transition at 545 nm is often predominant. This wavelength corresponds to the color of highest sensitivity of the human eye. In addition, the Tb3+ level scheme enables a high efficiency of radiative decay, thus making this species a highly advantageous activator for the generation of green light in luminescent materials.40 Considering other Ln3+ ions, this kind of application can be essentially difficult depending on the energy level scheme, which is the case, for instance, of trivalent thulium. Tm3+ ions are chemically stable and can present intense blue emissions at ca. 450 nm and ca. 470 nm arising from 1D2 → 3F4 and 1G4 → 3H6 transitions. However, the complex level structure of Tm3+ often results in very low emission intensities in most host lattices as a consequence of competitive emissions in the infrared.

  The most widely investigated lanthanoid regarding emission properties is trivalent europium, which also presents the highest commercial importance in the preparation of optical devices. Some Eu3+-based red phosphors as Y2O3:Eu3+, Y2O2S:Eu3+, and YVO4:Eu3+ were considered inviable and without a commercial future at the time of their development but still today no substitutes with equivalent performance have been found for their total replacement. Emissions of Eu3+ ions consist in a set of lines in the red, being mainly assigned to 5D0 → 7FJ (J = 0-6) transitions. In some cases, emissions from high energy levels (5D1, 5D2, and 5D3) are observable with low intensities, which tend to become lower as the Eu3+ concentration in the host lattice increases. Eu3+ 5D0 → 7FJ transitions display not only a high technologic importance, but also a prominent role in the study of spectral features of lanthanoid ions and 4f-4f transitions. As the 5D0 emitting level is non-degenerate and the final J values are low (J = 0-6), Eu3+ electronic spectra are sufficiently simple to allow the attribution of site symmetries occupied by the lanthanoid ion. This is possible because 5D0 → 7FJ transitions present a remarkably characteristic unfolding with regard to symmetry sites.40,41,78 The 5D0 → 7F0 transition is particularly important since both initial and final states have J = 0. As a result, each chemical environment occupied by the Eu3+ ions is expected to give rise to a maximum of one signal related to the 5D0 → 7F0 transition. However, the activity of the 5D0 → 7F0 transition is governed by the site symmetry, whereas observed intensities strictly depend on the extent of J-mixing. As a consequence, the presence of a single 5D0 → 7F0 signal does not necessarily ensure the occurrence of a single Eu3+ site. The Eu3+ 5D0 → 7F1 transition is allowed by a magnetic dipole mechanism and its intensity is practically independent of the chemical environment. For this reason, the 5D0 → 7F1 transition can be used as a reference to the analysis of other Eu3+ transitions. The 5D0 → 7F2 transition is main origin of the red color of Eu3+ emissions. This transition is hypersensitive to the chemical environment, thus being strongly suppressed in the presence of an inversion center. In this sense, the use of a ratio between the intensities of the 5D0 → 7F2 and 5D0 → 7F1 transitions is common in order to perform comparisons concerning the symmetry of occupied sites. However, the inherent complexity of different Eu3+-containing systems can introduce a number of issues, which make difficult such kinds of comparison. In this context, it is worth mentioning that several considerations regarding the Eu3+ emissions also cause a number of misinterpretations regarding a variety of situations of peculiar luminescent systems. In order to avoid them, readers are referred to an elucidative tutorial review.79

   

  4. Applications of RE-Based Solid State Materials

  4.1. Photoprotection and photocatalysis

  Concerning the broad range of applications of RE compounds, the use of lanthanoid absorptions for the development of photoprotective materials capable of selectively attenuating different wavelengths receives increasing attention. In some cases, light absorption can result in the controlled conversion or degradation of organic compounds, which also enables using RE-based materials as photocatalysts. This section is devoted to describing photoprotective and photocatalytic systems based in RE ions, with special attention to the attenuation of UV radiation in biological systems, as well as the possibility to perform sunlight-activated reactions mediated by tailored photocatalysts.

  Sunlight that reaches the surface of the Earth contains a broad range of wavelengths from mid infrared to UV.80-82 Solar radiation is essential to several biochemical processes, such as photosynthesis,83 color detection by human eyes,84 synthesis of vitamin D,85 among others. Solar radiation is also significant in heterogeneous photocatalysis, which was initially developed to produce fuels from cheap materials, aiming at the transformation of solar into chemical energy.86 Currently, photocatalysis is contextualized in a broader environment of technological development with applications that deal with the degradation of organic substances,87 anti-bacterial sterilization of medical tools,88 photodynamic therapy,89 and to energy conversion processes (solar18,90 and fuel91 cells).

  UV radiation contained in the sunlight may cause the degradation of materials (photo-oxidation) and change their physical and chemical properties.46,92,93 Moreover, in extreme cases the UV radiation can lead to sunburn and serious skin damage.46,81,92,94 Repeated exposures to UVB and UVA solar radiation are the main cause of malignant skin tumors, including melanoma.95 UV radiation is usually divided and classified into three regions: UVA (320-400 nm), UVB (280-320 nm) and UVC (100-280 nm), which are related to biological effects in human tissue.93-96

  4.1.1. Rare earth materials for UV protection

  The development of materials showing improved performance with stability under long term UV have attracted the attention of the scientific community as well as cosmetic, paints, varnish, plastic and wood manufactures.96 The main industrial interest in these systems comprises developing and improving sunscreens or filters able to protect efficiently and prevent the degradation of materials when they are exposed to light. Furthermore, inert shields which do not affect the applicability of the protected materials are usually required.

  UV-Shielding materials consist of organic or inorganic compounds that act by UV absorbing and/or scattering mechanisms with high transparency in the visible region.97 Organic filters can cause irritation to the skin, may be dangerous at high concentration, and may penetrate the skin leading to a decrease in protection efficiency. Organic filters are also limited, due to their sensitivity to heat and self photodegradation leading to a low effective operational lifetime. Inorganic UV-shielding materials, on the other hand, have attracted attention because of advantages such as high solar protection factors, broad spectrum UV protection, and reduced potential irritancy (i.e., cosmetic acceptability).98

  Among the materials employed as inorganic UV filters, TiO2 and ZnO are widely studied and used since these oxides have band-gap values compatible with UV radiation and the ability to scatter and/or absorb UV light efficiently.97 Furthermore, due to the great number of studies involving such materials, they are applied as UV-shielding for different purposes.99 While their band-gap favors UV absorption, the preparation of particles with suitable sizes can promote light scattering of wavelengths of the same order of magnitude as the particle sizes.100 Although TiO2 and ZnO are widely employed in materials protection avoiding the photodegradation, such UV filters show high photocatalytic activity and, when irradiated by UV light, they can induce the formation of reactive oxidizing species, which are generally undesirable.101

  In this context, considerable attention is focused on RE elements, especially on the cerium-based compounds, which has interesting properties making it a good substitute for zinc or titanium. As above mentioned, cerium shows a [Xe] 4f15d16s2 electronic configuration (Table 1) and two oxidation states: Ce3+ (4f1) and Ce4+ (4f0). Ce3+ UV absorption properties are based on 2D ← 2F5/2 (4f-5d) transitions, while Ce4+ absorptions are based on CT transitions. Both processes are spin and parity-allowed transitions, which give rise to broad and intense bands with appreciable UV absorptivity (> 103 L cm−1 mol−1).102,103 Cerium is the most abundant RE the surface of the Earth (more than copper), being usually found in many minerals, mainly monazite and bastnasite.104 Due to its high availability, cerium is often studied and has become an interesting element for photoprotective materials.

  Throughout the past few decades, a wide scientific interest was devoted to cerium nanoparticles due to their unique characteristics and options for many applications. Cerium-based materials with reduced particle sizes exhibit high absorption in the UV region, low refractive index, high thermal stability, high hardness and reactivity in catalytic applications.46,101 Moreover, photocatalytic activities of cerium-based materials are usually lower than pure TiO2 and ZnO, favoring their employment as UV filter.

  Ceria nanoparticles (CeO2) have been the most studied material containing RE for photoprotection and/or UV absorption.25,26 A wide range of methodologies are employed to obtain materials with ideal particle size, morphology and structure for desirable application. Although ceria shows the ability to absorb UV radiation, initially ceria was not employed in sunscreens, because of its well-known ability to oxidize organic species.105,106 In the beginning of the 21st century, S. Yabe and his group affirmed that CeO2 had ideal characteristics to be used as a broad spectrum inorganic sunscreen, because it is transparent to visible light, possess excellent UV absorption properties, and is aesthetically acceptable for cosmetic uses. In two consecutive and important papers, Yabe et al.101,107 have reported the synthesis of pure and doped CeO2 with UV shielding properties. CeO2 ultrafine particles doped with M2+/RE3+ (Mg2+, Ca2+, Sr2+, Ba2+, Y3+, La3+, Nd3+, Sm3+, Eu3+, Tb3+) were synthesized by a soft chemical route at 40 °C. Among the studied compounds, CeO2 doped with Zn and Ca (20% mol) have showed best results to reduce the photocatalytic activity of the degradation of castor oil, with excellent UV absorption capability.

  In an attempt to improve the absorbing properties of CeO2 and take advantages of oxides with well-known applications such as ZnO, systems containing ZnO and CeO2 have been described in recent years using different methodologies like sol-gel,108 Pechini method,109 wet-chemical precipitation,110 soft solution chemical processes,111 and others. ZnO-CeO2 nanocomposite systems showed good UV absorption and transparency to visible light without evident decrease in UV absorption. The photocatalytic activity of ZnO-CeO2 systems for organic compound oxidation is much smaller than observed in titania, ceria, and zinc oxide. Therefore, findings of recent works suggest that the ZnO-CeO2 systems are promising candidates for use as optical UV-filters even in the presence of organic materials.

  Recently, new and interesting applications of CeO2 UV filters have been reported, such as the protection of natural protein fibers, outdoors, vehicles, and woods. Lu et al.112 have reported the necessity to develop CeO2 for the protection of a natural protein fiber (silk from Bombyx mori cocoons) similar to human skin, which is extensively used by the textile industry. Combination of multifunctional nanomaterials with silk has been regarded as one of the most effective strategies to obtain silk with new properties. Limitations of silk application include microbial adhesion and photoinduced aging. In order to revert such limitations, silver nanoparticles (AgNP) are usually included in the fiber due to their antibacterial nature, which in turn causes silk darkening. CeO2 nanoparticles immobilized on the surface of silk by dip-coating lead to excellent UV shielding ability and strong antibacterial activity, as indicated by diffuse reflectance spectroscopy and colony-forming capability test results. Furthermore, the presence of ceria increased the decomposition temperature of the silk suggesting a better thermal stability of the final material.112

  Coatings containing RE for UV protection have also been widely investigated, since automotive coatings, outdoors, and glasses generally receive a loading of UV absorbers additives or hindered amine light stabilizers (HALS).113,114 It is known that organic UV absorbers may be converted into radicals, which reduces the UV absorption ability as well as may lead to a rapid degradation of the environment. Since CeO2 nanoparticles have a suitable band-gap to act in both UVA and UVB regions, crystal defects or impurities can make CeO2 nanoparticles n-type semiconductors, with band-gaps (Eg) ranging from 2.9 to 3.5 eV depending on the particle size. In addition, mainly in comparison with TiO2, cerium oxide is able to absorb UV without being photoactive. Saadat-Monfared et al.114 have attributed this effect to the localized electron of cerium oxide (4f orbital) and also to the cerium-oxygen bonding, which is more ionic than the titanium-oxygen bonding, thus the charge carriers (electrons and holes centers) creation is less in the case of titanium oxide. Moreover, they have emphasized that cerium oxide shows faster recombination of charge carriers avoiding the formation of further free radicals. In addition, different amounts of surface-modified nano-ceria suspension were separately added in a water-based polyurethane resin, and clear coats containing CeO2 have showed better resistance than pure polyurethane film after 700 h UV exposure.114

  Likewise cosmetic formulations, CeO2 systems containing zinc oxide have been proposed as clear coats and high UV absorption for automotive, paints, varnishes, glasses, and other applications. The preparation of such systems is reported by different methods, whereas depositions are usually performed by dip-coating, casting and spin-coating techniques.106 The ideal film band-gaps (ca. 3.1 eV) are correlated to both oxides crystal structures acquired during the syntheses, enabling the application of these films as solar protective coating. The preparation of cerium oxides associated with other RE elements has also been reported. Tessier et al.115,116 described the synthesis and characterization of solid systems containing yttrium and cerium (CeO2-Y2O3) prepared by four different synthesis routes. They have shown the possibility to tune the absorption edge position of ceria by substituting yttrium for cerium atoms. All the reported compositions have displayed strong absorption near 400 nm, and refractive indexes have been estimated about 2.0, which is lower than pure CeO2 and TiO2. Furthermore, photocatalytic tests with phenol have showed negative results and these compositions have become interesting UV absorbers for the wood industry.116

  In contrast, many studies have pointed to the phototoxicity of CeO2 particles and also that this compound has a non-negligible photocatalytic activity, although reduced compared to commercial oxides (ZnO and TiO2). In this context, cerium phosphate (CePO4) is a very promising inorganic UV absorber for substitution of the current sunscreen filters. Cerium phosphate presents high UV absorptivity, a lower refractive index than TiO2 and ZnO, greater chemical inertia, and lower photocatalytic activities. The use of cerium phosphates as UV absorbers in cosmetic applications has been reported, as in the case of cerium and titanium pyrophosphates (Ce1-xTixP2O7),117 hydrated cerium phosphate (Ce2(PO4)2HPO4.H2O)118 and, CePO4-CeP2O7.119

  Lima and Serra46 have synthesized and characterized CePO4 nanoparticles with excellent UV protection ability. The intense UV absorption of CePO4, covering mainly the UVA and UVB regions, is due to 4f-5d transitions of Ce3+ ions and, a small portion is due to the contribution of valence band to conduction band absorptions. The low transparence in the UV region is influenced by the reduced particle sizes of CePO4 that allow minimal reflection. Lima and Serra46 have showed that phosphates prepared by modified Pechini, hydrothermal, and microemulsion methods have low diffuse reflectance in the UV region, indicating high UV absorption. The UV protective ability has been evaluated by castor oil photodegradation, and a remarkable reduction in the phtotodegradation in the presence of CePO4 nanoparticles has been observed. These results evidence the application of CePO4 as inorganic UV filters.

  4.1.2. Photocatalytic materials: a brief comment

  Materials containing RE can also be employed as photocatalysts. In this case, materials that are well developed for photocatalysis, such as anatase-type TiO2,120 are doped with any rare earth, although cerium materials comprise the largest number of articles on the subject. Addition of REs to the compounds exhibiting photocatalytic properties leads to a decrease in the material band-gap, expanding the range of light attenuation by shifting the light absorption edge to lower energies. The decrease in the band-gap enhances the light utilization, notably favoring the employment of materials using sunlight instead of artificial lights to have an efficient photocatalysis.121

  Lima et al.122 have recently published a simple solvothermal synthesis of anatase TiO2 containing cerium for photocatalytic H2 generation. The syntheses provided high activity photocatalysts based on large amounts of Ce3+ incorporated on polycrystalline titania, which is indispensable for optimal properties. The control of cerium oxidation state is also crucial for photocatalytic applications, allowing hydrogen production from water.

  It is important to mention that several photocatalysts containing RE elements have their mechanisms based on the ability of Ln3+ to form complexes with amines, aldehydes, alcohols and related groups. For example, in the photodregadation of Lewis base-type pollutants, the presence of any RE may favor the photocatalyst-pollutant interaction. Additionally, lanthanoid ions can act by increasing the stability of the associated oxide by preventing its segregation.123 

  4.2. Phosphors

  4.2.1. Fundamentals of luminescence

  The term luminescence was used for the first time by the German physicist Eilhard Wiedemann in 1888 in order to define "all light phenomena that are not conditioned by a temperature increase only".124 Even though Wiedemann did not have a deep knowledge regarding the structure of matter and its interaction with light, such a definition is still sufficiently wide to provide a good idea about this phenomenon. Currently, the International Union of Pure and Applied Chemistry (IUPAC) Gold Book125 defines as luminescence the spontaneous emission of electromagnetic radiation by electronically excited species which are not in thermal equilibrium with their environment. This definition thereby excludes incandescence phenomena, which comprise light emission by bodies at high temperatures following the Wien law.

  Luminescence phenomena are usually classified according to the nature of the excitation energy, that gives rise to the excited state, as described in Table 5. A more specific classification concerns the selection rules involved in the emission processes (Light Emission and Absorption by Lanthanoid Ions: Basic Aspects section). An emission that is a result of an allowed transition has a high probability to occur, thus being associated with a short-lived emitting state. These phenomena are termed fluorescence, in which the luminescence process involves excited states with short lifetimes (< 10−8 s). If the emission arises from a forbidden transition, the emitting state has a low probability of decay and usually displays a long lifetime (> 10−6 s), in a process named as phosphorescence. Such classification based in excited state lifetimes is not sufficiently consistent, since these ranges of times are completely dependent on the nature of the observed systems and vary considerably. In addition, excited state lifetimes do not reflect necessarily the nature of electronic transitions, since even a short-lived excited state can give rise to a forbidden transition. Therefore, processes are more rigorously classified according to the spin selection rule for electric dipole transitions.42 In this sense, the term fluorescence is associated with spin-allowed transitions (ΔS = 0), and phosphorescence with spin-forbidden transitions (ΔS ≠ 0). However, as the 4f configurations involve a high number of electronic states and due to the intrinsic mixed nature of the levels, the 4f-4f emission transitions should not be classified as fluorescence or phosphorescence phenomena, being more properly termed simply as luminescence.
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  The lifetime of excited states involved in the emission processes are usually numerically treated with regard to decay probabilities. In a transition between two levels, the population of the excited state (Ne) is reduced as a function of time (t) according to equation 7:
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  where P is the probability of spontaneous decay of the excited state, which is related to the nature of the transition and to the chemical environment around the emitting center. Integration of equation 7 yields:
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  where C is the integration constant. Therefore, for t = 0, Ne(t) = eC, so that the initial population of the excited state immediately after a pulse (Ne(0)) equals eC. The parameter P corresponds to a probabilistic function that is usually written as P = τ−1. Therefore, equation 8 can be written as:
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  The term tR is the so-called excited state lifetime, corresponding to the value of t at which the initial population has decayed to 1/e (ca. 37%) of its initial value. Equation 9 illustrates that the depopulation of the excited state in a two level system follows a first order exponential decay. However, if the emitting center occupies different chemical environments, the depopulation can deviate from the monoexponential behavior. The tR value is usually accessed through the measurement of the luminescence of a particular excited state as a function of time, since the emission intensity is directly proportional to the population of the excited state. Nevertheless, in complex level structures and systems in which energy transfer processes between excited states take place, the relationship between the population of the emitting state and the emission intensity is not straightforward. In this sense, the measurement of the emission intensity decay potentially gives rise to an "apparent lifetime", for instance: (i) in systems in which there is a wavelength superposition between emissions of different states, or (ii) in systems where the population of the excited state depends on energy transfer/back-transfer rates.126

  Another important concept involved in the description of luminescent materials is the energy difference between emission and excitation maxima, which is usually termed Stokes shift. However, the IUPAC Gold Book defines Stokes shift as being "the difference between spectral positions of band maxima of the absorption and luminescence arising from the same electronic transition".125 The term Stokes shift is therefore limited to situations in which absorption and emission components involve two electronic states, where the vibrational progression of each state gives rise to band broadening and energy differences between the two processes. Such situations occur mostly in organic fluorophores (Figure 5a), in which there is a non-negligible difference between the equilibrium position of ground and excited states (ΔR > 0). Due to the low contribution of 4f orbitals to chemical bonds, energies of ground and excited states of 4fn configurations have practically the same equilibrium position (ΔR ca. 0). As a consequence, a transition between two levels of a 4fn configuration occurs practically without vibrational progression, which virtually gives rise to no shifts between absorption and emission (Figure 5b). A lanthanoid ion can of course be excited in a high energy level of the 4fn configuration at λexc and, after suitable non-radiative decay to a emitting (2S’ + 1)L’J’ state, it can give rise to a low energy emission with λem >> λexc. However, such a process would involve several different electronic states and should not be characterized as a Stokes shift according to the IUPAC definition. In addition, other situations can be pointed out, notably the emission of high energy configurations (such as 5d states, Figure 5c) within the same chromophore, and the emissions arising from antenna sensitizers or charge transfer states (Figure 5d). In the case of 4f-5d transitions in Ln3+, absorption bands consist in a superposition of several electronic transitions that terminate in different states, whereas final states of the emission process are different multiplets of the ground configuration. This process comprises transitions between different sets of crystal field levels, so that it cannot be characterized as a Stokes shift. Recently, it has been suggested to name the energy difference between absorption and emission in these cases as the "Denning shift".79 Finally, the population of emitting 4f states can be a consequence of a sensitizing action of the chemical environment, such as (i) the antenna effect of organic ligands, (ii) the sensitizing action of anions (VO43−, NbO43−, WO42−) or cations (Bi3+, Ce3+, Gd3+, etc.), or (iii) the occurrence of charge transfer states (for simplicity, only (i) is represented in Figure 5d). In these examples, it is more obvious that the differences occur because absorption and emission processes take place in states that originally belong to different chemical species. Such situations were suggested to be termed "Richardson shifts".79
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  Although the loss of the excitation energy through the emission of electromagnetic radiation is the most evident pathway for excited state deactivation and return to the ground state, there are several competing mechanisms acting after the incidence of light by the studied material. These possibilities can both restrict the yield of light emission or reduce the amount of energy that is effectively available for the formation of excited states. In the case of solid state luminescent processes, such mechanisms can be summarized by three situations. For example, if the absorbed energy does not reach the luminescent centers, the emission process will be limited by the generation of the excited states. In a second situation, the absorbed energy reaches luminescent centers, but effective emissions are reduced by the occurrence of non-radiative pathways for the return to the ground state. Finally, in a third situation, the emitted radiation is absorbed by the components of the luminescent material.40-42 Such processes may occur separately or in combination in luminescent materials, being responsible for luminescence quenching. In the case of lanthanoid ions, concentration quenching mechanisms are particularly important, where the absorbed excitation energy migrates between identical ions in the lattice reducing the probability radiative deactivation. This is the reason why main components in RE-doped phosphors are spectroscopically inert ions, while the activators are present at low concentrations (often < 5% mol/mol). The distance between identical centers become sufficiently small for occurrence of effective energy transfer interactions above a characteristic concentration value, which depends on the nature of the lanthanoid ion and on the lattice properties.40-42 For instance, as emission lines in Ln3+ ions are often close in energy to absorption lines, the excitation energy of an excited ion can be transferred to a neighboring species. Therefore, the formerly excited ion decays non-radiatively, whereas the neighbor ion is no longer available to absorb the excitation energy, thus reducing the global light generation in the system. This process is known as cross-relaxation, being normally assisted by the absorption or emission of phonons for the compensation of low energy differences between the electronic states. Moreover, high concentrations favor energy migration between identical species, which increases the probability of non-radiative energy loss in impurities or structure defects. However, even at low activator concentrations, the host lattice vibrational structure can also affect emission processes, since vibronic coupling between excited states and high energy oscillators of the lattice can lead to non-radiative decays by means of phonon emission.40

  Different quenching mechanisms reduce the probability of radiative decays, which culminates in lower luminescence quantum yields. The terms "quantum yield" and "quantum efficiency" are often mentioned as synonyms in the literature of luminescent materials.42 Despite the lack of formal conventions that leads to divergent terminologies,125 authors involved in the description of RE luminescent compounds usually assume that quantum efficiencies and quantum yields represent different quantities. In the present text, we follow the terminologies more often found in the literature of RE compounds, where the quantum efficiency (η) is defined as a ratio of kinetic deactivation parameters (in frequency units) that are particular to each excited state. Therefore, for a given emitting state, the quantum efficiency is defined as the ratio between the Einstein spontaneous emission coefficient (A(J,J’) of equation 5, here denoted ARAD,) and total decay rate (ATOT), which corresponds to the sum of radiative (ARAD) and non-radiative (ANRAD) decay rates. Therefore, the excited state quantum efficiency becomes:

  
    [image: Equation 10]

  

  Since, in a given excited state the total decay rate can be considered as the reciprocal of the luminescence lifetime of equation 9, quantum efficiency can also be written as:

  
    [image: Equation 11]

  

  Consequently, quantum efficiency is a ratio between decays rates of a particular emitting level of the activator species that lead to a measurable luminescence, thus being independent of the mechanism involved in the formation of the excited state.

  The quantum yield (q) is a more global quantity that is associated with the whole system and not only to particular excited states, being defined as the ratio between the photon flux emitted by the system (φEM) and the photon flux absorbed by the system (φABS):

  
    [image: Equation 12]

  

  where the term φEM may comprise emissions of several excited states. Therefore, quantum yields do not involve the measurement of decay ratios, but the quantification of the number of photons which emerge from the sample instead. This is normally performed by the use of integrating spheres or by comparison with standard compounds with known quantum yield.127

  Finally, an even wider property can be defined, since not all incident photons are effectively absorbed due to competing events such as transmission, scattering, and reflection. The global emission output that can be provided by the sample is thereby defined as a ratio between the emitted photon flux and the incident photon flux (φINC), which is commonly mentioned as external quantum yield (qEXT) or light output:

  
    [image: Equation 13]

  

  In other words, the external quantum yield corresponds to the ratio between the number of photons that are emitted by the sample and the number of photons that reach the sample per unit of area per unit of time.

  4.2.2. RE solid-state phosphors

  The use of RE-based solid state phosphors started in the 1960s with the purpose to generate the three primary colors (red, green and blue) in cathode ray tubes and fluorescent lamps. Since then, the evolution and diversification of inorganic phosphors containing RE followed the development of new technologies for lighting and visualization. As a result, RE elements are currently still the most important components in luminescent materials for such applications, as well as several other fields, as detailed in Table 6. Phosphors with practical industrial use are mostly synthesized via high temperature solid-state chemistry techniques, in which simple precursors (e.g., oxides, carbonates, nitrates) are ground together and annealed. Such procedures are normally preferred due to the simple protocols and to the high crystallinity of the final materials. However, the recent advent of particular applications imposing limitations such as high surface areas and low sizes also results in the development of liquid phase synthesis methodologies, which raise a growing importance in different fields.128
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  The development of the final phosphors comprises a delicate balance among several physical and chemical aspects that govern the final efficiency. For instance, solid state luminescent materials usually comprise a spectroscopically inert inorganic host that accommodates chromo- or fluorophore species. Besides this primary role, the inorganic host also must provide a high resistance against (photo)chemical degradation, since high operation lifetimes are usually required, as well as low reactivity in the case of biological applications. In addition, the final emission behavior also depends on the host crystalline structure, since expected spectroscopic properties are governed by site symmetries and covalence provided by the inorganic lattice. In some cases, the host lattice is also expected to generate broad band absorptions, which can be an effective approach to by-pass the low absorptivity associated with RE3+ luminescent centers.

  In this regard, sensitizing groups are usually related to the design of luminescent materials, since only in a few cases are the low molar absorptivity of 4f-4f absorptions sufficiently high to provide useful luminescence yields. The sensitizer characteristics must involve not only a broad and intense absorption, but also the ability to transfer the absorbed energy to emitting groups. This, in turn, refers to the spectral overlap between sensitizer and emitting centers, which depends on a critical distance between the involved species. Such characteristics depend on the volume of unit cells and molar fractions of optically active species, which makes energy transfer parameters mathematically accessible from experimental data.156-158

  Nevertheless, even if inorganic host and sensitizers provide good general characteristics, the light emission process by a phosphor is completely dependent on the adequacy of the activators regarding desired properties. In this sense, even occurring in low concentrations, activator centers control the major final properties in solid state phosphors. RE ions act as activators in most optical materials, thus being recently termed as the "vitamins of phosphors" by Prof T. Jüstel159 since, like their biochemical analogues, their presence in low concentrations is indispensable for the operation of the system where they are found, whereas no adequate substitutes are known to perform their functions. The synergism between activators, sensitizers and host thereby governs the final spectroscopic properties and efficiencies, as well as the color associated with the light emitted by the luminescent material. Colorimetry is a crucial subject in the development of phosphors, since color is one of the major limiting aspects for the applicability of luminescent materials. As color is a human perception of chromaticity and brightness rather than a definite physical property, the accurate description of colors associated with emitting compounds is usually considerably complex, and readers are referred to a more specialized literature for further details.160,161 Color descriptions in the RE phosphors literature are mostly based on the chromaticity of the emissions, comprising the integration of spectral emission functions with respect to color functions of standard observers, in which the trichromatic (x, y, z) Comission Internationale de l’Eclairage 1931 (CIE 1931) color space is the most often used.41

  Besides host, sensitizers and activators, the design of solid-state phosphors may also comprise other physicochemical aspects in order to provide the highest adequacy between obtained properties and required applications. For instance, the concentration of structure defects, which can be either intrinsic to the host lattice or introduced through impurities, is also a fundamental characteristic. Defects may induce quenching mechanisms that reduce the global efficiencies or lead to parallel chemical processes that diminish the chemical stability. However, the role of structure defects depends completely on the nature of the luminescent material. For example, characteristic mechanisms and times of persistent luminescence processes are intimately related to defects.162 In addition, particle morphology and size affect the global efficiency and stability of the luminescent materials, since both light scattering events and surface reactivity are dependent on such parameters. Surface modification on phosphor particles may also play an important role in the study of such compounds, since chemical processes comprising defect passivation, increase of colloidal stability or enhancement of energy transfer efficiencies can be highly important for the final applicability of inorganic solid state phosphors.

  In summary, the development of phosphors involves a wide range of chemical (composition, oxidation states, impurity concentration, homogeneity, morphology, particle size, surface charge, etc.) and physical (excitation range, luminescence lifetime, emission color, quantum efficiency, thermal quenching, etc.) aspects, which must be adequately controlled with respect to cost and effectiveness through adequate synthesis methodologies.40-43

  4.2.3. LED and VUV materials: bright phosphors for a dark future?

  The first industrial use of RE phosphors in commercial systems occurred in the 1960s with the introduction of Eu3+-doped compounds as components of fluorescent lamps. At that time, phosphors were mostly broad band emitters such as phosphates (Sr3(PO4)2:Sn2+) and halophosphates (Ca5(PO4)3(F,Cl):Sb3+,Mn2+). Introduction of the tricolor concept led to the use of more elaborated phosphors, such as Y2O3:Eu3+, Y2O2S:Eu3+, YVO4:Eu3+, LaPO4:Ce3+, Tb3+ and Sr5(PO4)3Cl:Eu2+, which resulted in the improvement of compact fluorescent lamps and cathode ray tubes. However, the increasing development of lighting and visualization technologies and more restrictive energetic and environmental concerns still stimulate the search for a new generation of solid state phosphors. Lighting corresponds to approximately 20% of the total energy consumption in private households.163 Consequently, future energy policies must mandatorily consider the degree of development of solid state phosphors. For instance, as commercial compact fluorescent lamps (CFL) operate near their technological limit of light output, no large improvements of performance are expected for this class of lamps in the next years. This, in turn, indicates that the other current technologies are potential candidates to bring the next revolution in artificial lighting, which comprises, for instance, light emitting diode (LED) lamps and lighting systems based on VUV phosphors.

  Currently, LED lamp devices are the most investigated systems regarding the development of phosphors, since they consist in energetically advantageous solid state lighting sources with potentially improvable output characteristics.41,136,137,164,165 Yttrium aluminum garnets (YAGs, Y3Al5O12, Table 6) are the most widely studied class of inorganic compounds for the generation of light in LED systems. YAG solids present a very high chemical stability, as a consequence of their stable complex cubic structure, in which Y3+ ions occupy dodecahedral sites and Al3+ ions are partitioned between octahedral and tetrahedral sites in a 2:3 ratio. Doping with Ce3+ ions leads to the substitution of Y3+ ions in dodecahedral sites, thus resulting in a material with high absorptivity in the blue and a broad yellow emission due to Ce3+ allowed 5d-4f transitions. The blue light emitted by a LED chip (usually GaN or InGaN) can efficiently excite the yellow luminescence of a YAG:Ce3+ solid, whereas the combination of the blue and yellow components generates line-plus-band white light spectrum (Figure 6). This arrangement is significantly efficient in point of view of energy consumption since there is a very low energy loss between excitation and emission, thus making YAG:Ce3+ to be referred as an archetypical phosphor for LED lighting due to such possibilities.163 In addition, the color related to YAG:Ce3+ emissions can be efficiently tuned in a wide spectral range (510-590 nm) through the substitution of Y3+ by Gd3+ or Tb3+ and of Al3+ by Ga3+, as an effect of the change of ligand field intensities acting on Ce3+ levels. An additional advantage of YAG:Ce3+ is the short emission lifetime of the Ce3+ excited states (10−7-10−8 s), which also makes this compound applicable as backlight emitter in displays.41,136,137
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  However, broad band Ce3+ emissions do not necessarily lead to final color purities that are adequate to different possible lighting applications, since combination of blue LED emissions with YAG luminescence results in low chromatic stabilities under different currents or different temperatures. The lack of chromaticity is more critical for the red color in YAG:Ce3+ emissions. In this sense, other arrangements are studied for the manufacture of LED lamps, such as combinations of (i) UV LED and RGB phosphors; (ii) blue LED and RG phosphors; and (iii) blue LED and red/yellow phosphors. As system (i) comprises a complex mixture of phosphors and induces a lower energetic efficiency due to UV excitation, systems (ii) and (iii) are preferred for the improvement of LED systems, which are currently limited by the lack of an efficient blue light excitable red phosphor. The search for good red phosphors for LED lighting is therefore a highly attractive topic in the RE solid state phosphors research. Eu2+-activated phosphors are particularly important due to the possibility of tuning the broad band Eu2+ emissions with alteration of host lattice crystal field parameters. However, as simple oxides do not provide highly intense crystal field splitting (Figure 4), complex compositions with highly polarizable anions, such as nitrides and sulfides, are required to generate red light from Eu2+ compounds. For instance, sulfides166 as CaS:Eu2+, Sr(S,Se):Eu2+, (Sr,Ca)Ga2S4:Eu2+ and (Y,La)2O2S:Eu3+ are efficient low cost red emitters. However, such compositions are unstable to moisture and they are not adequate to operate in high power LED systems. Moreover, such sulfides react with silver and nickel from electrodes, thus generating the more stable NiS and Ag2S and the presence of these black compounds decreases the photon flux from the phosphors and reduces the arrangement efficiency. Furthermore, nitrides167 as MAlSiN3:Eu2+ and M2Si5N8:Eu2+ (M = Ca, Sr, Ba) display excellent luminescent properties under blue light and a very high chemical stability, which is normally only limited by the Eu2+/Eu3+ oxidation. However, such compositions have a considerably complex synthesis, in which high purity alkaline-earth metals are usually treated at 1500-2100 °C under high N2 pressures. As a consequence, the final cost of this kind of phosphor is comparable to pure metallic gold, so that the investigation of new compositions and new synthesis methods are still required for the development of this field.

  Despite the mentioned drawbacks, LED systems appear as the most promising technology for a new generation of lighting systems, with some unrivalled advantages such as high efficiency, long operation lifetimes, and emission directionality. However, some particular restrictions can also conduct to a parallel development of other lighting arrangements in order to fulfill specific requirements that can become decisive in the future. For instance, LED bulbs are currently associated with a very high manufacturing cost, even considering final prices per lumen (that are decreasing very fast) and high durability.168,169 Moreover, the concept of LED lamps comprises fundamentally low power devices, which cannot be easily scaled-up as incandescent or fluorescent tubes to provide high power lighting.168 Additionally, the idea that LED systems are environmentally friendly due to the absence of mercury has been questioned recently, since such devices are associated with a high toxicity potential due to the high levels of arsenic and lead.170,171 Therefore, the development of new solid state lighting systems must take into account this fact, since the manufacturing of these devices is mainly directed by environmental regulations. For instance, energy consumption restrictions have practically withdrawn low power incandescent lamps from the market in the European Union (2010), USA (2012), and Brazil (2015)172,173 and future legislations will probably prohibit the use of mercury and other toxic metals in fluorescent and LED lighting systems.

  In this sense, VUV phosphors (Table 7) can be considered as potential candidates for the development of complementary lighting systems that fulfill these specific requirements. This class of luminescent materials involves compounds that are efficiently excited at wavelengths lower than 200 nm, being potentially applicable in combination with noble gas discharges. For instance, xenon and neon are the most used noble gases in discharge mixtures, which can provide exciting radiation at 147 nm (resonant emission line of Xe) plus two continua centered at 152 and 172 nm (molecular emissions of Xe2) under electric discharge.174 The application of Xe/Ne plasma as excitation sources for solid state phosphors enabled the development of plasma displays and excimer lamps, which, although not being currently widespread devices, consist in robust technologies that can be widely improved in the future. For instance, since 2014 the principal worldwide manufacturers have abandoned the production of plasma display panels (PDP) due to high production costs and difficult miniaturization of bulky displays, whereas consumers are usually more attracted by thinner arrangements and by the higher brightness of LCD/LED displays, which consist of a cheaper technology. However, PDPs can generally result in larger image sizes as well as faster images (i.e., lower ghosting), thus providing better dark levels and wider vision angles that are more appropriated for the generation of 3D images and for concave displays. Therefore, if new technologies for low cost PDP manufacturing are attained, VUV phosphors with improved efficiency for PDPs will be largely required. The investigation of solid state luminescent materials applicable in such systems still is an essential prospect in this field.
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  Regarding lighting technologies based on VUV phosphors, excimer lamps present remarkable advantages of temperature independent output, instantaneous operation (i.e., lack of warm up time), and completely arbitrary design, which are characteristics that cannot be found in LED bulbs. In addition, excimer lamps can display very high operation lifetimes (1-5 × 105 h) even with high on-off cycles, as a result of the low degradability of the discharge gas in contact with the electrodes. Therefore, VUV phosphors must be continuously improved in order to develop such application field, which can consist in an important technology to complement LED lighting.

  VUV phosphors must display some fundamental properties that enable their large scale application, while drawbacks related to currently used materials must be overcome (Table 7). For instance, Eu2+ and Mn2+-doped phosphors are susceptible to oxidation processes, which is a problem for long-term utilization. Moreover, some compounds are susceptible to photochemical degradation under VUV irradiation, requiring additional surface coating procedures with MgO or Al2O3, for instance. In addition, phosphors with surfaces with high Lewis acidity can lead to the adsorption of excited species of the plasma (such as Xe2*+), which leads to a lower degree of ground species regeneration (Xe2/2Xe) as well as efficiency and chromaticity losses due to UVA/B and red light surface reabsorption.175 The luminescence lifetime of VUV phosphors is also a crucial parameter, mainly for display applications where the number of frames per second is a limiting factor during image composition. Emissions that persist for more than 10 ms until intensities are reduced to ca. 10% of initial values are considered long-lived, since they can be detected by the human eye and lead to ghosting in displays. Furthermore, the most fundamental property required of VUV phosphors is a broad and intense absorption band between 147 and 172 nm, which normally is provided by the host lattice. The excitation mechanism in VUV comprises mainly band-gap excitation within the host lattice. This, in turn, results in a very low penetration of VUV radiation (< 100 nm) in solid particles in comparison to UV-Vis (ca. 1-2 µm), which fundamentally concentrates luminescence phenomena under VUV excitation at the particle surface. As a consequence, not only crystallinity and defect density, but also particle size and surface area affect the VUV luminescence efficiency, while nanostructured solids are preferred in order to lead to high luminescence yields. In addition, one of the main drawbacks of VUV phosphors is the very large energy shift between excitation and emission, where a very high fraction of the excitation energy is dissipated in parallel non-radiative processes. With the aim to overcome this problem, phosphors with quantum yields greater than unity can be designed based on the so called quantum cutting processes.41,154,176 In such compounds, each VUV photon generates more than one photon in the visible, thus avoiding the high energy loss associated with low wavelength excitation. This effect is observed in several RE ions, mainly Pr3+ and Gd3+/Eu3+, although being usually limited to host lattices with very low vibrational influence on metal states such as fluorides.

   

  5. Conclusions and Outlook

  By the end of the 1950s, when the use of Eu3+-doped yttrium oxide was suggested to generate red light in cathode ray tubes and fluorescent lamps, specialists were non-believers about the industrial success of such composition containing two "rare" metals of highly difficult purification. After more than 60 years, no substitutes with equivalent properties have been found for Eu3+-doped compounds, whereas several other RE-activated compounds appeared with a wide variety of unrivalled spectroscopic characteristics. In this sense, RE solid state compounds are completely inseparable from the field of optical materials. The unique properties of this group of elements still stimulates increasing efforts of fundamental and applied research involving lighting, visualization, biolabeling, photoprotection, and photocatalysis, for instance.

  Therefore, this text reviewed fundamental concepts concerned in the use of RE-based solid state materials for lighting and photoprotection processes. The elaboration of new applications and the development of tailored properties are completely dependent on a deeper knowledge regarding concepts of 4f spectroscopy. This is particularly important for the development of a new generation of photoprotective materials, with controlled photocatalytic activities and absorptivity, as well as the obtainment of improved energy saving lighting sources. In this regard, investigation of solid state RE materials is crucial for the development of environmentally clean and low energy consumption lighting systems. Furthermore, LED systems comprise the most promising and improvable technology for the next revolution of artificial lighting, whereas the fulfillment of specific environmental and performance requirements (temperature independent output, arbitrary design) also leads to a promising future for lighting systems based on VUV phosphors.

  In conclusion, the rare earths are still the friendliest available elements for the construction of new and forthcoming solid state materials for illumination, displays and photoprotection.
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    In this work, the synthesis, characterization and photophysical study of new derivatives of triazinyl-benzazoles with fluorescence by excited-state intramolecular proton transfer (ESIPT) are presented. It regards the synthesis of cyanuric chloride with different 2-(2’-hydroxyphenyl) benzazoles, two quite attractive groups from the synthetic and technological point of view. These new compounds have several potential applications such as biological markers and new photoluminescent materials. The derivatives were characterized by 1H and 13C nuclear magnetic resonance (NMR), Fourier transform infrared spectroscopy (FTIR), high-resolution mass spectrometry (HRMS), UV-Vis absorption and fluorescence emission. The dyes are fluorescent by an excited-state ESIPT in the blue-orange region, with a large Stokes’ shift.
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  Introduction

  2,4,6-Trichloro-1,3,5-triazine, also known as cyanuric chloride (TCT) has been widely studied due to its synthetic versatility because it is a very reactive molecule that presents an easily controlled reaction behavior with nucleophiles (Scheme 1).1-7

  
    

    [image: Scheme 1. Differential reactivity]

  

  Because of this behavior, TCT presents several applications, such as: producing new polymeric materials,8-12 as a chiral stationary phase in high-performance liquid chromatography (HPLC),13 obtaining fluorescent oligomers,12,14,15 as a precursor of herbicides for the agrochemical industry,16-19 anti-bactericides,20-22 and antimicrobials.23,24 Another important application for TCT and its derivatives is in the dye industry. These dyes have a reactive triazinic group that is able to form a covalent bond with the fibers of several fabrics, mainly cotton.25-28 The hydroxyl, thiol or amino groups present in cellulose (cotton),25-29polyamides, or proteins,25,30 respectively, can substitute the chlorine atoms of TCT. TCT has also been employed to obtain optical whiteners.31

  Polymers, natural fibers and paper tend to darken or yellow after some time due to the weak absorption of light in the zone of 400 nm by certain groups: peptides in wool or silk, flavonoids in cellulose, and products of decomposition in polymers.31,32 One of the solutions used to reduce or even eliminate this effect is to add optical whiteners. They increase the whiteness of the material by a process of light absorption in the ultraviolet region (330-380 nm) and posterior emission of light in the visible region (400-450 nm). These optical whiteners are obtained from the reaction of the TCT with chromophore groups and are used in papers, woven fabric, detergents, soaps and polymers.12,14,25,26,30

  Benzazole dyes are a class of chromophores extensively studied because of their very interesting photophysical properties.33-39 This class of molecules presents a large Stokes’ shift due to the intramolecular proton transfer (ESIPT) mechanism (Scheme 2).33-39

  
    

    [image: Scheme 2. Photophysical pathways]

  

  The mechanism of ESIPT provides physical and chemical properties to this class of molecules that make them highly attractive from the synthetic, technological and biological point of view.34-44 Several applications of this type of molecule are described in the literature, such as stabilization of polymers against UV radiation,45 fluorescent sensors,43 photoactive materials for organic light emitting diodes,46,47 molecular switches controlled by light,48 and optical materials.49 This paper presents the synthesis, characterization, and photophysical study of new fluorescent triazinyl-benzazole derivatives which present excited-state ESIPT.

   

  Experimental

  Materials and methods

  The 2,4,6-trichloro-1,3,5-triazine was supplied by ACROS Organics. Spectroscopic grade solvents (Merck) were used for fluorescence and UV-Vis measurements. All the chemicals were analytical grade and were used as received. The reactions were monitored by thin layer chromatography (TLC) on ALUGRAM® SIL Macherey-Nagel silicagel plates. Dichloromethane was used as eluent and the plates were visualized under UV light (254-365 nm). The dyes were purified by column chromatography using silica gel 60 (70-230 mesh ASTM) and dichloromethane. Infrared (IR) spectra were recorded on a Shimadzu FTIR8300 in nujol. The 1H and 13C nuclear magnetic resonance (NMR) spectra were performed at room temperature on an INOVA YH300 using tetramethylsilane (TMS) as the internal standard and DMSO-d6 as the solvent. The chemical shifts (d) are reported in parts per million (ppm) relative to TMS. The coupling constants J are reported in Hz. The following abbreviations are used for the multiplicities: s (singlet), δ (doublet), dd (double of doublets), t (triplet), q (quartet), m (multiplet) and br s (broad singlet). UV-Vis absorption spectra were performed on a Shimadzu UV-1601PC spectrophotometer. Steady state fluorescence spectra were measured with a Hitachi spectrofluorometer model F-4500. Spectrum correction was performed to enable measuring a true spectrum by eliminating instrumental responses such as wavelength characteristics of the monochromator or detector using rhodamine B as a standard (quantum counter). For the photophysical measurements in the solid state, the samples were measured using a solid sample holder. In this device, the light beam irradiated the sample at an angle of approximately 30° and the emitted light from the sample was detected at an angle of approximately 60°. All experiments were performed at room temperature in a concentration of 10-6 mol L-1. The high-resolution mass spectrometry (HRMS) spectra analyses were performed on a Bruker Reflex III spectrometer or an Agilent 1100 series liquid chromatograph coupled to an API 5000 triple quadrupole mass spectrometer equipped with an electrospray ionization interface (ESI). Melting points (mp) were measured with a Gehaka PF 1000 apparatus and are uncorrected. 

  Synthesis of triazinyl-benzazole derivatives

  The dyes 2a-d were prepared using a methodology previously described in the literature.50The synthesis of the monosubstituted triazinyl-derivatives (3a-d) was also performed as described in recent literature.26 The reaction consisted of the addition of benzazole-precursors (2a-d) in a TCT solution in acetone (1:1) containing sodium carbonate (Na2CO3). The reactions were stirred for 1 hour at 0-5 °C. The synthesis of the disubstituted triazinyl-derivatives (4a-d) comprised adding the benzazole-precursors (2a-d) in a TCT solution in acetone (2:1), also at 0-5 °C, containing Na2CO3. The reactions were stirred for 12 hours at room temperature. The synthesis of the trisubstituted triazinyl-derivatives (5a-d) comprised adding the benzazole-precursors (2a-d) in a TCT solution in acetone (3:1), also at 0-5 °C, containing Na2CO3. The reactions were refluxed for 24 hours. The Na2CO3 (10%, m/v) was added stoichiometrically in relation to the hydrochloric acid (HCl) formed in the reaction. Distilled water was added to complete precipitation of the product in the end. The products were filtered, washed with distilled water, dried and purified on silica gel columns with dichloromethane as eluent. The final yields were from 70 to 95%. Scheme 3 presents the synthesis of the triazinyl-benzazole derivatives: mono (3a-d), di (4a-d) and trisubstituted (5a-d).

  
    

    [image: Scheme 3. Synthesis of mono]

  

  2-[4’-(N-4,6-Dichloro-1,3,5-triazin-2-yl)-2’-hydroxyphenyl]benzoxazole (3a)

  Yield 70%; white solid; mp: decomposed before melting; IR (nujol) νmax / cm-1: 3433 n(OH), 3298 n(NH), 1612 ν(C=N), 1533, 1492 and 1452 narom(C=C), 1232 ν(Ar-O), 1184 ν(C−N); 1H NMR (300 MHz, DMSO-d6), δ 11.21 (s, 1H, OH), 10.96 (s, 1H, NH), 7.98 (d, 1H, J 8.7 Hz, phenolic-H), 7.78-7.88 (m, 2H, Ar-H), 7.66 (d, 1H, J 2.1 Hz, phenolic-H), 7.42-7.48 (m, 2H, Ar-H), 7.21 (dd, 1H, J 8.7, 2.1 Hz, phenolic-H); 13C NMR (75.4 MHz, DMSO-d6) δ 162.2 (C2), 158.4 (C4’a), 153.9 (C4’b and C4’c), 152.8 (C2’), 148.8 (C8), 142.2 (C4’), 138.8 (C9), 128.2 (C5), 125.8 (C6 or C6’), 125.3 (C6’ or C6), 119.0 (C4), 112.0 (C3’ or C7), 111.0 (C7 or C3’), 107.8 (C5’), 105.8 (C1’); HRMS (MALDI) m/z, calcd. for C16H9Cl2N5O2 [M + H]+: 373.0113; found: 373.0125.

  2-[5’-(N-4,6-Dichloro-1,3,5-triazin-2-yl)-2’-hydroxyphenyl]benzoxazole (3b)

  Yield 85%; white solid; mp: decomposed before melting; IR (nujol) νmax / cm-1: 3453 n(OH), 3296 n(NH), 1581 ν(C=N), 1502 and 1456 narom(C=C), 1297 ν(Ar-O), 1241 ν(C−N); 1H NMR (300 MHz, DMSO-d6) δ 11.18 (s, 1H, OH), 10.76 (s, 1H, NH), 8.23 (d, 1H, J 2.7 Hz, phenolic-H), 7.89-7.84 (m, 2H, Ar-H), 7.66 (dd, 1H, J 8.7, 2.7 Hz, phenolic-H), 7.50-7.46 (m, 2H, Ar-H), 7.15 (d, 1H, J 8.7 Hz, phenolic-H); 13C NMR (75.4 MHz, DMSO-d6) δ 169.8 (C2), 163.8 (C4’a), 162.0 (C4’b and C4’c), 154.8 (C2’), 149.0 (C8), 139.8 (C9), 128.8 (C4’), 126.6 (C5 or C6), 125.2 (C5 or C6), 120.8 (C4), 119.4 (C6’ or C3’), 118.0 (C3’ or C6’), 111.1 (C7), 110.2 (C1’); HRMS (MALDI) m/z, calcd. for C16H9Cl2N5O2 [M + H]+: 373.0113; found: 373.0127.

  2-[4’-(N-4,6-Dichloro-1,3,5-triazin-2-yl)-2’-hydroxyphenyl]benzothiazole (3c)

  Yield 80%; light green solid; mp: decomposed before melting; IR (nujol) νmax / cm-1: 3451 n(OH), 3328 n(NH), 1610 ν(C=N), 1548 and 1461 narom(C=C), 1235 ν(Ar-O), 1180 ν(C−N); 1H NMR (300 MHz, DMSO-d6) δ 11.19 (s, 1H, OH), 10.85 (s, 1H, NH), 8.24 (d, 1H, J 2.7 Hz, phenolic-H), 7.89-7.85 (m, 2H, Ar-H), 7.72 (dd, 1H, J 9.0 Hz, phenolic-H), 7.51-7.47 (m, 2H, Ar-H), 7.19 (d, 1H, J 9.0 Hz, phenolic-H); 13C NMR (75.4 MHz, DMSO-d6) δ 169.9 (C2), 164.0 (C4’a), 162.0 (C4’b and C4’c), 155.0 (C2’), 148.8 (C9), 139.8 (C4’), 129.0 (C8), 128.1 (C4), 126.0 (C5 or C6), 125.3 (C5 or C6), 120.7 (C6’), 119.4 (C7 or C3’), 118.0 (C3’ or C7), 111.4 (C5’), 110.2 (C1’); HRMS (MALDI) m/z, calcd. for C16H9Cl2N5O2 [M + H]+: 388.9903; found: 388.9905.

  2-[5’-(N-4,6-Dichloro-1,3,5-triazin-2-yl)-2’-hydroxyphenyl]benzothiazole (3d)

  Yield 80%; yellow solid; mp: decomposed before melting; IR (nujol) νmax / cm-1: 3454 n(OH), 3293 n(NH), 1595 n(C=N), 1549, 1502 and 1456 narom(C=C), 1241 ν(Ar-O), 1194 ν(C−N); 1H NMR (300 MHz, DMSO-d6) δ 11.09 (s, 1H, OH), 10.90 (s, 1H, NH), 8.41 (d, 1H, J 2.7 Hz, phenolic-H), 7.62-7.58 (m, 2H, Ar-H), 7.60 (dd, 1H, J 9.0, 2.7 Hz, phenolic-H), 7.57-7.52 (m, 2H, Ar-H), 7.13 (d, 1H, J 9.0 Hz, phenolic-H); 13C NMR (75.4 MHz, DMSO-d6) δ 169.9 (C2), 168.9 (C5’a), 163.9 (C5’b or C5’c), 153.8 (C2’), 151.3 (C9), 134.8 (C5’), 129.0 (C8), 127.4 (C5 or C6), 126.7 (C5 or C6), 124.8 (C4), 122.2 (C7 or C4’), 122.0 (C4’ or C7), 119.8 (C6’), 118.2 (C1’), 117.3 (C3’); HRMS (MALDI) m/z, calcd. for C16H9Cl2N5O2 [M + H]+: 388.9903; found: 388.9897.

  2,4-Di[2-(4’-aminyl-2’-hydroxphenyl)benzoxazole]-6-chloro-1,3,5-triazine (4a)

  Yield 80%; white solid; mp: decomposed before melting; IR (nujol) νmax / cm-1: 3454 n(OH), 3295 n(NH), 1619 n(C=N), 1535, 1498 and 1451 narom(C=C), 1236 ν(Ar-O), 1180 ν(C−N); 1H NMR (300 MHz, DMSO-d6) δ 11.46 (s, 2H, 2OH), 10.94 (s, 2H, 2NH), 8.08 (d, 2H, J 8.4 Hz, 2phenolic-H), 7.75 (d, 2H, J 1.8 Hz, 2phenolic-H), 7.72-7.60 (m, 4H, 2Ar-H), 7.44-7.37 (m, 4H, 2Ar-H), 7.14 (dd, 2H, J 8.4, 1.8 Hz, 2phenolic-H); HRMS (ESI) m/z, calcd. for C29H18ClN7O4 [M + H]+: 564.1187; found: 564.1191; HRMS (ESI) m/z, calcd. for C29H18ClN7O4 [M – H]- : 562.1030; found: 562.1020.

  2,4-Di[2-(5’-aminyl-2’-hydroxphenyl)benzoxazole]-6-chloro-1,3,5-triazine (4b)

  Yield 80%; white solid; mp: decomposed before melting; IR (nujol) νmax / cm-1: 3418 n(OH), 3330 n(NH), 1616 n(C=N), 1568, 1524 and 1498 narom(C=C), 1235 ν(Ar-O), 1173 ν(C−N); 1H NMR (300 MHz, DMSO-d6) δ 10.59 (s, 2H, 2OH), 10.40 (s, 2H, 2NH), 8.62 (s, 2H, 2phenolic-H), 7.54-7.47 (m, 4H, 2Ar-H), 7.36 (d, 2H, J 8.1 Hz, 2phenolic-H), 7.16-7.28 (m, 4H, 2Ar-H), 7.04 (d, 2H, J 8.1 Hz, 2phenolic-H); HRMS (ESI) m/z, calcd. for C29H18ClN7O4 [M + H]+: 564.1187; found: 564.1207; HRMS (ESI) m/z, calcd. for C29H18ClN7O4 [M – H]- : 562.1030; found: 562.1041.

  2,4-Di[2-(4’-aminyl-2’-hydroxphenyl)benzothiazole]-6-chloro-1,3,5-triazine (4c)

  Yield 75%; light green solid; mp: decomposed before melting; IR (nujol) νmax / cm-1: 3454 n(OH), 3333 n(NH), 1609 n(C=N), 1544 and 1460 narom(C=C), 1236 ν(Ar-O), 1180 ν(C−N); 1H NMR (300 MHz, DMSO-d6) δ 11.05 (s, 2H, 2OH), 10.73 (s, 2H, 2NH), 8.26 (d, 2H, J 8.4, 2phenolic-H), 8.19-7.97 (m, 4H, 2Ar-H), 7.72 (d, 2H, J 1.8 Hz, 2phenolic-H), 7.57-6.93 (m, 4H, 2Ar-H), 7.09 (dd, 2H, J 8.4, 1.8 Hz, 2phenolic-H); HRMS (ESI) m/z, calcd. for C29H18ClN7O2S2 [M + H]+: 596.0730; found: 596.0755; HRMS (ESI) m/z, calcd. for C29H18ClN7O2S2 [M – H]- : 594.0573; found: 594.0546.

  2,4-Di[2-(5’-aminyl-2’-hydroxphenyl)benzothiazole]-6-chloro-1,3,5-triazine (4d)

  Yield 70%; beige solid; mp: decomposed before melting; IR (nujol) νmax / cm-1: 3442 n(OH), 3334 n(NH), 1605 v(C=N), 1577 and 1502 narom(C=C), 1260 ν(Ar-O), 1185 ν(C−N); 1H NMR (300 MHz, DMSO-d6) δ 8.16 (d, 2H, J 1.8 Hz, 2phenolic-H); 8.01-7.85 (m, 4H, 2Ar-H); 7.58 (br, 2H, 2phenolic-H); 7.43-7.26 (m, 4H, 2Ar-H); 6.68 (br, 2H, 2phenolic-H); HRMS (ESI) m/z, calcd. for C29H18ClN7O2S2 [M + H]+: 596.0730; found: 596.0732; HRMS (ESI) m/z, calcd. for C29H18ClN7O2S2 [M – H]- : 594.0573; found: 594.0572.

  2,4,6-Tri[2-(4’-aminyl-2’-hydroxphenyl)benzoxazole]-1,3,5-triazine (5a)

  Yield 75%; white solid; mp: decomposed before melting; IR (nujol) νmax / cm-1: 3494 n(OH), 3379 n(NH), 1641 n(C=N), 1467 and 1388 narom(C=C), 1246 ν(Ar-O), 1188 ν(C−N); 1H NMR (300 MHz, DMSO-d6) δ 11.63 (s, 3H, 3OH), 7.68 (m, 6H, 3Ar-H and 3H, 3phenolic-H), 7.34 (m, 6H, 3Ar-H), 6.28 (dd, 3H, J 8.8, 2.3 Hz, 3phenolic-H), 6.18 (d, 3H, J 2.3, 3phenolic-H), 6.10 (s, 3H, 3NH); HRMS (ESI) m/z, calcd. for C16H9Cl2N5O2 [M + H]+: 754.2163; found: 754.2197; HRMS (ESI) m/z, calcd. for C16H9Cl2N5O2 [M – H]- : 752.2006; found: 752.2026.

  2,4,6-Tri[2-(5’-aminyl-2’-hydroxphenyl)benzoxazole]-1,3,5-triazine (5b)

  Yield 80%; white solid; mp: decomposed before melting; IR (nujol) νmax / cm-1: 3457 n(OH), 3291 n(NH), 1616 n(C=N), 1568, 1533 and 1498 narom(C=C), 1226 ν(Ar-O), 1173 ν(C−N); 1H NMR (300 MHz, DMSO-d6) δ 11.18 (s, 3H, 3OH), 10.43 (s, 3H, 3NH), 8.62 (d, 3H, J 2.1 Hz, 3phenolic-H), 7.55 (dd, 3H, J 8.7, 2.1 Hz, 3phenolic-H), 7.48 (m, 6H, 3Ar-H), 7.37-7.23 (m, 6H, 3Ar-H), 7.05 (d, 3H, J 8.7 Hz, 3phenolic-H); HRMS (ESI) m/z, calcd. for C42H27N9O6 [M + H]+: 754.2163; found: 754.2174; HRMS (ESI) m/z, calcd. for C42H27N9O6 [M – H]- : 752.2006; found: 752.2028.

  2,4,6-Tri[2-(4’-aminyl-2’-hydroxphenyl)benzothiazole]-1,3,5-triazine (5c)

  Yield 80%; beige solid; mp: decomposed before melting; IR (nujol) νmax / cm-1: 3464 v(OH), 3370 n(NH), 1619 n(C=N), 1465 and 1371 narom(C=C), 1193 ν(Ar-O), 1141 n(C−N); 1H NMR (300 MHz, DMSO-d6) δ 11.19 (s, 3H, 3OH), 8.03-7.86 (m, 6H, 3Ar-H), 7.62 (d, 3H, J 8.8 Hz, 3phenolic-H), 7.48-7.30 (m, 6H, 3Ar-H), 6.25-6.22 (dd, 1H, J 8.8, 2.3 Hz, 3phenolic-H), 6.15 (d, 3H, J 2.3 Hz, 3phenolic-H), 5.95 (s, 3H, 3NH); HRMS (ESI) m/z, calcd. for C42H27N9O3S3 [M+H]+: 802.1477; found: 802.1527; HRMS (ESI) m/z, calcd. for C42H27N9O3S3 [M – H]- : 800.1321; found: 800.1339.

  2,4,6-Tri[2-(5’-aminyl-2’-hydroxphenyl)benzothiazole]-1,3,5-triazine (5d)

  Yield 75%; beige solid; mp: decomposed before melting; IR (nujol) νmax / cm-1: 3431 n(OH), 3300 v(NH), 1603 n(C=N), 1461 and 1382 narom(C=C), 1241 ν(Ar-O), 1189 ν(C−N); 1H NMR (300 MHz, DMSO-d6) δ 11.74 (s, 3H, 3OH), 10.06 (s, 3H, 3NH), 8.28 (s, 3H, 3phenolic-H), 8.05-7.98 (m, 6H, 3Ar-H), 7.67 (s, 3H, 3phenolic-H), 7.54-7.40 (m, 6H, 3Ar-H), 6.93 (d, 3H, J 8.1 Hz, 3phenolic-H); HRMS (ESI) m/z, calcd. for C42H27N9O3S3 [M+H]+: 802.1477; found: 802.1510; HRMS (ESI) m/z, calcd. for C42H27N9O3S3 [M – H]- : 800.1321; found: 800.1333.

   

  Results and Discussion

  Photophysical characterization

  Figures 1 to 4 present the normalized UV-Vis absorption spectra and fluorescence emission of the derivatives 3a-d in solution. The spectra in the solid state are also presented for comparison. The relevant spectroscopic data from these dyes are summarized in Table 1.
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  The derivatives 3a-d presented an absorption maximum (λ) in solution in the range of 337 to 355 nm, while in the solid state the range was from 350 to 398 nm. The location of the absorption showed a slight dependence (2-4 nm) on the solvent. This behavior is usually related to the conformational equilibrium in solution in the ground state.51-55 The molar absorptivity (ε) according to transitions of type p→π* and fluorescence quantum yields (φ) showed results in the range from 1.00 to 5.06 104L mol-1 cm-1 and 0.003 to 0.061, respectively (Table 1). 

  The wavelength of maximum emission in solution for molecules 3a-d was in the range of 373 to 440 nm for the enol tautomer and 463 to 549 nm for the keto tautomer. The first Stokes’ shift in solution was between 25 and 88 nm (emission of the enol tautomer) and the second one was between 110 and 196 nm (emission of the keto tautomer). Depending on the polarity of the solvent, dual fluorescence emission was observed for all monosubstituted-triazine derivatives (3a-d). This behavior is related to the conformational equilibrium in solution in the ground state. The benzothiazole-derivatives (3c-d) were more sensitive to the effect of the solvent. The ESIPT mechanism was hardly observed in methanol, with most of the emission being due to the enol tautomer (Scheme 1). 

  Figures 5 to 8 present normalized UV-Vis absorption spectra and fluorescence emissions of derivatives 4a-d in solution. The spectra in the solid state are also presented for comparison. The relevant spectroscopic data from these dyes are summarized in Table 2.
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  The derivatives 4a-d presented an absorption maximum (λ) in solution in the range of 312 to 361 nm, while in the solid state the range was from 378 to 396 nm. The location of the absorption showed a slight dependence (4-10 nm) on the solvent. This behavior is usually related to the conformational equilibrium in solution in the ground state.52-56The molar absorptivity (ε), according to transitions of the type π→π* and fluorescence quantum yields (φ) showed results from 0.55 to 2.51 104L mol-1 cm-1 and 0.006 to 0.226, respectively (Table 2). 

  The wavelength of maximum emission in solution for molecules 4a-d was in the range of 373 to 425 nm for the enol tautomer and 461 to 571 nm for the keto tautomer. The first Stokes’ shift was between 23 and 73 nm (emission of the enol tautomer) and the second one was between 110 and 210 nm (emission of the keto tautomer). Dual fluorescence emission was observed for disubstituted-triazine derivatives 4a, 4c and 4d depending on the polarity of the solvent. The derivative 4b did not show any influence of the solvent on the fluorescence emission. In the analysis of the monosubstituted-triazine derivatives (3a-d), the benzothiazole-derivatives were more sensitive to the solvent effect. This effect was not observed for the disubstituted-derivatives (4a-d). For the disubstituted group (4a-d), the 4’-derivative (4a and 4c) showed greater sensitivity to the solvent than the 5’-derivative (4b and 4d). 

  It is known that having the amino group located in the meta-position relative to the phenolic hydroxyl group (4’-position) weakens the intramolecular hydrogen bond when compared to substituted analogs with the same group in the para-position (5’-position). This behavior is observed for disubstituted-derivatives (4a-d).56 However, this behavior was not observed in the monosubstituted-derivatives (3a-d) because TCT (1), which possesses two chlorine atoms (electron-withdrawing group by inductive effect), is bonded in this amino group. The electron density of the amino group is shifted more to the triazinic ring than to the phenolic ring due to the electron deficiency of the cyanuric chloride. 

  Figures 9 to 12 present the normalized UV-Vis absorption spectra and fluorescence emission of derivatives 5a-d in solution. The spectra in the solid state are also presented for comparison. The relevant spectroscopic data from these dyes are summarized in Table 3.
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  The derivatives 5a-d presented an absorption maximum (λ) in solution in the range of 334 to 361 nm, while in the solid state the range was from 374 to 409 nm. The location of the absorption showed a slight dependence (4-11 nm) on the solvent. This behavior is usually related to the conformational equilibrium in solution in the ground state.51-55The molar absorptivity (ε), according to transitions of the type π→π*, and fluorescence quantum yields (φ) showed results from 1.84 to 13.40 104L mol-1 cm-1 and 0.003 to 0.048, respectively (Table 3).

  The trisubstituted-derivatives (5a-d) showed higher molar absorptivity (ε) than their mono (3a-d), and disubstituted (4a-d) analogs. The difference in ε was more pronounced in the derivatives substituted in the 4’-position (5a and 5c) than in those substituted in the 5’-position (5b and 5d). The wavelength of maximum emission in solution for molecules 5a-d was in the range of 372 to 423 nm for the enol tautomer and 460 to 558 nm for the keto tautomer. The first Stokes’ shift was between 27 and 65 nm (emission of the enol tautomer) and the second was between 115 and 201 nm (emission of the keto tautomer), both in solutions. The behavior presented by the trisubstituted-derivatives (5a-d) was the same presented by the disubstituted-derivatives (4a-d). The 4’-derivatives (5a and 5c) were more sensitive to the solvent effect than the 5’-derivatives (5b and 5d). The derivatives 3a, 4a, 5a, 3c, 4c and 5c, which have the amino group in the 4’-position, showed a higher fluorescence quantum yield than their respective analogues 3b, 4b, 5b, 3d, 4d and 5d, which have the amino group in the 5’-position. The derivatives with the amino group in the 5’-position (3b, 4b, 5b, 3d, 4d and 5d) also have a larger Stokes’ shift than their analogues with the amino group in the 4’-position (3a, 4a, 5a, 3c, 4c and 5c). The difference in emissions of the keto tautomers were greater when the molecules were benzothiazole-derivatives rather than benzoxazole ones.

   

  Conclusions

  Novel fluorescent triazinyl-benzazoles prepared by the ESIPT mechanism were synthesized, purified and characterized by IR spectroscopy, nuclear magnetic resonance (13C and 1H NMR), HRMS, UV-Vis and steady-state fluorescence spectroscopies (in solution and in the solid state). The properties of derivatives with the amino group in the 5’-position were less affected by the solvent than their analogues with the amino group in the 4’-position. The derivatives with the amino group in the 4’-position presented higher fluorescence quantum yields than their analogues with the amino group in the 5’-position. The trisubstituted-derivatives showed the highest molar absorptivity (ε) among the derivatives studied. The derivatives with an amino group in the 5’-position exhibited larger Stokes’ shift than their analogues with an amino group in the 4’-position of the phenolic ring. This difference was larger in the benzothiazoles than in the benzoxazoles.

  Monosubstituted benzothiazole-derivatives showed more intense dual fluorescence than monosubstituted benzoxazole-derivatives. For di and trisubstituted-derivatives, dual fluorescence emission was more intense in the derivatives with the amino group in the 4’-position than their analogues with the amino group in the 5’-position. The derivative 2,4-di[2-(5’-aminyl-2’-hydroxphenyl)benzoxazole]-6-chloro-1,3,5-triazine (4b) was the only one where the fluorescence emission of the keto tautomer was not affected by the solvent. The novel ESIPT triazinyl-benzazole derivatives showed very interesting photophysical properties and are promising molecules that could be used to obtain new materials, such as fluorescent sensors and photoluminescent polymers.
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    Two novel compounds, 4-(pyren-1-ylimino)methylphenol and 4-[(triisopropylsilyl)oxy]phenylmethylenepyren-1-amine) were synthesized. Solutions of 4-(pyren-1-ylimino)methylphenol in dimethyl sulfoxide (DMSO) are colorless, but on addition of cyanide and fluoride they become colored due to the deprotonation of the chemosensor. The system is highly selective toward cyanide with the addition of water. This compound can be solubilized in water with addition of cetyltrimethylammonium bromide above its critical micellar concentration. The pKa of the compound in water was determined as 10.49 ± 0.02 and this value is lowered in micellar medium to 7.49 ± 0.02, which means that only cyanide is sufficiently basic to achieve the deprotonation of the compound. Solutions of 4-[(triisopropylsilyl)oxy]phenylmethylenepyren-1-amine) in DMSO are colorless, but they are colored in the presence of cyanide and fluoride and only cyanide could be detected in DMSO-water mixture. The nucleophilic attack of the anions on the silicon center of the compound releases colored 4-(pyren-1-ylimino)methylphenolate, enabling the detection of nucleophilic analytes.

    Keywords: chemodosimeter, chromogenic chemosensor, naked-eye detection, anion sensing, cyanide.

  

   

   

  Introduction

  The recognition and detection of anionic analytes has become a field of great interest in recent years.1-17 In this context, considerable effort has been made to design strategies for the detection of cyanide (CN-).18-24 This is due to the fact that CN- is a chemical species present in several processes, being fundamental in various industrial activities, such as metallurgy, mining and the fabrication of polymers.25,26 This anion is obtained by means of hydrolysis from certain fruit seeds27 and roots28 and is present in some neurotoxic warfare agents.29 Another anion of interest in terms of detection is fluoride (F-), due to the role it plays in environmental pollution, in industry, and in many diseases.30-32

  The definition of a particular system for the optical detection of an analyte, such as F - and CN-, as an optical chemosensor or as a chemodosimeter, is dependent on whether the process is reversible or irreversible, respectively.33 The main feature which these strategies have in common is the combination of a receptor site (for the recognition of the analyte) and a signaling unit (responsible for the detection of the recognized analyte).1,9

  The simplest optical chemosensor that can be designed involves the use of an acid-base strategy.8,14,34,35 In this case, a suitable indicator is used, which is colorless in an organic solvent in its protonated form. The deprotonation of the compound, on the addition of a sufficiently basic anion, colors the solution and indicates the presence of the analyte. This strategy has been used for the development of optical chemosensors for the detection of anions, such as CN -, F- and acetate.36-39 A system which is more selective toward the anion, for instance, CN-, can be achieved through synthetic modification of the molecular structure of the chemosensor, by the addition of small amounts of water,40 using biphasic media,22 or anchoring the chemosensor in a polymeric matrix.10,41

  The chemodosimeter approach represents another interesting strategy for the detection of anionic species.13,33 There are several different types of anionic chemodosimeters and one commonly used strategy is based on the strong affinity between F- and silicon.42-54 In the design of these systems, a chromophore (or luminophore) is masked through the use of a covalently-linked silyl group as a protective agent. Fluoride can act as a strong nucleophile in organic medium causing the release of the leaving group signaling unit, which consequently serves to indicate the presence of the anion. Papers in the literature reporting chemodosimeters based on the breaking of the oxygen-silicon bond have been, in general, limited to their use in organic solvents.42,51,55-57 Tang and co-workers58 developed a fluorogenic chemodosimeter strategy for the highly selective detection of F- in aqueous solution and living cells, which is based on probes with a quaternary ammonium moiety in their molecular structure.

  Recently, we demonstrated that a silylated compound, (E)-3,5-dibromo-N-(4-nitrobenzylidene)-4-((triisopropylsilyl)oxy)aniline, could be solubilized in aqueous cetyltrimethylammonium bromide (CTABr) micellar medium to form a chromogenic chemodosimeter, which is highly selective for the detection of CN -.59 This system could also be applied to the detection of CN- in blood plasma. The addition of CTABr has been applied to improve the solubility of lipophilic probes in water and also to accelerate the rates of desilylation in aqueous solution.

  In this paper, the novel compounds 1a, 4-(pyren-1-ylimino)methylphenol, and 2, 4-[(triisopropylsilyl)oxy]phenylmethylenepyren-1-amine, were synthesized and characterized (Figure 1). Compound 1a was used in an acid-base strategy for the selective colorimetric detection of F- and CN- in dimethyl sulfoxide (DMSO). Compound 2 was studied with regard to its use as a chromogenic chemodosimeter for the selective detection of F- and CN-. These systems became highly selective for CN- over F- on the addition of small amounts of water. In addition, it is shown herein that compound 1a can also be used as chromogenic chemosensor, which is highly selective for CN- in water with CTABr present in its micellar concentration.

  
    

    [image: Figure 1. Chemical structures of compounds]

  

   

  Experimental

  General

  All chemicals used were high-purity commercial reagents. Pyrene (Sigma-Aldrich), anhydrous acetic acid (Vetec), N,N-dimethylformamide (DMF) (Vetec), imidazole (Sigma-Aldrich), triisopropylsilyl chloride (TIPS-Cl; Sigma-Aldrich), 4-hydroxybenzaldehyde (Sigma-Aldrich), acetic anhydride (Vetec), tetra-n-butylammonium hydroxide (Sigma-Aldrich), CTABr (Sigma-Aldrich) and n-hexane (Vetec) were used without further purification. Acetone, methanol, DMSO, ethyl acetate and absolute ethanol were purchased from Vetec and dried and stored over 4 Å molecular sieves in sealed bottles. All anions (HSO4-, H2PO4-, NO3-, CN-, CH3COO-, F-, Cl-, Br-, and I-) were used as tetra-n-butylammonium salts with purity greater than 97-99%. The anions were purchased from Fluka (F-, > 97%; Cl-, > 98%; NO3-, > 97%; H2PO4-, > 97%), Vetec (Br-, > 99%; I-, > 99%; HSO4-, > 99%) and Sigma-Aldrich (CH3COO-, > 97%) and dried over phosphorous pentoxide under vacuum before use. Copper(II) nitrate (Sigma-Aldrich), tin(II) chloride dihydrate (Sigma-Aldrich), anhydrous magnesium sulfate (Vetec) and anhydrous sodium carbonate (Vetec) were dried in an oven for 24 h. The deionized water used in the measurements was boiled and bubbled with nitrogen and then kept in a nitrogen atmosphere to avoid the presence of carbon dioxide.

  Instrumentation

  Melting points were obtained on a Kofler hot stage and are uncorrected. The nuclear magnetic resonance (NMR) spectra were recorded on a 400 MHz spectrometer with DMSO-d6 and deuterated propanone (C3D6O). Chemical shifts were recorded in ppm with the solvent resonance as the internal standard. Data are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet and m = multiplet), integration and coupling constants (Hz). Infrared (IR) spectra of the solid compounds were obtained with KBr pellets and the oil compound was used neat. High-resolution mass spectra were obtained with an electrospray ionization quadrupole time-of-flight mass spectrometer (HR ESI-MS QTOF). UV-Vis experiments were carried out on a HP 8452A spectrophotometer equipped with a thermostated bath and all measurements were performed at 25 ºC, employing a 1 cm quartz cuvette. The maximum wavelengths (λmax) of the UV-Vis spectra were calculated from the first derivative of the absorption spectrum.

  Synthesis of the compounds

  1-Nitropyrene (4) 

  Pyrene (2.53 g, 12.5 mmol) and acetic anhydride (6.50 mL, 68.8 mmol) were mixed in a 250 mL three-neck round-bottomed flask, with 50 mL of dried ethyl acetate and copper(II) nitrate (4.53 g, 18.8 mmol), under magnetic stirring and argon atmosphere. The mixture was stirred for 24 h at 55 ºC and a yellow precipitate was formed. After this reaction time, the flask was cooled at room temperature and the inorganic materials were filtered off. The product obtained from the filtration was recrystallized from an ethanol/ethyl acetate mixture (1:1; v/v) and the pale yellow crystals collected were dried in an oven at 40 ºC for 6 h, yielding 2.75 g (89% yield); mp obtained: 150-151 ºC (mp lit.:60 151-152 ºC); IR (KBr) nmax / cm−1 2922-3043 (C-H aromatic), 1592 (C=C), 1556 (asNO2), 1509 (C=C), 1309-1384 (sNO2); 1H NMR (400 MHz, DMSO-d6) δ 8.72 (d, 1H, J 8.6 Hz, CH), 8.70 (d, 1H, J 8.2 Hz, CH), 8.51 (d, 1H, J 7.4 Hz, CH), 8.50 (d, 1H, J 9.4 Hz, CH), 8.49 (d, 1H, J 7.4 Hz, CH), 8.44 (d, 1H, J 9.0 Hz, CH), 8.42 (d, 1H, J 8.2 Hz, CH), 8.31 (d, 1H, J 9.0 Hz, CH), 8.23 (t, 1H, J 7.4 Hz, CH).

  1-Aminopyrene (5)

  1-Nitropyrene (1.00 g, 4.0 mmol) and tin(II) chloride dihydrate (4.35 g, 19.2 mmol) were mixed with 60 mL of ethyl acetate in a 250 cm3 three-neck round-bottomed flask, under magnetic stirring and argon atmosphere. The suspension mixture was heated to reflux for 6 h. Subsequently, the solution was cooled at room temperature, a sodium carbonate aqueous solution (20%; m/v) was added to obtain pH ca. 8.0, and stirring was continued for 1 h. The organic phase was then extracted three times with ethyl acetate and dried with magnesium sulfate. The solid was filtered-off and the solvent was evaporated, resulting in 0.80 g (90% yield) of a light green product; mp obtained: 115-116 ºC (mp lit.:61 115-117 ºC); IR (KBr) nmax / cm−1 3345-3387 (N-H), 3036 (C-H aromatic), 1623-1512 (C=C); 1H NMR (400 MHz, DMSO-d6) δ 8.24 (d, 1H, J 9.4 Hz, CH), 7.97 (d, 2H, J 7.8 Hz, 2 × CH), 7.94 (d, 1H, J 7.8 Hz, CH), 7.89 (d, 1H, J 9.0 Hz, CH), 7.86 (d, 1H, J 8.6 Hz, CH), 7.85 (t, 1H, J 7.6 Hz, CH), 7.69 (d, 1H, J 8.6 Hz, CH), 7.34 (d, 1H, J 8.2 Hz, CH), 6.33 (s, 2H, NH2).

  4-(Pyren-1-ylimino)methylphenol (1a)

  1-Aminopyrene (0.200 g, 0.92 mmol) and 4-hydroxybenzaldehyde (0.169 g, 1.38 mmol) were dissolved in 5 mL of dry ethanol in a 10 mL beaker and acetic acid (one drop) was added. The mixture was stirred at room temperature for 4 h. A precipitate was formed after the stirring time, the product was recrystallized and the crystals collected were washed twice, using an ethanol/acetone mixture (1:1; v/v) as the solvent, giving 0.150 g (51% yield) of a green product, with mp 229-232 ºC. IR (KBr) nmax / cm−1 3441 (O-H), 1605 (C=N), 1515-1577 (C=C); 1H NMR (400 MHz, DMSO-d6) δ 10.2 (s, 1H, OH), 8.8 (s, 1H, CH=N) 8.62 (d, 1H, J 9.4 Hz, CH), 8.28 (d, 1H, J 8.2 Hz, CH), 8.24 (d, 2H, J 7.8 Hz, 2 × CH), 8.16 (d, 1H, J 9.0 Hz, CH), 8.14 (d, 1H, J 8.6 Hz, CH), 8.08 (d, 1H, J 9.0 Hz, CH), 8.03 (t, 1H, J 7.4, 7.8 Hz, CH), 7.99 (d, 2H, J 8.6 Hz, 2 × CH), 7.88 (d, 1H, J 8.2 Hz, CH), 6.97 (d, 2H, J 8.2 Hz, 2 × CH); 13C NMR (100 MHz, DMSO-d6) δ 161.41, 161.31, 145.96, 131.55, 131.50, 131.40, 128.44, 127.78, 127.23, 126.81, 126.68, 126.35, 125.36, 125.25, 125.08, 124.58, 123.51, 116.28; HRMS (ESI, TOF) m/z calcd. for C23H16NO [M + H]+: 322.1226, found: 322.1223.

  4-Triisopropylsilyloxybenzaldehyde (7)

  4-Hydroxybenzaldehyde (0.427 g, 3.5 mmol) was dissolved in DMF (9 mL) in a 100 mL round-bottomed flask in an argon atmosphere. Imidazole (0.483 g, 7 mmol) and TIPS-Cl (1.0 g, 5.2 mmol) were then added and the mixture was stirred at room temperature. After 12 h, 100 mL of water was added to the reaction mixture and the organic fraction was extracted with n-hexane (1:1, v/v). The combined organic layers were washed with brine, dried over MgSO4 and the solid was filtered off. The solvent was removed by rotary evaporation and the residue was purified by flash column chromatography (3:1 n-hexane/EtOAc), yielding 0.747 g (76% yield) of the product as a colorless oil. IR (neat oil) nmax / cm−1 2867-2947 (C-H aliphatic), 1701 (C=O), 1509-1599 (C=C); 1H NMR (400 MHz, CDCl3) δ 9.87 (s, 1H, CHO), 7.77 (d, 2H, J 8.6 Hz, 2 × CH), 6.97 (d, 2H, J 8.6 Hz, 2 × CH), 1.24-1.33 (m, 3H, J 7.4 Hz, 3 × CH), 1.11 (d, 18H, J 7.4 Hz, 6 × CH3).

  4-[(Triisopropylsilyl)oxy]phenylmethylenepyren-1-amine (2)

  Compounds 1 (0.250 g, 1.15 mmol) and 7 (0.221 g, 1.15 mmol) were dissolved in dry ethanol (3 mL) containing acetic acid (three drops) in a 50 mL round-bottomed flask, which was closed and its content was stirred at room temperature for 3 h. A gold yellow precipitate was observed after the stirring time and dry ethanol (10 mL) was then added. The solid was collected, recrystallized from ethanol/methanol mixture (1:1; v/v) and, after filtration, and washing with cold methanol, 0.330 g (60% yield) of the product were obtained (mp 84-86 ºC). IR (KBr) nmax / cm−1 3041 (C-H aromatic), 2866-2943 (C-H aliphatic), 1599 (C=N), 1509 (C=C), 1270 (C-H imine); 1H NMR (400 MHz, C3D6O) δ 8.81 (s, 1H, CH=N) 8.73 (d, 1H, J 9.4 Hz, CH), 8.29 (d, 1H, J 8.2 Hz, CH), 8.26 (d, 1H, J 7.8 Hz, CH), 8.25 (d, 1H, J 7.4 Hz, CH), 8.18 (d, 1H, J 9.4 Hz, CH), 8.15 (d, 1H, J 9.0 Hz, CH), 8.13 (d, 1H, J 9.0 Hz, CH), 8.12 (d, 1H, J 9.0 Hz, CH), 8.10 (d, 1H, J 9.4 Hz, CH), 8.05 (t, 1H, J 7.4, 7.8 Hz, CH), 7.89 (d, 1H, J 8.2 Hz, CH), 7.14 (d, 2H, J 8.6 Hz, 2 × CH), 1.33-1.42 (m, 3H, J 7.4 Hz, 3 × CH), 1.16-1.18 (d, 18H, J 7.4 Hz, 6 × CH3); 13C NMR (100 MHz, C3D6O) δ 160.26, 159.24, 145.96, 131.66, 131.56, 130.80, 130.52, 129.36, 127.36, 126.78, 126.41, 126.24, 125.84, 125.29, 125.09, 124.75, 123.33, 120.48, 120.23, 115.53, 17.38, 12.54; HRMS (ESI, TOF) m/z calcd. for C32H36NOSi [M + H]+: 478.2561, found: 478.2564.

  Visual detection and UV-Vis experiments

  The following procedure was used for compounds 1a and 2. A 1.0 × 10-2 mol L-1> stock solution of each compound was prepared in anhydrous acetone and stored in glass flasks closed with rubber stoppers to avoid the evaporation of the solvent. A volume of 10 µL was collected from this solution and placed in 5 mL volumetric flasks. After evaporation of the acetone, the solid was dissolved in dry DMSO, resulting in a dye solution of 2.0 × 10-5 mol L-1. This solution was distributed to several vials and subsequently the tetra-n-butylammonium salts were added, resulting in anion concentrations of 6.0 × 10-4 and 3.0 × 10-3 mol L-1 for 1a and 2 solutions. Similar experiments were carried out with DMSO-water mixtures to evaluate the influence of the medium on the performance of systems 1a and 2. The experiments involving compounds 1a and 2 in water were performed using 2.0 × 10-5 mol L-1 of the compounds in the absence and in the presence of CTABr (3.0 × 10-3 mol L-1). UV-Vis spectra were obtained for all solutions prepared in the absence and in the presence of the anions.

  Titrations

  Titration experiments were performed in DMSO with the preparation of solutions of 1a and 2 as previously described. These solutions were used to prepare the stock anion solutions, which were closed with rubber stoppers. The titrations were carried out by adding small amounts (2-50 µL) of the salt solution (with a microsyringe) to closed quartz cuvettes containing the solution of 1a or 2.

  Titration experiments were also performed in DMSO/water systems, using the minimum water content, which allowed selective detection of the anion.

  Finally, the titration of 1a (2.0 × 10-5 mol L-1) with CN- was carried out in a CTABr/water system. The absorbance values at 406 nm were recorded and used to construct the titration curve.

  pKa value for 1a in aqueous solution

  A solution of 1a was prepared at a concentration of 2.0 × 10 -2 mol L-1 in DMSO, and stored in a volumetric flask closed with a rubber stopper to avoid water absorption by the solvent. An aliquot of the solution, sufficient to give a concentration of the compound of 2.0 × 10-5 mol L-1, was collected with a microsyringe and placed in two volumetric flasks. Water at pH 5.01 (adjusted with 0.1 mol L-1 HCl) was added to one flask and the other was completed with water at pH 13.9 (adjusted with 0.1 mol L-1 KOH). The UV-Vis spectrum of the dye solution of pH 5.01 was recorded at 25 ºC. The pH of the solution was measured and the UV-Vis spectrum was obtained after each addition of a small amount of dye solution at pH 13.9, until the pH was above 12.

  NMR experiments

  For the 1H NMR experiments, 6.0 mg of 1a or 2 were placed in an NMR tube and 0.6 mL of DMSO-d6 was added. The concentrations of 1a and 2 were 3.7 × 10-2 and 2.5 × 10-2 mol L-1, respectively. Aliquots of a 0.6 mol L -1 tetra-n-butylammonium fluoride stock solution were added to the NMR tubes containing 1a and 2 and the 1H NMR spectra were obtained after 5 min at room temperature.

  Calculations

  The equilibrium constants were calculated through the fitting of the least-squares regression curves using the ORIGIN 6.1 program.

   

  Results and Discussion

  Compounds 1a and 2 were synthesized according to the route shown in Scheme 1. Firstly, pyrene (3) was nitrated using copper(II) nitrate, acetic acid and acetic anhydride to form 1-nitropyrene (4) in 89% yield. Compound 4 was reduced under reflux with tin(II) chloride in ethyl acetate to form compound 5 with 90% yield. The condensation of compound 5 with 4-hydroxybenzaldehyde (6) in ethanol at room temperature provided compound 1a in 51% yield. The silylated intermediate 7 was obtained in 76% yield by reacting compound 6 with TIPS-Cl in DMF, using imidazole as a base. The condensation of the aldehyde 7 with amine 5 using the same conditions for the preparation of imine 1a led to the formation of compound 2 in 60% yield. The novel compounds 1a and 2 were fully characterized, exhibiting purity adequate for use in the further studies.

  
    

    [image: Scheme 1. Synthetic route for the preparation]

  

  Acid-base strategy using compound 1a

  Figure 2A shows the solutions of 1a in DMSO and DMSO-water mixtures and in the absence and presence of several anions. Solutions of 1a are colorless but on addition of hydroxide they become orange in color due to the deprotonation of the chemosensor. Of the several anions tested, only CN -, F-, and to a lesser extent, CH3COO-, were able to deprotonate the solutions of 1a.

  
    

    [image: Figure 2. Solutions]

  

  Only F- and CN- are detected with the addition of 1% of water (v/v), while with the addition of 10% of water, the system becomes highly selective toward CN-. The addition of water to organic solvents in order to make chromogenic chemosensors selective toward CN- in the presence of other anions has been previously demonstrated.8,21,34,62-67 This is explained considering that the hydration energies of F- (-465 kJ mol−1), CH3COO- (−365 kJ mol-1), and H2PO4 - (−465 kJ mol-1) are high in comparison with that of CN - (−295 kJ mol−1).68 CN - is less hydrated with the addition of water, being a more basic species in comparison with the other anions and thus more effective in the abstraction of the proton of 1a. Scheme 2 details the reaction of the deprotonation of colorless 1a by the basic anions F- and CN- generating the colored species 1b in solution.

  
    

    [image: Scheme 2. Deprotonation]

  

  Figure 3A shows the UV-Vis spectra for 1a in DMSO in the absence and presence of the anions studied. This compound has a band with a maximum at 384.0 nm (εmax = 3.28 × 104 L mol-1 cm-1) and the addition of hydroxide causes the disappearance of this band simultaneously with the appearance of another band with a maximum at 468.0 nm (εmax = 4.78 × 104 L mol-1 cm-1). Data show that on the addition of F- the UV-Vis spectrum is the same as that obtained with the addition of hydroxide, indicating that F- is very efficient as a base to deprotonate the dye. CN- is also able to deprotonate 1a, although with less efficiency than F-, while acetate has a small influence on the spectrum of the chemosensor. On the addition of 1% (v/v) of water (Figure 3B), acetate is not able to act as a base, while in the medium containing 4% (v/v) of water, CN- is more efficient as a base than F- (Figure 3C). In the 9:1 (v/v) DMSO-water mixture (Figure 3D), only CN- caused the appearance of the band in the visible region, this band being hypsochromically shifted to 436.0 nm, since the dye generated exhibited solvatochromism, i.e., its visible band changes position when the polarity of the medium is altered.69

  
    

    [image: Figure 3. UV-Vis spectra for solutions]

  

  Compound 1a was titrated with the anionic species able to change the color of the solutions, that is, F- in DMSO and CN- in a DMSO-water (9:1; v/v) mixture. The absorbance values for the band of 1b at 468.0 nm in DMSO and at 436.0 nm with the addition of 10% of water were plotted as a function of the anion concentration added. The experimental data were fitted with the use of equation 1,8,21,70,71 which is related to the following situation according to a 1:1 chemosensor:anion stoichiometry.

  
    [image: Equation 1]

  

  In this equation, Abs is the absorbance value after each addition of an anion, Abs0 is the initial absorbance without an anion added, Abs11 is the maximum absorbance value obtained with the addition of an anion considering a 1:1 1a:anion stoichiometry, CA- is the anion concentration for each addition, and K11 is the equilibrium constant. The results are given in Table 1 and show very good fits for all systems studied.

  
    

    [image: Table 1. Equilibrium constants]

  

  Figure 4a shows the UV-Vis spectra for the titration of 1a in DMSO with increasing amounts of F-. With the addition of the anion, the band with a λmax value of 384.0 nm related to compound 1a shows a reduction in the absorbance, with the simultaneous appearance of the band with λmax = 468.0 nm, due to the appearance of 1b. An isosbestic point occurs at 410.0 nm suggesting the presence of two species (1a and 1b) in equilibrium. The corresponding titration curve obtained with experimental data for the absorbance at 468.0 nm is shown in Figure 4b. The data were fitted using eqaution 1, giving the value of K11 = (4.98 ± 0.19) × 103 L mol-1 (Table 1). Titrations of 1a using CN - as the anion in DMSO and the 9:1 (v/v) DMSO-water mixture were performed (see Supporting Information (SI) section). The pattern observed for the experiment in DMSO was similar to those described for the titrations with F-. The K11 value obtained from the titration of 1a with CN- in DMSO, of (1.56 ± 0.13) × 103 L mol-1, is lower than that obtained with F- as anion, corroborating the fact that, in DMSO, F- is a stronger base than CN -.72 In addition, the value of K11 = (1.29 ± 0.03) × 103 L mol-1 obtained for the titration of 1a with CN- in the DMSO-water (9:1; v/v) mixture shows that water molecules have a minor influence on the action of CN- as a base, probably because DMSO interacts strongly with water through hydrogen bonding, making the anion species relatively free to interact with 1a.
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  Figure 5 shows the 1H NMR spectra for compound 1a in DMSO-d6 in the absence and in the presence of increasing amounts of F-. Upon addition of 1.0 equivalent of the anion, the singlet at δ 10.22 ppm (Ha) of the hydroxyl group disappears, indicating the abstraction of the proton. Simultaneously, with the addition of more anion, the singlet at δ 8.77 ppm (HC), corresponding to the proton of the imine group, and the doublet at δ 6.99 ppm of the aromatic hydrogens at the ortho position in the phenol group (Hb) were upfield shifted, generating the spectrum of 1b (Figure 5E).

  
    

    [image: Figure 5. 1H NMR spectra]

  

  An attempt was made to use 1a for the detection of CN- in water, but the solubility of the compound in this solvent is very low. Since 1a has a lipophilic character, its solubility in water should, in principle, be improved with the use of a surfactant agent.73 Thus, CTABr was used in water above its critical micellar concentration (cmc = 9.0 × 10-4 mol L-1),74 and it was observed that the solubility of 1a was considerably improved. Preliminary tests showed that of the various anions tested only CN- caused an alteration in the aspect of the system containing 1a, from colorless to yellow. A UV-Vis study demonstrated that on the addition of CN- the band of 1a in the UV region, with a maximum at 384.0 nm, was replaced by another band in the visible region, with λmax = 406.0 nm (see SI). The pKa of 1a in water was determined as being 10.49 ± 0.02, while in micellar medium the pKa was lowered to 7.49 ± 0.02. Since the pKa values of HCN and HF are 9.21 and 3.18, respectively72 their conjugate bases are not sufficiently strong to deprotonate 1a in water, but in micellar medium only CN- is sufficiently basic to deprotonate 1a.

  Figure 6a shows the influence of the addition of increasing amounts of CN- on the UV-Vis spectrum of 1a in water containing CTABr above its critical micellar concentration. Significant changes were observed in the original spectrum on the addition of the anion, with the appearance of a band with λmax = 406.0 nm. Figure 6b shows the corresponding titration curve, the shape of which is typical of a 1:1 1a:anion stoichiometry. The use of equation 1 to fit the experimental data provided the result K11 = (9.38 ± 0.28) × 104L mol-1, a value larger than that obtained in DMSO or in the DMSO-water mixture. The detection and quantification limits were determined as 4.65 × 10-7 mol L-1 and 1.55 × 10-6 mol L-1, respectively.
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  A chemodosimeter approach based on compound 2

  Figure 7 shows the solutions of 2 in DMSO and DMSO-water mixtures in the absence and presence of several anions. Solutions of compound 2 in DMSO are colorless but they become colored (orange) in the presence of CN- and F-. In relation to the other anions, a very pale yellow color was observed for the solutions containing H2PO4- and CH3COO-. On the addition of 4% of water (v/v), only the effect of CN- and F- could be observed and only CN - could be detected in the 9:1 (v/v) DMSO-water mixture.
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  Figure 8 shows the UV-Vis spectra for solutions of 2 in the absence and presence of the anions. For compound 2 in DMSO there is a band with maximum at 384 nm (εmax = 3.28 × 104 L mol-1 cm-1), which disappears with the addition of CN - and F- giving place to another band with λmax = 468 nm (εmax = 4.79 × 104 L mol-1 cm-1). It is important to observe that the latter band corresponds to that observed for the product of the reaction of 1a with CN - and F- in DMSO. Thus, it suggests that the product of the reaction of 2 under these experimental conditions is species 1b. This is also corroborated by the fact that the product of the reaction of 2 with F- and CN- in DMSO with 10% (v/v) of water has a band with λmax = 436.0 nm, at the same position as that verified in the experiment carried out with compound 1a. As observed for compound 1a, with the addition of water the system became highly selective for CN- in comparison with the species which provided positive results in DMSO, indicating that water in smaller amounts efficiently hydrates H2PO4- and CH3COO-, and at 10% (v/v) it hydrates F -, hindering the action of anions as nucleophilic species. Scheme 3 summarizes the chemodosimeter approach based on compound 2. The nucleophilic attack of the anionic species on the silicon center, through a nucleophilic substitution at silicon (SN2@Si),53,75-77 releases colored 1b species as the leaving group, which makes this process effective for the detection of strongly nucleophilic analytes, such as F- and CN- in anhydrous DMSO. On the addition of water, the system becomes highly selective toward CN-, which remains an efficient nucleophile under these experimental conditions.
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  Figure 9a shows the UV-Vis spectra corresponding to the titration of compound 2 in DMSO with increasing amounts of F-. On the addition of F- a reduction in the intensity of the band related to 2 at 384 nm occurs with the simultaneous appearance of the band for 1b at λmax = 468 nm. The titration curve in Figure 9b was obtained using the absorbance values at 468 nm as a function of c(F-).
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  The sigmoidal profile of the curve and the absence of an isosbestic point on the UV-Vis spectra suggest that some event occurs prior to the nucleophilic attack of the anion. Thus, the 1H NMR spectra were obtained for 2 in DMSO-d6 in the absence and in the presence of F- after 5 min of reaction (Figure 10). A comparison of the spectra reveals that on addition of the anion the signals of the singlet at δ 8.82 ppm (Ha) and doublet at δ 7.09 ppm (Hb) were shifted to δ 8.36 ppm (HC) and δ 6.12 ppm (Hd). The final spectrum coincides with the 1H NMR spectrum of 1a in the presence of F - in excess (Figure 5E), revealing that the same species, 1b, was formed in the two cases. However, the spectra obtained using small amounts of the anion did not show any alteration in the position of the signals, which suggests that F- has a very weak interaction with the compound prior to the reaction with the silicon center. The literature reports studies involving weak CH-F hydrogen bonds in different organic systems.78-80 Alternatively, the interaction of two equivalents of F- with the silicon atom was reported in other papers.53,76,81 Mass spectrometric studies of 2 in the presence of an excess of F- and CN- showed that the anions caused the Si-O bond breaking, with the formation of 1b (see SI), without evidences for the occurrence of other intermediates. Therefore, the results suggest that there is a very weak interaction between F- and the hydrogen atom of the imine group in the compound before the action of the anion as a nucleophile. A comparison of the curves for the titration of 1a and 2 with F- suggests that the same interaction does not occur for compound 1a, where the anion simply acts as a base abstracting the phenolic proton.

  
    

    [image: Figure 10. 1H NMR spectra]

  

  The UV-Vis spectra for the titration of compound 2 in DMSO with the addition of CN- (Figure 11a) show a reduction in the intensity of the band related to 2 at 384 nm and the simultaneous appearance of the band for 1b at λmax = 468 nm. An isosbestic point occurred at 410 nm, which suggests that one species (2) is gives rise to the product (1b) with no intermediate species. The titration curve in Figure 11b was obtained using the absorbance values at 468 nm as a function of c(F-). The curve does not show a sigmoidal shape, which suggests that there is no interaction of the anion with the compound prior to the nucleophilic attack. This corroborates the explanation given for the behavior of 2 in the presence of F-, since CN- does not form hydrogen bonds as effectively as F-. Equation 1 was used to fit the experimental data, providing further evidence for a 1:1 2:anion stoichiometry, with K11 = (4.03 ± 0.22) × 103 L mol-1 (standard deviation (S.D.) = 0.055). The titration of 2 with CN- in DMSO with 10% (v/v) of water at 25 ºC revealed a similar pattern (see SI), except for the fact that for the band corresponding to the appearance of 1b the λmax is 436 nm, as observed in the experiments with 1a and CN- in the same aqueous DMSO mixture. The detection and quantification limits were 3.59 × 10-5 mol L-1 and 1.20 × 10-4 mol L-1, respectively.
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  Conclusions

  Compounds 1a and 2 were synthesized and studied in two different strategies for the optical detection of F- and CN-. Compound 1a is a phenol and it was used as an anionic chromogenic chemosensor in DMSO through an acid-base strategy. With the addition of small amounts of water, the system could be used only for the visual and quantitative detection of CN-. Although 1a is not soluble in water at the concentration required for optical chemosensors, the use of a cationic surfactant (CTABr) was found to be a very efficient approach to improve the solubility of the compound and to lower its pKa value, enabling the use of the system for the highly selective optical detection of CN -. In addition, the detection and quantification limits of the method (4.65 × 10-7 mol L-1 and 1.55 × 10-6 mol L-1, respectively) are close to the maximum level of c(CN-) in potable water allowed by the World Health Organization, which is 1.7 µmol L−1.82

  Another strategy was studied using the basic framework of 1a to construct the chemodosimeter 2. This chemodosimeter approach was studied in DMSO, which is based on the nucleophilic attack of the anionic species on the silicon center, through a nucleophilic substitution at silicon (SN2@Si). Dye 1b is generated in this process, which signals the presence of F- and CN-. With the addition of 10% (v/v) of water, the system is able to detect only CN-. Since water hydrates F-, the action of this anion as a nucleophilic species is hindered.

  In conclusion, the system described herein for anionic detection is versatile, allowing its use in organic and aqueous media. In addition, simple synthetic modifications can be envisioned, for instance in the conjugated bridge and the use of substituents at the phenol and pyrene moieties in the molecules, which should allow access to new fluorogenic systems and more efficient techniques for anion sensing.
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  Acknowledgments

  The financial support of the Brazilian Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq), Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES), Laboratório Central de Biologia Molecular (CEBIME/UFSC), and UFSC is gratefully acknowledged.

   

  References

  1. Martínez-Máñez, R.; Sancenón, F.; Chem. Rev. 2003, 103, 4419.

  2. Cho, D.-G.; Sessler, J. L.; Chem. Soc. Rev. 2009, 38, 1647.

  3. Duke, R. M.; Veale, E. B.; Pfeffer, F. M.; Kruger, P. E.; Gunnlaugsson, T.; Chem. Soc. Rev. 2010, 39, 3936.

  4. Gale, P. A.; Busschaert, N.; Haynes, C. J. E.; Karagiannidis, L. E.; Kirby, I. L.; Chem. Soc. Rev. 2014, 43, 205.

  5. Kim, H. N.; Guo, Z.; Zhu, W.; Yoon, J.; Tian, H.; Chem. Soc. Rev. 2011, 40, 79.

  6. Suksai, C.; Tuntulani, T.; Chem. Soc. Rev. 2003, 32, 192.

  7. Wenzel, M.; Hiscock, J. R.; Gale, P. A.; Chem. Soc. Rev. 2012, 41, 480.

  8. Nicoleti, C. R.; Marini, V. G.; Zimmermann, L. M.; Machado, V. G.; J. Braz. Chem. Soc. 2012, 23, 1488.

  9. Wiskur, S. L.; Ait-Haddou, H.; Lavigne, J. J.; Anslyn, E. V.; Acc. Chem. Res. 2001, 34, 963.

  10. Nandi, L. G.; Nicoleti, C. R.; Bellettini, I. C.; Machado, V. G.; Anal. Chem. 2014, 86, 4653.

  11. Wang, F.; Wang, L.; Chen, X.; Yoon, J.; Chem. Soc. Rev. 2014, 43, 4312.

  12. Moragues, M. E.; Martínez-Máñez, R.; Sancenón, F.; Chem. Soc. Rev. 2011, 40, 2593.

  13. Kaur, K.; Saini, R.; Kumar, A.; Luxami, V.; Kaur, N.; Singh, P.; Kumar, S.; Coord. Chem. Rev. 2012, 256, 1992.

  14. Zimmermann-Dimer, L. M.; Machado, V. G.; Quím. Nova 2008, 31, 2134.

  15. Gunnlaugsson, T.; Glynn, M.; Tocci, G. M.; Kruger, P. E.; Pfeffer, F. M.; Coord. Chem. Rev. 2006, 250, 3094.

  16. Anslyn, E. V.; J. Org. Chem. 2007, 72, 687.

  17. Du, J.; Hu, M.; Fan, J.; Peng, X.; Chem. Soc. Rev. 2012, 41, 4511.

  18. Ma, J.; Dasgupta, P. K.; Anal. Chim. Acta 2010, 673, 117.

  19. Hong, K.-H.; Kim, H.-J.; Supramol. Chem. 2012, 25, 24.

  20. Männel-Croisé, C.; Probst, B.; Zelder, F.; Anal. Chem. 2009, 81, 9493.

  21. Zimmermann-Dimer, L. M.; Machado, V. G.; Dyes Pigm. 2009, 82, 187.

  22. Zimmermann-Dimer, L. M.; Reis, D. C.; Machado, C.; Machado, V. G.; Tetrahedron 2009, 65, 4239.

  23. Kumar, S.; Singh, P.; Hundal, G.; Hundal, M. S.; Kumar, S.; Chem. Commun. 2013, 49, 2667.

  24. Gotor, R.; Costero, A. M.; Gil, S.; Parra, M.; Martínez‑Máñez, R.; Sancenón, F.; Gaviña, P.; Chem. Commun. 2013, 49, 5669.

  25. Lv, J.; Zhang, Z.; Li, J.; Luo, L.; Forensic Sci. Int. 2005, 148, 15.

  26. Schnepp, R.; J. Emerg. Nurs. 2006, 32, S3.

  27. Bolarinwa, I. F.; Orfila, C.; Morgan, M. R. A.; Food Chem. 2014, 152, 133.

  28. Tivana, L. D.; Francisco, J. C.; Zelder, F.; Bergenståhl, B.; Dejmek, P.; Food Chem. 2014, 158, 20.

  29. Sweeney, L. M.; Sommerville, D. R.; Channel, S. R.; Toxicol. Sci. 2014, 138, 205.

  30. Gupta, R.; Kumar, A. N.; Bandhu, S.; Gupta, S.; Scand. J. Rheumatol. 2007, 36, 154.

  31. Choi, A. L.; Sun, G.; Zhang, Y.; Grandjean, P.; Environ. Health Perspect. 2012, 120, 1362.

  32. Li, L.; Crit. Rev. Oral Biol. Med. 2003, 14, 100.

  33. Yang, Y.; Zhao, Q.; Feng, W.; Li, F.; Chem. Rev. 2012, 113, 192.

  34. Marini, V. G.; Torri, E.; Zimmermann, L. M.; Machado, V. G.; Arkivoc 2010, 146.

  35. Zelder, F. H.; Männel-Croisé, C.; Chimia 2009, 63, 58.

  36. Chen, C.-H.; Leung, M.-K.; Tetrahedron 2011, 67, 3924.

  37. Huang, W.; Li, Y.; Yang, Z.; Lin, H.; Lin, H.; Spectrochim. Acta, Part A 2011, 79, 471.

  38. Zang, L.; Wei, D.; Wang, S.; Jiang, S.; Tetrahedron 2012, 68, 636.

  39. Zhang, X.; Fu, J.; Zhan, T.-G.; Dai, L.; Chen, Y.; Zhao, X.; Tetrahedron Lett. 2013, 54, 5039.

  40. Zhou, Y.; Zhang, J. F.; Yoon, J.; Chem. Rev. 2014, 114, 5511.

  41. Isaad, J.; Salaün, F.; Sens. Actuators, B 2011, 157, 26.

  42. Kim, S. Y.; Hong, J.-I.; Org. Lett. 2007, 9, 3109.

  43. Ke, B.; Chen, W.; Ni, N.; Cheng, Y.; Dai, C.; Dinh, H.; Wang, B.; Chem. Commun. 2013, 49, 2494.

  44. Luo, Z.; Yang, B.; Zhong, C.; Tang, F.; Yuan, M.; Xue, Y.; Yao, G.; Zhang, J.; Zhang, Y.; Dyes Pigm. 2013, 97, 52.

  45. Hou, P.; Chen, S.; Wang, H.; Wang, J.; Voitchovsky, K.; Song, X.; Chem. Commun. 2014, 50, 320.

  46. Xu, J.; Sun, S.; Li, Q.; Yue, Y.; Li, Y.; Shao, S.; Anal. Chim. Acta 2014, 849, 36.

  47. Cheng, X.; Jia, H.; Feng, J.; Qin, J.; Li, Z.; Sens. Actuators, B 2014, 199, 54.

  48. Huang, Y.-C.; Chen, C.-P.; Wu, P.-J.; Kuo, S.-Y.; Chan, Y.-H.; J. Mater. Chem. B 2014, 2, 6188.

  49. Roy, A.; Kand, D.; Saha, T.; Talukdar, P.; Chem. Commun. 2014, 50, 5510.

  50. Kumari, N.; Dey, N.; Bhattacharya, S.; Analyst 2014, 139, 2370.

  51. Sokkalingam, P.; Lee, C.-H.; J. Org. Chem. 2011, 76, 3820.

  52. Kim, T.-H.; Swager, T. M.; Angew. Chem., Int. Ed. 2003, 42, 4803.

  53. Li, X.; Hu, B.; Li, J.; Lu, P.; Wang, Y.; Sens. Actuators, B 2014, 203, 635.

  54. Li, B.; Zhang, C.; Liu, C.; Chen, J.; Wang, X.; Liu, Z.; Yi, F.; RSC Adv. 2014, 4, 46016.

  55. Goswami, S.; Das, A. K.; Manna, A.; Maity, A. K.; Fun, H.-K.; Quah, C. K.; Saha, P.; Tetrahedron Lett. 2014, 55, 2633.

  56. Cao, X.; Lin, W.; Yu, Q.; Wang, J.; Org. Lett. 2011, 13, 6098.

  57. Bao, Y.; Liu, B.; Wang, H.; Tian, J.; Bai, R.; Chem. Commun. 2011, 47, 3957.

  58. Li, L.; Ji, Y.; Tang, X.; Anal. Chem. 2014, 86, 10006.

  59. Nicoleti, C. R.; Nandi, L. G.; Machado, V. G.; Anal. Chem. 2015, 87, 362.

  60. Kung, Y.-C.; Hsiao, S.-H.; J. Mater. Chem. 2010, 20, 5481.

  61. Babu, P.; Sangeetha, N. M.; Vijaykumar, P.; Maitra, U.; Rissanen, K.; Raju, A. R.; Chem. Eur. J. 2003, 9, 1922.

  62. Ros-Lis, J. V.; Martínez-Máñez, R.; Soto, J.; Chem. Commun. 2002, 2248.

  63. Tomasulo, M.; Raymo, F. M.; Org. Lett. 2005, 7, 4633.

  64. Ros-Lis, J. V.; Martínez-Máñez, R.; Soto, J.; Chem. Commun. 2005, 5260.

  65. Sun, Y.; Wang, G.; Guo, W.; Tetrahedron 2009, 65, 3480.

  66. Marini, V. G.; Zimmermann, L. M.; Machado, V. G.; Spectrochim. Acta, Part A 2010, 75, 799.

  67. Marcus, Y.; J. Chem. Soc., Faraday Trans. 1991, 87, 2995.

  68. Zhan, C.-G.; Dixon, D. A.; J. Phys. Chem. A 2004, 108, 2020.

  69. Reichardt, C.; Chem. Rev. 1994, 94, 2319.

  70. Connors, K. A.; Binding Constants: the Measurement of Molecular Complex Stability ; Wiley: New York, 1987.

  71. Chen, Y.; Xu, T.; Shen, X.; Gao, H.; J. Photochem. Photobiol., A 2005, 173, 42.

  72. Bordwell, F. G.; Acc. Chem. Res. 1988, 21, 456.

  73. Tehrani-Bagha, A.; Holmberg, K.; Materials 2013, 6, 580.

  74. Li, W.; Zhang, M.; Zhang, J.; Han, Y.; Front. Chem. China 2006, 1, 438.

  75. Bento, A. P.; Bickelhaupt, F. M.; J. Org. Chem. 2007, 72, 2201.

  76. Pierrefixe, S. C. A. H.; Fonseca-Guerra, C.; Bickelhaupt, F. M.; Chem. Eur. J. 2008, 14, 819.

  77. Clayden, J.; Greeves, N.; Warren, S.; Organic Chemistry ; OUP: Oxford, 2012.

  78. Spada, L.; Gou, Q.; Vallejo-Lopez, M.; Lesarri, A.; Cocinero, E. J.; Caminati, W.; Phys. Chem. Chem. Phys. 2014, 16, 2149.

  79. Caminati, W.; López, J. C.; Alonso, J. L.; Grabow, J.-U.; Angew. Chem., Int. Ed. 2005, 44, 3840; Caminati, W.; López, J. C.; Alonso, J. L.; Grabow, J.-U.; Angew. Chem. 2005, 117, 3908.

  80. Kang, J.; Lee, H. G.; Han, Y.; Hwang, I. H.; Kim, C.; Cho, S.; J. Supramol. Chem. 2012, 24, 738.

  81. Chuit, C.; Corriu, R. J. P.; Reye, C.; Young, J. C.; Chem. Rev. 1993, 93, 1371.

  82. World Health Organization (WHO); Guidelines for Drinking-Water Quality, 4th ed., 2011.

   

   

  Submitted: April 15, 2015.

  Published online: June 16, 2015.

   

   

  
    *e-mail: vanderlei.machado@ufsc.br

     

     

    Supplementary Information

    
      [image: Figure S1]

    

    
      [image: Figure S2 and S3]

    

    
      [image: Figure S4 and S5]

    

    
      [image: Figure S6 and S7]

    

    
      [image: Figure S58 and S9]

    

    
      [image: Figure S10 and S11]

    

    
      [image: Figure S12 and S13]

    

    
      [image: Figure S14]

    

    
      [image: Figure S15]

    

    
      [image: Figure S16]

    

    
      [image: Figure S17, S18 and S19]

    

    
      [image: Figure S20]

    

    
      [image: Figure S21]

    

  





  DOI: 10.5935/0103-5053.20150191

  ARTICLE

  
    Martins MM, Silva DS, Kassab LRP, Ribeiro SJL, Araújo CB. Enhancement of Optical Absorption, Photoluminescence and Raman Transitions in Bi2O3-GeO2 Glasses. J. Braz. Chem. Soc. 2015;26(12):2520-24

  

  
    Enhancement of Optical Absorption, Photoluminescence and Raman Transitions in Bi2O3-GeO2 Glasses

  

   

   

  Maylon M. MartinsI; Diego S. SilvaI,II; Luciana R. P. KassabI*; Sidney J. L. RibeiroIII; Cid B. de AraújoIV

  IFaculdade de Tecnologia de São Paulo, CEETEPS/UNESP, 01124-060 São Paulo-SP, Brazil

  IIDepartamento de Engenharia de Sistemas Eletrônicos, Escola Politécnica da USP, 05508-900 São Paulo-SP, Brazil

  IIIInstituto de Química, Universidade Estadual Paulista-UNESP, CP 355, 14870-90 Araraquara-SP, Brazil

  IVDepartamento de Física, Universidade Federal de Pernambuco, 50670-901 Recife-PE, Brazil

   

  
    The influence of silver nanoparticles (Ag-NPs) on the optical properties of Bi2O3-GeO2 glasses was investigated aiming the characterization of their potential for applications in photonic devices. The samples were prepared by the melt-quenching technique starting from high purity oxides (GeO2, Bi2O3 and AgNO3). Heat-treatment during different times was performed to nucleate Ag-NPs. A transmission electron microscope was used to confirm the presence of Ag-NPs and to determine their sizes and composition. The glass network was studied by spontaneous Raman scattering. The optical absorption spectra showed an absorption band at ca. 500 nm associated to the bismuth ions, and a 7-fold enhancement of absorption was observed in the samples with Ag-NPs. Photoluminescence (PL) spectra were obtained by exciting the samples with a 808 nm laser. Maximum enhancements of ca. 100% of the PL band centered at 1300 nm and ca. 70% of the Raman spectrum were observed due to the nucleation of the Ag-NPs. The enhanced optical response of the samples with Ag-NPs is attributed to the growth of the local field on the isolated bismuth ions and clusters that are located in the vicinity of the nanoparticles. The results illustrate the large potential of Bi2O3-GeO2 with Ag-NPs to be used in photonic devices.

    Keywords: heavy metal oxide glass, silver nanoparticle, germanate glass, infrared photonic device, electroluminescent devices.

  

   

   

  Introduction

  Heavy metal oxide (HMO) glasses are attracting large attention because of their linear and nonlinear optical properties that make them ideal candidates for applications such as ultrafast optical switches, optical limiters and active photonic devices.1-18 In general, besides low optical absorption in the visible and in the near-infrared (NIR) regions, the HMO glasses present high index of refraction (ca. 2.0), low cutoff phonon energies (ca. 800 cm-1), large polarizability, large resistance to moisture and good thermal stability that allow the fabrication of optical fibers. Particularly, the glasses containing bismuth oxide (Bi2O3) deserve large attention because of the broadband photoluminescence (PL) from 1000 to 1600 nm, due to bismuth (Bi) ions.12-17 Ren et al.,14,15 for instance, reported efficient optical amplification in the region 1272-1348 nm using Bi-doped magnesium-germanate,14 and Bi-doped germano-silicate glasses,15 and Dianov et al.18 demonstrated laser action between 1150 and 1300 nm in a Bi-doped aluminosilicate fiber.18 The NIR broadband emission was also observed in a Bi-doped soda-lime silicate,16 and chalcogenide glass.17 Therefore new possibilities for optical communications using optical fibers containing bismuth in comparison with the results already reported with rare-earth ions doped fibers are envisaged. 

  In the present work we investigate the influence of silver nanoparticles (Ag-NPs) on the optical properties of Bi2O3-GeO2 glasses. The main motivation for this work was to obtain a composite material with enhanced optical properties in comparison with the well-known Bi2O3-GeO2 glass. The results showed a 7-fold enhanced absorption in the visible range, PL growth of ca. 100% at 1300 nm as well as a ca. 70% enhancement of the spontaneous Raman scattering cross-section due to the presence of the Ag-NPs. In the Experimental section we describe the methods and techniques used for fabrication and characterization of the glasses. In the Results and Discussion section we report on the structural and optical properties of the samples. Finally, in the Conclusions, we present a summary of the results. 

   

  Experimental

  The samples investigated were fabricated using the melt-quenching method with the starting composition (in mol%): 89.6GeO2-9.6Bi2O3-0.8AgNO3. The reagents were melted in an alumina crucible for 1 h at 1200 ºC, quenched in a preheated brass mold, annealed at 420 ºC during 1 h (to avoid internal stress) and cooled to room temperature inside the furnace. After this procedure, the samples were polished and cut in order to have parallel faces. The samples prepared with AgNO3 were heat-treated (HT) during 1, 12 and 24 h at 420 °C to thermally reduce the Ag+ ions to Ag0 and to nucleate the Ag-NPs. The melting temperature of 1200 ºC was chosen based on our previous experiments that showed higher NIR luminescence when compared to the emission from the samples melted at 1100 ºC. Samples with composition (in mol%): 86GeO2-14Bi2O3 and 80.4GeO2-19.6Bi2O3 were also prepared, without Ag-NPs, and melted at 1100 ºC and 1200 ºC, for comparison with the optical response of the glass containing Ag-NPs.

  A 200 kV transmission electron microscope (TEM) was used to determine the sizes and shapes of the Ag-NPs. Energy dispersive X-ray spectroscopy was performed during the TEM analysis in order to confirm the presence of Ge, Bi and Ag-NPs. Electron diffraction measurements were performed to determine the crystalline structure of Bi NPs according to JCPDS-ICDD data base.19 For these measurements the samples were milled, mixed with distilled water, and partially decanted. The floating part was taken by using a metallic screen and analyzed by TEM. 

  The linear optical absorption spectra were measured with a spectrophotometer operating from 350 to 1600 nm. The PL measurements were made by exciting the samples with a 808 nm continuous-wave diode laser (maximum power: 200 mW). A spectrometer, attached to a photomultiplier and a computer, was used to analyze the PL signals. Spontaneous Raman scattering measurements using a laser operating at 532 nm were performed to study the glass network. All measurements were made with the samples at room temperature.

   

  Results and Discussion

  The TEM images obtained for samples HT during 1 h showed the presence of Ag-NPs with average diameter of ca. 20 nm. One representative TEM image is shown in Figure 1a and the size distribution of the NPs is shown in Figure 1b.

  
    

    [image: Figure 1. (a) TEM image]

  

  Figure 2 shows energy dispersive spectroscopy (EDS) results that confirm the presence of Ge, Bi and Ag in the samples. The features corresponding to the Cu K line are due to the grid where the sample is placed for the TEM measurements.

  
    

    [image: Figure 2. EDS spectrum]

  

  Figure 3a shows a TEM image of Bi NPs that present rhomboedral structure in agreement with literature.19 This measurement was made with samples without Ag-NPs. The inset of Figure 3a shows the pattern that was used to calculate the diffraction indices (104 and 110) of the Bi structure according to the JCPDS-ICDD data base.20 The Bi NPs size distribution is presented in Figure 3b and shows average dimensions of ca. 9 nm. We recall that the formation of Bi NPs and Bi clusters due to electron beam irradiation in a TEM was previously reported.19 In the present study this effect was observed several minutes after starting the irradiation; motion of Bi NPs was noted where the electron beam was focused as well as a tendency of coalescence.
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  The absorption spectra of the samples prepared with and without Ag-NPs are shown in Figure 4. Notice that the sample without Ag-NPs presents a band centered at ca. 500 nm related to divalent bismuth ions (Bi2+), as reported for other Bi-doped glasses.21,22 The spectra of the samples with AgNO3 in the starting composition present a large broadband in the blue-orange region with an amplitude that increases with the increase of the heat-treatment time. This behavior is due to the localized surface plasmons band associated to the Ag-NPs, but it is also possible that the Bi2+ located in the vicinity of the Ag-NPs are also contributing due to the enhancement of their absorption transitions centered at ca. 500 nm. The 7-fold increase observed in the absorption band is an evidence of the large volume fraction of the Ag-NPs. The inset in Figure 4 illustrates the behavior of the samples without Ag-NPs, heat-treated during 1, 12 and 24 hours. It can be seen a small decrease of the Bi2+ absorption band as reported for other bismuth doped glasses;21,23 this change is negligible in comparison with the large increase observed for the samples with Ag-NPs.
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  Figure 5 presents the PL spectra of the samples excited at 808 nm. The strong band from 1000 to 1600 nm, centered at 1300 nm, is attributed to the Bi+ luminescence centers. A red-shift of the NIR band in the samples with Ag-NPs can be observed in Figure 5a. For the sample HT during 1 h the NIR band shifted to ca. 1250 nm, whereas for longer heat treatment times the band shifted to ca. 1220 nm. This effect is probably related to changes of the local environment of bismuth in the glass structure, due to the nucleation of Ag-NPs. Analogous behavior was observed in previous work23 where a shift of the NIR band was attributed to changes in the glass structure.
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  Figure 5b shows the results for GeO2-Bi2O3 glasses prepared without Ag-NPs, melted at 1100 and 1200 ºC. Notice that the samples melted at 1200 ºC present larger NIR emission that indicates a larger number of Bi+ centers. This was the reason for the choice of the 1200 ºC melting temperature in the present work. 

  Figure 5a exhibits ca. 100% enhancement of the PL intensity at ca. 1300 nm when a comparison between the sample HT during 1 h and the sample without Ag-NPs is made. The PL enhancement is attributed to the local field growth in the vicinity of the Ag-NPs. For the samples HT during longer times quenching was observed probably due to the larger number of Ag-NPs nucleated and the reduction of the distances between the Ag-NPs and the luminescence centers. The PL quenching should not be attributed to the oxidation of Bi+ because the change observed in the samples without Ag-NPs HT during 12 and 24 h is negligible, as illustrated by Figure 5c.

  Figure 6 presents the Raman spectra for the samples with and without Ag-NPs. The shoulder in the region from 200 to 300 cm-1 may be attributed to the asymmetric motion of Bi atoms that are simultaneously half-bridged and half-nonbridged to oxygen (O–Bi-O).24,25 The band at ca. 430 cm-1 is assigned to the symmetric stretching of bridged oxygen in bisecting the Ge-O-Ge plane in predominantly six-membered rings.26 The Raman band centered at 815 cm-1 is related to the asymmetric vibration of the nonbridging oxide structures, Ge-O− and B-O. The Raman signal due to the GeO− vibration is expected to be dominant in the present case.23 For the samples with Ag-NPs, the maximum enhancement of ca. 70% was observed due to the enhanced local electromagnetic field in the interface between the Ag-NPs and the dielectric medium, the so-called surface enhanced Raman scattering (SERS) effect.27
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  Conclusions

  This is the first report that shows the influence of silver nanoparticles on the absorption spectrum, near-infrared luminescence and Raman vibrational modes of the Bi2O3-GeO2 glass. The results show that this glass containing Ag-NPs has large potential to be used for color filters in the blue-orange spectral region as well as for devices requiring intense and large bandwidth luminescence in the 1200-1600 nm region. The 7-fold increase observed for the linear absorption band in the blue-orange region and the ca. 100% enhancement in the NIR luminescence demonstrate the important role of Ag-NPs for the optical performance of this material. Surface enhanced Raman scattering due to the influence of the Ag-NPs was also observed.
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    Energy conversion, involving UV and Vis absorption to generate near infrared (NIR) emission at 1000 nm from nanostructured Pr3+/Yb3+ co-doped SiO2-Nb2O5 for solar cell application was the main focus of this work. The synthesis, structural and optical characterization of Pr3+/Yb3+ co-doped 70SiO2-30Nb2O5 nanocomposites and planar waveguides prepared by the sol gel method are reported. The influence of the rare earth content and thermal annealing on the crystallization process and the luminescence properties was studied. The excitation spectra revealed the energy transfer between the Pr3+ and Yb3+, involving mainly the 3P2 level of Pr3+ ions. Multiphonon decay and cross relaxation processes take place at higher rare earth concentration and annealing temperature, which increases the 1D2 level population and consequently the NIR emission from the Pr3+ ions. The nanostructured Pr3+/Yb3+ co-doped SiO2-Nb2O5 nanocomposites and waveguides show interesting NIR emission and optical properties for photonic applications.

    Keywords: nearinfrared emission, energy conversion, praseodimium, ytterbium, luminescence.

  

   

   

  Introduction

  Rare earth doped materials for photonic applications have been increasingly reported on literature in a huge number of applications such as light emitting,1,2 biomedical,3-5 telecommunications,6,7 solar cells,8,9 among others. Considering the different rare earth ions, praseodymium (Pr3+) shows a complex electronic structure, with many absorption bands in the UV, visible and near infrared (NIR) ranges. Therefore, Pr3+-doped materials have been reported for many potential applications, e.g., as optical amplifiers operating at 1.3 µm,10,11 not to mention the materials emitting in the blue,12 orange,13 red,14 and white light,15,16 which enables applications like upconverter lasers and light emitting diodes (LEDs). NIR luminescence from Pr3+-Yb3+ co-doped materials have been reported, specially the luminescence of Yb3+ at 980 nm after resonant excitation of the 3PJ levels of Pr3+.17-19 The single excited state 2F5/2 around 10.000 cm−1 (1.24 eV) is close to the silicon band-gap energy (1.12 eV), and consequently is specifically interesting considering solar cells application, since Yb3+ emission can be efficiently absorbed without significant thermalization losses.20

  Among the mentioned photonic applications, the renewable energy supply technologies have attracted considerable attention in the last years due to the increasing energy demand and the concerns about reduced environmental impact in the energy production. Thus, the photovoltaic energy technologies have been gradually developed towards new technologies and new materials enabling the conversion of solar energy into electrical energy.21 Photovoltaic solar cells (PV) based on the silicon present many advantages such as low production cost, non-toxicity, easy of passivation and texturing.22 However, low energy conversion efficiency by the commercial silicon solar cells is the major reason of solar energy production still remains non-price competitive. According to Shockley-Queisser limit, only 32% of the solar spectrum can be used for the photoelectron generation.23 The absorption of high energy photons can generate an electron-hole pair with lost of excess energy as heat. In addition, low energy photons, i.e., photons with energy lower than the silicon band gap are not absorbed by the solar cells.

  An alternative strategy to obtain PV solar cells, involves multilayered structures of semiconductors with different band gap energies, such as GaAs, GaInP, InGaAs, GaInNAs and Ge, which result in efficiencies around 43%, however, until now, the high prices limit their use.8 All-organic PV and dye-sensitized solar cells, have been also described in the literature with efficiencies around 8.6-12.3%, exhibiting also high cost of manufacturing compared to Si-cells. Besides the relatively low PV cell efficiencies, the sunlight is diffused requiring large mirrors to concentrating it, which generates other drawbacks like the cost increase, and no shadowing regions to place these mirrors.8

  Luminescent solar concentrators (LSC) arose as an interesting and groundbreaking strategy to improve photovoltaic energy conversion. The LSC consists of a film containing active optical centers, which after exposition to the sunlight absorb incident radiation and emit into a specific wavelength. Even part of the emission is lost at the surface, it can be redirected to a PV cell located in the edges of the film by total internal reflection, concentrating the light energy. In order to obtain an effective application, the optically centers in the film have some requirements such as a broad spectral absorption, high absorption efficiency over the absorption whole spectrum, high luminescence efficiency and large Stokes shift, emission compatibility with the PV-cell responsivity.8 In this sense, rare earth doped materials have been studied aiming LSC application. Recently, two main strategies have been described in the literature to improve the Si solar cell efficiency combining rare earth doped materials as energy converter. The first one is based on the use of materials which exhibit downconversion. Downconversion comprises the conversion of high energy photon (near-UV to visible range) into two or more low energy photons (near infrared). And the second strategy is combining the solar cell with materials which show upconversion process. The upconversion mechanism is based on the absorption of two or more low energy photons and emission of a high energy photon.24,25 One example for solar cell application is the absorption of two or more photons at NIR (1.5 µm) resulting in photon in the visible-NIR region (800-1000 nm).

  It is known that the photophysical properties of rare earth ions are sensitive to the chemical environment and, therefore, the choice of host material is crucial. In the literature, most reports concerning NIR emission from Pr3+/Yb3+ co-doped materials are based on host with low phonon energy as fluoride and tellurite glasses resulting in interesting energy transfer mechanisms.11,17-19,26 In this work, a nanostructured oxide system was used as host, more precisely niobium oxide nanocrystals embedded in a silica based host.

  Niobium oxide (Nb2O5) presents interesting optical properties, such as transparency over a wide range of wavelengths, low cut-off phonon energy (ca. 900 cm−1) and high refractive index (n = 2.4).27 In addition, niobium oxide is polymorphic material and exhibits different crystalline phases depending on the annealing temperature and preparation method. Incorporating Nb2O5 nanocrystals in the SiO2 matrix with controlled distribution of the rare earth ions in a low phonon energy environment, allowed an unusual achievement, the use of a silicate host to obtain an intense NIR emission. SiO2 was applied as host due to its outstanding properties concerning photonic applications as waveguide, which brings potential applications as planar waveguides and solar concentrators. The addition of niobium oxide to the silica host tailor the properties of the glass or glass ceramic system, as the refractive index, structural features, with size and distribution of crystalline nanoparticles depending on the niobium content. Recently, rare earth-doped SiO2-Nb2O5 nanocomposites have been studied by some of us. Er3+-doped SiO2-Nb2O5 waveguides and nanocomposites were deposited by sol gel route. The crack-free waveguides exhibited excellent optical properties like uniform refractive index across the surface, efficient light injection at 1538 nm, not to mention the 1.5 µm luminescence, arousing great potential application in erbium doped waveguide amplifier (EDWA) and WDM devices.27 In a further study,28 a systematic study on the structural and spectroscopic properties of Er3+-doped nanocomposites was reported. How the different Nb2O5 polymorphs formation affected the structure and luminescence properties of the materials was the main focus and it was concluded that orthorhombic crystalline phase (T-phase), obtained by annealing the nanocomposites at 900 and 1000 ºC at 70:30 and 80:20 SiO2:Nb2O5 molar ratios, were the best potential candidates for many photonic applications. The rare earth ions confined into niobium oxide-rich environment has given unique and unusual luminescent properties.

  In this context, Pr3+/Yb3+ co-doped SiO2-Nb2O5 nanocomposites are proposed as feasible alternative to produce LSC and integrate the silicon solar cells. Therefore, in the present work, we focused on the spectroscopic properties of Pr3+/Yb3+ co-doped SiO2-Nb2O5 nanocomposites and waveguides prepared by the sol gel method. More specifically, we analyzed the influence of Pr3+/Yb3+ content in relation to the Nb2O5 structural changes as well as in the luminescence properties of the studied nanocomposite materials.

   

  Experimental

  The Pr3+/Yb3+ co-doped SiO2-Nb2O5 nanocomposites were synthesized via sol-gel method. The ethanolic solutions with total concentration of Si + Nb equal to 0.448 mol L−1 were attained at Si/Nb molar ratio of 70:30. Niobium ethoxide (Aldrich, 99.95%) and tetraethylorthosilicate (TEOS) (Merck, 98%) were used as precursors. PrCl3 and YbCl3 were used as Pr3+ and Yb3+ ions precursors, which were prepared from the respective oxides (Pr2O3, Aldrich 99.9% and Yb2O3, Aldrich 99.9%) by dissolution in 0.1 mol L−1 HCl aqueous solution. After the total dissolution, a careful drying of the solutions was performed with anhydrous ethanol addition, obtaining the stock solutions. This later step enables control of water and acid content. The Pr3+:Yb3+ ions concentration ratio were 0.3:1.2 mol%, 0.5:2 mol% and 1:4 mol% (with respect to the total concentration of Si + Nb), which will be labeled S1, S2 and S3 hereafter.

  S1, S2 and S3 were obtained as followed: the sol 1 was obtained by mixing TEOS, anhydrous ethanol and HCl at a 50:1 TEOS:HCl volume ratio. In a separate container, sol 2 was prepared by mixing niobium ethoxide, 2-ethoxyethanol and the Pr3+ and Yb3+ ions at a 10:1 2-ethoxyethanol:niobium ethoxide volume ratio. Next, sol 1 and the sol 2 were mixed together and kept under stirring at room temperature for 30 min. Then, a HCl aqueous solution with concentration 0.27 mol L−1 was added at 1:0.007 TEOS:HCl molar ratio. The solution was filtered through a 0.2 µm Millipore filter and left to stand for 16 h, for waveguides deposition. Planar waveguides were deposited onto silica on silicon (10 µm SiO2-Si(100)p-type) substrate by the dip-coating technique, at a dipping rate of 30 mm min−1. The waveguides corresponding to Pr3+:Yb3+ ions concentration ratio S1, S2 and S3 ratios will be labeled W1, W2 and W3 hereafter. Before further coating, each layer was annealed for 60 s at 900 ºC, until 50 layers were achieved. Finally, the resulting solutions were maintained at room temperature for 60 days for the xerogels formations. After that, the xerogels were milled to powder and annealed with a heating rate of 1 ºC min−1 at 900 ºC and 1100 ºC for 10h.

  The X-ray diffraction (XRD) analyses were carried out on a Siemens-Bruker D5005-AXS diffractometer, with CuKα radiation, graphite monochromator, λ = 1.5418 Å, at 0.02º s−1, in the 5-80º 2θ range. The Fourier transform infrared (FTIR) spectra were recorded on a Bomem MB102 spectrometer in the 4000-400 cm−1 range, with a 2 cm−1 resolution, using KBr pellets mixed with the powder samples (KBr:powder ratio of around 100:1). The photoluminescence (PL) spectra in the visible-NIR (range) were registered from the powders on a spectrofluorometer Fluorolog 3 Horiba Jobin Yvon equipped with a 450 W ozone free Xenon lamp. A Hamamatsu 10330-75 TE cooled detector with a NIR-PMT module was used for the detection.

   

  Results and Discussion

  Structural properties

  X-ray diffraction patterns of S1, S2 and S3 nanocomposites annealed at 900 and 1100 ºC are shown in Figures 1a and 1b, respectively. A large background was observed for S1 and S2 nanocomposites annealed at 900 ºC in Figure 1a, which corresponds to amorphous silica host, accordingly with the JCPDS Card number 029-0085. In addition, two broad peaks at 22º and 29º overlap the halo, indicating an initial Nb2O5 crystallization. As the lanthanides content rise, better defined peaks patterns appeared, which can be attributed to crystallization of orthorhombic Nb2O5 T-phase (JCPDS 01-071-0336), corroborating with previous studies on Er3+-doped SiO2-Nb2O5 nanocomposites and waveguides annealed at the same temperature.27,28 Nb2O5 phase transformation was observed on the nanocomposites annealed at 1100 ºC. For the S1 nanocomposite, most of the reflection peaks can be attributed to monoclinic Nb2O5, named M-phase and also known as β-phase (JCPDS 00-019-0862), however, additional intense reflection peaks corresponding to T-phase could still be observed for this annealing temperature. This observation corroborates with recent studies of Er3+/Yb3+ co-doped SiO2-Nb2O5 nanocomposites in our group, where the higher amount of lanthanide ions, lead to T-phase stability at higher annealing temperature (1100 ºC), occurring only partial phase transformation to the M-phase. In the present work, for S2 and S3 nanocomposites, this crystallization change became more evident and practically only T-phase reflection peaks were observed, because even higher concentrations were used (lanthanides total content of 2.5 and 5 mol%, in contrast to 1.5 mol% of previous works). These structural changes indicate the significant contribution of the Ln3+ ions in the nucleation and crystallization processes, probably as nucleation agent. As a consequence, the Ln3+ distribution would be preferentially in the Nb2O5 rich environment, corroborating with our previous studies.

  
    

    [image: Figure 1. X ray diffractograms]

  

  The average crystallite size was calculated using the Scherrer equation considering the (001) plane of the orthorhombic crystalline phase and assumed a spherical shape, to estimate the crystallite size. The higher the thermal treatment temperature, the larger the crystallite size. All the samples annealed at 900 ºC have nanometric sizes of 7.0 nm, in agreement with previous report considering similar nanocomposites doped with Er3+ ions. For the samples annealed at 1100 ºC, the crystallite size range from 26 to 32 nm considering S1 and S3. Figure 2 displays the TEM images of samples S2 annealed at 900 ºC (Figure 2a) and similar samples containing 0.3 mol% of Er3+ ions annealed at 900 ºC (Figure 2b) and 1100 ºC (Figures 2c and 2d). It can be seen a glass-ceramic formation with Nb2O5 nanoparticles dispersed in the amorphous SiO2-based host occurs, in agreement with the XRD analysis. The particle size of the nanocrystals as well as the volume of the crystalline phase increase as the annealing temperature rise.

  
    

    [image: Figure 2. TEM images of samples]

  

  Figures 3a and 3b display the FTIR spectra of S1, S2 and S3, in the range of 4000 to 400 cm−1 annealed at 900 and 1100 ºC, respectively. The silica network can be confirmed by the vibrational modes at 1105, 811 and 466 cm−1. The band around 466 cm−1 observed for all the samples can be assigned to transverse-optical rocking motions (TO), perpendicular to the Si−O−Si plane of the oxygens bridging two adjacent Si atoms, while the band at 811 cm−1 can be assigned to TO symmetric stretching of the O atom along a line bissecting the Si−O−Si bonds angle. The band located at 1105 cm−1 can be assigned to the antisymmetric stretching of the oxygen atoms along a line parallel to Si−Si atoms axis, resulting in a transverse-optical mode (TO) antisymmetric stretching. This band is frequently accompanied by the shoulder at 1229 cm−1 can be assigned to longitudinal mode (LO) of the same antisymmetric stretching or an admixture of TO and LO (longitudinal optical) components, which is more intense in porous materials.29-32 The band at 942 cm−1 observed for the S1, S2 and S3 nanocomposites annealed at 900 ºC (Figure 3a) can be attributed to Si−O−Nb and Si−OH stretching vibrations, indicating a binary system formation with covalent bond between SiO2 and Nb2O5 as observed in a previous work.28 Nevertheless, in the S1, S2 and S3 nanocomposites annealed at 1100 ºC (Figure 3b), this band was not observed since OH elimination occurred. In addition, a band around 685 cm−1 was observed for all the samples annealed at 900 and 1100 ºC. Bands in the 740-580 cm−1 can be assigned to Nb−O−Nb bridging stretching. As observed in a previous work, some Nb−O−Nb bands overlap with Si−O−Si bands at 800 and 450 cm−1.28
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  Photoluminescence spectroscopy

  Figures 4a and 4b show the PL excitation spectra of S1, S2 and S3 nanocomposites monitoring the emission at 980 nm annealed at 900 and 1100 ºC, respectively. In Figure 3a, a broad band with maximum at 324 nm can be observed and it is attributed to the SiO2−Nb2O5 host absorption. In a previous work,27 some of us have obtained a band gap energy value of 3.65 eV on Er3+-doped 70SiO2-30Nb2O5 waveguides, which corresponds to the range of the observed broad band. Also, four bands can be observed with maxima at 445, 469, 485 and 589 nm, which can be assigned to 3H4 → 3P2, 3H4 → 3P1, 3H4 → 3P0 and 3H4 → 1D2 transitions of Pr3+ ions, respectively. The observation of these Pr3+ excitation bands monitoring the emission corresponding to 2F5/2 → 2F7/2 transition of Yb3+ ions, indicates an energy transfer process between Pr3+ and Yb3+ ions. The Pr3+ and Yb3+ ions transitions for S1, S2 and S3 nanocomposites annealed at 900 ºC are shown in Figure 4c. The total intensity of the bands decreases as the rare earth content, probably due to quenching concentration.
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  In Figure 4b, a broad band with maxima at 374 nm was observed for the S1 nanocomposite, while for S2 and S3 lower intensities were observed for the same band. As discussed for the nanocomposites annealed at 900 ºC, these bands correspond to SiO2-Nb2O5 host absorption. Furthermore, the crystallization changes observed in the XRD analysis, reflected in the luminescence, i.e., increasing the lanthanide content it was observed a T-phase stability, while for S1 nanocomposite occurred a mixture of M and T-phases, which could explain the different profile observed for the same band at around 374 nm. Besides, bands with maxima at 444, 469, 482 and 589 nm were observed, which can be attributed to the Pr3+ transitions mentioned before, also evidencing an energy transfer process between Pr3+ and Yb3+ ions. The Pr3+ and Yb3+ ions transitions for S1, S2 and S3 nanocomposites annealed at 1100 ºC are shown in Figure 4c.

  Figures 5a and 5b show the emission spectra of S1, S2 and S3 nanocomposites annealed at 900 and 1100 ºC under 300 nm excitation respectively, which corresponds to the SiO2-Nb2O5 host absorption. In Figure 5a, there are emission bands with maxima centered at 592, 618, 650 and 703 nm, which can be assigned to the 1D2 → 3H4, 3P0 → 3H6, 3P0 → 3F2, 3P0 → 3F3,4 transitions of Pr3+ ions, respectively. Besides the aforementioned transitions of the Pr3+ ions, it can be observed a low-intensity band at 977 nm assigned to 2F5/2 → 2F7/2 transition of Yb3+ ions. Therefore, the observed emission bands indicate energy transfer from the host to Pr3+ and Yb3+ ions. The emission around 1000 nm will be discussed further in the text.
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  Figure 5b shows emission bands centered at 609 and 703 nm that can be assigned to 3P0 → 3H6, 3P0 → 3F3 transitions of Pr3+ ions. Comparing the nanocomposites annealed at 900 and 1100 ºC, different relative intensities of the lanthanides transitions were observed, which can be explained by the crystallization changes observed in XRD analysis, promoting a different lanthanides distribution in Nb2O5-rich sites.

  Increasing the temperature, emission from the 1D2 was not observed, which will be an important feature to conclude about the mechanisms resulting in NIR emission.

  The emission spectra of the S1, S2 and S3 nanocomposites annealed at 900 ºC under 482 nm excitation is depicted in Figure 6a. Bands with maxima at 611, 646 and 732 nm can be ascribed to 3P0 → 3H6, 3P0 → 3F2 and 3P0 → 3F4, transitions of Pr3+ ions respectively. Moreover, the presence of the band at 974 nm assigned to 2F5/2 → 2F7/2 Yb3+ transition, under excitation at 482 nm, i.e., involving the excitation of the 3P0 of Pr3+ energy level, attests energy transfer between Pr3+ to Yb3+ ions.20,33

  
    

    [image: Figure 6. PL emission spectra]

  

  Figure 6b shows the S1, S2 and S3 nanocomposites annealed at 1100 ºC under 482 nm excitation, where emission bands at 610, 646, 714 e 742 nm were observed. These bands are assigned to 3P0 → 3H6, 3P0 → 3F2, 3P0 → 3F3 and 3P0 → 3F4, respectively. Well resolved Stark components were observed in comparison with the nanocomposites annealed at 900 ºC, which can be explained by the host structural changes.

  Figure 7a shows the emission spectra of S1, S2 and S3 annealed at 900 ºC in NIR range upon excitation at 350 nm, which corresponds to the SiO2-Nb2O5 band gap energy. High-intensity emission bands at 980 nm with a shoulder at 1017 nm were observed, which can be attributed to 2F5/2 → 2F7/2 transition of Yb3+ ions,18,33 denoting an energy transfer from the host to Yb3+ ions. A drastic luminescence quenching was observed increasing the rare earth content, due to non-radiative processes. Increasing to 5 mol%, the rare earth ion-ion distance decreases, as a consequence energy migrations take place, which combined with host defects give rise to non-radiative decay and luminescence quenching.
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  The emission spectra of S1, S2 and S3 annealed at 1100 ºC in NIR range upon excitation at 350 nm are presented in Figure 7b. A different spectral shape was observed, with higher intensity band at 1047 nm. The band at 979 nm can be assigned to the to 2F5/2 → 2F7/2 transition of Yb3+ ions while the band at 1047 nm was attributed by some authors to the reabsorption of Yb3+ ions.18,34 In the literature, this last band is also attributed to the 1D2 → 3F3 and 1D2 → 3F4 transitions of Pr3+ ions.35 Another band at 1449 nm attributed to the 1D2 → 1G4 transition of Pr3+ ions was observed for the spectra of the samples annealed at 1100 ºC. The presence of emission at 1449 nm indicates the 1D2 population, strongly suggesting that the band at 1047 nm is attributed to the 1D2 → 3F3 and 1D2 → 3F4 transitions of Pr3+ ions.

  The 1D2 level population increases with the lanthanide concentration and annealing temperature, which can be explained by the presence of multiphonon relaxation and/or cross relaxation processes between Pr3+ ions (3P0 + 3H4 → 3H6 + 1D2). Figure 8 shows the level diagrams of Pr3+ and Yb3+ ions evidencing the most important transitions and non-radiative processes observed for the samples annealed at 900 and 1100 ºC, Figures 8a and 8b, respectively. Since the phonon energy doesn’t significant change with annealing, it can be proposed that an efficient cross relaxation is the dominant process to populate the 1D2. Therefore, as the annealing temperature and Pr3+ content increases, the ion-ion interaction rises and the cross relaxation process become more efficient.
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  Figure 9a shows the emission spectra of S1, S2 and S3 nanocomposites annealed at 900 ºC upon excitation at 448 nm. This wavelength corresponds to 3H4 → 3P2 transition of Pr3+ ions observed at the excitation spectra in Figure 3. The emission band at 980 nm with the shoulder at 1032 nm was observed, which can be attributed to the already discussed 2F5/2 → 2F7/2 emission of Yb3+ ions. Energy transfer process can be proposed between Pr3+ and Yb3+ neighboring ions. One possible mechanism can be the cooperative energy transfer between Pr3+ and Yb3+, which includes the excitation of Pr3+ ions from the ground state 3H4 to the excited state 3P2 at 448 nm with subsequent energy transfer for two neighboring Yb3+ acceptors which are excited from the ground state 2F7/2 to the 2F5/2 state and then emit at 980 nm. As a result, one photon in the visible range (at 448 nm) is converted into two NIR photons (at about 980 nm) in a single step energy transfer.18,34-36 The resonant two steps energy transfer is another downconversion process in which a part of the energy correlated with 3H4 → 3P0 is transferred to one ion Yb3+ neighbor ion through cross relaxation [Pr3+ (3P0 → 1G4); Yb3+ (2F7/2 → 2F5/2)] (i) and then a second energy transfer takes place from the 1G4 intermediated level of the Pr3+ ions to the Yb3+ neighboring ions [Pr3+ (1G4 → 3H4); Yb3+ (2F5/2)] (ii).36,37 Any excitation involving the 1G4 level was detected monitoring the emission at 980 nm. However, an additional band at 1300 nm was observed in Figure 8a, which can be attributed to 1G4 → 3H5 of Pr3+ ions, indicating that the 1G4 level is populated and can contribute to NIR emission around 1000 nm.

  
    

    [image: Figure 9. PL emission spectra]

  

  It is well known that the Yb3+ ions have only two manifolds 2F7/2 and 2F5/2 and each of these manifolds has a maximum of four and three sublevels and, thereby, the shoulder at 1032 nm can be explained by the emissions of different sublevels. Dai et al.38 have studied this so called radiative trapping effect on Yb3+-doped phosphate glasses. Radiative trapping can be described as a process in which photons that are spontaneously emitted from the metastable level are trapped by reabsorption by ions in the ground state. The excited state ions then relax by spontaneously emitting more photons, which are then reabsorbed, and the entire process is repeated. The authors have observed a shoulder around 1020 nm due to this effect even at low concentrations of Yb3+ ions, which became broader and more intense increasing this concentration. Increasing the rare earth content, it was observed another contribution to the shoulder (1020 and 1040 nm), and the relative intensity between the emission at 1040 and 979 changes. The band at 1040 nm is attributed to the 1D2 → 3F3 and 1D2 → 3F4 transitions of Pr3+ ions.

  Figure 9b presents the emission spectra of S1, S2 and S3 nanocomposites annealed at 1100 ºC upon excitation at 448 nm. A higher intensity band 1041 nm in comparison to 979 nm was observed in the spectra, which can be attributed prominently to the 1D2 → 3F3 and 1D2 → 3F4 transitions of Pr3+ ions. In addition, the luminescence quenching by the rare earth increased content was observed for the spectra of the Figure 9b. Another band at 1449 nm attributed to the 1D2 → 1G4 transition of Pr3+ ions was observed for the spectra of the samples annealed at 1100 ºC. As explained before, the 1D2 level population increases as the rare earth concentration and annealing temperature, which can be explained by multiphonon relaxation process or cross relaxation between Pr3+ ions (3P0 + 3H4 → 3H6 + 1D2), as depicted in Figure 10.
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  Planar waveguides: optical characterization

  Crack free waveguides were obtained. The optical parameters of the planar waveguides W1, W2 and W3 are reported in Table 1. The refractive index values and the number of propagation modes were similar to previous work on 0.3 mol% Er3+-doped SiO2-Nb2O5 indicating the rare earth higher concentration did not affect the optical parameters.
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  The refractive index profiles of the W1, W2 and W3 waveguides reconstructed from the effective indices at 632.8 nm by an inverse Wentzel-Kramers-Brillouin method39 are shown in Figure 11. The waveguides displayed a single step profile, with uniform refractive index across the thickness, corroborating for the high homogeneity of the films. Also, the similar profiles in the TE and TM modes revealed that birefringence was negligible.
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  Figures 12a, 12b and 12c depict the squared electric field profiles for the TE0 and TM0 modes of the waveguides W1, W2 and W3 at 632.8 nm. The profiles were calculated by using the refractive index, thickness, propagation angles, and effective refractive index. The confinement coefficients were calculated using the integrated intensity ratio, i.e., the ratio between the field intensity in the guiding film and the total intensity, which also includes the squared evanescent field. All the values were equal or higher than 0.96 indicating efficient light injection at 632.8 nm.
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  Conclusions

  In summary, the Pr3+/Yb3+ co-doped SiO2-Nb2O5 nanocomposites and waveguides with Si/Nb molar ratio of 70:30 were obtained. Excitation and emission spectra have been recorded for all the samples in order to investigate the influence of rare earth concentration and differences of Nb2O5 crystallization of the samples annealed at 900 and 1100 ºC.

  Differences of luminescence profiles were observed for the sample depending on the excitation wavelength, annealing temperature and rare earth concentration. The excitation spectra monitoring the 980 nm emission revealed the energy transfer between the Pr3+ and Yb3+ ions. The energy transfer between Pr3+ to Yb3+ ions was observed upon excitation of 3P2 level of Pr3+ ions at 448 nm. A higher intensity band at 1041 nm, 1D2 → 3F3 and 1D2 → 3F4 transitions of Pr3+ ions, in comparison to the band at 979 nm attributed to the 2F5/2 → 2F7/2 emission of Yb3+ ions was observed in the spectra of the samples with higher lanthanide concentrations and heated at higher temperatures. This fact together with the appearance of another band at 1449 nm attributed to the 1D2 → 1G4 transition of Pr3+ ions, indicates clearly the 1D2 level population increase as the lanthanide concentration and annealing temperature, which can be explain by multiphonon relaxation process or cross relaxation between Pr3+ ions (3P0 + 3H4 → 3H6 + 1D2).

  Waveguides with the same composition of the xerogels were obtained by dip-coating technique. The refractive indices and thicknesses of the films were measured by M-line technique. The films displayed a single step profile, with uniform refractive index across the thickness, indicating the high homogeneity of the films which makes them excellent candidates for solar concentrators.

  As a general conclusion, the nanostructured Pr3+/Yb3+ co-doped SiO2-Nb2O5 nanocomposites and waveguides show interesting NIR emission and optical properties for photonic applications, especially as energy converter for improving the efficiency of solar cells, by means of the UV and visible absorptions for NIR photons generation.
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    New luminescent organic-inorganic hybrid particles based on Tb-doped aluminates and asparagine (Asn) surface modifiers were investigated. The Tb3+ doped inorganic core was obtained by spray pyrolysis, at 200 ºC γ-AlOOH (BOE:Tbx%) or at 700 ºC γ-Al2O3 (γTA:Tbx%). The reaction of Asn with boehmite in water disaggregated the sub-micronic boehmite particles to give stable dispersion of surface modified nanoparticles Asn:BOE:Tbx% (x = 1 or 5). Concerning the Asn:γTA:Tbx% system, an Asn film wrapping alumina particles was observed. Photoluminescence spectra exhibited the bands assigned to Tb3+ 5D4 → 7FJ = 6-3 transitions. A broad absorption band (240 nm) was assigned to the host (aluminate) to ion (Tb3+) energy transfer. Efficient energy transfer was observed when active ions are incorporated in the defect-spinel structure of γTA, whereas it was relatively weak for BOE:Tb where Tb3+ are bonded to the hydroxyls groups at nanocrystals surface. It is noticeable that Asn strengthens the linkage of Tb3+ with the aluminate matrix, enhancing the host to dopant energy transfer.

    Keywords: hybrid, spray pyrolysis, alumina, rare earth, terbium luminescence.

  

   

   

  Introduction

  "Alumina" is the general name encompassing a large number of products with different chemical formulas and/or structures. The thermodynamically stable phase at standard temperature and pressure conditions is α-Al2O3, having the hexagonal crystal structure of the mineral corundum. Lanthanide ions doped alumina (α) provide extremely versatile photoluminescent ceramics. The green emitter Tb3+ was for instance successfully incorporated into a dense alumina matrix, achieving a transparent light-emitting ceramic.1 Transitions alumina’s (partially dehydrated aluminum hydroxides) possess high surface areas which renders them appropriate for use as adsorbents, catalysts and catalyst carriers. The "γ-Al2O3" transition alumina is particularly important in catalysis and details of its structure and exact composition have been the subject of a number of controversial works.2-7 Boehmite, γ-AlOOH, is actually the most important precursor for the synthesis of transition aluminas following the transformation sequence boehmite → γ → ∆ → θ → α. Crystallization degree, morphology and surface properties are observed to be highly dependent on the structure.

  Nanocrystalline boehmite can be obtained through a sol-gel route as firstly described by Yoldas.8,9 Nanocrystalline boehmite may be employed as sorbent, for instance by removing potentially toxic metal from polluted waste water.10 The surface of boehmite particles is highly reactive towards carboxylic acids in aqueous media. The adsorption of low molecular weight carboxylic acids, ubiquitous in natural environments, on positively charged mineral surfaces, e.g., aluminium oxihydroxides, has also been the subject of many investigations.11

  Material chemists have taken benefit of this high affinity to synthesize alumoxanes from the reaction of boehmite with carboxylic acids.12 Once formed, the carboxylate-substituted alumoxanes may be employed as precursors for a wide range of ceramics, including lanthanide-aluminium mixed-metal oxides.13

  Alumina-based nanoparticles or nano-structured objects with possible applications in the field of nano-bio-technology or nano-medicine have been described. Alumina membranes with highly ordered nanopores are proposed for instance in smart implantable drug delivery systems.14 Although far less described in literature than mesoporous silica, powdered mesoporous (hydrated) alumina is a potentially available substrate for controlled drug release, after suitable chemical functionalization of its surface.15

  On the other hand, luminescent micro- or nano- particles are becoming of great importance in the field of bio-labeling. Several examples of crystalline lanthanide oxides as luminescent biolabels are also found in literature. Eu3+ and Tb3+ containing nanomaterials have also been reported as in nanocrystalline hydroxyapatite or in lanthanum phosphate for example.16-18 Lanthanide emitters (Eu3+, Tb3+) are particularly interesting for the purpose of luminescent bio-labeling since the decay times for the main intra 4fn transitions are much longer than the decay times of the background fluorescence of biological samples. By employing well-suited experimental set-ups the photoluminescence signal from the optical probe may be discriminated from the background emission from all non-probed species.19

  Concerning preparation methods spray pyrolysis (SP) is an aerosol process commonly used to form a variety of materials in powder form, including transition aluminas or α alumina.20-22 A protocol based on the rapid drying of an aluminium alcoholate suspension was proposed in order to synthesize nanocrystalline γ-AlOOH or γ-Al2O3 in a single step, by the SP process.23 Moreover, by the addition of an optically active lanthanide ion Eu3+ or Tb3+, luminescent aluminates can be obtained in just one step.24-26 

  Due to its high affinity for the boehmite surface, the amino-acid asparagines (Asn) strengthens the attachment of the luminescent europium ions at the boehmite nanoparticles after their suspension in water.24 

  On the basis of these preceding observations, we present here a systematic investigation of Asn:aluminates:Tb nanostructured particles. Terbium-doped aluminates, having the boehmite (BOE) or the gamma alumina structure were obtained by spray pyrolysis, and will be noted BOE:Tbx% and γTA:Tbx%, respectively. The luminescence properties of these powders will be discussed regarding the possible sites of terbium ions in the aluminates and the effects of matrix-dopant electronic interactions. The possibility of modifying the surface of these aluminates by the amino acid Asn was then explored. Asparagine (Asn = H2N-CO-CH(NH3+)-COO− at pH = 7.0) was chosen to render the oxide particles bio-compatibles, because the carboxylic end will presumably attach the aluminate surface, with the formation of alumoxanes, whereas the amide group will be let free for further reaction. Hereafter, composites with Asn will be compared with the corresponding un-modified aluminate, to highlight the organic-inorganic interactions. Finally, the possibility to achieve luminescent nano-labels in the investigated systems will be discussed.

   

  Experimental

  Hydrated alumina samples were prepared by spray pyrolysis. The precursor (boehmite sol) was obtained by the methodology established by Yoldas modified to obtain the rare earth doped alumina.8,9 TbCl3 (0.37 g, 0.001 mol) was dissolved in water (300 mL) at 80 ºC. Aluminum tri-sec-butoxide (25.93 g, 0.1 mol) was added to terbium aqueous solution under stirring at 80 ºC. After 2 h stirring, nitric acid was added as a peptizing agent, up to 0.07 HNO3/Al3+ (molar ratio). The sol (with concentration adjusted to 0.2 mol L-1 Al3+ by water dilution) was spray dried in an experimental setup already described.23 In this setup, the spray was generated by a piezoelectric pellet oscillating at 2.4 MHz. The aerosol, made of fine droplets (Φ ca. 5 µm) from the precursor solution in air, was then driven into two heating zones, the first one around 100 ºC and the second one was the decomposition-densification zone where the temperature may be adjusted at a chosen temperature (TSYN). The powder was separated from the gas phase by an electrostatic collector. The drying and decomposition were accomplished within about 10 s. TSYN was fixed at 200 ºC for the synthesis of boehmite (BOE), and at 700 ºC for that of the "γ" transition alumina (γTA). Three dopant percentages were investigated: 1, 5 and 10% expressed in mol of Tb3+/mol of Al3+.

  Amino acids

  Aluminoxanes nanocomposites were obtained by dispersing the hydrated aluminas particles in Asn water solutions. Samples activated with Tb1% (BOE:Tb1% or γTA:Tb1%) were dispersed in water (300 mg in 25 mL). Asn was added (1/0.1, 1/0.3 or 1/0.5 mol Al/Asn) and kept under stirring at room temperature for 12 hours. The reaction mixture was centrifuged and the solid was rinsed three times with distilled water and ethanol. The particles were dried at 80 ºC and characterized by X-ray diffraction, electron microscopy, Fourier transform infrared spectroscopy and luminescence. Water suspensions were used for dynamic laser light scattering measurements and also to complete the analysis of Tb3+ luminescence. For the high Asn composition (0.5Asn:1BOE:Tb1%), the sample was observed to be composed off a mixture of nanoparticles and crystallized Asn; concerning the lower content (0.1 Asn), changes on alumina particles were not measureable. Therefore only results obtained for compositions 0.3Asn:1Al will be presented. Composite samples will be named Asn:BOE:Tb (%, mol Tb/Al) and Asn:γTA:Tb (%, mol Tb/Al).

  Characterization

  The powders were characterized by X-ray diffraction (XRD), with a Seifert XRD3000 diffractometer. The coherent length was estimated with the Scherrer equation (D = 0.9l (FWHM) cosθ) with the full width at half maximum measured in (2θ) and expressed in radians. The size distributions of powders dispersed in water were determined by dynamic laser light scattering (DLS) using a Malvern Instruments ZETASIZER 3000, model DTS5300.

  Samples were observed by transmission electron microscopy (TEM) with a Philips-CM120 and by scanning electron microscopy (SEM) with a SEM-JEOL 6700F. Fourier transform infrared (FTIR) spectra were recorded in KBr pellets using a model 2000 Perkin-Elmer spectrometer. Room temperature luminescence excitation and emission spectra were measured with a Hitachi-Fl100 spectrofluorimeter (at 2.5 nm spectral resolution) for solids samples. The 5D4 lifetime measurements were obtained by coupling a phosphorimeter to a spectrofluorimeter SPEX Fluorolog, model F212I, monitoring the emission intensity at 543 nm. Finally, a Varian ECLIPSE (model El05123699) operating in time-resolved mode with excitation and emission band-passes of 10 nm was employed to record the spectra of particles in suspension.

   

  Results and Discussion

  XRD and FTIR: structural investigations

  Investigations by X-ray diffraction (Figure 1) and FTIR spectroscopy (Figure 2) confirmed that powders synthesized at 200 and 700 ºC were boehmite γ-AlOOH and γ-Al2O3, respectively, both being weakly crystallized and with a high degree of hydration. Surface modification by Asn induced tenuous changes as discussed hereafter.
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  At TSYN = 200 ºC the diffractogram matched with the reference JCPD No. 21-1307. In a former paper, details of X-ray data of boehmite samples elaborated by SP have been analyzed.24 The average nanocrystal size following the orthorhombic axis b does not exceed one cell, so that half the hydroxyl groups are at the external surface of nanocrystals. At TSYN = 700 ºC, the diffractogram corresponded to reference data JCPD No. 10-0425: with peaks labeled (400) and (440) at 2θ = 46 and 66.5º, respectively, and a very broad and asymmetrical band between 30 and 40º, which contains the badly resolved contributions from (220) and (311) planes. The peak positions matched with the gamma-alumina standard apart from the absence of (111) and (222), which should be observed in well crystallized transition aluminas.2,5 The coherent length evaluated was about 3 nm for the SP transition aluminas, but the important background observed under the peaks supports that the size of most nanocrystals in the samples were below this value. On reacting with asparagine, an additional broad band appeared at 2θ ca. 20º for boehmite samples, assigned to the organic counterpart of the composite. The reaction of γ alumina with Asn has lead to the partial transformation of γ-Al2O3 into γ-AlOOH, the diffraction peaks of γ-AlOOH being marked by stars in Figure 1B.

  FTIR spectrum of boehmite γ-AlOOH has been described in literature.27,28In agreement with these previous papers, the spectrum recorded for the powder TSYN = 200 ºC (Figure 2A) displayed vibrational modes of [AlO6] at 481, 632, 734 cm-1 and ∆OH at 1072 and 1157 cm-1. Samples were highly hydrated, as were amorphous or nanocrystallized boehmite described in references.28,29 The two ∆OH modes at 3083 and 3310 cm-1 were partly obscured by the broad band around 3400 cm-1, this last one assigned to adsorbed hydroxyls. The presence of adsorbed water molecules was evidenced by the ∆HOH at 1630 cm-1. FTIR spectrum of sample TSYN = 700 ºC (Figure 2B) was quite in agreement, in the wave number range 400-1400 cm-1, with the one of γ-Al2O3,28 with relatively broad bands peaking at 635 cm-1 (stretching AlO6) and 785 cm-1 (stretching AlO4). Adsorbed water and hydroxyls were attested at 1630 cm-1 and around 3400 cm-1.

  Boehmite and aluminates from spray pyrolysis displayed features around 1385 cm-1 from residual nitrates but no trace of organics from the preparation mixture were detected. The band at 1673 cm-1 (C=O) and CH vibrations at 1360, 1316 and 1236 cm-1 were well isolated for sample 0.3Asn:BOE:Tb1%. Additional features were observed at 1500 cm-1 and superimposed with the hydroxyls modes in the region 3000-3400 cm-1, but were not assigned. In the spectrum of Asn:γTA:Tb1%, shown in Figure 2B, only very weak effect from the organic part was detectable, as a low intensity band at 1416, 1428 and 1511 cm-1 ∆ CN, υS CO2– and ∆ NH3+ vibration, respectively.30 Important changes were observed in the aluminate response since bands characteristic of boehmite were observed proving the partial transformation of γ-Al2O3 into γ-AlOOH, also evidenced by XRD.

  Morphology and water dispersion

  The particles prepared by spray pyrolysis were always spherical and sub-micrometric with a moderately dispersion in size, whatever their composition. The major fraction of hydrated alumina particles presents diameters between 100 and 500 nm. Some characteristic electron microscope images are gathered in Figure 3. SEM images recorded on BOE:Tb1%, Figure 3a, and on γTA:Tb1%, Figure 3b, evidence irregular surfaces, and spherical particles consisting of smaller (nanometric) sub-particles, aggregated in the spray pyrolysis processing. TEM observations, Figures 3c and 3d, give additional information since the spheres were homogeneously packed with sub-particles, and not hollow, although hollow particles can be obtained by SP.22

  
    

    [image: Figure 3. Electron microscopy]

  

  In composite materials, the organic and inorganic counterparts could be well observed, the effect of the dispersant being more noticeable on boehmite than on transition alumina particles. Most of the boehmite spheres had disaggregated during reaction with Asn. Sample Asn:BOE:Tb1%, shows an organic film in which the nanoparticles appear dispersed. TEM image Figure 3e shows the composite film and one bigger particle not completely disaggregated. Aluminum was identified by local analysis (EDXS in TEM) throughout the film. Figure 3f was recorded on the film in dark field conditions: all bright parts are due to crystallized boehmite nanoparticles (a few nm in size), embedded in the amorphous polymer. For sample Asn:γTA:Tb1% (TEM image in Figure 3g), the organic film was observed to wrap the sub micrometric alumina particles.

  Asn molecules were observed to interact differently with boehmite and Al2O3. Boehmite23,24 micrometric spheres obtained by SP had been spontaneously dispersed in water. The same remark was made here for BOE:Tb1% by DLS analysis. 60% of the particles fall in the range 25-40 nm, while higher values (up to 85 nm) were measured for the remaining 40%. Spherical sub-micrometric particles were disaggregated in water and nanometric sub-particles remained very stable. At 5 or 10% Tb3+ particles were noticeably bigger: higher contents in Ln3+ lead to more tightly linked sub-particles. Once formed, these spherical microparticles had not been fragmented in water. In addition, all particles synthesized at TSYN = 700 ºC with the γ-Al2O3 structure, remained stable in water. The addition of Asn did not change the particles form and the final composite presented low concentration of Asn as corroborated by the low organic content detected by FTIR.

  Photoluminescence

  The two hydrated aluminates under consideration have quite different crystal structures, in particular when one considers the way that bigger cations as Ln3+ could be accommodated on the Al3+ sites. γ-Al2O3 has a defect-spinel structure with most of Al atoms in octahedral coordination and the minority ones in tetrahedral coordination.3 At crystal surface, more distorted tetrahedral Al sites may occur with penta- and hepta-coordinated Al.31 γ-Alumina has a lot of structural defects or empty cationic sites, especially near the surface of nano-crystals in poorly crystallized sample, and it has been admitted that Eu3+ ions may be accommodated in γ-Al2O3, most probably at these defect sites.25,26,32 The crystal structure of boehmite,33 is orthorhombic. The unit cell consists of two double layers of aluminium-centered distorted octahedral AlO4(OH)2. OH groups locate at the outer surface of the double layers and interact to hold the layers together. There is no substitution of Eu3+ on the Al3+ octahedral sites in boehmite for Eu3+,24 but that partly hydrated Eu3+ ions are directly bonded to OH groups at the boehmite surface. It is highly probable that Tb3+ behave the same way as Eu3+, hereafter we discuss characteristic features from the terbium luminescence data that support these hypotheses.

  The photoluminescence emission spectra of samples BOE:Tb1% and γTA:Tb1% are displayed in Figures 4a and 4b, respectively. Characteristic emission bands assigned to the 5D4 → 7FJ transitions (J = 6, 5, 4, 3) with the dominant green band at 540 nm are observed. The shape of Tb3+ emission is generally little sensitive to the local environment and no additional information could be extracted from their comparison in the two hydrated aluminates. Considering photoluminescence excitation a number of narrow lines assigned to Tb3+ (4f8 configuration) 7F6 → 2S + 1LJ transitions could be observed.34 Of particular interest is the broad contribution observed at wavelengths 320-400 nm since it matches the excitation wavelengths most often encountered in laboratory fluorescence microscopes and supports the consideration of Tb3+ as fluorescent bio-label. In addition, an intense broad band at around 240 nm was observed for γTA:Tb1%, but not for BOE:Tb1%. The strength to the way terbium ions are connected with the host may be responsible for the differences. Two assignments are conceivable for the band around 240 nm. The first assignment is the of Tb3+ interconfigurational parity-allowed absorption. From the ground state 7F6 (4f8), transitions occur to the multiplets 9DJ and 7DJ (4f7 5d1). The former transition (ending at 9DJ) is spin forbidden and occurs at lower energy than the spin allowed one ending at 7DJ.

  
    

    [image: Figure 4. Photoluminescence]

  

  Dorenbos35 initiated a shift model in the analysis of 5d levels of Tb3+. The spin-allowed transition energies for Tb3+ in some mixed oxides (borates or silicates) are actually reported at around 5.20 eV (238 nm). Consistently, Zawadski et al.36 assigned the absorption band at 240 nm observed in mixed oxides Al2O3-ZrO2:Tb3+ to (4f8) → 7DJ (4f7 5d1). All these values agree with the band at 240 nm (5.17 eV) observed in γTA:Tb1%. Considering BOE:Tb1%, (Figure 4a) no strong absorption band could be observed, but rather the low energy tail of a stronger excitation truncated by inner filter effect. This would mean that the spin allowed band is shifted towards higher energies, as it is in the aquo ion [Tb(OH)2]8 where absorption maximum is at 5.71 eV (217 nm)37 supporting the existence of hydrated terbium ions in boehmite.

  The second possible assignment is the host sensitization, which may be described according to the Förster-Dexter energy transfer. A spectral overlap of the host emission with the acceptor absorption is necessary. The visible blue photoluminescence of γ-Al2O3 nanoparticles has been investigated in detail by Yu et al.38 An emission band peaking at 405 nm, associated with excitations at 236, 245, 255 nm has been observed for γ-Al2O3 calcined at 500 ºC, and assigned to electron-hole recombination at oxygen defects in the transition alumina. Indeed, the emission background observed for our samples may be assigned to that of the aluminate matrices. The broad emission from alumina overlaps the wavelengths of Tb3+ intra 4f8 absorption lines (7F6 → 5G6, 5D3, 5L10, 5L8, 5D2, 5L8, 5H7), so that γ-Al2O3 to acceptor Tb3+ energy transfer would occur favorably. Inversely, although a similar photoluminescene occurs for boehmite,39,40 there would be no boehmite to terbium energy transfer in BOE:Tb. This can be understood if the bonding of Tb3+ with the boehmite is weaker than it is with the transition alumina. So finally both mechanisms would easily explain our observations. An argument in favor of the second assignment that of host sensitization, is given by the consideration of Eu3+ in same hosts. The photoluminescence spectra from our preceding work24 are also shown in Figures 4c and 4d. At wavelengths below 300 nm, a broad absorption band was detected for γTA:Eu1% but not for BOE:Eu1%. This band was assigned to absorption in the localized LMCT state (ligand to metal charge transfer),24 but it could also be due to non radiative energy transfer between the host and Eu3+, since the visible emission of aluminates matches the group of absorption lines 7F0 → 5D3, 5L6, 5L7, 5D4.

  Also in line with terbium ions having a much more hydrated environment in boehmite than in transition alumina, the 5D4 emission lifetime was shortened due to the enhanced probability of non-radiative de-excitation by the OH vibrators. The 5D4 luminescence decay curves were fitted with first-order exponential functions and the decay time was found to be markedly lower in sample BOE:Tb1% (1.00 ± 0.10 ms) than in sample γTA:Tb1% (2.56 ± 0.26 ms). Ishizaka et al.41 have measured the 5D4 decay times in Tb3+ doped alumina films prepared by sol-gel method, then heat-treated to remove residual water molecules: our observations agree rather well with those reported on films after heat treatment at 25 ºC and at 500 ºC, respectively.

  Photoluminescence spectra of the nanocomposites Asn:BOE:Tb1% and Asn:γTA:Tb1% are displayed in Figures 4e and 4f, respectively. Concerning PLE spectra, the main difference between Asn modified or unmodified aluminates were the intensities ratios between the band at 240 nm and 7F6 → 2S + 1LJ lines. The broad band appeared clearly in Asn:BOE:Tb1%, whereas it was absent in un-modified boehmite. This observation supports the assumption that host to terbium energy transfer is the cause of this excitation band: indeed, it may be understood that the amine acid strengthens the linkage of hydrated Tb ions with the boehmite surface and favors energy transfer.

  Photoluminescence in aqueous medium

  After the screening of various amine acid/aluminate/terbium ratios it was established that compositions Tb3+/BOE equal 1 or 5 percent and Asn/BOE equal 0.3/1 may be considered as luminescent labels in aqueous media since they remain well dispersed at the nanometric scale in solution. We have thus evaluated the possibility to record the Tb3+ luminescence with the measurement conditions usually employed in rare earth luminescent bio-assays: using proper excitation wavelength and optimized time-resolution conditions. Figure 5 shows the emission of Asn:BOE:Tb1% at concentration 0.16 mol L-1 (in mol of Al3+) under excitation at 250 or 351nm and with a signal detection fixed from 0.1 milliseconds to 0.5 milliseconds after the exciting pulse.

  
    

    [image: Figure 5. Time resolved photoluminescence]

  

  It is important to establish the lower concentration compatible with the unambiguous observation of time-resolved spectra. In that work, it was checked the luminescence emission up to 0.1 mol L-1 for hybrid in water medium, however the results let us to affirm at the 0.05 mol L-1 as the low limit concentration to time-resolution analysis. The water stability and luminescence behavior could enable the hybrid system to monitor wastewater treatment, e.g., labeling Escherichia coli.42 Since, Escherichia coli and enterococci are used as regulatory tools to monitor water and presence of potential enteric pathogens yet their source (human or animal) cannot be determined with routine methods.43

   

  Conclusions

  The spray pyrolysis (SP) of aluminium tri-sec-butoxide and TbCl3 in aqueous medium allowed synthesizing nano-structured powders having the crystalline phase of boehmite (noted BOE) or transition alumina γ-Al2O3 (noted γTA). Particles were spherical and sub-micrometric, consisting of aggregated nanometric sub-particles. The photoluminescence emission spectra of samples BOE:Tb1% and γTA:Tb1% exhibited the well-known green emission 5D4 → 7FJ = 6-3 of Tb3+. The strong near-UV absorption (around 240 nm) is assigned to the host to ion energy transfer. We associate its presence in γTA:Tb1% to the incorporation of Tb3+ in the defect-spinel structure of the γ-Al2O3 matrix. In BOE:Tb1%, in contrast, the energy transfer was very weak, confirming our earlier hypothesis that Ln3+ ions do not enter the aluminate network in boehmite, but are bonded to the hydroxyls groups at boehmite surface.

  The surface of luminescent terbium doped boehmite particles was modified by asparagine Asn. The particles, in (water + Asn), disaggregated into nanoparticles (hydrodynamic diameter from 5 to 100 nm). Asn is localized at the surface of the particles and at the same time the linkage of hydrated terbium ions with boehmite was strengthened, enhancing the aluminate → Tb energy transfer. The goal to get modified aluminate nanoparticles with enhanced luminescence starting from the γTA:Tb1% was not achieved since it was not possible to disaggregate the sub-micronic spheres in (water + Asn). Besides, γ-Al2O3 hydrolysed partially into γ-AlOOH during the reaction with Asn. When homogeneous suspensions in aqueous solution of nanoparticles were achieved, the limit of detection in time-resolution conditions analysis was estimated to 0.05 mol L-1 AlOOH:Tb1%. Spray pyrolysis is a cheap, fast and reliable production process. It is well adapted to the synthesis of hydrated aluminate particles. Moreover aluminates particles may be doped with any luminescent lanthanide Ln leading to strong photoluminescence in the visible, with a millisecond lifetime appropriated for efficient time gated detection. With a highly reactive surface, terbium-doped boehmite nanoparticles may be easily modified and therefore fulfill several of the key features for their actual use for in vitro or in vivo applications.
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    Samples of (1 – x)SiO2:xGeO2 compositions, containing x = 10 and 20, and doped with Er3+, were prepared by a simple sol-gel route. Homogeneous and transparent gels were synthesized and xerogels were obtained by gel annealing from 700 ºC to 1100 ºC. Films exhibiting high transmittance in the visible and near infrared were deposited by spin-coating technique using the colloidal precursors. The materials were characterized structurally and microstructurally by some techniques. Spherical completely amorphous and tetragonal GeO2 nanocrystals from 3.7 nm to 25.0 nm in diameter embedded in silica-rich amorphous phase materials were obtained. The optical properties were studied by transmission spectra from ultraviolet to near infrared region, photoluminescence measurements in the infrared region, and the average lifetime of the metastable state 4I13/2 of Er3+ ions were determined. The 1 mol% Er3+ doped host with x = 20 have an infrared emission 4.9 times higher than the compound containing x = 10, and the Er3+ 4I13/2 level present lifetime between 15.0 ms and 7.5 ms. The optical band gap and refractive index values were determined, as well as the Sellmeier parameters. Finally, rib channel waveguides using femtosecond laser etching technique on silica substrates were obtained with width of 15 mm. The 1 mol% Er3+ doped 80SiO2:20GeO2 compounds can be applicable in integrated optical systems.

    Keywords: Er-doped SiO2:GeO2, simple sol-gel route, nanocomposite, optical and structural properties, optical waveguide.

  

   

   

  Introduction

  Growing demand of optical systems and their future potentialities stimulate research for photonic devices development, which are characterized by a network system with excellent flexibility and larger information capacities at much faster rates. Among several devices in telecommunication systems, the invention of optical amplifiers can be compared to that of the transistors in electronics in terms of its technological impact.1 The technology to directly amplify the light signal without the conversion of light/electricity/light has been achieved with rare earth doped fibers which realize ideal amplification with high gain and low noise.2 Optical properties of rare-earth ions incorporated in glass hosts are of great interest in opto-electronic technology.3 Rare earth trivalent ions in some solid compounds emit light at characteristic wavelengths due to intra-4f or internal 4f-5d transitions. In the case of Er3+, the emission at 1540 nm corresponds to a dipole forbidden intra 4f transition from 4I13/2 to 4I15/2, coinciding with the low-loss window of standard optical telecommunication silica fiber, allowing its use in optical amplifiers for C telecommunication band.

  Recently, remarkable progress has been achieved in the development of single-mode Er-doped optical fiber amplifiers and lasers.4-6 Development of Er-doped planar waveguide amplifiers has also been investigated to be applied in integrated optical systems, but integrated optical amplifiers should be as small as possible (a few centimeters),7,8 so that much higher rare-earth concentrations are required than in Er-doped fiber amplifiers (EDFAs). However, due to the onset of concentration quenching at low doping levels in silica hosts, the relatively low gains/unit length which can be achieved has made such development difficult. Consequently, SiO2 is an unsuitable host in small, compact amplifiers due to the low erbium solubility.

  However, there is a great interest to insert other elements into the SiO2 host, for example GeO2, resulting in (1 – x)SiO2:xGeO2 binary system, which is promising for integrated optics due to low propagation losses in the visible and infrared regions and their photosensitivity that allow the channel waveguides and Bragg mirrors photo-inscription using ultraviolet light.9,10

  Furthermore, there is a motivating aspect for the use of homogeneous glassy or nanostructured thin films as waveguides because there are no grain boundaries, which can cause a high optical loss as in polycrystalline films. Recent results presented on the literature confirm that ceramic laser materials became an attractive alternative to single crystal due to their easy manufacture and low cost.11 In this way, the nanostructured Er3+ doped SiO2:GeO2 host are interesting materials for integrated amplifiers and laser medium.

  The sol-gel process allows the preparation of bulk materials, thin films as well as powders, which can be used to prepare glasses, glass-ceramics and ceramics. The major advantages of this low temperature chemical route are the large variety of materials exhibiting not only a multicomponent host but also can be doped to modify their properties, the excellent control of the chemical purity, low cost of fabrication and possibility to obtain nanostructured powders with a controlled size particle for transparent ceramics manufacture. Since thin sol-gel films can be easily made through dip-coating or spin-coating techniques, this method is considered ideal for the fabrication of active integrated optical devices like optical waveguide lasers and amplifiers.12-15

  The sol-gel process has been used for the preparation of SiO2:GeO2 compounds.16-20 Jing et al.16 studied thick films of 30SiO2:70GeO2 obtained from tetraethylorthogermanate (Ge(OC2H5)4, TEOG) and diethylorthosilicate (DEOS). Jang et al.18 have used TEOG and tetraethylorthosilicate (Si(OC2H5)4, TEOS) to obtain thin films by spin-coating technique. Ge-doped SiO2 glasses was synthesized by sol-gel process using TEOS and 3-trichologermanium propanoic acid (Cl3GeCH2CH2COOH) as starting materials.19 Acid-catalyzed solutions of γ-glycidoxypropyltrimethoxysilane mixed with germanium isopropoxide are used as matrix precursors to prepare Nd3+ doped SiO2:GeO2 thin films by spin-coating technique.20 Also, glasses of 90SiO2:10GeO2 composition, in mol%, have been prepared by the sol-gel method in which TEOS and TEOG were used as starting materials.17 In all these procedures, the authors have used germanium alkoxides, which are very reactive with water molecules, promoting very fast hydrolysis and condensation reactions, and consequently, an atmosphere control is required for obtaining a transparent, homogeneous and nanostructured material.

  Recently, Sigoli et al.21 have published results on the Er3+ and Yb3+ co-doped SiO2:GeO2 planar waveguide onto silica on silicon substrates obtained by the sol-gel process combined with a spin-coating technique. The compositions of studied samples were 95.8SiO2:4.2GeO2 doped with 0.1-2.0 mol% of Er3+ and 0.7-1.4 mol% of Yb3+, which is based in a low Ge content host. For the sample preparation, firstly silica nanoparticles were prepared by hydrolysis of tetraethyl orthosilicate (TEOS) in basic media, and the germanium precursor solution was obtained by adding GeO2 into ethylene glycol with NH4OH. The SiO2-GeO2 precursors mixture were doped with different amounts of Er and Yb chloride salts, followed by addition of 30 wt.% aqueous solution of polyvinyl alcohol (PVA), resulting in a transparent sol. The films were prepared using a multilayer process, followed by a posterior heat treatment at 1150 ºC for 60 s using a rapid thermal annealing (RTA) furnace. As a conclusion, the authors claimed that the rapid thermal annealing under nitrogen flows avoided the crystallization of the films and the rare-earth cluster formation, being effective for material densification, however the effect of the Ge content on the Er3+ emission was not evaluated.

  In this paper, we present the development of a simple and relatively low cost sol-gel route for obtaining homogeneous Er3+ doped (1 – x)SiO2:xGeO2 with x = 10 and 20 nanometer-sized powders and transparent thin films, which are cracks and porous free with relatively thick layers. We describe and discuss the thermal, structural, micro-structural, optical transmission properties and their correlation and influence on the near infrared (NIR) emission of Er3+ ions from the samples. Besides, the paper reports on the preparation of planar and channel waveguides based on Er3+ doped 80SiO2:20GeO2. This work contributes to establish a new sol-gel route, without requirement of a specific atmosphere control, which can be used to prepare materials containing germanium.

   

  Experimental

  Sample preparation

  Crystalline GeO2 has mainly two crystalline structures: one is hexagonal and the other is tetragonal. Hexagonal GeO2 is somewhat soluble in water (0.453 g per 100 g of water, 25 ºC), while tetragonal GeO2 is insoluble.22 On the other hand, GeO2 is soluble in H2SO4/NH4OH basic solutions at pH around 9-10,22 but insoluble in acid solutions.23 Based on these information, initially we tested several possibilities to mix TEOS in the germanium oxide (GeO2) previously dissolved in a solution of pH ca. 10, but a fast precipitation takes place in all tests. Another chemical route was dissolve GeO2 in an aqueous solution containing ethylenediamine in which could be obtained a transparent and stable sol, but a fast precipitation takes place when TEOS is included. Finally, we could prepare a stable sol with tetramethylammonium hydroxide (TMAH) solution (aqueous solution containing 25% in mass of TMAH). The TMAH solution is very efficient to dissolve GeO2, and it allowed include TEOS, as will show below.

  Sols preparation

  The starting solutions was prepared using the tetraethylorthosilicate (TEOS, Si(OC2H5)4, Alfa Aesar, 99% purity), germanium oxide (GeO2, Sigma-Aldrich, 99.999% purity), erbium chloride (ErCl3, Reacton, 99.9% purity), tetrametylammonium hydroxide solution (TMAH, (CH3)NOH, Sigma-Aldrich, solution of 25 wt.% in water), isopropanol (iPrOH, Chemis, P.A.), and D-sorbitol (Sigma-Aldrich, 99% purity).

  Firstly, the TEOS was pre-hydrolysed (1Si(OC2H5)4:2H2O, molar ratio) during 1 h, for x = 10 and x = 20 was used 3.838 mL and 1.706 mL of TEOS, respectively (named Sol1). 200 mg of GeO2 was diluted in 2 mL of TMAH solution, 2 mL of iPrOH, and 2 mL of deionized H2O (named Sol2). Considering the addition of rare-earth chlorides (as ErCl3, YbCl3 or EuCl3) in basic medium was necessary include a small amount of D-sorbitol to prevent rare earth hydrolysis and precipitation. The ErCl3 was dissolved in D-sorbitol and deionized water (1ErCl3:5 D-sorbitol:500H2O, molar ratio) named Sol3. A mixture of Sol1, Sol2, and Sol3 were performed under vigorous stirring during 1 h and aged for 24 h. During the aging period occurs the formation of some precipitates. Finally, 1 mL of deionized water was added under vigorous stirring for around 30 min, and we could obtain a transparent and stable sol. All procedure was performed in atmospheric air, and did not require special atmosphere.

  Films deposition

  The sols were filtered with Millipore 0.2 mm and used for thin films deposition at 25 ºC. Before the film depositions, the substrates were cleaned with a detergent (biodegradable anionic surfactant), rinsed with deionized water and placed inside a HNO3 + HCl solution (16 HNO3 + 28 HCl + 56 H2O, molar ratio) during 5 min. The substrates were then rinsed once again in deionized water, ethyl alcohol and dried with anhydrous air.

  Thin films were deposited on sodalime glass substrates using the spin-coating technique. Rotation speed and spin time were fixed at 1500 rpm, and 10 s, respectively. Before further coating, each layer was annealed in air for 2 h at 400 ºC using a heating rate of 2 ºC min-1. The final films were obtained after 3 coatings and heat-treated at 700 ºC during 2 h using a heating rate of 5 ºC min-1 in atmospheric air.

  Gels and powders preparation

  In parallel, the sol obtained after films preparation was maintained in an oven at 45 ºC during 6 days in atmospheric air, to obtain transparent monoliths (transparent dried gels). Next, the samples were heat treated 100 ºC for around 24 h, annealed in an electrical furnace at 400 ºC for 5 h, and 900 ºC for 2 h or 1100 ºC for 2 h using a heating rate of 5 ºC min-1 in atmospheric air, to obtain nanocomposite powders.

  Characterization

  The dried gels at 45 ºC during 6 days, were subjected to thermal analysis using an SDTQ600 TA Instruments Model thermoanalyzer which records differential thermal analysis (DTA) and thermogravimetry (TGA) simultaneously. Samples (25 mg) were put into α-alumina crucibles, using calcined α-alumina as a reference material. The heating rate was 10 ºC min-1 and the thermal analysis was carried out in flowing synthetic air (50 mL min-1) as the measurements were taken.

  The gel and powder samples were mixed with dried KBr and pressed into pellets, and the corresponding Fourier transform infrared (FTIR) spectra were collected in the 4000-400 cm-1 range using a FTIR Perkin Elmer 2000 spectrometer with 4 cm-1 resolution.

  The crystalline phases were analyzed by X-ray diffraction (XRD) technique. XRD measurements were performed at room temperature in a transmission geometry using a Siemens D5000 equipped with a nickel filter using Cu Kα radiation (λ = 1.5406 Å) and a graphite monochromator. XRD scans were collected from 5 to 60º (2θ) using a scan rate of 0.6 degree min-1 and an increment of 0.02º.

  Images of the powder samples were obtained by high-resolution transmission electron microscopy (HRTEM) using a Philips CM200 microscope.

  Optical transmission spectra in the UV-Visible-NIR near regions (200-2000 nm) were recorded at room temperature using a Cary 500 spectrophotometer (600 nm min-1, resolution of 0.5 nm).

  The photoluminescence (PL) spectra at room temperature were registered on a spectrofluorometer (SpectraPro 300i, Roper Scientific), equipped with an InGaAs detector (ID-441C) and a double monochromator with resolution of 1.8 nm (Spex 212L). The excitation source was the 488 nm line of an Ar+ laser (500 mW) (Innova 300C, Coherent Inc.).

  The lifetime at room temperature was acquired with a InGaAs detector using the 488 nm line of an Ar+ laser (500 mW) (Innova 300C, Coherent Inc.), a chopper (SR540, Stanford Research Systems Inc.) operating at 10 Hz, a digital oscilloscope (54600B, Hewlett Packard), and an optical filter RG1000 to eliminate the excitation signal.

  Channels were written onto the surface of films deposited on silica substrates using a femtosecond laser etching technique. To this end, an 800 nm Ti-sapphire laser emitting 150 fs, 76 MHz mode-locked pulses was focused on the film surface with an objective lens. The spot size of the focused beam was 5 mm at the focal point, and the average power of the laser was 10 mW. The scanning speed was 0.5 mm s-1. 3D surface image of the channel waveguide was measured on a FORMTRACER profilometer from Taylor Hobson Precision model SV-C525.

   

  Results and Discussion

  Thermal properties

  Figure 1 presents the TGA and DTA curves of the 90SiO2:10GeO2 (x = 10) and 80SiO2:10GeO2 (x = 20) gels doped with 1 mol% of Er3+. As can be seen, a mass loss (16.5% for x = 10, and 12.5% for x = 20) was observed between 35 and 160 ºC due to desorption of the adsorbed moisture and the evaporation of solvents and dehydration. The samples showed a mass loss of approximately 33.8% for x = 10 and 45.5% for x = 20 between 160 and 330 ºC due to an elimination of residual solvents (peak at 210 ºC for x = 10 and x = 20) and combustion/oxidation process (exothermic peaks at 264 and 317 ºC for x = 10, and at 244, 264 and 297 ºC for x = 20). From 330 to 500 ºC, exothermic reactions was observed centered at 371 and 423 ºC for x = 10, and at 350, 450 and 480 ºC for x = 20, with mass loss of 2.1% for both samples, due to final oxidation process. Between 500 and 700 ºC, any reactions occurred.
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  Structural properties

  In order to better understand the structural changes from gels (45 ºC and 100 ºC) and amorphous powders (900 ºC) to partially crystallized powders (1100 ºC) for x = 10, FTIR spectroscopy was used. IR spectra are reported in Figure 2 between 4000 and 400 cm-1. For x = 20 only samples heat-treated at 900 ºC and 1100 ºC were presented and compared with x = 10 composition.
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  The bands at 595, 1404 and 1490 cm-1 in the spectra of x = 10 at 45 ºC and 100 ºC are due to absorptions of C−C, C−CH2, N−O and N−CH3 groups stretching, and CH and CH2 groups deformation. These organic compounds were completely eliminated after annealing at 700, 900 and 1100 ºC. In the 1400-400 cm-1 range, the most intense bands refer to the SiO2 network vibrational modes. Besides that, vibrational modes related to Si−OH, Si−O−Ge, and Ge−O−Ge vibrational modes also appear in this region. The SiO2 network can be characterized by three main Si−O−Si vibrational modes, which can be observed in detail in Figure 2, at 460, 800 and 1090 cm-1. The peak at 460 cm-1 is attributed to transverse-optical (TO) rocking motions perpendicular to the Si−O−Si plane of the oxygen bridging two adjacent Si atoms. The second one located at 800 cm-1 is due to the TO symmetric stretching of the O atom along a line bisecting the Si−O−Si angle. The broad band at 1090 cm-1 corresponds to the back and forth motion of the oxygen atom along a line parallel to the Si−Si axis, which results in a TO antisymmetric stretching. The latter band is accompanied by a shoulder at 1250 cm-1, characteristic of an admixture of TO and LO (longitudinal optical) components, which is more intense in porous materials.24,25 In the case of the samples annealed at low temperature, the bands around 1030 and 1200 cm-1 show a shift and broadening in comparison with the samples annealed at higher temperature, corroborating with the presence of organic groups and an incomplete hydrolysis and condensation process, originating a porous material.

  Concerning the presence of germanium oxide, in the literature is well reported that the infrared absorption band of GeO2 show a broad band centered at 900 cm-1, attributed to Ge−O vibrations in GeO4 tetrahedral in which every oxygen atom is bonded to another germanium atom.26 In Figure 2, a shoulder at 1000 cm-1 and 900 cm-1 appears increasing in intensity with the germanium content, and can be attributed to the Ge−O−Ge and Si−O−Ge vibrational modes. The presence of GeO2 can be also attested analyzing the spectra region between 500-650 cm-1. Vibrational modes attributed to the Ge−O links in this region are also reported in the literature, and can be seen in the samples annealed at higher temperatures.

  Bands at 1670 cm-1 and 3440 cm-1 are also observed due to vibrational modes of the water molecules or hydroxyl groups that aware reduced gradually by increasing the annealing temperature, as previously observed in the TGA results and discussions. For the samples heat treated at 45 and 100 ºC, a vibrational mode attributed to the Si-OH groups (silanols) appears at around 950 cm-1, which disappear at higher temperatures.24,25

  Similar FTIR spectra of compounds with x = 10 and x = 20 annealed at 900 ºC were observed, suggesting the presence of structure similarity. However, increasing the temperature to 1100 ºC, peaks at 592 and 665 cm-1 for x = 10 and 20 appears, which can be attributed to GeO2 particle formation in silica host. On the other hand, the band at 808 cm-1 for 900 ºC shifts to 792 cm-1 for 1100 ºC (x = 10) and from 802 cm-1 for 900 ºC to 792 cm-1 for 1100 ºC (x = 20), which indicates some contribution of Ge−O to the band around 800 cm-1.

  In Figure 3 are shown the XRD patterns for x = 10 and 20 doped with 1 mol% of Er3+ heat treated at 700, 900 and 1100 ºC, where the peaks are indentified and compared with those reported in the literature. A structural change clearly occurs as a function of the heat treatment temperature, which denotes a direct dependence of the crystalline phase contents. A large background between 15º and 35º in 2θ was detected in all diffractograms, which corresponds to the amorphous silica-based host, as also observed by Ferrari et al.27 for SiO2-Ta2O5 compounds. In accordance with JCPDS card number 73-1306, the peaks at 22.5; 31.5; 36.1; 48.7; and 57.1 degree are due to (101); (102); (112) and (200); (212); (213) and (301) planes of GeO2 nanocrystals with tetragonal structure (space group P41212 (92)) and the cell parameters are a = 4.99 Å, and c = 7.06 Å (C = 1.4148 and Z = 4). From the XRD results, the GeO2 crystals into the silicate host appear only after heat treatment at 1100 ºC.
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  Morphological properties

  Figures 4a and 4d show TEM images of the compounds annealed at 900 ºC for 2 h containing x = 10, in which spherical GeO2 nanoparticles of 3.7 ± 0.1 nm in diameter is dispersed into the silicate host (which were not detected by XRD results). For the compounds with x = 20 annealed at 900 ºC, Figures 4b and 4e, spherical GeO2 nanoparticles of around 4.6 ± 0.2 nm in diameter can be observed, and for x = 20 heat-treated at 1100 ºC the diameter size increase to 25.0 ± 0.8 nm (Figures 4c and 4f). In fact, the diameter size of GeO2 nanocrystals is almost the same as the content of the germanium oxide increases, at least for concentration of 10 and 20 mol%. Due to low crystallinity and the small size of the GeO2 nanoparticles, they were not detected by XRD patterns (Figure 3) after annealing at 900 ºC. Increasing the annealing to 1100 ºC for x = 20, GeO2 nanoparticles with higher diameter were crystallized and consequently could be detected by XRD patterns (Figure 3).
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  All the samples show GeO2 nanoparticles with diameter lower than λ/20, considering as λ the wavelength of the Er3+ pumping (λ = 980 nm, λ/20 = 49 nm) and emission (λ = 1540 nm; λ/20 = 77 nm) used in telecommunication systems as optical amplifiers. Therefore, the presence of GeO2 nanoparticles will not reduce significantly the NIR propagation signal, i.e., the contribution to the losses due to volume scattering is not significant considering these compositions in waveguides for infrared light.28,29 Besides, films heat-treated around 700 ºC could be even better for waveguide application, since at these temperatures any GeO2 nanoparticles are distributed in the silicate host.

  To evaluate the dispersion behavior of Er3+ ions in x = 20 compounds heat-treated at 900 ºC and 1100 ºC, were used the energy dispersive X-ray (EDX) to collect spectra on the silica-rich matrix and on the GeO2 nanoparticles, as can see in Figure 5. For 900 ºC, note that a higher erbium peak intensity in GeO2 nanoparticles in comparison to that in silicate matrix region. However, for 1100 ºC in which nanoparticles have diameter of around 25.0 ± 0.8 nm, a much higher concentration of Er3+ ions around/into the GeO2 nanoparticles than in silica-rich matrix is observed, indicating that Er3+ solubility in GeO2 nanoparticles are higher than in silicate host, especially at higher temperatures.
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  The chemical procedure developed here allows obtaining stable and uniform −Si−O−Ge−O−Si− network in sols, gels and films as well as powders synthesized at relative low temperatures. With heat-treatment phase separation was observed. It is well known that different ions segregate in silica network, as shown for SiO2-ZrO2,28,30 SiO2-TiO2,31 and SiO2-Ta2O5 27,29 leading to nanocrystals. The same effect occurs for SiO2-GeO2 system studied here. Increasing the energy (heat-treatment temperature) and the Ge content into the matrix, more ions quantity are expelled from SiO2 network progressively and due to this the GeO2 particles into silica matrix increase in size significantly only at 1100 ºC. On the other hand, the literature have mentioned that rare-earth solubility in silica is < 1018 ions cm-3,32 and we have shown in this work that larger amounts of Er3+ are located around/into GeO2 particles by EDX results, confirming the Er3+ migration in samples heat treated at high temperatures.

  Optical properties

  Gels

  An illustrative image of the obtained gel is included in the Figure 6 took by a digital camera. Also, in Figure 6 we present a UV-Vis-NIR spectrum of the 90SiO2:10GeO2 gel doped with 1 mol% of Er3+. Similar results were obtained for different concentrations of Er3+ and for x = 20 (not shown here). The gels were well transparent with high mechanical resistance allowing be handled. The f-f transitions of the Er3+ ions were detected at 269, 322, 366, 378, 406, 452, 489, 521, 547, 653, 886, 981 and 1490 nm from 4I15/2 level to 4G9/2,2P3/2, 2G9/2, 4G11/2, 2H9/2, 4F3/2, 4F7/2, 2H11/2, 4S3/2, 4F9/2, 4I9/2, 4I11/2 and 4I13/2 level, respectively. The bands centered at 1161, 1226, 1339, 1350, 1363, 1600, 1664, 1703, 1720, 1745, 1782, 1812, 1857, and 1937 nm are due to organic compounds (CH3, CH2, C−H, C−C, C=C, C−O, C=O, C−N, C=N, O−H, N−H, N-O, and/or N=O, etc.) into the gel from precursor compounds.
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  Powders

  Photoluminescence emission spectra in the near infrared region under excitation at 488 nm from the different powders changing composition and doping levels were obtained. In Figure 7a is illustrated the PL emission due to 4I13/2 → 4I15/2 transition of Er3+ ions in the 90SiO2:10GeO2 powders heat-treated at 900 ºC for different Er3+ concentrations, in the inset were included the integrated band intensity of these spectra as a function of Er3+ concentration. Note that the PL emission increase from 0.05 to 0.5 mol% Er3+, and higher concentrations the PL emission decrease gradually, showing that for x = 10 and annealing at 900 ºC the best rare-earth doping is around 0.5 mol%, being for this matrix the solubility limit. Increasing the heat treatment to 1100 ºC (Figure 7b), the PL emission maximum is observed for 0.8 mol% (almost the same intensity of 0.5 mol% sample) but the emission intensities are lower than that observed for 900 ºC.
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  This is an indication that the Er3+ ions have higher solubility around/into GeO2 in comparison with silicate host. This is supported by EDX results (Figure 5) that show high concentrations of Er3+ ions around/into GeO2 nanoparticles at 1100 ºC. However, increasing the temperature, it can favor Er−O−Er clusters formation, which increases energy migration. Besides, the crystallization process, in which Ge−O−Ge, Si−O−Ge and Si−O−Si links breakdown, leads to the formation of defects and non-binding oxygens that favor Er3+ ions non-radiative de-excitation and reduce its infrared emission. Probably the energy migration (due to Er−O−Er cluster formation) combined with presence of defects are the main contributions to the observed decrease in intensity for the samples containing higher than 0.8 or 0.5 mol% Er3+.

  Note that, the annealing temperature is fundamental to activate Er3+ ions in the 90SiO2:10GeO2 host, in fact the 900 ºC is the most appropriate temperature, when compared to 1100 ºC, being limited to 0.5 mol% of Er3+ and presenting 30 nm of FWHM (full width at half medium). This concentration limit value is higher than of Er3+ doped silica, aluminates and phosphates materials.33-35 The SiO2:GeO2 compositions have potential use as optical amplifiers in integrated systems. In addition, their refractive index are slightly higher than that of silica allowing low losses in silica optical fibers coupling, and the presence of germanium enable diffraction gratings recording using UV lasers by photo-contraction phenomenon.9,10

  At 1100 ºC the FWHM of the emission centered at 1535 nm is around 13 nm, which are smaller than those observed for 900 ºC, due to the presence of Er3+ ions around/into GeO2 nanoparticles with higher size and crystallinity (Figures 3 and 4).

  Besides, when the GeO2 concentration is increased to x = 20 (80SiO2:20GeO2) and doped with 1 mol% is observed an emission 4.9 times superior than for x = 10, as presented in Figure 7c. Also, the NIR emission spectra were collected for both samples x = 10 and 20 containing 1 mol% of Er3+ and heat-treated at 1100 ºC under excitation at 980 nm light from a diode laser (spectra were not shown here), in which was observed the same emission intensity relation among both samples and same spectral shape in comparison to those spectra collected under 488 nm excitation. In previous EDX results, it was observed a higher erbium concentration around/into GeO2 nanoparticles, leading us to think that GeO2 crystalline nanoparticles possess higher erbium solubility in comparison to silicate host, preventing clustering and formation of Er−O−Er links (at least for the samples containing Er3+ concentration lower than 0.5 mol%).

  Since the luminescence intensity for the both samples (x = 10 and x = 20) annealed at 900 ºC doped with 1 mol% of Er3+ are similar in NIR region, it was presented in Figure 7 only emission spectra concerning the x = 10 samples. However, when the samples are annealed at 1100 ºC the x = 20 sample have higher emission intensity in comparison with that containing x = 10. This can be explained by the hydroxyl groups reduction and relevant portion of Er3+ ions migration to nanocrystals (as shown by EDX results). Moreover, GeO2 compounds have lower phonon energy (740 cm-1)36 than SiO2 compounds (1075 cm-1)27 favoring an improvement of the Er3+ NIR emission. The EDX technique has no high precision to determine the exact Er3+ position, i.e., it is not known exactly if they are in higher quantity into or around GeO2 particles. Also, in samples with x = 20 heat-treated at high temperatures (1100 ºC) occurs the formation of higher crystalline GeO2 particles size than for x = 10, which gives a different light scattering (in excitation and emission), but a higher Er3+ solubility associated to low phonon energy can compensate some intensity decrease due to scattering.

  Likewise, to study the heat treatment effect and GeO2 content, the PL decay curves were measured at 1535 nm from 4I3/2 level of Er3+, the medium lifetime values were listed in Table 1. In x = 10 with 1 mol% of Er3+ occurs the lifetime changes from 15.0 ± 0.5 ms for 900 ºC to 7.5 ± 0.5 ms 1100 ºC, but when GeO2 is increased (x = 20) the lifetime is about 12.8 ± 0.5 ms for 1100 ºC, corroborating with our previous results and discussions, i.e., low GeO2 concentration associate to high temperature promote some Er−O−Er clustering or defects generation that reduce active Er3+ ions, and high temperatures with higher GeO2 concentration increase active Er3+ ions. In fact, the Er3+ infrared PL emissions, lifetime values and structural properties of the host are strongly correlated.
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  The lifetime value for 4I13/2 level of Er3+ ions in the x = 20 composition heat-treated at 1100 ºC is comparable to those values measured by Sigoli et al.21 for 95.8SiO2:4.2GeO2 host, which changed between 13.2 and 11.3 ms depending on the Er3+ and Yb3+ contents.

  Thin films

  Optical transmission spectra of the 80SiO2:20GeO2 films doped with 1 mol% of Er3+ were measured continuously from 200 nm to 2000 nm with an UV-Vis-NIR spectrophotometer. Figure 8 a displays the transmission spectra of film with 3 layers heat-treated at 700 ºC. A high transparency in the visible and infrared regions was detected, higher than 92% at 632.8 nm (the He-Ne laser wavelength used as reference). Other optical property, such as the band gap, was obtained indirectly. Considering the high absorption region, the transmittance (T) followed a simple correlation with absorption coefficient, 37 equation 1, where C is approximately equal to the unity at the absorption edge and d is the thickness of the thin films. The relation between the absorption coefficient α and incident photon energy hν for allowed direct transition can be written as equation 2,37 where A is constant and Eg is the direct band gap.
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  The (ahν)2 versus hν plot for the thin film is shown in Figure 8a. A linear behavior can be observed in a certain range of the curves, supporting the interpretation of direct Eg band gap for thin film.37 Therefore, the Eg band gap can be obtained by extrapolating relation (2) around 5.79 eV (214 nm). This value is comparable with those reported by Jing et al.16 of 5.5 eV (225 nm) for 30SiO2:70GeO2 thick films. On the other hand, works on glasses with 90SiO2:10GeO2 composition developed by Nishii et al.38 and Shigemura et al.17 obtained an optical band gap of ca. 7.1 eV (175 nm), and ca. 6.0 eV (207 nm), respectively. All these values is influenced by the GeO2 nanosized into the matrix and an absorption band at ca. 5 eV (248 nm) assigned to different kinds of intrinsic germanium-related oxygen-deficient centers in glasses, which consist of neutral oxygen monovacancy [(NOMV)≡Ge-Ge≡ or ≡Ge-Si≡] and neutral oxygen divacancy [(NODV)-Ge2+].16,17,39 In our optical transmission spectra (Figure 8a) was not observed the band associated to these defects, indicating that we have films with high optical quality without structural defects.

  The refractive index (n) and film thickness could be determined from the interference fringes by the envelope method, using the expression reported by Manifacier et al.40 and modified by Peng and Desu,41 equation 3, where N is defined with equation 4. Tmax and Tmin are the transmission maximum and the corresponding minimum at a wavelength λ of the interference fringes (Figure 8a), while ns is the substrate refractive index silica at the same wavelength.42 The refractive index values, n, calculated from equations 3 and 4, are shown in Figure 8b for 80SiO2:20GeO2 films annealed at 700 ºC. The refractive index results have been fitted with the following Sellmeier curve,43 equation 5.
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  The fit of the experimental results with equation 5 provides the following set of parameters: A = 2.2315; B = 0.0040; C = 0.0030; and D = 0.0005 (λ in nm). This Sellmeier curve is shown in Figure 8b. The calculated refractive index presents a good dispersion and it can be well fitted by the Sellmeier relation. The extrapolated values of the Sellmeier curves can be used to calculate the admittance angle and coupling angle when 80SiO2:20GeO2 amorphous is used in waveguiding experiments.

  Another application of transmission spectra is the film thickness estimation. The thickness d of the layer can be calculated from two adjacent maxima or minima of interference fringes at λ1 and λ2 by equation 6,41 where λ1, n(λ1) and λ2, n(λ2) are the corresponding wavelengths and refractive indexes calculated above by the envelope method. The average value of d determined by the equation 6 is 1214 ± 35 nm.
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  The refractive index of the bulk glass material is 1.489 at 589.3 nm wavelength.44 In this work we obtained a refractive index of 1.498, which is similar than that of 80SiO2:20GeO2 glass, indicating a high density of our films annealed at 700 ºC. This film heat-treated at 700 ºC is very important for waveguide design; in the present case, one has a high Δn = 0.040 at 589.3 nm, Δn = 0.040 at 632.9 nm, Δn = 0.050 at 1535 nm wavelengths between the waveguiding layer and the SiO2 buffer layer (or cladding), such that a guiding layer thickness of 787 nm is already sufficient for single mode propagation (TE0 or TM0 mode) at 1535 nm. To excite the second mode (TE1 or TM1), it is necessary to have a film with 2790 nm thickness (these thickness limit values were calculated by relation in the reference 25).

  Sigoli et al.21 have obtained a refractive index of ca. 1.453 at 1550 nm for the film thermally treated at 1150 ºC with an average thickness of ca. 3.9 mm. The refractive index was lower than that obtained in our work (ca. 1.49) because we used larger amounts of GeO2 that allow prepare thinner films to have only one guided mode, i.e., thickness of ca. 1.2 mm is enough to guide the first mode (TE0 or TM0 mode) in the films of 80SiO2:20GeO2 matrix. Probably, films of x = 20 composition having thickness around ca. 2500 nm (6 layers) should be adequate to be applied as waveguides in the NIR region.

  An 800 nm Ti-sapphire laser emitting 150 fs, 76 MHz mode-locked pulses was focused on the film surface by an objective lens. The spot size of the focused beam was 5 mm at the focal point, and the average power of the laser was 10 mW. The scanning speed was 0.5 mm s-1. Optical surface image using a microscopy by the reflected visible light and 3D surface profilometry of the channel waveguide measured using a FORMTRACER profilometer from Taylor Hobson Precision model SV-C525 are shown in Figures 9a and 9b. The images illustrated in Figures 9a and 9b show a surface profile and air grooves created by the femtosecond laser etching technique and between two air grooves there is the waveguide consisting of the Er-doped 80SiO2:20GeO2 ribs on silica substrate. The air grooves with a width around 10 mm and a depth of 5 mm, were created by the laser irradiation and the shape and structure of channels are highly reproducible and sharply defined (Figures 9a and 9b). The width and depth of the channels can be tailored changing the position of the spot of the focused beam in order to produce mono or multimodal channel waveguides. In our preliminary experiment we obtained ribs with width of 15 mm.
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  On the basis of the film thickness and refractive index values, the confinement coefficient of the film was estimated. Figure 9c shows the squared electric and magnetic field profiles of the TE0 and TM0 modes of the waveguides containing with x = 20 at 632.8 and 1535 nm wavelengths. The values represent the ratio of the integrated intensity, i.e., the square of the electric or magnetic field in the waveguide to the total intensity for each wavelength. The total intensity also includes the squared evanescent fields.30 A light confinement above 82% can be seen for the waveguides excited at 632.8 nm. For the 1535 nm wavelength, the TE0 and TM0 confinement are ca. 50% and ca. 46%. Higher confinement coefficients for TE0 and TM0 modes are expected by increasing the film thickness and it is possible to obtain a well confined single mode at 1535 nm, which is the wavelength of interest in integrated optical systems as amplifiers.

  The differences between the refractive index of the rib channel waveguide and silica optical fibers are crucial to its application as waveguide amplifiers in telecommunication systems, as well as the rib channel waveguide thickness. The losses by coupling with silica optical fibers increases in compounds with high refractive index and low thickness. In fact, it is necessary to tailor the refractive index and thickness of the rib channel in relation to the commercial optical fibers. But, the refractive index of the rib channel cannot be low, because they are deposited onto silica (same material of the optical fibers), if not the pump and emitted light did not maintain confined. On the other hand, the losses in this sol-gel based planar waveguides are not only due to these parameters. During sol synthesis and film deposition undesirable impurities can be incorporated and/or not be eliminated by heat-treatments, resulting in waveguides with losses of about 1.0 dB cm-1.28 Although full densification is always achieved together with initial crystallization process, crystalline size need be controlled.25 Surface roughness should be considered as another source of losses, to reduce these losses the homogeneous and crack-free films should be prepared. Finally, the best composition reported in our work (80SiO2:20GeO2) is close in composition to other systems in the literature, for example, those containing ZrO2,28,30 TiO2,31 and T2O5,27,29 however present lower refractive index.

   

  Conclusions

  In summary, we have used a simple sol-gel route to prepare stable and transparent sols, gels and films. The gels decompositions to form powders were evaluated by TGA and DTA techniques, and endothermal and exothermal events were analyzed. The materials show mass loss from room temperature to around 500 ºC. Between 500 and 700 ºC, no reactions were observed. The organic and hydroxyl compounds into the matrix were evaluated by FTIR that reduce gradually by increasing the annealing temperature. At 700 ºC, the materials are completely amorphous, but at higher temperatures a silica-rich amorphous phase and GeO2 nanocrystals with tetragonal structure were obtained. The HRTEM images reveal spherical GeO2 nanoparticles of around 3.7, 4.6 and 25.0 nm in diameter for x = 10 at 900 ºC, x = 10 and x = 20 at 1100 ºC, respectively. EDX results show high concentrations of Er3+ ions around GeO2 nanoparticles at 1100 ºC. In fact, the GeO2 nanoparticles formation can allow incorporate higher concentration of active Er3+ ions. For x = 10, higher infrared emissions occur in the matrix doped with 0.5 mol% of Er3+, at 900 ºC and 1100 ºC. But the 1 mol% of Er3+ doped 80SiO2:20GeO2 compound have an infrared emission around 4.9 times higher than that for 1 mol% Er3+ doped 90SiO2:10GeO2. The Er3+4I13/2 level has a lifetime between 15.0 ms and 7.5 ms depending on the GeO2 content and heat-treatment. The optical band gap of 5.79 eV and refractive index values were determined, being ca. 1.498 at wavelength of 589.3 nm, and the Sellmeier parameters were estimated. Films deposited by spin-coating technique present ca. 1214 nm thickness, as calculated by the envelope method. Rib channel waveguides were obtained with width of 15 mm using femtosecond laser radiation, and a light confinement above 82% can be achieved for these waveguides when excited at 632.8 nm.

  The chemical procedure using as a precursor TEOS, GeO2, TMAH is easy, doesn't require special atmosphere, and has relatively low cost. As a final conclusion, the 1mol% of Er3+ doped 80SiO2:20GeO2 compounds are potentially applicable in integrated optical systems, specially as miniaturized optical amplifiers.
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    The phosphor-converted light-emitting diode technique is an important solid-state illumination strategy. Sulfide-based materials are the most often employed red phosphors, but they are chemically unstable and present lower efficiency in comparison to the blue and green phosphors. Therefore, it is important to find a new red phosphor source that can emit intense red light while absorbing light in the near ultraviolet (UV) spectral region. This paper describes the photoluminescence properties of Nb2O5:La3+,Eu3+ obtained by the non-hydrolytic sol-gel process. The X-ray results indicated that the thermal treatment allowed to obtain the different crystalline structures such as, the orthorhombic and monoclinic phases for the Nb2O5 and the orthorhombic phase for the La2Nb10O28. This polymorphism was also confirmed by the Raman spectroscopy. The luminescence spectra revealed the existence of the Eu3+ ions in both crystalline phases for the samples annealed at higher temperature, depending of the excitation wavelength. The emission spectrum showed that increasing the annealing temperature promotes the narrowing of all intraconfigurational f-f transitions for the Eu3+ ions, due to the structural changes. In addition, all samples present good CIE (International Illumination Committee) chromaticity coordinates when excited in the UV (275 and 394 nm), blue (465 nm) and green (525 nm) radiation.

    Keywords: non-hydrolytic sol-gel route, niobia, red phosphor, luminescence.

  

   

   

  Introduction

  Currently, solid-state white light emitters (LEDs) are considered the next generation of solid-state light sources. Because LEDs offer advantages such as longer lifetime and low energy consumption, they constitute potential replacements for incandescent and fluorescent light bulbs.1,2 Bearing in mind that illumination consumes about 33% of all the generated energy, the development of energy-saving systems has become fundamental from a technological standpoint.3

  Ultraviolet (UV) radiation provides high excitation energy, so a new strategy to obtain white light relies on the use of near UV radiation (ca. 400 nm) by LEDs coated with blue/green/red luminophores.4 An ultraviolet light emitting diode composed of indium gallium nitride (InGaN) or gallium nitride (GaN) present a high light emission efficiency in the light emission wavelengths from 370 nm to 410 nm, and particularly, has the highest light emission efficiency at wavelengths around 390 nm.5 Yttrium oxysulfide doped with Eu3+ (Y2O2S:Eu3+) is the red-light luminophore that is commercially available at present; however, it is less efficient than luminophores that emit blue and green light, has shorter lifetime under UV radiation, and is unstable because it releases hydrogen sulfide.6-9 In this context, achieving novel and stable luminophores that can emit intense red light, exhibits excitation in the near UV region, and presents CIE (International Illumination Committee) chromaticity coordinates that meet the demands of the National Television Standard Committee (NTSC) is highly desirable.

  To produce white light, the current phosphor materials based on near UV GaN-LEDs are BaMgAl10O17:Eu2+ (BAM) for blue, ZnS:(Cu+, Al3+) for green, and Y2O2S:Eu3+ for red. However, compared with the blue and green phosphors, the efficiency of Y2O2S:Eu3+ is about eight times lower and a mixture containing 10% blue, 10% green and 80% red is necessary to obtain appreciable color rendering.2 Therefore, it is mandatory that scientists design new processes and search for novel materials to synthesize stable luminophores that can efficiently absorb near UV radiation while emitting red light. In this sense, niobium oxide doped with La3+ and Eu3+ has emerged as a promising material for multifunctional applications.

  Nb2O5 is transparent over a wide range of wavelengths (0.35-9.0 µm), it has a wide band-gap (3.6 eV), it is stable under near UV radiation, it has a relatively low cut-off phonon energy (900 cm-1), high refractive index (2.4), high permittivity (29 to 200 depending of the crystalline phase) and undergoes polymorphic transformations induced by treatment temperature.10-13 All these properties enhance the optical features of rare earth ions, since efficient radiative emission output requires a relatively high refractive index and a low nonradioactive decay for excited states. The amorphous niobium oxide (V) begins to crystallize in a low-temperature form called the (T) form or γ-phase (orthorhombic, space group: Pbam) at about 500 ºC. Crystallization occurs more rapidly at higher temperatures until about 800 ºC, where upon a transition to a medium-temperature (M) form or β-phase (monoclinic, space group: I4/mmm). This transition continues more rapidly at higher temperatures and heating for 4 h at 1000 ºC brings about a complete conversion. At even higher temperatures, a third transformation to a high-temperature (H) form or β;-phase (monoclinic, space group: P2/m) is observed. These polymorphic transitions take place slowly, at temperatures which are not well-defined, and are irreversible.14-16

  Luminescent materials can absorb light from diverse sources and emit radiative electromagnetic energy in the visible, ultraviolet, and infrared regions.17 Among the various methodologies that are available to synthesize luminophores, the non-hydrolytic sol-gel process stands out as one of the most advantageous: it yields highly pure products (the metallic oxides originate in situ) with fewer pores; occurs at relatively low temperatures; allows for incorporation of organic species, to give more homogeneous hybrid materials; and is easier to reproduce.18

  In the traditional sol-gel process, the water molecules within the Eu3+ ion coordination sphere contribute to a non-radiative decay, which has increased the interest in alternative low-temperature processes that take place in the absence of water.19,20 The non-hydrolytic sol-gel route is a versatile way to prepare inorganic oxides18 during which non-hydrolytic condensation reactions furnish oxides and hybrid organic-inorganic materials; the oxo bonds originate from oxygen atoms of donors other than water.20 This route provides strict control of stoichiometry, powder morphology, and phase purity; cations are distributed all over the polymeric structure. Thermal treatment at high temperatures (from 400 ºC) releases organic matter and produces well-ordered crystallites, which is important when one wishes to obtain high crystallinity and controlled distribution of the constituents within the crystalline network. The non-hydrolytic sol-gel process dismisses the need for solvents and may reduce or eliminate the formation of residual metal-OH groups.21

  It is known that particle morphology and size affect the luminescent properties of Nb2O5 matrices; that is, the features of the Nb2O5 material depend on the methodology used to prepare the solid. Authors have employed countless methodologies to obtain Nb2O5 matrixes, like sol-gel,10,11 Pechini,22,23 chemical transport,14 hydrothermal route24,25 and polymerized complexes.26 Nevertheless, to date there are no reports on the use of the non-hydrolytic sol-gel technique to prepare these materials.

  Thus, the present study employed the non-hydrolytic sol-gel route to prepare Nb2O5:La3+,Eu3+ matrices at Nb2O5:La3+(1.0%x%)Eu3+(x%) stoichiometric ratios, where x = 0.1 and 0.3 mol%, to obtain red phosphors with a wide excitation range and adequate CIE chromaticity coordinates. The samples underwent thermal treatment at 550, 750, 900, and 1200 ºC, for 4 h, followed by investigation of their luminescent properties.

   

  Experimental

  All the solvents and reagents were of commercial grades (Merck and Sigma-Aldrich) unless otherwise stated. NbCl5 was donated by Companhia Brasileira de Metalurgia e Mineração (CBMM).

  Preparation of Nb2O5:La3+(1%-x%)Eu3+(x%)

  The preparation of the gel was carried out in oven-dried glassware. The material was synthesized via modification of the method described by Acosta et al.27 Niobium pentachloride (NbCl5, 5.55 mmol) was previously suspended in 5 mL of dry dichloromethane and 50 mL of ethanol; it was then reacted in the presence of lanthanum chloride (LaCl3, 5.55 × 10-2 mmol) under reflux at 110 ºC, under argon atmosphere. For the samples doped with Eu3+ ions, an amount of europium chloride (EuCl3, 5.55 × 10 -3 or 1.66 × 10 -2 mmol) was added in the precursor solution. The condenser was placed in a thermostatic bath at −5 ºC. The gel was formed after 4 h of reaction; after 0.5 h, a solid material started to precipitate. After reflux, the mixture was cooled and aged overnight in the mother liquor, at room temperature. The solvent was removed under vacuum, and the solid was dried at 100 ºC. The powders were annealed at 550, 750, 900, and 1200 ºC for 4 h.

  Characterization

  X-ray diffraction (XRD) was performed at room temperature using a Rigaku Geigerflex D/max-c diffractometer with monochromated CuKα radiation (λ = 1.54 Å). Diffractograms were recorded in the 2θ range from 10 to 80º at a resolution of 0.05º. Raman spectra of the materials were obtained in the Raman spectrometer Horiba Jobin Yvon model LabRAM HR 800, operating with a He-Ne laser at 632.81 nm equipped with a charged couple device (CCD) camera model DU420A-OE-325 from the same manufacturer. The spectrum was obtained in the region from 100 to 4000 cm-1 with a hole of 100 µm and length of 5 to 30 cycles. Photoluminescence data were obtained at room temperature, under continuous Xe lamp (450 W) excitation in a Horiba Jobin Yvon Fluorolog-3 spectrofluorimeter equipped with an excitation and emission double monochromator and a photomultiplier R 928 Hammatsu. The emission was collected at 90º from the excitation beam. The slits were placed at 2.0 and 0.5 nm for excitation and emission, respectively; the bandpass was 0.5 nm, and the integration time was 0.5 ms. G1227 emission filters were employed (transmittance 100% for λ > 450 nm). The decay curves were acquired using a phosphorimeter accessory equipped with a Xe Lamp (5 J per pulse). Particle morphology was investigated by scanning electron microscopy (SEM) on a Shimadzu microscope model VEGA 3 SB.

   

  Results and Discussion

  Figure 1 shows the XRD patterns of the samples sintered at different temperatures. Samples without thermal treatment do not display any peaks. Addition of increasing, but small amounts of the dopant Eu3+ does not shift the diffraction peaks, because the unit cell varies within the detection limit of the instrument. Samples sintered at 550 ºC present peaks indexed to the (T) phase of Nb2O5 with an orthorhombic structure (JCPDS 30-873) and the Nb3O7Cl orthorhombic structure (JCPDS 73-295). Samples treated at 750 ºC contain Nb2O5 polycrystalline phases indexed to the Nb2O5 orthorhombic phase (JCPDS 30-873) and tetragonal structure (JCPDS 18-911). The crystalline (M) phase of the Nb2O5 monoclinic structure (JCPDS 15-166) and the La2Nb10O28 orthorhombic phase (JCPDS 20-547) appear after sintering at 900 ºC. After the thermal treatment at 1200 ºC, a totally crystalline (H) phase indexed to the Nb2O5 monoclinic structure (JCPDS 37-1468) and the La2Nb10O28 orthorhombic phase (JCPDS 20-547) were identified.

  
    

    [image: Figure 1. X-ray diffractograms of samples]

  

  Figure 2 illustrates the Raman spectra of the samples after calcination at different temperatures. Untreated samples display broad bands in the region of the 60-400 and 760-1100 cm-1 related to the precursor (Nb-Cl) and to the initial linkages between niobium and oxygen.11,28 Confirming the data observed in X-ray diffraction, the results obtained by Raman spectroscopy confirmed the polymorphism of niobia, which has many Nb-O polyhedra, being NbO6, octahedrons, the most common presenting in the T, M and H phases in different degree of distortion. In the T phase, broad bands are always present due to the large number of hexa or hepta coordination of Nb per unit cell, which increased the distortion and the number of different sites occupied by niobium atoms. The M and H phases are very similar and less distorted.10,11
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  The samples calcined at 550 and 750 ºC presented bands at around 130, 230 and 700 cm-1 related to the optical vibration of Nb2O5, to the bending modes of the Nb−O−Nb linkage (ν4) and to the vibrational mode related to the Nb−O symmetric stretching (ν1). These vibrations are characteristic of the (T)-phase of Nb2O5 as observed in the X-ray results and they are in agreement to the literature. A broad band between 560 and 790 cm-1 is related to the vibrations of niobium polyhedrons in the (T)-phase of the Nb2O5. In addition, there is a weak shoulder around 890 cm-1, which corresponds to the symmetric stretching mode of surface Nb=O. For the samples annealed at higher temperature, an intense peak at 992 cm-1 was assigned to the Nb−O symmetric stretching (ν1) of the NbO6 polyhedra, characteristic of the highly-ordered (M)- or (H)-phase.11,29 There are low intensity bands at 895 and 847 cm-1, which correspond to the symmetric stretching mode of surface Nb=O and to the vibrational mode (ν1) of the NbO4 tetrahedron, once that one of the 28 Nb atoms in each unit cell is present in a tetrahedral site, which occurs at some block junctions. Several bands were also observed between 620 and 680 cm-1, which are related to the transverse optic modes in different types of octahedral arrangements.11,15,29

  Low intensity bands at 350, 470 and 548 cm-1 assigned to the mode (ν5) are related to the block structures and the band at around 347 cm-1 is ascribed to the corner-shared octahedra. The octahedral distortion provides the appearance of broad multiplet bands at 260-290 cm-1 assigned to the infrared-active modes ν3 and ν4; the bands at 204 and 265 cm-1 are characteristic of ν6 modes and exist as a broad multiplet, also because of octahedral distortion.11,29 As observed for the (T)-phase, the samples calcined at 900 and 1200 ºC (M- and H-phase) also presented a band at around 120 cm-1 but in this case, it probably arises from a more ordered structure. Finally, bands at 102 and 200 cm-1 were assigned to the La-O vibrational mode,30,31 due to the lanthanum niobate phase also detected by the X-ray diffraction.

  SEM images (Figure 3) reveal some interesting morphologies. Non-calcined samples and samples sintered at 550 ºC (Figures 4a1,2, 4b1,2 and 4c1,2) present porous surface; surface particles are irregular. Samples treated at 750 ºC (Figures 3a3, 3b3 and 3c3) correspond to regular pellets with typical crystalline grain measuring around 0.2-0.7 µm. Higher sintering temperature increases the crystalline grain size; indeed, the samples calcined at 900 and 1200 ºC (Figures 3a4,5, 3b4,5 and 3c4,5) have crystals with particle size around 0.7-5.0 µm; the pellets are arranged as sheets with a thickness estimated of around 60 nm (Figure 4). This is in agreement with the values obtained by the Scherrer analysis,32 which provided crystallite size of around 50 nm to the diffraction plane h k l (3 0 1) at 2θ = 17.25º for the samples annealed at 1200 ºC.
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  Figures 5 and 6 depict the luminescence spectra of the samples Nb2O5:La(0.9%)Eu(0.1%) and Nb2O5:La(0.7%)Eu(0.3%), respectively, calcined at different temperatures. All the samples display a broad band at 275 nm in the excitation spectra (λem: 614 nm, Figures 5a and 6a), irrespective of the thermal treatment temperature. This band was more intense for the Nb2O5:La(0.7%)Eu(0.3%) calcined at 750 and 900 ºC (Figure 5a). Many literature papers describing niobium oxide doped with lanthanides have reported that the charge transfer (CT) band emerges in the excitation spectrum. Zhang et al.33 detected the CT band at 280 nm for the Li5(La2.7Eu0.3)Nb2O12 oxide obtained by solid-state reaction; the most intense band of the ƒ → ƒ transition appeared at 463 nm and corresponded to the 7F0 → 5D2 transition. The (La0.99Eui0.01)NbO4:Eu3+ matrix prepared by spray pyrolysis method display a large CT band between 240 and 310 nm, ascribed to CT band.34 The YNbO4-EuNbO4 system produced via hydrothermal route also presented the CT band between 240 and 270 nm.35 On the other hand, the nanocrystalline powder Ln3+ doped Nb2O5 obtained by the Pechini methodology did not have a CT band.36 In our work, we hypothesize that this band is related to the La2Nb10O28 micro-crystalline phase; which was assign to the charge CT band resulting from the 2p orbital of oxygen to empty 4f orbitals of Eu3+ (Eu3+ → O2-), and to charge transfer from the ligand oxygen to the empty 4f orbital of the central niobium atom of the group NbO43- (Nb5+ → O2-).5,34,37 This fact is in agreement with the results obtained by the X-ray diffraction, that reveled the presence of the La2Nb10O28 as a secondary phase in the niobia host. It is important to note that in several crystals, such as lithium niobate, strontium barium niobate, and barium sodium niobate, the location of the Ln3+ in the lattice is not obvious, as the trivalent lanthanide ions cannot easily replace the constitutional cations (Li+, Na+, Sr2+, Ba2+, Nb5+) due to clear size and/or charge mismatches. This location has been addressed by several studies where optical and/or structural techniques have been employed.22 Nevertheless, it is still a matter of debate whether the Ln3+ can substitute for the smaller and higher charged Nb5+ cation in a crystalline lattice. Falcomer et al.22 reported that pentavalent niobium ions can be substituted by trivalent lanthanide ions in crystalline niobates, but this substitution is accompanied by a strong disorder around the Ln3+ ions.
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  In the excitation spectrum, a transition is observed only if this level is efficient in populating the emitting level and thus in generating luminescence. If an energy level is absent it means that this level is not efficient in absorbing the excitation light and/or is not able in populating the emitting level.38 Transitions within the 7F ground term are only observed for Eu3+ ions doped in inorganic matrices with low phonon energies, since these transitions are otherwise masked by the much stronger overtones and combination bands of the vibrations of the host matrix or ligands.38

  The sharp lines in the 380-600 nm range correspond to Eu3+ intraconfigurational 4f-4f transitions in the host lattices; the main excitation bands at 394, 465, 525 and 532 nm refer to the Eu3+transitions: 7F0 → 5L6, 5D2, 5D1 and 7F1 → 5D1, respectively. As the 7F0 → 5D1 is a magnetic dipole transition, its intensity does not change. However, the increase of the annealing temperature promotes an increase of crystallinity (from orthorhombic to monoclinic) changing the local site symmetries for the Eu3+ ions and that can provide some differences in the intensities of the others electric dipole transitions. Higher annealing temperatures promote a decrease of the relative intensity of the 7F0 → 5L6 transition and favors the 7F1 → 5D1 transitions.

  The emission spectrum for both samples show different profiles depending of excitation wavelengths and annealing temperatures. The samples excited at CT band (275 nm) exhibit broad bands for all intraconfigurational f-f transitions of Eu3+ ions, as presented in Figures 5b and 6b. Similar profiles were observed for the samples annealed at 750 ºC and 900 ºC, which were different in comparison with the samples annealed at 550 ºC and 1200 ºC. These three different behaviors are explained by the different crystalline phase. All samples calcined at 550 ºC present inhomogeneous broad bands for the 5D0 → 7FJ (J = 0, 1, 2, 3 and 4) due to the presence of many sites of symmetry, which are different to each other. As mentioned above, it is characteristic of (T) phase of niobia, that presents in its unit cell, eight of the Nb ions are present in distorted octahedra, while another eight Nb ions occupy pentagonal bipyramids. The remaining 0.8 Nb ion per unit cell is located in interstitial 9-coordinated sites in the unit cell.15 The samples annealed at 750, 900 and 1200 ºC presented a narrowing in the emission bands in comparison with the samples calcined at 550 ºC. For the samples calcined at higher temperatures, the (M) and (H) phase of the Nb2O5, have a shear structure consisting of blocks of NbO6 octahedra (3 × 4 and 3 × 5) that share corners with octahedra in their own block and edges with octahedra in other blocks. One of the 28 Nb atoms in each unit cell is present in a tetrahedral site, which occurs at some block junctions.15 In addition, as the 5D0 → 7F4 transition is also sensitive to the local symmetry, the structure changes can be observed by the variation of its intensity. The emission spectra (Figures 5a and 6a) excited at 275 nm for these samples present similar profiles to those already published in the literature,1,33,34,36 which describe the preparation of niobates matrices doped with the Eu3+ ions, suggesting that under CT band excitation, the majority emitting ions are located in the lanthanum niobate phase.

  The presence of the 5D0 → 7F0 transition is an indication that the Eu3+ ion occupies a site with Cnv, Cn or Cs symmetry.38,39 In addition, this transition is also useful to confirming the presence of non-equivalent sites in a host structure, because due to the non-degeneracy of the 7F0 and 5D0 levels, it is expected only one peak for a single site or species. The observation of more than one peak indicates that more than one site or species is present. Slight differences between two sites can provide small energy differences between the two different peaks in the 5D0 → 7F0 region, and the presence of more than one site for the Eu3+ ions is verified by the asymmetric shape of this transition or as a shoulder.38 Although this transition is strictly forbidden according to the standard Judd-Ofelt theory, it occurs due to J-mixing. J is the total angular quantum number and it indicates the relative orientation of the spin and the orbital momenta. The J quantum numbers are well defined in the free Eu3+ ion, but J-mixing is due to the crystal-field perturbation which causes a mixing of the wave functions of terms with different J values.38

  The emission spectra excited directly in the Eu3+ ions transitions (Figures 5c-e and 6c-e) prompts the appearance of bands characteristic of the transition from the excited state 5D0 to the fundamental level 7FJ (J = 0, 1, 2, 3, and 4). The emission profiles for the samples excited at 394, 465 and 525 nm presented great differences in comparison to those excited at 275 nm, suggesting the existence of different local sites symmetry for the Eu3+ ions. As the lanthanum ions are present in low concentration in comparison with the niobium ions, the majority of Eu3+ ions are most probably located in the niobia phase. For these samples, it was observed a narrowing of the bands in function of the thermal treatment temperature. The samples calcined at 900 and 1200 ºC presented two bands in the 5D0 → 7F0 transition region at 577.5 and 582.6 nm, evidencing that at least two active sites exist. This fact corroborates with the X-ray diffraction results, which show distinct phases for the calcined samples. An increase of the 5D0 → 7F0 transition’s intensity was observed for the samples calcined at higher temperatures due to an increase system’s cristallinity. Similar results were published for Sr2TiO4:Eu3+, Ln2O2SO4 (Ln = La, Gd, Y), Gd2O3 and Y2O3 materials.38,40-42 In these cases, the high intensity of the 5D0 → 7F0 transition was ascribed to ordered crystal structure, which leads to large linear terms in the crystal-field potential.38

  The 5D0 → 7F1 transition directly reflects the crystal-field splitting of the 7F1 level. In a high symmetry such as, cubic or icosahedral crystal-fields, the 7F1 level is not split. In hexagonal or tetragonal crystal-fields, it is split into a non-degenerate and a twofold degenerate crystal-field level and in orthorhombic or lower symmetries, the total removal of crystal field degeneracies results in three sublevels for 7F1.38 The samples presented an increase of splitting for the 5D0 → 7F1, indicating an increase of the local symmetry for the Eu3+ ions.

  The peak at 582.5 nm could in principle be assigned to the 5D0 → 7F1 transition or in our case, to the 5D0 → 7F0 transition. According to Antic-Fidancev, a correlation exists between the position of the 5D0 level of Eu3+ and the position of the barycenter of the 7F1 manifold.43 If the 5D0 level is at 17300 cm-1 (578.0 nm), the barycenter of the 7F1 manifold is expected at about 400 cm-1, which is not in agreement with our experimental values (17316 cm-1 and 240 cm-1, respectively).

  The most intense line appears at 614 nm and corresponds to the forced Eu3+ 5D0 → 7F2 electric transition, indicating the absence of inversion symmetry in the sites occupied by Eu3+ ions.5 All samples presented a narrowing and an unfolding of the 5D0 → 7F2 transition with an increase of the annealed temperature. That fact is related to the changing of structure crystal as indicated by the results discussed heretofore. Only Nb2O5:La(0.7%)Eu(0.3%) treated at 1200 ºC and excited at 275 nm presented unfolding of this transition around 619 nm, probably as a consequence of higher occupation of different active sites by the emitting ion, due to its larger concentration in the matrix.

  The ratio between the integrated intensities of these two transitions, I0-2/I0-1, functions as a probe of the local cation surroundings. The ratio values decrease as a function of the thermal treatment temperature for both Nb2O5:La(0.9%)Eu(0.1%) and Nb2O5:La(0.7%)Eu(0.3%). For an example, the values found for the Nb2O5:La(0.9%)Eu(0.1%) sample excited at 465 nm were 6.18, 4.39, 2.64 and 2.02 for calcination temperatures of 550, 750, 900 and 1200 ºC, respectively; and for the Nb2O5:La(0.7%)Eu(0.3%) sample excited at 465 nm, the values ratio were 5.63, 4.72, 2.46 and 2.08 for calcination temperatures of 550, 750, 900, and 1200 ºC, respectively. The ratio between the intensities of the 5D0 → 7F2 and 5D0 → 7F1 transitions varies as a function of the thermal treatment temperature, showing that Eu3+ exists in a distorted (or asymmetric) cationic environment in the samples calcined at 550 and 750 ºC. At higher treatment temperatures, the Eu3+ ions are preferentially located close to more crystalline and symmetric regions.

  The 5D0 → 7F3 transition presented a similar behavior to the 5D0 → 7F0 transition, with an increase of intensity in function of the thermal treatment for all samples. In general the 5D0 → 7F3 transition is very weak, because it is forbidden according to the Judd-Ofelt theory, and as the 5D0 → 7F0 transition, the 5D0 → 7F3 transition can only gain intensity via J-mixing.38 The increase of its intensity for the higher tempetarure annealed samples indicates an increase of J-mixing and crystal-field perturbation, caused by the structural changes.

  Other indicative of structural changes can be observed by the variation of the 5D0 → 7F4 transition. The intensity of this transition is determined not only by symmetry factors, but also by the chemical composition of the host matrix.38 As can be observed in the emission spectrum, the 5D0 → 7F4 transition presented different profiles with an increase of the annealing temperature and the europium concentration. Comparing the samples calcined at different temperatures, it was observed an increase of intensity, a narrowing and an higher unfolding for this transition, caused by the structural changes in the matrix. These structural changes allowed to obtain a deep-red emitting phosphor (ca. 700 nm). This fact is important because if a larger color gamut is required, e.g., for high-quality TV, monitors for design applications, etc., the primaries, i.e., the light transmitted by the blue, green, and red sections of the color filter, must be more separated from each other.44 In addition, slight changes on the intensity and split of this transition were also observed with an increase of europoium concentration, as showed in the emission spectrum for the samples annealed at 900 and 1200 ºC in Figures 5b-e and 6b-e.

  Figure 7 brings the decay curves for the emission from the 5D0 states for both samples, treated at different temperatures. Table 1 lists the excited state lifetimes. The decay does not follow a simple exponential law, confirming the distribution of symmetry sites for the Eu3+ ion along the sample and providing a mean lifetime (τexp). In general, the Eu3+ ion lifetime increases in function of the thermal treatment temperature, which causes an increase on the structural crystallinity of the host as also confirmed by the X-rays diffraction and by the narrowing of the intraconfigurational f-f transtitions of the Eu3+ ions in the emission spectrum.
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  The emission spectra allowed us to calculate the spontaneous emission coefficient (ARAD), the radiative lifetime (τRAD), the quantum efficiency (q), and the Judd-Ofelt (Ω2, Ω4) parameters (Table 1). The 5D0 → 7F1 transition is purely magnetically dipolar, and its radiative rate does not depend on the local field imposed by the environment. The relation A0-λ = A0-1(S0-λ/S0-1)(σλ/σ1), where S0-λ is the area under the curve related to the 5D0 → 7Fλ transition obtained from the spectral data, and σλ is the energy barycenter of the 0-λ transition, furnishes the A0-λ values. Here, we assumed that A0-1 = 50 s-1, and that 5D0 → 7F5,6 have negligible intensities. Although the calculations of radiative rates were based in lanthanide complexes in solutions, they have been used for lanthanides doped in solid state matrices as a form to evaluate its luminescent properties.45-48 The details of these calculation were given by Werts et al.49 The mean lifetime was calculated using the equation <τ> = ∑αi.τi/∑αi; α and τ represent the pre-exponential factor or amplitude and lifetime of the decay components, respectively.50

  All the samples have presented similar q values between 30 and 40%. Rising calcination temperatures reduce ARAD and Ω2. Reisfeld and Jørgensen51 consider that Ω2 is a useful parameter, because it is sensitive to the local symmetry of the ligand field and bond covalency. The value of Ω2 increases as the local symmetry of the ligand field decreases and the bond covalency increases. The Ω4 and Ω6 are related to the viscosity and rigidity of the host medium in which the ions are situated, but there is no theoretical prediction for this sensibility to macroscopic properties.51,52

  The increase of the annealed temperatures promoted a decrease of the Ω2 values for the samples, indicating an increase of the local symmetry for the Eu3+ ions.53 This fact corroborates with the results obtained by the X-ray diffraction that shows a higher crystallinity phases for the samples calcined at higher temperatures. In addition, these structural changes were also observed in the emission spectra of the Eu3+ ions in different annealed samples. However, the low Ω2 and Ω4 values obtained suggest that a weakly polarizable and rigid chemical environment surrounds Eu3+.53

  The stronger transition at 614 nm favors saturated CIE chromaticity. We generated chromaticity coordinates for the Nb2O5:La(0.9%)Eu(0.1%) and Nb2O5:La(0.7%)Eu(0.3%) samples using the software Spectra Lux 2.054 and the respective emission spectra recorded at room temperature (Tables 2 and 3). The CIE chromaticity coordinates of all the samples excited at 465 nm lie above the NTSC standard values (x = 0.670 and y = 0.330).5 Moreover, the full width at half maximum (FWHM) values diminish with increasing treatment temperature: Nb2O5:La(0.9%)Eu(0.1%) calcined at 1200 ºC affords the lowest value among the investigated samples, 3.5 nm.
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  Conclusions

  In this work, we prepared Nb2O5: La3+, Eu3+ phosphors by the non-hydrolytic sol-gel process. The SEM images revealed that particles resembled pellets arranged into sheets with thickness of ca. 60 nm and the samples annealed above 900 ºC elicited a totally crystalline monoclinic phase. On the contrary of Y2O2S:Eu3+ which efficiently absorbs light at around 370 nm55,56 the luminescence results shown that all samples presented a wide excitation reange, including the light emission region of a light emitting diode emitting UV (275, 394 nm), the blue (465 nm) and green (525 nm) light. The CIE chromaticity coordinates were above the NTSC standard values. Hence, these two phosphors are promising red components for LED applications.
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    This work evaluated the influence of ionizing and non-ionizing irradiations on the chemical structure of hard tissues using the mid-infrared spectroscopy. Enamel, dentin and bone slabs were submitted to gamma irradiation, as well as to Nd:YAG (λ = 1064 nm) and Er,Cr:YSGG (λ = 2078 nm) laser irradiations. The composition of slabs were evaluated by the Fourier transformed infrared spectroscopy (FTIR), considering the content of organic matrix (amides I, II and III), and inorganic matrix (phosphate and carbonate). Data were statistically analyzed (α = 5%). All irradiations altered the organic and inorganic content of enamel, dentin and bone, and the changes are dependent on the doses applied, as well as on the wavelength used considering the infrared lasers. In conclusion, the attenuated total reflection (ATR)-FTIR technique is an efficient tool to monitor the chemical changes on hard tissues due to ionizing and non-ionizing irradiations, which is important in order to choose safe parameters for a future clinical application.

    Keywords: FTIR spectroscopy, laser, gamma irradiation, dental, bone.

  

   

   

  Introduction

  In the last years, it has been demonstrated a significant increase on the use of ionizing and non-ionizing radiations for therapeutic purposes. The ionizing radiations, such as X-ray or gamma irradiation, are well-recognized as effective treatment and diagnostic methods for malignant diseases, as well as for sterilization of tissues.1,2

  On the other hand, taking into account their thermal action, high intensity infrared lasers, such as Nd:YAG, CO2, Er:YAG and Er,Cr:YSGG are widely used for therapy of hard tissues.3,4 Depending on the laser parameters adjusted (energy density, mean power, repetition rate, presence of coolant and other characteristics), as well as the conditions of the tissues to be irradiated, infrared lasers are successfully used for caries removal, cavity preparation for future restorative procedure in dentistry, soft tissues surgery, caries prevention, cutting of bone, decontamination of infected tissues and other clinical procedures.5-10 As a coadjutant to the conventional techniques, the use of high intensity infrared lasers offers advantages such as good homeostasis, faster healing, selective removal of tissues, precise cutting and absence of carbonization, among others.

  However, these radiations can chemically alter the target tissue, and these changes can affect the morphology, the crystalinity, the healing and mechanical properties of irradiated tissues, mainly considering the hard tissues (enamel, dentin and bone).11-14 In this way, it is necessary to know the chemical changes promoted by non-ionizing and ionizing radiations on hard tissues in order to define safe and effective therapeutic doses without side effects.

  The success of new modalities of therapy using high intensity lasers in medicine and dentistry as well as the use of ionizing radiation for radiotherapy, radiodiagnosis or sterilization for tissue bank relies on the proper understanding of the interactions between light and biological matter. Biophotonics modalities offer hope for the early detection of diseases and therapies based on light.15 During the recent years, vibrational spectroscopy has become an important tool to add chemical information to histopathology, and provide a diagnostic tool described as optical molecular pathology.16-18 Fourier transform infrared spectroscopy (FTIR) is a fast sampling technique which requires virtually no sample preparation, allowing in some cases the signal collection with a fiber in complementary techniques such as attenuated total reflection (ATR). FTIR can be used to characterize biological tissues and give information regarding organic and inorganic content which can be related to mechanical or chemical resistance of the sample, directing the correct choice of irradiation conditions for some specific therapy.

  Although it is possible to obtain a compositional analysis of hard tissues using other techniques such as Raman spectroscopy or X-ray diffraction, ATR-FTIR has some advantages since it can provide chemical measurements up to 6 µm in depth (previously calculated considering as 1.63 the refraction index of teeth), while FT-Raman provides a deeper examination.15 In this way, it is possible to evaluate the chemical changes promoted by laser irradiation located strictly on the surface of samples, avoiding the analysis from the untreated tissue. Also, FTIR technique does not present the fluorescence interference such as Raman does, which can be a problem in the analysis of biological tissues. In the same way, FTIR technique requires minimal preparation of samples when compared to X-ray diffraction technique, and it is simpler and does not require the use of ionizing radiation. In this way, FTIR has a potential clinical use.

  The biological hard tissues are mainly composed by carbonated hydroxyapatite, and an organic matrix mainly formed by collagen type I. However, the percentage of each component differs from one tissue to another: while enamel has 1.5 wt.% of organic matrix, dentin has 20 wt.% and bone has 25 wt.%.19 A scheme of a human tooth that evidences the biological hard tissues that can be evaluated by FTIR spectroscopy is shown in Figure 1.
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  The vibrational spectroscopy, such as FTIR, has been shown to be effective for providing chemical analysis of hard tissues, considering the elevated amount of organic and inorganic molecules that absorb in infrared region.20 In this way, it is possible to obtain important information of the effects of ionizing and non-ionizing radiations. In the present work, it was analyzed the range between 4000 and 580 cm−1 (mid infrared), which corresponds to the absorption bands of the most of organic and inorganic compounds of these tissues.

  In this way, the objective of this study was to use the FTIR to evaluate the chemical changes on enamel, dentin and bone, promoted by infrared lasers (Nd:YAG and Er,Cr:YSGG), when used for therapeutic purposes. As well, this study aimed to verify the effects of different doses of gamma radiation on bone tissue.

   

  Experimental

  Experimental design

  This study was approved by the Animal Ethics Committee of IPEN (6/CEPA-IPEN/SP). It was performed a blind in vitro study with 3 experiments, in which 15 bovine enamel slabs, 15 bovine dentin slabs and 25 bovine bone slabs and 15 rabbit bone slabs were randomly distributed into 14 experimental groups (n = 5), in which they were irradiated with infrared lasers (Nd:YAG and Er,Cr:YSGG), as well as with gamma irradiation (Co60). After treatments, all samples were evaluated by ATR-FTIR, at resolution of 4.0 cm−1, with 80 scans in the range of 4000 to 400 cm−1. The absorption bands considered for this study were phosphate (1300-900 cm−1), amide I (1680-1600 cm−1), amide II (1580-1480 cm−1), amide III (1200-1300 cm−1), the ν2 vibration mode of carbonate (around 870 cm−1) and the superposition of the stretching ν3 and bending ν4 vibration mode of carbonate (between 1600-1300 cm−1). The areas under the considered bands were calculated, and the normalization was performed considering the phosphate (1300-900 cm−1) band. The statistical analysis was performed using ANOVA + Tukey's test, at 5% significance level. The treatments were considered as a separated block, while the experimental unit was the slab (n = 5).

  Experiment 1: analysis of the effects of infrared laser irradiation on dental hard tissues

  Fifteen 4 × 4 × 1 mm enamel and fifteen 4 × 4 × 1 mm dentin slabs were prepared from the crowns and roots of bovine teeth using a diamond saw under distilled water refrigeration. All slabs were cleaned with deionized water and kept in humid environment under refrigeration (+4 ºC) during all stages of this study in order to avoid dehydration of samples. After preparation, samples were randomly distributted to six treatment groups (n = 5), as shown in Table 1.
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  In groups G3-dental-laser and G4-dental-laser, the irradiations were performed using a pulsed Nd:YAG laser (Pulse Master 1000, ADT, USA). This laser operates at wavelength of 1064 nm, fixed pulse duration of 100 µs, beam spot size of 300 µm and 10 Hz of repetition rate. During the experiments, the device was adjusted to a mean power of 0.6 W, energy per pulse of 60 mJ and energy density of 84.9 J cm−2, without air-water refrigeration.10 Before laser irradiations, it was applied a 1-mm thick layer of a photoabsorber (coal paste diluted in 50% alcohol) in order to enhance the laser absorption to the surface of dental hard tissues.21

  In groups G5-dental-laser and G6-dental-laser, the slabs were irradiated using an Er,Cr:YSGG laser (Millenium, Biolase Inc., USA), with wavelength of 2780 nm, fixed pulse duration of 140 µs, beam spot size of 750 µm and repetition rate of 20 Hz. In group G5-dental-laser, enamel samples were irradiated using mean power of 0.75 W, energy density of 8.5 J cm−2, energy per pulse of 37.5 mJ and without air-water coolant. In group G6-dental-laser, dentin samples were irradiated using mean power of 0.25 W, energy density of 2.8 J cm−2, energy per pulse of 12.5 mJ and without air-water coolant.

  During the irradiations, all samples were immobilized in X-Y-Z optical supports, and laser handpiece was coupled to a computer managed motion control system (ESP300, Newport, USA) adjusted to a fixed speed in order to avoid unlased areas or overlapping of focused areas. Laser tip was kept at the focal distance from dental hard tissues surface, and laser irradiation was done scanning all areas of slabs. Before irradiation and every five irradiated samples, the energy per pulse was calibrated by an energy/power meter (FieldMaster, Coherent, USA).

  Experiment 2: analysis of the effects of infrared laser irradiation on bone tissue

  For this analysis, 15 bone slabs (8 × 5 × 0.1 mm) were obtained from tibias of adult male New Zealand rabbits using a dental high-speed drill. The slabs were cleaned with deionized water and sequentially polished with silicon carbide abrasive paper (#1200, Buehler, USA) in order to obtain a parallel surface. After preparation, the slabs were kept in humid environment under refrigeration (+4 ºC). Samples were randomly distributed to three treatment groups (n = 5): (i) group G1-bone-laser: untreated slabs; (ii) group G2-bone-laser: irradiated with Er,Cr:YSGG laser, at energy density of 3 J cm−2; (iii) group G3-bone-laser: irradiated with Er,Cr:YSGG laser, at energy density of 15 J cm−2.

  For irradiations, it was used the Er,Cr:YSGG laser (Millenium, Biolase Inc., USA), as described before. For group G2-bone-laser, the equipment was adjusted to mean power of 0.25 W, energy density of 3 J cm−2 and energy per pulse of 12.5 mJ. For group G3-bone-laser, it was used the mean power of 1.25 W, energy density of 15 J cm−2 and energy per pulse of 62.5 mJ. All samples were irradiated without air-water coolant, using the high precision motorized translator and the energy/power meter, as described before.

  Experiment 3: analysis of bone samples submitted to gamma radiation

  Twenty five 7 × 7 × 1 mm slabs were prepared from tibias of bovine bone using a diamond saw under distilled water refrigeration. All slabs were washed with distilled water, and the periosteum and bone marrow were removed with a scalpel. After cleaning, all slabs were flattened and polished using silicon carbide abrasive paper (#2500 and #4000, Buehler, USA). Samples were frozen (−20 ºC) in sealed plastic tubes until the beginning of the experiments.

  For irradiations, the slabs were randomly distributed into 5 experimental groups (n = 5), as shown in Table 2.
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  The irradiations of groups G1-bone-γ, G2-bone-γ and G3-bone-γ were performed in a Co60 Gammacell irradiator (1.43 kGy h-1, IPEN-CNEN/SP), while the irradiations of G4-bone-γ and G5-bone-γ groups were performed at Co60 multipropose irradiator (6.0 kGy h−1, IPEN-CNEN/SP).

  Compositional analysis

  For all the compositional analysis of the present study, it was used the attenuated total internal reflectance technique of the Fourier transform infrared spectroscopy (ATR-FTIR, Thermo Nicolet Smart Orbit, Thermo Scientific®, USA). The ATR-FTIR spectra of each sample were obtained with 4.0 cm−1 resolution, on a spectrometer with a deuterated triglycine sulfate and thermoelectricity cooled (DTGS-TEC) detector using a diamond crystal (Smart Orbit, Thermo Scientific®, USA). In each slab, it was collected five spectra in an area of 1.5 mm2 which corresponds to the size of diamond crystal. Each spectrum had a background spectra subtracted during acquisition and was obtained with 80 scans in the range of 4000 to 400 cm−1. The acquisition of spectra was performed using the OMINIC (Thermo Scientific®, USA) software.

  For the qualitative and semi-quantitative analysis, the absorption bands considered for this study were the superposition of the ν1 and ν3 vibration modes of phosphate (1300-900 cm−1), amide I (1680-1600 cm−1), amide II (1580-1480 cm−1), amide III (1200-1300 cm−1), the ν2 vibration mode of carbonate (around 870 cm−1) and the superposition of the stretching ν3 and bending ν4 vibration mode of carbonate (between 1600-1300 cm−1).22 The carbonate and phosphate infrared bands are related to the carbonated hydroxyapatite, which is the main component of hard tissues. The purety and quality of the biological apatite is related with its solubility; in this way, the analysis of carbonate related to the phosphate give information about the structure and crystallinity of hard tissues after the proposed treatments.23 Also, the content of amide I, II and III are related to collagen content in the organic matrix of hard tissues, and the analysis of these bands can provide important information about the conformation and denaturation of this molecule.24

  After selection of the bands, the background signal was subtracted and, for a semi-quantitative comparison among groups, the areas under the considered bands were calculated after normalization by the area of the ν1 and ν3 vibration modes of phosphate band (1300-900 cm−1).25,26 In this way, the ratio between the area of 850-890 cm−1 carbonate band and the area of phosphate band is related to the carbonate-to-phosphate proportion. As well, the ratios between amide I/phosphate, amide II/phosphate and amide III/phosphate are related to the proportion of collagen and the hydroxyapatite.27 It was also performed the analysis of the second derivative, which was used to evaluate the presence and the position of infrared bands.

  For bone slabs submitted to gamma irradiation, the compositional analysis was performed two times for each sample: before irradiation (control group) and after irradiation (treated groups). In addition, it was calculated the crystallinity index, according to the following equation:28
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  in which: I551 = intensity of 551 cm−1 band; I597 = intensity of 597 cm−1 band; I588 = intensity of 588 cm−1 band.

  The normalization of spectra and the calculation of the areas under the bands were performed using the Origin 8.0 and a developed routine on MatLab software, respectively.

  Statistical analysis

  The statistical analysis was performed individually for each experiment, using the GraphPad Prisma software. Before the statistical analysis, independence, homogeneity (Levene's test) and normality of variances (Shapiro-Wilk's test) of experimental data were tested. After the confirmation of all these requirements, all results were analyzed by ANOVA followed by Tukey's test, at 5% significance level. The treatments were considered as a separated block, while the experimental unit was the slab (n = 5). For each experiment, the effects of each treatment were evaluated to the main component of respective tissue. The treatments were compared with the control group and with each other. Letter marks were used to indicate the statistic results in the graphics. The absence of letters indicates that no statistic difference was observed, as well as distinct letters indicate statistically significant differences among the treatments according to Tukey's test (p < 0.05).

   

  Results and Discussion

  When considering the biological hard tissues, the main constituents that can be analyzed by FTIR spectroscopy are phosphate and carbonate, which are related to the inorganic matrix, and the content of amides I, II and III, which are related to the organic matrix, mainly composed by type-I collagen.29 Considering that high intensity infrared lasers can increase the surface temperature of these tissues,11 it is expected changes on organic matter, as well as on the inorganic matrix.12,13 Related to the organic matrix, the literature shows that laser irradiation can promote the denaturation of collagen and the evaporation of water, which can be noticed as the decrease on the proportion of the infrared bands corresponding to the amides I, II and III in relation to the phosphate when analyzed by FTIR spectroscopy. These effects are more pronounced in dentin and bone, since these tissues have more content of organic matrix when compared to the enamel. In relation with inorganic matter, the literature reports that laser irradiation can lead to evaporation of carbonate and, in this way, FTIR analysis can detect a decrease on the proportion of carbonate bands in relation to phosphate on irradiated samples. Also, changes in band positions, appearance or disappearance of new infrared bands may indicate carbonization or degeneration of biological hard tissues due to laser irradiation.

  Figure 2a shows the region of 1700-700 cm−1 of the averaged infrared spectra of untreated enamel slabs, as well as the averaged infrared spectra of enamel irradiated with Nd:YAG and Er,Cr:YSGG lasers. Figure 2b shows the second derivative of the same spectra. None of treatments promoted the formation or disappearance of infrared bands, as well as it was not evidenced changes on the position of these bands after laser irradiation, which indicate that infrared laser irradiation did not produce degeneration of enamel when used at the energy densities of the present study. These results agree with previous studies using FTIR on powder enamel22 and FT-Raman spectroscopy on human enamel at the same laser conditions than those used in the present study,30 and confirm that laser parameters used at the present study are not prejudicial to enamel structure. The parameters chosen were based on previous studies8,10 that confirm the potential of Nd:YAG and Er,Cr:YSGG lasers for preventing dental caries and, for that, laser irradiation should change the chemical or morphological characteristics of dental hard tissue in order to reduce enamel demineralization without promoting any prejudicial effects, such carbonization.
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  The infrared bands observed in enamel spectra are close to those reported on literature,22,25,26 and the absence of amide III and water bands is expected, since the enamel has only 1.5 wt.% of organic content (which corresponds to type-I collagen) and 97 wt.% of inorganic matrix, mainly composed by carbonated hydroxyapatite. In this way, due to the few amount of organic and water content of enamel, the infrared bands corresponding to collagen and water have lower intensities when compared to phosphate and carbonate bands, which are related to the inorganic content of enamel.

  The fingerprint region (1700-700 cm−1) mean infrared spectra of untreated dentin and dentin irradiated with Nd:YAG and Er,Cr:YSGG lasers are shown in Figure 3a. In these spectra, it is observed the presence of phosphate, as well as the infrared bands corresponding to water (3450-3300 cm−1), amide I, amide II and amide III. The presence of these bands are related to the chemical composition of dentin, composed by 20 wt.% of organic content (which corresponds to type-I collagen) and 70 wt.% of inorganic matrix (carbonated hydroxyapatite) and agrees with the literature.26 Figure 3b shows the second derivative of the same dentin spectra. As the same way than the observed for enamel, it was not evidenced the disappearance or changes in the position of the infrared bands after laser irradiation, which also indicates that both infrared lasers do not promote chemical damages on dentin structure when used at the conditions of the present study.
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  The results of the semi-quantitative analysis of organic and inorganic content of enamel and dentin after laser treatments are shown in Figures 4a and 4b, respectively. Considering these analysis for enamel, it was observed that both Nd:YAG and Er,Cr:YSGG laser irradiations did not significantly alter the proportion of collagen (amide I and amide II) in relation to phosphate band (ν1 and ν3 vibrations); however, it was possible to observe a tendency to have a smaller proportion of collagen and the hydroxyapatite in the irradiated samples. Concerning the content of carbonate, the same tendency was observed, although it was not evidenced a statistically significant difference, as it can be noted in Figure 4a.
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  Both Er,Cr:YSGG and Nd:YAG lasers are widely used for irradiating dental hard tissues and, at the conditions used in the present study, they are indicated for preventing dental demineralization.21,31 The literature reports that Er,Cr:YSGG laser, when used at the same parameters used in the present study (0.25 W, 2.8 J cm−2, 20 Hz), can induce averaged temperature rises up to 250 ºC on enamel, when measured with a thermographic camera,11 and maximum temperature rises up to 400 ºC when used at 8 J cm−2 and measured using an elliptical mirror and a HgCdZnTe detector.32 These temperature increases can induce chemical changes on enamel, such as loss of carbonate and water, which begins when temperature rises above 100 ºC.13 Higher temperatures are necessary to promote the oxidation of phosphates and formation of pyrophosphates, as well as the formation of new crystalline phases due to laser irradiation.33 In this way, considering the energy density used in the present study, the observed tendency on reducing the carbonate content is expected. However, the low number of samples used in the present study (n = 5) seems to be the reason for the non-significant statistical differences observed. The reduction of carbonate due to Er,Cr:YSGG laser irradiation on enamel, when used at the same energy density of this study, was previously reported on irradiated enamel powder by FTIR,22 or on human enamel evaluated by FT-Raman spectroscopy.30

  At the same parameter used in the present study (0.6 W, 84.9 J cm−2, 10 Hz), Nd:YAG laser promotes temperature to rises up to 615 ºC on enamel.21 In this way, it was also expected the reduction of carbonate content due to Nd:YAG laser irradiation, as it was previously demonstrated in a study using FT-Raman spectroscopy.30 However, in thepresent study, it was only demonstrated a tendency, which can be also explained due to the low number of samples used.

  At the same way, it was noted that neither Nd:YAG nor Er,Cr:YSGG laser irradiation promoted statistically significant changes on the organic content of dentin, but the same tendency to decrease the organic content after laser irradiation was detected (Figure 4b). This effect is also attributed to the temperature rises on the surface due to laser irradiation, considering that the denaturation of the organic components can occur at temperatures up to 400 ºC.33 However, the temperature rises due to Er,Cr:YSGG and Nd:YAG laser irradiations on the dentin surface, when used at the same parameters than used in the present study, are not known and must be further investigated in order to determine if the parameters chosen are reliable for a future clinical application.

  Also concerning the effects on dentin, it was noted that laser irradiation did not change the carbonate content of dentin and, this time, no tendency was observed. Although infrared laser irradiation promotes localized temperature rises on dentin surface, we must consider the low content of inorganic matrix of dentin when compared to enamel.19 In this way, the effects on the reduction of carbonate observed on dentin can be lower than those observed on enamel.

  Figure 5a shows the means of infrared spectra obtained after Er,Cr:YSGG laser treatments proposed for bone and its second derivative, Figure 5b. The spectra are normalized by phosphate band. The infrared spectrum of bone is very similar to enamel and dentin spectra, since it is also composed by an organic matrix mainly formed by collagen type I and an inorganic matrix mainly formed by carbonated hydroxyapatite. The main difference between these tissues is related with the amount of organic component: in bone tissue it represents about 25 wt.%, while in dentin and enamel the organic matrix represents 20 and 1.5 wt.%, respectively.19 In this way, the main infrared bands observed in bone tissue are the same observed in dentin and enamel: water, amide I, amide II, amide III, carbonate and phosphate.
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  In spectra showed in Figure 5, it is possible to observe the maintenance of all the main infrared bands of bone tissue, which suggests that the Er,Cr:YSGG laser irradiation, in both conditions used in the present experiment, did not promote the total degradation of any component of bone. It is a positive effect for a future clinical application, considering that Er,Cr:YSGG laser can be used in surgery for cutting bone,6 since it is desirable that laser irradiation does not promote deleterious effects on bone, which can affect the healing of this tissue.

  It is possible to observe changes in band profiles, mainly in the spectrum of the group irradiated with 15 J cm−2, which suggests that the Er,Cr:YSGG laser irradiation cause some chemical changes in bone samples. However, since none of the conditions used in this study were high enough to promote a total degradation of the organic components, it is possible to infer that the Er,Cr:YSGG laser irradiation did not promote an increase in surface temperature higher than 700-1500 ºC. It is important to consider that these temperatures promote the total degradation of the organic material.34

  Figure 6 shows the average ratios of amide II/phosphate, amide II/phosphate, amide III/phosphate and carbonate/phosphate obtained from untreated bone and bone treated with Er,Cr:YSGG laser at energy densities of 3 and 15 J cm−2. It was observed a statistically significant decrease of organic components between the untreated group and the group irradiated with 15 J cm−2 (considering the content of amide I, amide II and amide III). Significant differences between the untreated group and the group irradiated with 2.7 J cm−2 were only observed in the amide I analysis. Considering the analysis of carbonate band, no statistical difference was observed among the groups (p > 0.05).
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  The analysis of band ratios suggested that the temperature rise in bone during the laser irradiation was enough to promote the degradation of organic components, mainly considering the energy density of 15 J cm−2. The literature reports that the degradation of organic matrix starts at 175-200 ºC;35 in this way, it is reasonable to infer that the temperature during irradiation reached this temperature range. However, in the group irradiated with 3 J cm−2, the organic degradation was only observed concerning the amide I band and, in the same way that it was observed in dentin (experiment 1), only a trend to decrease the content of amide II and amide III after laser irradiation was observed. It is important to consider that the amide I band is overlapped with a vibration mode of water36 and, in this way it is difficult to know the exact contribution of each component for this band. Since the water evaporation starts nearly in 100 ºC,37 it is possible to infer that the small changes on organic component observed in the group irradiated with 3 J cm−2 were due only to the water evaporation.

  The Er,Cr:YSGG laser used in this study promotes thermal ablation of mineralized tissues. In this process, the laser energy is absorbed by the water molecules of the irradiated material; the temperature rise induces the water boiling and increases of internal pressure; a micro exposure happens, causing removal of material and the dissipation of heat.38 The minimal energy density able to remove material is called ablation threshold.39 The change in surface temperature during laser irradiation is reported to be the main responsible for the chemical modification of hard tissues.40

  The energy densities used in this experiment represent two different situations: the energy density of 2.7 J cm−2 is lower than the Er,Cr:YSGG ablation threshold to bone tissue;41 in this way it is not able to cause the removal of material, but it is enough to promote an increase of the temperature surface taking into account the high absorption of the 2.78 µm radiation by water and hydroxyapatite.37 On the other side, the energy density of 15 J cm−2 is higher than the ablation threshold of Er,Cr:YSGG laser to bone tissue, so the ablation of bone is observed. In this situation, the material that had the greater increase in temperature is removed, and the remaining material is also heated, although at temperatures lower than the ablation threshold. In this way, the remaining tissue can be chemically altered by laser irradiation even after the ablation process.42

  In the group irradiated with 15 J cm−2 the proportion between the amide I, amide II and amide III were significantly decreased in relation to the untreated bone, which suggests that the changes observed are related with the degradation of organic components in the remaining tissue. In fact, the proportions of amide I/phosphate, amide II/phosphate and amide III/phosphate in this group were more than 50% less when compared with the ratio values of the untreated samples, and this fact happens in organic components when temperature rises are at least 150 ºC.43 In this way, the results suggested that the remaining bone tissue of the ablation process reached values nearly 200 ºC.

  No changes were observed in carbonate ratio analysis when comparing the irradiated samples with the untreated group. The literature reports that the reduction of carbonate content on bone happens in the range of 200 to 600 ºC.34 In this way, the results suggest that the temperature rises promoted by Er,Cr:YSGG laser irradiation were not high enough to cause the degradation of the carbonate content.

  The mean of infrared spectra (1700-600 cm−1) obtained from bone tissue after gamma irradiation at different doses and their second derivative are shown in Figures 7a and 7b, respectively. It is possible to evidence the main absorption bands of bone and that gamma radiation, independent of the dose, did not promote the disappearance of infrared bands or even changed the position of bands. In this way, at the doses selected in the present study, it is possible to infer that gamma irradiation did not promote the degradation of organic or inorganic matrix of bone tissue.
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  The gamma radiation is widely used for sterilizing foods,44 biomaterials,45 as well as allograft soft46 and hard tissues47 aimed to transplantation and tissue engineering. Although other methods such as sterilization with high temperature or with chemical compounds have been reported,48 the sterilization using gamma irradiation has been demonstrated to be very effective for this purpose.49 However, the literature shows contradictory aspects concerning the effects of gamma irradiation on tissues, mainly related with the physical and biological properties of irradiated tissues.50 Considering the importance of bone allografts, it is important to know the compositional effects of this irradiation on bone tissue at different doses.

  A previous study demonstrated that gamma radiation interacts with the bone at its molecular level in a dose-dependent manner, and can promote collagen degradation and the reduction of density of the intermolecular crosslinks.51 Concerning the mechanical properties, the literature shows reductions in ultimate strength and resistance to fatigue crack growth;52 on the other hand, it was reported that gamma irradiation does not alter the stiffness or strength of intact cancellous bone allograft.53 In this way, there are contradictory results on literature, mainly related with the substrate to be evaluated (only collagen fibers, different types and regions of bone tissue), as well as to the evaluation method and doses. For reducing the risk of disease transmission through bone allograft, the recommended dose of gamma radiation sterilization is 25-35 kGy.54

  In the present work, distinct doses of gamma irradiation were evaluated on bone, in order to characterize the chemical changes promoted in a dose-dependent manner. Figure 8 shows the results of proportion of organic (amide I, amide II and amide III) related to phosphate (Figure 8a) and the proportion of carbonate related to phosphate content (Figure 8b). It is noted a statistically significant increase on the proportion of amide II as the gamma doses have increased. However, concerning the contents of amide I and amide III related to the phosphate band, it was not observed any statistical differences when compared to the control group (untreated bone). The same finding was observed when the ratio of carbonate related to phosphate was evaluated.
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  The analysis of amide I, amide II and amide III are related with the organic content of bone, mainly related with the type-I collagen. The amide I band results from the stretching vibration of the peptide carbonyl group55 and the ratio of its sub-bands (range of 1660 and 1690 cm−1) also corresponds to collagen cross-links that are abundant in mineralized tissues (pyridinoline and dehydrodihydroxylysinonorleucine).56 The proportion of these substances is also related to maturation of collagen present in bone. In this way, we can suggest that the maturation of collagen of bone is not altered by gamma irradiation at the doses used in the present study.

  In the same way, the contents of amide II and amide III are also related to the organic content of bone, and refer to secondary structure of collagen. The amide II band correspond for the combination of N−H bending and C−N stretching vibrations, while the amide III band refers to the C−N stretching and N−H in-plane bending.55 In this study, it was observed a significant change on the amide II peak, which indicates that gamma radiation induced changes on helical structure of collagen, and these changes have a direct relation with the dose. These results confirm the literature findings,51 and suggest that the use of gamma radiation preferentially alters the collagen of bone.

  On the contrary to it was observed when using laser irradiation on bone, the results obtained in the present experiment indicate that gamma irradiation does not interfere in the inorganic matrix of bone, since the content of carbonate was not altered after gamma irradiation. For an additional analysis of the effects of gamma radiation on inorganic matrix of bone, it was also calculated the crystallinity index, and the results can be seen in Figure 9. It was detected that this index significantly decreased when the dose of 0.01 kGy was used; however, it was noted that other doses did not promote significant changes on the crystallinity index when compared to the non-irradiated samples.
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  The crystallinity index is useful for evaluating the order, organization and tension of the hydroxyapatite crystals.28 The literature shows that the crystal growth and crystallinity of hard tissues can be affected by factors such as the maturity degree of tissue or even due to the increase on the temperature.57 The present study evidenced that low doses of gamma radiation decrease the crystallinity of bone; however, after 0.1 kGy, the crystallinity is not altered. In this way, we can infer that low doses of gamma radiation have a significant effect on the crystal characteristics of hydroxyapatite from the bone and this effect, together with the effect on collagen secondary structure, can be the main reason for the changes on the mechanical properties on sterilized bone showed on literature.

  A literature study that evaluated the effects of gamma radiation on bone by Raman spectroscopy evidenced that changes in organic components occur in doses higher than 100 kGy, and no changes on inorganic components were observed in any dose used (from 10 kGy up to 1000 kGy).58 Using a similar methodology than we used in the present study, a previous ATR-FTIR analysis in enamel showed no differences on the proportion of carbonate in relation to phosphate after gamma radiation at dose of 0.06 kGy.59 Our study differs from the Raman study since it was observed changes on amide II band after irradiation with 1 kGy, which can be explained by differences on methodology of analysis. Concerning the inorganic material (content of carbonate), the present work agrees with both mentioned studies. In this way, considering the few and divergent results observed in literature, more studies are necessary to evaluate the efficacy of each methodology for analyzing the effects of ionizing radiation on bone tissue.

   

  Conclusions

  According to the results observed in the present study, it is possible to conclude that infrared lasers can chemically alter the microstructure of enamel, dentin and bone; these changes are mainly related with the organic content of these tissues and are dependent on the laser wavelength, as well as the energy density used. Gamma irradiation can alter the chemical structure of bone, and these changes are mainly related to the amide II content. In this way, FTIR spectroscopy is a useful and confiable technique to evaluate the chemical changes promoted by non-ionizing and ionizing radiation on hard tissues.

   

  Acknowledgements

  The authors would like to thank to CAPES (PROCAD 8881.068505/2014-01), CNPq (473723/2007-7, INFO INCT 573.916/2008-0 and PQ 312397/2013-5) and FAPESP (2006/06746-0 and CEPID 05/51689-2) for giving financial support for this research.

   

  References

  1. Kjaer, A.; Knigge, U.; Scand. J. Gastroenterol. 2015, 6,  740.

  2. Anderson, M.; Keyak, J.; J. Bone Jt. Surg., Am. Vol. 1992, 74, 747.

  3. Featherstone, J. D. B.; Dent. Clin. North Am. 2000, 44,  955.

  4. Kang, H. W.; Oh, J.; Welch, A. J.; Phys. Med. Biol. 2008, 53, 3381.

  5. Zezell, D. M.; Ana, P. A.; Benetti, C.; Goulart, V. P.; Bachmann, L.; Tabchoury, C. P. M.; Cury, J. A.; Proc. SPIE 2010, 7549, 75490G.

  6. Wang, X.; Zhang, C.; Matsumoto, K.; Laser Med. Sci. 2005, 20, 21.

  7. Buyukhatipoglu, I.; Secilmis, A.; Eur. J. Dent. 2015, 9, 284.

  8. Ana, P. A.; Tabchoury, C. P.; Cury, J. A.; Zezell, D. M.; Caries Res. 2012, 46, 441.

  9. Archilla, J. R.; Moreira, M. S.; Miyagi, S. P.; Bombana, A. C.; Gutknecht, N.; Marques, M. M.; J. Biomed. Opt. 2012, 17, 118002.

  10. Zezell, D. M.; Boari, H. G. D.; Ana, P. A.; Eduardo, C. P.; Powell, G. L.; Lasers Surg. Med. 2009, 41, 31.

  11. Ana, P. A.; Blay, A.; Miyakawa, W.; Zezell, D. M.; Laser Phys. Letters 2007, 4, 827.

  12. Morioka, T.; Tagomori, S.; Oho, T.; J. Clin. Laser Med. Surg. 1991, 9, 215.

  13. Kuroda, S.; Fowler, B. O.; Calcif. Tissue Int. 1984, 36, 361.

  14. Onisor, I.; Pecie, R.; Chaskelis, I.; Krejci, I.; Eur. J. Paediatr. Dent. 2013, 14, 140.

  15. Prasad, P. N.; Introduction to Biophotonics, 1st ed.; Wiley: New York, USA, 2003.

  16. Popp, J.; Ex-Vivo and In-Vivo Optical Molecular Pathology, 1st ed.; Wiley: New York, USA, 2014.

  17. Diem, M.; Griffiths, P. R.; Chalmers, J. M.; Vibrational Spectroscopy for Medical Diagnosis, 1st ed.; Wiley: New York, USA, 2008.

  18. Lima, C.; Goulart, V. P.; Correa, L.; Pereira, T. M.; Zezell, D. M.; Int. J. Mol. Sci. 2015, 16, 6621.

  19. Dorozhkin, S. V.; Materials 2009, 2, 399.

  20. Buijs, H. L.; Rochette, L.; Chateauneuf, F.; Proc. SPIE 2004, 5269, 132.

  21. Boari, H. G. D.; Ana, P. A.; Eduardo, C. P.; Powell, G. L.; Zezell, D. M.; Laser Phys. 2009, 19, 463.

  22. Rabelo, J. S.; Ana, P. A.; Benetti, C.; Valério, M. E. G.; Zezell, D. M.; Laser Phys. 2010, 20, 871.

  23. Farlay, D.; Panczer, G.; Rey, C.; Delmas, P. D.; Boivin, G.; J. Bone Miner. Metab. 2010, 28, 433.

  24. Boskey, A.; Camacho, N. P.; Biomaterials 2007, 28, 246.

  25. Corrêa-Afonso, A. M.; Bachmann, L.; Almeida, C. G.; Dibb, R. G.; Borsatto, M. C.; Laser Med. Sci. 2014, 30, 1183.

  26. Bachmann, L.; Diebolder, R.; Hibst, R.; Zezell, D. M.; Appl. Spectrosc. Rev. 2003, 38, 1.

  27.  Benetti, C.; Santos, M. O.; Ana, P. A.; Bachmann, L.; Zezell, D. M.; Biomed Spectrosc. Imaging 2014, 3, 301.

  28. Thompson, T. J. U.; Islam, M.; Bonniere, M.; J. Archaeol. Sci. 2013, 40416, 422.

  29. Boskey, A.; Camacho, N. P.; Biomaterials 2007, 28, 2465.

  30. Ana, P. A.; Kauffmann, C. M. F.; Bachmann, L.; Soares, L. E. S.; Martin, A. A.; Gomes, A. S. L.; Zezell, D. M.; Laser Phys. 2014, 24, 35603.

  31. Geraldo-Martins, V. R.; Lepri, C. P.; Palma-Dibb, R. G.; Laser Med. Sci. 2013, 28, 33.

  32. Fried, D.; Featherstone, J. D. B.; Visuri, S. R.; Seka, W. D.; Walsh, J. T.; Proc. SPIE 1996, 2672, 73.

  33. Bachmann, L.; Craievich, A. F.; Zezell, D. M.; Arch. Oral Biol. 2004, 49, 923.

  34. Mkukuma, L. D.; Skakle, J. M. S.; Gibson, I. R.; Imrie, C. T.; Aspden, R. M.; Hukins, D. W. L.; Calcif. Tissue Int. 2004, 75, 321.

  35. Bachmann, L.; Gomes, A. S. L.; Zezell, D. M.; Spectrochim. Acta, Part A 2005, 62, 1045.

  36. Antunes, A.; Rossi, W.; Zezell, D. M.; Spectrochim. Acta, Part A 2006, 64, 1142.

  37. Seka, W.; Featherstone, J. D. B.; Fried, D.; Visuri, S. R.; Walsh, J. T.; Proc. SPIE 1996, 2672, 144.

  38. Beltrano, J. J.; Torrisi, L.; Campagna, E.; Rapisarda, E.; Finocchiaro, I.; Olivi, G.; Radiat. Eff. Defects Solids 2008, 163, 331.

  39. Apel, C.; Meister, J.; Ioana, R. S.; Franzen, R.; Hering, P.; Gutknecht, N.; Laser Med. Sci. 2002, 17, 246.

  40. Sasaki, K. M.; Aoki, A.; Ichinose, S.; Yoshino, T.; Yamada, S.; Ishikawa, I.; J. Periodontol. 2002, 73, 643.

  41. Lin, S.; Liu, Q.; Peng, Q.; Lin, M.; Zhan, Z.; Zhang, X.; Sci. Res. Essays 2010, 5, 2128.

  42. Benetti, C.; Santos, M. O.; Rabelo, J. S.; Ana, P. A.; Correa, P. R.; Zezell, D. M.;  Proc. SPIE 2011, 7883, 78834P.

  43. Bachmann, L.; Baffa, O.; Zezell, D. M.; Philos. Mag. 2007, 87, 1033.

  44. Kim, G. C.; Rakovski, C.; Caporaso, F.; Prakash, A.; J. Food Sci. 2014, 79, 81.

  45. Barron, D.; Birkinshaw, C.; Collins, M. N.; J. Mech. Behav. Biomed. Mater. 2015, 48, 46.

  46. Hogg, P.; Rooney, P.; Leow-Dyke, S.; Brown, C.; Ingham, E.; Kearney, J. N.; Cell Tissue Banking 2014, 14, 365.

  47. Arjmand, B.; Aghayan, H. R.; Larijani, B.; Sahebjam, M.; Ghaderi, F.; Goodarzi, P.; Acta Med. Iran. 2014, 52, 215.

  48. Glowacki, J.; Cell Tissue Banking 2005, 6, 3.

  49. Dziedzic-Goclawska, A.; Kaminiski, A.; Uhrynowska-Tyszkiewicz, I.; Stachowicz, W.; Cell Tissue Banking 2005, 6, 201.

  50. Zhou, Z.; Qin, T.; Yang, J.; Shen, B.; Kang, P.; Peil, F.; Acta Orthop. Belg. 2011, 77, 670.

  51. Cheung, D. T.; Perelman, N.; Tong, D.; Nimni, M. E.; J. Biomed. Mater. Res. 1990, 24, 581.

  52. Mitchell, E. J.; Stawarz, A. M.; Kayacan, R.; Rimnac, C. M.; J. Bone Jt. Surg., Am. Vol. 2004, 86, 2648.

  53. Hernandez, C. J.; Ramsey, D. S.; Dux, S. J.; Chu, E. H.; Rimnac, C. M.; Clin. Orthop. Relat. Res. 2012, 470, 2488.

  54. Dziedzic-Goclawska, A.; Kaminski, A.; Uhrynowska-Tyszkiewicz, I.; Stachowicz, W.; Cell Tissue Banking 2005, 6, 201.

  55. Vidal, B. C.; Mello, M. L. S.; Micron 2011, 42, 283.

  56. Paschalis, E. P.; Verdelis, K.; Doty, S. B.; Boskey, A. L.; Mendelsohn, R.; Yamauchi, M.; J. Bone Miner. Res. 2001, 16, 1821.

  57. Liu, Q.; Pan, H.; Chen, Z.; Matinlinna, J. P.; BioMed Res. Int. 2015, 60, 1025.

  58. Kubisz, L.; Połomska, M.; Spectrochim. Acta, Part A 2007, 66, 616.

  59. Qing, P.; Huang, S.; Gao, S.; Qian, L.; Yu, H.; Sci. Rep. 2015, 23, 11568.

   

   

  Submitted: June 26, 2015.

  Published online: September 22, 2015.

  FAPESP has sponsored the publication of this article.

   

   

  
    *e-mail: zezell@usp.br

  





  DOI: 10.5935/0103-5053.20150253

  ARTICLE

  
    Ribeiro MS, Núñez SC, Sabino CP, Yoshimura TM, Silva CR, Nogueira GEC, et al. Exploring Light-Based Technology for Wound Healing and Appliance Disinfection. J. Braz. Chem. Soc. 2015;26(12):2583-89

  

  
    Exploring Light-Based Technology for Wound Healing and Appliance Disinfection

  

   

   

  Martha S. RibeiroI*; Silvia Cristina NúñezI; Caetano P. SabinoII; Tania M. YoshimuraI; Camila R. SilvaI; Gessé E. C. NogueiraI; Hideo SuzukiII; Aguinaldo S. GarcezII

  ICentro de Lasers e Aplicações, Instituto de Pesquisas Energéticas e Nucleares, Comissão Nacional de Energia Nuclear, Av. Lineu Prestes, 2242, 05508-000 São Paulo-SP, Brazil

  IICentro de Pesquisas Odontológicas São Leopoldo Mandic, R. Dr. José Rocha Junqueira, 13, 13045-755 Campinas-SP, Brazil

   

  
    Our goal was to build, characterize and test a red light-emitting diode (LED) device suitable for wound healing and disinfection of biomedical appliances. We designed and built a unique irradiator metallic box, for which irradiation distribution and spectral irradiance were calculated. In addition, we explored the device’s potential in photobiology comparing the healing of irradiated third degree burns with lesions that were left to heal spontaneously in mice. We also compared photodynamic microbial reduction with LED-irradiator and methylene blue vs. disinfection with a standard chemical solution, for photochemical applications. Our results showed that the LED-irradiator was able to accelerate the wound healing process compared to control group. In addition, a statistically significant microbial reduction was obtained with photodynamic inactivation compared to chemical decontamination. Thus, the prototype design is suitable for phototherapy studies since it is advantageous for low-level light therapy as well as for antimicrobial photodynamic therapy. In our perspective, this device can potentiate the dissemination of phototherapy studies to determine its suitable application in health sciences.

    Keywords: low-level light therapy, methylene blue, microbial reduction, photodynamic therapy, wound healing.

  

   

   

  Introduction

  With the advent of well-controlled and powerful light sources such as lasers and light-emitting diodes (LEDs), a great deal of advances was made in photochemical and photobiological studies.1

  Currently, low-level light therapy (LLLT) is reported in the literature as an effective method to treat a wide variety of pathological conditions, promoting the modulation of inflammatory processes,2 reduction of pain in both acute and chronic conditions,3,4 nerve regeneration,5 and wound healing acceleration in different etiologies.6-8 The mechanisms behind LLLT involve light absorption by cellular chromophores, including cytochrome c oxidase,9 and photoactive porphyrins and flavins.10,11 In addition, mitochondrion is proposed to be a probable site for the initial effects of light and the involvement of nitric oxide had been postulated.12 Increasing the activity of the respiratory chain induces augmented adenosine triphosphate (ATP) production, reactive oxygen species modulation, and activation of transcription factors. Sequentially, these effects lead to increased cell proliferation and migration (particularly by fibroblasts and keratinocytes), modulation in levels of cytokines, growth factors and inflammatory mediators, prevention of cell death by anti-apoptotic signaling, and increased tissue oxygenation.13

  Low-intensity light can also be associated with the administration of non-toxic photosensitizer (PS) to locally promote photochemical reactions that can induce cellular death. Briefly, when the PS absorbs a photon, it is promoted to an excited state and can transfer charges or energy to ground state molecular oxygen, inducing the formation of reactive oxygen species.14 These photoreactions have been used since early 1900s as a tool to inactivate numerous pathogens and have been established as a therapeutic platform commonly referred to as photodynamic therapy (PDT). Phenothiazine derivatives such as toluidine blue and methylene blue (MB) are among the most studied PS for antimicrobial photodynamic therapy (aPDT) and have been tested over the past decades in association with red light to promote bactericidal effect in vitro and in vivo.15,16 Combined with light at the correct parameters, the cytotoxic photodynamic dose required for microbial inactivation is in general lower than that required to cause damage to host cells such as keratinocytes and fibroblasts.17

  LEDs are very versatile light sources that emit a fairly narrow spectral band in comparison with halogen or incandescent lamps. In addition, they present elevated energy efficiency and a long life span, which makes them an attractive alternative for a cost-effective phototherapy. LEDs have been described as a promising light source to be used because they can be assembled in clusters to irradiate large areas,18 eliminating the need for more powerful and, therefore, more expensive diode lasers.

  The year of 2015 was chosen as the “International Year of Light and Light-Based Technologies” by the United Nations. The main goal of the institution is to draw attention to the importance of light as a sustainable solution for challenges in energy, education, agriculture and health.19 Thus, our objective in this report was to propose a unique light source dedicated to the development of processes in the fields of photobiology, represented by LLLT, and photochemistry, expressed by antimicrobial PDT. The LED-based device was optically characterized and allows in vivo and in vitro studies with precise parameters. Thus, the applicability of the apparatus was tested by performing a whole-body irradiation on mice to treat third-degree skin burns and we also evaluated the antimicrobial potential using photoactivated MB on ex vivo multispecies oral biofilms. To the best of our knowledge, there are not any studies in the literature that used LED-based irradiator useful to irradiate total body of small animals as well as to sterilize biomedical appliances.

   

  Experimental

  Irradiator construction and characterization

  In this work, we used radiometric quantities recommended by the International Commission on Illumination.20

  A metallic chamber measuring 9.95 × 10 × 10 cm3 (length, width, height) was assembled with polished aluminum to maximize light reflection and, consequently, the efficiency of the system. This apparatus consisted of an array of 3 red LEDs (Philips Lumileds, Luxeon Rebel LXML-PD01-0040, San Jose, CA, USA) distributed at the device bottom equidistant from each other (Figure 1). LED system was mounted on a circuit board and the power source was built to allow irradiation time settings and, consequently, modulate the total energy to be delivered. To position the samples in a maximized light irradiance area, a platform made of transparent polymethyl methacrylate was placed and sealed 10 cm above the LED array.

  
    

    [image: Figure 1. Top view of the LED-based irradiator]

  

  Since the irradiance was not constant along the irradiation platform, sixteen measurements were made at points equally spaced by 2 cm from each other, on the irradiation platform (10 cm above the LEDs). An Ocean Optics USB 2000 spectrometer coupled to a cosine corrected probe CC-3-UV (Ocean Optics Inc., Dunedin, FL, USA) was used for spectral irradiance measurements. The spectroradiometer was calibrated using a standard irradiance light source (OL 200, Optronic Laboratories, Orlando, FL, USA). The light passed through the probe and it was guided by an optical fiber until an element that diffracted the light, therefore providing information about the wavelength emitted and band width. The irradiance was computed from the measured spectral irradiance20 at the sixteen points and the mean irradiance is the average of the irradiance at the plane of irradiation.

  In vivo LLLT assay

  Six female adult Swiss mice with approximately 30 g of body mass were used in the trial. During the experimental period, all animals were housed in individual isolators in a 12 h light/dark cycle, fed with granulated food and water ad libitum. The animals were anesthetized by intraperitoneal injection of ketamine (90 mg kg-1) and xylazine (10 mg kg-1) before all experimental procedures. All procedures, care, and handling of the animals were carried out according to the Ethical Principles of Animal Experimentation formulated by the Brazilian College for Animal Experimentation and the protocol was approved by the Ethics Committee on Research and Animal Care of IPEN/SP (No. 047/09).

  Mice had their back fur removed by an electric shaver and the skin was cleaned with a povidone-iodine solution. Seven mm lesions were cryogenerated on the shaved back of mice using a cylindrical brass rod cooled to 77 K in liquid nitrogen. The contact was made in two sequences of 10 s each with an interval of 5 min between applications. This protocol was repeated for 3 consecutive days to standardize a third degree burn.21

  Mice received light treatment provided by the LED irradiator (LEDG; n = 3) on days 3, 7, 10 and 14 post-wounding (p.w.). The first irradiation on day 3 was immediately after last burn procedure. For LEDG, anesthetized mice were carefully positioned on the irradiator platform with their back facing the LED array to receive a whole body illumination. The radiant exposure was of approximately 1.6 J cm-2 during 12 min in each session. In the control group (CG; n = 3) animals were anesthetized and burned, but not irradiated. Burn diameter was measured daily using a caliper rule during all experimental procedure until complete closure of the wound. For a global evaluation of the wound healing process, we calculated the areas under the curves (AUC) of the wound size in function of the time (from t = 0 until total wound closure) for each animal in each group, which represents the overall healing rate of mouse wounds. The AUC data were calculated by numeric integration,22-24 using Microcal Origin 8.0 software (Northampton, MA, USA).

  In vitro antimicrobial photodynamic assay

  For this test, the microbial biofilm was created in situ. Twenty volunteers used a Hawley’s removable orthodontic appliance during eight weeks to allow multispecies biofilm to grow naturally over the acrylic surface. The volunteers were instructed to use the appliance 24 h a day, only removing the appliance during the meals. When removed, the appliances were mechanically cleaned using a toothbrush associated with dentifrice. The protocol was approved by the Ethics Committee of the Centro de Pesquisas Odontológicas São Leopoldo Mandic SS (No. 917.299), and all procedures were conducted according to the principles of the Declaration of Helsinki.

  At the end of the last experimental week, appliances were collected just before lunch, allowing biofilm maturation for at least 4 h, kept individually in a sterile recipient containing saline solution and immediately transported to the microbiology laboratory for further experimental procedures.

  In order to evaluate the initial contamination of the appliances, a sterile cotton was swabbed over half of the appliance in both surfaces, i.e., the one in contact with the oral mucosa and the opposite surface facing the oral cavity. The procedure lasted 30 s and was performed by the same practitioner to better standardize the microbial collection. The samples were then transferred to a micro-tube containing 1 mL of sterile saline solution and vortexed during 15 s. One hundred microliter aliquots were added to wells of a 96-well plate for serial dilution and seeded onto brain heart infusion (BHI) agar plates for colony-forming units (CFU) counts according to the method proposed by Jett et al.25 The plates were placed inside a microaerophilic chamber with 5% oxygen, 15% carbon dioxide, and 80% nitrogen and incubated for 72 h at 37 ºC.

  Ten appliances were selected to evaluate the antimicrobial effect of alkaline peroxide-effervescent tablet (Corega Tabs, GlaxoSmithKline Brasil Ltda., Rio de Janeiro, RJ, Brazil). The appliances were individually immersed in a container with 200 mL of warm water (37 ºC) and one effervescent tab was added for 10 min following the manufacturer instruction. The other ten appliances were positioned individually inside the irradiator filled with a 50 µmol L-1 MB solution. MB photosensitizer was associated with red LED light because the absorption band of the dye is resonant with the spectral emission of this light source. Prior to irradiation, the samples were kept inside the solution for 2 min, allowing the MB to penetrate and to bind to the microorganisms. After 2 min of pre-irradiation time, the samples were irradiated for 5 min, resulting in a radiant exposure of 0.78 J cm-2.

  In order to evaluate the microbial reduction, after each procedure (chemical or aPDT), the orthodontic appliances were then washed with 10 mL of sterile saline solution and a sterile cotton swab was used in the half part of the appliance that was not swabbed before.

  Statistical analysis

  The average of AUC of both LED and control groups during the whole healing period (from 3 to 16 days p.w.) and the mean values of log CFU mL-1 for both chemical and PDT group were compared by unpaired t-test. For both assays, the results were considered statistically significant when p < 0.05.

   

  Results

  For the characterization of the emitted light, we started with the measurement of the spectral irradiance at the sixteen measurement locations on the irradiation platform. The measured spectral irradiance at an arbitrary measurement point is shown in Figure 2. The spectral irradiances from the sixteen measured points were spectrally integrated, resulting in sixteen irradiance values. Irradiance values obtained spatially interpolated are shown in Figure 3. The minimum and the maximum irradiance over the entire surface of the irradiation plane were 1.1 and 3.6 mW cm-2, respectively. The mean irradiance was computed to be equal to 2.6 mW cm-2.
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  The results for the in vivo test are presented in Figure 4a as mean values ± standard error of the mean (SEM) of wound area as the percentage of the initial value, during and after the phototherapy procedure. Figure 4b displays the average of the AUC ± SEM. During the entire experimental period, the burn size for LEDG was always lower than that for CG (Figure 4a). In fact, statistically significant differences were observed between treated and control groups (p = 0.024), since the mean value of the AUC during overall time course was significantly larger for CG when compared to LEDG (Figure 4b). This finding indicates that the irradiated groups showed a faster healing process compared to control group.
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  The results for the in vitro antimicrobial assay are presented in Table 1, which describes the microbial burden in orthodontic appliances. Observe that the initial contamination varied among individuals with a mean value of 9 × 106 CFU mL-1 (range 7 × 105 to 1.2 × 109). This variation was probably caused by differences in the internal anatomy and resident microbiota of each individual oral cavity and also by the degree of cleaning performed by each volunteer. After the use of the effervescent tab, the mean contamination burden was reduced to 2 × 105 CFU mL-1 (range 3.6 × 106 to 4 × 104), a mean log reduction of 1.6 or 97%. The mean infectious burden after aPDT was 9 × 103 CFU mL-1 (range 2 × 104 to 0), a statistically significant mean log reduction of 4 or 99.99%, when compared to the chemical group.
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  Discussion

  The study of phototherapy is usually multidisciplinary and the involved personnel, as for instance healthcare professionals, often do not have knowledge about distinct characteristics of different light sources. In fact, light-based experiments are performed in a multidisciplinary mode and promote significant advances in the fields of chemistry, physics, biology, and medicine. Nevertheless, the purity and origin of chemical products used in research are usually well controlled while the characterization and precise measurements regarding the light parameters are often disregarded.26,27 Thus, we presented here an affordable yet well characterized light source that can be used for different purposes. The device was effective either in a photobiological experiment promoting faster wound healing as well as in a photochemical assay to improve disinfection of orthodontic appliances.

  Phototherapy can be an interesting alternative for public healthcare systems diminishing costs with a wide variety of pathologies, e.g., diabetic wounds,28 and therefore, the advances made on basic research can represent a major economic advantage for healthcare systems all over the world.

  To evaluate the LED-based irradiator on burn healing, we induced the wounds on the center of mice’s back. The centralization of the lesion was performed in order to investigate the uniformity of the whole-body irradiation. Literature demonstrates that optical therapy with LEDs and lasers are an alternative approach for wound healing.29 In fact, the light absorption by components of the respiratory chain induces biochemical and cellular changes that result in improved wound repair. However, to obtain positive results, in vivo studies, light parameters such as wavelength, fluence and fluence rate have to be well controlled.

  In this study, we used a red LED-based irradiator with a fluence of 1.6 J cm-2. The red region of the electromagnetic spectrum is indicated for wound healing since its absorption by the main tissue chromophores (blood and water) is lower when compared to shorter wavelengths.13 Thus, the effective light penetration into tissue is maximized. Also, low fluences of light have a far better effect than higher fluences.13

  Our results are in good agreement with the literature,8,21,29 since wound healing was faster in the LED group than the control group, in which animals did not receive any treatment and the burns healed spontaneously. In fact, the beneficial effect of the LED device on wound healing can be explained by considering several basic biological mechanisms including the induction of expression cytokines and growth factors known to be important in many phases of the wound healing. Literature reports that red light increases both protein and mRNA levels of interleukins 1 and 8 in keratinocytes,30 which are cytokines responsible for the initial inflammatory phase of wound healing. In addition, irradiation of fibroblast cells at 660 nm can modulate the expression of genes involved in collagen production.31 Red light can also increase growth factors responsible for the neovascularization necessary for wound healing and can upregulate TGF-β,32 which is a growth factor responsible for inducing collagen synthesis from fibroblasts.

  In this work, a noteworthy remark is the irradiation of total mice’s body. Since the device was useful to promote wound healing, this study opens the possibility of using a whole-body irradiator for burned patients as well as to treat other traumatic injuries. Extensive burns deserve special attention, as they are one of the most common forms of trauma. In fact, third degree burns healing outcome depends on a series of factors as individual health status, affected area and additional contamination of the wound area, for instance. Thus, the construction of an LED-based total body irradiator would be an innovation in the treatment of burning wounds, accelerating the healing process and assisting the stability of the clinical status of patients. In addition, the use of LED devices can enhance the normal healing process, and doing so, it would reduce the possible length of hospital stay, consequently reducing the economic burden of these injuries.33

  A second goal of this study was to evaluate the potential of the device for antimicrobial photodynamic therapy applications. For this purpose, we used as proof of concept biofilms grown over acrylic orthodontic removable appliances and compared aPDT with a conventional chemical decontamination method, which is considered nowadays a gold standard. aPDT has been successfully used in health sciences to promote microbial reduction in planktonic microorganisms and biofilms,34,35 and it is a simple and fast method for decontamination of acrylic orthodontic appliances.

  The data collected in the initial microbiological sample confirms that the in situ method for grown biofilm is reliable and reproducible producing a significant colonization over orthodontic appliances after eight weeks of usage. After chemical or aPDT treatment, microbial burden significantly diminished, with aPDT being more efficient than peroxide exposure. We hypothesize that aPDT surpassed the antioxidant capacity of the microbial cells more intensely than peroxide. In fact, it is well established that aPDT acts by the formation of oxygen reactive species that generate oxidative stress on microorganisms conducting to cell death. The effects of superoxide and hydrogen peroxide are less severe than those of hydroxyl radical and singlet oxygen, since the formers are much less reactive and can be cleared by endogenous antioxidants. In contrast, no enzyme can detoxify •OH or 1O2, making them more toxic and highly lethal.36 It is important to highlight that our apparatus emits at 630 ± 10 nm, which could excite monomer and dimer bands of MB, and both dye species are responsible for photodestruction of bacteria.37 Our data are in agreement with studies in literature that demonstrate microbicidal effect of aPDT comparable to gold standard treatments.15,35,38 As the device parameters can be adjusted, it could be used to disinfect other oral prosthetic devices as well as medical instruments (scalpel, tweezers, scissors, etc).

  New photosensitizers, particularly for PDT, and new light sources are constantly being developed for improvement of the phototherapy in health sciences. In our perspective, light-based technologies can potentiate the dissemination of optical therapies and help understand and determine its suitable applications in healthcare.

   

  Conclusions

  Based on our results, the LED-based irradiator achieved all of its goals, being easy to handle, cost-effective and, most of all, effective for wound healing as well as for appliance disinfection.
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    Biopolymer-based materials have been of particular interest as alternatives to synthetic polymers due to their low toxicity, biodegradability and biocompatibility. Among them, chitosan is one of the most studied ones and has recently been investigated for the application as solid state polymer electrolytes. Furthermore, it can serve as a host for luminescent species such as rare earth ions, opening up the possibility of combined electro-optical functionality, of particular interest for electroluminescent devices. In this study, we perform a fundamental, initial, investigation of chitosan based luminescent materials doped with EuIII and LiI triflate salts, from the structural, photophysical and conducting points of view. Because the host presents a broad emission band in the blue to green, while EuIII emits in the red, fine-tuning of emission colour and/or generation of white light is proven possible, by proper combination of optimized composition and excitation scheme. Europium lifetimes (5D0) are in the range 270-350 µs and quantum yields are up to 2%. Although LiI does not interfere with the luminescent properties, it grants ion-conducting properties to the material suggesting that a combination of both properties could be useful in the development of electro-luminescent devices.

    Keywords: chitosan, polymer electrolyte, europium, lithium, electroluminescent devices.

  

   

   

  Introduction

  The low toxicity, biodegradability and biocompatibility of chitosan makes it one of the most widely studied polymers from the application point of view. The application areas include waste water treatment, food industry, agriculture, paper and pulp industry, cosmetics, medicine, tissue engineering, bioseparation and biocatalysis.1-3 From the physicochemical standpoint, chitosan is a water soluble polymer that can be formed into films, hydrogels and scaffolds, under mild acidic conditions. Moreover, the polycationic character confers to chitosan a high affinity for the association and delivery of therapeutic hydrophilic macromolecules such as proteins, hormones and DNA, thus effectively protecting their bioactivity against enzymatic and hydrolytic degradation.3,4 As chitosan is water soluble, it is possible to mix it with different inorganic salts and produce polymer electrolytes (PEs) for electrochemical devices assembling.5 PEs are composed of a host macromolecule and a guest salt, and have been widely studied in the field of solid state electrochemistry, because of commercial interest in their application. Polymer electrolytes based on natural polymers have attracted a lot of attention due to their mechanical, optical and electrical properties.6 The mixed cation approach, which basically involves the use of two guest salts instead of a single one, is attractive and usually results in an improvement of the conductivity of PEs.7

  Besides the technological aspects, biopolymer based materials call attention for the possibility of developing environmentally friendly (multi)functional materials that can combine, for instance, high ionic conductivity and efficient luminescent properties.8,9 In this regard, trivalent lanthanide ions are the most studied luminescent species due to their versatile narrow band emissions in a large spectral range (from visible to near-infrared). Application opportunities are found in, but not restricted to, lighting devices, displays, amplifiers and lasers. The long lifetime of the lanthanide ions excited states allows the use of time-resolved spectroscopy to suppress background fluorescence, reaching very low detection limits, which is relevant for biological applications such as biomarkers and cell imaging.10 Complexes and salts can display high quantum efficiencies in the near-ultraviolet (CeIII), visible (TmIII in blue; TbIII and ErIII in green; DyIII in yellow; SmIII in orange; EuIII in red) and near-infrared (NdIII, ErIII, TmIII and YbIII).

  Studies of the family of EuIII-doped d-Ut(300)-based di-urethanesils hybrids prepared by the sol-gel process indicate that the materials are promising full colour emitters with quantum yield ranging from 0.7 to 8.1%.11 Studies of other hybrids co-doped with EuIII, TbIII and TmIII have evidenced the chromaticity of the emission, and it was shown that their optical features were strongly influenced by environmental conditions, such as temperature variations, suggesting the application of these materials in sensoring.12 EuIII-doped DNA and agar membranes9 have also been recently investigated, as well as EuIII-doped chitosan, which showed interesting spectroscopic properties. Recently, Tsvirko et al.13 have studied absorption, photoluminescence and time resolved decay properties of chitosan films doped with EuIII β-diketonate complex. They have observed that these new materials present very efficient luminescence in the visible region with a quantum efficiency of about 47%. Roosen and Binnemans14 proposed chitosan modified with ethylenediaminetetraacetic acid (EDTA) and diethylenetriaminepentaacetic acid (DTPA) stationary phase for trivalent rare-earth ions separation using dilute nitric acid solution as eluent. Liu et al.15 have studied bio-organic-inorganic hybrids containing silica, chitosan and EuIII or TbIII ions. They have observed that the EuIII ions have the same local coordination in the chitosan core of these core-shell (chitosan-silica) hybrids as in EuIII doped chitosan. Additionally, they have also found a small amount of EuIII in the silica shell.

  Because the host polymer emits broadly in the blue to green spectral region and EuIII in the red,15 the combination offers the possibility of tuning the emission colour and obtaining white light, through control of composition and proper excitation scheme. In this contribution, we extend the investigation to natural-polymer-based membranes, containing EuIII and LiI, which might offer the possibility of increased electrochemical functionality. These new samples can potentially exhibit both the emission properties due to the EuIII ions and conductivity due to LiI ions, thus they can be potential candidates for electrochemical devices such as displays. To that end, the chitosan-based membranes are characterized not only from their structural and morphological points of view, but also with respect to their ionic conductivity and photophysical properties. The CIE (Comission Internationale d'Éclairage) chromaticity coordinates are given for several samples along with the respective quantum yields and excited state lifetime values. To the best of our knowledge, this is the first time such an approach is used for chitosan based materials co-doped with EuIII and LiI ions.

   

  Experimental

  Sample preparation

  The electrolytes were prepared according to the following procedure: 0.20 g of chitosan (Sigma-Aldrich; medium molecular weight) was dispersed in 10 mL of 1% acetic acid solution (Sigma-Aldrich) under magnetic stirring over night to complete dissolution. Then, 0.25 g of glycerol (Himedia; 99.5%) and different quantities of europium (Sigma-Aldrich; 98%) and lithium triflate (Sigma-Aldrich; 99.995%) salts were added and the solutions were kept under stirring for a few minutes. Samples have been represented by the notation ChiEunLim, where n is the lanthanide salt mass and m is the lithium salt mass in the electrolytes (Table 1). The viscous solutions were poured on Petri plates and cooled at room temperature to form the electrolyte films. The films were subjected to a final drying procedure during which the temperature was raised from 25 to 60 ºC over a period of two days to form transparent membranes (Figure 1). During this period the oven was periodically evacuated and purged with dry argon. The thickness was determined with a micrometer (Mitutoyo), and varied between 0.070 and 0.175 ± 0.001 mm. After drying, the samples were conditioned in a glovebox under argon atmosphere.
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  Characterization techniques

  The X-ray diffraction measurements were performed at room temperature in a PANalytical X'Pert Pro diffractometer equipped with an X'Celerator detector. The film samples were exposed to monochromated CuKα radiation with λ = 1.541 Å over a scattering angle (2θ) range from 3 to 60º. In these measurements, samples were placed on a Si wafer, in order to minimize diffuse scattering from the substrate.

  The surface morphology of the films, prepared at different ratios, was evaluated using scanning electron microscopy (SEM) micrographs, obtained in a LEO 440 instrument. All film samples were pre-coated with a conductive layer of sputtered gold. The micrographs were taken at 10 kV at different magnifications.

  Total ionic conductivities of samples were determined using a constant volume support equipped with gold blocking electrodes and located within a Buchi TO 50 oven. The sample temperature was evaluated by means of a type K thermocouple placed close to the electrolyte film and impedance measurements were carried out at frequencies between 65 kHz and 500 mHz using an Autolab PGSTAT-12 (Eco Chemie), over the temperature range 20 to 90 ºC. Measurements of conductivity were effected during heating cycles. The reproducibility of recorded conductivities was confirmed by comparing the results obtained for a sample subjected to two heating-cooling-heating cycles. The excellent reproducibility of the results obtained using this procedure demonstrated the correct operation of the support and the mechanical stability of the samples.

  Room temperature emission and excitation spectra of the polymer films, as well as excited state lifetime decays were measured in a Horiba Jobin Yvon spectrofluorimeter model Fluorolog FL3-221 using continuous wave or pulsed (flash) xenon lamps. Quantum yield measurements of Eu-doped and Eu/Li-co-doped samples were carried out in the integrating sphere model Quanta Phi F3029, from Horiba Jobin Yvon, properly connected to the spectrofluorimeter visible detector by optical fibers. By carefully testing various samples, with different sizes, but from the same batch, quantum yields showed a maximum absolute deviation of 10%, so that the presented values are an average. 

   

  Results and Discussion

  Structural and morphological characterization

  Figure 2 depicts the X-ray diffraction (XRD) patterns of film samples of ChiEunLim, i.e., non-doped chitosan and its mixture with either Eu(CF3SO3)3 or both Eu(CF3SO3)3 and LiCF3SO3. The diffractograms of all samples, similarly to other ionic conducting membranes based on natural macromolecules, display a broad Gaussian band, centered at ca. 21º that can be assigned to chitosan crystal form type II.6,16-20 For samples of ChiEu0.1 and ChiEu0.1Li0.05 the same broad band is observed at 21º, similarly to DNA-EuIII samples.21 However, as observed in other studies, the doping of polymer matrices with inorganic salts can induce long range disorder in the diffraction patterns.22 This observation strongly suggests that an increase of the amorphous content was promoted by the presence of salts. As a consequence of the increase of the amorphous content some regions of matrix become more crystaline. Although it seems contradictory, it might be explained as the increased disorder created by the salt among the neighboring chitosan chains forces chain segments, which are not located within the amorphous domain, to gather in well-defined regions and organize in a more regular manner. Similar behavior was also previously observed for polymer electrolytes based on europium salt and polyethylene oxide (PEO).23 The polymer electrolytes ChiEu0.1Li0.04 and ChiEu0.1Li0.1 exhibit Bragg peaks at 21º, similar to ChiEu0.1Li0.0, ChiEu0.1Li0.05 and non-doped chitosan matrix, and a very sharp lonely peak at 10º. Chitosan powder presents two peaks at 2θ = 10.9 and 20.1º.24,25 The peak at about 10-11º of the ChiEu0.1Li0.04 and ChiEu0.1Li0.1 is much sharper than the peak of chitosan powder and resemble more the one found in free LiCF3SO3 or a polymer-salt crystalline complex. Nunes et al.26 also detected a peak at about 10-11º for the system d-U(2000)nLiCF3SO3, although this system presents a series of other peaks in salt rich domains. The position of these peaks coincides exactly with the location of the diffraction peaks of the crystalline complex with stoichiometry 3:1 that is formed between PEO and LiCF3SO3.27 The peak at 10º, in the present study, can be attributed to the sample or to some impurity. No peak was detected at approximately 29º, which, in the case of the system U(2000)nEu(CF3SO3)3, was ascribed to the diffraction of Eu-rich domains.28 The obtained results prove that the addition of the guest europium triflate salt to chitosan matrix inhibits the formation of crystalline phases of free Eu(CF3SO3)3 or chitosan/salt complexes.
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  The amorphous nature of the chitosan based electrolyte system provides a clear advantage relative to other semi crystalline systems, since the absence of crystallinity results in improvements in optical, mechanical and electrochemical behavior, especially because ionic movement occurs preferentially in the amorphous phase.29-31

  Scanning electron micrographs illustrating the morphology of chitosan and Eu(CF3SO3)3 and LiCF3SO3 are shown in Figure 3. The good homogeneity without any phase separation and very good surface uniformity at the micrometer scale of samples containing 0.1 g of EuIII-triflate (without LiI) can be observed in the SEM micrographs in Figure 3a. Similar results were obtained for agar-based films.32 Other SEM images reproduced in Figure 3 (b, c and d) show that the samples containing mixture of both salts exhibit an irregular texture, and are very similar to the samples of solid polymer electrolyte based on polyethylene glycol (PEG) with high LiClO4 concentration.22 The micrograph of ChiEu0.1Li0.04 (Figure 3b) shows a porous morphology evolving from large to lower pore size. It was verified that this is not a surface effect and it is explained because the degree of porosity is due to the low evaporation temperature of the solvent during the sample preparation. At the same time, the polymer chains show a reduced mobility, which hinder their occupation of the free space left by the evaporated solvent.33 The images recorded for samples ChiEu0.1Li0.05 and ChiEu0.1Li0.1 reveal clearer lines that can be either related to undissolved or recrystallized salt, which confirms XRD data.
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  Ionic conductivity of electrolytes

  The ionic conductivities of various electrolyte compositions over the temperature range from 20 to 90 ºC, and as a function of salt content, are illustrated in Figure 4. These obtained results show a continuous variation in conductivity that is almost linear with respect to 1/T over a range of salt compositions. This plot demonstrates that all the doped samples exhibit a typical behavior for polymer electrolytes where hopping mechanism of ionic charge species is predominant. This behavior is similar to that exhibited by the same matrices doped with different salts34-36 and contrasts with that of semi-crystalline materials based on commercial polyethylene oxide (PEO) host matrices.37 The ionic conductivity (σi) values were calculated for each heating cycle using the relation of σi = d/RbA, where Rb is the bulk resistance, d is the thickness and A is the area of the sample. As shown in Figure 4 (fittings) the ionic conductivity temperature dependence follows the Arrhenius equation of σi = σ0 exp(-Ea/RT), where σ0 is the pre-exponential factor, Ea is the apparent activation energy for ion transport, R is the gas constant (8.314 J mol-1 K-1) and T is the temperature.
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  Table 2 and Figure 4 show the ionic conductivities (σi), and activation energy values (Ea), obtained from the above equations.

  Over the whole range of studied temperatures, the sample with the highest ionic conductivity is the ChiEu0.05Li0.2 with values of 5.38 × 10-6 and 8.77 × 10 -5 S cm-1, at 30 and 80 ºC, respectively. These values are higher than those obtained for analogous polymer electrolytes incorporating europium salt30 and very similar to those doped with lithium salts.38 Besides temperature, ionic conductivity also depends strongly on the guest salt, both in type and concentration. Usually, increasing guest salt concentration results in an ionic conductivity increase, which is not at all observed in the present study. A high amount of Eu(CF3SO3)3 can play opposite effects. Although the number of charge carriers increases with the increase of salt amount, a high concentration of salt leads to the decrease of free volume, as well as available coordination sites. Additionally, the influence of ion pairing should also be taken into account. The fitted Ea values of all the SPEs are depicted in Table 2, where one can observe that most of Ea values decrease with the increase of ionic conductivity. This behavior was normally expected, since the lower the energy barrier, the easier the ionic movement. This is probably due to the above given reason.

  
    

    [image: Table 2. Ionic conductivity and activation]

  

  Photophysical properties

  Figure 5 presents the photoluminescence emission spectra of the representative sample ChiEu0.3 measured with excitation at different wavelengths. Besides the typical bands of EuIII corresponding to transitions from the excited state 5D0 to lower lying 7FJ states, there is superimposed broad band whose energy in the blue-green spectral region is highly dependent on the chosen excitation wavelength. Similar broad bands have been observed for other bio-polymer hybrid electrolytes and their nature is attributed to the electron-hole recombination in the polymer host.9,39 At 360 and 394 nm there is concomitant excitation of the EuIII ion and the host, however, at 325 nm (30769 cm-1) only the host is excited (EuIII does not have an energy level corresponding to this wavelength). Therefore, the fact that EuIII emission is observed gives strong evidence of energy transfer from the host to the ion. This assumption is corroborated by examining the excitation spectrum in Figure 6, which was recorded by monitoring the europium emission at 616 nm. In this spectrum, not only the broad polymer band appears, suggesting once again the host → ion energy transfer, but one can also see why excitation at 394 nm is preferable in EuIII-doped systems to achieve higher emission intensities as seen in Figure 5. Furthermore, in the spectra recorded with excitation at 325 and 360 nm, a small structure around 390 nm is observed and it corresponds to self-absorption by the ion. This peak has also been observed in EuIII-based di-ureasil samples.40 The fact that the 5D0 → 7F0 transition band displays only one, well-defined peak, gives strong evidence that the EuIII ion occupies a sole site of symmetry in the SPE samples. Moreover, the considerable intensity (as judged by naked eye) of the hypersensitive transition 5D0 → 7F2 with respect to the purely magnetic dipole transition 5D0 → 7F1 indicates that such site is of low symmetry, with no inversion center.
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  The fact that the intense polymer emission accompanies that of EuIII, even when excitation is done at 394 nm, suggests the combination of these bands to generate tunable visible (or white) light.

  In Figure 7, a comparison of emission intensities and lineshapes is made for samples co-doped with LiI. It comes out as no surprise that no changes of relative intensities and lineshapes of EuIII bands, as a function of lithium concentration is observed. Still, a new functionality (PEs) is added and could potentially be combined with EuIII-emission in a multifunctional material.
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  In Figure 8, representative luminescence decay curves measured for the excited state 5D0 by monitoring the emission at 616 nm (5D0 → 7F2) in different ChiEunLim samples are presented. The sample ChiEu0.3 was the only one to display nearly single-exponential decay. However, for the sake of comparison, averaged lifetime values were determined as the area below the curves corresponding to all samples, and also by assuming the value when intensities drop by a factor 1/e, yielding very similar results. The lifetime values for the samples containing lithium are slightly higher than for the sample, which does not contain this species. The values are in the range of those determined for EuIII-doped agar (194 µs), DNA (528 µs),9 and for poly(ε-caprolactone)/siloxane biohybrids (225 and 262 µs).39 In the latter case, the higher value also corresponds to a sample where the LiI concentration is higher indicating that it can be positively interfering by decreasing the amount of hydroxyl ions in the first coordination sphere of the RE ion.
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  By taking advantage of the concomitant emissions of polymer host and ion, and of the relative intensity variation depending on EuIII concentration and excitation wavelength, the colour tuning41 can be achieved as indicated in Figure 9. In Figure 9a, the CIE chromaticity diagram presents the resultant colours for various ChiEumLin samples, where the ChiEu0.3 is closely placed at the crossing of x = 0.3 and y = 0.3 colour coordinates of the CIE 1931 diagram, upon excitation at 325 nm (Figure 9b). This sample is the closest one to the white in the diagram. The x- and y-chromaticity coordinates are presented in Table 3 for all the samples, together with the quantum yield values Φ, measured in an integrating sphere. The maximum Φ value around 2.7% is to be expected for EuIII inserted in an environment where hydroxyl groups can act as efficient luminescence quenchers. Still, the values are comparable to other polymer doped hosts42 and one, possible, way to increase efficiency would be to employ highly coordinated EuIII complexes for which quantum yields can be as high as 85%.43
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  Conclusions

  In this work we developed a novel luminescent and ion conducting biohybrid electrolyte doped with LiCF3SO3 and Eu(CF3SO3)3 by means of the solvent casting method. The Gaussian-shaped broad X-ray diffraction band confirms the predominantly amorphous nature of the studied SPEs. Ionic conductivity values in the range 5.38 × 10-6 (30 ºC) to 8.77 × 10-5 (80 ºC) S cm-1 were measured, which are higher than those of analogous polymer electrolytes singly doped with EuIII salts, and very similar to those doped with lithium salts.

  Photophysical investigations indicate that by combining the emissions of the host matrix and the dopant EuIII ion it is possible to tune the final emission colour and ultimately generate white light. Except for a small increase in europium 5D0 lifetime values (270 to ca. 350 µs), the presence of LiI does not seem to interfere with the emissive properties, but offers the perspective of further developing and exploring these materials for multifunctional applications. The main benefit of this particular host-ions combination lies in the eco-friendly properties of the biodegradable and non-toxic host.
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    In this study, polyoxometallate based hybrid photochromic materials were prepared by incorporating phosphotungstate anion, PW12O403−, (PW) in hybrid tetraethyl orthosilicate and (3-glycidyloxypropyl)trimethoxysilane TEOS-GPTMS derived organomodified silicates (Ormosil) matrices by sol-gel method and the resulting materials were used to prepare multilayer films by dip-coating method. The effect of alkaline earth metal cations doping and matrix composition (%GPTMS) on the photochromic response of the hybrid films was studied in details. GPTMS, after undergoing ring opening reaction, leads to the formation of chelating sites (diol and ether functionalities) which helps in anchoring of cations, which in turn interacts with phosphotungstate anions and favors their incorporation in the hybrid films. For a fixed concentration of GPTMS, the cation-phosphotungstate electrostatic interaction and hence the photochromic response of the films follow the order Mg2+ < Ca2+ < Sr2+ < Ba2+, thereby, indicating that larger cations interact more strongly with the heteropolyanions. The presence of these cations and GPTMS concomitantly leads to increased incorporation of phosphotungstic acid hydrate (HPW) in the films, resulting in a significant enhancement of the photochromic response.

    Keywords: Ormosil, phosphotunsgtic acid, alkaline earth metals, photochromism, sol-gel.

  

   

   

  Introduction

  Photochromic materials present interesting properties related to light-induced changes in optical absorption leading to reversible coloration/discoloration upon exposure to light.1-3 Great attention has been dedicated to research on photochromic materials due to their potential applications in optical lenses, smart windows, optical memory devices UV sensors, counterfeit devices, among others.2-8

  Polyoxometalates (POMs) are discrete metal-oxide nanoclusters9,10 which exhibit promising photochromic behavior. Such photochromic behavior is based on the photo-induced formation of mixed valence colored compounds in the presence of electron/proton donors.11-13 However, in order to prepare functional photoactive materials, the highly soluble POMs need to be incorporated into suitable solid matrices, such as polymers,14-16 inorganic oxides17-19 or hybrid organic-inorganic materials.20-22 Additionally, most practical applications require photochromic materials to be applied as coatings or thin films.

  Sol-gel synthesis is an easy and versatile strategy for the preparation of such photochromic coatings which allows effective incorporation of photoactive molecules such as POMs in sol-gel derived matrices using mild reaction conditions.3,23 Hybrid organic-inorganic matrices are good candidates for the preparation of such functional materials as they may combine the advantages of both polymeric and ceramic materials.24,25 For instance, we have recently reported the preparation of uniform, adherent and transparent hybrid photochromic and photocatalytic coatings by incorporation of phosphotungstate (PW12O40), the Keggin POMs, in organically modified silicate (Ormosils) matrices. The hybrid matrix materials were prepared by sol-gel method using tetraethyl orthosilicate (TEOS) and (3-glycidyloxypropyl)trimethoxysilane (GPTMS) as matrix-forming precursors.21,26 However, the weak interaction between the hybrid matrix and the Keggin heteropolyanions resulted in lower incorporation of the photoactive species in the films which led to the low photochromic response of these dip-coated films. Such limitations could be overcome by modification of the Ormosil networks with positively charged alkylammonium groups,21 which are known to interact strongly with POMs.27 Interestingly, a similar effect could be achieved by simple concomitant addition of Zn2+ cations during sol-gel synthesis, leading to the preparation of highly photochromic Ormosil-polyoxometalate films.28

  While the interaction between organic cations and POMs in photochromic materials has been studied and exploited by several authors,29-33 little attention has been given to the use of inorganic ions, despite the fact that these inorganic ions greatly affect the crystallization and self-assembly of POM nanostructures.34-37 In the present study, we report the preparation of TEOS-GPTMS-phosphotungstic acid hydrate (HPW) hybrid films doped with alkaline-earth divalent cations (Mg2+, Ca2+, Sr2+ and Ba2+). A systematic study of the role of hybrid matrix composition and the presence of the doping cations in the film assembly (POM incorporation) and photochromic response of the resulting Ormosil-polyoxometallate coatings is presented. We demonstrate how the interaction between the organic functionalities, cations and phosphotungstate polyoxoanions can be exploited to significantly enhance and effectively tune the photochromic response of the hybrid films. From application point of view, such control of film architecture and photochromic response might be of great importance for design of functional photochromic coatings.

   

  Experimental

  Chemicals

  Phosphotungstic acid hydrate (HPW), tetraethylorthosilicate (TEOS, 98%) and (3-glycidyloxypropyl)trimethoxysilane (GPTMS, 98%) were purchased from Sigma-Aldrich (USA). MgCl2.6H2O, CaCl2.2H2O, SrCl2.6H2O and BaCl2.6H2O were purchased from Synth (Brazil). Ethanol (99.3%) was supplied by QHEMIS (Brazil). All the reagents and solvents were used as received and without further purification.

  Material synthesis and film preparation

  Hybrid TEOS-GPTMS-HPW films were prepared based on our previously reported sol-gel method for the preparation of Ormosil-phosphotungstate films.21,26,28 The sol-gel derived films were prepared by the addition of phosphotungstic acid and the chosen doping cations to an ethanolic solutions cointaing the silicon alkoxides precursors, TEOS and GPTMS. GPTMS content of the hybrid materials varied from 0 to 80% of total silicon alkoxide molar amount. The compositions of the prepared samples are summarized in Table 1.
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  The TEOS and GPTMS were firstly dissolved in 25 mL of ethanol in a polypropylene beaker, followed by addition of 25 mL of freshly prepared HPW ethanolic solution under magnetic stirring. In this procedure, HPW plays the additional role of acid catalyst of the hydrolysis and condensation reactions of TEOS and GPTMS. After homogenization, 825 µL of M2+Cl2 0.242 mol L−1 aqueous solution (M2+ = Mg2+, Ca2+, Sr2+ or Ba2+) or deionized water (in the case of undoped samples) was added and the resulting mixture was kept under magnetic stirring for 15 min. The obtained sol was used to deposit thin films on soda-lime glass slides (Bioslide Technologies, USA) by dip-coating method. The glass substrates were cleaned by immersing the glass substrates in a cleaning solution composed of NH4OH:H2O2:H2O in 1:1:5 volume ratio at 70 ºC for 2 h, followed by rinsing with copious amount of deionized water and drying under a steam of nitrogen. Dip-coating film deposition was carried out using a disc elevator MA-765 Marconi (Piracicaba, SP, Brazil) with ascending and descending speed adjusted at 150 mm min−1. Each film was prepared by 10 immersion cycles and dried under ambient atmosphere (relative humidity 55 ± 10%, temperature 292 ± 3 K).

  Characterization techniques

  Fourier transform infrared (FTIR) spectra were collected at transmission mode with a Shimadzu Spectrophotometer (model IRAffinity 1) directly from films deposited on silicon plates. Spectra were recorded, using air as blank reference, from 4000-400 cm−1, 4 cm−1 of resolution and average of 32 scans.

  X-ray diffraction (XRD) was carried out using a Bruker Diffractometer (model D8 Advance) equipped with a high resolution energy-dispersive LINXEYE EXE detector. Grazing incident diffraction was applied to assess the films. X-ray diffraction patterns were collect from 3-50º with an incident angle fixed in 5º, scan step mode of 0.03º min−1 and counting time of 0.6 s per step. Ni-filtered Cu Kα radiation (λ = 1.54056 Å) were applied at 40 mA and 40 kV.

  X-ray fluorescence (XRF) analysis were carried out using a benchmark energy dispersive MiniPal4 (PANalytical) spectrometer equipped with a rhodium tube as X-ray source. All the measurements were acquired after a total measurement time of 840 seconds under He atmosphere. Tungsten and barium X-ray fluorescence intensities were determined by peak fitting of W Lα and Ba Lα using Omnian standardless analysis package (PANalytical).

  Photochromism experiments

  The photochromic properties of the hybrid films were evaluated by monitoring changes in the visible light electronic absorption spectra after exposure to UV-B light. Irradiation was carried out using a 16S Solar Light Simulator Xe arc lamp (Solar Light Co., USA). The sample-to-lamp distance was 7.3 cm and the UV light spot diameter was 1 cm. The thermal visible radiations (λ > 430 nm) were filtered out by internal filters. Electronic absorption spectra were collected immediatelly after irradiation with a USB 4000 spectrometer (Ocean Optics, FL, U.S.A.) equipped with a P400-2 UV/Vis optical fiber and an LS1 tungsten halogen lamp. Sample films were vertically positioned (perpendicular to the light beam) in a home-made aluminum sample-holder. The spectra of each sample film were measured using the non-irradiated film itself as a blank in order to have the light scattering of the films compensated. As a measure of the photochromic response of the films, the integrated area of the intervalence change transfer (IVCT) absorption band (600-800 nm) was measured from the absorption spectra. The reversibility and stability of the photochromic response of the hybrid films were evaluated by alternatively exposing the film first to UV irradiation for 10 min and then to air/O2 for 24 h (in dark) for up to 10 times. The electronic absorption spectra of the films after UV illumination (10 min) and after complete bleaching (12 h) were measured during each cycle.

   

  Results and Discussion

  Characterization by FTIR analysis

  FTIR is a powerful technique to study the incorporation of both organic functionalities and HPW in the obtained Ormosil films. Figure 1 presents the FTIR spectra of the undoped films prepared without (Und0) and with the highest content of GPTMS (Und80). The spectra of both samples show a broad band around 3400 cm−1, assigned to the stretching vibrational mode of −OH groups from silanol (Si–OH) residues. However, –OH groups from adsorbed and entrapped water in the silica matrix and around HPW polyoxoanion may also contribute to this band. Unlike the spectrum of Und0, the spectrum of the Und80 sample shows a set of bands at around 3000-2800 cm−1. These bands arise from the C–H stretching vibration of the CH2 groups of the organic modifier, as well the CH2 and CH3 groups from entrapped ethanol.38
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  Significant differences arise in the region under 1300 cm−1 with the increase in GPTMS content of both the undoped and Ba2+-doped samples (Figure 2). Strong absorbance bands observed around 1200-1020 cm−1 region are attributed to Si–O–Si vibrational modes, confirming the formation of silica network. The weaker absorbance bands observed under 850 cm−1 are also related to the vibrational modes of Si–O and Si–O–Si groups, as well Si−OH fragments.38 It is important to note that a new band appears in the spectra of GPTMS-containing samples at around 1190-1140 cm−1 which is assigned to the asymmetric stretching of the C–O bonds. This C–O bond is introduced by the incorporation of GPTMS as organic modifiers groups.39 Another important feature is the appearance of a discrete band in 1200 cm−1 (marked with an asterisk) as we increase GPTMS concentration. This band is related to the C–O–C stretching mode.40 Furthermore, the characteristic band due to the epoxy ring of GPTMS at 1260 cm−1 is not observed. Absence of this characteristic band of epoxy ring at 1260 cm−1 and the appearance of new bands due to C–O–C bond is a strong indicative that GPTMS undergoes ring opening reactions, leading to the formation of diol and ether functionalities upon hydrolysis and alcoholysis, or oligomers of polyethylene oxide (PEO) upon ring opening polymerization of the epoxy groups.40-42 The possible reactions during the GPTMS ring opening are shown in Figure 3.
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  Finally, FTIR analysis confirms the presence of HPW in the hybrid films. The Keggin structure of heteropoly acid presents well defined and characteristics bands (marked as ■) at 1079, 979, 897 and 821 cm−1 assigned to the P-Oa, W=Od, W–Ob–W and W–Oc–W vibrational modes, respectively.43 Relative absorbance of these bands is higher for the doped samples, suggesting that addition of doping cations leads to higher incorporation of HPW in the films. Such behavior was further investigated by XRF analysis as discussed later.

  Characterization by XRD analysis

  Since crystallization of HPW has been previously shown to suppress the photochromic response of HPW based composite materials,17 structural characterization of the prepared samples by powder XRD was carried out to understand their photochromic behavior. XRD diffractograms, for both the undoped and barium-doped samples (Figure 4) show that the GPTMS concentration strongly influences the dispersion, affinity, and crystallization of the HPW inside the matrix. Distinct diffraction peaks are observed in the diffractograms of pure inorganic SiO2 samples (0% GPTMS), indicating crystallization of phosphotungstic acid hydrates polymorphs44,45 and/or their corresponding barium salts.46,47 The diffraction peaks start to disappear upon introduction of GPTMS into the matrix, indicating that the resulting hybrid Ormosil matrix inhibits HPW crystallization,48 leading to a homogeneous dispersion of the heteropolyanions in the hybrid films. Furthemore, a broad peak at 2θ < 10º is observed in the diffractograms of the Ormosil-phosphotungstate films. Such feature in the X-ray diffractograms was already observed for powder samples of Ormosil-phosphotungstate composites and is related to the formation of ordered domains inside the hybrid organosilicate network, as discussed in our previous study.21
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  Photochromic behavior of the hybrid films

  Photochromic behavior of the hybrid films was studied by following visible light absorption changes upon exposure of the samples to UV radiation. Figure 5a shows the intensity of the broad absorption bands increases as function of UV exposure time. Such bands indicate the formation of photoreduced phosphotungstate species (e.g., PW12O404− and PW12O405−) and are assigned to d-d (400-550 nm) and IVCT (600-800 nm) transitions.11-13 These changes in visible light absorption leads to photo-induced coloration of the films, which acquire a dark bluish color (Figure 5b). The coloration process is reversible and the films bleaches at room temperature due to re-oxidation of polyoxometalate species by oxygen present in air, as demonstrated by photochromic response decay curve (Figure 5c). Furthermore, the coloration/discoloration cycles (Figure 5d) reaveal stable photochromic reponse, with only slight decrease after repeated cycles.
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  Effect of the hybrid matrix composition and doping cations on the POM content and photochromic response of the hybrid films

  The impact of the hybrid matrix composition (i.e., %GPTMS) and cation doping on the photochromic response of the films was evaluated by determining the integrated area of IVCT absorption band (600-800 nm). Figure 6 shows the variation of photochromic response of the undoped and Ba2+-doped films as function of GPTMS percentage. In both cases, the films prepared without the addition of GPTMS do not present photochromic response. Such behavior is probably related to the crystallization of HPW in the SiO2 films, as evidenced by XRD analysis.

  Upon incorporation of GPTMS at percentages higher than 20%, Ba2+-doped and undoped films present contrasting behavior; the photochromic response of the Ba2+-doped films enhances while that of the undoped samples slightly diminishes upon increasing the GPTMS content by more than 20% (Figure 6). Ba2+-doped sample (Ba80) presented photochromic response up to seven times higher than the most photoactive undoped sample (Und20). Thus, photochromic response of the hybrid TEOS-GPTMS-HPW dip-coated films can be enhanced by addition of Ba2+ cations and such enhancement can be tuned by changing the GPTMS content (Figure 6). 
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  Similar but less pronounced effects were achieved by doping with other alkaline-earth cations. Figure 7 compares the photochromic response of both undoped and cations-doped (Mg2+, Ca2+, Sr2+ or Ba2+) films as function of UV exposure time, fixing the amount of GPTMS at 80% in all cases. The observed photochromic response followed the order: undoped < Mg2+ < Ca2+ < Sr2+ < Ba2+. It is evident that larger cations (Sr2+, Ba2+) enhance the photochromic response of the films more effectively than smaller ones, suggesting a correlation between ionic size of the dopants and the properties of the resulting material as analyzed below.
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  Electrostatic interaction between polyoxoanions and cations are known to strongly affect the assembly of POMs-based materials.34,35,49 In the specific case of Ormosil-phosphotungstate nanocomposites, hybrid matrix composition and the presence of Zn2+ doping cations were shown to influence the incorporation of polyoxometalate species in dip-coated films and consequently their photochromic response.21,28 XRF analysis was employed to evaluate incorporation of phosphotungstate and Ba2+ in the hybrid films (Figure 8) by monitoring W Lα and Ba Lα fluorescence intensity. Barium incorporation in the Ba2+-doped films was found to increase with increase of GPTMS content of the Ormosil matrix (Figure 8a). The tungsten (W) content of the undoped films decreases for GPTMS percentages higher than 20%. On the other hand, the W content of Ba2+-doped sample increases continuously with increase in GPTMS content (Figure 8b), indicating more incorporation of the polyoxometalate species. A similar trend of phosphotungstate incorporation was observed using FTIR spectroscopy (Figure S1 in the Supplementary Information (SI) section). Therefore, the incorporation of both phosphotungstate and cations is clearly influenced by the composition of the hybrid matrix. The increased incorporation of the positively charged species in the films may be related to the presence of GPTMS derived chelating functional groups, such as oligo-ether chains and diols, which can complex the alkaline earth cations.50,51 The chelated cations might then electrostatically attract the PW12O403− polyoxoanions, thus acting as nucleating sites for the formation of phosphotungstate-rich domains inside the hybrid matrix. Incorporation of the cations and subsequent adsorption of PW12O403− on these nucleation sites seems to be the first step in the formation of such phosphotungstate-rich domains. The initially adsorbed PW12O403− polyoxoanions may further interact with other cations in the surrounding, such interaction being dependent on cation size. Again, the newly adsorbed cations may interact with more polyoxoanions in the surrounding. The overall result is an increased GPTMS/cations mediated incorporation of polyoxoanions in the hybrid films, as evidenced by XRF analysis. In the absence of cationic species, polyoxometalate incorporation is not effective because of the weak intermolecular interactions with the Ormosil matrices.
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  XRF analysis evidenced that the entrapment of phosphotungstate is enhanced by the presence of cations, possibly due to the electrostatic interactions between these species, suggesting it to be the possible reason for the superior photochromic response of cation-doped hybrid films. Such hypothesis is supported by the strong correlation between the photochromic response (Figure 6) and W Lα intensity (Figure 8b) of Ba-doped films. Additionally, a linear correlation (R2 = 0.99) is observed between photochromic response and W content (as indicated by W Lα intensity) for the films doped with different alkaline earth cations (Figure 9). Since POMs tend to associate more favourably with larger cations52,53 due to their lower hydration radii and hydration energies,54,55 cation-phosphotungstate electrostatic interaction should follow the order Mg2+ < Ca2+ < Sr2+ < Ba2+. This very same trend is observed in the XRF analysis and photochromism experiments (Figure 9). Therefore, the ion-size dependency observed for POM incorporation and the resulting enhanced photochromic response also fits with the electrostatic interaction based incorporation model.
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  Conclusions

  Highly photochromic hybrid Ormosil-phosphotungstate materials were prepared using sol-gel route and the resulting hybrid materials were immobilized as multilayer films on glass substrate using dip-coating technique. The presence of GPTMS and alkaline earth metal cations leads to a significant enhancement (up to 7 times) of the photochromic response of the films by increasing the amount of phosphotungstate anions incorporated in the films. GPTMS provides the chelating sites for adsorption of cations and the cations in turn interact with phosphotungstate anions in the order: Mg2+ < Ca2+ < Sr2+ < Ba2+. The photochromic response follows the same order indicating a correlation between cation size (or cation-phosphotungstate interaction) and photochromic response. The presence of GPTMS seems to prevent crystallization of the HPW leading to a homogeneous dispersion of the heteropolyanions in the hybrid films. The ion-size dependency observed for phosphotungstate’s incorporation and the resulting enhancement of the photochromic response follow the eletrostatic mediated incorporation model and can be extended to other POMs and metal cations.
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    New glass compositions in the system 1-x(SbPO4-ZnO-PbO)-xMnO (with 0 ≤ x ≤ 20 in mol%) were prepared by melt-quenching methodology. Thermal, structural and optical properties of the new glasses were systematically studied by means of differential scanning calorimetry (DSC), UV-Vis and Raman spectroscopy, fluorescence and electronic paramagnetic resonance (EPR). The addition of MnO increases the thermal stability of the glasses with Tx – Tg close to 140 ºC for higher Mn contents. EPR measurements show that Mn2+ ions are in octahedral arrangement which is in agreement with UV-Vis and luminescence results. Samples present red luminescence when excited with 408 nm source.
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  Introduction

  Special glasses containing transition metal (TM) ions have aroused the interest of researchers around the globe during the last years to explore an amount of interesting phenomena like luminescence,1-3 non-linear4,5 and, more recently, magnetic properties.6-8

  The interest in luminescent glasses, mainly those containing Mn2+ ions, arises from the fact that, depending on the composition of the glass host, the material can be used as a phosphor with emission range from green to red.3 However, it must be taken into account that the luminescent behavior is strongly dependent on the surroundings of the Mn2+ ions, and depending on the composition it can even be completely suppressed.9

  It is known that crystals present better luminescent properties than glasses (i.e., higher life times and narrow emission bands), so, to enhance the optical properties, including preparing better phosphors, an alternative is to crystallize the glass host in order to obtain a glass-ceramic, where the transition metal should be present in the crystalline phase. In multi-component glass systems it is not that trivial because a lot of different and undesired phases can rise up during the thermal treatment. Thus, the control of the crystallization process and the knowledge of the environment of the TM are essential to maximize the efficiency of the phosphor.

  Structural modifications of the local environment of the TM ion incorporated into the network resulting from thermal treatment or by varying the composition of a glass can be reflected in the electron paramagnetic resonance (EPR) and optical absorption spectra of the TM ions.10,11 Among the TM ions, Mn2+ is important because of the extreme sensitivity of its optical and EPR spectra on the nature of the host matrix, and has been frequently used as paramagnetic probes in vitreous systems.12-16 In glass matrices, manganese may be present as Mn3+ or Mn2+ ions, occupying tetrahedral or octahedral site symmetries.11,17,18 EPR spectroscopy is a particularly suitable technique for the study of local coordination of Mn2+ and Mn4+ ions in glass matrices. In particular, EPR techniques have been extensively used to monitor changes at the manganese sites during crystallization process and to identify spectroscopically distinct manganese sites in glasses.9,11,12,14,16,19-21

  In such context, the aim of this paper was to study the optical and structural properties of phosphate glasses and glass-ceramics doped with manganese. The samples were studied by thermal analysis, Raman, UV-Vis, EPR and luminescence spectroscopy.

   

  Experimental

  The glass samples were prepared by melt quenching method, in platinum crucible, using SbPO4, ZnO, PbO and MnCl2.4H2O as raw materials. SbPO4 was previously synthesized as described by Nalin et al.22 The glass composition (100 – x)70SbPO4-10ZnO-20PbO-xMnO was chosen to be studied, with x ranging from 0 to 20 mol% as shown in Table 1.
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  Thermal analyses were performed with a Netsch DSC 404 Pegasus, in nitrogen atmosphere. Small pieces of glass were put in platinum crucibles and analyzed in the range from 25 to 700 ºC with a heating rate of 10 ºC min-1. The characteristic temperatures of the glasses were determined: glass transition (Tg), onset of crystallization (Tx) and maximum of crystallization (Tp). The stability parameter (Tx – Tg) was used to estimate the stability of the glass compositions against devitrification. The errors associated with determinations of the temperatures are ± 2 ºC for Tg and Tx and ± 1 ºC for Tp.

  A LabRAM (Jobin Yvon) spectrometer equipped with a micro-Raman microscope was used to obtain the Raman spectra in the range from 100 to 2000 cm-1. The spectra were obtained from the polished surface of the glasses. The wavelength of the laser used in measurements was 632.8 nm and the spectral resolution was 4 cm-1.

  X-Band continuous-wave electron paramagnetic resonance (CW-EPR) spectra were recorded at 50 K on a Bruker Elexsys E580 spectrometer operating at 9.478 GHz and equipped with an Oxford continuous flow liquid helium cryogenic system. Solid state powder EPR spectra were simulated using the software EasySpin,23 implemented in MATLAB (MathWorks, Inc.).

  Excitation and emission spectra were obtained using a Fluorolog (Horiba Jobin Yvon) equipment at room temperature. Both measurements were obtained from glass pieces. For excitation measurements the emission wavelength was set at 610 nm for samples 05Mn, 3Mn, 5Mn and 10Mn and 650 nm for sample 20Mn. The emission spectra were obtained by exciting at 411 nm.

  Since Tg and Tx were known, heat treatments were performed between those temperatures in order to control the formation of glass-ceramics, and the absorption spectra were monitored during the heating process in an oven coupled to a Varian Cary 5000 UV-Vis-near infrared (NIR) spectrophotometer in the range from 350 to 800 nm. The spectral resolution was 4 nm.

   

  Results and Discussion

  Antimony based heavy metal oxides glasses present several interesting tecnological characteristics, concerning their high refractive index,24 good thermal stability,25 and good non-linear properties,26 making them promising materials for photonic applications. However, from the luminescent point of view, such materials were not yet explored. In this sense, this work aimed to study the structural and optical properties of antimony based glasses and glass-ceramics doped with Mn2+ and the luminescent dependency on the manganese content.

  Glasses in the system 100 – x(70SbPO4-10ZnO-20PbO)-xMnO (with 0.5 ≤ x ≤ 20, in mol%) were synthesized. The prepared samples were pale yellow, and presented a slight intensification of the color as more manganese was added.

  The thermal analyses results are shown in Figure 1a, from which we note an enlargement of the crystallization peak with increase of the manganese content. The characteristic temperatures also increase with the MnO concentration. Since Tx increase is more significant than that of Tg, the thermal stability also rises with increase of manganese content, which may indicate that the Mn2+ ions favor the disorganization of the glass network making it more difficult to crystallize the glass matrices.
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  All the thermal results, along with the glass compositions, are summarized in Table 1. The evolution in the characteristic temperatures of the glasses is better observed in Figure 1b, for Tg, Figure 1c for Tx and Figure 1d for the stability parameter.

  Raman spectra seen in Figure 2 show the characteristic profile bands of a SbPO4 based glass.22 Bands at 1140 and 978 cm-1 are assigned to νas PO4 and νs PO4, respectively. Those at 620, 548, 467 and 404 cm-1 may be attributed to νas P–O–Sb, νas Sb–O, δs PO4 and δas Sb–O, respectively. Those appearing at 204 and 300 cm-1 were assigned to group modes.22 From Raman results it was not possible to observe any significant change in the structural arrangement of the glasses despite the low intensity band appearing close 850 cm-1 for samples containing 5, 10 and 20 mol% of MnO. Such band corresponds to luminescence of Mn2+ ions present in octahedral sites. If converted to wavelengths, 850 cm-1 corresponds to 668 nm and can be assigned to transition 4T1 (G) → 6A1 (S).3 Also, it is clear that by increasing the amount of manganese a large luminescent band rises up in the higher energy side and as manganese content increases, the luminescence signal of manganese begins to overlap the band at 1100 nm.
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  In order to investigate the role of manganese in the structure of the glasses, EPR measurements were done. Figure 3a shows the X-band CW-EPR spectrum measured at 50 K of the 100 – x(70SbPO4 -10ZnO-20PbO)-xMnO glasses. Two prominent features with effective g-values of g ca. 2.0 (around 3300 G) and g ca. 4.3 (around 1500 G) appeared in all spectra. The former signal, which has been frequently reported in oxide glasses, is attributed to magnetically isolated Mn2+ ions in symmetry close to octahedral or undistorted cubic sites.11,27-29 The low field signal at g ca. 4.3 is associated with isolated Mn2+ ions in rhombic distorted sites subjected to high crystal field effects.11,15,18,30,31
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  The Mn2+ ion has a 3d5 electronic configuration, spin S = 5/2 and ground state 6S5/2 (high spin configuration). For d5 transition metal ions the axial or tetragonal distortion of octahedral crystal field gives rise to three Kramer's doublets, ± 5/2, ± 3/2 and ± 1/2.32 Application of magnetic field lifts the spin degeneracy of the Kramer's doublets and the resonances observed in the EPR spectra are due to transitions within the Kramer's doublets. The resonance at g ca. 4.3 is believed to arise from transitions between energy levels of the ± 3/2 Kramer doublet whereas those at g ca. 2 arise from transition within the ± 1/2 Kramer doublet.12,29,33,34 Manganese has a stable isotope with non-zero nuclear spin, 55Mn, with I = 5/2 (100% natural abundance), therefore the EPR spectra of Mn2+ ions at low manganese concentration has a characteristic hyperfine structure composed of six lines, resulting from the dipole-dipole interaction between the magnetic moment of the 55Mn nuclei and the electronic moment of the paramagnetic Mn2+ ion. The hyperfine sextet has long been recognized as the main signature of Mn2+ in glasses.20

  As can be seen in Figure 3a, the shape of the EPR spectra strongly depends on the MnO content of the glass samples. The EPR spectrum of the sample with lower MnO content (x = 0.5 mol%), exhibits a well-defined isotropic sextet centered at g ca. 2.0, superimposed on a broader background. The hyperfine structure is only barely discernible in the low field resonance at g ca. 4.3. It should be noted that the signal at g ca. 4.3 may also have a contribution of natural iron impurity presented in the raw materials. The Fe3+ ion has also a 3d5 electronic configuration and the g ca. 4.3 signal is due to isolated Fe3+ ions in tetrahedral or octahedral symmetry with rhombic distortion.20,35,36 When the concentration of manganese increased beyond 1 mol% MnO in the glass samples, the hyperfine structure disappears and the spectra reduces to a broad resonance line centered at g ca. 2.0 (Figure 3a). The disappearance of the hyperfine structure in glasses with higher content of MnO indicates the increase of dipole-dipole interactions and, at higher MnO concentrations, the presence of magnetic exchange interaction.16,37,38 The manganese concentration dependence of the EPR line intensity, shown in Figure 3b, was obtained from the double integration of the resonance line at g ca. 2.0 and normalized by their mass. The intensity of the resonance at g ca. 2.0 increases almost linearly with the manganese ions content in the glass up to 10 mol%. This behavior is in agreement with those observed in other manganese doped phosphate glasses.11,16,29,39

  The resonance signal centered at g ca. 2.0 is dominant in the Mn2+ spectra of the glass sample with 0.5 mol% of MnO (Figure 3a). For most of the reported EPR studies in manganese-doped glasses, the signal at g ca. 4.3 is weak if compared to the main resonance at g ca. 2.0. This result suggests that for low MnO concentration, the Mn2+ ions enter in the 70SbPO4-10ZnO-20PbO glass as isolated ions occupying predominantly highly ordered environment close to octahedral symmetry, giving the g ca. 2.0 resonance signal.11,16,18,38 On the other hand, it should be noted that dominant Mn2+ resonance signal at g ca. 4.3 has been reported on glasses based on B2O3-Bi2O315,35 and 90PbGeO3-10SbPO4,9 indicating that a significant fraction of Mn2+ ions in these glasses are in rhombically octahedral distorted sites.

  It is interesting to note the shift of the EPR resonance toward lower magnetic field with increasing MnO content in Figure 3a. For low MnO levels, the g-value (g = 2.005 for sample with 0.5 and 3 mol% of MnO) is close to the free electron value (ge = 2.0023). At higher MnO concentrations the g-value shifts to 2.022 (sample 5Mn) and 2.037 (sample 10Mn). Similar changes in g-values were reported in xMnO-(1 – x)(Sr-O-P2O5)40 and MnxSr1 –x(PO3)2 glasses,11 where the parameter increased from g = 2.00 for x = 0.1 to g = 2.04 for x = 1.0. Similar trends were observed in LiI-AgI-B2O3-MnO glasses, where the g-value increased from 2.0027 to 2.0070 when the MnO content increased from 0.1 to 0.8 mol%.18 The shift in g-value with the manganese concentration has been correlated with the bonding character of the Mn2+ ion incorporated in the glass. Values above the free electron g-value are indicative of more covalent, and those below are related to more ionic Mn2+ bonding character.11,40 Accordingly, the positive deviation of the g-value with the MnO content observed in Figure 3 suggests a more covalent character in Mn2+ site for higher Mn content in the SbPO4-ZnO-PbO glasses studied here.

  The influence of the MnO content on the optical properties of the glasses was investigated by UV-Vis spectroscopy and the absorption spectra may be observed in Figure 4. Results show a sharp band at 411 nm, which is more intense as the manganese content in the glass sample increases. Such band is assigned to 6A1 (S) → 4A1, 4E (G) from Mn2+ ions in octahedral symmetry which is in agreement with EPR results. This band presents a shoulder around 420 nm which has been assigned to 6A1 (S) → 4T2 (G) transition. A second band, which is broader, is observed at about 520 nm only for sample 20Mn and attributed to transition 6A1 (S) → 4T1 (G). Considering the presence of such band for the sample more concentrated in MnO, we can rule out the presence of small amounts of Mn3+ ions. In a very detailed study, Konidakis et al.40 showed that even concentrations below 0.07% in Mn3+ ions are enough to present absorption band in this region. Such results are also in agreement with previously reported data.3
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  Due to very low concentration and because Mn3+ is silent to EPR measurements, the presence of such ion is difficult to be characterized in glasses.

  The red shift observed in the cutting edge as the sample is more concentrated in manganese may be assigned to both charge-transfer excitations from oxygen to Mn2+ and/or Mn3+ and intervalence charge-transfer excitations from Mn2+ towards Mn3+.40

  The glasses were studied by luminescence spectroscopy and the results are shown in Figure 5. In the excitation spectra of the glasses, shown in Figure 5a, the absorption profiles are similar to those observed by Winterstein et al.41 The inset in Figure 5a shows a deconvolution of the bands for sample 20Mn. The six d-d transitions were assigned and correspond to transitions from the fundamental level 6A1 of Mn2+ towards the excited states 4E (4D), 4T2 (4D), 4E (4G), 4A1 (4G), 4T2 (4G) and 4T1 (4G), respectively.
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  Emission spectra of the samples are shown in Figure 5b. Broad bands are observed in the region between 620 and 680 nm, and have a red shift as the concentration increases. Mn2+ (d5) in octahedral symmetry and high spin configuration is not supposed to present allowed transitions. However, if some symmetry distortion is observed the transition become allowed by the Laporte rule and the emission band can be observed.42 Usually, if Mn2+ ions are in tetrahedral arrangement, the emission band appears in the green region while octahedrally surrounded Mn2+ presents emission from orange to red.41,43 Following the same argument discussed above, the emission bands shown in Figure 5b were assigned to transition 4T1 (G) → 6A1 (S) of Mn2+ in octahedral environment.42,44 The red shift was already observed by Reisfeld et al.45 and is an indicative that the increase of manganese concentration increases the crystal field strength.

  The photograph of the sample without MnO and the sample containing 10 mol% Mn (10Mn) under white light irradiation is shown in Figure 6a. It is clear that the addition of manganese leads to a slight change in the color of the mother glass. This color comes mainly as a result of the absorption band at 410 nm, as observed in Figure 4. Under excitation of a light source at 480 nm it is possible to observe the red emission of the sample 10Mn while the non-doped sample remains unchanged. The emission lifetime was measured for all samples and the results are summarized in Table 2.
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  From the results listed in Table 2 it is possible to infer that the lifetimes (τ) are low, but coherent with amorphous materials; increasing the MnO content a decrease in τ was also observed, which is in agreement with other results shown by Reisfield et al.45 Such effect is assigned to luminescence-quenching as a function of the MnO concentration for samples.3,46

  Nowadays, the preparation of glass-ceramics using such glasses are under investigation in our laboratories in order to obtain longer lifetimes and also focusing on the magnetic properties of such new materials, since the crystallization of MnO in nanoscale from the glass can be achieved by controlled thermal annealing.

   

  Conclusions

  The local symmetry of Mn2+ in the matrix must be predominantly octahedral, as observed from the results of absorbance spectroscopy, EPR and luminescence.

  From thermal analysis results we conclude that the devitrification of glasses becomes less favorable when the manganese concentration increases in the glass composition. This may be an indicative that the ions favor the disorder of the matrix, possibly occupying the interstices. On the other hand, when the concentration of MnO is higher than 5 mol%, a new band at ca. 850 nm appears in the Raman spectra; however, it corresponds to luminescence of Mn2+ in Oh symmetry.

  The samples containing Mn2+ ions are luminescent and present red emission when excited with λ = 408 nm. The emission band shifts to higher wavelengths along with the Mn content.
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    Two new photosensitizers (PSs) derived from copper-chlorophyllin were designed to have excitation wavelengths appropriate for the use in photodynamic therapy (PDT) and to have amphiphilic character with positive charge, which favors binding to cell membranes and walls and the intracellular localization in mitochondria. Herein we describe the synthesis and characterization of several properties of these two new PS, i.e., photophysical (absorption, fluorescence and singlet oxygen emission quantum yields, Φf and ΦΔ, respectively), physical-chemical (aggregation) and photobiological (binding, incorporation and cell killing). As expected, the aggregation affected not only the absorption spectra but also lowered considerably the values of Φf and ΦΔ, which could be controlled by the interaction of the PS with aqueous micelles. In vitro studies were performed in cells, mitochondria, and vesicles to determine uptake, membrane binding, cytotoxicity, phototoxicity, and intracellular localization. The positively charged derivatives showed to be considerably more efficient for cell killing than methylene blue.

    Keywords: photodynamic therapy, chlorophyll, aggregation, singlet oxygen.

  

   

   

  Introduction

  Copper-chlorophyllin (Cu2+-Chl) is a commercially available chlorin, non-symmetric and meso-substituted with three carboxyl groups at positions 23, 181 and 202. It has several applications, including anti-microbial (against human immunodeficiency virus-HIV and bacteria), antitumoral and food coloring.1,2 It is obtained from chlorophyll by replacing the methyl and phytyl ester groups with alkali and replacing the magnesium with copper.3 The spectroscopic (electronic spectrum and infrared) of Cu2+-Chl is very similar to that of chlorophyll. It has an intense Q band at 630 nm, which is ideal for use in photodynamic therapy (PDT), a technique that has been used for the treatment of cancer and other diseases and that is based on the damage of living tissues by visible light in the presence of a photosensitizer (PS) and molecular oxygen.4,5 Chlorophyll is a raw material in the synthesis of various PSs used in PDT such as chlorin e66 and other synthetic chlorins.7-9 However, Cu2+-Chl does not work as a PS, since the paramagnetic Cu2+ avoids the formation of long-lived excited states.10

  The process of photosensitization in PDT leads to the generation of singlet oxygen and of several radicals (R∙) and reactive oxygen species (ROS).11,12 These species damage membranes, proteins and deoxyribonucleic acid (DNA), resulting in several mechanisms of cell death.13-15 The PS should be non-toxic in the absence of light and should be selectively up-taken by the target tissues.4,5 Several features are being considered in the development of new PSs: molecular targeting to diseased tissues, optimization of the bioavailability and of the photophysical and photochemical properties, decrease in photobleaching and self-aggregation.7,16,17 The efficiency of the PDT is also driven by the main site of intracellular localization, which is related to the structure of the PS.5,7,17,18 

  In this work, we describe a simple synthetic route to obtain new non-symmetric PSs derived from Cu2+-Chl, containing either three tertiary amines or three quaternary ammonium groups (see Figure 1). These new compounds were characterized chemically and their PDT-relevant properties such as photo-physical, intracellular sub-location and photo-toxicity in human adenocarcinoma cell line (HeLa) cells were studied. Our results demonstrate that these compounds have the potential to become improved PDT PSs.
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  Experimental

  All solvents and compounds were purchased from Acros Organics Chemicals and were used as they arrived unless otherwise specified. The trisodium salt of Cu-chlorophyllin: copper trisodium (2S-trans)-[18-carboxy-20-(carboxymethyl)-13-ethyl-2,3-dihydro-3,7,12,17-tetramethyl-8-vinyl-21-H,23-H-porphine-2-propionato was obtained from Sigma-Aldrich and used without any purification.

  Removal of Cu2+ and esterification

  500 mg (0.7 mol) of trisodium salt of Cu-chlorophyllin was dissolved in methanol saturated with HCl and the reactional mixture was stirred for 4 hours. The mixture was partitioned three times with a dichloromethane (DCM)/HCl solvent mixture, in a second step, the organic phase was neutralized with ammonia solution and made a second partition. The organic phase was dried with magnesium sulfate, and the solvent was removed in rotavap, the solid residue was purified by column chromatography using silica gel and eluted with DCM:MeOH 50:1. The collected fractions were analyzed by absorption spectroscopy and the subsequent; 18-methyl formate-20-(methylacetate)-13-ethyl-2,3-dihydro-3,7,12,17-tetramethyl-8-vinyl-21-H,23-H-porphine-2-methylpropionate, (trimethylester chlorophyllin, compound 2), was isolated. The process yielded 210 mg (0.3 mol, i.e., 48% yield).

  Synthesis of compound 4, 18-(N-(3-(dimethylamino)propyl)formamide)-20-(N-(3-(dimethylamino)propyl)acetamide)-13-ethyl-2,3-dihydro-3,7,12,17-tetramethyl-8-vinyl-21-H,23-H-porphine-2-N-(3-(dimethylamino)propyl)propionamide

  200 mg (0.3 mmol) of compound 2, was dissolved in 4 mL of CHCl3 and added to 20 mL aqueous HCl 2 mol L-1. After 4 h, the solvents were distilled off under reduced pressure, thus obtaining the compound 3 (122 mg, 0.2 mmol, 66%)19 without further purification. After that, 100 mg (0.17 mmol) of the compound 3 was refluxed under a dry nitrogen atmosphere with an excess of fresh oxalyl chloride (2 mL) for 2 h, followed by the distillation of the remaining oxalyl chloride, thus yielding a green residue as a film.17 Finally, this last obtained compound was stirred with an excess of 3-dimethylamino-1-propylamine (2 mL) for 2 h, under a dry nitrogen atmosphere and at room temperature. The amine excess was distilled off under reduced pressure, and the solid was dissolved in DCM and washed with an aqueous solution of ammonium hydroxide (0.5 mol L-1). The organic phase was separated and the solvent distilled off to obtain a green solid. The product was purified by column chromatography over basic alumina, (Merck: Brockmann Grade V) using DCM/MeOH = 10:1 (v/v) as eluent, and the obtained precipitate was crystallized with DCM and hexanes to give compound 4 (108 mg, 0.12 mmol) in 76% yield.

  Compound 4 was characterized by Fourier transform infrared (FTIR), nuclear magnetic resonance (NMR) and electrospray ionization time-of-flight mass spectrometry (ESI-MS-TOF). IR signature C=O at 1661 cm-1; 1H NMR (500 MHz, CDCl3) δ (ppm): −2.3 (s, 2H, H-21 and H-22), 1.56 (t, 3H, CH3-132), 1.62-1.64 (m, 6H, H-26, H-184 and H-205), 2.13 (s, 18H, 6CH3, H-29, H-187 and H-208), 2.39-2.41 (m, 6H, H-27, H-185 and H-206), 2.99-2.86 (m, 6H, H-25, H-183 and H-204), 3.37, 3.35 and 3.27 (3s, 12H, CH3-31, CH3-71 and CH3-171), 3.58 (t, 2H, J 7.7 Hz, CH2-22), 4.07 (t, 2H, J 7.7 Hz, CH2-21), 4.09 (s, 2H, CH2, 201), 6.46-6.36 (m, 2H, 82), 7.99 (m, 1H, 81), 8.77 (s, H, CH-10), 9.67 (s, 1H, CH-20), 10.09 (s, 1H, CH-15); 13C NMR (125.77 MHz, CDCl3) δ (ppm): 12.2, 14.3, 14.4 and 19.9 (C-71, C-132, C-121 and C-171), 22.9 (C-21), 29.9, 29.7 and 29.7 (C-26, C-184 and C-205), 32.1 (C, CH2-22), 38.0 (C, CH2-201), 30.0, 30.1, and 31.0 (C-25, C-183 and C-204), 45.5, 45.3, 45.2, 45.2 and 44.9 (C-29, C-187 and C-208), 58.5, 58.3 and 58.1 (C-27, C-185 and C-206), 191.6, 185.0 and 173.3 (3C, C-23, C-181 and C-202); m/z 847.57 calculated for C49H71N10O3+ (MH+); found: 847.60.

  Synthesis of compound 5, 8-(3-formamido-N,N,N-trimethylpropan-1-aminium iodide)-20-(3-acetamido-N,N,N-trimethylpropan-1-aminium iodide)-13-ethyl-2,3-dihydro-3,7,12,17-tetramethyl-8-vinyl-21-H,23-H-porphine-2-N,N,N-trimethyl-3-propionamidopropan-1-aminium iodide

  50 mg (0.05 mmol) of the compound 4 was dissolved in anhydrous DCM and excess of CH3I was added to give compound 5 with quantitative yield. The reaction medium was maintained with stirring for 12 hours, and the residues were purified by recrystallization in DCM:MeOH. Compound 5 was characterized by FTIR, NMR and ESI-MS-TOF. IR signature observed at 1657 cm-1 (C=O); 1H NMR (500 MHz, DMSO-d6) δ (ppm): −2.38 (s, 2H, H-21 and H-22), 1.83 (t, 3H , J 7.0 Hz, CH3-132), 2.06-1.78 (m, 6H, H-26, H-184 and H-205), 2.90-2.77 (m, 6H, H-27, H-185 and H-206), 3.09-3.07 (m, 6H, H-25, H-183 and H-204), 3.14, 3.12 and 3.10 (3s, 12H, CH3, 71, 121 and 171), 3.31 (2H, H-22), 3.39 (s, 18H, C-29, C-187 and C-208), 3.43 (2H, H-131), 4.02 (2H, H-21), 4.21 (2H, CH-201), 6.12-6.08 (m, 2H, H-82), 8.14-8.08 (m, 1H, H-81), 8.48 (s, 1H, H-5), 9.02 (s, 1H, H-10), 9.35 (s, 1H, H-15); 13C NMR (125.77 MHz, DMSO-d6) δ (ppm): 13.9, 14.0, 14.2 and 17.3 (C-31, C-71, 132, 121 and 171), 20.0 (C-131), 22.9 (C-21), 19.4, 22.1 and 23.0 (C-26, C-184 and C-205), 35.5 (C-22), 35.2 (C-201), 34.2, 35.5 and 36.2 (C-25, C-183 and C-204), 52.3, 52.3, 52.3, 52.4, 52.5 and 52.5 (9C, C-29, C-187 and C-208), 62.4, 63.4 and 63.5 (C-27, C-185 and C-206), 161.6, 172.5 and 175.0 (C-23, C-181 and C-202); m/z 1272.34 calculated for C52H79N10O3+ (MH+); found: 1272.34.

  Spectroscopic studies

  Ground-state absorption spectra were recorded using a SPEX UV-2401 PC Scanning Dual Beam Spectrometer by measuring the sample against its background from 350 nm to 700 nm. Extinction coefficients were determined by measuring absorption as a function of concentration in MeOH. In order to evaluate the state of aggregation, equal volumes of aqueous solutions of compounds 4 and 5 were diluted in a volumetric flask in deionized water, and dissolved with surfactant stock solution to give 10 mmol L-1 sodium dodecyl sulfate (SDS), or 10 mmol L-1 certimoniumn bromide (CTAB).

  Fluorescence studies were conducted using a SPEX Fluorolog 1934D spectrofluorimeter. Fluorescence quantum yields (Φf) were determined by measuring the area under the curve against a known standard (methylene blue-MB, Φf = 0.03; excitation 532 nm, emission 555-900 nm) with optical densities of solutions under 0.1. Singlet oxygen measurements were performed using a phosphorescence detection method, utilizing a Continuum Surelite III Nd:YAG laser, exciting at 532 nm. The radiation emitted at 1270 nm by the sample was detected by a Hamamatsu R5509 photomultiplier. To obtain singlet oxygen quantum yields (ΦΔ), a standard of hematoporphyrin IX (ΦΔ = 0.74) was used in the same solvent (methanol) and excitation as the compounds 4 and 5.17-20

  n-Octanol-water partition coefficient studies

  Equal volumes of buffer of specified pH and n-octanol were shaken vigorously for 20 minutes. The phases were allowed to separate until there was mutual saturation between the solvents. The compound was dissolved in the pH buffer or in n-octanol, whichever was more soluble, to an optical density of 1 at the Soret band, complimented with an equal volume of either buffer or n-octanol, and added to the saturated solvent system. The mixture was agitated vigorously for 2 hours followed by centrifugation at 4000 rpm at room temperature for 10 minutes. The absorbance at the Soret band of both phases was determined and analyzed to determine the n-octanol/water partition coefficient.21

  Mitochondrial uptake of photosensitizers

  Mitochondria were isolated from the livers of rats as described previously.17 Protein concentration was determined by the biuret method in buffer containing 0.250 mol L-1 saccharrose, 10-2 mol L-1 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 1 mmol L-1 ethylene glycol tetraacetic acid (EGTA), 2 × 10-3 mol L-1 succinate, 10-6 mol L-1 sodium phosphate, and 10-6 mol L-1 of both rotenone and oligomycin. A suspension of 13 mg mL-1 of mitochondria was mixed with 2 × 10-6 mol L-1 compounds 4 and 5 each and mixed in phosphate buffer for 10 minutes, after which, the suspension was centrifuged for 10 minutes. The incorporation was determined based on the difference of absorption from a control sample unexposed to the mitochondrial suspension.16-18

  Liposomal uptake of photosensitizers

  46 mg of phosphatidylglycerol was dissolved in 1 mL of CHCl3 and evaporated by a flow of argon. 2 mL of phosphate buffer was added to the test tube, and the system was shaken vigorously for 3 minutes. The tube was centrifuged for 3 minutes at 14,000 rpm. The supernatant was discarded, and the process was repeated in triplicate. To the precipitate, 1 mL of phosphate buffer was added, and shaken vigorously for 3 minutes. Of this solution, 25 µL was taken and added to 1 mL of a 2 × 10-5 mol L-1 solution of either compounds 4 and 5. The system was then subjected to mechanical agitation for 30 minutes, followed by rest for 30 minutes. The solution was centrifuged again as above. Concentration incorporated was determined by comparing a control solution of 2 × 10-5 mol L-1 of the compounds unexposed to the liposomal solution.17,21,22

  Cell culture studies

  Human adenocarcinoma cell line (HeLa) was grown according to protocol in 75 cm2 plastic culture tissue flasks in Dulbecco’s minimum eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S). The flasks were maintained with constant humidity at 37 °C with 5% CO2.17

  Cellular uptake in HeLa cells

  Cells were plated in 1.8 cm diameter Petri dishes at a concentration of 106 cells per dish. The cells were allowed to adhere to the dish overnight in fresh media supplemented with 10% FBS and 1% P/S. The media was removed, and fresh media containing human adenocarcinoma cell line (HeLa) was grown according to protocol in 75 cm2 plastic culture tissue flasks in DMEM supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S). The flasks were maintained with constant humidity at 37 °C with 5% CO2, either compounds 4 and 5 was added. The cells were incubated with the photosensitizer for 3 hours, the medium was removed, and the difference of absorbance versus unexposed DMEM with compounds 4 and 5 was used to compare uptake by HeLa cells.17

  Cellular toxicity studies

  HeLa cells were seeded in 1.8 cm diameter Petri dishes and incubated with 2 × 10-5 mol L-1 compounds 4 and 5, or methylene blue (MB) as above. After 3 hours, the medium with sensitizer was removed and the cells were washed with fresh phosphate-buffered saline (PBS) in triplicate. Cells were then exposed to laser light from a Morgotron laser of 532 nm (for MB, 20 mW) or 650 nm laser (for compounds 4 and 5, 20 mW) in fresh PBS. The laser sheaf was held to the culture dish cover and cells were exposed to the light for 1 minute on, 1 minute off, for a total of 7 minutes of irradiation. The laser dose measured at the surface of the culture dish was 2.7 mJ cm-2 and power of 4 mW for 532 nm laser, and 2.5 mJ cm-2 and power of 3.6 mW for the 650 nm laser. After irradiation, the PBS was removed, and the cells were placed in fresh DMEM with 10% FBS and 1% P/S and maintained overnight. Cellular viability was determined 24 hours later by standard (3-(4,5-dimethylthizol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.

   

  Results and Discussion

  Synthesis of compounds 4 and 5

  We have synthesized two new porphyrins with an easy synthetic pathway and using reagents that are simple and cost-effective. Compared to other possible sources of lead compounds for this synthesis such as chlorophyll a, Cu2+-Chl (1) is commercially available, stable, and has low-cost.3,4 The removal of the central copper of Cu2+-Chl is crucial, because the paramagnetic nature of copper avoids the formation of the long-lived triplet states.2 After removing the copper center, the spectral properties of the demetallated product (compound 2) are very similar to those of chlorophyll a, since both compounds have the same chromophoric group (Scheme 1).1,2 The elimination of copper was found to be most effective by the use saturated HCl in methanol, and yielded a shift in the Q4 band from 630 nm to 650 nm in the demetallated, compound 2. Although minor changes in the Soret band remained, the major changes in the Q4 band that resulted from the removal of Cu2+, could be accurately attributed to metal complex (Figure 1).

  
    

    [image: Scheme 1. Scheme of the synthetic]

  

  We were interested in producing an efficient and low-cost synthesis. Reagents and conditions were optimized from several experimental conditions and only the best conditions are described. As such, we chose reagents that do not produce harmful by-products allowing simple purification schemes and that would also be simple to replicate on a larger scale. To produce the chlorophyllin acid chloride (compound 3, Scheme 1), we chose oxalyl chloride.3 The bis-amine substituent reagent (N,N-dimethylpropane-1,3-diamine) was chosen to facilitate the nucleophilic attach in the acid chloride and to allow the product with exposed amine side group.4

  Spectroscopic properties

  The UV-Vis and fluorescence spectra for both (compounds 4 and 5) in methanol are typical for chlorophyll derivatives, with a strong Soret band at 400 nm and four minor "Q" bands, with Q4 at 650 nm (Figure 1) being the band of major interest for PDT.2 Both compounds exhibit hyperchromic displacement of 4 nm for Soret band in comparison to Cu2+-Chl. Compound 4 showed a Soret band at 400 nm, Q4 at 651 nm and emission at 657 nm. Compound 5 showed a Soret band at 400 nm, Q4 at 650 nm and emission at 653 nm (Figure 1, Table 1).
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  Chlorophyll and porphyrin derivatives have a large tendency to aggregate, distorting the absorption spectra and decreasing severely the photophysical properties relevant to PDT and micelles are known to control aggregation.17 We analyzed the effects of surfactants on the absorption spectra of both compounds 4 and 5. There is a 7- and 5-fold increase in absorbance at the Soret band of compound 5 in SDS and CTAB, respectively, compared with the absorbance in water (SDS and CTAB are anionic and cationic surfactants, respectively) (Figure 2a). The increase in absorbance was higher for compound 5 in SDS and for compound 4 in CTAB. There was also a substantial increase in fluorescence and decrease resonance light scattering in the presence of micelles indicating the lower photophysical parameters in water due to aggregation and the improvement of these properties in the presence of micelles. The fact that compound 5 interacts more efficiently with SDS micelles and compound 4 with CTAB micelles (absorbance data) indicates that there are two main forces driving this interaction, i.e., electrostatic and hydrophobic.
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  The fluorescence quantum yields (Φf) were determined using methylene blue (MB) as a standard and were about half of that of MB for both compounds 4 and compound 5 (Φf = 0.013 and 0.014, respectively). Singlet oxygen quantum yields (ΦΔ) were determined by phosphorescence detection at 1270 nm against a standard of hematoporphyrin IX. ΦΔ values were 0.57 and 0.56 for compounds 4 and 5, respectively, in methanol. Compound 5 in 2 × 10-5 mol L-1 SDS in D2O exhibited a 37% increase in singlet oxygen emission as compared to 2 × 10-5 mol L-1 of compound 5 in D2O. This confirms that the monomer state of the sensitizer is the only state that is an effective PDT agent.

  Water to n-octanol partition and viability studies

  Water to n-octanol partition coefficients, which were expressed as logPO/W, were used to estimate the photosensitizer’s affinity for cell membranes.5 Figure 4a show logPO/W values for compounds 4 and 5 across the relevant pH range. Compound 5 has negative logPO/W values in the whole pH range, being always more hydrophilic than compound 4, which is explained by its cationic structure. logPO/W becomes more negative with the decrease in pH due to protonation of the chlorophyllin ring nitrogens. Compound 4 exhibits hydrophilicity at low pHs, a condition that allows protonation of both the ring and the side-group nitrogens, nearly equal affinity for the organic or aqueous phase from pH 3 to 8, a range in which only the side-group nitrogens are protonated, and is lipophilic at pH > 8, for loosing protonation of the side-group nitrogens.

  Photosensitizer incorporation in mitochondria, liposomes, and HeLa cells were determined and are shown in Figure 4b. For compound 4, incorporation was 58%, 28%, and 10% for mitochondria, liposomes, and HeLa cells, respectively. For compound 5, incorporation was 61%, 48%, and 13% for mitochondria, liposomes, and HeLa cells, respectively. Therefore, both compounds interact well with cells and membranes, and compound 5 interacts a bit more favorably with liposomes.

  The photodynamic efficiency of compounds 4 and 5 were tested in HeLa cell culture and compared with the photodynamic efficiency of MB. Cells cultured and incubated at the same PS concentration (2 × 10-5 mol L-1), were irradiated at 650 nm. HeLa cell viability was determined to be 11.2% for MB, 4.8% for 7.7% for 4 and 5 in relation to a control group (no light), indicating a similar overall phototoxicity for all three compounds with a bit of better efficiency for compounds 4 and 5.

  To determine the intrinsic photototoxicity of these compounds we compared the amount of absorbed photons in each case. It was not possible to directly measure the absorption of PS in cells, but we were able to estimate the absorption factor (fraction of incident photons that are absorbed, equation 1) using ε (molar absorption coefficient) of each compound and the percentage of incorporation of the PS in cells at 2 × 10-5 mol L-1 of PS concentration, which was kept constant. At 650 nm, ε values are 68,000 mol L-1 cm-1 for MB,23 3797 and 3584 mol L-1 cm-1 for compounds 4 and 5, respectively.

  
    [image: Equation 1]

  

  The fraction of PS incorporation in HeLa cells is 70% for MB, 58% for compound 4 and 61% for compound 5. By multiplying incorporation concentration by ε, one obtains the values of absorption, and by using equation 1, absorption factors are calculated which were 0.9 for cells treated with MB and 0.09 for cells treated with the compounds 4 or 5 (Figure 4b). In other words, cells treated with compounds 4 and 5 absorb 10 times less photons than MB at 650 nm. Therefore, if one calculates the efficiency of cell killing divided by the number of absorbed photons (Figure 4c), one realizes that the new compounds induce cell death much more efficient per absorbed photon. The reason for this difference may be due to several factors, including intracellular sub-location and avoidance of bleaching reactions. It should be noted that MB can be reduced in the cellular environment,24 having photodynamic activity decreased, which does not happen for the chlorophyllins 4 and 5.
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  Conclusions

  New chlorophyllin non-symmetric and positively-charged photosensitizers were obtained by using inexpensive copper-chlorophyllin as raw material and a simple chemical route. These compounds absorb reasonable well in the far-red spectral region (λ > 650 nm), are efficient singlet oxygen generators ΦΔ ca. 0.6 and have a strong tendency to interact with membranes. The overall photodynamic efficiency was similar to that of MB. However, the photodynamic efficiency per absorbed photons was considerably higher than that of MB, suggesting that compounds 4 and 5 have optimized properties for use in PDT.
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    Simple synthetic procedures have been applied to obtain luminescent carbon quantum dots, also referred as C-dots, from an abundant carbon source, that is, from the brewing industry waste. The synthetic procedures have been conducted aiming to investigate the effects of the oxidation stage on the properties of the nanomaterial. C-dots down- and up-conversion properties, as well as their potential for cellular imaging experiments in live (and adhered) cells, are disclosed herein.

    Keywords: C-dots, luminescence, up-conversion, live cell-imaging.

  

   

   

  Introduction

  The development of new photoluminescent nanomaterials has attracted much attention over the last decades because of their advantageous properties in comparison to those presented by conventional bulk materials. These nanomaterials have a tremendous impact over a wide range of strategic fields, such as diagnostic, therapeutic, electronic, photonic and energy.1 Among well-established fluorescent nanomaterials, the class of the so-called quantum dots (QDs), based on heavy metal elements, may be considered as one of the most iconic and prominent materials.2 Heavy metal QDs exhibit attractive properties, such as tunable emission, photostability and intense bright luminescence, which enable them to be widely explored in both medicine and biology. The presence of toxic elements, such as cadmium, lead or mercury in their compositions has been considered, however, as a huge drawback for furthering their applications as a topic of major concerns.

  Carbon quantum dots (known as C-dots) are a new class of fluorescent nanoparticles, which have emerged as a promising alternative to overcome major negative aspects associated with heavy QDs. C-dots have received a special attention, not only because of their optical properties, but also for both their small size and non-toxicity. These features also open a wealth of possibilities toward the development of new optical probes for biological applications.3,4

  C-dots spectroscopic properties are the subject of many controversies and some mechanisms have been speculated to be responsible for the luminescence of these materials. The presence of energy traps on their surface, which may cause a quantum confinement effect; the energy states associated to edge defects; or even exciton transitions are some possibilities hotly debated.3

  C-dots can be produced from a variety of synthetic procedures and from a large range of cheap and readily available carbon sources, such as glucose, watermelon rinds,5 hair6 and even cow manure.7 Wort bagasse is a byproduct from brewing process and is a component of the solid material produced from wort filtration before the next steps toward beer manufacture.8 This byproduct is mainly constituted of leftover peels and pulp of malt, grain and also some additives (wheat, rice and corn, for exemple). Crushed malt is 85% of the total product generated by the brewing industry and is, thus, the most abundant byproduct from this process.9 Brazil is the third largest beer producer in the world, with a production of 12.6 million liters (ML) while China (40 ML) and the United States (35 ML) have a larger production.8

  Knowing that brewing residues are admittedly an abundant carbon source, this work aims to explore these materials to synthesize C-dots. We also describe the nanomaterial characterization, down- and up-conversion photoluminescent properties of C-dots obtained through two different methodologies, which are expected to afford C-dots with distinct oxidation degrees. The impact of pH and temperature over the optical properties were also analyzed. The new synthesized C-dots also had their potential for bioimaging experiments using breast cancer cell (MCF-7) lineages tested. Herein, the newly synthesized nanomaterials are designated as 1 and 2, referring to the more oxidized and less oxidized C-dots, respectively.

   

  Experimental

  C-dots 1 were obtained similarly to a previously reported methodology,7 that is, by chemical oxidation followed by extraction. C-dots 2 were synthesized using a similar methodology, but excluding the oxidation treatment (Scheme 1; a detailed procedure can be found in the Supplementary Information file).
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  The high-resolution transmission electron microscopy (HRTEM) images were obtained in a JEOL JEM 2100 electron microscope (Tokyo, Japan) operating at an accelerating voltage of 200 kV. The aqueous solutions containing the C-dots were deposited on a 400-mesh C-coated copper grid (Ted Pella Inc., Redding, CA, USA) and dried in air. The Fourier transform infrared (FTIR) spectra were recorded from potassium bromide (KBr) pellets, in a spectral range of 4000-400 cm−1, using a Jasco FT/IR-4100 spectrometer (Tokyo, Japan). The zeta potentials were measured using a Zetasizer Nano-ZS90 (Malvern, United Kingdom). The Raman measurements were performed using the Renishaw InVia micro-Raman system (Sheffield, UK) equipped with the 514.5 nm argon laser line and a 50× objective, resulting in a laser spot size of around 1 μm in the focal plane. The laser excitation power was about 0.05 mW at the sample surfaces. The Raman measurements were recorded using C-dots in their powdered form. The fluorescence spectra of the nanomaterials were acquired using a Lumina fluorescence spectrometer (Thermo Ficher Scientific Inc., Waltham, MA, USA) with a Peltier system to vary the temperature, when necessary. A detailed procedure for the cell-imaging experiments is described in the Supplementary Information file.

   

  Results and Discussion

  Brewing residue is an abundant carbon source, considering it is generated in the brewery stage in the beer manufacturing, affording a residue which mainly consists of insoluble proteins, cellulose and lignin. In view of the annual generation of large quantities of this product, for each 100 L of beer production 40 kg of wort bagasse are produced, we have decided to explore this waste carbon source to synthesize C-dots. The oxidation degree of C-dots surface is known to be influenced by the synthetic route.10 The oxidation process provides sp3 domain formation on the C-dots surface, resulting in surface decoration with different functional groups, such as carboxyl, carbonyl, hydroxyl and epoxy groups.11 The presence of these oxygenated functional groups plays important roles on the hydrophilic properties of the C-dot derivatives and also permits the design of more specific bioprobes through simple chemical modifications.7 The zeta potential values, acquired at pH 5 in aqueous medium, are in the range of −13.3 and −8.89 mV for 1 and 2, respectively, which are comparable to previous reported values.12,13 The decrease of zeta potential observed for 2 supports the hypothesis that the surface of 1 is more oxidized and the presence of carboxylate (COO−) groups is in accordance with the idea of a higher oxidation level for 1.14

  High-resolution transmission electron microscopy images acquired for 1 and 2 (Figure 1) show well-dispersed particles with spheroidal morphologies. 1 and 2 present narrow size distributions ranging from 2.5-5.9 nm and 2.5-5.3 nm, with average sizes of 4.08 and 3.72 nm, respectively. The inserts in Figures 1a and 1b exhibit representative images of individual particles, indicating the high crystallinity with lattice parameters of 3.13 and 3.15 Å, which correspond to the (002) diffraction plane of graphite.15 These results show that both synthetic routes result in uniform C-dots nanoparticles with similar size distributions.
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  The FTIR spectra (Figure S1) of C-dots 1 and 2 show an intense absorption band centered at 3450 cm−1 assigned to O−H bonds stretching vibrations. The bands centered at 1630 cm−1 were attributed to asymmetrical vibrations of the C=O groups and these at 1380 cm−1 assigned to the C−H bending.

  Raman spectroscopy provides a powerful diagnostic tool to examine crystallinity.16 The Raman scattering from C-dots 1 at room temperature (r.t.) is available in the Supporting Information (Figure S2). C-dots 2 exhibited an identical profile. The peaks around 724 and 1068 cm−1 correspond to the A1g and Eg modes of the crystalline sodium nitrate, respectively.17 The other two peaks (1380 and 1577 cm−1) are generally observed in graphite-based materials. The D band (1380 cm−1) exhibits disorder characteristic related to the presence of sp3 defects, while the peak around 1577 cm–1 is attributed to the well-graphitized carbon, which is associated to in-plane vibration of sp2 carbon atoms in the 2D hexagonal lattice. Thus, the relative intensity ratio of the D-band and G-band (ID/IG) provides the degree of disorder, which makes it possible to compare the structural order between crystalline and amorphous graphitic systems.18,19 The ID/IG for the C-dots synthesized in this work was around 0.95, demonstrating that they present a similar graphitic-like structure. Results from Raman experiments proved to be in agreement with those reported for C-dots synthesized from unconventional carbon sources.5,20,21

  The remarkable optical properties of the C-dots 1 and 2 were confirmed with ultraviolet-visible spectroscopy (UV-Vis) and photoluminescence spectra. The UV-Vis absorption spectra, exhibited in Figure 2, display an intense band at 228 nm, which may be correlated to n-π* transitions. Additionally, low intensity absorption shoulders were observed at about 305 nm, assigned to π-π* functional group at the surface. The difference in the oxidation degree of C-dots does not alter their absorption profile, thus the energy associated with exciton formation in 1 and 2 are quite similar. The optical band gap, obtained from Tauc and Abeles22 method, was the same for both materials (5.2 eV). The origin of the optical properties of C-dots is still hotly debated and is yet not well understood. Therefore, mechanisms involving quantum confinement, surface traps, formation of aromatic structures and recombination of excitons have been proposed.3 The emission spectra of 1 and 2 measured at r.t. are also shown in Figure 2 and display broad bands centered at 460 and 440 nm, respectively.
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  In Figure 3 is depicted both the emission spectra and the emission intensities as functions of the temperature and pH. C-dots 1 and 2 showed an excitation dependence profile with slightly different spectral behavior. C-dots type 1 exhibited a blue shift of 20 nm (460 to 440 nm) when gradually excited from 300 to 340 nm, whereas between 350-450 nm the emission bands were progressively red shifted by 66 nm (440 to 506 nm). On the other hand, the excitation-dependence of 2 just starts upon excitation at 350 nm, when the emission bands were shifted about 70 nm toward the red spectral range. These results are consistent with the presence of defects at the C-dots surfaces as the net result of distinct oxidation degrees.10,23

  
    

    [image: Figure 3. Emission spectra]

  

  C-dots 1 and 2 show distinct spectral behavior with gradual increasing pH (Figures 2b and 2e). For C-dots type 2, the pH of aqueous media does not dramatically affects their emission, that is, a fact explained by the low pH-dependence of the functional groups at the C-dots surfaces. On the other hand, the photoluminescence intensity of 1 decreases when the pH values increase and may be justified by the presence of large quantities of carboxylic acid groups on the nanoparticle surface. Under acidic conditions, these functional groups are protonated; and with gradual pH increasing, the Fermi levels can be shifted due to the deprotonation process.24,25 The temperature effect on the emission intensities of the C-dots are shown in Figures 3c and 3f. The emission intensities of 1 and 2 are progressively diminished as a consequence of multiphoton coupling at higher temperatures, which favors non-radioactive decay.

  C-dots 1 and 2 also exhibited an interesting up-conversion (UC) photoluminescent emission when excited in the near-infrared (NIR) region, similar to those reported for C-dots from several carbon sources.26-29 The excitation spectra of 1 and 2 in the NIR region have been acquired monitoring their emission at 460 nm (Figure S3) and displayed two bands centered at 810 and 850 nm, that is, the bands likely to be responsible for the excitation of the materials. Figure 4 displays the UC emission spectra of 1 and 2 acquired at r.t. upon excitation at the NIR region. 

  The UC emission spectra of 1 and 2 show broad bands centered at 470 and 460 nm when excited at 750 nm. The UC properties may be justified by the combination of two or more low energy photons to produce the emission of a high energy photon. The UC emission spectra still show an excitation dependence behavior, similarly to those previously reported.25 These results show the potential of these nanomaterials for the development and application of new photocatalyst composites, solar cells, and for applications in cell-imaging with two-photon fluorescence microscopy. 
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  Finally, the more oxidized C-dots 1 were submitted to cell-imaging experiments. 1 has been selected for cell-imaging experiments instead of 2 for a better comparison with previously reported bioimaging experiments reported elsewhere.4 Figure 5 exhibits the confocal images using breast cancer cells (MCF-7). 
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  A cell cytoplasm staining pattern typical of a non-selective bioprobe was observed for both samples (adhered and live cells). It was also observed a very interesting feature when the cell nuclei were analyzed. C-dots 1 proved to be capable of staining nucleoli selectively, as is shown for the live cell samples. Although the nucleoli staining pattern was very clear with a large bright green emission (Figures 5a and 5d), live and adhered samples also showed a slight staining pattern associated with the cytoplasm region near the nuclei. These characteristics have already been described to similar materials reported by Kang and co-workers.30 

   

  Conclusions

  In summary, residues from the brewing industry were successfully used as a carbon source to obtain luminescent C-dots through two facile synthetic procedures. C-dots presented excellent aqueous solubility and similar optical properties. The pH- and temperature-dependence observed for 1 and 2 may be justified by their distinct oxidation degrees. The C-dots type 1 were tested as a new bioprobe for bioimaging using MCF-7 cancer cells and proved to be more accumulated in the nucleoli region in live cell-imaging experiments. Nucleoli are very activity regions inside the nuclei, which contain several enzyme complexes and play key roles in cellular homeostasis. There are very few molecules commercially available capable of staining nucleoli selectively. The UC photoluminescence exhibited by C-dots and their staining pattern enables their future applications in cell-imagining experiments and provide a new tool to nucleoli studies linked with health and disease conditions through fluorescence microscopy. Bioimaging experiments comparing 1 and 2 are under way and will be disclosed elsewhere. 

   

  Supplementary Information

  Synthetic procedures and additional experimental details are available free of charge at http://jbcs.sbq.org.br
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    Supplementary Information

    Experimental Details

    For the synthesis of C-dots 1, 5 g of beer's waste were washed with distilled water and calcined at 300 °C for 3 h and then cooled to r.t. The resulting black powder was further refluxed in nitric acid solution (5.0 mol L−1, 100 mL), for 24 h. The suspension was then cooled and the pH was controlled between 5-7. Filtration to remove undissolved particles was followed by sonication for 90 min. The resulting solution was filtered through a 0.22 μm membrane to remove the larger particles. Water was then evaporated in an open beaker and the carbon nanoparticles 1 were obtained.

    Similarly, nanoparticles 2 were prepared from 5 g of beer's waste that was washed with distilled water and then calcinated at 300 °C for 3 h. The black powder was dissolved in distilled water, had its pH controlled between 5-7 and was filtered to remove undissolved particles. The solution was then sonicated for 90 min, filtered through a 0.22 μm membrane and the water was evaporated in an open beaker to obtain the C-dots 2.

    Live cell-imaging experiments were performed as follows: MCF-7 cells were plated on 13 mm round glass coverslips on the bottom of 24 wells plate and let on to adhere at 37 ºC in 5% CO2 atmosphere for 30 min. Then, the plate was washed with serum free medium, in order to remove the non-adherent cells. MCF-7 cells were cultivated in Dulbecco's Modified Eagle's medium (DMEM) plus 10% fetal bovine serum at 37 ºC in 5% CO2 atmosphere. After confluence being reached, the culture were washed three times in phosphate buffered saline (PBS) pH 7.4 and fixed for 15 min in 3.7% formaldehyde solution in PBS at r.t., only for the adhered cells experiments. The cells were washed three times with PBS and then incubated with C-dots 1 (aqueous solutions of 2.5 mg mL−1) for 30 min, at r.t. The cells were incubated in PBS at the same conditions, to obtain the negative control. Afterwards the incubation time, the cells were washed three times with PBS and incubated with 4'6-diamidino-2-phenylindole, dihydrochloride (DAPI; Invitrogen, Oregon, USA) according to manufacture recommendations. ProLong Gold Antifade (Invitrogen, Oregon, USA) was used according to manufacture recommendations to mount the coverslips. The samples were analyzed in a Leica Confocal Microscopy TCS SP (Mannheim, Germany). All assays were performed in three independents series.
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    [RE(TLA)∙(H2O)n:Eu3+] (RE3+: Y, Gd and Lu; TLA: trimellitic acid) precursor complexes were synthesized by an one step aqueous co-precipitation method. After annealing for 1 h, RE2O3:Eu3+ nanophosphors were formed through the benzenetricarboxylate low temperature thermolysis method (500-1000 °C). The compounds were characterized by using different techniques [elemental analysis (CHN), Fourier transform infrared spectroscopy (FTIR), thermogravimetry (TG/DTG), X-ray powder diffraction (XPD) and scanning electron microscope (SEM)]. The XPD data indicated that the Y2O3:Eu3+ materials have crystallite size range from 11 to 62 nm. The SEM and transmission electron microscopy (TEM) images show that the annealed materials keep morphological similarities with the precursor complexes. The photoluminescence properties were studied based on the excitation and emission spectra, and luminescence decay lifetimes of the 5D0 emitting level of the Eu3+ ion. The experimental intensity parameters (Ωλ), lifetimes (τ), as well as radiative (Arad) and non-radiative (Anrad) decay rates were calculated and discussed. The RE2O3:Eu3+ phosphors (RE: Y3+ and Lu3+) annealed at 500 to 1000 °C have emission quantum efficiency (intrinsic quantum yield) values from 60 to 82%, indicating that this material can be potentially used for optical markers applications.

    Keywords: low temperature method, benzenetricarboxylate precursors, rare earth sesquioxides, photoluminescence materials.

  

   

   

  Introduction

  Polycarboxylate ligands have a wide variety of structure providing large range of chemical properties when combined with metal ions. It has been drawing the attention in the areas such as metal framework systems (MOF),1,2 selective markers for medical applications,3 magnetic materials,4 gas storage,5 drug delivery,6 precursors for materials,7 etc. 

  Rare earth (RE) containing materials show a versatility for application in the areas of science and technology specially in catalysis, permanent magnets in hybrid cars batteries,8,9 electroluminescent materials, persistent phosphors, structural probes, luminescent markers, display panels, etc.10-15 Most of those applications are consequence of their intrinsic characteristic: sharp intraconfigurational 4fN transitions, archiving high monochromatic emission colors and a wide range of emissions, from infrared to ultraviolet,16 e.g., Nd3+, Eu3+, Gd3+, Tb3+ and Tm3+ ions which emit in the infrared, red, ultraviolet, green and blue regions, respectively.

  One very important feature of the RE3+ is their 4f-4f transitions, forbidden by the Laporte's rule. Associated to that, the shielding from the chemical environment by the filled 5s and 5p sub-shells17 over the 4f electrons lead to a characteristic sharp lines spectra with small absorptivity and emission intensities. Taking into account the RE3+ intraconfigurational transitions, these ions can be divided in four groups depending on their spectroscopic features:

  (i) Sc3+(3d0), Y3+(4d0), La3+ (4f0) and Lu3+(4f14) where the 4f electrons are non-optically active due to their completely empty or fully occupied subshells;16 

  (ii) Gd3+(4f7) is a singular case due to its half-filled 4f layer, and therefore very stable. The energy difference between the lower emitting level (6P7/2) and the fundamental level (8S7/2) is approximately 32000 cm−1 opening the opportunity for its application as inorganic matrices. Due to the chemical similarity with other RE3+ ions, it is extensively used to study the emission of the ligands in coordination complexes; 

  (iii) Sm3+(4f5), Eu3+(4f6), Tb3+ (4f8) and Dy3+(4f9): in these ions, the energy gap between the emitting and the lower levels are large enough to reduce the non-radiative decay process and accept energy from the ligands, interconfigurational transitions or charge transfer bands excited levels (Figure 1); 
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  (iv) Ce3+(4f1), Pr3+(4f2), Nd3+ (4f3), Ho3+(4f10), Er3+(4f11), Tm3+(4f12) and Yb3+ (4f13): in these ions the energy gap between the emitting and lower levels are small, increasing the non-radiative decay process usually mediated by high energy vibrational modes in ligands (typically water molecules) or matrices (oxycarbonates, hydroxides, etc.). In these cases, the process accounts for the decreasing in the final emission efficiency.

  To overcome the small absorptivity coefficients, luminescence sensitizers can be used to absorb and transfer the energy efficiently to the RE ions, keeping their desirable atomic characteristics. This phenomenon is a key feature in design of luminescent materials.16,18,19

  In inorganic matrices such as vanadates, molybdates, tungstates and sesquioxides containing RE3+ ion, generally is observed an efficient energy transfer from the ligand metal charge transfer (LMCT) band to the metal ions. In the special case, the Eu3+ ion shows a high absorption intensity arising from the allowed LMCT transition, yielding a high intensity luminescence.20

  In solid state reactions, typically, is necessary high temperatures and long reaction time periods to prepare luminescent materials. This way to synthesize materials is known as ceramic method, which promotes heterogeneous distribution of the activator ion within the matrix and generate materials with high crystallite and particle sizes. Alternative methods to obtain materials in milder reaction conditions as: sol-gel, combustion or Pechini methods,21,22 are key to overcome the experimental limitation and improve their properties. 

  This report demonstrate the synthesis, characterization and optical properties of [RE(TLA):Eu3+ (x mol%)] complexes (RE3+: Y, Gd and Lu; x: 0.1, 0.5, 1.0, and 5.0 mol%) and their low temperature annealing into the high luminescent RE2O3:Eu3+ phosphors. All the precursor complexes and resulting nanophosphors were characterized by elemental analysis (CHN), Fourier transform infrared (FTIR), thermogravimetry (TG), derivative thermogravimetry (DTG), X-ray powder diffraction (XPD) and scanning electron microscopy (SEM). The photoluminescence properties of the doped materials were studied based on the excitation and emission spectra and luminescence decay curves of the Eu3+ ion 5D0 excited level. 

   

  Experimental

  High purity RE2O3 (RE3+: Y, Eu, Gd and Lu; CSTARM, 99.99%, China) were used to prepare the respective RECl3. (H2O)6 salts by reaction with concentrated HCl solution until total decomposition (ca. 60-80 °C) of the solid and final pH close to 6. The trimellitic acid (TLA) (in the form of 1,2,4-benzenetricarboxylic acid 1,2-anhydride or 1,3-dihydro-1,3-dioxo-5-isobenzofurancarboxylic acid; Aldrich, 97%, Germany) was solubilized in water by drop-wise addition of 1 mol L−1 sodium hydroxide up to pH close to 6.

  For the preparation of the [RE(TLA):Eu3+] complexes, 50 mL of RECl3(aq) (0.05 mol L−1) was slowly added to a 200 mL solution of Na3(TLA)(aq) (0.0125 mol L−1) at 1:1 molar ratio at ca. 100 °C. The reaction mixture was refluxed for 1 h, the precipitate was filtered and washed four times with distilled water, dried and stored at reduced pressure. 

  The [RE(TLA):Eu3+] complexes obtained are non-hygroscopic, white crystalline powders, stable in air. The RE2O3:Eu3+ nanophosphors were obtained by annealing the [RE(TLA):Eu3+] complexes at 500, 600, 700, 800, 900 and 1000 °C in a static air atmosphere, resulting in RE2O3:Eu3+ nanophosphors.

  Elemental analyses were performed with a Perkin-Elmer CHN 2400 analyzer. The FTIR were acquired from 400 to 4000 cm−1 in KBr pallets form by using a Bomem MB100 FTIR. Thermogravimetry was performed from 30 to 900 °C (heating ramp of 5 °C min−1, synthetic air dynamic atmosphere) in a TA HI-RES TGA 2850 equipment. The XPD patterns were obtained in a Miniflex Rigaku II equipment (CuKα1) from 5 to 70° (2θ). The SEM micrographs were recorded in a JEOL JSM 7401F field emission scanning electron microscope. The transmission electron microscope (TEM) micrographs were recorded in a JEOL USA JEM-2100 LaB6 transmission electron microscope.

  The luminescence study was based on the excitation and emission spectra recorded at room (300 K) and liquid nitrogen (77 K) temperatures. The measurements were performed in a SPEX-Fluorolog 3 instrument with double monochromators in front face mode (22.5°) using a 450 W Xenon lamp as excitation source. Luminescence decay curves were obtained by using a 150 W pulsed lamp and recorded in a SPEX 1934D phosphorimeter.

   

  Results and Discussion

  Characterization

  A combination of elemental and thermogravimetric analysis (Table S1 and Figure 2) suggests an 1:1 molar ratio between the RE3+ ion and TLA ligand ([RE(TLA)∙(H2O)n:Eu3+]; n: 4, 4 and 3 for Y3+, Gd3+ and Lu3+, respectively).23 The TG curves of coordination compounds show a water molecules mass-loss in the temperature interval between 50 and 230 °C. Although the organic moiety decomposition of the complexes presents only one single-step between 450 and 570 °C. In this case, it was used annealing temperature of 500 °C during 1 h, in order to eliminate all the organic part leading to formation of the RE2O3:Eu3+ luminescent material.
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  The infrared absorption spectra (Figure S1) present similar spectral profile for the RE3+ complexes and Eu3+- doped matrices. The absorption bands between 1300 and 1600 cm–1 in the FTIR spectra of [RE(TLA)∙(H2O)n:Eu3+] are assigned to the carboxylate symmetric νs(C=O) and asymmetric νas(C=O) stretching modes, respectively.19,24,25 The narrow absorption peak around 3070 cm–1 is assigned to the C–H bond stretching of the [RE(TLA):Eu3+] complexes and the broad band between 3100-3700 cm–1 correspond to the O–H stretching from the water molecules.26

  The sharp absorption bands around 510 and 580 cm−1 correspond to the characteristic RE3+−O stretching vibration. It is worth mentioning that the broad bands from 1250 to 1600 cm−1 are assigned to stretching mode of oxycarbonate remainder from the decomposition of the organic moistly of TLA and decreases with increasing annealing temperature (Figure S1), due to oxycarbonate decomposition.23 The broad absorption band located from 2800 to 3700 cm−1 is assigned to the superficial hydroxyl groups in the nanomaterials. Therefore, the RE2O3:Eu3+ materials originated from the [RE(TLA)] precursor complexes present similar chemical behavior compared to the sesquioxides prepared from the [RE(TMA)] complexes as reported by Silva et al.23 

  The X-ray diffraction patterns of the [RE(TLA):Eu3+] complexes are similar to the powder diffraction patterns (PDF) for [Gd(TLA)]:Eu3+ and [Y(TLA)]:Eu3+] (00-056-1733) and [Lu(TLA)]:Eu3+] (00-058-1915), Y3+ and Gd3+ complexes are isomorphs. Consequently, there is no change in position or formation of new diffraction peaks at different concentrations of the dopants. This result is consistent with the Vegard's rule27,28 which suggests a formation of a solid solution between the Eu3+ dopant and the RE3+ in the host matrices due to the high similarity in the radii of these RE3+ ions.27

  The XPD patterns of the annealed materials at 500, 600, 700, 800, 900 and 1000 °C (Figure 3) reveal a formation of RE2O3:Eu3+ in a cubic phase crystallization with the Ia3 space group.29 The absence of 2θ shift and reflections of impurities in the patterns of the RE2O3:Eu3+ indicates the formation of pure RE3+ sesquioxides. The XPD data of the Y2O3, Gd2O3 and Lu2O3 matrices (Figure 3) are very similar. Slight differences in the (222) reflection around 28°, moving to higher 2θ values with decreasing of the ionic radius of the RE3+ in the matrix, as predicted by Bragg's law.30
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  The average crystal size of the doped materials was estimated from the powder diffraction data by using the Scherrer's formula (Figure 4).23,31 The crystallite size of the RE2O3 materials increases as function of the RE3+ radius and annealing temperature. This behavior can be assigned to the higher reactivity of the Gd2O3, with lower melting point (2339 °C) compared to Y2O3 (2410 °C) and Lu2O3 (2427 °C).32 Therefore, the sintering process is favored for the gadolinium matrix due to the dependence of the partial melting of the nanocrystals.23
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  The narrowing of the diffraction peaks of RE2O3:Eu3+ (1.0 mol%) (RE3+: Y, Gd and Lu) phosphors presented in the XPD patterns (Figure 3) as function of the annealing temperature, indicates that the crystallite size increases from 11, 17, 18, 37, 46 and 62 nm as the annealing temperature increases from 500, 600, 700, 800, 900 and 1000 °C (Y2O3), respectively (Figure 4). This behavior is related to the sintering of the nanocrystallites favored at high temperatures. Although the Gd2O3:Eu3+ annealed at 1000 °C was also included in this work, the Scherrer's formula is recommended only for crystallite sizes up to 200 nm (Figure 4).

  The SEM images of the [RE(TLA):Eu3+ (1.0 mol%)] precursors shows rods and a flower like morphologies (stacking of micrometric sheets of the material) for Y3+/Gd3+ (Figures 5a and 5b) and Lu3+ complexes, respectively (Figure 5c). After annealing up to 1000 °C, the RE2O3:Eu3+ materials retained the original morphology of the correspond precursor complex (Figures 5d-5f). The nanosesquioxides exhibit higher porosity due to the decomposition of the organic moiety. This property is important for the design of nanomaterials with controlled morphology. Since it is possible to modify the complex morphologies, the desired nanoparticle shapes can be obtained by choosing the suitable synthetic method and reaction conditions.33,34
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  The TEM micrographs (Figures 5g and 5h) show the cubic shape of the crystallites with high crystallinity. The particles retained the shape of the precursor agglomerates, shown in the SEM microscopy. At higher magnification no defects were observed in the crystals (except for the edges and crystallite contact points), suggesting the formation of a solid solution between the Eu3+ ions and the host matrices, compatible with the similar RE3+ ionic radii and chemical behavior of the Eu3+ and RE3+ matrices.

  Photophysical properties of materials

  [RE(TLA):Eu3+] precursor complexes 

  The excitation spectra of [RE(TLA):Eu3+ (x mol%)] (RE3+: Y, Gd and Lu) compounds were obtained by monitoring the hypersensitive transition 5D0 → 7F2 (619 nm) at 77 K (Figure 6). For all the complexes, the absorption bands are dominated by a high intensity broad TLA ligand band centered at 295 nm assigned to the S0 → S1 transition, indicating an efficient energy transfer TLA → Eu3+. The sharp peaks are assigned to the absorption of the Eu3+ ion originated from the ground state 7F0 to the 5L6 and 5D2 excited levels. The excitation spectra of the [RE(TLA):Eu3+ (x mol%)] (RE3+: Y and Gd) compounds show similar profiles suggesting that this system presents equivalent chemical environments around RE3+ ions and optical behaviors. On the other hand, [Lu(TLA):Eu3+ (x mol%)] shows slightly different spectral profile. For all [RE(TLA):Eu3+] systems, the 7F0 → 5L6 transition (25445 cm–1 for [Y(TLA):Eu3+ (5.0 mol%)]) exhibits the highest intensity among the intraconfigurational transitions in the excitation spectra.
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  The emission spectra of the [RE(TLA):Eu3+ (x mol%)] complexes (RE3+: Y, Gd and Lu), were recorded under excitation in the TLA ligand band (ca. 295 nm) at 77 K, to reduce the vibronic coupling compared to the room temperature case. The emission energy levels of 5D0 → 7FJ transitions (J = 0-4) of the Eu3+ ion, can be attributed as the following (in cm–1): 7F0 (17270); 7F1 (16920); 7F2, (16210); 7F3 (15337) and 7F4 (14350), based at the [Y(TLA):Eu3+ 5.0 mol%)]. The efficient energy transference TLA → Eu3+ ion is evidenced by the absence of ligand broad emission band in the emission spectra in the spectral range from the 400 to 700 nm.

  Using the optical data obtained from the emission spectra, it is possible to calculate the radiative rates (A0→J) from the 5D0 → 7FJ transitions using equation 1:16,17

  
    [image: Equation 1]

  

  where σ0→1 and σ0→2,4 correspond to the energy barycenter of the 5D0 → 7F1 and 5D0 → 7F2,4 transitions, respectively. The S0→1 and S0→J are the areas calculated under the emission of the spectral curve corresponding to the 5D0 → 7F1 and 5D0 → 7FJ transitions, respectively.35 Since the magnetic dipole 5D0 → 7F1 transition is almost insensitive to changes with the chemical environment around the Eu3+ ion, the A0→1 rate can be used as an internal standard to determine the A0→J coefficients for Eu3+ containing compounds.16

  The lifetime (τ) of the luminescent compounds were obtained from the luminescence decay curve using a first order exponential decay, with excitation at the 7F0 → 5L6 band. The emission quantum efficiency (η, or intrinsic quantum yield, , as it has been defined by Bünzli)36 of the 5D0 emitting level is determined according to equation 2:

  
    [image: Equation 2]

  

  where the total decay rate, Atot = 1/τ = Arad + Anrad and the Arad = ∑J A0→J. The Arad and Anrad quantities are the radiative and non-radiative rates, respectively. Table 1 shows the experimental values of the radiative (Arad), non-radiative (Anrad) rates and 5D0 emitting level emission quantum efficiency (η ).

  The [RE(TLA):Eu3+ (x mol%)] lifetime values (Table 1 and Figure 6c) show higher values for Gd3+ and Y3+ containing complexes when compared to the Lu3+ ion case. On the other hand, there are no changes in the lifetime behavior doping with an increasing concentration from 0.1, 0.5, 1.0 and 5.0 mol%, within the same system.

   The 5D0 → 7F2 and 5D0 → 7F4 transitions can be used to estimate the experimental intensity parameters (Ωλ, λ = 2 and 4). The Ω6 intensity parameter is not included in this study since the 5D0 → 7F6 transition was not observed for these systems. The coefficient of spontaneous emission, A, is given by equation 3:

  
    [image: Equation 3]
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  where, χ = n (n + 2)2/9 is the Lorentz local field correction and n is the refractive index of the medium (refractive index used: 1.5 for all [RE(TLA):Eu3+] complexes and between 1.5 and 1.6 for RE2O3:Eu3+ materials). The squared reduced matrix elements 〈7FJ||U(λ)||5DJ〉2 are 0.0032 and 0.0023 calculated for J = 2 and 4, respectively.35,37

  The Ωλ parameters depend mainly on the local geometry, bonding atoms and polarizabilities in the first coordination sphere of the RE3+ metal ion, and are governed by both forced electric dipole (FED) and dynamic coupling (DC) mechanisms. Moura et al.38 reported that the Ω2 parameter values are very sensitive to small angular changes in the local coordination geometry (much more than the Ω4,6 parameters). This spectroscopic behavior is associated with the hypersensitivity of certain 4f-4f transitions, to changes in the chemical environment, that are usually ruled by the Ω2 intensity parameter. On the other hand, the Ω4 and Ω6 values are most sensitive the chemical bond distances to the ligating atoms around the lanthanide ion. Indeed, as concluded by Moura et al.,38 covalency in the ion-ligand bonding becomes more important with the increasing rank of the Ωλ, supporting the idea that the Ω4 and Ω6 parameters are better probes then Ω2 to quantify covalency in these compounds.

  The Ωλ (λ = 2 and 4) parameter values for the [RE(TLA):Eu3+ (x mol%)] compounds (x = 0.1, 0.5, 1.0 and 5.0 mol%) are presented in Table 1. The Ω2 values (ca. 6 × 10–20 cm2) found for these doped complexes are systematically larger than the [RE(TMA):Eu3+] (RE3+: Y and Lu) anhydrous complexes (ca. 2 × 10–20 cm2) values [RETMA] reported by Silva et al.39 reflecting the higher hypersensitive character of the 5D0 → 7F2 transition.23,40,41

  The emission quantum efficiency values of the [RE(TLA):Eu3+ (x mol%)] are lower for the complexes containing Y3+ and Gd3+ (η ca. 10%) and Lu3+ (η ca. 6%) ions, which indicate a strong non-radiative decay pathway mediated by water molecules (Table 1). It is also observed that increasing the Eu3+ concentration from 0.1 to 5.0 mol% produces no change in the emission quantum efficiency values, suggesting that the luminescence quenching concentration effect is not operative for these systems.

  RE2O3:Eu3+ materials

  The excitation spectra of RE2O3:Eu3+ annealed phosphors (RE3+: Y, Gd and Lu) were recorded at 77 K in the spectral range from 200 to 590 nm, with the emission monitored at 613 nm (Figure 7 and Figure S3). They show the presence of a broad absorption band centered around (ca. 39000 cm–1) assigned to the O2−(2p) → Eu3+(4f6) LMCT transition. Besides, the narrow absorption bands arisen from 4f-4f transitions from the RE3+ ion (ca. 17000 to 34000 cm–1) are observed. 

  The excitation spectra recorded at 300 K (Figure S4) show the presence of the overlapped 7F0 → 5D1 and 7F1 → 5D1 transitions (ca. 19000 cm–1) allowed by magnetic-dipole mechanism (∆J = 0, ±1, but 0 ↔ 0 is forbidden) for both the C2 and S6 symmetries. This optical results are due to the thermal population of the 7F1 level that are in agreement with the results previously reported for RE2O3:Eu3+.42,43 The absorption bands assigned to the 7F0 → 5D2 transition allowed by induced electric dipole and dynamic coupling mechanisms were observed from 21500 to 21900 cm–1. In addition, a weak absorption band around 24100 cm–1 is assigned to the forbidden 7F0 → 5D3 transition (by ∆J selection rules) as a result of the relaxation of the selection rule due to the J-mixing effects in the 7FJ manifolds. Moreover, the other absorption bands (Figure 7) originated from 4f-4f transitions of the Eu3+ ion were observed such as (in nm): the 7F0 → 5L6 (394), 5G2−6 (387), 5L7,8 (376), 5D4 (363), 5HJ', 5FJ', 5IJ' and 3P0 (between 286 and 335).
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  It is worth mentioning that the excitation spectra of the Gd2O3:Eu3 present the characteristic strong absorption (nm): 8S7/2 → 6P7/2 (313), 8S7/2 → 6P5/2 (307) and 8S7/2 → 6P3/2 (302) transitions, indicating efficient energy transfer from the Gd3+ to the Eu3+ ion upper levels.44 The 8S7/2 → 6IJ (J = 7/2,9/2,17/2) (276) transitions overlap with the LMCT band. This high intensity absorption band indicates an efficient Gd3+ to Eu3+ energy transfer.45

  The luminescent materials prepared by the benzenetricarboxylate method present comparable excitation features, indicating the reproducibility of the method even when using different benzenetricarboxylate (BTC) ligands.23

  The emission spectra of the RE2O3:Eu3+ (RE3+: Y, Gd and Lu) annealed at temperatures from 500 to 1000 °C were recorded at 77 K from 400 to 750 nm, under excitation in the LMCT band at 260 nm (Figure 7). All the spectra exhibit only the sharp lines arising from the 5D0,1,2,3 → 7F0-6, transitions of the Eu3+ ion. All materials show only one emission line assigned to 5D0 → 7F0 transition (ca. 17270 cm–1) of the C2 site of the cubic C-type. The 5D0 → 7F1 transition is present in both sites in the region of 16666, 16846 and 17015 cm–1 as well at 16770 and 17165 cm–1 originating from the C2 and S6 sites.42,43

  As reported by Boyer et al.46 and Meltzer et al.,47 the refractive index (n) of the bulk RE2O3:Eu3+ is around 1.9 and the 5D0 lifetime (τ) of europium ion is 1.0 ms. On the other hand, these values can be different in the case of the RE2O3 nanostructured materials, with average sizes around 20-30 nm (crystallite size inferior to the wavelength of exciting radiation). Moreover, the morphology and surface/volume ratio of the nanoparticles may play a role in the profile of the decay curves.

  The radiative rate (A01) of the 5D0 → 7F1 transition of Eu3+ ion (allowed by the magnetic dipole mechanism) is formally insensitive to the ligand field environment. Therefore it can be used as a reference transition whose value is 50 s–1 assuming a refractive index equal to 1.6.17,48,49 Based on this value, the refractive indices were determined and compared to the lifetime and crystallite size values reported previously.46-48 The experimental intensity parameters (Ω2,4) and lifetimes (0.8-1.9 ms) values were obtained using the effective refractive index values between 1.5 and 1.6. The values of the experimental intensity parameters (Ω2,4) the radiative (Arad) and non-radiative (Anrad) rates and emission quantum efficiencies (η) of the 5D0 emitting level of the RE2O3:Eu3+ are presented in Table 2. 
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  The values for Ω2 (ca. 12) and Ω4 (ca. 2-3) are very similar in the same matrix (Table 2) for different annealing temperatures as shown in the spectral profiles (Figure 7b).50 These results are a reflection of the observed emission intensity variations of the 5D0 → 7F2 transition of the Eu3+ ion. This optical behavior demonstrates that the Eu3+ ion acts as efficient luminescence probe even for the samples annealed at different temperatures. In addition, Ω2 and Ω4 values are also comparable changing the RE3+ matrix, due to the similarity in the radii in the lanthanide series. 

  The experimental intensity parameter values for the phosphors using the TLA ligand as precursor are smaller for all the systems, as compared to those originated from the TMA ligand, especially for the of Gd3+ matrix.19

  According to Table 2, the RE2O3:Eu3+ phosphors present an emission quantum efficiency values varying from 37 to 82% with the annealing temperature of 500-1000 °C. Among the materials, the Lu2O3:Eu3+(1.0 mol%) with annealing at 900 °C present the highest emission quantum efficiency (η = 82%). This phenomenon is probably associated to the removal of oxycarbonate from the matrices with increasing the annealing temperature. It is important to mention that the RE2O3:Eu3+ phosphors prepared by the benzenetricarboxylate method using the TLA ligand is cheaper than compared with the TMA ligand.

  The Commission Internationale de l'Eclairage (CIE) chromaticity coordinates generated from the emission spectra of Eu3+ doped RE2O3 (Figure 8) are x: 0.650 and y: 0.335.49 The color coordinates show virtually no change for different sesquioxide matrices, concentration or annealing temperature. The phosphors containing Gd3+, Y3+, Lu3+ ions exhibit the same characteristic nearly monochromatic emission. The images of the Y2O3:Eu3+ (1.0 mol%) nanomaterials under UV irradiation show identical strong red emission for all the phosphors annealed at temperatures from 500 to 1000 °C.
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  Conclusions

  [RE(TLA):Eu3+] complexes present low total decomposition temperature of the organic moistly producing the high luminescent RE2O3:Eu3+ materials at 500 °C. The benzenetricarboxylate method is reliable, efficient and reproducible for the synthesis of phosphors at low temperature. The red emission of the RE2O3:Eu3+ materials (RE3+: Y3+, Gd3+ and Lu3+) arise mainly from the C2 symmetry site. The large values of the Ω2 experimental parameters corroborates with the high intensity of the 5D0 → 7F2 transition. Besides, these materials can act as efficient red light conversion devices in the studied Eu3+-concentration range. Finally, the RE2O3:Eu3+ phosphors prepared by the benzenetricarboxylate method using the [RE(TLA):Eu3+] present lower emission quantum efficiency (η close to 80%) than from the [RE(TMA):Eu3+] precursor complexes (η close to 90%). However they are cheaper, becoming an efficient and more economically viable system potentially usable as optical markers.
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Figure S14. FTIR (KBr) spectrum of 5.
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Figure S13. 'H NMR spectrum of 5 (400 MHz, DMSO-d,).
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Figure S21. ESI mass spectra of 2 in CH.CN after addition of CN- (a) and F- (b). The mass spectra coincide with the spectrum of 1b [(m/2) 320.10].
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Figure 3. (2) TEM image of 89.6Ge0,-9.6Bi:0,-0.8AgNO, (mol%) glass without Ag-NPs. The B paricles observed were formed several minutes afier

the exposition to the electron beam irradiation. The inset shows the diffraction pattern that confirms the rhombohedral stucture of bismuth; (b) size
distribution of the Bi particles.
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Figure 2. EDS spectrum of the 89.6Ge0-9.681:0,-0 SAsNO, (mol%)
glass sample heat-treated during 1 hour at 420 °C.
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Figure 3. Representation of the dynamic coupling effect in lanthanoid
ions. Adapted from reference 77.
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Figure $20. UV-Vis spectra for solutions of () Ta and 1a in the presence of (b) CN-and (¢) ', as potassium sals,in water (A) and CTABr/water (B).
UV-Vis specta for solutions of (d) 2and 2 i the presence of CN- and () F-, as potassium salts, in water (C) and CTABriwater (D). For concentrations of

1a, 2. CTABr and anions, see Figures 2, 6 and 7.
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Figure S18. (2 Influence of the addition of increasing amounts of CN-on the UV-Vis spectra of 1a (2.0 10 mol L) in DMSO with 10% (v/¥) of water
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Figure S19. Solutions of (2) 1a and 1 in the presence of (b) CN- and (¢) F', as potassium sals, in water (A) and CTABr/water (B). Solutions of 2 in
the absence (@) and in the presence of (e) CN" and (1) -, as potassium salts, in water (C) and CTABr/water (D). The concentration of each anion was
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fable 5. Classification of luminescence phenomena according to the excitation

Excitation type Example
Photoluminescence. photons (VUV, U, Vis, NIR) quinine, thodamine, luorescein, ruby (ALOCF)
Chemiluminescence energy of chemical reactions luminol and H0,
Bioluminescence. chemiluminescence involving biological systems. fireflies (uciferinfluciferase), deep sea animals
Crystalloluminescence. chemiluminescence involving the formation of crystals erystallzation of As,0;
Hlectroluminescence electric potential difference lightning stikes, electronic displays.
Cathodoluminescence electron beam cathode ray tobes
Thermoluminescence. luminescence stimulated by heat (comprises the previous chlorophan (a variety of fluoite, CaF)
formation of excited states)
Triboluminescence ‘mechanic energy, friction sugar, sodium tartrate
Fractoluminescence ‘mechanic energy, fracture ice
Piczoluminescence mechanic energy. pressure KBr.KCl
Rontgen- or Radioluminescence ionizing radiation (X-rays, y-rays and p-radiation) BalPUCN),), scinillators
lonoluminescence ion o a-particles beam polar auroras.

Sonoluminescence sound waves leading to the implosion of bubbles in a liquid ‘water under high power ultrasound
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Figure S11. 'H NMR (400 MHz, DMSO-d.) spectrum of 4.
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Figure 23. Reaction mechanism of peroxynitite addiion (0 diacetyl, methylglyoxal, and glyoxal, ultimately leading to acetic acid, acetc acid plus formic
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Figure 21. Sources, targets and biological response of singlet oxygen (adapted from reference 4).





OPS/images/a07img22.png
(@ hv

Me O Ph OH T, )
HPR F oT:
wo—L—> > e |1 1 T 0dla) —0yx)
H 0a%) 0-0 Mo Mo
ATAoetane
© Me Me
wo——-wo
0-0

Figure 22. Generation of singlet oxygen ('A,) by energy tranfer from enzymaticlly (2) and chemically (b) produced triplet acetone to ground state (°T,)
molecular oxygen.
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Figure 1. () Scheme showing a typical clinial procedure for applcation of photodynamic therapy and (b) the three possible mechanisms of action
involving excited photosensitizer molecules.
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Figure 2. Scheme showing the basic structures of some porphyrinoid photosensitizers.
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Figure 3. Schematic representation of some drug delivery systems investigated for photodynamic therapy (PDT) application, showing the preferential
localization of hydrophilic ipophilic and amphiphilic photosensitizers n them. Hydrophilic and amphiphilic photosensitizers (PSs) can also be incorporated
upon adjustment on nanocapsules and nanospheres polymer composition (not shown).
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Figure 4. Iilusrations of the differences on cytolocalization of a ipophilic photosensitizer (PS),  porphyrin derivative, in tumoral cell. Photosensitizer
(a) encapsulated in polymeric nanocapsules (NC) and (b) non-encapsulated (free porphyrin).
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Figure 2. Energy levels of the 4f* configurations of trivalent anthanoids
(Ln™). Adapted from references 40 and 41
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[fable 1. Composition of the sols used in the preparation of hybrd Urmostl-
phosphotungstate flms

fcode HPW/ TEOS/  GPIMS/  MCL/

mmol  mmol  mmol  mmol
Undo 075 7 0 -
Und20 075 136 34 -
Und40 075 102 68 -
Unds0 075 68 102 -
Undso 075 34 136 -
Bab 075 " 0 o2k
Ba20 075 136 34 028k
Bat0 075 102 65 028k
Bas 075 68 02 02BC,
Bas0 075 34 136 028,
S0 075 34 136 028
caso 075 34 B6 02cC,
Mgs0 075 34 36 02Mgay

‘Sample codes refer (o the type of doping cation added and GPTMS

content of the sample (.2, samplo Bad0: Bz" doped sample prepared
using 60% TEOS and 40% GPTMS).
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Figure S21. "H NMR spectrum (300 MHz, DMSO-d.) of compound 4a.
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Figure 2. The low wavenumber region of FTIR spectra of the undoped

(a) and Be*doped (b) Ormosil-phosphotungstate films prepared with
different concentrations of GPTMS (see Table 1) The characteistic bands

of Keggin phosphotungstate are marked with (w).
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Figure $23. "H NMR spectrum (300 MHz, DMSO-d, ) of compound 4b.
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Figure 1. FTIR spectra of the undoped Ormosil fims without GPTMS
(Und0) and with the highest concentration of GPTMS (Und80).
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Figure 2. Thermal cleavage of 1,2-dioxetanes and 1.2-dioxetanones
iading t two carbony product, one o them n an lectronicalyexcitd
sat,preferentallyin the iplt manifold. Reproduced from eference 4,
by permission from the Rev. Virtual de Quimica.
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Figure $20. "H NMR spectrum (300 MHz, DMSO-d.) of compound 3d.
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Figure 9. CIE chromaticity diagrams showing the (x.y) colour coordinate
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L rlative concenirations, A = 394 nm: (b) dependence on excitation
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Figure $19. 'H NMR spectrum (300 MHz, DMSO-d,) of compound 3d.
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Figure 8. Fluorescence decay curves of Chiku,, and ChiEiu, Li,
(n = 0.04, 005, 0.1 wL%) sampls delermined by single exponential
fittings: A = 394 nm, A= 616 nm.
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Figure 5. Photophysical and photochemical transformations of acetone
upon excitation (o singlet and triplet sates (4); () thermal deactivation;
(i) fluorescence and phosphorescence emission; i) energy transfer 10 an
acceptor molecule (A), possibly followed by photophysical (hv, heat)or
photochemical processes of A (photoproducts): (iv) energy transfer from
tiplet acetone 1o molecular oxygen, generating highly reactive singlet
oxygen; (v) 1,2-cycloaddition t0 alkenes, ielding an oxetane (Patern-
Bachi reaction); (v hydrogen abstraction from suitable H-donors like
alcohols and I.4-dienes,leading to (vi) the reduction product 2-proparol
and dimerization product 2,3-dihydroxy-2.3-dimethylbutane (pinacol);
(vif) C~C bond homolyss (a-cleavage) toa methyl and an acetyl radical,
which can undergo decarbony/ation or dimerization to diacetyl® (adapted
from reference 4).
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Figure 6. The hypothesis of “photochemistry in the dark” typical
photochernical products can arise in the absence of light i vitro o i vivo
from electronically excited molecules generated by non-enzymatic and
enzymatic reactions. Triplet carbonyl species are the best candidates for
excited products due to their long lifetimes and oxyl radical-like structure
and behavior (insert).
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Figure S18. "H NMR spectrum (300 MHz, DMSO-d.) of compound 3.
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Figure 3. Chemically initiaed electron exchange luminescence (CIEEL) mechanism proposed for the decomposition of a 1.2-dioxetanone catalyzed by
an activator (ACT) with low oxidation potential (adapted from reference 4).
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Figure 4. Mechanism for the induced decomposition of protected phenoxy-substituted 1.2-dioxetanes. Reproduced from reference 4, by permission from
the Rev. Virtual de Quimica.
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Figure 9. Isomerization of santonin to lumisantonin in sbsinthe, either photocheical or induced by chemically-generated triplet acetone (adapted from
reference 4).
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Figure S15. "H NMR spectrum (300 MHz, DMSO-d.) of compound 3b.
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Figure S14. "H NMR spectrum (300 MHz, DMSO-4.) of compound 3a.
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Figure 4. Conductivity plot of the ChiEu,Li, samples.
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Figure 7. Photochemical and dioxetane-induced cis frans-isomerization of stilbene and analogous reaction of cinnamic acid i sweet clover (Mellotus albus)
(adapted from reference 4).
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Figure S17. "H NMR spectrum (300 MHz, DMSO-4.) of compound 3.
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Figure 6. Excitation spectrum of the sample Chiu,, measured by
monitoring the emission at 616 nm. The characteristic transitions of Eu®
are indicated by the respective bands.
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Figure 8. [2-+ 2] Cycloaddition and cis,trans-isomerization driven by excited acetone i a model system with 1,2-dicyanoethylene and hypothetical “dark”
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Figure $16. "H NMR spectrum (300 MHz. DMSO-d,) of compound 3b.
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Figure 5. Emission spectra of the sample ChiEu, with excitation at
different wavelengths. The characteistic ransitions of Eu™ are indicated

nearby the respective bands.
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Figure $32. "H NMR spectrum (300 MHz, DMSO-d,) of compound 5b.
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Figure 1. Area of the most intense phosphotungstate IR absorpiion
band (ca. 821 cm) as function of % GPTMS for the Bz doped and

undoped hybrid films.
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$35. 'H NMR spectrum (300 MHz, DMSO-d.) of compound 5d.
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Figure 2. Raman spectra of the glasses containing different contents of
MO,
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Figure S34. "H NMR spectrum (300 MHz, DMSO-d.) of compound Sec.
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Figure 1. (a) Thermal analyses ofthe glasses with different contents of M. Evolution of the characterstic temperatures of (b) Tg, (c) Tx and (d) thermal

stability of the samples.
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Figure 12. Generation of triplet acetone by the horseradish peroxidase
(HRP)-catalyzed oxidation of isobutanal (IBAL). The substrate
evokes firefly luciferin with respect 1o the presence of a carbonyl-
activated hydrogen alom, insertion of oxygen in the o-carbon yielding
an a-hydroperoxide (IBAL-OOH), cyclization o a hypothetical
12dioxetane (IBALO,), whose cleavage yields trplet acetone, which
decays by light emission and reduction to isopropanol and pinacol.
Reproduced from reference 4, by permission of Rev. Virtual de Quimica.
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Figure $29. 'H NMR spectrum (300 MHz, DMSO-d,) of compound Sa.
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Figure 7. The photochromic response of the hybrid films (M80) with
80% GPTMS as function of UV exposure tim fordifferent alkaline carth
cations used as dopants.
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Figure 13, Possible biological sources of triplet etones. Apart from
12.gioxetane decompositon, iplt ketones can be formed by dismutation
of alkoxy and alkylperoxy radicals occurring in the propagation and
termination steps of lipid peroxidation, in addition 10 the reported etro-
Patern-Biichi reaction of the oxetane derivative from a ketone and
thymine (adapted from reference 4).
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Figure 6. Photochromic response of Bs®*-doped and undoped films as
function of GPTMS percentage. The UV illumination time was 10 min
o ach case.
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Figure 10. Disrotatory electrocyclic ing closure of colchicine intoisomeric B- and ylumicolchicines, under sunlight radiation orin underground corms of
autum crocus Colchicum autumnale. Continuous exposure of colchicine to light leads to the dimerization of B-lumicolchicine o the cyclobutene derivative
atlumicolchicine (adapted from reference 4).
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Figure 9. Correlation between the photochromic response and W content
(uorescence intensity) of the hybrid films (MS0) for different doping
cations. The % of GPTMS is 80% and UV exposure time is 10 min in
each case.
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Figure 11. Typical reactions offree radicals centered on carbon, oxygen
or other atoms (adapted from reference 4).
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Figure $30. "H NMR spectrum (300 MHz, DMSO-d.) of compound Sa.
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Figure 8. Increase in the barium () and tungsten (b) content of the B
doped hybrids films as function of GPTMS content. The W content of
the undoped film is also shown for comparison in (b).
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Figure 16. Target molecules for triplet acetone generated by isobutanal
HRP. P, and P,, red-absorbing and far-red absorbing phytochromes;
9.10-dibromoanthracene (DBA); xanthene dyes: fluorescein, eosin and
rose bengal; indoles, tryptophan and plant hormones (adapted from
reference 4).
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Figure 14. HRP-catalyzed or peroxynitsite (ONOO")-nitiated aerobic oxidation of methyl acetoacetone (MAA) to acetate and triplet excited diacetyl
(adapted from reference 4).
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Figure 15. HRP-catalyzed oxidation of 2-phenylpropanal (R = Me) and diphenylacetaldehyde (R = Ph) to acetophenone and benzophenone, especively.
in the triplet state (adapted from reference 4).
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Figure 525. "H NMR spectrum (300 MHz, DMSO-4.) of compound de.
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Figure 3. Schematic representation of the ing opening of epoxy groups
of GPTMS (adapted from reference 42).
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Figure18. Attendees of the International Conference on Chemi- and
Bioenergized Processes, held in 1978 in Guarujd (SP. Brazil). From lef
(0 right” 1 row (seated): Edy Rivas, Carmem Vidigal, Michael Kasha,
John Woodland (“Woody”) Hastings, Eduardo Liss, Etelvino Bechara:
2%row: Christopher Foote, Giuseppe Cilento, Waldemar Adam, Frank M.
Thérese Wilson; 3* row: William Richardson, Adelside Faljoni-Aliri,
Ohara Augusto, Rex Tyrrell, Roberto C. de Baptista, Paul Schaap, Nelson
Duran, Marcela Hain: 4° row: Gary B. Schuster, Norman Krinsky,
Pill-Soon Song, Alfons Baumstark, K. Zaklika, Yoshitaki Shimiza,
Rogerio Mencghini: 5° row: R. Srinivasan, Karl Kopecky. Klaus Zinner,
Frank Quina, Bechara Kachar.
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Figure S28. 'H NMR spectrum (300 MHz, DMSO-d,) of compound 4d.
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Figure 19, Phosphate-induced amplification of the mitochondrial membrane peroxidation chain by riplet carbonyls. () Peroxidation mechanism of
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Figure $27. "H NMR spectrum (300 MHz, DMSO-d.) of compound 4d.
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Figure 5. Photochromic behavior of the Ba*-doped hybrid films (Ba80): increase in absorptions bands of photoreduced phosphotungstate species as
function of UV exposure time (a); digital photograph showing the hybrid film turning blue upon UV.B illumination and colourlss upon ai oxidation in
dark (b): photochromic response decay curve showing the decrease in area of IVCT band (600-800 nm) upon exposure to aifO in dark (c) and reversible
and stable photochromic response of the hybrid films (d). The light and dark cycles shown in (d) were performed ex situ by first exposing the film to UV
radiation for 10 min and then allowing the color to bleach to complete discoloration during 24 h in dark.
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Figure 5. (2) Excitation spectra of the samples. The inset shows the
deconvolution of the excittion spectra,here represented by sample 20Mn.
(b) Emission spectra of the glasses.
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Figure 4. (3) Influence of the adition of increasing amounts of - on
the UV-Vis spectra of 1a (2 x 10° mol L") in DMSO at 25 °C. The
final concentration of - was 1.1 x 10° mol L. (b) Curve showing the
variation in the absorbance at 468 nm of 1a with the additon of ncreasing
amonnts of F-
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Figure 2. () Absorption; (c.d) fluorescence emission; (e, resonance light scattering specira of compounds 4 and § in water, CTAR, and SDS solutions,
shown in black, red, and green lines, respectively. Fluorescence emission (o = 532 am: A = 600-700 nm):; for resonance light scattering A = A_...
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Table 1. Equilibnum constants at 25 °C of 1a with F~ and CN-

Experimental condition_Anion K, /(L mol") D!

DMSO F @98=019)x10°  20x10%
DMSO ON  (156=013x10°  52x10+
0% of water (W) ON' (1292003)x10°  21x10°

Water with CTAB®  CN'_ (938=028)x 10 14x10°
“Experimental data were fitted using equation; *concentration
CTABr = 3 x 10 mol L; DMSO: dimethyl sulfoxide;
CTABr: cetyltrimethylammonium bromide; $.D.: standard deviation;
K. - equilibrium constant.
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{able 1. Spectroscopic properties of compounds 1, 2,4, 5
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Figure 6. (2 Influence of the addition of increasing amounts of CN- on
the UV-Vis spectra of 1a (2 x 10-* mol L) in CTABr/water at 25 °C.
The final concentration of CN- was 7.4 x 10 mol L and CTABr was
used in a concentration of 3.0 x 10° mol L. (b) Curve showing the
variationin the absorbance at 406 am of 1a with the addition of ncreasing
amounts of CN-
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Figure 3. (2) Octanolwater parttion coefficient of chlorophylins (compounds 4 and 5) as a function of pH (b)incorporation of compounds 4 and 5 in

HeLa cells (10F cells mL:*in DMEM), i liposomes (1.5 mg mL_" in phosphate buffer) and in mitochondria suspensions (13 mg L in phosphate buffer).
[PS] =2 x 10° mol L.
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Figure 5. 'H NMR spectra (200 MHz) of 1a in the absence (A) and in the presence of 1.0 (B), 2.0 (C), 3.0 (D) and 40 (E) equivalents of tetra-n-
butylammonium fluoride in DMSO-d, solution.
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Scheme 2. Deprotonation of compound 1a by F- or ON-
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Scheme 1. Scheme of the synthetic route used to prepare the new derivatives of copper-chlorophyllin.
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Figure 3. UV-Vi spectra for solutions of () 1a; (b) 1h; and T in the presence of (¢) HSO, s () H.PO, ; () NO; s () CN's () CH,COO': () F, ) CI
() Br-and () I as tetra-n-butylammonium sals in pure DMSO (A) and DMSO with 1.0% (B); 4.0% (C) and 10.0% (D) of water. For the concentrations
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Figure 1. Absorption (lef) and fluorescence (right) spectra in methanol
of compounds 1 (only absorption s shown) 4 and 5. For the fluorescence
emission, A = S00 n: m, = 70720 nm. Insert show singlet oxygen
emission of compounds 4 and 5. A, = 532 am, 10 pulses second",
2 mJ pulse.
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Figure 1. Chemical structures of compounds 1a and 2.
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Figure 4. Absorption spectra of the glasses with different contents of MaO.
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Figure $36. "H NMR spectrum (300 MHz, DMSO-d,) of compound 5d.
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Figure 3. (2) EPR spectra of the glasses containing different contents of
MnO. (b) Manganese concentration dependence on the EPR line intensity.






OPS/images/a05img06.png
(©)






OPS/images/a05img07.png
[





OPS/images/a11img02.png
7 ‘\ on
N Z
| e
3
e | 2 o
20 | cumosy 6
No,
“ ‘\
N Z
L .
4 e “
e wan
e
= X
[ “
N Z T P—
(1 2O
s
s

Scheme 1. Synthetic route for the preparation of compounds 1a and 2.
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Figure 1. Illustration of the experimental setup used for the fi-laser
micromachining.
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Scheme 3. Nucleophilic attack of F- on the silicon center of chemodosimeter 2.
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Figure S4. FTIR (KBe) spectrum of 1a.
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Figure S5. 'H NMR (400 MHz, C.D.0) spectrum of 2.

Ghemical it/ ppm






OPS/images/a11img18.png
1.1
131

L

LA

—1ass0

£ A M A M)
Chomical shift/ ppm

Figure 52. "C NMR (100 MHz, DMSO-d,) spectrum of Ta.
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e 0
Chemical shift/ ppm






OPS/images/a11img20.png
—to026
Sisoze

—sss

—nss

kY

Figure S6. "C NMR (100 MHz, C,D,0) spectrum of 2.

it

it

i o It W H o i
‘Ghemicalshit/ ppm

10047 4782564
80
oy
9@ L
. o
80| W
e
®
40 aroazsss
20
sa0.2554
] - anzsis
0+ T T T T T
480 480 500 520 540
mz

Figure S7. ESL-MS spectrum of 2.
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Figure 2. (2) Linear (solid line) and nonlincar (lne + symbos)
absorption specta of SOBO) (50 ~ x)PBF xPbO glasses (x =25, 35 and
50 cationic ); b) values of th nonlinear reffactiv index as a foncton
of wavelength forthe glass with x = 50 cationc (. The insets show the
(a) open and (b) closed aperture Z-scan signature for the x = 50 sample
at 700 nm (adapted from reference 20).
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Figure 10. H NMR spectra (200 MH2) for 2in the absence (A) and in the presence of 0.5 (B); 1.0 (C) and 2.0 (D) equivalents oftetra-n-butylammonium
fluoride in DMSO-d, solution.
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Figure 3. Open aperture Z-scan signature at 500 nim for GB and GB-Au. Open symbols represent the experimentl result, while solid lines are the fitting
curves. Inthe GB-Au the dotted lines correspond to the individual theoretial curves for SA (normalized transmittance higher than one) and 2PA (normalized
ransmittance lower than one), while the solid curve represents the sum of both processes (adapted from reference 20).
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Figare . (2 Inflence of the addition of increasing amounts of Fon the UV-Vis specta of2 (2 10° mol L) in DMISO at 25 °C. The final concentation
of F- was 8.0 x 10 mol L-". (b) Curve showing the variation in the absorbance at 468 nm of 2 with the addition of increasing amounts of F-
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Figure S1. 'H NMR (400 MHz. DMSO-d.) spectrum of 1a.
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of CN- was 2.8 x 10 mol L. (b) Curve of the variation in the absorbance at 468 am of 2 with the addition of increasing amounts of CN-.
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Figure 6. Dependence of laser-induced damage in a borosilicate glass
(AF45) with the repetition rate, number of pulses and fluence of a
1045 am femtosecond laer. Beam direction s normal o the image plane-#
Reprinted with permission from (Eaton et al. 2005). Copyright (2015),
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Figure 7. Extinction spectra of Au,0, doped silicate glass irrdiated
with fs-laser beam of (2) 6.5 x 10° W cm (b) 2.3 x 104W cm?;
(6)5.0 10 W em?and further annealed at 550 °C during | h. The inset
shows the pictue of this sample and the corresponding iradiated arcas
(adapted from reference 49).
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Figure 5. Differential interference contrast microscopy showing
waveguides and their cross-sections, when micromachined (s) without
and (b) with a slit before the objective lons. Reprinted with permission
from (Ams et al. ** 2005). Copyrig!
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Figure 8. UV-Vis spectra for solutions of (s) 2 and 2in the presence of (b) HSO, s (¢) HPO, s (4) NO : (&) CN'; () CH,COO": () F; () CI i) Br- and
() I a5 tetra-n-butylammonium sals in DMSO (A) and DMSO with 1.0% (BY:; 0% (C) and 10.0% (D) of water. For concentrations of 2 and anions see
Figure 7.
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igure7. Solutionsof (a) 2; and 2inthe presence of (b) HSO, - ¢) H,PO,
(@ NO.; (e) ON~ () CH.COO' () F; (h) CE: () Br-and () I as
tetra-n-butylammonium salis in DMSO (A) and DMSO with 1.0% (B:
4.0% (C) and 10.0% (D) of water. The concentration of cach aion was
20 x 10 mol I -' and of 2 was 2.0 x 10 mol | -
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Figure 4. (a) Viabilty in percentage of the control; (b) absorption facor; (c) intrnsic phototonicity of methylene blue and of chlorophyllin compounds 4

and 5 in HeLa cells. [PS] =2 x 10° mol L.
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Figure 8. (2) Transmission spectra in the UV-Vis-NIR region for film with

=20 doped with | mol% of Ee*, deposited by spin-coating onto silca
substrate (3 layers), and heat.treated at 700°C; (b) refractive index values
dispersion and Sellmeier curve for x = 20 and values for silica substrate.
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Figure 7. PL emission spectra under 488 amexcilationforpovdersdoped
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Figure 6. Transmission spectrum in the UV-Vis-NIR regions for gels
with x = 10 doped with 1 mol% of Er* and dried at 45 °C during 6 days.
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Figure 3. Clinically-used antimicrobal acridines (*10-methyl quaternary salt).
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Figure 7. Increased wavelength and singlet oxygen quantum yield in rigidified phenazinium derivatives.
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Figure 3. X.ray diffraction patterns for powders of (1 ~ X)Si0;xGeO,
with x = 10 and 20 heat treated at 700, 900 and 1100 °C.
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Figure 8. Phenoxazinum derivatives.
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Figure 2. (2) FTIR spectra for gels dried at 45 °C during 6 days and
powiders of (1 — SI0,:xGeO, with x = 10 and 20 compositions heat
treated 100, 900 and 1100 °C; (b)area of the absorpion a ca. 3430 e
as a function of temperature for x = 10.
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Figure 5. EDX spectra of x = 20 doped with | mol% of E* heat-treated
at 900 °C and 1100 °C. The thin lines are EDX spectra i a light gray
region (matrix) and the thick line are EDX spectra n a dark gray region
(nanopartices = black spheres) measured by TEM (Figures 4b and 4c,
respectively).
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Figure 6. Classical synthesis of phenazinium dyes showing facile variation. Typically R is an alkyl group.
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Figure 5. Simplifid potential energy diagrams ilustrating the origin of shifts between absorption and emission maxima in different itvations: (a) Stokes
shift in organic fluorophores; (b) pure 4£4f transition with virtually no shift;(c) “Denning shift”, in which absorption and emission processes involve
different crystal field staes of 4f and 5d configurations of the same chromophore; and () “Richardson shift” comrising the energy transfer from ligand
excited states 1o metal levels (antenna effect). S, fundamental singlet state: S irst excited singlet stte; T, firt triplet stae; ISC: intersystem crossing;
ET: energy transfer: R: internuclear separation; AR: shift in the equilibrium internuclear separation within ligands (AR, ) or metal (AR,).
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Figure 4. TEM images and GeO, nanopartcles size distribution of powders from (1 — x)Si0,xGeO), compositions, with: (a) x = 10 and heat reated at
900°C: (b) x = 20 and heat-treated a1 900 °C: (c) x = 20 and heat-treated at 1100 °C: (d) x = 10 and heat.treated at 900 C: (¢) x = 20 and heal-reated at
900 °C: (f) x = 20 and heat-treated at 1100 °C.
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Figure 11. Symmetrical and asymmetrical phenothiazinium/chalcogen analogue formation from the reduced parent

lkyl or aryl: X =S, Se).
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Figure 10. “Classical” thiosulphonic acid synthesis of methylene blue derivatives. R is typically alkyl or aryl.
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Figure 6. (2) Simplified schematization of a LED bulb and (b) combination of the blue LED spectrum with the YAG:Ce™ emissions to generate a white
light spectrum in LED systems 24!
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Figure 4. Normalized UV-Vis absorbance and fluorescence emission
espectra of 3d.
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Figure 7. Decay curves for the Eu* ion in the mattixes (3) Nb.0sLagr,
Eu,, .. and (b) Nb,O,-La, . Eu, ... treated at different temperatures.
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Figure 6. Luminescence specta of the sample NbO, L Etse caleined a different temperatres: (2 excitation sectra (e 614 nm), () enission
spectra (- 275 nm). (¢) emission spectra (- 304 am). (d) emission spectra (1. - 465 nm) and (e) emission spectra (. < 525 am).
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Table 2. Chromaticity coordinates and FWHM of the Eu™’D), — 'F; transition in calcined Nb;0:Lagss;Etig 1) and Nb,05:Lag s Etkg 1) samples excited
at 275 and 394 nm

A 275 0m At 394 om
Sample. Temperature /°C CIE CIE
FWHM/ nm FWHM/am
x y x y

550 0666 0333 120 0676 032 124

750 0660 0338 52 0662 0336 63

NoOs Lo Bt 900 0669 0329 60 0670 0329 571

1200 0658 0341 90 0680 0318 44

550 0681 0318 120 0683 0316 138

750 0657 0342 62 0678 o031 7

NOsLaen e 900 0651 0347 50 0671 031 48

1200 0649 0350 90 0676 03 52

*Excitation spectra: "full width at half maximum.
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Figure 1. Normalized UV-Vis absorbance and fluorescence emission
espectra of 3a.
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Figure 13. Chalcogen substituted photosensitisers.
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Scheme 3. Synthesis of mono (3a-d), di (4a-d) and trisubstituted (Sa-d) triazinyl-benzazole derivatives.
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Figure 5. Luminescence spectra of the sample Nb,0.:Ltysa Eut o, calcined at different temperatures: (3) exciation spectra (A 614 nm); (b) emission
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Figure S1. PL emission spectra under 980 nm excitation for x = 10and 20,
doped with I molf% of Er*, and heat treated at 1100 °C. The laser power
used was 50 mW from a diode laser. Same emission intensity relation
among both samples and same spectral shape was observed in comparison
to those collected under 488 nm excitation (Figure 7).
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Figure 17. Effect of lower period atom inclusion in rosamine derivatives.
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Figure 9. (2) Oplical surface image: (b) 3D image of the 15 mm width
rib channel waveguide for a film with 1214 nm thickness obtained by
femtosecond laser; () calculated square electric and magnetic field pofiles
of the TE, and TMa modes at 632.8 and 1535 nmalong 7 axs (depth)for
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Figure 14. Pyronin and simple rosamine derivatives.
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Scheme 2. Photophysical pathways from ESIPT-exhibiting dyes: enol
(or normal) emission (left) and ESIPT (or tautomer) emission (right).
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Figure 18. Structure-photophysical relationships in cationic, azine-type photosensitisers.
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second derivative of the same spectra.





OPS/images/a10img15.png
——otenn
-
eyt e
R ——
-

Normalzed flcrescence

EREE) )
Wavslangth  nm

Figure 10 Normalized UV-Vis absorbance and fluorescence emission

espectra of 5b.





OPS/images/a17img05.png
@

z

0.0015

0.0010

0.0005

0.0000

Absorbance

0.0005

0.0010

Second derivative of absorbance

00015
1600 1400 1200 1000 800 1600 1400 1200 1000 800

Wavenumber / cm Wavenumber / cm

Figure 2. (2) Means of infrared spectra (1700-600 ) obtained after the treatments proposed for enamel (spectra normalized by phosphate band); (b)
second derivative of the same spectra.





OPS/images/a10img14.png
Soidan

Normalized fluorescence

ERERED) ) E) &
Wavslangth  nm

Figure 9. Normalized UV-Vis absorbance and fluorescence emission

espectra of 5a.





OPS/images/a17img04.png
[





OPS/images/a10img16.png
Normalized fluorescence

W ws &0 k0 %0 e
Wavelength  rm

Figure 11, Normalized UV-Vis absorbance and fluorescence emission

espectra of Se.





OPS/images/a10img11.png
Soigsan
Chicrtors
Entscems
Acusaivis
fovy

Normalized absorbance
Normalized fluorescence

E R A )
Vel o

Figure 7. Normalized UV-Vis absorbance and florescence emission

espoctra of dc.





OPS/images/a17img01.png
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Figure S13. "H NMR spectrum (300 MHz, DMSO-d.) of compound 3a.
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Figure S12. IR spectrum (nujol) of compound 5d.





OPS/images/a19img03.png
400
o
o
i o,
S o] W)
z !
T o] A ionte
£ o
o

A A A
™

o™ i
.

R R S P R

20/ dogree
Figure 2. XRD patterns of ChiEu_Li. samples.





OPS/images/a10img27.png
o w0 ww 20 2w k0 k0 50





OPS/images/a18img05.png
Aable 1. Mean values = standard deviation ol bacterial concentration
(CFU mL") and log reduction for each treatment (n.= 10)

— P T ——
o e -
Creic v2e01 6s03
wr oowaoos ssor

*p < 0.05 compared to chemical group. The initial counting was prior o
the treatments, thus the same for both groups. CFU: colony-forming units;
PDT: photodynamic therapy.





OPS/images/a18img04.png
Normalized bumn size / %
B &8 28 8

2
MR A ST S I e AT S
postwounding
2
®
» pe002s
£,
g
'gu
3 4
2
p
o
ty Conol
Group
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Figure S8. IR spectrum (nujol) of compound 4d.
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Figure S7. IR spectrum (nujol) of compound dc.
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Figure 3. Irradiance distribution of the LED-based irradiator.
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Figure S4. IR spectrum (nujol) of compound 3d.
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OPS/images/a17img11.png
@ | EENOKcy HEE001KGy ©
014 | Emo.tkey CJ1key -—oicy
(1o EAscs S 0,01 kGy
012 il 4 0146y
H 1P i H 1kGy
8 | | £ e 151y
Son i | E [ bivd
] | | i .
') i i ')
som ; i 512
g | | £,
z i i g o
3 o0 ! i 3 06
3 i Bs ! 5
2 i ABB 2
5 002 | ans i 2o
: | | 1 oo
0.00 + T - 0.0-
Amide AmGell | Amidell Carborate
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Figure S6. IR spectrum (nujol) of compound 4b.
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Figure 2. Spectral irradiance of the red LED-based irradiator.
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Figure S5. IR spectrum (nujol) of compound 4a.
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Figure 1. Top view of the LED-based irradiator. Red LEDs were placed
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Figure 3. Emission specta of (a) 1 and (d) 2 acquired at £1. upon progressive excitation wavelength (from 300 am to 450 nm); emission intensities as
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Figure S1. Infrared spectra of the materials. The black and red cures
refer to samples 1 and 2, respectively.
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Figure 1. High-resolution transmission electron microscopy (HRTEM) images of C-dots (a) 1 and (b) 2; and size distribution histograms for (¢) 1 and
(d) 2. The inserts in (a) and (b) emphasize the lattice fringes of representative particles.
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Figure 3. Excitaion spectra of the C-dots measured at £.1. by monitoring
their emissions at 460 am. The black and red curves refer to samples 1
and 2, respectively.
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states). Eu* ion and RE,O-Eu™ (LMCT) state.
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effciencies of the °D, emittng level determined for the RE.Oy Eu® (1.0 mol%) (RE™: Y, Gd and Lu) phosphors, annealed for 1 hour, based on the emission
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OPS/images/a04img01.png
H20,
Type 1

Figure 1. Excitation/relaxation pathways involved in photosensitisation.
Key: S,: singlet electronic ground state of photosensitiser; *S,: inglet
excited state; *T,: riplet excited state; hv: energy of absorbed photon;
IC: internal conversion; F: fluorescence; P: phosphorescence; 1SC: inter-
system crossing.
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Figure 6. The (2) excitation spectra of [RE(TLA)Eu™ (5.0 mol“)] (RE™: Y, Gd and Lu), with emission monitored at 616 non; (b) emission spectra, with
excitation at 295 nm, recorded at 77 K and (c) correlation between [RE(TLA)-Eu* (x%)] lifetimes and Eu*doping concentrations (x: 0.1, 05, 1.0 and

5.0 mol%).
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Figure 2. General azinium-type structures, showing the delocalisation of cationic charge. X/Y = CH/NR; RCHO; RCHIS; RCHISe; RCH/Te; NN
N/O: N/S: N/Se.
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Figure 3. XPD patterns of (2) Y,0Eu™; (b) Gd0Eu™ and (¢) Lu,0Eu™ (1.0 molf%) materials annealed for 1 h at different temperatures; reference
pattern: PDF: 86-2477 and 86-2475, respectively.
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Figure 2. TG and DTG curves (s) [RECTLA)] and (b) [RE(TLA)Eu
(5.0 mol%)] (RE*: Y. Gd and Lu).
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of the D, emitting level determined for the [RE(TLA):Eu* (x mol%)] (RE*: Y, Gd and Lu) phosphors based on the emission spectra recorded at 77 K
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Figure 8. Partial Pr* and Yb* energy levels diagram. The radiative
and non-radiative processes observed with excitation at 350 nm for
nanocomposites annealed at 900 °C (a) and 1100 °C (b) are depicted.
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Figure S4. Emission spectra of RE0Eu™ (1.0 mol%) (RE*: Y, Gd and
Lu) at 300 K. with excitation at 260 nm.
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Figure S3. Emission spectra of Y 0,:Eu™ (1.0 mol%) at 77 K. with excitation at 260 nm.
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Figure 5. PL emission spectra o the S1. $2 and S3 naocomposites upon
excitation at 300 nm. annealed at: (a) 900 °C and (b) 1100 °C.
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Figure 4. PL excitation spectra monitoring the 980 am emission for S1,
2 and $3 nanocomposites annealed at (3) 900 °C; (b) 1100 °C. Pr* and
Yb transitions for nanocomposites annealed at 900 °C and 1100 °C are

depicted in (c).
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Figure 5. () Photoluminescence (PL) spectra of the
89.6Ge0,-9.6B1,0,-0.8AgNO, (mol%) glass excited at 808 am, for
different heal-treatment intervals. The samle without Ag-NPs is shown
for reference; (b) results of 90.4Ge0,-9.683.0, 86Ge0.-14 Bi,0, and
80.4Ge0,-19 6810, glasses (mol%), without Ag-NPs, meltedat 1100 and
1200 °C; (c) behavior of the PL spectra o the sample without Ag-NPs
for three heat.treatment time intervals.
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Figure 4. Room temperature absorption spectra of the
59.6G0,-9,6B1.0,-0.8AgNO, (molf) ass. he inse shows the behavior
ofthe sample without Ag-NPs for different heat.treament times. Sample
heattrated during: | h (sold circles) 12 (riangles); 24  (ateisks).
The spectrum of the sample without Ag-NPs is shown for reference
(squares). Samples thickness: 2.0 mm.
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Figure 1. X ray diffractograms of the S1, 52 and S3 nanocomposites
annealed at (2) 900 °C and (b) 1100 °C. The main reflection of T-phase
(M) and M-phase (@) are depicted.
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Figure S2. Excitation spectra of RE,O:Eu* (1.0 mol%) at 77 K. monitored at 613 nm.





OPS/images/a12img06.png
—=—1h
12000
IS
12000 J —*—12h
1 —-- Without sier NPs
5 10000
3 a0
§ a0
- 4000-
2000

200 40 600 80 1000
Raman shift/ cm”

Figure 6. Raman spectra of the glass 89.6Ge0,-9.6B1,0,-0.8AgNO,
(mol%) heat treated during 1, 12 and 24 h, a1 420 °C. The spectrum for the
sample without Ag-NPs is shown for reference (laser wavelength: 532 nm).
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Figure S1. FTIR absorption spectra of (2) Y,07Eu™ (b) Gd,0,Eu* and (©) Lu,0,Eu (10 mol%) annealed for 1 at different temperatures and
[RECTLA)-Eu (1.0 mol%)] as prepared.
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Figure 7. PL emission spectraof $1, 52 and S3 nanocomposites aancaled
at (2) 900 °C and (b) 1100 °C in the 900-1700 nm upon excitation at

250 am.
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Figure 6. PL emission spectra of the S1, 52 and 3 nanocomposites upon
excitation at 482 nm. annealed at: (a) 900 °C and (b) 1100 °C.
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Figure 1. TGA and DTA curves for gels dried at 45 °C during 6 days

of (1 - YSi0::xGe0, with x = 10 and 20 compositions. Reference and
sample crucibles of alumin, air atmosphere and heating rate of 5 °C min".
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Figure 5. Time resolved photoluminescence of 0.3Asn:BOE:Tb1%

0.16 mol L in water (a) excitation spectra monitored at . emission =

543 nm and emission spectra by excitation at (b) 250 nm; (c) 351 nm.

Delay time at 0.1 ms, sample window as 0.4 ms.
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igure 1. Powder X-ray diffraction (A) (2) BOE:Tb1% and
(b) Asn:BOE:Tb1%. (B) (a) YTA-Tb1% and (b) Asn:yTA:Tb1%.
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Figure 12. Calculated squared eletic field profies in the TE, and TV,
mode at 632.8 nm for the (a) W1 (b) W2 and (c) W3 waveguides. The

confinement coefficients are reprosented between parentheses.
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Figure 2. (A) FTIR spectra of x) BOETb1% and (b) Asn:BOETb1%.
(B) FTIR spectra of (a) YTA:Tb1% and (b) Asn=yTA:Tb1%.
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Figure 10. Partial Pr and Yb* cnergy levels disgram. The radiative
and non-radiative processes observed with excitation at 448 am for
nanocomposites annealed at 900 °C (a) and 1100 °C (b) are depicted.
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Figure . PL emission spectraof 1,52 and 3 nanocomposites annealed

at () 900 °C and (b) 1100 °C, in the 900-1700 nm upon excitaion at

448 am
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Figure 11. Refractve index profle of the planar waveguides: (a) W1:

(b) W2 and (¢) W3, as reconstructed from modal measurcments al

6328 nm for TE and TM polarization. The efective refractive indices of

the TE (M) and TM (@) are reported.
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Figure 4. Photoluminescence of (z) BOETb1%; (b) yTATb1%; (c) BOEEu2%; (d) yTA:Eu2%: (¢) Asn:BOE:Tb1%; () AsnTA-Th1%. Excitation
spectra monitored at & emission = 543 nm (a, b, . ) o at . emission = 592 om (c, d; emission spectra by excitation at 351 m (a), 250 am (host at b, e,

f) and 394 nm (c. d).





