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  DOI: 10.5935/0103-5053.20130097

  EDITORIAL

  
    Nóbrega JA, Loh W. Refreshing guidelines for peer reviewers. J. Braz. Chem. Soc., 2013;24(4): 527-28

  

  
    Refreshing guidelines for peer reviewers

  

   

   

  Science grows based on previous achievements and new ideas. Scientific literature is an invaluable treasury of information, amusement and historical and contemporary developments. Publication in science is critically dependent on the role of acute protagonists and the main roles are played by authors, reviewers, readers and editors. All these protagonists confer to the science development its unique characteristics of self-control and self-correction. 

  Nowadays we live a fast transition from a printed world towards a virtual world dominated by digital communication. However, we must sticky to our standards and it is always important to rethink about them and to deepen their scope.

  The Committee on Publication Ethics (COPE) was established in 1997 in the UK and now has over 7000 members worldwide from all academic fields. COPE provides advice to editors and publishers on all aspects of publication ethics and in March, 25th, 2013, COPE launched an important document about ethical guidelines for peer reviewers discussing about basic principles to which peer reviewers should adhere and expectations during and post the peer-review process.

  We do consider that the dissemination of this information is important and we will summarize here the main COPE's recommendations. 

  "According to COPE, when being invited to prepare a review peer reviewers should:

  
    • respond in a reasonable time-frame, especially if they cannot do the review;

    • declare if they do not have the subject expertise required to carry out the review;

    • declare any potential conflicting or competing interests;

    • follow journals' policies on situation they consider to represent a conflict to reviewing;

    • review afresh any manuscript they have previously reviewed for another journal as it may have changed between two submissions and the journals' criteria for evaluation and acceptance may be different;

    • ensure suggestions for alternative reviewers are based on suitability;

    • not agree to review a manuscript just to gain sight of it with no intention of submitting a review;

    • decline to review if they feel unable to provide a fair and unbiased review;

    • decline to review if they have been involved with any of the work in the manuscript or its reporting;

    • decline to review if asked to review a manuscript that is very similar to one they have in preparation or under consideration at another journal;

    • decline to review if they have issues with the peer-review model used by a journal.

  

  During review process peer-reviewers should:

  
    • notify the journal immediately if they discover a conflict of interest that was not apparent when they agreed to review;

    • read the manuscript, ancillary material and journal instruction thoroughly;

    • notify the journal as soon as possible if they find they do not have expertise to assess all aspects of the manuscript;

    • not involve anyone else in the review of a manuscript without first obtaining permission from the journal;

    • keep all manuscript and review details confidential;

    • contact the journal if circumstances arise that will prevent them from submitting a timely review;

    • in the case of double-blind review, if they suspect the identity of the author(s) notify the journal;

    • notify the journal immediately if they come across any irregularities;

    • not intentionally prolong the review process;

    • ensure their review is based on the merits of the work;

    • not contact the authors directly without the permission of the journal.

  

  When preparing the report peer-reviewers should:

  
    • bear in mind that the editor is looking to them for subject knowledge, good judgement, and an honest and fair assessment of the strengths and weakness of the work and the manuscript;

    • make clear at the start of the review if they have been asked to address only specific parts or aspects of a manuscript and indicate which these are;

    • follow journals' instructions;

    • be objective and constructive in their reviews and provide feedback that will help the authors to improve their manuscript;

    • not make derogatory personal comments or unfounded accusations;

    • be specific in their criticisms;

    • remember it is the authors' paper and not attempt to rewrite it to their own preferred style if it is basically sound and clear;

    • be aware of sensitivities surrounding language issues;

    • make clear which suggested additional investigations are essential to support claims made in the manuscript;

    • not prepare their report in such a way or include comments that suggest the review has been done by another person;

    • not prepare their report in a way that reflects badly or unfairly on another person;

    • not make unfair negative comments or include unjustified criticisms;

    • ensure their comments and recommendations for the editor are consistent with their report for the author;

    • confidential comments to the editor should not be a place for denigration or false accusation;

    • not suggest that authors include citations to the reviewer's (or their associates') work merely to increase the reviewer's (or their associates') citation count or to enhance the visibility of their or their associates' work;

    • determine whether the journal allows them to sign their reviews and, if it does, decide as they feel comfortable doing;

    • if they are the editor handling a manuscript and decide themselves to provide a review of that manuscript, do this transparently.

  

  Post review process peer reviewers should:

  
    • continue to keep details of the manuscript and its review confidential;

    • respond promptly if contacted by a journal about matters related to their review of a manuscript and provide the information required;

    • contact the journal if anything relevant comes to light after they have submitted their review that might affect their original feedback and recommendations;

    • read the reviews from the other reviewers, if these are provided by the journal, to improve their own understanding of the topic or the decision reached;

    • try to accommodate requests from journals to review revisions or resubmissions of manuscripts they have reviewed."

  

  We hope all reviewers, authors and readers have enjoyed rethinking about these critical issues and we do recommend a further reading of the full document (please, see Irene Hames on behalf of COPE Council, March 2013, v.1 in: http://publicationethics.org/resources/guidelines). 

  Finally, we would like to express our gratitude to all reviewers that year after year have helped us to improve the Journal of the Brazilian Chemical Society and to keep our adherence to all these recommendations. 

   

  
    Joaquim A. Nóbrega

    JBCS Editor

    Watson Loh

    JBCS Editor
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  EDITORIAL

  
    Nóbrega JA, Loh W. Revisitando as diretrizes para a revisão por pares. J. Braz. Chem. Soc., 2013;24(4):525-26.

  

  
    Revisitando as diretrizes para a revisão por pares

  

   

   

  O desenvolvimento da ciência se dá a partir das descobertas anteriores conjugadas às novas ideias. A literatura científica é um tesouro incalculável de informação, prazer e desenvolvimentos históricos e contemporâneos. A publicação científica depende essencialmente de protagonistas atentos: autores, revisores, leitores e editores. Todos esses protagonistas conferem ao desenvolvimento da ciência sua característica singular de autocontrole e autocorreção.

  Vivemos, atualmente, uma rápida transição do mundo da comunicação impressa para o mundo virtual, dominado pela comunicação digital. No entanto, devemos manter nossos padrões de qualidade e, para tanto, é sempre importante repensá-los e aprofundar sua abrangência.

  O COPE (Committee on Publication Ethics) foi criado em 1997 no Reino Unido e, atualmente, tem mais de 7000 membros de todas as áreas acadêmicas mundo afora. O COPE oferece assessoria a editores e casas editoriais acerca de todos os aspectos da ética de publicação e, em 25 de março de 2013, o COPE lançou um documento importante sobre diretrizes éticas para revisores discutindo os princípios básicos aos quais os revisores devem aderir e as expectativas durante e após o processo de revisão por pares.

  Nós realmente consideramos que a disseminação dessa informação é importante e vamos aqui resumir as principais recomendações do COPE.

  "Segundo o COPE, ao ser convidado para fazer uma revisão, os revisores devem:

  
    • responder em um prazo razoável, especialmente se não puderem fazer a revisão;

    • manifestar caso não possuírem o domínio necessário sobre o assunto para fazer a revisão;

    • manifestar quaisquer interesses ou conflitos em potencial;

    • seguir as políticas dos periódicos com relação a situações que considerem representar um conflito para a revisão;

    • revisar novamente qualquer manuscrito que tenham revisado anteriormente para qualquer outro periódico já que o manuscrito pode ter sido alterado entre as duas submissões e as diretrizes dos periódicos para avaliação e aceitação podem ser diferentes;

    • assegurar-se de que as sugestões para revisores alternativos sejam baseadas na adequabilidade;

    • não aceitar a revisão apenas para ter acesso ao texto sem intenção de revisá-lo;

    • recusar a revisão em caso de se sentirem incapazes de apresentar uma revisão justa e imparcial;

    • recusar a revisão caso tenham envolvimento com qualquer parte do trabalho ou sua divulgação;

    • recusar a revisão caso o manuscrito seja muito semelhante a um manuscrito no qual estejam trabalhando ou que esteja sendo avaliado por outro periódico;

    • recusar a revisão caso tenham alguma discordância com o modelo de revisão por pares adotado pelo periódico.

  

  Durante o processo de revisão por pares, os revisores devem:

  
    • notificar o periódico imediatamente caso descubram algum conflito de interesse que não estava aparente no momento em que aceitaram a revisão;

    • ler detalhadamente o manuscrito, o material auxiliar e as instruções do periódico;

    • notificar o periódico tão logo descubram não possuírem a competência necessária para avaliar todos os aspectos do manuscrito;

    • não envolver mais ninguém na revisão de um manuscrito sem a permissão prévia do periódico;

    • manter todo o manuscrito e detalhes da revisão em sigilo;

    • contatar o periódico caso surjam circunstâncias que os impeçam de entregar a revisão no tempo previsto;

    • em caso de revisão duplo-cego, notificar o periódico caso suspeitem a identidade do autor;

    • notificar o periódico imediatamente caso encontrem alguma irregularidade;

    • não prolongar intencionalmente o processo de revisão;

    • assegurar-se de que sua revisão se baseia nos méritos do trabalho;

    • não contatar os autores diretamente sem permissão do periódico.

  

  Durante o preparo do relatório, os revisores devem:

  
    • ter em mente que o editor espera deles conhecimento do assunto, julgamento ponderado e uma avaliação honesta e justa dos pontos fortes e fracos do trabalho e do manuscrito;

    • esclarecer, logo no início da revisão, se lhes foi pedido para focar apenas partes ou aspectos específicos de um manuscrito e indicá-los;

    • seguir as diretrizes dos periódicos;

    • ser objetivo e construtivo em suas revisões e oferecer sugestões que ajudem os autores a melhorar o manuscrito;

    • não emitir comentários pessoais depreciativos ou acusações infundadas;

    • ser específico nas críticas;

    • ter em mente que o trabalho é do autor e, assim, não tentar reescrevê-lo de acordo com seu estilo caso esteja consistente e claro;

    • estar atento às sensibilidades em torno de questões linguísticas;

    • deixar claro quais investigações adicionais sugeridas são essenciais para embasar os pedidos de revisão feitos no manuscrito;

    • não preparar seus relatórios ou incluir comentários de maneira a sugerir que a revisão foi feita por outra pessoa;

    • não preparar seus relatórios de maneira a refletir negativa ou injustamente sobre outra pessoa;

    • não fazer comentários negativos injustos ou incluir críticas injustificadas;

    • certificar-se de que seus comentários e recomendações ao editor sejam consistentes com o relatório apresentado ao autor;

    • comentários confidenciais ao editor não devem servir para denegrir nem emitir falsas acusações;

    • não sugerir que os autores incluam citações de trabalho do revisor (ou de seus associados) simplesmente para aumentar a contagem de citações do revisor (ou de seus associados) ou para aumentar a visibilidade de seus trabalhos ou de seus associados;

    • verificar se o periódico os permite assinar suas revisões e, em caso positivo, decidir se se sentem confortáveis em fazê-lo;

    • caso o editor decida ele mesmo fazer a revisão, deve fazê-lo com transparência.

  

  No processo pós-revisão, os revisores devem:

  
    • continuar a manter os detalhes do manuscrito e da revisão confidenciais;

    • responder prontamente em caso de ser contatado pelo periódico acerca de assuntos relacionados a sua revisão e fornecer a informação pedida;

    • contatar o periódico caso, após terem entregue suas revisões, surja algo relevante que possa afetar suas sugestões ou recomendações anteriores;

    • ler as revisões de outros revisores, caso sejam disponibilizadas pelo periódico, para melhorar seu próprio entendimento do assunto ou da decisão tomada;

    • tentar conciliar solicitações dos periódicos para rever revisões ou ressubmissões de manuscritos que já tiverem revisado."

  

  Esperamos que todos os revisores, autores e leitores tenham apreciado repensar sobre essas questões fundamentais para a tarefa de revisão e recomendamos enfaticamente a leitura posterior do documento completo (por favor, verifique Irene Hames, COPE, Março 2013, v.1 em: http://publicationethics.org/resources/guidelines).

  Finalizando, expressamos nossa gratidão a todos os revisores que, ano após ano, nos têm ajudado a melhorar o JBCS e manter nosso compromisso com todas essas recomendações.

   

  
    Joaquim A. Nóbrega 

    Editor do JBCS

    Watson Loh 

    Editor do JBCS
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    Yoshida NC, Siqueira JM, Rodrigues RP, Correiad RP, Garcez WS. An azafluorenone alkaloid and a megastigmane from Unonopsis lindmanii (Annonaceae). J. Braz. Chem. Soc., 2013;24(4): 529-33

  

  
    An azafluorenone alkaloid and a megastigmane from Unonopsis lindmanii (Annonaceae)

  

   

   

  Nídia C. YoshidaI,*; João M. de SiqueiraII; Ricardo P. RodriguesIII; Rodolfo P. CorreiaIV; Walmir S. GarcezV,*

  IInstituto de Química, Universidade de São Paulo, 05508-000 São Paulo-SP, Brazil

  IIDepartamento de Farmácia, Universidade Federal de São João Del Rei, 35501-296 Divinópolis-MG, Brazil

  IIIFaculdade de Ciências Farmacêuticas, Universidade de São Paulo, 14040-903 Ribeirão Preto-SP, Brazil

  IVInstituto de Ciencias Biomedicas, Universidade de Sao Paulo, 05508-900 Sao Paulo-SP, Brazil

  VDepartamento de Química, Universidade Federal de Mato Grosso do Sul, 79070-900 Campo Grande-MS, Brazil

   

  
    O alcalóide azafluorenona 5,8-dimetóxi-7-hidróxi-1-metil-4-azafluoren-9-ona e o megastigmano (–)-(5R*, 6S*)-megastigman-3-ona-10,7-olidio foram isolados das partes aéreas de Unonopsis lindmanii (Annonaceae), juntamente com os compostos conhecidos (3S*, 5S*, 8R*)-3,5-dihidróxi-megastigma-6,7-dien-9-ona (grasshopper ketone), N-trans-feruloiltiramina, (–)-anonaína, (–)-asimilobina, liriodenina e (–)-siringaresinol. Este é o primeiro relato da presença de megastigmanos em Annonaceae. As estruturas dos compostos foram elucidadas com base em dados espectroscópicos.

  

   

  
    The azafluorenone alkaloid 5,8-dimethoxy-7-hydroxy-1-methyl-4-azafluoren-9-one and the megastigman (–)-(5R*, 6S*)-megastigman-3-one-10,7-olide were isolated from aerial parts of Unonopsis lindmanii (Annonaceae), along with the known compounds (3S*, 5S*, 8R*)-3,5-dihydroxy-megastigma-6,7-dien-9-one (grasshopper ketone), N-trans-feruloyltyramine, (–)-anonaine, (–)-asimilobine, liriodenine and (–)-syringaresinol. This is the first description of the presence of megastigmanes in Annonaceae. The structures of the compounds were elucidated based on spectroscopic data.

    Keywords: Unonopsis lindmanii, Annonaceae, alkaloids, azafluorenone, megastigmanes

  

   

   

  Introduction

  Annonaceae is one of the largest families of the Magnoliide subclass, with approximately 135 genera and 2300 species, mostly pantropical. In Brazil, Annonaceae comprises about 26 genera and 260 species and has a great significance in the Brazilian vegetation.1,2 Although the occurrence of different types of alkaloids has been frequently described, compounds with unusual skeletons, such as acetogenins,3,4 polyacetylenes,5 cyclopeptides,6,7 styryl lactones,8-10 indolidinoids11 and monoterpene glucosides12 have been recently reported, most of them showing biological activities as anticancer,3,13,14 antimicrobial,11,15 cytotoxic,10,16 antiinflamatory7,17 and antiprotozoal.18

  As part of our research on the chemistry of Annonaceae species,16,19-22 the isolation and structural elucidation of two new compounds from the aerial parts of Unonopsis lindmanii R. E. Fries (R. E. Fries) are discussed: the azafluorenone alkaloid 5,8-dimethoxy-7-hydroxy-1-methyl-4-azafluoren-9-one (1) and the megastigman (–)-(5R*, 6S*)-megastigman-3-one-10,7-olide (2) (Figure 1). U. lindmanii is a medium-sized tree, which is widely distributed in the Central-Western region of Brazil occurring mainly in riparian forest and cerrado.1,23 The chemical composition of Unonopsis genus was not widely investigated, and previous studies revealed the presence of some aporphines, bisaporphines, phenantrenes and azafluorenone alkaloids18,22,24,25 and polycarpol.26 The present phytochemical study of U. lindmanii also led to the isolation and identification of the known compounds grasshopper ketone,27 liriodenine,28 (–)-anonaine,29 (–)-asimilobine,29 (–)-siringaresynol30 and N-trans-feruloyltyramine.31 The structural elucidation of the compounds was established on the basis of spectroscopic techniques.

  
    

    [image: Figure 1. Chemical structures]

  

   

  Results and Discussion

  The ethanolic extract of the heartwood of U. lindmanii was chromatographed on a silica gel column and then on a Sephadex LH-20 column to afford compound 1. The positive HRESIMS of 1 revealed a pseudo-molecular ion at m/z 272.0957 [M + H]+, consistent with the molecular formula C15H13NO4. The presence of a carbonyl group was demonstrated by an IR band at 1649 cm-1. The1H nuclear magnetic resonance (NMR) spectrum of 1 (Table 1) showed three signals of aromatic hydrogens at δH 6.91 (s, H-6), 6.86 (d, J 5.2 Hz, H-2) and 8.23 (d, J 5.2 Hz, H-3), two methoxyl groups at δH 3.92 (s, 5-OCH3) and 4.01 (s, 8-OCH3), and a signal of a methyl bonded to an aromatic ring at δH 2.59 (s, 1-CH3). The13C NMR spectrum of 1 (Table 1) contained fifteen signals attributed to a conjugated carbonyl (δC 190.7), three aromatic protonated sp2 carbons bound to hydrogens, eight sp2 aromatic carbons without hydrogens attached, two methoxyl groups and one methyl. Atomic connectivity was established using COSY, one-bond (HSQC), long-range (HMBC)1H-13C NMR correlation experiments and nuclear Overhauser effect spectroscopy (NOESY) (Figure 2). The13C NMR spectrum of 1 showed a signal for only one methoxyl group attached to ortho-disubstituted carbon at δC 61.1, which was correlated in HSQC with the1H NMR signal at δH 4.01 and in HMBC with the signal at δC 142.5. These correlations imply that the aromatic hydrogen at δH 6.91 must not be vicinal to this methoxyl group. The second methoxyl signal at δH 3.92 showed one-bond correlation with the13C NMR signal at δC 56.5 and long-range correlation with the signal at δC 156.4. In the HMBC experiment, the aromatic hydrogen at δH 6.91 showed strong correlations with the carbons at δC 119.2, 142.5, 147.2 and 156.4, suggesting two possible structures for this compound: 5,8-dimethoxy-7-hydroxy or 5,8-dimethoxy-6-hydroxy. A comparison between the1H NMR chemical shifts with the 5,8-dimethoxy-6-hydroxy-1-methyl-azafluorenone (kinabaline)32 indicated that H-7 displays a higher field resonance (δH 6.34) when compared to that (δH 6.91) in compound 1. This evidence allowed the assignment of the resonance at δC 61.1 to 8-OMe, δC 142.5 to C-8, δC 56.5 to 5-OMe, δC 156.4 to C-5, δC 147.2 to C-7 and δC 119.2 to C-4b. Therefore, the most likely structure for the new alkaloid must be 5,8-dimethoxy-7-hydroxy-1-methyl-4-azafluoren-9-one. This structure received further support from reduction of 1, which yielded 1a.
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  The compound 1a was obtained via reduction of 1 with NaBH4. In the1H NMR spectrum of 1a (Table 1), the presence of a signal at δH 5.70 (s, H-9) was consistent with the expected product. The HMBC spectrum of 1a showed hydrogens of the methyl attached to C-1 correlating strongly with carbons at δC 147.7, 123.9 and 139.0 assigned to C-1, C-2 and C-9a, respectively. In this same experiment, the hydrogen H-9 correlates strongly with two carbons, one C-9a (δC 139.0, as defined previously) and the other at δC 144.1, corresponding to the carbon in equivalent position to C-9a, i.e., C-8a. Moreover, it was observed that the hydrogen δH 6.97 (H-6) correlates strongly with the carbons at δC 116.6 (C-4b) and 137.7 (C-8), which were located in meta position in relation to H-6, but that did not correlate with the carbon at δC 144.1 (C-8a). This observation allowed us to determine the correct position of hydrogen H-6 (δH 6.97). Consequently, the structure of 1a corresponds to that displayed in Figure 1.

  Compound 2 was isolated as a brownish-yellow amorphous solid from the CHCl3 leaf extract, after chromatographic steps using silica gel column. From HRESIMS spectrum of 2, a pseudo-molecular ion peak at m/[image: character 01] 225.1551 [M + H]+ was obtained, corresponding to the molecular formula C13H20O3. In the1H NMR spectrum of 2 (Table 2), two methyl singlets were observed at δH 0.76 and 1.03 (H-11 and H-12, respectively), and a doublet at δH 1.04 (d, J 6.4 Hz) was attributed to the methyl H-13 hydrogen. The signal at δH 2.05 (dd, J 13.4 and 2.0 Hz) was assigned to H-2equatorial hydrogen, with geminal coupling constant of 13.4 Hz and a4JWequatorial-equatorial coupling of 2.0 Hz with the H-4equatorial, appearing as a double doublet, while the H-2axial appeared as a doublet at δH 2.25 (d, J 13.4 Hz) with geminal coupling constant of 13.4 Hz. The signals at δH 2.00 (d, J 11.2 Hz) and 2.29 (dd, J 11.2 and 2.0 Hz) were assigned to the methylenic hydrogens H-4axial/equatorial, respectively, supported by HSQC spectrum. The analysis of the13C NMR spectrum revealed the presence of 13 carbons, suggesting a megastigmane skeleton. The signals at δC 211.0 and 176.3 were attributed to the carbonyl at C-3 and the carboxyl at C-10, the last signal indicating a possible lactone ring. A signal at δC 71.9 was assigned to C-7, that one at δC 52.1 to C-6, and the signals at δC 20.6, 29.9 and 20.9 assigned to the three methyl carbons C-11, C-12 and C-13, respectively. Correlations between C-3 and H-2 and H-4 were visualized in the HMBC spectrum, as well as3JC-H correlations between C-10 and H-7. The C-13 signal at δC 20.9, which had its position confirmed through HMBC and HSQC experiments, was consistent with the equatorial position of this group, in comparison with spectral data from previously described analogues.33 In the NOESY experiment, some important correlations were observed between H-11 (δH 0.76), which is in axial position, and H-5 (δH 1.79), confirming the configuration at position 5; between H-11 and H-8 (δH 1.62) and between H-5 and H-7 (δH 4.14), indicating the position of the lactone ring (Figure 3). These assignments were checked by COSY, HSQC and HMBC analyses, and the relative configuration was based on correlations in the NOESY experiment, confirming the structure of 2 as (–)-(5R*, 6S*)-megastigman-3-one-10,7-olide.
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  Conclusions

  Although alkaloids are a common theme in Annonaceae, the occurrence of azafluorenones is rare and restricted to this family. Some hypotheses for the biosynthesis of these alkaloids are raised based on different sources, some suggesting their origin from oxaporphinic alkaloids, supported by the co-occurrence of these compounds.34 Other authors indicated a possible route from a polyketide pathway34 or from a shikimic acid intermediate bound to a glutamic acid unit as a base to the skeleton of these molecules.35 Despite several proposals, the biosynthetic pathway to the formation of azafluorenones remains unknown. This study contributed to the expansion of the chemical characterization of the Unonopsis genus since the compounds grasshopper ketone, (–)-syringaresinol and N-trans-feruloyltyramine are being described for the first time in Unonopsis. To the best of our knowledge, this is the first time that the presence of megastigmanes in Annonaceae is described, indicating the importance of continuing the investigation of this family as a source of novel molecules.

   

  Experimental

  General procedures

  Silica gel (70-230 mesh, Merck) and Sephadex LH-20 (Amersham Biosciences) were used for column chromatography (CC), whereas silica gel 60 GF254 was employed for analytical (0.50 mm) and preparative (1.0 mm) thin layer chromatography (TLC). The1H and13C NMR spectra were obtained at 300 and 75 MHz, respectively, on a Bruker DPX-300 spectrometer using CDCl3 (Aldrich) and acetone-d6 (Aldrich) as solvents and tetramethylsilane (TMS) as an internal standard. The IR spectra were obtained on a Perkin-Elmer 783 spectrometer and the specific optical rotations on a Perkin-Elmer 341 MS polarimeter. Mass spectra were obtained in Agilent Ultra Q-TOF mass spectrometer with electrospray ionization.

  Plant material

  Heartwood and leaves of Unonopsis lindmanii were collected in March 2005 in Pantanal (Mato Grosso do Sul, Brazil) and identified by Dr. Renato Mello Silva (University of São Paulo, Brazil). A voucher specimen (No. 4730) was deposited in the Herbarium GC/MS (Universidade Federal do Mato Grosso do Sul, Campo Grande, Mato Grosso do Sul, Brazil).

  Extraction and isolation

  Dried heartwood (2.9 kg) was subjected to maceration in ethanol for 7 days, yielding 28.5 g of ethanolic extract. The extract was dried under reduced pressure and then resuspended in MeOH, resulting in a precipitate and a supernatant. The composition of the supernatant part was essentially sugars, and the precipitate (6.0 g) was submitted to column chromatography on silica gel with a gradient of polarity hexane-ethyl acetate-methanol, yielding fractions A-D. Fraction A was a mixture of β-sitosterol and stigmasterol (40.3 mg). Fraction B (38 mg) was re-chromatographed on a Sephadex LH-20 column, using ethyl acetate as solvent, yielding the alkaloid 5,8-dimethoxy-7-hydroxy-1-methyl-4-azafluoren-9-one (1) (6.3 mg). Fraction C (248.2 mg) was submitted to CC on Sephadex LH-20 using CH2Cl2:MeOH (1:1) as eluent, yielding the lignan (–)-syringaresinol (38.8 mg) and N-trans-feruloyltyramine (35.4 mg). Fraction D (23.5 mg), containing the alkaloids (–)-anonaine (6.0 mg) and (–)-asimilobine (3.6 mg), was fractionated by CC Sephadex LH-20 using CH2Cl2:MeOH (1:1) as eluent. Dried leaves (950 g) of U. lindmanii were extracted in CHCl3 in basic medium (10% NH4OH, pH 9) under constant stirring for 5 days, yielding 21.5 g of crude extract. This extract was partitioned using 5% HCl and CHCl3. The pH value of the acidic aqueous fraction was adjusted to 9 with NH4OH and then extracted with CHCl3. The chloroform phases were concentrated under reduced pressure, yielding 1.6 g from the chloroform extract. This extract was submitted to CC on silica, yielding megastigmanes (–)-(5R*, 65*)-megastigman-3-one-10,7-olide (2) (7.8 mg) and grasshopper ketone (3) (10.6 mg), and the alkaloids liriodenine (5.7 mg) and (–)-asimilobine (13.3 mg).

  5,8-Dimethoxy-7-hydroxy-1-methyl-4-azafluoren-9-one (1): yellow amorphous solid; IR (KBr) vmax/cm-1 3422, 2917, 2850, 1680, 1464, 1246, 1117, 1036. For1H and13C NMR data, see Table 1; HRESIMS m/[image: character 02] (rel. int.) 272.0957 [M + H]+ (11) (C15H13NO4 [M + H]+ calc. 272.27596), 239.06 (43), 211.06 (100), 183.07 (18), 155.12 (7); LRESIMS (rel. int.) m/[image: character 03] 272.09 [M + H]+ (11), 239 (43), 211 (100), 183 (18), 155 (7).

  5,8-Dimethoxy-7-hydroxy-1-methyl-4-azafluoren-9-ol (1a): NaBH4 (1.4 mg) was added to a solution of 1 (5.3 mg) in isopropanol (1.5 mL), and the mixture was stirred at room temperature for 1 h. After completion, the reaction was quenched with H2O and extracted with 3 × 5 mL of CH2Cl2. Layers were separated and washed with H2O. Anhydrous Na2SO4 was added to the organic fraction, filtered, concentrated to dryness, and purified by preparative TLC on silica gel developed in CH2Cl2, to produce 3.2 mg (yield 57.1%) of the reduced product as a pale yellow amorphous solid, which was identified as 1a by NMR analysis (Table 1).

  (5R*, 6S*)-Megastigman-3-one-10,7-olide (2): brownish-yellow amorphous solid; [image: Formula] – 54.34 (c 0.0024, CHCl3); IR (KBr) vmax/cm-1 3391, 2931, 2851, 1655, 1456, 1122, 1047;1H and13C NMR data (see Table 2); HRESIMS m/[image: character 04] (rel. int.) 225.1551 [M + H]+ (100) (C13H20O3 [M + H]+ calc. 225.30404), 248.13 (24), 236.13 (34), 222.14 (30); LRESIMS (rel. int.) m/z 225 [M + H]+ (100), 248 (24), 236 (34), 222 (30).

   

  Supplementary Information 

  Supplementary information (1H NMR and13C NMR spectra for compounds 1, 1a and 2) is available free of charge at http://jbcs.sbq.org.br as PDF file.
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    Cistinúria é uma alteração genética autossômica recessiva caracterizada por transporte intestinal e renal anormal tubular de L-cistina, assim como de L-lisina, L-arginina e L-ornitina. Esta alteração leva a excreção urinária excessiva destes aminoácidos com a formação de pedras nos rins provocados pela baixa solubilidade de L-cistina na urina. Neste trabalho, um método analítico para a determinação destes quatro aminoácidos por eletroforese capilar acoplada à espectrometria de massas com ionização por electrospray (CE-ESI-MS) foi desenvolvido e validado. Usando soluções padrão de L-cistina, L-lisina, L-arginina e L-ornitina, os limites de detecção dos aminoácidos por este método foram 114,2, 61,3, 72,7 e 86,7 µmol L-1. Soluções padrão foram amostrados em um capilar de sílica (50 µm de diâmetro interno e 70 cm de comprimento total) e injeção de 2 psi de pressão por 10 s. A separação ocorreu a 300 V cm-1, utilizando 1,0 mol L-1 de ácido fórmico em 10% de metanol em água como eletrólito de separação. Aplicação do método para a urina de um paciente diagnosticado clinicamente como portador de cistinúria revelou a presença de 900,5 ± 5, 600,0 ± 2, 700,2 ± 1 e 500,0 ± 3 µmol L-1 de aminoácidos, respectivamente, e 75,3 ± 1 µmol L-1 de creatinina. O método de CE-ESI-MS descrito neste trabalho para a análise de L-cistina e outros aminoácidos associados com cistinúria constitui uma ferramenta para diagnóstico sensível e confiável para caracterização e monitoramento desta doença.

  

   

  
    Cystinuria is an autosomal recessive genetic disorder characterized by abnormal intestinal and renal tubular transport of L-cystine as well as of L-lysine, L-arginine and L-ornithine. This leads to excessive urinary excretion of amino acids, with the formation of kidney stones caused by the low solubility of L-cystine in the urine. In this study, an analytical method for simultaneous determination of these four amino acids in urine by capillary electrophoresis coupled to electrospray ionization mass spectrometry (CE-ESI-MS) was developed and validated. Using standard solutions of L-cystine, L-lysine, L-arginine and L-ornithine, the amino acid detection limits by this method were 114.2, 61.3, 72.7 and 86.7 µmol L-1. Standard solutions were injected in a silica capillary column (50 µm i.d. and 70 cm length) under 2 psi of pressure by 10 s. The separation occurred at 300 V cm-1, using 1.0 mol L-1 formic acid in 10% methanol in water as the background electrolyte. The method was applied to the urine of a patient clinically diagnosed as a cystinuria carrier, which revealed the presence of 900.5 ± 5, 600.0 ± 2, 700.2 ± 1 and 500.0 ± 3 µmol L-1 of amino acid, respectively, and 75.3 ± 1 µmol L-1 of creatinine. The CE-ESI-MS method described here for analyzing L-cystine and other cystinuria-related amino acids is a sensitive and reliable diagnostic tool for characterizing and monitoring this disease.

    Keywords: cystinuria, CE/ESI-MS, inborn error of metabolism, clinical analysis

  

   

   

  Introduction

  Capillary electrophoresis coupled to mass spectrometry (CE-MS) emerged more than two decades ago.1-3 The success of this analytical system is due to the combination of its high resolution, universal application, efficiency and good sensitivity when compared to other detection systems such as spectrophotometry in the UV-Visible region, the most popular technique, and laser induced fluorescence (LIF) which provides high sensitivity. However, both techniques cannot unveil the structure of the analyte.4,5 CE is one of the main techniques used in the separation of ionized and neutral analytes. The capillary electrophoresis coupled to electrospray ionization mass spectrometry (CE-ESI-MS) has rapidly developed as a powerful analytical tool for charged species analysis of small molecules such as carboxylic acids, phenols, metal species, tetramines, herbicides, drugs, metabolites, proteins, amino acids and peptides. While CE confers rapid analysis and efficient resolution, MS frequently allows analyte identification with high selectivity and sensitivity. ESI has proven to be versatile and relatively easy to use in combination with CE.6,7

  There is a great interest to determine biochemically active metabolites in biological samples aiming at understanding the molecular bases of the clinical manifestations of human disorders. A large number of amino acid catabolites has been suggested as biomarkers of various diseases. Errors in metabolism (EM) are diseases that typically result from a change in the structure of an enzyme or a protein, leading to abnormal catabolism/anabolism of certain carbohydrates, amino acids, nucleobases or organic acids. The symptoms of many of these diseases are lethargy, poor appetite, sleep apnea, frequent vomiting, and if not detected early, it can lead to mental retardation or death.8 Recently, with the development of MS-ESI, it is possible to use a single test to identify a wide range of rare metabolic illnesses.9,10 Cystinuria is an inborn error of metabolism resulting from an autosomal recessive genetic disorder, which impairs intestinal and renal tubular transport involving L-cystine, L-lysine, L-arginine and L-ornithine, leading to excessive urinary excretion of these amino acids, with the consequent formation of kidney stones due to the low solubility of cystine in the urine.11,12 Urinary obstruction causes discomfort, pain, infections and eventually renal failure.13 In its heterozygous form, there is a moderate loss of these amino acids, but in its homozygous form, there is massive excretion of amino acids.14 This genetic disorder is related to the three mutant alleles I, II and III present in chromosomes 2 or 19, which determine the intestinal absorption changes of L-cystine, L-lysine, L-arginine and L-orthinine. Cystinuria prevalence ranges from 1/60,000 for heterozygous and 1/20,000 for homozygous patients,11 and its incidence in humans displays ethnic variations. Early and accurate detection and quantification of the cystinuria-related metabolites are needed for the successful prevention and effective long-term treatment of patients. In its homozygous form, the formation of kidney stones is recurrent, being difficult to be removed by surgery or drugs. Cystinuria should be suspected especially when the first stones are formed in the patient in the first two decades of life and in subjects with family history of this disorder, the highest incidence occurring in the first year of life and after puberty. The faster it is correctly diagnosed, the greater the success rate in treating the patient. Normal concentration of cystine in the urine is below 30 mg per day (0.13 mmol per day), homozygous concentration is greater than 400 mg per day (1.7 mmol per day) and heterozygous concentration varies from 200 to 400 mg per day (0.8 to 1.7 mmol per day).15 Lindell et al.16 reported an increased incidence of urinary stone formation when L-cystine concentration in urine is above 700 mmol L-1.17

  In the present work, it is studied and developed a method for the urinary determination of cystine and other pathologically related amino acids using CE-MS in order to rapidly and unnequivocally diagnose cystinuria and prevent urinary stones. The literature reports only methods for cystinuria using liquid chromatography-mass spectrometry (LC-MS)18-20 and gas chromatography/mass spectrometry (GC-MS).21,22 CE has already been successfully explored as a separation technique, but using other detectors instead of MS, which brings about important analytical limitations.23,24 Methods based on HPLC separation consume more reagents and produce more solvent waste than CE, whereas CE-MS constitutes a more sustainable analytical process.

  Currently in Brazil, only five diseases related to errors of metabolism are monitored by the public health system, cystinuria is not included. The diagnosis of metabolic disorders is frequently performed by neonatal screening, but many rare genetic diseases can only be detected by sophisticated and expensive methods that are only available in some private hospitals. Thus, our group proposes here the CE-MS technique to diagnose cystinuria through a method that was developed and validated to analyze urine samples from both healthy donors and cystinuria patients.

   

  Experimental

  Reagents and samples

  All reagents used were of analytical grade. CE separation used formic acid and methanol purchased from Merck (Darmstadt, Germany). Standard samples of L-cystine, L-lysine, L-ornithine, L-arginine and L-tryptophan13C15N (internal standard), purchased from Sigma-Aldrich (Saint Louis, USA), were prepared in Milli-Q purified water (Billerica, USA, USA).

  Preparation of standard solutions and electrolytes

  Addition of 10% methanol to the electrolyte composition showed to be necessary. The solution was prepared by diluting the appropriate volume of formic acid with water purified by Milli-Q (Billerica, USA). The solutions were all filtered using 0.22 µm pore size Millipore disposable nylon filters prior to use. The stock standard solutions of 5.0 mg L-1 of L-cystine, L-lysine, L-ornithine and L-arginine were dissolved in 2.0 mol L-1 formic acid to achieve the desired concentration. The internal standard was prepared with 0.45 mg mL-1. All solutions were stored at 4 ºC.

  Urine samples

  Urine samples were randomly collected from normal individuals (n = 10) and cystinuria carriers (n = 1) under documented consent and stored at –4 ºC until use. The ethical guideline number is 1545/10. Samples were thawed and centrifuged at 400 g (Eppendorf centrifuge 5402, USA) at 4 ºC for 10 min. The supernatant was filtered through a Millipore membrane 0.22 µm and sonicated (Elma Ultrasonic Digital S, USA) for 20 min.

  Capillary electrophoresis conditions

  Urine analyses were carried out in a CE system model P/ACE MDQ from Beckman Coulter (USA), using silica capillaries from Polymicro Technologies (USA) of 50 µm i.d. and 70 cm length. All amino acid standards and urine samples were injected under 2 psi pressure for 10 s. The separation occurred at 300 V cm-1 and using 1.0 mol L-1 formic acid in 10% methanol in water as the background electrolyte in CE.

  Mass spectrometry conditions

  Identification and quantification of the target analytes were performed on a Thermo LCQ Advantage MAX ion trap mass spectrometer (USA) coupled to the CE apparatus through an orthogonal electrospray interface. The Sheath liquid used was 49.5% of methanol and 0.5% of acetic acid in water. Conditions for ESI-MS analysis were: 4.5 kV, ESI temperature 275 ºC, N2 pressure 2 bars. Optimization of the MS analysis of the cystinuria-related amino acids was obtained by employing the following parameters: source current, 80.00 µA; capillary voltage, 3.00 V; tube lens voltage offset, –5.00 V; multipole RF amplifier (Vp-p), 400.00 Vp-p, multipole 1, voltage offset, –3.50 V; multipole 2 voltage offset, –6.50 V, inter multipole lens voltage, –20.00 V, trap DC off set voltage, –10.00 V, and zoom micro, 5.

  FT-Raman studies

  FT-Raman spectra were obtained by a Bruker RFS-100/S, using a Nd/YAG laser as exciting source at 1064 nm (Germany). Neat cystine was introduced into the sample holder as a pressed pellet and the laser power was set to 200 mW. Cystine microcrystals of the urine sample were transferred to a glass slide for examination under optical microscopy (Ramanscope, Germany) attached to the spectrometer, with the laser power set to 400 mW. In all cases, the spectral resolution employed was 4 cm-1 and 128 scans were co-added to trace each spectrum.

  Determination of creatinine

  CE baseline separation was attained with 25 mmol L-1 Tris buffer (pH 2.5) as electrolyte in a bare fused silica capillary (40 cm total length and 10 cm effective length, 50 µm i.d.) under 10 kV potential with short-end injection configuration using 0.3 psi pressure, and 0.5 s. Urine samples were diluted 40-fold with water prior to analysis by CE.25,26 The creatinine determination used CE with UV detection (λ = 205 nm).

  Statistical analysis

  For statistical treatment of the data presented the software OriginPro 8.5.1 was used. Student t-test was used to check the deviations from linearity.

   

  Results and Discussion

  The optimized and validated methodology proposed here for the determination of L-cystine, L-arginine, L-ornithine and L-lysine in urine is supported by the analytical parameters (specificity, linearity, precision, accuracy, limits of detection (LOD) and of quantification (LOQ)) required by the Brazilian National Health Surveillance Agency (ANVISA)27 and the US FDA (Food and Drug Administration Guidance for Industry: Bioanalytical Method Validation).28

  Background electrolyte and organic solvent effects

  Different buffering conditions suitable for CE-MS were tested to attain optimal conditions to separate all amino acids excreted in cystinuria patients. The signal-to-noise (S/N) ratios, peak resolution and migration times (7-9 min) were obtained by using 1.0 mol L-1 formic acid as electrolyte. The addition of organic solvents, such as methanol (10%), to the background electrolyte considerably improved resolution and migration times of the amino acid peaks (Figure 1). The migration time increased, once addition of organic solvents contributes to decrease the electroosmotic flow, thereby promoting better separation, and methanol improves the ionization process, consequently increasing the S/N ratio.
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  Pressure effect

  Pressure was applied during the electrophoretic separation in order to reduce the analysis time. The pressures of 2, 3 and 6 psi were tested for 10 s each injection. The best running time (10 min) and peak resolution were reached with 2 psi. Other pressure values resulted in poorer separation resolution.

  Specificity

  The specificity of the method was evaluated by analyzing urine samples with the addition of authentic L-cystine, L-arginine, L-lysine and L-ornithine to assess the medium interference in the quantification and retention times of the amino acids and internal standards. The results were then compared with those obtained with an aqueous solution of the same standards at different concentrations. No changes were observed for retention times and analyte quantification.

  Linearity

  Calibration curves were obtained by tracing the electropherograms with MS spectrum detection of each amino acid. A linear dependence of peak area on the analyte concentration (3.5-225.0 µg mL-1) was verified. The respective linear correlation coefficients (r2) were all above 0.99, thus confirming a significant linearity of the method (Table 1). Standard amino acid and patient samples were supplemented with an internal standard solution containing 0.45 mg mL-1 of tryptophan13C15N, representing 10% of total sample volume. As the observed tabulated T values are smaller than the calculated ones (Table 1), one can rely on a statistically significant correlation between data and calibration curve with a confidence level of 95%.
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  Accuracy

  The accuracy was evaluated by the repeatability and inter-day precision of the method by expressing the results as the coefficient of variation (CV in %). To determine repeatability, solutions containing 450.0, 112.5 and 28.1 µg mL-1 of each amino acid were prepared and the concentrations defined as 100% accurate. Five successive determinations were conducted for each solution in a single day under the same conditions. Their respective mean values and coefficients of variation are expressed in Table 2.
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  Inter-day precision was studied by analyzing all amino acid solutions at a concentration of 112.5 µg mL-1 on two consecutive days, performing 5 determinations each day. The values of variation coefficients were below 1.5% (L-cystine = 0.81%, L-arginine = 0.48%, L-lysine = 0.83%, L-ornithine = 1.25%), thus conforming satisfactory repeatability values. The ANVISA regulation27 considers a method accurate when its coefficient of variation is below 15%.

  LOD and LOQ

  The LOD and LOQ values were determined according to the ANVISA regulation,27 which are based on three times the noise baseline for estimating LOD and ten times for LOQ, both values calculated from the slope of calibration curve of each amino acid. Thus, the method proved to be reliable and valuable to quantify the cystinuria related metabolites regarding sensitivity. The major contribution of a specific, sensitive and accurate method for cystinuria diagnostics is the prevention of urinary stones. Lindell et al16 reported an increase in the incidence of urinary stone formation when the L-cystine concentration is above 700 mmol L-1. Therefore, the LOQ data listed in Table 3 show that the method described here is efficient to quantify the amino acids involved in cystinuria for the diagnosis and treatment of patients.
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  Accuracy

  The accuracy of the method defined here as the closeness between experimental data and nominal values of amino acid concentrations related to cystinuria was evaluated from synthetic urine (inorganic solutions that simulated urine) using three analyte concentrations and performing 5 times each analysis. Synthetic and medication-free real urine samples display the same analytical parameters according to FDA28 and ANVISA27 parameters. Table 2 shows the data used for accuracy evaluation and respective coefficients of variation.

  Analysis of real urine samples

  The analysis of urine samples from healthy donors was performed by adding three different standard concentrations of cystinuria-related amino acids and a reference sample. Each sample was analyzed five times and the metabolites were quantified. The amino acid recovery values in the urine of healthy donors and respective coefficients of variation are shown in Table 2. The accuracy of the method applied to synthetic urine and the recovery indices in the urine of donors were highly acceptable. In summary, the values found for the urine sample analysis were reproducible; the coefficients of variation were within the allowable limit for all biomarkers analyzed, there was no interference from other metabolites eventually present in the urine samples, and sample desalting was not required.

  Analysis of patient samples by CE and CE-ESI-MS

  Cystine and other cystinuria-related amino acids as well as creatinine were determined in the urine of a 2.8 years old male cystinuria patient. Total urine was collected randomly and the analyses were immediately performed. The amino acids were quantified by the same procedure used to analyze the standards. Creatinine was found to be 75.3 ± 1 µmol L-1 in the urine sample 40-fold diluted. The concentrations obtained for L-cystine, L-arginine, L-lysine and L-ornithine were 900.5 ± 5, 600.0 ± 2, 700.2 ± 1 and 500.0 ± 3 µmol L-1, respectively.

  Analysis by FT-Raman

  The formation of crystals in the patient urine after collection and storage at 4 ºC was a strong evidence of a high urinary concentration of cystine. The FT-Raman technique was used prior to CE-ESI-MS identification for qualitative characterization of the crystals precipitated in the patient urine. Figure 2 shows the close matching of the FT-Raman spectrum of authentic cystine crystal samples with that of the microcrystals collected from the urine of the cystinuria patient. The most prominent FT-Raman bands of cystine microcrystals are 498 cm-1 (assigned to the characteristic ν (S–S) stretching,29 and other peaks at 105, 201, 457, 617, 678, 785, 1339, 1408, 2915 and 2966 cm-1.
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  Conclusion

  Here, a specific, sensitive and reliable CE-ESI-MS method is optimized and validated for clinical analysis of cystinuria through the determination of L-cystine, L-lysine, L-arginine and L-ornithine in standard solutions prepared with urine and also in a patient urine sample.

  Our results attest great potential to the method for use in the public health system. All analytical parameters of this method are in accordance with the regulations of the sanitary inspection agencies, with the LOD values much lower than the urinary concentration of amino acids found in healthy individuals. Another important advantage of the CE-MS method is the reduced use of solvent, which makes it environmentally more sustainable than those that use HPLC separation. Only patients with abnormally high levels of cystine are subjected to the formation of kidney stones, hence the need to monitor the levels of urinary cystinuria-related amino acid concentrations by rapid, sensitive and reliable methods such as the one described here to prevent pain discomfort and complications derived from surgery.
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    No presente trabalho é descrito um procedimento automático para determinação fotométrica de N-ureídeos em tecidos de soja. O processo fotométrico baseou-se na reação dos N-ureídeo com hipoclorito, seguido da reação com fenol em meio alcalino, formando o composto azul de indofenol, monitorado a 660 nm. O sistema de fluxo múltiplo com base no processo multicomutado foi adaptado para permitir a sua integração com um fotômetro baseado em LED, de modo a formar uma unidade compacta. Após definição das condições apropriadas operacionais relacionadas com a configuração do instrumento e procedimento analítico, a eficácia global foi confirmada pela determinação dos N-ureídeos em tecidos de soja. A precisão avaliada através da aplicação do teste-t pareado entre os resultados obtidos utilizando um método de referência mostrou que não existe diferença significativa para um nível de confiança de 95%. Outras características úteis também foram obtidas, tais como resposta linear variando de N-ureídeos 30 a 260 µmol L−1 (r = 0,9995), limite de detecção de N-ureídeos 1,0 µmol L−1, um desvio padrão relativo de 3% (n = 15), consumo de 0,55 e 6,8 mg de hipoclorito e de fenol per determinação, respectivamente, com produção de resíduos de 3,3 mL per determinação, e amostragem ao longo de 36 determinações per hora.

  

   

  
    In the current work, an automated procedure for photometric determination of N-ureide in soybean tissues is described. The photometric procedure was based on the reaction of N-ureide with hypochlorite, followed by its reaction with phenol in an alkaline medium, forming the indophenol blue compound, monitored at 660 nm. The flow system manifold based on the multicommuted process was tailored to allow its integration with a LED-based photometer in order to form a compact unit. After setting the appropriated operational conditions related with instrument setup and analytical procedure, the overall effectiveness was ascertained by the determination of N-ureide in soybean tissues. Accuracy assessed by applying the paired t-test between results obtained using a reference method showed that there is no significant difference at 95% confidence level. Other useful features were also achieved, such as a linear response ranging from 30 up to 260 µmol L−1 N-ureide (r = 0.9995); a detection limit of 1.0 µmol L−1 N-ureide, a relative standard deviation of 3% (n = 15), consumption of 0.55 and 6.8 mg hypochlorite and phenol per determination, respectively; waste generation of 3.3 mL per determination and sampling throughout 36 determinations per hour.

    Keywords: multicommuted flow analysis; LED-based photometer, N-ureides; soybean; green chemistry

  

   

   

  Introduction

  Nowadays, there is a broad interest in the soybean because of its high protein content that is about 40% (m/m) in grains, thereby representing an important protein source for human and animal diets. In the last decade, Brazil has become a large producer of soybeans, and as a consequence, this has created a high demand for fertilizers based on nitrogen. The intensive use of this type of fertilizer is necessary in order to increase the grain productivity; nevertheless, contamination of groundwater sources caused by fertilizers lixiviating through the soil is considered inevitable.1

  Ureides (allantoin and allantoic acids) preceded by microorganisms comprise the main forms of soluble nitrogen and are metabolized by the legumes (soybean) of tropical origin.2 These ureides are predominant in nodulated plants, rather than those that are grown in media using fertilizers based on NO3− or NH4+,3 whereby suggesting that there is an association between N2 fixation by microorganisms and N-ureide levels in plant tissues.4 In this sense, the use of biological nitrogen fixation (BNF) has become a beneficial alternative for nitrogen-based fertilizers. Benefits include cost efficiency and risk reduction for groundwater contamination.2 In this sense, the determination of ureides in soybean tissues is an essential requirement in order to ascertain the BNF efficiency.

  The concentration of N-ureides (allantoin and allantoic acids) has been determined using spectrophotometric tecnniques.5-7 In the first case, the methodology involves extraction from soybean tissues and conversion to urea and glyoxylate using alkalinization and acid hydrolysis steps. Glyoxylate is converted to its phenylhydrazone, which is oxidized in a strong acidic medium with ferricyanide to produce an intensely colored formazan.5 This method is specific, sensitive, and accurate; nevertheless, it is very laborious, including the addition of several reagents followed by warming and cooling steps, which were done by immersing the reaction vessel in boiling water and ice baths. High consumption of concentrated HCl, as well as toxic reagents, also requiring intense involvement of the analyst, impairs its selection for large scale routine analysis.

  Domnas6 described a spectrophotometric method based on the reaction of amide nitrogen (allantoin) with hypochlorite followed by a reaction with phenol forming a compound monitored at 625 nm. The method is not specific for allantoin, owing to the free amino compounds present in the sample extract acting as interference. A modification of the Domnas method was proposed by Patterson et al.,7 which included a sample treatment step to remove interfering compounds prior to analysis using a cationic exchange resin. The interfering effect was effectively overcome; nevertheless, the procedure generated a great volume of waste containing toxic compounds, impairing the environmental sustainability of the procedure, according to the Green Analytical Chemistry (GAC) guidelines.8-10

  When the use of toxic reagents cannot be avoided, reduction of reagent consumption, as well as waste generation, are among the requisites recommended by the GAC in order to obtain greener analytical procedures.11,12 This characteristic can be achieved through automation, employing either multicommuted flow analysis (MCFA),13-15 or sequential injection analysis (SIA),16,17 which enables facilities to handle low volumes of sample and reagent solutions.

  In this work, we intend to develop a multicommuted flow analysis procedure for photometric determination of N-ureide in soybean tissues. The method is based on the formation of the indophenol blue compound, which occurs through oxidation of amide nitrogen with sodium hypochlorite followed by a reaction with phenol in an alkaline medium.6 The indophenol compound is monitored at 625 nm using a LED-based photometer developed in the laboratory. In this case, the use of phenol as a reagent is inevitable. Therefore, the flow system will be designed to allow for an effective control of the reagent consumption, considering the GAC recommendation.8,12

   

  Experimental

  Reagents and solutions

  All solutions were prepared with analytical grade chemicals. Purified water presenting an electric conductivity lower than 0.1 mS cm−1 was used throughout.

  A 1500 µmol L−1 (237 ppm) allantoin stock solution was prepared by dissolving 0.0593 g of solid allantoin (Sigma, Germany) in 250 mL water. Working standard solutions with concentrations ranging from 30 up to 260 µmol L−1 (4.74 up to 41 ppm) allantoin were prepared daily by diluting the previous one with water. These solutions were stored in polyethylene bottles. A 1.5 mol L−1 sodium hydroxide solution was prepared by dissolving 6.3 g NaOH (Merck) in 100 mL water. A 0.2 mol L−1 potassium hydrogen phthalate solution (pH 4) was prepared by dissolving 10.2 g C8H5KO4 (Merck) in 250 mL water. A sodium hypochlorite stock solution was prepared from a domestic bleach stock solution, which was standardized using the iodometric titration method. Sodium hypochlorite solutions with concentration of 5, 10, and 15% (v/v) active chlorine in alkaline medium (0.05, 0.075, 0.15 and 0.30 mol L−1 NaOH) were prepared by appropriate dilution from the stock solution.

  A 1.6 mol L−1 phenol stock solution was prepared by dissolving 15 g of solid in 100 mL of water. A small portion of solid was observed in the bottom of vessel, indicating a saturated condition. This solution was stored in an amber bottle and maintained in a freezer. A 0.80 mol L−1 phenol solution in ethanolic medium was prepared by mixing equal volumes (50 mL) of phenol stock solution and ethanol, which was used to prepare working solutions with concentrations of 0.16, 0.32, 0.40, 0.48, 0.56 and 0.64 mol L−1 in alkaline medium (0.05, 0.075, 0.15, 0.30 and 1.0 mol L−1 NaOH). Each solution was prepared before use, maintaining the ethanol proportion, and was stored in an amber bottle.

  A 0.5 mol L−1 sodium hydroxide solution was prepared by dissolving 1.0 g NaOH (Merck) in 50 mL of water. A 0.65 mol L−1 HCl solution was prepared by dilution from a 4 mol L−1 HCl solution. A 0.4 mol L−1 Potassium dihydrogenphosphate solution was prepared by dissolving 10.88 g KH2PO4 (Merck) in 200 mL of water. A 0.4 mol L−1 potassium hydrogen phosphate solution was prepared by dissolving 13.92 g K2HPO4 (Merck) in 200 mL of water. A 0.4 mol L−1 phosphate buffer solution (H2PO4/HPO42−) at pH 7.0 was prepared by placing into a vessel 200 mL of HPO42− and stepwising the H2PO4 solution up to pH 7.0. A 0.23 mol L−1 phenylhydrazine solution was prepared by dissolving 0.1663 g of solid in 50 mL of water. A 0.05 mol L−1 potassium ferricyanide solution was prepared by dissolving 0.8396 g of solid in 50 mL of water. This solution and 100 mL concentrated HCl to be used in the analytical procedures were maintained in the freezer at 0 ºC.

  Preparation of samples

  Leaves of soybean inoculated with Bradyrhizobium japonicum obtained from an experimental field were dried in an oven at 60 ºC. The dried material was ground and sieved using a 60 mesh screen.

  The ureide extraction was carried out as follows: a 0.5 g amount of the sample material was suspended in a solution medium containing 2.5 mL of ethanol plus 5.0 mL of 0.1 mol L−1 phosphate buffer solution (pH 7), which was then heated in a water bath at 80 ºC for 15 min. The mixture was centrifuged and the supernatant was filtered using a Whatman No. 1 paper.3 Three replicates of 2.0 mL of the extract were selected and the volumes were completed to 15 mL with water and stored in polyethylene bottles.

  Cation exchange resin column

  The ion exchange resin preparation was done as described by Patterson et al..7 The column employed to pack the ion exchange resin was machined in acrylic as described elsewhere.18 The hole for placing the resin presented an inner diameter of 3 mm and a length of 20 mm that was enough to contain a resin amount of about 1 g (Dowex 50WX4-200 hydrogen, Sigma-Aldrich).

  Reference procedure

  The reference method described below was implemented as proposed by Vogels and Van Der Drift.5 A 50 µL of the sample extract was transferred to a glass vial (5 mL inner volume) using an automatic pipette. Afterwards, an aliquot of 250 µL NaOH solution (0.5 mol L−1) plus 700 µL of water were added to the glass vial. This mixture was homogenized using a vortex stirrer and was warmed for 8 min using a water bath at 100 ºC. After cooling using an ice bath, 250 µL of a 0.65 mol L−1 HCl solution were added to the glass vial and heated again to 100 ºC for 4 min. After cooling using an ice bath, 250 µL of a 0.4 mol L−1 phosphate buffer solution (pH 7.0) plus 250 µL of a 0.23 mol L−1 phenylhydrazine solution were added to a glass vial, which was mixed using a vortex at room temperature for 5 min. After this step, the glass vial was placed in the ice bath and 1.25 ml concentrated HCl plus 250 µL of a 0.05 mol L−1 potassium ferricyanide solution were added to them and mixed for 2 min. Afterwards, the glass vial was removed from the ice bath, and its absorbance read at 535 nm after a delay time of 10 min.

  Apparatus

  The equipment set up consisted of a microcomputer equipped with a PCL 711S electronic interface card (American Advantech Corp., San Jose, CA, USA), affording facilities to generate the control signals; an IPC-8 Ismatec peristaltic pump furnished with a Tygon pumping tube; a homemade LED-based photometer constituted by a high brightness red LED (λmax = 660 nm) and a photodiode (0PT301, Burr-Brown); a homemade water bath with temperature stabilized at 40 ºC; a homemade boron-silicate glass flow cell with an 100 mm optical path-length and a 1.2 mm inner diameter; seven three-way solenoid valves (HP225T031) NResearch, West Caldwell, NJ, USA); reaction coils; an ion exchange column;18 joint device machined in acrylic; a homemade bubble-removing device machined in acrylic with an inner volume of 20 µL; an electronic interface to drive the solenoid valves;19 and homemade regulated power supplies (−12 V, +12 V) 0.5 A and (12 V) 2.0 A to feed the photometer and solenoid valves, respectively. The reaction coil, sampling loop, and flow lines were of Teflon tubing, 0.8 mm inner diameter.

  The equipment and accessories used to perform the reference method included a water bath of controlled temperature (Marconi, TE-159), a mini-microcentrifuge (Benchmark, BSC1006-B), a vortex shaker (Tecnal, AP-56), a pH meter (Tecnal, TEC 2mp), an electromagnetic stirrer (TE-085), and a spectrophotometer (FEMTO, 700 Plus).

  Flow system assembling and procedure

  The photometer was assembled by attaching the radiation source (LED) and the photodetector (Det) to the observation windows of the flow cell. As depicted in Figure 1, the radiation beam (I) emitted by the LED is transmitted through the flow cell toward the photodetector (Det). After crossing the flow cell window, the radiation beam (II) is collected by the photodetector, which generates a potential difference (mV) that presents a linear relationship with the intensity of the radiation beam II. When a solution into the flow cell absorbs radiation, the intensity of the radiation bean II becomes lower than that of the radiation beam I. Under this condition, the signal generated (mV) by the photodetector is a function of the concentration of the chemical specie into the flow cell.

  
    

    [image: Figure 1. Diagram of the photometer]

  

  The flow system manifold shown in Figure 2 was designed to be an active hardware, which, when controlled by a microcomputer furnished with essential electronic interfaces and software, was able to carry out all of the steps of the analytical procedure. The software written in Quick BASIC 4.5 afforded the facilities to individually control the time interval to maintain the ON/OFF switch for all solenoid valves, thus allowing the insertion of  the volumes of sample and reagent solutions into the analytical path.
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  The photometer calibration was the first step to be carried out when the control software was run. The LED was turned off using the variable resistor coupled to the base of the transistor (Tr), and the potential difference (Si) generated by the photometer was read by the microcomputer through the analog input of the PCL711 interface card, which was converted to digital and saved as the dark measurement (Dkm). In the next step, the LED was powered by turning on the variable resistor, and its emission intensity was increased to the signal (full scale measurement, Fsm) generated by the photometer, which attained a value of around 2000 mV. The Dkm and Fsm measurements were saved to be used in the absorbance calculation.

  Prior to beginning the solution handling steps, the microcomputer showed on the screen the last values of the control variables, which have been summarized in Table 1. In this stage, their values can be changed. Afterwards, the microcomputer carried out all steps of the analytical procedure following the sequence indicated in the valve timing course shown in Figure 2.
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  In the flow diagram illustrated in Figure 2, all valves were switched OFF, so that all solutions were pumped toward their storing recipient, except the carrier solution (Cs), which flowed through the reaction coils and detector toward waste (W). In the first step, the solenoid valve V7 was switched ON and the sample solution flowed through the column toward the waste (washing step). Second, third, and fourth steps were performed by sequentially switching the valves V1, V3 and V4 while valve V2 was maintained switched ON. Under this condition, carrier solution (Cs) circulated through its storing vessel, and aliquots of sample and reagent solutions R1 and R2 were inserted into the analytical path. This valve switching sequence is named here as a sampling cycle (ni), which was repeated several times to insert the required volumes of the sample and reagent solutions.

  The insertion of the reagent solution R3 was performed by switching alternately valves V2 and V5. Afterwards, valve V6 was switched ON for a preset time interval in order for the elution of the cationic specie retained while the sampling step was in course. After ending the seventh step, the software returned to the first step in order to begin the next analytical run.

  The volume of each aliquot of solutions inserted into reaction coils was to function at both the pumping flow rate and the time interval preset to maintain the selected solenoid valve switched ON. Flow rates were maintained throughout, and assays to find the appropriated solution volumes to be used were carried out by varying the time intervals (Δti) to maintain switched ON the solenoid valves.

  The signal generated by the photometer (Si) was read by the microcomputer one time while each valve (V1, V3, V4 and V5) was maintained switched ON. While the seventh step proceeded, the signal was read maintaining a frequency of 0.5 Hz. The signal was converted to digital by the PCL711 interface card, which was used for the absorbance calculation using the following equation:

  
    [image: Equation (1)]

  

  where: Si = signal in mV; Fms and Dks = full scale and dark measurements (mV), respectively, as previously described.

  The absorbance was saved in the ASCII standard to allow for further processing. While the analytical run proceeded, a plot of the signal was displayed on the microcomputer screen as a function of time to allow for its visualization at real time.

   

  Results and Discussion

  General comments

  Because the reaction to form the blue indophenol compound is very slow, a heating step was employed in order to improve the kinetic reaction. Previous assays were carried out using a blank solution and a 200 µmol L−1 allantoin standard solution. When the temperature of the bath water was varied from 26 to 40 ºC, the blank measurement presented an increase of about 87%, while for the allantoin solution the augment was of 158%. When a temperature higher than 40 ºC was tested, an excessive delivering of gas bubbles occurred, merging into the flow cell and impaired the signal. Based on these assays, the temperature of the bath water was maintained at 40 ºC.

  Variables that exert influence on the sensibility, such as reagent concentration, length of reaction coil (B3), number of sampling cycles, and time interval for inserting reagent solutions, were investigated in order to find the best operational condition. The results are presented and discussed in the next sections.

  Alkaline effect on the reaction development

  Since the reaction to form the compound to be detected occurred in alkaline medium,20 the concentration of sodium hydroxide was the first parameter studied. This was done using hypochlorite and phenol solutions prepared in sodium hydroxide medium. The assays were carried out using both blank and 160 µmol L−1 allantoin standard solution, maintaining phenol and hypochlorite solutions with concentrations of 0.30 mol L−1 and 10% (v/v), respectively. Considering the net absorbance (subtracting the blank measurement) as the parameter of interest, the results achieved are shown in Table 2.
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  Analyzing the data shown in Table 2, we can observe that the best results were obtained with sodium hydroxide concentrations of 0.15 and 0.30 mol L−1 for hypochlorite and phenol solutions, respectively; therefore, these concentrations were selected to perform further experiments.

  Effect of the sodium hypochlorite concentration

  In the first stage of the method, ureide (allantoin) reacted with hypochlorite to form chloroamine.20 In the proposed manifold (Figure 2), this reaction proceeded while the sample zone flowed through the reaction coil B1. Since the amount of hypochlorite must be enough to allow for a reaction development, assays to find the appropriate concentration were performed, and yielded the results shown in Table 3.
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  By analyzing these results, we can deduce that when hypochlorite concentrations varied from 5 to 10%, the corresponding measurements presented augments of 13 and 90% for blank and allantoin standard solutions, respectively. Comparing the results obtained using 10 and 15% hypochlorite solutions, we can deduce that while blank measurement underwent an increasing of 44%, the signal of allantoin standard solution presented a decreasing of 20%, thus indicating that higher hypochlorite concentration impaired the results. Therefore, a 10% hypochlorite solution was selected to carry out further experiments.

  Effect of the phenol concentration

  The assays to verify the effect of phenol concentration were carried out using the hypochlorite solution concentration selected in the previous section and maintaining the phenol solutions in a medium of 0.30 mol L−1 NaOH, yielding the results shown in Figure 3. As we can see, a curve related to the blank solution presented insignificant variation up to a phenol solution concentration of 0.48 mol L−1, while for the allantoin solution, a continuous increasing occurred.
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  We can also observe that when a phenol solution with a concentration of 0.64 mol L−1 was used, the blank measurement underwent an abrupt increasing that was higher than that generated by the allantoin standard solution. Based on these results, the 0.48 mol L−1 phenol solution was selected for further experiments.

  Effect of the phenol solution volume

  The assays to study the effect of the phenol solution volume on the signal were carried out using time intervals of 0.2, 0.3, and 0.4 s to maintain switched ON valve V4 (Figure 2) and setting 22, 15, and 11 sampling cycles, respectively, yielding the results shown in Table 4. The total volume of the phenol solution constituting the sample zone was maintained. The slug of sample solution was maintained at 13.2 µL; thus, in the first case (third line), the reagent volume was 50% lower than that of the sample volume. In the third case, the volumes were equal, but the absorbance shown in the third line is 36% lower that observed in the first case. While the slug volume of the reagent solution increased, the slug volume of the allantoin standard solution was constant and, as a consequence, underwent dilution. In this sense, we could suppose that the dilution effect caused the reduction of the signal.
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  Effect of the coil length

  The reaction to form the indophenol blue compound to be detected is very slow,20 thus requiring a long interval time for reaction development. In the flow system, the sample residence time is a function of both flow rate and length of reaction coil (B3, Figure 2). In the current work, the flow rate was constant, and assays were carried out using reaction coils with lengths varying from 50 up to 400 cm, yielding the results shown in Table 5.
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  Analyzing these results, we can observe a signal increasing up to the reaction coil length of 350 cm. Considering the signals related with reaction coils with lengths of 150 and 250 cm, we can deduce that the signal augment was of 10%, and thus, we can suppose that there was a tendency to attain an equilibrium condition. The decrease observed in the result related to the reaction coil of 400 cm would be attributed to the dispersion effect. The result obtained with the reaction coil of 250 cm was 5% lower than the result obtained with that of 350 cm. Subsequently, this result was chosen in order to increase the sampling frequency.

  Removing of the interfering compounds

  The phenol reaction with N-ureides is not specific; therefore, compounds such as amino acids asparagine, glycine, aspartic acid, arginine, lysine, and histidine that were naturally existent in the soybean tissues21 become potential interference that could impair the results. Since N-ureides did not bind to cationic exchange resin,7 a column packed with an appropriated ion exchange resin could be used to retain the interfering compounds. Intending to verify this possibility, four samples of plant extracts were treated outside the analytical path using a cation exchange resin. Samples were processed employing the proposed procedure and a reference method, yielding the results shown in Table 6.
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  It is evident that the results obtained employing the proposed procedure using treated and untreated samples are quite different. Nevertheless, results obtained using treated samples presented a good agreement with those obtained employing the reference method,5 which was proven by applying the paired t-test, and no significant difference at 95% confidence level was observed. Thereby, cationic resin can be considered as an effective resource to be used for interfering removal.

  Performance of the proposed procedure

  The assays previously described were carried out to select the working variables, which are summarized in Table 7. Intending to verify the performance of the proposed procedure, a set of allantoin standard solutions was processed using these variables, yielding the results summarized in Table 8.
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  Analyzing the results shown in this table, we observed that they are very favorable to the proposed procedure, including the environmental sustainability, considering the use of small amounts of dangerous reagents and generation of a waste volume 70% lower than that of the preferred method.

  Results comparison

  Once the better operational condition was established (Table 7), a set of soybean tissue extracts was analyzed in order to prove the effectiveness of the proposed procedure. Aiming for accuracy assessment, samples were also analyzed employing an independent method,5 yielding the results showed in Table 9. Applying the paired t-test between results for a 95% confidence level, the calculated value is texp = 0.0343, while the theoretical value is ttab = 2.160, therefore indicating that there is no statistically significant difference between the results.
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  Conclusion

  The quality of the results summarized in Tables 7, 8, and 9 allows us to conclude that the overall performance of the proposed system is excellent, thereby indicating that the equipment setup and control software worked very well throughout.

  The system operation is fully controlled by the software, thus requiring a low involvement of the analyst. Therefore, this feature could be considered as an advantage, mainly when the use of a hazardous reagent is inevitable.

  The proposed procedure presented sensitivity enough to be used for determination of ureide in soybean tissues in laboratories conducting research in soil microbiology and biological nitrogen fixation.

  Low consumption of reagents and low volume of waste generation allows us to conclude that the condition should be considered as a green method, according to the Green Chemistry guidelines that were achieved.
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    Este trabalho descreve a preparação de biodiesel proveniente de óleo de babaçu, mamona e misturas destes em várias proporções, utilizando compostos alcalinos de estrôncio (SrO + SrCO3 + Sr(OH)2) como catalisadores heterogêneos. A mistura de óleos dessas oleaginosas foi utilizada na produção de biodiesel com parâmetros de qualidade que atendam a legislação vigente. O catalisador foi caracterizado por difratometria de raios X (XRD), fisissorção de gas (método BET), microscopia eletrônica de varredura (SEM), espectroscopia de raios X por dispersão em energia (EDX) e espectroscopia no infravermelho com transformada de Fourier (FTIR). Os parâmetros reacionais foram acompanhados através da viscosidade dos biodieseis obtidos. As reações de transesterificação usando os compostos de estrôncio apresentaram taxas de conversões de 97,2% (óleo de babaçu), 96,4% (óleo de mamona) e 95,3% (mistura de óleo de babaçu com óleo manona na proporção de 4:1).

  

   

  
    This work describes the preparation of babassu, castor oil biodiesel and mixtures in various proportions of these oils, using alkaline compounds of strontium (SrCO3 + SrO + Sr (OH)2) as heterogeneous catalysts. The mixture of oils of these oleaginous sources was used in the production of biodiesel with quality parameters that meet current legislation. The catalyst was characterized by X-ray diffractometry (XDR), physisorption of gas (BET method), scanning electron microscopy (SEM), energy dispersive spectroscopy (EDX) and Fourier transform infrared spectroscopy (FTIR). The viscometric technique was used to monitor the optimization. The transesterification reactions performed using strontium compounds reached conversion rates of 97.2% babassu biodiesel (BB), 96.4% castor oil biodiesel (COB) and 95.3% Babassu/Castor Oil Biodiesel 4:1 (BBCO41).

    Keywords: strontium oxide, biodiesel, heterogeneous catalysis

  

   

   

  Introduction

  Renewable and non-polluting energy has generated research on the use of biomass and has demonstrated success in some areas. Vegetable oils and animal fats have been used to produce an alternative fuel compared to petroleum diesel, commonly called biodiesel.1 Biodiesel is synthesized by the transesterification of vegetable oils or animal fats with an alcohol in the presence of a catalyst.2-5 The transesterification of these oils and fats is carried out using homogeneous or heterogeneous catalysts.6 The homogeneous catalysis has good conversion rates, and the kinetic is very fast in relation to the heterogeneous one.6 However, it presents enormous difficulties related to the separation of products, which leads to an increase in the production cost. The heterogeneous catalysis is ecologically and economically more viable than the homogeneous transesterification reaction, because it presents an easy separation of the end products, and the catalyst can be reused any time.7,8

  The origin of the oil primarily reflects in the constitution and kind of fatty acid chains present in triglycerides. Thus, vegetable oils present varied composition of chain fatty acids (Table 1).9 Therefore, the properties of the biodiesels are derived from the fatty acid chains present in oils or fats.
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  The main source of raw material in Brazil for biodiesel production is soybean oil. However, this oil is also consumed as food products. Therefore, it is necessary to diversify the supply option of raw material for this purpose.10 Fortunately, Brazil has a great diversity of plants that can be used to manufacture biodiesel. One of these is babassu coconut oil. Northeast Brazil has an area of about 12 million planted hectares, with most being concentrated in the Maranhão and Piauí States.9 Monthly, around 140,000 tons of almonds are drawn from this culture, and it is possible to use the entire coconut. With regard to the production of fuel oil, babassu oil has excellent characteristics for biodiesel production because it is composed predominantly of lauric ester.9 This facilitates the transesterification reaction because the lauric ester is composed of short chains that interact more effectively with the alcohol and the catalyst in order to obtain a product with excellent physicochemical characteristics, even though the catalyst is different from NaOH. However, this composition can compromise some parameters of biodiesel, such as cold filter plugging point (CFPP). Castor oil is another feedstock that can be made into biodiesel, but it has unique characteristics when compared to other vegetable oils.7 Ricinoleic acid (12-hydroxy-9-octadecenoic) is the most abundant in the constitution of castor oil (Table 1). The presence of the hydroxyl group reflects in its colligative properties, particularly viscosity.7 The biodiesel produced from castor oil has good physicochemical characteristics, which are required by the Brazilian National Agency of Petroleum, Natural Gas and Biofuels (ANP Resolution 14/12)11 with the exception of the viscosity parameter.12

  In order to fix the parameters that compromise babassu and castor oils, such as viscosity and CFPP, the proper biodiesel synthesis of these oils, and mixtures in various proportions, is quite important.

  Liu et al.2 have studied heterogeneous catalysts such as alkali metal oxides for the transesterification of soybean oil and obtained good results. The best results were found when SrO was used as a catalyst. SrO was obtained by thermal decomposition of SrCO3 in the uncontrolled atmosphere.13 SrO showed high catalytic activity due to its high basicity.13

  There are many methods for characterization of biodiesel, including gas chromatography (GC),14 high-pressure liquid chromatography (HPLC),15 nuclear magnetic resonance (NMR) spectroscopy,16,17 and Fourier transform near-infrared (FTNIR) and infrared (FTIR) spectroscopies.18 Among these, NMR and GC are standard techniques that many researchers employ.19 However, the equipment required for these techniques as well as the cost of analysis are expensive and sometimes take a long time to be realized. When an industry needs to monitor production, needs accurately and quickly, and requires techniques that are inexpensive and easily accessible. One such technique is the viscometry that can be used to monitor this reaction in an industry.

  This work describes the preparation of babassu, castor oil biodiesel and mixtures in various proportions between these oils using a heterogeneous catalyst, which is a mixture of carbonate, oxide and strontium hydroxide. The optimization of these biodiesels was made using the viscometric technique because this technique is likely to become viable and convenient for use in industry.

   

  Experimental

  Materials and methods

  Methyl alcohol (Synth), sodium sulfate (Vetec) and strontium carbonate (Vetec) of analytical grade were used without further purification. The vegetable oils (babassu and castor oils) were obtained from commercial sources (Novo Nilo, Piauí State, Brazil) and used as received. Chemical characterizations were accomplished according to the Instituto Adolfo Lutz norm (Brazil),20 The United States Pharmacopeia21 and AOCS Official Method Cd 1c-85 (American Oil Chemists' Society).22

  Viscosity was measured using a viscometric kinematic tube Cannon Fenske 350 immersed in a Koehler KV3000 thermal bath in agreement with ABNT NBR-10441 norm (Brazilian Association of Technical Standards).

  Density was measured in an automatic densimeter Anton Paar DMA 4500 following the ASTM D-4052 norm (American Society for Testing and Materials norm).

  Sulfur content was determined by X-ray fluorescence in a Horiba SLFA 1800 H in accordance to ASTM D-4294 norm.

  Flash point was measured in a Pensky Martens HFP 380, closed cup apparatus, in accordance to ASTM D-93 norm.

  Analysis of fatty acid esters (ester content) was performed by gas chromatography in accordance to ABNT NBR-15764 norm using a Shimadzu QP 2010 gas chromatograph with flame ionization detector (FID), equipped with a carbowax capilary column, stationary phase of polyethylene glycol, 30 m, 0.32 i.d. and 0.25 µm film thickness. The oven temperature ranged from –60 to 400 ºC, using a heating rate of 10 ºC min-1. Triglyceride, diglyceride, monoglyceride and total and free glycerol to COB and BBCO41 biodiesels were measured by gas chromatograph in accordance with ABNT NBR-15344, ABNT NBR-15342 and ABNT NBR-15341 using the same equipment described to measure ester content.

  The infrared spectra were obtained in tablets of KBr using a spectrometer Bomer MB series B 100 and an attenuated total reflectance (ATR) cell with ZnSe crystal and angle of 45°.

  The X-ray diffractograms (XDR) were carried out in an Rigaku Rotaflex X-ray diffractometer, using monochromatic Cu Kα radiation (λ at 1.54056 Å) and graphite monochromator. The tests were made with a voltage of 40 kV and filament current of 150 mA, the 2θ angle was varied from 5 to 75°. The XRD patterns of the samples were analyzed and compared with JCPDS-ICDD cards (Joint Committee on Powder Diffraction Standards-International Center for Diffraction Data) available on the product software. Quantitative multi-elemental analyses were performed by energy dispersive X-ray spectroscopy (EDX800, Shimadzu, Tokyo, Japan).

  Analysis by scanning electron microscopy (SEM) was performed in a ZEISS DSM 940 A electron microscope, using SE (secondary electrons) with acceleration voltage of 20 kV, a current of 0.79 µA and working distance of about 11 mm.

  1H NMR spectra were obtained under ambient conditions in a Bruker DPX-250 spectrometer, using CDCl3 as solvent and TMS (tetramethylsilane) as reference. To calculate the rate of conversion (%) of oil to esters, equation 1 was employed.23
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  where, ACH3: integration area of signal at 3.64 d related to methoxylic and carboxylic acid hydrogen; ACH2: integration area of the signal at 2.3 d related to a-methylene hydrogen of carbonyl molecules of methyl esters and triacylglycerol.

  Catalyst synthesis

  The catalyst was prepared following the method described by Liu et al.,2 using calcination of SrCO3 at 1100 ºC for 5 h in a muffle furnace without controlled atmosphere, after calcination of the powder, it was kept in a desiccator.

  Basic strength of catalyst

  The basic strength of the catalysts (H_) was determined by using the Hammett indicator method.24 Approximately 100 mg of the catalyst were shaken with the appropriate amount of Hammett indicator diluted with methanol and left to equilibrate for 2 h until no further color changes were observed. The color of the catalyst was then recorded. The following Hammett indicators were used: neutral red (H_ = 6.8), bromothymol blue (H_ = 7.2), phenolphthalein (H_ = 9.3), 2,4-dinitroaniline (H_ = 15.0) and 4-nitroaniline (H_ = 18.4). The base strength of the catalysts was deﬁned as being stronger than the Hammett indicator if it showed a color change but weaker if it showed no color change.

  Biodiesel synthesis

  The experimental plan involved six catalyst concentrations, 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 (%, m m-1, oil); three sets of reaction times, 1.0, 2.0 and 3.0 h; and the temperature was kept at 65 ºC and the molar ratio of methanol:oil was 6:1. The oil (babassu or castor oil, 200 g) was heated at 100 ºC to eliminate water or other impurities in a beaker and then it was cooled at 65 ºC (first beaker). The catalyst quantity was dissolved in 40 g mL-1 of methanol, and the mixture was stirred for 30 min, at 65 ºC, to ensure that part of the catalyst dissolved in alcohol because it is insoluble in this solvent (second beaker). After this, the first beaker was dropped to the second one and the mixture was kept to 65 ºC for the duration of the reaction (1, 2 or 3 h). The mixture was centrifuged and filtered off, and the residual alcohol was evaporated under vacuum; then the remaining mixture was transferred to a decanting funnel. The esters were washed with water, and afterwards, they were filtered through anhydrous sodium sulfate. The biodiesels obtained were called BB (babassu biodiesel) and COB (castor oil biodiesel).

  The syntheses of biodiesel blends (babassu:castor oil) were carried out using the same apparatus described above. The following ratios of babassu to castor oils were applied: 1:1, 2:1, 3:1 and 4:1. The reactions were performed at 65 ºC during 1 h using 1.0 % of catalyst. These biodiesels were called by BBCO11, BBCO21, BBCO31, BBCO41.

  Reusability of catalyst

  The reusability aspect of the catalyst after several successive runs was also tested using only babassu oil. The experimental runs were conducted at a methanol to oil molar ratio of 6:1 catalyst to oil mass ratio of 1%, a reaction time of 60 min. After the reaction, the catalyst was separated from the reaction mixture by filtration, washed with petroleum ether and methanol to remove glycerin and undesired material attached on the surface of the catalyst and then dried at 120 ºC for 24 h. Before reuse for the next run, the recovered catalyst was calcined at 1100 ºC for 6 h. The conversion into ester was measured by GC following the same methodology described earlier in this work.

  Solubility and heterogeneity tests of catalyst

  Solubility

  A study of the catalyst solubility by monitoring its conductivity was performed in this study. 0.25 g of catalyst was added at 50 g of methanol and the mixture was stirred for 30 min, then the mixture was filtered and the conductivity was measured using a CD-830 conductivimeter, platinum electrode at 25oC.

  Heterogeneity

  50 g of oil, 10 g of methanol and 0.5 g of catalyst were stirred and heated at 65 ºC for 15 min. The catalyst was filtered from the reaction mixture, and the filtrate was allowed to react up for 30 min. After 30 min, the reaction mixture was analyzed by gas chromatograpgy. The catalyst was washed with hexane, dried at 100 ºC, calcined at 1100 ºC for 6 h, and then analyzed by XRD and FTIR.

   

  Results and Discussion

  Catalyst results

  Figure 1 shows the diffractograms of SrCO3, SrO + SrCO3 + Sr(OH)2, and SrO.xH2O. Figure 1a shows that the diffraction peaks are characteristic of SrCO3, in accordance with the crystallographic cards (JCPDS 00-05-0418).25 The diffratogram also shows that the strontium carbonate has a highly crystalline structure.
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  After a heat treatment of SrCO3 at 1100 ºC for 5 h (in an uncontrolled atmosphere) to form SrO, it was expected to observe a diffractogram of a single phase corresponding to the pure oxide. But as illustrated in Figure 1b, instead it was identified diffraction peaks that are characteristic of a mixture of phases between SrO (JCPDS 00-006-0520),26 SrO•xH2O (JCPDS 00-019-1276)27 and SrCO3. After calcination, the catalyst was kept in a desiccator under vacuum; even so, with these results, the catalyst may have been exposed to moisture in the air and then graduated from the other compounds like SrO•xH2O because SrO is very hygroscopic.28 SrCO3 in the product may be due to the reactivity of SrO and CO2 present in the air, indicating the strong basic property of SrO.9 The peaks observed in the XRD pattern in Figure 1c for the SrO hydrated mixture were less intense when compared with the peaks in Figure 1b probably due to the masking by water molecules.

  The quantitative multi-elemental analyses performed by energy dispersive x-ray spectroscopy (EDX) showed the following results: 84.7% (SrO), 12.5% [Sr(OH)2] and 2.1% (SrCO3). These results show that the product obtained after calcinations is the SrO, although XRD technique presented a combination phases of the product.

  The FTIR spectra of the catalysts and the precursor SrCO3 show an intense broad band in the region 3600-3000 cm-1 attributed to OH stretch corresponding to hydration of the samples, before and after the heat treatment. In the product, there was also a decrease in the intensity of the bands located at 1473, 856 and 700 cm-1 related to stretching and deformation of CO32- ion bonds, indicating the thermal decomposition of carbonate to form the oxide. The band at 592 cm-1 was attributed to the stretch of Sr−O bond.10 The FTIR spectrum of the catalyst shows the presence of bands corresponding to the carbonate within the structure of the oxide or formed by adsorption of CO2 from the air.

  Figure 2 shows the morphology of SrCO3 and of the catalyst SrCO3 + SrO + SrO•xH2O obtained by SEM. These micrographs reveal that SrCO3 presents rod-shaped particles with different sizes forming irregular clusters (Figure 2a). This clustering leads to a decrease in the surface area of the catalyst (a particle is covered by the other, causing this effect), which would not be interesting because the catalytic activity depends on the surface area available to the substrate.29 The synthesized catalyst (Figure 2b) is composed of chipboard, presenting dense particles with a heterogeneous distribution of particle sizes. The increase of the temperature causes the coalescence of the particles increasing the particle size.13 Since catalysis is a surface phenomenon, the knowledge of the specific surface area and pore distribution of a catalyst is very important in the interpretation of the catalytic activity.30 One of the most useful methods to study the specific area of catalysts is the BET (Brunauer-Emmet-Teller) method. The results relating to the catalyst obtained in this study and its precursor SrCO3 by BET method are presented in Table 2.

  
    

    [image: Figure 2. SEM]
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  The results show that the thermal decomposition of SrCO3 to the catalyst obtained (SrCO3 + SrO + SrO•xH2O) caused an increase in surface area due to coalescence of particles as shown in Figure 2b. Although the surface area is an important factor for a particular type of catalytic reaction, it does not mean that catalysts with low surface area may not provide high conversion rates.

  An important factor that has to be considered is the base strength of the catalyst. Sung Jin Yoo et al.31 measured the base strength of various metal oxides (ZrO2 H_ < 6.8, TiO2 6.8 < H_ < 7.2, ZnO 7.2 < H_ < 9.3, CaO 9.3 < H_ < 15.0, SrO 15.0 < H_ < 18.4). In this study, the base strength of the catalyst obtained was measured by the Hammett indicator method, and the result was 13.7 < H_ < 18.4.

  Optimization of reaction parameters

  Catalysts that have a lower reaction time and can be used in small amounts in the reaction medium bring benefits such as reducing costs of product separation steps and minimizing the possible contamination of the desired product. These benefits make the utilization of catalysts adequate to use for biodiesel production on a large scale.8 Transesterification reaction is a process that removes glycerin from the triglycerides, so this process provides lower viscosity of the desired product.3 Therefore, the viscometer analysis was used to monitor the activity of the catalyst in this study. Figure 3 shows the results of viscosity found for BB and COB.

  
    

    [image: Figure 3. Viscosity]

  

  The results of viscosity for babassu biodiesel showed that when the reaction was running above 2 h and 1% of catalyst, it was within the limits established by ANP 14/12 Resolution.11 Therefore, these results suggested that the best reaction conditions were 1.0% catalyst, 65oC and 1h of reaction time.

  The results of viscosity for castor oil biodiesel (Figure 3b) showed that the transesterification reaction occurred in all cases, but the values are outside the limits established by ANP 14/12 Resolution.11 In this case, castor oil has 90% of ricinoleic acid in its composition. The hydroxyl group at the 12th carbon and a double bond at the 9th carbon, as shown in Figure 4, are characteristics that affect directly the viscosity of castor oil and the biodiesel from this oil.30

  
    

    [image: Figure 4. Chemical structure]

  

  Although the high viscosity of castor oil methyl esters is the biggest drawback for its use as biofuel, it has other advantages such as good lubricity when mixed with mineral diesel, good miscibility in alcoholic solutions due the hydroxyl group, high cetane number and calorific content, as well as low phosphorus and carbon residues.32,33 Taking these facts into consideration, it was performed the synthesis with a mixture of both babassu and castor oil.

  The viscosities of BBCO are shown in Figure 5, and we can see that just the BBCO41 sample is considered within the limit established by legislation (ASTM D651-09, EN 14214 and ANP 14/12).

  
    

    [image: Figure 5. Viscosity BBCO]

  

  The synthesis of babassu biodiesel that was used above 2.0% of catalyst presented some problems, especially regarding the separation and purification stages of methyl esters so, the measure of NMR, GC and physicochemical were made with the samples that run using 1% of catalyst and 1 h of reaction. Table 3 shows the results of physicochemical parameters to BB, COB and BBCO41, as can be seen they are in accordance to ANP 07/08 Resolution.11
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  The catalytic activity of the catalyst used in this study has been shown to be quite satisfactory since the conversion rates were BB (97.2%), COB (96.4%) and BBCO41 (95.3%), as shown in Figure 6. These conversion rates determined by NMR are using the levels of esters obtained by gas chromatography and NMR. The conversion rates obtained by the NMR technique are much closer to GC, which is the official method. The results differ by 1.9% (BB), 1.9% (COB) and 1.4% (BBCO41).

  
    

    [image: Figure 6. Conversion rates]

  

  Reusability of catalyst

  In this work, the reusability of the catalyst was tested only for babassu oil It was used a molar ratio of methanol to oil of 6:1 and 1% of catalyst based of mass oil, a reaction time of 60 min because these conditions resulted in the best conversion. The effects of repeated use of the catalyst on biodiesel conversion are illustrated in Figure 7. As can be seen, the results indicated that SrO is active to biodiesel production for six times, and the conversion into esters was only slightly decreased. Fairly similar results were reported by Liu et al.2 These results demonstrated that SrO is very attractive as a catalyst to biodiesel production despite it having a slightly higher cost when compared to the homogeneous catalysts used for biodiesel industry.
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  Solubility and heterogeneity tests

  Granados et al.34 have used conductivity to evaluate the leaching and homogeneous contribution of methanolysis of triglycerides using CaO. This methodology is simple, easy to work with and inexpensive compared to other techniques. Some works in the literature describe the use of the atomic absorption spectroscopy (AAS) technique for measuring the leaching of catalysts in the reactions of triglyceride methanolysis. However, the detection of metal by AAS into biodiesel may not be due to solubility of the catalyst, but instead, due to non-removal of the same during purification steps. The conductivity results are excellent indicators of catalytic activity since it reflects the ionization of methanol, i.e., its deprotonation takes place and consequently the formation of methoxide. The conductivity results obtained in this study showed that the solubility of the catalyst in methanol is negligible (0.001 g per 100 g methanol). This result confirms the heterogeneous character predominant of the catalyst in the transesterification reaction. For the rigorous proof of heterogeneity, a test was done, and the CG results showed no significant change in the conversion of esters, indicating that the present catalyst is heterogeneous. Reused catalyst was analyzed by XRD and FTIR and the results are equal to those related to the fresh catalyst. This fact also confirms the heterogeneity of the catalyst.

   

  Conclusion

  The synthesis of catalyst by thermal decomposition method has resulted in a mixture of products (SrO + SrCO3 + Sr(OH)2), however the product presents a high basicity. This fact favored the good catalytic activity for transesterification reactions of babassu, castor oil and a blending of these oils. The catalytic activity of the catalyst used in this study showed quite satisfactory since the conversion rates were BB (97.2%), COB (96.4%) and BBCO41 (95.3%). The viscometric technique proved quite effective, fast in relation to monitoring the reaction of transesterification. 
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    DDT (1,1,1-tricloro-2 ,2-bis (4-clorofenil) etano) tem sido associado ao diabetes tipo 2. Dessa forma, uma triagem virtual foi realizada para detectar possíveis novos alvos para o DDT e seus derivados na sinalização da insulina. As estruturas dos compostos foram otimizadas por mecânica molecular e posteriormente por teoria do funcional da densidade (DFT), e as estruturas proteicas foram obtidas a partir do banco de dados Protein Data Bank (PDB). O docking entre as 59 proteínas envolvidas na via de sinalização da insulina, de acordo com o levantamento de dados no PubMed, e as moléculas derivadas do DDT como ligantes foi realizado com o programa AutoDock Vina. As interações resíduo-ligante foram verificadas com o programa LigandScout 2.0. A maior afinidade de ligação foi encontrada para o complexo AKT-1 (PDB_ID: 3cqu)/p,p'-DDE. Outras proteínas com boa afinidade para derivados do DDT foram eIF4E (PDB_ID: 1wkw) e PKA (PDB_ID: 2qcs). Estes dados mostram a plausibilidade teórica de que o DDT e produtos químicos relacionados podem interferir na sinalização envolvendo essas proteínas. Embora os mecanismos bioquímicos ainda sejam incertos, a prevalência de diabetes em indivíduos expostos ao DDT pode ser influenciada pela ligação desses compostos a proteínas envolvidas na via da insulina.

  

   

  
    DDT (1,1,1-trichloro-2,2-bis(4-chlorophenyl)ethane) has been linked to type 2 diabetes. Accordingly, a virtual screening was used to detect possible new targets for DDT and its derivatives in the insulin signaling. Compound structures were optimized by molecular mechanics and then by density functional theory (DFT), and protein structures were obtained from Protein Data Bank (PDB). Docking between 59 proteins involved in the insulin pathway according to data mining on PubMed, and DDT-related molecules as ligands, was performed with AutoDock Vina program. Residue-ligand interactions were checked with LigandScout 2.0 software. The greatest binding affinity score was found for the complex AKT-1 (PDB_ID:3cqu)/p,p'-DDE. Other proteins with good affinities for DDT derivatives were eIF4E (PDB_ID: 1wkw) and PKA (PDB_ID: 2qcs). These data show the theoretical plausibility that DDT and related chemicals could interfere with insulin receptor-related targets. Although biochemical mechanisms are still uncertain, diabetes prevalence in people exposed to DDT could be influenced by the binding of these compounds to proteins involved in the insulin pathway.

    Keywords: DDT, AutoDock Vina, AKT-1, insulin, docking

  

   

   

  Introduction

  This work describes the application of an in silico ligand-protein docking strategy to investigate possible new protein targets for DDT (1,1,1-trichloro-2,2-bis(4-chlorophenyl)ethane) and its derivatives in the signaling pathway. The synthetic insecticide DDT belongs to a group of chemicals distributed worldwide throughout the environment due to its high potential for bioaccumulation and biomagnification, called persistent organic pollutants (POPs).1 Recently, the exposure to this kind of compounds has been linked to the increasing incidence of important lifestyle-related diseases such as cancer and diabetes, and many other disorders.2 These problems are found not only among highly exposed populations, but also in those with lower exposure levels.3

  Historically, DDT was used for many decades for malaria and insect control as a consequence of its capability of targeting the insect nervous system; altering sodium and potassium transport.4 Since the 1970s, the production and use of DDT were prohibited in North America and Europe. However, there is strong evidence that commercial mixtures containing DDT are still produced and used in developing countries,5-9 and, as a consequence, low doses of this pesticide and its metabolites, DDD (1,1-dichloro-2,2-bis(4-chlorophenyl)ethane) and DDE (1,1-dichloro-2,2-bis(4-chlorophenyl)ethylene), can be found in the environment around the world.9,10

  The reported half-life of DDT in the environment usually ranges from 2 to 15 years.11 After exposure, DDT enters the circulatory system and it is transported via the lipid component in plasma.12 DDT as well as some of its derivatives (such as DDD and DDE) have been classified as priority pollutants by the US Environmental Protection Agency.13 Besides, both p,p'-DDT and its main metabolite p,p'-DDE have proven to be estrogen receptor agonists, and p,p'-DDE an androgen receptor antagonist.14 In addition, p,p'-DDT is considered a possible human carcinogen.11,15 A number of studies also showed dose-response relationships between serum concentrations of p,p'-DDT and the prevalence of diabetes.11,16-19 Interestingly, there is the possibility that patients with diabetes may retain more of these pollutants than healthy ones.17 Moreover, low serum levels of p,p'-DDE have shown strong associations with the risk of developing type 2 diabetes.20 Direct evidence of the role of DDT on diabetes has been gathered from in vivo studies. This chemical dramatically reduces glucose uptake in guinea pigs, mice and rats.21

  Therefore, based on the existing data regarding the relationship between DDT exposure and diabetes, our group hypothesized that some of the proteins involved in the signal transduction pathway activated by the insulin could be targets for DDT and its derivatives. Accordingly, an in silico ligand-protein docking strategy was used to evaluate the possible interactions between DDT and other related compounds with proteins that have been recognized as participants in the insulin signaling pathway.

   

  Methodology

  A literature search for proteins reported to have a role in diabetes was made using different available data repositories and text mining tools in systems biology, such as PubMed,22 Information Hyperlinked over Proteins (IHop),23 Ali Baba24 and Chilibot.25 The selection criteria used to choose proteins related to diabetes using these tools included the presence of the protein name in the text, as well as a description of their function in diabetes.

  The coordinates of the three-dimensional structures of the proteins selected as working targets were obtained from the Protein Data Bank (PDB), and processed using SYBYL 8.1 software package (Tripos, St. Louis, MO) by removing all substrates and water molecules. Then, the protein structures were pre-analyzed and prepared for the docking runs using the biopolymer structure preparation tool with default settings as implemented in the SYBYL program package (Tripos, St. Louis, MO),26 and subsequently optimized by the Powell method using the Kollman United force field, AMBER charges, dielectric constant 1.0, NB cutoff 8.0, maximum interactions 100 and termination gradient 0.001 kcal mol-1.27 The minimized pdb-formatted file was read directly into AutoDock Tools of MGLTools,28 which was used to prepare the input pdbqt file required by AutoDock Vina program, and to set the size and center to the grid box. Kollman charges and polar hydrogens atoms were added to the tridimensional structures of the proteins in the same software.29

  DDT and its derivatives (Figure 1; m,p'-DDD (CID: 96516), m,p'-DDT (CID: 20328), o,o'-DDT (CID: 154395), o,p'-DDD (CID: 4211), o,p'-DDE (CID: 246598), o,p'-DDT (CID: 13089), p,p'-DDD (CID: 6294), p,p'-DDE (CID: 3035) and p,p'-DDT (CID: 3036)) were modeled in SYBYL 8.1 using Tripos molecular mechanics (MM) force field, with Powell energy minimization algorithm, Gasteiger-Hückel charges and 0.001 kcal mol−1 Å−1 energy gradient convergence criterion. The geometries of these molecules were also further optimized using density functional theory (DFT) at the B3LYP/6-31G level, and calculations were carried out with Gaussian 03 program package.30 The resultant geometry was translated into Mol2 format with Open Babel.31

  
    

    [image: Figure 1. 2D chemical structures]

  

  Docking calculations for target proteins and DDT-related compounds were performed using AutoDock Vina 1.0,32 with a working grid that involved the whole protein surface in order to cover all possible binding sites. The parameters used in AutoDock Vina were as follows: number of modes = 20, exhaustiveness = 20, and the MGLTools parameters, which consisted of a grid with a spacing of 1.0 Å, a box size which includes the number of points to contain all the protein, and a central point of the macromolecule in the x, y, and z dimensions. The affinity scoring function in the AutoDock Vina 1.0 docking program was used as a measure of binding affinity between protein and ligand. Each docking process was repeated ten times and the average value from the best binding poses for all runs was considered as the docking affinity, and reported with its respective standard deviation.

  In order to identify the relationship between the docking affinities generated for all the tested compounds, values calculated using DFT optimized structures were submitted to cluster analysis applying the squared Euclidean distance method,33 incorporated in Statgraphics Centurion XV. Finally, the LigandScout 2.0 software34 was used for the detection of interactions between residues and ligands (hydrogen bond interactions, charge transfers and lipophilic regions) for those proteins with ligands showing high affinity values. The interaction cutoff threshold of the pdb interpretation settings was 7 Å. This threshold defines a sphere (in Å) around the ligand. All atoms of the protein, which are enclosed inside the sphere, are considered as possible interactions. All of the remaining settings were maintained as the default.35

  Refinement docking experiments were carried out focused on the correct binding site, predicted by the docking procedure, using a grid spacing of 0.375 Å and exhaustiveness 50 for the complexes that exhibited docking affinity scores less than –8.0 kcal mol–1. Ten runs were carried out, and the dimensions of the working grid were defined in order to include the contact residues of the binding site, predicted by LigandScout for each complex.

  The reliability of the docking procedures used in this study was validated utilizing experimental data from the literature.36 For this purpose, binding affinities (expressed as pKi) to the wild type androgen receptor (AR; PDB_ID: 2Q7I) were calculated for 21 different compounds, including the studied DDT-derivatives, p,p'-DDT, o,p'-DDT and p,p'-DDE, which had reported antagonist activity with AR.14 Geometry optimization (DFT) of these molecules as well as the docking calculations were carried out exactly as described before. Subsequently, the correlation between AutoDock Vina-calculated affinity scores (kcal mol−1) and experimental pKi values, was measured by GraphPad InStat statistic program (3.05 version, 2000). In silico docking affinity scores (kcal mol−1) were also used to evaluate the ligand efficiency indexes (LEIs) from ΔG and structural data,37 in particular, surface efficiency indexes (NSEI) and binding efficiency indexes (nBEI), according to the following equations.37,38

  
    [image: Equation (1)]
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  where ΔG is considered approximately equal to the binding affinity score from AutoDock Vina; Nheavy is the number of non-hydrogen atoms and NPol the number of polar atoms.

   

  Results

  Based on text mining data, 59 proteins were identified as the most frequently reported as having a major role on the signaling pathway activated by insulin. The average affinity scores for the AutoDock Vina docking of DDT (1,1,1-trichloro-2,2-bis(4-chlorophenyl)ethane and its derivatives with these proteins are presented in Table 1. Affinity data obtained from MM− (Table S1) and structures optimized by the DFT method (Table 1) were quite similar, and in those cases in which values were not the same, most differences varied around 0.1 kcal mol−1.
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  The localization of the potential protein targets found in the insulin receptor signaling pathway is presented in Figure 2 (adapted from reference 39). Proteins highlighted in yellow represent those that presented the best AutoDock Vina affinity with values less than –8.0 kcal mol–1 for the docking with DDT or its derivatives.

  
    

    [image: Figure 2. Signal transduction system]

  

  In addition to the amino acid residues and the types of interactions present in each ligand-protein complex, the pharmacophore obtained for DDT or its derivatives, generated by LigandScout 2.0, based on the hotspots interactions with the targets that exhibited absolute affinity scores greater than 8.0 kcal mol−1, are presented in Table 2.
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  The complex with the greatest binding affinity score was Rac-alpha serine/threonine-protein kinase (AKT-1; PDB_ID: 3cqu)/p,p'-DDE with an average of −9.5 kcal mol−1 (Figure 3F). The complexes formed between AKT-1 and several DDT-related compounds, as well as the protein residues that interact with these ligands are shown in Figure 3. Most of the interactions were hydrophobic, with few aromatic ring interactions, which are represented as arrows.

  
    

    [image: Figure 3]

  

  Other receptors also exhibited good affinity (equal or less than –8.4 kcal mol–1) for one or more of the DDT-related compounds. These proteins were, the eukaryotic translation initiation factor 4e (eIF4E; PDB_ID: 1wkw); the cAMP-dependent protein kinase catalytic subunit (PKA; PDB_ID: 2qcs) and the cAMP and the cGMP phosphodiesterase 10A (PDE10A; PDB_ID: 2wey). The docking poses of the complexes formed by these proteins are shown in the Figures 4, 5 and 6, respectively. Furthermore, other proteins such as the 5'-AMP-activated protein kinase (AMPK; PDB_ID: 2v8q), for which DDT or its related molecules, presented a slightly poorer affinity than the referred receptors, may also be weak theoretical targets (Table 2).
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  Docking affinity scores resulting from refinement docking experiments for the best complexes were similar to the first docking and they are presented in Table 3.
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  Cluster analysis, employing the squared Euclidean distance method, was performed for compounds optimized by DFT method in order to evaluate binding affinity relationships for all DDT derivatives. The resulting dendrogram is shown in Figure 7.
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  Validation was performed through the correlation between the docking results and experimental affinity data for different ligands of the androgen receptor. This protein was selected because it has been reported to be a target of one of the studied compounds, p,p'-DDE, which presents an antagonist activity to this receptor.14 The in silico affinity of tested compounds for the wild type androgen receptor as well as the calculated and experimental pKi are presented in Table 4, and the correlations between predicted and experimental data are shown in Figure 8. The correlation coefficient between calculated binding affinity and experimental pKi for the wild type androgen receptor was moderate (R = − 0.476, P = 0.029).

  
    

    [image: Figure 8. Calculed docking]

  

  Finally, the graph of correspondence between the ligand efficiency indexes nBEI-NSEI for the 21 compounds that bind to the AR (PDB_ID: 2q7i), as described in the Methodology section, are presented in Figure 9.
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  Discussion

  Docking of DDT and related compounds to proteins involved in the insulin pathway have shown that some of these targets possess theoretical binding sites for these ligands. According to LigandScout 2.0 results, the interactions more commonly found in these complexes are hydrophobic and aromatic in nature (Table 2), presenting from four to eleven contact residues. The number of amino acids that participated in the aromatic interactions varied from zero to two in the different complexes. However, the affinity scores are not necessarily related to the total number of interactions or the ring aromatic ones. For instance, the complex eIF4E/o,p'-DDD has only four predicted interactions, and an affinity score of −8.7 kcal mol−1. In contrast, AKT-1/p,p'-DDD has ten interactions and a slightly lower affinity score with −8.6 kcal mol−1.

  Results also showed that for proteins with high affinity scores for more than one DDT derivative, the interacting residues are similar (Table 2, Figures 3 and 6). This suggests that these proteins share pocket communalities for these ligands, and the degree of chlorination in the molecule does not dramatically change the recognition site for this type of organic pollutants.

  The dendrogram constructed using the affinity scores for all DDT and related compounds, showed that greater similarities occurred for m,p'-DDD and p,p'-DDD, probably due to the lack of interactions between the chlorine in the ortho position of the aromatic rings and the two chlorines from the dichloromethyl group in the DDD molecule. This is in agreement with the clustering positioning for o,o'-DDT, which is the ligand with lower affinity similarity with the other compounds.

  AKT-1 showed the greatest binding affinity for p,p'-DDE during the docking and the refinement docking steps (Tables 1 and 3), and it also had good affinity for other DDT compounds such as o,p'-DDE, both acting on the same binding pocket (Figure 3). This protein plays a central role in integrating anabolic and catabolic responses by transduction the signals emanating from growth factors, nutrients, cytokines and muscle contraction, via changes in the phosphorylation of its numerous substrates (Figure 2).40 Activation of AKT is essential for many glucose and fatty acid/lipid metabolism processes induced by insulin, such as glucose uptake, glycogen synthesis and suppression of triglyceride synthesis.41 Given the multifunctional function ascribed to AKT-1, it is likely that this molecule could play a critical role in disorders associated with cellular metabolism and physiological homeostasis42 that could be impaired by DDT.

  The protein with the greatest capacity to dock with different types of compounds related to DDT (eight) was eIF4E (Table 2). This protein, found in all eukaryotes, strongly interacts with the m7GpppN cap found at the 5' end of mRNAs,43 playing an important role in cap-dependent translation initiation as part of the heterotrimeric eIF4F complex, responsible for recruiting the 40s ribosomal subunit to the 5' end of the Mrna.44 The availability of eIF4E is regulated by binding with phosphorylated heat and acid stable protein (PHAS-I).45 Diabetes increased the amount of eIF4E found in the inactive PHAS-I. Insulin treatment of rats with diabetic caused dissociation of this complex, indicating that the effects of both insulin and diabetes involve modulation of the interaction of eIF4E.46

  PKA, the cAMP receptor, presented high affinity values for p,p'-DDT, m,p'-DDD and p,p'-DDD (Table 2). This protein allows the reversible phosphorylation of protein substrates that regulate a vast number of cellular processes, such as metabolism, cell growth and differentiation, apoptosis, gene expression, ion channel conductivity and vascular tone.47 In streptozotocin-induced diabetic rats, the expression levels of the mRNA and protein for the catalytic subunit of PKA were significantly decreased. Also, it was found that vasorelaxation mediated by cAMP was impaired, which may be attributable to reduced PKA activity, resulting from an alteration in the pattern of expression of PKA subunits.48 It has been shown that o,p'-DDT interferes with protein kinase activities in mitochondrial fractions. Nuclear compartmentalization of o,p'-DDT, insertion in membranes and chemical stress production may be associated with deleterious consequences in these signaling pathways.49

  PDE10A showed high affinity values for p,p'-DDE and p,p'-DDD (Table 2).This protein catalyzes the hydrolytic inactivation of cyclic adenosine and guanosine 3',5'-monophosphate (cAMP and cGMP). These enzymes play a critical role in regulating the wide variety of physiological processes modulated by cyclic nucleotide signaling,50 such as cardiac contractility, platelet aggregation, lipolysis, glycogenolysis, smooth muscle contraction, ion channel conductance and apoptosis.51 PDE10A has a putative phosphorylation site by PKA, which stimulates triglyceride hydrolysis (lipolysis) in adipocytes.52 Accordingly, it is theoretically plausible that the binding affinity between PDE10A and DDT could be affecting the lipolytic metabolic pathway.53 In pancreatic islets, where signaling by cAMP has been associated with glucose dependent insulin secretion, PDE10A is overexpressed.54

  AMPK is involved in the regulation of whole body energy metabolism, evidenced by the fact that two hormones derived from adipose tissue, leptin and adiponectin, modulate AMPK activity.55 AMPK activation induced by leptin increases fatty acid oxidation, while adiponectin, a regulator of glucose and lipid metabolism,56 also stimulates AMPK activity in skeletal muscle and liver, resulting in increased fat oxidation in muscle and liver, increased glucose transport in muscle, and decreased hepatic glucose production.57

  Unlike previous proteins, the following targets had high absolute binding affinity values with just one of the compounds derived from DDT (Table 2). Glycogen synthase kinase-3 beta (GSK3B), originally identified as a regulator of glycogen metabolism,58 has been recognized as an enzyme affecting a diverse range of biological functions including gene expression, cellular architecture and apoptosis.59 Besides, GSK3B regulates hepatic glucose metabolism, insulin sensitivity and glycogen synthase in skeletal muscle including the heart.60 In diabetes, GSK3B is activated by decreasing its phosphorylation,61 whereas its inactivation increased cardiac glucose utilization and lipid accumulation, suggesting that GSK3B plays a critical role in cardiac glucose metabolism.62

  Phosphatidylinositol 3-kinase (PI3K) catalyzes the production of phosphatidylinositol-3,4,5-trisphosphate in cell survival pathways, regulates the gene expression and cell metabolism and allows cytoskeletal rearrangements. The PI3K pathway is implicated in human diseases including diabetes and it has become a target for therapeutic intervention.63 Protein kinase C theta type (PKCθ) is a member of the PCK subfamily, highly expressed in skeletal muscles. It has been implicated in the pathogenesis of insulin resistance,64 which plays a primary role in the development of type 2 diabetes and may be related to alterations in fat metabolism. Local accumulation of fat metabolites inside skeletal muscle may activate a serine kinase cascade involving PKCθ, leading to defects in insulin signaling and glucose transport in skeletal muscle, which reveals a crucial role mediating fat induced insulin resistance in skeletal muscle.65

  The last proteins with higher theoretical affinity binding for these compounds were suppressor of cytokine signaling 3 (SOCS3) and serum- and glucocorticoid-inducible kinase (SGK). SOCS3 is a key negative regulator of cytokine signaling that inhibits the JAK/STAT signal transduction pathway66 and regulates T cells as well as antigen-presenting cells, including macrophages and dendritic cells.67 SGK is a potent regulator of metabolism, transport, transcription and enzyme activity that plays a dual role in the pathophysiology of diabetes mellitus. It fosters the development of obesity, predisposing to type 2 diabetes, and it participates in diabetes complications, such as insulin induced hypertension.68

  The fact that all those previously described proteins are targets of DDT and are definitively involved in diabetes does not mean that those are the link between the pesticide and the disease. However, it is a great way to start searching for the connection. Even though docking validation protocol used in this study with AR showed a moderate correlation between calculated affinity scores and experimental pKi, this value is similar to that obtained for other docking studies.69-70 Besides, AutoDock Vina has been reported as the best performing single method in predicting high affinity ligands from a database of known ligands and decoys.69 Moreover, the pKi values calculated from the docking affinity scores,  obtained for the DDT and its derivatives, exhibited moderate correlation with the experimental pKi values reported in the literature (Table 4, Figure 8). On the other hand, mapping of the surface-binding and binding efficiency indices showed that DDT derivatives are located, in order of affinity, with approximately the same slope on the LEIs graph (Figure 9). The slope of the plot nBEI (equation 3) vs. NSEI (equation 2) is equal to the number of polar atoms so the lines seen in these graphs are formed by compounds of similar polarity, and the upper right quadrant corresponds to more efficient ligands.37 p,p'-DDE, the DDT derivative with the highest docking affinity value, also was one of the most efficient ligands for AR (Figure 9).

  In short, these results suggest a potential association between proteins belonging to the insulin pathway involved in diabetes, and compounds related to DDT, in agreement with studies reporting a link between exposure to organochlorine compounds and blood glucose regulation/diabetes.17,18 Although the biochemical mechanisms underlying relationship between proteins related to diabetes and these compounds are still uncertain, the prevalence of diabetes in people exposed to DDT could have a link to the fact that several DDT and derived compounds might interact with some key proteins in the diabetes pathway.

   

  Conclusions

  DDT and some of its derivatives present high in silico affinity for several proteins involved in the signal transduction pathway activated by insulin. Although the biochemical significance of these finding are still unknown, it is clear that these pesticides have the potential to interfere with molecular targets for which the alteration of their signaling processes, could eventually be translated into a risk for developing metabolic diseases, including diabetes.
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    Lamivudina e efavirenz estão entre os fármacos mais utilizados em todo o mundo para o tratamento da síndrome da imunodeficiência adquirida (AIDS). Foram utilizadas as técnicas de ressonância magnética nuclear de estado sólido (ssNMR), espectroscopia no infravermelho por transformada de Fourier (FTIR), calorimetria exploratória diferencial (DSC), e análise termo-óptica (TOA) para estudar possíveis interações entre esses fármacos, visando o desenvolvimento de uma combinação em dose fixa dos mesmos. DSC e TOA evidenciaram deslocamentos significantes das temperaturas de fusão dos fármacos na mistura, o que sugere uma interação entre eles. Apesar de os resultados de DSC e TOA indicarem incompatibilidade entre as drogas, os espectros de FTIR não apresentaram modificações devido à sobreposição de bandas. As análises de ssNMR mostraram mudanças significativas nos valores de deslocamento químico da mistura quando comparados aos dos fármacos puros, especialmente nos sinais referentes a átomos de carbono deficientes em elétrons. Essses resultados confirmam as interações sugeridas pelo DSC e TOA, devido provavelmente a interações ácido-base entre átomos eletronegativos e deficientes em elétrons dos fármacos.

  

   

  
    Lamivudine and efavirenz are among the most worldwide used drugs for acquired immune deficiency syndrome (AIDS) treatment. Solid state nuclear magnetic resonance (ssNMR), Fourier-transformed infrared spectroscopy (FTIR), differential scanning calorimetry (DSC) and thermo-optical analysis (TOA) were used to study possible interactions between these drugs, aiming the development of a fixed-dose drug combination. DSC and TOA have evidenced significant shifts on the melting points of both drugs in the mixture, which may be due to interaction between them. Although DSC and TOA results indicated incompatibility between the drugs, FTIR spectra were mostly unmodified due to overlapping peaks. The ssNMR analyses showed significant changes in chemical shifts values of the mixture when compared with spectra of pure drugs, especially in the signals relating to the deficient electron carbon atoms of both drugs. These results confirm the interactions suggested by DSC and TOA, which is probably due to acid-base interactions between electronegative and deficient electron atoms of both lamivudine and efavirenz.

    Keywords: lamivudine, efavirenz, new formulation, incompatibility, solid state

  

   

   

  Introduction

  Acquired immune deficiency syndrome (AIDS) is a degenerative disease of the immune system caused by the human immunodeficiency virus (HIV), a lentivirus belonging to the family of the Retroviridae.1,2 Lamivudine and efavirenz (Figure 1) are among the most worldwide used antiretrovirals (ARVs) for the AIDS treatment. Lamivudine (3TC), C8H11N3O3S [cis-4-amino-1-(2-hydroxymethyl-1,3-oxathiolan-5-yl)pyrimidin-2(1H)-one] is a nucleoside reverse transcriptase inhibitor which was approved by the United States Food and Drug Administration (US FDA) in 1995. This drug is in clinical use for HIV infected and hepatitis B-positive patients.3,4 Efavirenz (EFZ), C14H9ClF3NO2 [8-chloro-5-(2-cyclopropylethynyl)-5-(trifluoromethyl)-4-oxa-2-azabicyclo[4.4.0]deca-7,9,11-trien-3-one] is a non-nucleoside reverse transcriptase inhibitor (NNRTI). EFZ was approved by the US FDA in 1998. NNRTIs are highly potent antiretroviral agents that can be combined with nucleosides without added toxicity and they should always be used in combination with other antiretrovirals to insure suppression of viral replication.5 EFZ and 3TC were included in the 15th model list of World Health Organization (WHO) of essential medicines6 and generally are used together as part of the first-line ARV regimen.7,8 Currently, they are administrated in separate tablets. The WHO Committee recommends the use of fixed-dose combinations of ARVs (e.g., two or more active pharmacological products in the same capsule, tablet or solution),6 but such a system could present serious interactions or incompatibilities between their components, which may be extensively investigated before the development of a stable formulation containing EFZ and 3TC.
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  The study of drug-excipient compatibility is an important process in the development of a stable solid dosage form.9 Incompatibility between drugs and excipients can alter the stability and bioavailability of drugs, thereby affecting its safety and/or efficacy. Despite the importance of this issue, there is no universally accepted protocol for drug-drug and drug-excipient compatibility testing.9,10 In recent years, thermal analysis has been used in the development and improvement of pharmaceutical formulations.11-15 Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) are the most commonly used thermal techniques in drug-excipient and drug-drug compatibility assessments. Fourier-transform infrared (FTIR) spectroscopy is another approach used in compatibility tests based on the hypothesis that some functional groups change during drug-excipient and drug-drug interactions.16-18 Other techniques, in spite of their great utility in compatibility studies, are still under used in pharmaceutical tests, like solid state nuclear magnetic resonance (ssNMR) and a special technique of thermal analysis called thermo-optical analysis (TOA). Therefore, solid state nuclear magnetic resonance, Fourier-transformed infrared spectroscopy, differential scanning calorimetry and thermo-optical analysis of 3TC, EFZ and their mixture were performed to study possible interactions between these drugs, in order to contribute to the future development of a new formulation which may be another alternative for the treatment of patients with AIDS.

   

  Experimental

  Materials

  Samples of lamivudine (3TC, C8H11N3O3S, pharmaceutical grade) and efavirenz (EFZ, C14H9ClF3NO2, pharmaceutical grade) were obtained from Hangzhou Coben Pharmaceutical (China) and Nortec (Brazil), respectively. Each drug was individually weighed and the physical mixture was prepared at a 1:1 wt/wt ratio.

  Methods

  DSC and TG/DTG

  DSC curves were obtained in a DSC-60 cell (Shimadzu, Japan) using aluminum pans containing about 1 mg of samples, under dynamic nitrogen atmosphere (50 mL min−1) and heating rate of 10 ºC min−1 in the temperature range from 25 to 450 ºC. The DSC cell was calibrated with indium (mp 156.6 ºC; ∆Hfus = 28.54 J g−1) and lead (mp 327.5 ºC).

  TG/DTG curves were obtained in a thermobalance model DTG 60 (Shimadzu, Japan) in the temperature range from 25 to 700 ºC, using alumina pans with about 3 mg of samples, under dynamic nitrogen atmosphere (50 mL min−1) and heating rate of 10 ºC min−1.

  TOA

  Thermo-optical analysis is a technique in which a sample is observed with a microscope during a controlled temperature program. TOA images were obtained at different time intervals during heating using a hot stage FP82 (Mettler, Switzerland), with a heating rate of 2 ºC min−1 and a DM 4000B microscope (Leica, Germany), coupled with a Leica digital camera model DFC 280. The images were captured at 100× magnification.

  FTIR spectroscopy

  The FTIR absorption spectra of 3TC, EFZ and the physical mixture were recorded on a spectrophotometer Spectrum 1000 (Perkin Elmer, United States) at room temperature in the range 4000-400 cm−1 employing an attenuated total reflectance (ATR) accessory. The samples were pressed into a zinc selenide crystal, and the spectra were obtained from 32 scans with a resolution of 4 cm−1.

  ssNMR

  Proton-decoupled13C solid-state NMR spectra were acquired on a Bruker Avance DRX 400 NMR spectrometer (Bruker, Germany) using a commercial double-resonance 4 mm MAS probe. A cross polarization pulse sequence19 was applied with the following typical acquisition parameters: 90º pulse width 4 µs, spin lock time 5000 µs, recycle delay 4.0 s, 3072 data points, 3072 acquisitions, spectral width 28.3 kHz and spinning speed of 4 kHz. Adamantane was used as reference (high field signal at 29.5 ppm).

  X-ray diffraction (XRD)

  Powder X-ray diffraction (XRD) data were collected in a XRD-6000 diffractometer (Shimadzu, Japan) under 40 kV, 30mA, using Cu Ka (λ = 1.54056 Å) coupled with a graphite monochromator, scanned over an angular range of 10-80º (2θ) with a step size of 0.01º (2θ) and a time constant of 5 s step−1. The sample holder was submitted to a spinning of 60 cycles per min to reduce any eventual preferred orientation and minimize rugosity effects. The samples were submitted to a Rietveld analysis to precisely determine the lattice parameters. Rietveld analysis of the powder X-ray diffraction experiment refined 1370 reflections peaks for 3TC and 997 reflections peaks for EFZ in the range of 4 to 80º 2θ.

   

  Results and Discussion

  Characterization of lamivudine and efavirenz

  DSC and TG/DTG

  TG curve of 3TC shows thermal stability until 232 ºC. The TG/DTG curves (Figure 2a) indicate that the thermal decomposition process of 3TC occurs in one stage from 232 up to 315 ºC with a weight loss of 54%. After this, there is a weight loss of 15% due to drug carbonization process.

  
    

    [image: Figure 2. TG and DTG]

  

  DSC curve of 3TC (Figure 3) shows a sharp endothermic peak that corresponds to melting of the drug (Tonset = 173 ºC, ∆Hfus = 355 J g−1). After melting, an exothermic event is observed at about 260 ºC, characteristic of 3TC decomposition process.

  
    

    [image: Figure 3. DSC curves]

  

  TG curve of EFZ shows thermal stability until 170 ºC. The TG/DTG curves (Figure 2b) indicate that the thermal decomposition process of EFZ occurs in one stage from 170 up to 267 ºC with a weight loss of 91.8%. After that, there is a weight loss of 5% due to carbonization process of the drug.

  DSC curve of EFZ (Figure 3) shows a sharp endothermic peak that corresponds to drug melting (Tonset = 136 ºC, ∆Hfus = 124 J g−1). After melting, an exothermic event is observed at about 260 ºC, characteristic of EFZ decomposition process.

  TOA

  TOA analysis showed that 3TC melts in the temperature range from 175 up to 176 ºC, and EFZ melts from 134 up to 138 ºC (Figure 4), which is in agreement with the melting points observed in DSC experiments.

  
    

    [image: Figure 4. TOA images at 100x magnification]

  

  FTIR spectroscopy

  The assignments of the spectra peaks were made in accordance to the literature.20 The FTIR absorption patterns of 3TC, EFZ and mixture are shown in Figure 5. The scale was changed for clarity. 3TC exhibits main characteristic bands of carbonyl (C=O–NR2) stretching at 1632 cm−1. This band overlaps the band due to N–H bending at 1607 cm−1. The band due to stretching vibration of the imine group (R2–C=NR) is observed at 1648 cm−1. Broad bands due to the stretching vibration of –NH2 and –OH group are observed at 3300-3500 cm−1 (Figure 5a). EFZ exhibits a characteristic band due to C=O stretching vibration at 1743 cm−1 and a band due to –NH– stretching vibration at 3310 cm−1. An intense band due to the stretching vibration of the –C–F bonds is observed at 1183 cm−1. The band due to stretching vibration of the triple bond is observed at 2242 cm−1. Stretching vibrations of the C=C bonds in the aromatic ring occur at 1600 and 1494 cm−1 (Figure 5b).

  
    

    [image: Figure 5. FTIR spectra]

  

  ssNMR

  The13C NMR spectra of 3TC and EFZ are presented in Figure 6 (panels (a) and (b), respectively) and the respective chemical shifts are summarized in Table 1. Eight signals are observed in the13C NMR spectrum of 3TC. The carbamide carbon resonates at 157.0 ppm, while the amino-substituted imino carbon resonates at 167.0 ppm. The other sp2 carbons (C-3 and C-4) resonate at 141.1 and 96.0 ppm. The other signals are attributed to sp3 carbons bounded to one or two electronegative atoms and are observed between 38 and 92 ppm. Six signals are observed between 106 and 148 ppm in the13C NMR spectrum of EFZ, which correspond to the resonances of the aromatic carbons. The carbonyl carbon resonates at 154.3 ppm, which is in agreement with the cross conjugation of the carbamate functional group. The shielded resonances observed between –0.5 and 8 ppm are in agreement with the highly tensioned three-carbon-atom ring. Resonances of substituted sp carbons are observed at 74.8 and 89.0 ppm, whereas the C–O signal is observed at 79.6 ppm. Finally, the unshielded trifluoromethyl carbon resonates at 114.6 ppm.
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  XRD

  X-ray diffraction measurements show no evidence of any other contaminants, phases or clear existence of different polymorphs for this produced batch. 3TC semi-hydrate crystalizes under monoclinic P21 space group (Figure 7a). The asymmetric unit cell has four molecules of lamivudine and two of water. Fitted lattice parameters obtained by Rietveld analysis are: a = 11.59 ± 0.01 Å, b = 11.24 ± 0.01 Å and c = 16.05 ± 0.01 Å with α = γ = 90.000 and β = 94.172 ± 0.005º. EFZ crystalizes under orthorhombic P212121 space group (Figure 7b). Fitted lattice parameters obtained by Rietveld analysis are a = 8.018 ± 0.004 Å, b = 13.417 ± 0.007 Å and c = 24.75 ± 0.01 Å, with α = β = γ = 90.000.

  
    

    [image: Figure 7. Crystal structure]

  

  Compatibility study

  DSC

  DSC curve of the physical mixture (Figure 3 curve c) has evidenced significant shifts of the melting points of both drugs, if compared with their analysis in pure state. The melting point of 3TC shifted from 173 to 162 ºC, and the melting point of EFZ shifted from 136 to 122 ºC. These shifts suggest the presence of drug-drug interaction, which is also evidenced by changes in the values of the heat of fusion of the drugs. In a 1:1 wt/wt ratio mixture, the ∆H values of the melting peaks must be half of the pure drug. The ∆H value of 3TC melting in the mixture was 97 J g−1, less than one third of the pure drug (355 J g−1), although the ∆H value of the EFZ melting in the mixture (57 J g−1) was approximately half of the pure EFZ (124 J g−1).

  TOA

  The TOA analysis of the mixture (Figure 4c) shows that the melting of EFZ starts at about 120 ºC, presenting a shift of about 16 ºC relating to the pure drug. The melting of 3TC starts at about 122 ºC. This large shift of the beginning of 3TC melting compared with pure drug is indicative of strong interaction with EFZ. TOA also shows that complete melting of 3TC occurs at 174 ºC, before that complete melting of pure drug, which was at 176 ºC. In order to evaluate if this interaction occurs only after EFZ melting, with 3TC dissolution in the EFZ melted, or is due to an incompatibility in solid state, FTIR and ssNMR analysis were performed.

  FTIR spectroscopy

  There is no difference between the mixture and pure drugs spectra (Figure 5). According to the FTIR results, no interaction between 3TC and EFZ can be detected, probably due to its low resolution and peak overlapping. Monajjemzadeh et al. have reported a similar phenomenon in IR spectra of acyclovir, lactose and their mixture.21

  ssNMR

  The ssNMR mixture spectrum (Figure 6c) showed significant changes in chemical shift values when compared with spectra of pure drugs (Table 1). Although the changes in ppm are seemingly small, they clearly indicate alterations of the chemical environment felt by the two compounds (Figure 8). The changes in chemical shifts are more pronounced for the nuclei resonating at higher frequencies for both 3TC and EFZ. These results confirm that the interaction between EFZ and 3TC observed by DSC and TOA occurs in the solid state and involves especially electronegative and deficient electron atoms, probably due to weak acid-base interactions, since the changes in δ values are rather small.
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  These incompatibilities evidenced in DSC, TOA and ssNMR analyses are an important contribution for the development of a fixed-dose combination, since for the manufacture of a medicament stable, safe and effective it is clearly important to isolate the two drugs in two distinct layers in a multi-layer tablet, each of them containing excipients compatible with the drug. The development of this new formulation is another step in the treatment of AIDS, as patients can take fewer tablets per day, which can increase the treatment adherence.

   

  Conclusions

  Thermoanalytical results have evidenced an incompatibility between lamivudine and efavirenz, which was confirmed by ssNMR analyses. NMR spectroscopy showed that the interactions occur mostly between electronegative and deficient electron atoms of both drugs, probably due to an acid-base interaction. This study shows the great utility of ssNMR, DSC and TOA analysis in pharmaceutical studies of drug-drug and drug-excipient compatibility, which allows the development of new stable formulations.

  An alternative for the development of a stable pharmaceutical formulation containing both lamivudine and efavirenz in a fixed-dose combination, in spite of their incompatibility, is the manufacture of a multi-layer tablet, each one containing a unique drug.
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    Neste trabalho, a ciclocondensação dos precursores 7,7,7-trifluoro-4-metoxi-6-oxo-4 heptenoato de metila e 7,7,7-trichloro-4-metoxi-6-oxo-4-heptenoato de metila, a partir do ácido levulínico com amidinas [NH2CONH2, NH2CR(NH) (R = H, Me, Ph, NH2, SMe e 1H-pirazol-1-il), 5-amino-3-metil-1H-pirazol e 2-aminotiazol] para obtenção de 3-(6-trifluormetilpirimidina-4-il) propanoatos de metila com estrutura análoga a mediadores glutamatérgicos é relatada. A síntese de 3-(6-trifluormetilpirimidina-4-il)propanohidrazidas também é relatada. A versatilidade desse método foi demostrada através da síntese de quatorze 3(pirimidinil)propanoatos inéditos em rendimentos razoáveis a bons (38-92%). As estruturas moleculares dos produtos foram atribuídas com base nos dados de ressonância magnética nuclear (NMR) de1H e13C e cromatografia de gases acoplada à espectrometria de massas (GC-MS).

  

   

  
    The cyclocondensation of methyl 7,7,7-trifluoro-4-methoxy-6-oxo-4-heptenoate and methyl 7,7,7-trichloro-4-methoxy-6-oxo-4-heptenoate, derived from levulinic acid with amidines [NH2CONH2, NH2CR(NH) (R = H, Me, Ph, NH2, SMe and 1H-pyrazol-1-yl), 5-amino-3-methyl-1H-pyrazol and 2-aminothiazole] into pyrimidine and pyrimidine-like derivatives as a new type of glutamate-like 3-(trihalomethylatedpyrimidinyl)propanoate is reported. Preparation of 3-(trihalomethylatedpyrimidinyl) propanohydrazides is also described. The synthetic potential of this straightforward protocol was established by the synthesis of fourteen new 3-(pyrimidinyl) propanoates in regular to good yields (38-92%). The structural assignments were based on the analysis of their1H and13C nuclear magnetic resonance (NMR) and gas chromatography-mass spectrometry (GC-MS) data.

    Keywords: pyrimidines, 3-heteroarylpropanoates, levulinic acid, cyclocondensation

  

   

   

  Introduction

  Research efforts to identify attractive chemical transformations for the conversion of biomass into alternative fuels and useful bulk chemicals have considerably intensified in the last decade. A well-known example is the hydrolysis of lignocellulosic biomass, which is typically catalyzed by enzymes or by mineral acids to give glucose as the intermediate product. Glucose can be converted into bioethanol as an alternative fuel or into various other bulk chemicals. An attractive option is the conversion of glucose into levulinic acid (4-oxopentanoic acid; LA) by acid treatment.1-3 LA is a versatile building block for the synthesis of various organic compounds.4-6 Several researchers have described its properties and the potential industrial applications of its derivatives.7-11 On the other hand, heteroarylpropanoates have been demonstrated to exhibit diverse biological activities, in particular in the central nervous system. Their importance is exemplified by their role as agonist/antagonist mediators of neuronal signals. (S)-α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) is a classic AMPA receptor agonist, and a large number of heterocyclic Glu analogues are potent and selective agonists at AMPA receptors.12 The 3-heteroarylpropanoates are important targets for the development of potent and selective AMPA antagonists and represent potential drugs for cerebral ischemia or epilepsy. In particular, ethyl 3-(2-ethoxycarbonyl-1H-imidazol-4-yl) propenoate and its saturated derivative at micromolar concentrations have been shown to be effective, and phenyl-substituted semicarbazones from LA have been shown to have very good anticonvulsant activity with low neurotoxicity.13 The synthesis of new drugs targeting glutamatergic or GABAergic systems is also important for the treatment of mood disorders.14

  Our ongoing interest in functionalized 1,3-dielectrophilic compounds led us to study a new aspect of the application of the acetal acylation method for producing methyl 7,7,7-trihalo-4-methoxy-6-oxo-4-heptenoates 1 and 2, which were obtained by trihaloacylation of methyl 4,4-dimethoxypentanoate derived from LA. Our results demonstrated that trihalomethyl-4-alkoxy-3-alken-2-one moieties are regiospecific synthons for several heterocycle classes. With this in mind, our group designed and synthesized a series of methyl 3-(pyrimidinyl)propanoates from the precursors 1 and 2.

   

  Results and Discussion

  Methyl 7,7,7-trihalo-4-methoxy-6-oxo-4-heptenoates (1, 2) were synthesized in a previous publication.15 The condensation of 7,7,7-trifluoro-4-methoxy-6-oxo-4-heptenoate (1) with urea was investigated. Initially, the cyclocondensation was carried out in isopropanol at 50 ºC with BF3.OEt2 to give a low 20% yield of methyl 3-(2-oxo-6-trifluoromethyl-2,3-dihydropyrimidin-4-yl)propanoate (3). Changing the solvent (MeOH) and reaction temperature (25 ºC or reflux), the yield did not increase. Therefore, it was used concentrated HCl as an acid catalyst in methanol to obtain product 3 at a better yield of 57% (Scheme 1).16 The cyclocondensation of methyl 7,7,7-trichloro-4-methoxy-6-oxo-4-heptenoate was carried out via HCl catalysis in MeOH to give a good 71% yield of methyl 3-(2-oxo-6-trichloromethyl-2,3-dihydropyrimidin-4-yl) propanoate (4), after isolation and purification as described in the Experimental section.
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  For cyclocondensations between precursors 1 and 2 with amidine salts (hydrochloride or sulfate), the process was started based on a previous report on cyclocondensation [3 + 3] of β-alkoxyvinyltrihalomethylketones and amidines under basic NaOH or alkoxy (methoxy, ethoxy) catalysis.17 Initially, the cyclocondensation between 1 and 2-methyl-2-thiopseudourea sulfate was carried out in methanol with 1 mol L-1 NaOH aqueous solution catalysis, a reaction temperature ranging from 25 to 50 ºC, and a reaction time of 1-24 h. The results demonstrated that the best relationship between reaction temperature/time and yields was achieved keeping the stirred reactional solution at 25 ºC for 1 h, leading to a good 66% yield for pure methyl 3-(2-thiomethyl-6-trifluoropyrimidin-4-yl)propanoate (8) (Scheme 1). These conditions were extended to cyclocondensations between the precursor 1 and benzamidine hydrochloride and 1H-pyrazol-1-carboxamidine hydrochloride, leading to methyl 3-(2-phenyl-6-trifluoromethylpyrimidin-4-yl) propanoate (7) and methyl 3-[2-(1H-pyrazol-1-yl)-6-trifluoromethylpyrimidin-4-yl]propanoate (10) at good yields of 62 and 73%, respectively (Scheme 1). The cyclocondensation between 1 and acetamidine hydrochloride and guanidine hydrochloride was completed after only 1 h at 50 ºC. Varying the reaction time from 1 to 24 h at 25 ºC always led to mixtures of product and unconsumed reagents. The products methyl 3-(2-methyl-6-trifluoromethylpyrimidin-4-yl)propanoate (2) and methyl 3-(amino-6-trifluoromethylpyrimidin-4-yl) propanoate (9) were obtained at reasonable to good yields of 47 and 52%, respectively (Scheme 1). Methyl 3-(6-trifluoromethylpyrimidin-4-yl)propanoate (5) was obtained at an acceptable 38% yield after only carrying out the cyclocondensation between 1 and formamidine hydrochloride at 50 ºC for 16 h (Scheme 1). Less reaction time led to a mixture of product 5 and unconsumed reagents, and a longer 24 h reaction led to a mixture of product 5 and resinous unidentified oil.

  After preparing a fluorinated series of methyl 3-(6-trifluoromethylpyrimidin-4-yl)propanoate derivatives, cyclocondensation reactions were performed between chlorinated precursor 2 and the same series of amidines. The reactions of 2 with 2-methyl-2-thiopseudourea sulfate, benzamidine hydrochloride and 1H-pyrazol-1-carboxamidine were carried out at the same conditions used for fluorinated precursor 1, leading to methyl 3-(2-thiomethyl-6-trichloromethylpyrimidin-4-yl)propanoate (12), methyl 3-(2-phenyl-6-trichloromethyl pyrimidin-4-yl) propanoate (11) and methyl 3-[2-(1H-pyrazol-1-yl)-6-trichloromethyl pyrimidin-4-yl)propanoate (13) at very good yields of 67, 72 and 83%, respectively (Scheme 1).

  Exploring the synthetic usefulness of 1 and 2, and expanding the sampling diversity from LA, it was conducted condensations of precursors 1 and 2 with 3-amino-5-methyl-1H-pyrazol and 2-aminothiazole. As described in a previous report, the reactions between 1 and 2 and 3-amino-5-methyl-1H-pyrazol were carried out in reflux MeCN for 3 h, leading to methyl 3-(2-methyl-7-trihalomethylpyrazolo[1,5-a] pyrimidin-5-yl)propanoates 14 and 15 at very good yields of 85 and 93%, respectively.18 A reaction of 2-aminothiazole carried out in reflux EtOH for 8 h with precursor 1 gave the methyl 7,7,7-trifluoro-4-(2-aminothiazolyl)-6-oxo-4-heptenoate. A reaction of 2-aminothiazole with 2 under the same conditions used to fluorinate precursor 1 led to the cyclic product methyl 3-(5H-thiazolo[3,2-a]pyrimidin-5-one-7-yl)propanoate (18), obtained via cyclization with the elimination of the haloform group.19

  To explore the reactivity of the methyl 3-(pyrimidinyl) propanoates 7-9 series and to obtain the respective hydrazide derivatives, it was conducted reactions with hydrazine monohydrate in ethanol, leading to products 19-21 at good 74-92% yields. These hydrazides are important intermediates for the production of biheterocyclic systems with C3 propanoyl spacers.

  The structures of methyl 3-(pyrimidinyl)propanoate derivatives 3-18 were supported by elemental analysis, gas chromatography-mass spectrometry (GC-MS) and1H and13C nuclear magnetic resonance (NMR). Their mass spectra displayed a molecular ion and fragmentation pattern with a base peak [M+ – 59] (see Supplementary Information). The1H NMR spectra for fluorinated and chlorinated derivatives showed the same feature, displaying a signal related to H-5 from the pyrimidine ring at about δ 6.2 to 7.8 ppm. The signal related to propanoate methylenes consisted of two triplets at δ 2.50 and 3.20 ppm in both series, and the signal from methoxy ester was at δ 3.5 to 3.8 ppm. The13C NMR spectra showed the characteristic signals for each derivative series. For fluorinated derivatives, a quartet related to the CF3 group was displayed at about δ 120 ppm with3JCF 275 Hz, the quartet signal related to C6 from the pyrimidine ring was at about δ 155 ppm with JCF 36 Hz, and the narrow quartet related to C5 from the pyrimidine ring was at about δ 133 ppm with4JCF 2.7 Hz. The spectra from chlorinated derivatives showed a characteristic low-intensity signal related to the CCl3 group at δ 95 ppm. For derivative 18, there was not any signal related to the CCl3 group, and a signal related to the carbonyl C5 of the thiazolopyrimidine ring was displayed at δ 158 ppm.

   

  Conclusion

  In conclusion, cyclocondensation [3 + 3] between methyl 7,7,7-trihalo-4-methoxy-6-oxo-4-heptenoates and amidines is an efficient method for synthesizing diverse methyl 3-(pyrimidinyl)propanoate 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. Moreover, they are precursors to hydrazide intermediates of biheterocycle systems. To the best of our knowledge, no methyl 3-(pyrimidinyl)propanoates and 3-(pyrimidinyl)propanehydrazides have previously been described.

   

  Experimental

  1H and13C 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,13C at 100.62 MHz). Chemical shifts (δ) are quoted in ppm from TMS (tetramethylsilane) and coupling constants (J) are given in Hz. Melting points were determined using open capillaries on an Electrothermal Mel-Temp 3.0 apparatus. Mass spectra were registered in an HP 5973 MSD connected to an HP 6890 GC and interfaced by a Pentium PC. GC was equipped with a split-splitless injector, cross-linked to an HP-5 capillary column (30 m, 0.32 mm i.d.), and helium was used as the carrier gas. CHN elemental analyses were performed on a Perkin-Elmer 2400 CHN elemental analyzer (Universidade de São Paulo (USP), Brazil).

   

  Supplementary Information

  Spectral data and spectra of synthesized compounds are available free of charge at http://jbcs.sbq.org.br as PDF file.
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    Supplementary Information

    1H and13C NMR and MS spectra for 3-(trihalo-methylatedpyrimidinyl)  propanoates (3-18) and  3-(trihalomethylatedpyrimidinyl)propanohydrazides  (19-21) are shown.

    1H and13C spectra were recorded at 298 K on a Bruker DPX 400 spectrometer (1H at 400.13 MHz,13C at 100.63 MHz) with digital resolution of ± 0.01 ppm. All the chemical shifts are expressed in ppm,1H and13C NMR spectra are reported with respect to internal TMS (tetramethylsilane). 0.1 mol L-1 CDCl3 solutions were used except with compound 2, 0.1 mol L-1 in DMSO-d6. 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 by a Pentium PC. Gas chromatograph was equipped with a split-splitless injector, auto-sampler, cross-linked HP-5 capillary column (30 m, 0.32 mm of internal diameter), and helium was used as the carrier.

    Methyl 3-(2-oxo-6-trihalomethyl-2,3-dihydrodropyrimidin-4-yl)propanoates (3, 4)

    A solution of methyl 7,7,7-trihalo-4-methoxy-6-oxo-4-heptenoate 1 or 2 (3 mmol) and NH2CONH2 (0.36 g, 6 mmol) in 6 mL dry methanol was stirred at 25 ºC until complete dissolution. Then, 1 mL concentrated HCl was added and the resulting solution was kept under reflux for 20 h. MeOH was removed and the residue was dissolved in CH2Cl2 (30 mL); the organic solution was washed with water (3 × 30 mL) and dried with Na2SO4. The solvent was evaporated, resulting in product 3 or 4.

    Methyl 3-(2-oxo-6-trifluoromethyl-2,3-dihydrodropyrimidin-4-yl)propanoate (3)

    This compound was obtained (57%) as a yellowish oil;1H NMR (CDCl3) δ 2.78 (t, 2H, CH2), 3.0 (t, 2H, CH2), 3.63 (s, 3H, OMe), 6.6 (s, 1H, 5-H);13C NMR (CDCl3) δ 28.6 (CH2), 31.1 (CH2), 51.9 (OMe), 100.5 (q, JCF 2.7 Hz, 5-C), 119.3 (q, JCF 275 Hz, CF3), 163.4 (q, JCF 35.9 Hz, 6-C), 165.7 (2-C), 171.4 (4-C), 173.1 (CO ester); MS m/z (%) 250 (M+, 20), 231 (6), 191 (100), 163 (8), 69 (8); anal. calcd. for C9H9F3N2O3: C, 43.21; H, 3.63; N, 11.20; found C, 43.6; H, 3.7; N, 11.45.

    Methyl 3-(2-oxo-6-trichloromethyl-2,3-dihydrodropyrimidin-4-yl)propanoate (4)

    This compound was obtained (80%) as a brownish oil;1H NMR (CDCl3) δ 2.69 (m, 2H, –CH2 –), 2.78 (m, 2H, –CH2 –), 3.71 (s, 3H, OMe), 6.20 (s, 1H, 5-H);13C NMR (CDCl3) δ 29.4 (–CH2 –), 31.8 (–CH2 –), 51.9 (MeO), 92.8 (5-C), 94.3 (CCl3), 172.1 (CO ester), 175.9 (2-C), 184.4 (6-C); 188.8 (4-C); MS m/z (%) 243 (10), 226 (20), 157 (40), 125 (100), 115 (94); anal. calcd. for C9H9Cl3N2O3: C, 36.09; H, 3.03; N, 9.35; found C, 36.0; H, 3.15; N, 9.5.

    Methyl 3-(6-trihalomethylpyrimidin-4-yl)propanoates

    General procedure

    A solution of methyl 7,7,7-trihalo-4-methoxy-6-oxo-4-heptenoate 1 (3 mmol) in MeOH (6 mL) was added to a stirred solution of amidine salt (3 mmol) in 3 mL aqueous 3 mol L-1 NaOH. The mixture was stirred for 1-16 h at 50 ºC. After MeOH was evaporated and residue was dissolved in CH2Cl2 (30 mL), the organic solution was washed with water (2 × 30 mL) and dried with Na2SO4. The organic layer was dried with sodium sulfate, the solvent was evaporated, and the products were obtained with high purity. The crystalline compounds were purified by recrystallization from hexane.

    Methyl 3-(6-trifluoromethylpyrimidin-4-yl)propanoate (5)

    This compound was obtained (38%) as a colorless oil;1H NMR (CDCl3) δ 2.92 (m, 2H, CH2), 3.22 (m, 2H, CH2), 3.68 (s, 3H, OMe), 7.60 (s, 1H, 5-H), 9.27 (s, 1H, 2-H);13C NMR (CDCl3) δ 31.1 (CH2), 32.2 (CH2), 51.7 (OMe); 116.4 (q,3JCF 2.7 Hz, 5-C); 120.6 (q,JCF 275 Hz, CF3); 155.2 (q, JCF 36 Hz, 6-C); 158.9 (2-C); 171.6 (4-C); 172.5 (CO ester); MS m/z (%) 234 (16), 215 (8), 157 (40), 175 (100), 147 (12), 125 (16), 69 (8); anal. calcd. for C9H9F3N2O2: C, 46.16; H, 3.87; N, 11.96; found C, 46.0; H, 3.8; N, 12.1.

    Methyl 3-(6-trifluoromethyl-2-methylpyrimidin-4-yl) propanoate (6)

    This compound was obtained (47%) as a colorless oil;1H NMR (CDCl3) δ 2.78 (s, 3H, Me), 2.87 (m, 2H, CH2), 3.16 (m, 2H, CH2), 3.69 (s, 3H, OMe), 7.38 (s, 1H, 5-H);13C NMR (CDCl3) δ 25.6 (Me), 31.2 (CH2), 32.0 (CH2), 51.7 (MeO); 113.1 (q,3JCF 2.5 Hz, 5-C); 120.5 (q, JCF 275 Hz, CF3); 155.5 (q, JCF 35 Hz, 6-C); 169.1 (2-C); 171.1 (4-C); 172.7 (CO ester); MS m/z (%) 248 (8), 229 (8), 189 (100), 161 (6), 69 (< 5); anal. calcd. for C10H11F3N2O2: C, 48.39; H, 4.74; N, 11.29; found C, 48.27; H, 4.59; N, 11.2.

    Methyl 3-(2-phenyl-6-trifluoromethylpyrimidin-4-yl) propanoate (7)

    This compound was obtained (62%) as yellow needles (hexane); mp 58-60 ºC;1H NMR (CDCl3) δ 2.94 (m, 2H, CH2), 3.24 (m, 2H, CH2), 3.69 (s, 3H, OMe), 7.36 (s, 1H, 5-H), 7.45-8.50 (m, 5H, Ph);13C NMR (CDCl3) δ 31.1 (CH2), 32.3 (CH2), 51.7 (OMe); 113.7 (q,3JCF 2.7 Hz, 5-C); 120.7 (q, JCF 275 Hz, CF3); 128.5, 131.4, 136.6 (Ph); 155.6 (q, JCF 35,7 Hz, 6-C); 164.9 (2-C); 171.2 (4-C); 173 (CO ester); MS m/z (%) 310 (50), 291 (5), 251 (100), 223 (8), 104 (21), 69 (8); anal. calcd. for C15H13F3N2O2: C, 58.07; H, 4.22; N, 9.03; found C, 57.9; H, 4.15; N, 9.1.

    Methyl 3-(2-thiomethyl-6-trifluoromethylpyrimidin-4-yl) propanoate (8)

    This compound was obtained (66%) as a yellow oil;1H NMR (CDCl3) δ 2.57 (s, 3H, SMe), 2.86 (t, 2H, CH2), 3.13 (t, 2H, CH2), 3.69 (s, 3H, OMe), 7.16 (s, 1H, 5-H);13C NMR (CDCl3) δ 14.0 (SMe), 31.1 (CH2), 32.2 (CH2), 51.8 (OMe), 111.0 (q,3JCF 2.7 Hz, 5-C), 120.3 (q, JCF 275 Hz, CF3), 155.3 (q, JCF 36 Hz, 6-C), 171.3 (4-C), 172.7 (2-C), 173.9 (CO ester); MS m/z (%) 280 (88), 261 (9), 221 (100), 206 (27), 174 (33), 69 (7); anal. calcd. for C10H11F3N2O2 S: C, 42.85; H, 3.96; N, 10.0; found C, 42.32; H, 3.56; N, 9.78.

    Methyl 3-(2-amino-6-trifluoromethylpyrimidin-4-yl) propanoate (9)

    This compound was obtained (52%) as yellowish needles (hexane); mp 87-88 ºC;1H NMR (CDCl3) δ 2.79 (t, 2H, CH2), 3.0 (t, 2H, CH2), 3.68 (s, 3H, OMe), 5.75 (broad s, 2H, NH2), 6.81 (s, 1H, 5-H);13C NMR (CDCl3) δ 31.7 (CH2), 32.2 (CH2), 51.7 (OMe), 105.7 (q,3JCF 2.5 Hz, 5-C), 120.5 (q, JCF 275 Hz, CF3), 156.5 (q, JCF 36 Hz, 6-C), 162.7 (2-C), 173.0 (4-C), 173.0 (CO ester); MS m/z (%) 249 (46), 230 (6), 190 (100), 170 (25), 69 (8); anal. calcd. for C9H10F3N3O2: C, 43.38; H, 4.04; N, 16.86; found C, 43.38; H, 4.03; N, 16.07.

    Methyl 3-[2-(1H-pyrazol-1-yl)-6-trifluoromethylpyrimidin-4-yl]propanoate (10)

    This compound was obtained (73%) as white needles (hexane); mp 95-96 ºC;1H NMR (CDCl3) δ 2.87 (t, 2H, CH2), 3.20 (t, 2H, CH2), 3.61 (s, 3H, OMe), 6.53 (dd, 1H, JHH 2.7 Hz, 1.1 Hz, 4-H pyz), 7.37 (s, 1H, 5-H), 7.79 (d,
      1H, JHH 2.7 Hz, 5-H pyz), 8.53 (d, 1H, JHH 1.1 Hz, 3-H);13C NMR (CDCl3) δ 31.4 (CH2), 32.5 (CH2), 51.8 (OMe), 109.1 (4-C pyz), 113.4 (q,3JCF 2.7 Hz, 5-C), 120.1 (q, JCF 275 Hz, CF3), 129.8 (5-C pyz), 144.4 (3-C pyr), 156 (2-C), 157.1 (q, JCF 36.7 Hz, 6-C), 172.4 (4-C), 174.5 (CO ester); MS m/z (%) 300 (37), 281 (6), 241 (100), 214 (10), 174 (33), 94 (9), 69 (7); anal. calcd. for C12H11F3N4O2: C, 48.0; H, 3.69; N, 18.66; found C, 48.1; H, 3.49; N, 18.77.

    Methyl 3-(2-phenyl-6-trichloromethylpyrimidin-4-yl) propanoate (11)

    This compound was obtained (72%) as colourless needles (hexane); mp 71-73 ºC;1H NMR (CDCl3) δ 2.74 (m, 2H, CH2), 2.89 (m, 2H, CH2), 3.63 (s, 3H, OMe), 6.25 (s, 1H, 5-H), 7.45-8.15 (m, 5H, Ph);13C NMR (CDCl3) δ 31.7 (CH2), 32.3 (CH2), 51.7 (OMe); 95.8 (CCl3); 110.6 (5-C), 127.6, 129.0, 131.9, 132.0 (Ph); 156.4 (2-C); 164.9 (6-C); 167.6 (4-C); 174.1 (CO ester); MS m/z (%) 360 (11), 324 (9), 301 (23), 207 (100), 106 (17); anal. calcd. for C15H13Cl3N2O2: C, 50.10; H, 3.64; N, 7.79; found C, 50.22; H, 3.65; N, 7.80.

    Methyl 3-(2-thiomethyl-6-trichloromethylpyrimidin-4-yl) propanoate (12)

    This compound was obtained (67%) as a yellow oil;1H NMR (CDCl3) δ 2.59 (s, 3H, SMe), 2.87 (t, 2H, –CH2–), 3.15 (t, 2H, –CH2 –), 3.69 (s, 3H, OMe), 7.46 (s, 1H, 5-H);13C NMR (CDCl3) δ 13.9 (SMe), 31.0 (–CH2 –), 32.2 (–CH2 –), 51.7 (OMe), 95.6 (CCl3), 109.5 (5-C), 165.5 (6-C), 171.2 (4-C), 172.5 (2-C), 172.8 (CO ester); MS m/z (%) 327 (21), 292 (100), 260 (52), 106 (7); anal. calcd. for C10H11Cl3N2O2S: C, 36.44; H, 3.36; N, 8.50; found C, 36.21; H, 3.27; N, 8.30.

    Methyl 3-[2-(1H-pyrazol-1-yl)-6-trichloromethylpyrimidin-4 yl] propanoate (13)

    This compound was obtained (83%) as yellowish needles; mp 82-84 ºC;1H NMR (CDCl3) δ 2.95 (t, 2H, CH2), 3.29 (t, 2H, CH2), 3.69 (s, 3H, OMe), 6.51 (dd, 1H, JHH 2.7 Hz, 1.1 Hz, 4-H pyz), 7.72 (s, 1H, 5-H), 7.87 (d, 
      1H, JHH 2.7 Hz, 5-H pyz), 8.65 (d, 1H, JHH 1.1 Hz, 3-H);13C NMR (CDCl3) δ 31.7 (CH2), 32.8 (CH2), 51.8 (OMe), 95,1 (CCl3), 109.0 (4-C pyz), 112.1 (5-C), 129.8 (5-C pyz), 144.4 (3-C pyr), 155.4 (2-C), 167.5 (6-C), 172.5 (4-C), 174.4 (CO ester); MS m/z (%) 347 (18), 312 (21), 288 (100), 254 (66), 106 (8); anal. calcd. for C12H11Cl3N4O2: C, 41.23; H, 3.17; N, 16.03; found C, 41.4; H, 3.25; N, 15.89.

    Methyl 3-(2-methyl-7-trihalomethylpyrazolo[1,5-a]pyrimidin-5-yl)propanoates

    General procedure

    A solution of methyl 7,7,7-trifluoro-4-methoxy-6-oxohept-4-enoate 1 (2 mmol) and 5-methyl-1H-pyrazol-3-amine (2 mmol) in acetic acid (10 mL) was stirred for 24 h at reflux. The addition of distilled ice water led to the precipitation of pure product. Methyl 3-[2-methyl-7-(trifluoromethyl)pyrazolo[1,5-a]pyrimidin-5-yl] propanoate (14) was a white solid; 85% yield; mp 107-109 ºC;1H NMR (CDCl3, 400 MHz) δ 2.55 (s, 3H, CH3), 2.91 (t, JHH 7.0 Hz, 2H, H-2), 3.2 (t, JHH 7.0 Hz, 2H, H-3), 3.69 (s, 3H, OCH3), 6.52 (s, 1H, H-2'), 6.99 (s, 1H, H-5');13C NMR (CDCl3, 400 MHz) δ 14.7 (CH3), 31.2 (C-2), 32.5 (C-3), 51.8 (OCH3), 96.9 (C-2'), 105.6 (q,3JCF 105.7 Hz, C-5'), 119.5 (q,1JCF 274 Hz, CF3), 133.2 (q,2JCF 37 Hz, C-6'), 150.0 (C-1'), 156.4 (C-3'), 159.1 (C-4'), 172.9 (C-1); MS m/z (%) 287 (M+, 21), 256 (–OCH3, 13), 228 (–C(O)OCH3, 100); anal. calcd. for C12H12F3N3O2: C, 50.18; H, 4.21; N, 14.63; found C, 50.35; H, 4.35; N, 14.5.

    Methyl 3-[2-methyl-7-(trichloromethyl)pyrazolo[1,5-a] pyrimidin-5-yl]propanoate (15) was purified by recrystallization in hexane, crystallized as a brown solid; 93% yield; mp 73-74 ºC;1H NMR (CDCl3, 400 MHz) δ 2.58 (s, 3H, CH3), 2.92 (t, 2H, JHH 7.0 Hz, H-2), 3.25 (t, 2H, JHH 7.0 Hz, H-3), 3.7 (s, 3H, OCH3), 6.56 (s, 1H, H-2'), 7.33 (s, 1H, H-5');13C NMR (CDCl3, 400 MHz) δ 14.8 (CH3), 31.3 (C-2), 32.5 (C-3), 51.8 (OCH3), 89.0 (CCl3), 96.6 (C-2'), 104.6 (C-5'), 141.7 (C-1'), 150.6 (C-3'), 155 (CCl3), 158.8 (C-4') 172.9 (C-1); MS m/z (%) 287 (M+, 21), 256 (–OCH3, 13), 228 (–C(O)OCH3, 100); anal. calcd. for C12H12Cl3N3O2: C, 42.82; H, 3.59; N, 12.48; found C, 43.0; H, 3.6; N, 12.4.

    Methyl 3-[5-oxo-5H-thiazolo[3,2-a]pyridin-7-yl]propanoate (16)

    General procedure

    A solution of methyl 7,7,7-trichloro-4-methoxy-6-oxohept-4-enoate 2 (2 mmol) and thiazol-2-amine (2 mmol) in ethanol (5 mL) was stirred for 20 h at reflux. The solvent was removed and the residue was dissolved in chloroform (10 mL) and dried with sodium sulfate. The solvent was evaporated to give the product methyl 3-[5-oxo-5H-thiazolo[3,2-a]pyridin-7-yl]propanoate, which was purified by recrystallization in chloroform, crystallized as a brown solid; 85% yield; mp 75-77 ºC;1H NMR (CDCl3, 400 MHz) δ 2.77 (t, 2H, JHH 7.0 Hz, H-2), 2.95 (t, 2H, JHH, 7.0 Hz, H-3), 3.69 (s, 3H, OCH3), 6.19 (s, 1H, H-4'), 6.99 (d, 1H, JHH 4.9 Hz, H-1'), 7.96 (d, 1H, JHH 4.9 Hz, H-2');13C NMR (CDCl3, 400 MHz) δ 31.8 (C-2), 32.3 (C-3), 51.8 (OCH3), 97.5 (C-1'), 103.6 (C-4'), 121.8 (C-2'), 158.6 (C-3'), 162.6 (C-51), 165.7 (C-6'), 172.9 (C-1); MS m/z (%) 238 (M+, 30 ), 207 (35), 179 (100), 151 (20), 137(45); anal. calcd. for C10H10N2O3S: C, 50.41; H, 4.23; N, 11.76; found C, 50.5; H, 4.3; N, 11.7.
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    A fabricação e as características de desempenho de três novos sensores potenciométricos para a determinação de citrato de oxeladina são descritas. Os sensores propostos incluem um sensor do tipo membrana em plástico PVC, um sensor de pasta de carbono e um sensor de fio de cobre revestido com compósito de nanotubos de carbono de parede múltiplas (MWCNT). Os sensores são baseados no íon associado oxeladina-fosfotungstato como material eletroativo e dibutilftalato como mediador solvente. Os sensores desenvolvidos exibiram coeficientes quase nernstianos de 58,00 ± 0,22, 55,00 ± 0,69 e 57,80 ± 0,13 mV concentração década-1 a 25 ºC, nos intervalos de concentração de citrato de oxeladina de 5,96 × 10-6 - 1,00 × 10-2, 1,96 × 10-5 - 1,00 × 10-2 e 3,98 × 10-6 - 1,00 × 10-2 mol L-1 com limites de detecção de 4,14 × 10-6, 8,58 × 10-6 e 2,51 × 10-6 mol L-1 de citrato de oxeladina para os sensores de membrana plástica, de pasta de carbono e de fio de cobre revestido com compósito de MWCNT, respectivamente. Os sensores propostos exibiram boa seletividade para oxeladina com relação a um grande número de cátions inorgânicos, açúcares, aminoácidos e vitaminas. Os sensores desenvolvidos foram aplicados com êxito na determinação potenciométrica de citrato de oxeladina em preparação farmacêutica (cápsulas de Paxeladine®) sob condições de injeção em fluxo e batelada. Os sensores também foram aplicados na determinação de citrato de oxeladina em amostras de urina humana utilizando o método de adição padrão.

  

   

  
    The fabrication and performance characteristics of three novel potentiometric sensors for the determination of oxeladin citrate are described. The proposed sensors include a PVC plastic membrane sensor, a carbon paste sensor and a multiwalled carbon nanotube (MWCNT) composite coated copper wire sensor. The sensors are based on the oxeladin-phosphotungstate ion associate as electroactive material and dibutyl phthalate as solvent mediator. The developed sensors exhibited near nernstian slopes of 58.00 ± 0.22, 55.00 ± 0.69 and 57.8 ± 0.13 mV concentration decade-1 at 25 ºC, in the concentration ranges 5.96 × 10-6 - 1.00 × 10-2, 1.96 × 10-5 - 1.00 × 10-2 and 3.98 × 10-6 - 1.00 × 10-2 mol L-1 oxeladin citrate with limits of detection of 4.14 × 10-6, 8.58 × 10-6 and 2.51 × 10-6 mol L-1 oxeladin citrate for plastic membrane, carbon paste and MWCNT composite coated copper wire sensors, respectively. The proposed sensors exhibit good selectivity for oxeladin with respect to a large number of inorganic cations, sugars, amino acids and vitamins. The developed sensors were successfully applied for the potentiometric determination of oxeladin citrate in the pharmaceutical preparation (Paxeladine® capsules) in batch and flow injection conditions. The sensors were also applied for the determination of oxeladin citrate in human urine samples by using the standard addition method.

    Keywords: oxeladin citrate, potentiometry, flow injection, pharmaceutical formulation, human urine

  

   

   

  Introduction

  Oxeladin citrate, 2-(2-diethylaminoethoxy)ethyl 2-ethyl-2-phenylbutyrate dihydrogen citrate, CAS No. 52432-72-1 (Scheme 1), is a white or almost white crystalline powder soluble in water that exhibits polymorphism. It is given orally as a centrally acting cough suppressant for non-productive cough.1,2 It acts as an antitussive devoid of opioid side effects.3
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  The literature survey reveals that the number of the analytical methods referring to the drug is relatively limited. The reported methods include spectrophotometry,4-6 gas chromatography-mass spectrometry (GC-MS)7 and high performance liquid chromatography (HPLC).8 The drug in the pure form is determined by the British Pharmacopoeia official method,2 which involves titration of the drug by perchloric acid in anhydrous acetic acid, and determination of the end point by potentiometric method. No potentiometric sensors for the determination of this drug have been reported in the literature to date. Potentiometric methods with ion selective electrodes have proved to be effective for the analysis of pharmaceutical compounds and biological samples because these sensors offer the advantages of simple design, reasonable selectivity, fast response time, applicability to colored and turbid solutions and possible interfacing with automated and computerized systems.9 Carbon nanotubes are widely used in several fields in material science. It is a major component in nanotechnology.10,11 The recent discovery of carbon nanotubes (CNTs) attracted much attention because of their dimensions and structural sensitive properties.12 The nanotubes consisted of up to several tens of graphite shells (so called multiwalled carbon nanotubes, MWCNT) with adjacent shell separation of ca. 0.34 nm, diameters of ca. 1 nm and high length/diameter ratio. Carbon nanotubes have a novel structure, narrow distribution size, high surface area, high conductivity, remarkable mechanical properties and high stability. The introduction of CNTs into a polymer matrix improves the electric conductivity and the mechanical properties of the polymer matrix.10 In the present work, a plastic membrane sensor, carbon paste sensor and MWCNT composite coated copper wire sensor for oxeladin cation were constructed and the performance characteristics were studied. The proposed sensors were used to determine oxeladin citrate in bulk, pharmaceutical formulation (Paxeladine® capsules) and human urine samples.

   

  Experimental

  Reagents and materials

  All chemicals were of analytical grade. Double distilled water was used throughout all experiments. Pure grade oxeladin citrate and the pharmaceutical formulation (Paxeladine®, 40 mg capsules) were provided by The Arab Drug Company, Cairo, Egypt. Phosphotungstic acid (PTA), dioctyl sebacate (DOS), 2-nitrophenyl octyl ether (2-NPOE) and tricresyl phosphate (TCP) were from Fluka, tetrahydrofuran (THF), dibutyl phthalate (DBP) and dioctyl phthalate (DOP) from Merck. Graphite powder (1-2 micron) and polyvinyl chloride (PVC) of relatively high molecular weight were from Aldrich. MWCNT, purity more than 95%, were provided from Nanotechnology Unit, Faculty of Science, Beni Suef University, Beni Suef, Egypt.

  Apparatus

  Potentiometric and pH measurements were carried out using a Seibold G-103 digital pH/mV-meter (Vienna, Austria). A Techne circulator thermostat model C-100 was used to control the temperature of the test solutions. A saturated calomel electrode (SCE) was used as the external reference, while an Ag/AgCl wire was used as the internal reference electrode.

  The flow injection (FI) setup is identical to that reported in previous research.13,14 Figure 1 represents the schematic diagram of the flow injection system used in the measurements.
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  Preparation of oxeladin-PT ion associate

  The oxeladin-PT ion associate was prepared by mixing 300 mL 10-2 mol L-1 oxeladin citrate with 100 mL 10-2 mol L-1 PTA solutions. The obtained precipitate was filtered, washed thoroughly with bidistilled water and dried at room temperature. The composition of the ion associate was found to be 3:1 as confirmed by elemental analysis data obtained at the Microanalytical Research Laboratory in the Cairo University, Giza, Egypt. The percentage values found are 18.40, 3.91 and 0.95 and the calculated values are 18.56, 3.82 and 1.08 for C, H and N, respectively.

  Electrodes assembly

  Preparation of plastic membrane electrodes

  The membrane composition was studied by varying the percentages (m/m) of the ion associate, PVC and DBP, until the optimum composition that exhibits the best performance characteristics were obtained. The membranes were prepared by dissolving the required amount of the ion associate, PVC and DBP in about 6 mL of THF. Four membrane compositions were prepared, containing the oxeladin-PT ion associate in the ratios: 1% (3.5 mg ion associate, and 173.25 mg of each of PVC or DBP), 3% (10.5 mg ion associate, and 169.75 mg of each of PVC or DBP), 5% (17.5 mg ion associate, and 166.25 mg of each of PVC or DBP) and 7% (24.5 mg ion associate, and 162.75 mg of each of PVC or DBP). This cocktail was poured into a 6 cm Petri dish and left to dry in air. The thickness of the membrane was about 0.2 mm. Disks of the membrane were used to assemble the electrodes by the general procedure previously described.15 The electrochemical system of the conventional plastic membrane electrode is represented as follows: Ag/AgCl/filling solution (1 × 10-1 mol L-1 NaCl and 1 × 10-2 mol L-1 oxeladin citrate)/membrane/test solution//KCl salt bridge//saturated calomel electrode.

  Preparation of carbon paste electrode

  The carbon paste was prepared by mixing the required amount of the ion associate, graphite powder and dibutyl phthalate as a pasting liquid (ratio of graphite powder to pasting liquid was 1:1) in a mortar until it was uniformly wetted. Four compositions from the carbon paste were prepared, containing the oxeladin-PT ion associate in the ratios: 1% (3.5 mg ion associate, and 173.25 mg of each of graphite or DBP), 3% (10.5 mg ion associate, and 169.75 mg of each of graphite or DBP), 5% (17.5 mg ion associate, and 166.25 mg of each of graphite or DBP) and 7% (24.5 mg ion associate, and 162.75 mg of each of graphite or DBP). The carbon paste electrode was prepared by successive packing of the carbon paste into the tip end of home made Teflon holder (2 mm) and electrical contact was achieved by stainless steel rod (2 mm) connecting the paste to the mV-meter. The electrochemical system of carbon paste sensor is represented as follows: carbon paste electrode/test solution//KCl salt bridge//saturated calomel electrode.

  Preparation of MWCNT composite coated copper wire electrode

  Pure copper wire of 2 mm diameter and of 12 cm in length was insulated by tight polyethylene tube leaving 2 cm at one end for coating and 1 cm at the other end for connection. The polished electrode surface was coated with the active membrane by quickly dipping the exposed end 6-8 times into the coating solution prepared by dissolving optimum ion associate composition previously described under plastic membrane composition, 5% ion associate (17.5 mg), 1% MWCNT (3.5 mg), 47% PVC (164.5 mg) and 47% DBP (164.5 mg), and allowing the film left on the wire to dry in air for about 1 min each time until a plastic film of approximately 1.0 mm thickness was formed. The prepared electrode was preconditioned by soaking for 15 min in 1 × 10-3 mol L-1 drug solution. The electrochemical system of MWCNT composite coated copper wire electrode may be represented as follows: copper wire/MWCNT composite membrane/test solution//KCl salt bridge//saturated calomel electrode.

  Selectivity of the electrodes

  The selectivity coefficients [image: caracter 1]of the electrodes towards different cationic species (Jz+) were determined by a separate solution method,16 in which the Nicolsky Eisenman equation was used: 

  
    [image: Equation 1]

  

  where E1 and E2 are the electrode potentials in 1 × 10-3 mol L-1 oxeladin citrate and interfering ions (Jz+), respectively, and S is the slope in mV. In the case of ions without charges, the selectivity coefficients were determined by the matched potential method (MPM).17 In this method, a known activity of oxeladin ion solution is added into a reference solution containing a fixed activity of oxeladin ion αOxeladin, (α'Oxeladin – αOxeladin is the change in activity), and the corresponding potential change (ΔE) is recorded. Then, a solution of the interfering ion is added to the reference solution until the same potential change (ΔE) is reached. The change in potential produced at the constant background of the primary ion must be the same in both cases
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  where αj is the activity of the added interferent.

  Potentiometric determination of oxeladin citrate

  Oxeladin citrate was potentiometrically determined using the investigated electrodes by the standard addition method.18

  Determination of oxeladin citrate in the pharmaceutical preparation Paxeladine® capsules

  The contents of twenty capsules were accurately weighed and powdered in a mortar. The required amount of powdered capsules to prepare 10-3 mol L-1 oxeladin citrate solution was dissolved in about 30 mL of bidistilled water and filtered in a 100 mL measuring flask. The residue was washed three times with bidistilled water and the volume was completed to the mark by the same solvent. 50 mL solutions having different concentrations (1 × 10-5 - 5 × 10-4 mol L-1 oxeladin citrate) were prepared by accurate dilution. The prepared solutions were transferred into a 100 mL titration cell and subjected to potentiometric determination of oxeladin citrate using standard addition method.

  In FI, a series of solutions of different concentrations of Paxeladine® capsules was prepared, and the peak heights were measured, and then compared with those obtained from injecting a standard solution of the same concentration prepared from pure oxeladin citrate.

  Determination of oxeladin citrate in spiked human urine samples

  Different amounts of oxeladin citrate and 5 mL of human urine from a healthy person were transferred to 50 mL measuring flask and completed to the mark by bidistilled water. The contents of the measuring flask were transferred to a 100 mL titration cell and subjected to potentiometric determination of oxeladin citrate using standard addition method.

   

  Results and Discussion

  Optimization of the electrodes in batch conditions

  Plastic membrane composition

  Four membrane compositions were prepared containing the oxeladin-PT ion associate in the ratios 1, 3, 5 and 7%, and the ratio of PVC to liquid mediator was 1:1. The results indicated that the electrode made by membrane with 5% oxeladin-PT ion associate exhibits the best performance characteristics (slope 58.20 ± 0.22 mV concentration decade-1, linear range 5.96 × 10-6 - 1.00 × 10-2 mol L-1 and limit of detection19,20 4.14 × 10-6 mol L-1, Tables 1 and 2). The PVC acts as a regular support matrix for the plastic membrane ion selective electrode, but its use requires a plasticizer which acts as a fluidizer allowing homogeneous dissolution and diffusional mobility of the electroactive complex inside the membrane.21 Five plasticizers, DBP, DOP, DOS, TCP and 2-NPOE, were tested. The results indicated that DBP is the best tested plasticizer. Poor sensitivities for electrodes plasticized by the other plasticizers are due to low distributions of the electroactive complex oxeladin-PT in these solvents.
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  Carbon paste electrode composition

  Four electrodes were prepared containing the oxeladin-PT ion associate in the ratios, 1, 3, 5 and 7% and the ratio of graphite to liquid mediator is 1:1. The results show that the carbon paste electrode with ion associate ratio of 5% has the best performance characteristics, (slope 55.00 ± 0.69 mV concentration decade-1, linear range 5.96 × 10-6 - 1 × 10-2 mol L-1 and limit of detection 4.14 × 10-6 mol L-1, Tables 1 and 2). The influence of solvent mediator on the performance characteristics of the carbon paste electrode was investigated by using the five plasticizers used in plastic membrane. The results indicated that DBP is the best tested plasticizer.

  By using the optimum ion associate composition 5% oxeladin-PT described previously under plastic membrane composition, and using this composition for preparing copper coated wire electrodes, the performance characteristics of the prepared copper coated electrodes were slope 57.5 ± 0.37 mV concentration decade-1 at 25 ºC, usable concentration range 1.00 × 10-5 - 1.00 × 10-2 mol L-1, limit of detection 4.30 × 10-6 mol L-1 and response time < 15 s. By modifying the coating cocktail of the prepared copper coated electrodes by addition of 1% MWCNT, the composition of the prepared MWCNT composite coated copper wire electrode was 5% ion associate, 1% MWCNT, 47% PVC and 47% DBP, it was found a significant improvement of the performance characteristics of the MWCNT composite coated copper electrodes. The characteristics are slope 57.8 ± 0.13 mV concentration decade-1 at 25 ±C, usable concentration range 3.98 × 10-6 - 1 × 10-2 mol L-1 oxeladin citrate, limit of detection 2.51 × 10-6 mol L-1 and response time < 5 s.

  The potential response characteristics of the proposed electrodes were evaluated according to IUPAC recommendations (Table 3).22
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  The lowering in limit of detection and response time in the case of MWCNT composite coated copper wire electrode may be due to the improvement of electrical conductivity of the PVC matrix by addition of multiwalled carbon nanotubes to this matrix.

  Influence of pH and effect of electrolytes

  The effect of the solution pH on the electrode response was checked for two concentration of oxeladin citrate (1 × 10-3 and 1 × 10-4 mol L-1) by following the variation in potential with change in pH by addition of very small volumes of hydrochloric acid and sodium hydroxide (each 0.1-1.0 mol L-1). The results indicate that the investigated electrodes showed no pH response over the range 2.0-8.0 and 1.9-6.6 for the plastic membrane and carbon paste electrodes, respectively. Figure 2 represents potential vs. pH profiles for the plastic membrane electrode. At higher pH values, the potential decreased due to the gradual increase in the concentration of the unprotonated oxeladin resulting in the precipitation of oxeladin base. The electrode response was checked with bidistilled water, 0.04 mol L-1 Britton Robinson buffer pH 5.0, 0.1 mol L-1 acetate buffer pH 5.0 or 0.1 mol L-1 phthalate buffer pH 5.0. The best results were achieved in 0.1 mol L-1 acetate buffer in the case of the plastic membrane electrode, but in the case of the carbon paste electrode using bidistilled water, it provided not only a higher nernstian slope but also a stable potential reading. Therefore, acetate buffer was used in the case of plastic membrane electrodes and bidistilled water was used in the case of carbon paste electrodes.
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  The effect of ionic strength on the response of the electrodes was also studied, by measuring the potential values of the electrodes at different electrolyte concentrations, 0.01-1.0 mol L-1 NaCl in 0.1 mol L-1 acetate buffer pH 5.0 in the case of plastic membrane electrode, and in bidistilled water in the case of carbon paste electrode. The results indicate that there is no effect of ionic strength on the response of these electrodes.

  Life time and response time of the sensors

  The life time in the case of plastic membrane and MWCNT modified coated copper wire sensors was investigated by performing the calibration graphs periodically and calculating the response slope after these sensors were soaked continuously in 10-3 mol L-1 oxeladin citrate. The results indicate that in the case of plastic membrane sensor, the slope remains constant near 58.2 mV decade-1 for 1 day, then it slightly decreased reaching 57.3, 56.0, 54.1, 51.2 and 46.0 mV decade-1 after 3, 5, 7, 14 and 16 days soaking, respectively. In the case of MWCNT modified coated copper wire sensor, the slope remains constant 58.0 mV decade-1 for 7 days, then decreases reaching 55.0, 53.0 and 49.0 mV decade-1 after 9, 11 and 13 days, respectively.

  The life span of carbon paste sensor was investigated by performing the calibration graphs periodically and calculating the response slope after the sensor was left in air without soaking in the drug, the sensor was preconditioned by soaking in 1 × 10-3 mol L-1 oxeladin citrate for 30 min before use. The results indicate that the slope remains constant near 55.0 mV decade-1 for 1 day, and then it slightly decreased reaching about 53.0 mV decade-1 after 3 months.

  The response time of the proposed sensors was measured after successive immersion of the sensor in a series of drug solutions, each having a 10-fold increase in concentration (1 × 10-5 - 1 × 10-2 mol L-1). The response time was fast, being nearly instantaneous (5-10 s). A typical potential-time plot for the response of the electrode is shown in Figure 3 as representative figure for the plastic membrane sensor.
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  Effect of temperature of the test solution

  To study the thermal stability of the investigated electrodes, calibration graphs were constructed at different test solution temperatures, and the isothermal coefficients (dE/dt) of these electrodes were calculated,23 to be -1.54 and -1.96 mV ºC-1 for the plastic and carbon paste electrodes, respectively.

  Optimization of the electrodes response in FI conditions

  The FI techniques have found wide applications recently mainly due to reduction of the analysis time and reagents consumption compared to conventional manual procedures. The parameters were optimized in order to obtain the best sensitivity. The dispersion coefficients were found to be 1.38, 1.55 and 1.42 in the case of plastic membrane, carbon paste and MWCNT composite coated copper wire electrodes, respectively, these limited dispersion coefficients aid the optimum sensitivity and fast response of the electrodes.24 The effect of flow rate on the electrode response was studied at different flow rates (4.15-30.0 mL min-1) using 10-3 mol L-1 oxeladin citrate with constant injection sample loop size of 75 µL. The residence time of the sample is inversely proportional to the flow rate.25 It was found that as the flow rate increases the peak becomes higher and narrower until flow rates of 12.50, 17.85 and 12.50 mL min-1 are reached in the case of plastic, carbon paste and MWCNT composite coated copper wire electrodes, respectively. The peaks obtained using flow rates greater than these flow rates were nearly the same. These flow rates were used in this work providing the maximum peak height, shorter time to reach the base line and less consumption of the carrier solution. The effect of injected sample volumes (4.7-500 µl) was studied by injecting 1 × 10-3 mol L-1 oxeladin citrate into the FI unit at the previously selected flow rates. Peak heights increased with the increase of the injected volumes. A 150 µL sample loop was used with each of the three sensors. This provides a good compromise between sensitivity and speed of analysis.

  Under these conditions, the performance characteristics are slope 66.6, 70.3 and 61.6 concentration decade-1, linear range of 2 × 10-5 - 1 × 10-2, 1 × 10-5 - 1 × 10-2 and 5 × 10-5 - 1 × 10-2 mol L-1 for plastic membrane, carbon paste and MWCNT composite coated copper wire electrodes, respectively. Figure 4 represents a typical recording and the calibration graphs for plastic membrane as representative figure.
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  Validation of the proposed methods

  Selectivity

  The effect of some inorganic cations, sugars, amino acids, vitamins and urea on the response of oxeladin sensors were investigated according to IUPAC recommendations using the separate solution method (SSM)16 or matched potential method (MPM).17 The selectivity coefficient values [image: Caracter 2] of the developed electrodes listed in Table 4 indicate that these electrodes are highly selective to oxeladin cation under both batch and FI conditions. The high selectivity in the case of inorganic cations is related to the difference in their mobility and permeability as compared to oxeladin cation, and in the case of sugars, amino acids and urea to the difference in polarity and lipophilic nature of their molecules relative to oxeladin cation. In FI measurements, the sample remains in contact with the electrode for a short time, consequently the selectivity coefficients must be different from that found in batch conditions.
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  Precision

  The intra-day and inter-day (day-to-day) precisions expressed by relative standard deviations were 1.37 and 1.97% (n = 4), 1.14 and 1.71% (n = 4) and 0.79 and 1.06% (n = 4), for plastic membrane, carbon paste and MWCNT composite coated copper wire electrodes, respectively.

  Robustness

  The robustness26 was examined by evaluating the effect of small changes in pH (4.7-5.3) of 0.1 mol L-1 acetate buffer on the recovery and standard deviation of the developed methods. The recovery and standard deviation values were not significantly affected by these variations, consequently the optimized procedures were reliable for assay of oxeladin citrate and could be robust.

  Ruggedness

  Ruggedness26 was examined by using two different mV-meter, Seibold G-103 digital pH/mV-meter, Vienna, Austria and a digital Schott Geräte pH/mV-meter, model CG820, were used for applying the proposed procedures to assay oxeladin citrate under the same experimental conditions. The results obtained were reproducible since there is no significant difference between recovery and standard deviation values.

  Analytical applications

  The developed sensors were applied in the potentiometric determination of oxeladin citrate in bulk and the pharmaceutical preparation (Paxeladine® capsules) in batch and FI condition. (Table 5). The results were compared to those obtained from previously reported HPLC method.8 The results are illustrated in Table 6. The data indicate a satisfactory agreement between the oxeladin citrate content determined by the developed sensors and the reference published HPLC method. Statistical comparison of the accuracy and precision of the developed methods with the reference published HPLC method (Table 6) was performed using student's t-test and the F-ratio tests at a 95% confidence level.27 The t- and F-values did not exceed the theoretical values.
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  The determination of oxeladin citrate in spiked human urine samples was carried out at two different levels of concentrations in batch conditions using the developed sensors. The mean recovery and relative standard deviations were calculated and summarized in Table 7.
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  Conclusion

  Three types of potentiometric sensors were constructed. These were based on using oxeladin-phosphotungstate ion associate as the electroactive material. They were used for determination of oxeladin citrate in batch and flow injection conditions. The constructed sensors demonstrated advanced performance, with fast response, lower limit of detection and wide concentration range. The sensors were successfully applied in the determination of the drug in pharmaceutical formulation and spiked human urine samples. The multiwalled carbon nanotube composite coated copper wire electrode has lower limit of detection than plastic membrane and carbon paste electrodes, but the carbon paste electrode has a longer life time than plastic membrane and multiwalled carbon nanotube composite coated copper wire electrodes. The proposed methods are more sensitive than the published spectrophotometric method,4 the official non-aqueous titration method2, in the lower concentrations is difficult to determine in non-aqueous titration methods due to the small pH ranges which usually take place as titration ends in these methods.28 The proposed methods are also less expensive than the published GC-MS7 and HPLC8 methods, which need expensive instruments and expensive HPLC grade solvents which are hazardous on environmen.
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    O objetivo deste trabalho é correlacionar o grau de conversão de copolímeros de 2,2-bis[4-(2-hidróxi-3-metacriloiloxipropóxi) fenil]propano (BisGMA) e dimetacrilato de trietilenoglicol (TEGDMA) (copolímeros TB) obtidos por fotopolimerização, usando o sistema fotoiniciador canforquinona/etil 4-dimetilaminobenzoato (CQ/EDB), com a eluição de monômeros e a absorção de água. A eluição de monômeros foi avaliada a partir da imersão dos polímeros em etanol/água e análise por CLAE (cromatografia líquida de alto rendimento). A absorção de água de saliva artificial foi determinada gravimetricamente. Os resultados mostram que a composição dos copolímeros TB influencia a cinética de polimerização, a quantidade de monômeros eluídos, o grau de conversão e a quantidade de água adsorvida. Uma boa correlação foi encontrada entre estas propriedades.

  

   

  
    The aim of this work was to correlate the degree of conversion with residual monomer release and water absorption of 2,2-bis[4-(2-hydroxy-3-methacryloyloxypropoxy) phenyl]propane (BisGMA) and triethyleneglycol dimethacrylate (TEGDMA) (TB copolymers) obtained by photopolymerization, using canforquinone/ethyl 4-dimethylaminobenzoate (CQ/EDB) photoinitiator. The monomer release from the copolymers was evaluated by immersion in ethanol/water and HPLC (high performance liquid chromatography) analysis. Water absorption from artificial saliva was determined by mass variation. The results show that the composition of the TB copolymers influences the polymerization kinetics, the amount of the released monomers, the degree of conversion and the amount of adsorbed water. A clear correlation can be found between these properties.

    Keywords: photopolymerization, degree of conversion, residual monomers, artificial saliva

  

   

    

  Introduction

  Photopolymerized dimethacrylate-based resins are extensively used in dentistry in a variety of applications, like fissure sealants, binding agents, resin cements and filling materials. The more commonly monomers used in the resin formulations are mixtures of dimethacrylate monomers such as 2,2-bis[4-(2-hydroxy-3-methacryloyloxypropoxy) phenyl]propane (BisGMA) and triethyleneglycol dimethacrylate (TEGDMA).1 These monomers form, after irradiation, three-dimensional networks by radical crosslinking polymerization of the C=C double bonds of the methacrylate end groups of the monomers. The formation of these networks results in various specific properties of the materials, like moderate degrees of conversion, existence of free radicals trapped within the materials and release of residual non-polymerized monomers during storage time. Thus, these materials will show changes in their properties at longer times.

  During the polymerization, the monomers are initially incorporated into polymer chains as units containing pendant bonds. Afterwards, the propagation can proceed by addition of another monomer molecule or by intramolecular or intermolecular addition to the pendant double bond. Intramolecular attack results in cyclization reactions (intramolecular crosslinking), and the intermolecular process leads to crosslinking and the formation of a three-dimensional network. The network is inhomogeneous from the first stages of the polymerization reaction. In densely crosslinked poly(dimethacrylates), trapped radicals are stable even in the presence of large amounts of unreacted double bonds (monomeric and pendant) and have been observed for days or even months, depending on the temperature and other conditions, like the composition and structure of the monomers used in the photopolymerization reactions.2-4

  Dental polymer networks are considered to be largely insoluble structures with relatively high chemical and thermal stability. However, these networks can absorb solvents and release unreacted monomers. These phenomena induce a variety of chemical and physical processes that in general will produce undesirable effects on the structure of the polymer, like volume changes, swelling, plasticization and softening of the material that might alter the performance of the polymer.

  A significant number of studies indicates that monomers may be released from these copolymers to the environment.4-6 The release of residual monomers, oligomers or degradation products may influence the biocompatibility and the mechanical properties of the material.7 The process of elution is influenced by several factors like the extent of the polymerization reaction, i.e., degree of conversion to polymer for specific monomers, the solvent and the chemical nature of the released components.4,8

  Solvents such as water, ethanol, methanol and artificial saliva have been used in different investigations related to the leaching of monomers,6,9 and the excess water in the environment acts as a plasticizer in resin based materials.10 On the other hand, it can cause some undesirable effects such as softening, degradation of the adhesive and reduction of the loading capacity of the resin matrix.11

  The aim of this study is to correlate the absorption of solvents and of residual monomers from the copolymers with the degree of conversion of TB copolymers obtained by photopolymerization.

   

  Experimental

  Materials

  The dimethacrylates TEGDMA and BisGMA, the photoinitiator camphorquinone (CQ) and the co-initiator ethyl 4-dimethylaminobenzoate 99% (EDB) (all from Aldrich) were used as received without further purification. Copolymers were prepared from mixtures of TEGDMA and BisGMA with weight ratios 30:70, 50:50, 70:30 and 20:80 (TB3070, TB5050, TB7030 and TB2080, respectively). To prepare the model adhesives, 100 mL of EDB (0.25%) were mixed with 100 µL of CQ (0.50%), both dissolved in dichloromethane and evaporated by flushing with nitrogen. The required amount of TEGDMA was then added to the residual mass and mixed with the corresponding amount of BisGMA. The mixtures were stored in the dark until the photocuring process was initiated.

  Photopolymerization

  10 mm diameter and 1 mm thickness discs were obtained in a Teflon mould covered with polyethylene film. The desired mixture of monomers, photoinitiator and co-initiator was inserted in the groove and irradiated for 60 or 100 s. The irradiation was carried out with a 600 mW LED Ultra Blue IS light emitting diode (DMC Instruments, Brazil) having a light unit tip of 7 mm diameter. The emitted radiation is predominantly in the 475 ± 15 nm range, in which CQ also absorbs (λmax = 470 nm, ε = 3.8 × 104 cm2 mol-1). Samples were placed at 3 mm of the radiation source.

  The kinetics of polymerization were recorded using a Bomem 100 (MB Series) spectrometer with a Golden GateTM single reflection diamond ATR (attenuated total reflection) unit (Specac Inc.), with spectral resolution of 8 cm-1. One drop of the mixture of monomers was placed on the internal reflectance crystal where total internal refection occurs, and the irradiation was carried out for different times with the lamp described above. The degree of conversion12,13 was determined from the ratio between the absorption peak areas of the aliphatic C=C absorption (ca. 1635 cm-1) and the aromatic carbon-carbon absorption (ca. 1608 cm-1) for the cured and uncured copolymers, according to equation 1:14-16

  
    [image: equation 1]

  

  where A(1635) and A(1608) are the areas of the peaks at 1635 and 1608 cm-1, respectively, and A0 and At correspond to the areas before and after polymerization. The spectra were recorded immediately after the end of the irradiation.

  Elution studies

  After preparation, the TB copolymers were immediately immersed in 5 mL of a 75 wt.% ethanol/water solution, or artificial saliva, at 37 ºC used as the extraction fluid. Samples were analyzed after immersion in the solution for up to 720 h. The released monomers were analyzed in a high performance liquid chromatography (HPLC) system (Shimadzu Corp.) with a refractive index detector (RID-6A). The peak areas of residual monomers on the HPLC trace were determined using the Class-LC10 software (Shimadzu Corp.).

  The chromatographic analysis was performed using a 5 µm LiChrosorb® RP-18 column (Merck), water/methanol ratio 25/75, at a flow rate of 1.0 mL min-1, and the injection volume was 20 µL.

  Calibration curves were made using standard solutions containing known amounts of each of the evaluated monomers (TEGDMA and BisGMA). Solutions of various concentrations of each monomer were injected in the chromatograph and the peak areas were recorded and measured to obtain calibration curves. Thereafter, the sample solutions containing unknown concentrations of the monomers were injected and their concentrations were determined from the calibration curves.

  Adsorption measurements

  To perform the swelling experiments, the copolymers were kept in artificial saliva at 37 ºC. At different times, over a period of 90 days, samples were withdrawn from the solution, dried over filter paper, left in air and weighted until constant weight. The amount of absorbed artificial saliva (St) was determined using equation 2:
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  where m0 is of the mass of dry copolymer and mt is the mass of the copolymer at time t.

  The composition of the artificial saliva used was 4.5 g sodium chloride, 0.3 g potassium chloride, 0.3 g sodium sulfate, 0.4 g ammonium chloride, 0.2 g urea and 3.0 g lactic acid (all reactants from Synth) dissolved in 1000 mL distilled water adjusted to pH 6.5 to 7.0 using 5 mol L-1 sodium hydroxide.17

   

  Results and Discussion

  Degree of conversion of TB copolymers

  The degree of conversion (DC) for the TB3070, TB5050 and TB7030 copolymers during the irradiation is shown in Figure 1. It can be seen that DC rises very rapidly during the first instants of the irradiation and tends slowly to a maximum after about 0.50 min. The mixtures with a larger proportion of TEGDMA reach larger DC. The extrapolated maximum values were 54, 46 and 40% for TB7030, TB5050 and TB3070, respectively.
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  This behavior can be associated to the higher mobility of TEGDMA, compared with BisGMA, in the crosslinked polymer network during photopolymerization. Even at very low conversions (4-6%), the propagation and termination rates become diffusion controlled due to the restricted movements of radicals, promoting a decrease in the termination rate and leading to the increase in the overall polymerization rate (gel effect). The balance between both events (rate diffusion-controlled termination and propagation) leads to a maximum in the polymerization rate. BisGMA is more viscous than TEGDMA due to the presence of the rigid aromatic rings and to the OH groups that promote strong hydrogen bonds. Thus, the lower degree of conversion of the copolymer with higher BisGMA monomer proportion can be traced to the higher viscosity of this material.

  Elution of residual monomers from TB copolymers

  A correlation between the different degrees of conversion and rigidity of the polymer networks can be obtained from the elution of non-reacted monomers after the end of the polymerization process, shown in Table 1. Polymers irradiated for 60 and 100 s were immersed in 75% ethanol-water at 37 ºC for different times. The amounts of eluted TEGDMA and BisGMA monomers were determined by chromatography. It can be observed that the larger the amount of a monomer in the feeding polymerizing composition, the more of it is eluted. Also, the amount of eluted TEGDMA monomers is always higher, or similar, than that of BisGMA monomers. This is probably due to the higher viscosity of the latter, which might hinder its elution because of the difficulty in flowing through the polymer network.
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  Figure 2 shows the monomer elution behavior for TB7030 photocured for 60 and 100 s. The increase in the irradiation time causes the decreased of the amount of eluted monomers. The same effect was found for all the copolymers studied. This effect is probably due to the higher degree of conversion, and therefore more rigid structure of the polymers cured for longer times.
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  Figure 2 also shows a fast release of about 80% of the residual monomers during the first hours of immersion, which levels off after about 200 h. The amount released after 720 h of immersion is not significantly different from that released after 200 h.

  Saliva sorption

  Artificial saliva sorption was evaluated for the TB2080, TB3070, TB5050 and TB7030 copolymers as function of the contact time (Figure 3). The maximum mass percentage of absorbed artificial saliva was 2.8, 3.0, 3.6 and 4.8%, respectively.
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  As can be observed, the TB2080 copolymer absorbs less saliva that the other copolymers. This result must be associated with the structural differences of the copolymers and is consistent with the results obtained for the degree of conversion, as discussed above. The higher viscosity of the BisGMA led to a more crosslinked polymer network after polymerization when this monomer is present in higher proportions. The more compact structure avoids, in a certain degree, the absorption of the saliva and the swelling of the polymer. Furthermore, water sorption is highly dependent upon the chemical properties of the monomers. Thus, studies have shown that water sorption is larger for the polymers with higher concentrations of TEGDMA due to the presence of hydrophilic ether bonds.18,19

  Water sorption by the polymer network occurs by three mechanisms: diffusion, capillarity and transport via microcracks. Among the three factors, diffusion is considered to be the major mechanism.11 At an early stage, the rate of water absorption can be expressed according to Fick's law of diffusion:20
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  where Mt is the mass gain at time t, M∞ the mass gain at equilibrium, L the thickness of the sample and D the diffusion coefficient.

  Plots of Mt/M∞ vs.t1/2 were linear in the initial stages of the absorption indicating that the systems obey the Fick's law of diffusion. The values of the absorption diffusion coefficients calculated are in the range of 13 × 10-8-23 × 10-8 cm2 s-1. These values are in the same order than those found for similar resins (11 × 10-8-22 × 10-8 cm2 s-1).21

  SEM analysis

  Figure 4 shows typical SEM images of the TB7030 copolymers before and after immersion in 75% ethanol-water at 37 ºC for 720 h after photopolymerization with LED Ultra Blue IS for 60 s and 600 mW power. A significant change in the appearance of the images can be observed, indicating that the surface of the polymer after immersion in the solvent is more homogeneous. This suggests that the solvent might, besides removing the unreacted monomers, also rearrange the superficial copolymer chain and, eventually, wash away shorter polymer chains.
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  Conclusions

  A clear correlation can be found considering the three phenomena that were studied in this work, i.e., degree of conversion, monomer leaching and saliva absorption. The copolymer with the highest TEGDMA content (TB7030) showed the highest conversion, as well as the highest absorption of artificial saliva. It is also the copolymer from which the larger amount of TEGDMA remains unreacted after the photopolymerization, as shown in Figure 5.
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  The higher photocuring conversion, which can be associated to a faster reaction rate, gives rise to a more irregular polymer network, so that it will be easier for the solvents to penetrate and remove unreacted monomers. At the same time, the fact that the copolymer network is looser allows the saliva to penetrate easier in the material.
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    Este trabalho relata a síntese, a caracterização e as propriedades luminescentes dos complexos de fórmulas [Tb(DBM)3L], [Tb(DBM)2(NO3)L2)] e [Tb(DBM)(NO3)2(HMPA)2)] (DBM = dibenzoilmetanato; L: TPPO = óxido de trifenilfosfina ou HMPA = óxido de hexametilfosforamida). Os compostos foram caracterizados por análise elementar (CHN), titulação complexométrica com EDTA e espectroscopia no infravermelho com transformada de Fourier (FTIR), e as propriedades de fotoluminescência foram avaliadas. As energias dos estados tripletos do ligante DBM foram determinadas experimentalmente a partir dos espectros de fosforescência resolvidos no tempo dos compostos análogos do íon Gd3+. As energias aumentam em função do número de ânions nitratos que substituem o ligante DBM nos complexos. Ademais, os espectros de luminescência e os tempos de vida dos níveis emissores revelaram que a eficiência de transferência de energia ligante-metal segue a mesma tendência. Ao contrário dos complexos tris-DBM, o bis- e o mono-DBM apresentaram elevada intensidade de luminescência, sendo candidatos promissores para camadas emissoras de luz em dispositivos moleculares conversores de luz (LCMD).

  

   

  
    The Tb3+-β-diketonate complexes [Tb(DBM)3L], [Tb(DBM)2(NO3)L2] and [Tb(DBM)(NO3)2(HMPA)2] (DBM = dibenzoylmethanate; L: TPPO = triphenylphosphine oxide or HMPA = hexamethylphosphine oxide) were prepared and characterized by elemental analysis (CHN), complexometric titration with EDTA and Fourier transform infrared (FTIR) spectroscopy, and the photoluminescence properties evaluated. The triplet state energies of the coordinated DBM ligands were determined using time-resolved phosphorescence spectra of analogous Gd3+ complexes. The results show that the energies increase along with the number of coordinated nitrate anions replacing the DBM ligand in the complexes. The luminescence spectra and emission lifetime measurements revealed that the ligand-to-metal energy transfer efficiency follows the same tendency. Unlike the tris-DBM complexes, bis- and mono-DBM presented high luminescence, and may act as promising candidates for preparation of the emitting layer of light converting molecular devices (LCMDs).

    Keywords: terbium(III), β-diketonate, phosphine oxide, energy transfer

  

   

   

  Introduction

  Several transition metal and lanthanide β-diketonate complexes have been reported in the literature.1-4 In lanthanide compounds, the coordinated ligands play various roles that permit obtaining complexes with high luminescence quantum yields. They can (i) relax the Laport's parity selection rule;5-7 (ii) protect the emitting ion from solvent molecules, that can act as quenchers and (iii) help overcome the low absorption coefficients of intraconfigurational-4f electronic transitions (ε ca. 0.01 to 3 L mol-1 cm-1), since the excited organic ligands can transfer energy to a suitable excited energy level of the lanthanide ion.7-9

  It is easy to find Ln3+-β-diketonate complexes exhibiting quantum yields above 70% in the literature,2 in which the efficiency of the β-diketonate-to-Ln3+ intra-molecular energy transfer process is largely dependent on the energy difference between the donor state of the ligand and the acceptor state of the Ln3+ ion (ΔE).10,11 The more operative intra-molecular ligand-to-metal energy transfer is observed in compounds presenting ligand donor states above the lanthanide acceptor energy levels, minimizing the back energy-transfer processes.1,10-12 Furthermore, β-diketonate ligands generally have their donor states localized on the chelating ring, shortening the donor-acceptor distance, RL, and thus enhancing the luminescence quantum yield.1,12

  After the pioneering study by Weissman,13 a great number of authors have been concerned with elucidating the details of intra-molecular energy-transfer for different lanthanide coordination compounds, particularly Eu3+ and Tb3+ ones.14-20 The main emitting level of the Tb3+ ion,5D4, is approximately 3250 cm-1 above the main emitting level of the Eu3+ ion,5D0. Therefore, a single β-diketonate ligand is often not optimum to sensitize both ions, since the triplet states are not resonant for both of them.17

  Energy levels of β-diketonate ligands remain essentially the same in tris and tetrakis-complexes such that the ligand-to-metal intra-molecular energy transfers in these complexes are very similar. In the absence of additional luminescence quenching routes, the luminescence quantum yields of tris and tetrakis-complexes are similar suggesting that they are independent of the number of coordinated β-diketonate ligands.15-17,21 However, recently our group reported that the luminescence of the complex [Tb(TTA)2NO3(TPPO)] is much higher than in its tris and tetrakis analogues.22-25

  In this work, our group extends the investigation to the mono-, bis- and tris-DBM complexes, [Ln(DBM)3L], [Ln(DBM)2(NO3)L2)] and [Ln(DBM)(NO3)2L2)] (DBM = dibenzoylmethanate; L: TPPO = triphenylphosphine oxide or HMPA = hexamethylphosphine oxide; Ln = Tb3+ and Gd3+), and the study of the dependence of Tb3+ luminescence properties as a function of the number of coordinated β-diketonate ligands. The corresponding Gd3+ complexes were used to mimic the Tb3+ complexes and determine the excited state energies of the coordinated ligand.

   

  Experimental

  Reagents and syntheses

  Terbium oxide (Tb4O7), dibenzoylmethane, phosphine oxide ligands (TPPO and HMPA) as well as the solvents (ethanol and acetone) were purchased from Aldrich Co., and used without any previous treatment. Terbium chloride and nitrate were synthesized as described in the literature.26 The terbium and gadolinium complexes were synthesized in the same way; and the preparation of terbium complexes are given as representative.

  Syntheses of the tris-diketonate complexes

  Tb(DBM)3L (L = TPPO or HMPA)

  To an ethanol solution containing 1.00 g (4.46 mmol) of DBM, and 0.41g (1.49 mmol) of TPPO (or 0.29 g of HMPA), a solution of 0.56 g (1.49 mmol) of terbium chloride in 30 mL of ethanol was added dropwise, under stirring. The pH value of the resulting solution was then adjusted to approximately 6.0 using NaOH (0.01 mol L-1) in a 50/50 water/ethanol mixture. The resulting yellow solid was filtered, washed with ethanol and dried under vacuum.

  Tb(DBM)3(TPPO): yield 1.50 g (90.8%); C63H48TbO7P: calc. C 68.36, H 4.37, Tb 14.36; found C 68.15, H 4.52, Tb 13.97; FTIR (KBr) ν/cm-1 3055 (w), 2923 (w), 1597 (s), 1550 (s), 1519 (s), 1477 (s), 1454 (m), 1404 (s), 1311 (m), 1219 (w), 1168 (s), 1118 (s), 1091 (m), 1068 (w), 1026 (m), 999 (w), 941 (w), 852 (w), 817 (w), 783 (w), 744 (m), 721 (s), 690 (s), 609 (m), 540 (s).

  Tb(DBM)3(HMPA): yield 1.30 g (87.5%); C51H51TbN3O7P: calc. C 60.78, H 5.10, N 4.17, Tb 15.77; found C 60.63, H 5.05, N 4.22, Tb 16.09; FTIR (KBr) ν/cm-1 3059 (w), 2927 (w), 1600 (s), 1550 (s), 1520 (s), 1477 (s), 1458 (m), 1411 (s), 1303 (m), 1220 (w), 1157 (s), 1068 (m), 1022 (w), 987 (s), 941 (w), 783 (w), 748 (s), 717 (s), 686 (m), 609 (m), 509 (w).

  Gd(DBM)3(TPPO): yield 1.42 g (85.9%); C63H48GdO7P: calc. C 68.46, H 4.38, Gd 14.23; found C 68.46, H 4.42, Gd 14.14; FTIR (KBr) ν/cm-1 3059 (w), 3024 (w), 1597 (s), 1546 (s), 1516 (s), 1476 (s), 1456 (m), 1404 (s), 1307 (m), 1281 (w), 1223 (w), 1168 (s), 1119 (s), 1095 (m), 1064 (w), 1022 (m), 999 (w), 941 (w), 852 (w), 810 (w), 783 (w), 745 (m), 721 (s), 691 (s), 609 (m), 540 (m), 509 (w).

  Gd(DBM)3(HMPA): yield 1.38 g (91.7%); C51H51GdN3O7P: calc. C 60.48, H 5.11, N 4.18, Gd 15.63; found C 60.53, H 5.15, N 4.02, Gd 15.58; FTIR (KBr) ν/cm-1 3059 (w), 2922 (w), 1597 (s), 1551 (s), 1519 (s), 1477 (s), 1458 (m), 1412 (s), 1304 (m), 1219 (w), 1180 (s), 1064 (m), 1022 (w), 988 (s), 941 (w), 783 (w), 748 (s), 718 (s), 687 (m), 609 (m), 509 (w).

  Syntheses of the bis-diketonate complexes

  [Tb(DBM)2(L)2(NO3)]

  1.00 g (4.46 mmol) of DBM and 1.24 g (4.46 mmol) of TPPO (or 0.87 g of HMPA) were dissolved in 30 mL of ethanol and added dropwise under stirring to 30 mL of an ethanol solution containing 0.56 g (1.49 mmol) of terbium chloride. The pH value of the resulting mixture was adjusted to 1.0 with concentrated HNO3 solution, and then to 6.0 using NaOH (0.01 mol L-1) in a 50/50 water/ethanol mixture. The yellow solid was filtered, washed with ethanol and dried under vacuum.

  [Tb(DBM)2(TPPO)2(NO3)]: yield 2.27 g (83.4%); C66H52TbNO9P2: calc. C 64.76, H 4.28, N 1.14, Tb 12.98; found C 64.16, H 4.30 , N 1.84, Tb 13.26; FTIR (KBr) ν/cm-1 3055 (m), 2920 (w), 1597 (s), 1550 (s), 1520 (s), 1477 (s), 1454 (s), 1404 (s), 1311 (m), 1219 (w), 1165 (s), 1118 (s), 1092 (w), 1068 (w), 1026 (m), 999 (w), 941 (w), 852 (w), 817 (w), 783 (w), 744 (m), 721 (s), 690 (s), 609 (m), 540 (s).

  [Tb(DBM)2(HMPA)2(NO3)]: yield 1.96 g (86.0%); C42H58TbN7O9P2: calc. C 49.18, H 5.70, N 9.56, Tb 15.49; found C 49.72, H 5.90, N 8.76, Tb 15.52; FTIR (KBr) ν/cm-1 3059 (w), 2924 (m), 1597 (s), 1550 (s), 1516 (s), 1477 (s), 1458 (m), 1408 (s), 1300 (m), 1219 (w), 1161 (s), 1068 (m), 1026 (w), 987 (s), 941 (w), 783 (w), 744 (s), 721 (s), 686 (m), 609 (m), 509 (w), 478 (w).

  [Gd(DBM)2(TPPO)2(NO3)]: yield 2.34 g (85.4%); C66H52GdNO9P2: calc. C 64.85, H 4.29, N 1.15, Gd 12.86; found C 64.23, H 4.32 , N 1.62, Gd 12.61; FTIR (KBr) ν/cm-1 3055 (m), 2920 (w), 1593 (s), 1551 (s), 1520 (s), 1477 (s), 1453 (s), 1404 (s), 1312 (m), 1219 (w), 1168 (s), 1119 (s), 1092 (w), 1072 (w), 1026 (m), 999 (w), 941 (w), 852 (w), 814 (w), 783 (w), 745 (m), 721 (s), 691 (s), 609 (m), 540 (s), 447 (w).

  [Gd(DBM)2(HMPA)2(NO3)]: yield 2.08 g (90.5%); C42H58GdN7O9P2: calc. C 49.26, H 5.71, N 9.57, Gd 15.35; found C 49.12, H 5.66, N 9.67, Gd 15.93; FTIR (KBr) ν/cm-1 3059 (w), 2924 (m), 2897 (m), 2808 (m), 1597 (s), 1554 (s), 1516 (s), 1477 (s), 1454 (m), 1408 (s), 1304 (m), 1219 (w), 1192 (s), 1161(s), 1068 (m), 1026 (w), 987 (s), 941 (w), 818 (w), 783 (w), 748 (s), 721 (s), 687 (m), 610 (m), 505 (w), 478 (w).

  Syntheses of the mono-diketonate complexes

  [Tb(DBM)(HMPA)2(NO3)2]

  Mono-dibenzoylmethanate complex was obtained only with HMPA as neutral ligand. The synthetic route for this complex was similar to that used for [Tb(DBM)2(HMPA)(NO3)], but using the 1:2:1 molar ratio of DBM:HMPA:Tb3+. An ethanol solution (ca. 20 mL) of terbium nitrate (1.66 g, 4.44 mmol) was added to 20 mL of an ethanol solution containing a mixture of 1.00 g (4.46 mmol) of DBM and 1.61 g (8.92 mmol) of HMPA. After ca. 24 h, the yellow single crystals were filtered, washed with ethanol and dried in a desiccator under vacuum.

  [Tb(DBM)(HMPA)2(NO3)2]: yield 2.90 g (75.0%); C27H47TbN8O10P2: calc. C 37.51, H 5.48, N 12.96, Tb 18.38; found C 37.28, H 5.31, N 10.48, Tb 18.32; FTIR (KBr) ν/cm-1 3062 (w), 2935 (m), 1597 (s), 1554 (s), 1523 (s), 1481 (s), 1384 (s), 1300 (s), 1230 (w), 1188 (s), 1165 (s), 1138 (s), 1068 (m), 1029 (w), 991 (s), 817 (w), 756 (s), 721 (m), 690 (w), 609 (w).

  [Gd(DBM)(HMPA)2(NO3)2]: yield 3.15 g (81.4%); C27H47GdN8O10P2: calc. C 37.58, H 5.49, N 12.99, Gd 18.22; found C 37.40, H 5.28, N 12.88, Gd 17.80; FTIR (KBr) ν/cm-1 3059 (w), 2997 (m), 2891 (m), 2854 (m), 2816 (m), 1601 (s), 1558 (s), 1524 (s), 1481 (s), 1458 (s), 1385 (s), 1300 (s), 1238 (w), 1161 (s), 1138 (s), 1061 (m), 1030 (w), 984 (s), 941 (w), 818 (w), 756 (s), 721 (m), 687 (w), 605 (w), 521 (w), 482 (w).

  Apparatus

  The elemental analyses of carbon, hydrogen and nitrogen in the tris-, bis- and mono-diketonate complexes were performed using a Perkin-Elmer model 2400 microanalyzer, whereas the Tb3+ ion contents were determined by complexometric titration with EDTA.27 Infrared absorption spectra were recorded in the range of 400 up to 4000 cm-1 in KBr pellets using a Shimadzu FTIR spectrophotometer model IRPRESTIGE-21.

  Steady state excitation and emission spectra of the solid complexes were recorded at liquid nitrogen temperature, using a Fluorolog-3 spectrofluorometer (Horiba) equipped with 0.22 m excitation and emission double grating monochromators, a 450 W Xenon lamp as the excitation source, and an R928P PMT photomultiplier as detector. All spectra were recorded using detector mode correction. The second-order diffraction of the source radiation was eliminated by using a cut-off filter. Time-resolved luminescence spectra of the Gd3+-complexes and the luminescence decay curves of the Tb3+-complexes were recorded at 77 K using the same equipment, but operating in phosphorescence mode with a pulsed Xenon lamp as the excitation source. A time delay of 0.100 ms was applied. The luminescence instruments were fully controlled by the FluorEssence program. All luminescence data were obtained from samples contained in a 2 mm diameter quartz tube.

   

  Results and Discussion

  Characterization of the complexes

  The elemental analysis (C, H and N) and the complexometric titration data indicated that complexes presenting the formulas [Ln(DBM)3L], [Ln(DBM)2(NO3)L2] and [Ln(DBM)(NO3)2(HMPA)2] (Ln = Gd3+ and Tb3+; DBM = dibenzoylmethanate; L: TPPO = triphenylphosphine oxide or HMPA = hexamethylphosphine oxide) were obtained. The tris- and bis-diketonate complexes of either HMPA or TPPO were easily obtained. However, it was not possible to obtain the mono-diketonate with TPPO, even after many attempts. This is probably due to the lower donor capacity and steric hindrance of TPPO when compared to HMPA, which allows coordination of more than one DBM ligand to the lanthanide ion.

  The coordination modes of the dibenzoylmethanate, phosphine oxide and nitrate ligands were investigated based on their characteristic FTIR absorption bands (Figure S1 in the Supplementary Information (SI) section). The FTIR spectra exhibited strong bands at around 1600 cm-1 that might be assigned to ν(C=O) coupled with ν(C=C) of the DBM ligand. These bands are shifted to a lower wavenumber in comparison with the free ligand, indicating that DBM is coordinated to the metal ion in chelating mode.28 The spectra also show strong bands around 1160 cm-1, which might be assigned to ν(P=O) of the phosphine oxide ligands (TPPO and HMPA). These bands are also shifted to lower wavenumbers in comparison with the respective free ligands. Two absorption bands were also observed around 1180 and 1036 cm-1 which may be assigned to νa(NO2) and νs(NO2) modes, indicating that the NO3- is chelated and has C2v symmetry.28,29 Furthermore, the two characteristic bands assigned to ν1 + ν4 combination modes (1820 and 1767 cm-1) are separated about 55 cm-1, reinforcing the implication that nitrate is coordinated as a bi-dentate ligand.28

  Luminescent properties of the Tb3+-DBM complexes

  According to the intra-molecular energy transfer mechanism suggested by the experimental data and theoretical models,1,12,14 the excited T1 states of the ligands play a critical role in defining the Ln3+ β-diketonate complexes. In order to estimate these energy levels in the Tb3+ complexes, phosphorescence spectra of equivalent Gd3+ complexes that do not present intraconfigurational-4f transitions in the visible region were recorded.1 Figures 1a and 1b show the steady state emission spectra of the [Gd(DBM)3L], [Gd(DBM)2(NO3)L2] and [Gd(DBM)(NO3)2(HMPA)2] complexes with excitation at 370 nm. These spectra are characterized by one very low intensity broad band in the spectral range of 420-455 nm and the strongest bands are in the spectral range of 460-700 nm, which are assigned to the S1 → S0 and to the T1 → S0 transitions of the DBM ligand, respectively.
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  In order to determine the exact position of 0-0 phonon transitions, the time-resolved luminescence spectra (Figures 2a and 2b) were recorded using a time delay of 0.100 ms. As can be seen, these spectra present only those broad bands that may be attributed to the triplet to singlet transitions. The T1 state energies determined as the shortest wavelength phosphorescence bands for the complexes are [Gd(DBM)3(TPPO)] (20325 cm-1), [Gd(DBM)3(HMPA)] (20660 cm-1), [Gd(DBM)2(TPPO)2(NO3)] (21186 cm-1), [Gd(DBM)2(HMPA)2(NO3)] (21142 cm-1) and [Gd(DBM)(NO3)2(HMPA)2] (21231 cm-1).
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  A significant increase in the T1 state energies is observed when changing the inner coordination sphere (around the lanthanide ion) from tris- to either bis- or mono-DBM complexes. This is in agreement with results previously observed for Gd(III)-TTA-phosphine oxide complexes22,26 and suggests that the inter-ligand interactions play an important role in the energy level structures of Ln3+ diketonate complexes.

  Figure 3 shows the excitation spectra of the [Tb(DBM)2(NO3)L2] and [Tb(DBM)3L] complexes recorded at 77 K in the 250-520 nm range, monitoring the emission from the5D4 →7F5 transition at around 545 nm. The broad bands that can be attributed to S0 → S1 transitions centered on the DBM ligands. This result indicates a luminescent sensitization of the Tb3+ ion via antenna effect. Some narrow bands in the excitation spectra due to the intraconfiguratinonal-4f8 transitions7F6 →5L6 (339 nm),7F6 →5L9 (350 nm),7F6 →5L10 (369 nm),7F6 →5G6 (376 nm),7F6 →5D3 (380 nm) and7F6 →5D4 (488 nm) centered on the Tb3+ ion are also observed.30 The comparison of the relative intensities for the bands in the excitation spectra reveals a significant intensification on the DBM centered transitions from tris- to mono-diketonate complexes. These results suggest higher luminescence sensitizing of the Tb3+ ion in those complexes.
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  The emission spectra of the Tb3+-DBM complexes in solid state were recorded in the range of 420 to 720 nm at 77 K, upon excitation in an absorption band of the DBM ligand around 370 nm (Figure 4). These spectra present characteristic narrow bands assigned to the intraconfigurational5D4 →7FJ transitions of Tb3+ ion:5D4 →7F6 (492 nm),5D4 →7F5 (545 nm),5D4 →7F4 (589 nm),5D4 →7F3 (625 nm),5D4 →7F2 (651 nm),5D4 →7F1 (662 nm) and5D4 →7F0 (680 nm). All spectra present the band due to the5D4 →7F5 transition as the most intense one. In addition to intraconfigurational5D4 →7FJ transitions, broad emission bands in the 470-720 nm range assigned to the phosphorescence from the DBM ligands can also be observed. However, the intensity of the phosphorescence bands decreases significantly from tris- to bis-diketonate (Figures 4a and 4b), for both TPPO and HMPA complexes. Although the band in the [Tb(DBM)3(TPPO)] complex (Figure 4a) exhibits lower intensity than in the similar tris-DBM complex with HMPA (Figure 4b), both are not luminescent at room temperature. The lowest relative intensity of the phosphorescence band was obtained for mono-diketonate [Tb(DBM)(NO3)2(HMPA)2] (Figure 4b), that presents the strongest green luminescence at room temperature under UV radiation, which is unlike most Tb3+ complexes containing aromatic diketonates as ligands reported in the literature.15-17
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  An energy level diagram to rationalize the photophysical properties of the synthesized complexes was built (Figure 5). The energy gap values ΔE (T –5D4) were calculated as the difference between the energies corresponding to the 0-0 phonon transitions from the phosphorescence spectra of the Gd-complexes (Figure 2a and 2b), and the main emitting energy level5D4 of the Tb3+ ion at 20492 cm-1.30 The values of ΔE (T –5D4) for tris-, bis- and mono-dibenzoylmethanate complexes are [Gd(DBM)3(TPPO)] (–167 cm-1), [Gd(DBM)3(HMPA)] (168 cm-1), [Gd(DBM)2(TPPO)2(NO3)] (694 cm-1), [Gd(DBM)2(HMPA)2(NO3)] (650 cm-1) and [Gd(DBM)(NO3)2(HMPA)2] (740 cm-1). The values for bis- and mono-dibenzoylmethanate compounds are high enough to permit considerable intramolecular DBM-to-Tb3+ ion energy transfer.
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  In order to obtain evidence for the relationship between the T1 state position and the luminescent intensity of the Tb3+ ion in the tris-, bis- and mono-dibenzoylmethanate complexes, the luminescence decay curves were measured (Figures S2 and S3 in the SI section). The decay curves for bis- and mono-dibenzoylmethanate complexes were adjusted with a single exponential function and the lifetime values (τ) of the5D4 emitting level were found to be: 0.4948 ms for [Tb(DBM)2(NO3)(TPPO)2], 0.6661 ms for [Tb(DBM)2(NO3)(HMPA)2], and 0.6847 ms for [Tb(DBM)(NO3)2(HMPA)2]. The luminescence decay curves for tris-DBM complexes were better adjusted by a bi-exponential function (τ1 = 0.8946 ms, τ2 = 0.0214 ms) for [Tb(DBM)3(TPPO)], and (τ1 = 1.0499 ms, τ2 = 0.0508 ms) for [Tb(DBM)3(HMPA)], and indicate that both the DBM ligand and Tb3+ ion are acting as emitting species with lifetimes of τ1 and τ2, respectively. The values of τ for the mono- and bis-dibenzoylmethanate complexes are higher than the values of τ2 for the tris-dibenzoylmethanate complexes. The results suggest that the emitting5D4 level of the Tb3+ ion is efficiently deactivated in the tris-dibenzoylmethanate complexes. This is consistent with the energy level diagram presented in Figure 5, that shows T1 states for [Tb(DBM)3(TPPO)] and [Tb(DBM)3(HMPA)], below and a little above of the5D4 level, respectively.

   

  Conclusions

  In this work, three series of Tb3+-diketonate complexes containing DBM, and phosphine oxide ligands were successfully synthesized and characterized. These compounds with general formulas [Tb(DBM)3L], [Tb(DBM)2(NO3)L] and [Tb(DBM)(NO3)2L] (L = TPPO or HMPA) exhibit different luminescence properties under excitation at DBM transitions. This is in contrast with Tb3+ tris-DBM compounds, and most of the Tb3+-diketonate complexes reported in the literature, which display only very weak luminescence intensities. Bis- and mono-dibenzoylmethanate forms are characterized by strong green luminescence arising from the Tb3+ ion. Notably, the luminescent sensitizer activity of the DBM ligands for the Tb3+ center in these complexes increases when the number of the DBM ligand in the first coordination sphere decreases. In mono- and bis-DBM complexes, both stronger DBM-metal interactions and conformational changes of DBM ligand due to the replacement of other coordinated DBM by nitrate ion probably play the main role in increasing the energies of remaining DBM ligand triplet states, thus intensifying the antenna effect. This behavior emphasizes the importance of the inter-ligand interactions on the T1 state energy, and consequently on the efficiency of T1 →5D4 energy transfer process. Finally, the experimental results reveal that mono- and bis-DBM complexes of the Tb3+ ion are promising candidates for light converting molecular devices (LCMD).

   

  Supplementary Information

  FTIR spectra of the Tb3+-dibenzyolmethanate compounds are available free of charge at http://jbcs.sbq.org.br as PDF file.
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     O novo diterpeno clerodano 3-oxo-12-epibarbascoato de metila foi isolado das cascas do caule de Croton urucurana, juntamente com o diterpeno conhecido como 12-epibarbascoato de metila. As estruturas destes compostos foram elucidadas através de técnicas espectroscópicas e por comparação com dados da literatura. A obtenção de cristais possibilitou a análise cristalográfica da difração de raios X dos diterpenos, confirmando assim as estruturas propostas.

  

   

  
    The new clerodane diterpene methyl 3-oxo-12-epibarbascoate was isolated from the stem barks of Croton urucurana together with the known diterpene methyl 12-epibarbascoate. The structures of these compounds were elucidated by spectroscopic techniques and comparison with the literature data. The obtainment of crystals allowed the crystallographic analysis of X-ray diffraction of diterpenes, thus confirming the proposed structures.
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  Introduction

  Croton is a large genus of Euphorbiaceae, comprising around 1,300 species of trees, shrubs and herbs distributed in tropical and subtropical regions of both hemispheres.1,2 Some species of this genus produce a blood-red latex, which gave to the genus the vernacular name of Dragon's Blood.3 Among a great variety of shikimic and acetate pathway metabolites, diterpenoids with various skeletons are well represented in this genus, which is one of the richest sources of clerodanes.2 The nor-clerodane diterpene transdehydrocrotonin was isolated from the bark of C. cajucara Benth.4 This compound was also isolated from the aerial part of C. schiedeanus, besides two new neo-clerodane type furan diterpenoids and cis-dehydrocrotonin.5 Diterpene crotonin-derived clerodanes were also found in C. macrobothrys.6 Two new clerodane diterpenes, crotobrasilin A and crotobrasilin B, were isolated from leaves and stems of C. brasiliensis.7 In addition to clerodane diterpenes, a variety of diterpene types can be found in the Croton genus, such as cembrane diterpenoids in C. gratissimus,8 casbane in C. nepetaefolius,9 abietane and ent-kaurene derivatives in C. argyrophylloides10 and C. kongensis,11 diterpenes derived of the tigliane and daphnane types in C. steenkampianus,12 and trachylobane derivatives in C. zambesicus.13

  There are very few reports available concerning the phytochemical compounds of C. urucurana Baill., a tree commonly found in the region of Dourados City, Mato Grosso do Sul State, Brazil. This plant is widely used in traditional medicine to treat wound infection and to accelerate wound healing, and also to treat rheumatism, cancer and other illnesses.14 In our previous phytochemical studies on the bark of C. urucurana, three clerodane diterpenes were found and identified as methyl 12-epibarbascoate (1), sonderianin (2) and 15,16-epoxyclerodan-3,13(16),14(15)-trien-2-one (3), along with acetyl aleuritolic acid, stigmasterol, campesterol, β-sitosterol, β-sitosterol-3-O-glucoside, catechin and gallocatechin.15 In the essential oil of the stem bark borneol, bornyl acetate, 1-isopropyl-7-methyl-4-methylene-1,3,4,5,6,8-hexahydro-2H-naphthalen-4α-ol sesquicineole and γ-gurjunene epoxide were identified as the main components.16 The polysaccharide fucoarabinogalactan has been isolated as the main constituent of the gum exudate of this species.17 In terms of biological activity, the methanolic extract of the bark has been reported to be antimicrobial14 and analgesic,18 and the aqueous extract is apparently a promising antidote for the effects of Bothrops jararaca venom.19 In the case of the blood-red latex, antifungal,17 visceral nociception20 and antidiarrhoeal activities21 have been observed. Insecticidal activity has also been verified for semipurified fractions of the stem bark extract of C. urucurana.22

  As a continuation of our investigation on the chemical constituents of the stem barks of C. urucurana, this work describes the structures of two clerodane diterpenes, the previously reported diterpene methyl 12-epibarbascoate (1) and the new diterpene methyl 3-oxo-12-epibarbascoate (4). The structures of these compounds were elucidated by spectroscopic techniques and comparison with the literature. Furthermore, the obtainment of crystals allowed the crystallographic analysis of X-ray diffraction of methyl 12-epibarbascoate and 3-oxo-12-epibarbascoate, thus confirming the proposed structures.

   

  Experimental

  General experimental procedures

  Melting points were determined with a Microquímica APF-302 apparatus, and are uncorrected. IR spectral data were acquired on a Perkin-Elmer FT 16PC instrument with KBr disks. The optical rotation was evaluated on a Polartronic E polarimeter (Schmidt Haensch).1H (400 MHz) and 13C nuclear magnetic resonance (NMR) (100 MHz) spectra were recorded with a Varian spectrometer, using CDCl3 as the solvent and TMS (tetramethylsilane) as the internal standard. Gas chromatographic analyses were obtained on a Shimadzu GC 14B with a flame ionization detector (FID) and a CBP20 fused silica capillary column. The initial column temperature was 100 ºC and the final temperature was 290 ºC, with heating at 10 ºC min-1 . The injector and detector temperature were 235 ºC and the carrier gas used was N2. Column chromatography was performed using silica gel (230-400 mesh, Merck). Thin layer chromatography (TLC) was performed on a pre-coated silica gel type 60 plate (Merck) and spots were located by spraying with sulfuric anisaldehyde followed by heating. ESI-Q-TOFMS (electrospray ionization quadrupole time-of-flight mass spectrometry) measurements were performed with a micrOTOF Q-II (Bruker Daltonics) mass spectrometer equipped with an automatic syringe pump from KD Scientific for sample injection. The ESI-QTOF mass spectrometer was running at 4.5 kV at a desolvation temperature of 180 ºC. The mass spectrometer was operating in the positive ion mode. The standard ESI source was used to generate the ions. Samples were injected using a constant flow (3 µL min-1). The solvent was an acetonitrile/methanol mixture. The ESI-Q-TOF MS instrument was calibrated in the range m/z 50-3000 using an internal calibration standard (low concentration tuning mix solution) which was supplied from Agilent Technologies. Data were processed via Bruker Data Analysis software version 4.0.

  X-ray crystallographic analysis

  The isolated diterpenes were submitted to crystallization, and both 1 and 4 afforded crystals suitable for X-ray diffraction determination. A crystal of each sample was selected from representative crystalline samples. The intensity data for these compounds were collected with an Enraf-Nonius CAD4 diffractometer, at room temperature, with graphite-monochromated Mo Kα radiation. The unit cell parameters were determined based on the setting angles of 25 centered reflections. All data were corrected for Lorentz and polarization effects. The structure was solved by direct methods and refined by full-matrix least-squares methods using SIR9723 and SHELXL9724 programs, respectively. All non-hydrogen atoms were refined anisotropically. H atoms attached to C atoms were placed at their idealized positions, with C–H distances and Ueq values taken from the default settings of the refinement program. Due to the absence of an efficient anomalous scattering source, the absolute configuration of the structures could not be determined. The obtainment of ORTEP plots and the cif (crystallographic information file) validation procedure were performed using PLATON software.25 Further data obtained from the crystallographic analysis of compounds 1 and 4 are summarized in Table 1. Crystallographic data for the structures in this work were deposited in the Cambridge Crystallographic Data Centre as supplementary publication numbers CCDC 837380 and CCDC 837381, respectively.
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  Plant material

  The stem barks of C. urucurana Baill. were collected along the Dourados highway (km 21) in a town called Itahum (Mato Grosso do Sul State, Brazil) in October 2006. The plant material was identified by Ubirazilda Resende, retired Botanist of the Universidade Federal do Mato Grosso do Sul Herbarium, and a voucher specimen was deposited in the CGMS Herbarium under the registered number 16860.

  Extraction and isolation

  The powdered stem barks of C. urucurana (1.2 kg) were extracted sequentially with enough volume to cover the plant material of n-hexane, EtOAc and EtOH (three times for seven days each) at room temperature. The resulting extracts were filtered and concentrated under reduced pressure at 50 ºC to give the n-hexane (37 g), EtOAc (17 g) EtOH (66 g), respectively. Part of the EtOAc extract (7 g) was submitted to chromatographic fractionation on a silica gel column eluted with n-hexane and increasing amounts of EtOAc (0-100%) to give 20 fractions (125 mL each). Fractions 8 and 9 (75:25 n-hexane-EtOAc), isolated initially in the form of a yellow oil, were combined and after successive recrystallization in CH2Cl2 yielded 80.0 mg of 1 in the form of crystals. Finally, fractions 15 and 16 (60:40 n-hexane-EtOAc) were combined and purified by recrystallization in CH2Cl2 to yield 22.0 mg of 4, also in crystal form.

  Methyl 12-epibarbascoate (1)

  Colorless crystals (CH2Cl2); mp 115-117 ºC;15 TLC Rf 0.7 (70:30 n-hexane-EtOAc); IR (KBr) νmax/cm-1 3128, 2951, 2845, 1713, 1495, 1444, 1388, 1361, 1314, 1246, 1140, 1070, 1022, 954, 909, 871, 799, 766, 724, 688, 598;1H NMR (CDCl3) δ 7.42 (s, H-16), 7.40 (t, J 1.8 Hz, H-15), 6.61 (t, J 3.3 Hz, H-14), 6.40 (br s, H-3), 5.51 (dd, J 5.9 and 11.4 Hz, H-12), 3.68 (s, O-Me), 2.53 (dt, J 3.3 Hz, H-2), 2.37 (d, J 5.9 Hz, H-11), 2.33 (m, H-8), 2.17 (m, H-7), 1.73 (d, J 3.7 Hz, H-1), 1.66 (m, H-6), 1.63 (m, H-10), 1.31 (s, H-19), 1.08 (s, H-20). For13C NMR spectroscopic data see Table 2.
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  Methyl 3-oxo-12-epibarbascoate (4)

  Colorless crystals (CH2Cl2); [α]D20 +37.6 (acetone, c 7.60 × 10-4 g mL-1); mp 156 ºC; TLC Rf 0.3 (70:30 n-hexane-EtOAc); HRMS (ESI+) m/z calculated for C21H26O6 [M + Na]+ 397.1621; found 397.1622; IR (KBr) νmax/cm-1 3151, 2952, 1736, 1705, 1504, 1452, 1345, 1265,1225, 1159, 1069, 1018, 870, 788, 749, 701, 653, 602, 522. For1H and13C NMR spectroscopic data see Table 2.

   

  Results and Discussion

  Following our investigation of the EtOAc extract of C. urucurana stem barks, herein the isolation and structural elucidation of a new clerodane diterpene, methyl 3-oxo-12-epibarbascoate (4), together with the known compound methyl 12-epibarbascoate (1), is reported.

  The compound 1 was isolated initially in the form of a yellow oil that after successive recrystallization in CH2Cl2 yielded 80.0 mg of crystals with mp 117-120 ºC and TLC Rf 0.7, at 70:30 n-hexane-EtOAC. Structure of this compound 1 (Figure 1) was confirmed by comparison of the NMR data with those reported in the literature.15 The obtainment of single crystals through recrystallization in CH2Cl2, allowed the crystallographic analysis of 1 by X-ray diffraction (Figure 2, Table 1), an observation that has not been previously reported in the literature.
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  Compound 4, Figure 1, was isolated as colorless crystals (mp 156 ºC, TLC Rf 0.3, with 70:30 n-hexane-EtOAc) and identified through spectroscopic methods, and confirmed by X-ray crystallography (Figure 2). Complete assignments of 1H and 13C signals were achieved (Table 2) through detailed NMR spectral analysis including 1H-1H COSY (correlation spectroscopy), HMQC (heteronuclear single quantum coherence) and HMBC (heteronuclear multiple-bond correlation spectroscopy).

  The 1H and 13C NMR results were very similar to those observed for methyl 12-epibarbascoate (1), with a lack of a resonance for the vinyl hydrogen H-3 (δ 6.61).18 The 13C NMR spectrum showed an additional carbonyl C-3 signal (δ 204.7) for the cyclohexanone moiety and a CH (δC 69.6; δH 3.22, C-4) alpha to two carbonyl groups. Gas chromatographic analysis confirmed the purity of the compound through the observation of a single peak with a retention time of 25.1 min.

  With regard to the infrared spectroscopy, there are broad absorption bands for esters and lactone carbonyl at ν 1736 cm-1, and an exocyclic ketone carbonyl at ν 1705 cm-1. In the 1H NMR spectrum, two signals at δ 7.44 (H-16) and δ 7.41 (H-15) were observed indicating the presence of two hydrogens each attached to a sp2 carbon of the aromatic ring or neighbors to an electronegative atom such as oxygen, for example. These signals, along with the signal at δ 6.41 (H-14) and in comparison with the 1H NMR spectrum of the known compound methyl 12-epibarbascoate (1) suggested the presence of a furan ring. Several other signals between δ 1.0 and 2.0 for CH, CH2 and CH3 groups, as well as a double doublet at δ 5.49 (H-12) related to a CH (C-12) endocyclic connected to oxygen and a neighbor CH2 (C-11) were observed. By observing the correlation between the signal of this hydrogen with the signal of the CH2 hydrogens at δ 2.36 and δ 1.75 in the 1H-1H COSY spectrum, it was confirmed the existence of the C12-C11 (CH-CH2) system. In the 13C NMR spectrum, 21 carbons in the spectral region between δ 15.1 and 204.7 were observed, Table 2. This spectrum confirms the existence of the furan ring due to the presence of signals at δ 139.6, 144.1 and 108.6, besides the signal at δ 125.8 corresponding to a quaternary carbon. In addition to these signals, absorptions related to another three quaternary carbons appear, probably corresponding to ester carboxyl (δ 168.3 and 171.9) and ketone carbonyl (δ 204.7). The 13C NMR DEPT (distortionless enhancement by polarization transfer) spectrum indicated signals for three methyl, five methylene and seven methyne carbons. Analyzing these data and comparing them with reports in the literature,15 many consistencies were noted in the absorption signals. These data can be attributed to a clerodane-type diterpene structure, consisting of a system known as 5-(furyl)-δ-valerolactone.26 Through the HMQC bidimensional spectrum analysis, it was possible to assign of all chemical shifts of the hydrogens and carbons, Table 2. This information together with the 1H NMR spectrum allowed the identification of the hydrogens and the calculation of their coupling constants (J), however, the structural elucidation of the molecule was only possible through X-ray diffractometry.

  To the best of our knowledge, the new clerodane diterpene reported herein has not been described before in the literature and thus the diterpene isolated from the C. urucurana can be considered as previously unpublished.

   

  Conclusions

  This study reports the isolation and identification of two clerodane diterpenes 1 and 4 from the stem barks of C. urucurana, of which the compound 4, to the best of our knowledge, has not been previously reported in the literature. The structures of the isolated diterpenes were established by spectroscopic data and the novel clerodane diterpene methyl 3-oxo-12-epibarbascoate (4) had its structure confirmed by X-ray crystallography, together with that of compound 1, which, although a known compound, did not have its structural configuration identified by X-ray crystallographic analysis.

   

  Supplementary Information

  Supplementary information associated with this article (Figures S1-S13 and Tables S1-S3) is available free of charge at http://jbcs.sbq.org.br as a PDF file.
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    Poli(tiofeno) (PT) foi estudado através de técnicas de dessorção estimulada por elétrons (ESID) e fótons (PSID) acopladas à espectrometria de massas por tempo-de-voo (TOF-MS), a fim de investigar a resposta desse polímero, quando submetido a feixes de elétrons e fótons. Íons atômicos de enxofre e suas contribuições isotópicas foram claramente identificados. A intensidade máxima das curvas de rendimento iônico de ESID foi medida para todos os íons em cerca de 900 eV, estão relacionadas com o processo de ionização do carbono 1s e explicadas em termos do processo Auger. O estudo da influência de elétrons secundários no processo de desorção foi também realizado, o que é altamente importante, uma vez que envolvem níveis mais baixos de energia, afetando as propriedades de interesse de materiais fotovoltaicos. A análise de TOF-PSID de filmes de PT com diferentes espessuras mostrou um aumento na eficiência da dessorção de espécies mais pesadas, como C3HS+. Este resultado foi atribuído aos elétrons secundários originados nas camadas internas do material.

  

   

  
    Poly(thiophene) (PT) was studied by the electron (ESID) and photon (PSID) stimulated ion desorption techniques coupled with time-of-flight mass spectrometry (TOF-MS) in order to investigate the response from this semiconducting polymer when submitted to electron and photon beams. Atomic sulfur ions and its isotopic contributions could be clearly identified. Maximum intensity in the ESID ion yield curves was measured for all ions around 900 eV, which may be related to carbon 1s ionization and explained in terms of the Auger stimulated ion desorption process. The study of the influence of secondary electrons for the desorption process was also investigated, which is highly important, since they involve lower energy levels, affecting the properties of interest of photovoltaic materials. TOF-PSID analysis on PT films with different thicknesses showed an increase in the efficiency to desorb higher mass species, like C3HS+. This result was attributed to the role of secondary electrons originated in the inner layers of the material.

    Keywords: poly(thiophene), semiconducting polymers, electron stimulated ion desorption (ESID), photon stimulated ion desorption (PSID), secondary electrons

  

   

   

  Introduction

  Poly(thiophene) (PT) is an important semiconducting polymer that has been extensively applied in many technological applications mainly due to its optical, electrical and redox properties.1,2 These properties allowed its use in rechargeable batteries,3 organic light-emitting diodes (OLEDs),4,5 field-effect transistors (FETs),6 solar cells,7 electronic displays,8 among others.9-11 A clear comprehension of its properties and relation to its structure is highly desirable, not only to establish a general concept about the behavior of this semiconducting polymer, but also to optimize its optical and electronic properties, which are strongly dependent on regioregularity, molecular weight, homogeneity and morphology of the film.12 Thus, the investigation of this class of polymer using spectroscopic techniques greatly contributes to a better understanding of the relationship between structure and properties.

  Photon and electron stimulated ion desorption techniques (PSID and ESID, respectively) are well known techniques based on the production of fragments (positive and negative), due to the impact of photons or electrons of known energy on a solid surface. The energy transfer process for both techniques occurs solely through electronic transitions.13,14 Previous PSID studies have been performed on thiophene-based polymers following sulfur K-shell photoexcitation.15-17 These results showed the importance of the resonant Auger process for breaking the C-S bond selectively, as well as the normal Auger process for multiple charge species desorption. Ion desorption due to the indirect X-ray induced electron stimulated desorption (XESD) process caused by inelastically scattered low energy secondary electrons was also discussed, motivating new research on poly(thiophene) films, this time using electrons. Besides, this study is also a relevant topic for the fabrication of organic electronic devices, since organic and polymeric films are frequently submitted to electron bombardment during fabrication.

  In order to further study the molecular properties of PT, its interaction with electron beams, and evaluate the contribution of secondary electrons to their fragmentation and desorption processes, the ESID technique coupled with time-of-flight mass spectrometry (TOF-MS) was employed. In this work, an ESID study of PT as a function of the electron energy is presented, ranging from 600 up to 2200 eV and using TOF-MS for ion analysis. The PSID technique was also employed aiming to correlate the intensity of desorbed fragments and polymer thicknesses as well as to improve the discussion about secondary electrons.

   

  Experimental

  Poly(thiophene) (PT) films were potentiostatically deposited onto fluorine tin oxide glass (FTO) substrates in a model MQPG-01 potentiostat from Microquimica. FTO substrates (10 < R < 20 Ω/sq) were purchased from Flexitec Eletrônica Orgânica Ltda. The counter electrode was a PT plate and the pseudo-reference electrode was an Ag wire. The films were deposited under a potential of 3 V, with the thickness being controlled by time deposition. The electrolyte was a 0.02 mol L-1 of (CH3)4NBF4 in acetonitrile, which contained 0.1 mol L-1 thiophene monomer (Aldrich). Over oxidation was checked by cyclic voltammetry experiments on different potentials, indicating no irreversible damage.18,19 The films were deposited at room temperature and their thicknesses were measured using a surface profiler Detak3 (Veeco/Sloan) along the step formed between the polymer and FTO, purposely made with a scratch. The thicknesses of the polymer films studied by PSID were 180 ± 10 nm, 470 ± 20 nm and 660 ± 30 nm. The thinnest one was employed for ESID measurements.

  ESID experiments were performed using an ultra-high vacuum (UHV) system maintained under pressure of about 10-9 Torr. The system contains a commercial XYZ sample holder, an energy variable electron gun, a home-made time-of-flight mass spectrometer (TOF-MS) for positive and negative ion analysis,20 and a quadrupole mass spectrometer for the study of neutral species and as a residual gas analyser. The TOF-MS consists basically of an electrostatic ion extraction system, a collimating electrostatic lens, a 25 cm field free drift tube and a pair of microchannel plate (MCP) detectors, disposed in the chevron configuration.21

  The films were irradiated by a pulsed beam of monoenergetic electrons at various energies using a constant potential applied to the sample. Incident electron currents of the order of nanoamperes were used throughout the measurements. The incident beam formed an angle of 60º with respect to the normal to the sample surface, situated about 10 mm away from the first grid of the TOF-MS. The start signal is provided by a pulse generator (80 kHz frequency and 20 ns pulse width), which controls the electron gun. The stop signal corresponds to the detector output, processed using a standard system of counting pulses, consisting of a preamplifier and a discriminator. These signals are sent to a time-to-digital converter (TDC) with a time resolution of 1 ns per channel.

  Two constant positive extraction potentials applied to the sample, namely +500 V and +1200 V, were employed for positive ESID ion analysis. This affects the energy of the incident electrons, such that the final electron energy is the sum of the potential difference applied to the sample and the nominal electron beam energy, which was varied from 150 to 1000 eV. ESID spectra were normalized by the number of starts given by the counting pulse card, TDC, and mass calibration was performed through simulations of the ion trajectories and flight times using the SIMION 3D 6.0.14 program.22 All simulations were performed considering that desorbed species angles are between 0 to 90º, with kinetic energies between 0 to 10 eV. The results were checked through the use of different extraction potentials applied to the sample and the well-known equation for a linear TOF.23

  Photoabsorption, near-edge X-ray absorption fine structure (NEXAFS), and PSID measurements were performed at the Brazilian Synchrotron Light Source (LNLS), during the single-bunch operation mode of the storage ring, with a period of 311 ns and width of 60 ps. The employed soft X-ray spectroscopy (SXS) beamline (790-4000 eV) mounted with a double-crystal type monochromator and using the InSb(111) plane gives an energy resolution of about 2.8 eV at 4 keV.24 The experimental set-up is completely described elsewhere.15-17 The NEXAFS spectra were recorded by measuring the total electron yield, TEY (drain current at sample), mode.

   

  Results and Discussion

  ESID analysis

  The +1700 eV final electron energy (extraction potential of +1200 V plus nominal electron energy of 500 eV) ESID spectrum of PT is shown in Figure 1. The highest intensity fragments are labeled in roman numerals from I to X. Table 1 presents the most probable ion assignments based on their mass-to-charge ratio conversion.
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  Peak labeled as I is assigned to H+, which is the most intense ion, as expected for ESID measurements of organic samples. H2+ (II) clusters and other less intense peaks were also detected in this spectrum. Atomic sulfur ions are presented with appreciable intensity meaning that this energy is appropriate to break the C-S bond. The signal at m/z = 19 (V in Table 1) is due to the presence of fluorine in silver paint, used to electrically ground the sample around its edge. A similar result was also reported in the ESID study of poly(3-hexyl-thiophene).25 Fragments related to peaks with masses higher than 100 a.m.u are very weak or not detected.

  Figure 1 also shows a zoomed area around 4400 ns containing three labeled peaks (VIII, IX and X), which are related to sulfur ion and its isotopes, according to their m/z. It is well known that the natural isotopic abundances for 32S, 33S and 34S are, respectively, 94.99, 0.75 and 4.25% resulting in relative abundances of, approximately, 32S/33S = 126.65 and 32S/34S = 22.35.26 Gaussian fitted areas for VIII, IX and X peaks give, respectively, (1.73 ± 0.046) × 10-4, (3.96 ± 0.84) × 10-6 and (6.95 ± 0.83) × 10-6. Relative Gaussian areas are accordingly VIII/IX = 43.68 ± 5.47 and VIII/X = 24.89 ± 5.54. According to this result, it was possible to assign the feature X as34S isotope. On the other hand, the feature IX is better assigned to 33SH+ ion. Such assignment is consistent with the ESID study for poly(3-hexyl-thiophene) films.25

  Figure 2 presents a comparison between ESID spectra for a constant potential of +500 V and nominal electron energies of 300, 400, 700 and 900 eV. It can be observed clearly that there is a relative increase of desorbed ions up to 400 eV nominal energy (900 eV final electron energy), which is followed by a decrease in intensity. Unlike photons, the cross-section for Auger decay process due to electron impact varies between 2-4 times the inner-shell ionization energy.27,28 In this case, C 1s ionization may be considered to fall at approximately 290 eV and the S edges at approximately 2470, 230 and 170 eV for 1s, 2s and 2p ionizations, respectively. Therefore, the electron energy interval of 600-1500 eV reported in the present study will specifically cover processes at the carbon 1s edge.

  
    

    [image: Figure 2]

  

  Previous ESID studies conducted on poly(methyl methacrylate) (PMMA),29 and poly(pyrrole) (PPy),30 covered the same electron energy range. They showed also maxima in the ion yield curves, plotted as a function of the electron energy. These results were interpreted in terms of the Auger stimulated ion desorption mechanism after carbon 1s ionization.

  To investigate the influence of the Auger decay on specific peaks of poly(thiophene), the ion yield was calculated by correlating their respective areas (fitted by Gaussian functions), normalized in terms of the total acquisition scans (starts) and plotted as a function of the final electron beam energy. The selected ions were those with higher intensities in the spectra. Figure 3 presents desorption ion yields for selected ions with applied extraction potential of +500 V. The measurements showed clearly a maximum at about 900 eV, which may be assigned to the Auger stimulated ion desorption mechanism at the C K-edge, reflecting its importance to ion formation probabilities. At this lower extraction potential, 34S+ desorption peak showed very low intensity and for this reason its desorption yield curve is not present in Figure 3.
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  The production and consequent interaction of secondary electrons on a solid sample can be broken down into a few steps: first, an energy transfer process occurs between the primary source and sample molecules, producing secondary electrons. Then, these species can be transported through the sample bulk toward the surface and finally escape to solid-vacuum interface or, during the path, they may promote other valence excitation/ionization mechanisms, which will reflect on ESID/PSID yield curves as well as the primary process.13,14

  The main difference between primary inner-shell induced desorption and secondary electrons mechanisms is basically the energy-dependent behavior of desorption yield curves for a specific ion, if the radiation source energy increases, it will produce more secondary electrons, increasing the ion desorption yield for all species.15,17,31-36 However, if it takes into account the primary inner-shell desorption mechanism, it will only increase at the absorption edge of the specific element from the sample.

  ESID yield curves were also obtained for higher extraction potential of +1200 V, presented in Figure 4. For all fragments, an increase of the ion yield with the increase of the electron energy is observed. This may be explained by the action of secondary electrons, which are intensely produced in the material and may then cause an enhancement of the ion yield for all species.
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  NEXAFS and PSID analysis

  Figure 5 shows NEXAFS spectra for PT films with different thicknesses recorded at the sulphur K-edge and covering the energy range from 2450 to 2550 eV. The spectra show the same features as those assigned previously by Santa Rita et al.15 The sharp peak (labeled as B) was ascribed to the overlap of 1s > π* and 1s > σ*(S-C) transitions, while two broad features labeled as C and D can be ascribed to higher energy excitations, probably containing Rydberg character.37 The photon energy marked as B in the NEXAFS spectrum was used for the comparative analysis presented in Figure 6.
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  The effect of the thickness in desorption mechanism of PT films was investigated by the PSID spectra analysis. For a comparative point of view the TOF-PSID spectra presented in Figure 6 were normalized with respect to the H+ peak (at 82 ns). The main difference between these spectra was observed by the peak localized at 158 ns and assigned as C3HS+ (69 a.m.u.).15 This peak shows the major increase in its relative intensity for higher thicknesses. This last result suggests an important effect of the film thickness in the production of higher mass ionic fragments. Similar behavior was reported by Sekiguchi and Baba,38 for Si(CH3)3F physisorbed on metallic Cu(001), which was interpreted as a reduction of the neutralization effect by the metallic substrate at high film thicknesses. In this case as was reported by Santa Rita et al.,15 C3HS+species are originated by the indirect XESD desorption mechanism. Therefore, the increment in the relative intensity of this peak is an evidence of the important role of secondary electrons created in the inner layers for the desorption of higher mass fragments. Desorption ion yield curves were also obtained and studied15.

   

  Conclusions

  Poly(thiophene) films were studied by the electron (ESID) and photon (PSID) stimulated ion desorption techniques. ESID spectra present mainly contribution from atomic sulfur ions, including isotopes. Different profiles were measured for the ion yields depending on the electron impact energy. Maximum intensities in the ion yield curves were attributed to the Auger stimulated ion desorption process. At higher energies the ion yields show an accentuated increase, demonstrating the influence of secondary electrons in the desorption process. The comparative analysis of the TOF-PSID spectra for PT films with different thicknesses shows an increase of the desorption of the highest ionic mass fragment. This fact was attributed to the influence of the indirect relaxation process induced by secondary electrons originated in the inner layers.
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    Uma nova plataforma de sensoriamento eletroquímico foi fabricada com nanohíbrido consistindo de óxido de grafeno e hidróxido de ferro coloidal. Devido à elevada área superficial e à excelente condutividade elétrica do nanohíbrido, o sensor eletroquímico preparado exibiu atividade eletrocatalítica proeminente na oxidação do floroglucinol, resultando no aumento da corrente do pico de oxidação e redução do sobrepotencial de oxidação. O nanohíbrido foi utilizado como uma plataforma aprimorada de detecção eletroquímica para a determinação sensível do floroglucinol. O mecanismo de oxidação do floroglucinol nesta plataforma de detecção foi investigada em detalhes, as condições de determinação foram otimizadas, e os parâmetros cinéticos também foram calculados. Sob condições otimizadas, a corrente de pico de oxidação foi proporcional à concentração do floroglucinol no intervalo de 5,00-100,00 nmol L-1, com limites de detecção e de quantificação de 3,45 e 11,51 nmol L-1, respectivamente. A plataforma de detecção exibiu estabilidade em longo prazo, alta reprodutibilidade e alta capacidade de anti-interferência. A plataforma foi empregada para detectar floroglucinol em amostras ambientais de água com boas recuperações. O excelente desempenho, a simplicidade de operação e o baixo custo tornam o híbrido baseado no grafeno atraente na construção de um sensor.

  

   

  
    A novel electrochemical sensing platform was fabricated with nanohybrid consisting of graphene oxide and iron hydroxide colloid. With high surface area and excellent electrical conductivity of the nanohybrid, the prepared electrochemical sensor exhibited preeminent electrocatalytic activity towards the oxidation of phloroglucinol, resulting in the increase of the oxidation peak current and decrease of the oxidation overpotential. The nanohybrid was used as an enhanced electrochemical sensing platform for sensitive determination of phloroglucinol. The oxidation mechanism of phloroglucinol at this sensing platform was investigated in detail, the determination conditions were optimized, and the kinetic parameters were also calculated. Under the optimized conditions, the oxidation peak current was proportional to phloroglucinol concentration in the range from 5.00 to 100.00 nmol L-1 with limits of detection and of quantification of 3.45 and 11.51 nmol L-1, respectively. This sensing platform displayed long-term stability, high reproducibility and super anti-interference capability. It was employed to detect phloroglucinol in environmental water samples with good recoveries. The excellent performance, operational simplicity and low expense make the graphene-based hybrid attractive in the sensor construction.

    Keywords: graphene oxide, iron hydroxide colloid, electrochemical sensor, sensitive detection, phloroglucinol

  

   

   

  Introduction

  Phloroglucinol (benzene-l,3,5-triol) naturally occurs in plants. It has not only important physiological functions but also some pharmacological activities. It is widely used as a smooth muscle relaxant, being less toxic than most other antispasmodic agents.1 It can also be used as bio-reagent and dye, and can be applied to testing vanillin, lignin, furfural and pentosan. But it is combustible and releases toxic gas under heat. Overuse of phloroglucinol can cause vomiting, low body temperature, weakness, ataxia, cyanosis, coma and choking. Long-term exposure to phloroglucinol may result in skin sensitization, eczema, anemia, jaundice, etc. Therefore, the development of a rapid, simple and sensitive method for monitoring phloroglucinol in the environment is of great importance and interest.

  Until now, just few analytical methods were developed for the determination of phloroglucinol, such as fluorimetry,2 liquid chromatography tandem mass spectrometry (LC-MS),3,4 capillary zone electrophoresis5 and chemiluminescent method.1 However, these methods are not ideal for quantification of phloroglucinol, because the derivatization is necessary in fluorescence detection but the phloroglucinol itself is not fluorescent and the instrumentation for the LC-MS detection is rather complicated and expensive. In addition, these studies have mainly focused not on the detection of phloroglucinol, but instead on the separation of polyphenols, including phloroglucinol. So, they are too time-consuming and hardly employ on site measurement. Furthermore, they also need a relatively large amount of sample to reach a low limit of quantification. Thus, there is a need to explore new methods for the detection of phloroglucinol.

  In recent years, the interest in developing electrochemical sensing devices for use in environmental monitoring, clinical assays or process control is growing rapidly. Electrochemical sensors satisfy many of the requirements for such tasks particularly owing to their inherent specificity, rapid response, sensitivity and simplicity of preparation.6 In this sense, an electrochemical sensor based on innovative designs would be a good alternative for the detection of phloroglucinol. In order to enhance the electrochemical responses of analytes, the working electrode employed in familiar electrochemical technique often needs surface modification.7 For example, Wang et al.8 utilized multi-wall carbon nanotube to modify the electrode, and the oxidation current of phloroglucinol on the modified electrode was greatly enhanced by using the surfactant cetyl pyridinium chloride. Nevertheless, the reports regarding the electrochemistry and voltammetric determination of phloroglucinol have been published, but are very limited.

  Graphene, which is a monolayer of carbon atoms packed closely into a two-dimensional honeycomb lattice, has drawn significant attention because of its fascinating properties and potential applications since the experimental discovery of single layers by Novoselov and Geim.9 Recent significant advances also reveal that the clever combination of graphene with metal nanoparticles, leading to the development of a multicomponent nanoassembly system, opens a new application for graphene-based hybrid nanomaterials as enhanced elements for constructing higher-performance electrochemical sensing platform.10,11 The applications of graphene or graphene based nanocomposites in electrochemical sensors with high sensitivity and selectivity are widely reported,12 such as glucose,13,14 hydrogen peroxide,15 organophosphorus pesticides,16 acetylcholinesterase,17 hydrazine,18 carbendazim,19 paracetamol20 and dopamine21 sensors. In addition, several works have demonstrated that graphene usually exhibits better electroanalytical or electrochemical performance22,23 than the extensively used carbon nanotubes. Graphene oxide (GO) and reduced graphene oxide (RGO), two kinds of the important derivatives of graphene, also have high surface area, excellent conductivity and strong mechanical strength. Compared with GO, RGO has better conductivity but with relatively lower dispersity. This will restrict the film-forming property of the RGO nanohybrids and the application of RGO in modified electrodes. Moreover, the loading ratio (weight ratio) of GO is much higher than that of other loading nanostructures,24 suggesting a more efficient enrichment substrate for target molecules. Meanwhile, the hybridization of GO and nanoparticles as an efficient strategy enhances the electronic, catalytic and optical properties of the GO-based hybrid by π-π stacking and electrostatic interaction.25-27 Thus, GO was employed here to fabricate a new electrochemical sensing device.

  In this work, an enhanced electrochemical sensing platform integrated with GO and Fe(OH)3 colloid was developed and used for the detection of trace amounts of phloroglucinol. The two dimensional plane structure of GO affords a vast platform for loading the analytes, and Fe(OH)3 colloid can improve the adsorption and the catalytic property of the nanohybrid. The prepared sensing platform was characterized by transmission electron microscopy (TEM), cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). The electrochemical behaviors and kinetic parameters of phloroglucinol at the sensing platform were also investigated in detail, and the results reveal that nanohybrid cast film can remarkably enhance the electrooxidation signal of phloroglucinol as well as its determining sensitivity. Moreover, this procedure was satisfactorily applied to the determination of phloroglucinol in environmental water samples. The resultant electrochemical sensor exhibits simple operation, rapid response, good reproducibility and it is independent from other potentially interfering species.

   

  Experimental

  Reagents

  Phloroglucinol was purchased from Sigma Chemical Co. (St. Louis, Mo, USA), and its standard stock solutions of 1.0 mmol L-1 were prepared daily by dissolving the required amount of phloroglucinol in 40% (m/v) ethanol solution. Graphite powder (spectrum pure), H2SO4, KMnO4, K2S2O8, P2O5, FeCl3 and H2O2 (30%, m/v) were obtained from Shanghai Chemical Reagent Co. Ltd. (Shanghai, China). Phosphate buffer saline (0.1 mol L-1 PBS) with various pH values was prepared by mixing stock standard solutions of Na2HPO4 and NaH2PO4 and adjusted by 0.1 mol L-1 H3PO4 or 0.1 mol L-1 NaOH solutions. Ultrapure water (18.2 MΩ cm) was obtained from a Milli-Q water purification system and used throughout. All other chemicals were of analytical grade and used without further purification.

  Instruments

  The morphological characterizations were obtained with a Tecnai G20 transmission electron microscope (FEI Corp., USA) at an accelerating voltage of 200 kV. Electrochemical measurements were performed on a CHI660D electrochemical workstation (Shanghai Chenhua Co., China), using a Pt wire as the counter electrode, a saturated calomel electrode (SCE) as the reference electrode, and a glassy carbon electrode (GCE, 4 mm diameter) or several modified GCEs as the working electrode. During all the electrochemical experiments, the solutions were thoroughly deoxygenated by bubbling high purity nitrogen for 15 min and a nitrogen atmosphere was maintained over the solutions. The pH measurements were carried out on PHS-3C exact digital pH meter (Shanghai REX Instrument Factory, China), which was calibrated with standard buffer solution every day.

  Synthesis of GO and Fe(OH)3 colloid

  GO was synthesized from graphite powder by using a modified Hummers method.28-30 Briefly, 2 g of graphite powder were added into a mixed solution of 20 mL of concentrated H2SO4, 1 g of K2S2O8 and 1 g of P2O5, and the solution was kept at 80 ºC for 4 h. Then, the mixture was carefully diluted with water, and the resulting preoxidized product was filtered and dried. After this preoxidization process, the graphite was put into 50 mL of concentrated H2SO4. Then, 6 g of KMnO4 were added gradually under stirring and ice-cooling to ensure that the temperature of the mixture was below 20 ºC. The mixture was then stirred at 35 ºC for 2 h, followed by adding 100 mL of water. After 1 h, another 300 mL of water were added to dilute the solution, and then, 5 mL of 30% H2O2 were injected into the solution to terminate the reaction. Then, the mixture was filtered and washed with 3% HCl solution and water in this order. Finally, filter cake was dried out at 60 ºC in a drying oven and the target product was labeled as GO.

  Fe(OH)3 colloid was synthesized as follows. 50 mL of water were firstly added into 100 mL beaker, and then heated to full boil. 1 mL of saturated FeCl3 solution was rapidly dropped into the boiling water, and the solution was heated constantly until the solution became red brown. The resulting solution was dialyzed in hot water through semipermeable membrane to eliminate Fe3+ and Cl- ions. After dialyzing several times, the solution changed into pale yellow and Fe(OH)3 colloid was obtained.

  Fabrication of the GO/Fe(OH)3 modified GCE

  A amount of 0.1 mg of the as-prepared GO solution was added into 5 mL Fe(OH)3 colloid solution with ultrasonic treatment for 1 h to form a homogenous mixture of GO-Fe(OH)3. GCE was polished with 0.3 and 0.05 µm α-alumina slurry to a mirror-like surface, then washed with 1:1 nitric acid, absolute ethanol and water in an ultrasonic bath and dried in room temperature. GO/Fe(OH)3/GCE was prepared by casting 5 µL of GO-Fe(OH)3 suspension on the surface of cleaned GCE and dried under an infrared lamp. For comparison, Fe(OH)3/GCE and GO/GCE were fabricated with similar procedures.

   

  Results and Discussion

  Morphological characterization of the GO/Fe(OH)3 nanohybrid

  The structure and morphology of the prepared Fe(OH)3 colloid, GO and GO/Fe(OH)3 were characterized by TEM. As shown in Figure 1A, the size distribution of the obtained Fe(OH)3 colloid particle was about 30-50 nm. In our previous report,31 the GO sheets were characterized by atomic force microscopy (AFM) and the results demonstrated the average thickness of the GO sheets was 1.0 nm. The TEM results in Figure 1B shows that the GO sheets possess the crumpled and wrinkled flake-like structure. In Figure 1C, it can be seen that the Fe(OH)3 is dispersed in GO suspension, and the resulting composite has relative rough surface compared with GO sheets. This rough surface could increase the effective adsorption of the benzene ring compounds onto GO-based frameworks via the π-π interaction. The homogeneous and well-dispersed solutions are observed in Figure 1D for the obtained nanohybrid. This is attributed to the presence of carboxyl groups in GO,31,32 which lead to a reduction of van der Waals interactions between the particles.
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  Electrochemical characterization of GO/Fe(OH)3/GCE

  Figure 2A shows the CVs of GCE (curve a), Fe(OH)3/GCE (curve b), GO/GCE (curve c) and GO/Fe(OH)3/GCE (curve d) obtained in 0.1 mol L-1 KCl containing 5.0 mmol L-1 [Fe(CN)6]3-/4- at a scan rate of 0.1 V s-1. Well-defined redox peaks were observed at the bare GCE, and the symmetrical peak current and close peak potential indicated the redox of [Fe(CN)6]3-/4- at GCE was a reversible electron transfer process. When the electrode was coated with Fe(OH)3, the redox peaks decreased just a little, suggesting that the charge transfer resistance at the Fe(OH)3 film electrode is a little bit higher than at bare electrode. When the electrode was coated with GO, the redox peaks is the smallest of all, which could be attributed to the negatively charged groups on GO, blocking the diffusion of [Fe(CN)6]3-/4- from solution to the electrode surface. This phenomenon is in accordance with previous report.31 Nevertheless, after the GO/Fe(OH)3 immobilization on GCE, the redox peak current increased a little compared with GO/GCE, indicating that Fe(OH)3 can effectively increase the electron transfer rate of [Fe(CN)6]3-/4- due to its high electric conductivity and positive charges.
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  For further information about the electrochemical properties of the modified electrode, EIS measurements were performed in 0.1 mol L-1 KCl solution containing 5.0 mmol L-1 [Fe(CN)6]3-/4-, using an alternating current voltage of 5 mV. The frequency range is from 105 to 0.1 Hz at open-circuit potential. It can be seen in Figure 2B that a small well-defined semi-circle at higher frequencies was obtained at the bare GCE, indicating that a small interface electron resistance (Rct) appeared. When Fe(OH)3 was deposited on the surface of GCE, the Rct increased a little. However, Rct increased remarkably after the GO immobilization on the electrode, and this phenomenon could be attributed to the GO film itself imparted with negative charges, introducing a high resistance into the electrode/solution system. Furthermore, Rct of GO/Fe(OH)3/GCE was between Fe(OH)3/GCE and GO/GCE. This result demonstrated that the GO/Fe(OH)3 composite film was successfully immobilized on the GCE surface just as designed.

  Electrochemical behavior of phloroglucinol at GO/Fe(OH)3/GCE

  Figure 3 presents the CV curves for bare GCE, Fe(OH)3/GCE, GO/GCE and GO/Fe(OH)3/GCE in blank PBS of pH 7.0 and in the presence of 0.1 µmol L-1 phloroglucinol at the scan rate of 0.1 V s-1. As can be seen in the inset of Figure 3, no electrochemical response appeared at GCE and modified GCEs in blank PBS, indicating that the modified electrodes themselves are non-electroactive in the selected scanning region. When phloroglucinol was added into PBS, no redox peak was obtained at bare GCE, indicating that the oxidation of phloroglucinol is hard to take place at bare GCE. However, it can be seen that the phloroglucinol oxidation peak appeared at +0.39 V for Fe(OH)3/GCE with weak reduction peak, indicating an irreversible oxidation process. The Fe(OH)3 film was imparted with positive charges, so that, it could offer numerous adsorption sites for phloroglucinol. Hence, the Fe(OH)3 film is more active for phloroglucinol and results in the remarkable enhancement of oxidation peak current. Moreover, the phloroglucinol oxidation peak increased at 0.30 V for GO/GCE, and its corresponding reduction peak potential appeared at –0.28 V. The reason for the major response of the GO-modified GCE may be due to the nanometer dimensions of GO, the electronic structure and the topological defects present on the GO surfaces. Meanwhile, GO could increase the effective area of the modified electrode. Quite significantly, a pair of well-defined redox peaks was observed at GO/Fe(OH)3/GCE with oxidation peak at 0.22 V which was positively shifted compared with that at Fe(OH)3/GCE and GO/GCE. Furthermore, the oxidation peak current of phloroglucinol at GO/Fe(OH)3/GCE was the largest in all the electrodes. The increase of the oxidation peak current and decrease of the oxidation overpotential were attributed to the synergistic electrocatalytic effect caused by GO and Fe(OH)3. Based on this, GO/Fe(OH)3/GCE can be used as an enhanced electrochemical sensing platform for sensitive determination of phloroglucinol.
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  The kinetic parameters of electrode process

  Effective surface area (A) and diffusion coefficient (D)

  The electrochemical effective surface area for bare GCE and GO/Fe(OH)3/GCE can be calculated by the slope of the plot of Q vs. t1/2 obtained by chronocoulometry (Figure 4A) using 0.1 mmol L-1 K3[Fe(CN)6] as model complex based on the equation 1 given by Anson,33

  
    [image: equation 1]

  

  where A is effective surface area of working electrode, c is concentration of substrate, n is the number of transfer electron (n of K3[Fe(CN)6] is 1), D is the diffusion coefficient (D of K3[Fe(CN)6] is 7.6 × 10-6 cm2 s-1), Q is quantity of electricity, 
    Qdl is double layer charge which could be eliminated by background subtraction, and Qads is Faradaic charge. Other symbols have their usual meanings. Based on the slope of the linear relationship between Q and t1/2 in Figure 4B, the effective surface area A could be calculated as 0.1126 and 0.2545 cm2 for GCE and GO/Fe(OH)3/GCE, respectively. These results indicate that GO/Fe(OH)3 can significantly increase the reaction surface area of the electrodes and enhance the current of the charge transfer reaction between the electrode and solution species for lower electrode polarization. The diffusion coefficient of phloroglucinol at GO/Fe(OH)3/GCE 
    can also be determined by chronocoulometry based on equation 1. As can be seen in Figure 4C, a linear relationship between Q and t1/2 was obtained after point-by-point background subtraction (Figure 4D), and the regression can be expressed as Q (C) = 2.0617 × 10-4 t1/2 s1/2 - 3.3856 × 10-5 (R2 = 0.9855). Based on the slope of 2.0617 × 10-4 C/s1/2, n = 2, A = 0.2545 cm2 and c = 0.1 mmol L-1, D was calculated as 7.527 × 10-6 cm2 s-1.
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  Electron transfer number (n) and standard heterogeneous rate constant (ks)

  Useful information involving electrochemical mechanism usually can be acquired from the relationship between the peak current and scan rate. Therefore, the influence of scan rate on the oxidation peak current of phloroglucinol was investigated in detail and the results are shown in Figure 5. With the increase of the scan rate from 0.02 to 0.24 V s-1, the oxidation peak potential shifted to more positive direction and the oxidation peak current increased gradually. The linear relationship between the peak current and the scan rate was obtained with the linear regression equation as: Ipa (µA) = 32.52 ν (V s-1) + 1.0969 (R2 = 0.9957), which indicated that the oxidation of phloroglucinol on GO/Fe(OH)3/GCE is a typical adsorption-controlled process. According to this result, the surface coverage can be obtained from the following equation which was provided by Laviron,34

  
    [image: equation 2]

  

  where n and Ts are electron transfer number and adsorption capacity (mol cm-2), respectively. Due to n = 2, Ts was calculated as 3.399 × 10-9 mol cm-2.
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  In addition, the relationship between oxidation peak potential (Epa) and the natural logarithm of scan rate (ln ν) is also shown in the inset of Figure 5. It can be seen that the plotting of the Epa vs. ln ν produces a straight line at high scan rates (0.08-0.24 V s-1) with the linear regression equations as: Epa (V) = 0.6404 + 0.0278 ln ν (R2 = 0.9935). According to the Laviron's equation,34 Epa is defined by the following equation,
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  where α is the transfer coefficient, ks is the standard heterogeneous rate constant of the reaction, n is the number of transferred electrons, ν is the scan rate and E0 is the formal redox potential. Other symbols have their usual meanings. Thus, the value of αn can be easily calculated from the slope of Epa vs. ln ν. In this system, the slope was 0.0278, taking T = 298 K, R = 8.314 J K-1 mol-1 and F = 96,500 C, the αn value was calculated as 0.9235. According to Bard and Faulkner,35 the charge transfer coefficient of α can be given from Tafel equation,
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  where i0 is the exchange current density and η is the overpotential. A plot of log i vs. η, regarded as a Tafel plot, is a useful device for evaluating kinetic parameters. In general, there is an anodic branch with slope (1 – α)F/2.3RT and a cathodic branch with slope –αF/2.3RT in the Tafel plot. In this work, the average value of anodic slope for five Tafel measurements is 8.96 V-1. So, the value calculated for α is 0.47. Thus, the electron transfer number of n is 2. The value of ks can be determined from the intercept of the above plot if the value of E0 is known. The E0 value in equation 3 can be obtained from the intercept of Ep vs. ν curve by extrapolating to the vertical axis at ν = 0.36 In our system, the intercept for Epa vs. ln ν plot is 0.6404 and E0 0.0902 V, so the value calculated for ks is 123.9 s-1.

  The oxidation mechanism of phloroglucinol at GO/Fe(OH)3/GCE

  Without any doubt, the synergetic functions of GO and Fe(OH)3 make contributions to the higher current response and detection sensitivity of phloroglucinol. To further elucidate the electrode reaction of phloroglucinol at GO/Fe(OH)3/GCE, the influence of solution pH on the oxidation current of 0.1 µmol L-1 phloroglucinol was also studied by CV in different pH values (4.0 to 9.0) at the scan rate of 0.1 V s-1. As shown in Figure 6A, the oxidation peak current gradually increased with the increase of the pH value from 4.0 to 7.0. When the pH value improved, the electrochemical oxidation of phloroglucinol became much easier, so the peak current gradually increased. However, the oxidation signal of phloroglucinol gradually decreased, as further increasing pH value from 7.0 to 9.0, probably caused by the fact that the activity of the sensor lowered at higher pH value. Undoubtedly, Fe(OH)3 colloid can keep stable at neutral conditions. Therefore, the pH value of 7.0 was chosen for sensitive determination of phloroglucinol.
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  Furthermore, it was also found that the peak potential shifted to lower values as the pH value increased (Figure 6B), indicating the protons were involved in the electrochemical oxidation of phloroglucinol. The relationship between the anodic peak potential and pH could be fitted into the regression equation: Epa (V) = 0.6324 – 0.0662 pH (R2 = 0.9858). The calculated slope of 0.0662 V/pH is close to the theoretical value of 0.0586 V/pH according to the Nernst equation,35 suggesting that the electron transfer was accompanied by an equal number of protons in electrode reaction. As a results, there is a two-proton and two-electron process for electrooxidation of phloroglucinol on GO/Fe(OH)3/GCE, so the possible reaction mechanisms can be proposed according to the literature37 and are listed in Scheme 1.
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  Optimum accumulation conditions

  The two parameters of accumulation step, accumulation time and potential, were examined. Open circuit accumulation is widely used in electroanalytical chemistry to accumulate analyte and improve the sensitivity. The influence of the accumulation time ranging from 0 to 210 s on the oxidation of 0.1 µmol L-1 phloroglucinol at GO/Fe(OH)3/GCE was investigated firstly. The current increased gradually as accumulation time increased from 0 to 90 s. However, with further increase in the accumulation time, the peak current tended to be almost stable beyond 90 s. Therefore, the optimal accumulation time of 90 s was employed in further experiments. With the change of accumulation potential, the peak current of 0.1 µmol L-1 phloroglucinol varied a little, indicating the accumulation potential has practically no effect on the peak current of phloroglucinol. Thus, the accumulation was carried out at open-circuit conditions.

  Calibration curve

  In order to develop a sensitive method for the determination of phloroglucinol, we selected the differential-pulse voltammetry (DPV), because the peaks are sharper and better defined at lower concentration than those obtained by CV. The quantitative determination is based on the dependence of oxidation peak current on the concentration of phloroglucinol. Figure 7 shows DPV curves for various concentrations of phloroglucinol in pH 7.0 PBS with accumulation time of 90 s at open-circuit potential. The calibration curve, which is shown in the inset of Figure 7, for phloroglucinol has a linear range from 5.00 to 100.00 nmol L-1 with the regression equation as ipa (µA) = 0.1883C (nmol L-1) + 0.1943 (R2 = 0.9983). The limit of detection (LOD) and the limit of quantification (LOQ) are calculated using, LOD = 3 s/m; LOQ = 10 s/m.6 Where s is the standard deviation of the intercept (n = 5) and m is the slope of the calibration curve. The values of LOD and LOQ are calculated and found to be 3.45 nmol L-1 and 11.51 nmol L-1, respectively. The low LOD and LOQ values confirmed good sensitivity of the proposed electrochemical sensor for the determination of phloroglucinol. The method presented in this work showed remarkable advantages such as sharp anodic waves with relatively large peak currents and low backgrounds, which can be conducted to improve the sensitivity and limit of detection in analytical determinations. In comparison with literature methods as shown in Table 1, the limit of detection of this method for phloroglucinol is two orders of magnitude lower than those of chemiluminescence method39,40 and the previous electrochemical method.8 To the best of our knowledge, the limit of detection of this method is superior to most of the reported methodology and the detection range is broader in the low concentration region than others listed in Table 1.
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  Stability, reproducibility and interference

  The stability of GO/Fe(OH)3/GCE was examined by DPV, and it demonstrated that the electrode could retain 91.3% of its initial response after three-month storage. Such electrode stability seemed to be acceptable for most practical applications. Because the modified electrode could adsorb phloroglucinol, it was necessary to renew the electrode surface after each determination. Nonetheless, this process was easily accomplished by soaking the modified electrode in blank PBS to sweep between –1.0 and +1.0 V for about 10 cycles by CV. The 0.1 µmol L-1 phloroglucinol solution was repeatedly determined with the same electrode for 10 times. The average current was 19.82 µA with relative standard deviation (RSD) of 3.8%. The results indicated that the modified electrode possessed a good reproducibility.

  Interference studies were carried out with several chemical substances prior to the application of the proposed method for the assay of phloroglucinol in real samples. The potential interfering substances were chosen from the group of substances which contain hydroxyl in the benzene ring. The influence of various interference compounds on the determination of 0.1 µmol L-1 phloroglucinol under the optimum conditions was studied and the results are given in Table 2. It can be seen that most of the phenols had no influence on the signals of phloroglucinol with deviations below 5%, but the hydroxyphenol was found to affect the determination because its hydroxyl group can be oxidized near the oxidation potential of phloroglucinol. However, their influence is not significant at low concentrations. For instance, 1.0 µmol L-1 hydroxyphenol influenced on the detection signal with deviation of 5.4 % (listed in Table 2). Additionally, some inorganic ions such as 300 fold concentration of K+, Na+, Mg2+, Ca2+, Zn2+, Fe2+, Cu2+, Cl-, Br-, I-, NO3- and SO42- have no influence on the signals of phloroglucinol with deviations below 3%. The results obtained from reproducibility, stability and interference tests indicated that GO/Fe(OH)3/GCE might be suitable for analytical application.
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  Analytical applications

  To confirm the feasibility, the proposed method was applied to determine phloroglucinol in environmental water samples collected from a local place. No signal can be obtained when analyzing phloroglucinol in these water samples because there is no phloroglucinol in water samples or the content of phloroglucinol is generally lower than the limit of detection. Therefore, the standard addition method was employed to determine phloroglucinol in real samples, and the analytical results for five parallel specimens are listed in Table 3. The recoveries were reasonably good, varying between 96.5 and 104.7% with a satisfactory analytical precision (RSD < 3.59%), which validated the reliability and practicality of this method.
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  Conclusion

  A sensitive phloroglucinol sensor was fabricated based on the GO/Fe(OH)3 nanohybrid. The properties of the sensor are significantly improved because of the unique properties of GO and Fe(OH)3 colloid, especially the remarkable synergistic effect between GO and Fe(OH)3 colloid. This nanocomposite is considered to be a promising, low-cost and stable material in the modification of electrodes. The prepared electrochemical sensor exhibited good analytical characteristics in terms of rapidity, sensitivity, selectivity and stability. This novel material can be easily applied to other types of substrate electrodes and surfaces, and it will be a good alternative for further sensor development. Additionally, the simple, timesaving and effective approach could broaden the application of the GO hybrid, which provides an excellent sensing platform for the detection of biomolecule, inorganic and organic pollutants.
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    Um método eficiente e sensível para a determinação simultânea do inseticida fipronil e seus principais metabólitos fipronil desulfinil, fipronil sulfeto e fipronil sulfona em águas superficiais foi desenvolvido e validado. Fipronil e seus metabolitos foram determinados por cromatografia gasosa com detecção por captura de elétrons (GC-ECD) após uma etapa de pré-concentração empregando extração em fase sólida (SPE). Os parâmetros de validação avaliados incluíram curva analítica e linearidade, limites de detecção (LOD) e de quantificação (LOQ), precisão e exatidão. GC-ECD apresentou uma boa resposta para fipronil e seus metabólitos, e todas as curvas analíticas apresentaram coeficientes de determinação superiores a 0,995. Os LODs do método foram 2,5 ng L-1 para fipronil e 2,0 ng L-1 para cada metabólito. Todos os valores de recuperação variaram de 81,3 a 112,3%, com valores de desvio padrão relativo (RSD) inferiores a 14,2%. O método proposto foi aplicado com sucesso em amostras de água de lavoura de arroz irrigado.

  

   

  
    An efficient and sensitive method for simultaneous determination of the insecticide fipronil and its main metabolites fipronil desulfinyl, fipronil sulfide and fipronil sulfone in surface water was developed and validated. Fipronil and its metabolites were determined by gas chromatography with electron capture detection (GC-ECD) after a preconcentration step using solid phase extraction (SPE). The evaluated validation parameters included analytical curve and linearity, limit of detection (LOD) and quantification (LOQ), precision and accuracy. GC-ECD presented a good response for fipronil and its metabolites, and all analytical curves showed determination coefficients higher than 0.995. The LOD values of the method were 2.5 ng L-1 for fipronil and 2.0 ng L-1 for each metabolite. All recovery values were between 81.3 and 112.3%, with relative standard deviation (RSD) values lower than 14.2%. The proposed method was successfully applied to the analysis of water samples from flooded rice fields.

    Keywords: pesticide residues, fipronil, metabolites, solid phase extraction

  

   

   

  Introduction

  The rice cultivation in flooded paddy fields generates great environmental impact in terms of the amount and the quality of water resources. Both the reduction in availability and the contamination of water resources are current problems. Rice crops, especially irrigated ones, have great social and economic importance in Brazil, which is the 10th greatest rice producer in the world, responsible for 1.8% of the worldwide rice production and 50% of the Latin American rice production. Brazil is the most important non-Asian producer, followed by the United States.1

  Pesticides are used for controlling harmful plants, illnesses and plagues. Insecticides are normally applied in at least one phase of plant development. Although pesticide use contributes to an increase in production, there are growing concerns related to its adverse effects on surface and ground water.2,3 Pesticides present different routes of degradation in the environment and can be transferred to different environmental compartments.4 A fraction of the pesticides is transferred to the environment through draining of flood irrigation water and leaching into the ground.5 Pesticides can be transferred to the atmosphere during spraying treatment or through processes posterior to application, such as volatilization and resuspension of solid particles containing pesticides.6 Moreover, some transformations of pesticides in the hydrological system result in metabolites whose chemical properties, such as toxicity and behavior, are not well known.7

  The pesticide fipronil (5-amino-1-(2,6-dichloro-α,α,α-trifluoro-p-tolyl)-4-trifluoromethyl-sulfinylpyrazole-3-carbonitrile) is a highly effective insecticide of contact from the phenylpyrazole class with a wide spectrum commonly used in agricultural insect control as well as non-agricultural uses such as wood preservation and sanitizer. Fipronil is mainly used against ground insects and is recommended for foliar or seed application. In flood irrigated rice crops, it is applied to control root.8 Fipronil degradation route was established by Fenet et al. ,9 who detailed that the compound can undergo a number of processes, including reduction in the soil generating the metabolite fipronil sulfide, oxidation producing fipronil sulfone, and photodegradation in the presence of solar light either in the water or soil, generating fipronil desulfinyl. Figure 1 presents the structures of the compounds studied in our work.
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  Fipronil is an extremely active molecule and a powerful disruptor of the central nervous system of insects via chloride channels regulated by the gamma-aminobutyric acid (GABA). It is highly toxic for birds, fish, aquatic invertebrates, bees and ants.10 Currently, there is a great concern with the toxicity of the fipronil, mainly with respect to bees.11 Like fipronil, its metabolites also act in the GABA receptor and are biologically active. Fipronil desulfinyl and fipronil sulfide are about two times more toxic for aquatic invertebrates than fipronil. Fipronil sulfone is about six times more toxic for certain trout species, aquatic invertebrates and birds and three times more toxic for some species of fish.10 Laboratory tests with fipronil and its metabolites have revealed acute lethal toxicity at very low concentrations for aquatic macroinvertebrates, with LD50 (lethal dose, 50%) below 0.5 µg L-1.12

  For many years, pesticide analysis in environmental samples has attracted attention due to the wide use and serious impacts of such compounds. High standards for water quality imposed by the regulatory agencies demanded the development of analytical methods of high sensitivity, selectivity, accuracy and precision for quantitative pesticide determinations compatible with increasing restrictions.13 The determination of fipronil, sometimes together with its metabolites, in different matrices is commonly performed by gas chromatography (GC) with mass spectrometric (MS) detection,14-19 electron capture detection (ECD)15-20 or nitrogen phosphorus detection (NPD).21 Liquid chromatography (LC) also has been used with tandem mass spectrometry (MS/MS) detection.22,23

  Several works describe the determination of fipronil residues in different matrices. Using GC-ECD and GC-MS techniques, Jimenez et al.15 determined fipronil in pollen using extraction with solvent, Smalling et al.16 determined 85 current-use pesticides, including fipronil and its metabolites, in sediment sample after microwave-assisted extraction, Bichon et al.17 quantified fipronil residue in ovine plasma and Sánchez-Brunete et al.18 and Jiménez et al.19 determined fipronil residues in honey samples after solvent extraction.

  Brennan et al.20 compared different cleanup methods for the determination by GC-ECD of fipronil and its degradation products in sediment samples. Morzycka21 described a simple method for the determination by GC-NPD of trace levels of fipronil in honeybees using matrix solid-phase dispersion. LC-MS/MS, after an extraction with solvent, was applied for the determination of traces of fipronil in pollen22 and in honey23 samples. Llorent-Martínez et al.24 described a photo-induced fluorimetric determination of fipronil in phytosanitary and veterinary products using a sequential-injection flow assembly.

  Some works described the determinations of fipronil residues in water samples using different sample preparation and analysis techniques. Yang et al.25 proposed an efficient and sensitive method for simultaneous determination of 38 pesticides, including fipronil, in agricultural drainage waters and soils by GC-MS. Water samples were extracted using solid-phase extraction (SPE) with C18 cartridges with recoveries from 98 to 105%. The limit of detection (LOD) of the method for fipronil in water samples was 52 ng L-1. Harman-Fetcho et al.14 developed a method for the determination of several pesticides in water samples from canals using SPE with styrene-divinylbenzene as sorbent and GC-MS. Fipronil presented average recovery of 79% and LOD value of 0.2 ng L-1. Vílchez et al.26 described the determination of fipronil in water, soil and urine samples carried out by solid phase microextraction (SPME) and GC-MS. Fipronil was extracted with a fused-silica fiber coated with 85 mm polyacrylate and a LOD value of 80 ng L-1 was achieved for water samples. A method using liquid-liquid extraction (LLE) and analysis by GC-ECD of pyrethroid and phenylpyrazole pesticides in emulsion-prone surface water samples was described by Wu et al.27 Fipronil, fipronil sulfide and fipronil sulfone presented average recoveries of 115.5, 82.8 and 103.5%, respectively, and LOD values of 0.31, 0.36 and 0.29 ng L-1, respectively. Besides good detectability, it requires a laborious step for sample preparation by LLE, with a considerable consumption of solvents.

  The determination of fipronil residues in water was carried out using LLE and HPLC with UV detection achieving LOD value of 100 µg L-1.14 Liu et al.28 applied the ionic liquid dispersive liquid-liquid microextraction (IL-DLLME) for the determination of fipronil in water by HPLC-DAD (diode-array detection) with LOD of 530 ng L-1. Donato et al.29 and Demoliner et al.30 described multiresidue methods for the determination of pesticide residues in water based on SPE and LC-MS/MS. For both works, the LOD value for fipronil was 10 ng L-1.

  However, to the best of our knowledge, no method for the determination of fipronil and its three more important metabolites fipronil desulfinyl, fipronil sulfide and fipronil sulfone in water samples has been reported until now. Therefore, the objective of this study was to develop and validate a fast and accurate method using SPE and GC-ECD for the determination of these compounds in surface water samples. The method suitability was evaluated by applying the method in the determination of fipronil and its metabolites in water samples from experimental flooded rice fields to study the degradation of fipronil.

   

  Experimental

  Chemicals

  Fipronil standard (96.5%) was obtained from Dr. Ehrenstorfer (Augsburg, Germany). Individual standards of the metabolites fipronil desulfinyl (98%), fipronil sulfide (99.6%) and fipronil sulfone (100%) were purchased from AccuStandard (New Haven, USA), in the concentration of 100 mg L-1 in acetone. The stock solution of fipronil, in the concentration of 1000 mg L-1, was prepared in acetone. The working standard solutions were prepared by the dilution of these solutions in acetone. Cartridges SPE Strata C18-E 500 mg per 3 mL (Phenomenex, USA) were used. Acetone and n-hexane were Nanograde® degree (Mallinckrodt, USA), isopropyl alcohol and phosphoric acid were analytical reagent grade (Merck, Brazil) and water was purified in a Milli-Q® system (resistivity 18.2 MΩ cm).

  Instrumentation and chromatographic conditions

  The GC-ECD system used was a gas chromatograph 3800 (Varian, USA) equipped with autosampler, split/splitless injector, electronic flow control, electron capture detector, Star Workstation 6.6 version and capillary column DB-5 (5% phenyl, 95% methylpolysiloxane) of fused silica with 30 m length, 0.25 mm i.d. and 0.25 µm of film thickness (J&W Scientific, Foster City, CA, USA). The chromatographic conditions used were: injector temperature of 280 ºC; volume of injection of 1.0 µL splitless, with split vent opened (1:10) at 3 min; carrier gas helium, constant flow of 1.3 mL min-1; column oven temperature program at 80 ºC (1 min), increasing 25 ºC min-1 up to 215 ºC, followed by 3 ºC min-1 up to 250 ºC; detector temperature at 300 ºC, N2 as make-up gas at 60 mL min-1. Helium and nitrogen were 5.0 grade.

  Optimization of the SPE procedure

  The SPE preconcentration system used a vacuum pump (Tecnal, Brazil) and a SPE manifold (Varian, USA). The SPE procedure was optimized in terms of pH and sample volume and the type and volume of solvent used for elution. As solvent for elution of the compounds, ethyl acetate and a mixture of n-hexane:isopropyl alcohol (3:1, v/v) were evaluated. The influence of the use of 1 or 2 mL of eluent was also investigated. The sample volume was chosen as a function of the breakthrough volume, which occurs when the pesticides are not strongly retained by the sorbent or when the capacity of the sorbent is exceeded.31 Sample volumes varying between 50 and 500 mL were studied with a constant mass of 2.5 ng for each compound, at pH 3.0 and 6.0, adjusted with a solution of phosphoric acid:water (1:1, v/v).

  Sample preparation procedure for SPE

  The samples, placed in volumetric flasks, were transferred to the SPE cartridges through PTFE tubes at a flow rate of about 5 mL min-1. The optimized procedure for analysis of fipronil and metabolites began with the conditioning of the C18 cartridge with 3 mL of methanol followed by 6 mL of purified water. An aliquot of 100 mL of sample or "blank" surface water spiked with the analytes was then percolated through sorbent. After the preconcentration step, 10 mL of purified water were used to rinse the sample volumetric flask, and then it was transferred to the cartridge, followed by 15 min of vacuum for water removal from sorbent bed. The analytes were then eluted with two aliquots of 1.0 mL of a mixture of hexane:isopropyl alcohol (3:1, v/v). The eluate was collected in vial and the volume was evaporated to dryness using a N2 flow. For the GC-ECD analysis, a redissolution in 500 µL of acetone was carried out.

  Method validation

  With the optimized conditions for analysis of the compounds, a method validation was performed with the following parameters: analytical curve and linearity, limits of detection (LOD) and of quantification (LOQ), precision (repeatability and intermediate precision) and accuracy (recovery).32 Solutions for the analytical curve and for spiking were prepared by the dilution of the stock solutions in acetone. The analytical curves were obtained with 7 different levels of concentration (1 to 1000 µg L-1) for each analyte with 6 replicates each. Linearity of the analytical curve was evaluated according to the IUPAC, that considers that points whose signal/concentration ratio does not differ more than 5% from the angular coefficient of the calibration line are considered to be inside of the linear range. The limits of detection and quantification were established considering the concentration that produced a signal-to-noise ratio of 3:1 and 10:1, respectively. For the recovery assays, "blanks" of surface water samples spiked at 12.5, 25.0 and 250 ng L-1 for fipronil and 5.0, 12.5, 25.0 and 250 ng L-1 for each metabolite were used, which corresponded to 1.8, 3.6 and 36 times the LOQ value for fipronil and 1, 2.5, 5 and 50 times the LOQ values for the metabolites. The precision of the method, in terms of repeatability, was evaluated by carrying out extraction and analysis of the fortified samples in six replicates. To evaluate the intermediate precision of the method, different days and analysts were used.

  Sampling of environmental water samples to evaluate the method applicability

  To evaluate the method developed, water samples were collected from experimental flooded rice fields from 1 to 70 days after application of the insecticide fipronil at the recommended dose. Samples were collected by submerging amber glass bottles (1 L) below the water surface to a depth of 0.3 m. All water samples were held on ice until transported back to the laboratory where they were stored in refrigerator at 4 ºC. Extraction and analysis of the water samples occurred within 24 h of collection.

   

  Results and Discussion

  Quantitative analysis of fipronil and its metabolites

  The technique GC-ECD proved to be a good option for the determination of fipronil and its metabolites, allowing an analysis with good sensitivity in a total time of 12 min. Figure 2 shows the chromatograms of a "blank" surface water spiked with fipronil and its metabolites at the limit of quantification of the method. Figure S1 (in the Supplementary Information (SI) section) presents a chromatogram of the second point for the analytical curve containing fipronil and metabolites at the concentration of 5 µg L-1. The selectivity of the method can be evaluated considering these chromatograms, in which no interferences from the matrix were observed in the retention times of the compounds. The use of SPE permits the reduction of sample handling, labor, and solvent consumption.33 Sample preparation using SPE was very effective for the analysis of fipronil and metabolites at trace level.
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  Analytical curve and linearity

  The parameters for linear regression (y = ax + b) obtained for the seven concentration levels, each level injected 6 times, are shown in Table 1. From the analytical curve, the linearity of the method was evaluated in the range of the LOQ values to 1000 µg L-1. All analytical curves presented linearity in all evaluated interval. Considering a preconcentration factor of 200 times (100 mL of sample and a final volume of 500 µL), it results in a linear working range in the samples from the LOQ (7.0 and 5.0 ng L-1 for fipronil and metabolites, respectively) to 20 µg L-1.
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  Limits of detection (LOD) and quantification (LOQ)

  The LOD and LOQ values obtained for the instrument ranged from 0.4 to 0.5 µg L-1 and 1.0 to 1.4 µg L-1, respectively. The LOD and LOQ values of the method are shown in Table 1. Despite the great structural similarity between the compounds, the LOD and LOQ values showed that fipronil presents a little lower sensitivity than its metabolites.

  The LOQ values obtained are suitable for the determination of residues of these compounds in surface water, considering that the values are even below the tolerance level of 0.1 µg L-1 established in the European Union (Directive 98/83/EC) for pesticide residues in drinking water,34 showing that the proposed method is useful for the determination of fipronil and metabolites in water samples.

  Accuracy (recovery) and precision (repeatability and intermediate precision)

  Table 2 presents the results of recovery and precision, in terms of repeatability and intermediate precision, obtained through the analysis of "blank" surface water spiked with the compounds in study. For environmental matrices, precision is dependent on the sample matrix, the concentration of the analyte and the technique of analysis. Considering the criteria for acceptability for recoveries between 70 and 120% with precision of up to 20%,35 it can be concluded that the method is in accordance with the required parameters because all the obtained values were within these ranges.
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  Application of the developed method

  The validated method was applied to the analysis of water samples from experimental flooded rice fields where a study of degradation of fipronil was carried out. The compound was applied at the recommended dose and sampling was carried out from 1 to 70 days after application. Despite the high complexity of this type of samples, these analyses presented no interferences or difficulties. Figure 3 presents a chromatogram obtained with GC-ECD of a surface water sample collected 3 days after the application of fipronil at the recommended dose. Fipronil desulfinyl was the compound that presented the highest concentrations of all metabolites, being detected in the maximum concentration of 6.9 µg L-1. This indicates that the photocatalytic decomposition of fipronil, with consequent formation of fipronil desulfinyl, is fast. Fipronil sulfone appeared in all the collected samples, presenting maximum concentration of 0.5 µg L-1. Fipronil sulfide was not detected in the first days after application of fipronil and its presence was only detected in the samples collected between 7th and 21st days with concentrations that had varied from 0.01 to 0.2 µg L-1, with the maximal concentration observed on the 12th day. This appearance in a period subsequent to the maximum concentration of the fipronil is consistent with the degradation process, considering that this metabolite is a product of the reduction of fipronil frequently detected in soil samples.20
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  Conclusion

  The proposed method is simple to perform and expensive or toxic materials are not required. The results show that SPE extraction method reflects its main advantages of speed, simplicity, low consumption of organic solvents, in addition to the simplification of laborious steps sometimes employed in water sample preparation. Using SPE cartridges containing 500 mg of C18, it was possible to extract fipronil insecticide and its metabolites fipronil desulfinyl, fipronil sulfide and fipronil sulfone quickly and efficiently. The determination by GC-ECD proved to be sufficiently sensitive and selective, allowing a chromatographic analysis of the compounds in 12 min. Satisfactory results were obtained for the proposed method during the validation step. Analytical curves presented r2 values (determination coefficients) above 0.995 for a wide range of concentrations. The recovery presented values between 81.3 and 112.3%, with RSD lower than 14.2%, which is considered to be adequate for the proposed method. The limits of quantification of the method, 5.0 ng L-1 for each metabolite and 7.0 ng L-1 for fipronil, were satisfactory for the analysis of fipronil and its metabolites in water samples. These limits are several times lower than maximum permissible levels set by the legislations for surface and drinking water. This method was successfully applied for the determination of residues of fipronil and its metabolites in environmental water samples.

   

  Supplementary Information

  Supplementary chromatogram of the second point of the analytical curves containing fipronil and all studied metabolites at the concentration of 5 µg L-1 is available free of charge at http://jbcs.sbq.org.br as a PDF file.
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    No presente trabalho, uma técnica de pré-tratamento de amostra simples, rápida e econômica, extração líquido-líquido homogênea miniaturizada de baixa densidade (LDMHLLE), foi desenvolvida para a determinação de hidrocarbonetos policíclicos aromáticos (PAH) e hidrocarbonetos totais de petróleo (TPH) em amostras de sedimentos. O método LDMHLLE é baseado na extração líquido-líquido homogêneo com metanol, contendo n-hexano como solvente de densidade inferior à da água que imediatamente após adição de água forma uma fase distinta imiscível em água na parte superior do frasco. Esta fase pode ser facilmente separada e injetada no cromatógrafo gasoso com detector de ionização de chama (GC-FID) para quantificação. A linearidade foi obtida no intervalo de concentração de 0,100-100,00 e 0,030-100,00 µg g-1 para PAH e TPH, respectivamente. Os coeficientes de correlação foram melhores do que 0,99 para PAH e TPH. O limite de detecção (LOD), com base na razão sinal-ruído (S/N), foi de 0,010-0,060 µg g-1 para os PAH e 0,008 µg g-1 para TPH. As recuperações relativas de PAH e TPH para amostras de sedimento de nível fortificado de 10,0 µg g-1 foram 57-92 e 91%, respectivamente. O método foi aplicado com sucesso em material de referência certificado, CRM372-100 para TPH e CRM CNS391-050 para PAH.

  

   

  
    In the present work, a simple, rapid and economic sample pre-treatment technique, low density miniaturized homogeneous liquid-liquid extraction (LDMHLLE), was developed for determination of polycyclic aromatic hydrocarbons (PAH) and total petroleum hydrocarbons (TPH) in sediment samples. The LDMHLLE method is based on the homogeneous liquid-liquid extraction with methanol containing n-hexane as a solvent of lower density than water that after addition of water forms a distinct water immiscible phase at the top of the vial. This phase can be easily separated and injected to the gas chromatography with flame ionization detector (GC-FID) instrument for quantification. The linearity was obtained in the concentration range of 0.100-100.00 and 0.030-100.00 μg g-1 for PAH and TPH, respectively. Correlation coefficients were better than 0.99 to for PAH and TPH. The limit of detection (LOD), based on the signal-to-noise ratio (S/N), was 0.010-0.060 μg g-1 for PAH and 0.008 μg g-1 for TPH. The relative recoveries of PAH and TPH for sediment samples at spiking level of 10.0 μg g-1 were 57-92 and 91%, respectively. The method was successfully applied to corresponding standard reference material, CRM372-100 for TPH and CRM CNS391-050 for PAH.

    Keywords: PAH, TPH, gas chromatography-flame ionization detector, LDMHLLE, preconcentration

  

   

   

  Introduction

  In recent times, the contamination of the environment by petroleum hydrocarbons is potentially widespread because modern society uses so many petroleum-based products (for example, gasoline, kerosene, fuel oil, mineral oil and asphalt). Hydrocarbons are quantitatively the most important constituents of petroleum, and arise from natural as well as anthropogenic sources.1 Total petroleum hydrocarbons (TPH) are the general term used to describe a family of several hundred chemical compounds that are made from crude oil. TPH are released from industry, commercial or personal use. They are found in soil and water. Exposure to TPH such as gasoline or diesel fuel can affect human health. Therefore, TPH are monitored globally.2 Polycyclic aromatic hydrocarbons (PAH) are one of major classes of organic pollutants that are released into the environment and mostly due to human activities. PAH in the environment are formed mainly during the incomplete combustion of organic matter at high temperature by both domestic and industrial activities. Exhaust emission from vehicles is also one of the major sources of PAH in urbanized areas. Major routes of entry of PAH into aquatic environment are spillage and seepage of fossil fuels, discharge of domestic and industrial wastes, fallout or rainout from air and runoff from land. The United States Environmental Protection Agency (USA EPA) has recommended some of them as priority pollutants.3 Evaluation and monitoring of trace levels of these compounds from different environmental matrices are imperative.4,5 Numerous polycyclic aromatic hydrocarbons (PAH) are carcinogenic, making their presence in foods and in the environment a health concern. Regulations around the world limit levels of a variety of PAH in drinking water, food additives, cosmetics, workplaces and factory emissions. PAH have traditionally been separated using high performance liquid chromatography with UV detection (HPLC-UV), but the limits of detection of the method of the HPLC-UV techniques, employing direct injection of samples, are too high for the detection of the low concentrations in real samples that are near the regulated limit. HPLC-fluorescence, gas chromatography-mass spectrometry (GC-MS) and gas chromatography with flame ionization detector (GC-FID) can be use for PAH determination, but MS provides greater specificity than fluorescence (FL) or UV or FID detectors. Therefore, the analytes in these samples require preconcentration before the analysis.6 Some petroleum derived hydrocarbons which are toxic to marine plants and animals may persist for long periods of time once released in the environment. The investigation on the hydrocarbon sources and fate is thus very useful in the evaluation of the environmental contamination in order to develop strategies for control and protection of coastal ecosystems. Ultrasonic, soxhlet extraction and supercritical fluid extraction are pretreatment methods for soil sample pretreatments. However, these extraction methods are time-consuming, tedious and expensive, and some of them require large volume of toxic solvents, which are harmful to the environment.

  Some low-density extraction solvent methods was developed for extraction of pollutants from water samples7-9 and recently, our group introduced a new method for extraction of PAH and pesticide from sediment samples based on homogeneous liquid-liquid extraction (a method based on the methanol extraction for sediment samples, that has proved to be very successful).10,11 In all homogeneous liquid-liquid extraction (HLLE) methods, solvents of higher density than water (i.e., chlorinated solvents) have been used, and there is no report to use low density miniaturized homogeneous liquid-liquid extraction (LDMHLLE) for determination of TPH and PAH from sediment samples. The aim of this study was to develop and validate a cheap and reliable analytical procedure for routine analysis of PAH and TPH in sediment using LDMHLLE system and the determination of TPH and PAH was performed by GC-FID.

   

  Experimental

  Reagents and materials

  All chemicals were of reagent grade and were used without further purification. Analytical grade methanol and n-hexane were purchased from Merck (Darmstadt, Germany). The working solutions were prepared at appropriate concentration from stock solutions. A standard mixture of the 16 EPA PAH (the number in parenthesis is equivalent carbon number): naphthalene (C11.7), acenaphthene (C15.5), anthracene (C19.43), acenaphthylene (C15.06), fluorene (C16.55), phenanthrene (C19.36), anthracene (C19.43), pyrene (C20.8), benzo[a]anthracene (C26.37), chrysene (C27.41), benzo[b]fluoranthene (C30.14), benzo[k]fluoranthene (C30.14), benzo[a]pyrene (C31.34), dibenzo[a,h]anthracene (C30.36), benzo[g,h,i]perylene (C34.01) and indeno[1,2,3-cd]pyrene (C35.01) at a concentration of 2000 mg L-1 in dichoroetane:benzene and a standard mixture of 35 normal alkanes (EC number) includes n-octane (C8), n-nonane (C9), n-decane (C10), n-undecane (C11), n-dodecane (C12), n-tridecane (C13), n-pentadecane (C15), n-hexadecane (C16), n-heptadecane (C17), pristine(C19H40), n-octadecane (C18), phytane (C20H42), n-nonadecane (C19), n-eicosane (C20), n-heneicosane (C21), n-docoscane (C22), n-tricosane (C23), n-tetracosane (C24), n-pentacosane (C25), n-hexacosane (C26), n-heptacosane (C27), n-octacosane (C28), n-nonacosane (C29), n-tricontane (C30), n-hentriacontane (C31), n-dotriacontane (C32), n-tritriacontane (C33), n-pentatriacontane (C35), n-hexatriacontane (C36), n-heptatriacontane (C37), n-octatriacontane (C38), n-natriacontane (C39) and n-tetratriacontane (C40) at a concentration of 500.0 mg L-1 in chloroform were purchased from Techlab (Metz, France). The working solutions were prepared at appropriate concentration from stock solution in hexane. Purified water was obtained on a Direct-Q 3 UV with a pump system (Millipore, Molshein, France). Certified reference material for TPH (CRM372-100) and natural matrix reference material for PAH (CRM CNS391-050) purchased from RTC (Laramie, USA).

  Apparatus

  Chromatographic analysis was done by a 7890A Agilent gas chromatograph with flame ionization detector and equipped with an autosampler 7693 (Agilent Technologies, Avondale, PA, USA) and operated by Chemstation Software (Agilent Tecnologies). The carrier gas was nitrogen (99.999%) that was kept at a constant flow of 1.5 mL min-1. Hydrogen gas was generated by a hydrogen generator (Dominick hunter, England) for FID at a flow rate of 30 mL min-1 and the flow rate of zero air (99.999%, Air Products, UK) for FID was 400 mL min-1. A 30 m × 0.25 mm × 0.25 µm HP-5 capillary column was used for analyte separations. For PAH analysis, 1.0 µL of the sample was injected in the splitless mode at 280 ºC. The temperature program used for the chromatographic separation of PAH was as follows: 80 ºC for 1 min, temperature was increased at 25 ºC min-1 to 160 ºC, and then temperature at 3 ºC min-1 to 300 ºC and held for 4 min, and the FID temperature was maintained at 325 ºC. 

  Low density miniaturized homogeneous liquid-liquid extraction procedure

  A sediment sample of 0.1000 g of homogenized and air-dried at room temperature (Karon River, Iran) was weighed into a 50 mL centrifuge tube, and then 10.0 mL methanol were added. The tube was mixed with a stirrer for 20 min and centrifuged at 3500 rpm for 5 min. Then, an aliquot of 6.0 mL methanolic phase was placed in a 10.0 mL volumetric flask, and 1.0 mL n-hexane as extraction solvent was added and vigorously shaken for 60 s. By adding water (4.0 mL) into solution, n-hexane was separated at the top of volumetric flask. An aliquot of 500 µL of the upper phase was solvent, and was drawn out by a Hamilton syringe and evaporated to near dryness under a nitrogen stream and re-dissolved in 50.0 µL n-hexane in a conical vial and 1.0 mL was injected in GC-FID.

   

  Results and Discussion

  GC-FID was calibrated by injecting extracts of 0.100 g of cleaned soil (without PAH and TPH) that were spiked with the normal alkane mixtures (C12-C23) of 0.10, 0.30, 0.50, 1.00 and 2.00 μg g-1 and PAH mixtures of 0.50, 1.00, 2.00, 4.00, 5.00 μg g-1, respectively. Individual concentrations of n-alkanes were obtained by summing areas. All calibration curves were linear with correlation coefficients better than 0.998 and the limits of detection (signal-to-noise ratio of 3) obtained ranged from 0.01 to 0.06 μg g-1 and 0.008 μg g-1 for PAH and TPH, respectively (Table 1). It is to be note that because of the naphthalene volatility, the peak of naphthalene was not found and the calibration curve was not obtained. Spiked soils containing PAH, the 0.50 µg g-1 of PAH and 1.00 µg g-1 of TPH were chosen as the calibration check standards, and were analyzed at intervals of one in every three injections. Response between two adjacent calibration check standards was monitored to check if the injector volumes were consistent. If the response between two adjacent check standards differed more than 10% then the samples between the adjacent check standards were reanalyzed assuming errors in the injections. These steps were taken to improve the quality of the data and to compensate for omitting internal standard (IS). IS was not considered for this part of the research due to: (i) GC-FID does not have the capability of identifying co-eluting compounds; (ii) IS can overlap with TPH; (iii) TPH components can be present in all regions of the chromatogram; (iv) compounds outside the C10-C33 range (i.e., C40) can be too insoluble as IS; (v) early eluting compounds are too volatile as IS; and (vi) the front of the chromatogram just prior C10 may contain a mass of peaks making it impossible to identify IS.
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  The extraction method was validated by the use of spiked sediment. The cleaned sediment (Tehran, Iran) samples were spiked at concentration levels of 10.0 μg g-1 for PAH and TPH to investigate their respective recoveries by the proposed method. Figure 1 and Figure 2 show the chromatogram of the spiked sediment sample obtained by this method and the results are summarized in Table 2. The applicability of the extraction method was examined by the extraction and determination of the TPH and PAH analysis in the standard reference materials, CRM372-100 and CRM CNS391-050. The values obtained from three replicates are given in Figure 1b and Table 3. The results showed satisfactory agreement with the certificated values.
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  Conclusions

  In the present work, low density organic solvents were used in the LDMHLLE method for extraction and determination of PAH and TPH in sediment samples. The proposed method avoids using chlorinated solvents and expensive apparatus that are commonly used in other extraction methods. The proposed method is simple, rapid, cheap and environmentally friendly.
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    Neste trabalho, um método para a diferenciação de gasolinas de acordo com a sua origem geográfica é proposto. Cromatografia gasosa bidimensional abrangente com detecção por ionização em chama (GC×GC-FID) em conjunto com a análise multivariada foi utilizada para diferenciar amostras de gasolina brasileira de amostras oriundas da Venezuela. A análise de fatores paralelos (PARAFAC) foi utilizada no reconhecimento de padrões dos cromatogramas GC×GC-FID e foi aplicada com êxito na diferenciação das amostras de gasolina. Através da análise dos gráficos de escores e pesos gerados pela análise PARAFAC, foi possível determinar que eluatos de média a alta volatilidade, tanto alifáticos quanto aromáticos, foram responsáveis por essa diferenciação.

  

   

  
    In this work, a method for differentiation of gasoline according to its geographical origin is presented. Comprehensive two-dimensional gas chromatography-flame ionization detection (GC×GC-FID) combined with multivariate analysis was used to differentiate Brazilian and Venezuelan gasoline samples. Pattern recognition of the GC×GC-FID chromatograms was performed by parallel factor analysis (PARAFAC) and it was successfully applied for the differentiation of these gasoline samples. Eluates with medium to high volatility, both aliphatic and aromatic, were responsible for this differentiation, based on the inspection of the score and loading graphs generated by PARAFAC.

    Keywords: comprehensive two-dimensional gas chromatography, gasoline, multivariate analysis, parallel factor analysis, pattern recognition

  

   

   

  Introduction

  Petroleum and its derivatives are some of the most complex samples known to the analytical chemists. Fuels, derived from this source, are usually composed of several hundreds of individual analytes, such as alkanes, isoalkanes, alkenes, naphtenes, etc.1 Specifically, gasoline is a petroleum-derived fuel constituted by mainly a mix of hydrocarbons from C4 to C12, with distillation range from 30 to 225 ºC, which also contains traces of oxygenates and other minor compounds. In Brazil, the commercially available gasoline (type C) consists of "raw" gasoline (type A, obtained after refining and not available for the consumer) with 25 ± 1% (v/v) of anhydrous ethanol. Fuel adulteration is a widespread practice in several countries. In Brazil, it is a major source of public concern and it is a felony.2 Since 1999, the Brazilian National Agency for Oil, Natural Gas and Biofuels (Agência Nacional do Petróleo, Gás Natural e Biocombustíveis, ANP) runs a nationwide fuel quality program.3 The official ANP procedure consists of pre-screening of samples by the American Society for Testing and Materials (ASTM) tests and gas chromatographic (GC) analyses of all suspect samples. Another illegal operation practiced in Brazil is the gasoline smuggling.3 This felony is mostly concentrated at the Brazilian territorial border with Venezuela because of the substantially lower price of the gasoline produced in the latter. However, as opposed to gasoline adulteration, no standard method is available for the differentiation of national gasoline from foreign gasoline samples. Potentially, one way to distinguish between these samples could be through a detailed comparison of its composition.

  In this context, the separation step of the analytical method is frequently the limiting factor for the complete analysis of complex mixtures, such as gasoline samples. Hence, GC is currently one of the most important benchmark tools for this purpose. However, due to the complexity of gasoline, an analysis of gasoline by GC can take up to 3 h and, possibly, some co-elution may still be found. Therefore, a more powerful technique should be used and the comprehensive two-dimensional gas chromatography (GC×GC)4 has been recognized as the most promising innovation since the introduction of the capillary columns.5 GC×GC offers both increased peak capacity and enhanced detectability, without extending analysis time.6 Thus, GC×GC has been extensively used to solve analytical problems related to petrochemical derivatives.3,7-21 In addition, some methods for fuel quality control are based on qualitative information regarding the analytes, such as the ASTM D2425 method, which is used for hydrocarbon type analysis of middle distillates.22 Although GC×GC-FID (flame ionization detection) uses a non-selective detector, it still offers qualitative information due to the presence of ordered structures in the two-dimensional chromatograms (the chromatographic structure) that allows unequivocal identification by simple visual inspection of these chromatograms if one or more compounds in a cluster have been identified previously.23,24

  Some reported applications of GC×GC for petrochemical samples included the characterization of fuels12 and quantification of specific group of analytes11,13,14 in oil products, as well as environmental studies related to identification and monitoring of degradation of spilled oil.15,16 Compared to conventional GC-FID (or even GC-MS), the amount of information contained on a GC×GC-FID chromatogram is considerably larger. Consequently, the adoption of chemometric strategies for processing and interpretation of GC×GC data is often desirable. Augusto and co-workers3 successfully reported the use of multi-way partial least squares regression (N-PLS) for the identification of gasoline adulteration by GC×GC, while Poppi et al.17 assessed several N-way multivariate methods for the quantitation of kerosene in gasoline. In addition, Synovec and co-workers18,19 showed that tri-linear generalized rank annihilation method (GRAM) or parallel factor analysis (PARAFAC) deconvolution techniques were adequate for quantitation of target analytes from GC×GC-FID chromatograms. Apart from target identification and quantification, grout-type analysis can be advantageously performed by chemometric analysis of GC×GC data.20,21 However, identification and classification of complex samples through pattern recognition are both a promising and still incipient field for petrochemical samples.25,26 In this sense, the current study proposes the differentiation of Brazilian gasoline samples from Venezuelan samples by analyzing their respective GC×GC data with multivariate analysis, PARAFAC. The use of PARAFAC in GC×GC has been limited to the deconvolution of partially overlapped chromatographic peaks and its use for quantification purposes. However, its use for pattern recognition of two-dimensional chromatographic data still has not been reported. In this work, the use of PARAFAC in GC×GC for pattern recognition purposes is presented.

  PARAFAC is a natural expansion for the principal component analysis (PCA) for multi-way data and can be used as a pattern recognition method.27 For three-way data, such as those originating from GC×GC, the PARAFAC model decomposes the X array (i, j, k) in one score matrix A and two loading matrices B and C containing the elements aif, bjf, ckf, respectively, as illustrated in Figure 1.28 Additionally, each matrix is related to each dimension of X: the sample mode (mode i), and the first and second dimension retention time (mode j and k, respectively). The tri-linear model is found to minimize the sum of squares of the residuals (eijk) in the model:
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  One of the main advantages of PARAFAC is its ability to provide a unique solution that is independent on rotation.28 Additionally, an important step in PARAFAC analysis is the choice of the number of factors. The number of factors can be estimated by a number of procedures such as the estimation based on the prior knowledge of the system, or with respect to the explained variance by the model or through cross-validation.29 For the pattern recognition, the core consistency diagnostic (CORCONDIA) was used to aid in the determination of the number of factors to be chosen for the PARAFAC model. CORCONDIA indicates how well the model is concerted with the distribution of the superdiagonal and off-superdiagonal elements of the Tucker3 core. If the PARAFAC model is correct, it is expected that the superdiagonal elements will be close to one and the off-superdiagonal elements close to zero.30 CORCONDIA is defined as: 
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  where gijk is the calculated element of the core using PARAFAC model, tijk the element of a binary array with zeros in all elements and ones in the superdiagonal (the expected Tucker3 core) and F is the number of factors in the model. An ideal PARAFAC model is obtained if gijk is equal to tijk with a corresponding CORCONDIA value of 100%.30

   

  Experimental

  Samples

  All gasoline samples were type A. A total of 51 samples (25 Brazilian and 26 Venezuelan) was individually transferred to flasks and kept refrigerated at -13 ºC to avoid loss of the volatile analytes.

  Chromatographic conditions

  The type A gasoline samples were analyzed in a laboratory designed and assembled GC×GC-FID instrument. This equipment consisted of a commercial Agilent HP6890N GC-FID (Agilent technologies, Wilmington, DE, USA), with a split/splitless injector, fitted with a two-staged jet cryogenic modulator, previously reported elsewhere.10,24 The employed column set consisted of a primary 30 m × 0.25 mm, 0.25 mm film thickness HP-5MS (Agilent, Avondale, PA, USA) capillary column serially connected to a secondary 1.0 m × 0.10 mm, 0.10 mm film thickness SupelcoWax 10 (Sulpeco, Bellefonte, PA, USA) capillary column. The injector and detector were operated both at 250 ºC. The injected volume was 1 µL at a split ratio of 1:300. Hydrogen at 0.6 mL min-1 was used as carrier gas. The chromatographic oven temperature programming was set from 60 to 226 ºC at 3 ºC min-1. The modulation period was set to 6 s. Sample digitalization was performed at 100 Hz by the Chemstation commercial software (Agilent, Avondale, PA, USA).

  Data processing

  The two-dimensional chromatograms were unfolded and the corresponding vectors aligned with the Correlation Optimized Warping (COW) algorithm.31 The multi-way analysis was performed on a MatLab 6.5 program (Mathworks, Natick, MA, USA). The PARAFAC algorithm was obtained from the N-way Toolbox 2.11. Singular value decomposition was used for the initialization of the PARAFAC model. No pre-processing was performed during calculation of the model, while non-negativity was used as constraint.

   

  Results and Discussion

  As already mentioned, there is no official method for the detection/differentiation of gasoline samples from different sources, such as in the case of Brazilian and Venezuelan gasolines. The differentiation of mixtures, ideally, should be a rather simple task if there were unique analytes present in one sample and not in the other. However, a sample with increased number of analytes and with high structural diversity makes this task rather difficult such as the case of gasoline samples. Hence, GC×GC-FID, which provides enhanced resolution, and PARAFAC, which allows the analyst to perform pattern recognition, should be an extremely valuable combination for this purpose.

  In Figure 2, both chromatographic profiles of the Brazilian and Venezuelan gasoline samples are illustrated. Furthermore, an initial visual inspection shows no readily perceivable differences between these samples in terms of composition and specific markers. Therefore, differentiation of these samples by visual inspection or by conventional manual processing would have been both a difficult and time-consuming task. Consequently, a multivariate analysis is often recommended because of the high amount of information contained in the GC×GC-FID chromatograms. An adequate N-way chemometric tool recommended for pattern recognition was used, PARAFAC. This method is recommended for the analysis of three-way data such as those from GC×GC-FID systems although its use for exploratory analysis is still incipient.
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  Firstly, the two-dimensional chromatograms were unfolded into vectors for retention time alignment using the COW algorithm. Hence, prior to alignments, the initial and final regions of the chromatograms were discarded because they did not contain any information relevant for the discrimination of the gasoline samples and in order to reduce the amount of time spent for the processing of data. Even more, the alignment was necessary because the chemometric model was built with PARAFAC for the differentiation of the gasoline samples and, thus, one of the pre-requisites for this algorithm is the tri-linearity of the data.

  Secondly, for PARAFAC analysis, the choice of the number of factors is of utmost importance. The CORCONDIA test indicated that the ideal number of factors was three, because when only two factors were chosen, the differentiation between Brazilian and Venezuelan gasoline samples was not perceivable. However, a choice of four factors resulted in a lowering of 50% on the CORCONDIA test. Consequently, 3 factors were chosen and a non-negative constraint was applied in order to obtain chemically meaningful results.

  The score graph obtained from the sample modes from the three factors used in the PARAFAC model is illustrated in Figure 3. It can be readily seen a clustering of the Brazilian gasoline samples away from the Venezuelan samples. Thus, the proposed combination of GC×GC with PARAFAC could successfully differentiate the national gasoline samples from foreign samples.
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  In order to evaluate the analytes or group of analytes responsible for the differentiation of the Brazilian gasoline samples from the Venezuelan samples, the loading matrices of the three factors were analyzed. The contour plots illustrated in Figure 4 represent the regions of the actual two-dimensional chromatogram that contributed to the observed pattern by PARAFAC. Consequently, through visual inspection of these regions, it could be seen that the differentiation of the gasoline samples was possible because it relied on the chromatographic profile rather than in a single marker. This fact shows the absence of individual markers that could be used to correlate the sample to its geographical origin and, most likely, that manual processing of the chromatographic data would have been an extensively time-consuming task.
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  In Figure 4, the loading graph of the three factors used in PARAFAC is shown. An inspection of these individual contour plots shows the analytes with the highest contribution to their respective factor. It was noticed that the analytes that contributed to the first and second factor loadings belonged essentially to the classes of alkanes, alkenes and cyclic alkanes. The main difference was that the first factor had major contributions from the more volatile analytes, while the third factor is comprised of less volatile compounds. As for the second factor, the analytes that played an important role had intermediate volatility between the first and third factors. Additionally, a more detailed inspection of the score graph shows that the clustering of the gasoline samples was performed essentially by the second factor. Hence, since the second factor comprised of analytes with medium to high volatility, it can be stated that the differentiation was based, mostly, on these analytes. Thus, it can be inferred that the Venezuelan gasoline samples had higher amounts of more volatile analytes while the Brazilian analytes had higher quantities of less volatile analytes because the Venezuelan samples had the highest score values for the second factor when compared to the Brazilian samples.

   

  Conclusions

  The results show that the combination of GC×GC-FID and multivariate analysis can be employed as a general tool for the differentiation of contraband of gasoline, using the raw chromatograms as input data. This procedure was successfully tested with Brazilian and Venezuelan gasoline samples. Also, all gasoline samples were properly differentiated through pattern recognition by PARAFAC. These results show that GC×GC-FID and PARAFAC can be a powerful tool to solve similar analytical problems in which complex mixtures comprised of several hundreds of compounds need to be differentiated through pattern recognition. In addition, a detailed inspection of the score graph and the loading graph allowed the identification of the group of compounds responsible for the distinction of these complex samples.
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    Eletrodo de carbono vítreo quimicamente modificado por filme fino de hexacianoferrato de rutênio (RuHCF) foi preparado pelo método da evaporação da gota. O eletrodo modificado RuHCF exibiu quatro processos redox em meio ácido forte (pH 1,5) atribuídos ao íon Fe(CN)63- e três formas de rutênio (Ru(II), Ru(III) e Ru(IV)), características do óxido de rutênio. O eletrodo modificado mostrou excelente atividade eletrocatalítica para oxidação de etanol na região de potenciais onde os processos eletroquímicos Ru(III)–O–Ru(IV) e Ru(IV)–O–Ru(VI) ocorrem. Dados de espectroscopia de impedância mostraram que a resistência de transferência de carga diminui com o aumento do potencial aplicado e da concentração de etanol, indicando o uso do eletrodo modificado RuHCF como sensor para etanol. Em condições otimizadas, este sensor respondeu linearmente e rapidamente para etanol na faixa de concentração entre 0,03 e 0,4 mol L-1 com um limite de detecção de 0,76 mmol L-1, indicando uma sensibilidade adequada em análises de etanol.

  

   

  
    Ruthenium-based hexacyanoferrate (RuHCF) thin film modified glassy carbon electrode was prepared by drop evaporation method. The RuHCF modified electrode exhibited four redox couples in strong acidic solution (pH 1.5) attributed to Fe(CN)63- ion and three ruthenium forms (Ru(II), Ru(III) and Ru(IV)), characteristic of ruthenium oxide compounds. The modified electrode displayed excellent electrocatalytic activity towards ethanol oxidation in the potential region where electrochemical processes Ru(III)–O–Ru(IV) and Ru(IV)–O–Ru(VI) occur. Impedance spectroscopy data indicated that the charge transfer resistance decreased with the increase of the applied potential and ethanol concentration, indicating the use of the RuHCF modified electrode as an ethanol sensor. Under optimized conditions, the sensor responded linearly and rapidly to ethanol concentration between 0.03 and 0.4 mol L-1 with a limit of detection of 0.76 mmol L-1, suggesting an adequate sensitivity in ethanol analyses.

    Keywords: ethanol sensor, ruthenium-hexacyanoferrate, cyclic voltammetry, chronoamperometry, electrochemical impedance

  

   

   

  Introduction

  The surface modification using different mediators for electrocatalytic oxidation of small organic molecules such as ethanol has been reported.1-4 The modification with insoluble films of transition metal cyanide with general formula M(I)n[M(II) (CN)6]m, where M(I) and M(II) are different transition metal ions, has attracted special attention because of their versatile oxidation states.5,6 These compounds are mixed-valence complexes with a well-defined structure and stable electrochemical response.7 Usually, these compounds are incorporated on the electrode surface to catalyze the electrooxication of several electroactive compounds8-14 and to reduce their electrooxidation overpotential.15,16 Among these compounds, ruthenium hexacyonate is of great importance.17-20 The ruthenium hexacyanoferrate films can be deposited directly on the electrode surface by repetitive cyclic voltammetry (several cycles in a given potential range) in aqueous solution containing Ru3+ ions and Fe(CN)63-.9 In the present work, glassy carbon electrode was modified with a thin film of ruthenium-based hexacyanoferrate (RuHCF) by a dripping method. Its catalytic activity towards ethanol oxidation was studied by cyclic voltammetry (CV), chronoamperometry and electrochemical impedance spectroscopy (EIS).

   

  Experimental

  Reagents and solutions

  All reagents were of analytical grade purity and used without further purification. All solutions were prepared using deionized (DI) water (resistance > 18 MΩ cm), purified through a Milli-Q system (Millipore Inc., USA).

  Electrodes and electrochemical cell

  All the experiments were carried out in a conventional three-electrode electrochemical cell. A glassy carbon (GC) disk electrode (Ageom = 0.065 cm2), Ag|AgCl|KClsat and a platinum wire were used as working, reference and auxiliary electrodes, respectively, and 0.1 mol L-1 Britton-Robinson buffer solution21 at pH 1.5 was used as supporting electrolyte.

  Electrode preparation

  The glassy carbon electrode surface was polished with 1.0 and 0.1 µm α-alumina suspensions on a microcloth polishing pad, rinsed with DI water and sonicated for a few minutes in DI water to remove traces of alumina particles. Then, 20 mL of 0.1 mol L-1 Britton-Robinson buffer solution at pH 1.5 containing 1.0 mmol L-1 [Fe(CN)6]3- and 1.0 mmol L-1 RuCl3 were added on the electrode surface. The solution was evaporated at room temperature under vacuum (1.3 × 10-5 Pa). After that, 10 μL of Nafion solution were added to the surface of Ru-Fe(CN) modified glassy carbon electrode by the drop evaporation method.

  This modification method is similar to that usually used in fuel cell catalyst evaluation. The modified electrode was then subjected to electrochemical and electrocatalytic oxidation of ethanol.

  Cyclic voltammetry and chronoamperometry measurements

  Cyclic voltammetric measurements were performed using an electrochemical analyzer BAS CV-50W in a potential range between –0.4 and +1.2 V against an Ag|AgCl|KClsat reference electrode, at a scan rate (ν) of 0.1 V s-1. The chronoamperometric measurements were carried out at +0.9 V vs. Ag|AgCl|KClsat.

  EIS measurements

  For impedance measurements, a potentiostat/galvanostat (Autolab PGSTAT 30) with frequency response analysis system software (FRA2 modules) was used. For all modified electrodes, the impedance spectra were recorded in 0.1 mol L-1 Britton-Robinson buffer solution at pH 1.5. EIS measurements were performed by applying sine wave with amplitude of 10 mV rms in the 100 kHz-10 mHz frequency range at different potentials vs. Ag|AgCl|KClsat.

   

  Results and Discussion

  Electrochemical behavior of the modified electrode

  The successful modification of the glassy carbon electrode surface with RuHCF was evidenced by the cyclic voltammogram, as shown in Figure 1. No electrochemical process is observed on the bare electrode surface (Figure 1 curve a), and for the RuHCF modified electrode, four pairs of anodic and cathodic peaks were well defined in the potential range of –0.4 to 1.2 V (Figure 1, curve b). These peaks with formal potentials of –0.08, 0.53, 0.86 and 1.01 V are marked as I, II, III and IV, respectively.
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  According to the literature,8,12,14 these peaks are assigned to the following redox processes: peak I at –0.08 V corresponds to Ru(II)O/Ru(III)O, formed in the RuHCF. Peak II at 0.53 V is assigned to the Fe(CN)63-/4- redox reaction from the ferrocyanide immobilized in the RuHCF complex.11,22 Peaks III and IV at 0.86 and 1.01 V are attributed to the electrochemical processes Ru(III)–O–Ru(IV) and Ru(IV)–O–Ru(VI), respectively. Cataldi et al.22 characterized the ruthenium-containing cyanometallate film modified on a glassy carbon electrode by X-ray photoelectron spectroscopy (XPS) and found clear evidence demonstrating the existence of two oxidation states of ruthenium (Ru 3d region) attributed to oxo-ruthenium(IV) and dioxo-ruthenium(VI) in the framework of the RuHCF.

  Figure 2 shows the effect of the scan rate on the electrochemical behavior of the RuHCF thin film. The anodic and cathodic peak currents of peak I, attributed to the Ru(II)O/Ru(III)O redox reaction, exhibited a linear relationship with scan rate in range of 0.01-0.1 V s-1 (inset in Figure 2), which is expected for a surface-confined redox process. The peak separation increased with the increase of the scan rate. At 0.01 V s-1, the peak separation was 5 mV, and at 0.08 V s-1, it was 25 mV. However, this separation did not exceed 28 mV even at a scan rate of 0.1 V s-1. This behavior indicates that the electron transfer in the RuHCF film is very fast.23 As the scan rate increased, the anodic peak slightly shifted to a more positive direction and the cathodic peak moved towards a more negative direction, increasing the peak separation. The plot of DEpeak (Eanodic peak – Ecathodic peak) vs. ln ν showed a linear relationship with a slope of 10 (figure not shown). This also suggests that the Ru(II)O/Ru(III)O redox reaction rate is fast. One-electron reaction with a small ΔEpeak vs. ln ν slope indicates a fast electrochemical reaction.22
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  The Faradic charge involved in this process is determined by integrating the anodic peak and the value was found to be 29.5 μC. The surface coverage (Γ) is obtained according to the following equation:23
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  where Q is the charge under the first oxidation wave (peak I), A is the electrode surface geometric area (0.065 cm2) and n is the number of electrons transferred during the redox reaction (one electron). The surface coverage was estimated to be 4.7 × 10-9 mol cm-2, suggesting the adsorption of one monolayer on the electrode surface.

  The effect of the pH value on the electrochemical behavior of the RuHCF thin film was studied by cyclic voltammetry at pH range of 1.5 to 7.0, as shown in Figure 3. For all the 4 peaks, as pH value increased, the peak currents decreased, while the peak potential shifted to negative values, especially for peaks II, III and IV. Also, the shape of the peaks changed as the pH value increased. This behavior suggests that the film is only stable in strong acid solution (pH 1.5). It has been reported that the RuHCF film could not be produced in alkaline solution because it decomposes.20 The plot of the formal potential of peak IV (Eº') (redox process Ru(IV)–O–Ru(VI)) vs. pH value (inset in Figure 3) gave a linear relationship with a slope of –73.1 mV pH-1, indicating fractional values of e- and H+ (or OH-) involved in the redox process.24,25 Similar phenomenon was observed for the Ru4+/6+ redox transitions in a ruthenium oxide paste electrode.25,26
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  Electrocatalytic activity of the RuHCF modified electrode towards ethanol oxidation

  Figure 4 shows CVs obtained at the bare glassy carbon electrode and at the RuHCF modified GC electrode in the absence or presence of ethanol at pH 1.5. No observable electrocatalytic activity towards ethanol oxidation was noticed on the bare GC electrode when it was cycled in Britton-Robinson buffer electrolyte containing 0.1 mol L-1 ethanol (Figure 4, curve a). However, a significant oxidation process was observed on the RuHCF modified electrode (Figure 4, curve c). For comparison, the CV curves of RuHCF modified electrode in blank electrolyte were also shown (Figure 4, curve b). The oxidation of ethanol started at 0.8 V vs. Ag|AgCl|KClsat. The anodic current was considerably enhanced while the cathodic current decreased. This behavior is consistent with a very strong electrocatalytic process.
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  The ethanol oxidation potential lied exactly in the region where electrochemical processes of the Ru(III)–O–Ru(IV) and Ru(IV)–O–Ru(VI) occur, indicating that ruthenium metallic centers are responsible for the electrocatalytic effect, as observed in previous works.17,19

  Figure 5 shows cyclic voltammograms of the RuHCF modified electrode in Britton-Robinson buffer solution at pH 1.5 containing 0.1 mol L-1 ethanol at different potential scan rates. The anodic peak potential for ethanol oxidation slightly shifted to positive direction with the increase of the scan rate. As shown in the inset in Figure 5, the plot of the anodic peak current vs. the square root of the scan rate was linear between 0.04 and 0.15 V s-1 with an equation of Ipa (µA) = (1.67 ± 1.48) + (198 ± 3.68) ν1/2 (V s-1)1/2 (r = 0.998), expected for a diffusion-controlled reaction.24
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  Table 1 summarized the effect of the scan rate on the anodic peak current for the electrocatalytic oxidation of ethanol between 40 and 500 mV s-1. The current function Ipa ν-1/2 almost did not change with the scan rate, corroborating with an anodic peak current controlled by ethanol diffusion to the electrode surface.
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  EIS technique is a powerful tool to investigate charge transport processes of chemically modified electrodes. It provides information on the impedance of the electrode surface/electrolyte interface during an electrochemical process.27,28 Figure 6 shows Nyquist plots (imaginary impedance vs. real impedance) for the RuHCF film catalyzed ethanol electrooxidation between 0.82-0.98 V vs. Ag|AgCl|KClsat. All the impedance spectra showed a depressed semicircle, which is related to ethanol oxidation reaction on the electrode surface. The diameter of the semicircle represents the charge transfer resistance (Rct).29 The inset in Figure 6 shows EIS curve of the RuHCF modified glassy carbon electrode in blank electrolyte, in which only the diffusion type impedance was observed. It is known that the magnitude of Rct is related to the ethanol electrocatalytic oxidation kinetics.27 Rct decreased with the increase of the potential because the reaction kinetics was significantly improved at higher potentials. This is in good agreement with the voltammetric results (Figure 4, curve c), in which the maximum anodic current peak occurred around 0.98 V vs. Ag|AgCl|KClsat.
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  Figure 7 shows the effect of the ethanol concentration on the impedance response on a RuHCF modified glassy carbon electrode obtained at 0.98 V vs. Ag|AgCl|KClsat. It was found that the charge transfer resistance decreased as ethanol concentration increased. This behavior was possibly due to the fast reaction kinetics promoted by the adsorption of ethanol on the RuHCF modified electrode surface.30 The charge transfer resistance for the RuHCF catalyzed ethanol oxidation depends on kinetic parameters.27,29-31
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  The possibility of using this modified electrode as an electrochemical sensor was verified through chronoamperometric studies of the RuHCF modified glassy carbon electrode in ethanol solutions. Preliminary experiments were performed in order to determine the optimal potential in which the highest limiting current can be obtained at a given ethanol concentration (0.1 mol L-1). The optimal potential was found to be +0.9 V vs. Ag|AgCl|KClsat. Figure 8 shows chronoamperometric responses of the RuHCF modified glassy carbon electrode at different ethanol concentrations. The limiting current increased as the ethanol concentration increased.
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  The plot of limiting current vs. ethanol concentration showed a linear relationship (r = 0.996, n = 10) between 0.03 and 0.4 mol L-1 (inset in Figure 8), following the equation: Ia (mA) = (2.20 ± 0.76) + (171 ± 5.14) [ethanol]. For ethanol concentration higher than 0.4 mol L-1, the limiting current did not increase any more, indicating that electrode surface saturation occurred.

  The limit of detection (LOD) was calculated using the equation LOD = 3.3 s/m (s: relative standard deviation of the intercept; m: slope of the linear current vs. the ethanol concentration).32 LOD and sensitivity were found to be: 0.76 mmol L-1 and 0.21 µA mmol L-1, respectively. These values are considered adequate for the application of the proposed sensor in the detection of ethanol in many commercially available samples.

  The response is fast. In about 5 s, the limiting current is observed, making it suitable for an electrochemical sensor.

  The oxidation current of ethanol catalyzed by the RuHCF modified GC electrode did not decrease substantially. The electrode was found stable even after 25 cyclic voltammetric scans in ethanol solution, indicating that the RuHCF modified GC electrode exhibited a good stability for applications as an electrochemical sensor.

   

  Conclusions

  A RuHCF modified GC electrode was prepared by dripping a mixed solution of Ru3+ and Fe(CN)6]3- followed by coating it with a thin layer of Nafion. The RuHCF modified electrode showed good catalytic activity towards ethanol electrooxidation, under strong acidic conditions (pH 1.5). The catalytic ethanol oxidation started at about 0.8 V and reached maximum at 0.98 V vs. Ag|AgCl|KClsat, exactly in the region where electrochemical processes Ru(III)–O–Ru(IV) and Ru(IV)–O–Ru(VI) occur. The electrochemical impedance spectroscopy studies showed that the charge transfer resistance of the RuHCF catalyzed ethanol electrooxidation decreased as the applied potential or ethanol concentration increased, suggesting that the reactions kinetics were promoted by high oxidation potential and by the adsorption of ethanol on the modified electrode surface. This modified electrode presented good sensitivity with a fast response time. The catalytic oxidation current was proportional to ethanol concentration over a wide ethanol concentration range. These characteristics make it possible to serve as a sensor probe for ethanol amperometric analysis.
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    Eletrodo de folha de Ti modificado com filme de TiO2 (Ti/TiO2) é descrito pela primeira vez como tendo uma atividade fotoeletrocatalítica eficiente frente a oxidação de hidrazina em solução tampão de fosfato. O eletrodo Ti/TiO2 foi preparado por anodização da folha de Ti em solução aquosa e aplicado na medição fotoamperométrica hidrodinâmica da hidrazina em condições ideais (pH 7,0, potencial bias de 0,8 V vs. eletrodo de referência). A fotocorrente da oxidação fotoeletrocatalítica mostrou-se linear para o intervalo de concentração de hidrazina de 1,00 × 10-5 2,00 × 10-4 mol L-1. O limite de detecção encontrado foi 8,54 × 10-6 mol L-1.

  

   

  
    TiO2 film modified Ti foil electrode (Ti/TiO2) is described for the first time as having an efficient photoelectrocatalytic activity towards hydrazine oxidation in phosphate buffer solution. Ti/TiO2 electrode was prepared by anodizing Ti foil in aqueous solution, and applied for the hydrodynamic photoamperometry measurement of hydrazine in optimum conditions (pH 7.0, bias potential of 0.8 V vs. reference electrode). The photoelectrocatalytic oxidation photocurrent of the photoelectrode determined by photoamperometry method was linearly dependent on the hydrazine concentration and the linearity range obtained was 1.00 × 10-5-2.00 × 10-4 mol L-1. The limit of detection was found to be 8.54 × 10-6 mol L-1.
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  Introduction

  Many research reports about TiO2 are related to its application for degradation of most kinds of organic pollutants, such as detergents, dyes, pesticides, herbicides, etc., under UV light irradiation.1-5 Only in a few articles, photoelectrocatalytic determination of some materials with electrodes has been investigated. Recently, tin oxide nanoparticle electrode for selective photoelectrochemical detection of DNA6 and TiO2/CdS hybrid modified ITO (indium tin oxide) for α-fetoprotein detection7 have been applied. Also, the modified carbon paste electrode was prepared by adsorption of methylene blue (MB) on zirconiumphosphate8 and muscovite.9 These modified electrodes were successfully used for the photoelectrocatalytic oxidation of the ascorbic acid in a flow injection analysis (FIA) system. Moreover, Xu and co-workers10 reported that the dopamine coordinated nanoporous TiO2 film electrode covered on an ITO electrode showed to be a new photoelectrochemical methodology for sensitive NADH determination. Also, other research groups have been interested in the photoelectrocatalytic oxidation of NADH using a new polymeric phenothiazine modified graphite electrode,11 poly(toluidine blue O) modified glassy carbon electrode,12 poly-hematoxylin modified glassy carbon electrode,13 electropolymerized methylene blue modified glassy carbon electrode14 and poly(neutral red) modified glassy carbon electrode15 since the photoelectrocatalytic method has better sensitivity than the electrocatalytic method for the determination of NADH. Zhang and co-workers16 developed a photoelectrochemical detector for determination of glucose and sucrose using FIA and high performance liquid chromatography (HPLC) based on the oxidation power of nanostructured TiO2 coated onto the ITO substrate.

  On the other hand, hydrazine and its derivatives are excellent reducing agents. These families of agents are widely used in different industries and agriculture as emulsifiers, catalysts, corrosion inhibitors, explosives and rocket propellants.17 Hydrazine that can be absorbed through skin has carcinogenic and hepatotoxic effect. It affects liver, kidney and brain and is very important in pharmacology.18 There are reports regarding the electrocatalytic determination of hydrazine.19-24 Therefore, for the first time in this context, the present work aimed towards the photoelectrocatalytic determination of hydrazine using Ti/TiO2 foil electrode as a novel and simple method.

   

  Experimental

  Materials

  The solvent for electrochemical studies was doubly distilled water. The hydrazine from Merck was used as received. Titanium foil (thickness 0.25 mm, assay 99.7%) was purchased from Sigma-Aldrich. Buffer solutions were prepared from NaOH, H3PO4 and their salts for pH range of 3.0 to 11.0. Graphite electrodes were cut from a graphite plate.

  Preparation of working electrode

  A piece of raw Ti foil was cut into small rectangular pieces (3.0 × 3.0 cm2) which were then polished with different abrasive papers, rinsed in an ultrasonic bath containing cold distilled water, chemically etched by immersion in HF/HNO3/H2O (1:4:5 v/v/v) mixed solution25 and finally rinsed with acetone and deionized water. The treated Ti sheet served as anode and a platinum rod served as cathode, and both were placed in a solution of 0.2 vol. % hydrofluoric acid. Anodization was performed at a constant voltage of 20 V for 20 min. The freshly generated TiO2 film electrode was then rinsed with distilled water and air dried. Finally, it was calcined in a muffle oven at 500 ºC for 2 h.

  Instrumentation

  Photoelectrocatalytic degradation experiments were carried out as shown in Figure 1 in a single photoreactor that consists of a quartz cylindrical cell (3.0 cm diameter × 8.0 cm height, 1.8 mm thick). The reactor and the UV lamp were placed in a black box in order to avoid extraneous illumination. A platinum rod as a counter electrode and Ag|AgCl|KCl (3 mol L-1) as reference electrode were used. Photoelectrochemical experiments were carried out using a potentiostat/galvanostat (µAutolab Type III). A collimated light beam from a 4 W medium pressure mercury lamp with a maximum UV irradiation peak was used for excitation of the photoelectrode.
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  Results and Discussions

  Scanning electron microscopy (SEM) of Ti/TiO2 electrode

  Figure 2 shows typical SEM images of the unmodified and TiO2 modified Ti electrodes. It can be seen from the micrograph that TiO2 film was formed on the surface of titanium. The film coverage is almost uniform, although some ups and downs were occasionally seen on the surface.
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  Photoelectrochemical properties of Ti/TiO2 electrode

  In photocatalysis process, when the TiO2 nanoparticles in colloidal suspensions or deposited as a thin film on a solid carrier are illuminated with UV light, a great number of electrons can be excited from the valence band (VB) to the conduction band (CB) by absorbing UV light quanta, leaving highly oxidative holes in VB (hVB+) and forming negative sites in CB (eCB-), as shown in Figure 3a route 1 and reaction 1:26

  
    [image: equation 1]
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  Organic compounds can then be directly oxidized by the hole or by heterogeneous hydroxyl radicals formed from the following reaction between the photogenerated vacancy and adsorbed water:

  
    [image: equation 2]

  

  In addition, other weaker oxidizers (superoxide radical ion O2•-, HO2• and H2O2) and more•OH can be produced from the photoinjected electron by the following reactions:26
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  The major loss in efficiency of photocatalysis is due to the recombination of electrons promoted to the valence band either with unreacted holes or with adsorbed hydroxyl radicals as observed in Figure 3a route 2 and the following reactions:27
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  The electrochemical technology can provide much higher efficiency for organic material oxidation by means of photoelectrocatalysis. The efficiency of this process was improved by applying a suitable anodic potential to the circuit owing to the conducting graphite substrate. The application of an anodic bias to the Ti/TiO2 electrode further provides a potential gradient within the film to efficiently drive away the photogenerated holes and electrons in different directions. The photogenerated holes could oxidize the organic compounds at the anode surface (Figure 3a route 3), while the photogenerated electrons were transferred to the acceptor at the metallic cathode through the external electrical circuit (Figure 3a route 4). The whole reaction process viewed on both macroscopic and microscopic scales, is shown in Figure 3.

  In order to evaluate the photoelectrochemical activity of the Ti/TiO2 electrode and to confirm its ability to oxidize hydrazine by photoelectrocatalysis, cyclic voltammetry experiments in the dark and under UV light irradiation were performed in the absence and presence of hydrazine (Figure 4). The tests were conducted in phosphate buffer solution (pH 7.0). As can be seen in Figure 4, the electrochemical oxidation current value of the Ti/TiO2 electrode in the dark and in the absence of hydrazine is very small (curve a). However, the value of this current under irradiation increases very much (curve c). This indicates that photogenerated electrons on the Ti/TiO2 electrode could be effectively driven to the counter electrode by the application of positive potential, which would be beneficial to electron-hole separation.
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  Using the same conditions, the photoelectrochemical behavior of the Ti/TiO2 electrode in the presence of hydrazine (curves b and d, respectively) was studied. In the dark, almost no difference between currents was observed in the absence and presence of hydrazine, which means that no electrochemical oxidation of hydrazine at the surface of the Ti/TiO2 electrode occurred. But under UV illumination, a significant increase can be observed in the presence of hydrazine with respect to the absence of this material. The cause of these observations is that in buffer solution, the photogenerated holes in the Ti/TiO2 electrode oxidize either adsorbed water molecules or hydroxyl groups, while the presence of hydrazine provides a much more facile pathway for the transfer of holes across the film/electrolyte interface, which results in a higher photocurrent.

  Hydrodynamic amperometry was used to study photoelectrochemical response of the Ti/TiO2 electrode in buffer solution with or without hydrazine solution under UV irradiation. The results are shown in Figure 5. It can be seen that the rise and fall of the photocurrent corresponded well to the illumination being switched on and off. The generation of photocurrent consisted of two steps. The first step of the photocurrent appears promptly after the illumination, and the second step of the photocurrent reaches a steady state. This pattern of photocurrent is highly reproducible for several on-off cycles of illumination. The results of hydrodynamic amperometry were consistent with observations of cyclic voltammetry. The current response on the Ti/TiO2 electrode in the dark is insignificant in the absence and presence of hydrazine which means that no electrochemical oxidation occurred. Under illumination, a significant increase in the photocurrent is observed, the value of this increase is smaller in the absence of hydrazine than that one in the presence of hydrazine (curves a and b, respectively).
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  Influence of solution pH on photoelectrocatalytic oxidation of hydrazine

  The pH value is a key factor that influences the photoelectrocatalytic oxidation of materials. Therefore, in this study, the relationship between pH value and photocurrent difference of the Ti/TiO2 electrode in the absence and presence of hydrazine (ΔI) was investigated (Figure 6). As shown in this figure, hydrazine photoelectrocatalytic oxidation kinetics are optimal at pH 7.0 when compared with other pHs. The pH value influences the photoelectrocatalytic oxidation process in many ways, such as TiO2 flat-band potential variation and changes in adsorption ability of the target compound on the TiO2 film.28
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  Influence of bias potential on photoelectrocatalytic oxidation of hydrazine

  The bias potential is an important factor in the process of photoelectrocatalytic oxidation of hydrazine. The difference between photocurrents of the Ti/TiO2 electrode in the absence and presence of hydrazine was considered as a criterion for studying effect of bias potentials ranged between 0.2 and 1.4 on this process (Figure 7). The results showed that the potential of 0.8 V was the optimal bias potential. The application of a positive potential across the Ti/TiO2 photoelectrode could produce a potential gradient inside the film that forced the photogenerated holes to move in opposite directions. Subsequently, the concentration of photogenerated holes (or hydroxyl radicals formed by subsequent oxidation of water) on the surface increased which in turn led to an increase in the amount of oxidized hydrazine. Therefore, the increase of bias potential results in the increase of the photocurrent of Ti/TiO2 photoelectrode both in the absence and presence of hydrazine. Of course, further increasing the applied potential beyond 0.8 V leads to a slight decrease in the hydrazine oxidation. This can be explained by more water being oxidized by photogenerated holes.29 However, what matters is the difference between these photocurrents.
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  Reproducibility and stability of Ti/TiO2 electrode

  To prove the reproducibility of the Ti/TiO2 electrode, hydrodynamic amperometry experiments were repeatedly performed (six times) with this electrode in phosphate buffer solution (pH 7.0) (Figure 8). As can be seen, the Ti/TiO2 electrode has good reproducibility. The stability of this electrode was also investigated. After storage of the electrode for one, two, three and four weeks, only a small decrease of current sensitivity (about 4.2, 6.0, 8.5 and 10.6%, respectively) was observed, which can be attributed to the good stability of the Ti/TiO2 electrode.
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  Interference studies

  Interference studies were carried out with several chemical substances prior to the application of the proposed method to determine hydrazine. The potentially interfering substances were chosen from those substances commonly found with hydrazine. The tolerance limit is defined as the maximum concentration of the interfering substance that causes relative error less than 5% for the determination of 0.15 mmol L-1 hydrazine. The results showed that 20 fold quantities of glucose, fructose and sucrose and 40 fold quantities of K+, Na+, Mg2+, Ca2+, Cl-, F-, HCO3- and SO42- had no interference on hydrazine determination. However, ascorbic acid had major interference in the determination of hydrazine at the surface of the Ti/TiO2 electrode. The interference from ascorbic acid can be minimized by using the ascorbic oxidase enzyme which exhibits high selectivity to the oxidation of ascorbic acid, if necessary.

  Photoelectrocatalytic determination and recovery of hydrazine

  Photoelectrocatalytic oxidation current of hydrazine at the surface of Ti/TiO2 was linearly dependent on the hydrazine concentration. The calibration plot was linear in the range of 1.00 × 10-5 -2.00 × 10-4 mol L-1 with correlation coefficient of 0.9967. The limit of detection was as 8.54 × 10-6 mol L-1 (Figures 9A and 9B). Thus, the photoelectrocatalytic oxidation of hydrazine can be readily applied for the determination of hydrazine. The comparison of several parameters of hydrazine at some modified electrodes is listed in Table 1. It can be seen that these parameters are comparable with values reported by other research groups for electrocatalytic oxidation of hydrazine by the surface of chemically modified electrodes by other mediators.30-32
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  In order to demonstrate the capability of the Ti/TiO2 electrode towards the catalytic oxidation of hydrazine, this ability to determinate amperometrically hydrazine by recovery of added hydrazine in solution was examined. The determination of added hydrazine was carried out by the standard addition method. The data obtained for the hydrazine analysis by this method is illustrated for three replicates in Table 2. Also, in order to investigate the proposed method, the same sample was analyzed using redox titration method with potassium dichromate in acidic solution as an official method.33 The results are summarized in Table 2. As can be seen, the results obtained from the two methods are in good agreement and confirm the reliability of the proposed method. A statistical test (F-test) was used to confirm the precision of the proposed method. As can be seen, the F-test results bear a noticeable difference from the critical value (19.00) in four degrees of freedom and 95% of confidence. Moreover, a statistical t-test was performed to evaluate the accuracy of the proposed method. The results suggested that there is no evidence of systematic difference between the results obtained by either of the methods. Four degrees of freedom and 95% of confidence as well as the critical t-value (2.78) were used to support the conclusions of this test.
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  Conclusions

  In this work, for the first time a new and simple hydrazine sensor based on photoelectrocatalytic determination using Ti/TiO2 electrode prepared by anodizing Ti foil in aqueous solution was developed. The sensor showed promising determination of hydrazine with good limit of detection. The Ti/TiO2 electrode can be simply prepared and was successfully used as an amperometric sensor for hydrazine determination with suitable precision and accuracy.
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    A investigação fitoquímica das raízes de Maytenus royleanus resultou no isolamento de um novo triterpeno citotóxico, denominado ácido ficusônico, ou ácido 3β,21β-diidroxiolean-12-en-29-óico, juntamente com três compostos conhecidos, ácido 3α,22β-diidroxiolean-12-en-29-óico, ácido salaspérmico e ácido ortosfênico, relatados pela primeira vez nesta espécie. Suas estruturas foram estabelecidas com base em técnicas espectroscópicas. A atividade citotóxica do composto ácido 3β,21β-diidroxiolean-12-en-29-óico foi avaliada contra duas linhagens de células de câncer: PC-3 (próstata) e HeLa (cervical). O ácido 3β,21β-diidroxiolean-12-en-29-óico apresentou fraca atividade contra PC-3 (IC50 = 35,42 µmol L-1), todavia contra HeLa (IC50 = 20,47 µmol L-1) sua atividade foi moderada.

  

   

  
    Phytochemical investigation of the roots of Maytenus royleanus resulted into the isolation of a new cytotoxic triterpene ficusonic acid, 3β,21β-dihydroxyolean-12-en-29-oic acid, together with three known compounds, 3α,22β-dihydroxyolean-12-en-29-oic acid, salaspermic acid and orthosphenic acid, reported for the first time from this source. Their structures were established on the basis of extensive spectroscopic techniques. The cytotoxic activity of compound 3β,21β-dihydroxyolean-12-en-29-oic acid was evaluated against two cancer cell lines, PC-3 prostate and HeLa cervical cancer lines. 3β,21β-dihydroxyolean-12-en-29-oic acid showed weak activity against PC-3 (IC50 = 35.42 µmol L-1) however against HeLa (IC50 = 20.47 µmol L-1), its activity was moderate.
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  Introduction

  The family Celastraceae (also called Chingithamnceae, Canotinceae, Goupiaceae and Siphonodentaceae) is a large family of 90-100 genera and about 1300 species which are widely distributed in the world having a wide range of uses in folk medicine.1 In China and South America, species of Celastraceae have been used for the treatment of stomach disorder, fever, cancer, arthritis and as insecticidal.2,3 Particularly, the genus Maytenus is used as insecticide,4 anticancer,5 for cure of skin problems and rheumatism,6,7 and in Canary Island, it has been applied by shepherds for extreme fatigue.8 The species of the genus Maytenus (Celastrales order, Celastraceae family) have proven to be a rich source of the structurally diverse cytotoxic compounds: maytensinoids,9 quinoid triterpenes,10-12 sesquiterpene polyesters13 and sesquiterpene pyridine alkaloids.14 Maytenus royleana is a widely distributed thorny shrub of Pakistan Northern region and commonly known as "sur azghee". Literature survey reports no previous phytochemical study of this plant. In this work, it is reported the isolation of a new triterpene 3β,21β-dihydroxyolean-12-en-29-oic acid (1), which was idd ficusonic acid, together with three known compounds, 3α,22β-dihydroxyolean-12-en-29-oic acid (2),15 salaspermic acid (3)16 and orthosphenic acid (4).17 

  Maytenus royleana was collected, ground and processed (vide experimental), however for the bioassay and dereplication purpose, small quantity of the plant (200 g) was extracted with methanol. The crude methanolic extract was partitioned into different fractions of hexane, dichloromethane and methanol. In the preliminary screening for antiproliferative activity, the dichloromethane fraction (FB) was found cytotoxic which become prelude for our future study. Large scale extraction of Maytenus royleana (13 kg) resulted into the isolation of one new (1, C30H48O4, m/z 472) and three known compounds [(2, C30H48O4, m/z 472), (3, C30H48O4, m/z 472) and (4, C30H48O5, m/z 488)] (Figure 1).
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  Results and Discussion

  The known data was dereplicated by comparing the UV and MS (mass spectra) data with reported compounds in Dictionary of Natural Product (DNP) database.18 A number of hits was observed in DNP for four major peaks (m/z 472, 472, 472 and 488 having different UV values and retention time) in the LC-MS (liquid chromatography-mass spectrometry) profile of the FB fraction. However due to excellent activity of crude fractions, the peaks were selected for purification and characterization.

  The structure of ficusonic acid (1) commenced by establishing of the molecular formula C30H48O4 through HREIMS (high resolution electron impact mass spectroscopy) m/z 472.3602 (calcd. 472.3553 for C30H48O4). The IR spectrum showed absorption bands at 3358 (hydroxyl), 3045 (C–H olefinic), 1760 (carboxylic carbonyl) and 1381 (gem-dimethyl group) cm-1.13C Nuclear magnetic resonance (NMR) and distortionless enhancement by polarization transfer (DEPT) spectra indicated a total of 30 carbons including seven tertiary methyls, nine methylenes, six methines (three sp3 hybridized, two oxymethines at δ 76.0 and 79.7 and one olefinic carbon at δ 124.3) and eight quaternary carbons (six sp3 hybridized, one olefinic δ 144.7 and one carboxylic carbon at δ 182.3) (Table 1). In the1H NMR spectrum, one proton triplet at δ 5.25 (J 3.5 Hz, H-12) displayed the presence of a trisubstituted double bond and two oxygenated methines resonated at δ 3.14 (dd, J 11.5, 4.5 Hz, H-3) and 3.51 (dd, J 12.5, 4.5 Hz, H-21) (Table 1). The1H NMR spectrum showed seven tertiary methyl signals as expected for olean-12-en skeleton with a secondary hydroxyl substituent.18 The characteristic pentacyclic triterpene fragmentation pattern was observed in the EIMS spectrum of 1 (Figure 2a). These spectral data suggested that compound 1 was based on dihydroxyolean-12-enoic acid skeleton.18-20 The 7 degree of unsaturations evident in the molecular formula was satisfied by one carbonyl group, one olefinic bond and five rings.
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  The difficult task was to determine the positions of two hydroxyl groups. A proton resonated at δ 3.14 (dd, J 11.5, 4.5 Hz, H-3) connected with carbon at δ 79.7 (C-3) in the HMQC correlation spectrum which showed the attachment of one hydroxyl group at this carbon. This attachment was further confirmed by HMBC (heteronuclear multiple bond correlation) correlations of Me-23 (δH 0.97) and Me-24 (δH 0.96) to C-3 (δC 79.7), C-4 (δC 38.0) and C-5 (δC 48.0), and of CH2-1 (Ha, m, 1.90, Hb, m, 1.62) to C-3 (δC 79.7), C-5 (δC 48.0) and C-25 (δC 16.1). Another supporting evidence for the hydroxyl group attachment at C-3 was provided by1H-1H COSY correlations of H-2 (m, 1.05) with H-3 (dd, 3.14, J 11.5, 4.5 Hz) and H-1 (m, 1.62). The second hydroxyl group of compound 1 was assigned to C-21 on the basis of HMBC and COSY correlation spectra instead to C-22 as in compound 2. An oxymethine proton resonated at δ 3.51 (dd, J 12.5, 4.5 Hz, H-21) showed long range HMBC correlations with carbon atoms appeared at δ 182.3 (C-29), 25.2 (C-30), 40.0 (C-19) and 41.5 (C-22). The COSY correlation spectrum indicated correlations of proton at δ 3.51 (dd, J 12.5, 4.5 Hz, H-21) with δ 1.23 (s, H-30), 2.24 (dd, J 14.0, 12.5 Hz, H-22a) and 2.03 (dd, J 14.0, 4.5 Hz, H-22b). A detailed analysis of1H-1H COSY and HMBC data (Figures 2a-2b), when coupled with information from the1H,13C NMR and mass fragmentation pattern (Figure 2c), led to the conclusion that the structure of the compound 1 was 3,21-dihydroxyolean-12-en-29-oic acid.

  The relative configuration of two hydroxyl groups at C-3 and C-21 were determined by splitting pattern, coupling constant and NOESY (nuclear Overhauser effect spectroscopy) correlation spectrum. Both the carbinol protons in compound 1 appearing as doublet of doublet (dd, 3.14, J 11.5, 4.5 Hz, H-3 and dd, 3.51, J 12.5, 4.5 Hz, H-21) revealed the equatorial positions of two hydroxyl groups at C-3 and C-21 instead of triplet for axial position. The splitting pattern and large coupling constant of the signal at δ 3.14 (dd, J 11.5, 4.5 Hz, H-3) suggested a β-configuration for hydroxyl group at C-3, otherwise it would appeared as a broad singlet.19 The β-configuration of the two hydroxyl groups was deduced from NOESY correlation spectrum; the proton at δ 3.14 (H-3) correlated with protons at δ 0.96 (H-24) and δ 1.18 (H-27); the proton at δ 0.85 (H-28) with protons at δ 2.24 (H-22β) and δ 1.23 (H-30); the proton at δ 3.51 (H-21α) with protons at δ 0.85 (H-18) and δ 2.03 (H-22α).

  A detailed analysis of the NMR spectral data and comparison with related compounds in the literature18-20 suggested that the structure of 1 as 3β,21β-dihydroxyolean-12-en-29-oic acid (ficusonic acid).

  Ficusonic acid (1) was tested against two cancer cell lines, HeLa (cervical cancer cells) and PC-3 (prostate cancer cells) for its antiproliferative activity along with three known compounds 2-4. The activity of the four compounds 1-4 against PC-3 was weak with IC50 values 35.42, 35.61, 34.46 and 40.42 µmol L-1, respectively (Table 2); however in case of HeLa compounds 1 and 3 showed moderate or significant activity with IC50 values 20.47 and 22.60 µmol L-1, respectively.
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  Conclusions

  The chemical investigation of the roots of Maytenus royleanus resulted in the isolation of four compounds: 3β,21β-dihydroxyolean-12-en-29-oic acid (1), 3α,22β-dihydroxyolean-12-en-29-oic acid (2), salaspermic acid (3) and orthosphenic acid (4). These compounds were reported for the first time from this plant, including one new compound (1). All four compounds were evaluated for their cytotoxic activity against two cancer cell lines.

   

  Experimental

  General experimental procedures

  Melting point was determined on Buchi 535 apparatus and the IR data (KBr) were taken on Bruker Vector 22 spectrophotometer, νmax in cm-1. Optical rotation analysis was recorded on Jasco-P2000 digital polarimeter in MeOH at room temperature. UV data was taken from 996 photodiode array detector connected to LC-MS instrument.1H NMR (500 MHz, CD3OD) and 13C NMR (125 MHz, CD3OD) spectra were recorded on Bruker 500, while the chemical shift values were presented in ppm (δ) and coupling constant (J) in Hz. For dereplication analysis, the LC-MS profile of FB was developed by HPLC-ELSD-UV-MS system (column C18; solvent system: acetonitrile and water (0.1% formic acid in both); gradient system: 10-100% for 30 min). The LC-MS data for confirming the purity of the compounds (MeOH/H2O with 0.1% FA) was recorded by using a Phenomenex Luna column C18 RP (5 µm, 150 × 4.6 mm) on Sedex 55 ELSD (evaporative light-scattering detector), 996 photodiode array detector in combination with ESI-TOF-MS (+) (time-of-flight electrospray ionization mass spectrometry). During purification on HPLC, the column used was Phenomenex 5µm Luna C18 RP column (250 × 10 mm). ESI (+ve) MS and HRESIMS (high resolution electrospray ionization mass spectrometry) spectra were recorded on mariner ESI-TOF-MS (+). For open gravity column and thin layer chromatography, silica gel 60 column, mesh size 70-230 (E. Merck, 0.063-0.200 mm) and silica gel 60 PF254 (E. Merck) were used, respectively.

  Plant material

  The roots of Maytenus royleanus were collected from the Buner district, Khyber Pukhtoonkhwa, Pakistan during the month of June 2008. The plant was identified by taxonomist Mr. Ambara Khan (Degree College Daggar, Buner). The voucher specimen (Bot. 10068) was deposited in the Herbarium of Department of Botany, University of Peshawar, Khyber Pukhtoonkhwa (KPK), Pakistan.

  Extraction and isolation

  The air dried roots (13 kg) of Maytenus royleanus were repeatedly extracted (X3) with 80% MeOH/H2O at room temperature after every 24 h. The combined extract was concentrated under vacuum at 40 ºC, to obtain brownish thick syrup that constituted the crude aqueous methanolic extract (100 g). This was first partitioned according to our standard laboratory procedure into five fractions: FA, FB, FC, FD and FE. The crude extract suspended in distilled water and defatted (X3) with petroleum ether afforded fraction FA (35 g). The polarity of aqueous phase was changed to 10% MeOH/H2O by addition of MeOH (200 mL) followed by extraction with dichloromethane (DCM) and concentrated under vacuum to obtain DCM soluble fraction FB (11.5 g). The polarity of aqueous layer was changed to 50% MeOH/H2O by addition of MeOH (1.8 L) and extracted with DCM to obtain fraction FC (7 g). By addition of MeOH in the aqueous layer, it was changed to approximately 70% MeOH/H2O which was further extracted with DCM to get DCM soluble fraction FD (10 g), while the remaining DCM insoluble phase was named aqueous methanolic fraction (FE).

  FB (11.5 g) was subjected to column chromatography (CC) on silica gel 60 (70-230 mesh, Merck) and eluted with solvents n-hexane and ethyl acetate increasing in order of polarity. As a result, seven sub-fractions (FD1F1 to FD1F7) were obtained after combination of the fractions on the basis of TLC profile. Sub-fraction FD1F6 (125 mg) was subjected to further CC on silica gel 60 (70-230 mesh, Merck), n-hexane, n-hexane-EtOAc, EtOAc solvent systems and elution with 23% n-hexane/EtOAc furnished 4 (22 mg). Fraction FD1F3 was a mixture of three compounds based on LC-MS profile which was subjected to HPLC (Phenomenex Luna column C18 RP (5 µm, 150 × 4.6 mm; 0.1% acidic (formic acid) gradient solvent system (10-100 MeCN/H2O in 30 min) furnished three compounds; 1 (8 mg), 2 (5 mg) and 3 (20 mg) (see Figure S1b in the Supplementary Information (SI) section).

  Ficusonic acid (1)

  White amorphous powder with molecular formula C30H48O4 (8 mg); mp 185-189 ºC; [α]D29.7 -115 (c 0.1, MeOH); IRfilm KBr cm-1 3358, 2945, 1760; EIMS m/z (%) 55 (100), 95 (90), 120 (80), 246 (80), 264 (45), 217 (45), 185 (35), 454 (5); HRESIMS m/z 472.3602 (calcd. 472.3553 for C30H48O4); for1H and13C NMR see Table 1.

  Antiproliferative assays

  Antiproliferative results of the compounds 1-4, were determined by the MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide] assay on two different cancer lines. HeLa (cervical cancer lines) and PC-3 (Prostate cancer lines) are shown in Table 1. Cells were grown in DMEM (Dulbecco's modified eagle medium) for PC-3 and MEM (minimal essential medium) for HeLa, containing 10% FBS (Fetal Bovine Serum) and 2% antibiotic (penicillin and streptomycin) and maintained at 37 ºC with 5% CO2 level for 24 h in flask. Cells (1 × 105 cells mL-1) were placed in a 96 well flat bottom plates for 24 h incubation to allow for cell attachment. Various concentrations of sample varying from 100-1 µmol L-1 were added into the well and incubated for 48 h. The IC50 values were calculated and at least three independent experiments were carried out for each sample.

  Doxorubicin was used as positive control in this assay for both PC-3 and HeLa.21 

   

  Supplementary Information

  All the NMR (1H and 13C NMR, COSY, NOESY, HMBC and HMQC) and MS data for compound 1, bioactivity results and extraction schemes (Figures S1-S15) are available free of charge at http://jbcs.sbq.org.br as PDF file.
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    Um sistema de duas fases aquosas (ATPS) com base em álcool de cadeia curta e sal foi o método para a pré-concentração, separação, e análise de cloranfenicol (CAM), associado à cromatografia líquida de alta performance com detector de ultravioleta-visível (HPLC-UV). A fim de selecionar o ATPS adequado para a extração de CAM, diferentes ATPSs foram testados, e o ATPS n-propanol/citrato de potássio foi escolhido para a separação e concentração de CAM nos experimentos subsequentes. As influências do pH, da concentração de sal, do volume de n-propanol na eficiência de extração e do coeficiente de partição da CAM foram examinadas. A metodologia de superfície de resposta foi utilizada para aperfeiçoar as condições experimentais. Em condições ótimas, este método tem sido aplicado para a determinação quantitativa de CAM em amostras de carne com um limite de detecção de 0,48 ng g−1 e um limite de quantificação de 1,6 ng g−1, com recuperação no intervalo de 92,39-104,12 %. Esse ATPS usou solventes orgânicos de custo baixo e forneceu um ambiente moderado e biocompatível, que é adequado a biomoléculas.

  

   

  
    An aqueous two-phase system (ATPS) based on short chain alcohol and salt was the method for preconcentration, separation and analysis of chloramphenicol (CAM), coupled with high performance liquid chromatography with ultraviolet-visible detector (HPLC-UV). In order to select the suitable ATPS for CAM extraction, different ATPSs were tested and n-propanol/potassium citrate ATPS was chosen for separating and concentrating CAM in the subsequent experiments. The influences of the salt concentration, pH and the volume of n-propanol on the extraction efficiency and partition coefficient of CAM were examined. Response surface methodology was employed to optimize the experimental conditions. Under the optimal conditions, this method has been applied to quantitative determination of CAM in livestock meat samples with limit of detection of 0.48 ng g−1 and limit of quantification of 1.6 ng g−1 with a recovery range of 92.39-104.12%. This ATPS used low cost of organic solvents and supplied a moderate and biocompatible environment, which is suitable for biomolecules.

    Keywords: HPLC, aqueous two-phase system, extraction, chloramphenicol, livestock meat, ATPS

  

   

   

  Introduction

  Aqueous two-phase systems (ATPS) can be obtained when solutions of two differently hydrophilic polymers or solutions of a polymer and a salt above certain concentrations are employed. ATPS have been applied for extraction and purification of proteins,1-4 antibiotics5 and metal ions.6,7 ATPS consisting of a short chain alcohol and a salt solution may be economically advantageous as the alcohol can be recycled by distillation and it has attracted much attention in several fields.8,9

  The chloramphenicol (CAM), although prohibited for raising animals for meat production in the EU and USA,10 is still used in some economically less developed areas because of its low cost.11 Due to the complexity and low concentration of CAM residues in food, the sample pretreatment methods are recurrent problem, mainly solid-phase extraction (SPE)12 and liquid-liquid extraction (LLE)13 nowadays. Both methods demand volatile and toxic organic solvents, SPE requires a solvent desorption step which is time-consuming and complicated. ATPS, a new LLE technique, has advantages of quick phase separation, a moderate and biocompatible environment containing large amounts of water in each phase which is suitable for biomolecules. Our group14 have reported that an ionic liquid ATPS was used to extract CAM in feed water, milk and honey samples. Ionic liquids used as "green solvent"15 are still expensive and it is necessary to develop a simple, rapid and inexpensive method for sample pretreatment.

  To better understand the functional relationship between experimental factors and responses, and to identify the optimal conditions, the optimal design of the experiment is an extremely crucial aspect. Box-Behnken design (BBD)16,17 which has been widely applied in analytical chemistry18 is one of the response surface methodologies.19 In this study, the factors influencing the partitions of CAM were investigated. Under the optimal conditions, the alcohol-based ATPS coupled with high-performance liquid chromatography (HPLC) was successfully applied to the separation and determination of trace CAM in livestock meat.

   

  Experimental

  Chemicals and materials

  The standard drug sample of CAM was procured from the Chinese National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). Methanol of HPLC grade, the alcohols and the organic salts of analytical grade were obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). They were all used without further purification.

  The stock solution of CAM which should be replaced every two months was prepared by dissolving it in methanol at a concentration of 200 µg mL−1 and storing at 4 ºC in a refrigerator. The working solutions of CAM were prepared by appropriately diluting the stock solution with deionized water.

  Apparatus

  A BS124S electron balance (Beijing Sartorius instrument Co., Ltd., China) was used for weighting. A digital pH meter (Shanghai LIDA Instrument Factory, China) was applied to determine the pH of solutions. A thermostatic waterbath (Gongyi City Yuhua instrument Co., Ltd., China) was used to control temperature. The analysis of variance was calculated using the Design-Expert.V.8.0.5.b. A high performance liquid chromatography Agilent 1200 HPLC (Agilent, USA) equipped with a quaternary pump and an ultraviolet-visible detector (UV) was used for the analysis of extracted products. The instrument control and data processing were actualized by using Agilent ChemStation software.

  Preparation of real samples

  The meat samples purchased from local marketplace was stored at −10 ºC in a refrigerator. Before being used, they were thawed for several hours at ambient temperature. The trichloroacetic acid solutions (10 mL, 15% in water) containing different concentrations of CAM (0-128 ng mL−1) were mixed with 1.5 g of meat, and then were thoroughly grinded. The solutions were centrifuged at 357 × g for 30 min and finally filtered through 0.45 µm microfiltration membrane made of nitrocellulose to remove the denatured proteins. The homogenous sample was stored at 4 ºC for future use.

  General procedure

  In a 10.0 mL centrifuge tube, 8.5 mL of K3C6H5O7 solution (0.8 g mL−1) containing 1 µg mL−1 of CAM was added, and then was added 1.5 mL of n-propanol. The mixture was gently shaken for 5 min at room temperature, centrifuged at 357 × g for 30 min, and then placed into the waterbath at 25 ± 0.05 ºC for 2 h to equilibrate and allow for phase separation. The top phase was primarily comprised of n-propanol and CAM, while the bottom phase was mainly of salt solution. The volume of the top and bottom phases was recorded precisely. The desired pH was adjusted by putting hydrochloric acid or ammonia water into salt solutions if necessary.

  CAM in the top phase was determined by HPLC after extraction without any treatment. An analytical reversed phase column was used for chromatographic separations at the column temperature of 25 ºC. The ratio of mobile phase methanol and water was 43:57 at the flow rate of 1.0 mL min−1. The injected volume was 20 µL and the column effluent was monitored at a wavelength of 278 nm.

  Determination of the partition parameters of CAM

  The partition coefficient (K) and extraction efficiency (E, %) of CAM can be calculated by, 

  
    [image: Equação 1.]

  

  
    [image: Equação 2.]

  

  where Ct and Cb represented the equilibrium concentrations of CAM in the top phase and bottom phase, respectively; Vt was the volume of the top phase and ms was the mass of CAM initially added.

   

  Results and Discussion

  Selection of ATPS

  In order to choose the suitable phase forming salt, the partitions of CAM were carried out in different ATPSs listed in Table 1. The results indicated that these organic salts could form ATPSs with the three alcohols, except for the combination of ethanol and (NH4)2C4H4O6. When the ethanol volume was 1 mL, the separation phase couldn't occur, even if the concentration of (NH4)2C4H4O6 reached the maximum. When the ethanol volume was 2 mL, (NH4)2C4H4O6 was easy to precipitate from the solution. In Table 1, the extraction efficiency and partition coefficient of CAM were effectively influenced by the type of salts following the order: K3C6H5O7 > (NH4)3C6H5O7 > K2C4H4O6 > (NH4)2C4H4O6. Thus, K3C6H5O7 was selected as phase forming salt.
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  In ATPSs of K3C6H5O7 with n-propanol, isopropanol or ethanol, the highest extraction efficiency and partition coefficient of CAM were in n-propanol/K3C6H5O7 ATPS. Apparently, it was the best choice to use n-propanol as extraction solvent. In this work, it was chosen n-propanol/K3C6H5O7 ATPS to extract CAM.

  Effect of the concentration of K3C6H5O7

  In n-propanol/K3C6H5O7 ATPS, the concentration of K3C6H5O7 was evaluated in the range of 0.3-0.85 g mL−1, with the increase of salt concentration, the extraction efficiency and partition coefficient of CAM first increased, and then kept invariable. The reason was that the salting-out effect of K3C6H5O7 has reached to the maximum degree, and both of them were not able to be improved.

  Effect of pH

  According to a previous study,14 the appropriate pH suitable for CAM was in the range of 6.0-10.0. In strong acid or alkaline condition, CAM could not exist at the molecular state, and it was decomposed. The pH used in this experiment was 7.0-10.0, because some salt was dissolved out in pH 6.0. From the results, the extraction efficiency of CAM was higher than 95%, meanwhile, the partition coefficient increased in pH 7.0-9.0 and then decreased. At the pH of 9.0, they both reached the maximum values.

  Effect of the volume of n-propanol

  When the mixture of n-propanol and salt solution including CAM was gently shaken at room temperature, CAM was surrounded by n-propanol and water molecules. In the structure of CAM, there are hydrophobic groups as −NO2, −Cl, and hydrophilic groups such as −OH. The hydrophobic groups were embedded in n-propanol molecules, while the hydrophilic groups were embedded in water molecules. Because of space steric effect, the effect of hydrophobic groups was dominant. Meanwhile, due to the salting-out effect of K3C6H5O7, CAM was transferred to the top phase.

  With the increase of the volume of n-propanol, the amount of CAM extracted to the top phase increased and the extraction efficiency increased continuously. In this case, the concentration of CAM in the two phases was changed. Based on the combined influences, the partition coefficient of CAM first increased and then decreased.

  Experimental design

  A three-factorial and three-level of BBD was chosen for optimizing the process parameters affecting CAM extraction. Simultaneously considering the effect of the discussed factors on the extraction efficiency and partition coefficient, the three factors which were selected to optimize the parameters by BBD were the concentration of K3C6H5O7 (A, 0.50-0.80 g mL−1), pH (B, 8-10) and the volume of n-propanol (C, 1.0-2.0 mL). The factor levels were coded as −1 (low), 0 (central point), 1 (high).

  According to the experimental design, the results from the experimental research were analyzed and tabulated in Table 2. The second-order polynomial equations in terms of coded factors were established as follows,
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  The coefficients of the equation were procured by regression analysis of the experimental data, where YE and YK stood for the response, from the extraction efficiency and partition coefficient, respectively.

  From the analysis of variance (ANOVA) about the response of extraction efficiency, the F-value of 47.86 implied that the model was significant. There was only a 0.01% chance that the model could occur due to noise. Values of "Prob > F" less than 0.05 indicate that the model terms are significant while values greater than 0.10 indicate that the model terms are not significant. In this case, A, C, BC, A2, B2, C2 were significant model terms, and A, C, A2, C2 were highly significant model terms (p < 0.001). The non-significant lack of fit (p > 0.05) showed that the model was significant for the response. The determination coefficient (R2) of 0.9840 and the adjusted R-squared (R2adj) of 0.9635 demonstrated a good degree of correlation between the experimental and the predicted data of the response.20 Adequate precision measures the signal to noise ratio, and a ratio greater than 4 is desirable. So a ratio of 21.232 indicated an adequate signal, and this model could be used to navigate the design space.

  From the ANOVA, about the response of partition coefficient, the model F-value of 13.06 implied that the model was significant. There was only a 0.13% chance that the model could occur due to noise. The R2 of 0.9438 predicted that the model represented good relationships between the factors chosen. A, C, AC, B2, C2 were significant model terms, and A was a highly significant model term. A ratio of 12.572 indicated an adequate signal, and this model was fit to navigate the design space.

  From the results of BBD, the optimal conditions were obtained when the concentration of K3C6H5O7, pH and the volume of n-propanol were 0.80 g mL−1, 9.17, 1.45 mL, respectively. Simultaneously the extraction efficiency and partition coefficient of CAM could reach 97.78% and 164.30, respectively.

  Method validation

  The analytical curve was performed by adding standard CAM in the range of 8-160 ng mL−1 to ATPS. After phase separation, the top phase was determined by HPLC-UV method. The analytical curve for CAM was area = 0.15645495 × c − 0.5129424 with R2 = 0.9995, where c represented the concentration of CAM (ng mL−1), R2 was the correlation coefficient. Successive eight-time extraction and analysis of a 10 ng mL−1 standard solution of CAM were performed to check the repeatability of this method. The relative standard deviation (RSD) was 1.16%.

  The limit of detection (LOD) was a signal value of three times the noise and the limit of quantification (LOQ) was a signal value of ten times the noise. The LOD obtained was 0.48 ng g−1 and the LOQ was 1.6 ng g−1. The LOQ for CAM of 1.6 ng g−1 of HPLC-UV detection system used in this study is lower than that of the matrix solid-phase dispersion/HPLC21 and that of HPLC-mass spectrometry.22 Nevertheless, the minimum required performance limit of 0.3 ng g−1 cannot be reached by these systems. Concerning the complexity of the sample matrix, this efficient pretreatment method combined with a more sensitive detector can be applied, such as the combination of ATPS with LC-mass spectrometry or other electrochemistry methods.

  Sample analysis

  Under the optimum conditions, four kinds of livestock meat were analyzed to demonstrate the applicability of the proposed extraction technique. At detectable levels, no contamination of CAM residues was found in meat before CAM was added. The recoveries of CAM were studied by adding known concentration of CAM standard solution into real samples. After phase separation, CAM in real samples was extracted to the top phase and determined by HPLC-UV (Figure 1 and Table 3). As shown in Table 3, the recoveries of CAM were in the range of 92.39-104.12% when the real samples were spiked with 32-128 ng mL−1 CAM. The results showed that the reproducibility and recovery of the method were satisfactory for CAM determination and the method can be gratifyingly applied to quantitative analysis of CAM.
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  Conclusions

  The factors influencing the partitions of CAM were studied and three factors containing the concentration of K3C6H5O7, pH and the volume of n-propanol were chosen for further evaluating the experimental conditions and optimizing the process parameters by BBD. ATPS is a green, simple and efficient technique for only simultaneously separating and concentrating the target in the top or bottom phase but also purifying the target. The advantages of alcohol-based ATPS are low interfacial tension and viscosity, little emulsion formation, quick phase separation, high extraction efficiency, low cost of organic solvents and a friendly biocompatible environment suitable for biomolecules. The determination of CAM by HPLC is a quick, sensitive and useful method. As a viable pretreatment technique, this separation method coupled with HPLC has been successfully applied to the extraction and determination of trace CAM in livestock meat samples.
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    Três novos complexos de platina(IV), cis,cis,trans-[Pt(HL1-3)Cl2(OH)2] 1b-3b (HL = 2-hidroxi3-[(R1-amino)(piridin-2-il)metil]-1,4-naftoquinona, R1 = n-butil, HL1; n-heptil, HL2 and n-decil, HL3) foram obtidos através da oxidação dos respectivos precursores cis-[Pt(HL1-3)Cl2] 1a-3a. Estudos de voltametria cíclica de 1b-3b em MeCN mostraram o processo redox quase reversível do íon naftoquinonato (NQO−, i.e., L−) e o processo irreversível atribuído à redução do par Pt4+/Pt2+, em potenciais aproximadamente 400 mV menos negativos que no precursor da cisplatina cis,cis,trans-[Pt(NH3)2Cl2(OH)2]. Propõe-se que este processo Pt4+/Pt2+ seja favorecido, em 1b-3b, por uma interação de hidrogênio entre o grupo 2-hidroxil da naftoquinona e um ligante hidroxil axial. Estudos de citotoxicidade contra quatro linhagens de células tumorais humanas mostraram que, em geral, os derivados de platina(IV) e platina(II) exibem o mesmo perfil citotóxico, além de serem mais ativos que a cisplatina. Valores de CI50 in vitro mais baixos foram observados para 2b-3b, cujos ligantes possuem os maiores grupos R1 (HL2-HL3), sendo, portanto, mais lipofílicos. Além disto, os valores semelhantes de CI50 dos complexos análogos de platina(II) e platina(IV) devem-se à rápida redução de 1b-3b in vitro para gerar 1a-3a. 

  

   

  
    Three novel platinum(IV) complexes cis,cis,trans-[Pt(HL1-3)Cl2(OH)2] 1b-3b (HL = 2-hydroxy-3-[(R1-amino)(pyridin-2-yl)methyl]-1,4-naphthoquinone, R1 = n-butyl, HL1; n-heptyl, HL2 and n-decyl, HL3) have been obtained from the oxidation of the respective precursors cis-[Pt(HL1-3)Cl2] 1a-3a. Cyclic voltammetry studies of 1b-3b in MeCN showed the quasireversible naphthoquinonate (NQO−, i.e., L−) redox process and irreversible process attributed to the reduction of the Pt4+/Pt2+ pair, at potentials about 400 mV less negative than for the cisplatin precursor cis,cis,trans-[Pt(NH3)2Cl2(OH)2]. Hydrogen bond interaction between the naphthoquinone 2-hydroxyl group and an axially coordinated hydroxide ligand in 1b-3b has been proposed to favor the Pt4+/Pt2+ reduction. The cytotoxicity studies against four human cancer cell lines have shown that in general the platinum (IV) and platinum (II) derivatives exhibit the same cytotoxic profile and are all more active than cisplatin. The lowest in vitro IC50 values have been observed for 2b-3b, which bear ligands with the largest R1 groups (HL2-HL3) being the most lipophilic. Furthermore similar IC50 values for platinum(II) and platinum(IV) complexes of the same ligands have been associated with rapid in vitro reduction of the latter complexes to afford 1a-3a. 

    Keywords: Mannich bases, 2-hydroxy-3-(aminomethyl)-1,4-naphthoquinone, platinum(IV) complexes, Raman spectroscopy, cyclic voltammetry, cytotoxic activity 

  

   

   

  Introduction 

  Cisplatin (cis-diaminodichloro-platinum(II)) is a well known antineoplastic agent1 that acts mainly through DNA binding, interrupting replication and transcription processes and consequently inducing apoptosis.2 Even though cisplatin has been currently used in cancer treatment, side effects such as nephrotoxicity and acquired resistance have limited its effectiveness and motivated the search for new Pt-based drugs able to overcome these drawbacks.3,4 

  One of the problems associated with platinum(II) complexes, including cisplatin, is their deactivation by sulfur containing species,5 which prevents their uptake into the cell and DNA binding. As an alternative, octahedral low spin d6 platinum(IV) complexes of the type cis,cis,trans-[Pt(AA')Cl2L2] (AA' = amine or diamine carrier ligands, L = axial ligands), which have slow ligand exchange rates, have been designed aiming to avoid side reactions in the bloodstream.6 These complexes are believed to be activated by reduction to platinum(II) complexes in vivo by reductants, such as glutathione, ascorbic acid and cystein, with loss of the axial L ligands, the resulting species exerting their effects in a similar manner to cisplatin and analogous compounds.7 The advantage of the platinum(IV) complexes is their relative inertia, compared to the platinum(II) counterparts, which allows them to be administrated orally.7 Two factors are critical for their activation: the Pt4+/Pt2+ reduction potential of the complex and the rate of reduction,6 and both can be tuned by judicious choice of the carrier and axial ligands, the latter playing an important role in the pharmacokinetic properties of these complexes.7,8 Electron withdrawing axial ligands are known to favor thermodynamically the reduction process.8-10 Furthermore, axial and carrier ligand steric hindrance have also been found to influence both the reduction potential and rate of reduction.8,9 Recent evidences of multiple reduction pathways for cis,cis,trans-[Pt(AA')Cl2L2] and cis,trans-[PtCl2(mpy)(NH3)L2] (mpy = 2-methylpyridine) with axial L = acetate ligands have indicated that the mechanism proposed for the reduction of platinum(IV) complexes may not be as simple as commonly assumed.6,11 

  One of the strategies to enhance the cytotoxic activity of platinum(IV) complexes has been the incorporation of biologically relevant fragments to their axial positions,12,13 since these ligands are frequently released upon reduction of the platinum(IV) center. For instance, increased cellular uptake has been achieved by tethering nanocarriers, e.g., carbon nanotubes, to axial carboxylate ligands, which prolong the circulation time of these drugs in the bloodstream.14,15 DNA-Au-NP (NP = nanoparticles) tethered to a platinum(IV) complex via the carboxylate ligand were also successful carrying vehicles16 and most recently, a platinum(IV) complex containing carboxylate axial ligands was covalently incorporated into cross-linked micelles allowing slow drug release.17 

  The use of ligands possessing recognized cytotoxic activity in the design of novel platinum drugs has also been described.18 Our interest in hybrid platinum-3-(aminomethyl) naphthoquinone complexes stems from the fact that both platinum complexes and aminonaphthoquinones are active fragments, and therefore compounds with enhanced antineoplastic activity might be anticipated.19 Cisplatin and analogous compounds exert their cytotoxicity by DNA platination, leading to apoptosis.20 The mechanism of action of naphthoquinone derivatives is still not totally clear but it is known that they can act via inhibition of topoisomerases,21 generation of reactive oxygen species (ROS) by quinone redox cycle22 and/or bioalkylation.23 

  It was reported that hybrid platinum(II) complexes of 3-(aminomethyl)naphthoquinones, 1a-3a, show moderate to high activity against selected human cancer cell lines with IC50 values lower than cisplatin.24 Recently, a series of biophysical and cellular studies with these compounds have been undertaken.25 Complexes 1a-3a bind covalently to DNA model bases, inducing cellular DNA strand breaks. The same behavior has been observed in vitro. However, they are still less active than the pro-ligands HL1-HL3. For this reason, with the aim of improving the cytotoxicity of the platinum(II) compounds 1a-3a, we have synthesized their platinum(IV) analogues. In this work, we describe the synthesis, characterization, electrochemical and cytotoxic studies of the novel complexes [Pt(HL)Cl2(OH)2] 1b-3b, shown in Scheme 1. 
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  Experimental 

  Material and methods 

  All chemicals were used without further purification. 2-Hydroxy-1,4-naphthoquinone, 2-pyridine carboxaldehyde, butylamine, heptylamine, decylamine and K2PtCl4 were purchased from Aldrich and H2O2, NaOH and solvents were acquired from Vetec. HL1-3 (orange powders),26 cis-[Pt(DMSO)2Cl2],27 1a-3a (yellow powders)23 and cis,cis,trans-[Pt(NH3)2Cl2(OH)2]28 were prepared as described in the literature and their identity was confirmed by melting point measurements and1H nuclear magnetic resonance (NMR) spectra. Microanalyses were performed using a Perkin-Elmer CHN 2400 micro analyzer at Central Analítica (Instituto de Química, USP, São Paulo State, Brazil). Melting Points were obtained with a Digital Melting Point IA9100, ThermoFischer Scientific-USA apparatus and were not corrected. Infrared (IR) spectra were recorded on a Nicolet FTIR Magna 760 spectrophotometer using CsI pellets and Raman experiments were carried out on a Bruker FT-Raman MultiRAM using the 1064 nm line of a Nd:YAG laser and a Ge detector operating at liquid nitrogen temperature. Electrospray ionization mass spectroscopy (ESI-MS) spectra were acquired on a quadrupole time-of-flight mass spectrometer (QTOF spectrometer) (Micromass, Manchester, U.K.) at Instituto de Química, UFRJ, Rio de Janeiro State, Brazil. The mass spectrometry (MS) parameters were set to scan from 90 to 1000 m/z using positive detection. The dry gas flow was set to 50.0 L min−1, the dry temperature to 120 ºC and the flow injection rate to 4.0 µL min−1. All measurements were performed using MeCN and formic acid. Cyclic voltammetry was carried out with a BASi EPSILON potentiostat/galvanostat system at room temperature, in 5 mL of MeCN (anhydrosolv grade-Tedia Brazil) solutions of the compounds (1.0 × 10−3 mol L−1) containing 0.1 mol L−1 n-Bu4NClO4 as the supporting electrolyte under an argon atmosphere. A conventional three-electrode cell was used to carry out these experiments: a glassy carbon electrode as the working electrode, a platinum wire as counterelectrode and Ag/AgCl (0.1 mol L–1 n-Bu4NClO4/MeCN) was used as the reference electrode. The scan rate was in the 0.100-0.200 V s−1 range and the experiments were carried out in the cathodic branch. The ferrocene/ferrocenium (FcH/FcH+) couple was used as internal reference.29 For the studies in the presence of NaOH(aq) and HCl(aq), the conditions were the same as those described above but for the sequential addition of 50 µL aliquots of 0.02 mol L−1 NaOH and 20 µL aliquots of 0.05 mol L−1 HCl. Pure argon gas was bubbled through the electrolytic solution to remove oxygen in all experiments. 

  Synthesis of the platinum(IV) complexes 1b-3b 

  The yellow-orange complexes 1b-3b were obtained by selective oxidation of 1a-3a with H2O230 (Scheme 1). For a suspension of the platinum(II) complexes 1a-3a (0.8-0.95 mmol) in acetone was added 1.0 mL of H2O2 (10 mmol). The solution was heated under reflux for 7 h. The solvent was removed under vacuum and the residue was washed with isopropanol or petroleum ether to yield lightyellow powders, which were isolated by centrifugation and dried under vacuum. 

  [Pt(HL1)Cl2(OH)2] 1b 

  From 572 mg of 1a. Yield: 485 mg, 80%, mp 186 ºC (dec.). Anal. Calc. for C20H22Cl2N2O5Pt.1.5H2O: C 36.21; H, 3.80; N, 4.22%. Found: C, 35.09; H, 3.71; N, 4.06%. ESI-MS (positive-ion mode): m/z 635.1082 [M]+. IR (Raman) νmax/cm−1: 3491 (O–H/N–H); 3113, 3082 (C–H(ar)); 2961, 2931, 2872 (C–H(al)); 1684 (C=O); 1625, 1591 (C=C/C=N), 1555 (δCNH), 1479, 1458, 1365 (δHCH); 1274 (C–O/C–N). 

  [Pt(HL2)Cl2(OH)2] 2b 

  From 580 mg of 2a. Yield: 290 mg, 48%; mp 164 ºC (dec.). Anal. Calc. for C23H28Cl2N2O5Pt.H2O: C 39.66; H 4.34; N 4.02%. Found: C 39.42; H 4.45; N 4.01%. ESI-MS (positive-ion mode): m/z 677.1535 [M]+. IR (Raman) νmax/cm−1: 3473 (O–H/N–H); 3112, 3080 (C–H(ar)); 2955, 2929, 2857 (C–H(al)); 1686 (C=O); 1629, 1592 (C=C/C=N); 1552 (δCNH); 1479, 1458, 1364 (δHCH); 1274 (C–O/C–N); 567 (Pt-O); 346, 331 (Pt-Cl). 

  [Pt(HL3)Cl2(OH)2] 3b 

  From 550 mg of 3a. Yield: 292 mg, 51%; mp 170 ºC (dec.). Anal. Calc. for C26H34Cl2N2O5Pt.2H2O: C 41.28; H 5.06; N 3.70%. Found: C 39.89; H 4.99; N 3.88%. ESI-MS (positive-ion mode): m/z 719.2115 [M]+. IR (Raman) νmax/cm−1: 3483 (O–H/N-H); 3113, 3080 (C–H(ar)); 2953, 2927, 2855 (C–H(al)); 1686 (C=O); 1630, 1592 (C=C/C=N); 1554 (δCNH); 1479, 1458, 1365 (δHCH); 1274 (C–O/C–N); 571 (Pt-O); 347, 333 (Pt-Cl). 

  Biological studies 

  Cells and culture conditions 

  The human cell lines used in this work were MDA-MB-435 (melanoma), promyelocytic leukaemia (HL-60), colorectal adenocarcinoma (HCT-8) and glioma (SF-295), which were all obtained from the National Cancer Institute (Bethesda, MD, USA). The cells were maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum, 1% penicillin, and 1% streptomycin at 37 ºC with 5% CO2. 

  Proliferation assays 

  For all experiments cells were plated in 96-well plates (0.7 × 105 cells/well for adherent cells or 0.3 × 105 cells/well for suspended cells). After 24 h the compounds (0.66 to 77.0 µmol L−1) dissolved in 1% DMSO were added to each well using a high-throughput screening system (Biomek 3000-Beckman Coulter, Inc. Fullerton, California, USA) and the cultures were incubated for 72 h. Doxorubicin hydrochloride (Sigma Aldrich) was used as a positive control. Control groups received the same amount of DMSO. Tumor cell growth was quantified by the ability of living cells to reduce the yellow dye 3-(4,5-dimethyl-2thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) to the purple formazan product.31 At the end of the incubation, the plates were centrifuged and the medium was replaced with fresh medium (200 µL) containing MTT 10%. Three hours later, the plates were centrifuged (3000 rpm/10 min), the MTT formazan product was dissolved in 150 µL DMSO, and the absorbance was measured using a multiplate reader (Spectra Count, Packard, Ontario, Canada). The drug effect was quantified as the percentage of the control absorbance of the reduced dye at 595 nm.

    

  Results and Discussion 

  Syntheses and general characterization 

  The yellow-orange platinum(IV) complexes cis,cis,trans-[Pt(HL1-3)Cl2(OH)2] 1b-3b were obtained by oxidation of the respective square planar platinum(II) complexes cis-[Pt(HL1-3)Cl2] 1a-3a24 with 30% H2O2 in acetone, under reflux.30 These compounds are stable in the solid state. They are insoluble in water, but soluble in polar aprotic solvents, such as acetone, MeCN, DMSO and DMF. 

  Elemental analyses provided the expected chemical formulae, [Pt(HL1-3)Cl2(OH)2], also supported by the ESI mass spectra which exhibited the molecular ion peaks for 1b-3b (Figures S1-S3). A broad band around 3450 cm−1 in the infrared spectra of all compounds (Figures S4-S7) confirms the presence of water, as suggested by the elemental analyses data. 

  Differently from complexes 1a-3a,24 single crystals of 1b-3b suitable for X-ray diffraction studies could not be grown under a variety of conditions, however, IR and Raman spectroscopic studies are in accord with the structure proposed for complexes cis,trans-dichloridodihydroxide 1b-3b, illustrated in Scheme 1, with two axially coordinated hydroxide ligands. 

  IR and Raman spectra of the platinum(IV) complexes are similar in terms of wavenumber values (Figures S4-S9), indicating the absence of a symmetry center in these compounds, as expected. Unfortunately, the Raman spectrum of 1b was seriously disturbed by fluorescence and thus is not presented. Special attention has been paid to the region characterized by metal-ligand vibrations, which is essential to distinguish between square planar platinum(II) and octahedral platinum(IV) complexes. Thus, far-IR and Raman spectra of HL1-3 were initially acquired. As exemplified by the spectra of HL2 (Figure S4), they exhibit a spectral window between 300 and 350 cm−1, besides a very weak intensity Raman band around 580 cm−1.The Pt–Cl stretching modes are frequently observed in the former region, whereas the Pt–O stretches appear near the latter.32-34 These features were used to analyze and compare the Raman spectra of the platinum(II) and platinum(IV) complexes. 

  Two very well resolved bands can be observed at 321 and 334 cm−1 for complex 2a, and at 331 and 346 cm−1 for complex 2b (Figure 1). These bands have been assigned to the symmetric and asymmetric Cl–Pt–Cl stretches, respectively. It is worth stressing that the bands observed for 2b are upshifted by ca. 10 cm−1, as compared to 2a. Our result finds support in the work published by Giandomenico et al., who have interpreted such a shift as being due to full oxidation of the platinum atom.32 However, the range usually reported for Pt–Cl stretches is larger than 10 cm−1, so that the trend observed herein is not sufficient to distinguish between the two complexes. On the other hand, the 567 cm−1 band in the spectrum of 2b is a determining factor for such distinction since it is not present in the spectrum of 2a and has been commonly assigned to the Pt4+–O vibration. One can also observe, in Figure 1, that the new band is slightly disturbed by another one at 584 cm−1, which is due to the aromatic ring breathing mode of the HL2. It is possible that the asymmetric O–Pt4+–O stretching vibration is either hidden under this band envelope, or is not Raman-active. This latter possibility seems pertinent if one recognizes the existence of a linear O–Pt–O moiety, as illustrated in Scheme 1. Unfortunately, the 1035 cm−1 band, attributed to the Pt–O–H bending mode34 is blurred by another band associated to the ligand. 

  
    

    [image: Figure 1. Raman spectra]

  

  The Pt–N (amine) stretching modes are typically observed near the Pt–O vibrations.35 Indeed, the mixture of these modes has been also considered by Miller et al.34 with respect to the band at 567 cm−1. Although the Pt–N vibration has not been observed, coordination to the metal through the N atom was indirectly accompanied in this work by the spectral changes exhibited at the 1523 cm−1 band, which is ascribed to the C–N–H bending mode of the ligand.24 It is upshifted by ca. 10 cm−1 for platinum(II) complexes and ca. 30 cm−1 for platinum(IV) complexes, suggesting that the Pt4+ ion significantly affects the electronic density of this oscillator. Information on the Pt–N (pyridine) vibration could not be obtained due to the overlapping of bands at 230 and 260 cm−1, and 1700-1580 cm−1. 

  Electrochemical studies 

  The biological activity of platinum(IV) complexes depends on their being reduced to platinum(II) species and for this reason the redox potential of those species is believed to be an important parameter in their cytotoxic activity.7 

  Because generation of ROS is one of the possible mechanisms of action of naphthoquinones their electrochemical behavior has been studied thoroughly.36-38 Cyclic voltammetry studies have shown that 2-hydroxy1,4-naphthoquinone derivatives undergo two main redox processes in aprotic medium, the first one corresponding to an irreversible (Ic/Ia), and the second one to a quasi-reversible processes (IIc/IIa). Other peaks and shoulders in the cyclic voltammograms (CVs) of this class of compounds have been associated to concentration dependent processes due to the presence of the hydroxyl proton: (i) self-protonation reactions (intramolecular proton transfer) and (ii) hydrogen-bonding which stabilizes electron generated intermediates.39,40 Indeed in alkaline medium (in MeCN and in the presence of n-Bu4NOH),36 only one reversible redox couple (IIc/IIa) at more negative potential relative to the original first one has been observed and attributed to the bielectronic instead of double-redox process of the naphthoquinone. 

  Attempts have been made at correlating cytotoxicity (IC50 or LD50 values) with the first or second redox E1/2 processes of naphthoquinone derivatives.41 Correlations between LD50 values and the second E1/2 process were drawn recently for a series of 2-hydroxy-1,4-naphthoquinones.39 

  Because of the very limited aqueous solubility of platinum(II) complexes 1a-3a and platinum(IV) complexes 1b-3b the CVs were obtained in MeCN solutions (1.0 × 10−3 mol L−1) containing 0.1 mol L−1 n-Bu4NClO4 as the supporting electrolyte, under argon atmosphere. The cyclic voltammetry of cis,cis,trans-[Pt(NH3)2Cl2(OH)2] (A) was also performed in MeCN (Figure S10) in order to evaluate the effect of the naphthoquinone coordination on the Pt4+/Pt2+ redox process. Electrochemical data are summarized in Table 1. 
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  The CVs of the platinum(II) complexes (Figures 2a and S11-S13) exhibit two main redox pairs, Ic/Ia and IIc/IIa, which correspond to irreversible and quasi-reversible processes, respectively. The first reduction process is related to the formation of the seminaphthoquinone (NQOH−, i.e., HL−-Ic/Ia) and the second, to the electron reduction of the respective anion (NQO−, i.e., L−-IIc/IIa). This indicates that the naphthoquinone ligands HL1-3 are indeed protonated. The two additional shoulders (Ic' and Ia') due to selfprotonation reactions and/or hydrogen bonding processes are also observed.39,40 
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  In the CVs of all three platinum(IV) complexes 1b-3b (Figures 2b and S14-S16), an irreversible peak (IIIc) attributed to the reduction of Pt4+/Pt2+ is observed,8,9 which is absent in the CVs of the analogous platinum(II) complexes 1a-3a (Figure 2a). Unexpectedly only one couple of peaks (IIc and IIa) is observed, which has been attributed to the quasi-reversible naphthoquinonate (NQO− , i.e., L−) redox process.36,39 The absence of the expected two redox processes present in the CVs of the analogous 1a-3a platinum(II) complexes could be explained by the formation of a hydrogen bonded species,42,43 involving the naphthoquinone 2-hydroxyl group and an axially coordinated hydroxide ligand (Scheme 2), which would shift the first naphthoquinone reduction process to negative potential. Platinum(IV) reduction with concomitant loss of the axial hydroxide ligands would lead to the deprotonation of the coordinated Mannich bases HL1-3, as illustrated in Scheme 2 to yield [Pt(L1−-3−)Cl2]. 
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  The result of the cyclic voltammetry experiment of 2b under the same conditions, except for the addition of 3.0 equiv. of HCl, evidences two redox processes (Ic/Ia and IIc/IIa, Figure S17), thus confirming that the hydroxide ion is indeed responsible for the deprotonation of the 2-hydroxynaphthoquinones. The cathodic potential values (EpIc = −0.67 and EpIIc = −1.60 V) are the same as those observed for the analogous platinum(II) complex 2a (Table 1), however the anodic potentials were strongly affected by the presence of the acid: EpIa = −0.06 V (2a, EpIa = −0.31 V) and EpIIa could not be clearly assigned (Figure S17). The Pt4+/Pt2+ irreversible reduction process (EpIIIc) is still observed at −1.22 V 

  The Pt4+/Pt2+ reduction values for 1b-3b (Table 1, EpIIIc = −1.15, −1.18 and −1.18 V vs FcH+/FcH, respectively), in MeCN, are much less negative than for cis,cis,trans-[Pt(NH3)2Cl2(OH)2] (A), which has been measured in the same solvent (−1.60 V vs FcH+/FcH), thus showing that coordination of the Mannich bases favors the Pt4+/Pt2+ reduction, as compared to amine ligands. The π-acceptor character of the HL1-HL3 pyridyl group and the steric hindrance of these ligands certainty contribute to this behavior.8,9 Moreover, the intramolecular hydrogen bond interaction in 1b-3b proposed above would destabilize the Pt-OH bond, thus making reduction of 1b-3b easier than for complex A. As expected, increasing the size of the R1 group in the HL1-HL3 ligands (R1 = n-butyl, n-heptyl, n-decyl, respectively) does not cause appreciable shifts in the Pt4+/Pt2+ reduction potentials of complexes 1b-3b. 

  To evaluate whether coordination affects the electrochemical behavior of the pro-ligands, cyclic voltammetry of HL1-HL3 was performed in MeCN (Figure S18 and Table 2) and compared with the CVs of 1a-3a, whose naphthoquinone ligand is protonated. 
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  The CVs of HL1-HL3 in pure MeCN (Figure S18, Table 2) are similar to those previously described for analogous Mannich bases in DMF.40 Comparison of these data (Table 2) with those obtained for 1a-3a (Figure 2a, Table 1) indicates that upon coordination to platinum(II) the HL1-HL3 reduction processes occur at more positive potentials (positive shifts of about 600 mV are observed for the first redox pair Ic/Ia), but are less reversible. It seems reasonable to suggest that intramolecular O-H…NHR1(CHR) hydrogen-bonding occurs in the free ligands, which presumably allows for electron density transfer to the quinone enone system.42,43 This process would be hindered by HL1-HL3 coordination to platinum(II), with the consequent positive shift of the reduction potentials, as observed. 

  The CVs of the deprotonated species L1−-L3−, generated in situ by adding 1.6 equiv. of 0.02 mol L−1 NaOH(aq) (i.e., 400 µL of water)44,45 to the MeCN solutions of HL1-HL3 (Figure S19), were measured and compared with the data obtained for the platinum(IV) complexes 1b-3b measured in MeCN in the presence of the same amount of water (Figure 3, Table 2). 
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  The CVs of the deprotonated Mannich bases L1−-L3− show the expected quasi-reversible pair of peaks (IIc and IIa) related to the formation of NQO− (i.e., L−).45,44 This pair of peaks undergoes slight positive shift upon coordination, in complexes 1b-3b (Figure 3b, Table 2), under similar conditions, i.e., in the presence of the same amount of water, which also lead to broadening of the complexes' CVs, probably due to decrease in solubility. The irreversible peak (IIIc) attributed to the reduction of Pt4+/Pt2+ is also positively shifted (70-100 mV) in the presence of water (Figures 2b, 3b and Tables 1, 2). These data indicate that water also stabilizes the coordinated reduced aminonaphthoquinone species. 

  Cytotoxic assays 

  The cytotoxicity of the platinum(IV) complexes 1b-3b has been investigated against four tumor cell lines: MDA-MB-435 (melanoma), HL-60 (promyelocytic leukaemia), HCT-8 (colorectal adenocarcinoma) and SF-295 (glioblastoma). The experimental data are presented in Table 3, together with the data previously reported for complexes 1a-3a and HL1-HL3 for comparison. 
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  As observed for the pro-ligands (HL1-HL3) and the platinum(II) complexes (1a-3a)24 (Table 3), the size of the side chain (R1) plays an important role in the cytotoxicity of the platinum(IV) complexes, as indicated by the much lower activity of 1b (R1 = n-Bu) when compared with its longer carbon chain analogues 2b (R1 = n-hexyl) and 3b (R1 = n-decyl). Our recent accumulation studies25 confirm that increase of the carbon chain length of R1 causes significant enhancement of cellular accumulation of complexes 1a-3a, consequently contributing to the highest cytotoxicity being exhibited by the n-heptyl and n-decyl derivatives. 

  As discussed previously, the increase of the R1 carbon chain length from 1b to 3b does not alter significantly the Pt4+/Pt2+ reduction potential, which means that the differences observed in the cytotoxicity of these complexes are not influenced by the platinum(IV) reduction in the cells. 

  One of the potential advantages of the platinum(IV) prodrugs, when compared with the platinum(II) compounds, is their relative inertness, which prevents deactivation of the drug by undesirable substitution reactions with plasma proteins.14,15,46,47 This allows a greater proportion of the drug to reach its target intact before undergoing reduction, and may result in increased cytotoxicity. 

  In this work, we have observed that the platinum (IV) complexes 1b-3b were only slightly more active than their platinum (II) counterparts 1a-3a, except in the case of 3b, that was almost twice as active as its precursor 3a against MDA-MB-435 (IC50 = 5.5 and 9.0 µmol L−1, respectively) and also more active than 3a against HL-60 and HCT-8 tumor cell lines. Thus, the very similar cytotoxic profile exhibited by the complexes studied in this work may indicate that 1b-3b undergo rapid in vitro reduction. It is accepted46 that the rate of reduction depends on both the rate of electron transfer from the reductant to the platinum(IV) center and on how easily the two Pt–ligand bonds are broken. In the cases of 1b-3b, one of the Pt−OH bonds would be weakened by formation of the hydrogen bonded species proposed above (Scheme 2). Also, fast electron transfer to the platinum(IV) atom has been postulated to occur in complexes containing axial hydroxide ligands, which are capable of forming an inner sphere bridge with the reductant (ascorbate). Thus, both factors would contribute to the formation of platinum(II) derivatives 1a-3a outside the cell. 

   

  Conclusions 

  Spectroscopic and electrochemical studies have been successfully used to structurally characterize three novel aminomethylnaphthoquinone cis,trans-dichloridodihydroxide platinum(IV) complexes, 1b-3b. The cytotoxicity results have indicated that the hydroxide ligands in the axial position of these platinum(IV) complexes have not led to an appreciable improvement of the cytotoxicity compared to the platinum(II) precursors 1a-3a, probably due to fast reduction of the platinum(IV). A possible intramolecular H−bond between the OH− axial ligand and the hydroxyl group at position 2 of the naphthoquinone ring may lead to the weakening of the Pt4+−OH bond, thus favoring the reduction. Aiming to improve the cytotoxicity of these aminomethylnaphthoquinone platinum(IV) complexes, the synthesis of novel analogues of 1b-3b containing different axial ligands capable of tuning the reduction potentials of the platinum(IV) is underway. 
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    Electrospray ionization mass spectroscopy (ESI-MS) spectra

    ESI-MS spectra were acquired on a quadrupole time-of-flight mass spectrometer (Q-TOF spectrometer) (Micromass, Manchester, U.K.). The mass spectrometry (MS) parameters were set to scan from 90 to 1000 m/z using positive detection. The dry gas flow was set to 50.0 L min−1, the dry temperature to 120 ºC and the flow injection rate to 4.0 µL min−1.
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    IR and Raman spectra 

    Infrared (IR) spectra were recorded on a Nicolet FT-IR Magna 760 spectrophotometer using CsI pellets and Raman experiments were carried out on a Bruker FT-Raman MultiRAM using the 1064 nm line of a Nd:YAG laser and a Ge detector operating at liquid nitrogen temperature. 
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    Cyclic voltammetry experiments
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    To avoid the presence of water, which strongly affects the CV profile, the same experiment was performed using the proton sponge DBU (1,8-diazabicyclo[5.4.0]undec-7-ene). After addition of 1.0 equivalent of DBU to the MeCN solutions of HL1-3 the CVs showed the presence of two redox processes, the redox pair Ic/Ia being shifted to more negative potential with respect to that in pure MeCN. This result indicates that this solvent does not stabilize the semiquinone as efficiently as water. Indeed, after addition of the same amount of water used in the experiment with aqueous NaOH (400 µL) to the MeCN solution of HL1-3 (5 mL, i.e., 7.4% H2O in MeCN) a single pair was observed. 
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    All cyclic voltammograms were also performed in CH2Cl2 + Bu4NClO4. The electrochemical behavior was similar to that observed in MeCN (Figures S21-S29 and Table S1).
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    Two new 2"-ethyl-furanoflavones named fistulaflavones A and B together with six known furanoflavones were isolated from the stems of Cassia fistula. The structures were elucidated by spectroscopic methods including extensive 1D, 2D NMR and high resolution electrospray ionization mass spectrometry (HRESIMS) techniques, and comparison with literature data. All the compounds were evaluated for their cytotoxicity against ﬁve human tumor cell lines. One of the compounds showed potent cytotoxicity against SHSY5Y and MCF7 cells with IC50 values of 2.7 and 2.6 µmol L-1, respectively.

    Keywords: Cassia fistula, 2"-ethyl-furanoflavones, furanoflavones, cytotoxicity

  

   

   

  Introduction

  Cassia fistula L., (Leguminosae) is an ornamental tree with beautiful yellow flowers. This plant can be found in various countries in Asia, South Africa, Mexico, China, West Indies, East Africa and Brazil.1 In China, it has been widely used as traditional Chinese medicine for treatment of diarrhea, gastritis, ringworm and fungal skin infections.2,3 Previous phytochemical studies of C. fistula have shown the presence of anthraquinones,4,5 steroids,6 chromones7,8 and flavonol derivatives.9 With the aim at searching for new natural compounds from medicinal plants, the stems of C. fistula were investigated and two new 2"-ethyl-furanoflavones (1-2) and six known furanoflavones (3-8) were isolated. The structures of the isolated compounds were established by spectroscopic methods including extensive 1D (1H,13C and DEPT) and 2D (one-bond HSQC and long-range HMBC) NMR techniques and high resolution electrospray ionization mass spectrometry (HRESIMS), and by comparison with literature data. This work deals with the isolation, structural characterization of these compounds and their cytotoxicity against five human tumor cell lines.

   

  Results and Discussion

  The stems of C. fistula were extracted with 70% aqueous acetone. The extract was subjected repeatedly to column chromatography on silica gel, Sephadex LH-20, RP-18 and semi-preparative RP-HPLC (reverse-phase high performance liquid chromatography) separation to afford two new furanoflavones named fistulaflavones A and B (1-2), together with six known furanoflavones (3-8). Structures of compounds 1-8 were as shown in Figure 1, and the1H and13C NMR data of the compounds 1 and 2 were listed in Table 1. The known compounds were identiﬁed as 3,4'-dimethoxy-5-hydroxy-7,8-[2"-(2-hydroxyethyl) furan]-flavone (3),10 3,4'-dimethoxy-5-hydroxy-7,8-(2"-ethyl furan)-flavone (4),11 furano-(2",3":7,6)-4'-hydroxyflavanone (5),12 pachycarin D (6),13 5-hydroxy- 2"-isopropenyl-3-methoxyfurano-(2",3":7,8)-flavone (7)14 and 5-hydroxy-2"-(1-hydroxy-1-methylethyl)- 3-methoxyfurano-(2",3":7,8)-flavone (8)14 by comparison with literature data.
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  Compound 1 was obtained as an orange gum. Its HRESIMS spectrum in the positive mode revealed a quasi molecular ion at m/z 375.0843 [M + Na]+, and assigned the molecular formula of C20H16O6, corresponding to thirteen degrees of unsaturation. Its IR spectrum exhibited the presence of hydroxy group (3420 cm-1), carbonyl group (1662 cm-1) and aromatic ring (1615, 1557, 1450 cm-1). Its1H,13C and DEPT NMR spectra showed signals for 20 carbon and 16 hydrogen atoms (Table 1). The13C NMR signals [δC 155.7 (s), 136.2 (s), 179.9 (s), 158.3 (s), 96.9 (d), 159.3 (s), 111.5 (s), 148.4 (s), 109.9 (s), 122.9 (s), 133.9 (d, 2C), 113.4 (d, 2C), 160.7 (s), 157.4 (s), 101.5 (d)], the1H NMR signals [δH 6.93 (s, 1H), 6.84 (s, 1H), 7.90 (d, 2H, J 8.8 Hz), 7.05 (d, 2H, J 8.8 Hz)] for six aromatic protons, one methoxy group at dC 55.9 (q), δH 3.85 (s) and two chelated hydroxyl group at δH 10.83 (brs) and 11.11 (brs) indicated the presence of a 2"-substituted furanoflavone.12,14 The signals at δC [21.4 (t), 14.8 (q)], δH [2.33 (m) and 0.94 (t, J 6.9 Hz)] suggested an ethyl group at C-2", whose carbons were numbered as 4" and 5". The HMBC correlations of H-4" (δH 2.33, m) with C-2" (157.4, s) and C-3" (δC 101.5, d), of H-3" (6.84, s) with C-4" (δC 21.4, t) confirmed the ethyl group located at C-2". Cross peaks (Figure 2) of H-3" (δH 6.84, s) to C-7 (δC 159.3, s), C-8 (δC 111.5, s) and C-9 (δC 148.4, s) were also observed in compound 1. This allowed us to conclude that the 2"-ethylfurano moiety was fused in an angular manner on the aromatic ring at positions C-7 and C-8. The HMBC correlations of the methoxy protons (δH 3.85, s) with C-4' (160.7, s) revealed that the methoxy group should be located at C-4'. Two chelated hydroxy groups were assigned to C-3 and C-5 on the basis of HMBC correlations between the hydroxy proton (δH 10.83, brs) and C-2 (δC 155.7, s), C-3 (δC 136.2, s), and C-4 (δC 179.9, s), as well as those between the other hydroxy proton (δH 11.11, brs) and C-5 (δC 158.3, s), C-6 (δC 96.9, d) and C-10 (δC 109.9, s). Two doublets [7.90 (d, J 8.8, 2H) and 7.05 (d, J 8.8, 2H)] and two singlets [(δH 6.93 (s), 1H and 6.84 (s), 1H)] in the1H NMR spectrum also supported the substituent positions in compound 1. Thus, the structure of compound 1 was established as 3,5-dihydroxy-4'-methoxy-7,8-(2"-ethyl furan)-flavone and named as fistulaflavone A.
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  Compound 2 was obtained as an orange gum, and showed a quasi molecular ion at m/z 391.0790 in the HRESIMS data, corresponding to the molecular formula C20H16O7. Comparison of 1D NMR spectra of compound 2 with those of compound 1 showed the presence of signals for a primary alcohol at δH 3.55 (t, J 7.1 Hz) and δC 62.7 (t), and the absence of the signal for an aliphatic methyl group. Other differences were the downfield-shift of the C-3 resonance from δC 136.2 (s) to δC 138.6 (s), and the upfield-shift of C-4' from δC 160.7 (s) to δC 158.1 (s), thus indicating a different pattern of substitution at these two carbons for compounds 1 and 2. Analysis of the HMBC spectrum of compound 2 showed a methoxy group located at C-3, and two hydroxy groups located at C-4' (δH 10.83) and C-5 (δH 11.11). Accordingly, the structure of fistulaflavone B was determined as 3-methoxy-4',5-dihydroxy- 7,8-[2"-(2-hydroxyethyl) furan]-flavone.

  Since several flavone derivatives exhibited potential cytotoxicity,15-17 compounds 1-8 were tested for their cytotoxicity against five human tumor cell lines (NB4, A549, SHSY5Y, PC3, and MCF7) using the MTT (yellow dye 3-(4,5-dimethyl- 2-thiazolyl)-2,5-diphenyl-2H-tetrazoliumbromide) method as previously reported18 and Taxol® (paclitaxel) as positive control. The results were shown in Table 2. Compounds 2, 5, 6 and 8 showed no activity (IC50 values > 10 µmol L-1, concentrations that induce 50% inhibition of cell growth) for all tested tumor cell lines. Compound 3 showed potent cytotoxicity against SHSY5Y and MCF7 cells with IC50 values of 2.7 and 2.6 µmol L-1, respectively. Compounds 1, 4 and 7 showed modest cytotoxicity with IC50 below 10 µmol L-1 for some selected cell lines.
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  Experimental

  General experimental procedures

  UV spectra were obtained using a Shimadzu UV-2401A spectrophotometer. 1D and 2D NMR spectra were recorded on a Bruker DRX-500 NMR spectrometer with tetramethylsilane (TMS) as an internal standard. Unless otherwise specified, chemical shifts (d) are expressed in ppm with reference to the solvent signals. HRESIMS spectra were performed on a VG Autospec-3000 spectrometer. Semi-preparative HPLC was performed on a Shimadzu LC-8A preparative liquid chromatograph with Zorbax PrepHT GF (21.2 × 250 mm) or Venusil MP C18 (20 × 250 mm) columns. Column chromatography (CC) was performed on silica gel (200-300 mesh, Qing-dao Marine Chemical, Inc., Qingdao, People's Republic of China), Lichroprep RP-18 gel (40-63 µm, Merck, Darmstadt, Germany), Sephadex LH-20 (Sigma-Aldrich, Inc, USA) and MCI gel (75-150 µm, Mitsubishi Chemical Corporation, Tokyo, Japan). The fractions were monitored by thin layer chromatography (TLC), and spots were visualized by heating silica gel plates sprayed with 5% H2SO4 in EtOH.

  Plant material

  The stems of Cassia fistula L. (Leguminosae) were collected at Xishuangbangna Prefecture, Yunnan Province, People's Republic of China, in September 2010. The identification of the plant material was verified by Dr. Yuan N., Kunming Institute of Botany, Chinese Academy of Sciences. A voucher specimen (YNNU 10-9-25) was deposited in our Laboratory.

  Extraction and isolation

  The air-dried and powdered stems of C. fistula (8 kg) were extracted four times with 70% aqueous acetone (4 × 8 L) at room temperature and filtered. The filtrate was evaporated under reduced pressure, and the crude extract (522 g) was applied to CC on silica gel (150-200 mesh), eluting with CHCl3-MeOH gradient systems (20:1, 9:1, 8:2, 7:3, 6:4, 5:5) to give six fractions A-F. Further separation of fraction B (CHCl3-MeOH 9:1, 22.8 g) using CC on silica gel, eluted with petroleum ether-acetone (9:1-1:2) yielded mixtures B1-B6. Fraction B2 (5.3 g) was subjected to CC on silica gel using petroleum ether-acetone and semi-preparative HPLC, eluting with an isocratic system (62% MeOH-H2O, flow rate 12 mL min-1) to give 4 (11.2 mg), 6 (21.9 mg) and 7 (13.4 mg). Fraction B3 (4.6 g) was subjected to CC on silica gel using petroleum ether-acetone and semi-preparative HPLC, eluting with an isocratic system (55% MeOH-H2O, flow rate 12 mL min-1) to give 2 (7.6 mg), 3 (12.2 mg), 5 (12.8 mg) and 8 (24.6 mg). Further separation of fraction C (8:2, 31.5 g) by CC on silica gel, eluted with petroleum ether-acetone (9:1-1:2) and yielded mixtures C1-C6. Fraction C4 (5.7 g) was subjected to CC on silica gel using petroleum ether-acetone and semi-preparative HPLC, eluting with an isocratic system (46% MeOH-H2O, flow rate 12 mL min-1) to give 1 (11.5 mg).

  Cytotoxicity assay

  The cytotoxicity tests were performed against NB4, A549, SHSY5Y, PC3 and MCF7 tumor cells by MTT (yellow dye 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazoliumbromide) assay using Taxol® as the positive control.18 Firstly, 2500 cells suspended in 100 µL MEM medium were seeded, in a 96-well plate. After 24 h incubation, fresh medium containing various concentrations of each compound were added into the 96-well plate to replace the old medium. The OD595 values of the control groups at 0 and 72 h together with the compound treated groups at 72 h from the MTT assay were measured using a plate reader.

  Fistulaflavone A (1)

  Orange gum; UV (MeOH) λmax/nm (log ε) 370 (3.90), 258 (4.15), 210 (4.54); IR (KBr) νmax/cm-1 3420, 2925, 1662, 1615, 1557, 1450, 1358, 1224, 1155, 1005, 765, 688;1H and13C NMR data (C5D5N, 500 and 125 MHz), see Table 1. Positive ESIMS m/z 375 [M + Na]+; HRESIMS m/z 375.0843 [M + Na]+ (calcd. for C20H16O6Na, 375.0845).

  Fistulaflavone B (2)

  Orange gum; UV (MeOH) λmax/nm (log ε) 370 (3.94), 255 (4.18), 210 (4.59); IR (KBr) νmax/cm-1 3416, 2922, 1662, 1618, 1558, 1453, 1355, 1220, 1156, 1002, 768, 682;1H and13C NMR data (C5D5N, 500 and 125 MHz), see Table 1. Positive ESIMS m/z 391 [M + Na]+; HRESIMS m/z 391.0790 [M + Na]+ (calcd. for C20H16O7Na, 391.0794).

   

  Supplementary Information

  The1H and13C NMR spectra of 1 and 2 are available free of charge at http://jbcs.sbq.org.br as PDF file.
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    O solo de várzea exerce um importante controle sobre os ciclos de arsênio e antimônio em ecossistemas de produção de arroz por meio de adsorção a partir da fase aquosa. Realizou-se um estudo de laboratório para avaliar a adsorção e o possível comportamento competitivo desses dois elementos contaminantes.

  

   

  
    Paddy soil exerts a major control on the arsenic and antimony cycles in rice production ecosystems through adsorption from the aqueous phase. A laboratory study was conducted to assess the adsorption and the possible competitive behaviour of these two contaminant elements. 
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  Introduction

  Arsenic (As) levels in drinking water and in irrigation water used for rice paddies can exceed the World Health Organisation (WHO) drinking water quality limit of 0.05 mg L−1 across many regions in South East Asia.1,2 This is due to the dissolution of As-rich minerals in the groundwater hosting bedrock. In polluted groundwater, concentrations can exceed water quality limits to a factor of 900, reaching µg mL−1 concentration levels.3 A key process that controls the As geochemistry in terrestrial ecosystems is the adsorption on soils and bedrocks.4 Antimony (Sb) has been recognised to co-occur with As in iron and sulphide minerals associated with sedimentary and igneous mineral formations.5,6 Due to the potentially similar aqueous chemistry to As as oxyanion and metalloid, Sb could well be involved in the As crisis,7,8 for example by affecting As adsorption in groundwater systems and leading to higher As concentration in well waters. McCarthy et al. tested recently this hypothesis and analysed two hundred forty five tube well water samples from various regions in Pabna City, Bangladesh. They found that Sb concentration were < 1 ng mL−1, thus significant adsorption on the soils and subsequent removal from the aqueous phase was suggested.1

  Paddy soil (Hydragric Anthrosol) is an environmentally engineered soil type formed and modified by human activity of irrigation and added organic materials. It constitutes rice fields across Bangladesh and adsorbs significant amounts of As from irrigation waters.2,9 This process has been invoked as a possible explanation leading to elevated As content in rice,10 however, the As dynamics in paddy soils are little understood.11

  Given these recent findings, it is of great interest to assess the adsorption capacity of As and other potentially toxic elements on irrigated paddy fields and to understand potential processes affecting the adsorption and release of As from the soils. To this end, it was conducted preliminary adsorption studies determining the As(III) and Sb(III) adsorption on irrigated paddy soil and their potentially competitive behaviour. It is showed that As(III) sorption capacity is low, ca. 0.4 mg g−1, and that Sb(III) has a stronger adsorption, potentially explaining the low Sb concentration in wells in Bangladesh. Antimony(III) does only affect slightly the As(III) adsorption.

   

  Experimental

  The paddy soil sample used originated from the Munshiganj district near Sreenagar, 30 km South of Dhaka City and 5 km North of the Ganges River, Bangladesh. The full description of the basic soil chemical parameters and the sample preparation are given elsewhere.9 The soil was from prior contamination from irrigation and contained 15 µg g−1 As. The mineralogical composition of the paddy soil was identified using X-ray diffraction (XRD). Clay minerals, i.e., illite, chlorite, smectite and kaolinite dominated but quartz, k-feldspar and albite were also present.

  Arsenic(III) and Sb(III) solutions were prepared each day by dissolving sodium arsenite (NaAsO2) and antimony potassium tartrate (KSbO•C4H4O6), respectively, in deionised water. A 0.1 mol L−1 potassium nitrate (KNO3) solution was prepared to control the ion strength. For the adsorption experiments, 100 mL solutions containing As(III) and Sb(III) were added to a previously acid cleaned plastic bottle, followed by 1 g of soil. This solid/solution ratios, as well as the concentrations used, were higher than typically found for paddy rice fields but represented a best compromise between experimental restrictions, i.e., analytical limit of detection for ICP-OES and natural conditions. The reaction bottle was closed airtight and placed on a mechanical shaking table rotating 150 rev min−1 at constant temperature 25 ºC and equilibrated for 48 h. Preliminary kinetic experiments were conducted for 72 h to determine the equilibrium time. Three 2.5 mL aliquots were extracted using a plastic syringe. The pH was measured in separate reaction bottles after 5 min and after the adsorption equilibrium was reached. Samples were filtered into separate test tubes and analysed using a Varian Vista Pro Series ICP-OES. The As(III) sorption isotherms were determined using concentrations between 4 and 20 µg mL−1. The Sb(III) sorption isotherms were determined using concentrations between 2 and 19 µg mL−1. Competitive adsorption between As(III) and Sb(III) was assessed for solutions with As:Sb concentration ratios of 5:1 and 2:1 to mimic natural conditions.12 The concentrations of As and Sb in the spike solutions were analytically confirmed using ICP-OES.

  Langmuir and Freundlich isotherms were obtained by fitting the linear data (Langmuir) and log transformed (Freundlich) data. The Freundlich adsorption isotherm satisfies an equation of the type qe = Kf Ce(1/n) where Ce is the equilibrium concentration of sorbent in solution (As(III) and Sb(III) in mg L−1), qe is the equilibrium sorption capacity (As(III) and Sb(III) in g−1 sorbent), Kf and 1/n are constants, that are considered as relative indicators of adsorption capacity and intensity, respectively. The expression of the Langmuir model is given by qe = QmaxbCe / (1 + bCe) where Qmax is the maximum adsorption capacity (mg As(III), Sb(III) g−1 sorbent) and b is a constant (L mg−1).

   

  Results and Discussion

  Figure 1 shows the As(III) removal rate from the experimental solution over a period of 72 h. The initial As(III) concentration was 7.7 µg mL−1. Temperature was maintained at 25 ºC. Three aliquots were taken from the same reaction bottle. The adsorption is initially fast and 232 µg As(III) are adsorbed in the first hour, which equals to 30% of the total As(III). Then the adsorption slows significantly down to a rate of about 18 µg per h. After 48 h, the adsorption approached equilibrium, with approximately 60% of the total As(III) adsorbed from the solution. A slight desorption seems to occur between 5 and 8 h after the start of the experiment but adsorption resumed thereafter. The equilibrium time determined is slightly longer than expected for As(III) on pure mineral surfaces.13,14 However, organic coating of minerals can delay As sorption and As absorption on organic substances, clays, a major component of this paddy soil, and soils is slower.15-18 The initial fast adsorption might indicate sorption on uncoated minerals present in the paddy soil. The temporal pattern itself observed is in line with studies of As(V) adsorption on soils where the retention rate was initially rapid followed by gradual or slower retention with increasing reaction time.19
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  Figure 2 shows the amount of As(III) and Sb(III) adsorbed from solution unto the paddy soil. The adsorption isotherms were adequately described using Freundlich and Langmuir models with R2 > 0.80 (Table 1). The adsorption capacity of the paddy soil was reached for As(III) with approximately 0.4 mg g−1 As soil. The pH during the adsorption process did not drift and ranged between 6.25 and 6.75. This suggests that the soil acts as a natural pH buffer to the As(III) solution because H+/OH− ion exchange reactions take place during As adsorption on iron oxides and clays.18,20,21 The adsorption capacity for the investigated paddy soil was low but in the same range like that observed for arsenate on clay rich soils and on clays itself.19,22 The reason for the low adsorption was the presence of As(III) in aqueous solution as uncharged As(OH)3 complex that binds less strongly to mineral surfaces.23 It was noted, that this adsorption capacity was an order of magnitude lower than that determined for oxisols (typical natural tropical soil) with 2.6 mg g−1 As(III) or for the iron and aluminium oxides associated with the oxisol, ranging between 3.3 and 7.5 mg g−1 As(III).24
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  The adsorption capacity of the paddy soil for Sb(III) was not achieved within the experimental concentration range used during our study and the adsorption increases continually. Approximately 80% of Sb was adsorbed onto the paddy soil. Again, the pH during the adsorption process did not drift, but the measured range was slightly larger than for the As(III) solutions and ranged between 5.4 and 6.4. Our results suggest that the paddy soil has a higher affinity for Sb(III) than for As(III) (Table 1). This observed difference in the adsorption capacity of Sb(III) and As(III) could explain the findings of a recent investigation into As and Sb concentrations in groundwater of Bangladesh,1 where Sb concentrations were much lower than that of As.

  Figure 3 shows adsorption curves for solutions with As(III) and Sb(III) only and with different As/Sb ratios. The ratios were chosen to represent natural ratios in aqueous soil solutions derived from weathering of rocks.12 The other element did not affect the adsorption capacities of Sb(III) but seems to lower slightly the As(III) adsorption. Competitive behaviour between As and other oxyanions is well documented,22,23,25 but here it was not found a significant effect.
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  There was no evidence that Sb(III) was affected by the presence of As(III). The oxidation of Sb(III) or As(III) unlikely affected the observations given a line of evidences: (i) the oxidation rate of Sb(III) is lower at low pH26,27 and all the experiments were carried at pH below 7, (ii) Sb(III) is oxidised by Fe and Mn oxyhydroxides only after a few days.27 The experiments lasted only 48 h. In addition, the evaluated soil was dominated by clay minerals, which have a lower oxidation potential than pure Fe and Mn oxides, (iv) As(III) is kinetically stable in the presence of clays and various iron oxides for reaction times well beyond the equilibrium time used in the present work,24,28,29 (v) all experiments were conducted under airtight vessels with no significant air space between solution and caps. This prevented any fresh oxygen being supplied to the solution as tested in previous work in our laboratory.30

   

  Conclusions 

  The preliminary work highlights interesting and important features. The adsorption equilibrium for As(III) on paddy soil was reached after approximately 48 h. This is slightly longer than observed on pure mineral surfaces, but in line with equilibrium times of As(III) during the adsorption on humic acids and humic acid coated minerals. The adsorption capacity of As(III) was reached for the paddy soil in this experimental set up using As(III) concentration solutions ranging between 4 and 20 µg mL−1. It was approximately 0.4 mg As g−1 paddy soil, which falls within the range determined previously for clay rich soils. This was different for Sb(III) where the absorption capacity was not reached with the same initial concentrations. The adsorption isotherms for both metalloids were fitted well using Langmuir and Freundlich models. The calculated Sb(III) sorption capacity was about 10 times larger than that of As(III). Finally, the addition of Sb(III) to As(III) solutions seems to lower slightly the adsorption capacity of As(III), but this effect was not pronounced. No effect on the adsorption capacity of Sb(III) was observed. These observations could explain why Sb concentrations in groundwater of Bangladesh are smaller than these of As. The results would suggest that the Sb(III) soil-water interaction has little effect on the As(III) geochemistry in paddy soils. Ongoing work is assessing in more detail (i) the effect of cations and anions as confounding factor for the As(III) adsorption, (ii) the adsorption complexes using spectroscopic techniques; (iii) the potential importance of oxidation reactions for the processes studied using adequate analytical techniques,31 and (iv) to conduct the same study at lower concentrations and wider ranges, in particular for Sb(III) to reach experimentally the equilibrium.
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    Um eletrodo de pasta de carbono modificado com o polímero cloreto de 3-n-propil-4-picolina silsesquioxano foi testado como sensor para isômeros do di-hidroxibenzeno. O sensor apresentou desempenho excelente para a determinação eletroanalítica simultânea de hidroquinona e catecol. As curvas de calibração obtidas foram lineares na faixa de concentração de 10,0 a 450,0 µmol L−1 para a hidroquinona (r = 0,998) e de 10,0 a 300,0 µmol L−1 para o catecol (r = 0,997). O limite de detecção visual foi de 10,0 µmol L−1 para ambos os isômeros.

  

   

  
    A carbon paste electrode modified with 3-n-propyl-4-picolinium chloride silsesquioxane polymer was tested as a sensor for dihydroxybenzene isomers. The sensor showed excellent performance for simultaneous electroanalytical determination of hydroquinone and catechol. The calibration curves obtained were linear in the concentration range of 10.0 to 450.0 µmol L1 for hydroquinone (r = 0.998) and 10.0 to 300.0 µmol L−1 for catechol (r = 0.997). The visual limit of detection was 10.0 µmol L−1 for both isomers.

    Keywords: modified carbon paste electrode, silsesquioxane, dihydroxybenzenes, electroanalysis

  

   

   

  Introduction

  In recent years, several organic-inorganic hybrid materials modified with organofunctionalized silica with desirable properties for several applications have been reported.1,2 These materials combine the physical properties of glass, such as thermal stability and rigidity, with the exchange properties of the organofunctional group. Among the hybrid materials, the organo-bridged silsesquioxanes have been the subject of great interest due to their increasing potential for technological applications in multiple fields, such as heterogeneous catalysis, protective coatings, absorbents and optical devices.3-5 The silsesquioxane derivatives containing a pyridinium or a picolinium cationic group have been tested in the development of chemically-modified electrodes.4,6-10 While the pyridinium-derivative silsesquioxane polymer has been extensively used to build sensors,7-9,11 the picolinium-derivative silsesquioxane polymer has been little explored for this purpose6,10 and its use for the determination of organic compounds has apparently not been reported in the literature.

  Hydroquinone (HQ) and catechol (CC) are two important dihydroxybenzene isomers widely used as raw materials in the chemical and pharmaceutical industries.12,13 However, HQ and CC are highly toxic and even at very low concentrations can be harmful to animals and plants.14 Therefore, sensitive and selective analytical methods are necessary for their determination. Several methods12-19 have been used for dihydroxybenzene isomers determination, including chromatography, spectrophotometry, pH-based flow injection analysis, synchronous fluorescence and voltammetry. Herein, it was show for the first time, the use of cyclic and differential pulse voltammetry associated with a simple and sensitive electrode based on a 3-n-propyl-4-picolinium chloride silsesquioxane polymer-modified carbon paste electrode (Si4Pic+Cl−/CPE) for electrochemical studies and simultaneous determination of HQ and CC.

   

  Experimental

  All chemicals were of analytical grade and used without further purification. The solutions were prepared with purified water (18 MW cm) obtained from a Milli-Q Millipore (Bedford, MA, USA) system. Si4Pic+Cl− was prepared and characterized according to the procedure described elsewhere.3 Solutions of 1.0 mmol L−1 HQ and CC were freshly prepared. As supporting electrolyte, 0.1 mol L−1 phosphate buffer solution (PBS) at different pH values was used. The pH value was adjusted with 1.0 mol L−1 NaOH or HCl.

  The modified carbon paste electrode (CPE) was prepared by mixing 60 mg of Si4Pic+Cl− (40%, m/m) and 90 mg of graphite powder (60%, m/m) in an agate mortar for 20 min in order to obtain a homogeneous uniform mixture. In the next step, 4 drops of Nujol® were added, and mixing was applied for a further 20 min. The paste obtained was placed in a 1.0 mL plastic syringe and a carbon rod of 0.5 cm diameter, connected to a copper wire, was inserted to obtain the electrical contact. Si4Pic+Cl−/CPE was stored in the supporting electrolyte (pH 7.0) at room temperature when not in use.

  The electrochemical experiments were carried out using a potentiostat/galvanostat (Autolab model PGSTAT101) coupled to a personal computer with specific data acquisition software installed (Nova 1.7). A conventional three-electrode cell was employed with Si4Pic+Cl−/CPE as the working electrode, a platinum sheet as the auxiliary electrode and an Ag/AgCl (3.0 mol L−1 KCl) as the reference electrode. Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were performed between −0.2 and +0.7 V. In addition, for the reestablishment of the initial condition of the electrode surface, ten successive cyclic voltammograms were obtained at between −2.0 and +2.0 V at 300 mV s−1 in PBS (pH 7.0) after each measurement. All experiments were carried out at 25 ± 2 ºC. 

   

  Results and Discussion 

  Enhanced sensitivity to the CC oxidation was obtained when Si4Pic+Cl−/CPE was submitted to a conditioning step. Figure 1A shows the effect of the conditioning time and potential on the oxidation current of 0.5 mmol L−1 CC in PBS (pH 7.0) obtained by CV. As can be seen, the highest currents were achieved when the potential and time were 0.0 V and 180 s, respectively. The effect of the conditioning step on the electrochemical performance of Si4Pic+Cl−/CPE has been attributed to the strong electrostatic interactions that the polymer network exerts on the dihydroxybenzene isomer.8,9,11 The conditioning step was applied in all experiments.

  
    

    [image: Figure 1. Effect of the conditioning]

  

  CVs of a mixture containing 0.5 mmol L–1 HQ and CC in PBS (pH 7.0) at CPE and Si4Pic+Cl−/CPE are shown in Figure 1B. At CPE (Figure 1B-a), a large broad peak centered at +0.420 V is observed for the oxidation reaction, while a narrower peak centered at −0.100 V is observed for the reduction reaction. This behavior characterizes the overlapping of the oxidation and reduction peaks of HQ and CC. Also, the peak separation (ΔEp) of 520 mV indicates the irreversibility of the reactions. On the other hand, at Si4Pic+Cl−/CPE (Figure 1B-b), two pairs of well-defined peaks are apparent. The peaks at +0.145 and +0.259 V correspond to the oxidation of HQ and CC, respectively. The reduction peaks are observed at +0.062 V (HQ) and +0.172 V (CC). Additionally, values of ΔEp = 83 mV for HQ and ΔEp = 87 mV for CC and, more importantly, a separation of 114 mV between the oxidation peaks of HQ and CC, which is large enough for the simultaneous determination of the dihydroxybenzene isomers, were determined. This behavior can be attributed to the increased catalytic activity promoted by Si4Pic+Cl− present in the carbon paste, which improves the kinetics of the electrochemical process of HQ and CC.

  The effect of the solution pH on the electrochemical response of HQ and CC at Si4Pic+Cl−/CPE was investigated over the range of 3.0 to 10.0. For HQ, the value for the oxidation peak current increased until pH 9.0 and then decreased rapidly. For CC, the maximum current was observed at pH 7.0 (data not shown). In addition, the values for the oxidation peak potential (Epo) for both isomers shifted to less positive values as the solution pH increased from 3.0 to 8.0, remaining almost constant at pH values above 8.0 (Figure 2A). The linear regression equation for HQ was Epo/ V = 0.538 − 0.0491 pH (R = 0.9964), while for CC it was Epo/ V = 0.669 – 0.0496 pH (R = 0.9971), indicating that the same number of protons and electrons are involved in the redox reactions of the two dihydroxybenzene isomers.18 According to the literature, two electrons and two protons are involved in the oxidation process for both HQ and CC.17 The intersections of the straight lines observed in Figure 2A are consistent with the pKa values for HQ and CC. The values obtained in this study (8.2 for HQ and 8.5 for CC) are slightly lower than those of 9.8 and 9.4, respectively, reported in the literature.16 The difference observed can be attributed to the slow electron transfer reaction at the Si4Pic+Cl−/CPE surface, despite of the modified electrode to show a catalytic effect much higher than the carbon paste. As earlier demonstrated, the peak separation was ΔEp = 83 mV for HQ and ΔEp = 87 mV for CC, different of 56.9 mV, the expected value for (rapid) reversible electrochemical reactions. Based on the results described above, pH 7.0 was selected for the simultaneous determination of HQ and CC. The two dihydroxybenzene isomers are in their protonated form at this solution pH.14
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  The influence of the scan rate (n) on CVs obtained for the HQ/CC mixture at Si4Pic+Cl−/CPE is shown in Figure 2B. For each dihydroxybenzene isomer, a pair of redox peaks is observed for scan rates of up to 150 mV s−1. For scan rates higher than 150 mV s−1, the oxidation peak for HQ is less evident. Therefore, to investigate the relationship between peak currents and scan rate, CVs were obtained separately for HQ and CC (data not shown). As shown in Figure 2C, the anodic (ipa) and cathodic (ipc) peak currents for both organic compounds were linearly proportional to the square root of the scan rate (ν1/2) within the range of 10-300 mV s−1. The corresponding linear regression equations are ipa/µA = 0.4213 + 3.6826 ν1/2/(mV s−1)1/2 (R = 0.9974) and ipc/µA = 17.084 – 6.4040 ν1/2/(mV s−1)1/2 (R = 0.9986) for HQ, and ipa/µA = 4.2035 + 4.0483 ν1/2/(mV s−1)1/2 (R = 0.9950) and ipc/µA = 28.643 – 6.9318 ν1/2/(mV s−1)1/2 (R = 0.9979) for CC. These results indicate that the redox reactions of HQ and CC at Si4Pic+Cl−/CPE are diffusion controlled processes. Furthermore, the oxidation (Epo) and reduction (Epr) peak potentials shift to more positive and negative values, respectively, with increasing scan rate, indicating a behavior typical of quasi-reversible reactions.

  For the simultaneous determination of HQ and CC, DPV curves were recorded at different concentrations of one isomer while the concentration of the other isomer remained constant at 0.2 mmol L−1 (Figure 3). Two well defined peaks at +46 and +120 mV, corresponding to the oxidation of HQ and CC, respectively, were observed. On maintaining the concentration of CC constant (Figure 3A), the ipa of HQ increased linearly with its concentration in the range of 10.0 to 450.0 µmol L−1. The linear regression equation obtained for the calibration curve shown in the inset is ipa/A = 7.91 × 10−7 + 0.066 [HQ]/(mol L−1) (R = 0.998). In addition, the ipa value for CC remained practically unchanged indicating that CC does not interfere in the determination of HQ. Similarly, as shown in Figure 3B, the ipa value increases linearly with the CC concentration in the range of 10.0 to 300.0 µmol L−1, with a linear regression equation of ipa/A = 1.55 × 10−6 + 0.121 [CC]/(mol L−1) (R = 0.997). Thus, it can likewise be concluded that HQ does not interfere in the determination of CC. The visual limit of detection for both isomers was assumed as 10 µmol L−1.
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  The relative standard deviation (RSD) of five successive detections of 50 µmol L−1 CC carried out with the same Si4Pic+Cl−/CPE was 0.85%, indicating the good repeatability of the results furnished by the same electrode. Additionally, three different Si4Pic+Cl−/CPEs were independently prepared by the same procedure and an RSD value of less than 5.0% was obtained for the determination of 50 µmol L−1 CC, also indicating the good repeatability for the electrode preparation procedure. The modified electrode was stored in the supporting electrolyte at room temperature for 30 days. After this period, the electrode was used to carry out the same measurements described above. The ipa value decreased by only 6% compared to a freshly-prepared electrode, indicating good stability of Si4Pic+Cl−/CPE. Therefore, these results imply that Si4Pic+Cl−/CPE can be applied to quantitatively analyze a HQ/CC mixture without interference from one isomer in the determination of the other.

   

  Conclusions

  The electrochemical behavior of HQ and CC was investigated at a Si4Pic+Cl−/CPE electrode by CV and DPV. Compared to the unmodified electrode (CPE), an improved reversibility and an enhanced current for the redox process involving HQ and CC were evidenced, which can be attributed to the performance of the silsesquioxane polymer. The DPV results identified two well-defined redox peaks for HQ and CC, and the separation between the peak potentials was large enough for the simultaneous determination of these compounds. The modified electrode exhibited good repeatability and stability and represents a promising sensor device for the simultaneous determination of dihydroxybenzene isomers.
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    Um método para determinação sequencial de Cu e Fe em material particulado atmosférico (APM) coletado em filtro de fibra de vidro por amostragem em suspensão e espectrometria de absorção atômica com chama é proposto. A otimização do método foi realizada utilizando-se uma massa de amostra seca em pó (filtro + APM) de 50 mg, dispersa em solução de ácido nítrico 0,5 mol L-1 e tratada por 10 min em banho ultrassônico. Os limites de detecção (n = 10) foram 4 e 14 µg g-1 para Cu e Fe no filtro, respectivamente. A repetitividade expressa como desvio padrão relativo foi melhor do que 7 e 8% (n = 3) para Cu e Fe, respectivamente. A exatidão do método foi confirmada analisando-se material de referência certificado de cinzas atmosféricas (BCR 176R). Os resultados obtidos para seis amostras de APM utilizando o método proposto não apresentaram diferenças significativas em comparação com os valores obtidos usando o método de extração ácida e determinação por espectrometria de massas com plasma indutivamente acoplado. O método analítico mostrou-se simples, rápido e confiável.

  

   

  
    A slurry sampling flame atomic absorption spectrometric method for sequential determination of Cu and Fe in airborne particulate matter (APM) collected on glass fiber filters is proposed. The method optimization was carried out using a dry powdered sample (filter + APM) mass of 50 mg, dispersed in 0.5 mol L-1 nitric acid solution and under ultrasonic bath for 10 min. The limits of detection (n = 10) were 4 and 14 µg g-1 for Cu and Fe on the filter, respectively. The repeatability expressed as the relative standard deviation was better than 7 and 8% (n = 3) for Cu and Fe, respectively. The accuracy of the method was confirmed by analysis of the fly ash certified reference material (BCR 176R). The results obtained for six samples of APM using the proposed method showed no significant differences with those obtained after microwave-assisted acid extraction and determination by inductively coupled plasma mass spectrometry. The analytical method proved to be simple, fast and reliable.

    Keywords: copper, iron, sequential determination, glass fiber filter, airborne particulate matter, slurry sampling, FAAS

  

   

   

  Introduction

  Metals in airborne particulate matter (APM) are originated from both natural (crustal, resuspension of soil, volcanic ash, etc.) and anthropogenic sources (smelters, fuel combustion, waste incineration and others).1,2 Since the start of the industrial age, the human activities (such as mining, burning of fossil fuels, transport and construction) have resulted in additional release of metals to the environment.3-5

  Among the various metals found in the chemical composition of APM, in urban areas, copper has been identified as a traffic-related element.4 In contrast, iron is frequently present in APM due to the resuspension of soil dusts, and is therefore often considered to be an element derived from natural sources.6 Epidemiological studies have shown that in urban areas, the continuous exposure to airborne particulate matter has the potential to affect the health of the population, causing various respiratory diseases (allergies, asthma and emphysema) and cardiopulmonary mortality. The chemical composition of this material is therefore of environmental and epidemiological interest.1-7

  The determination of trace elements in APM collected on glass fiber filters is particularly difficult because of the refractory nature of the matrix. The total analyte concentration can only be determined after complete acid digestion in the presence of hydrofluoric acid, a procedure that is relatively time-consuming. The use of hydrofluoric acid is dangerous, but necessary for dissolving the silicates present in the filter and in APM. Several elements form volatile fluorides that could be lost during sample preparation.1,3,8,9 Owing to these problems, instead of a total digestion, it is common in environmental analysis to use leaching with aqua regia, which does not allow the determination of the total content of an analyte in all situations. In addition, the resulting solution with a high concentration of dissolved solids can cause serious interferences in most of the atomic spectrometric techniques. This means that the solutions need to be highly diluted, which is often not possible in trace element determinations. Alternatively, the analyte has to be extracted, which is another time-consuming procedure, prone to analyte loss or sample contamination.8-11

  The slurry sampling technique is an attractive alternative for pretreatment of samples prior to determination of metals and metalloids in atmospheric aerosols (APM and coal fly ash) by spectroanalytical techniques.8,12-14 Carneiro et al.15 determined Sb, Ni and V in APM collected on quartz filters using electrothermal atomic absorption spectrometry (ET AAS). Spiking recoveries close to 100% were obtained for Ni and Sb using an external calibration technique. For V, a calibration curve was constructed employing a blank filter. Ferreira et al.16 and Macedo et al.17 also used slurry sampling for the determination and speciation of Sb and As in APM by hydride generation atomic absorption spectrometry (HG AAS).

  In recent years, several works have described the use of flame atomic absorption spectrometry (FAAS) as a multi-element technique for sequential determination of analytes in a variety of media.16-19 The main advantage of the sequential determination lies in the automated optimization of the experimental conditions and consequently the shorter time required for the analysis. The sequential mode of the instrument allows the measurement of the absorbance at a sequence of wavelengths, using a scanning monochromator and a software for changing the operational conditions in short time intervals. This technique is of relatively low cost compared to sequential determination using inductively coupled plasma optical emission spectrometry (ICP OES).18,20

  The aim of this study was to develop a fast, reliable and sensitive alternative to conventional methods for the determination of Cu and Fe in APM collected onto glass fiber filters, by combining the advantages of slurry sampling with those of fast sequential flame atomic absorption spectrometry (FS-FAAS), avoiding sample dissolution. To the best of our knowledge, this approach has not been used before for the analysis of APM.

   

  Experimental

  Instrumentation

  A Varian model SpectrAA 240FS (Mulgrave, Victoria, Australia) flame atomic absorption spectrometer with fast sequential module, equipped with a pneumatic nebulizer, having concentric tube with orifice diameter of 200 µm and nebulization spray chamber system was used for the analysis. A multi-element copper and iron hollow cathode lamp was operated under the conditions suggested by the manufacturer, applying a current of 10.0 mA. The most sensitive wavelengths for copper (324.8 nm) and iron (248.3 nm) were used, with bandwidths of 0.5 and 0.2 nm, respectively. The combustion mixture used was acetylene (flow rate of 2.0 L min-1) and air (flow rate of 13.5 L min-1), and the burner height was 13.5 mm (adjusted for copper). The nebulizer aspiration flow rate was kept in the range from 5.5 to 6.0 mL min-1. An ultrasonic bath with power of 264 W and frequency of 40 kHz (Unique, Indaiatuba, SP, Brazil) was used for the preparation of the slurry. The acid extraction of Cu and Fe was carried out in a microwave oven (model ETHOS-plus, Milestone, Sorisole, Italy).

  Reagents and solutions

  Analytical grade reagents were employed throughout. A solution 65% m m-1 nitric acid (Merck, Germany) was used. Deionized water (resistivity of 18.2 MΩ cm) was obtained from a Milli-Q system (Millipore, Bedford, MA, USA). 50.0 mg L-1 solutions of Cu or Fe in 0.5 mol L-1 HNO3 were prepared by diluting 1,000 mg L-1 stock metal solutions (Merck) in a 1% v v-1 nitric acid medium. Before use, all containers and glassware were soaked in 3.0 mol L-1 nitric acid for at least 24 h, rinsed three times with deionized water and dried in a dust-free environment.

  Sampling and sample preparation

  Six APM samples were collected on ash-free glass fiber filters (E55, 8 × 10 inch, Energética, Rio de Janeiro, RJ, Brazil) in Aracaju City (Sergipe State, Brazil), using a high-volume air sampler (Energética). The sampling flow rate used was 1,000 L min-1, and the total sampling time was around 24 h (approximately from noon to noon of consecutive days). The sampled air volume was about 1,440 m3. Each filter was placed in a clean polyethylene bag for transport and storage. The glass fiber filters were heated in a vacuum drying oven at 110-120 ºC for 2 h prior to use. The filters were weighed (after moisture equilibration) before and after sampling to determine the net mass of the particulates collected. During the 24 h equilibration period, the filters were conditioned at a controlled temperature with variation lower than ± 3 ºC, and constant relative humidity within a variation of ± 5%. After the final weighing, the exposed and blank filters were heated in a drying oven at 40-50 ºC for 2 h, prior to being ground for 15 min in a ball mill of agate (Retsch, Düsseldorf, Germany) to a particle size lower than 63 µm. After grinding, the powdered samples were stored in polyethylene tubes. After the grinding of each sample, the ball mill was decontaminated by filling it with 20 mL of 5% v v-1 nitric acid solution, and leaving for 24 h. An unused filter was used to check the decontamination procedure. The certified reference material (CRM) BCR (Bureau of Reference, Brussels, Belgium) fly ash (BCR 176R) was used to check the accuracy of the procedure.

  Slurry preparation

  The sample slurry was prepared by mixing approximately 50 mg of dry powdered glass fiber filter containing the collected APM with about 15 mL of a 0.5 mol L-1 nitric acid solution in a 25 mL volumetric flask. The flask was immersed in an ultrasonic bath for 10 min. The final volume was made up to 25 mL using 0.5 mol L-1 nitric acid solution. The slurry was pneumatically aspirated for the sequential determination of Cu and Fe by FS-FAAS. The blank was prepared in the same way as the sample, using a powdered unused filter, which contained Cu and Fe at concentrations lower than the limits of quantification.

  Microwave-assisted acid extraction and determination by ICP-MS

  The efficiency of the sample preparation procedure proposed in this work was checked by comparison of the results with data obtained using acid extraction in a microwave oven and analysis by inductively coupled plasma mass spectrometry (ICP-MS). An approximately 80 mg portion of the filter containing the collected APM was weighed directly into a polytetrafluoroethylene (PTFE) flask, to which was then added 4 mL of HNO3, 1.5 mL of HCl and 3 mL of H2O. The samples were subjected to microwave-assisted acid extraction using a model MLS 1200 MEGA digester (Milestone, Sorisole, Italy), with a program consisting of three steps: (step 1) hold time 5 min, temperature 25 to 85 ºC; (step 2) hold time 15 min, temperature 85 to 210 ºC; (step 3) hold time 25 min, temperature 210 ºC.

  After the extraction process, the solution containing particles that had not been decomposed was filtered through a cellulose acetate filter (Millipore, USA). The clear filtered solution was diluted to 30 mL with ultrapure water. Further dilution (3:10, v v-1) was necessary prior to the analysis. The concentration of63Cu and57Fe was determined by ICP-MS (Perkin-Elmer SCIEX, model ELAN 6000, Thornhill, Canada). Argon gas with a minimum purity of 99.996% was obtained from White Martins (São Paulo, SP, Brazil). The sample introduction system equipped with a cross flow nebulizer and a Scott spray chamber was used. The parameters of nebulizer gas flow rate and applied power were optimized to maximize the intensities of M+ ions and minimize the formation of oxide (Ce, CeO) and double positive charge (Ba2+). The used instrument conditions were: flow rate of 1.15 L min-1, radiofrequency applied power of 1.2 kW, autolens mode on, peak hopping measurement mode, dwell time of 25 ms, 50 sweeps by reading, 1 reading by replicate and 3 replicates. Platinum sampler and skimmer cones and an alumina injector of 1.5 mm i.d. were used. All samples were analyzed in triplicate. Marrero et al.21 observed a homogeneous pattern of deposition on the filter for almost all the elements studied, allowing the use of different portions of the same filter for the analyte quantification with adequate precision.

   

  Results and Discussion

  The optimization was performed using univariate methodology, involving the parameters: concentration of the nitric acid, sonication time and dry powdered sample mass. All experiments were performed using a final volume of 25 mL. Only major elements were determined (Cu and Fe), since the AAS technique, used in this work, is of relatively low sensitivity. Certainly, the optimized method could be applied to other analytes.

  Optimization of slurry preparation

  Nitric acid concentrations from 0.0 to 1.0 mol L-1 for the slurry preparation were evaluated in order to establish the best medium that would improve the extraction of the analytes. The results showed that maximum sensitivity was achieved at a concentration of 0.25 mol L-1 and remained constant up to 1.0 mol L-1 for both metals. Variation in the nitric acid concentration did not cause significant changes in the intensity of the Cu signal. For Fe, a slightly better signal intensity was obtained at a nitric acid concentration of 0.25 mol L-1. Interestingly, an absorbance signal in the absence of nitric acid for both elements was observed, but it was lower when nitric acid was used. A nitric acid concentration of 0.5 mol L-1 was used for the slurry preparation in all further experiments.

  The effect of sample amount was also studied. Slurries were prepared using approximately 25, 50, 75 and 100 mg of powdered glass fiber filters containing APM, with 0.5 mol L-1 nitric acid as diluent and a final volume of 25 mL. The integrated absorbance signal was linear in relation to the sample mass (R > 0.99). Slurry prepared with a small mass was not conducive to sample homogeneity, and may result in lower precision. The use of a high mass eliminated these problems, but increased the likelihood of blockage of the FAAS nebulizer system. The adopted mass of 50 mg was found to be adequate for the sequential measurements of the analytes.

  The effect of sonication time on the preparation of the slurries was studied in the range from 0 to 20 min, in a 5 min interval. In this range, there was no influence of sonication time on the intensity of the signal obtained for Cu; however, for Fe an increase in absorbance of about 40% was obtained for sonication periods > 5 min. For times exceeding 5 min, the absorbance values showed no significant differences (at a 95% confidence level). A more efficient extraction of Fe from APM was achieved using sonication, as found previously.22 In the absence of sonication, the solid particles of the slurry tend to agglomerate, decreasing slurry stability and/or causing possible blockage of the nebulizer system. With sonication, a better dispersion of the particles is easily seen, which decreases the possibility of blockage, as reported in the literature.13-17 A sonication time of 10 min was adopted.

  Using the above mentioned conditions, the extraction efficiency was studied by comparing the results for the sample slurry with those obtained for the liquid phase without slurry, after centrifugation at 4,000 rpm. For Cu, a recovery of 101 ± 9% was observed for the liquid phase, while for Fe the recovery was 90 ± 7%. These results demonstrate that extraction into the liquid phase of the slurry was practically complete for Cu, but probably partial for Fe, under the conditions employed. Filtration of the slurry prior to the analyte measurements was not used since it could be another source of sample contamination or analyte loss, especially considering the high amount of silica in the ground sample. In addition, for the sequential determination of both elements, the complete recovery required analysis of the slurry, and not the liquid phase.

  Calibration

  The calibrations curves were tested. The curve for the external calibration technique was prepared by dilution of the metal standard solution in a 0.5 mol L-1 nitric acid aqueous medium. The calibration curves for matrix matching technique were prepared using analyte additions in the presence of 50 mg of the unused filter, with and without APM, in a 0.5 mol L-1 nitric acid aqueous medium. All correlation coefficients were above 0.99. The equations of the calibration curves are presented in Table 1.

  
    

    [image: Table 1. Equations of the calibration]

  

  The slopes obtained for Cu were similar using either analyte addition or external calibration. However, for Fe, the slopes of the analyte addition curves, in the presence of loaded or unloaded filter, were about 25% lower than the slope of the external calibration curve, evidencing a matrix effect for Fe determination in the presence of the filter. For the sequential determination of Cu and Fe in filters loaded with APM, external calibration curves prepared in the presence of an unused filter were adopted, as a compromise condition. However, the determination of Cu could also be performed using external calibration with aqueous standard solutions without the filter.

  Figures of merit

  The figures of merit for the sequential determination of Cu and Fe in filters loaded with APM by slurry sampling using FS-FAAS are summarized in Table 2. A slurry of an unused filter without deposited APM was used as a blank to determine the limits of detection (LOD) and quantification (LOQ).23
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  For both analytes, the absorbance values were close to zero, indicating concentrations below LOQ (10s, n = 10). The LOD and LOQ values for Cu and Fe on the filter material were calculated based on the use of 50 mg of filter, dilution to 25 mL with 0.5 mol L-1 nitric acid and a 24 h sampling interval (corresponding to an average sampled air volume of 1,454 m3).

  The CRM fly ash (BCR 176R) was used to confirm the accuracy achieved using either slurry sampling or the microwave-assisted acid extraction method. The results obtained for the concentrations of Cu and Fe in the CRM, with confidence intervals (at the 95% level, n = 3), are shown in Table 3. The values obtained for Cu were in agreement with certified values, with recoveries of 82.3 ± 7.6 and 92.2 ± 0.4% using slurry sampling FS-FAAS and microwave-assisted acid extraction followed by ICP-MS, respectively, demonstrating the good accuracy of both methods. The recovery for Fe was 112 ± 14% using acid extraction in ICP-MS analysis. Unfortunately, it was not possible to determine the recovery for Fe using slurry sampling and FS-FAAS method due to the high Fe concentration in the sample, which made it impossible to weigh out a very small mass with adequate precision, while higher masses would cause an extrapolation of the maximum concentration of the linear part of the calibration curve.
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  Analytical application

  Six samples of APM collected on glass fiber filters in Aracaju City were analyzed by the proposed method (slurry sampling FS-FAAS), and the results were compared to those obtained by ICP-MS after microwave-assisted acid extraction (Table 4). Statistical comparison using the paired t-test at the 95% confidence level, with five degrees of freedom, showed no significant differences between Cu and Fe values obtained by the two methods (tcalculated for Cu = 2.13; tcalculated for Fe = 0.80; n = 6; df = 5; ttabulated = 2.57).
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  The concentrations ± confidence interval (at the 95% level) of Cu and Fe found in the APM samples were between 17.3 ± 3.2 and 153 ± 7 µg g-1 for Cu, and between 410 ± 35 and 656 ± 29 µg g-1 for Fe. The precision expressed as the relative standard deviation (RSD) was better than 7 and 8% (n = 3) for Cu and Fe, respectively. These values reflect the good sample homogeneity obtained after grinding the filter containing APM. This work proposes an alternative method, according to which APM is ground together with the filter, resulting in a more homogeneous sample, as can be confirmed by comparing RSD obtained by the proposed method with those obtained by acid extraction ICP-MS, as shown in Table 4.

  The filters were loaded with masses of APM between 80.7 and 111.4 mg, corresponding to 53.3 and 84.6 µg APM m-3 of air. The average concentration of APM in the urban area of Aracaju City was 68.3 µg m-3 (n = 6). The results obtained by the proposed method were re-calculated to express the concentrations of the analytes in the air, considering a mean air volume of 1,454 m3 sampled over 24 h. The concentrations obtained were between 32.4 ± 5.9 and 237 ± 11 ng m-3 for Cu, and between 470 ± 44 and 913 ± 44 ng m-3 for Fe. The average concentrations of Cu and Fe in air were 122 and 661 ng m-3, respectively. The results, expressed as average concentration ± confidence interval (at the 95% level, n = 3) are summarized in Table 5. The United States Occupational Safety and Health Administration (OSHA) exposure limits in air are 1.0 mg m-3 for soluble Fe salts (as Fe) and for Cu dusts and mists (as Cu).24,25 The concentrations measured in Aracaju City were below these maximum allowed limits.
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  The results can be compared with measurements in other urban areas. Levels of Cu and Fe in the Industrial District of Santa Cruz (Rio de Janeiro, Brazil) were higher than the average values found in Aracaju (Cu = 122 ng m-3 and Fe = 661 ng m-3) due to the many industrial activities around the sampling area. The average concentrations of Cu and Fe were 2.7 (335 ng m-3) and 58.8 (38903 ng m-3) times higher, respectively, than the values found for Aracaju.26 In La Plata City (Buenos Aires, Argentina), the concentration of Cu was 4.1 (29.5 ng m-3) times lower and of Fe was 1.8 (1183 ng m-3) times higher.27 In an open area called Porto de Aratu in Salvador City (Bahia, Brazil), a similar average value was found for Cu (121 ng m-3), while the average concentration of Fe (328 ng m-3) was twofold lower. Near an office building, the average concentrations of Cu and Fe in the air were 5.8 (21 ng m-3) and 2.9 (226 ng m-3) times lower, respectively, than found in the present work, demonstrating that the concentrations can vary depending on the activities around the sampling area.28

   

  Conclusions

  A slurry sampling method using FS-FAAS was developed for the sequential determination of Cu and Fe in powdered glass fiber filters containing samples of airborne particulate material. The proposed method is simple, fast and reliable, and is suitable for routine applications. The analytical features (precision, limits of detection and accuracy) indicate its efficiency. However, for Fe an unused filter should be used for external calibration to avoid non-spectral interferences. The calibration using powdered unused filter, required for Fe, is simpler and safer than the use of HF in a total digestion. Slurry sampling is environmentally friendly, and less subject to contamination or analyte loss, compared to conventional sample digestion. Average concentrations of Cu and Fe in airborne particulate matter collected in Aracaju City were below the maximum allowed limit values set by OSHA.
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fable 3 Determination of phioroglucinol in environmental water samples by GU/Fe(OH)/GCE

Sumple  Added/(omolL")  Amount found*/(namol L) Relative eror/ % RSD*/ % Recovery /%
1 1000 965 30 335 %5
2 2000 1934 365 321 9.7
3 3000 3123 108 268 1041
s 1000 416 238 359 1029
5 5000 5233 203 191 1047

*Average value of five measurements: relative standard deviation for the proposed method (0= 5).
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Figure S8. "C NMR spectrum of methyl 3-(2-amino-6-triftuoromethylpyrimidin-4-yl)propancate in CDCl,.
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Figure 7. DPV curves obtained at GO/Fe(OH),/GCE in 0.1 mol L
PBS (pH 7.0) containing different concentrations of phloroglucinol (a-k:
5.00, 7.00, 10,00, 14,00, 18.00, 28.00, 32.00, 40.00, 50.00, 75.00 and
100.00 nmol L. Operation conditions of amlitude 0.05 V. pulse width
of 0.05 s, pulse period of 0.2, accumulation conditions of 90 a open-
circuit potential. Inset: calibration curve.
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Figure 9. 'H NMR spectrum of methyl 3-[6-trifluoromethyl-2-(1H-pyrazol-1-yl)-pyrimidin-4-yl]propanoate in CDCI,.
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Figure . (A) CV curves of 0.1 ymol L phloroglucinol at GO/Fe(OH)/GCE
under different pH (a-g:4.0,5.0,6.0, 70,75, 8.5 and 9.0), and (B) effct
of pH on the oxidation potential.
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Figure S7. 'H NMR spectrum of methyl 3-(2-amino-6-trifluoromethylpyrimidin4-yl)propancate in CDCl,.
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Scheme 1. The proposed reaction mechanisms of phloroglucinol at
GO/Fe(OH)/GCE.
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Figure $12. °C NMR spectrum of methyl 3-{6-tifluoromethyl-2-(1H-pyrazol-1-y1)-pyrimidin-4-yllpropanoate in CDCL, expanded between 105-165 pprm
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Figure 3.CV curves of bare GCE (a), Fe(OH)/GCE (b), GO/GCE (¢) and

GO/Fe(OH),/GCE (d) in the presence and absence (inset) of 0.1 umol L

phloroglucinol in 0.1 mol L- PBS with scan rate of 0.1 V s and pH of 7.0.





OPS/images/a09img16.png
L ,.u.ﬂ

o H

L S A

Figure S13. 'H NMR spectrum of methyl 3-(2-oxo-4-trichloromethylpyrimidin-6-y)propanoate in DMSO.
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Figure 2. CV (A) and EIS (B) curves of bare GCE (a), Fe(OH),/GCE (b),
GO/GCE (¢) and GO/Fe(OH)JGCE (d) in 0.1 mol L KCI solution
containing 5.0 mmol L [Fe(CN), [ The scan rae of CV was 0.1 V 5™,
the amplitude of EIS was S m with frequency range from 10° o 0.1 Hz
at open.-circuit potential.
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Figure $10. 'H NMR spectrum of methyl 3-{6-trifluoromethyl.2-(1H-pyrazol- 1-y1)-pyrimidin-4-yllpropanoate in CDCL,, expanded between 6.3-.8 ppm.
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Figure 5. CV curves of 0.1 pmol L phloroglucinol at GO/Fe(OH)JGCE
with different scan rates in 0.1 mol L™ PBS of pH 7.0 and the plot for the
linear relationship of (A) i s. v and (B) E,, vs. In v shown inthe inset.
Curves (a-h) are obiained a 0.02, 0.04, 0.08, 0.10, 0.12, 0.16, 0.20 and
024V s, respectively.
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Figure S11. °C NMR spectrum of methyl 3-[6-trifluoromethyl-2-(1 H-pyrazol-1-yl)-pyrimidin-4-yl]propanoate in CDCL,.
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Figure 4. (A): lot of Q vs.t curves for GCE (x) and GO/Fe(OH),/GCE (b) in 0.1 mmol L™ K,[Fe(CN,J, (B): plot of Q vs. 1 curves for the GCE () and
GOIFe(OH)/GCE (b)in 0.1 manol L™ K,[Fe(CN),J, (C): plot of Q vs.  curves for GO/Fe(OH)JGCE in 0.1 mol L™ PBS (pH 7.0) in absence of (a)and in

presence of (b) 0.1 mmol L™ phloroglucinol, (D): plot of Q vs. * curve for GO/Fe(OH)/GCE in presence of 0.1 mmol L phloroglucinol (background
subtracted). Operation conditions: pulse range of —1.0 vs. +1.0V and pulse width of 0.25 .
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Figure S16. °C NMR spectrum of methyl 3-(2-thiomethyl-6-trchloromethylpyrimidin-4-yDpropanate in CDCl,
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Figure S14. °C NMR spectrum of 3-(2-oxo-4-trichloromethylpyrimidin-6-yl)propanoate in CDCl,.
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Figure S15. 'H NMR spectrum of methyl 3(2-thiomethyl-6-trichloromethylpyrimidin-4-yl)propanoate in CDCI,.
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Figure 9. Mapping of the surface-binding and binding efficiency indices
for 21 compounds including its natural ligand testosterone and wild
type AR (PDB_ID: 2q7i). DDT derivatives spots are denoted such as
(@) testosterone, (b) 0,p"DDT, (¢) p,p"DDT and (d) pp"-DDE.
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Figure 2. TG and DTG curves of (a) lamivudine and (b) efavirenz.
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Figure 3. DSC curves of (a)efavirensz, (b) lamivudine and (¢) mixture.
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‘Table S1. Docking affiities (kcal mol) for DD and related compounds, optimized by MM, binding 1o insulin pathway proteins.
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Figure 1. Structures of (a) lamivudine and (b) efavirenz.
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Figure 6. ssNMR spectraof () lamivudine, (b) efavirenz and (c) mixture.
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Figure 4. TOA images at 100x magnifcation of (a) efavirenz, (b) lamivudine and (c) mixture. Three images in different temperatures were shown for
cach pure drug and six for the

mixture.
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Figure 5. FTIR spectra of (a) lamivudine, (b) efavirenz and (c) mixture.
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‘Figure 8. Spectra region amplifcation of @ lamivudine, (b) efavirenz and
(c) mixture, showing the changes in chemical shifts when drugs are mixed.
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‘Scheme 1. Conditions for [3+3] cyclocondensation: (i) NH,CONH,, MeOH, reflux, 20 s (i) NH,C(R)=NH, MeOH:NaOH 1 M (1:1), 25 °C, 4 h.
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Figure S1. 'H NMR spectrum of methyl 3-(6-trifluoromethyl-2-phenylpyrimidin-4-ylpropanoate in CDCI,.
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Figure $2.'H NMR spectrum of methy! 3-(6-trifluoromethyl.2-phenylpyrimidin-4-yl)propanoate in CDCL, expanded between 2.5-8.8 ppm.
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‘Scheme 2. Conditions for [3+3] cyclocondensation: (i) 3-amino-S-methyl-1H-pyrazol, AcOH, 118 °C, 16 h; (ii) 2-aminothiazole, EtOH, 78 °C, 2 h.
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‘Scheme 3. Conditions for hydrazide synthesis: (i) NHZNH2.H20, EtOH, 78 °C, 2 h.
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Figure §5. HETCOR spectrum of methyl 3-(6-trifluoromethyl-2-phenylpyrimidin-4-yDpropanoate in CDCI,.
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Figure $6. COLOQ spectrum of meihyl 3-(6-riflvoromethyl-2-phenylpyrimidin-4-yDpropanoate in CDCl,.
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Figure §3. “C NMR spectrum of methyl 3-(6-trifluoromethyl-2-phenylpyrimidin-4-yDpropanoate in CDCI,.
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Figure $4. C NMR spectrum of methyl 3-(6-trifluoromethyl-2-phenylpyrimidin-4-yDpropanoate in CDCL,, expanded between 110-180 ppm.
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Figre 2. Time-resolved emission specira of tris-, bis- and mono-
dibenzoylmethanate recorded a 77 K. under excitation at 370 nm with a
delay time o7 0.100 ms: (2 [GDBM)(TPPO),] and [GA(DBMD,(NO,)
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Figure 1. Steady state emission spectra of the tris-, bis- and mono-
dibenzoylmethanate recorded at 77 K under excitation at 370 am:
(a) [GA(DBM),(TPPO),] and [Gd(DBM),(NO,)(TPPO),], and
(b) [GA(DBM),(HMPA), . [GA(DBM),(NO,XHMPA),] and [GA(DBM)
(NO,).(HMPA).].
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Concentration 1, Volumeof Extraction Paritin

Runork GO, P ipropanol efciency /% _coeffcient
T T 0 1 %8 1l
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Figure 1. HPLC chromatograms with UV detecton after ATPS extraction, a sample o pork (x), beef (b, chicken(c) and ish(d) added with 128 ng mL* CAM.
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Figure 3. Excitation spectraofti-,bis- and mono-dibenzoyImethanate
recorded at 77 K under excitaionat 45 am: () To(DBM),(TPPO) and
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‘Figure $3. HNMR (250 MHz, CDCL,) spectrum of BBCOB41.
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Table 1. Extraction efficiency and partition coefficient of CAM in
different ATPSs.

salt Organic solvent d‘;:f;j“% Deition
(NH)CHO,  nepropanol 9134 7383
isopropanol 8801 5323
ethanol 7874 5680
KCHO, n-propanol 9607 15404
isopropanol 953 8726
ethanol 9152 77
(NH)CHO,  nepropancl 7062 263
isopropanol 6940 3876
ethanol - -
KCHO, n-propanol 8801 5323
isopropanol 809 344
ethanol 8254 3695

SATPS couldn’t form or salting-out.
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Figure $6. Chromatographic profile of BBCOBA!.
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Figure 1. 2D chemical structures of (A) mp'-DDD, (B) mp'-DDT, (€) 00-DDT, (D) 0,5'-DDD, (E) 0,5’ DDE, (F) 0,5’ DD, (G) pp'-DDD,
(H) pp'™-DDE and (1) p™-DDT.
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Figure $4. Chromatographic profile of BB.
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Figure S5. Chromatographic profile of COB.
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Figure S15. gNOESY spectrum (CD.0D) of compound 1.
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Figure 3. Amount of absorbed artificial saliva as function of immersion
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Figure S14. HRESI-MS (+ve) data of compound 1.
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Table 1. Amounts of eluted monomers from copolymers TB7030. TB5050 and TB3070 photocured for 60 and 100 s
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Figure S17. Cytotoxic activity (HeLa) of compound 1.
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Figure 5. Saliva sbsorption, TEGDMA elution and degree of conversion
of TD copolymers obtained by photopolymerization.
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Figure $16. Cytotoxic activity (PC-3) of compound 1.
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Table S1. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A* x 10°) for compound 1

X Y x Ule)
cy 1657d) 1996) 8363(1) 380
o) 9176) -2756) 7863(1) 531
ca) 16594) 533) 7700 48a1)
c) 20484) 8553 7276(1) asa1)
cs) 38534) 155403) 7678(1) a1y
c®) S8644) 16803) 7555(1) a71)
c 688904) 21623) 8083(1) 43a1)
c®) 66244) 13670) 8623(1) a1y
co) 4658(4) 12216) 8806(1) a00)
cao) 36234) 7146) 8250(1) 3801)
can 46874) 2403) 9279(1) 5a1)
ca2) 5795(5) 5763) 9814(1) sy
ca3) 77624) 17390) 91420) a71)
cad) 618065) 4450) 10216(1) so1)
cas) 65819) -1607(4) 10030) 1132
cie) 635507) -1458(5) 110520) 1)
can 6206(6) 4116) 1083602) 11
cas) 388405) 239803) %07302) sy
ca9) 2998(5) 2373) 769402) 611
cen 3440(5) 1330) 6550(1) sy
cen 37267) 21 S586(1) 7
o(12) 749903) 151 9657(1) 631)
o(1s) 67878) -27904) 105820) 100)
0020) 3797(5) 21232) 6360(1) 8
oen 3400 1472) e2121) 6
o(13) 895003) u632) 917D s

U (eq) is defined as one third of the trace of the orthogonalized UY tensor.
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Table 3. 1C,, values in pmol L+ of HL1-HL3, 1a-3a and 1b-3b, after 72 hincubation

Compound MDAMB-435 HL60 HCTS 205

HLL S S 120021577 90771197
H2 s 190326¢ 16013197 LI0-13r
HL3 2361922867 382853 1704197 1702197
1a 19779256 71 G8179r 2000702497 174039219
N 645178 57G3102¢ 150011338 790187
3 9074-1L1r 125051667 159(140-182¢ 118(100-140¢
1 2708595 ND. 205(177.237) 174012025
» 8874103 ND. 103 (64-165) 666.1-138)
» 556.062) 60481 92076111 10603-121)
Cisplatia 153013207 2862133908 123031677 2671734108
Doxorubicin 086 062127 004 0020047 007005009 007005009

“data from ref 24, N.D. = not determined. Data are presented with 95% of confidence interval for MDA-MB-435 (melanoma). HL-60 (promyclocytic
leukaemia), HCT-8 (colonrectal adenocarcinoma) and SF-295 (glioblastoma). Doxorubicin hydrochloride was used as a positive control. Experiments

‘were performed in triplicate.
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Figure 2. Perspective view of the X-ray structures of compounds 1 (a) and 4 (b).
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Figure 3. Cyclic voltzmmograms obtained with a glassy carbon electrode
(3 mm)in 0.1 mol L n-BuNCIO/MeCN of HLI-HL3 + 1.6 equivalent
0,02 mol L NaOH,, (400 uL of water) (2, 1b-3b + 400 L of water (b).
‘The potential scan Wwas initiated in the cathodic direction. The cathodic
(He and ITle) and anodic (Ha) peaks are indicated.
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Figure S1. Infrared spectrum (KBr disks) of compound 1.
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Figure S2. ESI-MS (positive mode) spectrum of 2b.
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Table S2. Bond lengths (A) and angles (degree) for compound 1
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Figure S1. ESI-MS (positive mode) spectrum of 1b.
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‘Table 2. Binding residues and type of interactions observed for proteins with high docking affinity values for DDT and its derivative compounds. Yellow
elements are those that partcipate in hydrophobic interactions. Aromaiic interaction clements are represented with violet
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Aable 1. Crystal data and structure refinement of compounds 1 and 4

T )
Empiical formula IO, IO,
Formala weight 35842 342
Temperature /K 0 230
Wavelength /A 071069 071069

Crysal system ontborhombic moncinic
Space gmoup »22, »,

Unit el dimensions

alA 7.536(1) 9.1547(8)

bIA 11.0432) 11.1602)

clA 22576(3) 9.2186(4)

B degree 99,1095
Volume / A 1878.8(5) 929.9(2)

z 4 2

Density (cal) /(g m”) 1267 1337

w/mm 0089 0097

F000) 768 a0

Crysal sie / mn 050x033x0.13 050%026%020
Theta range / degree 180102597 224102697
Index ranges 9shs3-3sks3-275120 lizh<ll-l4zksS,
Refiections collected 305 S04
Independent reflections 2129 [Rein) = 0.0247] 2141 [RGn0) = 0.0201]
Refnement method Full-mati least-squares on F* Full-mati lesst-squares on F*
Data/ restraints/ parameters 229101239 241117267
Goodness-offiton F 1033 1023

Final R indices [ > 2sigma()]. RI = 00409, wR2=0.0997 RIZ00348, wR2 200893
Rindices (alldata) RI=00806, wR2=0.1156 RI=00498, wR2 =0.0967
Exincion oefficent 0004(1)

Largest diff. peak and hole / (e A%) 0,153 and 0,197 0.191 and 0,153






OPS/images/a23img04.png
Cument /A

)

I

Y

a0 Platinum(I) complexes in MeCN:
[PHLICL T
—— (L 20
0. e L 3

225 20 175 150 35 00 075 950 435 000 035

of®

e

I~

Tile  Plataum(1V) complexes
inMeCN:
[PUHLICLOH)) T
P2 OR) 2
LI OR)) 3

0.
25 2w 75 0 3 S 075 050 435 00 03

Poteaia /¥ v Fet [t

Figure 2. Cyclic voltammograms of 1a-3a (x) and 1b-3b (b) obtzined
with a lassy carbon electrode (3 mm)in 0.1 mol L n-BuNCIO/MeCN.

The
(e,

‘potential scan was initated in the cathodic direction. The cathodic
16, He and ITke) and anodic (Ia, Ia” and Tla) peaks are indicated.
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Figure 3. (A) Docking of Rac-alpha Ser/The-protein kinase-glycogen synthase kinase-3 beta (AKT-1) with DDT and ts derivatives. Tridimensional view
of the complex formed by AKT-1 with (B) m,p’-DDT, (C) m,p'-DDD, (D) 0,p"-DDE. (E) p,p"-DDD and (F) p,p"-DDE.
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‘Table 1. Electrochemical data obtained for 1a-3a, 1b-3b and cis,cis,trans-[PUNH,),CL(OH),] (A) at a scan rate of 100 mV s~ in MeCN + 0.1 mol L
n-BuNCIO, 2125 °C

o Compound
1 2 B b 2 3 A
Ep. 067 067 069 - - -
Ep, 030 031 025 - - N
Ep. broad broad broad - - -
Ep. 0% 0% 096 - - -
Ep 158 158 158 165 166 165 -
Ep 136 136 137 147 151 149 -
Epu - - - -L1s L8 118 160
ABp, 037 037 044 - - -
Ap, - - - - - -
Ap, 02 [ 021 o8 o015 016 B

Data from voltammetric experiments in a cathodic scan; potential values are reported vs. FeH/FcH.
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Figure 1. Diterpenes isolated from Croton urucurana.
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‘Table 2. Electrochemical data for HL1-HL3 (), L1~L3" (HLI-HL3 + 16 equivalent of aqueous NaOH 0.02 mol L) (b) and 1h-3b in the presence of
water (0, obained in MeCN + 0.1 mol L 1-BuNCIO, at ascan rat of 100 mV s-,a 25 °C.

. Compound
HL1S HL2Y HL3" L 2% e ho 205 300
Ep, EE) R -2 - - - - N B
Ep,. -178 181 181 145 146 145 136 -139 -140
Ep, 095 09 099 - - - - - -
Ep, 166 168 168 131 RE) -3 -1z BEY -124
Epu - - - - - - broad - -109
Alp, 021 028 o - - - - - -
Ap, 012 013 013 014 014 012 010 013 015

Data from voltammetric experiments in a cathodic scan; potential values are reported vs. FeH/FcH.
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Figure 2. Signal transduction system rlated 1 insulin receptor acivaion. Protci i yellow boses correspondto those it the greaest theoreical affnity
scores for DD and ts derivatives (adapted from refence 39).
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fable 2. NMR data for compounds 1 and 4
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‘Scheme 2. Possible path for the redox processes of [PUHL1-3)CL(OH),] (R' = n-Bu, 1b; n-heptyl, 2b; n-decyl) and proposed intramolecular hydrogen
bond interaction in 1b-3b.
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Figure 6. Docking of PDE10A with p.p'-DDE. (A) Tridimensional view and (B) interactions of the complex formed by PDEIOA with p,p’-DDE.
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Table 3. Affinity scores (keal mol™) of the refinement docking experiments
for of DDT and related compound binding to insulin pathway proins
that presented the best affinity scores with AutoDock Vina

Proteinname  PDB_ID  Compound  Affnity / (keal mol ")

AKTL equ mpDDT 86206
mp-DDD. 85210
o0p’-DDE 95200
pp-DDD 84208
p'-DDE 89200
CIFIE Ivkw  0p-DDD 8200
o0’-DDT 86200
o0"-DDE 84200
mp-DDT 85200
pp-DDD 84201
po-DDT 86201
mp-DDD. 1901
p2'-DDE 83201
KA 2qes poDDT 83201
mp-DDD. 88201
Ppp-DDD 83201
PDEIOA 2wy  pp-DDE 86201
pp-DDD 82200
AMPK. g mp-DDD 80200
o0-DDE 82200
GSK3B. 1ws p#'-DDE 83200
PBKpIO ey p#'-DDE 81200
PKCB Ixjd p#'-DDE 81201
socs3 hwh  mp-DDT 80200

SGK. 3hdn p'-DDE 81200
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Figure 4. Docking of elF4E with DDT and its derivatives. (A) Tridimensional view of the complex formed by elF4E with (B) 0,p"-DDT, (C) 0" DDE,
(D) mp™-DDT. (E) pp’-DDD and (F) p.p’-DDT.
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Figure 5. Docking of eukaryolic translation iitiation PKA with m.p-DDD. (A) Tridimensional view and () interactions of the complex formed by PKA
with mp*-DDD.






OPS/images/a12img06.png
®)

™ /V’N V‘_\\‘l i mﬁ\r”f” w‘

(To(DBMINO,),(HMPAL] l H ‘
il

T
roosmmo PRy | q

'f Tt
omicra IM s
4000 3600 3000 2500 2000 1500 1000 500 4000 3500 3000 | 2500 2000 1500 1000 500
Wavenumber / om™ Wavenumber / cm”
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Scheme 1. Synthesis of Mannich base-platinum(IV) complexes 1b-3b.
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Figure 5. Partial encrgy level diagram presenting excited
riplet (T,) states of the DBM ligand in the Gd*-complexes
(a: [Gd(DBM),(TPPO).], b: [Gd(DBM).(NO,)(TPPO).],
¢: [GA(DBM),(HMPA).I, d: [Gd(DBM),(NO,)(HMPA),] and
e: [GA(DBM)(NO,),(HMPA),]) and the energy levels of the Tb* ion.
The singlet ground states are represented by S,.
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‘Table 3. Analysis results (n = 3) for CAM in livestock meat samples.
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Figure 1. Raman spectra of the complexes 2a and 2b.
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Figure S5. Middle (2) and far-IR (b) spectra of 1h.
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Figure $9. HMQC bidimensional spectrum (400 MHz, CDCL.) of compound 4.
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Figure 1. Cyclic voltammograms of 1a obtained with a glassy carbon

electrode (3mm)in.1 mol L-*n-BuNCIO,/CH,CN at differentscan rtes.

‘The potential scan was iniiated in the cathodic direction. The cathodic

(le. e and Tle) and anodic (Ia, Ta’ and Tla) peaks are indicaed.






OPS/images/a13img15.png
Figure S8. "C NMR DEPT spectrum (100 MHz, CDCL) of compound 4.
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Figure $10. Cyclic voltammogram of is cis trans-[PUNH,),CL(OH),| A
in0.1 mol L n-Bu,C10,/MeCN obtained at 0.1 V s with a gassy carbon
electrode, the potentials being referred to the FeH-/FcH.
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Figure S11. "H-"H COSY spectrum (400 MHz. CDCL) of compound 4.
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Figure $13. Cyclic voltammograms of 3a obtained with a glassy carbon
electrode (3mm)in .1 mol L-*n-BuNCIO,/CH,CN at differentscan rtes.
‘The potential scan was iniiated in the cathodic direction. The cathodic
(e, Te” and T1e) and anodic (Ta, Ta’ and Ita) peaks are indicated.
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Figure $10. HMBC bidimensional spectrum (400 MHz, CDCL) of compound 4.
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Figure $12. Cyclic voltammograms of 2a oblained with a glassy carbon
electrode (3mm)in 0.1 mol L n-BuNCIO JCH.CN at different scan ates.
The poteniial scan was initiated in the cathodic diection. The cathodic
(Ic,Te’ and Tle) and anodic (Ia, Ta” and Tla) peaks are indicated.
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Figure 7. Middle (2) and farIR (b) spectra of 3b.
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Table 3. Effect of the sodium hypochlorite concentration

Hypochlorite Absorbanc
iy

‘Allantoin solution
solution / % (v/¥) Blank solution

soluior (160 ymol L)

s 01182200015 02956200163
10 0133420003 0562420052
is 0195200031 04872200178

Results are average of 5 consecutive measurements.
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C(y-c(i0)
c-ca)
ca-ca)
CO-00)
Co-Ci)
ca-cas)
c-cs)
CE)-C6)
Cs)-C(19)
Cs)-C(10)
c©-cn)
C-cE)
c®-cin
C®)-CO)
co-cin
CO-C0)
CO-C(10)
cancaz)
C(12-0012)
c2-Ca3)
ca3-Ce)
C3C(14)
Ca4)C1s)
C(15)016)
C(16)-0(16)
can-onmn
camn-0012)
Ca18)-0(18)
cas-021)
canoen
C0-C(1-C)
COMCRLC)
03)-CEMCR)
0B)-COMCE)
CRMCELCE)
CU8-CA-CR)
CU8-CA-C)
CO)-CALC)
C6)-C51C19)

15313)
153204)
149804)
12083)
15314)
15234)
1.56603)
15353)
15433)
15693)
1.5264)
15174)
1513)
15473)
15383)
1563)
15573)
15233)
14673)
149804)
13524)
14340
1336(6)
1365(5)
13693)
12083)
13513)
1.19504)
134400
14503)
11302)
113602)
12332)
1210)
114602)
10967(19)
11632)
109802)
10972)

CO-CE-Ci)
C19-C51C)
CO-CE-C10)
C(19-C(51C(10)
C@-Cs-Ci0
CO-CE-CH)
CEHCTCE)
CaT-CEH-Cm
CATLCEHCO)
CO-CE-CO)
CU1-CO-C0)
CANLOCE)
COLCOCE)
€10
C0-COC(10)
CE-COMC0)
C-CA0-CO)
C-CA0CS)
CO-CU0CE)
2L
0(121C12-C013)
0a21Ca2-C011)
cusrci-can
CU16-C(13)-C(14)
C(16-C(13)-C(12)
C14-C13)C012)
CUIS-C(14-C013)
CU14-C(15)-0(16)
CU3-C(16)-0(16)
0(7-CA7-0012)
0UTCUTCE)
0(12-C7-CE)
0381181001
0(8-C18-C)
0QD-CU8-CE)
CU7-0(12)-C012)
C(15-0(16-C(16)
casLoI-cen

10901(19)
10933(18)
109.69(17)
1395(19)
10499(18)
11342)
10932)
129)
111.0708)
113.16(19)
109602)
10403(18)
142
10849(18)
1409(19)
10870(17)
1359(18)
11040017)
1672017)
13202)
10692)
1552)
1312
10500)
12272)
12716)
1063803)
11403
113
e
12480)
1752)
12276)
12760)
10972)
12283(19)
105163)
1676)

Symmetry transformations used to generate equivalent atoms.
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Figure S6. Middle (2) and farIR (b) spectra of 2b.
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Figure S7. "C NMR spectrum (100 MHz, CDCL) of compound 4.
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Figure $9. Raman spectrum of 3b.
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Figure S8, Raman spectrum of 2b
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‘Table 5. Effect of the reaction coil length

Coil length / Signals/ ratio
em Blank solution _ Alantoin solution® __(A1/BI®
50 00980003 040720018 g
100 00520003 058520032 1134
150 00520003 063320015 1219
250 00550002 07110011 1295
350 00550003 075020033 1360
400 00580002 062320020 1081

*Alantoin standard solution 200 pmol L~ "Ration of signals between
Alantoin and Blanck solutions. Results are average of 3 consecutive

measurements
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‘Table 6. Removal of interfering compounds

Proposed procedure Reference method

Sample. Unireated Treated Unireated Treated
Removal / (ymol L)

Al 1322248 T4z16 77291 715269

8 1158266 652211 6572105 647263

A 155512 556215 553263 567278

At 110315 749227 720+ 100 732281

Results are average of 5 consecutive measurements.
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Figure 3. Effect of the phenol concentration. Blaak solution (a);
160 pmol L ofallantoin standard solution (b). Results are average of 5
consecutive measurements.
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Table 4. Effect of the phenol solution volume

Phenol solution / pL. “Absorbance
Siug. Total Blank Alanioin
volume _ volume solution solution*
33 1452 006520001 064720028
99 1485 005720002 06250020
132 1455 006420015 041420024

*Alantoin standard solution 200 pmol L1 Resulis average of S consecuive
measurements. The slug volumes of alantoin standard solution and
‘hypochlorite solution both were maintained at 13.2 uL.
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‘Table 9. Result comparison. Determination of Allantoin in soybean
dssues

procedure Reference method”

Sample (=3 (=2
ol of A-Ureide.
N 67552002 8222028
n 2722003 27582050
A 24552005 25092055
A 15392025 15112061
A 3972012 32412088
A6 59642036 50902271
A1 13842026 13412059
A8 13202 47052090
A9 45122100 4422067
Al0 30092052 20452028
Al 40762010 4069072
A 72002024 72652055
Al 471522049 4412088
Al 40742010 40552155

Results corresponding by gram of dry material,
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Figure 83. C NMR spectrum (100 MHz. CDCL) of compound 1.
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Figure 4. Far-IR (top) and Raman (bottom) spectra of HL2.
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‘Table 7. Experimental variables

Parameter Range assayed Selected value
Phenol solution concentration/ (mol L) 016064 038
Hypochlorite soluton concenteation /% 515 10
Sodium hydroxide concentraton in hypochlorte solution / (mol L) 005.030 ois
‘Sodium hydroxide concentation n phenol solution / (mol L) 005-1.00 030
Phenol soution shug volume /L. 66132 99

Length of reaction coil / cm 50-400 250
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“Table 8. Performance comparison

Parameter ropnes Reforece’
Lincarrange / (umol L) 30260 B
Linear coeffcient /¢ 09995 -
Relatve stundard deviation /%~ <3(@=15) -
Limit of detetion / (umol L 10 -
Phenol consumpion / mg® 68 29
Hypochlorite consumplion  mg® 030 043
Phibalat consumption/ mg> 86 100
Waste generaton /mL 33 108
‘Sampling throughput /1t 3 3

“Limit of deecton estimated according 1o the 30 criterion ™ The
Iabes indicate consumpion and wase geneaton pe delenmiation,
repectively.
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Figure S4. "C NMR DEPT spectrum (100 MHz, CDCL) of compound 1.
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Table 1. Composition of babassu and castor oil atty acids

it Composition %
Babassu ol Castoroil’
Capilic 50 -
Capric 60 -
Lauric 40 -
Miristic 0 -
Pamitic 80 07
Stearic 45 09
Oteic 130 28
Linoleic 20 44
Ricinoleic - %02
Licosanoic - 03
Diidroxiesiaric - 05
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Figure 6. TOF-PSID normalized spectra of PT films for different
thicknesses at the S K-edge resonance (2472.6 V).
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Figure 5. S K-edge NEXAFS spectra of PT films with different
ok
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Aable 1 Comparison of the major charactenstics of the different methods used in the determination of phloroglucinol

Corelation
Analytical method. Lincarrange  Limitof detection  SoT%  Recovery /% Reference
Liquid chromatography tandem mass spectrometry - 05pgL - 996102 4
Hlectrochemical determination 09-3000pmol L' 025 pmol L 0.999 975103 8
Kineti spectroflurometric method 0.8-800 g L 04ppL 0.9992 - E
Chemiluminescence method 062310pmol L1 0.19 pmol L 0.9995 - E
Chemiluminescence of Ce(IV)Tween 20 03762pmol L' 03 pmol L 0.9960 - 0
Electrochemical sensor 0.005.0.1 pmol L' 0.00345 pmol L' 09983 9651047 this work
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Figure 2. ESID spectra of PT films oblained for positive extraction
potential of +500 V and different nominal electron energies (E.).
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Figure 1. Diffratograms of (@) SICO,, (b) [SICO, + 10 + St(OH) | and
(©) SOXH,0.
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Figure 1. ESID spectrum of PT films obtained for positive extraction
potential of +1200 V and nominal electron energy of S00 eV, totlling a
final energy of +1700 eV. The inset shows atomic sulphur desorptions.
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Figure 4. Relative desorption ion yield curves as a function of the clectron
energy for selected jons in PT film using an extraction potential of +1200 V.
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Figure 3. Relative desorptionion yield curves as a function of the clectron
energy for selected ions in PT film sing an extraction potential of +500V.
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Figure 3. Viscosity of (a) BB and (b) COB.
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Figure 4. Chemical structure of the ricinoleic acid.
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‘Table 2. BET specifc area, pore volume and pore size:

Sample Specifc surtace area/ (nég")____Pore volume / cr’g") Pore size /A Pore width
50, 2029 0004 563 mesopore
S1C0, + $10 + SrOH)] 20308 0003176 5208 mesopore
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Figure 6. Conversion rates NMR versus GC.
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Figure $13. HRMS for the compound 4.
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Figure 7. Reusability of catalyst on biodiesel conversion.
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Figure S12. Gas chromatography of compound 4.
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Figure $14. Cyclic voltammograms of 1h obtained with  glassy carbon
electrode (3mm)in 0.1 mol L-*n-BuNCIOJCH,CN at different scan rates.
‘The potential scan was iniiated in the cathodic direction. The cathodic
(He and Til) and anodic (ITa) peaks are indicated.
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Figure 5. Viscosity of BBCO.
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Table 3. Physicochemical characterization of BB, COB and BBCO41
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Figure 1. Schematic diagram of the reactor system.
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Figure $28. “C NMR spectrum of 3-(2-amino-6-triflsoromethy lpyrimidin-4&-yDpropanchydrazide in DMSO.
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Figure 3. Schematic representation of photocurent generation from the
microscopic (a) and macroscopic (b) views.
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Figure $27. 'H NMR spectrum of 3-(2-amino-6-tifluoromethylpyrimidin4-y )propanehydrazide in DMSO.
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Figure S1. 'H NMR (300 MHz, CDCL,) spectrum of compound 1.
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Figure S23. °C NMR spectrum of methyl 3-(2-methyl.T-trifluoromethylpyrazolo[ 1.5-alpyrimidin-5-ylpropanoate in CDCI,.
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Figure 8. Chronoamperometric esponses of the glassy carbon electrode
modified with 2 mixed film of ruthenium-based hexacyanoferrate
in Britton-Robinson buffer solution at pH 1.5 at different ethanol
concentrations. Inset figure: Plot of I vs. [ethanol].
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Figure S2. C NMR (75 MHz, CDCL) spectrum of compound 1.
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Figure $22. "H NMR spectrum of methyl 3-(2-methyl- T-richloromethylpyrazolo] 15-alpyrimidin-5-y propancate in CDCI,.
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Figure 7. Nyquistplots for ethanol oxidation on glassy carbon electrode
modified with a mixed film of ruthenium-based hexacyanoferrate in
Briton-Robinson buffer solution at pH 1. with different concentrations
of ethanol: (2) 0.1, (b) 0.5 and (¢) 1.0 mol L at applied potential
0.98V vs. AglAeCIKCL .
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Figure S25. °C NMR spectrum of 3-(2-phenyl-6-trifluoromethylpyrimidin-4-ylpropanehydrazide in CDC,.
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Figure 3. Selected NOESY correlations of 2.
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Figure 24, 'H NMR spectrum of 3-(2-phenyl-6-trifluoromethylpyrimidin-4-ylpropanchydrazide in CDCI,.
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Aable 1. Dependence of the electrocatalytic anodic peak current and the
current function (1, v*) on the scan rate for ethanol oxidation
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Figure $5. "C NMR (75 MHz, CDCL,) spectrum of compound 2.
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Figure $19. 'H NMR spectrum of methyl 3-(2-methyl.T-tifluoromethylpyrazolof 1 5-alpyrimidin-S-yl)propanoate in CDCL,.
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Figure 4. Cyclic voliammograms obtained at the bare glassy carbon
electrode in the presence of ethanol (a), and at glassy carbon electrode
modified with a mixed film of ruthenium-based hexacyanoferrate in
Brition-Robinson buffer solution at pH 1.5 (b) in the absence and
(c) presence of 0.1 mol L ethanol, v = 0.02V s,
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Figure S18. "C NMR spectrum of methyl 3-[6-rifluoromethyl-2-(1 H-pyrazol-1-yl)-pyrimidin-4-yl]propanoate in CDCL,.
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Figure 3. Cyclic voltammograms obtained at a glassy carbon electrode
moified with a mixed flm of rutheaium-based hexacyanoferrate
different pH values of 0.1 mol L Briton-Robinson bulfer soluton:
@ 15, )30, 040, @ 55 and @) 7.0,v = 01V 5* Inset figure:
olotof E¥ vs, pH.
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Figure §3. H NMR (300 MHz,acetone-d) spectrum of compound Ta.
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Figure S21. °C (DEPT 135) NMR spectrum of methyl 3-(2-methyl-T-tifluoromethylpyrazolo] 1.5-alpyrimidin-S-yl)propanoate in CDCL.
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Figure 6. Complex-plane plots for ethanol oxidation on glassy carbon
electrode modified with a mixed film of uthenium-based hexacyanoferate
in Britton-Robinson buffer slution at pH 15 inthe presence of L0 mol L
ethanol at different applied potential: x) 082, (b) 0.84, (¢) 088 and
(0,98 V 5. AgIAGCIKCI,.Inset figure: signal for modified electrode
in supporting electrolyte in the absence of ethanol.
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Figure S4.'H NMR (300 MHz, CDCL,) spectrum of compound 2.
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Figure §20. "C NMR spectrum of methyl 3-(2-methyl-T-trifluoromethylpyrazolof15-apyrimidin-S-yDpropanoate in CDCL,
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Figure 5. Cyclic voltzmmograms obtained at a glassy carbon electrode
modified with a thin film of ruthenium-based hexacyanoferrate in
Briton-Robinson buffer solution at pH 1.5 i the presence of 0.1 mol L
ethanol a different scan ates (0.04, 0.05, 0.06, 007, 0.08, 0.09, 0.1 and
0.15V s). Inset figure: plot of I vs. v,
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Figure $26. “C NMR spectrum of 3-(2-phenyl-6-triluoromethylpyrimidin-4-yDpropanchydrazide in CDCL, expanded between 110-175 ppm.
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‘Figure §37. GC-MS spectrum of methyl 3-(2-phenyl-4-trichloromethylpyrimidin-6-yDpropanoate.
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{able 2. Photoelectrocatalytic determination of hydrazine in the phosphate buffer (pH 7.0) with Tih0, electrode

Proposed method Official method

Added®/ (umol L) lap Fop
Found:/ (umol L") Recovery/ % Found®/ (umol L") Recovery/ %

3226 30972287 96.00 33372298 10344 107 249

*Average of three replicate determinations.
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Figure $38. GC-MS spectrum of methyl 3-(2-thiomethyl-4-trichloromethy lpyrimidin-6-yl)propanoate.
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“Table 1. Parameters of the calibration curves and student f-test

Amino acid Equation:y=br +4 B N T ™

Lystine ¥=07387c 00170 09993 5 654125 31824
L Arginine ¥=0.7993x +0.0406 09935 7 26662 25706
Liysine =04032¢ +0.0080 09997 8 134818 24469
LOmithine =04026x +00105 09933 s 208249 24469

“Values obained by student test distibution (n = 5 % correlation coefficient; Te: value calculated; Tt: value table.
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Figure $34. GC-MS spectrum of methyl 3-(2-amino-4-trifluoromethylpyrimidin-6-yl)propanoate.
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Figure 9. (A) Hydrodynamic amperometry of the Ti/TiO, electrode in
the phosphate buffer solution (pH 7.00) and atbias potential of 0.8 V vs.
reference electrodie i the presence of various hydrazine concentrations:
(a) 000, (b) 001, (¢) 0.04, (d) 0.06, (¢) 0.08, () 0.10, (2) 0.15 and
(1) 0.20 mmol L. (B) Plt of photocurrnt as 2 function of hydrazine
concentration
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‘Table 2. Accuracy, recovery and repeatability parameters for quantifications by CE-MS method developed for the quantification of amino acids in the
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“Average of 5 determinations: *CV: coefficient of variation.
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Figure $33. GC-MS spectrum of methyl 3-(2-thiomethyl-4-trifluoromethylpyrimidin-6-yDpropanoate.
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Figure 8. Six successive hydrodynamic amperograms of the Ti/TiO,
electrode in the phosphate buffer solution (pH 7.0) at bias potential of
0.6V ve reference electrode.
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‘Figure $36. GC-MS spectrum of methyl 3-(2-oxo-4-trichloromethylpyrimidin-6-ylpropancate.
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Figure 1. CE-MS base peak clectropherograms of cystinuria-relted
amino acids at a concentration of 45 pg L. Peak identifcation.
A: intemnal standard (L-yptophan "CN), B: L-cysine, C: Lysine,
D: L-arginine and E: L-ornithine. Peaks reconsiructed according o
the ratio mz of analytes and ther rspective migation time obtained
under the experimentall established conditions. Conditions for ESLMS
analysis were 4 SKV, emperature 275°C and N, pressure 20 bars.Silica
capillary without intemal coating, 50 pm .. and 70 cm length. Sample
volume inected: 20 aL. The separaton occurrd at 300V crr’ and 2 psi
pressure for 105, The background electrolyte CE was 1.0 mol L formic
acid in 10% of methano! in water. Mass ful scan: s 100300 rato at
the positive mode.
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Figure $35. GC-MS spectrum of methyl 3-[2-(1H-pyrazol-1

y1)4-trifluoromethylpyrimidin-6-ylpropancate.
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fable 1. Comparison of some of the analytical parameters of the different modified electrodes for hydrazine determination

Hlectrode Method LDR/ (unol L) LOD / (umol L) Reference
NPHMGC® Clectrocatalysis, cyclic voltammetry 20-2000 8 30
PCVMGCY electrocatalysis, amperometry 5500 42 31
NHCFMGC: electrocatalysis, amperometry 4004000 906 2
TTiO, photoelectrocatalysis, amperometry 10200 854 this work

“Nickel hexacyanoferrate nanoparticles modified carbon ceramic electrode; *pyrocatechol violet modified glassy cabbon electrode; “Ni-hexacyanoferrate
modified paraffin impregnated graphite electrode. LDR: Linear dynamic range. LOD: Limit of detection.
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Figure 1. Diagram of the photometer. Tr =transistor (BCS47); LED = light
emiting diode, I, = 660 nm; gt = flow cell body, borosilcate glass
twbe, inner diameter of 1.2 mm; = radiation beam emitted by the LED;
1= radiation beam afier crossthe flow cell window; Det = photodetector
(OPT301); Si = generated sinal (mV); in and out = input and output of
‘solution, respectively.
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‘Figure $30. GC-MS spectrum of methyl 3-(4-trifluoromethylpyrimidin-6-yDpropanoate.
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Figure 5. Photocurrent of the TU/TiO, electrode for several on-off cycles
of llumination at an applicd potential of 06 V vs.reference electrode in
(a) phosphate buffer solution (pH 7.0) and (b) containing 0.15 mmol L
hydrazine.
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Figure 2. Diagram of flow system. Pp = peristaltic pump: Cs = carrier
solution; S = sample o standard soluton; R,, R,and R, = phibalate solution
(0.2mol L, pH 4.0, sodium hypochlorite solution (10 %), phenol solution
(0.48 mol L), respectively; Es = eluent solution, 0.5 mol L* NaCl;
W= waste;V,, -V, = three way solenoid vlves; Rec = circulating solution
through their soring vessels; Re = esin column; B,, B, and B, = reaction
coil of Teflon tbing, 0.8 mm inner diameter and 25, 50 and 150 cm
long, respectively; x,, X, and x, = jointing devices machines in acrylc;
Wb = water bath at 40°C; Det = LED-based photometer; Br = bubble.
removing chamber, 20 L inner volume; Brs = bubble removing stream.
Continuous and doted lines in the valves symbols indicate the flvid
pathway when valves were switched OFF and ON, respectively. Arrows.
indicate the pumping dircction.
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Figure $29. GC-MS spectrum of methyl 3-(2-oxo-4-tifluoromethylpyrimidin-6-yl)propanoate.
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Figure 4. Cyclic voltammograms ofthe THTiO, electrode in the dark (1)
or under UV irradiation (c.d) in the presence (x.) or sbsence (b,d) of
4.60 mmol L hydrazine, at a scan rate 10 mV .
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‘Table 3. Limits of detection (LOD) and of quantifcation (LOQ) oblained
from the calibration curvs of amino acids

Amino acid LOD/ (umol L) LOQ/ (umol L)
Lystine 142 290
L Arginine 73 2545
Liysine 307 1100

L-Omithine 867 08
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‘Figure $32. GC-MS spectrum of methy! 3-(2-phenyl-4-trifluoromethylpyrimidin-6-yljpropancate.
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Figure 7. Effect o bias potential on thedifference between phototocurrents

of the TUTIO, electrode inthe absence and the presence of 0.15 mmol L
hydrazine in phosphate buffer solution (pH 7.0).
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Figure 2. FT-Raman spectra of (a) authentic cystine crystals and
(b) microcrystals collected from the urine sample. The intensity scale
‘was adjusted for comparison.
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Figure S31. GC-MS spectrum of methyl 3-(2-methyl 4-trifluoromethylpyrimidin-6-yl)propanoate.






OPS/images/a20img06.png
100,
a0
o0
o
a0

Curent dffeence /A

E

a
T3 5 7 8 non

Figure 6. Effect of solution pH on the difference between phototocurrents
of the TUTIO, electrode inthe absence and the presence of 0.15 mmol L
hydrazine at bias potential of 0.6 V vs. reference electrode.
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Table 1. Sequence of the analytical run

Step Event . v, v, v, v, A V,  tme/s Gy
1 washing column 0 0 0 0 0 o T 10 B

2 nserting sample 1 T 0 0 0 0 T L0y

3 inserting R, 0 1 1 0 0 0 0 w04 a6
4 inseting R, ' ' 0 ! 0 0 ' 404y

5 nserting R, 0 T 0 0 1 1 oy
6 displacing sample 0 0 0 0 0 ' 0 woar

7 insertig clueate [ 0 0 0 0 1 0 100 -

“Selected values. The “1” and “0" indicated that the corresponding valve is switched ON and OFF, respectively: n, and n, number of sampling cycles.
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Table 2. Alkalinity effect on the analytical signal

NaOH concentration/ _ Hypochlorite Phenal
(mol L) absorbance. absorbance
005 0132 0100
008 0176 o116
015 0432 0331
030 0012 0434
100 - 0088

Results average of 5 consecutive measurements.
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Figure 2. Effect of the pH of the tst solution containing | x 10° (2) and
110 mol L (b) oxeladin citrate on the response of the plastic membrane
oxeladin electrode.
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{able 2. Antiproliferative activity (1L, in pmol L) of four compounds against Hela and P(-3 cell lines

Compound _ Hela, IC, =D/ (umol L) Standard drug?/ (umol L") PC-3,1C,y = SD/ (umol L") Standard drug / (panol L")

1 20472001 3102020 35422048 0912012
2 32642030 3102020 35612023 0912012
3 2602041 3102020 34462001 0912012
s 34202039 3102020 0422025 0912012

*Doxorubicin used as standard drug: SD: standard deviation.
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Figure 1. Schematic diagram of the flow injection system used in the
e ISE- Ton selective electrode.
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fable 1. "H and " NMR data and HMBC correlations of compound 1
in CD,OD*

CabonNo. 0. 6,/ ppm (multy integral, // Hz) HMBC

I 3D 190 (m, 1) 35
162 (m, 1) 410
2 %61 173 1K, 90)
105 (m, 1)
3 T07d 314 1, 1154 45)
s BOs 203, 1H, 13500 40)
5 4804 20364, 10, 13504 40)
6 1951 156 (m, 1H) 10
143 (m, 1)
7 B 158 (m, 1H) 54
135 (m, 1H)
8 3065
0 2964 163 (m, 1)
10 3095
2021 124 (m, 1) I
120 (m, 1H)
1 1434 525(,1H.35) 914
13 1475
1 325
15 2170 188 (m, 2H) 117
16 2791 162 (m, 1H) 1418
157 (m, 1)
1 a12s
18 se6d 0856, 1H) 1416
10 4000 164 (m, 1H)
101 (m, 1)
) 395
) 7604 351G 1M 12504 45)  17,19,29
n 450 224@AH, 140ad125) 18,20
208 @, 1H, 140204 45)
n 2874 097,31 a5
u 14q 096 5,31 a5
> 161q 078s,3H) 19
% 163q 100638 914
] %74 L1863 715
23 210 098 5,31 162
2 18235
0 224 1236531 2

‘Spectra were recorded at 500 MHz for *H NMR and 125 MHz for
5C NMR.
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Figure 4. Recording (2) and their corresponding calibration graph (b) for oxeladin plastic membrane electrode under FI conditions
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2. LCMS profile of fraction FB (MRTFD).
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Figure 3. Typical potential-time plotfor the response of oxcladin plastic
i/ .oy
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Figure 2. a) Important HMBC correlations, (b) COSY (dotted line) and
NOESY correlations (double headed arrow) and (c) mass fragmentation
patiern.
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Figure 1. Chemical structures of compounds 1-4.
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Scheme 1. Structural formula of oxeladin citrate.
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Figure S41. GC-MS spectrum of 3-(2-thiomethyl-4-trfluoromethylpyrimidin-6-yl)propanehydraride.
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Figure $40. GC-MS spectrum of 3-(2-phenyl-4-trifluoromethylpyrimidin-6-y|propanehydrazide.
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Figure $42. GC-MS spectrum of 3-(2-aminol-4-riftuoromethylpyrimidin-6-yl propanchydrazide.
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Figure S11. HMQC (CD.0D) spectrum of compound 1.
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Figure $10. ¢COSY spectrum (CD.OD) of compound 1.
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Figure 2. (2) Amount of TEGDMA eluted from TB7030 copolymers, and
(b) amount of BisGMA eluted from TB7030 copolymers photopolymerized
for (M) 60 s and (O) 100 s.
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Figure S13. Optical rotation data of compound 1.
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Figure 1. Degree of conversion of TB copolymers during irradiation.
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Figure S12. ¢HMBC spectrum (CD.0D) of compound 1.
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Afable 7. Determination of oxeladin citrate in spiked unne samples by

applying standard addition method (n=4)
Token/  Recovery/  RSD/
(mol L) % %
Plastic membrane clectrode  1x10° 9943 0563
Sx10¢ 9795 1625
Carbon paste elctrode 6x10° 9816 1843
Sx10¢ 9sal 0730
MWCNT composite coated  1x10° 9884 0794
copper wire clectrode.
Sx10¢ 9151 0307

RSD: relative standard deviation.
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Figure §9. "C NMR spectrum (CD.0D) of compound 1.





OPS/images/a21img12.png
Figure S8. "C NMR spectrum (CD.0D) of compound 1.
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SD: standard deviation: RSD: relative standard deviation.
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ble 5. Determination of oxeladin citrate in pure form and pharmaceutical preparations by applying standard addition method and F1 technique

Plastic membrane clectrode Carbon paste electrode 'MWCNT modifed copper coated electrode
Taken/ (mol L") Recovery /% RSD /% Tuken /(mol L) Recovery /% RSD/% Taken! (mol L) Recovery /% RSD/%
Standard addition X100 9986 0458 5x10° 98 0185 1x10° 9176 0610
Pure solution 5x10° 9941 0519 1x104 9739 1774 5x10° 9756 1189,
1x104 9933 L44 2x10¢ 9988 LIS 1x10¢ 907 1883
210 941 1006 5x10¢ 9178 0950 2x10¢ o197 114
Standard addition Tx10° 992 0368 5x10° 0174 0615 1x10° o6t 0663
Paxcladine capsules 5 10 9759 0446 1x104 98.65 0205 5x10° 9873 1233
1x104 o748 0633 2x10¢ oIl L4 Ix10% 953 00
210 9836 087 5x10¢ 873 1200 2x10¢ 931 130
Al <10 10000 1404 1x10% 9729 14%  Ix10° 89 1460
2104 o4 1549 2x10¢ 961 L0 2x10¢ 0818 LSS
Sx10t 9831 147 5x10¢ 9966 0653 5x10¢ 9805 0617

RSD: relative standard deviation.
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Figure S7. "C NMR spectrum (125MHz. CD.OD) of compound 1.
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Table 2. Effect of plasticizers on oxeladin responsive electrodes and the slopes of the calibration graphs at 25 + 1 °C

Plasticizer Slope / (m decade”) __ Usable concenlration range/ (mol L") _ Limit of delection  (mol L) __SD / (mV decade)
Plastic membrane
DBP 582 596x10°- 100 10° 41ax100 [
pop 89 596x10°- 100 10° 41ax100 287
pos 573 596 10°- 100 10° 464x10¢ o7
TCp 538 596 10°- 100 10° 464x10¢ 131
2-NPOE 515 596 10°- 100 10 447x10¢ 085
‘Carbon paste
DBP 550 196 105 100 102 858x10° 069
pop 384 196 105 100 102 398100 087
pos 254 631104912 105 501104 167
Tcp s19 384x10°- 100 10° 121 %100 129
2-NPOE 550 384x10°- 100x 10 139%100 021

DBP: dibutyl phthalate; DOP: dioctyl phthalate; TCP: tricresyl phosphate; DOS: dioctyl sebacate; 2-NPOE: 2-nitrophenyl octyl ether;
SD- standard deviation.
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Figure S4. 'H NMR spectrum (500 MHz, CD.OD) of compound 1.
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Table 1. Compositions of oxeladin electrodes and the slopes of the calibration graphs at 25 + 1°C

Plastic membrane composition / %, mim Carbon paste composition / , mim

Ton associate PVC DBP Siope/ D1 Ton associate Graphite DBP Siope/ D1
(mV decade”) _ (mV decade”) (mV decade”) _ (mV decade”)

1 95 495 E 100 1 05 495 Sia 1ot

3 485 485 570 039 3 485 485 540 028

s a5 415 582 02 s a5 w15 550 069

7 465 465 518 022 7 465 465 548 026

DBP: dibutyl phthalate: SD: standard deviation.
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Figure S3. The LCMS data of compound 1.
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‘able 4. Selectivity coefhicients for the oxeladin electrodes in batch and flow njection (1) conditions

g KT L
Interferent Plastic membrane clectrode Carbon paste clectrode
Baich . Baich -
SSM MPM SSM MPM
Na 153 - 163 T4t - 19
K 173 - 158 158 - 125
co 346 - am a0 - 249
Mg 344 - 266 319 - 243
Za 248 - 278 250 - 193
Co 337 - 275 250 - 197
NH, 201 - 17 154 - 123
VitaminB, 201 - 061 L1 142 064
VitaminB, 199 - 146 142 142 085
Glucose - NG - 29
Fructose - 314 - 27
Lactose - ENE) - 289
Maliose - 299 - 286
Glyeine. - 306 - 266
Alanine. - 303 - m
Urea - 307 - am

SSM: separate solution method: MPM: matched potential method.
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Figure S6. 'H NMR spectrum (500 MHz, CD.OD) of compound 1.
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Aable 3. Response charactenistics of oxeladin sensors

Parameter Plastic membrane clectrode ‘Carbon paste clectrode __ MWCNT composit coated electrode
Stope ! (mY decade”) 582 550 518

Intercept/ mV 14824 31289 31485

Linear range / (mol L) 596x10¢-1x10° 196 10°- 1 10° 398105 1x10°

Limit of deection/ (mol L") 414x10¢ 858X 10 25110

Working pH range 2080 2080 1966

Response time /s <105 <105 <55
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Figure S5. 'H NMR spectrum (500 MHz, CD.OD) of compound 1.
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Figure S19. Cyclic voltammograms of HL1 obiained afer additon of
different amounts o 002 mol L NaOH, with  plassy carbon lectrode
G mm)in0.1 mol L n-BuNCIO, CH.CN" Th potetial scan was ntaed
in the cathodic direetion. The cathodic (Ic and ) and anodic (Ia and

Ha) peaks are indicated.
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Figure 18, Cyelic volizmmograms of HL1-HL3 obiained with a glassy

carbon electrode (3 mm) in 0.1 mol L 1-BuNCIO/CH.CN. The potential
scan was iniiated n the cathodic direction. The cathodic (Ie Ie”and Tle)

‘and anodic (Ta, Ia’ and Tla) peaks are indicated.
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Figure $21. Cyclic voltammograms of 1a obtained with a glassy carbon
electrode (3 mm) in 0.1 mol L n-BuNCIO/CH,CL, The potential scan
‘was initated inthe cathodic direction. The cathodic (I¢, Ie” and Ile) and
‘anodic (Ia, Ia’ and Tla) peaks are indicated.
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Figure $20. Cyclic voltammograms of L1-L3" obizined with a glassy
carbon electrode (3 mm) in 0.1 mol L -BuNCIO/CH,CN: (a) after
addition of 1 equiv. DBU (0.05 mol L in CH,CNY: (b)after addition of
H.0 (400 L) 1o the previous solution. The potential scan was iitiated
i the cathodic direction. The cathodic (I Ie” and Tle) and anodic (la,
I’ and Tha) peaks are indicated.
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Figure S15. Cyclic voltammograms of 2b obtained with  glassy carbon
electrode (3 mm)in 0.1 mol L-*n-BuNCIO/CH,CN at differentscan rates.
‘The potential scan was iniiated in the cathodic dircction. The cathodic
(He and Il and anodic (ITa) peaks are indicated.
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Figure S17. Cyelic voliammograms of 2b obtsined afier addition of 0.05
mol L HCI (2 and 3 equivalent), with a glassy carbon electrode (3 mm)
in 0.1 mol L n-BuNCIO,CH,CN. The potential scan was initiated in

the cathodic direction. The cathodic (Ic, Tie and HHle) and anodic (Ia)
peaks are indicated.
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Figure $16. Cyclic voltammograms of 3b obtained with a glassy carbon
electrode (3 mm)in 0.1 mol L-*n-BuNCIO/CH,CN at differentscan rates.
‘The potential scan was iniiated in the cathodic direction. The cathodic
(He and ITl) and anodic (HTa) peaks are indicated.
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Figure $23. Cyclic voltammograms of 3a obtained with a glassy carbon

electrode (3 mm) in 0.1 mol L n-BuNCIO/CH,CL, The potential scan
‘was initated inthe cathoic direction. The cathodic (I¢, e’ and Ile) and

‘anodic (Ia and Tia) peaks are indicated.
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Figure $22. Cyclic voltammograms of 2a obtained with a glassy carbon
electrode (3 mm) in 0.1 mol L n-BuNCIO/CH,CL, The potential scan
was initated inthe cathoic direction. The cathodic (I¢, e’ and Ile) and
‘anodic (Ia, Ia” and Tla) peaks are indicated.
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Figure $24. Cyclic voltammograms of 1h obtained with  glassy carbon
electrode (3 mm) in 0.1 mol L n-BaNCIOJCH,CL, The potential scan
was initiated in the cathodic direction. The cathodic (e and Ile) and
‘anodic (Ila) peaks are indicated.
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Table 2. The IC, values for the compounds from the C. fistula

Compound 1, (umol

NBS  ASH SHSYSY PG3 MR
1 57 >0 941 sl0 96
2 S0 >0 100 >0 >0
3 59 59 27 83 26
4 S0 55 100 69 52
5 S0 >0 100 >0 >0
i3 S0 >0 100 >0 >0
7 S0 49 86 >0 59
8 S0 >0 100 >0 >0
Taxol 003 0@ 02 02 o1

NB4: human leukemia cell; AS49: carcinomic human alveolar basal
epithelial cel; SHSY 5Y: human neuroblastoma cell; PC3: human prostate
‘cancer cell; MCFT: human breast adenocarcinoma cell.
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Table 1. NMR spectroscopic data for compounds 1 (CDCL,) and 1a
(€D,C0) (300 MHz *H and 75 MHz "C)

1 [
Poion e G md T oot by d /)
T 492.C 477,C

2 146,CH 686,52  1239,CH 715@50)
3 M86,CH 82352  M66,CH 83050
4 1640, 1495.C

u, 192.c 1166,

s 1564,C i583,C

6 1015,CH  691() 1030,CH  697()
7 12,c 4.

8 1425,¢ 1317,

81 1296.C a1,

9 1%07.¢ T6CH  5700)
% 1260,C 1390,

ICH,  173.CH, 25969 178.CH,  257()
SOCH,  S65.CH, 3926 569,CH,  391()

8OCH, _ 611.CH__ 401(6) 610.CH,  382()
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Figure 30, Successive cyclic voliammograms of 3b obiained with
glassy carbon electrode (3 mm) in 0.1 mol L' n-BuNCIO/CH,CI, The
potential scan was initated in the cathodic direction.
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Figure 1. Chemical structures of compounds 1, 1a and 2.
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Figure $29. Cyclic voltammograms of HL3 obiained witha glasy carbon

electrode mm) i 0.1 mol L 1-BuNCIO/CH,CI, The potential scan was.
initiated in the cathoic direction. The cathoic (Ie and Hle) and anodic

(Ia and TTa) peaks are indicated.
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‘Table 2. NMR spectroscopic data for compound 2 (300 MHz 'H and 75
MHz °C, CDCL,)

Position 0, type 8, J/H) ___HMBC(CoH)
392.C H2HT
2 S62,CH,  225(6,134;  HAHIVH-IZHA
20544, 134;20)
3 210.C H2H4
4 S01,CH, 200, 112) HE
229(d4, 112,20)
s 363,CH 179 (m) H13
6 521,CH 105(,62) HHAHA1
HIZH-13
7 71.9,CH 414 (m)
8 241,CH, 162 (m) HI
9 365,CH, L8S (m)
10 1763,C HI
i 206,CH, 076 H12
2 299,CH, 10365) H2H1L

B 209,CH, 104,64 H4
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Figure 2. HMBC (H 7 C) correlations of 1 and 1a.
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‘Table 1. Electrochemical data for: HL1-HL3, (b) 1a-3a and (¢) 1a-3a, oblained in CH,CI, +0.1 mol L' n-Bu,NCIO, ata scan rate of 100mV 5!, a1 25 °C.

‘Compounds
E/V

HLU HL2 HLY 10 2 3 1 n 3
Ep. EE EE EE “om EX) “om B - -
Ep. - - 156 157 154 - - -
Ep, 195 15 199 176 175 EEN 184 T 183
Ep, 008 099 004 -0z 025 025 - - -
Ep, 1% 176 EE) By B L4 -166 16 -156
Ep - - - - - 129 130 EE
aEp, 036 038 043 043 045 05 - - -
AEp, 019 019 017 034 03 033 01 021 027

Data from voltammetric experiments in an cathodic scan; potential values are reported vs. FeH¢/FcH.
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Figure $26. Cyclic voltammograms of 3b obtained with a lassy carbon
electrode (3 mm) in 0.1 mol L n-BuNCIO/CH,CI, The potential scan
was initiated in the cathodic direction. The cathodic (Tle and ITle) and

anodic (I1a) peaks are indicated.
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Figure $25. Cyclic voltammograms of 2b obiained with  glassy carbon
electrode (3 mm) in 0.1 mol L n-BaNCIOJCH,Cl, The potential scan
was initiated in the cathodic direction. The cathodic (Ifc and Ile) and

‘anodic (Tfa) peaks are indicated.
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Figure $28. Cyclic voltammograms of HL2 obizined with  glassy carbon

electrode (3 mm) in 0.1 mol L

+-BuNCIO,/CH.CL, The potential scan

was iniiated in the cathodic direction. The cathodic (Ie and Tle) and

‘anodic (Ia and Tla) peaks are indicated.
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Figure $27. Cyelic voltammograms of HL1 obtained with a glassy carbon.

electrode (3 mm) in 0.1 mol L

+-BuNCIO,/CH.CL,

“The potenial scan

was initiated in the cathodic direction. The cathodic (Ie and Tle) and

anodic (Ia and la) peaks are indicated.
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Figure 2. Selected HMBC (H — ©) corelations of compound 1.
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Table 1. *H and C NMR data (500 and 125 MHz, respectively) of
compounds 1 and 2in C,D,N*
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Aable 2. Recovenes of FAH and TFH from fortified sediment samples

PAH Added/ (g ) Recovery = RSD'/ %
Naphihalene 100 -
Acenaphihalene 100 6725
Acenaphihene. 100 726
Fluorene 100 7210
Phenanthrene 100 7528
Anthracene 100 =11
Fluorantene: 100 5727
Pyrene. 100 8025
Benzolalanthracene. 100 26
Chrysene. 100 8§24
Benzolplfuorantene 100 826
Benzolklfluorantene: 100 8025
Benzolalpyrene 100 223
Indeno[123-cd] perylene 100 8726
Dibenzofa, Al anthracene 100 8524
Benzolg lperylene 100 8127
TPH (C,-C.) 100 9125

RSD: Relative stondord deviation.
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Figure 3. DPPVs of (a1 10,25, 50, 75, 100, 150, 200, 250, 300, 350,
400 and 450 pmol L) HQ and 200 wmol L CC (A); (a-i: 10,25, 50,
75, 100, 150, 200, 250 and 300 pmol 1) CC and 200 pmol L-* HQ (B)
a1 Si4Py"CH/CPE in 0.1 mol L PBS (pH 7.0). Step potential: 20 mV,
modulation amplitude: 50.0 mV, modulation time: 5 ms and nterval time:
0.1's.Insets: calibration curves.
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Figure 2. Effect of the solution pH on E, for 0.5 mmol L HQ and

CC(A), CVs for 0.5 mmol L
at SidPic:CHCPE, v (2
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Figure 1. Structural formulas of the compounds studied.
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Figure 2. Adsorption curve for the AS(Il) and SblIl) single element
Solutions added to the paddy soi. The error estimated o the concentration
data was 5%, determined from trplicate measurements of the solutions.
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Hable 2. Recovery, precision (n = 6) in terms of repeatability (R5D,) and intermediate precision (RSD,) for hipronil and its metabolites

In repeatability conditions In intermediate precision conditions
Compound Spke level /(g 1) Recovery /% RSD, 1% Recovery % RSD, /%
Fipronil desulfiny] 50 B 90 1098 52
15 989 a8 043 109
250 1033 74 887 31
250 1022 55 26 62
Fipronil sulide 50 896 4 813 23
15 925 98 953 28
250 1034 89 981 132
250 918 107 1054 86
Fipronil 25 %04 142 123 n2
250 994 33 1007 58
250 1023 66 958 71
Fipronil sulfone. 50 1055 139 (N 34
15 913 62 984 94
250 955 133 1099 23
250 1062 97 957 105

RSD: relative standard deviation.
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Figure 1. Arsenic removal from 0.1 mol L4 KNO, solution over 72h.
‘The initial concentration was 7.7 g mL-" As(IID. Temperature was
maintained at 25 °C and the pH ranged between 6.25 and 6.75.
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Figure 3. Chromatogram of a surface water sample collected 3 days after the application of fipronil at the recommended dose.
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Figure 3. Adsorption curves for arsenic (x) and antimony (b) for pure
clemental solutions and for mixtures of As:Sh of 5:1 and 2:1. The error
of the concentration data was 5%, estimated from trplicate analysis of
the solutions.
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Figure 2. Chromatogram of a “blank” surface water spiked at the limit of quantification of the method.
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Table 1. Langmuir and Freundlich model constants for the adsorption of Sb(llI) and As(IID) on paddy soil at 25 °C and 1 bar. The estimated error of the.
constants is = 10%, determined from three replicate determinations of the isotherm

Langmuir Freundlich
Qo (mg ) b/dg?) 3 K/ (mg g i 3
As(in [ o071 098 o015 038 095

Sbalth 334 017 080 047 084 0%
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Figure S2. 'H NMR spectrum (500 MHz, C,D,N) of fistulaflavone A (1)
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Figure S1. " C and DEPT NMR spectrum (125 MHz, C,D,N) of istlaflavone A (1).
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Hfable 1. Analytical curve parameters and limits of the method for hipronil and its metabolites

Limits ofthe method /(o L'

Pesicide L rgrosion - Linearintenal/ (1) e e
Fipron desliny et 100130 (5] o0 20 50
Fiproni slfide y=22165- 118510 09071 L0100 20 50
Fiproni e~ 09970 Laio0 25 70

2400 209550 0994 101000 20 50

Fipronil sulfone

LOD: limit of detection:

'LOQ: limit of quantification; * determination coefficient.
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‘Figure $4.'H NMR spectrum (500 MHz, C,D,N) of fistulaflavone B (2).
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Figure $3. " C and DEPT NMR spectrum (125 MHz, C,D,N) of istlaflavone B (2).
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{able 1. Regression equations, dynamic linear ranges, correlation coefhicients and limit of detections for LDMHLLE in sediment

PAH ‘Abbreviation 7 min Regression cquation__ DLR"/(uzg!) R ___LOD/(ueg)
Naphihalene N a7 - - = -
Acenaphihalene A 69 Area: 0.10-100 0994 001
Acenaphihene. Ace 72 Area: 0.10-100 0995 0.02
Fluorene P 84 Area: 0.10-100 0992 002
Phenanthrene » 16 Area: 0.10-100 0995 003
Anthracene An ns Area: 0.10-100 0992 003
Fluorantene: n 176 Area: 0.10-100 0995 002
Pyrene. Py 189 Area: 0.10-100 0997 002
Benzolalanthracene BaA %9 Area: 0.10-100 0992 001
Chrysene. c 72 Area: 0.10-100 0992 0002
Benzolblflworanene. BoF 42 Area: 0.10-100 09% 002
Benzolklfuorantene: B 44 Area: 0.10-100 0993 003
Benzolalpyrene Bap 360 Area=386C~1264 0.10-100 0997 005
Indeno[123-cd] perylene [ 26 Area=607C~2325 0.10-100 0991 005
Dibenzolahfanthracene DA 29 Ara=2454C- 1452 010-100 0989 004
Benzolghlperylene BeP 59 Area=859C-4254 0.10-100 0992 006
Tota petroleum Hydrocarbon(C,C,) _ TPH 147455 Ara=2608C+ 124 0.03-100 09% 0008

*: retention time; "DLR: dynamic linear range; ®R* correlation coefficient; LOD: imit of detection
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Figure S1. Chromatogram of the second point of the analytical curves containing fipronil and metabolites at the concentration of 5 g L.
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Figure 1. Effectofthe conditioning time (0,60, 120, 180, 240 and 300)
and potential (—0.4,~03.~0.2,~0.1,00, +0.1. 30.2,+0.3 and +0.4V) on
the oxidation current of 0.5 mmol L' CC at SidPic*CHCPE n 0.1 mol L1
PBS (pH 7.0) (A), and CVs of 0.5 mmol L+ HQ and CC a (a) CPE and
(b) Si4Pic'CH/CPE in 0.1 mol L™ PBS (pH 7.0), v=25 mV 5™ (B).
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Figure S17. H NMR spectrum of methyl 3-[6-tiflvoromethyl.2-(1H-pyrazol-1-yD-pyrimidin-4-ylpropanoate in CDCI,.
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Figure 2. Cyclic voltzmmograms obiained at a glassy carbon electrode
modified with a mixed film of ruthenium-based hexacyanoferrate at
fferent scan rates (001 10 0.1V 5") in agueous solution containing
0.1 mol L of Britton-Robinson buffer solution at pH LS. Inset figure:
plot of anodic and cathodic peak currents vs. scan rate.
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Figure 1. Cyclic voltammograms obtained at a (s) bare glassy carbon
electrode and (b) glassy carbon electrode molified with 2 mixed film of
ruthenium-based hexacyanoferrate in 0.1 mol L of Britton-Robinson
buffer solution at pH 1.5, v = 0.1 Vs,
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Figure 3. Score graph of thethree factor used for the exploratory analysis
by PARAFAC. It can be readily seen the clustering ofthe Brazilian () and
the Venezuelan gasoline samples (O).
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Figure 2. GCxGC chromatogram obtained for the (2) Brazilian and
(b) Venezuelan gasoline samples. The colum set consisted of a primary
HP-S and a secondary SupeleoWax 10. The modulation period was 6 .
The oven temperature programming was set from 60 t0 223 °C a a rate
of 3 9C mig
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‘Table 5. Results for determination of Cu and Fe in air from Aracaju City,
Sergipe State, Brazil (mean value = confidence interval at 95% (n= 3)

Concentration of ___ Elementin air/ (ngm)

Sample APM /(g m?) Cu Fe

eV EX] Trall  d0=H
APMO2 760 24x23 T9a2
APMO3 6 24259 oBamt
APMOs 505 ®4e85 55256
APMOS 10 8es a2e6

APMO6 654 W3£17 6692132
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Figure 4. Contour plot of the loadings from the () frs factor, (b)second
factor and (¢) third factor obained by the PARAFAC model from the
GCXGC chromatograms of several gasoline samples.
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Figure 1. Chromatograms of PAH (10.0 g ) extracted from spiked sediment sample (upper) and blaak (lower) (x), and standard reference material
CRM CNS391-050 (b) with the proposed method.
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Table 2. Figures of merit for the determination of Cu and Fe in APM
collected on the glass fiber filte as slurry by FS-FAAS

Cu Fe
Ingic/  Onfiler/  Inair/
(eg)  (em)  (ee)  (gmy
LOD/ (o) 4 s 14 B
L0Q/(10s) 15 2 as 80

“Values were calculated for Cu and Fe on the fiter based on a sample.
mass of 50 mg and also based on an ir volume of 1.454 .

Pasameter  On filier /
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Table 3. Concentrations certified by the CRM372-100 for TPH and CRM CNS391-050 for PAH and determined by the proposed method

CRM CNS391-050= 5D/ (ug )

Aoalyte Certified value Obtained Recoveny 1%
Naphihalene 04640118 -

Acenaphihalene 005300319 004420021 )
Acenaphihene. 002300199 00260012 3
Fluorene 04080125 036220.187 8
Phenanthrene 0.6620.102 053120210 80
Anthracene 0015009 001220130 80
Fuorantene: 05570087 045120150 81
Pyrene. 03312009 026120030 w
Benzolalanthracene 03380079 036420210 108
Chrysene. 03760039 040120130 107
Benzolblflworanene. 02100024 01960060 %
Benzolklfluorantene: 0300003 02502019 s
Benzolalpyrene 0065320022 004720020 n
Indeno[123-cdlperylene 02350035 021320050 91
Dibenzofa Hlanthracene 02940035 025520057 8
Benzolg hilperylene 01390030 01102007 i

CRM372-100= 5D/ (ug )

foalyte Certifed value Obtained Recovery 1%
TPH SB217 S11=43 08
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Table 1. Equations of the calibration curves

Analyte Calibraion Equation Coelation coeficient

Cu extemal calibaton A=00994C,— 00005 09999
analyte adition with loaded fier A=0.1037C,+ 00034 09998
analye addiion with a unused fiter A=0.1029C,+ 00003 09997

R extemal calibaton A=00640C,,— 00003 10000
analyte adition with loaded fier A=00477C, 401017 09935
analye addiion with a unused fiter A=004826,,+00051 099%

A: absorbance: C.: concentration of analyte i in me L.
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Figure 1. Graphical representation of an F-component PARAFAC model
of data array (X).
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Table 4. Results for Cu and Fe in AMP collected on glass fiber filter samples by slurry sampling FS-FAAS and by ICP-MS after acid extraction (mean
values = confidence intervals at 95%, n = 3)

‘Concentration in APM  filter

Sample Cu Fe
S P

APM O 102219 B 15327 2 I u 410238 0
APMO2 28214 4 175213 3 5192174 1 S0:15 1
APMO3 167224 6 17332 7 697+ 164 10 656231 2
APMOS 508237 3 512254 4 502153 2 496248 4
APMOS 783222 1 208227 1 64252 4 5325 04
APMO6 =9 3 133211 3 488245 4 595118 8
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Figure 2. Chromatograms of TPH (10.0 ug g extracted from spiked sediment sample (a), and standard reference material CRM372-100 (upper) and
proposed method.

blank (lower) (b) obtained with the
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‘Table 3. Results obtained for the certifed reference material ly ash BCR 176R (n=3)

BCR 7R Coriedvaluo/ __ Shumy /FS-FAAS/ - Acidexraction .
(g (g (g Recovery /% ICPVS / (uz 2 Recovery /%
@ 1050270 e 22208 865250 23276
R 131002500 ad ad. 17012 1853 a1

£.d.: not determined; recovery = [(found value/certified value) 100] + confidence interval at 95%.
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