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    Carbon-supported PtSnCu, PtCu and PtSn electrocatalysts for ethanol Oxidation in acid media

  

   

   

  Monah M. Magalhães; Flavio Colmati*

  Laboratório de Eletroquímica (LabEl), Instituto de Química, Universidade Federal de Goiás, CP 131, 74001-970 Goiânia-GO, Brazil

   

  
    Eletrocatalisadores de PtSnCu, PtSn, PtCu e Pt ancorados em carbono foram sintetizados através da redução química dos íons metálicos em solução por refluxo de etanol. Estes materiais foram caracterizados por espectrometria de raios X dispersiva em energia (EDX), difração de raios X (XRD) e microscopia eletrônica de transmissão de alta resolução (HRTEM) e eletroquimicamente por voltametria cíclica e cronoamperometria na presença e ausência de etanol no eletrólito. Todos os materiais mostraram uma distribuição homogênea no suporte de carbono com pouca formação de aglomerados. Os tamanhos de partículas ficaram em torno de 2-4 nm e foi observada a formação de solução sólida. A caracterização eletroquímica dos materiais mostrou estabilidade dos materiais e uma drástica diminuição no potencial de início de oxidação de etanol quando Cu modifica o catalisador de PtSn.

  

   

  
    Carbon-supported PtSnCu, PtSn, PtCu and Pt electro-catalysts were prepared by reduction of metal precursors in ethanol reflux. These materials were characterized by energy-dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD) and high resolution transmission electron microscopy (HRTEM). Electrochemical properties were characterized by cyclic voltammetry and chronoamperometry in presence and absence of ethanol in the electrolyte solution. Results showed a metal nanoparticle homogeneous distribution on the carbon support with small agglomerate formation, particle sizes were determined as 2-4 nm and solid solutions formation were observed. The electrochemical characterization evidenced the material stability and a drastic decrease of the onset potential for ethanol electrochemical reaction was observed when Cu is used as a modifying compound to the PtSn electrocatalyst.

    Keywords: PtSnCu, electrocatalysis, DEFC, ethanol oxidation, PEMFC

  

   

   

  Introduction

  Fuel cells convert chemical energy directly into electrical energy with high efficiency and are extremely attractive as power sources for application in mobile, stationary and portable devices.1 Proton exchange membrane fuel cells (PEMFC) are supplied by the hydrogen molecule, which, at the anode, is split into proton ions and electrons and separate from each other, since protons permeate across the electrolyte to the cathode while the electrons flow through an external circuit, resulting in electric power. Also in the cathode, oxygen molecules from the air capture the free electrons, combine to the protons, resulting in water production. Moreover, PEMFCs operate at low temperature (70-100ºC), which is one of their major advantages.

  However, since there are some issues on handling the hydrogen fuel, liquid fuels are thought to be more convenient for mobile applications and this is the reason why direct ethanol fuel cell (DEFC) have attracted the attention of the industries and of the scientific community. Among the major advantages of employing ethanol as fuel are its low toxicity, it is produced from agricultural row materials in large scale2 despite low toxicity, it is preferred instead of methanol due to its higher theoretical mass energy density (8.01 kWh kg−1), which is 1.3 times higher than that of methanol (6.09 kWh kg−1).3

  Although there are some similarities in the oxidation of low molecular weight alcohols when platinum (Pt) is employed as catalyst, because CO is produced as intermediate, better catalysts, which are more selective, have been studied. For example, in preliminary studies, Delime et al.4 and Nonaka et al.5 suggested the substitution of Pt catalyst by Tin (Sn) and they found very interesting results leading to the oxidation of ethanol at lower potentials than those obtained when pure platinum is employed as catalyst.6 In a previous work, the modification of Pt by copper prepared by formic acid method showed 7 that the catalyst were used to oxygen reduction reaction in a direct methanol fuel cell. Oezaslan et al.8 showed PtCu alloy activity for oxygen reduction reaction in acid and alkaline media. On the other hand, Huang et al.9 showed PtCu alloy with high density of surface Pt defects for ethanol oxidation. Lamy and co-workers10-12 and Xin and co-workers13-18 investigated the ethanol oxidation on carbon supported Pt-Sn catalysts prepared by distinct methods.9,10 They showed that most of the Sn in the as-prepared catalysts was in a non-alloyed oxidized state and the use of these catalysts resulted in a remarkable enhancement of the observed current of direct ethanol fuel cells (DEFCs) with Pt-Sn as anode material. However, controversial results on the effect of the Sn content in the Pt-Sn catalysts on cell performance were reported. Lamy et al.10 observed an optimum composition in which Sn is employed at the range of 10-20%, while Zhou et al.15 found the optimum composition in the range of 33-40%, depending on the DEFC operation temperature. Also, Jiang et al.16 compared the catalytic activity of a partially alloyed PtSn catalyst with that of a quasi-non-alloyed PtSnOx catalyst. They found that the slightly changed lattice parameter of Pt in the PtSnOx catalyst favors the ethanol adsorption and oxide formation in the vicinity of Pt nanoparticles conveniently provides oxygen species to remove the CO-like formed as ethanolic residues on Pt active sites. Colmati et al.19 showed that PtSn obeys the Vegard's law when Sn content is varied in the catalyst, and although not all of the Sn content in catalysis was in the metallic form, there was oxide contents, both Sn forms contribute to ethanol oxidation, which leaded to the conclusion that Sn alloyed acts through electronic effects and Sn oxides act by bifunctional mechanism. On the other hand, when Pt catalyst is modified by Cu addition, the interaction between Pt and Cu that results in a slight oxide presence PtCu, which also obeys the Vegard's law, when Cu content are varied in the catalyst. Oezaslan et al.8 used the Vegard's law to determine the compostition of the PtCu electrocatalysts for different Cu contents. Pt modified by Cu results in contractions of the lattice parameter, for PtCu (1:1) Oezaslan et al.8 found 0.3808 nm, Carbonio et al.7 found a lattice parameter of the Pt70Cu30 0.391 nm and, in this work, was reported a lattice parameter of the PtCu of 0.3878 nm. In all samples, the lattice parameter of the PtCu is smaller than Pt (i.e., 0.3913 nm) which suggests the Cu insertion on the Pt lattice. Some differences are observed when these data are compared to those reported by Oezaslan et al.8 but these seem to be due only to minor experimental errors or to equipment distinct sensitivities and should not be taken into account. In these compounds, it can be considered that all the amount of Cu added to the catalyst is inserted into the Pt lattice and part of amount of the Sn forms a superlattice in the catalyst, which is the reason for the observed good stability. Page et al.20 had already developed a PtCu catalyst for methanol oxidation purposes and they observed that although severe surface Cu dissolution results in current oscillation,20 PtCu also increases methanol activity. Also, Yang et al.21 showed that PtCu nanoparticles are efficient in to the methanol oxidation and Carbonio et al.7 reported their results on PtCu modified by Pd as a cathode of the PEMFC, revealing a improvement in the catalytic activity. It is also expected that the use of Sn as modifying agent on PtCu lattice can improve the activity of the final catalyst in the ethanol oxidation process.

  In this way, several researchers have focused their studies on the trimetallic material to electro-oxidize ethanol, for example. Beyhan et al.22 studied the influence of metals such Ni, Rh, Pt and Co as modifying agents in the PtSn electrocatalyst for ethanol oxidation and, they observed CO formation increase when trimetallic electrocatalysts are employed. Ribeiro et al.23 investigated the influence of the Ir in the Ir-modified PtSn catalyst and observed that the onset potential of ethanol oxidation is less positive than that of PtSn. Recently, Silva-Junior et al.24 synthesized PtRhSn and PtRh for ethanol oxidation and they observed higher ethanol oxidation current on trimetallic material, moreover, they found that this material is capable of converting ethanol to CO2 when the Rh content in the catalyst is low. De Souza et al.25 obtained PtSn modified by Ce, which resulted in an increase of the ethanol oxidation current. Silva et al.26 prepared IrPtSn with low Pt content in the catalyst and, once again, the trimetallic material resulted in the increase of the electrochemical ethanol oxidation current, compared to that of PtSn from E-TEK. These are a few examples that the multi-metallic catalysts should cleave the C-C bond of the ethanol molecule to achieve total conversion at low over potential.

  In this work, carbon supported Pt-Sn, PtCu and PtSnCu alloy catalysts were prepared by reduction of Pt and Sn precursors at ethanol reflux. The final products were characterized by X-ray diffraction (XRD), high resolution transmission electron microscopy (HRTEM) and their electrocatalytic activities for ethanol oxidation were compared to those of commercial Pt/C electrocatalysts from E-TEK.

   

  Experimental

  Catalyst preparation

  The electro-catalysts were prepared by chemical reduction of the starting metallic ions in solution and in ethanol reflux for 3h. The obtained materials were filtered, washed and dried by a procedure similar to that related by Spinacé et al.,27 which could be considered as a polyol method adaptation.28 For this procedure, an appropriated mass of carbon powder (Cabot Vulcan XC72R) was suspended in 1 mol L−1 ethanol aqueous solution. Solutions of the H2PtCl6.6H2O (Sigma-Aldrich), SnCl2.2H2O (Vetec) and CuCl2.H2O (Vetec) freshly prepared were added to the carbon suspension, which was heated to boil and refluxed for 3 h. Afterwards, the suspension was left to cool at room temperature and the solid filtered and dried in an oven at 60ºC for 1 h. The materials were 20% (w/w) metal on carbon.

  Energy dispersive X-ray analysis (EDX)

  The atomic ratios of the PtM1M2/C catalyst were determined by the energy dispersive X-ray analysis technique coupled to a scanning electron microscope, Jeol, JEM-2100, Thermo scientific.

  X-ray diffraction (XRD)

  The materials were morphologically characterized by XRD in a Shimadzu XRD-6000 diffractometer, the scan rate was a step at 0.02º s−1 between 20 and 100 degree in 2θ. For this purpose a part of the catalyst was deposited at sample hold and placed into diffractometer.

  High resolution transmission electron microscopy (HRTEM)

  The samples for the high resolution transmission electron microscopy characterization were prepared as follows: a carbon film was deposited onto mica sheet that as placed onto the Cu grids (400 mesh and 3 mm diameter). The material to be examined was dispersed in water by sonication, placed onto the carbon film, and left to dry.

  Histograms of particle sizes were constructed using about 300 particles. This technique was implemented in the Microscopy Laboratory of the Laboratório de Microscipia Multiusuários da Universidade Federal de Goiás (LABMIC) using a HRTEM microscope JEOL, JEM 2100, URP, operating at 200 kV and having a resolution of 0.2 nm.

  Electrochemical measurements

  For electrochemical experiments the catalysts were ultrasonically dispersed in water with isopropyl alcohol and a part of this suspension were deposited on previously polished glass-carbon with a diamond past (1 µm) and imbibed in a Teflon rod. Finally, the electrode was loaded with 100 µg of Pt. The electrode was inserted onto glass electrochemical cell with three electrodes, Pt gauze as auxiliary electrode, Ag/AgCl as reference electrode and the sample in the working electrode. The experiments were carried out in a 0.5 mol L−1 sulfuric acid medium and at distinct ethanol concentrations. The catalysts were characterized by cyclic voltammeter, linear sweep voltammeter and chronoamperomenter. All the experiments were carried out at room temperature.

   

  Results and Discussion

  The catalysts were characterized by EDX analysis, the real composition is shown in Table 1. It is noteworthy that the obtained materials atomic ratios are very close to the nominal composition.
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  X-ray diffraction pattern is shown in Figure 1. Peaks related to face cubic centered (fcc) structures, typical of Pt, are observed. The peak at 2θ = 25º is related to the carbon support, the peaks at 2θ = 40º, 47º, 67º, 82º, and 87º are associated to the (111), (200), (220), (311) and, (222) planes, respectively. The observed shifts on peak positions at larger angles can be attributed to insertion of the metals in the Pt lattice crystalline.
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  The lattice parameters of the material are shown in Table 2. The changes in the lattice parameter suggest the formation of the solid solution of Pt and Cu, whereas Sn is kept in its oxide form. The XRD results provided the same peak position shifts pattern as demonstrated in earlier works7,18 in which PtSnCu presented shift peak positions to larger degrees with respect to Pt, whereas the peak of the PtSn shifts to lower degrees. Moreover, XRD showed peaks at 2θ = 37º and 2θ = 52º degrees, which are characteristics of the cassiterite (tin-oxide), marked by * in the Figure 1. The seven more important peaks which are characteristic of Cu/C29 occur at ca. 36º, 38º, 42º, 43º, 50º, 61º, and 74º. The peaks located at 43º, 50º and 7º correspond to the fcc of Cu. The other peaks are related to presence of Cu oxides, more speciﬁcally CuO (36º, 38º) and Cu2O (42º, 61º), neither one of these peaks were observed in XRD, nevertheless their presence cannot be disregarded, since they can be present even at small intensities or may be hidden.
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  The crystal sizes were determined using the Scherrer equation,23 for this purpose a peak 220 at 2θ = 65º degree was used. Although it is not the more intense peak, it is located at a position far enough from the 002 peak of the carbon and has a small background influence. The crystal sizes are around 2-3 nm and are shown in Table 2.

  Figures 2a-d, present the results of the HRTEM analysis of the carbon supported PtSnCu, PtCu, PtSn and Pt catalysts prepared by the reflux of ethanol. HRTEM micrographs were obtained with magnifications of 200,000 fold. Images showed that the distribution of the metal particles on the carbon support is uniform and have a narrow particle size distribution. The particle size distribution histograms (Figures 3a-d), which include analyses of several different regions, quantitatively reflect the uniform size distribution of the catalysts. The mean particle diameter, d, was calculated by:

  
    [image: Equation 1]
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  Where ni is the frequency of occurrence of particle with size di. The material calculated mean particle size around 2-3 nm, which is in good agreement with crystal size obtained by XRD data. The average particle size for all the prepared catalysts are shown in Table 3. The Pt/C synthesized by ethanol reflux showed particle size similar to the Pt/C form E-TEK material reported in the literature.30 The histograms of the particle size distribution, Figures 3a-d, which were obtained at several different regions, quantitatively reflect a Lorentz size distribution, except to PtCu , which reflects a Gauss size distribution.
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  Typical cyclic voltammograms of the catalysts in acid media are shown in Figure 4. Voltammograms were normalized by Pt load. All the materials showed the hydrogen adsorption/desorption regions with the peak associated to different crystalline faces exposed to the electrolyte, which are between −0.2 and +0.1 V vs. Ag/AgCl, larger, +0.1 to +0.8 V vs. Ag/AgCl, and also presented the double layer and oxides region that cannot be distinguished. The double layer capacitance grows despite the oxide presence in the same way to the ternary material, which posses tin oxides. Also, PtSn, which does not present a high alloy degree, showed an increase in a double layer capacitance. On the other hand, both results differ from what it had been observed for PtCu material, where the double layer capacitance was similar to Pt. It can be explained by the interaction between Pt and Cu that results in a slight oxide presence. Page et al.20 had already studied PtCu for methanol oxidation and found the increase on methanol activity. Yang et al.21 showed that PtCu nanoparticles were suitable to oxidation of methanol and, in this work, Cu and Sn were incorporated in Pt lattice and the XRD results suggest superlattice formation. It is possible once SnCu is an established alloy known as Ore. There are many distinct Ore compositions and, typically, it only oxidizes superficially; once copper oxide (eventually becoming copper carbonate) layer is formed, the underlying metal is protected from further corrosion. In the same way, Amman et al.31 observed a superficially Cu dissolution but not Cu presence into the material bulk. Moreover, Cu have very good affinity with Pt, and in previews works it was related to Pt and Sn interaction.32,33 Thus, the ternary materials can show thermodynamic stability.
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  Huang et al.34 observed Cu behaviors in nanobelt electrode by cyclic voltammeter in a phosphate buffer solution (pH = 7.4), they found oxidation peaks at –0.02 V, 0.18 V and 0.32 V vs. Ag/AgCl, that were associated to the conversion of the Cu(0)/Cu+, Cu(I)/Cu(II) and Cu(II)/Cu(III) respectively, although in this word, the cyclic voltammeter were registered in acid media, these peaks were not observe. That suggests that the Cu content in the catalyst has not been oxidized, in other words, the Cu content in the catalysts prepared, containing PtSnCu and PtCu, has shown to be stable.

  Figure 5 shows cyclic voltammeter of the catalytic material in presence of the 1 mol L−1 ethanol. In all cyclic voltammogram the electrochemical acidity for ethanol oxidation is observed and the onset potentials of the electrochemical are shown in Table 4, the onset potentials were considered as the potential value when the slope of the voltammograms exceeded 0.005 mA cm−2 mV−1. It is noteworthy that the presence of the Cu and Sn drastically reduces the onset potential, as observed by cyclic voltammetry; the presence of these metals results in beneﬁcial to ethanol oxidation process and their intermediates at lower potentials. Assuming that Cu and some Sn are in the alloy form, which is corroborated by the XRD peak position and presence of cassiterite, the observed decrease in the ethanol onset potential can be explained in terms of the two basic mechanisms previously described: electronic effect and bifunctional mechanism. In the former, the electronic interactions between Pt and Cu induce a modiﬁcation in the ethanol adsorption energy. SnO2 is well known for participating in strong platinum interactions, and indeed, this effect had been reported.35 The origin of these interactions lies in the oxygen vacancies present in the amorphous surface oxide.20,36 These vacancies may be able to trap electrons donated by Pt, which, in turn, would result in a weakening of the CO adsorption strength, facilitating its oxidation. The bifunctional mechanism is based on the donation of –OH species to Pt sites from neighbouring reducible oxide species at lower potentials than those required for Pt oxidation. The combination of these two mechanisms results in a decrease of the ethanol oxidation onset potential to –0.1 V vs. Ag/AgCl (this value was considered when the slope of the voltammograms exceeded 0.005 mA cm –2 mV –1). Barroso et al.37 obtained a PtSnCu electrocatalyst in amorphous alloys and observed an increase in the ethanol oxidation current compared to those of PtRuCu and PtSnRu, on the other hand, the onset potentials were above 0.4 V vs. Ag/AgCl, they attributed the higher oxidation current of PtSnCu to the electronic irregular configuration of the Cu (3d10 4s1) beyond that the Sn-oxides confer a special behavior to PtSnCu. In this work, a special behavior was observed for crystalline (fcc structure) PtSnCu on the ethanol electroxidation: the onset potential decrease, as presented in Figure 5.
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  The performance of the PtSnCu PtCu, PtSn and Pt catalysts towards ethanol oxidation was also observed by chronoamperometry registered at 0.25 V vs. Ag/AgCl, data are shown in Figure 6. In all curves there is an initial current drop where PtSnCu display a superior performance. Then, PtSnCu/C kept showing a slower decay compared to PtCu/C and PtSn/C and its current intensities become higher than those recorded after about 1800 s. Crisafulli et al.38 reported their results for Pt50Sn30Cu20/C as electrocatalyst for ethanol oxidation and they observed a better performance for ternary material when compared with PtSn, they showed a considerable increase on electrochemical activity after acid treatment on catalysts. It demonstrates the relative stability of PtSnCu/C compared to other materials in the sulfuric acid media containing ethanol, the current of the ethanol oxidation obtained by PtSnCu are very similar to that registered for materials obtained by Crisafulli et al.38 after acid treatment on catalyst.

  
    

    [image: Figure 6. Chronoamperometry]

  

  The electrocatalysts stability were evaluated under cycled conditions, for this purpose, the chronoamperometry were registered before and after one hundred cycles voltammeter. The cyclic voltammograms are shown in Figure 7a. From Figure 7b, it can be inferred that the PtSnCu electro-catalysts loses 20% of current density at 1800 s, after 100 cycles, which characterizes the good stability of this materials. Zhang et al.39 proposed that electrocatalysts degradation can be attributed to tree situations like that: i) particle agglomeration, ii) Pt loss and redistribution and iii) poisonous effects. The main less activity in this work could be attributed to poisonous effect because the electrode were cycled only 100 times. Furthermore, the chronoamperometry registered before and after the cycles were registered in the same ethanol solution, namely, there are ethanolic residues in solution that poison the electrocatalyst. Ammam et al.30 showed a similar stability study for quaternary metallic material and observed a similar current decrease, after 400 cycles. They observed a slight increase in the hydrogen adsorption region after 200 cycles that were attributed to a slight corrosion of the catalysts after cycling in sulfuric acid, thereat, with ethanol in electrolyte, they observed a current decrease after 200 cycles.

  
    

    [image: Figure 7. (a) Cyclic voltammetry]

  

   

  Conclusions

  The EDX analysis showed to be an accurate methodology for electro-catalytic nanoparticle atomic ratio determination, as ratios close to nominal were obtained. Also, nanoparticles were assumed to present a homogeneous size distribution on carbon support, which was close to 3 nm.

  The materials show a fcc structure and the Sn and Cu were proven to be inserted in the Pt lattice. The same for tin oxide was observed by XRD experiments.

  All the catalysts prepared showed electrochemical activities for ethanol electro-oxidation in solution. Ternary material PtSnCu showed a drastic reduction of the onset potential in comparison with PtSn and PtCu beyond Pt. All materials showed a stable current at 1800 s.

  The electrochemical stability of the PtSnCu material was evaluated under 100 cycles condition and a current decrease in cyclic experiment was observed, although it did not lead to a relevant change in the onset potential. From chronoamperometric experiments, the ethanol eletro-oxidation current on PtSnCu showed a small current decrease (at t = 1800 s).
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    A composição química do óleo volátil das folhas de três matrizes de D. frutescens, coletadas no período de um ano foi determinada por cromatografia gasosa-espectrometria de massas (GC-MS) e cromatografia gasosa com detector de ionização de chama (GC-FID). Os óleos voláteis da espécie foram caracterizados predominantemente por norisoprenóides (β-damascenona, β-ionona e α-ionona), seguida da ocorrência de sesquiterpenos. Através da análise multivariada foi observado que os compostos β-damascenona e β-ionona influenciaram de forma intensa a composição dos óleos voláteis e que espécies coletadas na mesma cidade apresentaram composição química similar.

  

   

  
    The chemical composition of the volatile oil from the leaves of three specimens of D. frutescens, collected over a period of one year, was determined by gas chromatography-mass spectrometry (GC-MS) and gas chromatography with flame ionization detection (GC-FID). These essential oils were characterized by the presence of norisoprenoids (β-damascenone, β-ionone, and α-ionone), as well as sesquiterpenes. Multivariate analysis showed that the compounds β-damascenone and β-ionone exerted the greatest influence on spatial and temporal differences in the composition of the oils. Samples obtained from specimens located in the same city showed similar chemical compositions.

    Keywords: damascenone, norisoprenoids, seasonality

  

   

   

  Introduction

  The intrinsic value of the services provided by biodiversity to society is well known. Biological diversity is responsible for supplies of raw materials, nutrient cycling, pollination, control of agricultural pests, and climate regulation, amongst other benefits. About 1.4 million 
    species have been described to date, of which 250,000 are plants. Estimates indicate that there are at least 5.5 million species worldwide, but the extinction rate increases every year,1 as a result of which there is an urgent need for an improved understanding of interspecies relationships and the interactions between different species and the environment.

  Brazil has become a major supplier of bioactive  species due to its vast biodiversity and the existence  of environmental conditions favorable for sustainable  development. The country possesses renewable sources  of chemical compounds with different pharmacological  properties, including antioxidant, anticancer, antidiabetic,  anti-HIV, antibacterial, antifungal, and antimalarial  activities, amongst others.2-5

  Studies of plants native to southern Brazil have mainly considered those species that have economic value due to 
    the quality of their wood, including Dalbergia frutescens (Fabaceae). Previous studies of this species have shown the presence of isoflavones with antiprotozoal activity,4 and recent work has identified the compounds linalool, β-damascenone, α-ionone, geranyl acetone, and β-ionone as characteristic components of the volatile oil of D. frutescens. Environmental variables such as temperature, cloudiness, directly influence the content of volatile oil while precipitation inversely influences.5

  The objective of this work was to perform a chemical characterization of the volatile oil of Dalbergia frutescens obtained from three specimens growing at different locations in the State of Santa Catarina, in order to evaluate the temporal and spatial variability of the chemical compounds found in this species and contribute to understanding local biodiversity.

   

  Experimental

  Plant material

  Samples of Dalbergia frutescens leaves were collected between March 2010 and February 2011, during the second half of each month, between 2 pm and 3 pm. Three separate specimens of D. frutescens (labeled BI, BII, and BIII) were employed. Specimens BI and BII were located in Chapecó (at 27º03'29.8''S, 52º39'36.4''W and 27º03'15.07''S, 52º39'32.97''W, respectively), and specimen BIII was located in the city of Concórdia (at 27º17'37.88''S, 52º04'02.57''W). During the collection period, the temperature varied according to season, with averages of 24.6 ºC (summer) and 12.3 ºC (winter). After collection, the samples were stored in a freezer at –10 ºC until the volatile oil was extracted.

  Voucher specimens were labeled and deposited at the herbarium of the Universidade Federal do Rio Grande do Sul: ICN 173123 (BI), ICN 173124 (BII), and ICN 173125 (BIII).

  Analysis of the volatile oils

  Fresh leaves of D. frutescens were crushed into small fragments and submitted to water distillation for 3 h, using a modified Clevenger-type apparatus. The volatile oil was dried over anhydrous sodium sulfate, giving an average yield of 0.0021% (percentage of oil, expressed as w/w with respect to the fresh leaves).

  Gas chromatography-mass spectrometry (GC-MS) and gas chromatography with flame ionization detection (GC-FID) analyses

  Qualitative analysis of the volatile oil was performed using a gas chromatograph coupled to a mass spectrometer. The gas chromatograph (Model GC-2010, Shimadzu) was equipped with a fused silica RTX-5MS capillary column (Restek, 30 m × 0.25 mm × 0.25 µm). The carrier gas was helium (1.0 mL min–1), the injector temperature was 240 ºC, and the oven temperature was programmed from 50 to 290 ºC at 4 ºC min–1. Sample solutions (1 mg mL–1) were injected in split mode (1:10). The mass spectrometer was operated in electron ionization mode, at 70 eV, scanning the mass range 40-600 Da at a rate of 2.94 scan s–1. The ion source temperature was 260 ºC and the interface was kept at 280 ºC.

  Quantification of the volatile constituents was performed using a GC-FID operated under conditions similar to those employed for the GC-MS. The peak area data were processed using the GCMS Post-Run Analysis software package.

  Linear retention indices (LRI) were calculated using the method of Van den Dool for a homologous series of C7-C30 n-alkanes injected under the same conditions. Identification of the components was achieved by matching the mass spectra with McLafferty and Stauffer (Wiley) and National Institute of Standards and Technology (NIST) library data. Identifications were also made by comparison of the retention indices with private reference libraries and values reported in the literature.6 All the analyses were performed in triplicate.

  Statistical analysis

  The concentrations of the chemical compounds identified were subjected to analysis of variance (ANOVA), and the significance of the differences between the means was determined using Tukey's test, where values with probability less than 5% were considered significant. In this statistical procedure, differences between the compositions of the volatile oils obtained from the different specimens were evaluated on a monthly basis.

  Seasonal trends in the chemical composition were investigated by multivariate statistical analysis of the measurement data. These analyses employed the mean contents of the five characteristic compounds of D. frutescens in four seasons, for each sample, giving a 5 × 12 matrix. These data were first submitted to hierarchical clustering analysis, using the nearest neighbor method and the minimum Euclidean distance as dissimilarity measure.7 The results obtained from the cluster analysis were then complemented by application of factor analysis and principal component analysis. All statistical procedures were performed using Statistica 7.0 software.

   

  Results and Discussion

  Comparative analysis of the chemical composition of the D. frutescens volatile oil from different specimens

  Considering all the samples collected over the course of the year, 92 compounds were identified in the volatile oil of D. frutescens, with the identified compounds contributing 93.43% (annual average) of the total. The seasonal variations of these compounds are given in Supplementary Information Tables S1-S3 for the three different specimens, and the chromatograms are shown in Supplementary Information Figures S1-S36.

  The compounds linalool (LRI 1097), β-damascenone (LRI 1385), α-ionone (LRI 1430), geranyl acetone (LRI 1455), and β-ionone (LRI 1489) were present in the volatile oil of this species for most months and for all three sources of D. frutescens leaves.

  There was greater prevalence of β-damascenone in the autumn months (24.22%), with lower concentrations in spring, when the concentration of β-ionone was highest (26.77%) for all specimens. These two compounds were the most common in most months, for all three specimens, with β-ionone being the largest component in spring, summer, and autumn. β-damascenone is produced biosynthetically from xanthophylls, giving rise to β-carotene,8 while β-ionone is obtained by cleavage of α- and β-carotene.9 These differences in the levels of these two compounds can therefore be explained by different phenological growth stages.

  The presence of α-ionone as the largest component, especially in the spring months, was only observed for specimen BIII. This could have been due to different soil characteristics, because in Concórdia (specimen BIII) the main soil type is Udorthent Eutrophic, while in Chapecó (specimens BI and BII, located approximately 80 km distant from BIII) the Hapludox soil type predominates.10

  The compounds α-ionone and β-ionone showed similar seasonal patterns, with maxima in the spring, when there was greater occurrence of new leaves, and there were gradual decreases in concentrations during subsequent seasons. According to Rao et al.,11 there is an increase in the percentage of linalool during months characterized by the presence of young and growing leaves, as also observed in this study.

  The compounds α-cedrene (LRI 1412), pentadecanal (LRI 1711), pentadecan-2-one (LRI 1841), and farnesyl acetone (LRI 1921) were characteristic of specimen BII, and pentadecan-2-one (LRI 1841) was characteristic of specimen BIII.

  Other compounds frequently observed in the volatile oil of D. frutescens were methyl hexadecanoate (LRI 1925), which occurred from September to December, and pentadecanal (LRI 1711), which only occurred during the winter months (June-August). Pentadecanal and pentadecan-2-one were only found as characteristic compounds for specimens BII and BIII. Although these specimens were growing in different locations, they were similar in size and both were close to roads and crops, which could have influenced the composition of the oil. This behavior was similar to that of α-ionone.

  The compounds 3-hexenol (LRI 859) and 1-hexanol (LRI 871) also showed similar behavior for BII and BIII, and different behavior for BI, and only BI showed higher amounts of these constituents in the winter months. This could have been related to the time of occurrence of these compounds, which was limited to the developmental stage when leaf senescence began. The detection of high concentrations of these constituents could have been linked to enzymatic degradation of unsaturated fatty acids, producing compounds such as aldehydes, ketones, and low molecular weight alcohols, as reported by Hatanaka.12 The different amounts of these compounds detected in BI, compared to BII and BIII, could be explained by the different sizes of the specimens, as well as the type of environment. The BII and BIII specimens were both small, with few branches, and were close to other trees, which probably limited light capture and growth. An additional factor is that they were both very close to farming environments.

  Secondary metabolites detected in the volatile oil of D. frutescens included norisoprenoids, which were present in most months, with mean seasonal concentrations ranging from 31.18% to 47.78%. Oxygenated sesquiterpenes showed high concentrations in spring (22.17%) and winter (18.48%), while sesquiterpene hydrocarbons showed higher concentrations in autumn (16.14%), followed by summer (12.57%).

  The oxygenated compounds showed highest concentrations in spring (89.95%), followed by winter and summer (80.70% and 79.39%, respectively). Similar results were reported by Mohammad et al.,13 who found that high ambient temperature promoted higher levels of oxygenated compounds such as bisabolol oxide A and B and bisabolene oxide in the essential oil of chamomile (Matricaria chamomilla L.).

  Multivariate analyses

  Chemical similarities between the D. frutescens volatile oils obtained from the different specimens in the various collection periods were investigated using hierarchical cluster analysis (CA), factor analysis (FA), and principal component analysis (PCA).

  The original data matrix used in these analyses was composed of the means of the five characteristic compounds of D. frutescens (β-damascenone, β-ionone, α-ionone, linalool, and geranyl acetone) for each season and specimen. Factor analysis showed that the original data matrix could be reduced to two principal components that explained 90.79% of the data. The application of CA and FA resulted in the identification of five distinct groups (Figure 1).

  
    

    [image: Figure 1. Graph representing the relationship between factors]

  

  The first group (G1) only contained BIII in spring, and was characterized by low levels of linalool and β-damascenone (means for the spring months of 2.77% and 8.67%, respectively), as well as the highest levels of α-ionone and β-ionone (15.63% and 32.35%, respectively). The second group (G2), composed of BI and BII in spring, differed from G1 due to high levels of linalool (10%).

  The third group (G3), composed only of BII in winter, had a mean linalool contribution of 5.58% and low levels of β-ionone and β-damascenone (8.17% and 8.75%, respectively), but the highest average geranyl acetone contribution obtained considering the four seasons and the three specimens (7.05%).

  The fourth group (G4) was composed of BI and BII in summer. The main features of this group were average levels of β-damascenone between 15 and 16%, β-ionone between 15 and 18%, and linalool between 9 and 10%.

  Finally, considerable similarity between the specimens was observed for autumn and winter. Group 5 (G5) was composed of these seasons, with the exception of BII in winter (which was in G3) and BIII in summer (G5). The chemical compositions obtained for BI and BIII were more similar in autumn and winter, as reflected in G5. The key features of G5 were the presence of linalool at percentages lower than 5%, low percentages of β-ionone (below 14%), and high levels of β-damascenone (exceeding 17%).

  These findings were supported by the results of the PCA procedure, which reduced the 12 initial variables to only 3 main components that explained 70.50% of the variability of the original data. Most of the variance (60.11%) was explained by the first two principal components, which were therefore used to prepare the PCA plot (Figure 2).

  
    

    [image: Figure 2. Principal component analysis of the chemical]

  

  Figure 2 shows that for all samples, the variables corresponding to the spring season were associated with high levels of β-ionone (due to their very close proximity to this variable). It can be seen that the variables corresponding to BI and BII in spring (SP1 and SP2) are shifted slightly to the left, which implies that these were also influenced by high concentrations of linalool, despite the greater influence of β-ionone.

  The positions of the variables corresponding to BI and BII in summer (SU1 and SU2) reflected mean levels of β-ionone and β-damascenone, due to the intermediate positioning of SU1 and SU2 in the graph. The variable for BII in winter (W2) showed the same feature, but with a shift towards the origin of the graph, suggesting a relationship with geranyl acetone, as previously noted in the cluster analysis. Finally, grouping of the other variables near β-damascenone indicated high levels of this compound in the volatile oil of specimens BI and BIII in winter (W1 and W3), BIII in summer (SU3), and all three specimens in autumn (A1, A2, and A3).

  Overall, the factor and principal component analyses confirmed the findings of the cluster analysis and demonstrated that the volatile oil of D. frutescens was strongly influenced by the levels of β-ionone and β-damascenone. These chemical constituents governed the separation of the variables, probably due to their high concentrations in the volatile oil.

  Four of the five compounds detected in samples from the three specimens for almost all months are biosynthesized in degradation pathways involving oxidative cleavage of carotenoids and xanthophylls. These include the formation of α-ionone from α-carotene,8,9 β-ionone from α-carotene and β-carotene,8,9 geranyl acetone from the ζ-carotene,14,15 and β-damascenone from neoxanthin.16 The ubiquitous occurrence of these compounds in Dalbergia frutescens essential oil enables them to be considered as markers of this species.

   

  Conclusions

  Sesquiterpenes and norisoprenoids predominated in the volatile oil of D. frutescens, and characteristic compounds included linalool, β-damascenone, α-ionone, geranyl acetone, and β-ionone. All these compounds (except linalool) are biosynthesized by degradation of carotenoids,8,9,14-16 resulting in high levels of β-damascenone and β-ionone, and low levels of other compounds. This study demonstrated that there can be significant differences in the chemical composition of volatile oils obtained from specimens of the same species at different locations, and that the differences can vary according to season.

  The concentrations of norisoprenoids remained practically constant during the spring, summer, and autumn months, and diminished in the winter. The highest levels of oxygenated sesquiterpenes were obtained in spring and winter, while the opposite was observed for sesquiterpene hydrocarbons.

  Statistical analysis using CA, FA, and PCA showed that, in general terms, the chemical composition of the volatile oil from specimens BI and BII, located in the city of Chapecó, was similar for most seasons (except winter). Application of PCA revealed that of the five characteristic compounds, β-damascenone and β-ionone were most influential in separating the groups, due to the presence of high concentrations of these compounds in the D. frutescens volatile oil.
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    Descrevemos a síntese assistida por micro-ondas de dez derivados de 3-metoxicarbonil-γ-butirolactona e a avaliação in vitro da atividade leishmanicida desses compostos contra formas promastigotas de Leishmania amazonensis. A síntese forneceu a maioria dos compostos com 80-95% de rendimento e as reações duraram cerca de 10-20 min. A maior parte dos compostos apresentaram valores de IC50 superiores a 400 uM. Os compostos 5 (trans-3-(p-metoxi)benzil-4-metil-3-metoxicarbonil-γ-butirolactona) e 10 (trans-3-(p-metoxi)benzil-4-benzil-3-metoxicarbonil-γ-butirolactona) foram as exceções, pois exibiram valores de IC50 de 170,4 e 179,6 µM, respectivamente, o que sugere que a atividade leishmanicida das 3-metoxicarbonil-γ-butirolactonas pode estar relacionada com a natureza e o tamanho do substituinte na posição C-4.

  

   

  
    We describe the microwave-assisted synthesis of ten 3-methoxycarbonyl-γ-butyrolactone derivatives and evaluate their in vitro antileishmanial activity against promastigote forms of Leishmania amazonensis. The synthesis furnished most of the compounds in 80-95% yield and reactions lasted about 10-20 min. Most of the compounds displayed IC50 values higher than 400 µM. Compounds 5 (trans-3-(p-methoxy)benzyl-4-methyl-3-methoxycarbonyl-γ-butyrolactone) and 10 (trans-3-(p-methoxy)benzyl-4-benzyl-3-methoxycarbonyl-γ-butyrolactone) were the exceptions: they displayed IC50 values of 170.4 and 179.6 µM, respectively, suggesting that the leishmanicidal activity of 3-methoxycarbonyl-γ-butyrolactones may be related to the nature and size of the substituent at position C-4.

    Keywords: γ-butyrolactone, multicomponent reaction, microwave-assisted synthesis, Leishmania amazonensis

  

   

   

  Introduction

  Protozoan parasites of the Leishmania genus cause a group of diseases known as Leishmaniasis, a parasitosis that affects more than 12 million people worldwide and accounts for high mortality rates in tropical and subtropical countries.1,2 It is estimated that two to three million new leishmaniasis cases emerge each year, and that some 350 million people are at risk of infection.3 The parasites of the genus Leishmania can infect humans and several species of mammals. The infection manifests itself in three main typical ways: visceral, cutaneous, and mucocutaneous leishmaniasis.4

  Pentavalent antimonials were first used in the clinical setting at the beginning of the last century; they remain the first-choice drugs to treat leishmaniasis. However, these compounds are toxic and poorly tolerated, require daily injections for up to 28 days, and are becoming ineffective due to proliferation of resistant parasites.5 Second-line drugs, like amphotericin B and pentamidine, are options in combined therapy or in cases of antimony treatment failure.6,7 Therefore, the development of new antileishmanial compounds is imperative.1

  γ-Butyrolactones are a structural feature of a diversity of natural products, such as sesquiterpene lactones8-10 and lignan lactones.11,12 The γ-lactone subunit has been associated with a number of anti-parasitic activities; e.g., leishmanicidal,13,14 nematocidal,15 and antiplasmodial actions,16 among several other biological activities.17-19 In this scenario, the interest in developing new methodologies to synthesize compounds bearing γ-butyrolactones in their structures has increased, with emphasis on multicomponent reactions (MCRs).20-24 MCRs are advantageous: they incorporate most, if not all atoms of the reagents in the final product in few steps, usually involve a one-pot reaction, and allow for facile product purification.25 A few synthetic γ-butyrolactones have been evaluated for their antileishmanial activity.

  Microwave irradiation has gained popularity in the past decade as a powerful tool to rapidly and efficiently synthesize a variety of compounds. This process is advantageous over conventional thermal heating: it reduces reaction times, improves yields, and suppresses the generation of side products.26-28

  As part of our ongoing project on the synthesis and biological activities of γ-butyrolactones,29-32 in this paper we report the use of microwave irradiation as heat source to promote the fast and efficient synthesis of a series of 3,3,4-trisubstituted and 3,3,4,4-tetrasubstituted 3-methoxycarbonyl-γ-butyrolactone derivatives obtained by the multicomponent reaction previously developed by Le Gall and co-workers.33 Here, we have also evaluated the antileishmanial activity of these compounds.

   

  Results and Discussion

  We obtained the target compounds by MCR (see Scheme 1), preferably using microwave irradiation as heat source. Only compound 9 could not be achieved by microwave irradiation, but was obtained in good yield after 3 h under conventional heating. Table 1 summarizes the results of these reactions.
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  Figure 1 shows the chemical structures of the 3-methoxycarbonyl-γ-butyrolactones 1-10. Compounds 1-4 have been synthesized previously,33 but compounds 5-10 are new.
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  We identified the structures of the synthesized compounds on the basis of1H and13C NMR data, as well as two-dimensional NMR techniques (HMQC, HMBC and1H-1H COSY). We assigned the relative stereochemistry of these compounds on the basis of NOE difference spectroscopy, by irradiating the signal of the hydrogen at C-4 (for compounds 1, 2, 5, 6, and 10) or the methyl group at C-4 (for compounds 3, 8, and 9) with respect to the hydrogen at C-2.

  In the biological assays, we tested all the compounds as mixtures of enantiomers. Table 2 lists the results of the in vitro evaluation of the leishmanicidal activity of the 3-methoxycarbonyl-γ-butyrolactones 1-10 against promastigote forms of Leishmania amazonensis (MHOM/BR/PH8). Most of the tested compounds did not cause significant lysis at concentrations lower than 50 µM (data not shown). The most active compounds at 50 µM were 2 (11.4 ± 8.2% lysis), 3 (14.2 ± 5.8% lysis), and 5 (15.8 ± 4.6% lysis). On the other hand, γ-butyrolactone 8 was found to be the most active among the tested compounds at 100 µM, causing 38.4 ± 2.8% lysis. These data indicated that compound 8 did not display a dose-dependent effect at concentrations lower than 100 µM. The γ-butyrolactones 5 (68.8 ± 4.8%) and 10 (81.3 ± 0.8%) afforded the highest lysis value at 400 µM; their IC50 (Inhibitory Concentration) values were 170.4 µM and 179.6 µM, respectively, much higher than that of amphothericin B (IC50 = 13.7 µM), used as positive control.
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  When we related the IC50 values to the structures of the γ-butyrolactone derivatives, we noticed that the antileishmanial activity decreased when the aromatic ring did not bind to the β-methyl group, as in the case of compound 9. The methoxyl group at the aromatic moiety did not seem to increase the leishmanicidal action, as evidenced by the comparison between the IC50 values of compounds 1 and 2. In addition, comparison among the IC50 values of compounds 2-8 and 10 clearly indicated that the leishmanicidal activity of these compounds depended on the nature of the substituent at C-4. Although these results demonstrated that the methyl and benzyl groups at position γ play a key role in the leishmanicidal activity of compounds 5 and 10, further studies are necessary to investigate the mechanism through which these substituents affect the leishmanicidal activity of this class of compounds.

   

  Conclusion

  In summary, our results indicated that the microwave-assisted synthesis significantly increased the product yields and reduced reaction time as compared with the conventionally heated systems. Moreover, the antileishmanial activity of the 3-methoxycarbonyl-γ-butyrolactone derivatives was not so strong as compared with that of amphotericin B and other antileishmanial drugs currently employed in the clinical setting. However, compounds 5 and 10, which proved to be the most active among the evaluated compounds, should be further investigated, mainly because their synthesis by microwave-assisted synthesis reduced reaction times and improved yields.

   

  Experimental

  General

  Mass spectra were acquired on an UltroTOF-Q mass spectrometer (Bruker Daltonics, Billerica, MA, USA) fitted with an ESI operating in the positive ion mode. Accurate masses were obtained using TFA-Na+ (sodiated trifluoroacetic acid) as the internal standard.1H-NMR spectroscopy was performed using a Bruker DPRX-400 instrument (Bruker, Fällanden, Switzerland) operating at 400MHz for1H and at 100MHz for13C. TMS was used as internal standard. The chemical shifts are reported in ppm (δ); coupling constants (J) values are given in Hertz (Hz). Signal multiplicities are represented by: s (singlet), d (doublet), dd (double doublet), dq (double quadruplet), m (multiplet). Unless noted otherwise, all the solvents and reagents were commercially available and used without further purification.

  General procedure for the synthesis of compounds 1-10

  The 3-methoxycarbonyl-γ-butyrolactones 1-10 were synthesized using the one-pot multicomponent methodology described by Le Floch and co-workers.33 All the reactions were performed in duplicate: one employed a conventional thermal heating with an oil bath; the other used microwave radiation as heat source. A 25-mL round-bottomed flask under argon atmosphere was charged with previously purified34 acetonitrile (5 mL), zinc dust (0.8 g, 12 mmol), dimethyl itaconate (2 g, 13 mmol), an aldehyde or a ketone (2.5 mmol), and the aryl bromide (4 mmol). This mixture was briefly stirred at room temperature. Cobalt bromide (0.13 g, 0.6 mmol), trifluoroacetic acid (0.03 mL), and 1,2-dibromoethane (0.05 mL) were then added successively to the previous mixture. The reaction mixture was heated at 60 ºC for 1-3 h in an oil bath, or irradiated for 10-20 min in a CEM Discovery® focused microwave oven at 60 ºC and 150 W. The reaction mixture was monitored by thin-layer chromatography until consumption of the aryl bromide was complete (between 1 and 3 h for conventional thermal heating, and between 10 and 20 min for microwave irradiation heating). Next, the reaction mixture was then filtered through Celite®, which was then washed several times with anhydrous diethyl ether. The organic fractions were combined and concentrated under reduced pressure. The crude reaction product was purified by flash column chromatography through silica gel (n-hexane/ethyl acetate, 7:3 v/v), to afford a mixture of stereoisomers of the butyrolactone with yields ranging from 13 to 83% for conventional thermal heating, and from 80 to 96% for microwave-assisted heating, with the exception of compound 9, which was not obtained by microwave irradiation.

  trans-3-Benzyl-4-phenyl-3-methoxycarbonyl-γ-butyrolactone (1)

  Yields: 35% (conventional thermal heating), 85% (microwave radiation); IR (KBr) ν/cm-1 3460, 1786, 1736, 1216;1H NMR (CDCl3, 400 MHz): δ 7.45 (m, 2H, 2Ar-H), 7.43 (m, 2H, 2Ar-H), 7.35 (m, 2H, 2Ar-H), 7.23 (m, 2H, 2Ar-H), 6.95 (m, 2H, 2Ar-H), 5.67 (s, 1H, CH), 3.75 (s, 3H, CH3), 3.12 (d, 1H, J 17.6 Hz, CH2), 2.86 (d, 1H, J 13.9 Hz, CH2), 2.71 (d, 1H, J 17.6, Hz CH2), 2.17 (d, 1H, J 13.9 Hz, CH2);13C NMR (CDCl3, 100 MHz): δ 74.5, 173.0, 135.7, 134.3, 129.5, 129.1, 128.5, 127.3, 126.5, 85.7, 56.3, 52.9, 39.0, 35.6; ESI-MS m/[image: Caracter 1] calcd. for C19H18NaO4+: 333.1103, found: 333.1097 [M+Na]+.

  trans-3-(p-Methoxy)benzyl-4-phenyl-3-methoxycarbonyl-γ-butyrolactone (2)

  Yields: 70% (conventional thermal heating), 96% (microwave radiation);1H NMR (CDCl3, 400 MHz): δ 7.43 (m, 2H, 2Ar-H), 7.42 (m, 1H, Ar-H), 7.35 (m, 2H, 2Ar-H), 7.23 (m, 2H, 2Ar-H), 6.85 (d, 2H, J 8.1 Hz, 2Ar-H), 6.74 (d, 2H, J 8.1 Hz, 2Ar-H), 5.73 (s, 1H, CH), 3.76 (s, 3H, OCH3), 3.73 (s, 3H, CH3), 3.12 (d, 1H, J 17.7 Hz, CH2), 2.80 (d, 1H, J 13.8 Hz, CH2), 2.69 (d, 1H, J 17.7 Hz, CH2), 2.12 (d, 1H, J 13.8 Hz, CH2);13C NMR (CDCl3, 100 MHz): δ 174.6, 173.1, 158.8, 134.4, 130.6, 129.1, 128.6, 127.6, 126.6, 114.0, 86.0, 56.4, 55.6, 52.8, 38.5, 35.7; ESI-MS m/[image: Caracter 2] calcd. for C20H20NaO5+: 363.1208, found: 363.1201 [M+Na]+.

  trans-3-(p-Methoxy)benzyl-4-methyl-4-phenyl-3-methoxy-carbonyl-γ-butyrolactone (3)

  Yields: 13% (conventional thermal heating), 82% (microwave radiation); IR (KBr) ν/cm-1 3450, 2980, 1782, 1768, 1734, 1730, 1512, 1250;1H NMR (CDCl3, 400 MHz): δ 7.34 (m, 2H, 2Ar-H), 7.33 (m, 1H, Ar-H), 7.30 (m, 2H, 2Ar-H), 7.00 (d, 2H, J 8.6 Hz, 2Ar-H), 6.80 (d, 2H, J 8.6 Hz, 2Ar-H), 3.77 (s, 3H, OCH3), 3.65 (d, 1H, J 13.4 Hz, CH2), 3.31 (s, 3H, CH3), 2.91 (d, 1H, J 17.4 Hz, CH2), 2.77 (d, 1H, J 13.4 Hz, CH2), 2.62 (d, 1H, J 17.4 Hz, CH2), 1.95 (s, 3H, CH3);13C NMR (CDCl3, 100 MHz): δ 174.6, 170.9, 158.8, 140.5, 131.0, 128.4, 128.3, 127.6, 125.0, 114.0, 89.2, 60.1, 55.2, 52.0, 37.0, 35.7, 22.9; ESI-MS m/[image: Caracter 3] calcd. for C21H22NaO5+: 377.1365, found: 377.1367 [M+Na]+.

  trans-3-(p-Methoxy)benzyl-4,4-cyclohexyl-3-methoxy-carbonyl-γ-butyrolactone (4)

  Yields: 20% (conventional thermal heating), 80% (microwave radiation); IR (KBr) ν/cm-1 3440, 1730, 1704, 1500, 1250;1H NMR (CDCl3, 400 MHz): δ 6.88 (d, 2H, J 8.8 Hz, 2Ar-H), 6.74 (d, 2H, J 8.8 Hz, 2Ar-H), 3.71 (s, 3H, OCH3), 3.67 (s, 3H, CH3), 3.32 (d, 1H, J 13.4 Hz, CH2), 3.00 (d, 1H, J 17.9 Hz, CH2), 2.50 (d, 1H, J 17.9 Hz, CH2), 2.48 (d, 1H, J 13.4 Hz, CH2), 2.00 (m, 2H, CH2), 1.65 (m, 2H, CH2), 1.56 (m, 2H, CH2), 1.25 (m, 2H, CH2), 1.15 (m, 2H, CH2);13C NMR (CDCl3, 100 MHz): δ 173.9, 171.5, 158.4, 130.5, 127.3, 113.8, 87.3, 58.2, 54.9, 52.0, 36.3, 34.9, 33.2, 30.2, 25.0, 22.3, 21.8; ESI-MS m/[image: Caracter 4] calcd. for C19H24NaO5+: 355.1521, found: 355.1523 [M+Na]+.

  trans-3-(p-Methoxy)benzyl-4-methyl-3-methoxycarbonyl-γ-butyrolactone (5)

  Yields: 18% (conventional thermal heating), 81% (microwave radiation);1H NMR (CDCl3, 400 MHz): δ 7.02 (d, 2H, J 8.6 Hz, 2Ar-H), 6.84 (d, 2H, J 8.6 Hz, 2Ar-H), 4.54 (q, 1H, J 6.5 Hz, CH), 3.80 (s, 3H, CH3), 3.76 (s, 3H, OCH3), 3.35 (d, 1H, J 14.0 Hz, CH2), 2.90 (d, 1H, J 17.7 Hz, CH2), 2.73 (d, 1H, J 14.0 Hz, CH2), 2.55 (d, 1H, J 17.7 Hz, CH2), 1.35 (d, 3H, J 6.5 Hz, CH3);13C NMR (CDCl3, 100 MHz): δ 173.5, 171.9, 159.0, 130.9, 127.4, 114.2,81.8, 56.0, 55.3, 52.5, 40.0, 35.3, 16.6; ESI-MS m/[image: Caracter 5] calcd. for C15H18NaO5+: 301.1052, found: 301.1028 [M+Na]+.

  trans-3-(p-Methoxy)benzyl-4-isopropyl-3-methoxycarbonyl-γ-butyrolactone (6)

  Yields: 24% (conventional thermal heating), 88% (microwave radiation); IR (KBr) ν/cm-1 3450, 2940, 1778, 1734, 1500, 1250;1H NMR (CDCl3, 400 MHz): δ 7,00 (d, 2H, J 8.7 Hz, 2Ar-H), 6.81 (d, 2H, J 8.7 Hz, 2Ar-H), 4.13 (d, 1H, J 5.7 Hz, CH), 3.77 (s, 3H, OCH3), 3.74 (s, 3H, CH3), 3.43 (d, 1H, J 14.0 Hz, CH2), 2.80 (d, 1H, J 17.6 Hz, CH2), 2.73 (d, 1H, J 14.0 Hz, CH2), 2.56 (d, 1H, J 17.6 Hz, CH2), 1.96 (dq, 1H, J 5.7, 6.7 Hz, CH), 1.12 (d, 3H, J 6.7 Hz, CH3), 0.95 (d, 3H, J 6.7 Hz, CH3);13C NMR (CDCl3, 100 MHz): δ 174.7, 172.2, 158.9, 131.0, 127.4, 114.0, 90.9, 55.2, 55.1, 52.4, 41.8, 36.5, 30.5, 20.3, 17.7; ESI-MS m/[image: Caracter 6] calcd. for C17H22NaO5+: 329.1365, found: 329.1341 [M+Na]+.

  3-(p-Methoxy)benzyl-4,4-diethyl-3-methoxycarbonyl-γ-butyrolactone (7)

  Yields: 13% (conventional thermal heating), 86% (microwave radiation); IR (KBr) ν/cm-1 3500, 2950, 1778, 1726, 1510, 1248;1H NMR (CDCl3, 400 MHz): δ 6.92 (2H, d, J 8.6 Hz, 2Ar-H), 6.74 (2H, d, J 8.6 Hz, 2Ar-H), 3.71 (3H, s, CH3), 3.65 (3H, s, OCH3), 3.38 (1H, d, J 13.2 Hz, CH2), 2.96 (1H, d, J 18.0 Hz, 2Ar-H), 2.57 (1H, d, J 13.2 Hz, 2ArH), 2.55 (1H, d, J 18.0 Hz, CH2), 1.94 (1H, dq, J 11.9 Hz, 7.3, CH2), 1.92 (1H, dq, J 14.9 Hz, 7.5, CH2), 1.70 (1H, dq, J 14.9 Hz, 7.5, CH2), 1.55 (1H, dq, J 11.9 Hz, 7.3, CH2), 1.04 (3H, d, J 7.3 Hz, CH3), 0.90 (3H, d, J 7.5 Hz, CH3);13C NMR (CDCl3, 100 MHz): δ 174.2, 172.0, 158.7, 131.0, 127.7, 114.0, 91.2, 58.7, 55.2, 52.2, 37.3, 36.5, 26.3, 24.8, 8.30, 8.06; ESI-MS m/[image: Caracter 7] calcd. for C18H25O5+: 321.1702, found: 321.1694 [M+H]+.

  3-(p-Methoxy)benzyl-4-methyl-4-isopentenyl-3-methoxy-carbonyl-γ-butyrolactone (8)

  Yields: 30% (conventional thermal heating), 85% (microwave radiation); IR (KBr) ν/cm-1 3500, 2950, 1782, 1732, 1515, 1252;1H NMR (CDCl3, 400 MHz): δ 6.88 (d, 2H, J 8.8 Hz, 2Ar-H), 6.73 (d, 2H, J 8.8 Hz, 2Ar-H), 5.51 (s, 1H, =CH), 3.70 (s, 3H, OCH3), 3.68 (s, 3H, CH3), 3.39 (d, 1H, J 14.0 Hz, CH2), 2.95 (d, 1H, J 17.9 Hz, CH2), 2.46 (d, 1H, J 17.9 Hz, CH2), 2.39 (d, 1H, J 14.0 Hz, CH2), 1.83 (s, 3H, CH3), 1.77 (s, 3H, CH3), 1.64 (s, 3H, CH3);13C NMR (CDCl3, 100 MHz): δ 174.1, 172.0, 158.7, 136.6, 130.7, 128.0, 121.0, 114.1, 88.2, 59.0, 55.2, 52.4, 38.1, 34.3, 28.0, 24.6, 19.2; ESI-MS m/[image: Caracter 8] calcd. for C19H25O5+: 333.1702, found: 333.1695 [M+H]+.

  3,4-Dimethyl-4-phenyl-3-methoxycarbonyl-γ-butyrolactone (9)

  Yields: 78% (conventional thermal heating), 0% (microwave radiation); IR (KBr) ν/cm-1 2960, 1788, 1732, 1230;1H NMR (CDCl3, 400 MHz): δ 7.34 (s, 1H, Ar-H), 7.33 (m, 2H, 2Ar-H), 7.32 (m, 2H, 2Ar-H), 3.27 (s, 3H, CH3), 3.12 (d, 1H, J 17.4 Hz, CH2), 2.55 (d, 1H, J 17.4 Hz, CH2), 1.78 (s, 3H, CH3), 1.54 (s, 3H, CH3);13C NMR (CDCl3, 100 MHz): δ 174.3, 172.5, 140.3, 128.2, 128.1, 124.5, 89.2, 54.4, 52.1, 39.9, 23.8, 19.2; ESI-MS m/[image: Caracter 9] calcd. for C14H16NaO4+: 271.0946, found: 271.0957 [M+Na]+.

  trans-3-(p-Methoxy)benzyl-4-benzyl-3-methoxycarbonylγ-butyrolactone (10)

  Yields: 83% (conventional thermal heating), 90% (microwave radiation); IR (KBr) ν/cm-1 3450, 1784, 1722, 1500, 1230;1H NMR (CDCl3, 400 MHz): δ7.32 (m, 2H, 2ArH), 7.30 (m, 2H, 2Ar-H), 7.20 (m, 1H, Ar-H), 7.03 (d, 2H, J 8.6 Hz, 2Ar-H), 6.86 (d, 2H, J 8.6 Hz, 2Ar-H), 4.55 (dd, 1H, J 3.1 Hz, CH), 3.77 (s, 3H, OCH3), 3.76 (s, 3H, CH3), 3.33 (d, 1H, J 13.9 Hz, CH2), 2.97 (dd, 1H, J 11.6, 3.1 Hz, CH2), 2.82 (d, 1H, J 17.5 Hz, CH2), 2.81 (d, 1H, J 13.9 Hz, CH2), 2.80 (dd, 1H, J 11.6, 3.1 Hz, CH2), 2.57 (d, 1H, J 17.5 Hz, CH2);13C NMR (CDCl3, 100 MHz): δ 174.2, 171.9, 158.9, 136.4, 131.0, 129.3, 128.0, 127.2, 127.1, 114.1, 85.9, 55.6, 55.3, 52.5, 39.8, 37.2, 36.2; ESI-MS m/[image: Caracter 10] calcd. for C21H22NaO5+: 377.1365, found: 377.1344 [M+Na]+.

  Antileishmanial assays

  The bioassays were performed using Leishmania amazonensis (MHOM/BR/PH8). Promastigote forms of L. amazonensis were incubated in M199 medium (Gibco), supplemented with L-glutamine (2 mM), NaHCO3 (10 mM), penicillin (100 UI mL-1), streptomycin (100 µg mL-1), and 20% bovine fetal serum (Gibco). After six days of the initial inoculation, promastigote forms (2 × 106 parasites mL-1) were incubated in 96-well microtiter plates containing the tested samples. The γ-butyrolactones derivatives were dissolved in dimethyl sulfoxide (DMSO) and diluted into the medium, to give final concentrations of 6.25, 12.5, 25.0, 50.0, 100.0, 200.0, and 400 µM. The plates were incubated at 22 ºC for 24 h, and the lysis percentage was determined by an MTT [3-(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide)] (Sigma-Aldrich) colorimetric method.35 The bioassays were performed in triplicate, using M199 medium with 0.5% DMSO as negative control and amphotericin B (Sigma-Aldrich) as positive control group.

  Statistical analysis

  The obtained data are represented as mean ± S.D. The data were statistically analyzed by one-way ANOVA using GraphPad Prism 5.0 software, followed by Tukey's multiple comparison test. The IC50 (inhibitory concentration necessary to cause lysis of 50% of parasites) values were calculated using sigmoid dose-response curves.

   

  Supplementary Information

  1H NMR,13C NMR, IR and mass spectra of compounds, and the curves used to calculate the IC50 values, are available free of charge at http://jbcs.sbq.org.br as a PDF file.
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    Dois novos friedelanos, 1 e 2, e cinco triterpenos pentacíclicos conhecidos foram isolados dos galhos de Maytenus robusta. Suas estruturas químicas foram identificadas como 3,16-dioxo-29-hidroxifriedelano (1), 3-oxo-16β,29-di-hidroxifriedelano (2), 3-oxofriedelano (3), 3β-friedelinol (4), 3,16-dioxofriedelano (5), 3-oxo-29-hidroxifriedelano (6) e 3,16-dioxo-12a-hidroxifriedelano (7). A estrutura e estereoquímica dos triterpenos 1 e 2 foram estabelecidas por infravermelho (IR), ressonância magnética nuclear (NMR) 1D/2D, espectrometria de massas de alta resolução com ionização química à pressão atmosférica (HR-APCIMS) e difração de raios X de pó. A atividade citotóxica in vitro dos triterpenos 1 a 6 foi avaliada frente a células de câncer de mama murino. Os triterpenos 1 e 2 apresentaram atividade citotóxica contra células 4T1 em baixa concentração.

  

   

  
    Two new friedelane-type compounds 1 and 2 and five known pentacyclic triterpenes were isolated from branches of Maytenus robusta. Their structures were identified as 3,16-dioxo-29-hydroxyfriedelane (1), 3-oxo-16β,29-dihydroxyfriedelane (2), 3-oxofriedelane (3), 3β-friedelinol (4), 3,16-dioxofriedelane (5), 3-oxo-29-hydroxyfriedelane (6), and 3,16-dioxo-12a-hydroxyfriedelane (7). The structures and the stereochemistry of triterpenes 1 and 2 were established through infrared (IR), 1D/2D nuclear magnetic resonance (NMR), high-resolution atmospheric pressure chemical ionization mass spectrometry (HR-APCIMS) spectral data and powder X-ray diffraction. The in vitro cytotoxic property of triterpenes 1 to 6 on 4T1 murine breast cancer cells was evaluated. The triterpenes 1 and 2 showed cytotoxic activity against 4T1 cells at a lower concentration.

    Keywords: Maytenus robusta, Celastraceae, pentacyclic triterpenes, in vitro 4T1 cells cytotoxicity

  

   

   

  Introduction

   Maytenus robusta is a terrestrial plant of Celastraceae family which includes 98 genera with approximately 1210 species.1 In South America, different species of Maytenus are used in traditional medicine, mainly, for the treatment of gastric disorders.2,3

  M. robusta is a rich source of pentacyclic triterpenes (PCTTs). Previous phytochemical studies of M. robusta leaves led to the isolation of 3β,11β-dihydroxyfriedelane, 3β-hydroxy-21β-H-hop-22(29)-ene, 3-oxo-21β-H-hop-22(29)-ene, 3-oxo-11β-hydroxyfriedelane, 3-oxofriedelane, 3β-hydroxyfriedelane and 3-oxo-29-hydroxyfriedelane.4,5

  Potential antitumor properties have been attributed to several PCTTs in accordance with literature data. Maslinic acid demonstrated important activity against Caco-2 human colon-cancer cell line,6 acetyl aleuritolic acid displayed cytotoxicity activity against central nervous system cancer cell lines,7 and 3β,23-epoxy-friedelan-28-oic acid and 3-oxo-friedelan-28-oic acid showed antiproliferative effect in human leukemia HL-60 cells.8 Semi-synthetic derivatives of oleanolic acid, denominated bardoxolone and bardoxolone methyl, were subjected to clinical trials, intravenously and orally administered as anti-cancer agents in patients with metastatic disease.9 Furthermore, PCTTs of the lupane series and its semi-synthetic derivatives are known to present cytotoxicity activity against several cancer cells lines.10-13

  The present study reports the isolation and structural elucidation of new triterpenes 3,16-dioxo-29-hydroxyfriedelane (1) and 3-oxo-16β,29-hydroxyfriedelane (2), along with five known friedelanes (3 to 7), from branches of M. robusta (Figure 1). Compounds 1 to 6 were subjected to in vitro cytotoxicity assays against murine breast cancer cells (4T1 tumor cells).

  
    

    [image: Figure 1. Chemical structures of triterpenes]

  

  Experimental

   All solvents used in this work were of analytical grade. All other chemicals were available commercially at a reagent grade and were used without further purification.

  General experimental procedures

  Optical rotations were measured on an ADP220 Bellinghan + Stanley Ltd polarimeter. Thermal analyses were carried out in a simultaneous thermogravimetric (TG) and differential thermal analyzer (DTA) Shimadzu DTG-60. The infrared (IR) spectra were recorded on a Perkin Elmer-Spectrum One (attenuated total reflectance, ATR) spectrometer. The 1H and13C nuclear magnetic resonance (NMR) spectra were recorded at 400.129 and 100.613 MHz, respectively, as well as correlation spectroscopy (COSY), heteronuclear single quantum coherence (HSQC), heteronuclear multiple bond correlation (HMBC) and nuclear Overhauser effect spectroscopy (NOESY) experiments were performed on a Bruker DRX400 Avance spectrometer, using CDCl3 or CDCl3 with two drops of pyridine-d5 as solvent, with direct or inverse probes and a field gradient. The chemical shifts were registered in ppm (δ) using tetramethylsilane (TMS) as the internal standard. The coupling constants (J) were registered in hertz (Hz). High-resolution atmospheric pressure chemical ionization mass spectrometry (HR-APCIMS) spectra were acquired on a Shimadzu LCMS-IT-TOF system. The mass spectrometer was equipped with an atmospheric pressure chemical ionization (APCI) source operating in both the negative and positive modes. Detector voltage: 1.70 kV; interface temperature: 400 ºC; CDL temperature: 250 ºC; block heater temperature: 200 ºC; nebulizing gas flow (N2): 2.5 L min-1. Analyses were carried out using manual injection. The samples were dissolved in CHCl3 and then diluted with MeOH. Column chromatography (CC) processes were carried out using silica gel 60 (70-230 mesh). Thin layer chromatography (TLC) was carried out using precoated silica gel plates.

  The powder X-ray diffraction (XRD) data were collected on a Shimadzu XRD-7000 under 40 kV, 30 mA, using Cu Ka (1.54056 Å) coupled with a polycapillary unit, graphite monochromator, scanned over an angular range of 3-35º (2θ) with a step size of 0.01º (2θ) and a time constant of 3 s step-1. The sample holder was submitted to a spinning speed of 30 cycles per minute to reduce any preferred orientation and to minimize rugosity effects. The final matrix was averaged over 3 independent scans. The powder indexing tool used for peak identification, indexing and automatic space group determination was DICVOL91.14

  Plant material

  Branches of M. robusta were collected in June 2010 at Parque Estadual do Itacolomi, Ouro Preto City, Minas Gerais, Brazil. After botanical identification, a voucher specimen of M. robusta was deposited in the Herbário Professor José Badini, and identified by Dr Maria Cristina Teixeira Braga Messias, a botanist at the Departamento de Biodiversidade, Evolução e Meio Ambiente, Universidade Federal de Ouro Preto, under the code OUPR: 25559.

  Extraction and Isolation

  Branches of M. robusta were dried at room temperature until a constant weight was achieved and then powdered on a knife mill. A sample of the powder material (888.8 g) was submitted to exhaustive extraction with hexane, chloroform, ethyl acetate and methanol. During the recovery of hexane in a rotatory evaporator, a solid material (1.60 g) was precipitated and separated by filtration under reduced pressure. This solid was subjected to silica gel CC to obtain 3-oxofriedelane (3) (13.5 mg, hexane-CHCl3 2:8 v/v), 3β-friedelinol (4) (20.0 mg, CHCl3), 3,16-dioxofriedelane (5) (494.4 mg, CHCl3), 3-oxo-29-hydroxyfriedelane (6) (83.6 mg, CHCl3), 3,16-dioxo-12a-hydroxyfriedelane (7) (17.6 mg, CHCl3) and 3,16-dioxo-29-hydroxyfriedelane (1) (196.8 mg, CHCl3-EtOAc 9:1 v/v). After complete removal of the solvent, the other portion of the hexane extract was obtained as viscous oil (3.67 g). This oil was submitted to silica gel CC to obtain an additional amount of 3-oxofriedelane (3) (7.5 mg, hexane-CHCl3 2:8 v/v), 3,16-dioxofriedelane (5) (131.5 mg, CHCl3-EtOAc 9:1 v/v) and 3-oxo-29-hydroxyfriedelane (6) (34.0 mg, CHCl3-EtOAc 9:1 v/v). The chloroform extract (14.0 g), obtained after extraction of branches with chloroform, was chromatographed on silica gel CC to obtain an additional amount of 3,16-dioxofriedelane (5) (50.9 mg, CHCl3-EtOAc 8:2 v/v), 3-oxo-29-hydroxyfriedelane (6) (173.7 mg, CHCl3-EtOAc 8:2 v/v) and 3-oxo-16β,29-hydroxyfriedelane (2) (213.1 mg, CHCl3-EtOAc 7:3 v/v).

  3,16-dioxo-29-hydroxyfriedelane (1)

  White, amorphous powder; undergoes decomposition at 270 ºC (TG bend); [α]D20 –27 (c = 0.36, CHCl3); IR νmax/cm-1 3470, 2934, 2844, 1718, 1671, 1446, 1392; NMR (CDCl3 with two drops of pyridine-d5) data of 1H (400 MHz) and13C (100 MHz), see Table 1; HR-APCIMS (positive-ion mode, [M+H–H2O]+) calcd. 439.3576; found: 439.3526.
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  3-oxo-16β,29-hydroxyfriedelane (2)

  White, amorphous powder; undergoes decomposition at 250 ºC (TG bend); [α]D20 –16 (c = 0.51, CHCl3); IR νmax/cm-1 3390, 2918, 2850, 1712, 1450, 1388; NMR (CDCl3 with two drops of pyridine-d5) data of 1H (400 MHz) and13C (100 MHz), see Table 2; HR-APCIMS (positive-ion mode, [M+H–H2O]+) calcd.: 441.3733; found: 441.3722.
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  MTT cytotoxicity assay

  Dulbecco's modified eagle medium (DMEM) culture medium Gibco® was used to maintain the 4T1 murine breast cancer cells (obtained from American Type Culture Collection). MilliQ® water (Simplicity 185, Millipore, Bedford, USA) was used throughout the experiments. The 4T1 cells were employed in the in vitro cytotoxic evaluation. These cells were thawed, submitted to replication, and after having reached an adequate confluence, they were placed on three 96-well microtiter plates (500 per well), totaling 120,000 cells. Each sample was dissolved and diluted using DMSO and hot ethanol (approx. 55 ºC) 1:9 solution, to reach a concentration ranging from 1 × 10-3 to 1 × 10-7 mol L-1, in a volume of 100 µL. The cells were treated with the solution for 48 hours in DMEM supplemented with sodium bicarbonate (3.7 g L-1), penicillin (5,000 units mL-1), and 10% m/m sterile fetal bovine serum. The culture was maintained at 37 ºC in a humidified atmosphere containing 5% CO2. Five replicates were used for an appropriate statistical evaluation. By means of [3-(4,5-dimethyl-2-thiazolyl-2,5-diphenyl)-2H-tetrazolium bromide] MTT assay, metabolic feasibility assays were performed to evaluate the efficacy of the treatment employed. MTT was purchased from Sigma®. The results were plotted based on percentage of cell death vs. molar concentration of the sample, using the software Prism 6.0. A non-linear regression model (sigmoidal dose-response option) was used to determine the IC50 values. 4T1 cells treated with 2% Triton X-100 were used as positive damaged control 4T1. For negative control, the cells were treated with MTT stock solution added to 100 µL of medium alone. The experiments, in quintuplicate, were performed immediately. The IC50 (µM) were determined for compounds 1 (9.80), 2 (1.23), 3 (98.10), 4 (58.10), 5 (23.10) and 6 (11.00).

   

  Results and Discussion

  Compound 1 was isolated as white solid powder, and its molecular formula, C30H48O3, was established by HR-APCIMS (m/[image: Caracter 1]: 439.3526 [M+H–H2O]+, calcd. 439.3576). In the IR spectrum of 1 two intense absorptions bands, at 1718 and 1671 cm-1, and a band at 3470 cm-1 were observed, which were attributed to carbonyl groups and hydroxyl group, respectively.15

  The13C NMR spectral data of 1 were closely related to those of 3-oxo-29-hydroxyfriedelane and 3,16-dioxofriedelane reported by Mahato and Kundu.16 This information enables to identify 1 as a friedelane derivative with one hydroxyl bonded to C-29 and two oxo groups bonded to C-3 and C-16. In the 1H NMR spectrum of 1, six singlet signals (δH 0.70, 0.85, 0.87, 1.13, 1.18 and 1.33) and a doublet (δH 0.89, J 6.8 Hz) were observed, corresponding to seven methyl groups. In the 1H NMR spectrum there was also detected a signal at δH 3.34 (m, 2H). In the HSQC contour map this signal was correlated with the carbon signal of C-29 (δC 74.06). Correlations between the signal of H-29 (δH 3.34) with the signals of C-19 (δC 30.14), C-20 (δC 32.68), C-21 (δC 27.04) and C-30 (δC 25.84) were observed in the HMBC contour map. In this map, the doublet at δH 0.89, attributed to the hydrogen attached to C-23, showed a correlation with the signals at δC 41.96 (C-5), δC 57.91 (C-4) and δC 212.20 (C-3). These NMR data confirmed the presence of an oxo group attached to C-3. In the HMBC contour map, they were also identified correlations between the signal (δH 1.33) of hydrogen attached to C-28 with the signals at δC 45.68 (C-17), δC 43.24 (C-18), δC 31.14 (C-22) and δC 218.38 (C-16). These NMR data confirmed the location of a second oxo group attached to C-16. A boat-like conformation of ring D and E was established mainly based on the correlation between H-18 and H-30 observed in the NOESY contour map. By detailed analysis of the HSQC, HMBC and NOESY contour maps, it was possible to establish all chemical shift assignments of compound 1 (Table 1). The stereochemistry of triterpene 1 is in agreement with the powder X-ray diffractometry results (Figure 2) and it is possible to establish that, in solid state, the ring A of triterpene 1 is in an intermediate state between boat and chair-like conformation.

  
    

    [image: Figure 2. Rietveld fitted X-ray diffraction]

  

  Compound 2 was isolated as a white solid powder, and its molecular formula, C30H50O3, was established by HR-APCIMS (m/[image: Caracter 2]: 441.3722 [M+H–H2O]+, calcd. 441.3733). In the IR spectrum of 2 an absorption band at 3390 cm-1, characteristic of hydroxyl group, and at 1712 cm-1, corresponding to a carbonyl group, were observed.15

  The13C NMR spectral data of 2 were closely related to those reported for celasdin A by Kuo and Kuo.17 This information confirms triterpene 2 as a friedelane derivative with an oxo group bonded to C-3 and two hydroxyl groups bonded to C-16 and C-29. In the 1H NMR spectrum, the six singlet signals (δH 0.70, 0.84, 1.02, 1.11, 1.13 and 1.32) and a doublet (δH 0.88, J 6.6 Hz) observed were attributed to seven methyl groups. In this spectrum, signals at δH 3.36 (m, 2H) and at δH 4.11 (t, 1H, J 8.8 Hz) were also detected. In the13C NMR spectra, signals at δC 74.40, 74.45 and at 212.78 were visualized and associated with two carbinolic groups and one carbonyl group respectively. By the analysis of HSQC contour map, the correlation between the signal at δH 3.36 with the signal of C-29 (δH 74.45) was observed. Correlations among the signal of H-29 (δH 3.36) with the signals of C-19 (δC 30.36), C-20 (δC 33.14), C-21 (δC 27.51) and C-30 (δC 25.71) were observed in HMBC contour map. In this map, correlations between the signal of H-16 at δH 4.11 with the signals of C-15 (δC 44.28), C-17 (δC 36.45), C-18 (δC 44.09), C-22 (δC 36.45) and C-28 (δC 25.44) were also visualized. In the NOESY contour map, correlations of H-16 (δH 4.11) with the signal of H-27 (δH 1.02) and H-7 (eq, δH 1.46) were detected. These correlations enable to confirm that H-16 has a-configuration and the hydroxyl group linked to C-16, has a b-orientation. In the HSQC contour map, the correlation between hydrogen signal at δH 0.88 (d, J 6.6 Hz, H-23) with the carbon signal of C-23 at δC 6.88 was also verified. In the HMBC contour map, correlations of H-23 with the signals of C-3 (δC 212.78), C-4 (δC 58.04) and C-5 (δC 42.14) were detected. These correlations enabled to confirm C-3 as carbonyl group. The analysis of the NOESY contour map enables to establish that rings D and E of triterpene 2 have a boat-like conformation. The conformation of these rings was confirmed mainly by the correlation between H-18 and H-30. Furthermore, correlations between H-16 and H-28 and among H-29 and H-27 were not observed in the NOESY contour map. The complete chemical shift assignment of triterpene 2, in Table 2, was established by detailed analysis of HSQC, HMBC, COSY and NOESY contour maps. The spatial position of atoms, obtained by Rietveld refinement for compound 2, is consistent with the information obtained after analysis of the 1D/2D NMR spectra. It is possible to determine that, in solid state, the hydroxyl attached to C-16 is in beta position in plan A. In low energy reaching, in solid state, ring A is in an intermediate state between boat and chair-like conformation.

  Compounds 3 to 7 were isolated as white, amorphous solid materials. The chemical structures of these compounds were confirmed by comparison on thin-layer chromatography (TLC) with authentic samples and through the similarity with 13 C NMR data previously published.16,18,19

  The final structure solution of triterpenes 1 and 2 (Figure 2) was obtained by the Rietveld refinement using the lowest energy profile fitting option. This technique has been recently employed to analyze the chemical structure of 3-oxofriedalane.20 The peaks were searched and fitted with a modified Pseudo-Voigt peak profile, performing both modified Pawley and Rietveld refinement to optimize powder diffraction parameters and crystal structure so that the best possible agreement between simulated and experimental powder patterns was achieved. Initially, the pattern was processed for background contribution; peaks were searched and manually inspected, when necessary, to prevent background fluctuations from being considered reflections. The molecule was sketched using ChemSketch®.21 The hydrogen atoms were introduced based on the NMR spectra and the molecule allowed to have its energy minimized by the Monte Carlo method before using it as a model. The crystal structure solution was first obtained without any preferred orientation correction and close-contact penalty. The results were compared with the fit using Marck-Dollese preferred orientation and close-contact penalty algorithm. The result that combined the lowest final energy obtained by Monte Carlo optimization was used as the solution. The corresponding structures were deposited at the CCDC under the numbers 974658 for unit cell parameters: a = 11.5986, b = 22.6631 and c = 5.3911 for space group P212121 (1) and 974657 for unit cell parameters: a = 11.7751, b = 23.9910 and c = 5.4078 for space group P212121 (2).

  Even using few micromoles, all tested samples (triterpenes 1 to 6) presented a relevant in vitro cytotoxicity activity against 4T1 cells (Figure 3). In a study developed by Lu et al.,22 4T1 cells were treated with doxorubicin, one of the most effective antitumor drugs, and the observed result was an IC50 of 3.27 µM. In the present work, using the same cell line, triterpene 2 induced an IC50 of 1.23 µM. This value is 2.64 times smaller than the IC50 induced by doxorubicin in 4T1 cells. These results suggest compound 2 as a potential antitumor agent. Compound 2, which presented the highest cytotoxic activity, has an oxo group at carbon C-3 and two hydroxyl groups bonded to C-16 and C-29 respectively. The cytotoxic property of triterpene 1 was slightly lower than compound 2. The difference between them was associated with C-16, which is connected to a hydroxyl group in triterpene 2 and to an oxo group in compound 1. Compounds 2 and 6 differ only by the substitution of the hydroxyl group attached to C-16 for one hydrogen. Compound 6 is about ten times less active against 4T1 cells than triterpene 2 that has hydroxyl group attached to C-16. The cytotoxic activity of the triterpenes subjected to assays againt 4T1 cells seems to be also related to C-29. Compound 5 differs from triterpene 1 by presenting a hydrogen atom instead of a hydroxyl group attached to C-29 and is about ten times less active against 4T1 cells than triterpene 1. Triterpene 3 differs from compound 2 by presenting only hydrogen atoms bonded to C-16 and C-29. This configuration resulted in a reduction of the cytotoxic activity of triterpene 3 about 100 times. Compound 4 differs from compound 3 by presenting a hydroxyl group bonded to C-3 instead of oxo group and 4 was about two times more potent than 3.

  
    

    [image: Figure 3. Representative curves of surviving]

  

  According to the results obtained for compounds 1 to 6, it is possible to establish that the presence of hydroxyl groups bonded to C-16 and C-29 may contribute in the increase of cytotoxicity of friedelane-type triterpenes against 4T1 cells. Moreover, hydroxyl group bonded to C-3 also contributed to increase the cytotoxicity. However, more detailed studies can reveal if this behavior is exclusive of hydroxyl group or if other organic groups can also act the same way. Detailed studies regarding the structure-activity relationship, including 3D-QSAR models, can help to evaluate the role of these groups in the cytotoxicity activity, since the mechanism of antitumor activity of friedelanetype triterpenes was not found in the literature. The results obtained in this work along with more detailed studies of the mechanisms of cell death (necrosis, apoptosis) may contribute to a better assessment of the potential of PCTTs in the treatment of cancer.

   

  Conclusions

   Seven friedelane-type triterpenes were isolated from hexane and chloroform extracts of the branches of M. robusta. The 1D/2D NMR spectral data and crystalline powder X-ray diffraction data of 3,16-dioxo-29-hydroxyfriedelane (1) and 3-oxo-16β,29-hydroxyfriedelane (2) are herein described for the first time. These two triterpenes presented a promising cytotoxic activity against 4T1 cells. Further studies will certainly contribute to the evaluation of the activity of these pentacyclic triterpenes against other tumor cells.
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    O efeito de Zn na alquilação da cadeia lateral de tolueno com metanol sobre zeólita KX foi investigado. Descobriu-se que a adição de pouca quantidade de Zn a KX poderia aumentar significativamente a conversão de tolueno. Além disso, os resultados mostraram que a conversão de tolueno pelo catalisador ZnKX (0,8 wt.%) era quase o dobro daquela por KX. Os catalisadores foram caracterizados por difração de raios X (XRD), fisissorção de N2, dessorção programada por temperatura (TPD) de NH3, espectroscopia no infravermelho (IR) da absorção de piridina, CO2-TPD, espectroscopia fotoeletrônica de raios X (XPS) e IR da adsorção dos reagentes. Os resultados de TPD e XPS mostraram que a existência de espécies de Zn pode aumentar a força dos sítios básicos. Os resultados de IR da adsorção dos reagentes sugerem que a introdução de Zn poderia diminuir o tolueno quimissorvido e aumentar as quantidades relativas de formato unidentado. Os resultados indicaram que é possível atingir um excelente balanço entre as propriedades ácido-base do catalisador e a estequiometria de sorção de metanol-tolueno, levando à melhora da atividade catalítica.

  

   

  
    The effect of Zn on side-chain alkylation of toluene with methanol over KX zeolite was investigated. It was found that the addition of Zn with a low content over KX could enhance toluene conversion significantly. In addition, the results showed that the conversion of toluene over ZnKX (0.8 wt.%) catalyst was almost twice as high as that over KX. The catalysts were characterized by X-ray diffraction (XRD), N2 physisorption, NH3-temperature-programmed desorption (TPD), pyridine absorption infrared (IR) spectroscopy, CO2-TPD, X-ray photoelectron spectroscopy (XPS) and IR adsorption of reactants. The TPD and XPS results showed that the existence of Zn species could increase the strength of basic sites. The IR adsorption of reactants results suggested that the introduction of Zn could decrease the chemisorbed toluene and increase the relative amounts of unidentate formate. The results indicated that an excellent balance between the acid-base properties of the catalyst and the sorption stoichiometry of methanol-toluene could be achieved, leading to the improvement of catalytic activity.

    Keywords: side-chain alkylation, X zeolites, toluene, methanol

  

   

   

  Introduction

   Ethylbenzene and styrene are essential materials for the petrochemical industry. Currently, they are mainly produced by the catalytic alkylation of benzene with ethylene and followed by the catalytic dehydrogenation of ethylbenzene. Compared with the conventional production route, the side-chain alkylation of toluene with methanol to styrene and ethylbenzene is considered as an attractive route due to economical advantages.1

  In recent years, some catalysts have been tested for the toluene side-chain alkylation, such as CaO,2 LDHs,3 alkali ion-exchanged X or Y zeolites,1,4-10 MgO encapsulated silicalite,11 and cesium-containing microporous carbon.12 Among these catalysts, K and Cs-exchanged X zeolites (KX, CsX) exhibit excellent activities for the side-chain alkylation. However, the performance of KX or CsX is still unsatisfying because of the unmatched acid-base sites. Therefore, in order to further improve their performance, many studies about the introduction of a second component into KX and CsX have been carried out. Some researchers found that the addition of B, P and alkali (K, Cs) oxide had positive effects on the side-chain alkylation by tuning the acidity and basicity of catalysts.13-16 Other researchers devoted to the effect of transition metal on the catalytic performances of side-chain alkylation. Das and Pramanik found that the addition of Fe-Mo oxide into CsX could facilitate the formation of formaldehyde (the true alkylation reagent) and then improve the activity of side-chain alkylation reaction.17 Lacroix et al. reported that Cu contributed to the dehydrogenation of reaction intermediates.18 Compared with copper, zinc possesses a similar electronic structure and is widely used in the reaction of methanol dehydrogenation to formaldehyde. However, to our knowledge, the effects of Zn addition on the activity of side-chain alkylation reaction are less investigated.

  In addition, it is well known that the surface acid-base sites of alkali ion-exchanged X zeolites primarily originate from alkali cations and the framework oxygens.19,20 The strength of surface acid-base sites is highly sensitive to the distribution of electronic density. Thus, in the situation where the acidic and basic centers are catalytically active sites for the side-chain alkylation, it should be possible to optimize the reaction by introducing reductive Zn species rich in electron into X zeolites.

  In the present work, the side-chain alkylation of toluene with methanol was studied over K-exchanged X zeolite (KX) and Zn-modified KX (ZnKX) to study the effect of Zn on catalytic activity. The results suggested that Zn had an excellent promoting effect on the side-chain alkylation. In addition, the catalysts were characterized by N2-physisorption, X-ray photoelectron spectroscopy (XPS), NH3-temperature-programmed desorption (TPD), CO2-TPD, and infrared (IR) spectroscopy adsorption to provide insight into the effect of Zn additives.

   

  Experimental

   Catalyst preparation

  KX catalysts were obtained from NaX (Nankai catalysts company, Si/Al: 1.46, Na content: 12.03 wt.%) by ion-exchange procedure. The detailed procedure is as follows: 20 g of NaX zeolites were added to a vessel containing 250 mL of an aqueous potassium hydroxide solution (0.5 mol L-1) with stirring at 90 ºC for 2 h. Then, the catalysts were filtered before being washed. After being washed with 500 mL deionized water, the obtained sample was dried overnight at 100 ºC and calcined in air at 550 ºC for 3 h.

  A series of ZnKX with different Zn contents (0.2, 0.8, 1.0 and 2.0 wt.%) were prepared by impregnation method with aqueous Zn(NO3)2 as metal precursor. The KX zeolite was added to Zn(NO3)2 aqueous solution at 25 ºC and stirred for 12h. Then, the slurry was heated to 80 ºC until nearly all water had evaporated. After drying the mixture at 110 ºC overnight, the sample was calcined in air at 550 ºC for 3 h.

  Catalyst characterization

  Brunauer-Emmett-Teller (BET) surface areas were measured by N2 physisorption (Micromeritics Tristar 3000). The relative pressure range used to quantify the surface area is between 0.06 and 0.2. The crystal structures of samples were characterized by XRD measurement (Bruker AXS D8 ADVANCE) using Cu-Kα radiation. The surface element states were determined by X-ray photoelectron spectroscopy (XPS) using a KRATOS XSAM800 fitted with an Al Kα source (hk = 1486.6 eV) with two ultra-high-vacuum (UHV) chambers. The residual pressure inside the analysis chamber was below 2 × 10-7 Pa. All binding energies were referred to the C1s line at 284.8 eV.

  The properties of acid and base were determined by temperature-programmed desorption of NH3 and CO2 (NH3-TPD, CO2-TPD), respectively. Catalysts were firstly reduced at 450 ºC in H2 for 2 h before the TPD experiments and then cooled to 40 ºC in order to adsorb NH3 or CO2. When adsorption reached saturation, the samples were evacuated and heated from 40 to 450 ºC at a ramp rate of 10 ºC min-1 in He flow (50 mL min-1) and the desorption of NH3 or CO2 was monitored on-line by a thermal conductivity detector. In order to support the results of NH3-TPD, the pyridine absorption spectra were carried out by Fourier transform (FT)-IR (EQUINOX55) spectroscopy.

  The chemisorption of methanol, toluene or the mixture (toluene-methanol molar ratio = 1:2) on the catalyst surface was performed during IR measurement using a Nicolet Avatar 360 instrument. In order to achieve good signal to noise ratio, 64 scans were used at a resolution of 4.0 cm-1. In a typical experiment, a self-supported catalyst wafer (1.3 cm diameter) was placed in IR cell. After the reduction by H2 at 450 ºC for 2 h, the catalyst was cooled to 50 ºC. Then, methanol (or toluene, or the mixture) was impulsed into the IR cell. After reaching the saturation of adsorption (monitored by time-resolved IR spectroscopy), the residual reactants were evacuated and IR spectra were recorded. For the experiment of methanol desorption at 150 ºC, we needed to increase the temperature to 150 ºC after reaching the saturation of adsorption at 50 ºC, then, evacuate and record the IR spectra.

  Catalyst evaluation

  The reactions were carried out in a fixed-bed reactor (8 mm i.d. × 20 mm o.d. × 50 cm). In a typical experiment, about 4.06 g catalyst (20-40 mesh) were packed into the middle of the reactor supported by quartz sand. Before reaction, the catalysts were first reduced at 450 ºC in H2 (40 mL min-1) for 2 h and then cooled to 50 ºC in N2 (50 mL min-1). After that, the catalysts were heated to the corresponding reaction temperature (400, 425, 450, 475 or 500 ºC) in N2. A mixture of toluene and methanol (molar ratio of 1:2) was vaporized at 150 ºC in a preheating section and then delivered to the reactor at a rate of 2.4 cm3 h-1 in N2 (50 mL min-1) flow. The reaction was carried out under atmospheric pressure with a space velocity of 0.5 h-1. The products were identified by gas chromatography-mass spectrometry (GC-MS) analyses (Agilent 7890A-5975C) with DB-1 column. The composition of liquid samples and outlet gases were analyzed by gas chromatography with HP-FFAP column and TDX-01 column using flame ionization detector and thermal conductivity detector. In addition, a blank experiment without catalyst was performed as well and proved no reactivity for fixed-bed reactor. The flow rate of gaseous products was measured by a low flow gas meter. Gas production rates were calculated according to the flow rate of N2.

  The conversion of toluene (XTol), the selectivity (Selei) and yield (Yi) to the various products are defined as follows:
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  where ∑yi,o and yTol,o are the molar fractions of aromatic products and the outlet molar fraction of toluene, respectively. Time on stream was 8 h.

   

  Results and Discussion

   Physicochemical properties

  Figure 1 shows the XRD patterns of all samples. It can be seen that all of them exhibit the characteristic peaks of a faujasite framework,21 and no Zn-containing phases are observed for ZnKX probably due to the low content and high dispersion on the zeolite surface. The results of nitrogen adsorption are shown in Table 1. It can be seen that the addition of Zn causes a little decrease in the BET surface areas. This may be due to the distribution of Zn species at the zeolite surface and the pore opening.
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  In order to investigate the state of Zn species, the Zn 2p XPS spectra of fresh and spent catalysts over ZnKX (0.8 wt.%) were measured and the results are shown in Figure 2. The peaks at 1021.60 ± 0.1 and 1044.93 ± 0.5 eV are ascribed to Zn 2p3/2 and Zn 2p1/2, respectively.22 Because it is difficult to distinguish Zn metal and Zn2+ for Zn 2p3/2 lines, the full width at half-maximum (FWHM) values of Zn 2p3/2 and Zn 2p1/2 – Zn 2p3/2 splitting values are calculated to judge the state of Zn and the relevant data are listed in Table 2. It can be seen that the FWHM value for fresh ZnKX (0.8 wt.%) is 2.67 eV, while it increases to 3.39 eV for the spent one. Besides, the Zn 2p1/2 – Zn 2p3/2 splitting value is observed to decrease from 23.32 eV for fresh ZnKX (0.8 wt.%) to 23.01 eV for the spent one. The results mean that Zn species have been partially reduced from ZnO to ZnOx (x < 1) during the prereduction and reaction of the catalysts.23
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  The TPD results of KX and ZnKX with different Zn contents are shown in Figure 3 and Table 1. In order to support the results of NH3-TPD the pyridine absorption spectra are shown in Figure 4. As shown in Figure 3 and Figure 4, the addition of Zn decreases the areas of 1440 cm-1 (arisen from pyridine adsorption on Lewis acid),24 the areas of NH3 and CO2 desorption peaks. It indicates that the amounts of acid-base sites are reduced after the introduction of Zn. This may be due to parts of acid-base sites being covered by ZnOx species. In addition, the NH3 desorption peak temperatures shift to lower temperatures, while the CO2 desorption peak temperature moves towards a higher value with the increase of Zn content. This suggests that the addition of Zn can decrease the acidity and increase the basicity for ZnKX catalysts. The change in the strength of acid-base may be due to the electronic effect of ZnOx (x < 1). As discussed above, Zn species have been partially reduced from ZnO to ZnOx (x < 1). According to the model describing metal-support interactions,25 the interface between Zn species and KX is richer in electrons after the introduction of reduced Zn species. As an electron donor, partial electrons may transfer from reduced Zn species to the framework oxygen. The electron charge of the framework oxygen atoms was enhanced. Then, the interaction between K+ and framework oxygen becomes stronger due to the enhanced electron charge of the framework oxygen. Thus, the ability to obtain electron from K+ was weakened and the acid strength of K+ is decreased. In addition, the increasing electron charge of oxygen indicates that the basicity is enhanced.26
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  In addition, XPS analysis of O was also carried out over KX and ZnKX (0.8 wt.%) catalysts in order to further support the above analysis, and the results are shown in Figure 5. It has been reported that the peak at around 531.00 eV is ascribed to the framework oxygen.27,28 Compared with KX, it can be seen that the binding energy of framework oxygen over ZnKX (0.8 wt.%) shifts toward a lower value, suggesting that the electron is enriched over the framework oxygen of ZnKX (0.8 wt.%). The enrichment of electrons in framework oxygen may result in the increase of base strength for ZnKX (0.8 wt.%). The result concurs with the result of TPD.
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  Catalytic performances

  All catalysts are tested for the side-chain alkylation of toluene with methanol to investigate the effect of Zn on the catalytic performances of KX zeolite. The results are shown in Figure 6 and Table 3.
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  Figure 6a exhibits the conversion of toluene over KX and ZnKX catalysts, which are plotted as a function of reaction temperature. It can be seen from Figure 6a that each catalyst exhibits the highest toluene conversion at 450 ºC. The addition of Zn in low contents (0.2, 0.8 and 1.0 wt.%) can improve the conversion of toluene significantly compared with KX zeolite at each reaction temperature. When further increasing the Zn loading to 2.0 wt.%, however, the reaction activity decreases slightly. Among the tested catalysts, ZnKX (0.8 wt.%) shows the highest conversion of toluene (14%) at 450 ºC, which is two times as high as that of KX (7%). Meanwhile, the yields of ethylbenzene and styrene are also enhanced from 6% (for KX) to 12% (for ZnKX (0.8 wt.%)) (see Figure 6b). Therefore, Zn has an excellent promoting effect on the side-chain alkylation of toluene with methanol.

  Table 3 lists the toluene conversion and product selectivities of all catalysts. It can be seen from the results that ethylbenzene and styrene are the major reaction products and the selectivity of xylenes is only at about 5% for all catalysts. The introduction of Zn has little effect on the selectivity of side-chain alkylation (SeleEb+Sty) and ring alkylation (SeleXy). However, with the addition of Zn, the selectivity of ethylbenzene (SEb) increases from 48% (KX) to 68% (ZnKX (0.8 wt.%)) and the selectivity of styrene (SSty) is decreased. That may be because methanol activation is enhanced by Zn addition. Thus, the reaction of styrene hydrogenation with methanol to ethylbenzene is accelerated.29

  It has been reported that methanol can be directly decomposed to formaldehyde and H2, and formaldehyde as the true alkylation reagent participates in the side-chain alkylation.6 Simultaneously, parts of formaldehyde are consumed through forming CO and H2. It can be seen from Figure 6c that when the reaction temperature is between 450 and 500 ºC, the production rate of H2 increases obviously for ZnKX catalysts. This indicates that the rate of methanol to formaldehyde or formaldehyde decomposition may be enhanced by Zn addition. However, compared with KX catalyst, it can be seen that the content of CO in the outlet gas is not increased significantly for ZnKX catalysts (see Figure 6d). Therefore, more formaldehyde may be retained to participate in the side-chain alkylation over ZnKX catalysts.

  IR characterization of reactant adsorption

  In order to obtain the information about the stability of reactants on the catalyst surface, the IR study of toluene adsorption, methanol adsorption, and the mixture adsorption on all catalysts were performed. Moreover, Scheme 1 shows the structures of methanol and toluene adsorption on alkali ion-exchanged X zeolite to better understand the interaction of reactants and catalysts.30,31

  
    

    [image: Scheme 1. The adsorption states of methanol]

  

  Figure 7 shows that the IR spectra of methanol adsorption on KX and ZnKX catalysts after equilibration at 50 ºC. As shown in the results, Zn addition leads to the broadening of the stretching vibrations of the methanol hydroxy group (3277 cm-1), asymmetric and symmetric C–H stretching vibration of methanol (2949 and 2828 cm-1, respectively).30 The results suggest that the interaction between methanol and active sites on the surface of ZnKX catalysts is increased. Namely, the hydrogen bond between the hydroxyl group (or the hydrogen atoms of the methyl group) and the zeolite lattice oxygen becomes stronger due to the increase of the basicity for ZnKX catalysts (Scheme 1).32 Therefore, the C–H and O–H bonds of methanol are more easily cleaved, making HCHO more easily formed on ZnKX.30
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  The IR spectra of adsorbed toluene on all catalysts are shown in Figure 8. Previous work has shown that toluene is stabilized on zeolite surface primarily via the interaction between the electrons of the aromatic ring and the cations of the zeolite.31 Meanwhile, activating the carbon atom of the methyl group in toluene mainly results from the hydrogen bond between the methyl group and the lattice oxygens (see Scheme 1, structure 2).33,34 It can be seen from Figure 7 that there is almost no difference in the position and the intensity of the C–H stretching vibration bands for the aromatic ring (3049 and 3020 cm-1) and the methyl group (2917 and 2866 cm-1) over KX and ZnKX.35 This indicates that the addition of Zn has little effect on the polarization of the methyl group and adsorption of toluene compared with methanol.
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  Figure 9 shows the IR spectra of two reactants coadsorbed on KX and ZnKX at 50 ºC. As shown in Figure 8, most of the characteristic bands of toluene and methanol are superposed except for the band at 1494 cm-1 (the aromatic ring C=C stretching vibration).35 So, this band can be used to judge the concentration of chemisorbed toluene. It can be found that the intensity of the aromatic ring C=C stretching vibration decreases with the increase of Zn contents, which implies that the concentrations of chemisorbed toluene decreases due to the introduction of Zn.
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  Figure 10 shows the IR spectra of methanol adsorption on KX and ZnKX with different Zn contents after desorption at 150 ºC. As shown in this figure, formate and carbonate species can be identified on the surface of the catalysts. The bands around 1687 and 1587 cm-1 are ascribed to the C–O stretching vibration of unidentate formate, and the asymmetric O–C–O stretching vibration of bidentate formate, respectively.36 The band centered at 1473 cm-1 (or 1486 cm-1) suggests the formation of carbonate.37 If we judge on the basis of the relative intensities of the bands between 1600 and 1450 cm-1, the amount of surface unidentate formate (1687 cm-1) relative to the amounts of surface carbonate and bidentate formate tends to increase in the order KX < ZnKX (0.2 wt.%) < ZnKX (0.8 wt.%) < ZnKX (1.0 wt.%) ≈ ZnKX (2.0 wt.%). The high relative intensity of unidentate formate is indicative of more HCHO formation, which is in good agreement with the results as discussed above.
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  Effect of Zn additives on catalytic performance of KX

  At present, some researchers have investigated the mechanism of toluene side-chain alkylation. It is believed that the acid sites are required to stabilize formaldehyde and toluene on the catalyst, while the basic sites are important to activate toluene and methanol.33 The following equations are the typical ones that are commonly accepted.38-40 That is, after methanol was dehydrogenated to formaldehyde by the basic sites of catalysts (equation 4), the carbon atom in the methyl group of toluene is subsequently activated by the basic sites, and then the activated toluene and formaldehyde form styrene (equation 5). Finally, styrene converts to ethylbenzene through hydrogenation with H2 or transfer hydrogenation with methanol29 (equations 6 and 7).

  
    [image: Equation 4]
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  It has been reported that the activity of side-chain alkylation is always associated with high rates of formaldehyde production.41 In the present work, Zn addition brings an increase in the electron donor capacity of the framework oxygen (Lewis base). Consequently, HCHO may be formed more easily on ZnKX, which is supported by the increase of surface unidentate formate on ZnKX and the results of methanol adsorption IR as described in the above text. Then, equation 4 will be enhanced. Thus, the activity of side-chain alkylation will be promoted. In addition, Zn addition can result in the decrease of chemisorbed toluene. For KX zeolite, toluene is the main chemisorbed species,33 however, the conversion of toluene is not more than 10%. This indicates that most of the methanol is consumed through decomposition to CO and H2. When the concentration of chemisorbed toluene decreases, methanol has more chances to be adsorbed on the zeolite surface, leading to more possibility to react with toluene. So, it is concluded that the appropriate decrease of the chemisorbed toluene may facilitate side-chain alkylation. These factors may be the key reasons for the enhancement of the activity of side-chain alkylation.

   

  Conclusions

   Small quantities of ZnOx particles have an excellent promoting effect on the side-chain alkylation of toluene, and the conversion of toluene over ZnKX (0.8 wt.%) is almost twice as high as that over KX. XPS and TPD results indicate that ZnOx (x < 1) species as a chemical promoter can bring a weaker acidity and a stronger basicity for ZnKX. For ZnKX catalysts, IR results reveal that chemisorbed methanol converts to formaldehyde more easily, the relative intensity of unidentate formate increases, and the concentration of chemisorbed toluene decreases. These may facilitate side-chain alkylation.
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    O mel pode apresentar resíduos de pesticidas devido à contaminação das abelhas durante a coleta de pólen e néctar ou por tratamento das colmeias. Assim, a determinação de resíduos de pesticidas em mel é de grande importância, apesar da dificuldade devido à complexidade da matriz. Neste estudo, um novo método para a determinação de pesticidas de diferentes grupos químicos em mel foi desenvolvido e validado. Amostras de mel foram extraídas pelo método QuEChERS modificado e analisados por cromatografia gasosa com detecção por captura de elétrons (GC-ECD). Os resultados de recuperação, avaliados em três níveis de fortificação, foram entre 71 e 119% para a maioria dos compostos, com valores de desvio padrão relativo (RSD) < 20%. O método proposto permite a determinação com limites de detecção entre 3 e 6 µg kg-1, combinando a extração e limpeza do extrato de forma efetiva, com boa sensibilidade e seletividade, e foi aplicado com sucesso na análise de amostras comerciais de mel.

  

   

  
    Honey can present pesticide residues due to the contamination of bees during the collection of pollen and nectar or by treatment of hives. Thus, the determination of pesticide residues in honey is of great importance, despite the difficulty due to the complexity of the matrix. In this study a new method for the determination of pesticides from different chemical groups in honey was developed and validated. Honey samples were extracted by modified QuEChERS method and analyzed by gas chromatography with electron capture detection (GC-ECD). Recovery results, evaluated at three spike levels, were between 71 and 119% for most of the compounds, with relative standard deviation (RSD) < 20%. The proposed method enables the determination at limits of detection between 3 and 6 µg kg-1, combining effective extraction and clean-up steps with good sensitivity and selectivity, and was successfully applied to the analysis of commercial honey samples.

    Keywords: gas chromatography, honey, pesticide residues, sample preparation

  

   

   

  Introduction

   The analysis of pesticide residues in honey is a considerable analytical challenge, since honey is a mixture of over 300 substances identified mainly as sugars and waxes, subject to variations arising from the type of plant where bees collect nectar from.1 The monitoring of pesticide residues is important because honey is a route of human intake of pesticides, since it is a food and an alternative medicine, and serves as a way to evaluate the dispersion of pesticides in the environment and can be associated with the global phenomenon of disappearance of hives.2

  According to the Council Directive 2001/110/EC,3 honey is considered a viscous, aromatic, natural and sweet fluid produced by Apis mellifera bees4,5 from nectar of flowers or secretions of live parts of certain plants or excretions of insects. It has been used in medicine since remote times for treatment of burns, gastrointestinal disorders, asthma, infected wounds and skin ulcers.6 World production of honey showed a growing trend in the last 20 years attributed to an expansion in the number of hives and production per colony.7

  Nevertheless, there are two forms of contamination of honey: during pollen and nectar collection by bees, characterizing cross-contamination, and through treatment of hives in which pesticides can migrate into honey8 as direct contamination.9 Moreover, every day 10,000 to 25,000 honeybee workers make an average of 10 journeys to explore roughly 7 km2 in the area near their hive.10 Thus, the determination of the maximum residue limits (MRLs) has become necessary due to the risks offered by residues to human health, to ensure food safety. Established maximum residue limits of pesticides in honey (Royal jelly, pollen, comb honey) by the European Union (EU)11 are generally at the limit of quantification of the analytical methods. In the same way, this monitoring provides information about the use of pesticides in crop fields and in their neighborhoods as well as trends due to bioaccumulation and toxicity caused by pesticides.12

  Gas chromatography with electron capture detection (GC-ECD) responds selectively and with very good sensitivity to organic compounds containing especially halogens,13,14 and has been employed with success in the study of compounds present at trace level, such as pesticide residues in food.15-17 However, the GC determination of pesticide residues in honey can be severely affected by co-extractives, requiring effort in the method development.

  For the extraction of pesticides from honey samples, several methods have been proposed employing solid-phase extraction (SPE)18,19 solid-phase microextraction (SPME),20 pressurized liquid extraction (PLE),18 solvent extraction (SE),10 matrix solid-phase dispersion (MSPD),13 liquid-liquid extraction and low temperature purification (LLE-LTP)21 and QuEChERS method.18,22 The latter is the acronym for "Quick, Easy, Cheap, Effective, Rugged and Safe" and has been introduced in 200323 for the analysis of fruits and vegetables. This analytical approach was further modified and extended to a greater number of pesticides in diverse food matrices,24 reducing some common problems presented in the extraction steps, like extraction time, volume of generated waste and interferences from matrix, as well as ease of operation. The extraction of pesticides from honey samples can be performed by modified QuEChERS method, because this method is efficient for a wide range of compounds, including highly polar pesticides, with acid and basic features.25 The clean-up step, called dispersive solid phase extraction (d-SPE), used in QuEChERS methods, allows for quick and simultaneous clean-up with water removal. A final extraction with less polar solvents facilitates the precipitation of polar co-extractives.26

  Due to the complexity of the honey matrix, which can contain a great amount of sugars and other substances, such as phenolic compounds,26 these interferences, mainly waxes and pigments,6 should be removed before the chromatographic analysis in order to reduce the limit of quantification of the method.27 An inappropriate clean-up can lead to adverse effects related with the quality of the generated results and to the contamination of the GC system.

  This paper describes an effective multiresidue method using a modified QuEChERS method for the extraction of pesticide residues from honey samples, including a clean-up step to remove mainly waxes, sugars and pigments, with determination by GC-ECD. Pesticides from different chemical groups, like organophosphates (bromophos methyl, trichorfon, chlorpyrifos methyl, chlorpyrifos ethyl, malathion), organochlorines (hexachlorobenzene, lindane, heptachlor, endosulfan alpha + beta, dieldrin, endrin I + II), pyrethroids (lambda-cyhalothrin, bifenthrin), strobins (trifloxystrobin, kresoxim methyl), triazoles (tetradifon), chloronitrile (chlorothalonil), dinitroanilines (trifluralin) and pyrazole (fipronil), including also important metabolites (endosulfan sulfate from endosulfan, heptachlor epoxide from heptachlor and 4,4-DDE from DDT) were evaluated.

   

  Experimental

   Chemicals and preparation of standard solutions

  The standards were purchased from Dr Ehrenstofer (Germany), with purity between 92.0 and 99.5%. Acetonitrile (MeCN) high-performance liquid chromatography (HPLC) grade was obtained from J. T. Baker (USA) and disodium ethylenediaminetetraacetic (Na2EDTA) from Merck (Brazil). Anhydrous magnesium sulfate p.a. was obtained from J. T. Baker (Japan), sodium chloride p.a. from Merck (Brazil) and the sorbent Bondesil primary secondary amine (PSA), cartridges for SPE Strata C18 500 mg per 3 mL (Phenomenex, EUA), florisil 60-100 mesh (Mallinckrodt, EUA) with particles size of 40 µm, from Agilent (USA). Purified water was provided by a Direct UV3 system from Millipore (France).

  Individual analytical stock solutions (1000 mg L-1 ) of each pesticide were prepared in acetonitrile HPLC grade, considering the purity of each pesticide standard. These analytical solutions were diluted in acetonitrile to 100 mg L-1. Afterwards, a mixture with the concentration of 10 mg L-1 containing all pesticides was prepared, that was diluted to 1 mg L-1. All solutions were stored in amber flasks at –18 ºC. For the injection in the GC-ECD system, the analytical solution mixture at 1 mg L-1 was diluted at the concentrations 5, 10, 20, 50, 75 and 100 µg L-1 in acetonitrile and, also, in the matrix blank extract (matrix matched calibration) prepared by the QuEChERS procedure in order to evaluate the matrix effect.

  Honey samples and physicochemical characterization

  Blank honey samples originated from floral nectars were obtained from the central region of Rio Grande do Sul (Brazil). Blank samples were classified by the absence of compounds of interest, with prior injection into chromatographic system. Physicochemical characterization of honey samples showed the presence of 19.6% moisture, being within the allowable limit (< 20%), and 23 mEq kg-1 of acidity, that is within the allowable limit (< 50 mEq kg-1 ). The reactions of Lund and Fiehe showed the presence of nitrogenous substances, amino acids, proteins and enzymes, indicating that this honey is classified as pure honey according to Brazilian legislation.28

  To evaluate the applicability of the proposed method, four composed honey samples were obtained in the Santa Maria (Brazil) region from a local producer. Each sample consisted of portions collected from 12 different hives. The sampling was made in the years of 2011 and 2012, from spring to summer, the higher production period for honey in south of Brazil. The hives were located close to eucalyptus, peach, orange, grape and soybean cultivation areas. The samples were stored in 1 L glass containers, maintained at room temperature and analyzed before 30 days.

  Instrumentation

  For sample preparation the following instrumental apparatus was used: vortex Biomixer, model QL-901 (Brazil); analytical balance precision AND, model SV-200 (Japan); centrifuge Thermo Fisher Scientific, model IEC CENTRA CL2 (USA); centrifuge Centribio 12 × 15 mL (Brazil); automatic micropipette Brand with variable capacity (Germany) and thermostated water bath De Leo (Brazil). Chromatographic analyses were performed using a GC-ECD system Varian CP 3800 (USA), equipped with CP 8410 autosampler; injector model 1079 with electronic pneumatic control (EPC); capillary column DB-5MS (30 m × 0.25 mm × 0.25 µm); electron capture detector and data acquisition system through the Star Workstation 6.0 software.

  Chromatographic conditions

  In order to obtain the best chromatographic conditions, retention times and separation profile of the compounds in study were monitored. Thus, the conditions utilized for the GC-ECD system were: injector model 1079 operating with programmed temperature vaporization (PTV) under the following temperature conditions: 100 ºC for 0.1 min and then increased at 200 ºC min-1 to 280 ºC which was held for 28 min. After that the injector heating was turned off and the temperature was decreased to 100 ºC for the next injection. This injector temperature program was used to improve the analyte transference to the column and to avoid thermolysis of sugars from the extracts. An injection volume of 1 µL (splitless) was used. After 2.0 min a split ratio of 20:1 was used to clean the injector for the next injection. Column oven temperature program was: 50 ºC (1.0 min), heating at 10 ºC min-1 to 65 ºC (0 min), heating at 25 ºC min-1 to 180 ºC (0 min) and at 5 ºC min-1 until 280 ºC, remaining at this temperature until 35 min. The soft warm-up at 10 ºC min-1 from 1 to 2.5 min of runtime was the best condition to produce higher signal for the selected analytes in acetonitrile extracts. The carrier gas (helium 99.999%) was maintained at constant flow-rate of 1.0 mL min-1 ; make-up gas (nitrogen 99.999%) at 28 mL min-1 and detector temperature set at 300 ºC.

  Extraction method

  The procedure for sample preparation, according to Figure 1, consisted of weighing 2.5 g of honey in a 50 mL polypropylene tube with cap, then heating this sample, in water bath at 45 ºC, during 1 min for better homogenization. After this, 5.0 mL of aqueous 0.1 mol L-1 Na2EDTA, also heated at 45 ºC, and 5.0 mL of acetonitrile were added. The tube was shaken for 3 min on vortex and then 6.0 g of anhydrous MgSO4 and 1.5 g of NaCl were added, following 1 min of vortex shaking. After this, the tube was centrifuged at 2,200 × g for 8 min to obtain good separation of the phases and 2 mL of the supernatant (organic phase) was used for the clean-up step by d-SPE. This step was performed in a 15 mL polypropylene tube with cap, containing 120 mg of anhydrous MgSO4 and 100 mg of the sorbent PSA, which was vortexed for 3 min and centrifuged for 8 min at 1,800 × g to obtain a clean extract (upper phase). The extract was filtered through a syringe filter of polyvinylidene fluoride (PVDF) with 0.2 µm of porosity, then 0.95 mL was transferred to a 2 mL vial and 50 µL of the internal standard quintozene was added, for a final concentration of 50 µg L-1, before injection in the GC-ECD system.

  
    

    [image: Figure 1. Schematic representation of the extraction]

  

  Method validation

  The proposed method was validated evaluating analytical curves and linearity, matrix effect, limits of detection (LOD) and of quantification (LOQ), accuracy (in terms of recovery) and precision (in terms of repeatability and intermediate precision) in accordance to international regulations for the analysis of pesticides by chromatographic analysis.29 Calibration curves were obtained for the levels of concentration 5, 10, 20, 50, 75 and 100 µg L-1 in acetonitrile and in the matrix blank extract, corresponding to a range of 10 to 200 µg kg-1 in the sample (method factor of 2) with six replicates each (n = 6). To evaluate the matrix effect in the chromatographic analysis the slopes of the curves in acetonitrile and in matrix blank extract were compared and the results expressed as percentage of matrix effect.30 The real method LOQ was based on the lowest spike level that meets the requirements of accuracy (recovery from 70 to 120%) and precision (relative standard deviation (RSD) < 20%). The method LOD was calculated dividing this value by 3.3. The trueness of the method was evaluated by carrying out extraction and analysis of six replicates of blank samples spiked at 20, 40 and 100 µg kg-1, to estimate the accuracy, expressed as recovery (%), and precision, in terms of repeatability (RSDr). Due to the complexity of the studied matrix, the same experiment at three spiked levels was repeated in different days in order to estimate the intermediate precision (RSDip).

   

  Results and Discussion

   Chromatographic analysis

  Pesticide residue determination in honey samples by GC presents challenging analytical problems because of their high sugar content, typically 77% (m/m) of fructose + glucose,31 that is transferred to the extracts. Deposition of matrix components in the GC liner causes severe cross-contamination by carryover, signal intensity changes and progressive tailing of chromatographic peaks takes place, with a reduction of the capillary column lifetime.32 Also, the presence of carbohydrates in the liner at high temperatures may induce Maillard reactions with consequent formation of artifacts. These reactions are typical of thermal treatment and produce a variety of brown pigments due to the condensation of amino acids with sugars.33

  Honey also contains residual waxes with long linear carbon chains and high boiling points, and therefore, hard to elute from the column with common temperature programs. Another hundreds of substances from the matrixwith lower boiling points should be chromatographically resolved from analytes because they tend to co-elute with them or increase the background of the chromatogram.

  The GC-ECD system presented a suitable response for the studied compounds in this work. The identification of pesticides was made by the retention time (tR), presented in Table 1.
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  Development of the extraction method

  For the honey it was possible to efficiently extract the pesticides and minimize co-extractives by optimization of relevant variables in the solvent partition step and by adequate choice of type and amounts for sorbents in the clean-up step, in order to minimize matrix effects. The use of MeCN in modified QuEChERS offers several advantages, including the ability of water removal from the phase containing analytes, good compatibility with the d-SPE clean-up and with chromatographic techniques.23 Therefore, MeCN without acidification was selected for the method, showing good recovery results for selected pesticides.

  The first step for sample preparation is the dissolution of honey to allow the extraction of analytes. Dissolution with water is the most usual way to obtain a homogeneous solution of honey, amenable for solvent extraction. An important aspect of this process is the buffering of added water to help analyte extraction, promoting a broken colloidal state (undissolved waxes) and metal complexation.34,35 The transition metals ions present in the matrix are complexed by EDTA, which increase sample homogenization, improving compound extraction and decreasing matrix effect.34 There are studies indicating a higher amount of pesticides extracted with appropriate recoveries in the presence of Na2EDTA solution.35,36 In the proposed method, honey samples were firstly dissolved in a 0.1 mol L-1 Na2EDTA aqueous solution (pH 5.0), heated at the same temperature as the honey sample (45 ºC, during 1 min) before addition. The temperature should be controlled to avoid the formation of the compound 5-hydroxymethylfurfural (HMF), resulted from the breakdown of hexose sugars such as glucose and fructose at high temperatures. In the extraction medium, HMF releases formic acid by hydrolysis, changing the pH level and consequently the partition equilibrium of pesticides.37 The ionic strength is controlled by salt addition (NaCl) in the partition step. Due to the complex nature of the honey/water mixture, the addition order of the salts (MgSO4, NaCl, others) can interfere in the partition process. For the partition step, the salts MgSO4 (first) and NaCl (second) were added separately in order to obtain a greater separation of aqueous and organic phases, reducing the variability between extractions.

  The clean-up can be considered the critical step for the determination of pesticide residues in honey samples. Thus, some sorbents were tested using the SPE technique with different cartridges containing 500 mg of C18 and 100 mg of diol without MgSO4 addition. The tests using 500 mg of florisil and 100 mg of silica were made by d-SPE in the presence of 120 mg of MgSO4. Like for other food matrices, a widely used sorbent for the removal of free fatty acids, sugars and other polar compounds present in extracts of food samples is the ethylenediamine-N-propyl, a primary and secondary amine (PSA) that acts as a weak anionic exchanger and can interact with other compounds through hydrogen bonds or dipole-dipole interactions. As a polar sorbent, PSA can form hydrogen bonds with polar compounds from the matrix, but retention of more polar analytes can also occur and therefore the amount of this sorbent was tested in the method development.23,38 The best results were obtained with MgSO4 and PSA, being an effective clean-up step to obtain cleaner extracts with smaller amounts of co-extractives. Thus, an aliquot of 2 mL of extract was transferred for the clean-up step using 120 mg MgSO4 and 100 mg PSA, to remove undesired components present in the matrix extract, such as pigments, lipids, sugars and wax, confirmed by the lower matrix effect and less unknown peaks in the chromatograms.

  Method validation

  The linearity of the instrument was evaluated from the response of the analytical curves, in area, obtained by injection of the analytical solutions prepared in matrix blank extracts containing all the pesticides in study. The linear range (Table 1) was from 5 or 10 to 100 µg L-1 with coefficients of determination (r2 ) higher than 0.99 for most of the studied compounds. The obtained values of LODm of 3 or 6 µg kg-1 and LOQm of 10 or 20 µg kg-1 were comparable with EU MRLs (10 to 50 µg kg-1 ) and Brazil MRLs (10 to 20 µg kg-1 ), except for fipronil with a MRL of 10 µg kg-1 that is below the LOQm of 20 µg kg-1. However, the LODm for fipronil (6 µg kg-1 ) is suitable for detection in honey samples. It can be concluded that the proposed method allows good detectability, enabling the application of this method in real samples.

  Figure 2 shows the chromatographic separation of the 24 pesticides and the internal standard quintozene in the matrix extract. For each extract and standard solution injected the internal standard was added for monitoring instrument response, but not for correction of peak areas.
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  From the validation evaluation the recovery results for the concentration levels of 20, 40 and 100 µg kg-1, presented in Table 1, were between 71 and 118%, with RSD lower than 20%, for 22 compounds, which is considered suitable for pesticide residue analyses.29,39 For method precision, in terms of repeatability (RSDr), 5 groups of compounds with distinct behaviors can be identified: (i) recoveries near 100% and low RSD (near 10%): trichlorfon, trifluralin, chlorothalonil, and lindane; (ii) recoveries near 100% but with high RSD (10 to 20%): malathion, chlorpyrifos methyl, chlorpyrifos ethyl, fipronil, kresoxim methyl and bromophos methyl; (iii) recoveries between 70-120% with high RSD (< 10%): endrin I, 4,4-DDE, endrin II, tetradifon, endosulfan alpha, endosulfan beta and endosulfan sulfate, heptachlor epoxide; (iv) recoveries between 70-120%, near the lower limit of 70%, with low RSD (< 10%): bifenthrin, hexaclorobenzene, trifloxistrobin, heptachlor and dieldrin; (v) recoveries above the upper limit of 120% and high RSD (> 20%): lambda-cyhalothrin. The evaluation of the obtained RSD values, under repeatability and intermediate precision conditions leads to the conclusion that the method of determination by GC-ECD is stable and that the major source of variation among the recovery values arises from the extraction step.

  Table 1 presents the method intermediate precision (RSDip) evaluated by spiked matrix blank samples in the same three levels of 20, 40 and 100 µg kg-1 during different days. It was observed that RSDr and RSDip were above 20% for lambda-cyhalothrin and bromophos methyl. It demonstrates the difficulty in analyzing these compounds, due to the presence of residual interferences from the matrix affecting GC-ECD system, as well as variations in the extraction step.

  The matrix effect is usually caused by matrix components that avoid the susceptibility of certain analytes of being adsorbed in the GC system, mainly on the insert of the injector. Moreover, the phenomenon took place when certain active sites were covered by the matrix of the sample, which decreased the interactions between the analytes and the active sites.40,41 On the other hand, the honey extract consists basically of carbohydrates, such as monosaccharide glucose and fructose, that provide matrix effect which is dependent of the endogenous components of the matrix, such as: size of molecules, polarity and thermal stability, presence of significant amount of endogenous components, that can result in reduction of the chromatographic response for some pesticides.42 In this work, a negative matrix effect was observed for chlorpyrifos ethyl (–34%), endosulfan beta (–44%) and endosulfan sulfate (–74%), 4,4-DDE (–54%), dieldrin (–46%), endrin II (–73%) and tetradifon (–31%). Still, polysaccharides present in honey extract caused positive matrix effect for the pesticides chlorpyrifos methyl (+109%), chlorothalonil (+20%), malathion (+117%), lambda-cyhalothrin (+171%), bifenthrin (+133%), bromophos methyl (+341%), endosulfan alpha (+19%), endrin I (+75%), fipronil (+78%), heptachlor (+29%), heptachlor epoxide (+36%) hexachlorobenzene (+80%), lindane (+140%), trifloxystrobin (+31%), trifluralin (+23%) and lower than 10% for kresoxim methyl and trichlorfon. So, it can be observed in this study that the matrix effect was significantly high even after d-SPE clean-up, using PSA and MgSO4, therefore analytical curves were prepared in matrix blank extracts in order to compensate for this effect.43

  In general, it can be concluded that compounds with higher values of partition coefficient between organic carbon and water (Koc), like bifenthrin (2.4 × 105 ), trichlorfon (1.2 × 105 ), trifluralin (1.6 × 104 ) and hexaclorobenzene (5.0 × 104 ) presented lower variation for recoveries. On the other hand, for compounds with low Koc, such as bromophos methyl (17), endrin (0.22 to 0.26), 4,4-DDE (0.024) and tetradifon (100), these variations were greater. Compounds with higher octanol:water coefficient values (log Kow from 5.4 to 6.2), such as bifenthrin, hexachlorobenzene, dieldrin and heptachlor, showed lower recovery values when compared with compounds with lower log Kow (0.43-4.8), like trichlorfon, trifluralin, chlorothalonil, chlorpyrifos methyl, lindane, malathion, endosulfan beta, chlopyrifos ethyl, fipronil and kresoxim methyl. Thus, the recovery variations is related to the processes of releasing the compounds to the aqueous phase during the dissolution step, indicated by the respective log Kow and solubility, and therefore by the pesticide adsorption affinity with sorbent at the clean-up step, determined by the Koc values.

  From the studied compounds, only lambda-cyhalothrin presented results higher than the acceptable for recovery and RSD and the main factor that can explain these results are that changes in injector, liner and chromatographic column deposition of co-extractives are more intense due to late retention of lambda-cyhalothrin, increasing background effect, reflecting in low signal and poor linearity (r2 = 0.95), which may have resulted in the high recovery values obtained, even with the use of matrix matched calibration standards.

  Determinations of pesticides in honey by GC-ECD have been described in the literature employing different sample preparation methods. Barakat et al.44 developed a QuEChERS method for determination of 36 pesticides in honey, using GC-ECD and GC with nitrogen-phosphorus detector (NPD) with good recovery (70 to 120%), RSD between 1 and 22% and method limit of quantification (LOQ) ranged from 20 to 50 µg kg-1. Albero et al.13 used MSPD for the determination of 15 pesticides in honey by GC-ECD. This method presented recoveries between 80 and 113%, RSD < 10% for all compounds and method LOD values from 0.5 to 15 µg kg-1. The same authors used SPE with GC-MS and achieved recoveriesof > 86%, RSD < 10% and method LOD from 0.1 to 6.1 µg kg-1.26 Dispersive liquid-liquid microextraction method (DLLME) was used by Zacharis et al.14 for determination of 15 organochlorine pesticides in honey by GC-ECD and GC-mass spectrometry (MS) obtaining recoveries from 75 to 119%, RSD < 20% and method LOQ from 0.07 to 0.5 µg L-1 for analysis by GC-ECD and from 0.04 to 0.66 µg L-1 for GC-MS. Recently, Janov et al.45 published a method for the determination of residues of neonicotinoids, including imidacloprid, acetamiprid, nitenpyram, tiacloprid, thiamethoxam, clotianidin and dinotefuran in honey, using DLLME and liquid chromatography (LC)-MS/MS. Recovery results ranged from 74 to 114%, RSD from 7 to 16% and method LOQ from 1.5 to 2.5 µg kg-1. Likewise, Blasco et al.12 developed a method based on SPE extraction for the determination of 42 pesticides in honey samples by GC-MS, for organochlorines, and by LC-atmospheric pressure chemical ionization (APCI)-MS, for organophosphates and carbamates. The recoveries were between 73 and 98%, with RSD from 3 to 19%, except for dimethoate which showed 40% of recovery. The method LOQ ranged from 3 to 100 µg kg-1.

  The proposed method presented some advantages when compared with other methods. Sample preparation using SPE and MSPD presents good LOQ values, however, they have some disadvantages such as long extraction time, requires previous training of the analyst and large volume of solvent. The DLLME technique uses small volume of solvent but is not applied to a wide range of compounds. Thus, the QuEChERS method proposed in this work is simpler and when compared with another work44 that also used QuEChERS, it presented similar values of recovery and RSD, but better LOQ values. In sum, the proposed method proved to be quick and effective for the determination of pesticide residues in honey samples.

  Applicability of the proposed method in real samples

  The results shown in Table 2 demonstrate that the insecticides and acaricides (bifenthrin, chlorpyrifos ethyl, endosulfan sulfate, fipronil, lindane, malathion), and the fungicides (chlorothalonil, hexachlorobenzene and kresoxim methyl) were found in concentrations above the MRL values established for honey, according to the Brazilian Program of Controlled Residues and Contaminants (PNCRC)46 and the European Union legislation.11 Lindane, kresoxim methyl, fipronil and bifenthrin presented concentrations lower than the LOQ. The presence of pesticide residues in the analyzed honey samples can be attributed to environment contamination, because the producers did not report any application of pesticides directly or near the hives.
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  Results indicated the presence of chlorpyrifos ethyl and chlorothalonil both at 0.03 mg kg-1, and malathion at 0.09 mg kg-1 in three of the samples, concentrations above the MRLs allowed by the Brazilian and European legislations. These pesticides are applied to orange crops, chlorpyrifos ethyl on soybeans and chlorothalonil on grapes and soybeans, characterizing an indirect contamination by bees that pollinate these crops located in other nearby properties.

  The relatively high concentrations of endosulfan sulfate and hexachlorobenzene compared with other values, are a matter of concern in terms of environmental contamination, but they are in agreement with values reported most frequently worldwide in the literature, such as the survey made by Rodrigues-Lopez, et al..47 Endosulfan sulfate is the main metabolite or degradation product of endosulfan (alpha + beta). Endosulfan was progressively restricted in Brazil in 2010, but remained in use, especially in soybeans. From 2011, the product can no longer be imported, and manufacturing in the country was banned from July 2012. This substance cannot be marketed in Brazil, as of July 2013. The banishment was based on toxicological studies involving the use of this pesticide, highly toxic, associated with endocrine and reproductive problems in farm workers and the general population.48

  The results obtained by the application of the proposed method are similar to those reported in the literature and summarized in Table 2, where Rissato et al.,10 employing GC-MS determination, found residues of chlorothalonil (< LOD), endosulfan sulfate (0.027 and 0.024 mg kg-1 ), hexachlorobenzene (0.018 and 0.016 mg kg-1 ), chlorpyrifos ethyl (0.010 and 0.015 mg kg-1 ) and malathion (0.243 and 0.209 mg kg-1 ) in honey samples from the ecological reserve of Bauru (Brazil).Blasco et al.12 analyzed honey samples from Portugal and Spain and detected hexachlorobenzene in 32% of them, and other pesticides, such as gamma hexachlorocyclohexane and its isomers, DDT and metabolities, methiocarb, carbofuran, pirimicarb and methyl-parathion in concentrations from 0.003 to 4.31 mg kg-1. Zhen et al.40 also found malathion (6.2 µg kg-1 ), bifenthrin (1.0 and 2.5 µg kg-1 ), besides other 21 compounds detected in different honey samples, using GC-MS.

  Table 3 shows the pesticides authorized in Brazil for the cultures cultivated near the sampled hives, pesticides not authorized for these cultures, but that can be used in others, as well as banned pesticides in Brazil and metabolites included in this study. Compounds followed by an uppercase letter "b" were found above the LOQ and those with an uppercase letter "a" were detected in the samples.
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  Furthermore, the contamination of bees by pesticides influences in their ability and capacity to return to the hive and pollinize.15 This factor, combined with the presence of pesticide residues in the flower nectar,results in a big concern about environmental and human health, requiring studies based on monitoring with reliable analytical methods.2

   

  Conclusions

   Results obtained in this work showed a suitable method for the determination of trichlorfon, trifluralin, hexachlorobenzene, lindane, chlorpyrifos methyl, chlorothalonil, kresoxim methyl, heptachlor, malathion, chlorpyrifos ethyl, fipronil, heptachlor epoxide, endosulfan alpha, 4,4-DDE, dieldrin, endrin I, endosulfan beta, endrin II, trifloxystrobin, endosulfan sulfate, bifenthrin and tetradifon in honey samples, employing modified QuEChERS method allied with GC-ECD analysis with recoveries from 70 to 120% and RSD < 20%. The sensitivity of the chromatographic analysis permitted the achievement of method LOD values between 3 and 6 µg kg-1.

  Extraction by QuEChERS method, despite the high levels of sugar and other interferences in honey, provides an adequate clean-up for determinations with simpler equipment, such as GC-ECD, when compared to mass spectrometry. Due to the simplicity of the developed method, it can be applied in routine analysis, taking into account the increased demand for this type of determination, since bees are constantly exposed to chemical contaminants.

  The occurrence of pesticide residues in relatively high concentrations, even considering the small number of samples analyzed in this work, is a matter of concern, and was clearly related to the pesticides applied in cultures near the hives.
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    A performance catalítica de catalisadores HZSM-5 com tratamento alcalino foi investigada em um microrreator contínuo de leito fixo. As propriedades dos catalisadores HZSM-5 de origem e modificados foram caracterizadas por difração de raio X (XRD), espectroscopia de emissão atômica com plasma indutivamente acoplado (ICP-AES), adsorção de N2 e dessorção programada por temperatura de NH3 (NH3-TPD). Os resultados mostraram que o tratamento alcalino é um método adequado para modificar o catalisador HZSM-5 para a desidratação do etanol a etileno. O catalisador HZSM-5 tratado com 0.4 mol L–1 NaOH apresentou alta atividade e boa estabilidade. As performances catalíticas melhoradas dos catalisadores com tratamento alcalino são atribuídas, principalmente, aos mesoporos criados e à diminuição de sítios ácidos fortes durante o tratamento alcalino.

  

   

  
    The catalytic performance of alkali-treated HZSM-5 catalysts was investigated in a continuous fixed-bed microreactor. The properties of the parent and modified HZSM-5 catalysts were characterized by X-ray diffraction (XRD), inductively coupled plasma atomic emission spectroscopy (ICP-AES), N2 adsorption and temperature programmed desorption of NH3 (NH3-TPD). The results show that the alkali treatment is a suitable method to modify the HZSM-5 catalyst for ethanol dehydration to ethylene. The HZSM-5 catalyst with 0.4 mol L–1 NaOH shows high activity and good stability. The improved catalytic performances of alkali-treated catalysts are mainly attributed to the created mesopores and the decreased number of strong acid sites during the alkali treatment.
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  Introduction

   Ethylene, which is conventionally produced by thermal cracking of petroleum, is a key intermediate used in the production of ethylene oxides, polyethylene, vinyl chloride, and styrene. In recent years, it has been necessary to look for some new sustainable ways to produce ethylene because of the global energy crisis combined with environmental problems. Therefore, the catalytic dehydration of ethanol to ethylene has attracted more and more attention due to its lowertemperature process and the raw material of ethanol that can be obtained easily from renewable agricultural resource by fermentation. It is crucial to find an effective catalyst and some catalysts have been tested in the literature for dehydration of ethanol to ethylene, such as γ-alumina,1 heteropolyacid catalysts2 and zeolites.3-5 Among them, HZSM-5 zeolite is interesting because of the lower temperature and higher ethylene yield.6-8 However, the deactivation of the catalyst caused by the strong acidity and the intracrystalline diffusion limitation in HZSM-5 zeolite micropores leads to the unfeasible process for industrial applications.9

  HZSM-5 zeolite has been treated with steaming, acid-leaching and modified by doping with metals, resulting in modified acidic properties, formation of mesopores and lower deactivation of the catalyst.10-12 However, a rather limited mesoporosity development can be obtained by these methods.13-16 Meanwhile, a higher reaction temperature is needed for these methods.13-16 Recently, alkali-treated zeolites with NaOH have been studied widely as a relatively new strategy for creating mesopores without destroying the micropores.17-20 The formed mesopores in alkali-treated HZSM-5 are more beneficial to the diffusion of reactants or products during the reaction and the modified HZSM-5 catalysts present higher catalytic activities in some reactions.21-24 This has been proved in the literature; for example, Jin et al.22 observed that mesopores in alkali-treated HZSM-5 resulted in higher catalytic activities and longer lifetime for selectivity synthesis of 2,6-dimethylnaphthalene. Bjørgen et al.24 found that the formation of mesopores and modification of acidic properties enhanced catalytic performance in the conversion of methanol to gasoline. Gayubo et al.25 reported that the transformation of bioethanol into hydrocarbons (in particular C3-C4 olefins and BTXE) achieved a high selectivity of propene and butanes. However, little work has been carried out to investigate the catalytic performance of alkali-treated HZSM-5 zeolites on ethanol dehydration to ethylene.

  In this paper, the acidity and pore structure of alkali-treated HZSM-5 were investigated. The catalytic performances of modified HZSM-5 catalysts for ethanol dehydration to ethylene were examined with emphasis on the activity, stability and regenerability of the catalysts.

   

  Experimental

   Catalysts preparation

  HZSM-5 zeolite with SiO2/Al2O3 molar ratio of 39.4 was supplied by the Catalyst Plant of Nankai. The samples were treated with solutions of 0.2, 0.4, 0.8 and 1.0 mol L–1 NaOH for 2 h at 75 ºC, respectively. After filtration, washing and drying, the alkali-treated samples were ion-exchanged into the H-form by three consecutive exchanges in 0.1 mol L–1 NH4NO3 solution, and calcined at 550 ºC for 5 h. The alkali-treated HZSM-5 samples were marked as ATx (where x denotes the NaOH concentration).

  Catalysts characterization

  X-ray diffraction (XRD) patterns were recorded on a D/max-2500 X-ray diffractometer with Cu-Kα radiation at room temperature and instrumental settings of 40 kV and 40 mA. The scanning range was from 5º to 50º. The relative crystallinity was calculated according to the intensities of three peaks at 2θ values of 23.07º, 23.28º and 23.90º. The three peak intensities of the parent HZSM-5 zeolite were considered to be 100% crystallinity.

  Inductively coupled plasma optical emission spectrometry (ICP-AES)(JA1100 inductively coupled plasma quantometer) was used for the determination of the Si and Al contents in each sample.

  N2 adsorption-desorption isotherms were recorded on a Micromeritics Tristar-3000 instrument at liquid nitrogen temperature of –196 ºC. Before the analysis, each sample was evacuated at 300 ºC for 8 h. The total surface area was calculated according to the BET isothermal equation, and the micropore volume and external surface area were evaluated by the t-plot method.

  The acid properties were examined by temperature programmed desorption of NH3 (NH3-TPD) with a thermal conductivity detector (TCD). About 100 mg of samples was pretreated at 500 ºC in Ar flow (40 mL min–1) for 1 h, and then cooled to 40 ºC. The adsorption of pure NH3 was performed at this temperature. When saturated adsorption is achieved, the system is swept by Ar (40 mL min–1) for 1 h. The NH3-TPD curves of the samples were recorded under Ar flow by heating from 40 ºC to 600 ºC at the rate of 5ºC min–1.

  The thermogravimetric studies of the catalysts after reaction were carried out using a NETZSCHSTA 409 PC thermoanalyzer with the temperature rise from room temperature to 800 ºC at a heating rate of 10 ºC min–1 in air flow.

  Catalytic testing

  Dehydration of ethanol was tested in a fixed bed reactor with an inner diameter of 6 mm under atmospheric pressure. A stainless steel tubular reactor was placed into a temperature programmed tubular furnace. After alkali treatment, 1.0 g catalyst was placed into the middle of the reactor. The reactant mixture of ethanol and water [the ethanol concentration is 20(v)% to simulate bioethanol] was injected into the reactor with nitrogen flow (40 mL min–1). The weight hourly space velocity (WHSV) of ethanol was 2.37 h–1. The reaction products were analyzed using a gas chromatograph (GC-9560, Shanghai Haixin GC) using a GDX-103 packed column, N2 as carrier gas and flame ionization detector (FID) detector at oven temperature of 120 ºC. The ethylene selectivity (SE) and the conversion of ethanol (XEtOH) were adopted to estimate the catalytic performance. SE is defined as the molar ratio of ethylene to the total converted ethanol; XEtOH is defined as the molar ratio of converted ethanol to the total injected ethanol. The reproducibility of the experiments was tested at the same experimental conditions for two or three times. No significant difference on the results was observed and the results are reproducible with a high accuracy.

   

  Results and Discussion

   Catalysts characterization

  The XRD patterns of the parent and the treated HZSM-5 with different NaOH concentrations are shown in Figure 1. From Figure 1, it can be seen that all samples exhibit typical MFI structure and no additional phase appears. However, the peak intensity decreases with the increase of NaOH concentration, which suggests that the concentration of alkali influences significantly the relative crystallinity of HZSM-5. At 1.0 mol L–1 of NaOH, the characteristic diffraction peaks attributed to HZSM-5 still remain, but the relative crystallinity decreases rapidly to 46.1% (see Table 1). This is mainly attributed to the removal of silicon species from the framework during the alkali treatment process, which may destroy the lattice structure and decrease the relative crystallinity.
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  It can be seen from Table 1 that the molar ratio of SiO2/Al2O3 dramatically decreases from 39.4 to 30.5 with the NaOH concentration increasing from 0 to 0.4 mol L–1, indicating a preferential removal of Si species during the alkali-treatment. It is in agreement with a previous report.26 The preferential removal of Si results in the lower molar ratio of SiO2/Al2O3 in the zeolites. However, the ratio of SiO2/Al2O3 bounces to 32.0 at 0.8 mol L–1 of NaOH. This may result from the occurrence of dealumination during the desilication of zeolite.27 Additionally, according to the report of Li,28 the dissolved Si in NaOH solution may deposit on the surface of HZSM-5 as amorphous Si species (backward reaction). Both the dealumination and the deposit of Si species from the solution may be the main factors leading to the increase in the molar ratio of SiO2/Al2O3.29 With increasing alkali concentration to 1.0 mol L–1, more framework Al attached to the framework Si become instable and easy to remove after the alkali treatment. This leads to the decrease of the SiO2/Al2O3 molar ratio of AT1.0.30

  The N2 adsorption-desorption isotherms of all samples are shown in Figure 2. The isotherm of the parent HZSM-5 represents its microporous nature with a plateau at high relative pressure. The samples treated with NaOH solution in the concentrations of 0.2 mol L–1, 0.8 mol L–1 and 1.0 mol L–1 have a slightly increase in nitrogen uptake within the relative pressure range between 0.4-1.0, indicating the formation of new mesopores. Surprisingly, there is a sharp increase of nitrogen uptake for the sample treated by 0.4 mol L–1 NaOH within the same pressures range, indicating the most abundant mesopores for the AT0.4 sample.
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  Table 1 shows that the surface area (SBET) and the micropore volume (Vmicro) decrease with increasing NaOH concentration. The external surface area (Sext) increases markedly from 81 m2 g–1 of the parent HZSM-5 to 125 m2 g–1 of the AT0.4. The mesopore volume (Vmeso) increases from 0.06 cm3 g–1 for the parent HZSM-5 to 0.18 cm3 g–1 for AT0.4, indicating the formation of mesopores after alkali treatment. Both theSext and the Vmeso reach their maximum for the AT0.4. The Vmeso decreases slightly from 0.18 cm3 g–1 for the AT0.4 to 0.17 cm3 g–1 for AT0.8 or AT1.0, which is due to the backward deposition of amorphous Si on some mesopores or the collapse of zeolite framework.28 In a word, AT0.8 sample has a mesopore volume very close to that of AT0.4, while its external surface is just slightly lower. The external surface area and mesopore volume of HZSM-5 is developed at 0.8 mol L–1 of NaOH, while AT0.4 with a largely developed mesopore is obtained at the suitable condition of alkali treatment.

  Figure 3 shows the NH3-TPD profiles of all samples. The similar curves for the parent HZSM-5 and AT0.2 in Figure 3 indicate that the acid sites are completely preserved after alkali treatment. However, the total acid sites of samples decrease significantly with increasing NaOH concentration, especially for the strong acid sites. Compared with the parent HZSM-5, the alkali-treated samples exhibit lower desorption temperature of strong acid sites, indicating the weakened strengths of acid sites. The relative acid densities are calculated according to the areas of the NH3-TPD profiles, and the total acid densities for the samples is in the order of HZSM-5 ca. AT0.2 > AT0.4 > AT0.8 > AT1.0, indicating that the acid density of the samples decreases with increasing NaOH concentration. The decrease in acid density of the samples is mainly ascribed to the decrease of the strong acid sites presented at 300-500 ºC in Figure 3. The decrease of the strong acid sites may be related to the removal of extra-framework Al during the alkali treatment.30 In addition, the desilication might lead to the destabilization of micropore structure, even the collapse of zeolite framework, resulting in the decrease of the strong acid sites for the catalysts.28 So, it can be concluded that the acidic properties of HZSM-5 were modified by the alkali treatment.
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  Effect of alkali treatment on catalytic dehydration of ethanol to ethylene

  XEtOH and SE of the catalysts at different temperature are listed in Table 2. Table 2 shows that XEtOH and SE were lower at lower temperatures, which indicates that the dehydration of ethanol was incomplete at reaction temperatures < 265 ºC. Generally, the ethanol dehydration into ethylene is an endothermic reaction and its main side reaction of ethanol dehydration into diethyl ether is a slightly exothermic reaction (the reaction equations are listed below).
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  C2H5OH → C2H4 + H2O +44.9 kJ mol–1

  C2H5OH → C2H5O C2H5 + H2O –25.1 kJ mol–1

  The increase of the reaction temperature favors the main reaction of the dehydration of ethanol to ethylene and improves the catalysts activity. The alkali-treated catalysts (except for AT1.0) show higher activity and selectivity to ethylene compared to the parent catalyst, which is mainly associated with the created mesopores and the moderate acidity. As stated previously, the mesopores volume and the external surface area (Table 1) for all treated samples increase. This leads to the increase of the adsorption sites located near the pore mouth on the external surface of zeolite and the promotion of the diffusion of reactant to the active sites.17,31,32 Figure 3 shows that the total acid sites of alkali-treated samples decrease significantly. Meanwhile, the strength of acid sites is weakened compared to the parent HZSM-5, especially for the strong acid sites. The decrease in acidity of strong acid sites suppresses the side reactions to higher olefins, improving the selectivity to ethylene.

  The selectivity to ethylene decreases with increasing NaOH concentration. This is attributed to the decrease of the acidity and the development of the mesopore, which leads to the higher production of diethyl ether. It should be noted that the SiO2/Al2O3 ratio for all the modified HZSM-5 decreases compared to the parent catalyst. It may be indicated that the decreased SiO2/Al2O3 ratio is beneficial for the ethanol dehydration. However, AT1.0 shows no significant improvement on the reaction. This might be caused by its lower relative crystallinity and surface area (see Figure 1 and Table 1).

  The alkali-treated catalysts present higher activity and selectivity than those of the parent HZSM-5 when the reaction is carried out at lower temperatures (below 260 ºC). In addition to their high external surface area and mesopore volume, their moderate acidity and lower SiO2/Al2O3 ratio can promote the reaction. Among them, AT0.4 with higher mesopores volume and external surface area exhibits the highest ethanol conversion and selectivity to ethyleneat 265ºC.

  The stability of alkali-treated catalysts on dehydration of ethanol

  As mentioned previously, AT0.4 shows good catalytic performances. To study the catalytic stability of the AT0.4, the stability test of 170 h was carried out at 265 ºC and the results are shown in Figure 4. For easy comparison, the stability test of the parent HZSM-5 at the same conditions was also carried out and the results are given in Figure 4.
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  It is clear that both XEtOH and SE drop to 93% after reacting 170 h for the parent HZSM-5. In contrast, they are maintained at 97-98% for AT0.4. It means that AT0.4 shows more effective catalytic activity and much higher stability than the parent HZSM-5. To further study the stability of the AT0.4, the catalytic stability test of 350 h for AT0.4 was conducted. The results show that XEtOH and SE are still maintained at 95% after 350 h and no obvious deactivation is observed.

  It is well known that the stability of zeolites in the reaction is associated with the catalyst deactivation. The zeolite with more strong acid sites is generally found to deactivate sharply due to the higher coke yields.33,34 For the ethanol dehydration to ethylene, the strong acid sites are responsible for the polymerization of ethylene to form higher olefins and aromatics. Therefore, the deactivation of HZSM-5 zeolite is attributed to the coke formation, which covers the acid sites and blocks the micropores. For the parent HZSM-5, it has more strong acid sites than the AT0.4 does, which favors the polymerization of ethylene to form carbonaceous species that cover these sites and leads to the deactivation of the catalyst quickly. This is in agreement with the deactivation behavior of HZSM-5 reported in the literature.9 For the AT0.4, the decrease in strong acid sites suppresses the coke formation and increases the lifetime of catalysts.35 Therefore, the AT0.4 catalyst presents much stability and resistance to coke formation.

  Actually, the coke in the parent HZSM-5 and AT0.4 is formed inevitably during the reaction. However, AT0.4 presents higher stability than the parent HZSM-5. The possible reason is that the newly created mesopores on AT0.4 favor the diffusion of reactants and products, thus decreasing the contact time of the reactants.36 So, the light olefins produced during the reaction have to be quickly removed to avoid the further polymerization reaction. Meanwhile, the newly created mesopores may accommodate part of coke deposition, consequently suppressing the formation of the coke deposition in its inherent micropores to some extent. Therefore, as the coke deposition in the mesopores cannot hinder the feed and/or products diffusing from/to the active sites,37 the AT 0.4 still shows higher activity at 350 h.

  The TG analysis was performed on the spent HZSM-5 and the spent AT0.4 catalyst with reaction time of 170 h to investigate the coke deposition (see Figure 5). As seen in Figure 5, the two spent catalysts show the weight loss at the temperature range of 200-700 ºC, which is ascribed to the burning of coke deposition. There is a difference in the amount of weight loss, 2.3 wt.% for the spent HZSM-5 and 1.9 wt.% for the AT0.4, indicating the coke deposition of the spent AT0.4 is lower than that of the spent HZSM-5. It indicates that the alkali treatment can inhibit the formation of the coke deposition, which can be responsible for the improvement of catalyst stability for AT0.4.
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  In brief, both the moderate number of strong acid sites and the newly created mesoropores of AT0.4 lead to the improvement of catalytic stability and coke-tolerance ability.

  Catalytic performance of the regenerated catalyst

  The regeneration of the spent catalyst of AT0.4 was conducted at temperature programming oven. The catalyst was put into the oven and heated to 400 ºC for 2 h under air at the rate of 2.5 ºC min–1. After that, the temperature was raised to 500 ºC and maintained for 4 h, and then cooled to room temperature. During the regeneration process, great part of the coke deposits were burnt and released out.

  The stability of the regenerated catalyst was also tested at the same conditions as fresh catalyst. The results in Figure 6 show that XEtOH and SE for the regenerated catalyst are maintained around 98.7% and 98.6% at 170 h, respectively. To further study the stabilityof the regenerated AT0.4, the stability test of 350 h was also conducted and it still showed good catalytic performance. XEtOH and SE still keep 97% at 350 h. In comparison to the fresh catalyst, the regenerated catalyst exhibits a little lower XEtOH and a higher SE. At the same time, the regenerated catalyst exhibits better stability than the fresh catalyst.
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  The decrease of the catalytic activity for AT0.4 is due to the coke deposition on the surface of the catalyst, which blocks the pore mouth of zeolite crystal. Generally, the coke deposition depletes strong acid sites preferentially.38 During the process of regeneration, the coke deposition is burned to release out and the acid sites are recovered. However, the acid sites of the catalyst cannot be recovered completely after regeneration. Therefore, the acid sites of the regenerated catalyst decrease.12 The decrease in acidity (especially strong acid sites) suppresses other side reactions and leads to the improvement of the selectivity to ethylene. At the same time, the decrease in acidity results in the decrease of coke formation and increases the lifetime of catalysts, which is in agreement with the discussion stated above. It is reported that some new mesopores are formed during the regeneration procedure.39 The new mesopores formed can improve the diffusivity of the reactant and the product, leading to the increase of the selectivity to ethylene. In summary, the better SE and stability of the regenerated AT0.4 is attributed to the decreased acidity and the increased number of mesopores after regeneration.

   

  Conclusions

   The alkali treatment is a suitable method to modify the HZSM-5 catalyst for ethanol dehydration to ethylene. The number of strong acid sites can be reduced and new mesopores can be created on the HZSM-5 catalyst during the alkali treatment process. The HZSM-5 catalyst with 0.4 mol L–1 NaOH exhibits high activity and good stability. The newly created mesopores favor the molecular diffusion and accommodate part of coke deposition, consequently suppressing the formation of coke in the inherent micropores to some extent. The decrease in the number of strong acid sites after treatment suppresses the coke deposition. Meanwhile, the regenerated catalyst exhibits good catalytic performances.
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    Este trabalho apresenta um estudo comparativo de diferentes processos de oxidação fotoquímica e uma detalhada caracterização dos subprodutos da degradação de óleo diesel utilizando cromatografia gasosa bidimensional abrangente acoplada à espectrometria de massas por tempo de voo (GC×GC-TOFMS). A degradação de óleo diesel foi realizada em um reator fotolítico usando UV, H2O2, UV/H2O2, O3 ou O3/UV. As melhores condições para cada processo foram otimizadas por análise multivariada e os resultados experimentais indicaram que o processo O3/UV foi o mais viável para o tratamento de efluentes contendo óleo diesel, com uma porcentagem de degradação maior que 90%. A degradação quase completa dos compostos aromáticos foi alcançada. Compostos fenólicos foram identificados como subprodutos das amostras de óleo diesel tratadas com os processos UV, H2O2, O3 e O3/UV. Além desses compostos, outros subprodutos identificados incluem ácidos carboxílicos e éteres no tratamento com UV/peróxido, éteres no tratamento com radiação UV e cetonas no tratamento com ozônio.

  

   

  
    This paper provides a comparative study of different photochemical oxidation processes and a detailed characterization of the by-products of diesel oil degradation performed using comprehensive two-dimensional gas chromatography coupled to time-of-flight mass spectrometry (GC×GC-TOFMS). Diesel degradation was conducted in a photolytic reactor using UV, H2O2, UV/H2O2, O3 or O3/UV. The best conditions for each process were obtained applying multivariate analysis and the experimental results indicated that the O3/UV process was the most feasible for the treatment of wastewater containing diesel fuel, with a degradation percentage of > 90%. Almost complete degradation of the aromatics was achieved. Phenolic compounds were identified as by-products of the diesel samples treated with the UV, H2O2, O3 and O3/UV processes. Besides the phenolic compounds, other by-products identified included carboxylic acids and ethers in the UV/peroxide treatment, ethers in the UV irradiation treatment and ketones in the ozone treatment.

    Keywords: GC×GC, diesel oil, degradation, by-products, comprehensive two-dimensional gas chromatography

  

   

   

  Introduction

   Petroleum pollutants and their derivatives are discharged daily into the environment as a consequence of several processes, such as the extraction, exploration and transportation of these products.1 Due to the high demand for diesel, it is important to develop studies on the oxidative processes which lead to its degradation in the environment. Of these processes, photooxidation is a potentially significant technique for the degradation of crude oil.2 Pollutant destruction and the consequent reduction in the generation of toxic residues are the main advantages of this technology.3 Furthermore, photochemical processes may also be important in relation to the subsequent biological consumption of oil in treatment procedures.4

  Diesel oils are sometimes refractory and resistant to degradation by available effluent treatment technologies involving biological processes.5 In this regard, saturated compounds are more resistant, while aromatic compounds are susceptible to photooxidation.2 Also, according to Stepnowski et al.,6 the toxicity of the aromatics is higher than that of the aliphatic fraction.

  Photooxidation has been extensively applied in petroleum degradation.2,7-10 Advanced oxidation processes are based on the enhanced formation of hydroxyl radicals,11 which are highly reactive and able to react with practically all classes of organic compounds,12 resulting in complete mineralization of these compounds or their conversion into less aggressive products.11 Hydrogen peroxide, for example, is a strong oxidant usually applied, among other purposes, to reduce the levels of pollutants present in wastewater. However, the use of H2O2 alone is not efficient in oxidizing more complex and recalcitrant materials. The use of H2O2 becomes more effective when it acts in conjunction with energy sources capable of dissociating it to generate hydroxyl radicals.3 Ozone is widely used as an oxidant and disinfectant in water treatment. Transformation of organic compounds occurs via direct reaction with O3 or with hydroxyl radicals, resulting from ozone decay in water.13 The O3/UV process is more complex than the previously described technique, since hydroxyl radicals are produced through different reaction pathways.14,15

  Due to the complexity of diesel oil and other petrochemical products, analytical techniques with better separation capacity and higher resolution power are required. In this context, comprehensive two-dimensional gas chromatography is a potentially useful technique because of its improved resolution and enhanced sensitivity.16 Impressive results have been obtained in terms of separation efficiency and also compound classification based on the structured chromatograms obtained by GC×GC, which greatly facilitate group-type analysis.17-19 GC×GC has been extensively applied to petrochemical matrices, since these samples are amongst the most complex multi-class samples known to analytical chemists.20-23 von Mühlen et al.24 applied GC×GC to the characterization of petrochemical and related samples. Wang et al.25 studied diesel composition by GC-MS and compared this technique with GC×GC. Gaines et al.26 used GC×GC to identify sources of oil spills for the first time. According to D'Auria et al.,8 analysis of crude oil treated under UV irradiation showed that the n-alkanes are little affected, while the majority of the aromatic hydrocarbons were converted to resins or polar molecules.

  The information obtained on the chemical composition of the by-products can be used to determine the most appropriate technology for the cost-effective treatment of diesel in aquatic environments. In this study, the GC×GC-TOFMS technique was employed to characterize the by-products.

  In previous studies on diesel oils, different compound classes have been identified, such as saturated hydrocarbons, mono and polyaromatics (including naphthalene, phenanthrene, fluorene, pyrene, their alkyl-derivatives and chrysene) and sulfur-containing (benzothiophenes and dibenzothiophenes) and nitrogen-containing (indoles and carbazoles) compounds.25,27-30 Despite the high abundance of aliphatic hydrocarbons, this study focused on the aromatic compounds due to their higher susceptibility to degradation, being converted into other compounds. Furthermore, polycyclic aromatic hydrocarbons (PAH) are a class of persistent organic pollutants of special concern, since some of them are carcinogenic and mutagenic.31

  The objective of this study was to investigate the application of five photochemical oxidation processes: direct photolysis (UV), peroxide (H2O2), UV/H2O2, ozonation (O3) and O3/UV for the treatment of waters contaminated by diesel oil and also to obtain a detailed characterization of the by-products of diesel oil degradation.

   

  Experimental

   Sampling and sample preparation

  Commercial diesel oil obtained from a fuel station was used for this study. The photodegradation experiments were carried out in a thermostated photolytic reactor containing 200 mL of a 100 mg L-1 solution of diesel oil in high purity distilled and deionized water (Milli-Q-Millipore, Bedford, MA, USA). The photoreactor system consisted of a 500 mL cylindrical glass body. A 13 W germicidal low pressure mercury vapor lamp able to produce UV at 253.7 nm, surrounded with a quartz jacket, was located in the center of the reactor. The reactor walls were covered with aluminum foil to avoid the release of the radiation. The reaction mixture inside the reactor was maintained by magnetic stirring and the temperature was kept at 25 ± 1 ºC. All degradation conditions were optimized in our laboratory.

  Method optimization

  In order to select the optimum experimental conditions for the degradation, a multivariate optimization strategy using a central composite design was applied. The central composite design consisted of 2k+2k+n runs, where k is the number of factors, 2k is the number of factorial points at the corners of the cube, 2k is the number of axial points on the axis of each design factor at a distance of ±α (α = 2k/4 = 1.68179 for k = 3) from the center of the cube, and n is the number of replications of the center points at the center of the cube. The factors included were: diesel-in-water emulsion (13 to 100 mg L-1; ultrassonicated during two intervals of 30 minutes), peroxide concentration (62.5 to 987.5 mg L-1), pH (2 to 12) and oxygen flow for ozone generation (1.3 to 4.7 mL min-1). Five levels of each variable were studied, including a triplicate center point. Method optimization was carried out in five steps, one step for each oxidative process. Blank samples were also evaluated in order to avoid losses by evaporation. Statistical procedures were performed using the Statistica 6.0®computer program (StatSoft, Tulsa, OK, USA).32

  A Perkin Elmer luminescence spectrometer LS-5B (Beaconsfield, England, UK) was used to monitor the oil degradation in aqueous solution during the optimization of the oxidative processes. Emission wavelength at 329 nm was monitored, with excitation at 265 nm. Readings were taken every five minutes during the ozone oxidative processes and at intervals of fifteen minutes during the other processes, due to the fast degradation of the ozone process.

  After the degradation procedure, each sample was extracted three times with 10 mL of dichloromethane, concentrated to 1 mL by solvent evaporation under nitrogen flow and injected into the gas chromatograph.

  Instrumentation and chromatographic conditions

  Chromatographic analysis was first performed by GC-MS using a Thermo Finnigan model Trace GC Ultra GC interfaced to a Thermo Finnigan Polaris Q (ion trap mass analyzer) operated in full scan mode (50 to 500 Dalton). A Restek RTX-5MS (Restek, Bellefonte, PA, USA), 5%-phenyl-95%-methylpolysiloxane capillary column (30 m × 0.25 mm i.d. × 0.25 µm df) was used under the following conditions: helium as the carrier gas, splitless mode (1 min) and temperature program with heating from 50 ºC (5 min) then ramping at 5 ºC min-1 to 300 ºC, which was held for 20 min. The transfer line temperature was 280 ºC and ion source 200 ºC, and the electron ionization mode (70 eV) was used.

  The GC×GC analysis was carried out on a Pegasus 4D (Leco, St. Joseph, MI, USA) GC×GC-TOFMS, composed of an Agilent Technologies 6890 GC (Palo Alto, CA, USA) equipped with a secondary oven, a non-moving quad-jet dual-stage modulator and a Pegasus III (Leco, St. Joseph, MI, USA) time-of-ﬂight mass spectrometer. The GC column set consisted of an HP5, 5%-phenyl-95%-methylpolysiloxane (30 m ×  0.25 mm i.d. × 0.25 µm df), as the first dimension (1D) column and a BPX50 (Austin, Texas, USA), 50%-phenyl-50%-methylpolysiloxane (1.5 m × 0.1 mm i.d. ×  0.1 µm df), as the second dimension (2D) column. The second column was connected to the TOFMS through an uncoated deactivated silica tube (0.5 m × 0.25 mm i.d.). The columns and the uncoated deactivated silica tube were connected by SGE unions using SilTite metal ferrules (Austin, Texas, USA) for 0.10-0.25 mm i.d. GC columns.

  The GC conditions for the first dimension included: splitless mode injection of 1 µL at 280 ºC, purge time of 60 s and purge flow of 5 mL min-1. Helium (99.9999% purity) was used as the carrier gas at a constant flow rate of 1.5 mL min-1. The primary oven temperature program was 100 ºC for 1 min, ramping at 8 ºC min-1 to 310 ºC. The secondary oven operated at a temperature 5 ºC higher than the primary one. The modulation period was 6 s with 1.5 s of hot pulse, and the modulator temperature was 15 ºC higher than the primary oven temperature. The MS transfer line was held at 280 ºC, and the TOFMS was operated in the electron ionization mode with a collected mass range of 50-600 Dalton. The ion source temperature was 230 ºC, the detector was operated at 1700 V, the applied electron energy was 70 eV and the acquisition rate was 100 spectra s-1. All conditions were based on results obtained in previous studies.21-23

  Data processing

  GC×GC-TOFMS data acquisition and processing were performed with ChromaTOF™ software, version 4.21 (Leco, St. Joseph, MI, USA). After the data acquisition, samples were submitted to data processing where the individual peaks were automatically detected on the basis of a 10:1 signal to noise ratio. Compound identification was performed by examination of the mass spectra, and their comparison with those in the literature (NIST Mass Spectra Library), the retention times and the elution orders. The tentative identification was based on the mass spectra similarity, with factors higher than 85%.

   

  Results and Discussion

   Method optimization

  In order to determine the optimized conditions for each oxidative process, several parameters were tested, including diesel and peroxide concentrations and the pH, aiming to increase the degradation performance (Table 1). All response surfaces generated were mathematically best described by the quadratic model and the coefficients of determination (R2) were better than 0.9. This means that the statistical model can explain at least 90% of the variability in the response.
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  The reaction was maintained until the maximum degradation was obtained, and the reaction rate was monitored by fluorescence spectrometry until reaching a constant value. The estimation of the reaction time was based on the signal obtained by the fluorescence spectrophotometer remaining constant. The point at which the degradation process stopped was probably influenced by the amount and type of by-products generated which competed with the hydroxyl radicals, thereby decreasing the efficiency of the removal process. The best removal efficiency obtained for each process and the time of degradation shown in Table 1 are discussed in the next sections.

  UV

  The diesel-in-water emulsion concentration and pH were estimated for the UV photodegradation process. The response surface generated (Figure 1a) showed that at lower pH values the degradation was more efficient. Therefore, the variables set in this study were pH 2 and diesel-in-water emulsion of 100 mg L-1 under UV irradiation for 60 min.
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  The photodegradation of diesel oil performed under UV achieved 75% of removal after 60 min of irradiation. After 45 min an increase in fluorescence intensity at around 375 nm was observed due to the formation of transient by-products during the direct photolysis, which in 60 min are almost entirely degraded (Figure S1 (a)). These results are satisfactory, since only irradiation was employed in this process. Legrini et al.33 studied the decomposition of chlorinated hydrocarbons by UV radiation and observed that 85% tetrachloroethene and 55% trichloroethene were degraded within 60 min of irradiation time.

  H2O2 and UV/H2O2

  The effect of hydrogen peroxide as an oxidant was evaluated and the variables studied were pH and diesel-in-water emulsion and hydrogen peroxide concentrations. Figure 1b illustrates the response surface generated as a function of pH and diesel-in-water emulsion concentration. In this process, as shown by the statistical analysis (Figure 1c), there is an optimum region that represents the maximum degradation. This was observed because the concentration of the conjugate anion of hydrogen peroxide increases with pH, and this species enhances the production of hydroxyl radicals, increasing the degradation power.34 Hence, pH 12 and a hydrogen peroxide concentration of 987.5 mg L-1 were adopted in subsequent tests.

  The lowest removal efficiency for the diesel oil in aqueous solution was observed for the peroxide process (49% after 90 min), as shown in FigureS1 (b). In this process, degradation was monitored 1 min after the addition of H2O2 to the sample, with further measurements being taken every 15 min. The poor degradation efficiency of this process was expected since previous studies had revealed that H2O2 alone is not effective in removing organic compounds.35 The results indicated that the best results for the peroxide process were achieved at higher H2O2 concentrations (987.5 mg L-1) for 100 mg L-1 of diesel-in-water emulsion.

  The combination of H2O2 and the UV process can increase the rate of contaminant degradation signiﬁcantly. H2O2 absorbs UV light and is broken down into OH radicals, degrading the contaminant via OH radical oxidation.36 Thus, we also performed the diesel irradiation with UV in the presence of peroxide. The reaction achieved a higher level of removal, but in a longer degradation time (95% in 105 min), as shown in Figure S1 (c). Goi and Trapido37 reported that the degradation of nitrophenols is markedly accelerated by adding hydrogen peroxide to the treatment with UV radiation. Also, Benitez et al.38 observed a considerable improvement on combining hydrogen peroxide with UV light, compared to the simple photodegradation of carbofurans. Sundstrom et al.39 investigated the removal efficiency of UV/H2O2 for a variety of aliphatic and aromatic compounds and found that the degradation rate increased with increasing hydrogen peroxide concentration and UV light intensity and that the degradation was highly dependent on the chemical structure of the substrates. Xu et al.40 studied the degradation of diethyl phthalate with UV/H2O2 and the results obtained showed that this process is very promising for the complete removal of DEP from contaminated water.

  Ozonation and O3/UV

  In the case of ozone, the variables studied were pH, diesel-in-water emulsion concentration and ozone flow rate. The relation between degradation time and pH is shown in Figure 1d. On analyzing the response surface it can be noted that a wide range of pH values can be applied with minimal effect on the degradation percentage. However, the maximum efficiency was observed at slightly alkaline pH. Thus, pH 8 and an ozone flow rate of 2.5 mL min-1 were selected for the subsequent experiments.

  The ozonation process degraded the compounds in a shorter time (Table 1) than the previous processes studied herein. However, the process was less efficient (71% in 40 min). Fluorescence spectra (FigureS1 (d)) were obtained every 5 min due to the high speed of the reaction. However, at 40 min the reaction was complete and no further degradation was observed after this time.

  Ozonation was improved by combining this process with UV light, which increased the removal percentage to 96% in only 30 min of reaction (FigureS1 (e)). The degradation was probably enhanced due to the large amount of hydroxyl radicals generated, as observed by Stepnowski et al.6 In this system three degradation processes occur simultaneously: direct photolysis, direct ozonation and oxidation by hydroxyl radicals, which generates fast and nonselective reactions.41,42 The best results were achieved at alkaline pH, which corroborates the findings of Assalin and Durán43 who compared the efficiency of the ozonation process in the degradation of phenol at two different pH values, 3 and 10. In seven minutes of treatment, the process performed at alkaline pH resulted in 39% total organic carbon (TOC) removal, while the process performed at pH 3 resulted in only 4% removal for the same treatment period. Gurol and Ravikumar44 also performed the oxidative degradation of mixtures of phenolic compounds using the O3/UV process and complete removal (> 99%) of substrate phenol mixtures (50 mg L-1) occurred within 140 min.

  Identification of by-products

  In order to identify the by-products formed during the degradation processes, samples were first analyzed by GC-MS (Figure 2). Due to the complexity of the matrix and the limited separation achieved in the conventional GC mode, no further chemical information regarding aromatic compounds could be obtained from the chromatograms, as they were present in lower concentrations in relation to the saturated hydrocarbons.
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  Compounds in the diesel oil composition were identified and are in agreement with the findings reported for previous studies.20 Several polycyclic aromatic hydrocarbons, including naphthalene, phenanthrene and alkyl-derivatives, which are listed by the US EPA as carcinogenic and mutagenic compounds due to their adverse effects on humans and other living organisms, were detected.45 The compounds generated after each treatment were tentatively identified by GC×GC-TOFMS, comparing their mass spectra with those available in the NIST Mass Spectra Library. The major by-product classes found were phenols, ketones, ethers and carboxylic acids. Even considering related photochemical studies, publications involving by-products are scarce and the results are sometimes difficult to compare.31

  Several papers have shown that marine organisms can bioaccumulate PAH compounds containing 1 to 3 condensed aromatic rings, predominantly phenanthrenes, as reported by Nudi et al.46 Figures 3a and 4a show the GC×GC-TOFMS extracted ion chromatograms (EIC) m/[image: Caracter 1] 128+142+156+170+184 for naphthalene and their alkyl-derivatives and m/[image: Caracter 2] 178+192+206 for phenanthrene and their alkyl-derivatives, respectively, for the diesel oil previously submitted to the degradation processes. Although the identifications were based on library information, structured analytical information can also be obtained from the chromatogram. Separations were based on chemical classes, considering the roof tile effect, where each tile represents a certain class of structurally related compounds, having a given number of carbon atoms but with a different structural arrangement. After the different degradation treatment processes almost all of the naphthalene and phenanthrene, as well as their alkyl-derivatives were degraded, as can be verified by the 2D chromatograms shown in Figures 3b-e and Figures 4b-e, respectively.
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  The by-products obtained from the diesel oil degradation applying the peroxide process monitored via EIC m/[image: Caracter 3] 79 are shown in Figure 5a. This was the main peak observed on the total ion chromatogram. Compared to the other processes the use of H2O2 was slower but able to degrade a higher amount of aromatic compounds. Only two compounds remained after the degradation reaction: 9,12-octadecadienoic acid methyl ester and butylated hydroxytoluene.
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  Nicodem et al.47 demonstrated that irradiation of alkyl-naphthalenes in the presence of oil or a singlet oxygen sensitizer gave polar oxidation products including alcohols, aldehydes, acids and quinones. In fact, in this study, for the sample submitted to UV irradiation, the photodegradation of diesel oil occurred with the formation of phenol, ether and ketone (Figure 5b). The ozone process was also characterized in terms of the by-products. Compound classes such as phenols and aromatic ketones were tentatively identified in the sample. Ozonation with UV irradiation was also performed and the by-products identified included the classes of phenols, aromatic ketones and aromatic ethers (Figure 5c). These results suggest that O3/UV is the most appropriate method for diesel oil degradation, since few by-products were produced and the degradation time was shorter compared to the other methods investigated in this study.

   

  Conclusions

   Results obtained from applying the advanced processes of direct photolysis, peroxide, UV/H2O2, ozonation and O3/UV indicated that by-products with low signal intensities were formed. The compound classes identified by GC×GC-TOFMS included phenols, ethers, ketones, quinones, esters and carboxylic acids. The best results were achieved applying O3/UV, since for this process the maximum degradation was achieved in the shortest time. The peroxide treatment was less efficient and is not feasible for the degradation of these compounds. The GC×GC-TOFMS technique allowed the separation of the classes of compounds present in diesel oil and their chemical identification based on their mass spectra after degradation. Thus, we can conclude that this technique is an important tool for the identification of the by-products of oxidative degradation processes, particularly for complex samples, such as diesel oil, even when present in low concentration. The information obtained on the chemical composition of the by-products can be used to determine the most appropriate technology for the cost-effective treatment of diesel in aquatic environments. Moreover, these results are important to understanding and assigning possibly toxic effects remaining in the treated sample.
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    Os processos de deposição e preservação de matéria orgânica (OM) em sedimentos da Baía de Ilha Grande, sudoeste Atlântico, foram avaliados através de análise elementar (C e N) e de marcadores moleculares (esteróis e n-alcoois). Foram analisadas amostras de quatro testemunhos datados, representando diferentes níveis e tipos de influência antrópica. A concentração total de esteróis variou de 71 a 9.320 ng g–1, com predomínio de 24-etil-colesta-5,22-dien-3β-ol, 24-etil-colest-5-en-3β-ol e 24-etil-5α-colest-3β-ol. Entre os n-alcoóis, com concentrações totais entre 130 a 15.407 ng g–1, houve predomínio de compostos de cadeia longa (> C22). A confirmação da origem terrestre ou marinha dos marcadores moleculares selecionados foi realizada por análise de componentes principais (PCA). A PCA revelou, ainda, tendência e eventos que influenciaram o acúmulo de OM nas últimas décadas, como o aumento na ocupação humana na região e a remoção de uma floresta de manguezal ocorrida entre 1940 e 1960. A ausência ou baixa contaminação fecal foi revelada através do esterol coprostanol e índices associados.

  

   

  
    The deposition processes and preservation of organic matter (OM) in the sediments of Ilha Grande Bay, SW Atlantic, were evaluated based on elemental composition (C and N) and molecular markers (sterols and n-alcohols). Samples from four dated sediment cores, representing distinct levels and type of human influence, were analyzed. The concentration of total sterols ranged from 71 to 9,320 ng g–1, with 24-ethyl-cholesta-5,22-dien-3β-ol, 24-ethyl-cholesta-5-en-3β-ol and 24-ethyl-5α-cholesta-3β-ol as the most abundant compounds. The n-alcohols, with a total concentration between 130 and 15,407 ng g–1, were dominated by long-chain compounds (> C22). Assignments of the selected markers to terrestrial or marine sources were evaluated using principal component analysis (PCA). The trends and events that influenced the OM accumulation in the last decades were also revealed by the PCA, as the increasing human settlement in the region and the removal of a mangrove forest occurred between 1940 and 1960. The absence or low level of sewage contamination was indicated by the sterol coprostanol and associated indexes.

    Keywords: molecular markers, sediment cores, land-use, eutrophication

  

   

   

  Introduction

   Coastal ecosystems are essential components for understanding the global carbon cycle.1 These regions have high rates of primary and secondary productions, and the transformations and deposition of organic matter (OM) occurring in these regions are notably more intense than those observed in the continental margin.2 Because the majority of the global population lives within the coastal zone,3 human perturbation of coastal ecosystems has being intensified in the recent decades. Eutrophication, increasing hypoxia, land use changes, industrial and domestic wastewaters, fossil fuels and organic and inorganic contaminants, among other biological and physical alterations, are threats to the environmental health of coastal ecosystems throughout the world.4

  Land plants, seaweeds, phytoplankton, zooplankton and bacteria are important sources that contribute to the total pool of OM in coastal sediments.5 The wide range of OM sources, in addition to ecosystems dynamics and human perturbation, have all posed a challenge to the understanding of OM geochemistry in the coastal oceans.1,6 The distinct reactivities of OM according to its source is another relevant factor in this context, whose effect on the preservation of OM in the sedimentary record has been addressed in detail in the last years.7,8

  Molecular markers are organic compounds whose origin and/or chemical transformation may be related to a particular source of OM, both autochthonous and allochthonous.9 Lipids are less abundant in OM than proteins and carbohydrates, but they are the most common molecular markers in organic geochemistry because of their source-specificity and better resistance to diagenesis than other organic groups.10 Different lipid classes such as n-alkanes, fatty acids, sterols, n-alcohols and many others, have been extensively used as molecular markers to assess the inputs of natural and anthropogenic OM to coastal environments.11,12 Sterols are hydrophobic molecules that has a tendency to associate with solid phases which, in conjunction with n-alcohols, are good tracers of source changes and OM preservation.5

  Sedimentary profiles have the potential to be natural archives of environmental changes under historical and/or geological time frames.13 This is possible in places where the sedimentary column structure was not destroyed by physical or biological action and post-depositional diagenesis are (or are considered to be) negligible.14 There is a relative large literature addressing the history of organic contaminants accumulation in Brazilian coastal systems,15,16 whereas similar information for OM characterization is comparatively more restricted.17,18

  In the present work, four sediment cores were collected in the Ilha Grande Bay, SW Atlantic, Brazil (Figure 1) to evaluate the historical evolution, deposition and transformation of OM in this environment. Sedimentation rates, based on 210Pb measures, were used to estimate the age of each sediment layer. Lipid biomarkers (sterols and n-alcohols) and elemental composition were used to assign the sources of OM to natural and anthropogenic inputs and to infer post-deposition OM transformation.
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  Experimental

   Study area

  Ilha Grande Bay (IGB) is located in the southern portion of Rio de Janeiro state, SE Brazil (22º50'–23º20' S and 44º00'–44º45' W). With 650 km² of area and 2,300 km² of a drainage basin, the IGB is unique because of its proximity to Serra do Mar, a long mountain ridge that reaches to over 2,000 m.19 The region has great ecological importance and is composed of two water bodies separated by a large island (Ilha Grande, IG). Two of the most remarkable characteristics of IGB are its highly angled coastline and the presence of small rivers, which cause a sharp variability in freshwater discharge to the system when there are seasonal variations in rainfall. Several coastal ecosystems can be found in the surrounding areas, such as mangroves, coastal lagoons, tidal flats, sandy beaches, rocky shores, etc.

  Three sectors were defined for IGB, namely the West Portion, Central Channel and East Portion.20 In general, the bathymetry within the East and West portions is very smooth and the depth slowly increases seawards.20 The tidal wave reaches the IGB simultaneously at the West and East portions and is divided by the IG, which might explain the enhanced contribution of tide-related frequencies to water circulation.21 There is an apparent quasi-steady clockwise circulation around Ilha Grande,21,22 thus, seawater from the Atlantic Ocean enters the bay from the west, is mixed inside with lower salinity waters inside the bay and its outflux leaves the eastern portion. There is also evidence for communication with Sepetiba Bay,23 which raises the possibility of organic matter importation from this adjacent region.

  Along with industry, tourism and economic growth, the two cities surrounding IGB, namely Angra dos Reis and Paraty, have experienced dramatic population increases during recent decades.24 This increase is much higher than the one experienced in Rio de Janeiro state as a whole, and it was over two times higher for Paraty and almost four times higher for Angra dos Reis. The increase is even more impressive over a longer period of time; the population in the two cities has grown from 28,256 inhabitants in 1940 to 207,044 in 2010.25 Notwithstanding the increasing human pressures, the IGB on the whole remains well-preserved.19

  Sampling

  Four sediment cores were collected from IGB using a 1 m long Kullemberg-type sediment profiler (Husky-Duck, Brazil). Sampling points were chosen according to their different types and levels of anthropogenic impact, as follows: core T is near a large oil terminal; core M is located close to Angra dos Reis city center; core A is located at Abraão, Ilha Grande's second largest village and main quay; and core C is in a very pristine location with minimal human occupation. The cores were sliced in 2-cm intervals until 20 cm, and from this depth on, 5-cm intervals were used until the end of each core, except for the cores taken for 210Pb measures, which were sliced in 1-cm intervals.

  The sediment cores were analyzed for elemental composition, grain size parameters, radionuclides and molecular markers (sterols and n-alcohols). The total organic carbon (OC) and total nitrogen (TN) were determined using a Carlos Erba 1110 Elemental Analyzer. Acetanilide (C6H5NH(COCH3)) was used to plot the calibration curve, and precision was determined with certified sediment (PACS-2). Grain size, organic matter and CaCO3 content were determined by weight difference after reacting with H2O2 and HCl according to usual methods.26 Sediment chronology and sedimentation rates were obtained by 210Pb dating method described by Godoy et al..27 The summarized procedure starts with the leaching of 3 g aliquots with 40 mL of 0.5 mol L–1 HBr for two hours at 80 ºC. The resulting solution was centrifuged, and the residue was leached with 40 mL of 0.5 mol L–1 HBr and 1.0 g hydroxylamine hydrochloride for two hours at 80 ºC. A lead carrier was added to the solution, and the mixture was transferred to an ion-exchange column containing Dowex 1X8, 50-100 mesh. This procedure was followed by a cleaning step with 0.5 mol L–1 HBr and 1.0 g hydroxylamine hydrochloride and further elution with 1 mol L–1 HNO3. Lead was precipitated as chromate, and the chemical yield was obtained gravimetrically. A two week-period was awaited prior to the concentration of 210Pb, which was determined based on its daughter decay product (210Bi) by beta counting on a ten channel, low level proportional counter (Perkin-Elmer Prof Berthold LB-750). The minimum detectable activity for this technique is 3 Bq kg–1 (1 Bq–1 for 1 g sample) for 1000 min of counting time.

  The 210Pb sediment dating method is based on the measurement of excess or unsupported 210Pb activity, which is incorporated rapidly into the sediment from atmospheric fallout and water column scavenging. Once incorporated into the sediment, unsupported 210Pb decays with time according to its known half-life (22.3 years). The logarithm of the 210Pb concentration vs. sediment depth were first plotted, and excess 210Pb was then calculated by subtracting the constant 210Pb value observed in the core bottom.

  Reagents and chemicals

  The standards of of 5α-androstan-3β-ol (98% purity), 5α-cholestane (99% purity), 5β-cholestan-3β-ol (> 98% minimum purity), 5β-cholestan-3α-ol (> 95% minimum purity), cholest-5-en-3β-ol (94% purity), 5α-cholestan-3β-ol (95% purity), 24-ethylcholest-5,22E-dien-3β-ol (95% purity), 24-methylcholest-5-en-3β-ol (ca. 65% purity) and 24-ethylcholest-5-en-3β-ol (98% purity) were purchased at Sigma Aldrich. Hexanes (95% purity) and dichloromethane (99.9% purity) were supplied by M. Chemicals, while methanol (99.96% purity) was purchased at J. Baker. Sodium sulfate anhydride (> 99% purity) and alumina (aluminum oxide activated and neutral, 150 mesh) were purchased at Sigma Aldrich and silica (silica gel 60, 0.063-0.200 mm) was supplied by Merck. N,O-bis(trimethylsilyl) trifluoroacetamide (BSTFA) was purchased at Supelco.

  Lipid analysis

  Sediments were dried at 60 ºC and 10 g subsamples were portioned out. Samples and eleven procedure blanks were spiked with the surrogate standard 5α-androstan-3β-ol. The samples were Soxhlet extracted for 24 h with 200 mL of dichloromethane and later concentrated to 1 mL with a rotary evaporator. Concentrated extracts were taken with hexanes prior to clean-up and fractionated by passing them through a glass chromatography column (with 7 g of deactivated aluminum oxide, 10 g of deactivated silica gel, 2 g of copper and 2 g of sodium sulfate). The sterols and n-alcohol fraction (F3) was isolated by elution with 50 mL of a mixture of dichloromethane-methanol (9:1, v:v), after isolation of aliphatic hydrocarbons (F1; 30 mL of hexanes) and aromatic hydrocarbons (F2, 75 mL of 1:1 mixture of n-hexane-dichloromethane). The F1 and F2 fractions were not considered in the present study. Prior to gas chromatography/mass spectrometry (GC/MS), the F3 extracts were derivatized into their trimethylsilyl (TMS) derivatives with BSTFA using acetonitrile (CH3CN) as a catalyst. After that, an internal standard (5α-cholestane, 2500 ng) was added. The fractions were analyzed using a gas chromatography-mass spectrometer (GC/MS; Finnigan Focus DSQ GC/MS system), which was operated at full-scan (m/[image: Caracter 1] 50-550), and a VF-5MS column (30 m × 0.25 mm × 0.25 mm film) was used. Quantification was performed using a calibration curve (six points between 100 ng mL–1 and 20,000 ng mL–1) with commercial standards (n-C18OH, n-C19OH, cholest-5-en-3β-ol, 5β-cholestan-3β-ol, 5α-cholestan-3-one, 5β-cholestan-3-one, 5α-cholestan-3β-ol, 24-methylcholest-5-en-3β-ol, 24-ethylcholest-5,22E-dien-3β-ol and 24-ethylcholest-5-en-3β-ol) and by considering the peak areas of key ions (m/[image: Caracter 2] 129 or 215 for sterols and m/[image: Caracter 3] 103 for n-alcohols) and response factors relative to the internal standard (5α-cholestane, m/z 217). Similar response factors for key ions were assumed for structurally related compounds for which standards were not commercially available. GC/MS component identification was based on a full spectrum scan obtained from the available standards or by comparing them with spectra in the literature from other compounds. The limit of detection (LOD), determined for each compound, was the standard deviation of at least seven replicate analysis of a standard solution with a concentration near the estimated LOD, multiplied by 3 and divided by the mean extracted sediment mass.28 The limit of quantificationt (LOQ) was the lowest point of the calibration curve divided by the mean extracted sediment mass. The LOD and LOQ obtained for this study was, respectively, 3.00 ng g–1 and 10.00 ng g–1.

  Samples with recovery out of 50-120% range were disregarded and reextracted. Average recovery of surrogate standard in sediment samples was 84 ± 15%. The recovery of same standard for procedure blanks was 83 ± 14%.

  Statistical analysis

  Principal component analysis (PCA) was used to identify the dominant factor contributing to the variance in the molecular markers dataset. The following compounds were considered, including the symbols used to represent them in the corresponding PCA figures: the stenols cholest-5-en-3β-ol (27Δ5), 24-methylcholest-5-en-3β-ol (28Δ5), 5α-cholestan-3β-ol (27Δ0), 24-methylcholest-5,22E-dien-3β-ol (28Δ5,22), 24-methylcholest-5,24(28)-dien-3β-ol (28Δ5,24(28)), 24-ethylcholest-5-en-3β-ol (29Δ5), 24-ethylcholesta-5,22E-dien-3β-ol (29Δ5,22) and 4α,23,24-trimethylcholest-22-en-3β-ol (30Δ22), the stanols 5α-cholestan-3β-ol (27Δ0), 24-methyl-5α-cholestan-3β-ol (28D0), 24-ethyl-5a-cholestan-3β-ol (29Δ0) as a single group, phytol and the n-alcohols (n-C14OH, n-C16OH, n-C18OH, n-C22OH, n-C24OH, n-C26OH, n-C28OH, n-C30OH and n-C32OH). Prior to PCA analysis, the dry weight concentrations (µg g–1) were normalized by dividing each observation by the sum of all observation of that variable, followed by subtraction of this calculated values by the mean concentration and division by the standard deviation.29 Varimax rotation was selected to represent the planar projection of the loadings (variables) and scores (samples) for the two principal components, using the Statistica® v7.0 package.

   

  Results

   Sedimentation rates and estimated age

  The constant flux sedimentation (CF:CS) model was applied to find the sedimentation rates, and the ages were calculated according to the sediment depth and respective sedimentation rate. Profiles for total and excess of 210Pb are available as Supplementary Information (Figure S1). Higher rates were found in M (0.55 ± 0.09 cm yr–1); on the other hand, lower and very similar rates were found for A and T (0.33 ± 0.03 and 0.30 ± 0.04 cm yr–1). The rate could not be found for core C because of surface layer mixing; nevertheless, because A has similar oceanographic features and is close to C, the sedimentation rate for A was also used on C. Thus, the last layer of core A was approximately 245 years old, core C was 260 years old, core T was 235 years old, and core M was only 109 years old. Difference in age of cores A and C is length related. Since dating methods based on 210Pb model is limited to 150 years,27 the age determination of samples older than that are not reliable. Nevertheless samples with calculated ages older than 150 years should be considered as natural condition for Ilha Grande Bay.

  Bulk parameters

  Detailed results for the bulk sediment parameters are presented in Table 1, and the complete dataset are presented as Supplementary Information (Tables S1-S3). OC and TN results were used to separate the four cores into group I (cores A and C) and group II (cores T and M). Group I cores are enriched in C and N when compared to group II cores. As shown in Figure 2, cores A and C have OC concentration usually as high as 28 mg g–1, whereas cores T and M show, on average, approximately 10 mg g–1 of OC. The same grouping is observed for fine sediment contents, where again, A and C contribute more fine sediments and cores T and M have fewer of these sediments, although some sharp changes can be observed in the M profile.
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  Along the sedimentary record, cores A and C show very little variation in both fine sediments and OC (Figure 2), although some punctual changes might be observed in the OC profile of core A. In contrast, core T and most of core M had marked variations in both parameters, with fine sediments increasing from the base to the top of core M from approximately 15% to 90%. The contents of fine sediments increased in core T from 40% at core base to 70% at core top. OC also increases in both cores (T and M), while core T has a gradual increase, core M presents OC contents increasing rapidly in the two superficial samples (from about 7 mg g–1 to approximately 20 mg g–1). The total nitrogen levels in all four cores have similar variations to those observed in OC.

  Molecular markers

  Total sterols (S sterols) show concentrations (in ng g-1) of 1,441 ± 1,858 in core A, 930 ± 354 in core C, 516 ± 652 in core T and 834 ± 726 in core M. The highest Σ sterols (9,320 ng g–1) were found in sample A02-04, and the lowest value (71 ng g–1)was found in T30-35 (Table 1). The n-alcohols are much more abundant in core C than in any other sediment core, with the average total n-alcohols concentration reaching 4.39 ± 2.82 ng g–1. In core A, the Σ n-alcohol was 2,615 ± 883, with M and T yielding lower concentrations (1,135 ± 370 and 968 ± 800 ng g–1, respectively).

  As a general rule, the higher molecular marker concentrations were found in the surface layers and lower concentrations were observed downcore. In fact, sterols were enriched several times in the surface layers, especially at core M, whereas the core C shows little or no enrichment. The n-alcohols, however, do not present an up-core enrichment pattern, and core C showed an opposite trend, with decreasing n-alcohols concentration towards recently deposited sediments (Table 1).

  Sterols containing 29-carbon atom chains were predominant in almost all samples. 24-ethyl-cholesta-5,22-dien-3β-ol, 24-ethyl-cholest-5-en-3β-ol and 24-ethyl-5α-cholest-3β-ol (29Δ5,22, 29Δ5 and 29Δ0) accounted for at least 33.5 ± 8.8% on average (at core M) and a maximum of 52.9 ± 11.9% (at core C) of the total sterols. Cholest-5-en-3β-ol, 5α-cholestan-3β-ol and 4α,23,24-trimethyl-5α-cholest-22-en-3β-ol (27Δ5, 27Δ0 and 30Δ22) were also relatively abundant in most samples (Figure 3).
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  The most abundant n-alcohols were the long-chain compounds (LCOH; > C23) with 22 to 30 carbon atoms (Table 1). The sum of n-C26OH, n-C28OH and n-C30OH represented approximately 45.0 ± 11.5% of Σ n-alcohols in all the samples; in M30-35, these three alcohols accounted for up to 72% of the total n-alcohols. At T and M, where lower total concentrations were found, short-chain n-alcohols (SCOH; < C22) were more important compared to the long-chain n-alcohols. n-C20OH appears to be the main contributor to SCOH. Phytol was found in very small concentrations in all four cores, and only 33 out of a total of 84 samples (39%) exhibited quantifiable amounts of this compound. Only the sample A14-16 had concentration higher than 100 ng g–1. Cores A and T had a modest enrichment trend in n-C20OH towards recently deposited sediments, although the trend could not be considered linear.

   

  Discussion

   Evolution of sediment bulk geochemistry

  Concentrations of OC and TN were in the same range of other cores collected from water bodies along the Brazilian coast,16,17,30 although T and M may exhibit lower values. There was a clear separation between the four cores, A and C had higher OC contents and higher proportions of fine (silt and clay) sediments, whereas T and M were OC and fine sediments depleted. The differences are most likely related to different levels of organic matter input to sediments, grain-size and hydrodynamic patterns, which together control the OM input and preservation in the sedimentary record.8 Fine sediments are usually enriched in OC; thus, there is a not surprisingly significant correlation between these two variables (r = 0.70, p < 0.05 when all cores are considered).

  The C/N ratios between 5.9 and 15.6 indicate a mixture of allochthonous and autochthonous OM sources. Here again, cores A and C are set apart from cores T and M because the former presented higher C/N values. These data indicated that allochthonous OM seems to have greater importance in the areas represented by cores A and C. At core M, the C/N ratio profile was highly variable, with lower values found at the top of the core. Core T, however, showed no sign of changes in the OM source, and the same statement might be applied to core C. The presence of preserved Atlantic rain forest and mangrove areas, together with local depositional basin morphology, could explain the higher contribution of land plant-derived OM for cores A and mostly C. Falling leaves and twigs are likely an important source of allochthonous OM; nevertheless, soil organic matter (SOM) is probably the main source of allochthonous material. Unlike leaves and twigs, SOM has lower C/N ratios.31 The elevated precipitation combined with dense forest cover is capable of supporting sediments with soil-derived OM throughout the year.

  For samples deposited during the 1960s, it is possible to observe an abrupt alteration in sediment input, with increasing proportions of fine sediments. Since that time, Angra dos Reis has faced a demographic boom related to economic growth. Areas that are now occupied with urban facilities were mangroves or other coastal environments in prior years.24 The Σ n-alcohols in core M presents an isolated peak just a few years prior to the increase in fine sediments and a few years after that, the C/N ratio dropped from 12 to approximately 6. Thus, it is possible that the deforestation of mangroves is registered through the episodic increase in Σ n-alcohols [mostly long-chain alcohols (LCOH)], and fine sediments that were retained in mangrove systems were slowly released and reached areas that were inaccessible before. The reduction in mangrove-derived OM is suggested by the diminution of the C/N ratio that approaches phytoplankton-derived OM.32

  Organic matter sources and degradation process

  The sterol distribution in the sediment from the four analyzed cores was very similar, with higher concentrations of 29Δ5 and 27Δ5 compared to the other sterols. These two sterols are commonly considered markers of planktonically-derived OM,5,10 and are therefore the input of autochthonous OM into the studied sediments. However, the dominance of LCOH is an indication of a relevant terrestrial OM addition because these compounds are mainly produced by higher land plants.33,34

  Stigmasterol (29Δ5,22) is known as a land plant-derived sterol,35 although its specificity is sporadically questioned.36 Diatoms and phytoflagellates37 are also important sources for this sterol. Over the last two to three decades, the major sterol concentrations in T and M grew several times, from approximately 50 ng g–1 up to 500 ng g–1 (Figure 3), and because no pattern was observed in the 5α(H)stanol/D5stenol ratio variation, we believe that this increase in concentration is caused by increasing OM input rather than degradation processes since OC concentrations also increased.38 Enhanced OM delivery to sediments might be caused by eutrophication related to population growth and an inadequate sewage treatment system.

  Although planktonic community assessment is limited for IGB, the dominance of diatoms over other microphytoplanktonic classes has been documented.39 In addition, dinoflagellates are also quantitatively important and sometimes dominate the microphytoplanktonic community.40 Such scenario has been observed in Angra dos Reis since the 1970s. Two diatoms commonly found in great abundance, namely Pseudo-nitzschia seriata and Cylindrotheca closterium, are 27Δ5 producers and might be important sources of this sterol.41 Another important diatom called Skeletonema costatum produces large amounts of 28Δ5,24(28), which are found only in minor amounts in IGB cores. Nevertheless, nanoplanktonic phytoflagellates are considered to be the most abundant phytoplanktonic group in the IGB,40 and despite its small cell size,42 the group is likely to be a very important source of OM in sediments. Two sterols, 29Δ5 and 29Δ5,22, are between the major sterols of a few phytoflagellates classes,43 such as Chlorophyceae and mostly Chrysophyceae species. Therefore green algae classes contribution cannot be neglected because they are sources of C29 sterols, which were abundant in sediment samples.44

  The very low concentration of most SCOH is consistent with the labile characteristics of these planktonic markers.8 We believe that the planktonic contribution for n-alcohols is lessened by the efficient degradation occurring within the water column. The oxic conditions found all around the IGB,19 favor the aerobic degradation process.

  As mentioned earlier, soil organic matter leaching is most likely to be the main source of allochthonous OM in sediments. Thus, refractory terrestrial OM, which is composed primarily of Atlantic forest plant litter, reaches the IGB and resists degradation processes. On the other hand, autochthonous material seems to be affected by these degradation processes. The relative abundance of individual LCOH gives insights about the sources of the allochthonous OM to the studied area. It is noteworthy that in cores A and especially ate core C, the n-C30OH is the major long-chain n-alcohol (Figure 4). This profile is associated with the presence of C3 land plants,33 which is consistent with the location of these cores, i.e., in a region surrounded by mangrove and Atlantic forest, with minimal human interference (in the case of core C).
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  The evidence provided by lipid biomarkers on the sources of OM is apparently conflicting, as discussed before. Therefore, to appraise the OM portion in the studied sediments, a principal component analysis (PCA) was performed to gain some insight into this subject.

  Principal component analysis (PCA)

  The PCA analysis resulted in two factors, which explain a total of 57.2% of the molecular markers data variance (Figure 5). Most sterols presented a positive correlation with factor 1 (44.2% of the total variance), with the highest loadings observed for 30Δ22, 28Δ5, stanols (27Δ0, 28Δ0 and 29Δ0) and 29Δ5. On the other hand, negative loadings on factor 1 were observed for the LCOH, especially the n-C28OH, n-C30OH and n-C32OH. Based on that, factor 1 was able to separate the inputs from terrestrial OM (with negative loadings) with the planktonic OM (with positive loadings). factor 2 (12.4% to total data variance) give additional resolution to separate sterols associated with ambiguous sources (i.e., 29Δ5 and 29Δ5,22) from sterols from known planktonic sources.43
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  The results of the loadings (Figure 5) suggested four quadrants with respect to OM sources: quadrant I has a strong signal of planktonic-OM; quadrant III is dominated by allochthonous OM; quadrant II is a mixture between autochthonous and allochthonous OM; quadrant IV is non-specific.

  The plot of the scores (i.e., samples) from the PCA analysis allowed the assignment of the main sources of OM to each studied core (Figure 6). Samples from core A were distributed roughly between quadrants II and III, although a few samples were found in quadrants I and IV. As a general trend, samples from the base of core A, the oldest ones, were distributed in quadrant III whereas the recently deposited samples from this core were found in quadrant II (Figure 6). This trend suggested a change from a predominance of allochthonous sources in the past to a mixture of sources in the present in the core A. The shift of samples from one quadrant to another matches the 1960s, a time of important population growth all around the IGB.24 Even though that information about land-use in Ilha Grande is lacking, it is probable that these changes were caused by a reduction of land plant OM input caused by deforestation and an increasing planktonic-OM contribution promoted by continuous nutrient enrichment.45
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  Most samples from core C were placed at quadrant III, suggesting a predominance of allochthonous sources to the bulk of sedimentary OM over the entire period represented by this core (over 200 years). On the other hand, as few samples from core C are found in quadrant II, with maximum loadings in factor 1 observed for the surface samples of this core (Figure 6). This might suggest an increased contribution of planktonic inputs of OM in recent times, but may also be derived from a contribution of 29D5,22 and 29D5 from terrestrial sources only at the location of core C.35

  Core T samples, which present low concentrations of most molecular markers, had a negative correlation with factor 1 for almost all samples collected prior to the 1930s, and after that, the positive correlation with factor 1 increases, with more recent layers located in quadrant II. Because there were low concentrations of most compounds (sterols and n-alcohols) in almost all samples at core T, it was concluded that the PCA must be evaluated with caution.

  Because core M sample distribution was mostly based on quadrants I and II, this core is considered to be strongly dominated by autochthonous OM. Despite that designation, samples from 1940 to 1960 are scattered throughout quadrants III and IV, and within this period, Angra dos Reis faced several dramatic changes in land use such as the removal of mangrove forests.24 In the areas around M, the mangrove destruction could have released a large amount of soil and land plant-OM, which would have affected the molecular marker fingerprint of sediments deposited at that time.

  Sewage contamination

  Coprostanol (27Δ0β) is a marker for domestic waste-derived organic matter.12 It is an sterol produced in the digestive tracts of humans and higher vertebrates by the degradation of cholesterol.46 The concentration of coprostanol in IGB sediments is much lower than the concentration reported in previous studies of coastal environments along the Brazilian coast (Table 2). These include areas ranging from low (e.g., Ubatuba-SP and Paranaguá-PR bays) to extremely high (e.g., Guanabara and Espírito Santo bays) levels of sewage contamination. The coprostanol concentrations obtained in the present study may be considered, therefore, as typical of coastal bays in Brazil with no contamination by sewage. On the other hand, not all the IGB is free of sewage contamination, as higher concentrations of coprostanol were found near the city of Angra dos Reis (Oliveira, A.C., unpublished material; reference available under request from authors).
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  Conclusions

   The four sediment cores could be clearly differentiated into two groups, one with high organic carbon content, high proportions of fine sediments and higher concentrations of molecular markers, whereas the other group is poor in organic carbon, fine sediments and molecular markers. Forest litter is thought to be the major source of organic matter to sediments though planktonic contribution cannot be neglected.

  The study has revealed important changes in organic matter delivery and preservation at sedimentary record during the last century. Eutrophication and deforestation evidences were found at cores analyzed demonstrating the relevance of analyzing sediment cores.

  Despite the population growth experienced in the last century, fecal contamination is still a minor issue for IGB sediment pollution; nevertheless, all efforts should be made to avoid an increase in pollution levels.

  Brazilian coastline occupation has experienced major growth over the last decades. Therefore, studies aiming the comprehension of its fingerprints at sedimentary record are of great value for further application elsewhere along Brazilian coast.
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    Neste trabalho foi estudado o efeito da composição e tratamento térmico em H2, de materiais de Pt-Rh/C com proporções atómicas Pt:Rh de 3:1, 1:1 e 1:3 e 40% em massa de metal com relação a carbono, para a oxidação de COads e a oxidação de etanol. Os catalisadores foram preparados utilizando redução química com ácido fórmico e caracterizados fisicamente pelas técnicas de energia dispersiva de raios-X (EDX), retroespalhamento de elétron (EBS) e microscopia eletrônica de transmissão (TEM), mostrando relações Pt:Rh muito próxima às previstas, tamanhos de partícula médios similares e uma apropriada distribuição do metal sobre o suporte de carbono na micro e nano escala. Experimentos de voltametria cíclica mostraram um enriquecimento da superfície em Pt, devido à instabilidade termodinámica do sistema na temperatura experimental. A normalização das correntes foi feitas utilizando a carga de dessorção oxidativa de CO permitindo observar as diferenças entre os níveis atuais gerados exclusivamente pelos efeitos eletrônicos do Rh na Pt. O tratamento térmico dos catalisadores de Pt-Rh em uma atmosfera de H2, mostrou grande estabilidade dos materiais e também um notório incremento nos níveis de corrente para as reações de eletro-oxidação de CO e etanol. Isto sugere a necessidade de melhor explorar os efeitos dos tratamentos térmicos na eletrocatálise da reação de oxidação do etanol.

  

   

  
    In this work we studied the effect of the composition and thermal treatment in H2 of Pt-Rh/C materials with atomic ratios close to Pt:Rh 3:1, 1:1 and 1:3 and metal loading of 40 wt.%, for the COads and ethanol oxidation. Catalysts were prepared by chemical reduction with formic acid and physically characterized by energy dispersive X-rays spectroscopy (EDX), electron backscattering (EBS) and transmission electron microscopy (TEM), showing Pt:Rh ratios close to the nominals values, similar average particle sizes and an appropriated distributions of metal on carbon support at micro and nano scale. Cyclic voltammetry experiments showed a surface enriched in Pt due to the termodinamically unstable Pt-Rh system at the experimental temperature. The currents were normalized using the charge of oxidative desorption of CO allowing to observe differences among the current levels generated exclusively by the Rh electronic effects on the Pt. The thermal treatments of the Pt-Rh catalysts in a hydrogen atmosphere showed greater stability of the materials and notorious increases of the current levels for CO and ethanol electro-oxidation reactions. This suggests the necessity of better exploring the effects of thermal treatments in the electrocatalysis of the ethanol oxidation reaction.

    Keywords: Pt-Rh/C, thermal treatment (TT), CO electro-oxidation, ethanol electro-oxidation

  

   

   

  Introduction

   Nowdays, ethanol presents considerable interest for its use in direct alcohol fuel cells (DAFCs) due to its low toxicity, high energy density compared to methanol and available technology for its industrial production.1 However, several problems have to be solved in a cell fed with ethanol (DEFC) as follows: i) slow electrochemical oxidation of fuel on the anode,2 ii) slow electro-reduction of oxygen on the cathode,3 and iii) the crossover of fuel through the polymeric membrane from anode to cathode.4 Regarding the first item, it is well known that electro-oxidation of ethanol on Pt is slow because it occurs according to several pathways,5 forming species with one and two carbon atoms strongly adsorbed on the electrode surface6,7 as CO, acetaldehyde and acetic acid,7,8 species related to dehydrogenation processes and carbon-carbon bond breaking.9,10

  To improve the oxidation of ethanol on the surface of Pt, several reports show that mixing Pt with other metals results in more active catalysts materials, Thus, bi-11 and tri-12 metallic Pt-based catalysts have been tested. Several studies in alkaline13 and acid media14-16 show that mixtures of Pt with Ru have more tolerance to poisoning by COads, but complete oxidation is not favored. Likewise, studies on Pt-Sn catalysts have found a decrease in the overpotential of the reaction,17 which leads to an increase in the current densities of ethanol oxidation compared to the reaction on Pt and on Pt-Ru catalysts.18 Other Pt-based materials have been studied, but do not have provided better catalytic activities by comparison with those observed for Pt-Sn and Pt-Ru.19 None of the above catalysts (Pt-Sn or Pt-Ru) are highly selective towards the production of CO2.20,21 However, as it was observed by de Souza et al.,22 using differential electrochemical mass spectrometry (DEMS) and in situ infrared spectroscopy (FTIR), Pt-Rh electrodeposits show better performance as catalysts towards the complete oxidation of ethanol compared to pure Pt, and the Pt-Rh 77:23 atomic ratio had a better performance. Similar results were reported by Bergamaski et al.23 using Pt-Rh electrodeposits with 75:25 atomic ratio. These results were explained by means of destabilization of ethanol molecule on the catalytic surface caused by the dehydrogenation process, which allows dissociation of carbon-carbon bond more easily than on Pt. Studies about Pt-Rh materials supported on carbon,24-26 showed again a higher efficiency for ethanol oxidation to CO2, without a significant overall kinetics enhancement of the reaction. However, these electrocatalysts showed a shift to lower potential for oxidation of COads compared to Pt/C. Lima and Gonzalez,27 attributed this effect to the bi-functional mechanism and electronic effects caused by the addition of Rh to the structure of Pt, when Pt 5 d-band is modified, as shown by XANES experiments, leadings to a decreased adsorption strength of adsorbates on the Pt atoms. Seeking to correlate the electrochemical activity of the oxidation of COads and the oxidation of ethanol with the electronic properties of the mixture Pt-Rh, Lima and Gonzalez in a later report,28 showed that monolayers of Pt deposited on Rh/C nanoparticles, increases the rate of oxidation of COads, mainly due to the diminution of the strength of adsorption at high potentials, when the Pt-5d band vacancy is increased by the effect of Rh.

  On the other hand, several studies have shown that Pt-Ru/C has better catalytic activity in H2/O2 fuel cells29-31 and direct methanol fuel cells32 when the catalysts were thermally treated in hydrogen atmosphere. The improvement in the catalytic activities can be due to: i) the decrease of impurities, ii) reduction of metal oxides on the catalyst surface, iii) an increase of the degree of alloy between Pt and secondary metals obtaining more stable materials, besides the electronic effects observed and reported by several techniques.31 In a previous report, Lima et al.25 found that the oxidation of ethanol on Pt-Rh material at 40 wt .% metal composition in Pt:Rh 1:1 atomic ratio, showed higher currents when thermally treated. In this paper, we studied the oxidation of COads and ethanol, on 40 wt .% Pt-Rh/C materials with Pt:Rh 3:1, 1:1 and 1:3 atomic ratios, to determine the effect of composition and the thermal treatment in H2.

  Experimental

  Pt-Rh/C electrocatalysts were prepared by chemical reduction with formic acid (Mallinckrodt AR®). Briefly, the procedure involves adding fresh aqueous solutions of H2PtCl6 (Aldrich) and RhCl3 (Alfa Aesar) to a dispersion of Vulcan XC-72 carbon in 0.5 mol L-1 formic acid at 80 ºC, following the procedure reported by Lizcano-Valbuena et al.33 and extended to Pt-Rh/C by Lima et al.25 The carbon used was pre-treated with Ar (850 ºC, 5 h) to remove impurities. Catalyst powders were collected on a cellulose filter, washed repeatedly with deionized water at room temperature and dried in an oven at 80 ºC. To perform the thermal treatment the materials were placed in H2 at 550 ºC for an appropriate time into a tubular furnace (MAITEC).

  The actual atomic ratios of bimetallic materials Pt-Rh/C were determined by energy dispersive X-ray spectroscopy (EDX) in a scanning electron microscope JEOL JSM 5910 LV. Micro-morphologies of catalytic powders were observed by electron backscattering (EBS) at different magnifications, with an electron acceleration of 30 kV. The samples for transmission electron microscopy (TEM) analysis were prepared by ultrasonic aqueous dispersion of catalytic powders, and depositing a drop of the dispersion on a copper grid and drying it at oven. The images were taken on photographic film using a JEOL 1200 EX microscope at 80 kV, scanned on an Epson Perfection 4490 scanner and processed using Image Pro Analyzer software 6.3 counting more than 400 particles per item.

  Electrochemical experiments were carried out in a three electrode cell using a 0.5 mol L-1 sulfuric acid solution (Mallinckrodt AR®) as supporting electrolyte. The working electrodes were prepared depositing appropriate amounts of catalyst powder on a 0.4 cm diameter pyrolytic carbon disc. After the deposition, a drop of Nafion® solution (Aldrich, 5% in aliphatic alcohols) was added to hold the powder to the substrate, as described by Schmidt et al.34 The auxiliary electrode was a 1 cm2 geometric area platinum foil, and a reversible hydrogen electrode (RHE) was used as reference electrode.

  Cyclic voltammetric experiments in H2SO4 0.5 mol L-1 were performed at 100 mV s-1 between 0.05 V and 1.40 V vs. RHE until reproducible profiles were obtained. The same process was carried out for to all materials studied.

  To obtain the electrochemical area of the catalyst surfaces it was used a weighted average between 420 µC cm-2 and 442 µC cm-2 corresponding to the electro-oxidation charge of a monolayer of COads (grade 2.3, AGA) on Pt and Rh, respectively.

  Finally, for the oxidation of ethanol, cyclic voltammetric curves were recorded in a potential range between 0.05 V vs. RHE and 1.10 V vs. RHE at 10 mV s-1 and 30 ºC. Ethanol concentrations of 0.1, 0.5 and 1.0 mol L-1 were used. Ethanol in the experiments was absolute grade (Mallinckrodt AR®) and water was purified in a Milli-Q system (Millipore).

   

  Results and Discussion

   Physical characterization

  The composition of the as-prepared Pt-Rh electrocatalysts, was determined by energy dispersive X-ray spectroscopy (EDX), and the results (Table 1) were similar to the nominal Pt:Rh ratios (3:1, 1:1, 1:3), indicating an appropriate preparation procedure. Table 1 summarizes findings of several authors about structural parameters, particle size and composition of Pt-Rh/C materials in accordance the preparation method used. This table shows that the authors who prepared materials with metallic content of 40 wt .% did not test different compositions. The researchers prepared materials at different Pt:Rh atomic ratios and obtained higher variations in particle size with increasing Rh content in comparison with those obtained in the present work. This shows that our preparation method is highly efficient to reduce Pt and Rh cations, allowing to obtain materials with reproducible morphologies.
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  In general, TEM images show a homogeneous distribution of particles and without the presence of agglomerates in any of the images of the as-prepared materials (Figure 1). The average diameters are close to 3 nm for as-prepared materials (see distribution histograms, Figure 2), and the average value is slightly higher than that reported by other authors (Table 1). The thermally treatment materials show wider distributions outcomes (around 4 nm), due to agglomeration and coalescence phenomena. In Figure 3, images of electron backscattering (EBS), show no agglomeration in microscale, therefore there is no formation of metallic clusters in the materials for all compositions, indicating a good dispersion.
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  Physical characterization results show suitable micro-scale distribution of metal catalysts on carbon support and similar particle size distributions at nanoscale for both materials series (as-prepared and TT); Accordingly, it is possible to attribute I-V response from different cyclic voltammetry experiments (oxidation of COads and oxidation of ethanol) only to material catalytic activities, without morphology and particle size particle effects.

  Electrochemical experiments

  Cyclic voltammetry of Pt/C and Pt-Rh/C in sulphuric acid 0.5 mol L-1

  A very interesting fact was observed when the cyclic voltammograms, for as-prepared materials were collected. Figure 4, shows CV profiles at 1, 10, 50 and 200 cycles for Pt-Rh/C 1:1 in 0.5 mol L-1 sulphuric acid.

  
    

    [image: Figure 4. Voltammetric profiles]

  

  Cycle 1 is very similar to the voltammetric behavior of Pt-Rh electrodes in H2SO4 solution39, where the hydrogen desorption region in the first cycles on as-prepared Pt-Rh/C 1:1 material has only one peak caused by the effect of Rh on Pt CV profile in this potential range. As the cycles are running, the CV profiles change to the known Pt/C CV profile. This fact is an evidence of surface enrichment in Pt due to the system thermodynamically stable are the phases separated from Pt and Rh40 at 30 ºC (the temperature of the experiment). Similar behavior was observed to Pt-Rh/C 3:1 and 1:3 as shown in Figure 5.
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  Figure 6 shows cycles 1 and 200 of CVs in 0.5 mol L-1 H2SO4 between 0.05 V and 1.40 V vs. RHE (scan rate: 100 mV s-1) corresponding to the Pt-Rh/C materials for different atomic compositions thermally treated in H2 and also for Pt/C as reference. The CVs of Pt-Rh/C materials show intermediate profiles between the voltammetric profiles of pure supported Pt and pure supported Rh materials,41-43 and no changes were observed at cycle 200 possibly due to the higher stability of bimetallic materials with a higher degree of alloy caused by thermal treatment.
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  The increase of Pt on the as-prepared materials' surface can be explained by the thermodynamic instability of the Pt-Rh mixture at room temperature,40 or by its smaller surface energy than Rh in acid solutions.44 Thus, two situations may have occurred: i) the Rh migration inside metal nanoparticles, but in our experimental conditions is not possible to confirm this fact; ii) dissolution of Rh in H2SO4 solutions, as some authors have shown,41,45,46 where oxide formation takes place on the electrode surface after repetitive potential cycling, and the metal alloy surface is enriched in the less oxidized component, in this case Pt, but the amounts of Rh released are very small and it was not possible to detect them. Unlike the as-prepared materials, thermally treated materials were less likely to present surface modification, showing stable voltammetric profiles before the cycle 200, with an intermediate character between the profiles of Pt and Rh. This suggests that the thermal treatment formed more stable metal alloys, with less Pt surface enrichment on the surface of the nanoparticles.

  Electro-oxidation of pre-adsorbed carbon monoxide

  In materials of Pt-Rh/C non-thermally treated, the surfaces of nanoparticles have fewer Rh atoms, as discussed above. This fact suggests that the main effect of Rh atoms on the catalytic activity of Pt-Rh/C materials is to induce electronic effects in Pt atoms exposed in the nanoparticles. Figure 7a shows a variation of the initial potential for the oxidation of COads, of approximately 50-100 mV towards higher values in materials Pt-Rh/C (1:1) and Pt-Rh/C (1:3) compared to Pt/C, showing that Rh makes it more difficult to oxidize COads compared with pure Pt. Our results are consistent with those reported by Kim et al.37 who explain that the Pt-CO bond is strengthened due to the electronic interaction of Rh and Pt, as shown by XANES experiments measurements in the of Pt L3 edge. The changes are detected as changes in the XANES intensity at the absorption edge, corresponding to the electronic transition 2p3/2 → 5d. This transition is less intense in bimetallic catalysts Pt-Rh/C compared with Pt/C, indicating that there is an increase of electron density in the Pt 5d band when Rh is present, and also an increase in energy with respect to the Fermi level.47-49 These results indicate that electronic effects of Rh on Pt, are responsible for the shift in the COads potential oxidation towards higher values, as observed.
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  On the other hand, Figure 7b shows the COads monolayer oxidation of the thermally treated catalysts which shows a different behavior with respect to non-treated materials. Now, there is a decrease in the onset potential for electro-oxidation for the three Rh containing catalysts with respect to Pt/C, indicating that the electro-oxidation of COads on these catalysts is easier. In these cases, as was explained before, the Rh exposed on the surface could act contributing with oxygenated species for the CO desorption. Moreover, an appropriate morphological distribution may also contribute to the higher current density level for oxidation of COads on thermally treated materials compared to as-prepared materials; thermally treated catalysts have larger nanoparticles and it is expected that the bond strength of adsorbates that poison the catalytic surface is lower, as has been discussed by several authors.25,33,50-53 In this respect, our work shows that the rate of CO oxidation increases with the surface content of Rh, as observed by Park et al.52

  The electroactive areas from the COads desorption charge were determined subtracting the CO stripping area and the voltammetric area (using N2) to reduce the contributions of the double layer region. The results of electroactive areas are summarized in Table 2. It is observed that the thermally treated materials have larger areas than as-prepared materials in spite of the larger particle sizes perhaps due to nucleation. Larger active areas are related to fewer oxides on the surface54 and/or a cleaning process during thermal treatment. Finally, the electroactive areas were used to normalize the currents obtained in the electro-oxidation of ethanol.
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  Ethanol electro-oxidation

  Figures 8a, 8b and 8c correspond to the scan towards positive potential for the electro-oxidation of ethanol at 30 ºC on the as-prepared catalysts, at 10 mV s-1 scan rate and three ethanol concentrations. The higher concentration showed an increase of the overall kinetics of the reaction, observed for the catalyst Pt-Rh/C (3:1) at potentials above 0.80 V vs. RHE compared to the electrochemical response of Pt/C, showing the highest current density with 0.5 mol L-1 ethanol at 0.92 V vs. RHE. For ethanol concentrations of 0.5 mol L-1 and 1.0 mol L-1, and potentials below of 0.80 V vs. RHE, the reaction on Pt/C is the one with the highest levels of current, followed by the reaction on Pt-Rh/C (3:1), and then by Pt-Rh/C (1:1) and Pt- Rh/C (1:3) with similar current densities. As it was expected, the electro-oxidation of ethanol is not favored because the COads is poisoning the catalyst surface at potentials lower than 800 mV vs. RHE (reported by Lima and Gonzalez27) where the strength of COads adsorption on Pt is higher. In 0.1 mol L-1 ethanol concentration, the overall kinetics of oxidation of the alcohol is higher in Pt-Rh materials compared to Pt/C, even at potentials lower than 0.80 V vs. RHE. The explanation may be found in the low concentration, where the ratio [ethanol molecules/active sites for adsorption] is lower, the poisoning of the surface by COads is less significant and the overall kinetics imposed by dehydrogenation processes and breaking of the carbon-carbon bond, which are favored by the electronic effects already discussed. These results are in agreement to the observations of Kim et al..47
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  Unlike as-prepared materials in thermally treated catalysts (Figures 8d, 8e and 8f), we observed an increase in current density for the catalyst containing Rh at the three concentrations of ethanol used in this work. Pt-Rh/C (1:3) TT showed the highest levels of current density in the whole potential range studied, increasing its value more than three times when current peaks are compared. The combination of electronic effects with the bifunctional mechanism can make more active thermally treated surfaces towards the dehydrogenation of ethanol molecules, C-C bond cleavage, oxidation of COads, and consequently to complete electro-oxidation of ethanol. The catalysts Pt-Rh/C TT were slightly affected by surface poisoning. Although they tolerated higher concentrations of ethanol where the higher current density was observed with ethanol 1.0 mol L-1.

   

  Conclusions

   Predominantly electronic effects of Rh on Pt on the electro-oxidation of CO and ethanol were observed on the prepared materials, due to the good dispersion of the metals on the support in micro and nanoscales with average particle sizes of the order of 3.2 nm. The normalization of the currents using the charge of oxidative desorption of CO allows to detect differences among the current levels generated exclusively by the electronic effects of Rh on Pt in the electrocatalysis of the reactions. The thermal treatments of the Pt-Rh catalysts in a hydrogen atmosphere showed greater stability of the elements and also notorious increases in the current levels. This suggests the necessity of more researches concerning the effects of thermal treatments in the electrocatalysis of the ethanol oxidation reaction.
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    Neste estudo, um método eletroquímico é proposto utilizando análise por injeção em fluxo e detecção amperométrica com eletrodos impressos de carbono para determinação de morfolina com intuito de monitorar a qualidade de inibidores de corrosão à base de morfolina e a concentração residual de inibidores que controlam a corrosão interna em dutos da indústria de petróleo. O método amperométrico apresentou um alto coeficiente de correlação linear (r = 0,9941) com uma resposta linear na faixa de concentração de 20-120 mg L–1, um limite de detecção de 10 mg L–1 e um limite de quantificação de 30 mg L-1. Além disso, o método mostrou ser preciso, linear e homocedástico. A recuperação do método amperométrico foi de 100 ± 6%, e a recuperação para amostra real de condensado foi de 99 ± 2%. Portanto, o método proposto é promissor para análise de inibidores comerciais à base de morfolina em dutos da indústria de petróleo com metodologias simples e de baixo custo comparadas com as técnicas de cromatografia iônica.

  

   

  
    In this study, an electrochemical method is proposed using flow injection analysis and amperometric detection with screen-printed carbon electrodes for morpholine determination to monitor the quality of morpholine-based commercial inhibitors and the residual concentration of inhibitors that control internal corrosion in oil industry pipelines. The amperometric method resulted in a strong linear correlation coefficient (r = 0.9941) with a linear response over a concentration range of 20-120 mg L–1, a limit of detection of 10 mg L–1 and a limit of quantification of 30 mg L–1. In addition, the method has been shown to be precise, linear and homoscedastic. The recovery for the amperometric method was 100 ± 6%, and the recovery for the real condensate sample was 99 ± 2%. Thus, the proposed method is promising for analysing morpholine-based commercial inhibitors in oil industry pipelines with simple and low-cost methodologies compared with ion chromatography techniques.
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  Introduction

   The overall costs associated with corrosion were estimated to be around $276 billion per year in the U.S., according to the 2002 National Association of Corrosion Engineers report.1 Corrosion is a major problem encountered in industry, especially in steam generation and pipeline systems. The corrosion of metallic materials is commonly caused by pH variations and by the presence of oxidising media, which exist in both the vapour and liquid phases. Thus, mitigating strategies for corrosion inhibition are essential to prevent premature degradation of industrial equipment.1

  In the oil industry, for example, corrosion inhibitors protect the internal linings of crude oil pipelines, gas pipelines, and boilers with great efficiency.2 These inhibitors are also used in oil refinement and production, water injection, and acidification in secondary recoveries and oil-well drilling fluids.

  Heterocyclic compounds are classified as effective corrosion inhibitors.3,4 Their high inhibition efficiencies are directly related to the presence of electronegative functional groups and to π-electrons found in triple bonds or conjugated double bonds. Aromatic rings and heteroatoms (e.g., sulphur, phosphorus, nitrogen and oxygen) are crucial for the inhibitory capacity of the molecules, because they act as optimal adsorption sites, and the mechanism of inhibition occurs primarily through a surface adsorption process.5,6 Therefore, morpholine and morpholine derivatives are considered to be excellent corrosion inhibitors and are used as components in commercially available corrosion inhibitors.7,8

  The addition of corrosion inhibitors such as morpholine and its derivatives is essential to avoid both general and pitting corrosion of pipelines, which are covered by oil and hydrogen sulphide-containing water, high salinity formation water or seawater at high temperatures.9 Therefore, it is necessary to monitor and determine the concentration of these inhibitors throughout the entire pipeline. Inhibitor concentrations below certain threshold values can result in irreparable structural damage and increased production cost.10

  Amines can be analysed by an array of analytical techniques, such as direct titration, colourimetry, spectrophotometry and polarography. However, the main analytical techniques for the determination and quantification of morpholine and its amine-containing thermal degradation products, which are present in different matrices, are ion-exchange chromatography (IEC), gas chromatography (GC) and high-performance liquid chromatography (HPLC).11-16

  Unfortunately, analyses based on chromatography are costly, require more time than analyses by other methods and can be cumbersome for certain samples.17 Thus, the difficulties associated with these methods point to the need for simpler techniques that are low cost, can be miniaturised and exhibit a low detection limit for the analyte.

  Regarding these goals, electroanalytical techniques are suitable for trace analysis and are an interesting alternative by which to identify and quantify compounds in industrial water because of their high sensitivity, fast response time and low cost.18 Their advantages arise from their capability for direct, in situ usage without the need for sample pre-treatment, which is in contrast with the aforementioned chromatographic techniques.19 By taking advantage of the electroactivity of morpholine, our group has developed electrochemical methods to detect morpholine.

  Flow injection analysis (FIA) systems offer excellent advantages, such as the reproducibility of sample processing and transport to the detector (convective mass transport), leading to reproducible measurements, high sampling rates, simple and low cost manifolds, reagent and waste economy, and the possibility of automation. Furthermore, the use of a FIA system to transport samples to the detector in electroanalytical methods reduces the contact time between the sample and the electrode, minimising the adsorption effect.20,21 Finally, the combination of FIA with electrochemical detection is attractive because of the flexibility of the former and the diagnostic power of the latter.22

  Screen printing technology is a well-established technique for the fabrication of chemical sensors and biosensors that can be applied to FIA systems.23 Disposable screen-printed electrodes (SPEs) offer a number of advantages over conventional electrodes. For instance, SPEs are suitable for working with microvolumes of material, are applicable for decentralised assays (point of care tests), are reproducible, can be mass-produced and are a promising route for the production of miniaturised sensors.24 Moreover, screen-printed electrochemical sensors do not require pre-treatments such as electrode polishing or electrochemical pre-treatment via electro-deposition, which are commonly applied to other electrode materials. The adaptability of SPEs is also of great benefit in various areas of research; the ability to easily modify the electrodes by applying different commercially available inks for the reference, counter, and working electrodes, allows the production of highly specific and finely calibrated electrodes for specific target analytes.23 Finally, SPEs based on carbon inks are particularly interesting for their low background currents, broad potential windows and high signal-to-noise ratio when they are used as sensors. Such electrodes with carbon inks are composed of graphite particles, a polymer binder and other additives (for the dispersion, printing and adhesion tasks). It is considered that the process of fabrication of the SPEs strongly affects the electron transfer reactivity and overall analytical performance of the resulting carbon sensors.25,26

  Based on the aforementioned information, the purpose of the present work is to develop an electroanalytical method based on FIA with amperometric detection using disposable screen-printed carbon electrodes (SPCEs) to monitor the quality of morpholine-based commercial inhibitors and residual inhibitors that control internal corrosion in oil industry pipelines.

   

  Experimental

   Reagents, apparatus and procedures

  All analyses were performed using DropSens SPCEs with a triple-electrode system consisting of a carbon working electrode, a silver reference electrode and an auxiliary carbon electrode.

  The electroactivity of morpholine was evaluated using cyclic voltammetry curves with a scan rate of 50 mV s–1 from 0.5 to 1.3 V. A 0.1 mol L–1 KCl solution was used as the supporting electrolyte, and the voltammetric curves were obtained in the absence and presence of morpholine (200 mg L–1).

  The amperometric analyses using FIA were performed with a Millan four-channel peristaltic pump (P) to provide a constant flow (1.5 mL min–1) of the electrolyte solution. The injection valve (I) was equipped with a 30-µL injection sample loop. A DropSens flow amperometric cell (FC) was used with a screen-printed electrode, and a 1.0 V potential was applied. The working electrode potential was set and controlled by a potentiostat (PO). FIA signals were recorded by the computer (RE). All tubes were made of silicon and were 0.5 mm in internal diameter. A diagram of the flow system is shown in Figure 1.

  
    

    [image: Figure 1. Scheme of the FIA apparatus]

  

  All chemicals were of analytical reagent grade (purchased from Merck - Darmstadt, Germany), and doubly distilled water was used throughout. A stock solution of a morpholine standard was prepared, and the working solutions were obtained by diluting the stock solution in the supporting electrolyte, which was a 0.1 mol L–1 KCl solution.

  All measurements were performed using an Autolab potentiostat, model PGSTAT 100, from Eco Chemie (Netherlands) with a current amplifier module controlled by GPES 4.8 software. All experiments were performed at 25 ºC.

  Validation study

  Validation of the amperometric method using FIA for the quantitative determination of morpholine was performed via several steps, which were important to ensure the reliability of the obtained results.27,28

  Linearity

  The linearity study was performed by evaluating the analytical curve constructed using six different concentrations of the morpholine standard solution (from 20 to 120 mg L–1) containing a 0.1 mol L–1 KCl solution. The analysis was performed in triplicate for each concentration using a carbon screen-printed electrode as the working electrode and amperometry as the electrochemical technique. The analytical curve (peak area vs. morpholine concentration) was acquired by fitting the data obtained with the morpholine standard samples to the linear regression model. This curve was submitted to the Cochran test to evaluate the bilateral deviation of the variances to a 5% significance level. The residue graph was generated from the differences between the values calculated from the straight line of the analytical curves and the values obtained experimentally.

  Detection and quantification limits

  The detection and quantification limits were also determined theoretically and experimentally. To obtain the experimental limits, different concentrations of morpholine were analysed in an electrochemical flow cell in decreasing order of morpholine concentration. The experimental detection limit was obtained from the lowest current of morpholine oxidation that was still significantly different from the baseline of the amperometric curve. The theoretical limits were determined according to the standard deviation criteria of the analytical curve. The equation used was as follows:

  
    [image: Equation]

  

  where DL is the detection limit, σc is the curve standard deviation and α is the slope of the analytical curve. The quantification limit was estimated as three times the detection limit.

  Recovery

  Standard solutions of morpholine were prepared with concentrations ranging from 20 to 120 mg L–1. Several aliquots were added into the flow electrolyte cell. The recovery method study was performed with these synthetic samples using the proposed amperometric method. A sample recovery study was also performed with real condensate samples (100-fold dilution) provided by CENPES/Petrobras fortified with 30, 50 and 70 mg L–1 morpholine.

  Because there is no official method to determine the inhibitor content in gas condensate at Petrobras and because of the uncertainty about the condensate flow, the inhibitor is injected based on gas volume. Therefore, 0.25 to 2 L of inhibitor is injected per million cubic feet of gas. If the condensate flow is low, the inhibitor concentration could be approximately 2000 ppm.

  Precision

  The precision of the method was obtained on the basis of intra-assay comparisons, based on the repeatability of the analyses, which was determined from the standard deviations obtained in triplicate from an analytical curve constructed with the same instrument. Furthermore, two concentrations of morpholine (20 and 120 mg L–1) were studied, using 10 injections for each concentration. The intermediary precision was evaluated by comparing analytical curves obtained on different days and by different operators.

  Variances and residue analysis

  The results of any quantitative method that can be described by a linear regression model should present analytical curves with significantly constant (homogenous) variances. This is referred to as homoscedasticity. When these variances increase along with the concentration of the analysed species, the homoscedastic condition is violated (heteroscedasticity). The Cochran test was used to evaluate if the applied method was homo- or heteroscedastic. This test estimates the bilateral deviation of the variances at a 5% significance level. The unique limitation for its use is the replication number, which should be equal for all measured series.27

  The residue is represented by the difference between the measured and model-predicted values. The residue analysis was evaluated to validate both the regression model and the variance behaviour.27 A residual plot was prepared for each set of analyses.

  Study of the matrix effect

  The matrix effect is the effect on an analytical method caused by all the other components of the sample except the specific compound to be quantified. The matrix effect in the amperometric method was measured by statistical comparison of the analytical curves performed in the synthetic morpholine solution and in the condensate sample.

  Comparison of different analytical curves

  To evaluate the slope of the two analytical curves, which were obtained from distinct matrices, a sequence of statistical calculations was necessary. First, the residual variance (Se2) was determined for each analytical curve.27,28 Then, the Snedecor test was applied to verify if residual variances were significantly different.27,28 When the calculated F value (Fcal) is lower than the critical F value (Fcrit), the variances can be considered statistically equivalent. In the second step, the grouped variance was calculated for each calibration curve. In the last step, the calculated t value (tcal) was obtained and compared with the critical t value (tcrit) for a 5% significance level.27,28 If tcal is lower than tcrit, then the slopes of the two calibration curves can be considered statistically equivalent.21

   

  Results and Discussion

   Electroactivity

  The electroactivity of morpholine was investigated over a potential range of 0.5-1.3 V. Figure 2 shows the cyclic voltammograms obtained in the absence and presence of 200 mg L–1 of morpholine in 0.1 mol L–1 KCl using SPCEs with a scan rate of 50 mV s–1. The presence of an anodic peak was observed at approximately +1.0 V only in morpholine and correlated with the anodic processes of morpholine. No cathodic peak was observed on the reverse sweep within the investigated potential range, showing that the morpholine oxidation is an electrochemical irreversible process. The peak potential was shifted in a positive direction when the scan rate was increased (results not shown), which confirms the irreversibility of the electrochemical process.

  
    

    [image: Figure 2. Cyclic voltammograms obtained]

  

  Hydrodynamic voltammetry

  In the FIA measurements, the first important results were obtained from hydrodynamic voltammetry. Figure 3 shows hydrodynamic voltammograms for 30-µL injections of 70 mol L–1 morpholine using 0.1 mol L–1 KCl solution as the carrier stream. The peak currents of morpholine and corresponding background responses are shown in Figure 3a. A sigmoidal current potential curve with a plateau was observed; the S/B ratios were calculated from Figure 3a as a function of potential. As shown in Figure 3b, the S/B ratio reaches a maximum value at 1.0 V. Hence, this potential was selected for quantitative amperometric detection in the FIA experiments.

  
    

    [image: Figure 3. (a) Hydrodynamic voltammogram in the absence]

  

  FIA parameters

  Table 1 shows the slopes of the analytical curves obtained with different flow rates (1.5, 2.0 and 2.5 mL min-1) using the optimised potential. It can be seen that the higher sensitivity was reached with the 1.5 mL min–1 flow rate. Because the cell was equipped with a 30 µL sample loop, the injection volume was fixed at 30 µL.
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  Linearity

  Figure 4 shows the relationship between the peak area (in µC) and the morpholine concentration (in mg L–1) over the concentration range of 20-120 mg L–1. The curve has a high correlation coefﬁcient (r = 0.9941). According to the residual plot (Figure 5), the residues fell in a random distribution around the zero line (straight line), and no pattern was observed. This means that the proposed linear model was adequate to describe the data. This graph also showed that the linear regression model was correct, because the residues did not exceed 2.5 µC, corresponding to a value of 12 mg L–1, which is near the detection limit.
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  The Cochran test was applied to the amperometric method, and the calculated value (0.32) was also lower than the tabulated value (0.62) for the curve over the range of 20-120 mg L–1. This result indicated homogeneous variances of the response with changing analyte concentration, which characterises homoscedastic behaviour. Therefore, a linear regression method can be used. Table 2 shows the data for different standard concentrations of morpholine in chloride solution.
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  Limits of detection and quantiﬁcation

  Table 3 presents the limits of detection (LOD) and quantification (LOQ) experimentally determined by using a decreasing series of morpholine concentrations and theoretically determined using equation 1, which is based on the standard deviation of the analytical curve (Figure 4b).
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  Recovery study

  The recovery results shown in Table 2 were obtained from synthetic samples with different morpholine concentrations. The amperometric method using FIA presented recovery values close to 100% and a relative error below 6%. These results suggested good performance considering the trace recovery of morpholine concentrations. Table 4 shows the recovery results obtained from real condensate samples fortiﬁed with 30, 50 and 70 mg L–1 of morpholine. The method presented sample recovery values close to 99% and a relative error below 2%.
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  Precision

  The amperometric method precision was evaluated based on the repeatability of the method by observing the standard deviation obtained with each concentration of analyte in the range of 20-120 mg L–1.

  A good repeatability was veriﬁed (i.e., there were only small variations in the results of the analyses performed in triplicate within a short time using the same conditions). The relative standard deviation values did not exceed 7% variability (Table 2), which is considered acceptable for this type of technique. Moreover, the results obtained from 10 injections of 20 and 120 mg L–1 of morpholine were 6.6% and 3.9% of the relative standard deviation (RSD), respectively. Thus, the proposed method can be considered to have good precision considering the type of analysis employed.

  For intermediary precision, the variances obtained from the amperometric analytical curves for different operators (Figure 6a) give a calculated F-value (2.64) that is lower than the critical F-value (9.61 bilateral) for a 95% confidence level, indicating equal variances. The slopes of the analytical curves were also compared; the calculated t-value (0.25) is lower than the critical t-value (2.45 bilateral) for a 95% confidence level, indicating equal slopes for these two curves. By comparing the variances of analytical curves obtained on different days via amperometry (Figure 6b), it was observed that the calculated F-value (1.77) is lower than the critical F-value (9.61 bilateral) for a 95% confidence interval, indicating that the hypothesis was accepted and that the variances are equal. The slopes of the analytical curves prepared on different days were also compared; the calculated t-value (0.25) is lower than the critical t-value (2.45 bilateral) for a 95% confidence level, meaning that the slopes for these two curves are equal. Because the analytical curves obtained by different operators on different days are not significantly different, we conclude that the intermediary precision for the amperometric method is precise.
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  Study of the matrix effect

  The matrix effect was evaluated by comparing an analytical curve of morpholine constructed from KCl solution and an analytical curve of morpholine constructed from a real condensate sample provided by CENPES/Petrobras. A 100-fold dilution of the condensate sample was performed prior to analysis due to its high morpholine content.

  The comparison of the variances from the amperometric analytical curves (Figure 7) resulted in a calculated F-value (1.53) that is lower than the critical F-value (7.15 bilateral) for a 95% confidence level, indicating equal variances. The slopes of the analytical curves were also compared; the calculated t-value (0.35) is lower than the critical t-value (2.31 bilateral) for a 95% confidence level, indicating equal slopes for these two curves and that there is no matrix effect affecting the sensitivity of the method.
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  Conclusions

   The amperometric method reported here using FIA and SPEs can be used for the determination of morpholine in condensate samples. In the concentration range studied (20-120 mg L–1), the response was linear. This concentration range allows the quantiﬁcation of morpholine at low concentrations. The detection (10 mg L–1) and quantiﬁcation (30 mg L–1) limits were considered good for this type of analysis. Moreover, the method was shown to have good recovery, precision and accuracy. The method presented a recovery for the synthetic samples of 100% and a relative error below 6%, and the real sample recovery values were close to 99% with a relative error below 2%. Therefore, the developed amperometric method using FIA can be used to quantify morpholine in condensate samples in the field.
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    Levobunolol HCl é um agente bloqueador ß-adrenoceptor potente e não seletivo usado no tratamento tópico de pressão intraocular aumentada em pacientes com glaucoma de ângulo aberto crônico ou hipertensão ocular. Um método voltamétrico de onda quadrada e redissolução catódico adsortivo (SW-AdCSV) preciso, rápido e sem extração foi descrito para quantificação de traços de levobunolol HCl puro, formulações comerciais (gotas oftalmológicas) e sérum humano. Os limites de quantificação (LOQ) de 1,0 × 10–10 mol L–1 (na forma pura) e 2,5 × 10–10 mol L–1 levobunolol HCl (em sérum humano adulterado) foram obtidos pelo método descrito. Foram obtidas interferências não significativas dos excipientes associados à formulação de levobunolol HCl e de alguns íons metálicos comuns, medicamentos co-administrados, alguns outros agentes ß-bloqueadores e seu metabolito diidrolevobunolol, que possivelmente estão presentes em fluidos biológicos. O método SW-AdCSV descrito é sensível o suficiente para determinar o medicamento em sérum humano, comparado à maioria dos métodos relatados.

  

   

  
    Levobunolol HCl is a potent non-selective ß-adrenoceptor blocking agent used for the topical treatment of increased intraocular pressure in patients with chronic open angle glaucoma or ocular hypertension. Precise, rapid and extraction-free square-wave adsorptive cathodic stripping voltammetry (SW-AdCSV) method has been described for trace quantitation of levobunolol HCl in bulk form, commercial formulation (ophthalmologic drops) and human serum. Limits of quantification (LOQ) of 1.0 × 10–10 mol L–1 (in bulk form) and 2.5 × 10–10 mol L–1 levobunolol HCl (in spiked human serum) were achieved by the described method. Insignificant interferences from excipients associated with formulation of levobunolol HCl and from some common metal ions, co-administrated drugs, some other ß-blocker agents and its metabolite dihydrolevobunolol that are likely to be present in the biological fluids were obtained. The described SW-AdCSV method is sensitive enough to assay the drug in human serum compared to most of the reported methods.

    Keywords: levobunolol HCl, electrode reaction, determination, stripping voltammetry

  

   

   

  Introduction

  Glaucomas are a family of "silent diseases" at least until the later stages and if not treated, invariably result in irreversible blindness. The early detection and adequate treatment minimizes the visual morbidity from these conditions. The current management of glaucoma is directed to lower intraocular pressure (IOP) and the medical therapy is always the first line treatment for the management of primary open angle glaucoma. The most frequently used medical treatment in lowering IOP is a topical beta-blocker (ß-blocker). Levobunolol HCl (LV.HCl, 5-[(2S)-3-(tert-butylamino)-2-hydroxypropoxy]-1,2,3,4-tetrahydronaphthalen-1-one hydrochloride) is an ophthalmic potent non-selective beta-adrenoceptor blocking agent with long duration of action1,2 (Scheme 1A).

  
    

    [image: Scheme 1: Chemical structure of levobunolol]

  

  It has been shown that the metabolic reduction of the cyclohexanone functional group to form dihydrolevobunolol (5-[(2S)-3-(tert-butylamino)-2-hydroxypropoxy]-1,2,3,4-tetrahydronaphthalen-1-ol, Scheme 1B) is mediated by NADPH-dependent ketone reductase in ocular tissues including cornea.3 As dihydrolevobunolol is equipotent to levobunolol, levobunolol produced greater reduction in IOP4,5 and could therefore be a better alternative to the other beta-blockers (betaxolol and timolol).6

  The mean plasma levels of levobunolol in normal volunteers after a single topical instillation of 0.5 or 1% m/v levobunolol in both eyes, ranged from 0.1 to 0.3 ng L–1 (3.05 × 10–10 to 9.15 × 10–10 mol L–1) for 0.5% concentration and 0.3 to 0.6 ng L–1 (9.15 × 10–10 to 1.83 × 10–9 mol L–1) for 1% concentration.7

  The official method of determining LV.HCl in formulation was liquid chromatography.8 There have also been reports for determination of the drug in formulation9-11 including membrane electrodes9 (limit of detection (LOD) in bulk = 5.50 × 10–7 mol L–1), spectrophotometry10,11 (LOD in bulk = 4.57 × 10–5 mol L–1 and 9.15 × 10–6 mol L–1). Besides, few studies have been reported for determination of the drug in biological fluids12-14 including high-performance liquid chromatography (HPLC)12,13 (LOD in plasma = 1.5 × 10–8 mol L–1) and liquid chromatography/tandem mass spectrometry (LOD in urine = 3.0 × 10–8 mol L–1).14 The reported spectrophotometric methods are either non-specific, time-consuming or indirect (based on formation of colored chromogens prior to the analysis). The chromatographic methods need time-consuming extraction steps. They have also expensive instrumentation and running costs. Besides, liquid chromatography/tandem mass spectrometry is not economically feasible for routine analysis. Moreover, the limits of quantification (LOQ)of these reported analytical methods were inadequate for clinical blood samples after ophthalmic doses.7

  However, adsorptive stripping voltammetry has been shown to be an efficient electroanalytical technique for the determination of sub-nanomolar levels of a wide range of drugs that have an interfacial adsorptive character onto the working electrode surface.15 To our knowledge, no information is reported in the literature to date concerning the stripping voltammetric quantification of LV.HCl.

  In this work, LV.HCl is not responded at the carbon paste and glassy carbon electrodes, which may be due to its reduction potential being beyond the potential range of these electrodes. Mercury is a very attractive choice of material because it has a high hydrogen overvoltage (which facilitates the study of electroreduction of substances of very high negative reduction potentials in aqueous electrolyte (e.g. >C=O group in the examined LV.HCl molecule), possesses a highly reproducible, readily renewable, and smooth surface.

  Therefore, the present work aimed to study the electroreduction of LV.HCl at the hanging mercury dropping electrode (HMDE) and to develop a simple and reliable square-wave adsorptive cathodic stripping voltammetric (SW-AdCSV) method for its trace quantification in bulk form, commercial formulation (eye drops) and in body fluids without prior extraction.

   

  Experimental

   Equipments

  Computer-controlled electrochemical analyzers models 263A and 273-PAR (Princeton Applied Research, Oak Ridge, TN, USA) with the software package 270/250-PAR were used for the voltammetric measurements. An electrode assembly (303A-PAR) incorporated with a micro-electrochemical cell and a three-electrode system comprising of a hanging mercury drop electrode (HMDE) as a working electrode (surface area = 0.026 cm2), an Ag/AgCl/KCls reference electrode and a platinum wire auxiliary electrode were used. A magnetic stirrer (305-PAR) was used to provide the convective transport during the accumulation step.

  Materials and solutions

  LV.HCl was supplied from Sigma-Aldrich. A stock standard solution of 1.0 × 10–3 mol L–1 bulk LV.HCl was prepared in distilled water, and then stored at 4 ºC. Working solutions of LV.HCl were prepared daily by appropriate dilution with distilled water just before use.

  The commercial sample analyzed was Betagan®; 0.5% m/v LV.HCl eye drops solution (Westport, Allergan Pharmaceutical, Co. Mayo, Ireland) which was purchased from a local pharmacy. One mL of the drug formulation, equivalent to 5 mg LV.HCl was accurately transferred into a 10 mL volumetric flask and diluted to the mark with distilled water. Appropriate dilution with distilled water was carried out just before use.

  Six serum samples of three healthy subjects (two samples from each subject) were stored frozen until assay. Into each of 10 centrifugation tubes (3.0 mL-volume polypropylene micro-centrifuge tubes) containing 1.0 mL-volume of the human serum and a certain concentration of LV.HCl, 1.0 mL of methanol was transferred and mixed well to denature and precipitate proteins. The solutions were centrifuged (using an Eppendorf centrifuge 5417C, Hamburg, Germany) for 3 min at 14000 rpm to separate out the precipitated proteins. The clear supernatant layers of the solutions were filteredthrough 0.45 µm Millipore filters to produce protein-free human serum samples. Appropriate dilution with Britton-Robinson (BR) universal buffer at pH 7.0 was carried out just before use to obtain serum samples spiked with various concentrations of LV.HCl (1.0 × 10–10 to 1.0 × 10–6 mol L–1).

  A series of Britton-Robinson (BR) universal buffer at pH 2.0 to 11.5 (a mixture of 0.04 mol L–1 solution each of acetic, orthophosphoric and boric acids adjusted to the required pH with 0.20 mol L–1 sodium hydroxide solution) as a supporting electrolyte was prepared. A pH-meter (Crison, Barcelona, Spain) was used for the pH measurements. Deionized water was supplied from a Purite-Still Plus de-ionizer connected to an AquaMatic double-distillation water system (Hamilton Laboratory Glass LTD, Kent, UK).

   

  Results and Discussion

   Electrochemical and adsorptive behavior of levobunolol HCl

  Cyclic voltammograms of 1.0 × 10–4 mol L–1 LV.HCl were recorded at the HMDE in the BR universal buffer of various pH values at various scan rates (100-500 mV s–1). The voltamograms exhibited a main single reduction peak in the pH range 4.0 to 9.0 (e.g., Figure 1). No anodic peaks were obtained on the reverse scan indicating irreversible nature of reduction process. Since LV.HCl is a ketonic drug that is efficiently reduced to corresponding alcohols in vivo,7 its electroreduction at the mercury electrode was attributed to reduction of its >C=O double bond (via the consumption of two electrons as confirmed also from controlled-potential electrolysis). However, at pH > 10.0, an ill-defined second small reversible reduction peak appeared at more negative potentials beside the main one (Figure 1).

  
    

    [image: Figure 1. Voltammograms]

  

  The peak potential Ep of the main peak shifted to more negative values with the increase of pH, which denotes that the protons are involved in the electrode reaction process and the proton-transfer reaction precedes the electron transfer process.16 Rectilinear plots of the peak potentials Ep vs. pH were obtained; their corresponding regression equations were:

  
    [image: Equation 1]

  

  
    [image: Equation 2]

  

  The break of Ep vs. pH plot around pH 9.0 (Figure 2a) would indicate a change in the protonation of the electroactive species and can be related to the equilibrium constant of LV.HCl (pKa = 9.40 to 9.66).9,17 Most beta blockers are basic in nature and contain a secondary amine group able to gain a proton from media and have acidic pKa (proton lost) values in the range 8.60 to 9.70.9 So, the LV.HCl acidic pKa value of 9.40 to 9.669,17 is due to the formation of nonprotonated amino group. This value is of importance during formulation development, as the pH at which the drug is ionized may affect its distribution in biological fluids and within or across membranes.18

  
    

    [image: Figure 2. (a) Ep vs. pH and (b) ip vs. pH plots]

  

  It was also observed that as pH increased, there was an increase of the peak current magnitude(ip) of the main reduction peak up to pH 10.0 then remained constant (Figure 2b). As both the acidic (I) and basic (II) forms of LV.HCl are electroactive, this behavior may be due to strong contribution of the less solvated19 and/or of strong adsorptive deprotonated (basic) form of LV.HCl20 as pH increases. On one side, the small values of peak current magnitude in acid media (where protonated form is predominant) may be due to the decrease of diffusion rate of the protonated reactant species because of stereoelectronic and solvation effects through hydrogen bonding of the conjugate acid of LV.HCl (positively charged ammonium ion (acidic form) is more effectively solvated than an uncharged amine (basic form)), Scheme 2.19

  
    

    [image: Scheme 2. Solvation of the conjugate]

  

  On the other side, the adsorption of the drug on the electrode might also be pH-dependent.20,21 It may be that adsorption of reducible species is more efficient in neutral and alkaline media than in acidic one.21 This assumption can be confirmed from the dependence of peak current (ip) on scan rate (v) at different pH values.

  According to the Randles-Sevcik equation for irreversible process:22,23

  
    [image: Equation 3]

  

  the peak current ip is proportional to the square root of scan rate v1/2 (semi-infinite diffusion),23 while for an adsorption-controlled reaction,22,24 the peak current ip is proportional to the applied scan rate v (thin layer behavior), according to the following equation:22

  
    [image: Equation 4]

  

  where na is the number of electron transfer in the rate-determining step, A(cm2) isthe surface area of the working electrode, D (cm2 s–1) is the diffusion coefficient, C0 (mol cm–3) is the bulk concentration of analyte, n is the total number of electrons consumed in the reduction process and Γ0 (mol cm–2) is the mole of analyte adsorbed onto surface of the electrode. Linear plots of ip (µA) vs. scan rate v (V s–1) were obtained at different pH values with slope values of 1.94 (pH 5.0) to 5.80 (pH 10.0) µA V–1 s (r = 0.993 ± 0.003 and n = 6) indicating that the reduction process of LV.HCl at the HMDE is controlled by adsorption (surface-controlled process).22,24 Moreover, the slope value of ip vs. v plots increased as the pH increased indicating again that the adsorption effects of the process become evident in neutral and alkaline media than in acidic one. Besides, the slope values of log ip vs. log ν plots were in the range of 0.41-0.45 µA mV–1 s in acidic media (pH < 7.0) which are close to the theoretically expected value of 0.50 for a diffusion-controlled process.23,24 However, as the pH was increased, the slope values increased from 0.70 µA mV–1 s (pH 7.0) to 0.79 µA mV–1 s (pH 10.0), which are relatively close to the theoretically expected value of 1.0 for an adsorption controlled process.22,24

  Furthermore, the irreversible nature of the electrode reaction was also confirmed from the shift of peak potential Ep to more negative values upon the increase of scan rate v (100-500 mV s–1) at different pH values.22,25 Plots of Ep vs. ln v at different pH were linear; their corresponding regression equation was:

  
    [image: Equation 5]

  

  Values of αna (product of symmetry transfer coefficient α and number of electrons na transferred in the rate-determining step) of 0.71 to 0.86 were estimated from slope values of the obtained Ep vs. ln v plots according to following equations of the totally irreversible electrode reaction:22,25

  
    [image: Equation 6]
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  The most probable values of transfer coefficient α (0.36 to 0.43) were estimated at various pH values, for the number of electrons (na = 2) transferred in the rate-determining step for the electroreduction of the >C=O double bond of the analyte.16 This is confirming again the irreversible nature of the electrode reaction of LV.HCl at the HMDE.

  The number of protons (ZH+) involved in the rate-determining step was estimated from slope value of the Ep vs. pH plot using the relation26 ∆Ep (V) / ∆pH = (0.0591 / αna) ZH+ and was found to be equal one (ZH+ = 1).

  Since both the acidic and basic forms of LV.HCl are electroactive, the suggested electrode reaction mechanism for the main reduction peak (which corresponds to the electroreduction of >C=O double bond of the acidic (I) and the basic (II) forms in strong acidic and alkaline media, respectively) is shown in Scheme 3.

  
    

    [image: Scheme 3. Electrode reaction mechanism]

  

  However, in solutions of intermediate pH values where LV.HCl molecule is expected to be presentin an acid-base equilibrium, the reduction of both the acidic (I) and the basic (II) forms (depending on the extent of equilibrium as the pH increases) takes place via one cathodic step.

  On the other hand, the second small reversible reduction peak at more negative potential at pH > 10.0 may be due to the reduction of the aromatic ring,27-30 which is simply the electrochemical equivalent of the Birch reaction.30,31 The reduction of the phenyl ring of LV.HCl was so difficult that its corresponding cathodic peak appeared only in solution of high pH values (pH > 10.0, Scheme 4).

  
    

    [image: Scheme 4. Electrode reaction mechanism]

  

  On the other side, the interfacial adsorptive affinity of LV.HCl onto the HMDE surface was also designated by recording the cyclic voltammograms of 1.0 × 10–6 mol L–1 LV.HCl at 100 mV s–1 in the BR universal buffer at pH 7.0 following its preconcentration by adsorptive accumulation onto the HMDE under open circuit conditions (Figure 3, curve a), and then at preconcentration potential (Eacc)of –0.8 V (vs. Ag/AgCl/KCls) for 20 s (Figure 3, 1st cycle, curve b and 2nd cycle, curve c). As shown in Figure 3, enhanced peak current magnitude was observed following preconcentration of the analyte by adsorptive accumulation onto the HMDE (1st cycle, curve b) compared to that recorded following accumulation of the drug at open circuit (curve a) confirmed the interfacial adsorptive character of LV.HCl onto the mercury electrode. Whereas in the 2nd cycle (curve c) the voltammogram exhibited very small peak current which may be attributed to desorption of LV.HCl from the mercury electrode surface.

  
    

    [image: Figure 3. Cyclic voltammograms]

  

  Furthermore, the electrode surface coverage (Γº (mol cm–2)) of LV.HCl in the BR universal buffer at pH 7.0 was estimated using the equation:22

  
    [image: Equation 8]

  

  where Q (C) is the charge consumed by the surface process, which was estimated by the integration of the area under the peak corrected to the residual current, n is the number of electrons consumed in the reduction of >C=O group to the >CHOH via the consumption of 2 electrons (n = 2), F is the Faraday constant (96487 C) and A is the surface area of the working electrode (0.026 cm2). On dividing the amount of charge (Q) consumed by the surface process, 1.06 × 10–6 C, by the conversion factor nFA (5017.324 mol C cm–2), a monolayer surface coverage of 2.11 × 10–10 mol cm–2 was estimated. Each adsorbed LV.HCl molecule thus occupied an area of 0.79 nm2.

  Electroanalytical studies

  Based on the adsorption behavior of LV.HCl onto the mercury electrode surface, square-wave adsorptive stripping voltammetry (SW-AdCSV) method was optimized for its trace determination. The optimum operational conditions for its analytical determination were studied as:

  Effect of pH of the medium

  This was carried out by recording voltammograms of 7.0 × 10–9 mol L–1 bulk LV.HCl at the HMDE in the BR universal buffers at various pH values using square-wave potential-waveform. A better developed peak current was achieved in the BR universal buffer at pH 7.0 following preconcentration of LV.HCl by adsorptive accumulation onto the HMDE at –0.7 V for 20 s. Therefore, BR buffer at pH 7.0 was chosen as a supporting electrolyte for the rest of the present analytical study.

  Effect of preconcentration conditions

  Voltammograms of 7.0 × 10–9 mol L–1 LV.HCl were recorded using square-wave potential-waveform following preconcentration by adsorptive accumulation onto the HMDE for 20 s at various accumulation potentials Eacc (–0.4 to –1.3 V). A better developed peak current was achieved over the potential range of (–0.8 to –1.1 V), Figure 4A. This is because of an increase of the accumulation rate, due to the more favorable alignment of the molecules by the electric field at the electrode solution interface.32,33 However, at more negative potentials the peak current decreased indicating that the reactant species were no longer strongly adsorbed at potentials where the mercury is negatively charged with respect to the point of zero charge potential.33 Therefore, a preconcentration potential of –0.8 V (vs. Ag/AgCl/KCls) was chosen for the rest of the present analytical study.

  
    

    [image: Figure 4. (A) Effect of preconcentration potential]

  

  On the other hand, the dependence of SW-AdCSV peak current magnitudes of 7.0 × 10–9, 1.0 × 10–9, 8.0 × 10–10 and 1.0 × 10–10 mol L–1 LV.HCl on the preconcentration time (t acc) of the analyte at Eacc = –0.8 V was studied. Figure 4B shows that at fixed preconcentration time the growth of the adsorbed LV.HCl layer is faster as its bulk solution concentration increases and consequently peak current increases.21 The linear response of SW-AdCSV peak current magnitudes was extend up to 30 s then leveled off. This indicates that the adsorptive equilibrium onto the mercury electrode surface was achieved.34 The subsequence observed decrease in the peak current magnitude with preconcentration times (curves a and b) probably owing to an inhibition of the voltammetric process occurring after saturation of mercury drop34 or interactions among the molecules in the adsorbed state become noticeable.35 This could be explained by the release of an amount of the adsorbed molecules due to possible repulsive interaction between the adsorbed species when coverage of the electrode has been reached.35 So, in the present analytical investigations, preconcentration time of 20 s was applied to avoid the achievement of saturation of the electrode surface.

  Effect of pulse parameters

  The influence of pulse parameters (frequency f = 10 to 120 Hz, scan increment ΔEs = 2 to 12 mV and pulse height a = 5 to 30 mV) on the peak current response were studied in BR universal buffer at pH 7.0 and Eacc = –0.8 V for 20 s. Well-developed peak current was achieved at pulse parameters of: f = 80 Hz, ΔEs = 10 mV and a = 25 mV.

  The influence of the rest time was also considered and a time period of 5 s was chosen. On the other hand, square-wave signal was found to increase as the area of the HMDE was increased (0.010 to 0.026 cm2); therefore, the present study was carried out at an HMDE area of 0.026 cm2.

  Accordingly, the optimal conditions of the described SW-AdCSV method were: f = 80 Hz, ΔEs = 10 mV and a = 25 mV. Besides, the optimal preconcentration conditions were: Eacc = –0.8 V (vs. Ag/AgCl/KCls) and t acc = 20 s using the BR universal buffer at pH 7.0 as a supporting electrolyte.

  Method validation

  Validation schemes of the analytical methods for the determination of various analytes are defined in ICH guidelines and some pharmacopoeias such as United States (USP) or European (EP) Pharmacopoeias. Most of the validation schemes described in ICH guidelines36 and USP37 were applied in the present work.

  Voltammograms of various concentrations of LV.HCl were recorded under the optimized operational conditions of the developed stripping voltammetry method. Linear variation of the peak current ip (µA) with concentrations C (µmol L–1) of bulk LV.HCl over the concentration range 1.0 × 10–10 to 3.0 × 10–8 mol L–1 was obtained. Characteristics of the calibration curves and the achieved limits of detection (LOD) and quantification (LOQ) by means of the developed SW-AdCSV method are reported in Table 1. LOD and LOQ of bulk LV.HCl were estimated using the following expressions:38
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  where SD is the standard deviation of the intercept of the calibration curve (or the blank) and b is the slope of the calibration curve.

  LOD and LOQ of 3.0 × 10–11 and 1.0 × 10–10 mol L–1 of bulk LV.HCl, respectively, were achieved by means of the described SW-AdCSV method. The results indicated the reliability of the developed stripping voltammetric method for quantification of bulk LV.HCl. LOD value obtained for LV.HCl using the herein proposed SW-AdCSV method is much lower than those obtained by other reported methods.9-14

  Repeatability (intra-day assay), reproducibility (inter-day assay), precision and accuracy36,37 of the described SW-AdCSV method (Table 2) were evaluated by performing five replicate measurements for various concentrations of bulk LV.HCl over 1 day (intra-day assay) and for 3 days (inter-day assay). Insignificant differences were observed between the amounts of LV.HCl taken and found. The mean percentage recoveries (%R = [(found) / (taken)] × 100) were estimated as percent of the nominal concentrations in the standard solutions, and precision was assessed from the relative standard deviations (RSD) in percent of the mean recoveries. Whereas bias was estimated as the difference between the mean value determined for the analyte of interest and the accepted true value or known level actually present (Bias% = {[(found) – (taken)] / (taken)} × 100). Satisfactory mean recoveries, relative standard deviations and bias percent were achieved indicating the repeatability, reproducibility, precision and accuracy of the described method.

  
    

    [image: Table 2. Results of intra-day and inter-day]

  

  The robustness36,37 of the developed stripping voltammetric methods was examined by studying the effect of variation of some of the neck operational conditions such as pH (7.0 to 7.5), preconcentration potential (–0.8 to –1.0 V) and preconcentration time (15 to 25 s) on mean percentage recovery (%R) and relative standard deviation (RSD) of different concentrations of bulk LV.HCl. The obtained mean %R and RSD based on five replicate measurements of 4.0 × 10–10 to 7.0 × 10–9 mol L–1 of bulk LV.HCl under the varied conditions were 98.96 ± 1.14 to 99.55 ± 1.14. Since the mean percentage recoveries and relative standard deviations obtained within the studied range of variation of the operational conditions were insignificantly affected, the developed adsorptive stripping voltammetric method is reliable for quantitation of LV.HCl and could be considered robust.

  The inter-laboratory precision36,37 was also examined for analysis of different concentrations of 4.0 × 10–10 to 7.0 × 10–9 mol L–1 LV.HCl by means of the described SW-AdCSV method, using two potentiostats (PAR) models 273A (lab 1) and 263A (lab 2) at different elapsed time by two different analysts. The obtained mean recoveries (97.88 ± 1.57 to 98.67 ± 1.66) were found reproducible.

  The selectivity36,37 of the described stripping voltammetric method was identified through possible interferences from excipients usually present in the formulations. Betagan® eye drops contain the active substance (LV.HCl 0.5 or 1.0% m/v) and other inactive ingredients. So, the effect of the preservative (benzalkonium chloride) and inactive additives (polyvinyl alcohol, disodium edentate, sodium metabisulfite, sodium phosphate dibasic heptahydrate, potassium phosphate, monobasic; sodium chloride, hydrochloric acid or sodium hydroxide to adjust pH) associated with LV.HCl in its formulation were tested using the developed method. This was carried out by recording voltammograms of various concentrations of standard solutions of bulk LV.HCl (excipients are absent) and of the tested commercial formulation (Betagan® eye drops; 0.5% m/v LV.HCl) containing such excipients. The voltammograms of all the tested solutions were similar and showed no any voltammetric peaks due to any of the frequently encountered excipients over the applied potential range (–0.8 to –1.9 V vs. Ag/AgCl/3 mol L–1 KCl). Furthermore, insignificant differences in the percentage recoveries and relative standard deviations (%R ± RSD) were achieved in the absence (98.45 ± 1.15 to 99.97 ± 1.08) and in the presence of such excipients (97.87 ± 1.12 to 98.58 ± 1.32). This indicates that the proposed method does not suffer any interference from such commonly associated inactive additives and preservative agents in the level found in the preparation of eye drops under consideration and consequently, it is highly selective towards LV.HCl under the optimized experimental conditions.

  Analytical application

  Assay of LV.HCl in commercial formulations

  The described SW-AdCSV method was used in the determination of various concentrations of LV.HCl in Betagan® 0.5% m/v eye drops without the necessity for samples pretreatment and/or time-consuming extraction steps prior to the analysis by applying the calibration curve method. Non-significant difference between the slopes of the calibration curves for the bulk and Betagan® 0.5% m/v eye drop solutions was observed. The validity of the described method was further assessed by applying standard addition method39 for three different standard LV.HCl solutions added to a pre-analyzed one of the investigated commercial formulation in the concentration range that fell within the linear concentration of LV.HCl. Insignificant differences were obtained between the concentrations taken and found. Besides, good recoveries were achieved ranging from 99.43 to 100.13% and from 99.27 to 100.30% using the calibration curve and standard addition methods, respectively, (Table 3). This indicates again that the matrix effect for the investigated commercial drops does not present any significant interference in determination of LV.HCl.
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  Moreover, the obtained results were statistically compared with those obtained by the official method.8 Since thecalculated F-value (variance ratio F-test) did not exceed the theoretical one at the 95% confidence level for 5 degrees of freedom (Table 3), there was insignificant difference between the optimized proposed SW-AdCSV method and the reference one8 with respect to reproducibility.40 Also, insignificant difference was noticed between the two methods regarding accuracy and precision as revealed by t-test value (Student's t-test)40 (Table 3).The results demonstrated that the optimized SW-AdCSV method was quite reliable and sensitive enough for determination of LV.HCl in commercial formulation of various drug concentrations.

  Assay of LV.HCl in spiked human serum

  In contrast to the previous work in biological fluids,12-14 herein a direct and more sensitive quantitative assay of LV.HCl spiked in human serum was carried out successfully by the described SW-AdCSV method without any necessity for sample pretreatment or time-consuming extraction steps prior to the analysis other than the centrifugal separation of precipitated proteins from the serum samples by methanol, prior to analysis of the drug. SW-AdCS voltammograms of various concentrations of LV.HCl spiked in 6 human serum samples of three healthy volunteers were recorded (e.g., Figure 5A) under the optimized operational conditions (Eacc = –0.8 V and t acc = 20 s). No interfering peaks from endogenous human serum constituents were observed in the blank human serum within the studied potential range (e.g., Figure 5A, curve a). Linear variations of the peak currents (ip) with concentrations (C) of LV.HCl in each of the spiked human serum samples were obtained (e.g., Figure 5B). Characteristics of some of the obtained calibration plots for the investigated samples are reported in Table 4. Satisfactory mean recoveries (%R = 97.89 to 100.53) and relative standard deviations (RSD = 0.88 to 2.02%) of various concentrations of LV.HCl in spiked human serum samples were obtained (Table 4) indicating insignificant differences between the spiked and the detected amounts of LV.HCl in human serum samples and consequently no interference from the competitively adsorbed surface active substances that may present in serum. The attained detection limit using SW-AdCSV method is about two orders of magnitude lower than that obtained using the other reported methods12-14 for determination of LV.HCl in human biological fluids.

  
    

    [image: Figure 5. (A) Representative]

  

  
    

    [image: Table 4. Characteristics of calibration curves]

  

  Moreover, interference encountered from various foreign species (such as some common metal ions, anions, some topical use or co-administrated beta-blockers drugs (talinolol, atenolol and propranolol), or some other typical co-administered drugs (such as vitamins C and E, paracetamol, aspirin, ibuprofen) and dihydrolevobunolol as a metabolite of levobunolol) that are likely to be present in complex matrices, such as biological fluids and which may affect the specificity of the proposed method, was also evaluated. The effect of various excess amounts of these foreign species on analysis of 5.0 × 10–9 mol L–1 LV.HCl spiked human serum was identified by means of the described SW-AdCSV method, (e.g., Table 5).
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  The tolerance limit for foreign species was taken as the largest amount yielding a signal error of 5% for determination of LV.HCl. Results of the tolerance levels of each of the investigated species reported in Table 5 indicated that none of these substances was found to interfere with analysis of LV.HCl. This may be due to the fact that some of these foreign species are electro-inactive or they did not generate any voltammetric signal within the applied range of potential under the operational experimental conditions (talinolol, atenolol, propranolol, dihydrolevobunolol and the mentioned co-administered drugs are not electroreducible at the mercury electrode).41,42 Therefore, the described voltammetric method can be successfully applied to assay of LV.HCl in biological fluids without interferences from foreign organic and inorganic species.

   

  Conclusions

   SW-AdCSV method has been described for trace quantitation of LV.HCl in pharmaceutical formulation in the form of eye drops and human serum. The method was simple, rapid and does not require expensive and sophisticated apparatus or expensive solvents in comparison with other reported methods8-14 for the study of levobunolol. According to the mean plasma levels of levobunolol in normal volunteers after a single topical instillation of 0.5% or 1.0% m/v levobunolol in both eyes,7 the reported methods9-14 are considered not efficient enough for the assay of LV.HCl in human plasma and at different therapeutic dose levels for pharmacokinetic studies as well as therapeutic drug monitoring. However, all the results achieved in this work indicated that the described SW-AdCSV method is reliable and sensitive enough (LOQ = 2.5 × 10–10 mol L–1) for assay of LV.HCl in human plasma of real samples and for pharmacokinetic studies and can be recommended for quantification of LV.HCl in quality control and clinical laboratories.
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    Este estudo apresenta desenvolvimento, validação e aplicação de um método multirresíduo para determinação de nove agrotóxicos e um produto de degradação (α-endossulfam, β-endossulfam, α-HCH, γ-HCH, aldrim, p,p'-DDE, p,p'-DDT, cipermetrina, deltametrina e trifluralina) em amostra de leite humano por dispersão em fase sólida e cromatografia gasosa com detector de captura de elétrons (GC/ECD). O método é considerado simples e eficiente, combinando a extração e a purificação em uma única etapa e quantificação por adição padrão para eliminar efeito de matriz. Os limites de detecção e quantificação do método variaram entre 0,002-0,079 µg mL–1 e 0,013-0,108 µg mL–1, respectivamente. O método proposto foi aplicado para a análise de 62 amostras de leite humano coletadas entre fevereiro e junho de 2010 em Lucas do Rio Verde-MT. p,p'-DDE (0,32-12,03 µg g–1 de gordura), p,p'-DDT (2,62-12,41 µg g–1 de gordura) e β-endossulfam (0,54-0,61 µg g–1 de gordura) foram quantificados em 29%, 5% e 3% das amostras analisadas, respectivamente. Aldrim foi encontrado abaixo do limite de quantificação do método em 7% das amostras. Embora esses compostos tenham sido encontrados nas amostras analisadas, as mães foram orientadas a continuar o aleitamento materno por ser considerado benéfico durante a infância.

  

   

  
    This study presents the development, validation and application of a multiresidue analytical method intended to determine nine pesticides and a degradation product (α-endosulfan, β-endosulfan, α-HCH, γ-HCH, aldrin, p,p'-DDE, p,p'-DDT, cypermethrin, deltamethrin, and trifluralin) in breast milk samples by solid-phase dispersion and gas chromatography with electron capture detector (GC/ECD). The proposed method is considered simple and efficient, combining extraction and clean up in a single step and quantification performed by standard addition to avoid the matrix effect. The method limits of detection and quantification varied between 0.002 and 0.079 µg mL–1 and 0.013 and 0.108 µg mL–1, respectively. The proposed method was applied to analyze 62 breast milk samples collected between February and June 2010 in Lucas do Rio Verde, Mato Grosso, Brazil. p,p'-DDE (0.32-12.03 µg g–1 of fat), p,p'-DDT (2.62-12.41 µg g–1 of fat) and β-endosulfan (0.54-0.61 µg g–1 of fat) were quantified in 29%, 5% and 3% of the samples, respectively. Aldrin was found below the method quantification limit in 7% of samples. Although these compounds were found in the analyzed samples, mothers were oriented to carry on feeding the infants as the breast milk is considered the optimum food during infancy.

    Keywords: pesticides, solid-phase dispersion, gas chromatography, breast milk, matrix effect

  

   

   

  Introduction

   Brazil is one of the world's largest pesticide consumers, and the state of Mato Grosso stands out in the national scenario as one of the major agricultural producers and pesticide consumers. Lucas do Rio Verde, a city having 37,000 inhabitants located 285 km North from Cuiabá, the state capital, is considered one of the largest agricultural producers in Mato Grosso. In 2010, 410,000 hectares of soybean, corn and cotton were cultivated in the municipality, and around 5.1 million liters of pesticides, especially herbicides, insecticides and fungicides were sprayed over those fields.1,2

  During and after their application, pesticides can spread through different environmental compartments and reach places far from the application areas.3 As a result, people living in a city near or surrounded by large fields can be highly exposed to those compounds. That exposure can become more dangerous in case of accidents, such as the one that occurred in Lucas do Rio Verde in 2006, when an agricultural plane that was spraying a soybean crop in the urban area surroundings accidentally sprayed a desiccant over the city. The accident not only affected vegetables and ornamental, fruit and medicinal plants but also the inhabitants of the city, who reported symptoms such as vomiting, diarrhea and hives.1

  Adverse effects of pesticides to human health have been described in the literature,4 as well as exposition routes such as by drinking water, skin absorption, inhalation, and through food.5 Residue of pesticides in breast milk is a concern since infants do not have a fully developed detoxification mechanism, their immune systems and other organs are immature and milk is appointed as the best sole nutrient source for them. Breast feeding is considered to be one of the major excretory pathways of xenobiotics from the mother body, which makes it the main source of pesticide residue transfer to newborns.6 On the other hand, breast milk-fed newborns have higher immunity, normal growth, better digestive process and gastrointestinal system, enhanced mother-son bond, and better emotional, cognitive and nervous system development.7

  Breast milk (3 to 5% fat) is an aqueous fluid whose characteristics allow it to partition quite well both hydrosoluble and liposoluble compounds.8 Due to their highly lipophilicity and persistency and worldwide use in the past to control disease vector, organochlorine pesticides, mainly dichlorodiphenyltrichloroethane (DDT) and its metabolite dichlorodiphenyldichloroethylene (DDE) are the most frequently studied pesticides in breast milk in several countries.9-24 Another class of pesticides currently used, pyrethroids, is also under study.10,25

  Solid-phase, liquid-liquid, and sonication extraction techniques have been frequently used for extraction and clean-up of breast milk samples followed by analyte determination using gas chromatography with electron capture detector (GC/ECD) and mass selective detectors.9-15,19-22,25 Most of published methods intend to determine isolated analyte or substances with similar physical and chemical properties. The challenging with this complex matrix is to obtain an efficient multi-residue method that is able to determine molecules with different properties, since humans are exposed to different classes of pesticides.

  Considering a possible exposure of newborns in Lucas do Rio Verde to pesticides through breast milk, this work aimed to develop and validate a multi-residue analytical method in order to determine simultaneously nine pesticides and a degradation product belonging to three chemical groups: dinitroanilines (trifluralin), organochlorines (α-HCH, γ-HCH, aldrin, α-endosulfan, β-endosulfan, p,p'-DDE and p,p'-DDT) and pyrethroids (cypermethrin and deltamethrin) and to evaluate their presence in 62 breast milk samples collected in the aforementioned locality. Although trifluralin and the pyrethroids cypermethrin and deltamethrin are not persistent pesticides, they were included in this study considering their intensive use in the municipality of Lucas do Rio Verde and high octanol-water partition coefficient (Kow > 4.6) which indicates a potential for bioaccumulation.

   

  Experimental

   Reagent and chemicals

  Acetone, n-hexane, dichloromethane, toluene, sodium sulfate and Celite®, residue analysis grade, were obtained from Tedia Brasil Ltda, Merck, Qhemis, and Mallinckrodt Chemicals. High purity standards were obtained from Sigma-Aldrich Chemie GmbH (Steinheim, Germany) (p,p'-DDT 98.9%, p,p'-DDE 99.9% and aldrin 99.2%), Chem Service, Inc. (West Chester, PA, USA) (γ-HCH 99.5%), Pestanal® (Sigma-Aldrich Chemie Steinheim, Germany) (α-endosulfan 99.6%, β-endosulfan 99.9%, cypermethrin 95.1% and deltamethrin 99.9%), and Dr Ehrenstorfer GmbH (Augsburg, Germany) (heptachlor 99.5%, trifluralin 99.5% and α-HCH 97.5%). Stock standard solutions were prepared in toluene for chromatographic analysis, and in acetone when used to spike the control samples.

  Sample preparation

  A pool of pasteurized breast milk samples from the breast milk bank of Julio Müller Hospital, Cuiabá, Mato Grosso state, collected from donors living in the urban area and not directly exposed to the studied pesticides, was employed during development and validation method steps and also for analytes quantification in the analyzed samples. The absence of pesticides in this control sample was previously evaluated.

  The samples were collected and kept following the instructions present in the technical norms of the BLH-BR Network for Breast Milk Banks/Fiocruz-IFF-BLH,26 which the breast milk bank of the Julio Müller Hospital is registered at and integrated with.

  Spiked samples were prepared by adding 500 µL of the standard mixture of analytes to 5 mL of control sample, followed by addition of 5 mL of acetone for deproteinization and homogenization during 5 min in a sonication bath. This procedure resulted in two spiked samples levels for each analyte as follow: α-endosulfan (0.015 and 0.103 µg mL–1), β-endosulfan (0.013 and 0.108 µg mL–1), α-HCH (0.027 and 0.109 µg mL–1), γ-HCH (0.028 and 0.111 µg mL–1), aldrin (0.015 and 0.101 µg mL–1), p,p'-DDT (0.107 and 0.153 µg mL–1), p,p'-DDE (0.015 and 0.109 µg mL–1), cypermethrin (0.104 and 0.157 µg mL–1), deltamethrin (0.108 and 0.144 µg mL–1), and trifluralin (0.015 and 0.107 µg mL–1).

  Extraction procedure

  The extraction procedure consisted on combining the extraction and purification phases in a single step by using the solid-phase dispersion technique with Celite® and sonication extraction. Twelve different conditions were evaluated for selecting the solvents or mixtures of the solvents used in the extraction (Table 1). A control sample was analyzed for each condition.
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  Five milliliters of unfrozen breast milk control samples were transferred to an 80 mL centrifuge tube and spiked as mentioned. Samples spiked at the highest level (in duplicate) were used. Two grams of Celite®, previously activated in a muffle furnace at 600 ºC for 12 h,and 10 mL of the solvents or their mixture (Table 1)were added to the mixture. The resulting mixture was agitated by sonication during 20 min followed by centrifugation (5 min, 2,000 rpm) for phase separation. The supernatant was transferred to a pear-shaped glass flask. The extraction procedure was repeated as indicated in Table 1. The extracts were then combined and concentrated in a rotary evaporator (35-40 ºC) until near dryness, and the analytes were recovered in toluene (1.5 mL) and transferred to an autosampler vial containing 50 µL of the internal standard solution (heptachlor-around 10 µg mL–1). The final extracts were kept under refrigeration (4 ºC) for identification and quantification using GC-ECD.

  The best extraction condition was selected based on the criteria recommended by Thier and Zeumer27 and Sanco,28 i.e., acceptable mean recoveries were those within the range 70-120% with an associated repeatability [coefficient of variation (CV)] < 20%. In case of multi-residue method, recoveries outside this range may be accepted if demonstrating good precision.28

  Analytes were identified by comparison with the retention times of the standards and were quantified by standard addition with standards solutions. Added concentrations ranged from the lowest to highest fortification level value, prepared in duplicate in the extract of control matrix without the analytes, in order to eliminate the matrix effect.

  After optimization of the extraction procedure, the proposed method consisted on agitation by sonication during 20 min of 5 mL of unfrozen sample, 2 g of Celite®, and 10 mL of n-hexane:acetone (1:1, v/v), followed by centrifugation, and extraction separation. Extraction with 10 mL of n-hexane:acetone (1:1, v/v) was performed in duplicate, followed by two extractions with 10 mL of n-hexane:dichloromethane (4:1, v/v). Extracts were combined, concentrated until near dryness, and analytes were recovered in toluene (1.5 mL) and transferred to an autosampler vial containing 50 µL of the internal standard solution (heptachlor: around 10 µg mL–1).

  Equipment

  Analytes were identified and quantified using gas chromatograph (HP 6890 series GC System) equipped with an electron capture detector and a 30 m long HP-5 chromatographic column with 0.25 µm of film thickness (5% phenylmethylsiloxane) and 250 µm of diameter. Ultrapure nitrogen 5.0 (99.999%, Linde Gás Brasil) was used as carrier and make-up gases at flow rate of 1 mL min–1 and 60 mL min–1, respectively. Injector and detector temperatures were 250 ºC and 280 ºC, respectively. A volume of 1 µL was injected in the split mode (ratio 20:1). The column was set at 92 ºC, ramped at 15 ºC min–1 until 175 ºC (13 min hold time) and heating at 10 ºC min–1 until 280 ºC (9 min). The chromatographic run time was 40 min. The chromatograms were recorded and processed using Chemstation version D.03.00.611 (Agilent Technologies Inc, California, USA).

  Analytical method validation

  The efficiency of the method was evaluated considering its accuracy (recovery percentage) and precision (coefficient of variation of the results obtained in the replicates, n = 5).

  After selection of the best extraction conditions (essay 2 in Table 1), the recovery studies were carried out using the two spike levels for the pesticides. Those levels were selected considering the quantification limit of the chromatographic system (GC-ECD), 75 ng for trifluralin, aldrin, α-endosulfan, p,p'-DDE and β-endosulfan, 125 ng for γ-HCH, and 500 ng for p,p'-DDT, α-HCH, deltamethrin and cypermethrin.

  The limit of detection (LOD) and limit of quantification (LOQ) of the method were calculated according to criteria established by Thier and Zeumerand Sanco.27,28 The method LOQ is the lowest spike level of validation meeting the method performance acceptability criteria described, which are recovery between 70-120% with CV < 20%. LOD is characterized by the smallest concentration of a compound in the analytical sample, for which the particular analytical method produces signal values which differ with 95% probability from those given at nil concentration in the analytical sample, and it was estimated from recovery experiment at the smallest fortification level using equations 1 to 5 as follow:

  
    [image: Equation 1]

  

  The standard deviation ([image: Caracter 1]com) (equation 2) is computed from the standard deviation of the blank signal ([image: Caracter 2]B) (equation 3) and from the standard deviation [image: Caracter 3]a (equation 4), estimated during the experiment with the lowest fortification level.
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    [image: Equation 3]

  

  where m is the number of analytical values (Ai) and n is the number of blank values (Bi). Degree of freedom (f) = m + n – 2.

  
    [image: Equation 4]

  

  where B and A are the mean blank concentration and mean analytical concentration obtained in the recovery study, respectively.

  The sensitivity of the analytical method (S), which means the change in signal value per change of concentration, can be estimated from the mean analytical concentration value (A) and from the lowest fortification level – concentration value (q) (equation 5).

  
    [image: Equation 5]

  

  Stability study

  Considering the elapsed time between the sample collection and the laboratory sample processing, a stability study of the pesticides in frozen samples was performed. Spiked control samples (n = 5) at the low level applied in this study were frozen for 12 days and the aforementioned analytes concentrations were determined after this time as previously described.

  Fat content determination

  Total milk lipid concentrations were determined by the crematocrit method, which allows the determination of the cream content and the calculation of both fat and energetic contents in milk. The analytical technique was carried out as described elsewhere.29

  Method application

  The validated method was applied to analyze 62 breast milk samples collected from breast-feeding mothers living in Lucas do Rio Verde, Mato Grosso state. The research protocol was approved by the Ethics Committee of Hospital Universitário Júlio Müller of UFMT in Cuiabá, Mato Grosso, Brazil under the number 511/CEP-HUJM/08. All women signed a Written Informed Consent Form before they were enrolled in the study and responded a questionnaire about their ages and their children, parity, education, profession, contact or exposure to pesticides.

  Mature milk samples were drawn during 21-56 days post-delivery, as recommended elsewhere,30 from mothers with age ranging between 18 to 49 years old and with good health conditions. Samples were stored in glass flasks at –4 ºC until analysis, which did not exceed more than 12 days.

   

  Results

   The multi-residue method was developed based on the selection of extraction solvents or their mixtures aiming to extract efficiently the selected pesticides, which present different physical and chemical properties (Table 2).The octanol-water partition coefficient (log Kow) for these substances ranged from 3.69 to 6.91 and water solubility varied from 0.0002 to 8.52 mg L–1 indicating high lipophilicity and potential biomagnification.
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  Validation method was performed employing pasteurized breast milk. Although the pasteurization step procedure could possibly degrade some pesticide in the control sample or even cause the formation of new compounds, it did not interfere in the extraction efficiency. It is important to mention that the pasteurization of human milk did not show statistically significant changes in the concentration of sodium, potassium, calcium, phosphorus, magnesium, protein, fat, lactose, or in osmolarity.32 The real analyzed samples did not suffer this procedure previously to analysis.

  Celite® was selected as sorbent taking into account its capacity to retain fat from matrix. This material has been employed in studies which describe pesticide and organic compounds determination in several matrices.33

  Method development and validation

  Taking into account the complexity of the matrix, i.e., breast milk with high fat content, the matrix effect was assessed according to recommendations.34 The matrix effect was determined by the relationship between the values of the angular coefficients of the analytical curves from standard solutions prepared in organic solvent (toluene) and in the breast milk matrix (control sample extract obtained from proposed method). Since values of this relationship (Table 3) were higher than those considered acceptable (< 10%),34 the quantification was performed using the standard addition method, in which the analytical responses of the analytes were obtained with standard solutions prepared in the extract of control matrix.
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  To correct the end volume of the extract and the volume of injection, internal standard was employed, being added in the final extract. Heptachlor was selected as internal standard since it was the least detected organochlorine pesticide in environmental and food samples in Brazil20-23 and recent studies only detected heptachlor epoxide.35 In addition, it was well resolved from the studied pesticides and give excellent response in GC/ECD. Ratio of analytes area and internal standard area and ratio of analytes concentration and internal standard concentration were calculated and employed for quantification.

  Among the twelve evaluated extraction conditions, condition 2 (Table 1) was the one that resulted in the most satisfactory results for all analytes, with recoveries ranging between 67 to 120% (Figure 1). For this condition, average recovery and relative standard deviation (RSD) for the low spiked level (67-120%, < 20%) and for the high spiked level (70-75%, < 9%), respectively were considered satisfactory for the recovery experiments (Table 4).
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  The detection and quantification limits of the method (Table 4) were calculated based on the recovery results obtained with the lowest spiking level and on the control samples.27,28 These values are useful for a first assessing of presence of pesticides in breast milk. Following the Comission Directive 2006/141/EC,36 infant formulae and follow-on-formulae shall not contain residues of individual pesticides at levels exceeding 0.01 mg kg–1 of the product. The selectivity of the method was evaluated by the absence of interfering peaks at the same retention times of the analytes (Figure 2). With the exception of p,p'-DDE, no interfering peak was identified in the control sample. The values of such areas in the control samples were considered in p,p'-DDE concentrations calculation.
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  In Table 5, methods for analysis of pesticides in human milk described in the literature are listed showing concisely extraction procedures and instrumentation used as well as limits of quantification and detection. The great majority used liquid-liquid extraction followed by cleanup and gas chromatography with electron capture detector to determine mostly organochlorinated pesticides.
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  The results of the recovery experiment of the spiked control breast milk samples (lowest spiking level) kept frozen (–4 ºC) (Table 6) show that it is possible to maintain samples at the spiked sample level studied frozen for 12 days without any modification of the concentration of the analytes.
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  Method application: pesticides in breast milk

  Characteristics of the samples

  The proposed method was applied to analyze 62 samples from breast-feeding mothers living in Lucas do Rio Verde, MT, Brazil, who took part in a survey carried out from February to June 2010 in which they answered a questionnaire. The following results are a description of the data collected during the study.

  Among the breast-feeding mothers, 64% were between 20 and 29 years old, the average age being 26 years (RSD = 6). Their level of education demonstrates that 100% of them are literate, having at least started basic education.

  Their professional information show that 21% of them have worked in fields. Only one breast-feeding mother (1.6%) declared to work with pesticide, as an agronomist responsible for a grain warehouse. Some of them (6.5%) worked in the rural area, but not in direct contact with pesticides. Regarding their living place, 43.5% said they have lived in the rural area for some time. Regarding pregnancy and childbirth, 71% were multiparous and 29% were primiparous, with three childbirths in average.

  When asked about the use of domestic pesticides, 50% reported to use some sort of product. Pyrethroids were the most mentioned, either in the form of spray or tablets for electric dispenser. Among the breast-feeding mothers who said they use pesticides at home, 33% used them once or twice a week, whereas 15% used them daily. With respect to fumigation provided by specialized companies, 36% said they have used that service, 53% of them in the last six months. Around 81% of the breast-feeding mothers have been living in Lucas do Rio Verde for up to 10 years, of which 26% have lived there for just 1 year.

  Detection and quantification of pesticide residues in breast milk samples

  Fifty-five percent of the samples had some of the studied pesticides. In 16% of the samples more than one pesticide was detected (Table 7). The frequency of detection per pesticide is shown in Table 8. Considering the fact that organochlorine compounds preferably accumulate in adipose tissues, Table 9 presents the levels of the quantified analytes in µg mL–1 of milk and in mg g–1 of fat. The average fat content of such samples is also presented. The identification of the analytes in one of the analyzed sample, compared with a spiked control sample, is shown in Figure 2.
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  p,p'-DDE was found in 53% of the samples while p,p'-DDT was detected only in 8% (Table 8). Only three of the analytes β-endosulfan, p,p'-DDT and p,p'-DDE were quantified in 19 samples (31%). p,p'-DDT was quantified in samples where p,p'-DDE was also quantified and the ratio between those two compounds confirms a non-recent exposure to DDT.

   

  Discussion

   Among the studied pesticides, those whose use is still authorized in Brazil, α-endosulfan, β-endosulfan, cypermethrin, deltamethrin and trifluralin are commonly applied in soybean, corn, cotton, rice, sorghum, and bean fields in Lucas do Rio Verde.2 The other analytes, i.e., aldrin, p,p'-DDT, α- and γ-HCH were widely used in the past. All these substances are stable and lipophilic (Table 2), which can facilitate their accumulation in the mother's fat and further elimination through breast milk during the lactation period.

  The analysis of complex matrices requires additional care in controlling interferences. The matrix effect is caused by the presence of matrix constituents that can result in an increase or decrease in the analytical response. Due to the high lipid content of human milk that can be co-extracted by extracting solvents, the study of matrix effect was carried out showing the need to use matrix matched standard solutions to overcome this effect.

  The proposed method is an alternative for the simultaneous determination of different classes of pesticides (organochlorines, pyrethroids and dinitroanilines). A diversity of organic solvents and solvent mixtures were necessary to extract the pesticides with different properties from the matrix. Extraction with hexane:acetone (1:1, v/v) and hexane:dichlorometane (4:1, v/v) (condition 2, Table 1) was selected to carry out the validation method. It showed good results regarding accuracy and precision, and the detection and quantification limits were comparable to those presented in the literature (Table 5). Furthermore, the method is simple, rapid, does not require sophisticated equipment, and uses a low quantity of organic solvent. By using solid-phase dispersion with Celite®, it was possible to extract the pesticides and purify extracts in a single step.

  Among the p,p'-DDT metabolites, p,p'-DDE is the most frequently detected among the general population, in view of its low metabolization rate and the fact that food is the primary source of contamination with it. That prevalence of p,p'-DDE over p,p'-DDT suggests a prior exposure to DDT, as the average period needed for the metabolization of p,p'-DDT to p,p'-DDE is twelve months.23

  Three samples presented quantifiable concentrations of p,p'-DDT of the same order of magnitude as p,p'-DDE and much higher than the ones from the other mothers. These concentrations are outliers. These three mothers had in common the fact that they either lived near agricultural area or work in the rural area.

  Excluded these outliers, DDE levels ranged from 0.32 to 6.78 µg g–1 of fat, and were similar to the ones determined in other regions of Brazil, such as in Porto Alegre in 1987/8834 and Rio de Janeiro in 2000;20 and higher than the ones determined in São Paulo and Belo Horizonte in 2001.21 These are studies carried out in very urbanized areas in which the mothers were exposed environmentally and not occupationally. Our results were also of the same order of magnitude as the one carried out in the Madeira River area, Amazonas in 2001/2002.22 This studied population lives alongside the Madeira River, was not occupationally exposed and the diet assessment indicated that the most frequently consumed food was fish. Thus, the authors concluded that the found levels were associated to fish consumption. Other studies carried out in Brazil before the ban of DDT use in agriculture in 1985,18,23 detected much higher concentrations than the ones developed after the ban. DDT use for health campaign in Brazil was forbidden only in 1997 and was used for malaria mosquito control in endemic areas until this year.

  In comparison with data provided by international studies, the levels found herein are above those of p,p'-DDE and below those of α-HCH and γ-HCH found in Croatia,12 and below those of α-HCH and γ-HCH and above those of p,p'-DDE and p,p'-DDT found in China.17

  Although higher than some other results reported in Brazil and worldwide, this difference was not enough to discourage breast-feeding, so all the mothers that took part in this research received a document containing the results of the analyses and an express recommendation to continue breastfeeding, since it provides important benefits for the health of both the baby and mother.

   

  Conclusion

   The developed multi-residue method was demonstrated to be efficient for the determination of different classes of pesticides by combining the analyte extraction and extract purification into a single step. The method was used to evaluate the presence of analytes in breast milk samples taken from women living in Lucas do Rio Verde, Mato Grosso state, a region characterized by large pesticide consumption.
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    Parâmetros de maturação de frutos de tomate como pH, ºBrix, acidez e teores de licopeno e β-caroteno foram avaliados. Cinco agrotóxicos foram quantificados em extratos orgânicos de tomate em diferentes fases de maturação. A técnica de extração sólido-líquido com partição em baixa temperatura (ESL-PBT) foi utilizada para a obtenção desses extratos orgânicos. O efeito da matriz tomate foi calculado a partir dos resultados da análise por cromatografia gasosa com detector de captura de elétrons (CG-DCE). Correlações entre os parâmetros de maturação e efeito matriz foram estudadas. A correlação entre o teor de carotenoides e o efeito matriz foi elevada para todos os pesticidas estudados. Os resultados indicam que o efeito produzido pela matriz tomate está correlacionada com a presença de licopeno e β-caroteno em extratos orgânicos. A análise de componentes principais (PCA) mostrou que o licopeno, caroteno e a mistura de ambos têm efeitos significativos sobre a resposta cromatográfica de pesticidas.

  

   

  
    Some parameters of tomato fruits ripening such as color, pH, ºBrix, acidity and lycopene and β-carotene content were evaluated during the ripening of fruits. Five pesticides were quantified in organic extracts derived from tomatoes at different stages of maturation. The solid-liquid extraction technique with partition at low temperature (SLE-PLT) was used to obtain these organic extracts. The matrix effect of tomato was calculated from the results of analysis by gas chromatography with electron capture detector (GC-ECD). Correlations between maturation parameters and matrix effect were performed. The correlation between the content of carotenoids and matrix effect was high for all pesticides studied. The results indicate that the effect produced by the tomato matrix is correlated with the presence of lycopene and β-carotene in organic extracts. The principal component analysis (PCA) showed that lycopene, carotene and the mixture of both have significant effects on the chromatographic response of pesticides, separating them into distinct groups.

    Keywords: matrix effect, tomato, GC-ECD, PCA

  

   

   

  Introduction

   The tomato (Lycopersiconesculentum Mill) is one of the vegetable with a large market in Brazil and is much appreciated for its high nutritional value. It is rich in vitamin A and C, phosphate and potassium, besides presenting about 95% of water in its composition.1

  Tomato production in Brazil is approximately three million tons per year. Sixty-five percent of this production is destined for fresh consumption and 35% for industrial processing.2 Tomato fruits are highly susceptible to pests so, in order to avoid crop losses, a lot of different pesticides are used to control these pests.3 The successive application of pesticides and non-observance of grace periods thereof make herbicide residues remain in the fruits after harvest. Then, it becomes necessary to analyze pesticide residues in these fruits to ensure the quality of the food being consumed.

  The analysis of trace organic contaminants in foods typically consists of the following consecutive steps: (i) extraction of analytes from the sample, (ii) removal of co-extractives from crude extract and (iii) identification and quantification of target analytes.4 The gas chromatography (GC) is the most used analytical technique in the quantification of pesticides in different foods and environmental matrices. During chromatographic analysis, the matrix components contained in the organic extracts may influence the quantification of analytes of interest generating inconclusive results.5 The change in the chromatographic response due to the presence of co-extractives is named matrix effect. The matrix effect is observed when a considerable difference of response is obtained between standards prepared in the solvent and those prepared in the matrix extract.6

  In samples of tomato the chemical composition of the matrix extracts varies according to the stage of the fruits ripening and the extraction method used. The green color of unripe tomato fruits is due to the presence of chlorophyll. With the onset of maturation, occur the degradation of chlorophyll and the synthesis of yellow pigments, especially β-carotene and xanthophylls. The reddish color is characteristic of ripe fruit, due to the accumulation of lycopene. The colors of the tomato species differ from yellow to orange red depending on the ratio lycopene/β-carotene the fruit has.7 The sugar and organic acid content also varies during maturation. Sugars (sucrose and fructose) constitute about 65% of total soluble solids and accumulate in the final stage of fruit ripening.1

  The presence of tomato co-extractives in the organic extracts obtained in the solid-liquid extraction with partitioning at low temperature (SLE-PLT) cause significant effects on the chromatographic response of pesticides analyzed by GC.8-10 In this study, it was attempted to correlate the observed matrix effect in analysis of five pesticides with certain physicochemical properties of the tomato. Some parameters of tomato fruit ripening such as color, pH, ºBrix, acidity and lycopene and β-carotene content were evaluated during the ripening of fruits. These data were correlated with the observed matrix effect on the analysis of five pesticides by gas chromatography with electron capture detector (GC-ECD).

   

  Experimental

   Samples

  Samples of unripe hydroponic tomato of the salad kind, free of pesticides, were acquired in the market of Viçosa-MG and stored at room temperature during the ripening process.

  The samples were classified into five stages of maturation during the storage period. (1) Pinkish green: between 0% and 10% of the whole surface with reddish or yellowish color; (2) greenish pink: between 10% and 30% of the whole surface with reddish, pinkish or yellowish color; (3) pinkish: between 30% and 60% of the whole surface with reddish or pinkish color; (4) light red: between 60% and 90% of the whole surface having reddish pink or red and (5) red: more than 90% of the fruit surface having intense red coloration.2

  Characterization of tomato samples

  The tomato color was measured with colorimeter "Tristimulus" Minolta® (Ramsey, USA) model CR-400 (illuminant C and 10º viewing angle and color space CIELAB) with direct reading of reflectance of the coordinates "L*" (luminosity), "a*" (green to red) and "b*" (yellow to blue). Four readings were made at the middle region of the fruits in the longitudinal direction.11

  The acidity was determined by titration of the pulp with standardized solution of NaOH 1.00 × 10-1 mol L-1 and 3 drops of phenolphthalein indicator.12

  The pH measurement was performed by direct immersion of the electrode in the tomato pulp, according to the Instituto Adolfo Lutz method.12 The determination of the pH of the pulp was performed using digital benchtop pH meter Homis® (São Paulo, Brazil), model MPA 210.

  The soluble solids content of the pulp of tomatoes was determined by a manual refractometer model 107-0 to 90% BRIX-Biobrix® (São Paulo, Brazil), according to the Instituto Adolfo Lutz method.12 The results were expressed as ºBrix.

  The level of lycopene and β-carotene were estimated spectrophotometrically and expressed as level of lycopene.

  Standard solutions

  Standard lycopene was obtained from tomato samples in advanced ripening stage according to the method proposed by Nunes and Mercadante.13 The obtained crystals (75% m/m)14 were solubilized in petroleum ether and analyzed by GBC Cintra 20 spectrophotometer (Homney, WV, USA) at a wavelength of 470 nm.2

  The solution of β-carotene was prepared by dissolving Sigma standard (Seelze, Germany) in methanol at a concentration of 600 mg L-1. A solution at a concentration of 10 mg L-1 was prepared by diluting in acetonitrile.

  Stock standard solutions of chlorothalonil (99.3% m/m), iprodione (99.3% m/m) and deltamethrin (99.7% m/m), purchased from Sigma Aldrich (Seelze, Germany); chlorpyrifos (99.0% m/m), purchased from Chem Service (West Chester, USA) and permethrin (92.2% m/m) acquired from Syngenta (São Paulo, Brazil) were prepared in acetonitrile at a concentration of 1000 mg L-1 and stored at 4 ºC. From the dilution of stock solutions, solutions were prepared containing five pesticides at concentrations of 10 mg L-1 in the same solvent.

  Obtaining matrix extracts

  The organic extracts from tomato samples in each stage of maturity were obtained from the technique of solid-liquid extraction with partition at low temperature (SLE-PLT).8 Thus, 4.00 g of crushed tomato samples were transferred to a 22 mL vial and added to an extracting mixture comprising 0.5 mL of water, 6.5 mL of acetonitrile and 1.5 mL of ethyl acetate. The system was homogenized and allowed to stand in a freezer at –18 ºC for 6 h. The organic liquid phase was passed through 1.5 g of sodium sulfate and collected into a 10 mL volumetric flask with acetonitrile. The extracts were stored at 4 ºC until the time of analysis by gas chromatography and spectrophotometry.

  Quantification of pigments in the matrix extracts

  The quantifications of lycopene and β-carotene in matrix extracts, in several stages of maturation, were performed in spectrophotometer with wavelength of 470 nm.2 Analytical curves were obtained at concentrations between 0.25 and 2.5 mg L-1 in acetonitrile. Concentrations of two carotenoids in tomatoes organic extracts were calculated by linear regression equation obtained from the analytical curve and were expressed in terms of the concentration of lycopene.

  Analysis by GC-ECD

  A gas chromatograph Shimadzu (Kyoto, Japan) model GC-2014 equipped with an electron capture detector (ECD), auto injector AOC-20i was used for analyzes. The chromatographic separation of the analytes was performed on a HP-5 capillary column from Agilent Technologies (Palo Alto, USA) with a stationary phase consisting of 5% diphenyl and 95% dimethyl siloxane (30 m × 0.25 mm d.i., 0.1 µm film thick), and nitrogen (Air Products, São Paulo, Brazil) with 99.999% of purity as the carrier gas at a flow rate of 1.2 mL min-1. The programming of the oven temperature was 150 ºC (2 min), heated at 40 ºC min-1 to 210 ºC (1 min), then again heated at 40 ºC min-1 to 260 ºC (1 min). Finally the temperature was raised at 30 ºC min-1 to 290 ºC (5 min). The temperatures of the split/splitless injector and detector were 280 and 300 ºC respectively. It was injected 1.0 µL of the sample into the chromatograph at a split ratio of 1:5. The total analysis time was 12.75 min.

  Matrix effect

  Effect of the components of tomato

  Standard solutions containing the five pesticides in the concentration of 100 µg L-1 in acetonitrile and in organic extracts of the matrix were analyzed by GC-ECD. The five organic extracts used were obtained from the SLE-PLT of tomato samples at different stages of maturation. The areas obtained for the analytes in pure solvent were related to areas obtained from the same compounds in organic extract of the matrices using equation 1:

  
    [image: Equation 1]

  

  where X1 is the average of the areas of the pesticide prepared in extract of the matrix and X2 is the average of the areas of the pesticide prepared in pure solvent.

  Effect of lycopene and β-carotene

  In order to evaluate the influence of lycopene and β-carotene in the chromatographic responses of the pesticides, to the standard solutions containing the five pesticides at concentrations of 100, 300 and 500 µg L-1 were added solutions of lycopene, β-carotene and mixtures of both pigments in concentrations of 0.5, 1.0, 2.0, 3.0 and 4.0 mg L-1. These concentrations were chosen based on the concentration of carotenoids found in fruits of tomato, which was approximately 2.0 mg L-1. The percentage of matrix effect was calculated by equation 1. The results were explored using principal component analysis.

  Principal component analysis

  The principal component analysis was performed in order to find patterns in distributions of the five pesticides and to verify the effect of lycopene, β-carotene and mixtures of these two carotenoids on each pesticide with the purpose to extract relevant information about this system.

  A 15 × 15 matrix was built for the multivariate treatment of data. The five pesticides in three concentrations (100, 300 e 500 µg L-1) were defined as samples and were therefore placed in the rows. Lycopene, β-carotene and mixtures of these two carotenoids were defined as variables and therefore were placed in columns. The response used as information of the matrix effect was calculated by equation 1.

  The data were imported by Software MATLAB 7 (The MathWorks, Inc.) and subjected to chemometric treatment using the PLS_Toolbox 6.2 (Eigenvector Research, Inc., USA). The columns of the matrix were autoscaled and then PCA was carried out.

   

  Results and Discussion

   Quantification of pigments in the matrix extracts

  Previous works have shown the influence of the tomato components in chromatographic responses of the pesticides during the analysis by GC.9,10 Pigments are among the major components of the tomato. These pigments, when present in the organic extract, can be deposited into the chromatographic system during the injections or, depending on the conditions of analysis, can be decomposed in the injector forming volatile compounds.15 The estimate of the amount of pigments in the extracts obtained from samples of tomato was performed by UV-Visible spectrophotometry. Absorption spectra of standard solutions of lycopene and β-carotene were obtained in the range 380-600 nm. Figure 1 shows these spectra.

  
    

    [image: Figure 1. Absorption spectra of lycopene]

  

  The levels of these carotenoids in tomato organic extracts, expressed in mg L-1 of lycopene were 0.79, 1.56, 1.60, 2.01 and 2.07 for the stages pinkish green, greenish pink, pinkish, light red and red, respectively (see Table 1).
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  The levels of these carotenoids present in organic extracts confirm the assessment of the maturation stages performed by the relationship of color (a*/b*). The main information acquired is that as the fruit matures, the concentrations of lycopene and β-carotene increase in organic extracts obtained by the technique SLE-PLT, as expected.

  Characterization of tomato samples

  From tomato fruits at each stage of maturation, it was obtained soluble solids data (ºBrix), pH, total titratable acidity and color parameter (a*/b*). Table 1 presents the mean of three replicates obtained for these parameters.

  Statistically, by Tukey's test (p < 0.05) it was not observed changes in the values of ºBrix, pH and total titratable acidity during the period of fruit maturation. Similar results were found in the literature for these parameters.16-19 The relations a*/b* and (a*/b*)2 have been commonly used as an index of fruit maturation and present high correlation with the different foreseen maturation stages.11

  Analysis by GC-DCE

  The chromatographic conditions optimized for simultaneous analysis of the five pesticides allowed a good separation of compounds as can be seen in the chromatogram presented in Figure 2A. The retention time of peaks for each compound was used for identification in the organic extract of tomato. Quantitation of the compounds permethrin and deltamethrin that have more than one peak was performed by summing the areas of the peaks.20

  
    

    [image: Figure 2. Chromatogram of a standard]

  

  It is observed that the presence of tomato co-extractives causes changes in the baseline of the chromatograms and the responses of pesticides are also changed (Figure 2B). However, no interference peak was detected with the same retention time of the pesticides.

  Matrix effect

  Table 2 shows the chemical structure of the five pesticides studied. In previous work it was observed the influence of different matrix components in chromatographic response of these five compounds for analysis by GC-ECD.10,21,22 However, a systematic analysis of the influence of different stages of ripening of the fruit has not been reported in the literature.
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  The percentages of matrix effect were evaluated on the difference of the five pesticides responses when analyzed in pure solvent (acetonitrile) and in tomatoes organic extracts at different stages of maturation. The results are shown in Figure 3.
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  It was observed that for the pesticides chlorothalonil (Figure 3A), iprodione (Figure 3B) and deltamethrin (Figure 3C) there is a positive matrix effect for almost all stages of maturation. For the pesticides chlorpyrifos (Figure 3A), iprodione and permethrin (Figure 3B), the matrix effect over the period of maturation were statistically identical.

  For the pesticides deltamethrin and chlorothalonil it was observed significant changes in the matrix effect due to the maturation stage. These results suggest that the matrix effect shown by the two pesticides has a correlation with the color of the fruit.

  The matrix effect data calculated for each pesticide according to the maturation stage were correlated with the values of ºBrix, total titratable acidity, pH, color and carotenoid concentration. Table 3 presents the results of these correlations.
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  The matrix effect variable in the analysis of pyrethroidspermethrin and deltamethrin presents a linear relationship with color. That is, as the fruit matures, the color increases and the matrix effect to that pesticide is greater. The color of tomatoes is directly related to the concentration of carotenoids. The lycopene accumulation in the fruits is responsible for the appearance of the red color and the presence of b-carotene gives rise to the yellowness.

  The correlations obtained between the matrix effects observed for pesticides in different maturation stages and the concentrations of carotenoids in these stages were quite high. Observing the data obtained so far it can be inferred that as the fruit ripens the color increases, increasing the concentration of lycopene and β-carotene in tomato fruits. The level of 95% confidence the concentration of carotenoids is correlated positively with the effect of all pesticides studied matrix, being significant only for iprodione, as verified by the data of Table 3.

  Principal components analysis

  Figure 4 shows the PCA results considering the matrix effect observed for the five pesticides in solutions containing the lycopene and β-carotene pigments. The results presented in Figures 4A and 4B show that 96.55% of the variance of the data is explained by the first two components. The graph of scores shown in Figure 4A indicates that pesticides suffer the matrix effect produced by carotenoids and this effect is independent of the concentration of pesticide in the range studied (100, 300 and 500 µg L-1). However, iprodione (Figure 4A) has a different behavior. The loadings of the variables lycopene 0.5 mgL-1 and lycopene 3 mg L-1 were responsible for this anomalous behavior, as outlined in Figure 4B. By removing these variables, it was observed a more homogeneous and interpretable distribution of the scores of the samples (Figures 4C and 4D).
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  An interpretation of Figures 4C and 4D indicates that the first component (96.30% of variance) is responsible for the separation of deltamethrin of other pesticides. The mixture of carotenoids, lycopene and carotene showed a greater positive effect on the chromatographic response of deltamethrin, while lycopene and carotene with concentrations of 2 mg L-1 and 0.5 mg L-1 had higher negative effect on the chromatographic responses of the other pesticides. The second component (2.18% of variance) shows that lycopene presents a great effect on the chromatographic response of the permethrin, while carotene concentrations of 2 mg L-1 and 0.5 mg L-1 negatively influenced on response of iprodione. The responses of chlorpyrifos and chlorothalonil pesticides suffered slight negative effect of both, carotene and lycopene, when pure. The second component confirms that the response of deltamethrin suffers positive effect principally from the carotene and lycopene mixture. The results indicate that the concentrations of carotene showed no interpretable behavior of the effect on responses.

   

  Conclusion

   The responses of the analysis by gas chromatography with electron capture detection (GC-ECD) of the studied analytes were affected by components of tomato matrix. These changes could be related to the presence of carotenoids in different stages of maturation. It was observed that, as the fruit matures, there are an increase in concentrations of β-carotene and lycopene in organic extracts obtained by SLE-PLT. This fact made the chromatographic responses of pesticides were significantly changed. The matrix effect in this study was independent of analyte concentration. The principal component analysis (PCA) showed that chromatographic responses of pesticides are affected differently by the presence of lycopene, carotene or a mixture of both. The concentrations of carotenoids in the system did not show linear behavior on the matrix effect on chromatographic responses. When there is matrix effect is recommended to prepare the analytical curve using the extract of the matrix.
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    Neste trabalho relatamos a ciclocondensação entre a 2-metil-7-trifluorometilpirazolo[1,5-a] pirimidino-5-propanoil hidrazida derivada da 2-metil-5-(metilpropanoato-3-il)-7-trifluorometilpirazolo[1,5-a]pyrimidina e doze versáteis 1,1,1-trifluoro-4-alcóxi-3-alquen-2-onas [F3CC(O)C(R2)=C(R1)OMe onde R1 = H, Me, (CH2)2CHCMe2, (CH2)2Ph, (CH2)2CO2Me, Ph, 4-MeC6H4, 4-MeOC6H4, EtO e R2 = H; R1, R2 = -(CH2)4-, -(CH2)5-; R1 = Ph e R2 = Me]. A estrutura molecular dos produtos 5-[(5-trifluorometil-5-hidroxi-4,5-diidro-1H-pirazol-1-il)-1-propan-1-ona-3-il]-2-metil-7-trifluorometilpirazolo[1,5-a]pirimidinas, novos bihetererociclos contendo o espaçador propionil, foram atribuídas com base nos dados de ressonância magnética nuclear (NMR) de 1H, 13C e 19F, e espectrometria de massas (MS).

  

   

  
    Twelve new 5-[(5-trifluoromethyl-5-hydroxy-4,5-dihydro-1H-pyrazol-1-yl)-1-propan-1-one-3-yl]-2-methyl-7-trifluoromethylpyrazolo[1,5-a]pyrimidines were prepared by cyclocondensation between 2-methyl-7-trifluoromethylpyrazolo[1,5-a]pyrimidine-5-propanoyl hydrazide derived from 2-methyl-5-(methylpropanoate-3-yl)-7-trifluoromethylpyrazolo[1,5-a]pyrimidine and a series of versatile 1,1,1-trifluoro-4-alkoxy-3-alken-2-ones [F3CC(O)C(R2)=C(R1)OMe where R1 = H, Me, (CH2)2CHCMe2, (CH2)2Ph, (CH2)2CO2Me, Ph, 4-MeC6H4, 4-MeOC6H4, EtO and R2 = H; R1, R2 = -(CH2)4-, -(CH2)5-; R1 = Ph and R2 = Me]. The structures of new propionyl-spaced biheterocycles were derived from 1H, 13C, and 19F nuclear magnetic resonance (NMR) spectroscopy and mass spectrometric (MS) data.

    Keywords: heterocycles, pyrazolo[1,5-a]pyrimidines, pyrazoles, levulinic acid

  

   

   

  Introduction

  There has been increasing interest in the chemistry of organic trifluoromethyl compounds, largely due to the fact that they show enhanced biological activity and can be used as medicinal or agricultural chemicals, in addition to their role in the development of new potential technological materials. 
    The presence of trifluoromethyl groups in organic substances modifies the physicochemical profile, increasing lipophilicity and metabolic stability.1-3 The synthesis of trifluoromethyl heterocycles using a readily available building block with a trifluoromethyl group has often been found to be superior to selective introduction of a trifluoromethyl group into heterocyclic compounds as well as conversion of a carboxylic group into a trifluoromethyl group.4-8

  Heterocycles are present in a wide variety of drugs, biomolecules and biologically active compounds, and they are often key structural units in pharmaceuticals and agrochemicals.9 Among them, pyrazolo[1,5-a]pyrimidine rings have been shown to possess anti-inflammatory activity,10,11 inhibitory activity against monoamine oxidase, which is crucial in compounds used for the treatment of Parkinson's and Alzheimer's diseases,12 anticonvulsant activity13,14 and cytotoxicity against cancer cell lines.15,16 In addition, some pyrazole derivatives are used as insecticides,17,18 analytical reagents for the complexation of transition metal ions19,20 and ultraviolet stabilizers in the dyeing industry. Owing to their versatile chemotherapeutic uses, a large amount of research has been focused on these nuclei.21

  Recently, we reported the synthesis of methyl 1,1,1-trihalo-4-methoxy-6-oxo-4-heptenoates, derived from renewable levulinic acid, as building blocks for the production of promising trifluoromethyl containing heterocyclic systems.22,23 In a continuation of our interest in the versatility of precursors 7,7,7-trihalo-4-methoxy-6-oxo-4-heptenoates, we herein report an efficient procedure for synthesizing new heterocyclic systems using a propionyl spacer between heterocyclic pyrazolo[1,5-a]pyrimidine and pyrazole nuclei, namely 5-[(5-trifluoromethyl-5-hydroxy-4,5-dihydro-1H-pyrazol-1-yl)-1-propan-1-one-3-yl]-2-methyl-7-trifluoromethylpyrazolo[1,5-a]pyrimidines. The behavior of 2-methyl-7-trifluoromethylpyrazolo[1,5-a] pyrimidine-5-propanoyl hydrazide (2) towards some 1,1,1-trifluoro-4-alkoxy-3-alken-2-ones as potential precursors for interesting biologically active biheterocyclic systems was investigated.

   

  Results and Discussion

   The 2-methyl-7-trifluoromethylpyrazolo[1,5-a] pyrimidine-5-propanoyl hydrazide (2) was obtained from 2-methyl-5-(methylpropanoate-3-yl)-7-trifluoromethyl pyrazolo[1,5-a]pyrimidine 1 as described previously (Scheme 1).22

  
    

    [image: Scheme 1. Synthesis of 2-methyl-7-trifluoromethylpyrazolo]

  

  Various 1,1,1-trifluoro-4-methoxy-3-alken-2-ones (a-l) were obtained by reacting enol ether or acetal with trifluoroacetic anhydride.23,24 The reaction between 3e and 3-amino-5-methyl-1H-pyrazole was performed under conditions described previously22 and there was exclusive formation of 2-methyl-5-(methylpropanoate-3-yl)-7-trifluoromethylpyrazolo[1,5-a]pyrimidine 1 (Scheme 1).22 The condensation of 3-heteroarylpropanoyl hydrazide 2 with 1,1,1-trifluoro-4-methoxy-3-penten-2-one (3b) was carried out in MeOH at 25 ºC for 24 h, and the reactants were not consumed (see Supplementary Information). When performing the reaction at 50 ºC, the reactants were completely consumed after 16 h, leading to biheterocyclic derivative 4b at a yield of 89%. At the refluxing temperature of MeOH, 65 ºC, the reaction led to the same product within the same reaction time with only a slight decrease in yield (85%). The reaction conducted in EtOH at 50 ºC also led to product 4b at 85% yield, although this is again slightly lower than the 89% yield achieved with MeOH; we chose to use EtOH for further cyclocondensations due its lower toxicity and greater eco-affinity. These conditions were extended for the entire series of 1,1,1-trifluoro-4-alkoxy-3-alken-2-ones for cyclocondensations with hydrazide 2 (Scheme 2), the 4,5-dihydro-1H-pyrazole derivatives 4a-l were the only products obtained in the [3 + 2] cyclocondensation reactions. We attempted to perform the aromatization of 1H-pyrazoles (4b, 4d, 4f, 4l) using 98% H2SO4, however, probably due to the hydrolysis of the carboxamide bond, we isolated 3-[(2-methyl-7-trifluoromethyl)pyrazolo[1,5-a] pyrimidin-5-yl]propanoic acid (5), but no amount of the corresponding aromatic 1-substituted 1H-pyrazoles.
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  After the cyclocondensation reactions, each product was isolated, purified by recrystallization or column chromatography, and identified by nuclear magnetic resonance (NMR) spectroscopy, liquid chromatographyelectrospray ionization mass spectrometry (LC-ESI-MS) and elemental analysis.

  The 1H NMR spectra for biheterocyclic derivatives 4a-l showed a general feature, namely displaying signals related to two methylenes from the propionyl chain and the diastereotopic H-4 from the 1H-pyrazole ring overlapping at about δ 2.9 to 3.5 ppm.25 The signal related to methylenes from the propionyl chain consisted of two triplets (multiplets) or an enlarged singlet. The signal for H-6 from the pyrimidine ring was at δ 7.1 to 7.4 ppm. The 13C NMR spectra showed the characteristic signals for each derivative series. Two quartet signals related to the CF3 group were found at about δ 120 ppm with 3JCF 275 Hz, the one related to C6 from the pyrimidine ring was at about δ 155 ppm with JCF 36 Hz, and the one related to C5 from the pyrazole ring was at about δ 90 to 92 ppm with 3JCF 35 Hz. The signals related to propionyl methylenes appeared at 31 to 32 ppm, and the carbonyl carbon signal appeared at about 174 ppm (see Supplementary Information).

   

  Conclusions

   In conclusion, we present a novel method for synthesizing biheterocyclic products, demonstrating the versatility of precursors methyl 7,7,7-trifluoro-4-methoxy-oxohept-6-enoate in cyclocondensations [3 + 3] and [3 + 2]. The dielectrophilic moiety in precursors 3a-l regioselectively reacts with both the 3-amino-5-methyl-1H-pyrazole as well as hydrazide dinucleophiles. This is an efficient protocol for the preparation of diverse 5-[(5-trifluoromethyl-5-hydroxy-4,5-dihydro-1H-pyrazol-1-yl)-1-propan-1-one-3-yl]-2-methyl-7-trifluoromethylpyrazolo[1,5-a] pyrimidine derivatives at good yields. These compounds are interesting structural analogues to central nervous system chemical mediators, making them good subjects for studies of biological activity. To the best of our knowledge, no biheterocyclic 5-[(5-trifluoromethyl-5-hydroxy-4,5-dihydro-1H-pyrazol-1-yl)-1-propan-1-one-3-yl]-2-methyl-7-trifluoromethylpyrazolo[1,5-a]pyrimidines have been previously described.

   

  Experimental

  1H and 13C NMR spectra were collected at 300 K using a Bruker 5 mm dual probe on a Bruker DPX 400 spectrometer (1H at 400.13 MHz, 19F at 376.4 MHz and 13C at 100.62 MHz). Chemical shifts (δ) are quoted in ppm from tetramethylsilane (TMS) and coupling constants (J) are given in Hz. The chemical shifts in the 19F NMR spectrum are quoted in ppm from fluorobenzene at –113.15 ppm which was referenced from CFCl3 at 0 ppm. Melting points were determined using open capillaries on an Electrothermal Mel-Temp 3.0 apparatus. The electrospray ionization (ESI) mass spectra were performed on an Agilent 6460 Triple Quadrupole connected to a 1200 series LC and equipped with a solvent degasser, binary pump, column oven, auto-sampler, and an ESI source. The Agilent QQQ 6460 tandem mass spectrometer was operated in the positive jet stream ESI mode. Nitrogen was used as a nebulizer, turbo (heater) gas, curtain gas, and collision activated dissociation gas. The capillary voltage was set at +3500 V and the nozzle voltage was at +500 V. The ion source gas temperature was 300 ºC with a flow rate of 5 L min-1. The jet stream sheath gas temperature was 250 ºC with a flow rate of 11 L min-1. All samples were infused into the ESI source at a flow rate of 5 µL min-1. Data were acquired in positive MS total ion scan mode (mass scan range m/[image: Caracter 1] 50-650) and in positive MS/MS product ion scan mode. The mass spectra recorded were evaluated by the Qualitative Analysis software from Agilent Technologies. CHN elemental analyses were performed on a Perkin-Elmer 2400 CHN elemental analyzer (University of São Paulo (USP), Brazil).

  Synthesis of 2-methyl-7-trifluoromethylpyrazolo[1,5-a] pyrimidine-5-propanehydrazine 2: general procedure

  A solution of 5 mmol 2-methyl-5-(methylpropanoate-3-yl)-7-trifluoromethylpyrazolo[1,5-a]pyrimidine (1) and 12.5 mmol hydrazine monohydrate in 15 mL anhydrous methanol was heated under reflux for 5 h. MeOH was evaporated under reduced pressure. Then, the solid was washed with distilled water. Product 2 was obtained (80%) as a white solid; m.p. (H2O) 180-181 ºC; 1H NMR (CDCl3, 400 MHz) δ 2.54 (s, 3H, CH3), 2.73 (t, 2H, JHH 6.93 Hz, CH2), 3.01 (s, 2H, NH2), 3.24 (t, 2H, JHH 6.93 Hz, CH2), 6.50 (s, 1H, H3), 6.98 (s, 1H, H6), 7.14 (s, 1H, NH); 13C{1H} NMR (CDCl3, 100 MHz) δ 14.6 (CH3), 31.4 (CH2), 32.7 (CH2), 96.8 (C-3), 105.7 (q, JCF 4.15 Hz, C-6), 119.5 (q, JCF 274.4 Hz, CF3), 133.4 (q, JCF 37.3 Hz, C-7), 150.0 (C-2), 156.5 (C-3a), 159.3 (C-5), 172.9 (CO); 19F{1H} (CDCl3, 376.4 MHz) δ –61.86 (s, CF3); ESI-MS (M + H + Na)+ m/[image: Caracter 2] 311.2.

  General procedure for the synthesis of 5-[(5-trifluoromethyl-5-hydroxy-(3-substituted)-4,5-dihydro-1H-pyrazol-1-yl)-1-propan-1-one-3-yl]-2-methyl-7-trifluoromethyl) pyrazolo[1,5-a]pyrimidines (4)

  A solution of 2-methyl-7-trifluoromethylpyrazolo[1,5-a] pyrimidine-5-propanoyl hydrazide (2) (3 mmol) and 1,1,1-trifluoro-4-alkoxy-3-alken-2-one (3a-l, 3 mmol) in 10 mL ethanol were stirred at 50 ºC until complete dissolution, and the resulting solution was stirred for 16 h. EtOH was removed and residue was dissolved in CH2Cl2 (30 mL); the organic layer was washed with water (3 × 30 mL) and dried with Na2SO4. The solvent was evaporated, resulting in products 4a-l. The crystalline compounds were purified by column chromatography on a silica gel (SilicaFlashR G60, 70-230 mesh) with hexane/ CH2Cl2 (3:1) as an eluent.

  5-[(5-Trifluoromethyl-5-hydroxy-4,5-dihydro-1H-pyrazol-1-yl)-1-propan-1-one-3-yl]-2-methyl-7-trifluoro-methylpyrazolo[1,5-a]pyrimidine (4a): 87% yield as a yellowish white solid; m.p. 81-83 ºC; 1H NMR (CDCl3, 400 MHz) δ 2.54 (s, 3H, CH3), 3.18-3.37 (m, 4H, CH2CH2), 6.48 (s, 1H, H3), 6.99 (s, 1H, H6), pyrazole: 3.18-3.37 (m, 2H, H4'a/ H4'b), 6.96 (m, 1H, H3'); 13C NMR (CDCl3, 100 MHz) δ 14.7 (CH3), 31.9 (CH2), 32.1 (CH2), 96.9 (C-3), 105.6 (q, JC-F 4.23 Hz, C-6), 119.7 (q, JCF 274.4 Hz, CF3), 133.2 (q, JCF 37.0 Hz, C-7), 150.1 (C-2), 156.4 (C-3a), 159.1 (C-5), 174.2 (CO), pyrazole: 44.7 (C-4'), 90.1(q, JCF 34.5 Hz, C-5'), 123.1 (q, JCF 287.8 Hz, CF3), 144.8 (C-3'); ESI-MS (M + H)+ m/[image: Caracter 3] 410.2; anal. calcd. for C15H13F6N5O2 409.1 g mol-1: C, 44.02; H, 3.20; N, 17.11; found: C, 44.3; H, 3.25; N, 17.4.

  5-[(5-Trifluoromethyl-5-hydroxy-3-methyl-4,5-dihydro-1H-pyrazol-1-yl)-1-propan-1-one-3-yl]-2-methyl-7-trifluoromethylpyrazolo[1,5-a]pyrimidine (4b): 80% yield as yellow orange solid, m.p. 79-81 ºC; 1H NMR (CDCl3, 400 MHz) δ 2.04 (s, 3H, CH3), 2.55 (s, 3H, CH3), 3.14-3.30 (m, 6H, -CH2-, H-4 pyr), 6.49 (s, 1H, H-3), 7.0 (s, 1H, H-6); 13C NMR (CDCl3, 100 MHz) δ 14.7 (CH3), 15.6 (CH3), 32.1 (-CH2-), 32.3 (-CH2-), 46.7 (C-4, pyr), 91.5 (q, 2JCF 34.7 Hz, C-5 pyr), 96.9 (C-3 pym), 105.7 (q, 3JCF 4.1 Hz, C-6 pym), 121.3 (q, JCF 274.5 Hz, CF3), 123.9 (q, JCF 287.8 Hz, CF3), 133.2 (q, 2JCF 37.3 Hz, C-7 pym), 150.1 (C-2 pym), 154.7 (C-3 pyr), 156.4 (C-3a pym), 159.1 (C-5 pym), 172.9 (C=O); 19F NMR (CDCl3, 376.4 MHz) d –68.9 (pym), –81.8 (pyr); ESI-MS (M + H)+ m/[image: Caracter 4] 424.2; anal. calcd. for C15H13F6N5O2 423.11 g mol-1: C, 45.4; H, 3.57; N, 16.54; found: C, 45.1; H, 3.6; N, 16.8.

  5-[(5-Trifluoromethyl-5-hydroxy-3-(2-methylpent-3-enyl)-4,5-dihydro-1H-pyrazol-1-yl)-1-pro pan-1-one-3-yl]-2-methyl-7-trifluoromethylpyrazolo[1,5-a]pyrimidine (4c): 68% yield as white solid, m.p. 86-87 ºC; 1H NMR 400 MHz, CDCl3 δ ppm: 1.62 (s, 3H, CH3), 1.69 (s, 3H, CH3), 2.28 (m, 2H, -CH2-), 2.37 (m, 2H, -CH2-), 2.54 (s, 3H, CH3), 2.68 (t, 2H, -CH2-), 2.91 (t, 2H, -CH2-), 3.06 (d, 1H, 2JHH 10 Hz, H-4 pyr), 3.19-3.3 (m, 5H, -CH2-, H-4 pyr), 5.08 (t, 1H, 3JHH 6.6 Hz, =CH), 6.49 (s, 1H, H-3), 7.0 (s, 1H, H-6); 13C NMR (CDCl3, 100 MHz) δ 14.7 (CH3), 17.7 (CH3), 24.8 (-CH2-), 25.6 (CH3), 29.9 (-CH2-), 32.1 (-CH2-), 32.4 (-CH2-), 32.4 (-CH2-), 45.6 (C-4, pyr), 91.3 (q, 2JCF 34.2 Hz, C-5 pyr), 96.8 (C-3 pym), 105.7 (q, 3JCF 4.1 Hz, C-6 pym), 119.8 (q, JCF 274.5 Hz, CF3), 121.9 (=CH), 123.7 (q, JCF 287.4 Hz, CF3), 133.6 (C=), 133.1 (q, 2JCF 37.0 Hz, C-7 pym), 150.1 (C-2 pym), 156.4 (C-3a pym), 158.2 (C-3 pyr), 159.4 (C-5 pym), 173.7 (C=O); 19F NMR (CDCl3, 376.4 MHz) δ –68.9 (pym), –81.8 (pyr); ESI-MS (M + H)+ m/[image: Caracter 5] 492.3; anal. calcd. for C21H23F6N5O2 491.18 g mol-1: C, 51.32; H, 4.72; N, 14.25; found: C, 51.5; H, 4.8; N, 14.2.

  5-[(5-Trifluoromethyl-5-hydroxy-3-(2-phenylethyl)-4,5-dihydro-1H-pyrazol-1-yl)-1-propan-1-one-3-yl]-2-methyl-7-trifluoromethylpyrazolo[1,5-a]pyrimidine (4d): 60% yield as pale brown solid, m.p. 135-136 ºC; 1H NMR (CDCl3, 400 MHz) δ 2.54 (s, 3H, CH3), 2.68 (t, 2H, -CH2-), 2.91 (t, 2H, -CH2-), 3.03 (d, 1H, 2JHH 10 Hz, H-4 pyr), 3.14-3.25 (m, 5H, -CH2-, H-4 pyr), 6.49 (s, 1H, H-3), 6.9 (s, 1H, H-6), 7.18-7.31 (m, 5H, Ph); 13C NMR (CDCl3, 100 MHz) δ 14.8 (CH3), 31.5 (-CH2-), 32.1 (-CH2-), 32.2 (-CH2-), 32.4 (-CH2-), 45.8 (C-4, pyr), 91.3 (q, 2JCF 34.3 Hz, C-5 pyr), 96.9 (C-3 pym), 105.7 (q, 3JCF 4.2 Hz, C-6 pym), 119.8 (q, JCF 275.5 Hz, CF3), 122.1 (q, JCF 287.5 Hz, CF3), 126.5, 128.2, 128.6 (Ph), 133.2 (q, 2JCF 37.1 Hz, C-7 pym), 139.9 (Ph), 150.1 (C-2 pym), 156.5 (C-3a pym), 157.5 (C-3 pyr), 159.4 (C-5 pym), 173.8 (C=O); 19F NMR (CDCl3, 376.4 MHz) δ –68.9 (pym), –81.7 (pyr); ESI-MS (M + H)+ m/[image: Caracter 6] 514.3; anal. calcd. for C23H21F6N5O2 513.16 g mol-1: C, 53.8; H, 4.12; N, 13.64; found: C, 54.0; H, 4.15; N, 13.5.

  Methyl 3-(5-hydroxy-1-(3-(2-methyl-7-trifluoromethyl-pyrazolo[1,5-a]pyrimidin-5-yl)propa noyl)-5-trifluoromethyl-4,5-dihydro-1H-pyrazol-3-yl)propanoate (4e): 89% yield as white solid, m.p. 92-94 ºC; 1H NMR (CDCl3, 400 MHz) δ 2.48 (s, 3H, CH3), 2.61 (m, 4H, -CH2-), 3.01- 3.18 (m, 6H, -CH2-, H-4 pyr), 3.63 (s, 3H, OCH3), 6.42 (s, 1H, H-3), 6.9 (s, 1H, H-6); 13C NMR (CDCl3, 100 MHz) δ 14.7 (CH3), 25.1 (-CH2-), 29.9 (-CH2-), 32.0 (-CH2-), 32.2 (-CH2-), 46.0 (C-4, pyr), 51.9 (OMe), 91.4 (q, 2JCF 33.0 Hz, C-5 pyr), 96.8 (C-3 pym), 105.6 (q, 3JCF 4.1 Hz, C-6 pym), 119.9 (q, JCF 277.7 Hz, CF3), 123.1 (q, JCF 283.4 Hz, CF3), 133.2 (q, 2JCF 42.0 Hz, C-7 pym), 150.1 (C-2 pym), 156.4 (C-3a pym), 156.6 (C-3 pyr), 159.3 (C-5 pym), 172.3 (C=O), 173.7 (C=O); ESI-MS (M + H)+ m/[image: Caracter 7] 496.3; anal. calcd. for C19H19F6N5O4 495.13 g mol-1: C, 46.07; H, 3.87; N, 14.14; found: C, 46.2; H, 3.9; N, 14.35.

  5-[(5-Trifluoromethyl-5-hydroxy-3-phenyl-4,5-dihydro-1H-pyrazol-1-yl)-1-propan-1-one-3-yl]-2-methyl-7-trifluoro-methylpyrazolo[1,5-a]pyrimidine (4f): 68% yield as orange solid, m.p. 94.8-96 ºC; 1H NMR (CDCl3, 400 MHz) δ 2.52 (s, 3H, CH3), 3.1-3.42 (m, 4H, -CH2-), 3.51 (d, 1H, 2JHH 18.6 Hz, H-4 pyr), 3.67 (d, 1H, 2JHH 18.6 Hz, H-4 pyr), 6.47 (s, 1H, H-3), 7.0 (s, 1H, H-6), 7.44 (m, 3H, Ph), 7.67 (m, 2H, Ph); 13C NMR (CDCl3, 100 MHz) δ 14.6 (CH3), 32.2 (-CH2-), 32.5 (-CH2-), 43.4 (C-4, pyr), 92.0 (q, 2JCF 33.0 Hz, C-5 pyr), 96.9 (C-3 pym), 105.6 (q, 3JCF 5.0 Hz, C-6 pym), 119.6 (q, JCF 274.5 Hz, CF3), 122.8 (q, JCF 287.5 Hz, CF3), 126.2, 126.6, 129.5, 131.2 (Ph), 133.3 (q, 2JCF 36.0 Hz, C-7 pym), 150.1 (C-2 pym), 153.3 (C-3 pyr), 156.4 (C-3a pym), 159.3 (C-5 pym), 174.0 (C=O); 19F NMR (CDCl3, 376.4 MHz) δ –68.9 (pym), –81.3 (pyr); ESI-MS (M + H)+ m/[image: Caracter 8] 486.2; anal. calcd. for C21H17F6N5O2 485.13 g mol-1: C, 51.96; H, 3.53; N, 14.43; found: C, 52.1; H, 3.5; N, 14.5.

  5-[(5-Trifluoromethyl-5-hydroxy-3-(4-methylphenyl)-4,5-dihydro-1H-pyrazol-1-yl)-1-propan-1-one-3-yl]-2-methyl-7-trifluoromethylpyrazolo[1,5-a]pyrimidine (4g): 66% yield as yellow solid, m.p. 118.0-120 ºC; 1H NMR (CDCl3, 400 MHz) δ 2.39 (s, 3H, CH3), 2.52 (s, 3H, CH3), 3.2-3.42 (m, 4H, -CH2-), 3.49 (d, 1H, 2JHH 18.6 Hz, H-4 pyr), 3.64 (d, 1H, 2JHH 18.6 Hz, H-4 pyr), 6.47 (s, 1H, H-3), 7.0 (s, 1H, H-6), 7.22 (d, 2H, 3JHH 8.0 Hz, Ph), 7.56 (d, 2H, 3JHH 8.0 Hz, Ph); 13C NMR (CDCl3, 100 MHz) δ 14.6 (CH3), 21.4 (CH3), 32.2 (-CH2-), 32.5 (-CH2-), 43.4 (C-4, pyr), 91.9 (q, 2JCF 35.0 Hz, C-5 pyr), 96.9 (C-3 pym), 105.6 (q, 3JCF 5.0 Hz, C-6 pym), 119.6 (q, JCF 270.0 Hz, CF3), 121.9 (q, JCF 277.5 Hz, CF3), 126.6, 127.2, 129.6 (Ph), 133.3 (q, 2JCF 34.0 Hz, C-7 pym), 141.7 (Ph), 150.2 (C-2 pym), 153.4 (C-3 pyr), 156.4 (C-3a pym), 159.3 (C-5 pym), 174.0 (C=O); 19F NMR (CDCl3, 376.4 MHz) δ –68.9 (pym), –81.4 (pyr); ESI-MS (M + H)+ m/[image: Caracter 9] 500.2; anal. calcd. for C22H19F6N5O2 499.14 g mol-1: C, 52.91; H, 3.83; N, 14.02;  found: C, 53.1; H, 3.9; N, 14.2.

  5-[(5-Trifluoromethyl-5-hydroxy-3-(methoxyphenyl)-4,5-dihydro-1H-pyrazol-1-yl)-1-propan-1-one-3-yl]-2-methyl-7-trifluoromethylpyrazolo[1,5-a]pyrimidine (4h): 95% yield as red solid, m.p. 77-79 ºC; 1H NMR (CDCl3, 400 MHz) δ 2.53 (s, 3H, CH3), 3.2-3.40 (m, 4H, -CH2-), 3.48 (d, 1H, 2JHH 18.5 Hz, H-4 pyr), 3.63 (d, 1H, 2JHH 18.5 Hz, H-4 pyr), 3.86 (s, 3H, CH3), 6.48 (s, 1H, H-3), 6.93 (d, 2H, 3JHH 8.0 Hz, Ph), 7.0 (s, 1H, H-6), 7.62 (d, 2H, 3JHH 8.0 Hz, Ph); 13C NMR (CDCl3, 100 MHz) δ 14.8 (CH3), 32.2 (-CH2-), 32.5 (-CH2-), 43.4 (C-4, pyr), 55.5 (OMe), 91.8 (q, 2JCF 34.0 Hz, C-5 pyr), 96.9 (C-3 pym), 105.7 (q, 3JCF 4.0 Hz, C-6 pym), 114.3 (Ph), 119.6 (q, JCF 270.0 Hz,  CF3), 121.9 (q, JCF 277.5 Hz, CF3), 126.6, 127.2, 129.6 (Ph), 133.3 (q, 2JCF 34.0 Hz, C-7 pym), 141.7 (Ph), 150.2 (C-2 pym), 153.4 (C-3 pyr), 156.4 (C-3a pym), 159.3 (C-5 pym), 174.0 (C=O); 19F NMR (CDCl3, 376.4 MHz) δ –68.9 (pym), –81.3 (pyr); ESI-MS (M + H)+ m/[image: Caracter 10] 516.2; anal. calcd. for C22H19F6N5O3 515.14 g mol-1: C, 51.27; H, 3.72; N, 13.59; found: C, 51.4; H, 3.7; N, 13.8.

  5-[(3-Ethoxy-5-trifluoromethyl-5-hydroxy-4,5-dihydro-1H-pyrazol-1-yl)-1-propan-1-one-3-yl]-2-methyl-7-trifluoro-methylpyrazolo[1,5-a]pyrimidine (4i): 75% yield as white solid, m.p. 97.3-99 ºC; 1H NMR (CDCl3, 400 MHz) δ 1.35 (t, 3H, 3JHH 6.5 Hz, CH3), 2.54 (s, 3H, CH3), 3.0-3.30 (m, 6H, -CH2-, H-4 pyr), 4.23 (q, 2H, 3JHH 6.5 Hz, -CH2-), 6.49 (s, 1H, H-3), 7.0 (s, 1H, H-6); 13C NMR (CDCl3, 100 MHz) δ 14.0 (CH3), 14.7 (CH3), 32.1 (-CH2-), 32.2 (-CH2-), 40.7 (C-4, pyr), 66.2 (OMe), 91.8 (q, 2JCF 34.4 Hz, C-5 pyr), 96.8 (C-3 pym), 105.7 (q, 3JCF 4.1 Hz, C-6 pym), 119.5 (q, JCF 274.4 Hz, CF3), 124.1 (q, JCF 287.8 Hz, CF3), 133.2 (q, 2JCF 37.0 Hz, C-7 pym), 150.1 (C-2 pym), 156.4 (C-3a pym), 159.6 (C-5 pym), 161.8 (C-3 pyr), 173.2 (C=O); 19F NMR (CDCl3, 376.4 MHz) δ –68.9 (pym), –82.6 (pyr); ESI-MS (M + H)+ m/[image: Caracter 11] 454.3; anal. calcd. for C17H17F6N5O3 453.12 g mol-1: C, 45.04; H, 3.78; N, 15.45; found: C, 44.8; H, 3.65; N, 15.8.

  5-[1-(3-Hydroxy-3-trifluoromethyl-3,3a,4,5,6,7-hexahydroindazol-2-yl)-1-propan-1-one-3-yl]-2-methyl-7-trifluoromethylpyrazolo[1,5-a]pyrimidine (4j): 63% yield as yellow oil; 1H NMR (CDCl3, 400 MHz) δ 1.26-1.63 (m, 8H, -(CH2)4-), 2.55 (s, 3H, CH3), 3.04 (m, 1H, CH), 3.18-3.3 (m, 4H, -CH2-), 6.49 (s, 1H, H-3), 7.0 (s, 1H, H-6); 13C NMR (CDCl3, 100 MHz) δ 14.7 (CH3), 23.7, 25.9, 26.4, 27.7 (cyclo-CH2-), 31.2 (-CH2-), 32.5 (-CH2-), 51.8 (C-4, pyr), 90.7 (q, 2JCF 34.0 Hz, C-5 pyr), 96.9 (C-3 pym), 105.6 (q, 3JCF 4.0 Hz, C-6 pym), 118.8 (q, JCF 274.8 Hz, CF3), 120.1 (q, JCF 287.9 Hz, CF3), 133.1 (q, 2JCF 34.0 Hz, C-7 pym), 150.0 (C-2 pym), 156.4 (C-3a pym), 159.1 (C-5 pym), 161.0 (C-3 pyr), 174.1 (C=O); ESI-MS (M + H)+ m/[image: Caracter 12] 464.3; anal. calcd. for C19H19F6N5O2 463.14 g mol-1: C, 49.25; H, 4.13; N, 15.11; found: C, 49.4; H, 4.3; N, 15.2.

  1-(3-Hydroxy-3-trifluoromethyl-3,3a,4,5,6,7,8,9-octahydrocycloocta[c]pyrazol-2-yl)-1-propan-1-one-3-yl]-2-methyl-7-trifluoromethylpyrazolo[1,5-a]pyrimidine (4k): 79% yield as yellow oil; 1H NMR (CDCl3, 400 MHz) δ 1.67 (m, 3H, -CH2-), 1.82 (m, 5H, -CH2-), 2.53 (s, 3H, CH3), 2.65 (m, 2H, -CH2-), 2.73 (m, 2H, -CH2-), 3.04 (m, 1H, CH), 3.22 (m, 4H, -CH2-), 6.48 (s, 1H, H-3), 7.0 (s, 1H, H-6); 13C NMR (CDCl3, 100 MHz) δ 14.6 (CH3), 23.7, 25.4, 26.7, 28.0, 29.5, 30.7 (cyclo-CH2-), 31.6 (-CH2-), 32.2 (-CH2-), 54.6 (C-4, pyr), 91.5 (q, 2JCF 34.0 Hz, C-5 pyr), 96.8 (C-3 pym), 105.6 (q, 3JCF 4.0 Hz, C-6 pym), 122.5 (q, JCF 275.0 Hz, CF3), 123.7 (q, JCF 287.5 Hz, CF3), 133.1 (q, 2JCF 35.0 Hz, C-7 pym), 150.1 (C-2 pym), 156.4 (C-3a pym), 159.4 (C-5 pym), 163.5 (C-3 pyr), 174.0 (C=O); ESI-MS (M + H)+ m/[image: Caracter 13] 492.3; anal. calcd. for C21H23F6N5O2 491.18 g mol-1: C, 51.32; H, 4.72; N, 14.25; found: C, 51.5; H, 4.72; N, 14.5.

  1-(5-Trifluoromethyl-5-hydroxy-4-methyl-3-phenyl-4,5-dihydropyrazol-1-yl)-1-propan-1-one-3-yl]-2-methyl-7-trifluoromethylpyrazolo[1,5-a]pyrimidine (4l): 68% yield as pale brown solid; m.p. 99-101 ºC; 1H NMR (CDCl3, 400 MHz) δ 1.26 (d, 3H, 3JHH 8 Hz, Me), 2.42 (s, 3H, CH3), 3.1-3.32 (m, 4H, -CH2-), 3.71 (d, 1H, 3JHH 8 Hz, H-4 pyr), 6.37 (s, 1H, H-3), 6.9 (s, 1H, H-6), 7.36 (m, 3H, Ph), 7.63 (m, 2H, Ph); 13C NMR (CDCl3, 100 MHz) δ 11.6 (Me),14.6 (Me), 32.0 (-CH2-), 32.2 (-CH2-), 46.0 (C-4, pyr), 92.3 (q, 2JCF 35.0 Hz, C-5 pyr), 96.9 (C-3 pym), 105.6 (q, 3JCF 5.0 Hz, C-6 pym), 120.1 (q, JCF 274.5 Hz, CF3), 123.8 (q, JCF 287.5 Hz, CF3), 127.2, 129.3, 129.5, 131.2 (Ph), 133.3 (q, 2JCF 36.0 Hz, C-7 pym), 150.1 (C-2 pym), 153.3 (C-3 pyr), 156.4 (C-3a pym), 159.3 (C-5 pym), 174.2 (C=O); ESI-MS (M + H)+ m/[image: Caracter 14] 500.2; anal. calcd. for C22H19F6N5O2 499.14 g mol-1: C, 52.91; H, 3.83; N, 14.02;  found: C, 53.0; H, 3.85; N, 14.1.
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    Supplementary Information

    1H and 13C nuclear magnetic resonance (NMR) and mass spectra for 5-[(5-trifluoromethyl-5-hydroxy-(3-substituted)-4,5-dihydro-1H-pyrazol-1-yl)-1-propan-1-one-3-yl]-2-methyl-7-trifluoromethyl)pyrazolo[1,5-a] pyrimidines (4a-l) are shown.

    The 1H and 13C spectra were recorded at 298 K on a Bruker DPX 400 spectrometer (1H at 400.13 MHz, 13C at 100.63 MHz) with a digital resolution of ± 0.01 ppm. All of the chemical shifts are expressed in ppm, and 1H and 13C are reported with respect to internal tetramethylsilane (TMS). Solutions of 0.1 mol L-1 CDCl3 were used (1-4) except with compound 5, for which 0.1 mol L-1 DMSO-d6 was used. H–H and C–F coupling constants are in Hz. Mass spectra were registered in a HP 5973 MSD connected to a HP 6890 GC and interfaced with a Pentium PC. The gas chromatograph (GC) was equipped with a split-splitless injector, auto-sampler, and cross-linked HP-5 capillary column (30 m × 0.32 mm i.d.), and helium was used as the carrier.
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    A investigação química das plantas Phyllanthus cochinchinensis (Euphorbiaceae) levou ao isolamento de três novos glicosídeos fenólicos, filantuosídeos A-C, juntamente com 12 compostos conhecidos. Suas estruturas foram determinadas com base em extensivas análises espectroscópicas e métodos químicos. Dentre eles, filantuosídeos A e B são dois glicosídeos fenólicos raros, com um esqueleto C6-C3-C6. A configuração absoluta dos filantuosídeos A e B foi estabelecida por dicroísmo circular elétrico calculado (ECD) usando teoria do funcional da densidade e a sua abordagem dependente do tempo (TDDFT). Os compostos isolados também tiveram sua citotoxicidade e atividade antimicrobial testadas.

  

   

  
    Chemical investigation of the whole plants of Phyllanthus cochinchinensis (Euphorbiaceae) led to the isolation of three new phenolic glycosides, phyllanthuosides A-C, together with 12 known compounds. Their structures were established on the basis of extensive spectroscopic analysis and chemical methods. Among them, phyllanthuosides A and B are two of the rare phenolic glycosides, featuring with a C6-C3-C6 skeleton. The absolute configurations of phyllanthuosides A and B were established by calculated electric circular dichroism (ECD) using time dependent density functional theory (TDDFT). The isolates were also tested for their cytotoxicity and antimicrobial activity.

    Keywords: Phyllantus cochinchinensis, Euphorbiaceae, phenolic glycosides, cytotoxicity, antimicrobial activity

  

   

   

  Introduction

   The genus Phyllanthus composing of approximate 600 species is one of the largest genera in the family Euphorbiaceae, which is distributed mainly in tropical and subtropical regions throughout the world. Thirty-three Phyllanthus species and four varieties are growing in China, particularly in the south of the Yangtze River. Among them, most species have been used in folk medicine to treat kidney and urinary bladder disturbances, intestinal infections, diabetes, and hepatitis B.1 Phytochemcial investigation of this genus have revealed the occurrence of a large number of bioactive constituents including tannins, alkaloids, flavonoids, lignans, phenols, and terpenes.1-7 Some of them showed potential therapeutic actions as antinociception, treating the genitourinary disturbances, antiviral activity and other pharmacological effects.1-6

  Phyllanthus cochinchinensis mainly grows in the southern parts of China. Previous phytochemical studies carried out by our group on this plant have afforded antifeedant limonoids and sucrose esters.5,7 As a part of our continuing study on bioactive compounds from Phyllanthus species,4-7 three new phenolic glycosides, phyllanthuosides A-C (1-3), together with twelve known compounds were isolated from the whole plants of P. cochinchinensis. Their structures were established by means of extensive spectroscopic analysis and chemical methods. Most of the isolates were tested for their cytotoxicity and antimicrobial activity. The results obtained are discussed herein.

   

  Experimental

   General experimental procedures

  Optical rotations were measured with a HORIBA SEPA-300 high-sensitive polarimeter. Infrared (IR) spectra were measured on a Bio-Rad FTS-135 series spectrometer. UV spectra were recorded on a Shimadzu UV2401A ultraviolet-visible spectrophotometer. Electrospray ionization mass spectrometry (ESIMS) and high-resolution electrospray ionization mass spectrometry (HRESI-MS) were run on an API QSTAR Pular-1 spectrometer. Nuclear magnetic resonance (NMR) spectra were measured in methanol-d 4 or DMSO-d 6 solution and recorded on a Bruker AV-400, DRX-500 or AV III-600 spectrometer, using tetramethylsilane (TMS) as internal standard. Chemical shifts were reported in units of δ (ppm) and coupling constants (J) were expressed in Hz. Column chromatography (CC) was carried out over Diaion HP20SS (Mitsubishi Chemical Industry, Ltd.), silica gel (200-300 mesh, Qingdao Marine Chemical Factory), MCI-gel CHP-20P (75-150 µm, Mitsubishi Chemical Industry, Ltd), and Sephadex LH-20 (25-100 µm, Pharmacia Fine Chemical Co., Ltd. Uppsala, Sweden). Pre-coated silica gel plates (Qingdao Haiyang Chemical Co.) were used for thin layer chromatography (TLC). Detection was done under UV light (254 nm and 365 nm) and by spraying the plates with 10% sulfuric acid followed by heating. Electric circular dichroism (ECD) spectra were tested on a Chirascan Circular Dichroism spectrometer. An Agilent series 1260 (Agilent Technologies) was used for high-performance liquid choromatography (HPLC). An Agilent ZORBAX SB-C18 column 5 µm 143 Å column (250 mm × 9.4 mm) was used for semi-preparative HPLC separation. Gas chromatography (GC) analysis was run on Agilent Technologies HP5890 gas chromatography equipped with an H2 flame ionization detector. The column was 30QC2/AC-5 quartz capillary column (30 m × 0.32 mm) with the following conditions: column temperature: from 180 ºC to 280 ºC; programmed increase, 3 ºC min–1; carrier gas N2 (1 mL min–1); injection and detector temperature at 250 ºC; injection volume of 4 µL, split ratio 1/50.

  Plant material

  The whole plant of P. cochinchinensis was collected from Guangdong Province, People's Republic of China, on December 2011. A voucher specimen (KUN-1215860) was deposited at the State Key Laboratory of Phytochemistry and Plant Resources in West China, Kunming Institute of Botany, Chinese Academy of Sciences, and identified by Mr. Xiao-Ming Fang from South China Botanical Garden, Chinese Academy of Sciences.

  Extraction and isolation

  The air-dried and powdered whole plants of P. cochinchinensis (3.2 kg) were extracted with MeOH (3 times, 3 h each time) under reflux at 60 ºC. Evaporation of the solvent under vacuum gave a residue (270 g), which was suspended in water and then extracted sequentially with chloroform and butanol. The butanol extract (90 g) was chromatographed on Diaion HP20SS eluting with a gradient of MeOH-H2O (1:9 → 9:1, finally MeOH), to give 6 fractions F1-F6. F1 (5.0 g) was fractionated through silica gel CC (CHCl3/MeOH/H2O, 9:1:0.1 → 8:2:0.2) to obtain three fractions. The first fraction was loaded on a column of Sephadex LH-20 (eluted with MeOH/H2O, from 1:9 → 5:5), and then the residue was purified by semi-preparative HPLC (MeCN/H2O, 14:86) to yield 13 (3.0 mg) and 14 (6.0 mg) and 15 (3.0 mg). F2 (6.0 g) was fractionated by silica gel CC (CHCl3/MeOH/H2O, 9:1:0.1 → 8:2:0.2) to afford four fractions (F21-F24). F21 was chromatographed over a column of Sephadex LH-20 (eluted with MeOH/H2O, 1:9 → 5:5), then subjected to MCI-gel CHP-20P CC (eluted with MeOH/H2O, 1:9 → 5:5), and finally purified by semi-preparative HPLC (MeCN/H2O, 15:85) to yield 11 (8.0 mg) and 12 (8 mg). F22 was chromatographed over Sephadex LH-20 CC (eluted with MeOH/H2O, from 1:9 → 2:8), and then subjected to MCI-gel CHP-20P CC and then purified by semi-preparative HPLC (MeCN/H2O, 14:86) to yield 6 (62.0 mg), 7 (10.0 mg) and 8 (17.0 mg). F3 (11.0 g) was subjected to silica gel CC (CHCl3/MeOH/H2O, 9:1:0.1 → 8:2:0.2) to afford three fractions (F31-F33). Fraction F33 was chromatographed over a column of Sephadex LH-20 CC (eluted with MeOH/H2O, from 1:9 → 5:5), and then subjected to MCI-gel CHP-20P CC (eluted with MeOH/H2O, 3:7 → 5:5) to afford 9 (6.0 mg) and 10 (6.0 mg). F4 (6.0 g) was loaded on a silica gel CC (CHCl3/MeOH/H2O, 9:1:0.1 → 8:2:0.2) to afford four fractions (F41-F44). F43 was subjected to Sephadex LH-20 CC (eluted with MeOH/H2O, from 1:9 → 2:8), and then purified by semi-preparative HPLC (MeCN/H2O, 14:86) to yield 1 (4.0 mg), 2 (6.0 mg) and 4 (10.0 mg). F6 (16 g) was subjected to Sephadex LH-20 CC eluted with a gradient MeOH-H2O (1:9 → 6:4) to attain five fractions (F61-F65). F62 was fractionated through silica gel CC, using CHCl3-MeOH-H2O (90:10:1 and 80:20:2) to give two fractions F621 and F622. F622 was chromatographed through semi-preparative HPLC (MeCN/H2O, 14:86) to yield 3 (2 mg). F65 was fractionated through silica gel CC, using CHCl3-MeOH-H2O (90:10:1 and 80:20:2) to obtain 5 (3 mg).

  Phyllanthuoside A (1): colorless amorphous powder; [α]D20 –38.2º (c 0.25, MeOH); UV (MeOH) λmax (log ε) 202 (4.38), 224 (4.14), 272 (3.87); CD (0.08 mM, MeOH) λmax nm (Δε): 201 (3.3), 229 (–6.4), 247 (0.63), 301 (–2.1); IR (KBr) νmax 3425, 2925, 1677, 1599, 1514, 1419, 1268, 1205, 1132, 1075, 1030; 1H and 13C NMR data, see Table 1; positive ESIMS m/[image: Caracter 1] 517 [M + Na]+; positive HRESIMS (m/[image: Caracter 2] 517.1686 [M + Na]+, calcd. for C24H30O11Na 517.1680).

  
    

    [image: Table 1. 1H NMR and 13C NMR spectroscopic]

  

  Phyllanthuoside B (2): colorless amorphous powder; [α]D20 –19.7º (c 0.35, MeOH); UV (MeOH) λmax (log ε) 202 (4.56), 227 (4.29), 280 (4.02), 307 (3.93); CD (0.41 mM, MeOH) λmax nm (Δε): 204 (–3.0), 235 (1.7), 250 (–0.6), 302 (1.1); IR (KBr) νmax 3424, 2934, 1665, 1592, 1514, 1463, 1424, 1269, 1074, 1031; 1H and 13C NMR data, see Table 1; positive ESIMS m/[image: Caracter 3] 517 [M + Na]+; positive HRESIMS (m/[image: Caracter 4] 517.1688 [M + Na]+, calcd. for C24H30O11Na 517.1680).

  Phyllanthuoside C (3): colorless amorphous powder; [α]D22 –14.93º (c 0.25, MeOH); UV (MeOH) λmax (log ε) 203 (4.36), 221 (4.16), 259 (4.46), 294 (3.78), 313 (3.79); IR (KBr) νmax 3425, 2925, 1681, 1625, 1508, 1480, 1436, 1386, 1346, 1264, 1211, 1138, 1040; 1H and 13C NMR data, see Table 2; negative HRESIMS (m/[image: Caracter 5] 1003.2509 [M + Cl]–, calcd. for C43H52O25Cl, 1003.2486).
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  Acid hydrolysis of compounds 1 and 2

   Compounds 1 and 2 (each 3 mg) in 2 mol L-1 HCl-dioxane (1:1, v/v, 5 mL) were heated at 85 ºC in a water bath for 8 h, respectively. The reaction mixtures were partitioned between H2O and CHCl3 (2 mL × 3) four times. The aqueous layer was neutralized with 2 mol L–1 NaOH and then dried to give a saccharide mixture. Solutions of the sugar residues of these compounds in pyridine (2 mL) were added to L-cysteine methyl ester hydrochloride (1.5 mg) and kept at 60 ºC for 1 h. Trimethylsilylimidazole (1.5 mL) was added to the reaction mixtures, which were kept at 60 ºC for 30 min. The supernatants (4 µL) were analyzed by GC, and determined as D-glucose trimethylsilylated L-cysteine derivatives by comparison with a standard (retention time 21.7 min).

  Quantum chemical calculations

  The conformation analysis was carried out using Monte Carlo searching with molecular mechanics MMFF in Sparton'06 (Wavefunction Inc. Irvine, CA). The resulted conformers were re-optimized using DFT at the B3LYP /6-31G (d) level in vacuo. The free energies and vibrational frequencies were calculated at the same level to confirm their stability, and no imaginary frequencies were found. The optimized low energy conformers with energy < 2 kcal mol–1 were considered for ECD calculation. The TD-DFT/ B3LYP /6-311G (d, p) method was applied to calculate the ECD data in vacuo. All the calculations were run with Gaussian 09.8 The excited energies and rotational strength were used to simulate ECD spectra of each conformer by introducing the Gaussian Function. The final ECD spectra of each compound were obtained by averaging all the simulated ECD spectra of all conformers according to their excited energies and Boltzmann distribution.6 The band shape of the calculated ECD curves were all 0.5 eV.

  Cytotoxicity assay

  Five human cancer cell lines, human myeloid leukemia HL-60, hepatocellular carcinoma SMMC-7721, lung cancer A-549 cells, breast cancer MCF-7, and colon cancer SW480, were used in the cytotoxic assay. All the cells were cultured in RPMI-1640 or DMEM (Dulbecco's Modified Eagle Medium) medium (Hyclone, USA), supplemented with 10% fetal bovine serum (Hyclone, USA). The cytotoxicity assay was performed according to the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] method in 96-well microplates.9 Briefly, adherent cells (100 µL) were seeded into each well of 96-well cell culture plates and allowed to adhere for 12 h before drug addition, while suspended cells were seeded just before drug add with an initial density of 0.5 × 105 -1 × 105 cells mL–1. Each tumor cell line was exposed to the test compound dissolved in dimethyl sulfoxide (DMSO) in triplicates for 48 h at 37 ºC, with cisplatinum (DDP) and taxol (Sigma, USA) as positive controls. Then, MTT (50 µL) was added to each well, and the tumor cells were incubated for another 4 h at 37 ºC. After the supernatant liquor was removed, SDS (200 µL) was added to each well. The optical density was measured at 595 nm on a microplate reader. Cell viability was detected and a cell growth curve was graphed. IC50 values were calculated by Reed and Muench's method.10

  Antimicrobial bioassay

  Susceptibility testing was performed using a modified version of the NCCLS methods11,12 using organisms obtained from the American type culture collection (Manassas, VA) including Candida albicans ATCC 90028, Candida glabrata ATCC 90030, Candida krusei ATCC 6258, Cryptococcus neoformans ATCC 90113, and Aspergillus fumigatus ATCC 90906. Detailed procedures have been described in a previous paper.13

   

  Results and Discussion

   The air-dried and powdered whole plants of P. cochinchinensis were extracted with MeOH under reflux. Evaporation of the solvent under vacuum gave a MeOH residue, which was suspended in water and then extracted sequentially with CHCl3 and n-BuOH. The n-BuOH extract was further chromatographed on Diaion HP20SS, silica gel, Sephadex LH-20 and MCI-gel CHP-20P, followed by semi-preparative HPLC purification of the MeOH extract yielded three new compounds (1-3), together with twelve known ones. The known compounds were elucidated as rhamnocitrin (4),14 shannaifen (5),15 vicenin-2 (6),16 schaftoside (7),17 (–)-epicatechin (8),18 8-(2-pyrrolidinone-5-yl)-(–)-epicatechin (9)19 gallic acid 4-methyl ether (10),20 3,4-dimethoxyphenyl-β-D-glucopyranoside (11),21 3,4,5-trimethoxy-phenyl-β-D-glucopyranoside (12),22 koaburaside (13),23 vanilloloside (14),24 di-O-methylcrenatin (15),25 by comparison of their spectroscopic data with reported literature values.

  Compound 1 was isolated as a colorless amorphous powder. Its molecular formula was determined to be, C24H30O11on the basis of positive HRESIMS (m/[image: Caracter 6] 517.1686 [M+Na]+, calcd. 517.1680) and its 13C NMR (DEPT) spectra. The IR spectrum showed the occurrence of hydroxyl (3425 cm–1) and benzene rings (1600-1400 cm–1) groups. Twenty-four carbon resonances were well resolved in the 13C NMR spectrum (Table 1) and further assigned by DEPT and HSQC experiments as one carbonyl (δC 199.3), six quaternary aromatic carbons (δC 111-155), one aliphatic methine (δC 53.8) and six aromatic methines, an oxygenated methylene at δC 75.9 (C-9), and three methoxyls, in addition to one hexosyl moiety. The 1H NMR spectrum of 1 (Table 1) displayed two sets of characteristic ABX coupled aromatic protons at δH 7.16 (1H, d, J = 8.6 Hz), 7.69 (1H, dd, J = 8.6, 1.8 Hz) and 7.59 (1H, d, J = 1.8 Hz), and δH 6.71 (1H, d, J = 8.2 Hz), 6.75 (1H, dd, J = 8.2, 1.9 Hz) and 6.90 (1H, d, J = 1.9 Hz), suggesting the existence of two 1,3,4-trisubstituted benzene rings. Additionally, two aromatic methoxys (δH 3.82, 3.87, each 3H, s), one aliphatic methoxy (δH 3.34, 3H, s), and an anomeric proton signal (δH 5.01, 1H, d, J = 7.6 Hz) were observed apparently. The aforementioned NMR data for 1 were closely resembled to those of evofolin B, 4-hydroxy-1,2-bis(4-hydroxy-3-methoxyphenyl)butan-1-one, a phenolic compound isolated from Tetradium glabrifolium.26 The differences were merely the presence of an additional aliphatic methoxy [δH 3.34, δC 59.3] and one more hexosyl moiety in 1, related to evofolin B. Acid hydrolysis of 1 afforded D-glucose as sugar residue, which was confirmed by GC analysis of its corresponding trimethylsilylated L-cysteine adduct. In the HMBC spectrum of 1 (Figure 1), correlation of the glucosyl anomeric proton (δH 5.01, H-1") with C-4 (δC 152.3) indicated the additional β-D-glucosyl unit located on C-4 position. Moreover, the HMBC correlations of the aliphatic methoxy at δH 3.34 with δC 75.9 (C-9) and H-9 (δH 4.12) with C-7 (δC 199.3, carbonyl carbon)/C-8 (δC 53.8)/9-OMe (δC 59.3) confirmed the location of the aliphatic methoxy on C-9. The ROESY correlations of the glucosyl H-1" with H-5 (δH 7.16/7.17), the 3-OMe with H-2 (δH 7.59) and the 3'-OMe with H-2' (δH 6.90) further confirmed the positions of the β-D-glucosyl and the aromatic methoxy. The absolute configuration of 1 was determined by comparison of the time dependent density functional theory (TDDFT)6 calculated ECD curve with the experimental results (Figure 3). The positive Cotton effects at 200 nm, 250 nm, and 260 nm of 1 agreed well with the calculated ECD curve of the aglycon of 1 with 8S configuration. Thus, the structure of compound 1 was established as shown in Figure 1 and named as phyllanthuoside A.
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  Compound 2, a colorless amorphous powder, had the same molecular formula C24H30O11 as 1, on the basis of the positive HRESIMS (m/[image: Caracter 7] 517.1688 [M+Na]+, calcd. 517.1680) and 13C NMR (DEPT) spectra (Table 1). Acid hydrolysis of 2 afforded D-glucose as sugar residue, which was confirmed by GC analysis of its corresponding trimethylsilylated L-cysteine adduct. The 1H and 13C NMR spectroscopic data (Table 1) of 2 showed close resemblance to those of 1. Extensive analysis of the 1D and 2D NMR data suggested that 2 and 1 had the same C6-C3-C6 skeleton, while the only difference was the position of the β-D-glucosyl group. All the proton and carbon signals of compound 2 could be assigned unambiguously by HSQC, and HMBC analysis (Figure 2). In the HMBC experiment, the glucosyl H-1'' (δH 4.85/4.86) of 2 was correlated with the aromatic carbon at δC 147.38/147.41 (C-4'), indicating that the β-D-glucosyl group in 2 was located on C-4'. This was further confirmed by the ROESY correlation between H-1" with H-5' (δH 7.08/7.09). Other key 1H-1H COSY, HMBC, and ROESY (Figure 2) correlations confirmed the planar structure of 2 as shown in Figure 1. The experimental ECD curve of 2 displayed the mirror image of that of compound 1 with 8S configuration (Figure 3), which suggested its 8R configuration. Thus, the structure of compound 2 was constructed and named as phyllanthuoside B.

  Compound 3, a colorless amorphous powder, possessed a molecular formula C43H52O25, as deduced by the HRESIMS (m/[image: Caracter 8] 1003.2509 [M+Cl]–, calcd for C43H52O25Cl, 1003.2486). The IR spectrum showed the presence of hydroxyl group (3425 cm–1), lactone carbonyl (1736 cm–1) and benzene ring (1625-1400 cm–1). The 13C NMR (DEPT) spectra displayed 43 carbon singals including one carbonyl (δC 169.3), 16 aromatic carbons (δC 101-152), one methylenedioxy (δC 101.3), one oxymethylene (δC 67.2), two methoxys (δC 55.3 and 56.1), and 22 saccharide carbons. The 1H NMR spectrum of 3 exhibited the presence of two aromatic singlets at δH 8.12 (1H, s) and 6.95/6.97 (1H, s), three ABX coupled aromatic protons at δH 6.92/6.94 (1H, d, J = 1.5 Hz), 7.02 (1H, d, J = 7.8 Hz), and 6.79/6.80 (1H, dd, J = 7.8, 1.5 Hz), two non-equivalent γ-lactone methylene protons at δH 5.47 and 5.60 (each 1H, d, J = 14.6 Hz), and a methylenedioxy group with two characteristic protons at δH 6.12 (2H, brs). Furthermore, four anomeric protons at δH 4.83 (1H, d, J = 7.8 Hz), 4.52 (1H, d, J = 7.9 Hz), and 4.18 (2H, d, J = 5.6 Hz) were observed in 1H NMR spectrum. The aforementioned data indicated that 3 is an arynaphthalene lignan with four sugar units.27 The extensive comparison and analysis of 1D and 2D NMR data suggested that 3 shared the same aglycon and saccharide moiety with those of mananthoside J,28 except for the absence of an acetyl group in 3. And the 13C NMR resonances due to the galactosyl unit of 3 were different from that of mananthoside J. Although acid hydrolysis of 3 was not done due to limited amount, the tentative assignments of a galactosysl,29 a glucossyl,30 and two arabinosyls,31 for sugar units of 3 were confirmed on the basis of literature comparison,28 and HSQC, HMBC, 1H-1H COSY, and 1H-1H-TOCSY experiments (SI -Supplementary Information).

  Based on the coupling constants of anomeric protons of galactosyl (7.8 Hz), glucosyl (7.9 Hz), and arabinosyl (5.6 Hz and 5.6 Hz) units, the anomeric configurations of saccharides were determined as β, β, α and α, respectively. The galactosyl moiety was directly linked to the aglycone C-4 by the HMBC correlation between H-1" (δH 4.83, 1H, d, J = 7.8 Hz) and C-4 (δC 144.91/144.95). The ROESY correlation between H-1" (δH 4.83, 1H, d, J = 7.8 Hz) and H-5 (δH 8.12, 1H, s) further confirmed the suggestion. Moreover, the HMBC correlation between glucosyl H-1"'(δH 4.52, 1H, d, J = 7.9 Hz) and galactosyl C-3" (δC 79.4) indicated that glucosyl moiety was linked to the galactosyl C-3". Two arabinosyl groups were located on the galactosyl C-6" and glucosyl C-6"', respectively, as deduced from the HMBC correlations of arabinosyl H-1"" and H-1""'(δH 4.18, 2H, d, J = 5.6 Hz) with galactosyl C-6" (δC 68.5) and glucosyl C-6"' (δC 67.3), respectively. Based on the above evidence, the structure of 3 was determined as shown in Figure 1 and named as phyllanthuoside C.

  It was noted that some aromatic protons and carbons of the new phenolic glycosides 1-3 appeared to be very close pairs of signals in the 1H and 13C NMR spectra acquired at room temperature, due to the equilibrium between two conformational isomers resulting from the slow rotation of the sugar unit around the glycosidic linkage.32 The energy barrier around the glycosidic bond was sufficiently high to prevent fast exchange between the two rotamers at room temperature.33

  All of the isolated compounds, except compounds 7 and 9, were evaluated for their cytotoxicity against five human cancer cell lines (breast cancer MCF-7, hepatocellular carcinoma SMMC-7721, human myeloid leukemia HL-60, colon cancer SW480, and lung cancer A-549). None of them showed cytotoxic activity at a concentration of 40 µmol L–1. These compounds were also tested for their antimicrobial effects, but none displayed activity.

   

  Conclusions

   The present phytochemical investigation of the whole plants of Phyllanthus cochinchinensis led to the isolation and identification of three new phenolic glycosides, phyllanthuosides A-C (1-3), together with twelve known compounds. Phyllanthuosides A and B (1 and 2) are two phenolic glycosides with a rare C6-C3-C6 skeleton. All of the isolated compounds, except compounds 7 and 9 were tested for their cytotoxicity and antimicrobial activity but none of them showed any activity.

   

  Supplementary Information

   1D NMR and 2D NMR spectra for compounds 1-3 are available free of charge at http://jbcs.sbq.org.br as a PDF file.
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    O comportamento fotofísico do corante pseudoisocianina (PIC) foi estudado em solução macromolecular (alginato de sódio) e hidrotrópica (toluenossulfonato e estirenossulfonato de sódio). A localização do corante nestes meios modifica as propriedades espectroscópicas e os tempos de vida dos estados excitados. Os efeitos são atribuídos à interação do corante com as macromoléculas ou sua localização nos agregados hidrotrópicos, que induzem a formação de agregados J ou constringem suas movimentações internas reduzindo a velocidade da conversão interna. Os tempos de vida do estado triplete do corante em alginato foram de 20-30 ns em soluções recém preparadas, enquanto que, deixando a solução repousar por algumas horas o decaimento vira biexponencial com a formação de uma nova espécie com tempo de vida ao redor de 150 ns. Esta última é atribuída às moléculas do corante localizadas no ambiente do alginato.

  

   

  
    The photophysical behaviour of the dye pseudoisocyanine (PIC) was studied in macromolecular (sodium alginate) and hydrotropic (sodium toluenesulphonate and sodium styrenesulphonate) solutions. It was found that the placement of the dye in these media affected the spectroscopic properties and the lifetimes of its excited states. The effects are traced down to the interactions of the dye molecules with the macromolecules or their placement in the hydrotropic aggregates, inducing the formation of J-aggregates of the dye or constraining its internal movements reducing the rate of internal conversion. The lifetimes of the triplet state of the dye in alginate were of the order of 20-30 ns in freshly prepared solutions, whereas when leaving the solution to rest for some hours the decay became biexponential with the growing of a species with lifetime around 150 ns. The latter is assigned to dye molecules placed in the alginate network.

    Keywords: pseudoisocyanine, hydrotropes, alginate, J-aggregates

  

   

   

  Introduction

  The photophysics of the cyanine known as pseudoisocyanine (PIC) has a relative long history due to its early use as a spectral sensitizer in photography.1 Its photophysics is well known.2-4 The monomer band appears around 520 nm with a vibronic shoulder at 490 nm and a smaller one at 460 nm.3 The decrease of the monomer band with increasing dye concentration is accompanied by the appearance of a band at ca. 485 nm on the vibronic shoulder of the monomer band, characterizing the formation of dimers.3 Under some conditions, the dye can also form J-aggregates characterized by a narrow band around 570 nm.5-13

  PIC presents a very short singlet excited-state lifetime (12-18 ps)14,15 and low fluorescence quantum yield (6.8 × 10–5) in low viscosity media.16,17 These facts can be related to the losses of energy by the deactivation of the singlet state by a non-radiative process due to the rotation of the quinolinic rings around the methine bridge. Indeed, the dye 1,1'-methylene-2,2'-cyanine, whose structure differs from PIC only by the rigid linkage of the aromatic rings, has high emission intensity even in fluid media at room temperature.18

  As a result of the efficient non-radiative decay of its singlet excited-state, the triplet state of PIC cannot be detected by direct excitation. However, formation of the PIC triplet can be sensitized by benzophenone.2

  Hydrotropes are amphiphilic compounds, similar to surfactants, that form microdomains that are not as well-organized as micelles.19,20 Hydrotropic media have been intensively explored by industry to improve the solubilization of poorly water-soluble substances.21,22 This effect is more expressive above the so-called minimum hydrotropic concentration (MHC).23 Alginates are biodegradable polymers (copolymers of b-D-mannuronic acid and a-L-guluronic acid linked by 1-4 glycosidic bonds)24-27 that also form microdomains in solution.26 They have been largely studied due to their applications in agriculture,28 pharmacy,24 medicine,29,30 among others.

  In this paper, the spectroscopic and triplet state properties of the dye were studied in solutions which restrict the PIC quinolinic rings rotation, like macromolecules (alginate) and hydrotropes (p-toluenesulphonate and styrenesulphonate) and compared with the behaviour in aqueous and organic solvent solutions.

   

  Experimental

  Chemicals

  Pseudoisocyanine chloride (PICC1, Sigma-Aldrich, 100%), and pseudoisocyanine iodide (PICI, Sigma-Aldrich, 97%), sodium styrenesulphonate (StyS, Sigma-Aldrich, > 99%), sodium p-toluenesulphonate (TS, Sigma-Aldrich, 95%), benzophenone (Vetec, 99%), and sodium alginate (Alg, Sigma-Aldrich) were used as received. Ethanol (Mallinckrodt), methanol (Tedia), butanol (Mallinckrodt), ethyleneglycol (Mallinckrodt), acetonitrile (Tedia) and Milli-Q purified water were used to prepare the solutions. The chemical structure of PIC and the similar 1,1'-methylene-2,2'-cyanine (MEC) are given in Scheme 1.
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  Methods

  Absorption spectra were recorded on a Shimadzu UV-2550 spectrophotometer and fluorescence spectra were obtained using a Hitachi F-4500 spectrofluorimeter at room temperature. For emission studies, PIC was excited at 490 nm. Laser flash photolysis measurements were made with a Luzchem LFP-112/122 system combined with a Quantel Brilliant B Nd:YAG laser delivering 5.2 ns pulses of the second harmonic (532 nm). For transient studies of PIC-TS systems the laser power was 160 mJ, and for PIC-Alg studies, 45 mJ.

  Preparation of solutions

  An aqueous stock solution of PICC1 1.9 × 10–4 mol L–1 (ε522 nm = 8.4 × 104 mol–1 L cm–1) was stored in the dark at low temperature. This solution was diluted with aqueous solutions of StyS, TS or Alg to obtain the concentrations needed for the experiments. For spectroscopic studies, a 2 × 10–3 mol L–1 stock solution of PICI in ethanol was diluted in water, ethanol, methanol, butanol, or ethyleneglycol. Working solutions of the hydrotropes were prepared by diluting 0.8 and 2.0 mol L–1 stock solutions of StyS and TS, respectively. The stock solution of sodium alginate was 2.8 g L–1.

  For flash photolysis measurements, the samples were deaerated by five freeze/thaw cycles under vacuum.

   

  Results and Discussion

  The absorption spectra of PIC in aqueous solution and other solvents are shown in Figure 1a. Except for the difference in the extinction coefficients, all spectra are similar with a small shift to the red (2-4 nm) for the peaks in organic solvents. These effects may be due to the solvent-dye interactions in organic solvents, as already observed for other dyes.
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  On the other hand, as expected, the emission (Figure 1b) increases with solvent viscosity, due to the increasing medium rigidity that reduces the rotation of the aromatic rings around the methine bridge, thus diminishing the internal conversion deactivation of the excited singlet state. This effect is confirmed by the extremely high emission of MEC, that has a similar structure, but an additional ring structure that prevents the rotation around the methine bond.18

  The absorption and emission spectra for PIC in hydrotropic solutions of sodium styrenesulphonate (StyS) and in sodium toluenesulphonate (TS) were investigated in the concentration range 0.03 to 0.6 mol L–1 and 0.2 to 1.8 mol L–1, respectively, as shown in Figures 2 and 3. The selected concentration range encompasses the MHC regions for these hydrotropes, which is around 1.0 mol L–1 for TS and 0.1 mol L–1 for StyS.23

  
    

    [image: Figure 2. Absorption spectra of PIC]
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  As can be seen in Figure 2, the absorption spectra of the dye present a bathocromic shift when in aqueous solution of hydrotropes, together with a moderate increase in the absorption intensity. This behaviour is similar to that observed for PIC in aqueous solutions of poly(methacrylic acid) (PMAA) at low pH and in organic solvents. The changes can be traced to the interactions between PIC and the hydrotropes that are essentially hydrophobic (between the dye and the hydrotrope aggregates above the MHC), and electrostatic (between the sulphonate group of the hydrotrope and the cationic dye). Similar variations of the spectra of PIC in PMAA where assigned to hydrophobic interaction between PIC and the polyelectrolyte in a hypercoiled conformation.22

  The emission of the dye (Figure 3) also increases in hydrotropic medium as observed for PIC in PMAA solution at low pH.21 This behaviour is similar to that found for the dye in other rigid media: the dye-hydrotrope interaction diminishes the mobility of the quinolinic rings and thus emission increases.

  The absorption of PIC in alginate solutions showed two bands, corresponding to monomers at 525 nm (with the corresponding vibronic band at 490 nm) and J-aggregates at 570 nm (Figure 4). It can be observed that, upon addition of increasing amounts of alginate, the increase in the absorbance of the J-aggregates parallels the decrease of the monomer (inset in Figure 4). The excitation spectra of PIC in alginate solutions (not shown), measured around the emission maximum (575 nm) shows the same two peaks. The slight variation in the relative absorption of the peak at 490 nm, assigned by some authors to the formation of H-aggregates,31 has to be attributed to the modification of the vibrational modes when PIC is in the alginate environment, which should affect the vibronic band.

  
    

    [image: Figure 4. Absorption of PIC]

  

  The emission intensity of PIC in different alginate concentrations is shown in Figure 5 and the intensity at the maximum emission peak, 570 nm, is shown in the corresponding inset. The absorption and emission behaviour of the dye can be explained by its location within the alginate macromolecule. At low alginate concentrations, the dye-alginate interaction diminishes the mobility of the PIC quinolinic rings so that the non-radiative decay decreases and the emission increases.
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  As alginate concentration is increased, PIC monomers will be incorporated into the more rigid alginate aggregate domains. Thus, PIC aggregation is favoured and the J-aggregation band increases. This effect is depicted in Figure 6b and can be observed in alginate concentration up to approximately 0.2 g L–1. In this range, the emission intensity of the dye also increases steadily. At higher alginate concentrations, the alginate aggregates start to approach each other allowing the interaction of the already bound to the -COO– dye molecules to interact between them forming induced non-emitting aggregates (Figure 6d). Hence, the emission intensity decreases, whereas the J-band increases. Similar results were found for PIC in solutions of sodium polyacrylate (MM 30,000 D), potassium polyvinyl sulphonate, and sodium poly(styrenesulphonate).32
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  The transient spectra resulting from 532 nm excitation of PIC 5.7 × 10–6 mol L–1 in an aqueous solution of TS 1.8 mol L–1 is shown in Figure 7.

  
    

    [image: Figure 7. Transient spectra of PIC]

  

  The decay of the transient at 740 nm, shown in Figure 8, presents a lifetime of around 7.5 ms. This lifetime is the same found for the decay of triplet PIC sensitized by benzophenone.2 Therefore, it can be assigned to the triplet state of PIC.

  
    

    [image: Figure 8. Transient decay of PIC at 740 nm in aqueous solution]

  

  Longer decay times (around 20-30 ms) were found for the transient absorptions in the 640 and 400 nm regions. The absorption at these wavelengths did not return to the baseline. The same behaviour was also found for the dye in PMAA solution.2 This behaviour can be due to a stable (or long-lived) species formed from the triplet. The dye safranine was found to have the same behaviour in TS and PMAA solutions.33 In this case, the residual absorbance was assigned to the formation of semioxidized or semireduced radical species.

  The transient spectra resulting from 532 nm excitation of PIC 5 × 10–6 mol L–1 in an aqueous solution of Alg 2.5 g L–1 is shown in Figure 9. The transient at 740 nm showed a biexponential decay with lifetimes around 170 ns (68%) and 30 ns (32%). Similar values were found for the transient absorption at 400 nm.

  
    

    [image: Figure 9. Transient spectra]

  

  
    

    [image: Figure 10. Transient decay of PIC at 740]

  

  The experiment was performed again with another solution of PIC in Alg in the same concentrations. The transient lifetimes in 740 nm and in 400 nm were about 20 and 15 ns, respectively. These findings agree with the transient lifetimes of the first analyses, but the other component, which was about 150 ns in the first analysis, did not appear in the later analysis. The appearance of the species with longer lifetime can be related to the long time of resting between the preparation and analysis of the first solution.

  Similar results were found for the PIC transient in Alg solutions containing 0.2 and 1.0 g L–1 of Alg on the same spectral regions.

  These results show that the transient lifetime of PIC in Alg depends on the resting time of the solution. Thus, transient lifetimes between 15 to 30 ns were found for solutions examined immediately after preparation, whereas the 150 ns component was only observed when the solutions were allowed to rest for about 24 h or longer. The 15-30 ns lifetime is assigned to the J-aggregate. When this aggregate stabilizes in alginate medium, its lifetime grows up to about 150 ns.

   

  Conclusions

  Absorption and emission

  Organic solvent solutions compared to water solutions

  No shifts of the peaks of the absorption spectra of PIC were found when increasing the chain length of alcohols. The PIC emission band also remained at the same maximum for all solvents, but the intensity increased with the viscosity of the solvent. This effect is because rigid media prevent the rotation of the aromatic rings around the methine bridge reducing the non-radiative deactivation.

  Hydrotropic solutions

  In the presence of hydrotropes (StyS and TS), the PIC absorption spectra present a bathocromic shift and an increase in the emission. This behaviour is similar to that for PIC in aqueous solution of PMAA at low pH. The dye-hydrotrope interactions diminish the mobility of the quinolinic rings and, thus, the emission increases.

  Alginate solutions

  A band in 570 nm is found when increasing the amount of alginate in aqueous solutions containing PIC. This band was assigned to the formation of J-aggregates of the dye. The PIC fluorescence emission increases with alginate concentration up to 0.2 g L–1. After this concentration, the emission decreases until reaching the same intensity than that of a 2.5 g L–1 aqueous solution. This behaviour can be explained by the initial PIC-alginate interactions diminishing the mobility of the PIC-quinolinic rings, further formation of induced J-aggregates, and final situation with individual dye molecules bound to alginate sites.

  Laser photolysis

  Two species of PIC in sodium p-toluenesulphonate were identified: one with lifetime about 8 ms and another with lifetime from 20-30 ms. The first specie is assigned to the PIC triplet and the other one can be a stable specie of the dye or a long-lived transient. The transient lifetime of PIC in alginate solution depends on the resting time of the solution. Freshly prepared solutions show a transient lifetime between 15 to 30 ns. When the solution is left standing for a couple of hours, a new lifetime component can be identified with a lifetime around 150 ns. The 15-30 ns lifetime is assigned to the J-aggregate and the longer lifetime to the aggregates stabilized in the alginate microenvironment.
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    Micropartículas de poli(3-hidroxibutirato) (PHB) contendo cetoprofeno (KET) como fármaco modelo foram preparadas através da técnica de emulsão-evaporação do solvente O/W. Com o intuito de atribuir uma barreira adicional à liberação do cetoprofeno, micropartículas de KET/PHB foram revestidas por um filme de quitosana através da técnica spray drying. O filme de quitosana foi reticulado com glutaraldeído ou genipin. A eficiência de encapsulação, 60%, foi da mesma ordem de grandeza para todas as formulações de micropartículas estudadas. A influência das concentrações de quitosana e do agente reticulante (glutaraldeído e genipin) na quantidade de cetoprofeno liberado após 1 h, e sobre o prolongamento de liberação em 72 h, foi avaliada através de análises estatísticas, indicando que ambas as variáveis influenciaram as respostas. A liberação do cetoprofeno a partir de micropartículas compostas recobertas com quitosana reticulada foi lenta e sustentável, sendo um transportador polimérico muito promissor para a libertação de fármacos.

  

   

  
    The purpose of this study was to prepare composite microparticles of poly(3-hydroxybutyrate) (PHB) containing the drug ketoprofen (KET) coated with a layer of crosslinked chitosan (CHI) for application as a controlled drug-release system. Microparticles of PHB containing KET as a model drug were prepared using the emulsion-solvent evaporation technique, and coated with a film of chitosan by spray drying to obtain the composite microparticles. The surface film was modified using glutaraldehyde or genipin as the crosslinking agent. The KET encapsulation efficiency of the PHB microparticle was 60%, and the same value was obtained after inclusion of the CHI film by the spray drying process. The influence of the concentration of chitosan used to obtain the composite microparticles and the crosslinking agent on the amount of drug released after 1 and 72 h was evaluated by statistical analysis, and both variables were found to affect the responses. The drug release from the composite microparticles coated with crosslinked chitosan was slow and sustainable, indicating that this represents a very promising polymeric carrier for drug delivery.

    Keywords: controlled drug release, chitosan, poly(3-hydroxybutyrate), genipin, glutaraldehyde

  

   

   

  Introduction

  The technology of controlled drug release involves multidisciplinary aspects and can greatly contribute to advances in the area of human health. New strategies have been investigated for the preparation of controlled-release drug delivery systems based on composite microparticles, because of their local and long-term healing ability.1 The use of polymer microparticles generally leads to a high initial drug release and due to this ‘burst effect' the release cannot be sustained for long periods. This burst release may be prevented by developing more complex drug-loaded delivery systems, such as composite microparticles containing multiple cores of one polymer dispersed in a second continuous polymeric matrix (reservoir-type) or core-shell microparticles consisting of a single core surrounded by a polymeric layer. These systems present additional barriers to drug diffusion, reducing the burst effect and prolonging the drug release.2

  Natural polymers, such as poly(3-hydroxybutyrate) (PHB) and β(1→4)2-amino-2-dioxo-D-(glucopyranose) (chitosan), have gained increasing importance in the development of controlled-release drug delivery systems and implantable biomaterials. PHB is a biodegradable and biocompatible polyester synthesized by numerous bacteria as an intracellular carbon and energy storage compound, offering a high potential for application in drug-delivery systems such as microparticles. However, its high degree of crystallinity leads to the formation of porous microspheres, which influences the drug release.3,4

  Chitosan (CHI) is a polysaccharide obtained from chitin, which occurs principally in the exoskeletons of insects and shells of crustaceans. Various drug delivery systems have been developed using chitosan, due to its excellent biocompatibility, biodegradability, bioactivity, mucoadhesive property and non-toxicity.5,6 However, as it is soluble at pH values below 6, it requires crosslinking in order to modify certain properties of the biopolymer, such as chemical and thermal stability, structural strength, permeability and the ability to modulate the release of active agents.7,8

  Composite systems are often employed in the design of drug delivery platforms to inhibit the so-called burst effect, in which there is a great amount of drug released in the early phase of the process. In this regard, the combination of the biopolymer PHB with chitosan has been reported as an efficient system for prolonged release.4

  Several techniques can be used to prepare polymeric microparticles. The choice of the technique depends on the characteristics of the polymer, the drug and the intended use. Emulsion-solvent evaporation is the method most frequently used to prepare microspheres. In this process, the drug and the polymer are dissolved in an organic phase, which is emulsified in an aqueous phase containing a stabilizing agent, under stirring.3 Spray drying is often used as an encapsulation technique. The principle of spray drying by nebulization is based on the atomization of a solution, containing drugs and carrier molecules, by pumping compressed air through a desiccating chamber, and using a current of warm air for the drying process. Spray drying usually leads to a broad(Gaussian) particle size distribution. The flow rate, nozzle geometry and solution viscosity are the parameters with the greatest influence. In contrast to coacervation, emulsification and freeze-drying methods, the spray drying method is a fast one-step process, and is continuous, easy to scale-up, and inexpensive.9

  A variety of reagents have been used to crosslink chitosan, including glutaraldehyde, tripolyphosphate, ethylene glycol, diglycidyl ether and diisocyanate.10,11 However, studies have shown that the synthetic crosslinking reagents are all cytotoxic (to greater or lesser degrees) and may thus impair the biocompatibility of a chitosan delivery system.12 Also, some researchers have evaluated the crosslinking of chitosan microparticles with glutaraldehyde as well as glyoxyal for the controlled delivery of centchroman, a non-steriodal contraceptive.8 This study demonstrated that the drug release rates may be affected not only by the degree of crosslinking of the microspheres but also by the type of crosslinker used. While these studies indicate promising results for controlled drug release from chitosan microspheres with the use of crosslinking, concerns remain over the toxicity of the crosslinking reagents used, especially glutaraldehyde, with regard to the biocompatibility of the chitosan delivery system.13 Hence, it is desirable to provide a crosslinking reagent for use in biomedical applications that has low cytotoxicity and that forms stable and biocompatible crosslinked products.14,15

  Genipin is a natural water-soluble crosslinker obtained from geniposide, a traditional component in Chinese medicine, and it is isolated from the fruits of the plant Gardenia jasminoides Ellis.16 Sung et al. tested genipin as a reagent for the crosslinking of collagen. They found that genipin was 10,000 times less cytotoxic than glutaraldehyde. It has been used as a crosslinking reagent for the fixation of biological tissues in bioprostheses.17 The biocompatibility of genipin-fixed tissues has been evaluated in several animal studies.15 It was consistently noted that the inflammatory reaction of the genipin-fixed tissues was significantly less than that of their glutaraldehyde-fixed counterparts, which indicates that it is appropriate for use in biomaterials.

  The aim of this study was to obtain PHB/ketoprofen (KET) microparticles coated with a crosslinked chitosan film and compare the drug release of these composite microparticles with samples without the chitosan film coating. The effect of the crosslinking agent (glutaraldehyde or genipin) and concentration of aqueous chitosan solution used in the spray drying on the drug release was also evaluated.

   

  Experimental

  Materials

  Poly(3-hydroxybutyrate) (Mn of 312,800 g mol-1 and polydispersity degree of 1.23, determined by gel permeation chromatography) was kindly supplied by PHB Industrial S. A. (Serrana, São Paulo, Brazil). Ketoprofen (KET) was purchased from All Chemistry (São Paulo, Brazil), chitosan (CHI) (medium molecular weight and deacetylation degree of 75%) from Sigma-Aldrich (USA) and poly(vinyl alcohol) (PVAL) (Mn of 92,000 g mol-1 according to the manufacturer) from Vetec (Rio de Janeiro, Brazil). Glutaraldehyde was acquired from Nuclear (São Paulo, Brazil) and genipin (purity > 98%) from Challenge Bioproducts (Taiwan). All chemicals were used without further purification.

  Preparation of drug-loaded PHB microparticles

  PHB (500 mg) and KET (200 mg) were dissolved in dichloromethane (oil phase or internal phase) and then emulsified in 200 mL of an aqueous solution containing 0.1% (m/v) PVAL as a stabilizer and 6% (v/v) isopropanol (aqueous or external phase), selected based on previous studies by our research group.3 The emulsion was kept under stirring at 600 rpm, at ambient temperature, until the complete evaporation of the organic solvent. The microparticles were washed with distilled water, removed from the water by decantation and dried at room temperature.

  Preparation of PHB/KET-CHI composite microparticles by the spray drying technique

  In order to obtain composite microparticles of PHB/KET-CHI, 1 g of PHB/KET microparticles was dispersed in an aqueous solution of chitosan (1% v/v acetic acid), at 1.0, 1.5 or 2.0% (m/v). The dispersion was then pulverized and dried in a spray dryer (Büchi Mini Spray Dryer B-290, Buchi Inc.) applying the following conditions: inlet temperature of 180 ºC, outlet temperature of 50 ºC, feed flow of 6 mL min-1, drying air flow rate of 35 m3 h-1, and air compressor pressure of 0.7 MPa.18 Under these conditions, the solvent was removed and the dried powder samples were collected from the base of the cyclone.

  Crosslinking of the chitosan in the composite microparticles

  Composite microparticles of PHB/KET-CHI were immersed in an aqueous solution of glutaraldehyde or genipin, to obtain a final composition ratio of 1:10 (1 mol of crosslinking agent to 10 monomeric units of chitosan), at room temperature.11 In the glutaraldehyde aqueous solution, the PHB/KET-CHI microparticles were maintained in phosphate buffer pH 7.4, under stirring for 1 h.4 The genipin aqueous solution was prepared in 2-amino-2-hydroxymethyl-propane-1,3-diol (TRIS), at pH 10.0.15 The microparticles were then washed three times with distilled water to remove the free crosslinking agent and dried at room temperature.

  Scanning electron microscopy (SEM)

  The morphology of the microparticles before and after drug release was analyzed by scanning electron microscopy (SEM), with a Philips XL30 microscope. The samples were coated with gold in a Bal-Tec Sputter Coater SCD005.

  Particle size determination using a Mastersizer analyzer

  The granulometric distribution of the microparticles before and after coating with chitosan was determined by laser diffraction using a Mastersizer 2000 particle analyzer (Malvern Instruments, UK). For the analysis, the sample was pre-dispersed in water and added to the dispersing environment in the Hydro 2000SM apparatus until a laser obscuration index of 10 to 11% was reached. The microparticles were analyzed in triplicate and their size distribution was determined based on the Franhöffer diffraction theory. This parameter is expressed as equivalent volume diameters at 10% (d10%), 50% (d50%) and 90% (d90%) of the cumulative volume, as the average of the diameter values D4,3 and span. The span value indicates the particle polydispersity and it was calculated according to equation 1:19

  
    [image: Equation 1]

  

  Determination of encapsulation efficiency (EE%)

  The encapsulation efficiency is defined as the percentage difference between the initial active agent concentration of the formulation and the drug concentration retained within the particles.

  To determine the amount of encapsulated KET, 10 mg of the microparticles were accurately weighed and maintained in 10 mL of chloroform for 72 h, under stirring.3 The solution was diluted to obtain a drug concentration equivalent to 10 mg L-1, and the absorption band was determined by UV-Vis spectrophotometry (Shimadzu 1601 PC) at 254 nm. The encapsulation efficiency was obtained using equation 2, denoted by EE%. The microsphere drug content was then estimated and expressed as mg %.

  
    [image: Equation 2]

  

  Determination of amine groups present in the chitosan macromolecule

  Initially, to obtain the ninhydrin solution two different solutions were prepared: (i) 1 mL of concentrated acetic acid, 10 mL of NaOH (1.0 mol L-1) and 0.04 g of SnCl2 were mixed and the volume of 25 mL completed with distilled water; and (ii) 1 g of ninhydrin was added to 25 mL of ethylene glycol and kept under stirring until complete solubilization. The two solutions were then mixed and stored in an amber vial.13

  For the assay, 10 mg of PHB/KET-CHI microparticles were added to 4 mL of ninhydrin solution (pH 3.5), and maintained for 20 min at 100 ºC, after which the microparticles were separated by centrifugation. The absorbance was then measured at room temperature by UV-Vis spectrophotometry at 570 nm. The percentage of free amine groups present in the microparticles after the crosslinking process was calculated based on the ratio between the absorbance values for the free amino groups in the crosslinked microparticle (Abscross) and in the non-crosslinking microparticles (Absuncross), as shown in equation 3:13

  
    [image: Equation 3]

  

  In vitro drug release

  In vitro drug release studies were carried out in phosphate buffer solution pH 7.4 at 37 ºC, under constant stirring. The in vitro release of KET was carried out in order to simulate the intestinal transit.20 An amount of microspheres containing 10 mg of the drug was placed into 45 mL of phosphate buffer solution and maintained in a thermostated bath for one week. After pre-determined time intervals samples were withdrawn and immediately returned to the dissolution vessels after analysis. The KET concentration was measured by UV-Vis spectrophotometry, at 260 nm. At the end of the assay, the microparticles were washed with distilled water, centrifuged, dried under vacuum and the morphology evaluated as previously described.

  Statistical analysis

  In order to evaluate the influence of the concentration of chitosan used in the preparation of the composite microparticles and of chitosan crosslinking on the drug release process, analysis of variance (ANOVA), followed by application of the Tukey test when significant differences were indicated (p < 0.05), was carried out using the software Graph Pad Prism®. The percentage of drug release in 1 h and the area under the curve (AUC) at 72 h were used to compare the drug release profiles.

   

  Results and Discussion

  PHB/KET-CHI composite microspheres

  Figure 1 shows the SEM micrographs of the PHB/KET microparticles, which had a spherical shape and rough surface morphology as can be seen in Figure 1b (higher magnification). The roughness of the polymeric matrix is related to the high degree of PHB crystallinity and is normally observed in PHB microparticles prepared through the technique of emulsion-solvent evaporation.21

  
    

    [image: Figure 1. SEM micrographs of the PHB/KET]

  

  The micrographs of composite microparticles obtained after the spray drying process, using chitosan solution at a concentration of 1.5%, show a surface without roughness with small adhered particles of chitosan, as shown in Figure 2a. The surface of the composite microparticles was smoother than that of the PHB/KET microspheres, which is a characteristic of chitosan microspheres,22,23 indicating that the spray drying process was suitable for coating the PHB/KET microparticles with a chitosan film. This characteristic surface morphology changed after the drug release process, due to the degradation of the chitosan film formed on the PHB/KET microparticle (Figure 2b).

   
    

    [image: Figure 2. SEM micrographs of the PHB/KET-CHI]

  

  Figure 3 shows the SEM micrographs of the composite microparticles after the crosslinking of the chitosan film formed on the PHB/KET microparticles. As expected, the morphologies of the surfaces of composite microparticles after crosslinking showed roughness. However, the morphology of composite microparticles after crosslinking shows a reduction in the surface roughness (Figure 3b), due to a strong network formed through the chemical reaction of amine groups of the chitosan unit with genipin, as shown in Figure 4. On the other hand, the crosslinking process promoted the coalescence of the small microparticles of chitosan present in the medium. Analogous behavior was observed for composite microparticles crosslinked with glutaraldehyde.

  
    

    [image: Figure 3. SEM micrographs of composite microspheres]

  

  
    

    [image: Figure 4. Schematic representation of crosslinking]

  

  The adhesion of the PHB to the chitosan macromolecule was due to the formation of hydrogen bonds between the carbonyl groups of the polyester and the hydroxyl and amino groups of the chitosan.24,25

  The mechanisms of chitosan crosslinking with genipin have been studied by many researchers. Yuan et al. proposed that under basic conditions the ring-opening reaction of genipin occurs via a nucleophilic attack by OH– in aqueous solution to form intermediate aldehyde groups and subsequent ring-opening polymerization via aldol condensation.13 Butler et al.25 studied the mechanism of the crosslinking between genipin and chitosan and two mechanisms have been proposed to explain this reaction. One is a slower reaction, which involves a nucleophilic carbon of the genipin ester group being replaced by a secondary amide with the release of methanol. The other mechanism is a reaction that occurs through a nucleophilic attack of the primary amine at the genipin C3 carbon, forming an intermediate aldehyde.25

  The complete reaction (Figure 4) involves the amine groups of chitosan, where the genipin structure is interconnected with the highly stable intermolecular cross-covalent bonds linking the chitosan chains.

  Particle size analysis

  Figure 5 shows the curves for the size distribution of the PHB/KET microparticles as a function of volume percentage before and after the coating with chitosan at a specific concentration by the spray drying technique. The dimensions and granulometric distribution are important parameters in the characterization of the microparticles since they are directly correlated with the release rate and the conditions of the administration procedure.26
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  The average size of the microparticles increased with the addition of chitosan, with an average size of 31.33 µm for particles of PHB/KET and 31.97, 36.02 and 40.34 µm for particles of PHB/KET obtained with aqueous chitosan solutions of 1.0, 1.5 and 2.0%, respectively. These results are consistent with those obtained in the study by He et al. involving the preparation of chitosan microparticles by spray drying, in which larger particles were obtained when the concentration of the aqueous chitosan solution was increased from 0.1 to 0.2%.18

  Table 1 shows the geometric diameters (µm), average d10%, d50% and d90%, D4,3 and span values, for the microparticles.

  The microparticles coated with the 2.0% aqueous chitosan solution show a larger volume than the microparticles coated with the 1.5 and 1.0% chitosan solutions, since under the experimental spray drying conditions the architecture of the drop is fixed and reflects in the structure of the dry particle formed.

  The polydispersity was more pronounced in the PHB/KET microparticles coated with 1.0% of chitosan, indicating that there was increased formation of smaller microparticles than those of PHB/KET, which may be attributed to the formation of particles of pure chitosan associated with a higher span value, as shown in Table 1.
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  KET encapsulation efficiency of the microparticles

  For the PHB/KET microparticles obtained by emulsion an average encapsulation efficiency of 64.0 ± 0.2% was obtained, in agreement with values reported by Bazzo et al.,4 who prepared these microparticles using factorial planning designs to obtain higher levels of the encapsulated drug. The encapsulation efficiency of the drug was less than 100%, indicating that some of the drug was dissolved in the aqueous phase during the preparation of the PHB/KET microparticles.

  The PHB/KET-CHI composite microparticles obtained by spray drying presented EE% values 2 to 8% lower than those for the microparticles without chitosan film. The solubilization of drugs in acetic acid solution can lead to subsequent loss of the active principle into the external phase during the preparation process. However, encapsulation by spray drying is a rapid process in which KET/PHB microparticles are in contact with the acidic environment for only a short time. Because of this fast process, the spray drying technique has advantages over other techniques in the encapsulation efficiency. Bazzo et al. prepared PHB/CHI/KET composite microparticles by the solid-in-water-in-oil emulsion-solvent evaporation technique and obtained low EE% values (34.6 to 23.3%).4 In this study, the EE% values for the composite microparticles were practically the same as those for the PHB/KET microparticles, indicating that the spray drying procedure was effective in maintaining the drug content.

  On comparing the drug encapsulation efficiencies (EE%) before and after the chitosan crosslinking process, no relevant difference was observed in the EE% values. Table 2 shows the drug encapsulation efficiencies for the composite microparticles (uncrosslinked and crosslinked with glutaraldehyde or genipin).
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  Determination of amine group content and crosslinking degree

  The product from the reaction of the primary amine groups of CHI and ninhydrin is purple. This chromophore product is not observed when secondary or tertiary amines are formed during the crosslinking reaction. In fact, the difference in the color intensities is related to the amount of free amines in the medium.13 The positive reaction of ninhydrinin with the PHB/KET-CHI composite microparticles after the reaction with the crosslinking agent permitted the percentage of free amine groups in the microparticles to be calculated, as shown in Table 3. As expected, the amount of amine groups increased when a higher concentration of chitosan in solution was used to obtain the composite microparticles, due to an increase in the chitosan film thickness. On the other hand, the crosslinking reaction occurs from the outside to the inside of the particle and the reaction time remained constant regardless of the chitosan concentration. Thus, it is likely that a gradient in the crosslinking degree occursfrom the surface to the interior of the particle.
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  Based on the ratio between the free amino groups before and after the chitosan crosslinking process it is possible to estimate the crosslinking degree. As expected, for the same concentration of crosslinking agent, the percentage of amino groups increases with the concentration of chitosan solution used in the crosslinking process, and the two crosslinking agents presented the same order of efficiency, where 1 mol of crosslinking agent reacts with 2 mol of the chitosan repeating unit.25,27

  Studies have shown a variation in the crosslinked chitosan efficiency at different pH values, and with glutaraldehyde crosslinking is carried out at slightly acidic or neutral pH to avoid the complete protonation of the amino groups.8 Mi et al. investigated the crosslinking of chitosan films with genipin under different pH conditions.15 They observed a crosslinking degree of 45.4% for films with 1% (m/v) of crosslinked chitosan at pH 9.0. Yuan et al. reported that the maximum crosslinking degree for crosslinked chitosan microparticles with 0.5 mg of genipin was 32%.13 The low degree of microparticle crosslinking is attributed by the authors to the fact that the crosslinking reaction mainly occurs in the outer layers, since the microparticles were crosslinked under optimum pH and time conditions,4,15 as described in the methods section. Thus, we can conclude that no crosslinking occurred in the inner layers.

  The color of the composite microparticles changed from orange to tan or blue after treatment with glutaraldehyde or genipin, respectively, in the chitosan crosslinking process, as shown in Figure 6. This is in agreement with the observations of Yuan et al., where the crosslinking of chitosan increased the unsaturated bonds and changed the final color of the composite microparticle.13
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  In vitro drug release

  The PHB/KET microparticles showed an initial drug (KET) release in the first hour of 75%, increasing to 85% after 5 h, as shown in Figure 7. The release of a drug from polymeric microparticles occurs through desorption of the drug from the surface of the particles, diffusion of the drug through the pores of the polymeric matrix, erosion of the polymeric matrix, polymer degradation or a combination of different processes.28 As PHB degrades very slowly, the release profile of a drug from a PHB matrix is generally dependent on drug diffusion, rather than on polymer degradation, which occurs after 20 days.29 A substantial reduction in the initial burst was observed for the composite microparticles with chitosan film, maybe due to the creation of an additional barrier to drug diffusion. This reduction was even greater after the chitosan crosslinking, as shown in Figure 7. This effect becomes more pronounced with an increase in the chitosan concentration used in the spray drying process. It has been reported that a higher viscosity of the chitosan solution leads to a reduction in the burst effect.30
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  In this study, we used glutaraldehyde in order to evaluate the influence of chitosan crosslinking on the KET release profile. However, due to the toxicity of glutaraldehyde, the effect of using genipin as the crosslinking agent was also compared. The two crosslinking agents showed the same drug-release profile and thus genipin should be applied since it is not damaging to health.

  In order to evaluate the effect of the concentration of the chitosan solution and the degree of crosslinking with glutaraldehyde on the capacity of the microparticles to prolong the drug release and decrease the burst effect, the release values in the first hour and the area under the curve (AUC) of the release profiles (Figure 8) were analyzed by ANOVA, indicating that both variables influenced the KET release (Fcalculated > Ftabulated, α = 0.05).The ANOVA results verified that there were significant differences between the AUC values for the uncrosslinked composite microparticles and those crosslinked with glutaraldehyde, regardless of the chitosan concentration used.
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  Through the application of the Tukey test it was shown that the increase in the chitosan concentration from 1.0 to 1.5 or 2.0% significantly decreases the AUC obtained at 72 h. However, the prolonging effect was more significant when the chitosan concentration was increased from 1.0 to 1.5% (p < 0.05). As discussed above, the chitosan layer over the PHB microspheres forms an additional barrier to the drug diffusion, with a reduction in the drug delivery rate over time. However, although it is also significant, the prolongation effect (amount of AUC at 72 h) was less prominent when the chitosan concentration was increased from 1.5 to 2.0% (p > 0.05).

  The Tukey test was applied to evaluate the influence of the chitosan and crosslinker concentrations on the burst effect and the results showed that there was a significant reduction within 1 h of release when the concentration of chitosan was increased from 1.0 to 1.5% and from 1.5 to 2.0% (p < 0.05). This indicates that there was a reduction in the burst effect when using a higher chitosan concentration either before or after the crosslinking (Figure 8).

  The drug release rates can be controlled by varying the concentration of chitosan film or crosslinking reagent. In order to study the drug release from the PHB/KET-CHI microparticles using a natural crosslinking agent, genipin was used as an alternative chitosan crosslinking agent. The prolonging effect on the drug release was significant at all concentrations of chitosan solutions and was found to b e effective when compared to uncrosslinked microparticles with the same concentrations of chitosan. Figure 8 shows the burst effect and prolongation of the release of ketoprofen from PHB/KET microparticles coated with uncrosslinked chitosan film and crosslinking with glutaraldehyde or genipin. The prolongation release values for the composite microparticles with chitosan film obtained with 1.0, 1.5 and 2.0% of chitosan solution were 13.0, 15.0 and 20.0%, respectively. Tukey's test showed comparable results for the microparticles crosslinked with glutaraldehyde, a more significant drug release prolongation being observed when the chitosan concentration was increased from 1.0 to 1.5% (p < 0.05) compared with from 1.5 to 2.0% (p > 0.05).

  The ANOVA results showed that the chitosan concentration after crosslinking with genipin influenced the amount of drug released in the first 1 h of assay (burst release) (Fcalculated > Ftabulated, α = 0.05). The application of the Tukey test showed that there was a significant reduction in the drug release in the first hour for the microparticles crosslinked with genipin when the concentration of chitosan increased from 1.0 to 1.5%, indicating an effective reduction in the burst effect (p < 0.05). However, when the chitosan concentration was increased from 1.5 to 2.0%, the difference between the values for one hour of release was not statistically significant.

  Thus, we can conclude that the release test results indicated that the addition of chitosan film crosslinked with glutaraldehyde or genipin led to a prolongation of the drug release and minimized the burst effect. The use of higher concentrations of chitosan was an important factor in reducing the burst effect and also in prolonging the drug release from the microparticles crosslinked with genipin (Figure 8).

  A comparison of the burst effect associated with the two crosslinking reagents showed no significant difference when the concentration of chitosan in the composite microparticles was 1.0%, but when the chitosan concentration was increased, genipin was more effective as a crosslinking reagent. However, in terms of the effect of prolonging release, there was no significant difference between the crosslinking agents.

  In view of the chemical reactions associated with the crosslinking of a layer of chitosan on the composite microparticles described above, it is evident that, as a crosslinking agent, genipin is as appropriate as glutaraldehyde, being a natural substitute and much less toxic than glutaraldehyde. Genipin also offers the advantage of not compromising biodegradability.15

   

  Conclusions

  The results obtained in this study suggest that by producing composite microparticles using a second biocompatible and biodegradable polymer, such as a crosslinked chitosan film, it is possible to prolong the release of KET from PHB microparticles. Employing the spray drying technique it was possible to obtain PHB/KET-CHI microparticles and this can be considered a promising method for preparing composite microparticles.

  The use of higher concentrations of chitosan and crosslinking resulted in a diminished burst effect and also a prolonged release of the KET. Genipin was as efficient as glutaraldehyde as a crosslinking agent and thus it can be used as a natural and much less toxic substitute for chitosan crosslinking for pharmaceutical and medicinal uses. Furthermore, it is also possible to modulate the release of the active agent from these systems by obtaining different degrees of chitosan crosslinking.
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    Este trabalho descreve um método para quantificação dos alcaloides harmana e harmina na polpa e nas sementes dos frutos de maracujá azedo (Passiflora edulis f. flavicarpa O. Degener, Passifloraceae), por extração dual por sorção com barra magnética e cromatografia líquida de alta eficiência com detecção por fluorescência (SBSE-LC/Flu dual). Os parâmetros para SBSE foram otimizados usando planejamento fatorial e o método dual SBSE-LC/Flu foi validado seguindo os parâmetros do International Conference on Harmonisation of Technical Requirements for Registration of Pharmaceuticals for Human Use (ICH). A grande sensibilidade e o pequeno manuseio da amostra tornam o método SBSE-LC/Flu dual atraente para aplicação em análise fitoquímica ou de alimentos.

  

   

  
    A method for the quantification of the alkaloids harmane and harmine in sour passion fruit (Passiflora edulis f. flavicarpa O. Degener, Passifloraceae) pulp and seeds by stir-bar sorptive extraction and high performance liquid chromatography with fluorescence detection (dual SBSE-LC/Flu) is described. The SBSE parameters were optimized using a fractional factorial design, and the dual SBSE-LC/Flu method was validated following the International Conference on Harmonisation of Technical Requirements for Registration of Pharmaceuticals for Human Use (ICH) guidelines. The high sensitivity and minimal sample handling of the dual SBSE-LC/Flu method make it attractive for application in phytochemical analysis or in the food industry.

    Keywords: dual SBSE-LC/Flu, fractional factorial design, harmane alkaloids, sour passion fruit

  

   

   

  Introduction

   The methods most frequently used for isolating and concentrating organic compounds involve organic solvent extraction, which is time-consuming. Moreover, excessive handling of samples may lead to serious errors, besides the fact that sample preparation is considered to be potentially the most polluting step of analysis. For this reason, alternative methods that use an extractant as fractionating and pre-concentrating agent, such as stir-bar sorptive extraction (SBSE), are being used increasingly in the study of trace compounds in several kinds of matrices. SBSE is a preparation technique with a high capacity for enriching solutes from aqueous samples: for example, in our previous studies about infusions of the leaves of the medicinal species Passiflora alata Dryander ("maracujá", in Portuguese), a method was developed and validated to determine pesticide residues through direct sampling by SBSE combined with gas chromatography-electron capture detector/flame photometric detector (GC-ECD/FPD) and gas chromatography-mass spectrometry (GC-MS).1 SBSE requires small amounts of solvent and is based on the use of a stir bar incorporated in a glass tube coated with a stationary phase, the most well-known of which is polydimethylsiloxane (PDMS). The stir bar is placed in the aqueous sample and the analytes are distributed between this matrix and the PDMS phase during stirring.2,3

  The fact that the SBSE technique reduces the total amount of solvent used in the analytical procedure and that stir bars are reusable are also major advantages from the standpoint of green analytical chemistry.4 However, the combination of stir-bar sorptive extraction with liquid chromatography (SBSE-LC) is still underexplored, despite its potential applications in several fields such as biological and food analysis.5,6

  PDMS is a non-polar material, and one of the most severe limitations of this SBSE coating is the poor recovery of highly polar analytes. On the other hand, combining SBSE with liquid desorption and high performance liquid chromatography (HPLC) may be an attractive approach for the analysis of alkaloids of intermediate polarity in complex samples, such as in food analysis. The literature offers several strategies to improve the extractability of polar compounds, including dual mode SBSE extraction,5 which was utilized in this work. Ochiai et al.7 optimized and validated a dual mode SBSE extraction multi-residue method to determine pesticides in vegetables, fruits and tea. In this method, two extractions were performed simultaneously: one extraction with 30% NaCl, mainly targeting hydrophilic (polar) analytes with log Ko/w < 3.5 (log octanol/water partitioning coefficient) and another, without the addition of NaCl, targeting hydrophobic (low-polarity) analytes with log Ko/w > 3.5.

  Among SBSE applications, the analysis of substances naturally found in fruits has elicited increasing interest. Passiflora edulis f. flavicarpa O. Degener (Passifloraceae family; passion fruit or sour passion fruit) is a tropical fruit native to Brazil, the world's largest producer of this species, where it is known popularly as "maracujá" or "maracujá azedo" (sour passion fruit) and is widely cultivated, mainly for the use of its pulp in the food industry to produce processed juice and candies.8

  Flavonoids are reported to be the major phytoconstituents of sour passion fruit.These compounds include C-glycosyl flavonoids such as isoorientin, orientin, vitexin, and isovitexin, which are also found in the leaves.9-11 The flavonoid content in P. edulis pulp is reportedly quite significant in comparison with other sources of flavonoids, such as orange juice and sugarcane juice.10 Zeraik et al. correlated the isoorientin content with antioxidant activity and suggested passion fruit as a possible source of natural antioxidants.12 Sour passion fruit pulp showed a higher antioxidant capacity than sugarcane juice in both radical scavenging (2,2-diphenyl-1-picrylhydrazyl, DPPH •) and ceric reducing antioxidant capacity (CRAC) assays.13 The analysis of sour passion fruit rind extracts also showed a high content of the flavonoid isoorientin and the radical scavenging (DPPH•) ability was higher than that of pulp extracts.14 In short, also due to its high nutritional value and flavonoid contents, sour passion fruit can be considered a functional food.8,12,14

  In addition to flavonoids, various indole harmane-derived alkaloids are reportedly present in Passiflora leaves.15,16 Despite the popular use of passion fruit juice as an anxiolytic drug,8 only one study has attributed this effect to the presence of alkaloids.17 This report also shows the investigation of the alkaloid content in P. edulis Sims (0.012 mg kg-1) juiceand in P. edulis f. flavicarpa (0.7 mg kg-1) juice by thin layer chromatography and densitometric quantification using Dragendorff's reagent, and the identification of harmane (1), harmine (2), harmol (3) and harmaline (4), Figure 1.17
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  Probably due to the difficulty of analyzing alkaloids in complex samples, such as fruit pulp or juices, the alkaloids in passion fruit pulp are still a little investigated subject. On the other hand, a number of pharmacological activities affecting mainly the central nervous system have been attributed to these alkaloids, as well as the antioxidant action, immunomodulatory effects and cardiovascular action of harmane alkaloids.18,19 Moreover, the literature on Passiflora chemistry also relates toxicity, probably due to cyanogenic glycosides and indole alkaloids, with P. incarnata, which is the most extensively studied species.8 However, only one study about the toxicity of P. edulis leaves' aqueous extract has shown hepatobiliary and pancreatic toxicity in rodents and humans.20

  Another reason for investigating the harmane alkaloid content in passion fruit is the growing applications of its by-products, since there are several ongoing technological efforts to reduce waste and add value to the by-products of passion fruit juice production. For example, pressing of its seeds yields oil, which is mostly used in cosmetics, and the seed press residue can also be used by the cosmetic industry in exfoliating products or as an ingredient in the production of animal feed. The commercial use of these by-products, however, requires a more in-depth knowledge about their chemical composition to avoid safety and toxicological problems.21

  Several HPLC methods have been reported for the analysis of harmane alkaloids in Passiflora, but not specifically for P. edulis pulp. Rehwald et al.15 attempted to determine the concentration of harmane alkaloids in 17 different samples of P. incarnata by reverse-phase HPLC, but only one of their samples contained trace amounts of harmane (ca. 0.1 mg L-1). Using HPLC with selective fluorimetric detection, Tsuchiya et al.22 made a quantitative analysis of several β-carboline alkaloids in P. incarnata. The vegetative parts of greenhouse-cultivated P. incarnata contain 0.012 and 0.007% of harmane and harmine, respectively, while the content of these alkaloids in plants grown in the field has been reported as 0.005% and nil, respectively.15,23 Abourashed et al.24 analyzed harmane alkaloid contents in the leaves of 91 Passiflora species, among them P. edulis Sims, using accelerated solvent extraction (ASE), followed by acid-base and solid phase extraction on cation exchange resin before reverse-phase HPLC-UV/photodiode array detector (PAD) analysis. P. edulis Sims was found to contain concentrations of 0.02 mg L-1 of harmane and 0.11 mg L-1 of harmine.

  This article describes the development and validation of a method for quantifying the alkaloids harmane and harmine (Figure 1, 1 and 2, respectively) in sour passion fruit pulp and seeds through direct sampling by dual mode SBSE combined with liquid chromatography and fluorescence detection (SBSE/LC-Flu). The extraction was optimized by applying a fractional factorial design to investigate the relative contributions and interactions between the numerous experimental variables involved in SBSE. The dual mode was investigated with a view to enhancing the efficiency of the SBSE step. This is the first study involving the analysis of harmane alkaloids using SBSE combined with HPLC.

   

  Experimental

   Samples, chemicals and materials

  A pool of around 10 kg of fruits of Passiflora edulis f. flavicarpa O. Deg. (sour passion fruit) were purchased locally in São Carlos, SP, Brazil, on April 2013. To prepare the pulp and seed samples, all the fruits were cut open with a knife and the pulp with seeds were removed with a spoon. The pulp without seeds was mixed in order to obtain a homogeneous sample and was stored at –20 ºC prior to its use. The seeds were separated by using a domestic sieve and dried on a conventional laboratory oven without forced ventilation at 40-45 ºC, until constant weight (around 72 hours). The dried seeds were triturated in a domestic blender and ground; only particles between 0.5-1.0 mm were utilized for the extractions.

  Methanol and acetonitrile were of HPLC grade, both purchased from Tedia (Fairfield, OH, USA). Formic acid was purchased from Merck (Darmstadt, Germany). Water was purified in a Milli-Q system (Millipore, Bedford, MA, USA). Harmane, harmine, harmol, harmalol (98% purity) and harmaline ("purum" grade) standards were purchased from Sigma-Aldrich (Steinheim, Germany).

  Commercial stir bars (TwisterTM) for sorptive extraction were supplied by Gerstel (Mulheim an der Ruhr, Germany) and consisted of glass-encapsulated magnetic stir bars, 20 mm long, with 0.5 mm film thickness, coated with 47 µL of PDMS (code GC 011444-001-00). Prior to their first use, the stir bars were conditioned for 72 h using methanol and dichloromethane (50:50 v/v). The solvent mixture was then discarded and the stir bars were dried in a desiccator at room temperature and heated for 2 h at 300 ºC under a nitrogen stream.

  Optimization of the SBSE process

  Alkaloid extraction was optimized using an experimental fractional factorial design 25-1 (16 trials plus 3 central points) and was performed in triplicate and in random order on three different days. Experiments were conducted to evaluate the influence and interaction of the five selected factors (pH, extraction time, percentage of NaCl, desorption time and percentage of methanol as desorption solvent). Table 1 lists the values of the levels used. MiniTab 16 software was used to calculate the effects and to plot the Pareto chart (p = 0.05) and the estimated response surface.
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  Experiments were conducted separately using harmane and harmine standard solution (20 µg L-1) of each alkaloid in Milli-Q water. After placing a clean stir bar into a 10 mL vial, the vial was capped and stirred at 1000 rpm at ambient temperature for the required time. After the extraction, the stir bar was removed from the sample solution, carefully dried with tissue paper, and completely immersed in an 150 µL vial with the desorption solvent. Desorption was conducted by sonication for the required time. After desorption, the stir bar was removed and the methanol stripping solution was used directly for HPLC-Flu analysis. The response used for optimization was the area of the alkaloid's chromatographic peak. Recovery (R%) of each experiment was calculated by comparing the final concentration of the alkaloid, after the SBSE experiment ([experimental]) with a 20 µg L-1 alkaloid standard solution, using equation 1.

  
    [image: Equation 1]

  

  Dual mode SBSE extraction

  Dual SBSE was performed simultaneously on two aliquots of the same passion fruit sample, under different extraction conditions and using one coated stir bar per sample.

  Analysis of passion fruit pulp

  The first sample of 1 mL of passion fruit pulp was poured into a 10 mL vial with 2 mL of 0.1 mol L-1 NaOH (to ensure pH 13), 5.0 g of NaCl and 7 mL of Milli-Q water. In parallel, a second sample of 1 mL of passion fruit pulp was poured into another vial with 1 mL of 0.1 mol L-1 NH4OH (to ensure pH 10), 5.0 g of NaCl and 8 mL of Milli-Q water. A stir bar was used in each vial to stir the samples for 120 minutes at 1000 rpm and room temperature. After sampling, the stir bars were removed, rinsed with purified water and dried with tissue paper. The stir bars were then desorbed by sonication for 60 minutes in the same vial with 150 µL of methanol. After desorption, the stir bar was removed and the methanol stripping solution was used directly for HPLC-Flu analysis.

   Analysis of passion fruit seeds

  The first sample of 1.0 g of passion fruit dried seeds was poured with 1 mL of 1.0 mol L-1 NaOH (to ensure pH 13), 5.0 g of NaCl and 9 mL of Milli-Q water. In parallel, a second sample of 1.0 g of passion fruit dried seeds was poured into another vial with 0.3 mL of 0.1 mol L-1 NH4OH (to ensure pH 10), 5.0 g of NaCl and 9.7 mL of Milli-Q water. A stir bar was used in each vial to stir the samples for 120 minutes at 1000 rpm at room temperature. After sampling, the stir bars were removed, rinsed with purified water and dried with tissue paper. The stir bars were then desorbed by sonication for 60 minutes in the same vial with 150 µL of methanol. After desorption, the stir bar was removed and the methanol stripping solution was used directly for HPLC-Flu analysis.

   HPLC analysis

  Samples were filtered through a 0.45 µm Millex-HV PVDF membrane (Millipore, New Bedford, MA, USA) prior to HPLC analysis. HPLC analyses were carried out with a Waters Alliance 2695 liquid chromatograph (Waters, Milford, MA, USA) coupled to a Waters 2996 photodiode array detector (UV/PAD) and a Waters 2475 fluorescence photodiode array detector (Flu/PAD), controlled by Waters Empower software. The separation was performed using a Waters X-Terra® C18 column (250 mm × 4.6 mm i.d., 5 µm) preceded by an X-Terra® C18 guard column (2.0 cm × 4.0 mm i.d.; 5 µm), also from Waters. Chromatographic conditions were: 0.5% formic acid in acetonitrile (solvent A) and 0.5% formic acid in water (solvent B). The gradient was programmed from 20 to 34% A for 10 min, and 34 to 20% A for 18 min. The flow rate was 1 mL min-1, the column temperature was 25 ºC and the injection volume was 10 µL. To detect harmane, the fluorescence detector was set at λexcitation = 254 nm and λemission = 425 nm, and to detect harmine, the detector was set at λexcitation = 254 nm and λemission = 410 nm. The alkaloids were identified in passion fruit samples by direct comparison with standards (fluorescence and UV spectra and retention time).

  Analytical validation

  Validation of the dual SBSE/HPLC-Flu method was performed according to the International Conference on Harmonisation of Technical Requirements for Registration of Pharmaceuticals for Human Use (ICH) guidelines,25 which establishes the evaluation of the following parameters: specificity, linearity and range, accuracy, precision (repeatability and intermediate precision), limit of detection (LOD) and limit of quantification (LOQ). The dual method was validated using passion fruit pulp samples and seed samples, separately, which were spiked with harmane or harmine solutions, also separately.

  To examine the specificity, the purity of the peaks was checked using fluorescence detector software. Sections of the spectra corresponding to the upslope and downslope of each peak were overlapped, and peaks were considered pure when the two spectral sections coincided.

  The linearity was determined by the correlation coefficients of the analytical curves, which were built by analyzing the working solutions at five different concentration levels, spiking the samples of passion fruit pulp or seeds with volumes of the stock solution of harmane (100.0 µg L-1 in methanol) or harmine (100.0 µg L-1 in methanol). For the analysis of passion fruit pulp, final concentrations were from 0.1 to 70.0 µg L-1 and for the analysis of the seeds, final concentrations were from 0.1 to 20.0 µg L-1.

  Recovery experiments were performed to evaluate the accuracy of the methods. Passion fruit samples were spiked with three concentration levels of the alkaloids (pulp samples: spiked with 0.1, 30.0 and 70.0 µg L-1 in methanol; seed samples: spiked with 0.1, 10.0 and 20.0 µg L-1 in methanol) prior to extracting the alkaloid. The spiked samples were analyzed in triplicate. Accuracy was expressed as the percentage of deviation between the amount of standard found by HPLC-Flu analysis and the amount added at the three concentration levels examined.

  Repeatability was estimated by injecting in triplicate, on the same day, spiked samples containing three different concentrations of alkaloids (pulp samples: spiked with 0.1, 30.0, and 70.0 µg L-1; seed samples: spiked with 0.1, 10.0 and 20.0 µg L-1). Intermediate precision was determined by analyzing, in triplicate, the same solutions employed in the repeatability test on three consecutive days. Precision was expressed in terms of relative standard deviation (RSD).

  LOD and LOQ were estimated experimentally by injecting standard solutions of harmane and harmine diluted in methanol until the signal-to-noise ratio for the standards reached a 3:1 ratio for LOD and 10:1 for LOQ.

  Quantitative analysis of harmane and harmine in passion fruit samples

  The alkaloids in the passion fruit samples were quantified by the standard addition method, using analytical curves constructed from samples spiked with a stock solution of harmane (100.0 µg L-1 in methanol) or harmine (100.0 µg L-1 in methanol) to reach a final concentration in the range of 0.1 to 70.0 µg L-1 each in the case of pulp samples and in the range of 0.1 to 20.0 µg L-1 each in the case of seed samples. This procedure was repeated in quintuplicate. The amount of harmane was calculated based on the peak area at λexcitation = 254 nm and λemission = 425 nm and the amount of harmine was calculated based on the peak area at λexcitation = 254 nm and λemission = 410 nm. Data were expressed as the mean ± standard deviation (SD).

  Gas chromatography-mass spectrometry (GC-MS)

  To confirm the presence of alkaloids in passion fruit pulp samples, the extracts were analyzed by GC-MS. A Shimadzu GC2010 plus (Kyoto, Japan) gas chromatography system was used, coupled to a mass selective detector (Shimadzu MS2010 plus) operating in electron ionization (EI) mode (electron impact, 70 eV). The GC was fitted with a DB5 fused silica column of 30 m × 0.25 mm i.d. × 0.25 mm film thickness of 5% phenyl, 95% dimethylpolysiloxane (J & W Scientific, Agilent Technologies, Santa Clara, CA). The oven temperature was programmed from 50 to 300 ºC at a heating rate of 5 ºC min-1. The injector and detector temperatures were held at 200 ºC; injector split ratio was 1:3 and helium was used as the carrier gas under a pressure of 60 kPa. The interface temperature was 300 ºC. The spectra were acquired in scan and selected ion monitoring (SIM) mode and, in the latter mode, harmane was monitored using m/[image: Caracter 1] 182, 181 and 154 ions and harmine using m/[image: Caracter 2] 212, 197 and 169 ions.

   

  Results and Discussion

   Passion fruit juice is usually prepared at home by beating the pulp and seeds in a domestic blender. In contrast, industrially processed juice uses only the pulp, which is separated from the seeds by depulpers through centrifugation and in batches to separate the pulp from the peel and seeds. Therefore, and also considering the possibility of applying the SBSE-LC method, for example, in routine analyses for quality control or safety inspection, the analytical method was developed using seedless passion fruit pulp and also the separated seeds.

  Preliminary assays were performed by thin layer chromatography (TLC) to choose the harmane alkaloids for quantitative investigation in this work. The results of the TLC assays suggested the presence of harmane and harmine by direct comparison of the P. edulis fruit pulp and seed extracts with authentic commercial standards. The identity of these alkaloids was confirmed in the passion fruit extracts analyzed by HPLC-UV/PAD and Flu/PAD, by comparing their retention time (tR) and spectra with those of commercial standards of harmane, harmine, harmol and harmalol. Using as criteria the coincidence of tR, UV/PAD and fluorescence spectra, and also considering GC-MS data, two alkaloids - harmane and harmine (Figures 2 and 3) - were identified unequivocally in both pulp and seed extracts.
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  Different gradient programming, flow rate (0.8 and 1.0 mL min-1) and mobile phase (organic solvent - methanol or acetonitrile - and their proportion) were also tested to determine an adequate resolution and shortest possible analysis time for the quantitative analysis of alkaloids. Although reverse-phase HPLC separation of basic alkaloids, such as the indole alkaloids, has been described as suffering from peak tailing,15 the addition of 0.5% formic acid to water and to acetonitrile (pH ca. 3.5) resulted in good separation of all the analytes.

  The performance of UV/PAD and Flu/PAD detection were compared and the latter was chosen for the analysis of Passiflora extracts due to its higher sensitivity, and also considering the good selectivity achieved by the adequate choice of λexcitation and λemission for each alkaloid, which also provided high sensitivity.

  Optimization of the SBSE extraction

  Experimental design, which considers several variables simultaneously, seems to be the most convenient approach in searching for optimal operating conditions in a reasonable number of runs.26Therefore, this methodology was used to optimize the extraction of harmane and harmine from passion fruit samples. For this optimization step, each alkaloid was investigated separately and the procedure described in the Experimental section "Optimization of the SBSE process" refers to the optimized conditions for each alkaloid.

  Based on the literature,1,27-29 five variables that could affect the SBSE extraction efficiency were selected to define the experimental field, using three different levels: NaCl percentage (m/v), pH, extraction time, desorption time and percentage of methanol as desorption solvent (Table 1). The sample volume (10 mL), stirring speed and stir bar type/size were kept constant during optimization. Preliminary experiments also indicated that the optimization should be conducted separately with harmane and harmine in order to achieve the highest extraction efficiency for each alkaloid.

  The effect of the samples' pH on their extraction efficiency was investigated in the range of 3.0 to 13.0, considering that the extraction yield in SBSE is correlated with dissociation constants of the analyte30,31 in aqueous solution, harmane and harmine may exist in three differently charged species, and the equilibria are governed by two pKa values (harmane: 14.50 and 8.6; and harmine: 14.43 and 8.0). The structure of harmane and harmine has two sites of dissociation - the weakly acid NH group of the indole ring and the basic nitrogen atom of pyridine.32,33 Thus, at higher pH, alkaloids are expected to be in the neutral form and to exhibit lower water solubility, making them very suitable for SBSE extraction by the PDMS phase. For good reproducibility of the analytical method, the ionization state of the alkaloids must be controlled.

  The Pareto chart shows that pH level has a significant effect on extraction efficiency (Figure 4). Notwithstanding recommendations to avoid too acidic (pH < 2) or too basic (pH > 9) conditions in order to prevent PDMS-phase degradation and to extend the lifetime of PDMS-coated stir-bars,34 these problems were not observed since the robustness of the PDMS stir bar was confirmed in over 40 extractions with a minimum loss of extraction efficiency.
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  One of the difficulties in extracting alkaloids from passion fruit is their polarity: harmane has log Ko/w = 3.1 and harmine has log Ko/w = 3.56, which means they are considered intermediate polarity alkaloids. For polar analytes (log Ko/w < 3.5), the percentage of recovery increases with the addition of inert salts because the extraction performance of SBSE for polar compounds depends strongly on the ionic strength of the sample matrix.5 In the case of passion fruit samples, the ionic strength of the matrix was adjusted by adding 0 to 50% (m/v) of NaCl. It was observed that increasing the percentage of NaCl enhanced the extraction efficiency, possibly due to the salting-out effect and the electrostatic interactions between polar molecules and NaCl ions in sample solution. In the step of liquid desorption, the nature of the stripping solvent, desorption time and desorption volume are the most frequently studied variables.5 To minimize the solvent volume, liquid desorption was performed in a vial containing a 150 µL glass insert. Since harmane and harmine are completely soluble in methanol, the percentage of methanol as desorption solvent was also studied (Table 1). The Pareto chart (Figure 4) shows the influence of each investigated factor on the response, as well as the possible cross-effects among these factors. Considering the chromatographic peak area of harmane or harmine as the response, the results demonstrated that the effects of pH and the percentage of NaCl and methanol are significant factors (p < 0.05). The percentage of NaCl vs. that of methanol interaction was found to be statistically significant (p < 0.05), as was pH vs. percentage of methanol and pH vs. percentage of NaCl. This interpretation can be confirmed by the response surface (Figure 5), which shows the optimal level for each variable. The highest response in harmane extraction was obtained with pH 13, 50% NaCl, 100% methanol, extraction time of 120 min and desorption time of 60 min, which resulted in a recovery rate of (98.76 ± 0.16)%.
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  In harmine extraction, all the effects are significant factors (p < 0.05). Figure 3 also shows the response surfaces of several interactions. The highest response in harmine extraction was obtained with pH 10, 50% NaCl, 100% methanol, extraction time of 120 min and desorption time of 60 min, which resulted in a recovery rate of (97.36 ± 0.11)%.

  Theoretical recoveries can be predicted considering theoretical values of Ko/w and the volume of PDMS, since sorption equilibrium, and therefore recovery, are also dependent on the β phase ratio (volume of the water phase divided by the volume of the PDMS phase).35 Since the sample volume was 10 mL and the volume of PDMS phase was 55 µL, the theoretical value for recovery calculated using Twister Recovery Calculation™ was 94.5% for harmine and 85.5% for harmane. Thus, the experimental results exceeded the theoretical recovery values.

  The extraction conditions were optimized individually for harmane and harmine and applied in the dual mode SBSE extraction. A major advantage of the dual mode is the possibility of simultaneous analysis using different extraction conditions without increasing the overall analysis time. In dual mode, the desorption stage of the two stir bars is performed in the same vial, allowing for the analysis and quantification of both alkaloids in a single chromatographic run while reducing the time and amount of solvent used.

  According to Douglas et al.,31 a property that differentiates harman alkaloids is the pKa values. The pKa value of harmaline is reported to be 10.0 and the equilibria of harmalol and harmol are governed by two pKa values. The pKa values for harmalol are 8.6 and 11.3; while for harmol they are 7.90 and 9.47. These differences were exploited in the optimization of the dual SBSE procedure, and the extraction conditions (one step at pH 10 and another at pH 13) were found to be favorable for obtaining the neutral (non-ionic) forms of harmine and harmane, respectively, which exhibit lower water solubility, making them suitable for SBSE extraction. However, the PDMS phase does not promote the extraction of compounds with log Ko/w < 3.5 (log Ko/w harmol = 1.82; log Ko/w harmalol = 2.19; log Ko/w harmaline = 2.57). In a preliminary test, it was observed that less than 1% of harmol was extracted.

  Like most microextraction techniques, the efficiency of SBSE extraction can also be affected by the composition of the matrix.36 High levels of dissolved or suspended organic matter may compete with the analytes in the PDMS phase on the stir bar, thus possibly changing the extraction yield from one sample to another. Larger volumes of passion fruit sample volumes were found to reduce the extraction efficiency; a similar trend has also been reported in water samples.37 After several tests, the use of a sample amount of 1.0 mL of passion fruit pulp or 1.0 g of dried seeds proved to be the best condition to ensure the high efficiency of the SBSE step.

  The dual mode SBSE extraction of alkaloids standards yielded good results: the recovery rates of (98.87 ± 0.76)% for harmane and (97.82 ± 0.31)% for harmine were also higher than the recovery values calculated using Twister Recovery Calculation™. The results did not differ statistically (Student's t-test, p = 0.05) from those obtained in single mode extraction (discussed in the section Optimization of the SBSE extraction: recovery values of (98.76 ± 0.16)% for harmane and (97.36 ± 0.11)% for harmine). Moreover, considering that the two target alkaloids can be extracted simultaneously, thereby reducing the total analysis time, the dual mode was chosen for validation of the SBSE-LC/Flu method.

  Analytical validation

  The dual SBSE-LC/Flu method was validated following the ICH guidelines.25 Linearity was checked based on the values of correlation coefficients of the analytical curves. All the curves showed a linear response with r2 > 0.99 in the selected spiking range for each sample (Table 2). Fluorescence detection proved to be a highly selective and sensitive method for detecting alkaloids, but the fluorescence emission of harmane was found to be about 3-fold higher than the same amount of harmine. Harmane showed a LOD of 30 ng L-1 and LOQ of 100 ng L-1, while harmine showed a LOD of 100 ng L-1 and LOQ of 400 ng L-1.
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  The analytical performance data for the dual SBSE-LC/Flu method is given in Table 3. The precision of the dual method was estimated by measuring repeatability (intra-day, n = 3) and intermediate precision (in three days, n = 3) at three different levels. All the values of RSD in the repeatability and intermediate precision estimates were below 5%, as recommended by the ICH protocols.25 The accuracy of the method was evaluated by recovery experiments, spiking the samples with the standards at three different concentration levels. Because the passion fruit samples already contained harmane and harmine, the area of their respective chromatographic peaks obtained in the analysis of non-spiked samples was subtracted in the alkaloid recovery calculations. The recovery values ranged from 83.61 to 105.90% and were also in line with ICH parameters, thus confirming the accuracy of the SBSE-LC/Flu dual method.
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  Harmane and harmine quantification in sour passion fruit

  Due to the presence of several compounds in pulp and seed extracts, the matrix effect was observed and therefore the standard addition method was employed to quantify alkaloids. In addition, the peak purity of chromatographic peaks corresponding to harmane and harmine was determined by overlapping the spectra in different regions on the same peak, using the HPLC software. Figure 6 and 7, respectively, show typical chromatograms of the passion fruit pulp and seed samples obtained by the dual SBSE-LC/Flu method. Passion fruit seeds contained (3.09 × 10-2 ± 5.87 × 10-5) mg harmane g-1 dried seeds and (8.11 × 10-3 ± 7.60 × 10-4) harmine g-1 dried seeds, while pulp was found to contain (3.00 ± 0.04) mg harmane L-1 and (2.72 ± 0.02) mg harmine L-1. These latter data are expressed as µg alkaloid L-1 pulp because the pulp could not be dried completely using either a conventional laboratory oven (40-45 ºC, without forced ventilation) or by lyophilization.
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  These results indicate that both pulp and seed samples contain the two target alkaloids, and confirm the feasibility of applying the dual SBSE-LC/Flu method as a tool for further studies of passion fruit chemistry (e.g., seasonal or geographical variations in the content of harmane alkaloids).

  The data indicating the presence of harmane and harmine in sour passion fruit pulp and seeds also suggests the need for further investigations considering the aspects of food and cosmetics safety. The high sensitivity of the fluorescence detector and the low LOD value achieved in this method is correlated with the structure and photophysical properties of harmane alkaloids. These characteristics are also correlated with the photosensitization process: e.g., recent reports show that some β-carboline alkaloids, including harmane and harmine derivatives, are efficient photosensitizers in response to UVA (365 nm) radiation.38

   

  Conclusions

   The results of this study indicate that SBSE combined with HPLC-fluorescence detection is a feasible method for the quantitative analysis of harmane alkaloids in passion fruit pulp. The analytical determination of alkaloids in fruits is not simple because of the complexity of the real matrices to be analyzed. However, the low LOD and minimal sample handling make the dual SBSE-LC/Flu method attractive. Moreover, in view of its possibilities of automation and speed, dual SBSE-LC/Flu is a candidate method for screening numerous plant samples in further agronomical or phytochemical studies of passion fruit alkaloids or even as a routine quality control procedure in the food industry. The data on the presence of harmane and harmine in sour passion fruit pulp and seeds also suggest the need for further investigations considering safety aspects of foods and cosmetics containing products derived from passion fruit.
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    O desempenho eletroquímico de eletrodos de diamante dopado com boro (BDD) na degradação eletroquímica de efluentes contendo sulfadiazina (SDZ) usando um reator filtro-prensa é apresentado e discutido. A eletrooxidação da SDZ (volume de 0,5 L, com uma concentração inicial de 250 mg L-1) obtida sob condições otimizadas (densidade de corrente de 36 mA cm-2, pH 7,0 e velocidade de fluxo de 5,0 L min-1) mostraram que ao final da eletrólise (correspondente a uma carga circulada por unidade de volume de solução de 5,2 Ah L-1) a SDZ foi totalmente eliminada. A redução da carga orgânica, monitorada por sua demanda química de oxigênio (COD) mostrou que o antibiótico foi praticamente todo mineralizado. Sob condições otimizadas, os compostos intermediários foram devidamente identificados por cromatografia gasosa-espectrometria de massas (GC-MS) e um mecanismo de oxidação foi proposto. Claramente, o eletrodo de BDD mostrou-se muito eficiente tanto para a degradação como para a mineralização de SDZ.

  

   

  
    The electrochemical performance of boron-doped diamond (BDD) electrode in the electrochemical degradation of wastewaters containing sulfadiazine (SDZ) using a filter-press reactor is presented and discussed. The electrooxidation of the SDZ (volume of 0.5 L, with a SDZ initial concentration of 250 mg L-1) obtained at optimized conditions (current density of 36 mA cm-2, pH 7.0 and volume flow rate of 5.0 L min-1) showed that at the end of only 2 h of electrolysis (corresponding to a charge passed through the cell per unit volume of the wastewater of 5.2 Ah L-1) SDZ was totally eliminated. The reduction of the wastewater organic load, monitored by its chemical oxygen demand (COD) showed that the antibiotic was virtually all mineralized. Under optimized conditions the intermediate compounds were properly identified by gas chromatography-mass spectrometry (GC-MS) and a SDZ oxidation pathway was elucidated. Clearly the BDD electrode proved to be quite efficient for both degradation and mineralization of SDZ.

    Keywords: sulfadiazine, boron-doped diamond electrode, electrochemical wastewater treatment, reaction pathway, antibiotics

  

   

   

  Introduction

   The growing concern with environmental contamination by toxic substances has increased interest in developing technologies directed not only to detect these substances but also to degrade them. Conventional treatment methods such as biological, chemical or incineration can only partially remove these contaminants,1-5 which from an environmental standpoint represents a disadvantage. In addition, there are other major problems regarding these conventional treatment methods such as the low degradation rates in biological treatment processes, handling and storage risks of chemical substance during chemical treatment processes and also no absolute assurance of air contamination during the incineration processes.

  Thus, electrochemical methods have been proposed for the treatment of many pollutants, especially those hardest to degrade by conventional methods, such as aromatic organic molecules. The use of electrochemical processes allows transforming organic molecules into biodegradable products and then converted directly to CO2 and H2O (electrochemical combustion).6 The main advantage is that during this process there is practically no chemical consumption and no sludge production.

  Sulfonamides are antibiotics used primarily in the treatment of urinary tract infections. As these compounds are excreted in its original form or as a metabolite, they can contaminate the environment if not biodegraded, photolyzed or efficiently removed from the sewage treatment plants. Sulfadiazine (SDZ, Figure 1) belongs to this group of substances and is widely used as an antibacterial drug in the prevention and treatment of various diseases.

  
    

    [image: Figure 1. Chemical structure of SDZ]

  

  Much attention has been given to the contamination of this therapeutic class of antibiotics in the environment, especially because the real risks to human health and to the environment are not yet fully understood. One of the main problems regarding the presence of antibiotics in wastewater is that some microorganisms acquire resistance to these drugs7-10 and also the fact that these drugs are used in large quantities in both human and veterinary medicine.10-15 For instance, studies dating back for more than a decade estimated that the world market has already consumed about 100,000 t to 200,000 t of antibiotics per year.16 Moreover, because they are biologically active substances these drugs can alter the pharmacodynamic effects on aquatic organisms with compatible enzymatic receptors, modifying the biodiversity and balance in the profiles of aquatic ecosystems.17-19

  Studies of the biodegradation of various antibiotics using conventional activated sludge systems have reported that biodegradability occurs incompletely or quite slowly.2-6 For instance, studies about the degradation of SDZ also using an activated sludge biodegradation system showed that 50% of the SDZ initial concentration was removed after ca. 20 and 50 days.5,6 Similarly, it was found that trimethoprim, a drug often used in combination with sulfonamides to increase its antibacterial activity, showed high resistance to biological degradation as it required three days for its complete degradation.2

  The use of boron-doped diamond (BDD) electrodes for anodic oxidation of toxic and biologically refractory pollutants has received much attention in recent years.20-44 However, not much attention has been given to the use of BDD electrodes (or any other electrode) in the electrochemical treatment of wastewater containing sulfonamides as well as to their electrochemical degradation mechanisms.27,41-48

  Thus, as the electrochemical treatment of effluents containing antibiotics is quite recent it has not been well explored so far. Therefore, scientific studies about the degradation of antibiotics as well as of its mechanism using electrochemical methods have become very attractive, especially because of the great investigative range offered by the subject matter. Therefore, the main goal of this work is to develop an efficient system for electrochemical degradation of SDZ using a BDD electrode, as well as discuss a reaction mechanism pathway based on the identification of the intermediates formed during its degradation.

   

  Experimental

   Chemicals

  All solutions were prepared using deionized water (Millipore, Brazil). Chemicals, including Na2SO4 (PA, Synth), K2HPO4 (PA, Synth), SDZ (99.9%, Sigma Aldrich) and methanol (J. T. Baker, Philipsburg, USA) were used as received.

  Equipments

  A Shimadzu high performance liquid chromatography (HPLC) equipment with an SPD-20A detector system was used to monitor the electrochemical degradation kinetics of SDZ. Under optimized conditions (pH, flow rate and current density) the intermediates were identified using an Agilent gas chromatography-mass spectrometry (GC-MS) analyzer (7820A GC System) equipped with an HP-5MS column (30 m × 0.25 mm × 0.25 µm).

  The electrolyses were carried out using an Instrutherm (model FA-3005) power supply in order to control the applied current. The pH of the solutions was monitored using a PG 1800 GEHAKA pHmeter.

  SDZ electrooxidation

  Conventional electrochemical cell

  Electrolyses were initially carried out using a conventional glass electrochemical cell (capacity of 200 mL) containing a BDD electrode (2000-4000 ppm in boron doping level) supplied by Condias GmbH Conductive Diamond Products (Germany), which was used as anode (14.7 cm2). Two stainless steel plates were used as counter electrodes. Before each electrolysis, the BDD electrode was anodically pre-treated in a 0.1 mol L-1 Na2SO4 solution by applying 50 mA cm-2 for 10 min to clean the anode surface. All the wastewater solutions (150 mL) contained 250 mg L-1 SDZ in 0.1 mol L-1 Na2SO4 and were kept at 25 ºC. Accordingly, SDZ was first dissolved in 1.5 mL of 1.0 mol L-1 NaOH and then diluted in the Na2SO4 solution. The pH of the solutions was adjusted using 1.0 mol L-1 H2SO4 solution.

  The purpose of these experiments was to investigate the influence of pH (3, 5 and 7) on the kinetics of SDZ degradation and choose the most suitable pH condition to apply in the filter-press electrochemical reactor. These experiments were carried out by keeping the total electrolysis time and current density at 60 min and 50 mA cm-2, respectively. When necessary, before and during each electrolysis the pH was adjusted with aqueous solution of 1.0 mol L-1 NaOH or 1.0 mol L-1 H2SO4 in order to keep the pH value unchanged. The SDZ concentrations were continuously monitored using only the HPLC technique.

  Filter-press electrochemical reactor

  The SDZ electrooxidations using a one-compartment ﬁlter-press electrochemical reactor (Supplementary Information Figure S1) in batch recirculation system (V = 500 mL) were carried out under the same conditions previously described for the conventional electrochemical cell. In this case, the BDD electrode area was 36 cm2. The distance between the BDD and stainless steel electrodes in the filter-press reactor was 5.3 mm.

  The current density values investigated were chosen based on the value of the limiting current density obtained for the system (Ilim). The limiting current and the mass transfer coefficient (km) values were obtained from chronoamperograms performed under flow regime (1.0 L min-1 at 5.0 L min-1) for the [Fe(CN)6]4- oxidation.48 Thus, the value of the limiting current density where the largest km value was obtained (considering the chemical oxygen demand (COD) value of 350 mg L-1, [SDZ]0 = 250 mg L-1) was 13.5 mA cm-2 at a flow rate of 5.0 L min-1 (Supplementary Information Table S1).

  The SDZ oxidation was considered at three different situations: (i) 9.0 mA cm-2 (iapl < Ilim), (ii) 18 mA cm-2 (iapl > Ilim) and (iii) 36 mA cm-2 (iapl >> Ilim). These experiments were carried out by keeping the total electrolysis time and flow rate at 180 min and 5.0 L min-1, respectively.

  SDZ monitoring

  The mobile phase used in the HPLC technique was a mixture of 0.01 mol L-1 potassium monohydrogen phosphate (pH adjusted to 5.0) and methanol in the volumetric proportion 75:25. The flow rate used was 1.0 mL min-1 and detection was monitored at λ = 265 nm. The analytical column (150 mm × 4.6 mm i.d.) used was packed with Luna® octyl silica (10 mm, 120 Å; Phenomenex, Torrance, CA, USA).49 Sample analyses were carried out at time zero and then at different electrolysis times (15, 30, 60, 90, 120, 150 and 180 min). For each analysis, aliquots (100 µL) were removed from the wastewater reservoir and then diluted to 10 mL using the mobile phase, in order to attend the limits of quantification of the method. Finally, a volume of 20 µL of each solution was injected in the analytical column.

  The GC-MS analysis was carried out using a temperature ramp of 70 ºC for 2.0 min and 20 ºC min-1 up to 270 ºC. The helium (carrier gas) flow rate was 1.0 mL min-1 and the time of each analysis was 17 min. Analyses of these samples were carried out at different electrolysis times (0, 15, 30, 60, 120 and 180 min) using the solid phase extraction (SPE) technique. Before each analysis, the C18 cartridge (DSC 18, Supelco) was conditioned with dichloromethane (2.0 mL), methanol (2.0 mL) and deionized water (5.0 mL). Next, a 500 mL volume was removed from the wastewater reservoir and then percolated through the C18 cartridge followed by drying with N2 for 20 min. Finally, the aliquot of each extract was eluted through the cartridge with 2.0 mL volumes of methanol, dichloromethane and acetone (in this sequence) and then stored separately in three different portions for injection (in triplicate).

  The chemical oxygen demands (COD) of the wastewater solutions were determined at different times (up to different amounts of charge passed through the cell) using a Hach DR 890 analyzer at a wavelength of 620 nm.

   

  Results and Discussion

   Influence of pH

  Electrolyses of SDZ were performed at three different pH values (3, 5 and 7) in order to understand the influence of pH on its electrochemical degradation. Figure 2 shows the results of these measurements.
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  The results in Figure 2 show a first order exponential decay of the SDZ normalized concentration with the electrolysis time for all pH values investigated, which is typical of mass-transport controlled processes. This decay profile is demonstrated by considering the derivation of the rate law for first order reactions, that is, the linear dependence expected between ln[SDZ]t / [SDZ]0 vs. time (Figure 2 inset).

  At the end of each electrolysis, the results showed that 96, 98 and 100% of the initial SDZ concentration could be degraded at pHs of 3, 5 and 7, respectively, and the corresponding apparent reaction rate constants determined for these pHs were 2.33, 2.99 and 3.14 h-1.

  Considering the results obtained at 60 min, the SDZ removal percentages are virtually all equivalent. On the other hand, the different apparent reaction rate constants calculated showed that the pH parameter plays an important role with respect to the kinetic of the SDZ electrochemical degradation. One possible explanation for this phenomenon can be proposed considering the chemical nature of the SDZ molecule at each pH condition employed in the electrolyses. SDZ is characterized by having two acid equilibrium constant values (pKa1 = 2.49 and pKa2 = 6.48). While the lowest pKa (pKa1) refers to the protonation of the amino group in the para- position of the benzene ring, the highest (pKa2) refers to the deprotonation of the SO2NH group in the SDZ molecule (Figure 3). For instance, if an electrolysis is carried out at pH conditions where the pH < pKa1 the SDZ molecule could be predominantly in its protonated form and, therefore, less susceptible to the electrophilic attack by the hydroxyl radicals (•OH). On the other hand, when the pH is higher than pKa1 and pKa2 the predominant species are the non-protonated amine and its ionized form, respectively, which could in turn increase the SDZ reactivity.

  
    

    [image: Figure 3. SDZ ionization equilibria]

  

  It could then be expected that an increase in the pH of the solution contributed to increase the SDZ electrochemical degradation rate, as shown by the results in Figure 2. Thus, the use of neutral pH (pH 7 and higher than the pKa2 of SDZ molecule) was considered the most appropriate for the electrochemical degradation of SDZ. The choice was based not only on the kinetics of SDZ electrochemical degradation (larger values of kap obtained) but also because it provides a condition that is closer to the direct disposal of wastewater.

  Filter-press electrochemical reactor

  To make these systems more attractive, from a practical perspective, implementing new technologies for the degradation of pollutants requires not only an efficient method but also an optimized energy consumption process to minimize operating costs. Specifically for electrochemical methods, these parameters are strongly related to the type of hydrodynamic regime of the system, as well as choosing suitable electrode materials. Thus, important parameters such as limiting current density and flow rate must be optimized in order to satisfy these criteria. The limiting current is based on the current value in which the oxidation/reduction process is entirely controlled by mass transport. Under limiting current conditions, the process operates at the maximum rate and minimum costs. Therefore, to obtain this kind of information the use of electrochemical reactors coupled to systems that allow the recirculation of the solution is fundamental.

  So, after determining the best hydrodynamic condition for the system (see Experimental section and Supplementary Information), the influence of the current density on the SDZ oxidation was investigated. At these measurements, SDZ oxidation was considered at three different situations: (i) 9.0 mA cm-2 (iapl = 2/3 Ilim), (ii) 18 mA cm-2 (iapl = 4/3 Ilim) and (iii) 36 mA cm-2 (iapl = 8/3 Ilim). While the first situation represents a condition in which a charge transport control is expected (iapl < Ilim), the other ones correspond to mass transport controlled conditions (iapl > Ilim). According to Figure 4a it can be clearly seen that the degradation kinetics of SDZ is favored at higher current densities. The corresponding times for the total elimination of SDZ were 180 min for a current density of 9.0 mA cm-2 and 120 min for both current densities applied at 18 and 36 mA cm-2. The fact that the time for the total elimination of SDZ does not change when the current density is increased from 18 to 36 mA cm-2 indicates mass transport limitations. However, the km values obtained for the electrolyses carried out at 9.0, 18 and 36 mA cm-2 were 1.24, 1.71 and 2.27 h-1, respectively.
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  A similar behavior to that seen in Figure 4a was confirmed by taking into account the values of the respective COD decays shown in Figure 4b. At the end of each electrolysis the COD removal percentage was 88, 95 and 100% for the electrolyses carried out at 9, 18 and 36 mA cm-2, respectively.

  The total energy consumption (TEC) for the removal of 1 kg of COD (measured in kWh kg–1COD) was calculated using the following equation:

      
    [image: Equation 1]

  

  where t is the electrolysis time (h), U the average electrolysis cell voltage (V), I the applied electrolysis current (A), V the wastewater volume (L), and ΔCOD the difference in COD (mg L-1).

  The average electrolysis cell voltage values measured at 9, 18 and 36 mA cm-2 were 4.1, 4.5 and 5.4 V, respectively. The corresponding TEC values for these current densities were 19.2, 38.1 and 79.8 kWh kg–1COD. Thus, the process with the lowest TEC value was the one whose applied current density was the lowest. However, from the practical standpoint, using a current density as low as 9.0 mA cm-2 does not seem to be advantageous for the SDZ degradation because the time needed to achieve its complete mineralization should be much higher. At this condition, the COD removal percentage is of about 75% after 2 h of electrolysis against 100% of COD removal when a current density of 36 mA cm-2 was applied. So, although the electrolysis carried out for 36 mA cm-2 had the highest TEC, the use of this condition was considered the most appropriate one considering not only the lowest electrolysis time for mineralization but also the elimination of by-products. For instance, HPLC chromatograms were obtained at the end of 180 min of electrolysis by direct injection of the undiluted aliquots taken from experiments carried out at 18 and 36 mA cm-2 (Figure 5a). These HPLC chromatograms clearly show a significant reduction of the remaining chromatogram peaks as well as the total disappearance of other peaks when applying a current density of 36 mA cm-2. It should also be noted that none of these remaining chromatogram peaks is related to the SDZ because the retention time of this antibiotic was of 13.7 min (Figure 5a inset). Also, although the HPLC chromatogram in Figure 5a showed the presence of some small peaks at the end of electrolysis (180 min), no peak was observed in the GC-MS chromatogram (Figure 5b). Therefore, taking into account the better results attained it can be concluded that the use of pH 7, flow rate of 5.0 L min-1 and a current density of 36 mA cm-2 were considered the most appropriate conditions for the electrochemical degradation of SDZ.

  
    

    [image: Figure 5. HPLC (a) and GC-MS (b) chromatograms]

  

  Identification of byproducts and reaction pathway

  In order to identify the by-products generated and to propose a possible mechanism for the electrochemical degradation of SDZ, GC-MS total ion chromatograms (TICs) were obtained using the best conditions previously obtained (pH 7, i = 36 mA cm-2 and flow rate = 5.0 L min-1). All the intermediate compounds identified are shown in Table 1.

  
    

    [image: Table 1. Identification of the main aromatic intermediate]

  

  The aromatic products identified from the SDZ electrochemical oxidation described in Table 1 were quite consistent with the potential cleavage sites shown in detail in Figure 1. All the intermediate compounds presented here were identified from the aliquots eluted with methanol because the other aliquots eluted with dichloromethane and acetone only confirmed the presence of some peaks already detected by the methanol elution but with very small peak areas. All the m/[image: Caracter 1] ratios presented here correspond to the protonated species ([M+H]+).

  The intermediate identified as C4H5N3 and with m/[image: Caracter 2] ratio of 96 is consistent with the δ-cleavage of the SDZ molecule. Other fragments of the SDZ molecule (C10H10N4O, C7H10N2O2 and C6H8N2O2S) were identified with 203, 187 and 173 mass units, respectively. The presence of the C7H10N2O2 intermediate is consistent with the bond breakdown of the carbon located in the ring with two nitrogen atoms substituted. In turn, while the presence of the by-product identified as C6H8N2O2S confirms the nitrogen-carbon bond breakdown in the g-position of the SDZ molecule, the origin of the C10H10N4O intermediate molecule possibly refers to a rearrangement of the molecule SDZ after the loss of SO2 group with the simultaneous replacement of the hydrogen bonded to the nitrogen of the primary amine (H2N–) by a hydroxyl group in the a-position of the SDZ molecule.

  Some systematic studies in the literature related to the degradation mechanism of SDZ have been found only by using other degradation methods.50,51 For example, Wang et al.50 investigated the photochemical degradation mechanism of SDZ (pH 3.5) and identified the formation of the 4-OH-sulfadiazine and 4-[2-iminopyrimidine-1(2H)-yl]aniline intermediates (detected by HPLC-MS), 2-aminopyrimidine (detected by GC-MS), acetic and formic acids (ion chromatography). The authors concluded that the degradation mechanism of SDZ involved the formation of the 2-aminopyrimidine from the cleavage of the SDZ molecule in the δ-position. The presence of the 4-[2-iminopyrimidine-1(2H)-yl]aniline was consistent with the breakdown in the g-position of the SDZ molecule resulting in the sulfanilic acid formation, which in turn reacts with 2-aminopyrimidine to form 4-[2-iminopyrimidine-1(2H)-yl]aniline. Neafsey et al.51 investigated the degradation mechanism of SDZ (pH 5.1) by advanced oxidation processes (Fenton process) and suggested two possible mechanisms from the intermediates identified by HPLC-MS. The first mechanism involved the oxidation of the SDZ group with elimination of the SO2 group to form a byproduct with m/[image: Caracter 3] ratio of 187 followed by a hydroxyl radical attack on the C–N bond located in the ring with two nitrogen atoms substituted. Then, there was the formation of two intermediates with mass units of 109 and 97. On the other hand, the second mechanism involved the attack of the hydroxyl radicals to the C–C bond located in the benzene ring of the byproduct with m/[image: Caracter 4] ratio of 187 to form other byproducts with mass units of 96 and 109.

  The results reported here are different from those previously cited.50,51 However, it is important to emphasize that the results reported here were obtained under different degradation conditions (flow regime, pH 7 and a different degradation method) and because of this it seems to play an important role with respect to the differences found. Nevertheless, an electrophilic attack by the hydroxyl radicals on the preferential cleavage sites of the SDZ molecule can be expected and the main reaction pathways are summarized in Figure 6.
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  According to the mechanism shown in Figure 6, the first step for the electrochemical oxidation of SDZ involves the formation of the 2-pyrimidinamine (m/[image: Caracter 5] 96) after 15 min of electrolysis, which was originated from the S–N bond breakdown in the δ-position of the SDZ molecule. The presence of the 4-amino-N-metilbenzenosulfonamide (m/[image: Caracter 6] 187) and sulfanilamide (m/[image: Caracter 7] 183) intermediates were detected after 30 min of reaction, which were consistent with the successive oxidations of the SDZ molecule from the cleavage of the carbon located in the ring with two nitrogen atoms substituted and the subsequent N–C bond breakdown in the ε-position of the SDZ molecule. These intermediates could be converted directly to CO2 and H2O (both deduced by the decrease in COD) or, more likely, first converted into aliphatic molecules (not detected) before mineralization. The origin of the N-[4-(hydroxyamino)phenyl]-2-pyridinamine (m/[image: Caracter 8] 203) intermediate could be justified considering the reaction between 2-pyrimidinamine (m/[image: Caracter 9] 96) with N-aryl-hydroxylamine (Ib), formed from the oxidation of aniline (Ia). Aniline (Ia) was originated after the loss of the SO2 group from the C6H6NSO2+ species.

  It should be mentioned that although Ia and Ib intermediates have only been deduced as possible byproducts of the SDZ degradation (no measurable peak areas), the proposed mechanism can be substantiated by considering that they were quickly consumed (mineralized) by the hydroxyl radicals, thereby preventing their accumulation in the system. The same argument can be considered in order to justify the absence of probable aliphatic byproducts in the electrochemical degradation of SDZ.

   

  Conclusions

   The results obtained allowed to conclude that the BDD electrode is quite efficient in the degradation of the SDZ antibiotic.

  The effects of both the current density, pH and flow rate in the degradation kinetics of SDZ were properly optimized and interpreted. The electrolyses carried out under different pH conditions showed that the degradation of SDZ was favored at neutral conditions due to the chemical nature of the SDZ molecule (pH > pKa2).

  From the environmental standpoint, excellent results were achieved by applying better electrolysis conditions (pH 7, i = 36 mA cm-2 and flow rate = 5.0 L min-1). Under these conditions, both SDZ and COD were totally consumed at the end of only 2 h of electrolysis.

  An oxidation pathway of the SDZ electrochemical degradation was proposed taking into account the five aromatic organic intermediate compounds properly identified by GC-MS technique. All these intermediate byproducts were consistent with the potential cleavage sites of the SDZ molecule.
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    Uma nova família de ésteres tiazolínicos e tiazóis foram sintetizados e as propriedades térmicas são apresentadas e discutidas. Os ésteres tiazolínicos foram obtidos pela reação de ciclização de benzonitrilas 4-substituídas com o amino ácido L-cisteína seguido da reação de esterificação com álcoois e fenol previamente selecionados. A oxidação dos ésteres tiazolínicos mediado pelo reagente BrCCl3/DBU permitiu a transformação dos respectivos ésteres tiazolínicos em ésteres tiazóis. Os compostos finais dos ésteres tiazolínicos e tiazóis são formados por cadeias alquílicas, (perfluoroalquil)alquílicas e p-alcoxifenilas. Alguns cristais líquidos mostraram serem mais relevantes. Um deles apresentou mesofase esmética A (SmA) monotrópica enquanto que outros apresentaram mesofase estável SmA. Como esperado, as cadeias de alcanos semifluorados induziram a formação de mesofase ortogonal via efeito de segregação.

  

   

  
    A new family of thiazoline and thiazole esters has been synthesized and their thermal properties are presented and discussed. Thiazoline esters were obtained by cyclization reaction from 4-substituted benzenenitrile and amino acid L-cysteine followed by esterification reaction with selected alcohols and phenol. Subsequent oxidation step to transform thiazoline esters into thiazole esters was applied mediated by BrCCl3/DBU. The final thiazoline and thiazole esters are composed by terminal flexible hydrogenated alkyl chain from one side and to the other side by terminal segments of flexible alkyl chains (hydrogenated chain), (perfluoralkyl)alkyl chains (semifluorinated alkane) p-alkoxyphenyl chains. Some liquid crystals compounds for thiazoline and thiazole esters showed to be relevant. One of the thiazoline esters display a monotropic smectic A (SmA) mesophase while some thiazole esters show stable SmA mesophase. As expected semifluorinated alkane chain induce the formation of orthogonal mesophase by means of segregation effect.

    Keywords: thiazoline and thiazole esters, liquid crystals, semifluorinated alkane and SmA mesophase

  

   

   

  Introduction

  Liquid crystals (LC) have been long recognized as one of the most extensive and attracting fields of materials research. The first studies, dating from 150 years ago, prompted nowadays researches worldwide increasing scientific interest, focusing on obtaining and monitoring new LC compounds.1

  The most common application of liquid crystal technology is in liquid crystal displays (LCDs). From the ubiquitous wrist watch and pocket calculator to an advanced computer screen, this type of display has evolved into an important and versatile interface. Since the discovery of interesting electro-optical properties in the middle sixties and the production of the first LCD panel in the beginning of the seventies, many other practical applications of these molecules have been largely studied.

  As they show a variety of physical properties, these molecules find application in diverse fields of science, such as display technologies,2 light emitting diodes3 and photo/semiconducting materials.4 Thus, great effort has been made in developing synthetic strategies for acquisition of new and diverse mesomorphic compounds.

  Heterocyclic compounds are of great importance in many fields of chemistry. It is very common the observation of interesting biological activity on compounds bearing these structures.5 Insertion of a heterocyclic unit in the skeleton of a mesogenic molecule aggregates many advantages, once one could enhance design possibilities and count up several changes in liquid crystalline properties. Also it is well-known that a minor change in molecular geometry may bring about substantial variations on mesomorphic behavior.6 Furthermore, the presence of heteroatom alters considerably the polarity and polarisability of the molecule, and the heterocycle core has the ability of impart lateral and/or longitudinal dipoles.7 In particular 1,3 thiazoles derivatives show bond angles of 153º and 133º, depending on the substitution pattern, and a dipole moment of 1.6 D.8 In addition, the presence of the electron-rich sulfur atom attains modifications on the ionization potential that could induce smectic mesophases.9

  Moreover, mesophase morphologies can be further tuned by replacement of a flexible non branched alkyl chain for a perfluorinated segment.10 The increased rigidity, linearity and low surface energy of the perfluorinated chain compared to the hydrocarbon one, settles particular properties modifications, as the fluorophobic effect, which reduces the miscibility of the fluorinated moieties with other sides of the molecule.11 Thus, fluoro substituents and perfluorochains have been incorporated to LC compounds leading to a variety of modifications on these substances behaviors, as broad mesomorphic ranges, different mesophase morphologies, lower melting points and transition temperatures as well as stabilization of preexisting mesophases, due to the combination of small size, intense polarity and high strength of the C-F bond.10

  Such attributes can be successfully comprised in the structure of mesogens and are of major significance in terms of primary structure property relationships, any more than crucial to the development of novel liquid crystal materials.12 For the thiazole building block showed in Figure 1, the general structure carries always on a flexible alkyl chain from one side of the molecule and a carboxylic group at the other side to be derivatized into aliphatic or aromatic esters and amides. Among the wide range of methodologies for preparation of thiazoline derivatives,13 the one based on cyclization of nitriles with the natural amino acid L-cysteine was elected,14,15 once it employs readily accessfull and low cost starting materials. Also, this method delivery the target precursor bearing the desirable carboxyl group mentioned above, which enables the possibility to attach a variety of substituents by means of esterification procedures employing different alcohols phenols.
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  Thiazolines synthesis and their subsequent oxidation to heteroaromatic thiazole rings are an interesting way to prepare building block to be used in many branchs of the synthetic organic chemistry. As demonstrated in this work, a sequential oxidation of the thiazoline to thiazole ring leads to an enhancement of geometrical anisometry of the rigid core contributing for emergence of mesomorphic and photoluminescent properties. Thereby, we wish to report a simple and straightforward methodology for the synthesis of a new class of compounds derived from the thiazoline precursor using the chain elongation strategy as well as to investigate the liquid-crystalline behavior of the final thiazole esters.

  General structure of target thiazole esters is presented in Figure 1. Primitive core is formed by aromatic and thiazole ring connected by a single bond. Variable connection means the chemical communication between additional group on the right side and the primitive core intermediated by carboxyl group presented in the target esters. Thiazolines 6a-k and thiazoles 7a-k are composed of a flexible hydrogenated alkyl chain on the left side of Figure 1, except for those from 4-bromophenyl nitrile. On the right side of Figure 1, terminal segments connected by carboxyl group are composed of flexible alkyl chains (hydrogenated chain), (perfluoralkyl) alkyl chains (semifluorinated alkane)16 and p-alkoxyphenyl chains. Figure 1 shows the general structure of the new thiazole esters synthesized in this work.

   

  Results and Discussion

  Synthesis

  The synthesis of key intermediate thiazoline carboxylic acids 4a-c is outlined in Scheme 1. The strategy applied here begins with the commercially available nitriles 1a and 1b, which were submitted to the alkylation reaction with 1-bromoctane under basic conditions, affording the alkylated nitriles 2a and 2b in almost quantitatively yields. From this point, in Scheme 1, 4-bromobenzonitrile (2c) was added to our plan of the synthesis of 4a-c. Next step nitriles 2a-c were submitted to cyclization reaction with amino acid L-cysteine (3) to generate the key intermediates thiazoline derivatives 4a-c. In general, the most common procedure for this reaction involves a system of water/ alcohol under buffer control by several days.17 In our hands the experimental condition describe above to yield the corresponding thiazoline carboxylic acids 4a-c gave very low yields of the described thiazoline derivatives. In order to achieve better results, we changed the initial protocol reaction to one that has been used by Loughlin et al..18 Under the new experimental conditions, we prepared the intermediate 4a-c in a good yield. Thus, exposing nitriles 2a-c to L-cysteine mediate by sodium bicarbonate, morpholine and reflux in an alcoholic solvent (ethanol or isopropanol), the cyclizated products 4a-c were afforded in excellent overall yields. This is an interesting and an alternative way to prepare thiazolines in a simple and almost inexpensive methodology.
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  After accomplished successfully the synthesis of 4a-c, the esters formation was initiated to complete our synthetic plan. Esterification reactions with activation of acids by carbodiimides are probably the most versatile procedures for preparation of ester compounds.19 The chemical linkage between 4a-c and 5a-d to obtain the final thiazoline esters 6a-k was firstly attempted using the dicyclohexylcarbodiimide/4-N,N-dimethylaminopyridine (DCC/DMAP) protocol.20 However, due to the troublesome to remove the by-product urea, we changed DCC to 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) to promote the ester ligation. Thus, thiazoline esters 6a-k were synthesized as outlined in Scheme 2, by activation of acids 4a-c with EDCI followed by the reaction with several alcohols 5a-d in dichloromethane and DMAP as a catalyst. Table 1 summarizes the results for the thiazoline esters 6a-k. It is noteworthy to mention that EDCI/DMAP couple worked successfully for a variety of chosen alcohols, such as alkyl and (perfluoralkyl)alkyl and phenols, delivering the intermediates compounds 6a-k to be transformed into LC in good yields by oxidation process.
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  The 2,5-disubstituted thiazole core in the final compounds 7a-k was accomplished as described in Scheme 3. Several methods were evaluated to perform this transformation, such as reactions with 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ),21 NiO2 22 and MnO2.23 First attempts employing this later strategy resulted in poor yields of target final products, as well as a complex mixture of by-products detected by thin layer chromatography (TLC) analysis of crude reaction extract. In order to improve the obtention of these target mesogens, the oxidative dehydrogenation step was most conveniently performed using a mixture of bromotrichloromethane and 1,8-diazabicyclo[5.4.0]undec-7-ene (BrCCl3/DBU).24 In comparison to the ones mentioned above, this synthetic protocol is advantageous for its milder conditions and tolerating to a large variety of functional groups. Therefore, the bromination takes place first in 6a-k and then, the dehidrobromination in presence of DBU in dry DCM furnished the final products 7a-k in good to excellent yields (Table 2).25
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  Liquid crystal properties

  Transition temperatures of thiazoline and thiazol esters are tabulated in Table 1 and 2, respectively. Table 1 and 2 display the transition temperatures of eleven thiazoline and thiazol esters synthesized in this work. The primitive core (rigid core) contains at least a phenyl group connected to heterocyclic moiety. Esters here are composed of flexible alkyl chains (hydrogenated chain), (perfluoralkyl)alkyl chains (semifluorinated alkane)16 and p-alkoxyphenyl chains. Thiazolines esters are not LC as we can see in Table 1, except for 6i, which displayed smectic A mesophase (SmA) upon cooling. They are mostly crystalline solid with melting point (mp) in the range between 40 ºC to 140 ºC, and only 6a is liquid at room temperature. Melting point was dependent on how flexible is the aliphatic chain ester. For example, 6a is a liquid, while 6b and 6c are solids with mp being bigger than 6c, which is, of course, more anisotropic but not liquid crystal. This tendency in the mp extends to the others thiazolines in Table 1. As it moves from more flexible alkyl chain to (perfluoralkyl)alkyl chains the stiffness becomes higher. Also, for 6c, 6g and 6k, the phenyl group contributes to the stiffness of the compounds. So in this sense, mp tends to be higher as the molecular rigid core becomes more anisotropic. Additionally, 6d, 6e and 6f are good examples to compare the stiffness effect caused by fluorine atom at alkyl chain. The higher mp is seen in the more rigid thiazoline 6e. Additional phenyl group has a higher contribution to molecular stiffness as expected; comparing 6d and 6g, 6d and 6h and 6g with 6k.26 This is irrespective on the relative position of the phenyl group into the rigid rod core. The behavior was observed even in the longest and more anisotropic 6k it was not able to show some evidence of liquid-crystalline behavior.

  A briefly comment is addressed to 6i, which displays a monotropic SmA mesophase. The monotropic nature of the mesophase to 6i means that mesophase appeared only upon cooling, it is thermally unstable with an unpredictable and short mesophase temperature range. The mesophase range is too narrow with ΔT = 2 ºC. Why 6i, among all compounds listed in Table 1, displays a LC behavior? The answer of this question may be associated to perfluoroalkyl chain effect, close to the thiazoline ring. The molecular segregation is the driving force for the formation of liquid-crystalline phase of 6i. Incompatibility of totally flexible alkyl chain, rigid anisometric core and less flexible semifluorinated alkane chain are responsible for the formation of positional ordered liquid-crystalline phases27 as observed for 6i and the thiazole series in Table 2. We have to say more about the mesomorphic properties (see thiazole discussion) but the linearity deviation and non-coplanarity of the thiazoline ring (broken anisometry) is the main force of the absence of the mesophase in this series.28

  Figure 2 displays a typical growth of SmA bâtonnets (bright) from the isotropic phase (black) upon cooling at 161 ºC of thiazoline 6i. Bright and black colors in Figure 2 are observed due to crossed polarizers, using optical microscopy and the molecular orientation of the samples sandwiched between the glass plates. Upon cooling coalescing, bâtonnets will form full focal conic SmA fan texture. Sometimes, black areas from isotropic state remain black due to the perpendicular orientation of the molecules. Black areas of the sample have a homeotropic alignment. In this case, the long molecular axis is perpendicular to the glass plates. When the growth of bâtonnets is completed, the fan focal-conic is observed. The color is a consequence of the orientation of the director which basically lies in the plane of the substrate and the structured layers are curved across the fans.29
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  Table 2 displays the thermal data of thiazoles 7a-k that were obtained by oxidation process from thiazolines 6a-k. As expected, some thiazoles in Table 2 display liquid-crystalline behavior as evidenced by the texture observed using polarized optical microscopy (POM). The phase transition temperatures (in ºC) were obtained by POM and by differential scanning calorimetry (DSC) experiments. To the first four thiazoles 7a-d, no liquid-crystalline behavior was observed. Even for 7c, a more anisotropic one, a transition crystal to isotropic state at 128 ºC was obtained. The relative compound 6c (Table 1), the melting point is ΔT = 21 ºC below 7c, showing that in the crystal state, the packing of molecules of thiazoles is better than thiazolines molecules.30 The increase in the melting point is also observed in 7a-d in comparison to the 6a-d. The tendency noted to these compounds is also seen in the others compounds in Table 2. However, compounds 7e, 7f, 7h, 7i and 7J have also an additional mesophase intercalated between the crystal and isotropic phase. The LC thiazoles above display a structured orthogonally layer which was characterized as smectic A mesophase according to the texture analysis of POM. This smectic fluid A mesophase is characterized by positional order of molecules' centers of mass in one dimension in addition to the long range orientational order of the director phase n which is associated parallel to the long molecular axis. Locally, the SmA mesophase can be regarded as a two dimensional liquids due to the molecules' centers of mass are arranged in layers and their projection onto the smectic layer plane are isotropically distributed with no positional correlation being observed within or across the layer planes.29

  Figure 3 displays (left) the growth of SmA bâtonnets (bright) of fan focal-conic texture of SmA mesophase upon cooling at 176 ºC of thiazole 7j; typical fan-shaped texture of a SmA phase upon cooling at 187 ºC of thiazole 7i (right). Lighter and darker regions seen in Figure 3 (right), in the fans, are due to the molecular layers of sample and cross polarizers that are used in POM study.
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  As expected, LC properties of thiazoles are affected mainly by the flatness and coplanarity of the heterocyclic ring. Strong p-stacking in the lattice is observed in crystal phase with 3.73 Å the distance between two adjacent thiazole rings.30 Of course, to be a classical rod-shape liquid crystal the molecular shape of the structures has to be more elongated as possible to compensate bent-shape of thiazole ring.8,31 The mesophase nature is also dependent on the terminal group connected to the rigid and anisometric core. In the current study, SmA mesophase was found particularly due to the presence of two aliphatic chains with distinct chemical nature. We can see from Table 2 the predominance of orthogonal SmA mesophase for all LC compounds listed. The significance of semifluorinated alkyl chain is clearly seen when we compare compounds 7a, 7d and 7h. They have flexible hydrogenated alkyl chain in both sides of arylthiazol esters except for 7a. For the longer aryl moiety 7h, which at first would favor the appearance of stable mesophase, it is possible to observe only a monotropic SmA mesophase. Usually, molecules with longer molecular length, tend to be more elongated and consequently more anisotropic due to length-to-breadth ratio of two molecular axes. Also, it is well-known for biphenyl and others systems that, the increase of carbon atoms in the flexible alkyl chain favors the formation of smectic mesophases, usually SmA and SmC.32 The result founded in 7h definitively emphasizes the function of perfluoroalkyl chain plays on the mesomorphic properties in this study. For aryl esters 7c, 7g and 7k, and even for 7k, which has a more anisometric core, no mesophase was observed. Again, the result observed to 7c, 7g and 7k is suggesting the importance of perfluoroalkyl chain on the mesomorphic behavior. Obviously it is possible to assume that the absence of mesophase to these compounds in terms of an equilibrium of Z- and E-rotamers, that are observed in esters when they entry to the mesophase, similarly to the behavior of liquid crystal dimers where the mesophases are governed by the populations of linear and bent molecules.33 Attempt to correlate carbonyl group frequency (nC=O cm-1) in the IR spectrum of 6c/7c, 6g/7g and 6k/7k in the solid state (KBr pellets) with the composition of the rotamers E and Z of esters has failed. The band of carbonyl group associated to those compounds in solid state looks like strong and sharp. Thus, it is impossible to assume that the non liquid-crystalline behavior of 7c, 7g, 7k is due to the composition of the rotamers in the equilibrium between the more anisotropic Z-rotamer and the less anisotropic E-rotamer. Now we are turning our attention to the four LC: 7e, 7f, 7i and 7j. All LC compounds listed in Table 2 have one semifluorinated alkyl chain connected to the carboxyl group of thiazole ring and a flexible hydrogenated alkyl chain on the opposite side. They are LC with SmA mesophase as expected considering that the individual molecules possess specific groups which repel or attract each other strongly. This effect begins among a few molecules at molecular level on cooling and very fast amplifies to large scale, where the nanoscale segregation is the driven force. The aggregation is promoting by these groups favoring the smectic ordering. Terminal groups such as siloxanes, fluorinated, halogenated and even diol favor the smectic ordering.34 The mesophase range for 7i and 7j is bigger than 7e and 7f as a consequence of the more anisometric biphenyl group in 7i and 7j. For example, 7i displays a mesophase range of 30 ºC, while for 7e is 10 ºC. Transition temperatures associated to the Cr → SmA and SmA → I phase transition reveals the effect of proximity of perfluoroalkyl chain to carboxyl group.

  Transition temperatures depend on how close to the carboxyl group is the perfluoralkyl chain. Comparing 7i with 7j and 7e with 7f it is possible to note that 7i and 7e display higher transition temperature from crystal to mesophase and mesophase to isotropic phase. Only 7j displays a second transition Cr → CrX and it has the biggest mesophase range (ΔT = 39 ºC) for SmA mesophase to isotropic state. According to Höpken et al.,35 the thermal behavior of (perfluoroalkyl) alkane can be explained in terms of conformational aspect of hydrogenated and perfluorated chains. Alkyl chain tends to be more amorphous in the mesomorphic state while perfluorinated alkyl chain tends to be more organized, which of course affect the transition temperatures. In the solid state both chains self-organize in crystalline way. Of course, alkyl chain may assume predominantly an extend all-trans conformation while perfluoralkyl chain tends to be kink due to the gauche effect.36 When the solid enters to the mesophase, the hydrocarbon portion must have liquid-like conformational freedom, while perfluoralkyl chains behave as a hard molecular segment owing its polar nature. Due to stiffness, fluorinated segments are packed regularly in the solid state, which favors the high melting point and even the high clearing point. In another way, when the sample on cooling enters into the mesophase state, the conformational disordering of the hydrocarbon segments upon the transition from isotropic state to the smectic mesophase is bigger than the perfluoralkyl segments. The molecular aggregation is faster to the perfluoralkyl chains favoring the attraction between rigid segments. Soft segments in the mesophase are still mobile and conformationally disordered. And finally, when the sample starts to crystallize again, hard molecular segments are packed more efficiently than the soft molecular. It is important to mention that in the mesophase more mobility is expected to more amorphous segments. Thus, the contribution of one and two methylene carbon atoms is causing the behavior observed to that thiazoles LC ester 7e, 7f, 7i and 7j.

   

  Conclusion

  We have synthesized a new family of thiazoline and thiazole esters 6a-k and 7a-k. The final thiazoline and thiazole esters are composed by terminal flexible hydrogenated alkyl chain from one side and to the other side by terminal segments of flexible alkyl chains (hydrogenated chain), (perfluoralkyl)alkyl chains (semifluorinated alkane) p-alkoxyphenyl chains. 6i was the only compound belonging to the family of thiazoline esters to display monotropic SmA mesophase. Thiazole esters family presented enantiotropic SmA mesophase for 7e, 7f, 7h, 7i and 7j. The combination of better conjugation of thiazole ring and polar effect of semifluorinated alkane chain induces the formation of structured layer mesophase by means of segregation effect.

   

  Experimental

  General methods

  All starting materials were purchased from commercial suppliers (Sigma Aldrich Chemical Co., Acros Organics and ABCR Chemicals) and used without further purification. All reactions were carried out under a nitrogen atmosphere in oven-dried glassware with magnetic stirring. Solvents were dried, purified and degassed under classical methods. Solvents used in extraction and purification were distilled prior to use. TLC was performed using silica gel 60 F254 aluminum sheets and the visualization of the spots has been done under UV light (254 nm) or stained with iodine vapor. Products were purified by flash chromatography on silica gel 60 M, 230-400 mesh. Melting and mesophase transition temperatures and textures of the samples points were measured using an Olympus BX43 microscope equipped with a Mettler Toledo FP82HT Hot Stage FP90. 1H (13C) NMR spectra were recorded at 300 (75) MHz on a Varian Inova and 400 (100) MHz Bruker spectrometer using CDCl3 as solvent. The 1H and 13C chemical shifts were reported in parts per million (δ) referenced to residual solvent signals at δH/C 7.26/77.00 (CDCl3) relative to tetramethylsilane (TMS) as internal standard. Coupling constants J [Hz] were directly taken from the spectra and are not averaged. Splitting patterns are designated as s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet) and br (broad). Low-resolution mass spectra were obtained with a Shimadzu GC-MS-QP5050 mass spectrometer interfaced with a Shimadzu GC-17A gas chromatograph equipped with a DB-17 MS capillary column. HRMS spectra were obtained from a Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer equipped with an Infinity™ cell, a 7.0 Tesla superconducting magnet, an RF-only hexapole ion guide and an external electrospray ion source (off axis spray) and with ESI(+)-MS and tandem ESI(+)-MS/MS using a hybrid high-resolution and high accuracy MicroTOF-Q II mass spectrometer (Bruker Daltonics), or on a Micromass Q-TOFmicro instrument.

  General procedure for the synthesis of thiazolines 4a-c

  A solution of L-cysteine hidrochloride (60 mmol; 10.8 g), NaHCO3 (60 mmol; 5.3g), the appropriate nitrile (20 mmol) in 85 mL of ethanol was refluxed for 30 min. After, the pH was adjusted to 8.0 by adding a few drops of morpholine, and the reflux was continued for additional 12 h. The ethanol was removed, the residue dissolved in distilled water and acidified to pH 1.5 by adding concentrated HCl. The product was extracted with CH2Cl2 (3 × 50 mL), the organic layers where combined, dried over MgSO4 and the solvent removed under vacuum. The products were obtained with satisfactory purity and were used in the next step without further purification.

  Representative data for (R)-2-[4-(octyloxy)phenyl]-4,5-dihydrothiazole-4-carboxylic acid (4b)

  Beige solid; mp 103.5 ºC; yield: 88%; 1H NMR (DMSO-d6, 300 MHz) δ 0.84 (t, 3H, J 6.4, CH3), 1.38-1.24 (m, 10H, (CH2)2), 1.72-1.65 (m, 2H, CH2), 3.63-3.60 (m, 2H, CH2S), 3.99 (t, 2H, J 6.5, OCH2), 5.23 (t, 1H, J 8.3, CHN), 6.99 (d, 2H, J 8.9, Ar-H), 7.71 (d, 2H, J 8.9, Ar-H); 13C NMR (DMSO-d6, 75.5 MHz) δ 171.96, 167.45, 161.38, 129.91, 124.82, 114.48, 78.25, 67.77, 34.94, 31.25, 28.74, 28.67, 28.57, 25.47, 22.09, 13.93.

  General procedure for esterification of thiazolines 6a-k

  To a stirred solution of the corresponding thiazoline 4a-c (2.0 mmol) in dry CH2Cl2 (8 mL) under N2 atmosphere at room temperature, were added subsequently the corresponding alcohol (2.0 mmol) EDCI (2.0 mmol) and catalytic amount of DMAP. After 16 h, the organic phase was transferred to an extraction funnel, washed with saturated NaHCO3 (2 × 10 mL), water (2 × 10 mL) and the organic layer was dried with Na2SO4. The solvent was evaporated and the remaining product was purified by chromatography (hexanes/AcOEt = 80:20).

  Representative data for (R)-3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl 4,5-dihydro-2-[4-(octyloxy)phenyl] thiazole-4-carboxylate (6f)

  Yield 58%; white solid; mp 62 ºC; 1H NMR (CDCl3, 400 MHz) δ 7.80 (d, 2H, J 8.8 Hz, Ar-H), 6.89 (d, 2H, J 8.9 Hz, Ar-H), 5.26 (t, 1H, J 8.9 Hz, NCH), 4.57-4.47 (m, 2H, SCH2), 3.98 (t, 2H, J 6.6 Hz, OCH2), 3.72-3.53 (m, 2H, OCH2), 2.68-2.45 (m, 2H, OCH2CF2), 1.85-1.71 (m, 2H, CH2), 1.55-1.16 (m, 10H, (CH2)5), 0.88 (t, 3H, J 6.8 Hz, CH3); 13C NMR (CDCl3, 100 MHz) δ 170.72, 170.59, 162.09, 130.35, 124.99, 120.00-107.00 (6C), 114.23, 77.93, 68.14, 57.36, 35.20, 31.84, 30.38 (t, CF2, J 21.7 Hz), 29.51, 29.50, 29.32, 29.27, 29.07, 25.93, 22.62, 13.99.

  General procedure for the synthesis of tiazoles 7a-k

  The thiazoline ester (1 mmol) (6a-k) and dry CH2Cl2 (5 mL) were added to a round bottomed flask under N2 atmosphere. The system was cooled to 0 ºC, and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) (2 mmol) was added and the reaction mixture was stirred for 20 min. Bromotrichloromethane (BrCCl3) (2 mmol) was then added and stirred for additional 16 h at room temperature. The reaction was quenched with saturated NH4Cl and the organic layer washed with water (2 × 10 mL), saturated NaCl (2 × 10 mL) and dried over Na2SO4. The solvent was finally evaporated and the remaining product was purified by chromatography (CHCl3).

  Representative data for 3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl 2-(4-bromophenyl)thiazole-4-carboxylate (7b)

  Yield 66%; IR (KBr) n/cm-1 2919, 2850, 2364, 1745, 1509, 1454, 1344, 1245, 1211, 1072, 1014, 827, 634; 1H NMR (CDCl3, 300 MHz) δ 8.11 (s, 1H, CHS), 7.81 (d, 2H, J 8.4 Hz, Ar-H), 7.52 (d, 2H, J 8.4 Hz, Ar-H), 4.62 (t, 2H, J 6.5 Hz, OCH2), 2.80-2.34 (m, CF2CH2, 2H); 13C NMR (CDCl3, 75 MHz) δ 167.86, 160.62, 147.14, 132.23, 131.48, 128.33, 128.04, 125.28, 122-106 (6C), 57.24, 30.55 (t, J 21.7 Hz). HRMS (ESI) m/[image: Caracter 1], calcd for C18H10BrF13NO2S [M+H+]: 629.9408; found: 629.9404.

   

  Supplementary Information

  Supplementary data (experimental description, 1H NMR and 13C NMR spectrum) are available free of charge at http://jbcs.sbq.org.br as PDF file.

   

  Acknowledgments

  The authors gratefully acknowledge the INCT-Catálise, Edital 01/12-PPG-Química-UFRGS and Fapergs-Edital PqG 2012. The authors are also grateful to Sidnei Moura e Silva [Universidade de Caxias do Sul (UCS)] for the HRMS analysis. Eric S. Sales thanks to PIBIC-UFRGS for fellowship.

   

  References

  1. Bruce, D. W.; Heyns, K.; Vill, V.; Liq. Cryst. 1997, 23, 813.

  2. Klein, S.; Liq. Cryst. Rev. 2013, 1, 52.

  3. Vlachos, P.; Mansoor, B.; Aldred, M. P.; O'Neill, M.; Kelly, S. M.; Chem. Commun. 2005, 2921; Cristiano, R.; Ely, F.; Gallardo, H.; Liq. Cryst. 2005, 32, 15; Wang, R.; Liu, D.; Ren, H.; Zhang, T.; Yin, H.; Liu, G.; Li, J.; Adv. Mater. 2011, 23, 2823.

  4. Chen, W.; Chen, Y.; Li, F.; Chen, L.; Yuan, K.; Yao, K.; Wang, P.; Sol. Energy Mater. Sol. Cells 2012, 96, 266; Yazaki, S.; Funahashi, M.; Kagimoto, J.; Ohno, H.; Kato, T.; J. Am. Chem. Soc. 2010, 132, 7702; Zhang, X.; Hudson, S. D.; DeLongchamp, D. M.; Gundlach, D. J.; Heeney, M.; McCulloch, I.; Adv. Funct. Mater. 2010, 20, 4098; Zhao, X.; Zhan, X.; Chem. Soc. Rev. 2011, 40, 3728.

  5. Hughes, R. A.; Thompson, S. P.; Alcaraz, L.; Moody, C. J.; J. Am. Chem. Soc. 2005, 127, 15644; Glover, C.; Merritt, E. A.; Bagley, M. C.; Tetrahedron Lett. 2007, 48, 7027.

  6. Niori, T.; Sekine, T.; Watanabe, J.; Furukawa, T.; Takezoe, H.; J. Mater. Chem. 1996, 6, 1231; Reddy, R. A.; Tschierske, C.; J. Mater. Chem. 2006, 16, 907; Rampon, D. S.; Rodembusch, F. S.; Schneider, J. M. F. M.; Bechtold, I. H.; Gonçalves, P. F. B.; Merlo, A. A.; Schneider, P. H.; J. Mater. Chem. 2010, 20, 715; Vasconcelos, U. B.; Merlo, A. A.; Synthesis 2006, 1141.

  7. Lai, C. K.; Chen, C.-J.; Wu, Y.-C.; Sheu, H.-S.; Lee, G.-H.; Tetrahedron 2011, 67, 114; Ritter, O. M. S.; Giacomelli, F. C.; Passo, J. A.; da Silveira, N. P.; Merlo, A. A.; Polym. Bull. 2006, 56, 549.

  8. Seed, A. J.; Chem. Soc. Rev. 2007, 36, 2046.

  9. Ha, S.-T.; Koh, T.-M.; Lee, S.-L.; Yeap, G.-Y.; Lin, H.-C.; Ong, S.-T.; Liq. Cryst. 2010, 37, 547.

  10. Hird, M.; Chem. Soc. Rev. 2007, 36, 2070.

  11. Meijer, E. W.; van Houtem, M. H. C. J.; Benaskar, F.; Fitié, C. F. C.; Martin-Rapún, R.; Org. Biomol. Chem. 2012, 10, 5898; Krafft, M. P.; Riess, J. G.; Chem. Rev . 2009, 109, 1714.

  12. Kirsch, P.; Binder, W.; Hahn, A.; Jährling, K.; Lenges, M.; Lietzau, L.; Maillard, D.; Meyer, V.; Poetsch, E.; Ruhl, A.; Unger, G.; Fröhlich, R.; Eur. J. Org. Chem. 2008, 3479-3487.

  13. Gaumont, A.-C.; Gulea, M.; Levillain, J.; Chem. Rev. 2009, 109, 1371.

  14. Bergereon, R. J.; Wiegand, J.; McManis, J. S.; Bharti, N.; Singh, S.; J. Med. Chem. 2008, 51, 5993.

  15. Loughlin, W. A.; Knevitt, S. A.; Hosking, R. E.; Marshall, R. L.; Aust. J. Chem. 2000, 53, 457.

  16. Höpken, J.; Möller, M.; Macromolecules 1992, 25, 2482.

  17. Lu, Y.; Li, C.-M.; Wang, Z.; Ross, C. R.; Chen, J.; Dalton, J. T.; Li, W.; Miller, D. D.; J. Med. Chem. 2009, 52, 1701; Bergeron, R. J.; Wiegand, J.; Dionis, J. B.; Egii-Karmakka, M.; Frei, J.; Huxley-Tencer, A.; Peter, H. H.; J. Med. Chem. 1999, 34, 2072.

  18. Loughlin, W. A.; Knevitt, S. A.; Hosking, R. E.; Marshall, R. L.; Aust. J. Chem. 2000, 53, 457.

  19. Mikolajczyk, M.; Kielbasinski, P.; Tetrahedron 1981, 37, 233; Montalbetti, C. A. G. N.; Falque, V.; Tetrahedron 2005, 61, 10827.

  20. Neises, B.; Steglich, W.; Angew. Chem., Int. Ed. Engl. 1978, 17, 569; Tavares, A.; Livotto, P. R.; Gonçalves, P. F. B.; Merlo, A. A.; J. Braz. Chem. Soc. 2009, 20, 1742.

  21. Bose, D. S.; Idrees, M.; Tetrahedron Lett. 2007, 48, 669.

  22. Evans, D. L.; Minster, D. K.; Jordis, U.; Hecht, S. M.; Mazuu, A. L.; Meyers, A. I.; J. Org. Chem. 1979, 44, 497; Bock, M.; Dehn, R.; Kirschning, A.; Angew. Chem., Int. Ed. 2008, 47, 91.

  23. Yu, Y. B.; Chen, H.-L.; Wang, L.-Y.; Chen, X.-Z.; Fu, B.; Molecules 2009, 4858.

  24. Phillips, A. J.; Uto, Y.; Wipf, P.; Reno, M. J.; Williams, D. R.; Org. Lett. 2000, 2, 1165; Wagner, B.; Schumann, D.; Linne, U.; Koert, U.; Marahiel, M. A.; J. Am. Chem. Soc. 2006, 128, 10513; Vilela, G. D.; da Rosa, R. R.; Schneider, P. H.; Bechtold, I. H.; Eccher, J.; Merlo, A. A.; Tetrahedron Lett. 2011, 52, 6569.

  25. Williams, D. R.; Lowder, P. D.; Gu, Y.-G.; Brooks, D. A.; Tetrahedron Lett. 1997, 38, 331; Williams, D. R.; Patnaik, S.; Clark, M. P.; J. Org. Chem. 2001, 66, 8463.

  26. Collings, P. J.; Hird, M.; Introduction to Liquid Crystals. Chemistry and Physics, Taylor & Francis: London, 1997.

  27. Tschierske, C.; J. Mater. Chem. 1998, 8, 1485.

  28. Liu, Y.; Zhao, B.; Li, Y.; Zheng, L.; Liu, J.; Synthesis 2011, 3133.

  29. Dierking, I.; Texture of Liquid Crystals, WILEY-VCH Verlag GmbH & Co. KGaA: Weinheim, 2003.

  30. Di Credico, B.; Reginato, G.; Gonsalvi, L.; Peruzzini, M.; Rossin, A.; Tetrahedron 2011, 67, 267.

  31. Seed, A. J.; Toyne, K. J.; Goodby, J. W.; J. Mater. Chem. 1995, 5, 653; Matharu, A. S.; Karadakov, P. B.; Cowling, S. J.; Hegde, G.; Komitov, L.; Liq. Cryst. 2011, 38, 207.

  32. Tariq, M.; Hameed, S.; Bechtold, I. V.; Bortoluzzid, A. J.; Merlo, A. A.; J. Mater. Chem. C 2013, 1, 5583.

  33. Imrie, C. T.; Luckhurst, G. R. In Handbook of Liquid Crystals; Demus, D.; Goodby, J. W.; Gray, G. W.; Spiess, H. W.; Vill, V., eds.; Wiley-VCH: Weinheim, 1998; Imrie, C. T.; Henderson, P. A.; Chem. Soc. Rev. 2007, 36, 2096.

  34. Lagerwall, J. P. F.; Giesselmann, F.; ChemPhysChem 2006, 7, 20; Kapernaum, N.; Giesselmann, F.; Phys. Rev. E 2008, 78, 062701; Roberts, J.; Kapernaum, N.; Song, Q.; Nonnemacher, D.; Ayub, K.; Giesselmann, F.; Lemieux, R. P.; J. Am. Chem. Soc. 2010, 132, 364; Roberts, J. C.; Kapernaum, N.; Giesselmann, F.; Lemieux, R. P.; J. Am. Chem. Soc. 2008, 130, 13842; Chattham, N.; Zhu, C.; Cheng, X.; Limtrakul, J.; Tschierske, C.; Maclennan, J. E.; Clark, N. A.; Soft Matter, 2011, 7, 9978; Hentrich, F.; Tschierske, C.; Siegmar-Diele, S.; Saue, C.; J. Mater. Chem. 1994, 4, 1547.

  35. Höpken, J.; Pugh, C.; Richtering, W.; Möller, M.; Makromol. Chem. 1988, 189, 911.

  36. Peer, K.; Modern Fluoroorganic Chemistry, WILEY-VCH Verlag GmbH & Co. KGaA: Weinheim, 2004; Lemal, D. M.; J. Org. Chem. 2004, 69, 1; Zimmer, L. E.; Sparr, C.; Gilmour, R.; Angew. Chem., Int. Ed. 2011, 50, 11860; Terashima, Y.; Sakurai, T.; Bando, Y.; Seki, S.; Maeda, H.; Chem. Mater. 2013, 25, 2656; Haldar, S.; Sinha, D.; Mandala, P. K.; Goubitz, K.; Peschar, R.; Liq. Cryst. 2013, 40, 689; Kenwright, A. M.; Sandford, G.; Tadeusiak, A. J.; Yufit, D. S.; Howard, J. A. K.; Kilickiran, P.; Nelles, G.; Tetrahedron 2010, 66, 9819.

   

   

  Submitted on: March 27, 2014.

  Published online: June 6, 2014.

   

   

  
    *e-mail: aloir.merlo@ufrgs.br

     

     

    Supplementary information

    General methods

    All starting materials were purchased from commercial suppliers (Sigma Aldrich Chemical Co., Acros Organics and ABCR Chemicals) and used without further purification. All reactions were carried out under a nitrogen atmosphere in oven-dried glassware with magnetic stirring. Solvents were dried, purified and degassed under classical methods. Solvents used in extraction and purification were distilled prior to use. Thin layer chromatography (TLC) was performed using silica gel 60 F254 aluminum sheets and the visualization of the spots has been done under UV light (254 nm) or stained with iodine vapor. Products were purified by flash chromatography on silica gel 60 M, 230-400 mesh. Melting and mesophase transition temperatures and textures of the samples points were measured using an Olympus BX43 microscope equipped with a Mettler Toledo FP82HT Hot Stage FP90. 1H (13C) NMR spectra were recorded at 300 (75) MHz on a Varian Inova and 400 (100) MHz Bruker spectrometer using CDCl3 as solvent. The 1H and 13C chemical shifts were reported in parts per million (d) referenced to residual solvent signals at dH/C 7.26/77.00 (CDCl3) relative to tetramethylsilane (TMS) as internal standard. Coupling constants J [Hz] were directly taken from the spectra and are not averaged. Splitting patterns are designated as s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet) and br (broad). ATR/FTIR spectra were recorded on a Varian FT-IR-640 spectrometer. Low-resolution mass spectra were obtained with a Shimadzu GC-MS-QP5050 mass spectrometer interfaced with a Shimadzu GC-17A gas chromatograph equipped with a DB-17 MS capillary column. HRMS spectra were obtained from a Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer equipped with an Infinity™ cell, a 7.0 Tesla superconducting magnet, an RF-only hexapole ion guide and an external electrospray ion source (off axis spray) and with ESI(+)-MS and tandem ESI(+)-MS/MS using a hybrid high-resolution and high accuracy MicroTOF-Q II mass spectrometer (Bruker Daltonics), or on a Micromass Q-TOFmicro instrument.

    General procedure for the synthesis of Thiazolines 4a-c

    A solution of L-cysteine hidrochloride (60 mmol; 10.8 g), NaHCO3 (60 mmol; 5.3 g), the appropriate nitrile (20 mmol) in 85 mL of ethanol was refluxed for 30 min. After, the pH was adjusted to 8.0 by adding a few drops of morpholine, and the reflux was continued for additional 12 h. The ethanol was removed; the residue dissolved in distilled water and acidified to pH 1.5 by adding concentrated HCl. The product was extracted with CH2Cl2 (3 × 50 mL), the organic layers where combined, dried over MgSO4 and the solvent removed under vacuum. The products were obtained with satisfactory purity and were used in the next step without further purification.

    (R)-2-[4-(Octyloxy)phenyl]-4,5-dihydrothiazole-4-carboxylic acid (4a)

    Beige solid; mp 103 ºC; yield: 88%; 1H NMR (DMSO-d6 , 300 MHz) δ 0.84 (t, 3H, J 6.4 Hz, CH3), 1.38-1.24 (m, 10H, (CH2)5), 1.72-1.65 (m, 2H, CH2), 3.63-3.60 (m, 2H, SCH2), 3.99 (t, 2H, J 6.5 Hz, OCH2), 5.23 (t, 1H, J 8.3 Hz, NCH), 6.99 (d, 2H, J 8.9 Hz, Ar-H), 7.71 (d, 2H, J 8.9 Hz, Ar-H); 13C NMR (DMSO-d6 , 75.5 MHz) δ 171.96, 167.45, 161.38, 129.91, 124.82, 114.48, 78.25, 67.77, 34.94, 31.25, 28.74, 28.67, 28.57, 25.47, 22.09, 13.93.

    (R)-2-[4'-(Octyloxy)biphenyl-4-yl]-4,5-dihydrothiazole-4-carboxylic acid (4b)

    Beige solid; mp 186 ºC; yield 53%; 1H NMR (DMSO-d6 , 300 MHz) δ 0.90-0.88 (m, 3H, CH3), 1.79-1.30 (m, 10H, (CH2)5), 2.60-2.48 (m, 2H, CH2), 4.00-3.73 (m, 2H, SCH2), 5.29 (t, 1H, J 8.8 Hz, NCH), 6.99 (d, 2H, J 8.3 Hz, ArH), 7.57 (d, 2H, J 8.3 Hz, ArH), 7.60 (d, 2H, J 8.3 Hz, ArH), 7.89 (d, 2H, J 8.1 Hz, ArH), 7.99 (bs, 1H, OH).

    (R)-2-(4-Bromophenyl)-4,5-dihydrothiazole-4-carboxylic acid (4c)

    Pale pink solid; mp 183 ºC; yield 86%; 1H NMR (DMSO-d6 , 300 MHz) δ 3.68-3.71 (m, 2H, SCH2), 5.31 (t, 1H, J 8.4 Hz, NCH), 7.85-7.68 (m, 4H, Ar-H); 13C NMR (DMSO-d6 , 75.5 MHz) δ 172.12, 167.86, 132.39, 131.90, 130.48, 125.88, 78.83, 35.73.

    General procedure for esterification of thiazolines 6a-k

    To a stirred solution of the corresponding thiazoline (4a-c) (2.0 mmol) in dry CH2Cl2 (8 mL) under N2 atmosphere at room temperature, were added subsequently the chosen alcohol or phenol (2.0 mmol) EDCI (2.0 mmol) and catalytic amount of DMAP. After 16 h the organic phase was transferred to an extraction funnel, washed with saturated NaHCO3 (2 × 10 mL), water (2 × 10 mL) and the organic layer was dried with Na2SO4. The solvent was evaporated and the remaining product was purified by chromatography (hexanes/AcOEt = 80:20).

    (R)-Decyl 2-(4-bromophenyl)-4,5-dihydrothiazole-4-carboxylate (6a)

    Yield 71%; yellow oil; IR (KBr) ν/cm-1 2923, 2856, 1737, 1604, 1508, 1232, 1174, 1141, 836, 700; 1H NMR (CDCl3, 400 MHz) δ 7.75 (d, 2H, J 8.6 Hz, ArH), 7.56 (d, 2H, J 8.6 Hz, ArH), 5.28 (t, 1H, J 9.0 Hz, NCH), 4.24 (t, 2H, J 6.7 Hz, OCH2), 3.80-3.62 (m, 2H, SCH2), 1.76-1.64 (m, 2H, CH2), 1.41-1.20 (m, 14H, (CH2)7), 0.89 (t, 3H, J 6.9 Hz, CH3); 13C NMR (CDCl3, 101 MHz) δ 170.55, 170.02, 131.69, 131.42, 130.05, 126.35, 78.36, 65.97, 35.67, 31.83, 29.50, 29.46, 29.26, 29.16, 28.47, 25.77, 22.64, 14.08.

    (R)-3,3,4,4,5,5,6,6,7,7,8,8,8-Tridecafluorooctyl 2-(4-bromophenyl)-4,5-dihydrothiazole-4-carboxylate (6b)

    Yield 70%; white solid; mp 56 ºC; IR (KBr) ν/cm-1 2917, 2848, 1760, 1592, 1504, 1197, 1172, 1012, 937, 829; 1H NMR (CDCl3, 300 MHz) δ 7.73 (d, 2H, J 8.6 Hz, ArH), 7.56 (d, 2H, J 8.6 Hz, ArH), 5.28 (t, 1H, J 9.1 Hz, NCH), 4.63-4.46 (m, 2H, OCH2), 3.75-3.60 (m, 2H, SCH2), 2.67-2.44 (m, 2H, CH2); 13C NMR (CDCl3, 75 MHz) δ 170.39, 170.23, 131.75, 131.40, 130.03, 126.44, 120.00-107.00 (4C), 78.17, 57.55 (t, J 4.6 Hz, CH2 ), 35.51, 30.38, (t, J 21.8 Hz, CH2).

    (R)-4-(Nonyloxy)phenyl 2-(4-bromophenyl)-4,5-dihydrothiazole-4-carboxylate (6c)

    Yield 62%; white solid; mp 107 ºC; IR (KBr) ν/cm-1 2929, 2854, 1737, 1587, 1232, 1182, 1141, 700, 649; 1H NMR (CDCl3, 300 MHz) δ 7.77 (d, 2H, J 8.5 Hz, ArH), 7.56 (d, 2H, J 8.5 Hz, ArH), 7.06 (d, 2H, J 9.0 Hz, ArH), 6.88 (d, 2H, J 9.1 Hz, ArH), 5.49 (t, 1H, J 9.1 Hz, NCH), 3.93 (t, 2H, J 6.5 Hz, OCH2), 3.89-3.72 (m, 2H, SCH2), 1.89-1.70 (m, 2H, CH2), 1.54-1.19 (m, 12H, (CH2)6), 0.88 (t, 3H, J 6.7 Hz, CH3); 13C NMR (CDCl3, 75 MHz) δ 170.32, 169.56, 157.03, 143.80, 131.75, 131.48, 130.08, 126.41, 121.99, 114.98, 78.48, 68.35, 35.69, 31.84, 29.50, 29.36, 29.23, 29.21, 25.99, 22.65, 14.10.

    (R)-Decyl 4,5-dihydro-2-[4-(octyloxy)phenyl]thiazole-4carboxylate (6d)

    Yield 43%; white solid; mp 43 ºC; IR (KBr) ν/cm-1 2921, 2854, 2364, 1654, 1511, 1238, 823; 1H NMR (CDCl3, 400 MHz) δ 7.87 (d, 2H, J 8.8 Hz, ArH), 6.92 (d, 2H, J 8.9 Hz, ArH), 5.28 (dd, 1H, J 9.1, 8.2 Hz, NCH), 4.24 (d, 2H, J 6.7 Hz, OCH2), 4.01 (t, 2H, J 6.6 Hz, OCH2), 3.79-3.56 (m, 2H, SCH2), 1.90-1.76 (m, 2H, CH2), 1.76-1.65 (m, 2H, CH2), 1.56-1.19 (m, 26H, (CH2)6 and (CH2)7), 0.96-0.84 (m, 6H, 2 CH3); 13C NMR (CDCl3, 101 MHz) δ 170.83, 162.48, 131.40, 130.78 126.44, 114.34, 68.24, 65.97, 35.38, 31.86, 31.77, 29.49, 29.30, 29.28, 29.20, 29.19, 29.09, 28.29, 28.49, 28.31, 25.95, 25.79, 22.66, 22.63, 14.10, 14.08.

    (R)-2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9,9-Heptadecafluorononyl 4,5-dihydro-2-[4-(octyloxy)phenyl]thiazole-4-carboxylate (6e)

    Yield 60%; white solid; mp 97 ºC; IR (KBr) ν/cm-1 2921, 2852, 1737, 1604, 1174, 1141, 1018, 836, 700, 651; 1H NMR (CDCl3, 400 MHz) δ 7.82 (d, 2H, J 8.9 Hz, ArH), 6.92 (d, 2H, J 8.9 Hz, ArH), 5.38 (t, 1H, J 8.8 Hz, NCH), 4.89-4.60 (m, 2H, OCH2CF2), 4.01 (t, 2H, J 6.6 Hz, OCH2), 3.73-3.63 (m, 2H, SCH2), 1.90-1.70 (m, 2H, CH2), 1.59-1.19 (m, 10H, (CH2)5), 0.90 (t, 3H, J 6.8 Hz, CH3); 13C NMR (CDCl3, 101 MHz) δ 171.55, 169.58, 162.22, 130.44, 124.80, 114.31, 60.40 (t, J 4.6 Hz, CH2), 59.86, 35.32, 31.88, 29.54, 29.53, 29.35, 29.30, 29.10, 25.96, 22.66, 14.09.

    (R)-3,3,4,4,5,5,6,6,7,7,8,8,8-Tridecafluorooctyl 4,5-dihydro2-[4-(octyloxy)phenyl]thiazole-4-carboxylate (6f)

    Yield 58%; white solid; mp 62 ºC; IR (KBr) ν/cm-1 2919, 2854, 1762, 1594, 1506, 1473, 1255, 1203, 1178, 1018, 836; 1H NMR (CDCl3, 400 MHz) δ 7.80 (d, 2H, J 8.8 Hz, ArH), 6.89 (d, 2H, J 8.9 Hz, ArH), 5.26 (t, 1H, J 8.9 Hz, NCH), 4.57-4.47 (m, 2H, OCH2), 3.98 (t, 2H, J 6.6 Hz, OCH2), 3.72-3.53 (m, 2H, SCH2), 2.68-2.45 (m, 2H, CH2), 1.85-1.71 (m, 2H, CH2), 1.55-1.16 (m, 10H, (CH2)5), 0.88 (t, 3H, J 6.8 Hz, CH3); 13C NMR (CDCl3, 101 MHz) δ 170.72, 170.59, 162.09, 130.35, 124.99,120.00-107.00 (6C), 114.23, 77.93, 68.14, 57.36, 35.20, 31.84, 30.38 (t, J 21.7 Hz, CH2), 29.51, 29.50, 29.32, 29.27, 29.07, 25.93, 22.62, 13.99.

    (R)-4-(Nonyloxy)phenyl 4,5-dihydro-2-[4-(octyloxy)phenyl] thiazole-4-carboxylate (6g)

    Yield 83%; white solid; mp 104 ºC; IR (KBr) ν/cm-1 2919, 2852, 1648, 1546, 1249, 1025, 831, 671; 1H NMR (CDCl3, 300 MHz) δ 7.84 (d, 2H, J 8.9 Hz, ArH), 7.06 (d, 2H, J 9.1 Hz, ArH), 6.99-6.82 (m, 4H, ArH), 5.52-5.38 (m, 1H, NCH), 4.11-3.87 (m, 4H, OCH2), 3.87-3.65 (m, 2H, SCH2), 1.93-1.69 (m, 4H, 2 CH2), 1.55-1.17 (m, 22H, (CH2)5 and (CH2)6), 1.02-0.81 (m, 6H, 2 CH3); 13C NMR (CDCl3, 75 MHz) δ 170.60, 169.97, 162.03, 156.98, 143.93, 130.39, 125.13, 122.06, 115.50, 114.97, 114.26, 78.33, 68.36, 68.18, 35.49, 31.85, 31.78, 29.51, 29.37, 29.31, 29.23, 29.20, 29.10, 26.00, 25.96, 22.65, 22.63, 14.09.

    (R)-Decyl 4,5-dihydro-2-[4-(octyloxy)biphenyl]thiazole-4-carboxylate (6h)

    Yield 56%; white solid; mp 108 ºC; IR (KBr) ν/cm-1 2929, 2852, 1704, 1666, 1598, 1536, 1496, 1390, 1236, 1191, 819; 1H NMR (CDCl3, 300 MHz) δ 7.91 (d, 2H, J 8.5 Hz, ArH), 7.67-7.47 (m, 4H, ArH), 6.97 (d, 2H, J 8.9 Hz, ArH), 5.29 (t, 1H, J 8.9 Hz, NCH), 4.23 (t, 2H, J 6.8 Hz, OCH2), 4.00 (t, 2H, J 6.6 Hz, OCH2), 3.68 (dd, 2H, J 11.2, 9.0 Hz, SCH2), 1.89-1.57 (m, 4H, 2 CH2), 1.57-1.10 (m, 24H, (CH2)5 and (CH2)7), 0.88 (t, 6H, J 6.8 Hz, 2 CH3); 13C NMR (CDCl3, 75 MHz) δ 170.79, 159.32, 153.66, 144.12, 131.93, 130.42, 128.84, 128.10, 126.47, 114.85, 78.57, 68.06, 55.74, 34.07, 32.78, 32.74, 32.00, 31.83, 31.76, 31.34, 29.57, 29.39, 29.30, 26.06, 25.40, 25.35, 24.59, 22.60, 14.05.

    (R)-2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9,9-Heptadecafluorononyl 4,5-dihydro-2-(4-(octyloxy)biphenyl)thiazole-4-carboxylate (6i)

    Yield 76%; white solid; mp 168 ºC; IR (KBr) ν/cm-1 2925, 2850, 1737, 1600, 1494, 1232, 1184, 1141, 829, 700, 655; 1H NMR (CDCl3, 300 MHz) δ 7.84 (d, 2H, J 8.4 Hz, ArH), 7.61-7.40 (m, 4H, ArH), 6.91 (d, 2H, J 8.8 Hz, ArH), 5.34 (t, 1H, J 8.9 Hz, NCH), 4.85-4.49 (m, 2H, OCH2), 3.93 (t, 2H, J 6.6 Hz, OCH2), 3.63 (dd, 2H, J 8.9, 1.5 Hz, SCH2), 1.85-1.60 (m, 2H, CH2), 1.26 (m, 8H, (CH2)5), 0.82 (t, 3H, J 6.6 Hz, CH3); 13C NMR (CDCl3, 101 MHz) δ 172.07, 169.37, 159.38, 144.46, 132.04, 130.35, 129.20, 128.19, 126.57, 120.00-107.00 (8C), 114.90, 68.12, 60.18 (t, J 21.7 Hz, CH2), 35.30, 31.80, 29.68, 29.34, 29.22, 26.02, 22.64, 14.08.

    (R)-3,3,4,4,5,5,6,6,7,7,8,8,8-Tridecafluorooctyl 4,5-dihydro-2-(4-(octyloxy)biphenyl)thiazole-4-carboxylate (6j)

    Yield 72%; white solid; mp 108 ºC; IR (KBr) ν/cm-1 2919, 2856, 1752, 1592, 1508, 1475, 1255, 1203, 1018, 939, 829; 1H NMR (CDCl3, 300 MHz) δ 7.94 (d, 2H, J 8.5 Hz, ArH), 7.72-7.52 (m, 4H, ArH), 7.00 (d, 2H, J 8.5 Hz, ArH), 5.34 (t, 1H, J 8.9 Hz, NCH), 4.64-4.51 (m, 2H, OCH2), 4.03 (t, 2H, J 6.6 Hz, OCH2), 3.80-3.61 (m, 2H, SCH2), 2.75-2.48 (m, 2H, CH2), 1.92-1.75 (m, 2H, CH2), 1.60-1.21 (m, 10H, (CH2)5), 0.92 (t, 3H, J 6.8 Hz, CH3); 13C NMR (CDCl3, 75 MHz) δ 171.46, 170.41, 159.35, 144.32, 132.07, 130.50, 129.16, 128.18, 126.54, 120.00-107.00 (5C), 114.89, 77.90, 68.12, 57.51, 35.25, 31.80, 30.43 (t, J 21.7 Hz, CH2), 29.35, 29.30, 29.23, 26.03, 22.65, 14.09.

    (R)-4-(Nonyloxy)phenyl 4,5-dihydro-2-[4-(octyloxy)biphenyl] thiazole-4-carboxylate (6k)

    Yield 80%; white solid; mp 108 ºC; IR (KBr) ν/cm-1 2919, 2852, 1648, 1598, 1508, 1469, 1245, 1184, 1027, 933, 829, 719; 1H NMR (CDCl3, 300 MHz) δ 7.96 (d, 2H, J 8.4 Hz, ArH), 7.62 (d, 2H, J 8.5 Hz, ArH), 7.56 (d, 2H, J 8.8, Hz ArH), 7.08 (d, 2H, J 9.1 Hz, ArH), 6.98 (d, 2H, J 8.8 Hz, ArH), 6.88 (d, 2H, J 9.1 Hz, ArH), 5.53 (dd, 1H, J 9.2, 8.6 Hz, NCH), 4.00 (t, 2H, J 6.6 Hz, OCH2), 3.93 (t, 2H, J 6.5 Hz, OCH2), 3.82 (dd, 2H, J 11.3, 8.9 Hz, SCH2), 1.89-1.70 (m, 4H, 2 CH2), 1.36 -1.10 (m, 22H, (CH2)5 and (CH2)6), 0.96-0.81 (m, 6H, 2 CH3); 13C NMR (CDCl3, 101 MHz) δ 171.32, 169.78, 159.32, 157.02, 144.26, 143.90, 132.11, 130.65, 129.19, 128.19, 126.55, 122.05, 115.06, 114.99, 114.89, 78.29, 68.38, 68.12, 35.47, 33.85, 31.85, 31.80, 31.79, 29.50, 29.36, 29.34, 29.22, 26.02, 26.00, 25.56, 24.89, 22.64, 14.09.

    General procedure for the synthesis of tiazoles 7a-k

    The appropriate thiazoline ester (1 mmol) (6a-k) and dry CH2Cl2 (5 mL) were added to a round bottomed flask under N2 atmosphere. The system was cooled to 0 ºC, and 1,8-diazabicyclo[5,4,0]undec-7-ene (DBU) (2 mmol) was added and the reaction mixture was stirred for 20 min. Bromotrichloromethane (BrCCl3) (2 mmol) was then added and stirred for additional 16 hours at room temperature. The reaction was quenched with saturated NH4Cl and the organic layer washed with water (2 × 10 mL), saturated NaCl (2 × 10 mL) and dried over Na2SO4. The solvent was finally evaporated and the remaining product was purified by chromatography (hexanes/AcOEt = 80:20).

    Decyl 2-(4-Bromophenyl)thiazole-4-carboxylate (7a)

    Yield: 82%; IR (KBr) ν/cm-1 2919, 2850, 1718, 1454, 1338, 1249, 1218, 1105, 1070, 998, 840, 796, 767; 1H NMR (CDCl3, 400 MHz) δ 8.07 (s, 1H, SCH), 7.80 (d, 2H, J 8.6 Hz, ArH), 7.51 (d, 2H, J 8.6 Hz, ArH), 4.30 (t, 2H, J 6.8 Hz, OCH2), 1.88-1.56 (m, 2H, CH2), 1.43-1.07 (m, 16H, (CH2)8), 0.80 (t, 3H, J 6.8 Hz, CH3); 13C NMR (CDCl3, 100 MHz) δ 167.51, 161.33, 148.30, 132.18, 131.74, 128.36, 127.11, 125.10, 65.71, 31.89, 29.53, 29.52, 29.30, 29.27, 28.69, 25.94, 22.67, 14.11; HRMS (FTMS + pESI) m/[image: Caracter 2], calcd. for C20H27BrNO2S [M + H+]: 424.0940, found: 424.0901.

    3,3,4,4,5,5,6,6,7,7,8,8,8-Tridecafluorooctyl 2-(4-bromophenyl)thiazole-4-carboxylate (7b)

    Yield 66%; IR (KBr) ν/cm-1 2919, 2850, 2364, 1745, 1509, 1454, 1344, 1245, 1211, 1072, 1014, 827, 634; 1H NMR (CDCl3, 300 MHz) δ 8.11 (s, 1H, SCH), 7.81 (d, 2H, J 8.4 Hz, ArH), 7.52 (d, 2H, J 8.4 Hz, ArH), 4.62 (t, 2H, J 6.5 Hz, OCH2), 2.80-2.34 (m, 2H, CH2); 13C NMR (CDCl3, 75 MHz) δ 167.86, 160.62, 147.14, 132.23, 131.48, 128.33, 128.04, 125.28, 122-106 (6C), 57.24, 30.55 (t, J 21.7 Hz, CH2); HRMS (FTMS + pESI) m/[image: Caracter 3], calcd. for C18H10BrF13NO2S [M + H+]: 629.9408, found: 629.9404.

    4-(Nonyloxy)phenyl 2-(4-bromophenyl)thiazole-4-carboxylate (7c)

    Yield 51%; IR (KBr) ν/cm-1 2927, 2850, 1729, 1623, 1569, 1311, 1243, 1207, 1141, 1087, 646; 1H NMR (CDCl3, 400 MHz) δ 8.32 (s, 1H, SCH), 7.89 (d, 2H, J 8.6 Hz, ArH), 7.58 (d, 2H, J 8.6 Hz, ArH), 7.12 (d, 2H, J 9.0 Hz, ArH), 6.90 (d, 2H, J 9.1 Hz, ArH), 3.93 (t, 2H, J 6.6 Hz, CH2), 1.82-1.66 (m, 2H, CH2), 1.38-1.19 (m, 12H, (CH2)6), 0.86 (t, 3H, J 6.9 Hz, CH3); 13C NMR (CDCl3, 100 MHz) δ 167.84, 159.98, 157.10, 147.51, 143.91, 132.26, 131.64, 128.54, 128.41, 125.28, 122.29, 115.14, , 68.46, 31.85, 29.51, 29.37, 29.27, 29.23, 26.03, 22.64, 14.06; HRMS (FTMS + pESI) m/[image: Caracter 4], calcd. for C25H29BrNO3S [M + H+]: 502.1052, found: 502.0942.

    Decyl 2-[4-(octyloxy)phenyl]thiazole-4-carboxylate (7d)

    Yield 74%; IR (KBr) ν/cm-1 2915, 2850, 1722, 1606, 1459, 1297, 1253, 1209, 1172, 1105, 838, 763, 721, 632; 1H NMR (CDCl3, 400 MHz) δ 7.98 (s, 1H, SCH), 7.86 (d, 2H, J 8.9 Hz, ArH), 6.86 (d, 2H, J 8.9 Hz, ArH), 4.28 (t, 2H, J 6.9 Hz, OCH2), 3.92 (t, 2H, J 6.6 Hz, OCH2), 1.79-1.63 (m, 4H, 2 CH2), 1.43-1.31 (m, 4H, 2 CH2), 1.31-1.12 (m, 20H, (CH2)4 and (CH2)6), 0.87-0.75 (m, 6H, 2 CH3); 13C NMR (CDCl3, 101 MHz) δ 168.77, 161.53, 161.22, 147.77, 128.45, 126.00, 125.45, 114.71, 68.16, 65.50, 31.84, 31.76, 29.50, 29.49, 29.48, 29.37, 29.30, 29.26, 29.24, 29.18, 29.13, 28.66, 25.96, 25.90, 22.63, 22.61, 14.06, 14.05; HRMS (FTMS + pESI) m/[image: Caracter 5], calcd. for C28H44NO3S [M+H+]: 474.3042, found: 474.3089.

    2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9,9-Heptadecafluorononyl 2-[4-(octyloxy)phenyl]thiazole-4-carboxylate (7e)

    Yield 74%; IR (KBr) ν/cm-1 2917, 2850, 2362, 1724, 1467, 1249, 1209, 1141, 1101, 827, 765, 707; 1H NMR (CDCl3, 300 MHz) δ 8.07 (s, 1H, SCH), 7.86 (d, 2H, J 8.7 Hz, ArH), 6.87 (d, 2H, J 8.7 Hz, ArH), 4.79 (t, 2H, J 13.4 Hz, OCH2CF2), 3.93 (t,2H, J 6.5 Hz, OCH2), 1.85-1.57 (m, 2H, CH2), 1.49-0.97 (m, 10H, (CH2)5), 0.80 (t, 3H, J 5.8 Hz, CH3); 13C NMR (CDCl3, 75 MHz) δ 169.38, 161.50, 159.39, 145.48, 128.53, 127.99, 125.15, 114.83, 120-107 (3C), 77.42, 68.24, 60.04 (t, J 21.6 Hz, CH2), 31.89, 29.70, 29.56, 29.54, 29.37, 29.31, 29.15, 26.00, 22.67, 14.07; 19F NMR (282 MHz, CDCl3/CF3CO2H) δ –80.85 (t, J 9.9 Hz), –119.28, –121.93 (3 CF2), –122.75, –123.21, –126.18.

    3,3,4,4,5,5,6,6,7,7,8,8,8-Tridecafluorooctyl 2-(4-(octyloxy) phenyl)thiazole-4-carboxylate (7f)

    Yield 76%; IR (KBr) ν/cm-1 2917, 2850, 1747, 1509, 1461, 1214, 1083, 1018, 835, 640; 1H NMR (CDCl3, 400 MHz) δ 8.01 (s, 1H, SCH), 7.85 (d, 2H, J 8.8 Hz, ArH), 6.87 (d, 2H, J 8.8 Hz, ArH), 4.59 (t, 2H, J 6.6 Hz, OCH2), 3.92 (t, 2H, J 6.6 Hz, OCH2), 2.71-2.44 (m, 2H, CH2), 1.80-1.64 (m, 2H, CH2), 1.45-1.33 (m, 2H, CH2), 1.33-1.11 (m, 8H (CH2)4), 0.80 (t, 3H, J 6.8 Hz, CH3); 13C NMR (CDCl3, 101 MHz) δ 169.16, 161.41, 160.89, 146.74, 128.51, 127.01, 125.30, 120-107 (5C) 114.81, 68.24, 57.11, 31.89, 30.63 (t, J 21.6 Hz, CH2), 29.55, 29.38, 29.31, 29.16, 26.00, 22.67, 14.08.

    4-(Nonyloxy)phenyl 2-[4-(octyloxy)phenyl]thiazole-4-carboxylate (7g)

    Yield 50%; IR (KBr) ν/cm-1 2927, 2850, 1623, 1571, 1311, 1243, 1087, 829, 644; 1H NMR (CDCl3, 400 MHz) δ 8.19 (s, 1H, SCH), 7.89 (d, 2H, J 8.8 Hz, Ar-H), 7.07 (d, 2H, J 9.0 Hz, Ar-H), 6.93-6.80 (m, 4H, Ar-H), 3.93 (t, 2H, J 6.6 Hz, OCH2), 3.88 (t, 2H, J 6.6 Hz, OCH2), 1.78-1.62 (m, 4H, 2 CH2), 1.45-1.33 (m, 4H, 2 CH2), 1.33-1.12 (m, 18H, (CH2)4 and (CH2)5), 0.87-0.76 (m, 6H, 2 CH3); 13C NMR (CDCl3, 101 MHz) δ 169.16, 161.39, 160.27, 157.00, 146.98, 143.96, 128.56, 127.61, 125.37, 122.38, 115.08, 114.83, 68.42, 68.25, 31.90, 31.89, 29.57, 29.55, 29.41, 29.39, 29.32, 29.29, 29.27, 29.18, 26.05, 26.01, 22.68, 14.12; HRMS (FTMS+pESI) m/[image: Caracter 6] calcd. for C29H36H9NNaO4S [M–C4]Na+: 517.2263, found: 517.2285.

    Decyl 2-[4-(octyloxy)biphenyl]thiazole-4-carboxylate (7h)

    Yield 70%; IR (KBr) ν/cm-1 2921, 2852, 1722, 1459, 1247, 1199, 1097, 823; 1H NMR (CDCl3, 300 MHz) δ 8.13 (s, 1H, SCH), 8.05 (d, 2H, J 8.3 Hz, Ar-H), 7.64 (d, 2H, J 8.4 Hz, Ar-H), 7.57 (d, 2H, J 8.7 Hz, Ar-H), 6.98 (d, 2H, J 8.7 Hz, Ar-H), 4.38 (t, 2H, J 6.8 Hz, OCH2), 4.00 (t, 2H, J 6.6 Hz, OCH2), 1.91-1.72 (m, 4H, 2 CH2), 1.60-1.18 (m, 24H, (CH2)5 and (CH2)7), 0.99-0.80 (m, 6H, 2 CH3); 13C NMR (CDCl3, 75 MHz) δ 168.63, 161.50, 159.22, 148.08, 143.06, 132.14, 130.99, 128.05, 127.35, 126.93, 126.71, 114.87, 68.10, 65.61, 31.88, 31.80, 29,52; 29.51, 29,38; 29.35, 29.30, 29,28, 29.27, 29,25, 29,24, 29.23, 28.68, 26.03, 25.93, 22.66, 22.65, 14.10. 

    2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9,9-Heptadecafluorononyl 2-[4-(octyloxy)biphenyl]thiazole-4-carboxylate (7i)

    Yield 73%; IR (KBr) ν/cm-1 2921, 2852, 1727, 1600, 1463, 1241, 1199, 1141, 1101, 823, 698, 647; 1H NMR (CDCl3, 300 MHz) δ 8.22 (s, 1H, SCH), 8.05 (d, 2H, J 8.4 Hz, Ar-H), 7.65 (d, 2H, J 8.4 Hz, Ar-H), 7.52 (d, 2H, J 8.6 Hz, Ar-H), 6.99 (d, 2H, J 8.8 Hz, Ar-H), 4.88 (t, 2H, J 13.4 Hz, OCH2), 4.01 (t, 2H, J 6.6 Hz, OCH2), 1.92-1.73 (m, 2H, CH2), 1.55-1.23 (m, 10H (CH2)5), 0.90 (t, 3H, J 6.5 Hz, CH3); 13C NMR (CDCl3, 75 MHz) δ 169.28, 159.42, 159.37, 145.85, 143.50, 132.16, 130.76, 128.57, 128.11, 127.44, 127.08, 120-107 (7C)115.03, 68.23, 60.14 (t, J 27.5 Hz, CH2), 59.78, 31.82, 29.36, 29.29; 29.23, 26.07, 22.65, 14.05.

    3,3,4,4,5,5,6,6,7,7,8,8,8-Tridecafluorooctyl 2-[4-(octyloxy) biphenyl]thiazole-4-carboxylate (7j)

    Yield 75%; IR (KBr) ν/cm-1 2919, 2850, 1747, 1602, 1508, 1459, 1344, 1216, 1083, 1020, 831, 746; 1H NMR (CDCl3, 300 MHz) δ 8.17 (s, 1H, SCH), 8.05 (d, 2H, J 8.6 Hz, Ar-H), 7.65 (d, 2H, J 8.6 Hz, Ar-H), 7.57 (d, 2H, J 8.8 Hz, Ar-H), 6.99 (d, 2H, J 8.8 Hz, Ar-H), 4.70 (t, 2H, J 6.6 Hz, OCH2), 4.01 (t, 2H, J 6.6 Hz, OCH2), 2.78-2.53 (m, 2H, CH2), 1.91-1.71 (m, 2H, CH2), 1.52-1.23 (m, 10H, (CH2)5), 0.89 (t, 3H, J 6.5 Hz, CH3); 13C NMR (CDCl3, 75 MHz) δ 169.00, 160.82, 159.28, 146.98, 143.26, 132.07, 130.79, 128.08, 127.68, 127.37, 127.00, 120-107 (5C), 114.89, 68.12, 57.18, 31.81, 30.58 (t, J 21.7 Hz, CH2), 29.69, 29.36, 29.25, 29.24, 26.04, 22.66, 14.10.

    4-(Nonyloxy)phenyl 2-[4-(octyloxy)biphenyl]thiazole-4-carboxylate (7k)

    Yield 58%; IR (KBr) ν/cm-1 2933, 2852, 1745, 1602, 1463, 1199, 1145, 825, 655; 1H NMR (CDCl3, 300 MHz) δ 8.35 (s, 1H, SCH), 8.11 (d, 2H, J 8.4 Hz, ArH), 7.68 (d, 2H, J 8.4 Hz, ArH), 7.60 (d, 2H, J 8.8 Hz, ArH), 7.20 (d, 2H, J 9.0 Hz, ArH), 7.08-6.90 (m, 4H, ArH), 4.12-3.95 (m, 4H, 2 OCH2), 1.95-1.73 (m, 4H, 2 CH2), 1.63-1.21 (m, 22H, (CH2)5 and (CH2)6), 1.03-0.85 (m, 6H, 2 CH3); 13C NMR (CDCl3, 75 MHz) δ 168.99, 160.15, 159.42, 157.12, 147.47, 144.14, 143.38, 132.28, 131.06, 128.11, 128.06, 127.48, 127.07, 122.35, 115.22, 115.08, 68.57, 68.28, 31.88, 31.82, 29.53, 29.40, 29.36 (2C), 29.33 (2C), 29.32 (2C), 29.24 (2C), 29.23 (2C), 26.08, 22.65, 22.64, 14.03; HRMS (FTMS + pESI) m/[image: Caracter 7] calcd. for C34H39NNaO4S [M–C4H9]Na+: 580.2497, found: 580.2495.
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    Os óleos essenciais de quatro espécies de Marsypianthes (Lamiaceae) foram investigados por meio de cromatografia gasosa e análise multivariada. Cada espécie foi representada por duas a sete populações, totalizando dezessete populações. β-Elemeno, (E)-cariofileno, α-humuleno, germacreno D, biciclogermacreno, δ-cadineno, espatulenol, óxido de cariofileno e globulol ocorreram em todas as amostras. As análises de componentes principais e de agrupamento hierárquico evidenciaram a presença de duas seções, uma contendo M. chamaedrys/M. montana (seção A) e a outra contendo M. burchellii (seção B). M. foliolosa apresentou maior complexidade, dividindo-se nas duas seções. Resultados similares foram obtidos de acordo com os esqueletos carbônicos biosssintéticos. Germacranos e biciclogermacranos preponderaram na seção A, enquanto aromadendranos e guaianos caracterizaram a seção B. A análise de redundância canônica mostrou que os agrupamentos não foram influenciados por variáveis edáficas dos locais de amostragem.

  

   

  
    Essential oils of four species of Marsypianthes (Lamiaceae) were investigated via gas chromatography and multivariate analysis. Each species was represented by two to seven populations, totaling seventeen populations. β-Elemene, (E)-caryophyllene, α-humulene, germacrene D, bicyclogermacrene, δ-cadinene, spathulenol, caryophyllene oxide, and globulol were found in all samples. Principal component and hierarchical cluster analyses revealed the presence of two sections, one containing M. chamaedrys/M. montana (section A) and the other M. burchellii (section B). M. foliolosa showed higher complexity, being divided in both sections. Similar results were obtained according to biosynthetic carbon skeletons. Germacranes and bicyclogermacranes predominated in section A, whereas aromadendranes, bourbonanes and guaianes characterized section B. Canonical redundancy analysis revealed that clusters were not influenced by edaphic factors in sampling sites.

    Keywords: Marsypianthes, essential oils, chemical variability, chemotaxonomy

  

   

   

  Introduction

   Essential oils comprise a class of natural products whose biosynthesis involves genetic control, even though environmental factors influence a wide variety of plant species.1 This phenotypic plasticity often occurs under conditions of biotic or abiotic stress and plays an important role in an individual's adaptation to the environment. Adaptive characteristics of essential oils affect the structure of a community in terms of chemical, genetic, and ecological aspects.2 Such knowledge of populational structure may thus contribute to chemotaxonomy, conservation, and management of plant species.3

  In Brazilian Cerrado areas, the family Lamiaceae is represented mainly by subtribe Hyptidinea, tribe Ocimeae, whose taxonomic and floristic patterns resulted in endemic genera, forming a large number of new species.4 Nine genera divided into two clades are known in the subtribe, one being represented by Eriope Humboldt. & Bonpl. ex Benth., Hypenia (Mart. ex Benth.) R. Harley and Eriopidion Harley, and the other containing Hyptis Jacq., Peltodon Pohl, Rhaphiodon Schau., Asterohyptis Epling, Hyptidendron Harley, and Marsypianthes Mart. ex Benth. Ten new genera have recently been suggested, as well as the incorporation of Peltodon into genus Hyptis section Peltodon, based on morphological and molecular markers.5

  Marsypianthes contains about five species, which grow in Brazil's Cerrado regions, extending into Paraguay and Argentina. Its species have been little studied regarding botanical and chemical aspects. M. chamaedrys (Vahl) Kuntze, a species distributed from Mexico and the Caribbean to Argentina, is the only representative to have its chemical data reported.6,7 This species has been the object of several past studies, which researched biologically active constituents against snake bites and analgesic and anti-inflammatory actions;8 moreover, it has been the only species investigated on the essential oil composition of the genus.7

  Therefore, this research investigates the chemical constituents of essential oils of four Marsypianthes species collected from central Brazilian Cerrado by gas chromatography (GC/FID and GC/MS). Matrices containing chemical constituents and those from soil sampling sites were subjected to multivariate statistical techniques; this led to the detection of genetic variability patterns and to the assessment of the influence of the environmental gradient as contributions to the genus' chemotaxonomic classification.

   

  Experimental

   Botanical material

  Marsypianthes spp. samples at the flowering stage were collected from October 2011 to December 2012 in Goiás State, Brazil. All species were collected from different sampling sites to assess the edaphic influence on oil compositions. Specimens were identified by one of the authors (M. Y. H.) and by Dr Raymond M. Harley from the Royal Botanic Gardens, Kew. Voucher specimens were deposited at the Conservation Unit of the Herbarium of Universidade Federal de Goiás (UFG), Goiás State, Brazil. A list of the taxa investigated as well as provenance and voucher specimens is shown in Supplementary Information (SI) (Table S1).

  Extraction and essential oil analysis

  To assess essential oils, 2-4 individuals from each species originated from 2-7 local populations were pooled and dried at room temperature for seven days at 30 ºC until constant weight. After powdering, each sample's dried aerial part (10-30 g) was submitted to hydrodistillation (3 h) using a modified Clevenger-type apparatus. At the end of each distillation, oils were collected with hexane (0.5 mL) and dried with anhydrous Na2SO4, then transferred to glass flasks, where they were kept at a temperature of –18 ºC.

  A Varian CP3900 gas chromatograph equipped with a flame ionization detector (FID) was used for the compositional analysis of the essential oils. Samples (0.4 µL in hexane 20% v/v) were injected in the split mode in a DB-5 (J&W Scientific) fused silica capillary column of 30 m × 0.25 mm; 0.25 µm film thickness (5% phenylmethylpolisiloxane). The chromatographic conditions were as follows: injector port and detector temperature were 220 ºC and 240 ºC, respectively; column temperature was programmed from 60 ºC to 246 ºC at 3 ºC min–1, then 10 ºC min–1 to 260 ºC. The carrier gas was N2 at a flow of 1.0 mL min–1. The relative percentages of constituents were determined from their GC peak areas without correction factors. Gas chromatography-mass spectrometry (GC/MS) analyses were performed with a Shimadzu QP505A using a CBP-5 (Shimadzu) fused silica capillary column of 30 m × 0.25 mm; 0.25 µm film thickness (5% phenylmethylpolisiloxane) and maintaining a flow rate of 1.0 mL min–1 (helium); injector, interface, and programmed heating temperatures were the same as above. Samples' injection volume was 0.4 µL in hexane (20% v/v) with a 1:20 ratio. The analysis was conducted in scan mode at 70 eV, mass range of 40-400 m/[image: Caracter 1], and speed of 1.0 scan s–1.

  Identifying oil constituents involved comparing mass spectra and Arithmetic Indices (AI),9 co-injection with commercial standards, and essential oils such as ylang-ylang (Cananga odorata (Lam.) Hook. F. & Thoms., Annonaceae) and clary sage (Salvia sclarea L., Lamiaceae). Arithmetic indices were calculated by linear hydrocarbon (C8-C32) co-injection and expressed as average retention index values.10 GC results were expressed as a matrix containing the identified compounds (17 populations × 71 constituents) and the biosynthetic carbon skeletons of oil constituents (17 × 27) which were used in subsequent chemometric analyses.

  Soil analysis

  Three soil samples were also collected at a 0-20 cm depth around each sample and pooled together to form a composite sample for each local population; they were subsequently air-dried, thoroughly mixed, and sieved (2 mm). The portion finer than 2 mm was kept for physical and chemical analysis, resulting in a total of 16 parameters. The pH was determined in a 1:1 soil-water volume ratio. Ca2+, Mg2+, and Al3+ were extracted with 1 mol L–1 KCl, and P, K +, Zn2+, Cu2+, Fe2+, and Mn2+ were extracted using Mehlich's solution. Concentrations of K +, Ca2+, Mg2+, Cu2+, Fe2+, Mn2+, and Zn2+ were measured by flame atomic absorption spectrometry (AAS, Perkin Elmer), and phosphorous was determined by spectrophotometry (DU-70 Spectrophotometer, Bekmann). Organic matter (OM), cationic exchange capacity (CEC), potential acidity (H + + Al3+), Al3+, and soil texture (clay, sand, and silt) were determined by applying the usual methods,11 and were arranged in a matrix (SI, Table S2) with 17 lines (populations) and 16 columns (soil variables).

  Statistical analysis

  The matrix containing the chemical constituents of essential oils was submitted to principal component analysis (PCA) using the SPAD package.12 For the variable selection, the number of residual eigenvalues (< 0.70) was used to determine the maximum number of variables to be removed without significant alteration to the original data (17 × 71). The eliminated variables expressed the highest loadings in residual eigenvalues and contributed with < 0.30% to the chemical profiles (mean values). PCA allowed the final matrix (17 × 50) to be projected on the first factorial plan, retaining a significant variance percentage in PC1 × PC2 axes. Subsequently, hierarchical clustering analysis (HCA) was applied to the study of similarity between individuals (populations) based on the distribution of chemical constituents using scores for the first ten PCA axes according to the SPAD default option. Nearest neighbour complete linkage technique by Benzécri algorithm was used as an index of similarity and hierarchical clustering was performed according to Ward's variance minimizing method.13 This methodology was also applied to biosynthetic carbon skeletons. Canonical discriminant analysis (CDA) was used to validate clusters. CDA was conducted in the SAS.14 The analysis of variance (ANOVA) was used for multiple comparisons of means in clusters. Homoscedasticity of variance was verified by Hartley's test using angular or rank transformation (when violated). When the difference between means was established in ANOVA, Tukey's test at 5% probability was applied. P-values < 0.05 were considered significant.

  To assess environmental influence on essential oils' chemical variability, canonical redundancy analysis (RDA) was applied to examine the relationship between chemical and environmental matrices, i.e., essential oil constituents (response variables), conditioned by the characteristics of soil samples defined as explanatory variables (16 variables). RDA employed the CANOCO 5 package.15 Prior to the multivariate analyses, oil constituents along soil texture (clay, sand, and silt) and organic matter were converted by angular transformation. Soil macro and micronutrients were transformed by log (x +1). All variables were preprocessed by mean centering and auto-scaling.

   

  Results and Discussion

   The chemical compositions of essential oils of four Marsypianthes species from 17 populations were analyzed by GC/FID and GC/MS. A total of 71 chemical constituents were identified with the majority consisting of terpenes, of which 21 were monoterpenes, 43 were sesquiterpenes, and 7 included other constituents (Table 1). Among those identified, only 9 were observed for all samples: β-elemene (29), (E)-caryophyllene (32), α-humulene (35), germacrene D (39), bicyclogermacrene (42), δ-cadinene (47), spathulenol (54), caryophyllene oxide (55) and globulol (57). Germacrene D (total mean value of 18.68 ± 13.77%), spathulenol (18.54 ± 16.00%), and bicyclogermacrene (13.46 ± 13.75%) were the main constituents in the data set.

  
    

    [image: Table 1. Chemical composition of essential]

  

  When analyzing the distribution of chemical constituents in different populations, trans-limonene oxide (15), acora-3,7(14)-diene (31), allo-aromadendrene (37), and α-acorenol (63) occurred in a single populations, whereas β-pinene (5), α-copaene (26), β-bourbonene (28), and α-cadinol (67) were absent from one population (Mmo2). These unique occurrences (absence) in terpenoid biosynthesis may be considered positive (negative) autapomorphies, and their evolution in species represents the emergence of an additional substance or the loss of a substance always present.16 These changes may also result from alterations in terpene synthases, in which some terpenes are redirected over others, as has been suggested by some researchers.17 Nevertheless, it is possible that low terpenoid concentrations are currently traces of substances that have functioned in the past against herbivores.18 In this sense, essential oil chemical variability may contribute to the phylogeny and chemotaxonomy of the genus Marsypianthes. In fact, chemical polymorphism in essential oils has helped to identify taxonomic relationships in various Lamiaceae genera, as well as intraspecific variability when analyzing more than one population per taxon.19

  To investigate chemical variability patterns, PCA followed by HCA were applied on chemical constituents of essential oils (Figure 1). Results showed that the first factorial plan retained 34.8% of total variance in the data set, which formed five natural sample clusters. In the PC1 axis, populations rich in sesquiterpene hydrocarbons (69.6 ± 12.8%, p = 0.001), SH (Mch1–Mch6, Mfol3, Mfol4, Mfol7 and Mmo1/Mmo2), were separated from those rich in oxygenated sesquiterpenes (58.9 ± 22.6, p = 0.002), SO (Mbu1/Mbu2 and Mfol1/Mfol2/Mfol5/Mfol6), whereas PC2 distinguished Mch1-Mch6 and Mfol1/Mfol2/Mfol6 according to the highest monoterpene content (M). Thus, five clusters were obtained by PCA/HCA: I, with all M. chamaedrys populations; II, incorporating populations Mfol3-Mfol5 and Mfol7 of M. foliolosa; III, representing M. montana; IV, separating M. burchellii and V, containing the remaining populations of M. foliolosa (Mfol1, Mfol2, and Mfol6).

  
    

    [image: Figure 1. PCA biplot displaying chemical constituents]

  

  The similarity between populations shown by the HCA dendrogram is represented by Figure 2. M. burchellii and about half of M. foliolosa populations showed great similarity (section B), whereas M. chamaedrys, M. montana, and other populations of M. foliolosa were clustered in section A. The division of M. foliolosa populations is consistent with the greater complexity of this species.5

  
    

    [image: Figure 2. HCA dendrogram of similarity between]

  

  In fact, quantitative differences in essential oil composition exist among clusters. Cluster I is mainly characterized by the accumulation of (E)-caryophyllene (32) (11.49 ± 3.69%, p = 0.048) and α-copaene (26) (3.13 ± 1.00%, p = 0.0001 ); cluster II showed the highest contents of β-pinene (5) (2.39 ± 1.40%, p = 0.009) and (E)-β-ocimene (11) (2.13 ± 0.90%, p = 0.001); cluster III revealed high contents of bicyclogermacrene (42) (41.42 ± 11.09%, p = 0.001); cluster IV had the highest levels of globulol (57) (10.06 ± 5.28%, p = 0.001) and δ-cadinene (47) (3.88 ± 1.34%, p = 0.008); cluster V featured high levels of spathulenol (54) (36.34 ± 14.56%, p = 0.020) and caryophyllene oxide (55) (14.38 ± 2.08%, p = 0.002).

  The validation of the HCA results was obtained by canonical discriminant analysis (CDA). An axial representation of CDA discriminated all clusters based only on the contents of (E)-β-ocimene (11), α-copaene, β-selinene (41), 1-nor-bourbonanone (51) and palustrol (53), as predictor variables (Table 2).
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  CDA model showed high canonical correlation (RF1 = 0.992, RF2 = 0.930) and a low value for Wilks' lambda (Λ(F1) = 0.0002, Λ(F2) = 0.0138), thus demonstrating the excellent ability of predictor variables on clusters differentiation. Discriminant functions F1 and F2 differentiated (p < 0.0001) cluster IV due to positive palustrol scores, whereas cluster I was distinguished by its high negative (F2) α-copaene score. Cluster V was characterized by high positive (F1) and negative (F2) scores for 1-nor-bourbonanone and β-selinene, respectively. In turn, increasing levels of (E)-β-ocimene distinguished clusters II from III (SI, Figure S1). It was also possible to make an accurate prediction of 88% correct classification in the original clusters by cross-validation approach. This technique consider a slightly reduced number of samples from the parent data set, estimate parameters from each of these modified data sets, and then calculate the precision of predictions for the samples previously removed by the resulting models. Two samples belonging to clusters I and V were classified as mismatched, because they had different contents of α-copaene and 1-nor-bourbonanone, respectively, which is typical of such clusters. Percentages of oil constituents in clustered samples are shown in SI (Table S3).

  In another analysis of sample classification, chemical constituents were reorganized according to biosynthetic carbon skeletons. This strategy reduces the uncontrolled factors affecting oil quantitative variations and may assimilate the overall trends in terpenoid biosynthesis in essential oils from Marsypianthes populations in a more satisfactory way. The normalized percentage of carbon skeletons (SI, Table S4) showed a preponderance of aromadendranes (mean 22.7 ± 19.3%), germacranes (22.1 ± 16.0%), caryophyllanes (17.1 ± 5.85%), and bicyclogermacranes (13.9 ± 14.0%) in Marsypianthes oils. The analysis of PCA/HCA applied to this matrix led to the same differences between M. chamaedrys/M. montana and M. burchellii, with M. foliolosa being divided in the two sections (SI, Figure S3), as previously defined. The latter presented a composition similar to that observed with chemical constituents as variables, although population Mfol5 did not follow the same trend.

  These results support the existence of two chemical sections for Marsypianthes. In section A, germacranes (30.1 ± 12.8%, p = 0.003) and bicyclogermacranes (19.5 ± 14.5%, p = 0.015) were the most prevalent, whereas section B was characterized by higher values of aromadendranes (41.9 ± 18.9%, p = 0.002), bourbonanes (6.68 ± 4.47%, p = 0.008) and guaianes (1.16 ± 1.50%, p = 0.017). Elemanes, bergamotanes and camphanes, despite minor values, proved important for chemotaxonomy, leading to 94% correct classification of samples between sections A and B using CDA (Λ(F1) = 0.409, p = 0.021; canonical correlation, RF1 = 0.769). Section A was marked by the absence of guaianes, as well as the highest levels of elemanes (1.57%) and bergamotanes (0.28%), whereas these biosynthetic carbon skeletons showed the lowest content (elemanes) or absence (bergamotanes) in section B.

  To evaluate environmental influence on essential oil variability, especially on M. foliolosa populations, RDA was performed assuming oil constituents as response variables, which in turn were conditioned by soil characteristics as explanatory variables. In RDA, the oil-environmental correlation equals the correlation between sampled site scores that are weighted sums of oil and site scores, which in turn are a linear combination of environmental variables.20 RDA canonical axis is similar to PCA, but it has a restriction on sampled site scores.

  RDA results indicated that edaphic factors have not been able to explain chemical variability in all Marsypianthes species (p = 0.663) or in the subset comprising only M. foliolosa populations (p = 0.728). This finding suggests the presence of two M. foliolosa chemotypes. However, populations in cluster I (M. chamaedrys) may be associated with a higher pressure of herbivory, due to the well-known defensive action of (E)-caryophyllene, found in higher amounts in the essential oils from this cluster's samples.21 Contents of the main chemical constituents of M. chamaedrys were similar to those described for the essential oils of this species collected in northeastern Brazil.7

  The influence of environmental and genetic factors on the chemical variability of essential oils is widely known.1 The occurrence of chemotypes,22 ecotypes,23 and biotypes has been described in native central Cerrado species,24 specially in Goiás State. Additionally, terpenes have been described as chemomarkers in other genera, such as Helichrysum (Asteraceae) and Curcuma (Zingiberaceae),25 and have proved particularly useful for accessing the taxonomy of Lamiaceae.3,19,26

  Results suggest the need for an anatomical study of M. foliolosa in view of the significant differences found in the chemical composition of essential oils between the clustered populations. These differences in essential oils also suggest a possible division of the genus into two chemical sections, which may contribute to the taxonomy of the genus, whose species have been the object of few studies as regards morphological and anatomical aspects. In addition, differences in oil composition may prove useful towards better understanding phylogenetic relationships in the subtribe Hyptidinae.

   

  Conclusion

   Essential oil chemical variability from the aerial parts of 17 populations, distributed in four Marsypianthes species revealed high polymorphism, which is related to genetic influences. Results indicated that clustered samples based on multivariate analyses of oil chemovariations support the division of species into two taxonomic sections. M. burchellii differed from M. chamaedrys/M. montana, whereas M. foliolosa populations were divided in the two sections, a finding which suggests that the latter species may be submitted to further botanical investigation.

   

  Supplementary Information

   Supplementary data (Figures S1-S3 and Tables S1-S4) is available free of charge at http://jbcs.sbq.org.br as a PDF file.
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    Neste estudo, uma microextração em fase líquida suportada em fibra oca e com agitação vórtex (VA-HF-LPME) acoplada à cromatografia líquida de alta performance (HPLC) foi desenvolvida para a determinação de três compostos endócrinos sintéticos desreguladores [EDCs, bisfenol-A (BPA), bisfenol-AF (BPAF) e tetrabromobisfenol-A (TBBPA)] em amostras de leite. A agitação vórtex forneceu uma mistura efetiva e moderada das soluções de amostra e aumentou o contato entre os analitos e as camadas de fronteira da fibra oca, aumentando assim a razão de transferência de massa e levando à uma alta eficiência de extração dos analitos alvo. Os parâmetros que influenciaram o método de preparação da amostra do VA-HF-LPME, como os solventes orgânicos (fase aceptora), pH da solução da amostra (fase doadora), volume da amostra, concentração de NaOH, tempo de extração e força iônica, foram sistematicamente otimizados. As curvas de calibração instrumental do BPA, BPAF e TBBPA mostraram boas relações lineares (R2 > 0,9988) na faixa de concentração de 0,5-200, 0,5-200 e 1,0-250 µg L–1, respectivamente. O desvio relativo padrão (RSD, n = 5) estava entre 1,3-3,7%. Os limites de detecção (LOD, S/N = 3) estavam na faixa de 0,16-0,35 µg L–1 e os limites de quantificação (LOQ, S/N = 10) na faixa de 0,51-1,12 µg L–1. O método proposto foi aplicado com sucesso na extração de EDCs em amostras de leite.

  

   

  
    In this study, a vortex-assisted three-phase hollow fiber liquid-phase microextraction (VA-HF-LPME) coupling with high performance liquid chromatography (HPLC) method was developed for determination of three synthetic endocrine disrupting compounds[EDCs, bisphenol-A (BPA), bisphenol-AF (BPAF) and tetrabromobisphenol-A (TBBPA)] in milk samples. Vortex provided effective and mild mixing of the sample solution and increased the contact between analytes and boundary layers of the hollow fibre, thereby enhancing mass transfer rate and leading to high extraction efficiency of the target analytes. The influencing parameters of VA-HF-LPME sample preparation method, such as organic solvents (acceptor phase), pH of sample solution (donor phase), sample volume, concentration of NaOH, extraction time, and ionic strength were systematically optimized. The instrumental calibration curves of BPA, BPAF and TBBPA show good linear relations (R2 > 0.9988) in the concentration range of 0.5-200, 0.5-200 and 1.0-250 µg L–1, respectively. The relative standard deviations (RSD, n = 5) were 1.3-3.7%. The limits of detection (LOD, S/N = 3) were in the range of 0.16-0.35 µg L–1 and the limits of quantification (LOQ, S/N = 10) were in the range of 0.51-1.12 µg L–1. The proposed method was successfully applied to the extraction of EDCs in milk samples.

    Keywords: hollow-fiber vortex-assisted liquid-phase microextraction, bisphenol-A, bisphenol-AF, tetrabromobisphenol A, milk, high performance liquid chromatography

  

   

   

  Introduction

   During the past years, endocrine disruptors (EDs) have been attracting much more attention because of their possible negative effects on human health.1 The synthetic endocrine disrupting compounds (EDCs) such as bisphenol-A (BPA), bisphenol-AF (BPAF) and tetrabromobisphenol A (TBBPA) have been reported that have endocrine disruption properties and become important environment pollutants.2-4 BPA, BPAF and TBBPA levels found in the aquatic environment were relatively low; hence, a simple, fast, sensitive and selective analytical method is very important to assess their risks.

  So far, various methods have been developed for the analysis of EDCs such as liquid chromatography-mass spectrometry (LC-MS or LC-MS-MS),5 gas chromatography-mass spectrometry (GC-MS or GC-MS-MS).6-8 High performance liquid chromatography (HPLC) and capillary electrophoresis (CE) with different detectors have extensive applications for simultaneous determination of various EDCs in liquid samples.9,10

  Owing to their low concentrations and complicated matrix effects, an effective pretreatment approach is very important for the analysis of these compounds. Therefore, several extraction approaches have been developed such as solid-phase extraction (SPE),11 accelerated solvent extraction (ASE),12 vortex-assisted liquid-liquid microextraction (VALLME)13 and dispersive liquid-liquid microextraction (DLLME).14 Traditional liquid-liquid extraction (LLE) and SPE approaches uses large amount of toxic organic solvents. Compared with conventional extraction methods, microextraction approaches are much simpler, more rapid and environment friendly.15-19

  The application of hollow fiber liquid-phase microextraction (HF-LPME) technique was first introduced by Pedersen-Bjergaard and Rasmussen in 1999.20 There are two modes of HF-LPME: three- and two-phase HF-LPME. In the two-phase HF-LPME, the analytes are directly extracted from the sample into the organic phase supported by the fiber. In three-phase mode, three liquid phases participate in analyte extraction: (i) the sample solution, with a pH that is adjusted to keep analytes neutrally charged, (ii) the water-immiscible organic extractor phase, which is immobilized in the wall pores of the hollow fiber, and (iii) the aqueous acceptor phase, with a pH that is adjusted to ionize the analytes. The major advantages of HF-LPME are high enrichment factor, strong purification ability, simple and rapid operation, low organic solvent consumption and cheap equipment. Thus, HF-LPME showed the potential for extraction of analytes from complex matrices such as biological and environmental samples.21-27

  The main goal of this work was to develop and optimize a vortex-assisted hollow-fiber liquid-phase microextraction(VA-HF-LPME) procedure for extraction and determination of BPA, BPAF and TBBPA. The VA-HF-LPME experimental conditions and the chromatographic separation were optimized. The proposed analytical method was successfully applied to the determination of the compounds in milk samples.

   

  Experimental

   Apparatus

  Chromatographic evaluation and separation were performed on an HPLC system (consisting of a quatpump, an auto sampler, a vacuum degasser, and a diode-array detector; Agilent 1100 Series, Agilent Technologies, Palo Alto, Calif., USA) equipped with a analytical column of reversed phase C18 (150 mm × 4.6 mm, 5 µm particle size) (Agilent TC-C18). Empower software was used for spectra recording of the studied EDCs and used for spectra confirmations of peaks in the studied samples. A vortex agitator (Jiangsu, China) was used for vortex-assisted extraction. A centrifuge (Shanghai, China) was used for complete phase separation. An ultrasonic clear with temperature control (Shanghai, China) was used for ultrasonic extraction.

  Reagents

  BPA, BPAF and TBBPA (analytical standard) were purchased from Aladdin (Shanghai, China). Standard stock solutions of BPA, BPAF and TBBPA were prepared in methanol at a concentration of 20 µg mL–1. Working solutions were prepared daily by an appropriate dilution of the stock solutions. The chemical structures of these compounds are depicted in Table 1.
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  The porous hollow fiber used to support the organic phase was Q3/2 polypropylene (Wuppertal, Germany) with 600 µm inner diameter, 200 µm of wall thickness and pores of 0.2 µm. A 1.0 mL microsyringe (model 702SNR) with a sharp needle tip was used. HPLC grade acetonitrile was obtained from Merck (Darmstadt, Germany). Pure analysis methanol was purchased from Aladdin (Shanghai, China). Octanol (98%) was purchased from Kedi (Tian Jin, China). Phosphoric acid, acetic acid and boric acid were purchased from ZhiYuan (Tian Jin, China). All the other solvents were analytical reagent grade unless stated.

  HPLC conditions

  The HPLC separation was performed on a reversed-phase system with the gradient elution using acetonitrile and water. The gradient elution was performed as follows: 0-8.0 min, 42:50; 8.0-15 min, 50:85; acetonitrile: water, v/v. The injection volume was 10 µL. The flow rate was set at 1 mL min–1 and the column temperature was maintained at 30 ºC. BPA, BPAF and TBBPA were recorded at the wavelength of 280 nm.

  Sample preparation

  Milk samples were purchased from a local supermarket (Kunming, China). In order to reduce the viscosity of the sample and be convenient for experimental operation, milk samples were diluted 1:1 with pure water. Then the samples were filtered through 0.45 µm filters and the resulting solutions were referred to as sample solutions.

  VA-HF-LPME procedure

  The hollow fiber was cut manually into 8 cm length pieces. Before using them, each piece was ultrasonically cleaned in acetone for 5.0 min in order to remove any contaminants and then dried in air. For each experiment, a 8 mL aqueous sample solution (pH = 3.0) containing 40 µg L–1 of each EDC was placed in a 10 mL vial. Before extraction, the syringe was rinsed with acetone followed by octanol, to avoid carryover and air bubble formation. Then 30 µL of the acceptor phase was withdrawn into the microsyringe and its needle was inserted into the lumen of the hollow fiber. The hollow fiber was immersed in the organic solvent in order to impregnate its pores with organic solvent. Then it was inserted into the water for 15 s to wash the excess organic solvent from the surface of the hollow fiber. The acceptor phase in the syringe was injected into the lumen of the hollow fiber and the ends of the fiber were sealed by a piece of aluminum foil. The impregnated and filled fiber was then immersed in the sample for immediate extraction. The extraction was carried out at room temperature (approximately 20 ºC) with a vortex mixing at 3000 rpm for 6.0 min. At the end of the extraction time, the fiber was removed from the sample and its closed end was cut, the lumen of the hollow fiber was washed with 200 µL of methanol, and 10 µL of the filter liquid was injected into the HPLC system for analysis. Operation process is shown in Figure 1.

  Analytical performance of the method
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  In order to determine the recovery, repeatability, and reproducibility of this method, EDCs were spiked into blank milks at three different concentrations (1.0, 5.0, and 12.0 µg L–1), and five replicates were analyzed per concentration level in two independent analytical runs under the established chromatographic conditions.

   

  Results and Discussion

   Optimization of the VA-HF-LPME procedure

  For optimization of VA-HF-LPME, factors that affect sample extraction in LPME, such as organic solvent type, sample volume, concentration of NaOH in acceptor phase, ionic strength in sample, pH of donor phase, extraction time were studied.

  In this experiment, 8.0 mL of prepared milk spiked with 5 µg mL–1 of each EDCs were used for the study. All the experiments were performed five times and the averages of the results were used for optimization.

  Recovery (R) was calculated as R = (Cmeasured – Csample)/Cspiked, where Cmeasured is the concentration in a spiked sample, Csample is the concentration in the sample prior to spiking and Cspiked is the concentration of added standard.

  Selection of the organic extraction solvent

  It was important to choose a suitable organic extraction solvent in the HF-LPME method. Firstly, organic extraction solvent should have a good affinity with the fiber, and should be insoluble in water. Also, the ideal organic extraction solvent should have an appropriate viscosity and a low volatility to prevent volatile loss and diffusion. Compared with the other extraction solvent, long chain alcohols and acids have some particular properties, which have special extraction efficiency for the analytes. Thus, we chose nonanoic acid, octanoic acid, heptanol and octanol as final organic extraction solvents in this study.

  From Figure 2, it was found that the tested solvents of octanol get the best recoveries. Octanol possesses an active hydrogen atom (hydroxyl group), which make it easier to form hydrogen bond with analytes. In addition, octanol has other better characteristics, such as larger viscosity and less volatility, those attributed to lower solvent loss. Based on these results, octanol was chosen as extraction solvent for further experiments.
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  Optimization of donor phase pH

  It is widely known that donor and acceptor pH optimizations are usually the more critical steps to establish the optimal experimental conditions for a three phase HF-LPME. Substances to be extracted must be in non-ionized form in the donor phase to cross the organic liquid membrane. pH values range from 1.0 to 9.0 were investigated to study their influence on the extraction efficiency. The Britton-Robinson buffer solution make up of phosphoric acid, acetic acid and boric acid was used to adjust the sample pH. Figure 3 shows that the extraction efficiency is the highest when the pH value is 3.0. The three phenols in this study are acidic because they contain 2 phenolic hydroxyl groups. Therefore, changes in pH could change their existing forms. Consequently, the donor phase should be acidified to deionize the analytes and increase their transfer from the donor phase into the organic phase. Thus, pH 3.0 was selected as optimum for donor phase.

  Effect of concentration of NaOH in acceptor phase
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  The impact of concentration of NaOH in acceptor phase on the extraction efficiency was studied. The extraction results at different concentrations of NaOH (0.1, 0.3, 0.5, 0.7. and 0.9 mol L–1) were shown in Figure 4. It was proposed that the extraction process should be as follows: first, BPA, BPAF and TBBPA gathered on the surface of fiber; second, BPA, BPAF and TBBPA were extracted into organic solvents; third, BPA, BPAF and TBBPA were transferred from organic solvents to acceptor phase (NaOH solution). Changing the concentration of NaOH can provide high solubility for the acidic analytes and ionize them. This makes it easier to transfer into the acceptor phase and improve the efficiency of extraction. The highest extraction efficiency of BPA could be achieved in 0.3 mol L–1 NaOH. Therefore, 0.3 mol L–1 NaOH was selected as acceptor media which could provide relative high recovery for the target analytes.
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  Effect of donor phase volume

  Generally, as the volume of the sample enhanced, the preconcentration factor also enhances.28,29 However, a larger sample volume can be disadvantageous due to poorer mass transfers kinetics that result in a poor extraction efficiency. This would ultimate to a decrease in the microextraction output.30,31 So, in our experiment, the volume of donor phase from 4 to 10 mL with the same concentration of each analyte was investigated. The results are displayed in Figure 5, According to the results, 8 mL was therefore selected as the optimum sample volume.
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  Effect of vortex-mix time

  Extraction time can affect extraction efficiency. In order to study the effect of vortex-mix time on the extraction recoveries, the effect of extraction time was investigated by conducting experiments for 3.0, 6.0, 10.0, 14.0, and 20.0 min at a vortexing speed of 3000 rpm. As can be seen from Figure 6, the recoveries of the analytes increase significantly when the extraction time increase from 3.0 to 6.0 min, and after 6.0 min the recoveries appear a slow descent. Therefore, 6.0 min was chosen for the following investigation.
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  Effect of ionic strength

  The effect of salt addition on the extraction efficiency of BPA, BPAF and TBBPA by the VA-HF-LPME method was examined by adding NaCl to 8 mL aqueous samples at 0, 2, 4, 6 and 8% (w/v). The addition of salt to the sample will lead to a higher ionic strength in the sample and decrease the solubility of three EDCs in the aqueous solution. In addition, electrostatic inter action will resist organic solvent extraction. Therefore, the effect of salt on extraction is indefinite. Figure 7 shows that the addition of NaCl decreased the extraction efficiencies of the three EDCs. Hence, NaCl was not added in further study.
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  Method validation

  A series of experiments with regard to the linear equation, linearity, squared regression coefficients (R2), limit of detection (LOD) (S/N = 3), limit of quantification (LOQ), R% and relative standard deviations (RSD) were performed to validate the proposed method under the optimized extraction condition. The results are listed in Table 2. The linearity of the method was explored at EDCs concentrations from 0.5 to 250 µg L–1 with good R2 ranging from 0.9988 to 0.9992. The LODs (S/N = 3) ranged between 0.16 and 0.35 µg L–1 and the LOQs ranged between 0.51 and 1.12 µg L–1. Reproducibility studies (five replicates) were performed by samples spiked with three different concentrations (1.0, 5.0, and 12.0 µg L–1) of EDCs and the RSDs were in the range 2.3-3.5%. Under the optimized extraction condition, the extraction recoveries were 94%, 87% and 89% for BPA, BPAF and TBBPA in milk, respectively.
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  Comparison of VA-HF-LPME with other methods

  In this procedure, 8.0 ml of prepared milk spiked with 2.0 µg L–1 of each EDCs were used for the study. It is very useful to develop at least a brief comparison with other methods published in the literature. Some other methods reported in literature, such as ultrasound-dispersive liquid-liquid microextraction (US-DLLME),32 stir bar sorptive extraction (SBSE),33 reversed-phase dispersive liquid-liquid microextraction (RP-DLLME),34 hollow fiber liquid-phase microextraction (HF-LPME)35 were compared with the present method, and the results are presented in Table 3. The proposed method had lower RSDs and shorter extraction time compared with other methods. The LODs (S/N = 3) are close to SBSE/HPLC, and lower than US-DLLME/HPLC, RP-DLLME /HPLC and HF-LPME/HPLC.
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  Analysis of real samples

  In order to validate the precision, accuracy, and reproducibility of the proposed method, it was applied successfully for the determination of EDCs in real milk samples and spiked of EDCs in milk samples. The results are listed in Table 4. The chromatograms of milk samples and the milk samples spiked with BPA, BPAF and TBBPA were shown in Figure 8. According to the results, BPA, BPAF and TBBPA were not found in the milk analysed. Some impurities were found in milk samples but did not interfere with the determination of BPA, BPAF and TBBPA. The spiking concentrations of BPA, BPAF and TBBPA were 0, 1.2 and 5.6 µg L–1, respectively. The relative recoveries for the analytes were in the range of 86.7-97.5% and the RSDs (n = 5) ranged from 1.3% to 3.7% in milk samples. The experimental results proved that the matrices of milk samples did not make significant impact on the determinations of BPA, BPAF and TBBPA in milk.
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  Conclusions

   A three-phase HF-VALPME procedure combined with HPLC method was developed for the analysis of trace level of three synthetic endocrine disrupting compounds (BPA, BPAF and TBBPA) in milk samples. Various influencing parameters, including organic solvent type, sample volume, concentration of NaOH, ionic strength, pH of sample, extraction time of HF-VALPME sample preparation method were optimized. The results demonstrated that the proposed VAHF-LPME method has many advantages, such as environmental friendly, easy to operate, strong purification ability, short extraction time and high enrichment efficiency. The HF-VALPME sample preparation method coupled with HPLC detection method can be applied for the determination of EDCs at trace levels in different kinds of real milk samples.
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    O uso indiscriminado de agrotóxicos em morangos pode torná-los impróprios para consumo. Neste estudo, o método extração sólido-líquido com partição em baixa temperatura (SLE/LTP) acoplado a cromatografia gasosa com detector por captura de elétrons (GC/ECD) foi otimizado. O método proposto foi validado pela análise de amostras fortificadas do branco da matriz. Os limites de detecção (LOD) variaram entre 4 e 16 µg kg-1, enquanto que os limites de quantificação (LOQ) variaram entre 13 e 47 µg kg-1. Boas recuperações (79-111%) e precisão (< 15%) foram obtidos para todos os compostos na matriz. Este método foi aplicado com sucesso na análise de resíduos de agrotóxicos encontrados em morangos coletados de sete fazendas do Vale do Jequitinhonha (MG, Brasil). Os resultados revelaram a presença de azoxistrobina, clorotalonil, difenoconazol e iprodiona nas amostras de morango.

  

   

  
    The indiscriminate use of pesticides in strawberries can often make this crop unfit for consumption. In this study, the method of solid-liquid extraction with low-temperature partitioning (SLE/LTP) coupled with gas chromatography with electron capture detection (GC/ECD) was optimized. The proposed analytical method was validated by the analysis of spiked blank matrix samples. Limits of detection (LOD) varied between 4 and 16 µg kg-1, whereas limits of quantification (LOQ) ranged from 13 to 47 µg kg-1. Good recoveries (79-111%) and precision values (< 15%) were obtained for all compounds in the target matrix. This method has been successfully applied to the analysis of residues of pesticides found in strawberries collected from seven farms in the High Jequitinhonha Valley (MG, Brazil). The results revealed the presence of azoxystrobin, chlorothalonil, difenoconazole and iprodione in the strawberry samples.

    Keywords: multiresidue analysis of pesticides, monitoring, maximum residue levels

  

   

   

  Introduction

   Strawberry is a widely appreciated fruit worldwide with great acceptability by consumers because of its attractive organoleptic characteristics, such as its typical intense red color, texture, aroma and taste.1 However, because strawberry plants are sensitive to pests and diseases, pesticide use in this crop is very intense. Additionally, the use of unauthorized active ingredients in this culture is frequent. For these reasons, the presence of residues above the maximum acceptable limits, aside from residues of unauthorized pesticides, is frequent for this culture in Brazil.2

  Obesity is among the diseases that can be caused by chemicals present in crops.3 In large crops, pesticides are sometimes applied by aircrafts and infiltrate the soil to the waterbeds. Moreover, Meyer et al.4 noted that many of these substances are excreted in breast milk, constituting a source of contamination in newborns. An intriguing fact is that many people consume fruits and vegetables to prevent obesity; however, the interference of certain products with hormones can further facilitate the disease. This problem has increased as the selling of pesticides has grown 93% over the last ten years worldwide. In Brazil, this growth was even higher (190%), and between 2001 and 2008,5 pesticide sales increased from a little over US$ 2 billion to US$ 7 billion, becoming the highest world consumer with 986.5 thousand tons of applied pesticides. In 2010, the national market increased to nearly US$ 7.3 billion, representing 19% of the global pesticide market, and reached US$ 8.5 billion in 2011.

  The analysis of pesticide residues in foods is not always an easy task because of the complex matrix in which the analytes are present in very small concentrations (ng g-1).6 In addition, several extraction stages involving large volumes of organic solvents are generally necessary, making the employed techniques long and extremely painstaking.7

  For these reasons, solid-liquid extraction with low-temperature partitioning (SLE/LTP) seems to be a viable alternative for analyte extraction of complex matrices. This is related to the greater affinity of the components of interest for the organic phase compared to the aqueous phase and the capacity to avoid components that interfere with the matrix in the final extraction.8-11 The main advantages of SLE/LTP include low solvent consumption and the absence of cleanup stages for obtaining relatively pure extracts that can be directly analyzed by gas chromatography (GC).

  Historically, GC has been the technique selected for multiresidue pesticide analysis in products of vegetable origin, providing results with detection levels ranging from nanograms to micrograms per kg (ng kg-1 to µg kg-1), depending on the detector and extraction technique used.12,13 SLE/LTP in combination with GC/electron capture detection (ECD) analysis has been applied to the determination of pesticide residues in soils and foods.14,15

  The present study aims to determine the residues of 11 pesticides (azoxystrobin, bifenthrin, cypermethrin, chlorothalonil, chlorpyrifos, difenoconazole, endosulfan, iprodione, λ-cyhalothrin and permethrin) in strawberries from the High Jequitinhonha Valley in Minas Gerais, Brazil using SLE/LTP and GC/ECD.

   

  Experimental

   Reagents and solutions

  The stock solutions were prepared from standards of azoxystrobin (99.9% m/m), chlorothalonil (99.3% m/m), difenoconazole (97.0% m/m), endosulfan (73.2% α and 26.6% β m/m), iprodione (99.3% m/m) and permethrin (92.2% m/m) purchased from Sigma-Aldrich (Steinheim, Germany); cypermethrin (92.4% m/m) and chlorpyrifos (99.0% m/m) purchased from Chem Service (West Chester, USA); λ-cyhalothrin (86.5% m/m) purchased from Syngenta (São Paulo, Brazil); and bifenthrin (92.2% m/m) purchased from FMC (Campinas, Brazil) using the like solvent acetonitrile (Vetec/HPLC, Duque de Caxias, Brazil) in concentrations of 1000.0 mg L-1 and stored at –20 ºC.

  The working solution containing 10.0 mg L-1 azoxystrobin, cypermethrin, chlorothalonil, chlorpyrifos and endosulfan; 20.0 mg L-1 bifenthrin, iprodione, λ-cyhalothrin and permethrin and 50.0 mg L-1 difenoconazole was prepared by diluting the stock standard solutions in acetonitrile.

  Sodium chloride (99.0% m/m) and acetic acid (99.7% v/v) were purchased from Isofar (Duque de Caxias, Brazil).

  Gas chromatography conditions

  A gas chromatograph (model GC-2014, Shimadzu, Kyoto, Japan) equipped with an auto-injector (AOC-20i), electron capture detection (ECD) system, a DB-5 capillary column (Agilent Technologies, Palo Alto, CA, USA), a stationary phase of 5% phenyl and 95% dimethylsiloxane and a 30 m × 0.25 mm × 0.10 µm film thickness was used. The detector temperature was maintained at 300 ºC and nitrogen (Air Products, São Paulo, Brazil, 99.999% purity) was employed as a carrier gas.

  For simultaneous determination of pesticides after extraction, the following column oven temperature program was employed: initial temperature of 150 ºC (2 min), heating ramp of 40 ºC min-1 to 210 ºC (2 min), followed by a ramp of 10 ºC min-1 to 250 ºC (2 min), followed by a ramp of 20 ºC min-1 to 290 ºC (maintained for 7 min). The injector temperature was maintained at 280 ºC and the employed carrier gas flow was 1.2 mL min-1. The injected volume was 1.0 µL and injections were conducted with a flow split of 1:5. The total analysis time was 20.5 min and the runs were managed by Shimadzu GC-solution software. The pesticides were identiﬁed by comparing the retention time of the peak present in the extracts of the samples with the retention time of the standard and were quantiﬁed by the matrix-matched method.

  SLE/LTP preparation of samples

  Samples of pesticide-free strawberries were obtained from an organic cultivation system and ground in a mixer. Then, 4.0000 g of pulp measured on an analytical balance (Sartorius BP 2215, Göttingen, Germany) with an accuracy of 1 × 10-4 g were added to a clear glass with a capacity of 22.0 mL, which was then spiked with 80 µL of a working solution containing pesticides.

  Spiked samples of strawberry (0.40 µg g-1 azoxystrobin, cypermethrin, chlorothalonil, chlorpyrifos and endosulfan; 0.80 µg g-1 bifenthrin, iprodione, λ-cyhalothrin and permethrin and 2.0 µg g-1 difenoconazole) were allowed to stand for approximately 3 h after the contained mixture was opened. The spiked samples were then subjected to SLE/LTP analysis for the optimization process.

  Two full factorial designs were used to optimize the parameters of the SLE/LTP for the analysis of select pesticides in the strawberry samples.

  First, a full factorial design, 22, was employed to review the behavior of concurrent factors: solvent extractor and the ratio of sample:extracting solvent on two levels. The analyses were performed in duplicate (Table 1).

  
    

    [image: Table 1. Factorial designs]

  

  Next, the influence of ionic strength on the extraction efficiency of the analytes in the strawberry samples was assessed by adding an aqueous solution of sodium chloride at a concentration of 2.0% (m/v) to the extractor solvent (acetonitrile), which increased the ionic strength of the medium. The effect of acidification of the medium was also evaluated by acidifying the extractor solvent (acetonitrile) with acetic acid. To assess the behavior of these two factors simultaneously, a second factorial design, 22, was employed. The analyses were performed in triplicate at the central point (Table 2).
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  The best conditions were assessed for chromatographic responses (areas) obtained in each test at a 95% level of confidence. These data were analyzed using Statistica (version 8) software.

  The sample:solvent extractor mixture was stirred for 15 min in an orbital shaker (Tecnal, model TE-141, Piracicaba, Brazil) at 25 ºC with a rotation of 200 rpm, centrifuged (Centrifuge Excelsa II, model 206BL, FANEM, São Paulo, Brazil) for 4 min at a rotation of 617.28 g and allowed to cool in a freezer at approximately –20 ºC for 9 h, based on the proposed method from Heleno et al..16 From the supernatant fraction (acetonitrile), 1.5 mL of solution was removed and placed directly into a vial for chromatographic analysis.

  Method validation

  To evaluate the selectivity of the method, the method was applied to strawberry samples without pesticides and those spiked with pesticides. Subsequently, the chromatograms from these samples were compared. The linearity of the method was evaluated using the analytical curve obtained by analyzing the extracts of the samples spiked with concentrations of pesticides ranging from 0.05 to 0.60 mg kg-1 (n = 7 points) by a linear square regression analysis. For endosulfan, all of the concentrations followed the same isomeric ratios of the standard. The mathematical relationship between the signal (response) and the concentration of the analytes of interest is expressed by the equation of the analytical curve and its determination coefficient (R2). The performance parameters for the method were evaluated, which included selectivity, precision (repeatability), accuracy/recovery, limit of detection (LOD), and limit of quantification (LOQ) of the analytes.

  Limits of detection were calculated according to the expression 3.3 σ/S, where σ is the standard deviation of the blank and S is the slope of the calibration curve. Limits of quantification (LOQ) were established by using the expression 10 σ/S.17

  To determine the repeatability, samples were spiked in replicates of six at three different concentrations (0.10, 0.15 and 0.60 mg kg-1). The results are expressed as the coefficient of variation. The accuracy was determined from the recovery assays in which known quantities of the analyte had been added to the sample in replicates of six at three different concentrations (0.10, 0.15 and 0.60 mg kg-1). The results are expressed by the recovery percentage.

  Determination of pesticides in strawberries from the High Jequitinhonha Valley in Minas Gerais, Brazil

  Strawberry samples were obtained directly from farms in the High Jequitinhonha Valley at three different harvest periods during the same season in 2012: T1, T2 and T3.

  The fruits used for the analysis were selected among those collected for sale. The sample collection method followed the Food and Agriculture Organization of the United Nations.18 The fruits were wrapped in foil and plastic bags, transported in isothermal boxes to the laboratory where they were then ground in a mixer. The matrix extraction of pesticides was performed by SLE/LTP, followed by detection/quantification via GC/EDC.

  The fruits originated from seven different farms totaling 21 samples (triplicate), and the results are expressed as triplicate means.

   

  Results and Discussion

   Optimization of pesticide extraction

  The effects and significance of the variables in the SLE/LTP system were evaluated using Pareto charts (Figure 1).

  
    

    [image: Figure 1. Pareto charts of the full factorial experimental]

  

  From the analysis of the effects of these factors on the pesticides, the solvent extractor factor showed a significant effect at the 95% confidence level (p < 0.05) over two pesticides (endosulfan-α and iprodione). However, the sample:solvent extractor ratio affected the response for all of the pesticides investigated in this study. Furthermore, reducing the proportion of the extracting solvent to the sample increased the chromatographic response for all of the pesticides. Thus, we chose acetonitrile as the solvent extractor in a 1:1 sample:extractor ratio.

  A second full factorial design, 22, was employed to evaluate the effect of adding salt or acid to the extraction of the analytes. The addition of salt to the aqueous phase in the liquid-liquid extraction method using acetonitrile allows for efficient separation of the homogeneous system, improving the extraction of polar compounds.19 The increase in ionic strength also causes a reduction of the solubility of the analytes in the matrix, facilitating their extraction by the organic phase. Acidification of the sample may change the ionized form of certain analytes, affecting their solubility and improving the efficiency of the extraction.20 Maštovská and Lehotay21 have shown in their studies that the addition of 0.1% (v/v) acetic acid to acetonitrile increases the stability of pesticides prior to analysis.

  The analysis of the effect of these factors on pesticides has shown that both salt and acid addition exhibit a significant effect at the 95% confidence level (p < 0.05) on iprodione. Thus, we chose not to add salt or acid in the extraction process.

  Taking into consideration the results of the optimization method and the practical aspects of the SLE/LTP technique, a 4.0000 g sample of strawberries in 4.0 mL of acetonitrile was chosen. The mixture was stirred for 15 min on an orbital shaker at 25 ºC at a rotation of 200 rpm, centrifuged for 4 min at a rotation of 617.28 g and allowed to cool in a freezer at approximately –20 ºC for 9 h. From the supernatant fraction (acetonitrile), 1.5 mL of solution was removed and placed directly into a vial for chromatographic analysis.

  The SLE/LTP technique requires low consumption of the sample and solvent extractor because it is not necessary to implement steps of evaporation and solvent exchange, which reduces the risk of contamination and loss of samples.

  Method validation

  To evaluate the selectivity of the method, the method was applied to strawberry samples without the application of pesticides. Subsequently, these samples were spiked with pesticides and again subjected to the extraction and analysis method. The chromatograms from these samples were then compared. It was observed that there was no interference of the response and the retention time for the analytes of interest. To assess the linearity of the method, seven concentration levels were analyzed, resulting in a determination coefficient (R2) greater than 0.95. The calculated limits of detection (LOD) values for the investigated active ingredients, using GC/EDC, varied from 4 to 16 µg kg-1, and the limits of quantification (LOQ) varied between 13 and 47 µg kg-1 (Table 3).
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  Among the studied pesticides, iprodione, λ-cyhalothrin, difenoconazole and azoxystrobin are allowed in strawberry culture. The maximum residue limits (MRLs) for these pesticides in fruits, established by the Brazilian Health Surveillance Agency (ANVISA),22 are 2.0, 0.5, 0.5 and 0.3 mg kg-1, respectively, which are above the LOQ values obtained using the technique in this study. Thus, the LODs obtained in the study allow for the detection of residues in samples with values below the MRL, which characterizes them as unsatisfactory or satisfactory. For the other evaluated pesticides, simple detection characterizes the samples as unsatisfactory because they are not allowed in this culture.

  The precision of this method was determined to range from 1 to 15% for the lowest concentration evaluated (0.10 mg kg-1), 2 to 15% for the middle concentration (0.15 mg kg-1), and 1 to 14% for the highest concentration (0.60 mg kg-1). The recoveries of the pesticides ranged from 79 to 111% when employing the proposed method. These results are summarized in Table 4.
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  Determination of pesticides in strawberries from the High Jequitinhonha Valley in Minas Gerais, Brazil

  The results obtained for the 21 samples from different farms at three collection periods are presented in Table 5. The pesticides chlorpyrifos, α-endosulfan, β-endosulfan, iprodione, λ-cyhalothrin, permethrin and cypermethrin were not detected and were therefore omitted from the table.
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  According to the data in Table 5, residues of the investigated pesticides were not detected in 28.6% of analyzed samples and 33.3% presented residues below the established MRL. Additionally, 38.1% of the samples were considered unsatisfactory for containing residues of unauthorized products and/or presenting levels above the MRL.

  Among the unsatisfactory samples, chlorothalonil was detected in 62.5% of the samples (corresponding to 23.8% of the total analyzed samples), which is an unauthorized active principle for the strawberry crop; 25.0% of the samples (9.5% of the total analyzed samples) presented authorized product concentrations above the MRL and two irregularities were observed in 12.5% of the samples (4.8% total). These results are in agreement with the latest Food Pesticide Residues Analysis Program data,22,23 which revealed that the major irregularities are associated with the application of unauthorized active ingredients.

  The use of unauthorized pesticides results in two types of irregularities: applying unauthorized pesticides to the crop whose active ingredient is registered in Brazil and is allowed for other crops, or applying pesticides that have been banned in Brazil or have no registration in the country, which are consequently not allowed for use in any crop.22

  Another irregularity is pesticide concentration in fruits above the MRL. This occurrence is disturbing because in some cases, it has been determined that the simple washing of fruits and vegetables is not effective for completely removing the residues of these products. Pesticides can have two action mechanisms in the vegetable: systemic and contact action. Contact action occurs externally to the plant, whereas systemic action occurs when the applied pesticide circulates through the sap in all vegetable tissues and therefore cannot be removed by washing.

  The established MRL for azoxystrobin in the strawberry crop is 0.3 mg kg-1. This active principle was detected in 28.6% of the samples, two of which were above the MRL with values of 0.81 and 0.34 mg kg-1. Iprodione was detected in only one sample at 2.16 mg kg-1, slightly above the established MRL of 2.0 mg kg-1.22 Difenoconazole was the most prevalent pesticide found in samples from 5 farms and was determined to be within the limits established by legislation in all of them.

   

  Conclusions

   The method developed herein allowed for the simultaneous determination of 11 pesticides in strawberry samples. Satisfactory precision and recovery values were obtained to monitor pesticides at trace levels. Pesticide application in strawberry crops in the High Jequitinhonha Valley region has been determined to be inadequate. Irregularities were found in 38.1% of the strawberry samples produced and sold in that region (pesticide MRL above permitted level and/or unauthorized pesticide for crop). Among the investigated pesticides, residues of azoxystrobin, difenoconazole, iprodione and chlorothalonil were detected and/or quantified, given that the latter is unauthorized for this crop. It can be concluded that awareness measures and training of producers are necessary to prevent the inappropriate use of pesticides to guarantee consumer health.
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    Neste trabalho descrevemos a preparação e a caracterização espectroscópica [ressonância paramagnética eletrônica (EPR), espectroscopia UV-Vis e espectroscopia de infravermelho com transformada de Fourier (FTIR)], magnética e espectroeletroquímica do complexo [MnII2(tidf)(OAc)(ClO4)(MeOH)](tidf = ligante macrocíclico do tipo Robson, obtido pela condensação entre 2,6-diformil-4-metilfenol e 1,3-diaminopropano). O composto [MnII2(tidf)(OAc)(ClO4)(MeOH)] exibe antiferromagnetismo fraco e constante de acoplamento magnético J = –1.59(1) cm–1. A oxidação de [MnII2(tidf)(OAc)(ClO4)(MeOH)]monitorada por experimentos de espectroeletroquímica de UV-Vis e de EPR produziu espécies de valência mista Mn2(II/III) com perfil espectral semelhante ao do complexo [MnIIMnIII(tidf)Br3(H2O)2].Tentativas de cristalização de [MnII2(tidf)(OAc)(ClO4)(MeOH)] produziram o complexo trinuclear de manganês [Mn3III/II/III(tidf)2(µ-OAc)2](ClO4)2. O composto possui duas unidades [MnIII(tidf)]+ onde o íon metálico é pentacoordenado e conectadas a um íon central de MnII hexacoordenado através de pontes µ-fenolato e µ-acetato.

  

   

  
    Synthesis, spectroscopic [electron paramagnetic resonance (EPR), UV-Vis and Fourier transform infrared spectroscopy (FTIR)], magnetic and spectroeletrochemical properties of [MnII2(tidf)(OAc)(ClO4)(MeOH)] (tidf = a Robson type macrocyclic ligand obtained through condensation of 2,6-diformyl-4-methylphenol and 1,3-diaminopropane) are reported. Compound [MnII2(tidf)(OAc)(ClO4)(MeOH)] shows a weak antiferromagnetic behavior with exchange coupling constant J = –1.59(1) cm–1. UV-Vis and EPR spectroelectrochemical response after oxidation of complex [MnII2(tidf)(OAc)(ClO4)(MeOH)] detected the stabilization of mixed-valence Mn2(II/III) species in solution showing spectral features similar to the ones of the isolated mixedvalence [MnIIMnIII(tidf)Br3(H2O)2] compound. Crystallization of [MnII2(tidf)(OAc)(ClO4)(MeOH)]surprisingly produced the trimanganese complex [Mn3III/II/III(tidf)2(µ-OAc)2](ClO4)2, not observed in solution. It contains two pentacoordinated [MnIII(tidf)]+ units, each one connected to a central hexacoordinated MnII ion through one µ-phenolate and one µ-acetate bridge.

    Keywords: dimanganese macrocyclic complexes, tetraiminodiphenolate, magnetic properties, spectroeletrochemistry, crystal structure

  

   

   

  Introduction

   Dicompartment macrocycles, like the tetraiminodiphenolate (tidf) seen in Scheme 1, are very attractive molecules for their ability to bind two metal ions such as vanadium, manganese, iron, cobalt, nickel, copper, zinc and ruthenium.1-16 Those compounds have been widely used as building blocks to the rational design and preparation of polynuclear complexes with specific supramolecular architectures and magnetic properties.17-23 Using tidf ligand, we have recently reported on the synthesis, crystal structure, spectral, magnetic and electrochemical properties of some homometallic and heterometallic complexes, such as [{Cu2(tidf)(H2O)}2(µ-CN)2Fe(CN)4]·6H2O, [Cu2(tidf)(H2O)2][Ni(CN)4], [Cu2(tidf)(H2O)2][Fe(CN)5NO]·H2O,3 [Co2(tidf)(ClO4)2(H2O)2],4 [Fe2(tidf)(MeOH)4](ClO4)2,9 [Ru2(tidf)Cl2(H2O)2]·H2O and [Ru(MeOH)2FeCl(H2O)(tidf)](ClO4).6 Manganese compounds, in addition, have been intensively studied by chemists due to their rich redox chemistry. Dimanganese complexes continue to be intensively studied as bioinorganic models for important enzymes such as catatales, for instance.24

  
    

    [image: Scheme 1. Ligand tidf]

  

  Herein we report on the spectral, magnetic and electrochemical properties of the binuclear [MnII2(tidf)(OAc)(ClO4)(MeOH)](1)complexand on the single-crystal structure of a new and unusual trinuclear manganese(III/II/III) compound, [Mn3(tidf)2(µ-OAc)2](ClO4)2.

   

  Experimental

   Synthesis

  The following preparations were carried out under inert atmosphere using Schlenk techniques.

  [MnII2(tidf)(OAc)(ClO4)(MeOH)] (1)

  2.5 mL (30.5 mmol) of 1,3-diaminopropane were mixed with 11 g (30.5 mmol) of Mn(ClO4)2·6H2O and 7.5 g (30.5 mmol) of Mn(OAc)2·4H2O in 50 mL of methanol. To this solution was added 5 g (30.5 mmol) of 2,6-diformyl 4-methyl formol dissolved in 150 mL of hot methanol. The resulting dark-brown solution was refluxed for 2 h. A microcrystalline yellow solid was recovered by filtration, washed with methanol and dried under vacuum. Yield was 4.5 g (44%). Elemental analysis for C27H33ClMn2N4O9 (702.90): C, 46.14; H, 4.73; N, 7.97%. Found: C, 45.86; H, 4.20; N, 8.08%. IR (KBr pellet) cm -1: 1627 vs. (ν C=N), 1582 s n  as (CO2 –)acetate, n  s (CO2 –)acetate is masked, 1558 s (ν C=C), 1323 m (ν C–O)phenolate, 1109 s and 623 m (ν Cl–O), 580 vw (ν Mn–N), 507 w (ν Mn–O).

  [MnIIMnIII(tidf)Br3(H2O)2](2)

  A solution was prepared dissolving 3 g (18 mmol) of 2,6-diformyl 4-methyl formol and 6.5 g (18 mmol) of Mn(ClO4)2·6H2O in 90 mL of methanol. To this, was added 1,3-diaminopropane (1.5 mL, 18 mmol) and 2.5 mL (18 mmol) of triethylamine dissolved in 10 mL of methanol. After 2 h of reflux, 2.1 g (2.8 mmol) of a yellow solid, [Mn2(tidf)(ClO4)2(H2O)2], was recovered by filtration. This compound is very sensitive to oxidation and was immediately used to prepare the mixed-valence complex. [Mn2(tidf)(ClO4)2(H2O)2] was added to a bromine solution prepared from 0.15 mL (2.8 mmol) of 99.5% Br2 in 250 mL of MeCN and kept under stirring for 2 h at room temperature. After workup, a brown-greenish solid was isolated, and dried under vacuum. Yield 1.0 g (47%). Elemental analysis for C24H30Br3Mn2N4O4 (788.11): C, 36.58; H, 3.84; N, 7.11%. Found: C, 36.95; H, 3.95; N, 6.67%. IR (KBr pellet) cm -1: 1631 vs. (ν C=N), 1555 s (ν C=C), 1325 m (ν C–O), a set of small bands overlaid below 800 cm–1 precluded any unambiguous assignment of the metal-ligand vibrational modes.

  [Mn3III/II/III(tidf)2(µ-OAc)2](ClO4)2 (3)

   Complex [MnII2(tidf)(OAc)(ClO4)(MeOH)] (1) was dissolved in dichloromethane. Slow diffusion of toluene over the solution produced yellow needles suited for X-ray crystallography. The crystals were isolated and washed with diethyl ether.

  Physical measurements

  UV-Vis spectra in the range 190-900 nm were obtained on a VARIAN Cary 100 spectrophotometer in acetonitrile. Infrared spectra were obtained with a FTS3500GX Bio-Rad Excalibur series spectrophotometer in the region 4000-400 cm–1 in KBr pellets. The electron paramagnetic resonance (EPR) spectra from powdered solid samples were recorded on a Bruker Elexsys E500 X-band spectrometer. The 77 K spectra were obtained employing a quartz finger Dewar.

  Magnetic investigations were performed on powdered samples using a Quantum Design MPMS instrument equipped with a 5 T magnet. The temperature dependence of the magnetization (M) was followed from 1.8 to 300 K by applying a 10 kOe field (H) from 300 to 45 K and a 1 kOe field below 45 K to reduce magnetic saturation effects. Magnetic susceptibility per mole (χM) was then evaluated as χM = MM/H. Magnetic data were corrected for the sample holder contribution and for the sample diamagnetism using Pascal's constants (c dia = 3.21 × 10–4 emu mol–1).25

  Cyclic voltammetry was carried out with an IVIUM CompactStat potentiostat/galvanostat. A platinum disc electrode was employed for the measurements at I = 0.1 mol L–1 kept constant with tetrabutylammonium hexafluorophosphate (TBAPF6). A Ag/AgNO3 ([Ag+] = 0.01 mol L–1 in a MeCN solution of TBAPF6 0.1 mol L–1) along with a platinum wire were used as reference (0.503 V vs. SHE) and auxiliary electrodes, respectively. Typical experiments were conducted with a 3.0 × 10–3 mol L–1 complex concentration in acetonitrile, DMF and methanolic solutions at ambient temperature.

  UV-Vis spectroelectrochemistry measurements were performed with the IVIUM CompactStat potentiostat/galvanostat attached to a Agilent 8453 diode-array spectrophotometer from ca. 1 mmol L–1 complex and 0.1 mol L–1 TBAPF6 acetonitrile solutions. A three electrode system was used with a thin layer cell of 0.1 cm internal optical path length. A platinum minigrid was used as transparent working electrode, in the presence of a small Ag/AgNO3 reference electrode and a platinum auxiliary electrode.

  EPR spectroelectrochemistry was accomplished using the chronoamperometric mode in a two-electrode configuration glass cell containing platinum working and Ag/AgNO3 reference electrodes. Approximately 1 mL of the complex solution was electrolyzed under stirring at 1.0 V for 30 min, after which no current was developed. After, 200 µL of the sample was transferred to a quartz tube and the EPR spectrum taken at 77 K.

  The X-ray data were collected using a Bruker diffractometer, equipped with Cu Kα radiation (ImuS source). Cell refinement and data reduction were done using APEX2.26 Absorption corrections were applied using SADABS.26 Structure was solved by direct methods using SIR200427 and refined on F2 by full-matrix least squares using SHELXL97.28 All non hydrogen atoms were refined anisotropically. The complex shows a disorder effect at the perchlorate anion and co-crystallizes with solvent molecules in the unit cell. The disordered anion molecule was refined using appropriate restraints. The structure refinement with the solvent molecules in the cell is not satisfactory. In consequence, the squeeze procedure was adopted.29 Drawings were made with the ORTEP-3 for Windows.30 More detailed information about the structure determinations is given in Table 1. Microanalyseswere done in a CHN-2400 Perkin-Elmer analyzer.

  
    

    [image: Table 1. Crystal data and structure refinement]

  

   

  Results and Discussion

   Spectroeletrochemistry

  Figure 1a shows the UV-visible spectrum of complex 1 in acetonitrile. The intense bands at 217 and 254 nm are typical of intra-ligand π(tidf) → π*(tidf) with a higher contribution from the diphenolate groups while the transition at 370 has a similar assignment, but involving diimines functions.31-33 The small shoulder at 386 nm is due to either MLCT or a LMCT transition. The low intensity shoulder observed at 465 nm can be tentatively assigned to a spin-forbidden d-d band.

  
    

    [image: Figure 1. (a) UV-Vis spectrum of complex]

  

  Cyclic voltammograms of 1 in acetonitrile exhibited a single pair of waves in the –2.0 to 2.0 V window with Epa = 0.14 V vs. Ag/Ag+ and peak separation (∆Ep) of 112 mV at 100 mV s–1 (Figure 1b), assigned to the quasi-reversible electron transfer process Mn2 II → MnIIMnIII. Chang et al. also reported the monoelectronic oxidation of [LMn2 II/IICl2].1/2MeOH with E1/2 = 0.093 V vs. Ag/Ag+ (L = is the dianion of the Schiff base condensation of 2 mol of 1,3-diaminopropane and 2 mol of 2,6-diformyl-4-tert-butylphenol).34 The magnesium complex [Mg2(tidf)2(CH3CN)2]2+ undergoes an irreversible reduction between –1.10 and –1.50 V vs. Ag/Ag+, which is related to the macrocyclic ligand tidf since the magnesium in not electroactive in that range of potential. Contrary to [Mg2(tidf)2(CH3CN)2]2+, no intraligand redox processes were observed for [Mn2(tidf)(OAc)(H2O)2]+ in the same potential window, indicating a substantial electronic communication between the molecular orbitals of the manganese and the macrocycle ligand. This interaction is naturally reflected in the electronic spectra of the complex as we discuss below.

  Spectroelectrochemical response of complex 1 between –0.40 and +1.50 V vs. Ag/Ag+, seen in Figures 1c and 1d, shows the decrease in the intensity of the band at 372 nm, which is an intraligand π→π*(diimine) transition. Since the ligand does not show any electrochemical activity in this range, we can conclude that the band at 372 also contains some contribution from MLCT transitions. The bands below 300 nm exhibited a slight decrease in intensity, also in accordance with an electronic metal-ligand delocalization. Hence, a change in the electron density on the manganese ion upon oxidation influences the UV-Vis spectrum. The oxidation MnII → MnIII + e– was also followed by an increase of the absorbance at 425 nm (Figure 1c), most likely caused by a LMCT transition, pπ(tidf)→dπMnIII, and at 570 nm (Figure 1d) assigned to a d-d transition. These features agree with the spectrum of the isolated mixedvalence complex [MnIIMnIII(tidf)Br3(H2O)2] (2) as shown in Figure 2.

  
    

    [image: Figure 2. UV-Vis spectrum of complex]

  

  In order to validate the oxidation numbers of the manganese ions after oxidation of complex 1, we have carried out a spectroelectrochemical experiment based on EPR measurements in 0.1 mol L–1 TBAPF6 methanolic solutions. In Figure 3a, the EPR spectra of complex 1 at 77 K showed six narrow and intense lines between 3000 and 3800 G with g = 2.0036 and isotropic hyperfine coupling constant Ao = 95.4 G typical of manganese(II) mononuclear complexes. Additionally, the spectrum of the dimeric manganese(II,II) species can be seen in the range 50-3000 G, with its clear isotropic hyperfine coupling constant signature of ca. 45 G. This can be interpreted as the sum of allowed and forbidden transitions as a result of the zero field splitting for all possible states with total spin quantum number (ST ) different from zero. According to the Clebsh-Gordan equation, ST can assume values 5, 4, 3, 2, 1 and 0 for S1 = S2 = 5/2. Each ST component gives rise to an EPR absorption and each absorption has an intensity given by the Boltzmann thermal factors.

  
    

    [image: Figure 3. EPR spectra of complex]

  

  Similarly to the behavior in acetonitrile, complex 1 shows a single quasi-reversible electrochemical process in methanol with Epa = 0.11 V vs. Ag/Ag+. It was then electrolyzed during 30 min at 1 V under argon atmosphere and its EPR spectrum recorded at 77 K as given in Figure 3b. Under these conditions and in agreement with the similar behavior previously reported,34 it is expected the oxidation of a single manganese center to form the mixed-valence [MnIIMnIII(tidf)(OAc)(MeOH)2]2+ complex. Coordination of methanol can strongly reduce the magnetic exchange between the MnII and MnIII and, consequently, the six-line pattern seen after the oxidation can be accounted to the uncoupled MnII center of the mixed-valence compound. This is an interesting result as it relates to the magnetic behavior of the system. The EPR features also exclude the formation of MnIII-MnIV, that would produce a spectrum with a spin ground S = ½ for a antiferromagnetic coupling and a very characteristic 16-line hyperfine pattern.

  The other possibility is the presence of a small amount of a mononuclear MnII-tidf complex as a contaminant. This would explain the typical six-line pattern of the EPR spectrum observed along with the broad features of the binuclear Mn(II)-Mn(II) species seen in Figure 3a. However, electrochemical oxidation at 1 V of the mononuclear Mn(II) complex would produce the mononuclear MnIII-complex, that would not show any EPR signals. Romain et al. 35  also reported a similar behavior after the electrochemical oxidation of [MnII(L2)]2+ (L = 6',2''-terpyridine). In that case, an one electron oxidation in CH3CN at 1.30 V vs. Ag/Ag+ produced MnIII species, but the EPR spectrum at 100 K showed a 6-line signal, which was assigned to a small amount (estimated less than 5%) of the MnII complex. However, this interpretation was discarded by the authors, since the 6-line feature could still be observed even after an exhaustive oxidation at 1.65 V.

  Bearing in mind that the tidf2– is a diphenolate ligand, another possible sequence to account for 6-line patter of the MnII species in the EPR spectrum after oxidation, would be the unimolecular decomposition of MnIII with the concomitant formation of a phenoxyl radical: [MnIII(tidf)]+ → [MnII(tidf – )]+. The phenoxyl radical was not detected as it possibly can react with H+ ions from the solvent-methanol. Alternatively, the spectral pattern seen in the EPR after the electrochemical oxidation of the dimanganese(II)-complex (Figure 3b) could be due to the formation of the mixed valence trinuclear compound, [MnIIIMnIIMnIII(tidf)2(µ-OAc)2]+. This complex molecule was isolated and had its structure recognized by single-crystal X-ray diffraction as discussed below.

  Although we cannot rule out this possibility, it seems less likely to occur because as we will present later, it has a very unusual structure and shows a high degree of tension of the coordinated macrocycle, a condition that might not exist in solution.

  Magnetic properties

  The variable-temperature (2-300 K) magnetic measurements were collected for powdered samples of complex 1. The temperature dependence of molar magnetic susceptibility (χM) and of the χMT product can be seen in Figure 4. The χMT profile of complex 1 is typical of an antiferromagnetically coupled MnII dimer. Its 300 K value (8.57 emu K mol–1) is very close to the expected one for two uncoupled high-spin MnII ions (8.75 emu K mol–1), lowering to 0.69 emu K mol–1 at 1.8 K, suggesting the presence of an unpaired remaining MnII spin fraction. A quantitative estimation of the MnII monomeric molar fraction, as well as of the magnetic exchange constant J can be obtained through a least squares fitting procedure of the χ(T) plot. The Heisenberg-Dirac-van Vleck Hamitonian used to fit the data has been Ĥ = –J· Ŝ1 · Ŝ2, leading to the theoretical expression for χM reported in the Supplementary Information.36 The exchange interaction constant J was found to be –1.59(1) cm–1, in line with literature data about structurally similar MnII dimmers.37 Small discrepancies with experimentally determined J values for the structurally related [Mn2(tidf)(OAc)](ClO4) complex may indicate a different mode of coordination of acetate and perchlorate ligands. Unfortunately, without the single-crystal structure for both compounds, a definite conclusion could not be unequivocally established.

  Structural description of the trimanganese mixed-valence complex [Mn3(tidf)2(µ-OAc)2](ClO4)2

  
    

    [image: Figure 4. Magnetic susceptibility data as a function]

  

  Figure 5 shows the representation of the molecular structure of the cation complex [Mn3(tidf)2(µ-OAc)2]2+ that crystallized in the presence of perchlorate anions in an overall composition C52H58Cl2Mn3N8O16 and with molecular mass of 1287 g mol–1. Many unsuccessful attempts were made to obtain single-crystals suitable for structure determination of complexes 1 and 2. As a result of the slow diffusion of toluene into a dichloromethane solution of 1, we were able to isolate a single batch of yellow crystals proper for diffraction. Unfortunately, the crystals were geminated and exhibited a high degree of disorder resulting in high values of R = 0.0977 and Rw = 0.273. Despite our efforts, we were unable to reproduce the crystallization of similar batches of the compound. Considering the unusual mode of coordination of the macrocycle ligand and, most importantly, its elevated distortion round the metal ion, apparently this is not a stable molecule and we found no experimental evidence that the complex could maintain that structure in solution.

  
    

    [image: Figure 5. View of the molecular structure]

  

  Table 2 contains main bond lengths and angles. The complex crystallizes in the triclinic space group . It is formed by two pentacoordinated units of [MnIII(tidf)]+ and one hexacoordinated manganese (II) core connected to each other through one µ-phenolate and one µ-acetate bridge. The macrocycle ligand is exceptionally distorted from its usual planar conformation. In [Mn3(tidf)2(µ-OAc)2]2+,manganese (III) ion is five coordinated to three oxygen atoms (two from phenolates in a cis configuration, and one from acetate) and two iminic nitrogens. The bond distances between MnIII2 and the oxygen atoms O3, O5, O6 (2.050(3), 2.064(5), 2.108(5) Å, respectively) are shorter than those to N1 (2.176(5) Å) and N2 (2.220(7) Å). Manganese (II) is six bonded to trans-phenolate O6 at 2.152(4) Å and O8 at 2.127(5) Å occupying the apical positions, while O1, O2 (acetate) and N4 and N8 (imine) are in the equatorial plane, with distances of 2.162(5), 2.158(5), 2.231(5) and 2.264(7), in that order. Angles confirm the distorted pentacoordination around the trivalent manganese ions (see for instance, O3-Mn2-05, O3-Mn2-O6, O3-Mn2-N1 and O3-Mn2-N2 at 118.1(2), 104.5(2), 106.5(2) and 93.1(2)º, in that order) and the somewhat octahedral divalent manganese (II) as given by 06-Mn1-O8, O6-Mn1-O1, O6-Mn1-N4 at 175.2(2), 96.8(2) and 81.4(2)º. This is very unique structure, because it contains two units of the macrocycle ligand tidf simultaneously bound to the hexacoordinated Mn(II) ion. As far as we know, there is no other published example of this mode of coordination using this tetraiminodiphenolate ligand.
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  Conclusions

   The binuclear complex [MnII2(tidf)(OAc)(ClO4)(MeOH)] (1)was successfully prepared by template synthesis and its spectroscopic, electrochemical and magnetic properties investigated. From the magnetic point of view, 1 showed a weak antiferromagnetic behavior (J = –1.59(1) cm–1) and a remaining uncoupled mononuclear MnII fraction of 3.5%. EPR signals from frozen methanolic solutions at 77 K are consistent with these findings, showing binuclear MnII-MnII to be the major compound, along with a small amount of a mononuclear MnII species. UV-Vis and EPR spectroelectrochmical responses after oxidation of complex 1 at 1 V vs. Ag/Ag+ reveal oxidation and stabilization of a probable valence-trapped mixed-valence complex MnII-MnIII with close resemble of spectral features of complex 2. Crystallization of 1 produced a new and unexpected compound [Mn3(tidf)2(µ-OAc)2](ClO4)2 (3) containing a trinuclear and complex MnIIIMnIIMnIII structure. The complex can be seen as two pentacoordinated [MnIII(tidf)]+ motifs connected to a central hexacoordinated MnII ion through phenolate and acetate bridges. The severe distortion and uncommon mode of coordination of the macrocyclic ligand indicates an unstable compound, only detected in the solid state as a result of the self-assembly of its components.
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    Supplementary Information

    
      [image: Equation]

    

    Theoretical expression of the temperature dependence of the magnetic susceptibility χM of 1. ρ is the uncoupled MnII monomeric molar fraction, g is the Landè factor of MnII ions, β = (kBT)–1 and the other symbols have their usual meanings.
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Figure S18. ESI-MS spectrum of compound 3.
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Figure S19. 'H NMR spectrum of compound 6 (CDCL.. 400 MHz).
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Figure S23. 'H NMR spectrum of compound 7 (CDCL.. 400 MHz).
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Table 1. Organic carbon, total nitrogen, C/N ratio, grain size, lipid biomarkers (sterols and n-alcohols) concentrations in llha Grande Bay sediment cores

Abraio Saco do Céu TEBIG Marina Piratas
I 0 Min Max I 0 Min Max ¥ 6 Min Max I 0 Min Max
OC/ (mg g) 237 27 166 293 273 22 22 33 97 26 63 162 110 60 55 295
TN/ (mg g) 27 03 20 34 28 03 223 304 15 04 09 23 13 07 06 30
C/N 101 06 88 116 116 06 106 131 75 06 61 85 100 32 59 156

% Fine sediment 873 134 402 962  OLI 41 836 965 604 110 398 770 486 264 133 912
Sterols / (ng g-')

278 323 882 41 4158 87 64 40 351 7297 ND 456 102 66 31 318
274 20 12 ND 4 27 8 ¥ 10 14 ND 6 2% 21 ND ®7
284% 72 146 ND 684 11 33 ND 153 16 4 ND 195 27 33 ND 123
28p%2eem 2% 71 ND 33 7 ND ® o9 ND 2 5 8 ND 37
288 80 148 ND 714 36 13 18 75 27 3 ND 1SS 27 3% ND 130
208 92 83 25 38 172 22 20 712 53 8 10 3% 6 5 ND 232
208 254 192 84 941 190 6 77 419 98 130 ND 597 119 140 <LOQ 529
278 ol 61 30 204 54 23 31 135 51 6 ND 200 100 6 20 28
2880 6 4 2 192 41 13 % 76 2 2 ND 95 5150 ND 184
208 168 71 87 357 41 35 89 221 76 72 ND 319 126 105 23 370
3087 16 80 71 437 125 S0 S 277 47 36 15 156 9 71 ND 234
Total 1441 1858 575 9320 9030 354 448 1730 516 652 71 3024 84 726 148 2800

n-Alcohols / (ng g')

C,0H 3 29 <LOQ 114 51 32 13 16 49 31 <LOQ 102 33 19 ND T3
C,0H 55 72 <LOQ 274 99 174 <LOQ 789 47 57 <LOQ 179 48 56 <LOQ 194
C,0H 40 54 <LOQ 210 74 114 <LOQ 508 38 42 <LOQ 115 1318 <LOQ 70
Phytol 26 2 ND 64 6 13 ND 52 5 9 ND 4 2 28 ND 125
C,0H 127 66 <LOQ 312 116 39 <LOQ 197 120 73 <LOQ 283 68 30 ND 140
C.0H 160 59 42 264 167 34 119 235 78 34 ND 176 6 34 ND 145
C,0H 24 84 15 307 320 115 110 54 90 27 11 13 6 28 3 137
C,0H 335 116 S5 543 547 233 138 9033 143 55 20 316 97 53 20 214
C,0H 466 187 168 870 954 605 119 3014 14 54 <LOQ 275 141 167 24 782
C,0H 492 238 172 984 1257 1147 &7 5996 1T 63 10 272 188 308 10 1802
C,0H 381 248 104 1040 888 614 45 2038 133 60 10 246 76 110 <LOQ 510

Total 2615 883 964 4485 4930 2819 1702 15407 1135 370 130 1649 968 800 160 3.798
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Figure S21. IR (KBr) spectrum of compound 6.
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Figure 1. Study area showing station locations in Ilha Grande Bay, Rio
de Janeiro, Brazil.
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lable 1. Tields obtained in the synthesis of compounds 1-10 produced
via Scheme 1+

Conventional heating at  Microwave irradiation at
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) 60 70 10 9%

N 0 13 20 82

4 180 20 2 80

s 120 18 10 81

6 180 24 10 88

7 180 3 10 86

N 60 30 10 85

9 180 78 10-30 0

10 60 8 el %

“The reactions were conducted under argon atmosphere with 5 mL of
acetonirile, zine powder (0.8 g, 12 mmol), dimethyl itaconate (2 g,
13 mmol), an aldehyde or a ketone (2.5 mmol), and the aryl bromide
(4 mmol). After brief stirring at room temperature, cobalt bromide
(0.13 g,0.6 mmol),trifluoroacetic acid (0.03 mL), and 1,2-dibromocthane
(0.05 mL) were successively added. The reaction mixture was heated
at 60 °C for 1-3 h in an oil bath, or irradiated for 10-20 min in a CEM
-overy® focused microwave oven at 60 °C and 150 W: *isolated vield.
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Figure S1. "H NMR spectrum of compound 1 (CDCL,, 400 MHz).
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Table 2. In vitro leishmanicidal activity of the 3-methoxycarbonyl-y-
butyrolactone derivatives 1-10 %+

1 56+5.1 206+27 40149 42357 4122
2 11482 285261 356+72 46043 4149
3 14258 250+73 20.1=1.8 30007 4674
4 49:19 96+44 435:64 495+24 4019
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6 0 0 221+45 408+77 4156
7 0 0 2061+44219=41 1045
B 0 38428 350x07 44031 4051
9 0 18+31 3052 8886 1989
10 62x21 222:43 542215 813208 1796

“Percentages of lysis at concentrations of 6.25, 12.5, and 25 M were not
statistically significant for compounds 1-3. No lyses were observed at
these concentrations for compounds 4-10. Positive control: Amphotericin
B (12 pM): IC,, = 13.7 uM.
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Figure S5. "H NMR spectrum of compound 2 (CDCL.. 400 MHz).
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Figure S2. "C NMR spectrum of compound 1 (CDCL,, 100 MHz).
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Figure S3. IR (KBr) spectrum of compound 1.
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Figure S8. 'H NMR spectrum of compound 3 (CDCL, 400 MHz).
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Figure S15. ESI-MS spectrum of compound 4.
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Figure S14. IR (KBr) spectrum of compound 4.
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Figure 4. Absorption of PIC 5 x 10° mol L in alginate solutions.
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Figure 2. Chromatogram of a standard solution of pesticides in
acetonitrile (A) and in the organic extract of tomato (B) at a conceniration
of 100 g L, where: 1: clorothalonil; 2: chlorpyrifos; 3: iprodione;
4: permethrin and 5: deltamethrin.
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Figure 4. IR spectra of pyridine adsorbed on catalysts.
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Figure 29, Total ion chromatogram of the volaile oil from leaves of the BIII specimen of D. frutescens collected in May. Analysis conditions: RTX-SMS
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‘column; helium carriergas; oven temperature 5010 290 °C at 4 °C i njector temperature 240 °C; on source temperature 260 °C; nterface temperature
280°C.
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Figure S22. HRESIMS data of 3.
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zure 2. XPS spectra of Zn 2p of ZnKX (0.8 wt.%): (a) fresh; (b) spent.
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Table 1. Characterization of tomato fruits throughout maturation

Stage of maturation

Parameter

Pinkish green Greenish pink Pinkish Light red Red
Solubles solids (*Brix) 5.60 +0.00° 5.60 +0.00° 50082 570+0.14° 600003
pH 425000 417004 4142015 426004 425004
Titratable acidity (g citric acid/100g) 0.300.00° 032005 037004 0.322001° 033003
Color (a*/b*) 0.08+0.01* 0.10 +0.06* 040030 07720200 11120100
Carotenoides / (mg L) 0.79 1.56 1.60 201 207

Mean values (triplicate) + standard deviation; **the same letters in the same row do not differ by Tukey test (p < 0.05).
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Figure 2. Absorption spectra of PIC in aqueous solutions of: (a) sodium styrenesulphonate (StyS) and (b) sodium toluenesulphonate (TS).
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Figure 28, Total ion chromatogram of the volatile ol from leaves ofthe BIII specimen of D. frutescens collected in April. Analysis conditions: RTX-SMS

‘columa; helium carrier gas; oven temperature 5010 290 °C at 4 °C miar; njector temperature 240 °C; on source temperature 260 °C; nterface temperature
280°C.
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lable 1. Iextural properties and the amounts of acid-base sites of all catalysts

—_— BET area/ Micropore area/  Total pore volume / Micropore volume /  Total acid / Total base /
(m? g) (m? g) (em’g) (em’g) (umol g") (umol g)
KX 494 462 026 021 186 296
ZnKX (0.2 wt.5%) 476 445 025 021 175 264
ZnKX (0.8 wt.%) 49 47 025 021 167 287
ZnKX (1.0 wi.%) 40 4 025 020 146 m
ZnKX (2.0 wt.%) 44 380 0.25 0.20 131 214
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Figure 1. Absorption specira of lycopene standard solution (—) and
B-carotene (-——-) at a concentration of 1.0 mg L.
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re 1. Absorption (a) and emission (b) spectra of PIC in water and organic solvents. [PIC] = 1 x 10 mol L-; A =490 nm.
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Figure S33. Total ion chromatogram of the volatile oil from leaves of the BIII
RTX-SMS columa; helium carrier gas; oven temperature 50 10 290 °C at 4 °C i
\emperature 280 °C.
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Figure 34, Total ion chromatogram of the volaile oi from leaves of the BII
RTX-SMS columa; helium carriergas; oven temperature 50 10 290 °C at 4 °C minr*
temperature 280 °C.






OPS/images/a06img04.png
Intensity / a.u.

20/ degree

Figure 1. XRD patterns of the catalysts: (a) KX: (b) ZnKX (0.2 wt.0%);
() ZnKX (0.8 wt.%); (d) ZnKX (1.0 wt.%); (¢) ZnKX (2.0 wt.%).
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Figure $31. Totalion chromatogram of the volatile oil from leaves of the BIII specimen of D. frutescens collected in July. Analysis conditions: RTX-SMS
columa; helium carrer gas; oven temperature 5010 290 °C at 4 °C i injector temperature 240 °C; ion source temperature 260 °C; interface temperature
280°C.
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Figure $32. Total ion chromatogram of the volatile il from leaves of the BIII specimen of D. frutescens collected in August. Analysis conditions:

RTX-SMS columa; helium carrier gas; oven temperature 50 10 290 °C at 4 °C i injector temperature 240 °C;ion source temperature 260 °C; inerface
temperature 280 °C.
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lable 7. Number of analytes detected in breast milk samples (n=062) from
breast-feeding mothers living in Lucas do Rio Verde, Mato Grosso state

Number of analytes N Frequency of
detected in the sample. detection/ %
0 2 45
1 4 39
2 6 10
3 4 6

TOTAL 62 100
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Figure $20. 'H-"H TOCSY (DMSO. 600 MHz) spectrum of compound 3.
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Figure S27. HR-APCIMS (positive-ion mode) spectrum of compound 2.
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Table 6. Stability study of the pesticides in frozen breast milk samples (12 days)

Analyte S'E::‘:’ml]_’f;l ! A'(';':f:a'l)% V% Analyte S‘gf:dn‘"‘_”f,‘)' ! A‘(’:.';g:;’l)% V%
Trifluralin 0015 98 (9397) 2 p.p-DDE 0015 121 (109-127) 7
o-HCH 0027 114 (103-116) 5 B-endosulfan 0013 111 (104-110) 3
yHCH 0028 113 (106-115) 4 p.p’-DDT 0.107 97 (64-121) 25
Aldrin 0015 111(100-116) 6 Cypermethrin 0.104 120 (107-136) 12
o-endosulfan 0015 117 (106-123) 8 Deliamethrin 0.108 105 (94-119) 9

SL: spiked level; CV: coefficient of variation.
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Figure S19. 'H-"H COSY (DMSO. 600 MHz) spectrum of compound 3.
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Figure $35. Total ion chromatogram of the volatile oil from leaves of the BIII specimen of D. fruescens collected in Noverber. Analysis conditions:
RTX-SMS columa; helium carrier gas; oven temperature 50 10 290 °C at 4 °C i injector temperature 240 C; ion source temperature 260 °C; intrface
temperature 280 °C.
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‘Table 9. Pesticide residues in breast milk taken from breast-feeding mother living in Lucas do Rio Verde, Mato Grosso state, in pg mL"" of milk and pg g™ of fat

Analyte Range'/ (ngmL")  Average fat content/ % Range*/ (ng g)) Median 3% quartile / (ng £!)
B-endosulfan 00160020 31 054061 <LOD <LOD
p.p’-DDT 0.170-0397 41 262-1241 <LOD <LOD
p.p’-DDE 0021-0543 38 032-12.03 <L0Q 101

“Range of concentrations among quantified sampl
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Table 8. Frequency of pesticides detection in breast milk samples (n=62)
from breast-feeding mothers living in Lucas do Rio Verde, Mato Grosso
state

Totalof  Detected .
Analyte  samples with (> LOD and ?'a"_'"ﬁ:d 5::;‘?“‘?:
pesticides <L0Q) 7 1OQ lon

p.p"-DDE E 15 18 53
Aldrin 7 7 0 1
p.p-DDT 5 2 3 8
B-endosulfan 3 1 2 5

LOD: method’s limit of detection; LOQ: method’s limit of quantification.
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Figure S21. ROESY (DMSO. 600 MHz) spectrum of compound 3.
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Figure 8. IR spectra of toluenc adsorbed on the catalysts at 50 °C: (a)
KX; (b) ZnKX (0.2 w.%): (¢) ZnKX (0.8 wt.%); (d) ZnKX (1.0 wi.%):
(@) ZnKX (2.0 wt.%).
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Figure 10. Spectra of methanol adsorbed on KX and ZnKX catalysts after desorption at 150 °C and pie charts of the amount of surface unidentate formate
relative to the amounts of surface carbonate and bidentate formate.
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igure 9. IR spectra of the mixture of toluene with methanol (toluene-
methanol ratio is 1:2) adsorbed on the catalysts at 50 °C: (a) KX; (b)
ZnKX (0.2 wt.%): () ZnKX (0.8 wt.%): (d) ZnKX (1.0 wt.%); (e) ZnKX
(2.0 wt.%).
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Table 3. Toluene conversion and product selectivities (Sele,) of all catalysts (450 °C)

Sele,/ %
Sample Xpul %
Eb Sty® Xy co Eb+Sty
KX 7 48 45 4 3 93
ZnKX (02 wt.%) 9 57 33 5 5 90
ZnKX (0.8 wt.%) 14 6 2 5 6 8
ZnKX (1.0 wt.%) 1 65 2 6 6 88
ZnKX (20 wi.%) 8 68 2 6 4 90

“Ethylbenzene: "styrene: “xylenes: “trimethylbenzene.
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re 8. Transient decay of PIC at 740 nm in aqueous solution of TS.
32 nm: [PIC] = 5.7 x 10 mol L-; [TS] = 1.8 mol L
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iigure 6. Effect of Zn contents on side-chain alkylation: (a) conversion of toluene: (b) total yield of styrene and ethylbenzene: (c) H, production rate; (d)
CO production rate. Reaction conditions: 0.1 MPa, weight hourly space velocity (WHSV) = 0.5 h' and 50 mL min" N, flow.






OPS/images/a15img08.png
25| N
, A GTycopenst’s B
o pemeninsy
emathinaon
' Permatini0D og|
H Croryiosson 2
by Pty £ o
3 b
g T [ s Lycopene? +
E Iprodoneato i ﬂ"ﬂiﬂg‘ewm S 02 Lycopene? *
H p— 4 oot
§ 4 Loos
15 ° Teopeneds —CargianeT,
4 aotene0 S
Lca
B 02
2 Corotaney? Cartenes
24
ED 5 o g g 0z oz _om  om  om
Scores on PC 1 91.34%) PC 1 (91.34%)
06
15[ C'_" *Lycopene2 D
+Lycopenet
‘ Pemetinion o4 “Lycopenes
~ [——
H Pometning00 s 02
2 ol _
s cropyrost | cratniion £, wcos
g Craonis%0_sJonomioso pomannid | 3 TonlC2s Caropned
4 S ol
oy o300+ Gricromaio L1
H o oo SBamamnnep | S.02 Catensos -l
8 05| erodionego0 Deliamethrins00 e Carotened
H e — 04 ~Carotene2
4 * lradonetoo
0
asp, R
o
£ 0 0 W f7 osez oer 0sm ozes 02e 029z 0334
Scores on PC 1 (86.30%) PG 1(96.30%)

Figure 4. Principal components analysis using the effect of the components of the matrices in the chromatographic response of five pesticides. (A) and (C):
pesticides in different concentrations (scores); (B) and (D): components of tomato (loadings). LC: mixture of the two carotenoids, lycopene and -carotene.
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ure 7. Transient spectra of PIC in aqueous solution of TS.
532 nm: [PIC] = 5.7 10 mol L-'; [TS] = 1.8 mol L.
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Figure 7. IR spectra of methanol adsorbed on the catalysts at 50 C: (a)

KX; (b) ZnKX (0.2 wt.%); (c) ZnKX (0.8 wt.%): (d) ZnKX (1.0 wt.%):
(e) ZnKX (2.0 wt.%).
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Scheme 1. Preparation of compounds 1-10 by the multicomponent reaction developed by Le Gall and co-workers.®
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Scheme 1. The adsorption states of methanol (structure 1) or tolucne
(structure 2) on the alkali-exchanged X zeolites. Me*: alkali metal cations.
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igure 3. NH.-TPD profiles of the parent and alkali-treated HZSM-5.
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Figure S3. F NMR spectrum (CDCL, 376.4 MHz) of methyl 3-(2-methyl-7-trifluoromethylpyrazolo[ 1.5-a]pyrimidin-5-yl)propanoate (1
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Figure S2. °C NMR spectrum (CDCL., 100 MHz) of methyl 3-(2-methyl-7-trifluoromethylpyrazolo[1,5-a]pyrimidin-5-yl)propanoate (1).
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re 4. The lifetimes of the parent HZSM-5 and AT0.4 catalyst.
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re S5. "H NMR spectrum (CDCL., 400 MHz) of 3-(2-methyl-7-trifluoromethylpyrazolo[1,5-a]pyrimidin-5-yl)propanoyl hydrazide (2).
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Table 2. The conversion and selectivity of alkali-treated HZSM-5 catalysts (%)

HZSM-5 ATO2 ATO4 ATO8 ATLO
Temperature / °C

Xison S Xeon S Xeon S Xison S Xeon S
230 782 311 877 636 866 462 852 34 82 283
240 827 534 929 812 %07 701 807 674 871 0.1
250 928 848 972 97.0 946 %07 945 884 919 710
260 %5 9.8 904 992 986 96.4 9.2 986 943 914

265 99.6 982 99.5 98.5 99.7 99.6 9.5 99.0 96.9 97.2
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Figure S4. ESI mass spectra of 3-(2-methyl-7-trifluoromethylpyrazolo[1.5-a]pyrimidin-5-yl)propanoate (1).
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Iable J. Relationship between studied pesticides, cultures located near
the sampled hives and residues found in the method application

Crop Pesticides

Eucalyptus trees  fipronil. trifluralin

Peach tetradifon, trichlorfon

Orange bifenthrin,* chlorothalonil.* chlorpyrifos eth;
lambda-cyhalothrin, malathion, tetradifon,
trifloxystrobin, trfluralin

Grape bifenthrin,* chlorothalonil” kresoxim methyl.*
lambda-cyhalothrin, trichlorfon

Soybean bifenthrin,* chlorothalonil.* chlorpyrifos cthyl,”
fipronil.* lambda-cyhalothrin, trichlorfon,
trifloxystrobin, trfluralin

Not authorized  bromophos methyl, chlorpyrifos methyl

Banned dicldrin, endosulfan alpha, endosulfan beta, endrin
(1+ D), hepachlor, hexachlorobenzene.* lindane*

Metabolites Endosulfan sufalte (endosulfan),” 4.4-DDE (DDT),

heptachlor epoxide (heptachlor)

s« LOQ: > LOQ. Source: AGROFIT.**
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Figure S8. Total ion chromatogram of the volatie ol from leaves of the BI specimen of D. frutescens collected in August. Analysis conditions: RTX-SMS

injector temperature 240 °C; ion source temperature 260 °C; interface temperature
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lable 2. Pesticide concentrations in honey samples, using the proposed method, MRL values and results from other studies

MRL/ (mg kg') Residuc / (mg kg”) Results from literature
Peatiid Brazi® EUM Sample!  Sample2  Sample3  Sample4 C“;‘f:::;‘f;‘“’ Ref.
Organophosphates - - - - - — 002400243 47
Chlorpyrifos cthyl 002 - nd 003 nd 003 0015 10
Malathion - 002 nd nd 009 009 0243.0025 1040
Organohalogens - - - - - - 00010431 4712
Chlorothalonil - 001 nd 003 nd nd <L0Q 10
Endosulfan sulfate - 001 nd 09 nd nd 0027 10
Hexachlorobenzene - - nd 02 nd nd 0018 10
Lindane 001 001 <L0Q nd nd nd - -
Pyrazoles - - - - - - - -
Fipronil - 001 nd nd <L0Q nd - -
Pyrethroids - - - - - - 0001100002 47
Bifenthrin - 001 nd <L0Q nd nd 0062 20
Strobilurin - - - - - - - -
Kresoxim methyl - 005 nd nd <L0Q nd - -

~d- not detected
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Table 1. Properties of the parent and alkali-treated samples

Sample Suf (g S Mg S Mg Vo rlen’g) Vool ew'g!)

HZSM-5 355 81 274 0.13 0.06

AT0.2 341 92 249 0.11 0.08

ATO.4 330 125 205 0.09 0.18 305 832
ATO.8 326 107 219 0.07 0.17 320 585
AT1.O m 122 150 0.06 017 256 46.1

“BET method: *volume adsorbed at P/P, = 0.99; “t-plot method.
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re S1. 'H NMR spectrum (CDCL, 400 MHz) of methyl 3-(2-methyl-7-trifluoromethylpyrazolo[ 1.5-a]pyrimic
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Figure S11. Total ion chromatogram of the volatie oil from leavs of the BI specimen of D. frutescens collected in November. Analysis conditions:
RTX-SMS columa; helium carrier gas; oven lemperature 50 10 290 °C at 4 °C i injector temperature 240 C; ion source temperature 260 °C; intrface
temperature 280 °C.
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Figure $12. Total ion chromatogram of the volatil oil from leaves of the BI specimen of D. frutescens collected in December. Analysis conditions:

RTX-SMS column; helium carrier gas; oven temperature 50 10 290 °C at 4 °C i injector temperature 240 °C: ion source temperature 260 °C; interface

temperature 280 °C.
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Figure S9. Total on chromatogram of the volaile o from eaves of the BI specimen of . futescens collected in Seplember. Analyss condions:
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Figure $10. Total ion chromatogram of the volail o from leaves of the Bl specimen of D. frutescens collected in October. Analysis conditions: RTX-SMS
‘columa; helium carrier gas; oven temperature 5010 290 °C at 4 °C miar; injector temperature 240 °C; on source temperature 260 °C; nterface temperature
280°C.
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Figure S15. Totalion chromatogram of the volatile oil from leaves of the BII specimen o D. frescens collected in March, Analysis conditions: RTX-SMS
‘columa; helium carrier gas; oven temperature 5010 290 °C at 4 °C i njector lemperature 240 °C; on source lemperature 260 °C; nterface temperature
280°C.
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Figure 16, Total ion chromatogram of the volatile oilfrom leaves of the BII specimen of D. frutescens collected in April. Analysis conditions: RTX-SMS

injector temperature 240 °C; ion source temperature 260 °C; interface temperature
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Figure 1. Schematic representation of the extraction method optimized
for the determination of pesticide residues in honey.
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Figure S13. Total ion chromatogram of the volatile ol from leaves of the BII specimen of D frutescens collected in January. Analysis conditions:

jector temperature 240 °C; ion soutce temperature 260 °C; interface
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Figure S14. Total ion chromatogram of the volatile ol from leaves of the BII specimen of D. frutescens collected in February. Analysis conditions:

RTX-SMS columa; helium carrier gas; oven lemperature 50 10 290 °C at 4 °C i inector emperature 240 °C; ion source temperature 260 °C; interface
\emperature 280 °C.
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Figure $17. Total ion chromatogram of the volatie ol from leaves of the BII specimen of D, frutescens collected in May. Analysis conditions: RTX-SMS
colum; hlium carrier gas; oven temperature 5010 290 °C a4 °C min-; injector temperature 240 °C; ion source temperature 260 °C; interface temperature
280°C.
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Figure 4. () Extracted ion chromatogram m/z 178+192+206 obtained
by GCxGC-TOEMS for the diesel sample showing the monitored
phenanthrene and alkyl-derivatives and for the diesel sample treated under
the optimized conditions (b) UV: (c) peroxide: (d) ozone and (e) OJUYV.
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ure S1. Fluorescence spectra for diesel oil in aqueous solution with different concentrations of diescl-in-water emulsion, applying various reaction
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Figure S18, Total ion chromatogram of the volatile ol from leaves of the BII specimen of D, fraescens collected in June. Analysis conditions: RTX-SMS
colum; hlium carrer gas; oven temperature 5010290 °C at 4 °C min-";injector temperature 240 °C; fon source temperature 260 °C;interface lemperature
280 °C.
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Figure $19. Totalion chromatogram of the volatil oilfrom leaves of the BII specimen of D. fratescens collected in July. Analysis conditions: RTX-SMS

colum; helium carrer gas; oven temperature 50 10 290 °C at 4 °C min-; injector temperature 240 °C; fon source temperature 260 °C:; inteface temperature:

280°C.
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Table 1. Removal efficiency over time and optimal parameters for the
diesel degradation processes

Process w&::::’l § time/min  Optimal condition*
uv 75 60 pH2

UVH,0, 95 105 pHI12:[H,0,] 987.5 mg L*
H0, 49 90 pH 12 [H,0] 9875 mg L'
o, 7 40 pHS

0JUV 9% 30 pHS

n=3.
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Figure 3. (a) Extracted fon chromatogram m/z 128+142+156+170+184
obtained by GCxGC-TOFMS for the diesel oil sample showing the
monitored naphthalene and alkyl- derivatives and for the diesel sample
treated under the optimized conditions (b) UV: (¢) peroxide; (d) ozone;
and (e) O/UV.
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Figure 2. Chromatogram obtained by GC-MS for the diesel sample
before being submitted to degradation. The numbers indicate the lincar
hydrocarbons, containing 9 to 26 carbon atoms, respectively. The Cyd
indicate the perdeuterated C,. compound.
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Figure $22. Total ion chromatogram of the volatile il from leaves of the BII specimen of D. frutescens collected in October. Analysis conditions:

RTX-SMS columa; helium carrier gas; oven temperature 50 10290 °C at 4 °C i injector emperature 240 C; ion source temperature 260 °C; intrface

\emperature 280 °C.
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Figure $23. Total ion chromatogram of the volatie oil from leaves of the BII specimen of . frutescens collected in November. Analysis conditions:

RTX-SMS column; helium carrer gas; oven temperature 50t 290 °Cat 4 °C i njector temperature 240 °C; ion source temperature 260 °C; nterface
\emperature 280 °C.





OPS/images/a03img25.png
40

g -

: - H

. £ i
Y 8
i° ga
5 &

100 200 300 200 500 00
Retention tme [min]
Figure $20. Totlion chromatogram of the volatile il from leaves of the Bl specimen of D, fruescens collcted in August. Analysis conditions: RTX.SMS

‘columa; helium carriergas; oven temperature 5010 290 °C at 4 °C i injector temperature 240 °C; on source temperature 260 °C; nterface temperature
280°C.
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Figure 21. Total ion chromatogram of the volatile oil from leaves of the BII specimen of D. frutescens collected in September. Analysis conditions:
RTX-SMS column; helium carrer gas; oven temperature 50t 290 °Cat 4 °C i njector temperature 240 °C; ion soutce temperature 260 °C; interface
{emperature 280 °C.
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Figure $26. Total on chromatogram of the voltile ol from leaves of the BII specimen of D. frutescens collected in February. Analysis conditions:
RTX-SMS column; helium carrier gas; oven temperature 5010 290 °Cat 4 °C i njector temperature 240 °C; ion soutce temperature 260 °C; nterface.
{emperature 280 °C.
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re 6. The lifetime of regenerated ATO.4 catalyst.
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Figure $27. Total ion chromatogram of the volaile oil from leaves of the BIII specimen of D. frutescens collected in March. Analysis conditions:

RTX-SMS columa; helium carrie gas; oven temperature 50 10 290 °C at 4 °C i injector temperature 240 °C:;ion source temperature 260 °C; interface

temperature 280 °C.
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re 5. TG profiles of the spent HZSM-5 and the spent AT0.4 catalyst.
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Figure S6. "C NMR spectrum (CDCL,, 100 MHz) of 3-(2-methyl-"
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Figure $24. Total ion chromatogram of the volatile oil from leaves of the BII specimen of D, frtescens collectd in December. Analysis condiions:

RTX-SMS colum; helium carrier gas; oven temperature 50 10290 °C at 4 °C i inector temperature 240 C; ion source temperature 260 °C; inteface
temperature 280 °C.
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Figure S25. Total ion chromatogram of the volatile ol from leaves of the BIII specimen of D. fruescens collected in Janvary. Analysis conditions:

RTX-SMS column; helium carrer gas; oven temperature 5010 290 °Cat 4 °C i njector temperature 240 °C; ion source temperature 260 °C; interface

{emperature 280 °C.
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Figure S38. ESI mass spectrum of of 1-(5-trifluoromethyl-5-hydroxy-4-methyl-3-phenyl-4.5-dihydropyrazol-1-yl)- 1-propan-1-one-3-yl]-2-methyl-7-
trifluoromethylpyrazolo| 1. 5-alpyrimidine (41)
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S8. "C NMR spectra (CDCL, 100 MHz) of 6d.
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Figure S57.'H NMR spectrum (CDCI,, 400 MHz) of 1-(5-trifluoromethyl-5-hydroxy-4-methyl-3-phenyl-4.5-dihydropyrazol-1-yl)- 1-propan-I-one-3-yl]-
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S7. 'H NMR spectra (CDCL., 400 MHz) of 6d.
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Figure S38. Curves used to calculate the IC,, values of compounds 1-10.
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Figure S39. 'H NMR spectrum (DMSO-d_, 400 MHz) of 3-(2-methyl-T-trifluoromethylpyrazolo[ 15-a]pyrimidin-3-yl)propanoic acid.





OPS/images/a22img24.png
Aok ene 0 I HEE § 523
v

sJ

S9. 'H NMR spectra (CDCL., 300 MHz) of 6g.
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$6. °C NMR spectra (CDCL., 75 MHz) of 6b.
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Figure 7. Matrix effect study for the amperometric method using FIA.
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Figure S35. ESI mass spectrum of 1-(3-hydroxy-3-trifluoromethyl-3,3a.4.5,6.7.8.9-octahydrocyclooctalJpyrazol-2-yD)-1-propan-1-one-3-yl]-2-methyl-
7-trifluoromethylpyrazolo[ 1.5-a]pyrimidine (4k).
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S5. 'H NMR spectra (CDCL., 300 MHz) of 6b.
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Figure 6. Precision study for the amperometric method: (a) analytical
curves obtained on different days and (b) analytical curves obiained by
different operators.
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Figure S54. “C NMR spectrum (CDCI,, 100 MHz) of 1-(3-hydroxy-3-trifluoromethyl-3,3a,4.5.6.7.8.9-octahydrocyclooctalc]pyrazol-2-y1)-1-propan-1-
one-3-y1]-2-methyl-7-trifluoromethylpyrazolo[ 1.5-a]pyrimidine (4k).
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Figure S34. ESI-MS spectrum of compound 9.
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Scheme 1: Chemical structure of levobunolol HCI (LV.HCI) molecule
(A) and its metabolite dihydrolevobunolol (B).
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Figure $36.'H NMR spectrum (CDCI,, 400 MHz) of 1-(5-trifluoromethyl-5-hydroxy-4-methyl-3-phenyl-4,5-dihydropyrazol-1-yl)- 1-propan-I-one-3-yl]-
2-methyl-7-trifluoromethylpyrazolo[ 1.5-alpyrimidine (41).
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Table 2. Data for analytical curve obtained from different standard concentrations of morpholine in KCl solution by the amperometric method using FIA
and screen-printed carbon clectrodes

Er;rrf:«))llne] / lsx(sl:gcu;zl ! zmos;(g:)nal ! 3.d(::(g:.).zl ! F— o RSD /% S
20 454 511 491 4585 0.08 6 105
40 10.09 9.96 879 961 051 7 95
60 1581 1411 14.64 1485 0.76 6 95
80 2262 2314 23.50 23.00 020 2 109
100 26.54 2711 26.60 26.75 0.10 1 100
120 3228 3078 3226 3177 074 3 98
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Figure $51. “C NMR spectrum (CDCL, 100 MH2) of 5-[1-(3-hydroxy-3-trifluoromethyl-

methyl-7-trifluoromethylpyrazolo| 1.5-a|pyrimidine (4j
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re $28. °C NMR spectrum of compound 8 (CDCL, 100 MHz).
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Figure 5. Residue graph from the analytical curve obtained by the

amperometric method using FIA and screen-printed electrodes.





OPS/images/a16img66.png
00
4
18
149
145
142
140
e}
3
%

E

' v

f ' f—
8 & ] H
T T T T T T T T
70 50 50 a0 20 20 10 00
pomart)

Figure $50. 'H NMR spectrum (CDCL,, 400 MHz) of 5-[1-(3-hydroxy-3-trifluoromethyl-3.3a,4,5,6.7-hexahydroindazol-2-y1)-1-propan-1-one-3-y1]-2-
methyl-7-trifluoromethylpyrazolo[ 1.5-apyrimidine (4j
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Table 4. Recovery results obtained for the amperometric method using FIA and screen-printed electrodes for two real condensate samples fortified with
morpholine

Saumple (Morpboline]/ Istsignal/  2ndsignal/  3rdsignal/  Average/ s/ RSD/ Recovery /
(mg L) (mg L) (mg L) (mg L) (mg L) (mg L) % %
30 2 31 2 2 23 5 98
A 50 49 52 46 49 90 6 98
70 il 70 70 70 03 1 100
30 31 E 30 30 10 3 100
B 50 50 47 53 50 90 6 100
70 68 75 7 72 12 5 102
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Figure $53. 'H NMR spectrum (CDCL, 400 MHz) of 1-(3-hydroxy-3-trifluoromethyl-3,3a.4,5.6.7.8 9-octahydrocyclooctalc]pyrazol-2-yl)-1-propan-1-
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Figure S30. ESI-MS spectrum of compound 8.
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fable 3. Limits of detection and quantification obtained from different
criteria

Criteria LOD/(mgL)  LOQ/(mgL")
Standard deviation curve 3 36

Experimental 10 30
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Figure $52. ESI mass spectrum of 5-[1-(3-hydroxy-3-trifluoromethyl-3,3a,4,5.6.7-hexahydroindazol-2-yl)- 1-propan-1-one-3-y1]-2-methyl-7-
trifluoromethylpyrazolo[ 1.5-a]pyrimidine (4).
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Figure S2. "H NMR spectrum of compound 1 (region of 1.4 to 0 ppm and 0.91 to 0.84 ppm, CDCL, + Py-d.. 400 MHz).
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$19. 'H NMR spectra (CDCL,, 300 MHz) of 6i.
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Scheme 4. Electrode reaction mechanism of the second reduction process
of LV.HCI at the mercury electrode.
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S18. "C NMR spectra (CDCI.. 75 MHz) of 6k.
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Figure 4. (A) Effect of preconcentration potential (£,.) on SW-AJCSV
peak current of 7 x 10 mol L' LVHCI in the BR universal buffer at
PH7.0:1,..=20s; (B) effect of preconcentration time (,.) on peak current
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LVHCI (f=80 Hz, AE, = 10 mV and a =25 mV) in the universal buffer
atpH7.0atE,_=—-08 V.
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Table 1. 'H NMR and “C NMR spectroscopic data of compounds 1*and 2* (CD,0D. 6 in ppm)

Position

5, (JinHz) 5. 6, in Hz) 5.

1 1327.C 130.1.C

2 750,d(18) 112.99/113.02, CH < 755,d(1.5) 11251/112.54, CH*

3 150.64/150.65,C < 149.17/149.19, C

4 1523,C 1536,C

5 716/7.17,d (8.6)° 11602/116.16, CH < 650,d(83) 1159, CH

6 7.69,dd (8.6, 1.8) 1247,CH 7.63,dd 82, 1.5) 1254,CH

7 1993,C 108.92/108.97, C*

8 489,dd 9.2,49) 53.83/53.85, CH* 495 53.45/53.48, CH*

9 3.54,dd(92,4.9) 75.88/75.90, CH,® 3.57,dd 9.1,5.2) 759, CH,

412,102) 412,10.0)

r 1298.C 133.1,C

> 690,d(19) 1129,CH 701/7.02,d 2.0 113.63/113.72, CH*

3 1495,C 1512,C

s 1476,C 14738114741, C

5 671,d(82) 1167, CH 7.08/7.00,d (8:4)° 118.26/118.30, C*

6 6.75/6.74, dd (8.2, 1.9 1222,CH 6.87/6.88, dd (8.4, 2.0 122.17/122.22, CH*

3-MeO 3825 55.6,CH, 387.s 565, CH,

9-MeO 3345 503,CH, 3335 504, CH,

3-MeO 3875 565, CH, 3845 568, CH,

I 501,d(76) 101.80/101.86, CH= 485/4.86,d (74)° 102.62/102.69, CH<

2 3.50,dd (7.6,9.2) 749,CH 3450 75.0.CH

3 3450 78.54/78.57, CH< 337¢ 783,CH

v 337,dd (838,6.2) 713,CH 336* 714,CH

5 3450 78.0,CH 3440 77.9,CH

6 3.65,dd (123,58) 62.50/62.52, CH, 3,65, dt(12.0,4.9) 62.6,CH,
384,dd (59,2.0) 384°

“Data were measured at 600 and 150 MHz for 'H and "C, respectively: " overlapped 'H NMR signals were reporied without designated multiplicity:

cexisted in pairs at room temperature (21 °C).
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S21. 'H NMR spectra (CDCL, 300 MHz) of 6j.
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Figure S3. "C NMR spectrum of compound 1 (CDCL, + Py-d.. 100 MHz).
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$20. “C NMR spectra (CDCL,. 75 MHz) of 6i.
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S$17. 'H NMR spectra (CDCL, 300 MHz) of 6k.
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Figure 2. Rietveld fitted X-ray diffraction for compound 1 (above) and
compound 2 (below). The chemical structures derived from the fittings
are presented as insets on the diffractogram.
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Table 2. NMR spectral data® of 3-oxo-168.29-dihydroxyfriedelane (2)

Atom 5. Type 54 HMBC cosy NOESY
1 22 CH, 1598 - - 25
1840 B -
2 4143 CH, 233p - - -
2230 1o, 1B
3 21278 c - - -
4 58.04 cH 2180 - 2 23,7eq
5 4214 c - - - -
6 4111 CH, 116 ax (o) - - -
161 eq (B) 6ax, Tax 23,24,25
7 1841 CH, 136ax (B) - - 25
146 ¢4 (o) -
5332 cH 137 ax (o) - - 27
3742 c - - - -
10 5031 cH 143ax (o) - - -
1 3561 CH, 137 ax (o) - - 27
1.18¢q (B) -
12 3074 CH, 125ax (B) - - -
L6leg (@) Hax 27
13 4006 c - - - -
14 3011 c - - - -
15 4428 CH, 148 (B) - - -
1.86 (@) 15p -
16 7440 cH 41leq(@y /88 15,17,18,22,28 150,15 Teq. 150, 220,27
17 3645 c - - - -
18 4409 cH 1788 - - 12ax, 218, 26,30
19 3036 CH, 163 - - 12ax,21B.
13a -
20 3304 c - - - -
21 2751 CH, 1408 - - -
1650
2 3645 CH, 1450 - - -
1768 218 B
23 688 CH, 0.88;d: /66 345 - -
24 14.60 CH, 0.70; s 4,5,6,10 - -
25 18.06 CH, 0.84;s 8,9.10, 11 - -
2% 2008 CH, LiLs £13,14,15 - -
27 2143 CH, 1025 12,13, 1418 - -
28 2544 CH, 1325 16,17,18,22 - 2
29 7445 CH, 336:m 19,20,21,30 - 210,30
30 2571 CH, L13;s 19,20,21,29 - -

:CDCL.. with two drops of pyridine—d... 100 or 400 MHz & in ppm. J in Hz.
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S15. 'H NMR spectra (CDCL,, 300 MHz) of 6h.
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Figure 3. Representative curves of surviving 4T1 cells vs. the log of
compound molar concentration. The ICy, value was evaluated through
non-linear regression (1 = 5).
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Scheme 3. Electrode reaction mechanism of the first reduction process
of LV.HCI at the mercury electrode.
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Figure S62. IR spectrum (KBr) of 3-(2-methyl-7-trifluoromethylpyrazolo[ 1.5-a]pyrimidin-S-yl)propanoic acid (3).
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$12. “C NMR spectra (CDCL,. 100 MHz) of 6e.
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Scheme 2. Solvation of the conjugate acid (1) of LV.HCI.
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Figure S61. ESI mass spectrum of 3-(2-methyl-7-trifluoromethylpyrazolo[ 1.5-alpyrimidin-S-yl)propanoic acid (3).
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S11. 'H NMR spectra (CDCL,. 400 MHz) of 6e.
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Table 1. NMR spectral data® of 3,16-dioxo-29-hydroxyinedelane (1)
Atom 5. Type 5, HMBC oSy NOESY
1 217 CH, 1895 3,10 2 -
162a - 2 10
2 4134 CH, 228 3 1B -
238 3 la -
3 21220 c - - - -
4 5791 CH 222 ax (0) 523,24 2 23,60, 10
5 41.96 c - - - -
6 4082 CH, 121 ax(@) - - -
170 e (B) 5.7.8.10 60,70, 7B 224
7 1854 CH, 140 ax (B) - - 24,2526
130 eq (@) —
8 5232 CH 140 ax (@) - - -
9 3751 c - - - -
10 58.99 CH 150 ax (@) - - -
1 3524 CH, 119 ax (@) - - -
146 ¢4 (B) 2%
12 2805 CH, 138 (@ B) - - -
13 38.96 c - - - -
14 4059 c - - - -
15 50.17 CH, 200 ax (@) 8,13,14,16,26 - 27
240 ¢q (B) 13,14,16,26 15 26,28
16 21838 c - - - -
17 45.68 c - - - -
18 PER) CH 214ax (B) - 19a, 198 12,28,30
19 30.14 CH, 158a - - 277
130 -
20 32.68 c - - - -
21 27.04 CH, 136 - - -
168 17,22 2
2 3114 CH, 152 - - -
191 21,22 21
23 687 CH, 089; ;7638 345 - -
4 1456 CH, 070;5 4,5.6,10 - -
25 1725 CH, 085:s 89,1011 - -
2 2027 CH, 118;s 8,13,14,15 - 25
7 1593 CH, 087:s 12,13, 14,18 - -
2 7.4 CH, 1335 16,17,18,22 - -
29 74.06 CH, 334m 19,20,21,30 - 19, 196, 21,30
30 2584 CH, 1135 19,20,21,29 - -
“CDCL. with two drops of pyridine-d.. 100 or 400 MHz, & in ppm, J in Hz.
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S14. "C NMR spectra (CDCL,, 100 MHz) of 6f.
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S13. 'H NMR spectra (CDCL., 400 MHz) of 6f.
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oure S13. "H NMR spectrum of compound 2 (CDCL, + Py-d.. 400 MHz).
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izure S5. 'H-'H COSY (CD,0D, 500 MHz) spectrum of compound 1.
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S30. "C NMR spectra (CDCL,, 100 MHz) of 7d.
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Figure S12. HR-APCIMS (positive-ion mode) spectrum of compound 1.
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igure S4. HMBC (CD.OD, 500 MHz) spectrum of compound 1.





OPS/images/a22img44.png
>

i

b

Far

Ewe

Foe

P

00 25 20

35

%0 85 80 75 70 6

95

$29. 'H NMR spectra (CDCL., 400 MHz) of 7d.
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Figure S15. "C NMR spectrum of compound 2 (CDCL, + Py-d.. 100 MHz).
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Table 1. Extraction conditions evaluated

Condition Solvent or mixture of solvents Condition Solvent or mixture of solvents

1 dichloromethane:hexane (1:3, v/v) (1x) 7 dichloromethane (3x)

n-hexane:acetone (1:2, v/v) (1x)

2 n-hexanezacetone (1:1, v/v) (2x) 8 n-hexanezacetone (1:1, vIv) (1x)

‘n-hexane:dichloromethane (4:1, v/v) (2x) lichloromethane:acetone (9:1, v/v) (1x)
n-hexane (1x)

3 dichloromethane:hexane (1:3, v/v) (1x) 9 n-hexanezacetone (1:1, v/v) (1x)

n-hexane:acetone (1:2, v/v) (1x) n-hexane (1x)
‘n-hexanezacetonitrile (1:1, v/v) (1x) n-hexane:dichloromethane (7:3, v/v) (1x)

4 dichloromethane:hexane (1:3, v/v) (1x) 10 n-hexanezacetone (1:1, vIv) (1x)

n-hexane:acetone (1:2, v/v) (1x) n-hexane (1x)
methanol (1x) n-hexane:acetonitrile (1:1, v/v) (1x)

5 n-hexanezacetone (6:4, v/v) (3x) 11 n-hexanezacetone (1:1, v/v) (1x)
dichloromethane:hexane (9:1, v/v) (1)
n-hexane:acetonitrila (1:1, v/v) (1x)

6 n-hexanezacetone (1:1, v/v) (3x) 12 dichloromethane:acetone (9:1, v/v) (3x)

Selected condition for further
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Figure S7. HRESITOE-MS spectrum of 1.
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$32. "C NMR spectra (CDCL,. 100 MHz) of 7g.
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Figure S14. 'H NMR spectrum of compound 2 (region of 1.32 to 0 ppm, CDCI, + Py-d.. 400 MHz).
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Figure S6. ROESY (CD.OD, 500 MHz) spectrum of compound 1.
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S31. 'H NMR spectra (CDCI,. 400 MHz) of Tg.
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Table 5. Interferences from foreign species on analysis of 5.0 x 10™ mol L™
LVHCI by the described SW-AdCS voliammetric method

Foreign species Tolerance level* / (mol L)
Ca, Mg, AI*, Cdi* and Fe 10x10%

Zn* and Cu* 5010+

Na® and K* 50x10°
Talinolol, atenolol, propranolol and 2510
dihydrolevobunolol

Vitamins (C and E). paracetamol. 5010+

aspirin and ibuprofen
“For 5% signal error.
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$28. "C NMR spectra (CDCL., 75 MHz) of 7h.
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S27. 'H NMR spectra (CDCL,, 300 MHz) of Th.
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Table 4. Charactenstics of calibration curves and assay of various concentrations of LV.H(1 by the described SW-Ad(SV method in spiked human serum
samples of three volunteers (6 samples of cach volunteer were analyzed)

Volunteer 1 2 3
Lincarity range/ (mol L) 25x 10710 10% 3010710 10+ 20x 10715 x 10%
Slope / (uA pmol™ L) 165.87 16448 16185
SD 002 008 001

SE £16x 107 327x10% 408 10°
Intercept / pA 0.12 013 0.10
SD 415x 107 498%10° 327x10°
SE 169 10° 203x 107 133%10%
Correlation cocfficient (r) 0.998+0.002 0.998+0.001 0999 0.002
Mean LOQ/ (mol L 2510 3010 20100
Mean LOD / (mol L) 7.5x 10 90x 10 60101
%R 100.42 9923 10023
RSD: 135 126 122
%R 99.44 9878 97.89
RSD* 102 164 088
%R 100.13 99.67 98.74
RSD: 123 108 108

w><For assay of 4.0 x 10, 2.0 x 10~ and 7.0 x 10~ mol L-' LV.HCL. respectively (n = 5). SI

standard error.
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Figure S9. NOESY correlation of compound 1 (CDCL, + Py-d.. 400 MHz).
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Figure 5. (A) Representative SW-AACS voltammograms for various
concentrations of LV.HCI spiked in human serum in the universal
buffer at pH 7.0 (a) background; (b) 2.5 x 107 (c) 4.0 x 10°;
(@ 8.0 107 () 2.0 x 10% (D) 3.0 x 107 () 5.0 x 10 (h) 7.0x 10°
and (i) 9.0x 10~ mol L. (B) s calibration plot; £, =—0.8 V.1, =205,
0 Hz, AE. = 10 mV and @ = 25 mV.
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Figure S1. 'H-NMR (CD.OD, 500 MHz) spectrum of compound 1.
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Figure S11. TG, DTG and DTA thermal curves of
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Figure S6. HMBC correlation of compound 1 (CDCL, + Py-d., 400 MHz).
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stics of the calibration curves of SW-AdCS
voltammetric determination of LV.HCI in bulk form in a BR universal
bufferat pH 7.0;t,, =205, E__ =08V, at25°C(n=6)

Linearity range/ (mol L) 10x1030x 10%
Slope / (uA pmol-' L) 17996

sD L15x10%

SE 469% 10+
Intercept / uA 0078

sD 1.80 % 10°

SE 735 10+
Correlation coefficient (r) 0.999+0.002
Mean LOQ/ (mol L) 10x10
Mean LOD / (mol L) 30x 10

S|

tandard error.
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$23. 'H NMR spectra (CDCI,. 400 MHz) of Ta.
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Table 2. "H and “C NMR spectroscopic data of compound 3* (DMSO-d;, 6 in ppm)

Position 8, (JinHa) b Position 5, (Jin Hz) e
1 135.15/135.17,C< 3 374,dd 94,3.1) 79.4,CH
2 12991/13008,C* rs 3540 73.5.CH
3 1189.C 5 347% 746.CH
4 144.91/144.95,C* 6 3178, dd (106,3.1) 68.5.CH
5 8125 1019, CH 3.99,dd (11.8,8.4)
6 1516,C Gle-1” 452,479 1032, CH
7 150.1,C 2 3.00,dd (13.6,8.4) 720,CH
8 695697, 5 105.33/104.88, CH< 3 321,dd (13.1,88) 764,CH
9 1208,C I 3.10,dd (13.8,8.9) 704,CH
10 1270.C 57 348° 75.0.CH
1 1693,C 6 346* 67.3,CH,
12 547,d(146) 67.2.CH, 401,d0.0)

5.60,d (14.6) Ara-1™ 418,d(5.6) 103.6,CH
r 1283,C 2 330° 706, CH
> 6.92/6.94,d (15) 11087/111.03, CH* 3 3540 732.CH
3 1470.C s 363° 678,CH
v 1470.C 5 341 65.5.CH,
5 7.02,d(7.8) 1081, CH 3.60,dd (7.6, 4.4)
6 6.70/6.80,dd (78, 1.5)  123.67/123.75, CH* Arac1™” 418,d(5.6) 1039, CH
7 6.12,brs 101.3,CH, e 330° 709, CH
6-McO 394, 56.1,CH, 3 355+ 733.CH
7-MeO 363, 55.3,CH, P 363° 679,CH
Gal-1" 483,d(78) 104.94/104.97, CH* 5 3330 65.7.CH,
2 330° 724,CH 3.60,dd (7.6, 4.4)

‘Data were measured at 600 and 150 MHz for 'H and "C, respectivel
cexisted in pairs at room temperature (21°C).

“overlapping 'H NMR signals were reported without designated multiplicity:
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§22. 5C NMR spectra (CDCL.. 75 MHz) of 6j.
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Figure S8. COSY correlation of compound 1 (CDCL, + Py-d,, 400 MHz).
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“Table 3. Assay of standard solutions of 1.0 x 10 mol L™ LVHCl n its formulation (0.5% m/v betagan® eye drops) by means of the described SW-AdCSV

method in comparison with official method®

—_— Described SW-AJCSV method Official method®

(A) (B) (A) (B)
[Found] / (x 10 mol L) 99.92 99.80

99.78 99.98

10088 102.00

99.94 99.28
Mean [found] / (x 10 mol L) + SD 100.13 £0.006 10030 £0.012
Mean %R + RSD 100.13£0.60 10030+1.20 99.20 £0.80 100.60 £0.70
Fvalue 136 204
test 114 048

A: Calibration curve method; B: standard addition method. The theoretical values of F and rtests at 95% confidence

and 2.57, respectively.

(forn, =5 and n, = 5) are 5.05
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Figure 3. Comparison of the calculated ECD with the experimental

ECD of 1 and 2.
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$25. 'H NMR spectra (CDCL., 400 MHz) of 7.
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Table 2. Results of intra-day and inter-day assays of various concentrations of bulk LV.HCI by the described SW-AdCSV method at HMDE (n = 3)

Day [Taken] / (mol L) Mean [found] / (mol L") Recovery /% Bias/ % ‘;‘;‘5;‘;'

Intra-day

1 40x107 4002 10 100.05 005 0.87
10x 10% 1001 x 107 100.10 0.10 062
10x 10 9.91 x10° 99.10 090 103

Inter-day

1 40x107 3053 %107 9883 197
10x 10% 10.08 x 107 100.80 157
10x 10+ 10.06 x 10° 100.60 064

2 40x107 3081 %107 9953 LIt
10x 10% 1002 x 107 10020 133
10x 10 9.86 % 10° 98.60 0.56

3 40x107 3977 %107 9943 140
10x 10% 1020 x 107 10290 062
10% 10 10.09 x 10° 100.90 1.65
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Figure $24. NOESY correlation of compound 2 (region of 4.2 to 3.3 ppm, CDCL, + Py-d.. 400 MHz).
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Table 4. Accuracy (recovery), precision (coetficient of vanation), and detection and quantification limits of the proposed method

Low level

High level

Analyte Amount/  Average*/ % Amount/  Average*/ % 1oor -
el (h’:f o CcVI% el (h’:f b CVI% (gml)  (gml)
Trifluralin 0015 84(67-111) 20 0.107 70 (66-73) 2 0015 0015
oHCH 0027 78 (63-97) 14 0109 72.(69-77) 2 0.027 0027
yHCH 0028 85 (67-105) 16 ol 73 (68-80) 4 0022 0028
Aldrin 0015 77(74-79) 2 0.101 70 (66-78) 4 0.002 0015
ovendosulfan 0015 67(65-73) 3 0.103 71 (66-84) 6 0.003 0015
p.p"-DDE 0015 120(112-132) 3 0109 75 (70-82) 4 0.005 0015
B-endosulfan 0013 72 (64-83) 6 0.108 75 (67.92) 9 0.006 0013
p.p™-DDT 0.107 75 (65-92) 1 0153 71(63-88) 8 0079 0.107
Cypermethrin 0.104 79 (74-84) 3 0157 71(59-88) 9 0019 0.104
Deltamethrin 0.108 93 81-111) 2 0.144 71 (67-80) 4 0057 0.108

CV: coefficient of variation: LOD: method’s li

of detection: LOQ: method’s limit of quantification.





OPS/images/a17img29.png
Figure S16. "C-NMR and DEPT (DMSO. 150 MHz) spectra of compound 3.





OPS/images/a05img30.png
R B N\\N\Jq \}L

J [, [
- paSEr s
= HaH23GD
,:J 150
_
mw—zwm
wm
1o
2| Hoorarima
o
He2afal-1alfa ppm (1
— - -
120

ppm (t2)
Figure $23. NOESY correlation of compound 2 (CDCL, + Py-d.. 400 MHz).
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TH-NMR (DMSO, 600 MHz) spectrum of compound 3.
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Figure $26. TG, DTG and DTA thermal curves of 2.
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Table 5. Comparison between the methods described in the literature and the method proposed for determining pesticides 1n breast milk

Analytical procedure Recovery/  CV/ .
Analyte Extraction Clean-up Instrument % % LODLOQ Site Reference
oendosulfan, p-endosulfan, 1-HCH, a-HCH, S e P Lucas do Rio
aldrin, p.p’-DDT. p.p’-DDE, cypermethrin, acetone, DEM) - GC/ECD — 67-120 320 0.003-0.079 pg mL-* Verde-MT,  This study
deltamethrin, trifluralin one: Brazil
ovendosulfan, B-endosulfan, B-HCH, y-HCH, o . .
ain,dickdrn. HCB. pp" DD, pp DDE LLE (Hex, acetone)  SPE (Florisil, Hex, DCM) ~ GC/ECD  53-109 - 001-0.04 mg ke Indonesia 9
0C: H50,
p.p’-DDT. p.p’-DDE, p,p’-DDD, 0,p’-DDT, OC: LLE (Hex) P . N
o.p™-DDE, 0.p"-DDD, cyfluthrin, deltamethrin,  Pyrethroid: LLE (pi  P¥rethroid: OPC Gslica sel - ey - - OC:0042.0040ug ml- o Africa 10
¢ ? columns with Hex, ethyl Pyrethroid: 0.181-0.576 g mL-*
cypermethrin, permethrin 4,ACN) e
HCB, p-HCH, y-HCH, Z-HCH, dieldrin, o.p’-DDE, LLE (Hex, ACN,  SPE (Florisil, Na.SO,; s -
p.p"-DDT, p.p"-DDE, p.p’-DDD, 0,p"-DDT, &-DDT EOH) DCM, Hex) GC/ECD 8093 - Ing g of fat Tunisia 1
LLE (Chloroform, . i
DDE, DDD, o-HCH, B-HCH, y-HCH, HCB S, ey HSO, HRGC/ECD - - 0.98-1.64 ng g of fat Croatia 12
DDTs. HCHs, HCBs, CHLs LLE (D:i')y Nether, - GC/ECD — 92-101 - - India 3
p.p’-DDT, p.p’-DDE, p,p’-DDD, 0,p’-DDT, LLE (Hex, EtOH, N China, Korea
i diethyl cther, DOM) - GCMS 8404 - 0.01-0.20 ng g of fat and Japen 14
44"-DDE, 44-DDD, 44"DDT, ¥DDT, Mozambique,
2.4'-DDE. 2.4'-DDD. 24-DDT LLE (He) H:S0. GC/ECD - - - South Africa
o HCH, B-HCH, y-HCH, 5-HCH, o.p’-DDE, Cidade dos
p.p’-DDE. 0,p’-DDD. p.p’-DDD. o.p’DDT, 056 Meninos,
p.p’-DDT SPE (McOH, Hex) - GC/ECD 803 5 0.0004 mg kg of milk Duque de 19
986 !
Caxias-RI,
Brazil
z'?ngggnﬂcg;};gﬂ' "C,‘z:a':";:';"'“"""d“"'* SPE (C,, Hex, SPE (Florisil; Hex, DCM, Rio de Janciro
- - dieldon, rans " ActOH,McOH,  petroleum ether, AtOH,  GC/ECD 72110 2258 0.0030-0.1720 ng mL" and Grande 20
B-endosulfan, pp’-DDT, p.p’-DDE, p.p’-DDD. ACN) acetone) Rio-RJ, Brazi
methoxychlor, mirex.
e S T .
cis-heptaclorepoxi, o-chlordane, y-chlordane, LLE (Na;SO,, Hex, - GPC (Bio-Beads SX3with 0y - - 0.001 pg g of fat SP and Belo 21
ActOH) Hex and ActOH) Horizonte-
oxychlordane, trans-nonachlor,  Parlar MO, Bl
(toxaphene), o-HCH, B-HCH, y-HCH, X endosulfan »
SPEC. Ao, SPE(Cu- DCM. ActOH, Madeira River
p.p-DDT, p.p'-DDE, pp'-DDD g " petroleumcther, acetone,  GC/ECD 82103 2231 0.0040-0.0340 ng mL Basin-AM, 2
acetone, MeOH »
Hex Brazil
Bifenthrin, A-cyhalothrin, permethrin, cyfluthrin, "s‘;l;"(‘é'l“ @1 Mozambi
cypermethrin, es/fenvalerate, deltamethrin, o - GCMS 4891 320 8.3-3600 pg g of fat oramoldue, 25
H . . ActOH-DCM(2:1), South Africa
tetramethrin, phenothrin, resmethrin e

SPD: sol;

phase dispersion; SPE: solid-phase extraction; LLE: liquid-liquid extraction; GPC: gel permeation chromatography; —: not shown; DCM: dichloromethane; Hex: hexane; ACN: acetonitrile; MeOH:

methanol; ActOH: ethyl acetate; EOH: ethanol; OC: organochlorine compounds; GC: gas chromatography; ECD: electron capture detector; MS: mass spectrometer; LOD: method’s limit of detection; LOQ:

method’s limit of quantification.
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Figure 2. GC-ECD chromatogram:
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oure S17. HSOC (DMSO. 600 MHz) spectrum of compound 3.
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Figure S12. 'H-"H COSY (CD,0D, 500 MHz) spectrum of compound 2.
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Table 2. Physical and chemical properties of the studied pesticides

Solubility

MM/ LD,/ logK, t./ P/ K,/

Anlyte e Cultureorpest o gty mekg) @D dys mOL mh @anmor)

a-endosulfan 1 grains, fruits, vegetables, C,H,CLO,S  406.93 38 475 50 032 083 148
cotion

B-endosulfan 1 grains, fruits, vegetables, C,H,CLO,S  406.93 38 475 50 032 083 148
cotton

oHCH I fruits, vegetables, animal  CHCl, 0082 177 38 115 20 590 3.58x10%
facilities

yHCH T seeds.soil. trees, wood  CHCI, 20082 163 350 080 852 44 1483x10%

Aldrin 1 cotton, com C.HCI, 36491 39 65 2% 0027 3 172% 107

p.p™-DDT 1 malaria control CHCL 35449 113 691 6200 0006 0025  843x10%

Cypermethrin 1 cotton, coffee, bean, corn, C,H,CLNO, 4163 287 53 60 0009 000023 200x10%
soybean

Deltamethrin I cotton, coffee, bean, com, C,H,BrNO, 5052 87 46 1300002 00000124 3.10x 10
soybean

Trifluralin H  cotton,rice, sugarcane,  C,H,FEN,O, 33528 >5000 527 181 0221 95 102
com

MM: molecular mass; LDy; lethal dose; log K, octanol-water partition coefficient; t
constant (25 °C): %20 °C): I: insecticide: H: herbicide: (PPDB, 2014).3"

: half-life in soil; P,_: vapor pressure (25 °C); K,;: Henry's law






OPS/images/a17img26.png
" P

Figure S13. ROESY (CD.OD, 500 MHz) spectrum of compound 2.
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igure S21. HMBC correlation of compound 2 (region of 2.4 to 0.6 ppm CDCL. + Py-d... 400 MHz).
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$34. "C NMR spectra (CDCL., 75 MHz) of Te.
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Figure S8. "H-NMR (CD.OD. 500 MHz) spectrum of compound 2.
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igure S11. HMBC (CD.OD, 500 MHz) spectrum of compound 2.
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Figure S11. ESI mass spectrum of 5-[(S-trifluoromethyl-5-hydroxy-d4,5-dihydro-1H-pyrazol-1-yl)-1-propan-1-one-3-yl]-2-methyl-T-
trifluoromethylpyrazolo| 1.5-alpyrimidine (4a)
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Table 2. Parameters of the analytical curves utilized for quantification of harmane and harmine in sour passion fruit samples by dual mode SBSE/LC-Flu

Samples Spiking range / (ug L") Regression equation e
Pulp spiked with harmane 0.1-70.0 y=122x 10° x+ 846 x 107 0990
Pulp spiked with harmine 0.1-70.0 y=342x 105+ 259 x 107 0994
Seeds spiked with harmane 0.1-200 y=T40x 10°x+ 154 x 10° 0.998

Seeds spiked with harmine 0.1-200 y=315x 1075+ 1.72x 10° 0.99
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Figure 5. View of the molecular structure of [Mn,(tidf)(1-OAc).J(CIO, ),
with the atom-labeling scheme. Displacement ellipsoids are drawn at the
50% probability level. Perchlorate anion was omitted for clarity.
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Figure S10. ** C NMR spectrum (CDCL, 100 MHz) of 5-[(5-trifluoromethyl-5-hydroxy-4.5-dihydro- 1 H-pyrazol-1-yD)-1-propan-1-one-3-yl]-2-methyl-T-
trifluoromethylpyrazolo| 1.5-alpyrimidine (4a).
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Figure 5. Response surface estimated from the fractional factorial design: For harmane: (a) methanol percentage vs. pH; (b) NaCl percentage vs. pH (¢) NaCl
percentage vs. methanol percentage. For harmine: (d) methanol percentage vs. pH: (¢) pH vs. desorption time and (f) NaCl percentage vs. extraction time.
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igure 4. Magnetic susceptibility data as a function of the temperature
for complex 1. The red solid line is the best fit according to the theoretical
expression discussed in the text, R = 0,999,
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Figure S13. C NMR spectrum (CDCL,, 100 MHz) of 5-[(S-trifluoromethyl-S-hydroxy-3-methyl-4.5-dihydro-1 H-pyrazol-1-yl)- 1-propan-1-one-3-y1}-2-
methyl-7-trifluoromethylpyrazolo[ 1.5-a]pyrimidine (4b).
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Figure 6. Typical HPLC-FIW/PAD chromatograms of the passion fuit
pulp samples obiained by the dual SBSE-LC/Flu method: (a) detection
at A, = 254 nm. A, = 425 nm (best conditions for detection of
harmane); (b) detection al A = 254 M, Ay = 410 nm (best
conditions for detection of harmine).
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Figure $12. 'H NMR spectrum (CDCL, 400 MHz) of 5-[(5-triffuoromethyl-S-hydroxy-3-methyl-4.5-dihydro-1 H-pyrazol-1-yl)- 1-propan-1-one-3-y1]-2-
methyl-7-trifluoromethylpyrazolo[ 1.5-a]pyrimidine (4b).
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Table 3. Analytical performance data for the dual mode SBSE-LC/Flu method applied to the quantitative analysis of harmane and harmine in the sour
passion fruit samples.

Samples. Standard spiked C“"““‘(';;'ii",')'m's ! Recovery (n=3)/% mﬁbinzy) Im?;:yus‘.tgl)sm
RSD/ % RSD/%
Pulp Harmane 0.10 9124 012 249
300 9305 035 082
700 10191 014 018
Pulp Harmine 0.10 9287 0.68 027
300 10460 L2 041
700 9188 097 039
Seeds Harmane 0.10 10590 041 076
100 9934 035 016
200 9234 02 007
Seeds Harmine 0.10 1776 36 256
100 9545 0.68 117

200 83.61 0.1 025
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Table 2. Selected bond lengths (A) and angles (°) for [Mn,(tidf),(1-OAc),](CIO,),

Bond length/ A Angle / degree
Mn(1)-0(2) 2.158(5) 0(2)-Mn(1)-0(3) 86.102) O(5)-Mn(2-N(1) 13512
Mn(1)-0(1) 2.162(5) 0(2)-Mn(1)-0(6) 94.9(2) O(5)-Mn(2-N(2) 84702)
Mn(1)-0(6) 2.1524) 0(2)-Mn(1)-0(8) 84202) O(6)-Mn(2-N(1) 8382)
Mn(1)-0(8) 2.127(65) 0(2)-Mn(1)-N) 17142) O(6)-Mn(2-N(2) 16212)
Mn(1)-N(4) 2.231(5) 0(2)-Mn(1)-N(8) 96.92) N(1)Ma)-N@) 88.002)
Mn(1)}-N(8) 2.264(7) O(1)-Mn(1)-0(6) 96.8(2) 0(2)-Mn(3)-0(4) 7882)
Mn(2}-0(3) 2,05003) O(1)-Mn(1)-0(8) 87.82) O(2)-Mn(3)-0(7) 7372)
Mn(2)-0(5) 2.064(4) O(1)-Mn(1)-N() 86.72) 0(2)-Mn(3)-0(8) 7260)
Mn(2)-0(6) 2.108(5) O(1)-Mn(1)-N(8) 167.02) O(2)-Mn(3)-N(5) 14922)
Mn(2)-N(1) 2.176(5) 0(6)-Mn(1)-0(8) 17522) O(2)-Mn(3)-N(6) 12490
Mn(2)-N(2) 2.220(7) 0(6)-Mn(1)-N(4) 81.42) O(4)-Mn(3)-0(7) 145.7(2)
Mn(3)-0(4) 2.087(5) 0(6)-Mn(1)-N(8) 95.6(2) O()-Mn(3)-0(8) 99.9(2)
Mn(3)-0(7) 2.087(5) O(8)-Mn(1)-N(4) 10022) O(4)-Mn(3)-N(5) 90202)
Mn(3)-0(8) 2.101(5) O(8)-Mn(1)-N(8) 79.92) O()-Mn(3)-N(6) 95.72)
Mn(3)}N(5) 2.2405) N4)Mn(1)-N8) 91.22) O(7)-Mn(3)-0(8) 91.202)
Mn(3)}-N(6) 2.206(5) 0(3)-Mn(2)-0(5) 11812) O(7)-Mn(3)-N(6) 8382)
0(3)-Mn(2)-0(6) 10452) O(8)-Mn(3)-N(5) 812(2)
0(3)-Mn(2)-N(1) 1065(2) O(8)-Mn(3)-N(6) 158.902)
0(3)-Mn(2)}-N2) 9312 N(5)-Mn(3)-N(6) 845(2)
0(5)-Mn(2)-0(6) 89.002)
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Figure S7. °F NMR spectrum (CDCI,, 376.4 MHz) of 3-(2-methyl-7-trifluoromethylpyrazolo[ 1,5-a]pyrimidin-5-yl)propanoyl hydrazide (2).
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Figure 2. HPLC-FIu/PAD chromatogram (k.. = 254 nm,
% s = 410 nm) of a mixture of commercial standards of harmane
alkaloids. Chromatographic conditions were fully described in the

Experimental section, HPLC analysis.
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ure 1. (a) UV-Vis spectrum of complex 1 in acetonitrile; (b) cyclic voltammogram of 1 in acetonitrile; (¢) and (d) spectroclectrochemistry upon
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Table 1. Crystal data and structure refinement for the [Mn,(tidf),(1-OAc),|

(€10,

Empirical formula
Formula weight

T/K

Wavelength / A

Crystal system, space group
Unit cell dimensions

Volume / A*

Z. calculated density / (g cm’)
Absorption coefficient / !
F(000)

Crystal size / mm

Theta range / degree

Index ranges

Reflections collected, Indep.
Observed data [1>26 (1]
Completeness to theta max
Max. and min. transmission
Refinement method

Data, restraints, parameters
Goodness-of-fit on F2

Final R indices [/ > 20 (1]

R indices (all data)

Largest diff. peak and hole (e.A”)

CaHyCLMN,O,
128678

a=1272798) A &=70.836(4)°
b=164T3()A B =83.1344)°
c=17.798()A  y=89.852(4)°
3497.04)

2,122

5.561

1326

0.02%0.03x0.16

2657122

—l4<hsIs

~18<k<20

0<1<21

35094, 12648 (Rint 0.065)

8262

0928

0.753 and 0432

Full-matrix least-squares on F*
12648, 30,743

1024

R, 00077

wR, 0273

R,0.121

WR, 0289
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igure $9. 'H NMR spectrum (CDCI,, 400 MHz) of 5-[(5-trifluoromethyl-5-hydroxy-4.5-dihydro- 1 H-pyrazol-1-y1)-1-propan-1-one-3-yI]-2-methyl-7-
trifluoromethylpyrazolo[ 1.5-a]pyrimidine (4a).
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Figure 4. Pareto chart showing the values of effects from variables using the harmane area as response (left) and harmine as response (right).
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igure 3. EPR spectra of complex 1 at 77 K in 0.10 mol L+ TBAPF, in
MeOH: (a) before: (b) afier clectrolysis in methanol at 1.0V vs. Ag/Ag
for 30 mis
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Figure S8. ESI mass spectrum of 3-(2-methyl-7-trifluoromethylpyrazolo| 1 .5-a]pyrimidin-5-yl)propanoy! hydrazide (2).
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Figure S15. ESI mass spectrum of 5-[(5-trifluoromethyl-5-hydroxy-3-methyl-4.5-dihydro-1 H-pyrazol-1-yD)- I-propan-1-one-3-yl]-2-methyl-7-
trifluoromethylpyrazolo| 1.5-alpyrimidine (4b).
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Figure S14. F NMR spectrum (CDCI,, 376.4 MHz) of 5-[(5-trifluoromethyl-5-hydroxy-3-methyl-4.5-dihydro-1H-pyrazol-I-y1)-1-propan-1-one-3-yIJ-
2-methyl-7-trifluoromethylpyrazolo[ 1.5-alpyrimidine (4b).
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Figure 7. Typical HPLC-FIwPAD chromatograms of the passion fruit
sced samples obtained by the dual SBSE-LC/Flu method: (a) detection
at A, = 254 nm, A, = 425 nm (best conditions for detection of
harmane): (b) detection at Ay = 254 1M, Ky = 410 nm (best
conditions for detection of harmine).
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'H NMR spectrum (CDCL,, 400 MHz) of 5-{(5-trifluoromethyl-5-hydroxy-3-(2-methylpent-3-enyl)-4.5-dihydro-1 H-pyrazol- 1-yD)-1-propan-
1-one-3-yl]-2-methyl-7-trifluoromethylpyrazolo[ 1 5-a]pyrimidine (4c).
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Figure $27. ESI mass spectrum of methyl 3-(5-hydroxy-1-(3-(2-methyl-T-trifluoromethylpyrazolo[ 1.5-a]pyrimidin-S-yl)propa noy)-S-trifiuoromethyl-
4.5-dihydro-1H-pyrazol-3-yl)propanoate (4¢).
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Figure 4. Normalized concentration vs. time for the electrooxidative
degradation (at pH 7 and 5.0 L min") of SDZ (a) and COD (b) at
different current densities: (&) 9.0 mA cm (dotted linc), (0) 18 mA cm?
(dashed line) and () 36 mA cm? (full line). [SDZ], = 250 mg L and
[Na.SO,] = 0.1 mol L.
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Figure 1. XRD patterns of the carbon supported 20 wt % PiSnCu, PiSn,
PtCu and Pt catalysts.
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Figure $22. “C NMR spectrum (CDCL,, 100 MHz) of 5-[(5-irifluoromethyl-S-hydroxy-3-(.

3-y1]-2-methyl-7-trifluoromethylpyrazolo| 1.5-a]pyrimidine (4d).
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lable 1. Results obtained from EDX analyses

Material Real composition / % Nominal composition / %
PtSnCu/C 36.52:3749:25.99 33.33:3333:33.33
P(Cu/C 75.00:25.00
PiSn/C 75.00:25.00

PUC 100
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re $21. 'H NMR spectrum (CDCI,, 400 MHz) of 5-[(5-trifluoromethyl-5-hydroxy-3-(2-phenylethyl)-4,5-dihydro-1 H-pyrazol-1-yl)-1-propan-1-one-
3_yl]-2-methyl-7-trifluoromethylpyrazolo[ 1.5-a]pyrimidine (4d).
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Figure $24. ESI mass spectrum of 5-{(5-trifluoromethyl-5-hydroxy-3-(2-phenylethyl)-4.5-dihydro- 1 H-pyrazol- 1-y1)-1-propan-1-one-3-yI]-2-methyl--
trifluoromethylpyrazolo[ 1 5-a]pyrimidine (4d).
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oure 1. Chemical structure of SDZ with the potential cleavage sites.





OPS/images/a02img03.png
lable 2. Cnstal size and lattice parameter of the prepared electro-catalysts

Material /nm_ Lattice parameter / nm
PiSnCu/C (1:1:1) 03859
PiSn/C (3:1) 03934
PLCu/C (3:1) 264 03878
PUC 270 03911

PUC-ETEK 2585 0.3922
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Figure $23. “F NMR spectrum (CDCI,. 376.4 MHz) of 5-{(5-trifluoromethyl-5-hydroxy-3-(2-phenylethyl)-4.5-dihydro- 1 H-pyrazol-1-y1)-1-propan-1-
one-3-y1]-2-methyl-7-trifluoromethylpyrazolo| 1.5-a]pyrimidine (4d).
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Figure S18. HSQC spectrum (CDCL,, 400 MHz) of 5-[(5-trifluoromethyl-5-hydroxy-3-(2-methylpent-3-cnyl)-4.5-dihydro- 1 H-pyrazol-1-y1)-1-propan-1-
one-3-yl]-2-methyl-7-trifluoromethylpyrazolo[ 1.5-a]pyrimidine (4c).
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Figure $17. “C NMR spectrum (CDCI,. 100 MH2) of 5-[(5-trifluoromethyl-5-hydroxy-3-(2-methylpent

[
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Figure $20. ESI mass spectrum of 5-[(5-trifluoromethyl-5-hydroxy-3-(2-methylpent-3-enyl)-4.5-dihydro-1 H-pyrazol-1-yl)-1-propan-1-one-3-yl]-2-methyl-
7-triffuoromethylpyrazolo[ 1.5-alpyrimidine (4c).
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Figure $19. “F NMR spectrum (CDCI,, 376.4 MHz) of 5-[(5-trifluoromethyl-S5-hydroxy-3-(2-methylpent-3-cnyl)-4,5-dihydro-1 H-pyrazol-1-y1)- -propan-
1-one-3-yl]-2-methyl-7-trifluoromethylpyrazolo| 15-alpyrimidine (4c).
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Figure $25. 'H NMR spectrum (CDCL, 400 MHz) of methyl 3-(5-hydroxy-1-(3-(2-methyl-T-trifluoromethylpyrazolo 1.5-alpyrimidin-5-yl)propa noyl)-
5-triffuoromethyl-4.5-dihydro- 1 H-pyrazol-3-yl)propanoate (d¢).
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igure 4. Voltammetric profiles of Pt-R/C electrode (1:1) in 0.5 mol L*

H,S0, at different potential cycles, at 100 mV s and 30°C for as-prepared
materials.
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Figure $38. ESI mass spectrum of 5-[(5-trifluoromethyl-5-hydroxy-3-(4-methylphenyl)-4.5-dihydro-1 H-pyrazol-1-yD)-1-propan-1-one-3-yl]-2-methyl-T-
trifluoromethylpyrazolo| 1.5-apyrimidine (4g).
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Figure S37. F NMR spectrum (CDCL, 376.4 MHz) of 5-[(S-triftuoromethyl-S-hydroxy-3-(4-methylphenyl)-4.5-dihydro-1 H-pyrazol-1-yl)-1-propan-1-
one-3-yl1-2-methyl-7-trifluoromethylpyrazolo[ 1.5-alpyrimidine (4g).
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Table S3. Concentrations of n-alcohols analized in Ilha Grande Bay sediment cores

Sample  C,0OH C,OH C,OH Phytol C,OH C,OH C,OH C,OH C,OH C,OH C,OH C,0H C,0H C,0H C,OH C,OH C,OH
A00-02 107.12 19027 4545 6406 31187 76.11 264.10 3627 24297 4199 36365 5396 51245 63.10 53920 327.56 7347
A0204 3705 14217 <LOQ 3896 129.52 4520 142.00 4840 181.46 5300 30639 5571 30284 6251 25505 140.52 47.74
A0406 1654 <LOQ <LOQ <LOD 8631 1033 5882 1048 7148 22.65 13167 2655 167.86 3281 17152 10412 3479
A0608 3820 0864 8411 4220 15573 4722 17670 5100 217.71 5644 33482 6275 369.03 7342 29660 15470 5197
AOS-10 3562 3870 5762 3922 17505 7115 187.03 5322 20346 S8.60 31834 6508 31375 6494 28346 16236 56.15
AL0-12 3005 69.84 10432 4102 188.17 8509 24130 5888 31377 6213 30056 72.80 42801 7951 351.03 20580 57.38
AI2-14 4709 273.60 21029 5738 12192 4862 130.71 4689 17686 4840 26860 5174 20571 5631 23034 13150 43.17
Al416 6027 <LOQ <LOQ 3027 21502 4121 17903 3445 236.67 3572 327.02 40.50 38207 6548 47837 36437 8046
Al618 - - - - - oo - - - - -

AI820 3249 <LOQ <LOQ <LOD 14176 3666 152.69 3396 210.56 4163 42814 5656 60031 7935 680.05 468.50 7508
A2025 1408 9697 12317 5471 14111 6297 22208 5882 305.14 60.01 46484 7575 S87.60 9926 55873 319.19 75.17
A2530 2339 <LOQ <LOQ 5126 0414 3055 15812 4998 256.62 6002 33262 5085 42254 7457 30436 26344 5246
A3 - - - - - - oo oo - - - - -

A3540 1477 <LOQ <LOQ 1627 <LOQ 1035 4203 7.15 1483 647 5472 1379 23310 3015 20033 20248 40.94
A4045 1853 <LOQ <LOQ <LOD 108.43 3656 207.64 3684 397.01 5274 54257 6605 807.24 10530 960.17 1.040.07 10626
A4550 855 <LOQ <LOQ <LOD 100.08 3600 8897 24.60 149.98 3070 28328 4198 497.73 65.14 580.11 51548 65.60
AS0-55  <LOQ <LOQ <LOQ <LOD 9775 3385 11436 2047 21098 37.22 30035 5304 68442 8293 79203 69278 84.14
ASS-60 4377 <LOQ <LOQ 1591 <LOQ 6081 13844 2084 166.68 25.50 25105 2870 32203 4088 32673 27049 4246
A60-65  <LOQ <LOQ <LOQ <LOD 8638 2839 117.63 2448 196.66 37.71 37097 5496 60467 8048 71483 60026 73.89
A6ST0 4753 4263 <LOQ <LOD 134.46 7015 18649 37.90 296.17 4875 52812 7920 869.58 107.84 98448 82001 10054
ATOTS 4693 3806 7336 4450 0702 §522 21345 5475 20388 66.53 41219 7852 53057 8612 44380 27547 62.14
ATS80 11360 0188 4667 3387 16501 104.60 21831 2068 16577 2370 20895 26.55 27887 3654 31087 27405 44.67
AS085 3061 <LOQ <LOQ <LOD 102.10 3645 10833 2597 17922 3562 33039 4857 57621 7016 67202 57742 7291
0002 4877 8379 <LOQ <LOD 10682 2601 11853 3120 19035 44.68 30276 57.84 63280 10004 81936 495.14 8731
0204 6657 7460 <LOQ <LOD 16532 47.71 16350 3412 306.56 5092 52923 7125 77645 117.84 100587 66119 02.84
0406 3320 8585 9515 5238 10501 4281 15385 S0.57 25155 6335 35818 6550 47120 9520 48055 29612 6359
0608 7034 6051 SLII <LOD 93.10 19.13 13342 2731 252.63 41.86 411.66 5463 67000 93.41 86840 61559 7849
C08-10 80.16 <LOQ <LOQ 4356 <LOQ 103.05 233.60 35.10 260.58 45.12 33556 54.10 51240 77.45 53657 41686 8200
C10-12 7682 12777 194.19 <LOD 14479 5390 16895 37.33 203.00 5175 52182 6292 81166 10259 100294 769.82 10021
CI2-14 3465 78890 50831 <LOD 0445 2657 17020 22.68 11020 20.63 18500 3387 303.52 4837 40173 303.04 5158
Cl4-16 2494 4731 7382 <LOD 12603 4930 13628 31.52 27188 41.62 38308 5423 60328 9234 76330 55041 79.66
CI6-18 6602 2413 <LOQ <LOD 148.17 77.02 167.94 3344 26006 4794 41882 6342 OLS8 9843 869.06 63673 8732
CI820 4773 5766 5479 <LOD 14173 4286 16045 3781 31006 5490 50349 71.02 82543 10037 103776 795.53 9896
€2025 2303 <LOQ <LOQ <LOD 14596 64.56 17431 3632 288.73 5448 49800 8371 90150 12067 100027 73455 10607
€2530 5906 <LOQ <LOQ <LOD 9431 3504 137.60 33.60 330.50 5485 503.52 8297 1023.02 13543 1223.10 03505 11370
C30-35 4630 6488 5048 <LOD 17108 96.15 20342 40.16 34240 5588 SO8.71 9287 07454 14167 1246.12 101182 127.18
sS40 - - - - - - oo oo - - - - -

4045 4776 <LOQ <LOQ <LOD 9637 2966 11853 27.48 21160 3501 29543 4138 30651 4350 31235 17537 3905
4550 168.86 165.09 151.74 <LOD 197.38 13172 234.85 40.60 43403 7620 929.89 15475 3,014.14 442.25 5996.42 2.938.38 330.50
€505 65.00 414.03 22193 <LOD 146.54 6503 14357 2508 14502 2602 137.63 3406 11936 2580 8726 4472 <LOQ
C55-60 3940 5112 101.90 <LOD 9636 29.00 232.10 4805 S73.87 79.94 90534 112.36 154579 198.61 193243 151212 179.98
C60-65 4927 <LOQ <LOQ <LOD 109.79 4371 16579 40.08 40847 66.62 697.91 97.41 121995 153.05 154930 1,150.05 151.85
6570 1381 2249 <LOQ <LOD 108.34 3479 18358 41.72 48065 74.73 823.12 11201 142073 180.03 174133 1443.10 177.42
C70-75 1690 2733 <LOQ <LOD 8564 3112 139.08 3562 37742 5957 72506 90.93 115748 15008 136174 111116 13625
C7580 2972 <LOQ <LOQ <LOD 9974 3634 180.79 41.50 51125 7621 932.60 11455 159868 193.86 185137 147721 17693
C80-85 1331 <LOQ <LOQ <LOD 7071 2132 14755 3676 436.60 6934 859.76 102.66 1.470.15 16438 1,743.49 140598 163,82
C85.90 5506 127.60 10537 <LOD 11389 60.52 18235 37.63 31431 4983 55402 6343 88551 11625 107136 93365 11173
T00-02 8540 17020 11491 43.09 28308 57.23 17587 44.84 13743 4645 16506 4187 0288 4063 8747 5806 <LOD
TO204 10075 127.05 10887 <LOD 24597 36.08 11642 2682 107.60 2557 18298 3570 13924 3108 14162 14815 3878
TO406 10159 12501 9405 <LOD 23542 5210 12312 25.80 11365 2460 18751 2241 15824 2936 16036 15565 3936
TO608 7132 11190 9402 <LOD 17820 2207 8534 1842 8484 2446 147.60 2274 12361 2850 11841 10108 2659
TOS-10 3792 7992 6361 <LOD 16077 2435 9554 2226 11159 2617 189.01 2860 16683 3145 16780 12521 3717
TIO-12 881 <LOQ<LOQ 10.I5 <LOQ 1808 S1.50 900 6163 981 8878 1490 7366 1586 S7.87 4678 1822
TIZ14 7270 5393 <LOQ<LOD 13144 2567 7557 17.83 8255 1863 11862 2337 11814 2337 12048 0183 3502
TI416 8291 2924 <LOQ<LOD 14408 38.19 8596 17.45 73.12 1837 11157 2025 10475 2376 11127 5373 2170
TI6I8 8115 <LOQ <LOQ <LOD 14204 20.84 87.85 1882 107.36 23.11 155.14 2762 15018 27.69 15345 10193 2855
TI820 642 <LOQ<LOQ 1130 8825 1751 7035 1027 11201 1432 147.13 1597 12125 2360 12662 9623 2557
T2025 <LOQ <LOQ 4389 <LOD 16471 2505 77.85 17.81 10499 2192 15507 2528 15591 3117 14868 15110 3263
T2530 6740 15266 97.84 <LOD 12078 3852 87.53 1991 8072 2157 141.04 2526 16097 3272 19062 19455 3492
T30-35 4427 <LOQ<LOQ 658 <LOQ 11.02 2951 1324 1124 <LOD 2023 <LOD <LOQ <LOD <LOQ <LOQ <LOD
T3540 2616 <LOQ <LOQ<LOD 7220 1932 66.18 17.13 83.13 2130 13484 2174 19343 3207 25048 19024 3648
T4045 3517 <LOQ <LOQ <LOD 77.99 2296 61.80 1830 0881 2053 14326 2591 19993 3521 27190 205.13 3417
T45-50 4004 <LOQ <LOQ<LOD 8758 2398 6572 1875 8097 2117 11695 1986 130.18 3000 18528 16776 2721
TS0-55 3077 <LOQ <LOQ <LOD 6926 2837 <LOD<LOD 7108 1894 10457 2332 12027 2689 16134 14684 2782
TSS.60 6396 4431 <LOQ<LOD 6899 2626 S673 14.83 68.19 177 9817 2340 13107 2394 16028 14208 2604
T60-65 3039 <LOQ <LOQ <LOD 8048 20.05 7268 1677 8498 2220 15287 2092 21316 3143 20401 17982 3346
T65-70 3084 <LOQ <LOQ<LOD 7140 21.08 7532 21.02 120.66 2562 31574 2420 27521 3343 20253 189.10 3339
TI075  <LOQ <LOQ 7843 <LOD 6885 2279 6500 1721 7792 2022 13021 2404 17734 3346 24525 24641 3632
MO0-02 6264 17185 <LOQ 47.50 139.81 46.05 12575 48.12 10545 4976 16951 4151 14493 4897 11678 6479 <LOD
M02-04 7297 19370 7043 3043 13496 6297 14514 5477 13653 4989 21396 4735 23228 5866 22426 11111 4158
M04-06 4542 5884 <LOQ 30.53 11625 47.58 10190 3775 5836 3671 7030 3732 7507 3775 4873 2042 <LOD
MO6-08 3644 4083 <LOQ 3567 9103 43.88 9218 3725 7183 3056 11333 4131 13448 4521 10191 6660 3791
MOS-10 4258 <LOQ <LOQ 33.13 100.64 4449 93.96 41.01 0350 4100 14641 4191 15701 4882 12690 6522 4036
MI0-12 2245 626 <LOQ 1274 <LOQ 19.18 59.53 1820 73.16 2182 14321 1093 16003 3995 15528 9064 2623
Mi2-14 3671 2953 <LOQ 3476 8027 3821 7642 3803 §042 4000 11778 4137 137.00 4854 10092 5565 4106
MI4-16 3546 7454 <LOQ 12480 6644 37.63 67.08 3775 7261 3929 10645 4752 12887 5750 11614 7236 <LOD
MI6-18 2284 <LOQ <LOQ 3102 6833 3823 6500 33.11 6028 3643 8048 3857 0495 4258 7820 49.00 <LOD
MIS20 2118 2413 <LOQ 35.10 67.57 3741 7292 3599 6317 3728 9370 3065 13180 4617 16228 60.16 4376
M2025 4292 9533 <LOQ 3340 0706 3578 67.94 3536 5550 3653 7851 <LOD 7341 3808 5791 3358 3722
M2530 3676 3650 <LOQ 3249 7030 3440 5535 3603 4575 3634 5703 3785 4880 4044 3693 2367 3599
M3035 3309 <LOQ <LOQ 2834 4806 3362 4221 <LOD 5361 30.18 16473 6005 78238 139.65 1.80238 510.17 §9.00
M3540 5641 2878 <LOQ<LOD 4739 3651 <LOD 5230 5945 3032 8247 3801 20079 5424 20213 12079 4301
M4045 3192 <LOQ <LOQ <LOD 4841 3356 40.04 <LOD 3068 <LOD 45.18 3457 5867 3791 7844 2654 3686
M550 <LOQ 9658 58.56 <LOD 4657 <LOD 41.80 <LOD 3131 <LOD 4026 <LOD 3051 <LOD 2322 2204 <LOD
M50-55 2189 <LOQ <LOQ 630 <LOQ 17.65 2623 764 3232 820 1080 1034 2423 813 052 <LOQ <LOQ
M55-60 <LOD <LOQ <LOQ <LOD <LOD <LOD 40.90 <LOD 3133 <LOD 3762 <LOD 2404 <LOD 1292 1304 <LOD
M60-65 <LOD <LOQ <LOQ <LOD 4823 <LOD 4522 <LOD 3463 <LOD 3070 <LOD 2595 3483 1795 1779 <LOD

LOD: limit of detection; LOQ: limit of quantification. Al values in ng g-* of dry weight.





OPS/images/a16img49.png
5
78
72
w2
car

—n

. o
5 12
28N N Me |
NN & HO ¥
N7 y
' FC 4

e~

3
L

e~

sz
wee
Wi

pom e

Figure $33. 'H NMR spectrum (CDCL,, 400 MHz) of 5-[(S-triftuoromethyl-S-hydroxy-3-(4-methylphenyl)-4.5-dihydro-1 H-pyrazol-1-yl)-1-propan-1-
one-3-yl1-2-methyl-7-trifluoromethylpyrazolo[ 1.5-alpyrimidine (4g).
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Table S1. Current limit (/, ). mass coefficient transport (k_) and current

limit density (i,.) values obtained from reference | and equations S1
and $2

Flow rate / LA kx10%/ il
(L min") - (ms) (mA'em?)
10 0.140 081 343
20 0244 140 590
3.0 0333 192 837
40 0442 254 109

5.0 0.543 3.13 135
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lable 52. Concentrations of main sterols analyzed in Ilha Grande Bay sediment cores

Sample cpi-27A% 27A'  27A% 27A® 28A'E  28AR 28ATMD 28A' 29A'E 29A® 20N 27N 28A° 29N 30A% Copr=O Choles=0
AOD02  <LOD 14920 3850 4581 13986 6071 <LOD 9800 24413 <LOD 45972 20009 15220 35669 22763 <LOQ 5272
AO204 3121 415808 4370 <LOD 68366 <LOD 33302 71390 38891 10928 94060 29440 19229 33597 43714 <LOQ 5061

AOLOG 1102 13360 2600 <LOD <LOD <LOD 1891 4482 5505 <LOD 13316 10384 7332 14860 14260 <LOQ 3548
AOGOS <LOD 34961 3682 <LOD 6247 <LOD 5547 10259 10633 7208 3644 13411 5541 21094 18894 <LOQ 4455
AOBI0 2750 2431 2879 <LOD 3786 <LOD <LOD 8035 0353 SE47 26021 10392 4087 16628 15007 <LOD 3432
AIGI2 <LOD 28061 2865 <LOD 8006 <LOD <LOD 510 7336 7447 30632 10462 7112 15262 19454 <LOD 4068
AIZI4 <LOD 16438 <LOD <LOD 3857 <LOD <LOD <LOD 8681 5844 21452 8595 3312 14348 12458 <LOQ 3244
AlLI6 <LOD 11363 3338 4616 12379 <LOD <LOD 3687 5169 <LOD 10473 8005 5401 14179 15048 <LOQ 4335
AGIS - - oo -
AIS20 89 1276 1128 <LOD <LOD <LOD 1975 3809 5726 <LOD 12515 OLSS 7941 18896 16366 <LOQ  40.19
A5 <LOD 16349 2794 <LOD 6006 <LOD <LOD 7786 12313 9099 36434 11122 5398 25723 25LIS <LOQ 4035
A2S30 <LOD 10750 <LOD <LOD 3836 <LOD <LOD 7506 G564 <LOD 31055 8463 4318 14906 12001 <L0Q 3582
A3S40 <LOD 4145 1144 1S58 266 1200 <LOD 2153 2514 <LOD 14203 3047 2591 10592 14760 <LOQ 2216
A4S 756 9851 926 <LOD <LOD <LOD 2226 4525 G217 <LOD 38228 5377 5489 20373 1239 <LOQ 2673
ASSO 849 9242 2059 <LOD <LOD <LOD 1901 2981 4719 <LOD 13315 6250 3973 13280 16160 <LOQ 2809
ASOSS 860 G962 B8 <LOD <LOD <LOD 2226 3239 4436 <LOD 19139 4509 3679 11780 11428 <LOQ 2781
ASSG0 <LOD 5447 1225 2006 7153 1105 <LOD 2204 3150 <LOD 9905 4185 2216 5899 8664 <LOD 2006
AGDGS <LOD 8470 973 <LOD <LOD <LOD 1932 2697 7037 <LOD 1042 4451 3433 11297 9494 <LOQ 2647
A6STO 870 7322 1003 <LOD <LOD <LOD 2172 3136 11525 <LOD 16170 4953 3795 I3LSI 8949 <L0Q 2598
ATD7S <LOD 11201 2007 <LOD 3565 <LOD <LOD 6729 8459 <LOD 3350 9501 5017 16303 15087 <LOD 3560
ATSEO <LOD 5405 1193 2071 6476 1592 <LOD 2275 3199 <LOD 8428 4200 2979 SL3 7646 <LOQ 2252
ASDES 848 11375 935 <LOD <LOD <LOD 1870 2782 G750 <LOD 12409 4383 3018 12384 7059 <L0Q 2709
CO002 933 1326 943 <LOD <LOD <LOD 238 4011 G358 <LOD 18605 6593 4943 15075 14466 <LOQ 2964
CO204 <LOD 5005 1092 <LOD <LOD <LOD 280 3562 5718 <LOD 18595 7522 6266 19013 1768 <LOD 3079
CO406 2080 1546 3035 <LOD 5023 <LOD <LOD 7544 16807 6997 41908 13503 6203 22019 21058 <LOD  9L02
COG0S 519 G860 942 <LOD <LOD <LOD 1710 2850 51Ol <LOD 17710 6599 4560 13808 11200 <LOQ 3036
COMO 3487 1B 132 <LOD 15346 3744 <LOD 6109 6864 SAE ISSSI 0448 7612 15084 27671 <LOQ 5032
Clo2 <LOD 35121 982 <LOD <LOD <LOD 2481 3682 4956 <LOD ISS88 5505 4402 15709 13812 <LOQ 2844
CI21s 778 4908 845 <LOD <LOD <LOD 1966 2161 3066 <LOD 7.16 3656 3145 8856 842 <L0Q 2235
Clals 832 7103 1027 <LOD <LOD <LOD 2149 3361 4915 <LOD 16839 5508 4566 14266 11388 <LOQ 2652
CI61s 802 7794 1073 <LOD <LOD <LOD 2751 3872 6412 <LOD 21120 6L 3921 14871 17848 <LOQ 3413
CI820 <LOD 7535 813 <LOD <LOD <LOD 2003 2749 3295 <LOD 15000 4242 3127 10267 10360 <LOQ 2177
C2025 <LOD 957 943 <LOD <LOD <LOD 2074 3796 57241 <LOD 21925 4674 2754 11246 10515 <LOQ 2687
C2530 793 5828 909 <LOD <LOD <LOD 1880 3072 11052 <LOD 18825 4200 3287 11041 12117 <L0Q 2758
C3035 1130 5831 874 <LOD <LOD <LOD 2030 3651 G815 <LOD 15666 4161 3108 1ILI9 890 <LOQ 2323
Ci045 765 5212 780 <LOD <LOD <LOD <LOD 5663 24521 <LOD 18413 3464 2634 11359 7320 <LOD <LOD
C45:50 909 9774 1672 <LOD <LOD <LOD 2482 3621 778 <LOD 31466 5708 4893 IS8 14806 <LOQ 3705
C5055 <LOD G286 973 <LOD <LOD <LOD 2005 3573 57370 <LOD 13442 5142 3429 16095 9713 <L0Q <LOD
CS560 <LOD 5494 81l <LOD <LOD <LOD 1884 2866 4834 <LOD 18204 4339 3508 15396 12833 <LOQ 2861
C6065 <LOD 7261 1023 <LOD <LOD <LOD 2472 3630 9698 <LOD 21232 5566 4166 17L19 13781 <LOD 3167
C6570 <LOD 8417 1056 <LOD <LOD <LOD 2663 4102 7293 <LOD 24840 5360 3850 ISLI6 12326 <LOQ 2716
CT075 <LOD 6450 853 <LOD <LOD <LOD 2061 3013 4159 <LOD 16017 4207 4046 11479 11901 <LOD 2497
C7580 <LOD 5437 919 <LOD <LOD <LOD 1507 2595 4374 <LOD 18492 3342 2949 10628 9047 <LOD 2307
CEO85 <LOD 4022 809 <LOD <LOD <LOD 158 1517 2922 <LOD 10249 3070 2829 9647 €29 <L0Q 2491
CES.90 <LOD 4428 920 <LOD <LOD <LOD 1730 2196 3124 <LOD 13867 3300 2950 11760 5160 <L0Q 2249
T2 3222 45587 6715 <LOD 19535 13203 <LOD IS468 35633 8506 59695 20009 9508 31927 15559 3009 8377
To204 961 16611 1361 <LOD <LOD <LOD 2004 5864 12561 <LOD 26440 12349 6026 16828 9104 <LOQ 3853
ToL06 1001 16256 1349 <LOD <LOD <LOD 2791 6030 16849 <LOD 26566 11994 G749 17866 9257 <LOQ 3825
TOR0S <LOD 4277 835 <LOD <LOD <LOD 1592 2389 2722 <LOD 7185 5052 3254 924 4427 <loD 2224
ToSl0 773 7963 996 <LOD <LOD <LOD 2523 3844 6LI2 <LOD 18IS 6965 4537 12034 6471 <L0Q 2114
TI2 1189 4934 1342 1874 409 1653 <LOD 2585 4153 <LOD I54d6 4596 3483 4l O8T2 <LOQ 1776
TI21s <LOD 7058 860 <LOD <LOD <LOD 1S75 2034 357 <LOD 078 5306 3424 8463 ST02 <LOQ 2285
TI+l6 <LOD 5205 856 <LOD <LOD <LOD <LOD 1820 2012 <LOD 6415 3806 2829 6705 4850 <LOQ 1756
TIGIS <LOD 4656 839 <LOD <LOD <LOD 1605 2003 5289 <LOD 7978 3100 2227 7099 4250 <LOD 1743
TIS20 <LOD 4011 1124 1695 408 971 <LOD 1926 3040 1993 4725 3129 2157 558 5605 <L0Q 1679
T2025 <LOD 3940 742 <LOD <LOD <LOD 1513 1965 3015 <LOD 6642 2653 1966 6008 3835 <LOQ 1588
12530 <LOD 4228 824 <LOD <LOD <LOD 1374 1656 2049 <LOD 4645 2592 1773 431 2578 <LOD 1575
T3035 <LOD <LOD <LOD 1377 1500 <LOD <LOD <LOD 994 <LOD <LOD <LOD <LOD <LOD 1795 <LOD <LOD
T340 <LOD 2358 <LOD <LOD <LOD <LOD <LOD 1050 1685 <LOD 2080 1950 1558 3156 2164 <LOD <LOD
TA045 <LOD 3485 <LOD <LOD <LOD <LOD <LOD [LS57 2847 <LOD 207 2230 1839 4244 2842 <LOD 1351
14550 <LOD 2844 <LOD <LOD <LOD <LOD 1631 915 1197 <LOD 1417 1851 1715 3010 1950 <LOD 1373
TS055 <LOD 3540 781 <LOD <LOD <LOD 1321 1173 1445 <LOD 1560 1966 1611 3355 1873 <LOD 1435
IS560 <LOD 3412 <LOD <LOD <LOD <LOD <LOD <LOD 1423 <LOD 1099 1984 IS65 2402 1575 <LOD 1520
Ter6s <LOD 2592 <LOD <LOD <LOD <LOD <LOD 1193 1689 <LOD 2437 1958 1594 3077 1601 <LOD 1564
Tes70 <LOD 3174 <LOD <LOD <LOD <LOD 1304 ILI6 1237 <LOD 1830 1958 ISS5 2034 1501 <LOD 1409
T7075 <LOD 398 <LOD <LOD <LOD <LOD <LOD ILI0 1606 <LOD 238 1968 1634 338 2848 <LOD 1412
MOG2 3693 31764 §724 <LOD 12338 11033 <LOD 12077 23175 8935 S877 2863 1593 36996 23434 152 6842
MO204 3274 2044 6017 <LOD 7820 9325 <LOD 500 14114 746 39415 20798 13431 32390 21009 <LOQ 5293
MO406 2954 10480 3706 <LOD 3946 6238 <LOD <LOD 6785 6615 12211 10840 S601 12368 9938 <LOD <LOD
MOGOS 2925 12010 3773 <LOD 4576 8613 <LOD 7022 9603 5546 18593 1217 6176 17207 12266 <LOD <LOD
MOS0 2966 12744 3757 <LOD 302 325 <LOD 7016 828 7420 20085 12705 E550 20904 17430 <LOD 3413
MIGI2 2207 7204 2833 3560 6990 2699 3.0 39 5195 347 T3E5 9122 7319 15573 LIS <LOD <LOD
MI2As 2973 9973 3304 <LOD 2640 9700 <LOD 6441 9982 6189 15945 13505 8854 20844 14458 <LOD <LOD
MIsl6 2905 11185 3481 <LOD 3986 9465 <LOD <LOD 10977 10411 19875 14760 7783 21675 14744 <LOD <LOD
MIGIS <LOD 8061 2857 <LOD 243 <LOD <LOD <LOD 6001 5324 8§30 §326 492 13591 11182 <LOD <LOD
MIS20 <LOD 8010 2815 <LOD <LOD <LOD <LOD <LOD <LOD 4305 9191 7417 3632 10827 12650 <LOD <LOD
M2025 <LOD 7289 2750 <LOD <LOD <LOD <LOD <LOD 3908 <LOD 4730 7210 2462 7595 7330 <LOD <LOD
M2530 <LOD 6896 2776 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 2722 6413 1707 3837 6223 <LOD <LOD
M3035 <LOD 7051 275 <LOD <LOD <LOD <LOD <LOD 932 <LOD 7L19 6152 <LOD 4852 6034 <LOD <LOD
M3S40 <LOD 7813 2730 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1086 5977 <LOD 43115 5448 <LOD <LOD
Mi045 <LOD 6754 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 501 603 1615 3215 <LOD <LOD <LOD
MiSS0 <LOD 6673 <LOD <LOD <LOD <LOD <LOD <LOD 3695 <LOD 3049 5850 1609 3604 <LOD <LOD <LOD
MSOSS <LOD 3085 <LOD <LOD 1847 <LOD <LOD 956 <LOD <LOD <l0Q 2037 1641 295 1727 <LoD 1337
MSS60 <LOD 5981 <LOD <LOD <LOD <LOD <LOD <LOD 3225 <LOD <L0Q 5823 <LOD 2950 <LOD <LOD <LOD
M6065 <LOD 7274 <LOD <LOD <LOD <LOD <LOD <LOD 3441 <LOD 75i 5869 1578 3062 <LOD <LOD <LOD

LOD: limit of detection: LOQ: limit of quantification. LOQ = 10 ng g Al values in ng g'of dry weight. epi-27A% S-cholestan-3a-ol; 274° cholest-5-en-3-ol; 274
SB-cholestan-3-ol; 27A° cholesta-S,22E-dien-3-ol; 28°2 24-methylcholesta-5,22E-dien-3p-ol; 28A% 24-methyl-Sct-cholest-22E-en-3B-ol; 28A°42 24-methylcholesta-
524(28)-dien-3B-ol; 28A° 24-methylcholest-S-en-3Bol; 294 24-cthylcholesta-S22E-dien-3p-ol; 2047 24-ethyl-Sa-cholest-22-en-3-ol; 294 24-ethylcholest-S-en-3p-ol:
274 Sa-cholestan-3B-ol; 28A° 24-methyl-50t-cholestan-3B-ol; 29A° 24-ethyl-Sa-cholestan-3B-ol; 30A% dct,23 24-trimethylcholest-22-en-3f-ol; Copr=0 Sot-cholestan-3-one
Choles=0 So-cholestanone.
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Figure $32. ESI mass spectrum 5-[(5-trifluoromethyl-5-hydroxy-3-phenyl-4.5-dihydro-1H-pyrazol-1-y)-1-propan-1-one-3-yl]-2-methyl-7-
trifluoromethylpyrazolo[ 1.5-a]pyrimidine (4f).
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Figure S1. Schematic representation of the filter-press reactor used in
the SDZ electrochemical degradation. (A) and (C) end plates; (B) anode
holder (and its frontal vision): (D) electrical contact. (1) Solution inlet and
(2) solution outlet; (3) slicone gaskets; (4) stainless steel pltes (cathode);
(5) BDD electrode (anode).
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1. TEM micrographs for the catalyst materials at 80000X and
PLRIVC (3:1); (b) PLRI/C (1:1); (e) PLRR/C (1:3); (d) PLR/C
TT: (f) PRW/C (
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Figure $35. HSQC spectrum (CDCL,, 400 MHz) of 5-[(5-trifluoromethyl-5-hydroxy-3-(4-methylpheny)-4,5-dihydro-1 H-pyrazol-1-yl)-1-propan-1-one-
3-y1]-2-methyl-7-trifluoromethylpyrazolo| 1. 5-a]pyrimidine (4g).
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lable 1. Comparative table of some morphological and structural parameters of Ft-Rh/C catalysts charactenzed by EDA, ARD and TEM

Composition ) Average particle size / nm
Publication Preparation method MealC Lattice
PuRh parameter /A XRD TEM
W%
- - 66:34 - - 32201
Reduction with formic acid without o B B tre0
thermally treatment
) 2575 - - 33201
This work 40
- - - 20201
Reduction with formic acid with -
thermally treatment - - - 3=0.
- - - 4501
Kowal, efal Polyol (colloidal method) - - - - 13
Borohydride reduction method
Choi, et al* combined with a frecze-drying 10 40:10 3.001 38 24
procedure
Borohydride reduction method 80:20 3899 28 32200
Kim, ef al." combined with a frecze-drying 10 50:50 3.881 23 27205
procedure 20:80 3853 - 23205
Colmati, et al.” Reduction with formic acid 20 47:53 38800 14 28206
- 8317 3014 22 19
Bergamaski, et al* Reduction with formic acid - 70:30 3011 18 20
- 47:53 388 17 22
Lima et al” Impregnation on carbon powder 20 50:50 - 73 -
Kim, et al.* Elcctrospinning - 50:50 - - 23
. . . 20 50:50 - 73 -
. ) mpregnation on carbon powder o o B 0 B
tal.>
e eral . . 20 50:50 _ s N
Reduction with formic acid
10 50:50 - 23 -
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Figure $34. "C NMR spectrum (CDCL, 100 MHz) of 5-[(5-trifluoromethyl-5-hydroxy-3-(4-methylphenyl)-4.5-dihydro- 1 H-pyrazol-1-y1)-1-propan-1-
one-3-yl]-2-methyl-7-trifluoromethylpyrazolo| 1.5-a]pyrimidine (dg).
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lable 2. Coprostanol concentrations in coastal areas from different Brazihan regions

Location Sedimentary layer / em Deposition environment Concentration range / (ng £') Reference
ltha Grande bay-R] 090 Estuarine-coastal <001-009 Present study
Sepetiba bay-RJ 02 Estuarine 001-0.42 41
Guanabara bay-R] 03 Estuarine 034-40.00 18
Ubatuba bay-SP 03 Coastal 001-027 48
Cubatio arca-SP 03 Mangrove 421-832 49
Santos bay-SP Surperficial Coastal <001-851 50
Paranagus bay-PR 02 Estuarine <010222 51
Esp.Santo bay-ES 050 Coastal <001-272 52
Recife-PE 03 Fluvial-estuarine 052731 53

Mundag Manguaba-PB 047 Lagoonal-estuarine. 0.15-5.65 54
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Figure $29. 'H NMR spectrum (CDCL,, 400 MHz) of 5-{(5-trifluoromethyl-5-hydroxy-3-phenyl-4.5-dihydro-1 H-pyrazol-1-yl)- 1-propan-1-one-3-y1]-2-
methyl-7-trifluoromethylpyrazolo[ 1.5-a]pyrimidine (4f). Expanded between 3.47-3.82 ppm.
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Figure 5. HPLC (a) and GC-MS (b) chromatograms obtained at
the beginning and the end of 180 min of electrolysis (pH 7 and flow
rate = 5.0 L min") by direct injection of the undiluted aliquots. From
(a): 18 mA cm* (full linc), 36 mA cm? (dotted line) and the inset HPLC
chromatogram was obiained before clectrolysis (0 min) and from  diluted
sample ([SDZ] = 2.5 mg L*). From (b): 0 min (dotted line) and 180 min
(Full line). The GC-MS chromatogram was obtained from the electrolysis
carried out at 36 MA cm2.
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Figure 6. Projections (Varimax rotated) of the scores obiained in PCA analysis. Al the samples in the cores A, C, T and M are represented respectively by
open circles, black squares, gray diamond and black triangles. Samples of cach core were numbered starting at 01 following the order of core depth from
top to base layers, where lower numbers represent younger samples and higher represent older ones.
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Figure $28. 'H NMR spectrum (CDCL,, 400 MHz) of 5-{(5-trifluoromethyl-5-hydroxy-3-phenyl-4.5-dihydro-1 H-pyrazol-1-yl)- 1-propan-1-one-3-y1]-2-
methyl-7-trifluoromethylpyrazolo[ 1. 5-a]pyrimidine (4f).
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Table 51. Concentrations of bulk parameters in llha Grande Bay sediment cores (Yefine = sum of silt and clay)

Sample OC TN ON %fine Sample OC TN ON %fine Sample OC TN CW GFine Sample OC TN ON  G%fine
AOO-02 2371 277 997 9370 CO0-02 2668 253 1229 8902 TOO02 1240 204 710 6940 MOO-02 1944 233 958 LIS
AO204 2194 263 974 9578 CO204 2466 264 1091 8704 TO204 1045 176 693 7615 MO204 2161 285 885 7886
AOS06 2228 274 947 9204 CO406 2871 306 1095 8496 T0O406 1020 151 794 7700 MO406 823 125 768 6764
AOG-08 2533 295 1002 9008 CO608 2708 293 1088 90.92 TOG08 10.13 161 733 7500 MO608 550 108 596 6559
AOS-10 2431 286 992 6739 COS-10 2978 304 1141 9330 TOS-10 991 151 766 7046 MOS0 908 144 745 7390
AI0-12 2344 262 1045 9438 CIO-I2 27.04 290 1125 8903 TIO-I2 1621 230 821 7102 MIO-I2 708 126 658 7367
AI214 2636 314 980 9195 CI2d4 - - - 9383 TI2-4 1021 154 774 671 MIZI4 1016 L6 TIS 7436
Al416 2391 280 997 4006 CI416 2946 304 1130 9418 TI416 746 142 613 6132 MI4I6 7.96 131 710 67.06
Al618 2525 297 992 9449 CI6IS 3040 308 1153 9521 TIGIS - - - 6354 MI6I8 742 147 58T 3182
AIS20 2546 319 930 9616 CIS20 2972 328 1056 90.66 TIS20 942 164 672 6257 MIS20 736 125 685 5662
A2025 2431 287 988 9605 C2025 2051 262 1312 979 T2025 970 147 770 5516 M2025 2053 301 1144 49.11
A2530 2026 293 1163 7174 C2530 2888 287 1176 8837 T2530 920 162 668 5L41 M2530 1093 106 1204 5922
A3035 2706 334 957 6252 C30-35 2875 287 1168 9299 T3035 1590 228 813 3982 M3035 043 086 1279 2480
A3540 2443 278 1024 0578 C3540 2430 238 1190 0421 T3S40 973 143 789 5810 M3S40 088 083 1388 1643
A4045 2587 341 884 OL66 C4045 2478 252 1146 9648 T40-45 923 154 701 5843 MAO45 904 090 1191 1681
A4550 2551 285 1046 9055 C45-50 2616 279 1095 9301 T45S0 TAS 100 835 5150 M5S0 7.99 067 1390 1542
ASO-SS 1661 202 961 8907 CS0-55 2630 261 1174 8411 TS0S5 789 108 849 5073 MSO-5S 833 062 1564 2323
ASS60 2351 257 1069 9333 CS5-60 2438 250 1099 8478 T5S5-60 766 113 789 5206 MSS60 968 090 1257 1751
A60-65 2204 252 1021 7528 C60-65 25.54 261 1141 8867 T-65 742 123 701 4136 M60-65 973 086 1325 1331
A6ST0 2628 286 1073 9516 C6570 2818 296 1LIl 8360 T6ST0 779 117 777 6940 8949 1944 233 058 LIS
AT075 2368 270 1022 8967 C7075 2858 268 1242 9568 T7075 631 090 817 7615 15087 2161 285 885 7886
ATSS0 2041 237 1007 9001 C7580 2507 245 1199 9455 - - - - - - - -
ASO-8S 194 205 1090 9060 CS0-85 2801 263 1248 9564 - - - - - - - -
- - - - - 8590 231 218 1192 9647 - - - - - -
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Figure S31. "F NMR spectrum (CDCL,, 376.4 MHz) of 5-[(S-trifluoromethyl-5-hydroxy-3-phenyl-4.5-dihydro- 1 H-pyrazol-I-y1)-1-propan-1-one-3-yIJ-
2-methyl-7-trifluoromethylpyrazolo[ 1.5-alpyrimidine (4f).
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Figure 6. Main reaction pathway proposed for the SDZ electrochemical degradation. [SDZ],= 250 mg L', pH 7. =36 mA cm and flow rate = 5.0 L min".
The m/z ratio corresponds to the protonated species.






OPS/images/a10img12.png
Abrago Saco
do
® Toal Céu
e © Excess
? 2
g S L
< . £ . .
= . =
£ o g . .« *
& oo £ . .
V=033 40.03 am yr" ° o * hd .
R'=099 .
.
e
5 10 15 20 2 3 5 wo 20 25 30
Depth /cm epthlem
e B
V=030 £ 0.04 cm yr” TEBIG . . Marina
. o Piratas
o o3 se
® Total
I © Excess ~¢
£ 2 | [ews
X Cee .. Excese V=055:009cmyr’  ©
5 R'=0.86
5 10 15 20 2 30 5 0 15 20 B3 30
Depth /cm Depth/ cm

ure S1. Activy profile of excess °Pb and linear regression in four sediment cores.
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Figure $30. "C NMR spectrum (CDCL, 100 MHz) of 5-[(S-trifluoromethyl-5-hydroxy-3-phenyl-4.5-dihydro-1 H-pyrazol-1-y1)-1-propan-1-one-3-y1}-2-
methyl-7-trifluoromethylpyrazolo[ 1.5-a]pyrimidine (4f).
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Table 1. Identification of the main aromatic intermediate compounds formed 1n the electrochemical degradation of SDZ and their respective chemical
structures elucidated by the GC-MS technique

[M-HJ* Identification Chemical Structure

H,N 4 N’H
251 Sulfadiazine 2 H7 N
CHNOS)
| M
203 N-[4-(Hydroxyamino)phenyl]-2-pyridinamine IIN—@— ) N
CHNO) 7/
4-Amino-N-methylbenzenesulfonamide I s
" (CHNOS) ”z“—@—ﬁ—\
[¢]

Sulfanilamide !

% 2-Pyrimidinamine
CHN,
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e $36. HMBC spectrum (CDCI,, 400 MHz) of 5-[(S-trifluoromethyl-5-hydroxy-3-(4-methylphenyl)-4.5-dihydro-1 H-pyrazol-1-yl)-1-propan-1-one-
3-yl]-2-methyl-7-trifluioromethylpyrazolo[ 1.5-a]pyrimidine (4g).
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Figure $47. HMBC spectrum (CDCL,, 400 MHz) of 5-[(3-ethoxy-5-triftuoromethyl-5-hydroxy-4.5-dihydro- 1 H-pyrazol-1-yl)-1-propan-1-one-3-y1]-2-

methyl-7-trifluoromethylpyrazolo[ 1.5-apyrimidine (4i)
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Scheme 3. Oxidation of thiazoline esters 6a-k to the final mesogens 7a-k intermediate by BrCCI/DBU.
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Figure S27. 'H NMR spectrum of compound 8 (CDCL.. 400 MHz).
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Figure 4. Amperometric (a) and analytical (b) curves recorded using
several morpholine concentrations in 0.1 mol L KCI solution at 1.0 V

using FIA and screen-printed clectrodes. Morpholine concentration;
(2)20mg L-'; (b) 40 mg L' (c) 60 mg L; (d) 80 mg L'; ) 100 mg L
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Figure $49. ESI mass spectrum of 5-[(3-ethoxy-5-trifluoromethyl-5-hydroxy-4.5-dihydro-1H-pyrazol-1-yl)-1-propan-1-one-3-yl]-2-methyl-7-
trifluoromethylpyrazolof 1.5-alpyrimidine (4).
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Table 1. Slopes and hinear correlation coetficients for the analytical
curves with varying flow rates from 20 to 120 mg L' of morpholi
in KCI solution measured by the amperometric method using FIA and
sereen-printed carbon clectrodes

Flow rate / (mL min™) ~ Slope / (1C / mg L) L‘"’;’;“'f"a‘"““
s 278x107 0.9970
20 168 107 09034

25 9.74 % 10° 0.9919






OPS/images/a16img64.png
5091
281

T T T T e e e

ppm)

Figure $48. F NMR spectrum (CDCL, 376.4 MHz) of 5-[(3-ethoxy-5-trifluoromethyl-5-hydroxy-4.5-dihydro-1 H-pyrazol-1-yl)- 1-propan-1-one-3-yl}-
2-methyl-7-trifluoromethylpyrazolo| 1.5-alpyrimidine (4i).
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Figure S44. 'H NMR spectrum (CDCL,, 400 MHz) of 5-{(5-trifluoromethyl-S-hydroxy-3-cthoxy-4.5-dihydro-1 H-pyrazol-1-yl)- 1-propan-1-one-3-y1]-2-
methyl-7-trifluoromethylpyrazolo[ 1. 5-a]pyrimidine (-
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igure 8. Scan towards positive potential for the clectro-oxidation of
ethanol. Scan rate: 10 mV s Supporting electrolyte: 0.5 mol L' H.SO,
T =30 °C: () 0.1 mol L ethanol. as-prepared material; (b) 0.5 mol L'
ethanol, as-prepared material; c) 1.0 mol L ethanol, as-prepared material;

(d) 0.1 mol L ethanol, thermally treated material; (¢) 0.5 mol L ethanol,
thermally treated material, (f) 1.0 mol L' ethanol, thermally treated material.
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Figure $43. ESI mass spectrum of 5-{(5-trifluoromethyl-5-hydroxy-3-(4-methoxyphenyl)-4,5-dihydro-1 H-pyrazol-1-yD)-1-propan- 1-one-3-yl]-2-methyl-
7-trifluoromethylpyrazolo[ 1.5-a]pyrimidine (4h).
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igure 2. Cyclic voltammograms obtained in the absence and presence
of (200 mg L) morpholine standard solution in 0.1 mol L-* KCl using
SPCE<
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Figure $46. HSQC spectrum (CDCL,, 400 MHz) of 5-[(3-cthoxy-S-irifluoromethyl-5-hydroxy-4.5-dihydro- 1 H-pyrazol- 1-y1)-1-propan-1-one-3-y1]-2-
methyl-7-trifluoromethylpyrazolo[ 1.5-apyrimidine (4i)
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Figure $45. “C NMR spectrum (CDCL, 100 MHz) of 5-{(5-trifluoromethyl-5-hydroxy-3-ethoxy-45-dihydro-1 H-pyrazol-1-yl)- 1-propan-1-one-3-y1]-2-
methyl-7-trifluoromethylpyrazolo[ 1. 5-a]pyrimidine (-
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igure 6. Cyclic voltammetry of materials P-RI/C at different
compositions in 0.5 mol L H,SO, at 100 mV s and 30 °C for thermally
treated materials: (a) first cycle: (b) cycle 200.
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Figure $40. ""C NMR spectrum (CDCI,, 100 MHz) of 5-[(5-trifluoromethyl-5-hydroxy-3-(4-methoxyphenyl)-4.5-dihydro-1H-pyrazol-1-yl)-1-propan-1-
one-3-y11-2-methyl-7-trifluoromethylpyrazolo[ 1.5-alpyrimidine (4h).
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gure 5. Cyclic voltammetry of materials Pt-RH/C at different
compositions in 0.5 mol L* SO, at 100 mV s and 30°C for as-prepared
materials: (a) first cycle: (b) cycle 200.
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Figure $39. 'H NMR spectrum (CDCI,, 400 MHz) of 5-{(S-trifluoromethyl-5-hydroxy-3-(4-methoxyphenyl)-4.5-dihydro- | H-pyrazol-I-y1)-1-propan-1-
one-3-y1]-2-methyl-7-trifluoromethylpyrazolo| 1.5-a]pyrimidine (4h).
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Table 2. Active areas of the catalysts Pt-Rh/C determined by striping a
single layer of CO,,,

Activearea (g AStvearea (mi )

Composition o g meenie Ttm:“n:z ;:aled
PUC E-TEK 50 -
PLRI/C 41 [
PL-RA/C (13 41 70

PLRH/C (1:3) 33 60
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Figure $42. HMBC spectrum (CDCL, 400 MHz) of 5-{(5-trifluoromethyl-5-hydroxy-3-(4-methoxyphenyl)-4.5-dihydro- 1 H-pyrazol-1-y1)-1-propan-1-
one-3-y1]-2-methyl-7-trifluoromethylpyrazolo[ 1.5-a]pyrimidine (4h).
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Figure 7. Electro-oxidation of a preadsorbed CO monolayer on the
clectrode surface. CO adsorption time: 10 minutes. Adsorption potential
0.05 V vs. RHE. Scan rate: 10 mV . Supporting electrolyte: 0.5 mol L
H,SO,: (a) as-prepared materials; (b) thermally treated materials.
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-trifluoromethyl-5-hydroxy-3-(4-methoxyphenyl)-4.5-dihydro-1 H-pyrazol- 1-y1)-1-propan-1-one-
3-yl]-2-methyl-7-trifluoromethylpyrazolo[ 1.5-a]pyrimidine (4h).
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Figure 3. (a) Hydrodynamic voltammogram in the absence and presence
of a70 mg L' morpholine solution with the averages of the peak currents
from four injections (the analyte solution was injected four times at each
potential, and then the average peak current was obiained by calculation),
using 0.1 mol L KCl solution as a carrier stream. (b) Hydrodynamic of
the signal-to-blank ratio. The flow rate was 1.5 mL min~'.
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$38. 'H NMR spectra (CDCL,. 300 MHz) of Th.
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13C NMR spectra (CDCL.. 100 MHz) of 7f.
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$40. "H NMR spectra (CDCL, 300 MHz) of 7i.
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$39. "C NMR spectra (CDCL., 75 MHz) of Th.
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$36. "H NMR spectra (CDCL., 400 MHz) of 7f.





OPS/images/a22img60.png
=

$45. °C NMR spectra (CDCL.., 75 MHz) of 7k.
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S42. 'H NMR spectra (CDCL,, 300 MHz) of 7j.
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S41. °C NMR spectra (CDCL,. 75 MHz) of Ti.
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S44. 'H NMR spectra (CDCL, 300 MHz) of 7k.
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S43. "C NMR spectra (CDCL., 75 MHz) of 7j.





OPS/images/a23img04.png
a clstor v
8 o
£ o
zo et
Qo
o
. o
: o
G T 5 = & B

Euclidean distance

igure 2. HCA dendrogram of similarity between Marsypianihes Mart. ex
Benth. populations according to essential oil constituents: cluster I (O),
I1(m), I (@) IV (A), and V (1), and their chemical sections A and B.
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Figure 1. PCA biplot displaying chemical constituents of Marsypianthes
essential oils according to the clusters defined by HCA: I (O), II (),
11 (@), IV (&), and V (D). Oil constituents are represented by

ing from the origin. Essential oil constituent codes are
accordance with Table 1. Marsypianthes species: Mbu = M. burchelli
Mch = M. chamaedrys, Mfol = M. foliolosa, Mmo =
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Figure S1. Biplot generated by the lincar canonical discriminant analysis of Marsypianthes Mart. ex Benth. with (E)--ocimene, acopaene, f-sclinene.
1-nor-bourbonanone, and palustrol as predictor variables represented by vectors starting from the origin. Cluster centroids are represented by crosses.
The first factorial plan represents 94.1% of total variability in the original data. Marsypianthes species: Mbu = M. burchellii, Mch = M. chamaedrys
Mfol = M. foliolosa. Mmo = M. montana.
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Table 2. CDA summary for clustered Marsypianthes Mart. ex Benth. populations

A. Canonical function Eigenvalue pﬁl::.:;; ;:‘:I"':f::l Wilks' lambda (A) x> DF* P
Fi 61.544 852 0992 00002 9262 2027 00001
F2 6396 89 0930 00138 4713 1224 00001
B. Standardized coefficient (E)p-Ocimene o-Copacne p-Selinene 1-nor-Bourbonanone _ Palustrol
Fi 008 035 006 217 204
F2 057 -104 024 -033 033
C. Cluster baricenter 1 1 1t v v
Fi 349 —5.04 4386 1006 1023
F2 244 296 065 152 -051
D. Cluster validation Percentage of well-classification
1 1 1 v v Total
100 75 100 100 61 88

juare; *degrees of freedom; total samples = 17; cluster: 1 (n = 6): Mchal-Mcha6; II (n = 4): Mfol3-Mfol5, Mfol7;
Mbul, Mbu2: V (n = 3): Mfoll, Mfol2, Mfol6.

(n = 2): Mmol, Mmo2;
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Table 1. Chemical composition of essential oils from 17 populations of Marsypianthes Mart. ex Benth. in central Brazilian Cerrado

Constitvent AP M. burchellii M. chamaedrys M. foliolosa Mimontana | /e
Mbul Nbu2 Mchl Mch2 Mch3 Mché Mchs Mch6 Mfoll Mfol2 Mfol3 Mfold Miol5 Miol6 Miol7 Mmo!l Mmo2
1 Tricyclene 919 « - - 020 001 001 - ¢ 05 03 <« 004 ¢ t - o012 - A
2 ocPincene 920 006 116 010 - 002 005 007 021 09 - 030 071 045 - t - -  AB
3 Camphenet 94 L 061 010 - - - 002 - 35 009 110 065 041 - - A
4 Sabinene 99 - 006 020 - - - 003 - - - 008 - - - - 008 - A
5 BPinenct 973 176 168 081 047 160 152 015 080 150 ¢ 356 320 278 024 037 -  AB
6 2Pentylfuran 98 001 099 - - - - - - - 023 - - - - - - - A
7 Myrcene® 987~ - 043 016 007 002 119 034 073 ¢ 036 033 016 - - - -  AD
8 Limonenct 1024 ¢ 046 235 021 038 - 242 221 086 042 007 - - - 008 - AB
9 18Cincole 028 ¢ 146 - - 07 - - 006 ¢ - - - - - - - - AB
10 @-B-Ocimene® 033 - - - - 005005 005 - - 02 017 006 - 009 t - A
11 (EyB-Ocimenes 1043~ 020 025 058 LIS 108 082 023 - - 320 214 077 - 230 043 088 A
12 Linalook 1096 042 043 — 024 004 002 - 006 103 048 018 - 027 024 ¢ t -  AD
13 n-Nonanal 100 - 004 000 - - 021 - 001 027 076 t 001 004 t ot ot - A
14 trans-Pinocarveol W02 - - - - - - - L0 ot ot ot ot - - A
15 trans-Limonene oxide I A
16 trans-Sabinol H2004 - - - - - - - 0l - ot ot o046 1 - - A
17 Pinocarvone s - - - - - - - - 0o t ot ot ot 1 - - A
18 Borneol* T T A
19 Naphthalene w7~ e 000 - - - - - ¢ 05 - - - - - - - AB
20 o Terpineol WSS 008 ¢ - - - - - - - - - - - - AD
21 Myrtenol w2 0ds ¢ - - - - - oo o A
22 Myrtenal o4 006 ¢ - - - - - - = - - A
23 cis-hydrosabinene acetate 24 - - 027 - - ¢t 0708 t 012 028 001 t - ot - A
24 Isobomyl acetate® 282 - - ¢ 0 © 002000 t 28t 006 - 03 1 ot - A
25 5 Elemenet 1334 0 © t 168 043 206 091 059 097 t 010 004 - 204 - A
26 o-Copacne 1373 103 148 200 403 203 418 417 206 139 054 052 018 ¢ 05 -  AC
27 B-Cubebenc® 1382 ¢t 025 041 043 098 076 021 041 024 t 024 010 - - - A
28 B-Bourbonene® 1384 163 360 325 035 380 253 216 166 409 1113 226 404 551 295 026 16 - A
29 pElemenc: 1300 ¢ 019 053 082 153 100 090 061 ¢ 068 091 102 t 1t 073 081 AC
30 Longifolene® T A
31 Acora-3.7(14)-dienct L A
32 (EyCaryophyllenct 1417 053 798 1430 1298 731 957 1726 741 611 291 1204 618 142t 1922 1007 682 AB
33 B-Copacne: 1927 - - 049 - 031 023 025 018 ¢t 016 037 018 © ¢ t - AB
34 ctrans-Bergamotenc® 1434 - - 051042 1 097 073 035 ¢ - - - - - 006 t - A
35 ocHumulene® 1452 001 158 231 288 LIS 205 336 131 040 144 058 017 114 268 055 069  AC
36 Geranylacetone M2 - -t L o068 - -t L0 - - 044 - o0i8 - - A
37 allo-Aromadendrence W3- - - - - - - - - - - - - - 0w AB
38 ¥-Gurjuncne® 42042 378 ¢ - - - - - 0 13 - - - 06 - ot - A
39 Germacrene ¥ 1483 129 23492252 25.90 1574 1735 46.06 25.45 105 213 30.57 3492 556 167 483 2653 2352 A.C
40 (E)f-lonone M8 - - - - - - - - Co0ss - - - - - - - A
41 p-Selinene® 1487 085 014 038 024 001 079 - 054 042 053 - - - - 07 L1 A
42 Bicyclogermacrenc* 1407 301 433 854 1695 1540 1745 317 1047 LIS 160 235 1760 873 092 3423 3033 5250 A
43 o-Muurolene 1497 174 006 - - - - - - 028 - - - - - - - - A
44 Germacrene A° 1505 ¢ 104 133 209 158 179 296 110 126 t 140 - - 021 070 125 150 A
45 y-Cadinene® IS11 046 024 ¢ 078 ¢t - 08 t - - 135 1t 013 046 - A
46 6-Methyl-c-ionone* T A
47 5-Cadinenc 1521 522 254 104 361 072 239 311 206 203 062 121 075 103 022 025 185 074  AC
48 Zonarene 10~ - - 12 - - - - - - - - - o - - A
49 cisSesquisabinene hydrate® 1547~ — LI7 021 - - -t 124 085 128 ¢ ot - - - - A
50 Germacrene B¢ 1555 046 006 — L1l 203 083 465 078 - - 704 t 046 106 024 t 524 A
51 L-nor-Bourbonanone® 1557 025 007 046 ¢ ¢ - - - LIS 32 - o« ot 320 - - - A
52 (E-Nerolidol 1565 - - 046 - - - - - U - - - - & o - A
53 Palustrol® 1566 234 207 - - - - - - 13 t - - - 0:2 016 t - A
54 Spathulenol 15774069 190 1660 7.69 1736 12.60 061 2532 1783 3780 116 880 4369 53.40 2189 565 223  A.B
55 Caryophyllene oxide® 1582 6.14 404 1324 648 665 734 075 735 1690 1444 9.47 515 920 1180 520 337 149 AB
56 Tojopsan-2ot-ol L A
57 Globulol® 1589 1534 478 132 072 081 127 ¢« 160 517 061 240 047 260 189 132 064 037 A
58 Ledor 1601 263 002 048 ¢ - - - - 033 024 - - 080 05 - 026 - A
59 B-Atantol* L T S T T . A A
60 Humulene cpoxide I 1607 150 023 196 063 050 092 t 159 107 126 037 014 175 244 093 t - A
61 1.10-di-epi-Cubenol 1623 - - 0 036 034 048 t 021 053 040 - -t 084 008 - - A
62 Muwrola-4,10(14)dien-1B-of 1627 079 —  — 130 176 414 054 045 ¢ ¢t 033 109 101 t 173 - A
63 -Acorenolt 163 - - - - 1S - - - - - - o A
64 epi-o-Cadinol* 1640 158 003 - 177« 083 020 077 084 ¢ 307 200 LIS 243 200 t - A
65 allo-Amomadendrene cpoxides 1640 —  — - - - - - -t ot - -t t - o0& - A
66 0-Muurolol® 1640 412 031 - - - - -t 05 - 092 - 02 - A
67 a-Cadinol* 1652 268 021 038 086 069 056 100 0.41 105 LIS 092 LIl 064 123 044 067 - A
68 14-Hydroxy-9-cpi-(E)- 1669 037 009 117 032 032 073 011 087 LIS 133 1t 012 044 158 081 - - A
caryophyllenc
69 Mustakone 1677 062 014 038 060 046 104 015 100 126 140 - - t 073 - - - A
0 Germacra-4(15)5.10(14prien- 1683 — 025 - - -t ot - - - - - 20 - A
Tocol
71 Eudesma4(15)7-dien-IBof 1688 003 ¢ 007 - - 064 068 021 t t 076 L19 035 067 023 045 - A
Monoterpene hydrocarbons (MH)* 182 4.17 424 163 338 273 475 379 822 076 797 769 487 065 239 108 088
Oxygenated monoterpenes (OM)* 091 189 027 024 021 004 001 116 1255 068 036 028 065 070 - - -
Sesquiterpene hydrocarbons (SH! 16,85 66.48 57.64 75.27 53.60 64.27 90.45 54.88 19.73 2163 69.92 6622 2473 882 62.66 7683 93.93
Oxygenated sesquiterpenes (OS)*  79.08 13.89 37.64 21,03 40.54 30.55 4.13 3978 52.43 6273 2001 1931 6272 8241 3306 1665 409
Others (OUY 001 152 020 - 063 021 - 001 648 349 - 001 048 - O0I8 - -
Monoterpenes (M) 273 606 451 187 359 277 476 495 2077 144 833 797 552 135 239 108 088
Sesquiterpenes (5)* 95.93 80,37 05.28 96,30 04.14 04.82 04.58 04.66 7216 8436 89.93 §5.53 §7.45 91.23 9572 93.48 9R02

“Percentage values; "average arithmetic index:'” “selected for PCATHCA; “supplementary variables in PCA; = trace; — = not detected ; the reliablity of the identification or
structural proposal s indicated by: A-mass spectrum and arithmetic index consistent with those found in literature:? B-mass spectrum and retention time consistent with standard;
C-mass spectrum and retention time consistent with those of ylang-ylang (Cananga odorata) essential il:! D-mass spectrum and retention time consistent with those of clare

sagy (Salvia sclarea) essential oil.®
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Figure S2. Total ion chromatograms (TICs) of the representative essential oils of clustered Marsypianthes Mart. ex Benth. (I-V), including the major il

constituents identified
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lable 52. lexture and physicochemical parameters of soil sampling sites

Clay/ Sand/ Silt/ Omme p; ke ca/ Mgh/ CECI HwAR/ AP Gl e Mot/ Za)
et e % o M "“:” (mgL) (mgL) (emol, L) (emol, L) (emol, L) (emol, L) (cmol, L) (mgL) (mgL) (mgL?) (mgL?)
Mbal 190 700 110 48 08 LI 270 08 01 31 21 00 05 52 99 04
Nb2 230 560 210 43 13 17 480 09 03 28 15 01 02 s B2 22
Mchl 200 650 150 54 21 L1 50 27 10 52 14 00 02 304 29 30
Mch2 390 510 100 55 22 06 430 39 01 62 15 00 02 30 80 20
Mch3 330 440 230 53 37 20 60 4l 15 77 19 00 16 T2 %0 32
Mchd 290 490 220 52 10 20 480 16 0s 37 15 00 06 4250 399 11
MchS 230 560 210 43 13 17 480 09 03 28 15 01 02 s B2 22
Mch6 260 600 140 44 05 14 290 33 03 58 21 08 03 &8s 52 03
Mioll 120 735 145 42 10 21 380 03 o1 24 19 03 02 100 74 08
Miol2 440 460 100 42 20 LI 340 02 01 63 59 L L85 64 07
Miol3 240 560 200 38 45 LI 460 05 02 a3 35 32 02 3 40 02
Miold 220 600 180 42 08 17 370 04 01 21 15 01 02 360 30 02
MiolS 220 640 140 41 L1 23 460 03 03 22 15 10 07 1557 183 03
Miol6 140 820 40 42 03 32 180 02 o1 22 19 01 02 40 10 10
Miol7 140 820 40 50 08 20 200 06 o1 25 17 10 08 920 58 14
Mmol 450 350 200 47 30 08 460 07 02 33 23 10 02 485 105 03
Mmo2 417 423 160 44 32 43 760 14 [ 80 53 04 06 864 682 14

“Population.
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Table S1. Specic

and provenance of Marsypianthes Mart. ex Benth. in Goids State, Brazil

Taxon Pop* City/Gois State Geographic co-ordinates UFG*
M. burchellii Epl. Mbul Colinas do Sul S14° 1126”7, W48° 7227, 533 m 47310
Mbu2 Cavalcante SIP4T, W42, 823 m 47311
M. chamaedrys (Vahi) Kuntze Mchl Niquelindia S14°0'35”, W 47°46’ 157, 583 m 45617
Mch2 Trindade S16°38527, W49°20° 53, 758 m 45034
Mch3 Ivinia S16°40° 5, W 48° 36 26, 888m 47803
Mehd. Pirendpolis S15°50° 157, W48°58' 7%, 820m 41303
Mchs Cavalcante S 1334577, W4T 28147, 1052 m 47305
Mch6 Colinas do Sul S14°9°20”, W48° ¥ 58", 552 m 47308
M. foliolosa Benth. Moll Posse S16°5, W48°48°,920m 47802
Mol2 Rio Verde S18°4, W 50°30°, 592 m 47801
Mol3 Alto Paraiso S 13054527, W47°24'53”, 1395 m 47304
Mrol4 Cavalcante S1348°67, W4T 27 47,804 m 47306
Mol5 Terezinha de Gois S13°36 43", W47 13167, 754 m 41307
Mrol6 Colinas do Sul S14° 11477, W 48° 5 507, 562 m 47309
Mol Posse S14°4°32°, W46° 19' 17,815 m 47800
M. moniana Benth. Mmol Mossimedes S16°8,W50°13, 1021 m 45035
Mmo2 Alto Paraiso SILR 17, WA 177, 1253 m 30644

*Population; Pexsiccates from UFG’s herbarium.





OPS/images/a19img02.png
EEY% =

drug found in
microparticle (mg)

drug initially added

to the formulation (mg)

x 100

(&)





OPS/images/a24img03.png
100

ZZZABPA N
I BPAF .
2% TBBEA| N\
801
= 60 7 % .
)
g /\
B /\
oLZAY
nonanoic acid  octanoicacd  butanol octanol

Organic solvent

Figure 2. Effect of organic extraction solvent on the extraction of BPA,
BPAF and TBBPA. Extraction conditions: sample pH: 3.0; extraction
time: 6.0 min; concentration of NaOH in acceplor phase: 0.3 mol L
sample volume: 8 mL.
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gure 4. Effect of concentration of NaOH in acceptor phase on the
extraction of BPA, BPAF and TBBPA. Extraction conditions: organic

solvent: octanol; sample pH: 3.0; extraction time: 6.0 min; sample
volume: 8 ml
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gure 3. Effect of donor phase pH on the extraction of BPA, BPAF and
TBBPA. Extraction conditions: organic solvent: octanol; extraction time:
6.0 min; concentration of NaOH in acceptor phase: 0.3 mol L-'; sample
volume: 8 ml
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Table $3. Chemical composition of essential oils from clustered samples of Marsypianthes Mart. ex Benth. according to PCA/HCA analyses

Constituent Average Standard deviation ”
Cluster Global Cluster Global
Cluster [
26 a-Copacne 313 144 100 145 0000
34 oetrans-Bergamotene 0.50 018 030 030 0001
27 BCubebene 051 022 028 028 0001
4 Germacrene A 181 107 0.60 081 0004
35 o-Humolene 218 132 078 100 0005
8 Limonene 126 056 107 085 0007
33 B-Copacne 024 013 015 015 0014
29 BElemene 090 057 033 045 0016
s Sesquiterpenes 9496 90.82 069 666 0033
62 Muurola4,10(14)-dien-1p-ol 138 078 137 104 0044
25 SElemenc 096 053 074 075 0045
32 (B)-Caryophyllenc 1149 842 360 544 0048
Cluster It
11 (E)}B-Ocimene 213 083 090 091 0001
10 (2-p-Ocimene 013 005 006 007 0002
64 epi-o-Cadinol 205 099 068 096 0007
5 B-Pinene 239 121 140 L1 0009
71 Eudesma-4(15),7-dien-1B-ol 063 031 038 035 0021
MH_ Monoterpene hydrocarbons 573 359 228 243 0026
Cluster IIl
42 Bicyclogermacrene 4142 1346 1109 1375 0.001
41 B-Selinene 124 038 047 045 0.002
37 allo-Aromadendrene 020 002 020 009 0,003
65 allo-Aromadendrene cpoxide 021 003 021 010 0003
70 Germacra-4(15),5,10(14)-trien-la-ol 145 019 145 068 0,003
59 B-Adantol 014 002 014 006 0003
SH_ Sesquiterpene hydrocarbons 8538 5435 855 2561 0038
Cluster IV
53 Palusirol 220 039 013 076 0.000
57 Globulol 10.06 243 528 352 0.001
66 a-Muurolol 221 037 190 097 0003
31 Acora3.7(14)-diene 366 043 366 172 0003
30 Longifolene 432 051 432 203 0,003
3 y-Gurunene 210 037 168 092 0003
47 8Cadinenc 388 173 134 130 0.008
58 Ledol 133 030 131 063 0.008
Cluster V
51 l-nor-Bourbonanone 255 050 099 104 0.000
68 14-Hydroxy-9-epi-(E)-caryophyllene 136 056 016 050 0.001
61 1.10-di-epi-Cubenol 059 019 018 025 0.001
55 Caryophyllene oxide 1438 7.59 208 434 0.002
OU  Others 33 078 265 1.66 0.002
69 Mustakone 113 046 029 047 0.004
0S  Oxygenated sesquiterpenes 65.86 3647 1244 23.56 0010
28 p-Bourbonene 606 299 362 250 0012
OM  Oxygenated monoterpenes 464 117 550 280 0013
18 Bomeol 177 033 240 121 0014
46 6Methyl--ionone 207 037 293 146 0015
24 Isobornyl acetate 095 020 133 066 0018
54 Spathulenol 3634 18.54 1456 1600 0020
3 Camphene 133 039 159 085 0020
60 Humulene epoxide IT 159 090 061 073 0041

*Other constituents did not differ at 5% probabil
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izure 10. Transient decay of PIC at 740 nm in aqueous solution of Alg
with double-exponential fit. 4. = 532 nm; [PIC] = 5 x 10° mol L
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fable 1. Chemical and physical parameters of BFA, BPAF and TBBFA considered n this work

Analyte Structure Formula Molecular weight / (¢ mol-)
Ho. oH
BPA C.H,0, 22829
HsC  CHa
Ho oH
BPAF C.HFO, 33623
Fyd CFs
or o
Ho. oH
TBBPA O O CH,Br0, 54387
or or
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Figure 9. Transient spectra of PIC in aqueous solution of Alg.
A =532 nm; [PIC] =5 x 10 mol L-; [Alg] = 2.5 g L.
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Table S4. Normalized percentage of biosynthetic carbon skeletons present in Marsypianthes essential oils

Carbon M. burchelli M. chamaedrys M. fololosa M. montana
skeleton Mbul Nbu2 Mchl Mch2 Mch3 Mchd MchS Mch6 Mioll Mfol2 Mfol3 Mfol4 Mfol5 Mfol6 Mfol7 Mmol Mmo2 Means s
Tricyclane — - = o2 o001 00 - - 05 03 - 00 - - - o3 - 008+l
Pinane 230 323 091 048 165 161 022 101 388 007 393 418 346 026 - 039 - L2155
Camphane. - 0@ 00 - - - 0@ - 35 - 009 LI8 070 04 - - - 040%08
Thujane 004 007 164 021 - - 003 072 28 095 151 030 001 05 - 008 - 052%080
Myrcane 043 072 068 100 143 120 207 063 177 054 412 282 135 026 243 045 089 134% 103
Menthane - 208 235 021 05 - 244 228 146 047 007 - - - - 008 - 071%09%
Bomane - - - - - o0m oo o0x® 80: 016 006 - 040 - - - - 053%194
Elemane - 02 053 255 199 323 18 120 098 076 103 109 004 - - 304 082 L4105
Copaane 167 18 207 470 205 557 460 335 267 15T 071 095 039 079 - 05 - 208%173
Cubebane - - 025 o042 04 100 077 02 01 027 - 026 Ol - - - - 023%02
Bourbonane 191 417 371 036 386 259 217 167 527 1607 230 432 590 674 026 170 - 371374
Longifolane B X )
Acorane L R ]
Cayophyllane 713 1377 2880 2015 1452 1804 1824 1560 2433 2002 2281 1224 1193 1445 2567 1421 840 170 %603
Bergamotane - - 05l o043 - 09 07 03 - - - - - - 006 - - O0I8%03l
Humulane 163 206 427 358 171 304 338 201 108 18 18 077 205 38 367 058 070 229% L1
Aromadendrne 6182 997 1810 857 1847 1418 061 2702 2501 4329 362 991 5039 €091 2378 737 303 227% 199
Guaiane. 043 430 - - - - - - - 1% - - - 0™ - - - o041%108
Germacrane 177 2796 2410 2064 2059 2042 5403 2743 232 239 4886 3734 644 IS ST 3245 3060 221 % 165
fonane. - - - - - - - - s oom - - - - - - - omzis
Eudesmane 089 016 045 024 01l 146 068 075 042 059 077 127 037 072 023 129 173 072%048
Bicyclogermacrane 315 492 854 1727 1566 1784 319 1051 Ll6 179 239 1852 034 099 3483 3207 5308 139 % 144
Cadinane 1681 385 L4 997 357 859 497 391 563 246 585 448 661 619 301 520 075 550374
Farnesane - - a6 - - - - - - - - - - - - - omion
Thujopsane. - - - - - - - - 2% - - - - - - - - omzos
Bisabolane B X I Yy Y]
Others 001 173 020 - 06 021 - 001 027 318 - 001 05 - 018 - - 041%08
Total 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000
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Figure 5. Effect of donor phase volume on the extraction of BPA, BPAF
and TBBPA. Extraction conditions: organic solvent: octanol; sample
pH: 3.0; extraction time: 6.0 min; concentration of NaOH in acceptor
phase: 0.3 mol L.
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Figure . Microparticle size distributions for the PHB/KET, PHB/KET-
CHI 1.0%, PHB/KET-CHI 1.5% and PHB/KET-CHI 2.0% samples, where
CHI 1.0, 1.5 and 2.0 % denote the chitosan solution concentration used
during the preparation of coated microparticles.
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Figure 4. Schematic representation of crosslinking reaction between
genipin and amine groups of chitosan macromolecule.
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Figure 7. Effect of ionic strength on the extraction of BPA, BPAF and
TBBPA. Extraction conditions: organic solvent: octanol; sample pl
3.0; extraction time: 6.0 min; concentration of NaOH in acceptor phase:
0.3 mol L-': sample volume: 8 mL.
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Figure 7. Drug-release profiles for PHB/KET microparticles (a) and PHB/
KET-CHI composite microparticles: uncrosslinked (b), crosslinking with
glutaraldehyde (c) and crosslinked with genipin (d), at chitosan solution
concentrations of 1.0, 1.5 and 2.0% as indicated inside each graph.
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Table 2. Factorial design, 2°, performed in triplicate at the center point
to establish the best conditions for the extraction of pesticides from
strawberry samples

Factors (coded levels) Factors (real values)
Test Salt Acid Salt
addition _addition/ % __addition / mL

1 - - 0 0

2 + - 10 0

3 - + 0 10
4 + + 10 10
sC 0 0 05 05
6C 0 0 05 05
7C 0 0 05 05
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(a) ’

are 6. Composite microparticles of PHB/KET-CHI before and afier
treatment with the crosslinking agents. (a) Uncrosslinked. (b) crosslinked
with glutaraldehyde. and (c) crosslinked with genipin.
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lable 1. Factonal designs, 2%, performed 1n duplicate to establish the
best conditions for the extraction of pesticides from strawberry samples

Factors (coded levels) Factors (real values)
Test Solvent  Sampleisolvent g Sample:solvent
extractor m‘:ﬂ extractor p‘;‘p’:‘n‘i‘:ﬂ
1 - - MeCN 1:1
2 + - MeCN:EtOAC 1:1
3 - + MeCN 12
4 + + MeCN:EtOAC 12
5 - - MeCN 1:1
6 + - MeCN:EtOAC
7 - + MeCN
8 + + MeCN:EtOAc
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lable 3. Linear equation, determination coefficient, limit of detection, limit of quantification and maximum residue limits (MRL) for the pesticides studied

Pesticide Linear Equation i3 LOD/(mgkg") LOQ/ (mg kg") MLR/ (mg kg")
Chlorothalonil y =4912206.08x + 578486.50 098 0.008 0025 =
Chlorpyrifos y=1056658.30x + 19105245 097 0.004 0013 -
o-Endosulfan y=3049087.25x + 185625.81 098 0.004 0012 -
B-Endosulfan y=4545505.16x + 9383228 097 0006 0019 -
Iprodione ¥ =246403.54x + 9361.98 095 0009 0027 20
Bifenthrin ¥ =835271.74x + 52581695 096 0006 0018 -
A-Cyhalothrin y=182708471x + 112037.64 098 0004 0011 05
Permethrin ¥ =316716.28x + 4692.88 099 0016 0.047 -
Cypermethrin y=2332747.80x + 185370.68 098 0011 0033 -
Difenoconazole y=792009.30x +25124.12 099 0015 0.045 05
Azoxystrobin y = 1227608.83x + 88083.61 098 0013 0039 03

“Active ingredient not allowed in strawberry culture.
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Figure 8. Burst effect and prolongation of the release of ketoprofen
from PHB/KET microparticles coated with 1.0, 1.5 and 2.0 chitosan
(uncrosslinked and crosslinked with glutaraldehyde or genipin). Data are
expressed as means  standard deviation. *p < 0,05, significanly different
from control group.
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Figure 1. Pareto charts of the full factorial experimental design for the analysis of the two variables: solvent extractor and the proportion of sample:extractor.
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Table 1. Geometric diameters of the microparticles

Chitosan concentration / % dye /pm d. /pm d,,. /ym D,,/pm Span/pm
- 149 205 414 313 158
10 101 146 65.1 319 375
L5 107 212 704 360 276

2.0 118 264 75.8 403 242
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Table 3. Characteristic performance data obtained by using this method with other extraction methods for determination of BPA

Matrix Sample preparation _ Detection LODs Recovery /% RSD/%(n=5) Ref.
Water US-DLLME HPLC 034 (g L) 827925 45 2
Water SBSE HPLC 015 (g L) 776-1244 37 30
Edible oil RP-DLLME HPLC 25 (ugke) 80.5-99.7 19-59 31
River water HF-LPME HPLC 02 (ug L) 9281019 2232 2
Milk VA-HF-LPME HPLC 0.16 (ug L) 867975 1435 This work
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Table 2. Quantitative results of the proposed HF-VA-LPME method

Analyte Regression equation _ Linear range / (ng L) R R% RSD/% (n=5) LOD/(ugL") LOQ/(ngL
BPA y=32252x-2.1 0.5-200 09992 04 23 0.16 051
BPAF y=56856x - 5.575 05-200 09989 87 35 018 056
TBBPA 79.205x + 13204 1.0-250 09988 89 29 035 112
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Table 3. Percentage of free amino groups in chil
‘microparticles

Microparices Glutaraldehyde Genipin

Chitosan solution / %, m/v Free amine group /%

10 43809 430=21
15 55010 51010

20 600223 569225
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Figure 8. Typical chromatogram of milk: () blank milk; (b) milk after
HF-VALPME; (c) milk spiked with BPA, BPAF and TBBPA (5 pg L)
after HE-VAT PME
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Table 2. Drug encapsulation efficiency for composite microparticles

Composite microparticles of PHB/KET-CHI

Chitosan solution / %, m/v Uncrosslinked / % Crosslinked with glutaraldehyde / % Crosslinked with genipin / %
1.0 52504 522:03 545+05
15 532:03 53604 560+03
20 62.0£0.1 584£0.1 613202






OPS/images/a24img11.png
lon of BEA, BEAF and TBBFA 1n milk samples

X Added / Found / (ug L) (RSD/ %)*(n = 5) Recovery / %
Milk sample <
(pgL™ BPA BPAF TBBPA BPA BPAF TBBPA
Milk 1 0 - - - - - -
12 1.35(1.6) 1.052.7) 1.06(1.5) 97.5 875 883
56 5413.4) 4.88(2.8) 4.86(2.9) 934 87.1 86.7
Milk 2 0 - - - - - -
12 L133.1) 1.04(1.8) 1.053.7) 942 86.7 875
56 52223) 487(29) 4902.5) 932 86.9 875
Milk 3 0 - - - - - -
12 1.44(1.3) 1.072.4) 1127 941 89.1 916
56 5.46(2.7) 4.96(1.5) 5.02(26) 920 88.6 89.6

‘Data were calculated based on five-replicate experiments.
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Figure 1. Harmane alkaloids reported in passion fruit pulp, according

to Lutomski et al..””
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Table 5. Pesticide residues in mg kg found in strawberry samples from the High Jequitinhonha Valley in 2012

Active principle Farm | Farm 2 Farm 3 Farm 4 Farm 5 Farm 6 Farm 7

091 055 0.61 0.10 nd. nd. nd.
0.19 nd. nd. 0.13 nd. nd. nd.
nd? nd. nd. nd. nd. nd. nd.

Chlorothalonil

Difenoconazole

Azoxystrobin

TI
™
T
TI
™
T
TI
™
T
TI
Iprodione ™
T

‘Active ingredient not allowed in strawberry culture: "n.
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able 4. Precision and accuracy for each analyte obtained from strawberry
samples spiked at three different concentration levels*

. Precision / %CV
Pesticide
0.10mgkg’  015mgkg'  060mgkg’
Chlorothalonil 3 1 3
Chlorpyrifos 5 15 2
o-Endosulfan 8 7 5
B-Endosulfan 6 1 5
Iprodione 7 7 14
Bifenthrin 14 9 3
A-Cyhalothrin 1 1 1
Permethrin 6 2 2
Cypermethrin 15 8 3
Difenoconazole 14 9 3
Azoxystrobin 12 6 1
Accuracy / %RE

Chlorothalonil 88 1 98
Chlorpyrifos 95 95 95
o-Endosulfan 93 110 103
B-Endosulfan 8 109 9

2 11 102

7 2 103
A-Cyhalothrin 8 108 %
Permethrin 6 % 101
Cypermethrin 98 107 100
Difenoconazole 102 101 101
Azoxystrobin 91 102 98

“For endosulfan, all concentrations followed the same isomeric ratios
of the standard. %CV: percent coefficient of variation; %RE: percent
relative error.
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Table 1. Levels and factors used in fractional factorial design 2%,
utilized for the optimization of the extraction of the alkaloids harmane
‘and harmine by SBSE

Level
Factor

0 +1
pH 6 13
Extraction time / min %0 120
NaCl/% 36 50
Desorption time / min 10 20 60
Methanol as desorption solvent/% 10 50 100
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Figure 3. Histograms with the corresponding particle size distributions for: (a) PUC: (b) PtSn/C: (c) PtCuw/C and (d) PtSnCu/C.
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lable 3. Particle size from 1EM analysis

Material Particle size / nm
PtSnCu/C (1:1:1) 30
PLSn/C (3:1) 33
PLCu/C (3:1) 25
PUC 29
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(c) PtCu/C and (d) PtSi
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Table 4. Onset potential obtained from Figure 5

Material Onset potential / V
PtSnCu/C 0.10
PISn/C 027
PICu/C 033

PUC 044
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igure 6. Chronoamperometry of PtSnCu, PtSn, PtCu and Pt in 0.5 mol

L-" sulfuric acid with 1 mol L' of ethanol solution, E = 025 V vs. Ag/
AeCL T=25°C.
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Figure 4. Cyclic voltammetry of PtSnCu, PtSn, PtCu and Ptin 0.5 mol L~

sulfuric acid, scan rate of SO mV s, T

59C.
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igure 5. Cyclic voltammetric curves of PtSnCu, PtSn, PtCu and Pt in
0.5 mol L sulfuric acid with 1 mol L of ethanol solution, scan rate of
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Figure 2. Principal component analysis of the chemical composition of
volatile oil from D. frutescens.
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Figure 7. () Cyclic voltammetry PtSnCu/C in 0.5 mol L sulfuric acid with | mol L of ethanol solution, v = 50 mV s-*, T =25 °C: (b) chronoamperometry
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Table $3. Comparatve statistical analysis of the chemical composition of volatle oil samples from specimens BI, BII and BIII for the months from
September to December

Retention Reative percentage area /%~
Consttint index September October ‘November December
TRi; LRi; Bl BU__BW__BL_ BN BB BN __BW Bl Bn Bl
wthujens 94 5% nd nd nd ad  ad ad  ad  ad nd 078 nd  nd
Locten ol 9 9% nd a4 406 nd nd  nd  nd nd 08B ad  nd  LIB
(QEAE heptadiens) 016 1053 a4 4 d ol nd nd ad ad OB ad  ad  ad
Limonene 109 109 nd ad nd ad ad nd ad nd nd 298 nd ad
nOctanol W71 1068 066 nd a4 nd  nd ad  nd ad nd ad nd nd
Tran lingool oxide W73 1073 074 nd a4 nd nd ad  nd 2B ad ad ad nd
Cis-linlool oxide W88 1087 a4 nd nd nd nd ad nd 208 ad  nd  ad  nd
Linalool 100 1097 6O7B 961C 4ISA 1243C 8GR 29A 147IC I2ISB 1STA I376C 12718 S.12A
n-Nonanal U0 101 L6SC nd 1398 ad 099A 2058 106A Li6B 214C nd  250C 0608
2.6 dimethylcyclo-hexanal o6 106 ad nd nd a4 nd nd nd nd LB ad  ad 0SB
atepineol U0 U ad ad nd a4 LB nd 1308 20C nd LMB 156C ad
Safranal 200 101 nd nd nd nd nd nd ond nd ad nd ad 0428
Peyclocital DI DO ad ad 1B g nd nd ol nd 28 ad ad 1908
C(Zphewenyl2metybbuanoae 131 D31 nd ad ad nd nd nd nd nd 047 ad ad ad
s, pmenta-1(7-8-ien 20l D% D3 ad ad nd nd nd 04 nd nd ol L4SC 08B nd
Pulegone D DHLOB ad nd nd g nd nd nd nd nd 2B ad
Geraniol DS 15 a4 ad nd nd LB nd nd nd nd nd LB nd
pmentha-t 4-tien-0l 155 BB a4 ad nd nd L40B nd nd nd nd nd ad ad
ayiangene 6 15 a4 nd LB g nd nd ad nd nd ad ad 1SB
a2 octenal % 175 175C LB ad ad nd nd ad nd ad nd nd nd
acopaene 7 57 09% a4 nd nd 0%B 16 06 nd  ad LB ad ad
2 Hexenyl cproste DS DR a4 ad nd nd SHB nd 0SB ad 06C ad ad ad
©fdamascenone S5 I35 ad 2508 131C 4508 859C 173A 1355C 1SIA 1LI7B 2139C 1251A 21248
pcutetene 90 190 nd a4 nd ad 4B nd ad nd ad 3918 76C 0S7A
(® 8 damascone WIS 144 a4 nd nd nd nd nd nd nd 046 ad  ad LB
acedrene IS 42 nd a4 nd a4 378 nd nd nd nd nd 2MC 0568
(Ep<aryophyllene 1419 1419 a4 4 1978 nd IS nd ad ad LISB ad  ad 368
®ccionone 1430 143 258 nd. IS0C 2238 206A 1095C 2464 3TB WFIC S5B 236A 1440C
(G2 Hexeny1(22) hexenonte I MR g nd d ol 208 nd ad ad ad ad ad ad
Geranylacetone 1S5 1455 L44A 2498 28C nd 2668 4BC ITIA 191B 346C 467C 3ISB 231A
®fionone 159 1459 2008 1971A 0.43C S23C 12764 35368 16434 2,158 3227C 2768 1375A ILIC
10.1.epoxy-calamenene U4 W2 L4 ISIC ad ad nd nd nd LB ad ad ad ad
Cutetol 121 IS8 1218 14C ad ad nd ad nd nd ad nd ad nd
scatinene 155 15 a4 nd 091B ad  nd ad nd nd ad nd ad ad
Trans.calamencac 120 10 178 97 ad ad nd ad nd nd oad nd ad ad
@567 Tatmhydod4Tatimeyl. 1531 1535 288 nd. nd nd ad nd nd 2008 nd ad ad  ad
2(4n) benzofuranone
acalscorene 16 156 nd nd nd nd 205 nd LS ad  ad 125C 1068 nd
Talicene epoxide 152 19 078 LIC ad  nd nd nd ol nd nd ad ad ad
®-nercidol 1564 163 196 194 nd  nd LTB nd nd nd nd ad ad ad
2 Hexenyl benzoate 1T IST3 a4 nd L0 nd SEB nd 124C LA 1768 ad SOC 1288
Dendroasin I8 152 a4 nd nd nd nd 23638 169%B nd  ad nd 3SB nd
Spathutenol 1555 IS8 174 nd 33C nd nd nd nd nd SI0B ad  ad 0958
Caryophylene oxide 1588 IS87 S4C 291B 2T nd nd nd nd nd 225 ad  ad 08B
Bacorenol 163 1636 23C 2058 nd  nd nd nd nd nd ad nd nd nd
Cubenol 1650 1687 L4 a4 nd nd nd nd nd nd nd nd nd nd
acadinol 1654 165 BB S nd T45C 478 ISIA GEB ANC ad 404 2418 nd
Cadatene 15 1677 3B ad nd ad nd nd ad 4B ad nd nd nd
Teradecanol IS 160 636C 638 nd  ad OSIB nd  ad SSB ad nd nd  nd
Pentadecanal 7121 nd ad 0SB LB 36C nd  ad 1126 LB nd SOB ad
Q. 68 arnsol M6 5 a4 S4B nd nd nd nd nd ad ad ad nd nd
Famesal 6 175 nd nd nd ad nd 3NB ad nd nd ad nd ad
Pentadecan.2one 185 1841 65C 6226 3A 4668 693C IMA LA I0SSC 2ITB LGIA 215C 2018
MemLOZZ |7 octadecaionse 1894 1893 nd nd nd  ad  ad  nd  nd nd nd nd 4B ad
(SEE) fmesyl acsione 1921 1921 0924 31IC L97B nd 37C 1958 099A 162 256C 319C 278B 0SSA
Methyl hexadecanoae 1935 1925 578B 1401C 2954 103C 2808 1194 058A 2038 26C ad_ L7C 1438

“Retention index calculated based on a standard mixture of C, C, hydrocarbons; retenton index from th lerature oblained for an RTX SMS column; relative
percentage areas, calculaed based on thepeak areas, and the average valuesofthree njectons. Means followed by a different et betuieen columns for each month
indicate significant differences (Tukey's test at 5% probability): n.d.: not detected by the method employed.
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Figure S1. Tota on chromatogram of the volatile oilfrom leaves of the Bl specimen of D\ fruescens collected in January. Analysis conditions: RTX-SMS

colum; helium carrier gas; oven temperature 010 290 °C at 4 °C min-";injector temperature 240 °C; ion source temperature 260 °C: interface temperature
280 °C
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Table $1. Comparatve statistical analysis of the chemical composition of volatile oil samples from specimens BL, BII and BIII for the months from
January to April

Retention Relative percentage area %
Constitint index January February March “Apal

IR LRI’ Bl BN BBl BN BN Bl BU BN B BU B
(@EAE) hexadienal 910 910 nd  ad  nd 08B nd  ad  nd  nd  nd  nd  ad  ad
-heptanol o 97 nd  nd  nd  nd nd od 046B nd nd nd ond nd
Locten3-0l 979 o 0SB nd 07C 1068 nd 10 ISIB nd  nd  nd 043 nd
(QEAE) heptadicnal 1006 1013 nd  ad  nd 03B ad  ad nd  nd nd nd 0B ad
Phenyl acetaldehyde 102 102 ad  ad nd 03B ad  ad ad  ad nd ad nd ad
(®)rocimens 148 1050 a4 ad nd 0SB ad  ad ad  ad nd ad nd ad
“Trans-linalool oxide: 1073 1073 nd. nd nd 027 nd 124C nd nd nd nd nd nd
Cis-inalool oxide. 1085 1087 nd nd nd ad nd 0468 nd  nd nd nd nd nd
Linlool 1100 1097 5478 1049C 073A SG3C 475B 3SA 1043C 10B OS24 nd 03B L03C
nnonanal 103 101 0SB 39 nd  LIA L7 17SB 1288 149C nd  nd LIS nd
one N 17 ad nd nd 0GB nd nd nd nd nd nd nd nd
Cis,p-ment 2-en-1-ol 12 U2 ad ad nd ad ad ad nd 03B nd  nd  nd nd
Terpinen 4o s U7 ad ad nd ad ad 0SB nd  ISIB nd  nd  nd ad
acterpineol 1190 1189 0S3B 12C nd O0%B 046A 0454 050C O3B nd  nd  nd  nd
Safranal 1201 101 ad  nd O7B ad  nd  LISB nd ONB nd  ad 09B nd
Beyelo-citral 219 219 nd  ad 0898 09A 095C 088B nd  ad  nd  ad L7 nd
Cis, p-mentha. (7). 8-dien 2.0l 2% 131 07B 15 nd  ad  nd  nd 048 ad nd  ad  nd  nd
Puiegone 22 D4 ad ad nd ad ad ad ad ad nd ad 0B nd
Geraniol 2% 155 nd  nd  nd 0868 nd  nd nd  nd nd ad nd  nd
Dinydroedutan | 1292 1292 ad  ad nd ad 098 ad  nd OB nd  ad  nd  ad
4vinyLguaiacol B3 1300 ad ad 3948 ad  nd 3918 nd  ad nd ad nd nd
occopacne 37 137 184C ad 0B 08C 02B nd 041B ad  nd  ad  nd  nd
(32 hexenyl caproate 133 1382 09 ad  nd ad O016A nd  nd  ad nd ad nd nd
(E)pdamascenone 13851385 ISS3A 19,158 3189C 10984 13858 41.06C 20.72C 1430A 26868 21708 3525C S60A
fcubebenc. 1300 1300 243A 073C B6SB LIIA 440B O44C 2678 LEA 3TIC 619B IISC nd.
(E)-damascone 115 1414 nd ad 4338 ad ad 2718 nd  ad 0678 nd 089 ad
occedrene 1415 142 L03A LISB 1123C LSTA 3288 1064C S3IB 494 SS6C 2326C 14848 nd
(E)caryophyiene: 1419 1410 176B nd 306C 092 096B nd  nd  ad  LUB nd  nd  nd
(E)acionone 140 1830 647C SSB nd 338 IHC OTA SSSB 44A 130C 286A SOB 902C
Geranyl-acetone. 1455 1555 300B IMC 22A 0OBA 27C LISB 241A 640C 6MB ISSA 649C 1TIB
(Allo)-aromadendrene 1460 1460 nd  ad 2628 ad 03B 124 nd 046 nd  nd  nd  ad
Germacrene D 1950 180 nd nd OTB ad nd nd nd ad nd ad nd nd
(E)ionone 1950 1480 2184C 10708 345A 637B 1277C 2424 13928 1L73A IS6C 195IC 1031A 13108
10, 11-cpory-calamencne 1994 1592 0668 nd  nd ad nd nd nd ad nd nd nd nd
Bcadinene I3 13 ad nd 074 03B 0208 nd  nd  nd  nd ad nd  nd
Trans-calamencne: 159 159 09B nd  nd ad nd nd nd nd nd ad nd nd
occalacorene IS6 1546 35C 0698 nd. 0368 07IC nd OB nd  nd  ad  nd  nd
Germacrene B IS7 1557 ad nd 00A ad nd nd nd nd nd oad 1268 nd
(Eynerlidol 1564 1563 1168 nd  nd OB 106C nd 048 ad  nd  ad nd LMB
(32hexenyl benzoate IS IS 341B ad nd OSSB 33IC nd MNC LOTB 084A nd. nd 563
Dendrolasin IS8 1S 206C LUB nd SOSC 2SO7B nd. LI4A 1960C 6278 nd.  nd 49638
‘Spathulenol 1565 1578 1358 ad nd  ad  nd ad ad  ad nd 1098 nd  nd
Caryophyllene oxide IS8 1567 127C ad. 10IB ad 09IB nd  nd 0T LIC S4IC 068 0S4A
occadinol l654 1654 423C 1S0B nd OS0B 126C nd  nd  nd  nd O7B nd  ad
Cadalene 1675 1677 0%0B 105C nd  nd  nd nd  nd  nd nd ad nd ad
Tetradecancl 1681 1680 nd nd LSIB ad  nd LB nd  nd 1968 nd  nd 2028
Pentadecanal 712 171 ad 207 37 ad 34C ISB nd nd 09B od 0TS ad
Pentadecan-2one 183 1841 156A 2378 64IC nd.  L43B 459C 066A 099B LSC nd  LO9B 392
02,172) cctadecadienal I8%6 1870 nd nd nd ad nd nd nd 1S6B nd  ad  nd  ad
Melhyl (07127 157) octadecaisienste 1894 1893 nd.  nd. 2058 nd  LMB nd nd I3 ad  nd  nd nd
(SEOE) famesyl acetone 1921 1021 3498 456C nd 0278 280C nd 10IA T9C SISB ad  314C T8
Methyl hexadecanoate 195 1925 nd_ ad  nd  nd 08B nd  nd  nd  nd ad  061C 0368

“Retention index calculated based on a standard mixture of C,-Cy, hydrocarbons; retention index from the literature obtained for an RTX-SMS columa;
elative percentage areas, calculated based on the peak areas, and the average values of three injections. Means followed by a different letter between
columas for each month indicate significant differences (Tuke's test at 5% probability); n.d.: not detected by the method employed.
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“Table 2. Comparative statistical analysis of the chemical composition of volatile oil samples from specimens BI, BIL, and BIII for the months from May
0 August

Retenton Reative percentage area/ %-
Consttint index May June July August
TR LRi; _BL__BU__B0L_BL__BU__BW B BN GBI B0 B
B hereaal ©9 85 195 i nd el ad ad 5SC IS1B ad  ad  nd ad
Zyhexenct 861 859 1B ad nd 20408 ad ad 76C 30 LA ad  nd ad
Lbexanol S 871 3078 ad ad SI3B ad  nd O5IC 094 0474 nd  nd  nd
QB4 hexadien 510 910 nd nd 03B ad ad ad ad ad ad nd nd nd
Locten 3ol O 97 0578 039A O75C nd 08B LIC ad  nd  nd  ad  nd  ad
methy-hept5en 2-one 97 9% nd nd nd ad 068 ad ad ad  nd nd Al nd
QE 4B eptadinal 1006 103 ad 04B 0SC ad  nd  nd L0B INC nd el ad  ad
Cis-sabinene hydrate 07 106 nd nd nd nd 12 ad nd nd ad d ad  nd
Trans tnaool oxide 073 1073 nd 0B nd  nd nd 0SB nd  nd ad nd ad nd
Linalool HO0 1097 3iC 336B 070A 46SC AISE 2SA 472 nd  nd 3798 125C 208A
n-Nonanal HOS 101 ng 245C LB nd nd LB nd  nd nd ond nd nd
©26dineiyl13Toaen6ol 12 101 nd nd nd ad ad ad L¥B ad nd nd nd nd
Isophorone 112 ad ad nd nd 22B g nd nd nd nd ad ad
Terpinen--ol I8 N7 g g d nd 6B nd nd nd ad ad  ad OB
2 hexeny butirate 1S 1S ad nd 188 nd ol nd ad ad ad ad ad ad
aterpinect 0 1H ad ad ad ad ad nd 0SB nd ol nd nd ad
Safeanal D01 DI ad 09C 076B ad 1SC OB 07 nd  ad  nd  ad 123
Peyclociral 1219 1210 a4 103 L0IB ad 12C 07IB nd  nd  ad  ad  ad  ad
Dinydro-cumarone M6 24 ad ad ad a4 a4 LBB nd nd nd ad ad ad
i, pmentha-1(7)8-dien 201 D3 D3 ad ad nd a4 nd nd 081 OB nd ad ad  ad
Pulegone DR DI ad ad nd 6B b nd nd LB nd el ad ad
Dinydroedulan | D9 1% a4 26 ad nd g nd nd nd nd ad ad ad
vyl gusiacol B3 DK 2768 nd nd g LPB SNC 2168 nd STC ad ad 9908
Cronelyl aetate 0 5SS ad ad nd g nd nd nd nd ad LEB ad 36C
Verbanol scetate 9 144 a4 nd nd nd nd nd LB nd 25IC nd nd nd
pmentha-1 4gen-T-ol 45 I3 a4 0498 0498 nd  nd nd nd nd nd nd ad ad
Eugenol Bel B a4 nd nd g nd nd nd nd ad ad ad LS
acopaene 17 57 S0B a4 nd a4 nd nd nd nd nd nd ad ad
(G2yhexeayl caproate D8 DR a4 ad 129 ad nd ol nd ad el ad ad ad
©8damascenone D35S 1385 1626A 31408 3687C 11458 8824 3209C 2355C 15654 23008 1835C nd. 12608
Tep-sesquitujene 0 D8 a4 ad nd nd LB ol nd ad ad ad ad ad
prcubetene 90 130 L&A 279 03B a4 nd BIB ad  nd ad ond nd  ad
Prongipinene M2 MOl a4 a4 nd g nd nd 407A 695C 621B 5B ad  ad
(®4-damascone 15 1414 nd ad L4SB ad 0SS 19C ad nd ad nd nd  ad
acedrene 1151412 7704 03B 1460C ad. L07B OSSC I4GSC Ind 12688 1L37C L&3A 10538
(®<anyophytlens MO 19 ad LIOB ad  ad  ad nd nd d nd nd 468 ad
®acionone 100 150 1468 36C 10SA ad 199C 076B 253 2378 195A 315C ad 1B
Geaanylacsione 1455 1455 071A 30SC 25 nd SSIC 108 216A SAIC 228B 435B 692C 421A
(Ao aromadendrene 16 146 nd 0B nd  nd nd 156 nd nd ad ad  ad ad
UBQ3Sumelypheny) Souen2one 1S5 1475 nd ad ad ad ad  ad  ad nd nd L7C nd 158
®fionone S S GEB 866 646A ad 100IC 225B 75TB 79IC 6T4A OSIC 834B T9TA
®necotidel 1564 163 ad ad ad ad nd nd Al ol ad 3IC ad LS0B
2y esenyt benzoste I3 173 ad 175 23C ad a4 nd nd ol nd 3B ad ad
Dendrolasin 152 IS a4 2388 ad ad nd ad nd nd 468 BNIC ad 41SB
Spathueaol 1555 178 3B nd ad a4 nd nd ol nd nd 2088 ad 46C
‘Caryophlens ovide 15858 157 ad ad nd a4 IMB nd ol ol nd ad ad ad
Pacorenol 196 166 ad ad nd a4 b nd nd ol nd ad 1SC 2078
Zingiberenol 196 165 ad nd nd nd 1408 nd nd nd nd ad ad ad
(©cironely tghte 71 168 a4 ad nd nd nd nd nd nd nd nd 4B ad
Tricoacorenol 167 1673 nd nd nd nd 758 nd nd nd nd nd nd nd
Teradecanol 1651 160 04 nd L6 nd nd 27 LA 6B 246C 32C 285B 186A
Acorenone B 702 169% a4 nd nd ad 348 nd nd nd ad nd nd ad
Pentadecanal 12 U1 nd L6C LISB ad 655C 45IB 27IA 1727C 13768 365A SOIB 5928
Benzyl bencoste 2 U6 a4 a4 nd nd b nd nd ad nd nd 4GB ad
Pentadecan 2 one 1851840 nd LB LC ad 63 70 L0 LBC ad 614 1379C 351A
Pourensatiol 17 180 nd ad nd ad nd nd nd ONB ad  ad  nd 03B
02,172y octadecatienal B I a4 ad nd nd 10K O3B nd ad ad ad ad ad
MeLOZ12Z 7y octadecaionste 194 1893 nd. 1858 nd  nd 303C 23 ad 18C S8 ad  ad 1408
(E9E) aresyl aceone 121 1920 a4 LISB 199C nd 725C 0458 nd ad ad 388 ad 39
Methyl hexadecanoate 125 125 a4 a4 nd nd nd nd nd nd ad ad 498 ad
8.1 octadecaiensic acid 297 2004 nd ad nd nd nd ad ad nd  nd nd 174 ag

“Retention index calculated based 0n a standard mixture of C, C,, hydrocarbons; “eteation index from th Iierature.” btained for an RTX-SMS columa; elative
percentage area, calculted based on thepeak areas, an the average vlues ofthree injectons. Means followed by a ifferent eter between columas forexch month
indicate significant differences (Tukey’s test at 5% probability); n.d.: not detected by the method employed.
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Figure S4. Total ion chromatogram of the volatike oil from leaves of the BI specimen of D. fruescens collected in April. Analysis conditions: RTX-SMS

colum: helium carrier gas; oven temperature 010290 °C a4 °C min; njectortemperature 240 °C on source temperatue 260 °C: ntrface temperature
280°C.
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‘Figure S5. Total ion chromatogram of the volati oil from leaves of the BI specimen of D.frutescens collected in May. Analysis conditions: RTX-SMS

‘columa; helium carriergas; oven temperature 5010 290 °C at 4 °C minr”; njector temperature 240 °C; on source temperature 260 °C; nterface temperature
280°C.
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Figure 2. Totalion chromatogram of the volatile oil from leaves of the BI specimen of D frutescens collected in February. Analysis conditions: RTX-SMS

colum; helium carrier gas; oven temperature 5010290 °C at 4 °C min-";injector temperature 240 °C; fon source temperature 260 °C: interfac temperature
280 9C
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Figure 3. Tota ion chromatogram of the volail oilfrom leaves of the BI specimen of D. rutescens collected in March. Analysis conditions: RTX-SMS

colum; hlium carrer gas; oven temperature 5010 290 °C at 4 °C min-; injector temperature 240 °C; fon source temperature 260°C:; interface temperature:
280°C.
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Figure $6. Totalion chromatogram of the volatile il rom leaves of the BI specimen of D. rutescens collected in June. Analysis conditions: RTX-SMS

‘column; helium carrier gas; oven temperature 5010 290 °C at 4 °C minr”; njector temperature 240 °C; on source temperature 260 °C; nterface temperature
280 9C.
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Figure 7. Total ion chromatogramofthe olaile gl from leaves of the B pecimen of . fruescens collctd n July. Analysis conitions: RTX-SMS column;

helium carrier gas; oven temperature 5010 290°C at 4 °C min-" injector temperature 240 °C: ion source temperature 260 °C:; inerface temperature 280°C.






