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INSTRUCTIONS FOR AUTHORS (2013)

GENERAL

The Journal of the Serbian Chemical Society is an international journal publishing papers from all fields of
chemistry and related disciplines. Twelve issues are published annually. The Editorial Board expects the editors,
reviewers and authors to respect the well-known standard of professional ethics.

Types of Contributions
Original scientific papers (about 10 typewritten pages) report original research which must not have been

previously published.
Short communications (about 5 pages) report unpublished preliminary results of sufficient importance to merit
rapid publication.

Notes (about 3 pages) report unpublished results of short, but complete, original research.

Authors’ reviews (about 30 pages) present an overview of the author’s current research with comparison to
data of other scientists working in the field.

Reviews (about 30 pages) present a concise and critical survey of a specific research area.

Surveys (about 15 pages) communicate a short reviews of a specific research area.

Book and Web site reviews (1-2 pages)

Extended abstracts (about 3 pages) of Lectures given at meetings of the Serbian Chemical Society Divisions.

Generally, Authors’ reviews, Reviews and Surveys are prepared at the invitation of the Editor.

Submission of manuscripts
Manuscripts should be submitted using the OnLine Submission Form, available on the JSCS Web Site
(www.shd.org.rs/JSCS/Form/). The manuscript must be uploaded as a Word.doc or .rtf file (tables and figures should
follow the text, each on a separate page). lllustrations in TIF or EPS format (JPG format is acceptable for colour and
greyscale photos, only), must be additionally uploaded as a separate archived (.zip, .rar or .arj) file. Figures and/or
Schemes should be prepared according to the Artwork Instructions.
Manuscripts must be accompanied by a cover letter in which the type of the submitted manuscript and a warranty as
given below are given. The Author warranties that the manuscript submitted to the Journal for review is original, has
been written by the stated authors and has not been published elsewhere; is currently not being considered for
publication by any other journal and will not be submitted for such a review while under review by the Journal; the
manuscript contains no libellous or other unlawful statements and does not contain any materials that violate any
personal or proprietary rights of any other person or entity. All manuscripts will be acknowledged on receipt (by e-
mail) and given a reference number, which should be quoted in all subsequent correspondence. A password for
“Article Tracking” (www.shd.org.rs/JSCS/) will also be supplied.

A MANUSCRIPT NOT PREPARED ACCORDING TO THESE INTRUCTIONS WILL BE RETURNED
FOR RESUBMITION WITHOUT BEING ASSIGNED A REFERENCE NUMBER.
Conflict-of-Interest Statement*: Public trust in the peer review process and the credibility of published articles depend in part on how
well conflict of interest is handled during writing, peer review, and editorial decision making. Conflict of interest exists when an author
(or the author's institution), reviewer, or editor has financial or personal relationships that inappropriately influence (bias) his or her
actions (such relationships are also known as dual commitments, competing interests, or competing loyalties). These relationships vary
from those with negligible potential to those with great potential to influence judgment, and not all relationships represent true conflict
of interest. The potential for conflict of interest can exist whether or not an individual believes that the relationship affects his or her
scientific judgment. Financial relationships (such as employment, consultancies, stock ownership, honoraria, paid expert testimony) are
the most easily identifiable conflicts of interest and the most likely to undermine the credibility of the journal, the authors, and of scien-
ce itself. However, conflicts can occur for other reasons, such as personal relationships, academic competition, and intellectual passion.
Informed Consent Statement*: Patients have a right to privacy that should not be infringed without informed consent. Identifying
information, including patients' names, initials, or hospital numbers, should not be published in written descriptions, photographs, and
pedigrees unless the information is essential for scientific purposes and the patient (or parent or guardian) gives written informed
consent for publication. Informed consent for this purpose requires that a patient who is identifiable be shown the manuscript to be
published. Authors should identify Individuals who provide writing assistance and disclose the funding source for this assistance.
Identifying details should be omitted if they are not essential. Complete anonymity is difficult to achieve, however, and informed
consent should be obtained if there is any doubt. For example, masking the eye region in photographs of patients is inadequate
protection of anonymity. If identifying characteristics are altered to protect anonymity, such as in genetic pedigrees, authors should
provide assurance that alterations do not distort scientific meaning and editors should so note. The requirement for informed consent
should be included in the journal's instructions for authors. When informed consent has been obtained it should be indicated in the

published article.

Human and Animal Rights Statement*: When reporting experiments on human subjects, authors should indicate whether the
procedures followed were in accordance with the ethical standards of the responsible committee on human experimentation
(institutional and national) and with the Helsinki Declaration of 1975, as revised in 2000 (5). If doubt exists whether the research was
conducted in accordance with the Helsinki Declaration, the authors must explain the rationale for their approach, and demonstrate that
the institutional review body explicitly approved the doubtful aspects of the study. When reporting experiments on animals, authors
should be asked to indicate whether the institutional and national guide for the care and use of laboratory animals was followed.

For detailed instriictions nlease visit the JSCS wehsite;
http://www.shd.org.rs/JSCS/JSCS-instruction.HTM

* International Committee of Medical Journal Editors (""Uniform Requirements for Manuscripts Submitted to Biomedical
Journals™) -- February 2006
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PROCEDURE

All contributions will be peer reviewed and only those deemed worthy will be accepted for publication. The
Editor has the final decision. To facilitate the reviewing process, authors are encouraged to suggest up to three persons
competent to review their manuscript. Such suggestions will be taken into consideration but not always accepted.

Manuscripts requiring revision should be returned according to the requirement of the Editor, within 60 days or
the manuscript will be considered as having been withdrawn. Later, the manuscript would have to be resubmitted.

The Journal maintains its policy and takes the liberty of correcting the English of manuscripts scientifically
accepted for publication.

When a manuscript is ready for printing, the corresponding author will receive a PDF-formatted manuscript for
proof reading, which should be returned to the Journal within 2 days. Failure to do so will be taken as the authors are
in agreement with any alteration which may have occurred during the preparation of the manuscript.

Accepted manuscripts of active members of the Serbian Chemical Society (all authors) have publishing priority.

The corresponding author will receive by e-mail a PDF-formatted version of the paper as published in the
journal.

MANUSCRIPT PRESENTATION

Manuscripts should be typed in English (either standard British or American English, but consistent throughout)
with 1.5 spacing (12 points Times New Roman; Greek letters in the character font Symbol) in A4 format leaving 2.5
cm for margins. For Regional specific, non-standard save documents with Embed fonts Word option: Save as ->
(Tools) -> Save Options... -> Embed fonts in the text.

The authors are requested to seek the assistance of competent English language expert, if necessary, to ensure
their English is of a reasonable standard. The Serbian Chemical Society can provide this service in advance of
submission of the manuscript. If this service is required, please contact the office of the Society by e-mail (jscs-
info@shd.org.rs).

Tables and figures and/or schemes should not be embedded in the manuscript but their position in the text
indicated. In electronic version (Word.doc document) tables and figures and/or schemes should follow the text, each
on a separate page. Please number all pages of the manuscript including separate lists of references, tables and figures
and their captions.

IUPAC recommendations for the naming of compounds should be followed. SI units, or other permissible units,
should be employed. The designation of physical quantities must be in italic throughout the text (including figures,
tables and equations), whereas the units are in upright letters. They should be in Times New Roman font. In graphs
and tables, a slash should be used to separate the designation of a physical quantity from the unit (example: p / kPa,
t/°C, T/ K, r/h...). Designations such as: p (kPa), t [min]..., are not acceptable. However, if the full name of a
physical quantity is unavoidable, it should be given in upright letters and separated from the unit by a comma
(example: Pressure, kPa, Temperature, K...). Please do not use the axes of graphs for additional explanations; these
should be mentioned in the figure captions and/or the manuscript (example: “pressure at the inlet of the system, kPa”
should be avoided). The axis name should follow the direction of the axis (the name of y-axis should be rotated by
90°). Top and right axes should be avoided in diagrams, unless they are absolutely necessary.

Latin words, as well as the names of species, should be in italic, as for example: i.e., e.g., in vivo, ibid,
Calendula officinalis L., etc. The branching of organic compound should also be indicated in italic, for example,
n-butanol, tert-butanol, etc.

Decimal numbers must have decimal points and not commas in the text (except in the Serbian abstract), tables
and axis labels in graphical presentations of results.

Title page.

Title in bold letters, should be clear and concise, preferably 12 words or less. The use of non-standard
abbreviations, symbols and formulae is discouraged.

AUTHORS’ NAMES in capital letters with the full first name, initials of further names separated by a space
and surname. Commas should separate the author’s names except for the last two names when ‘and’ is to be used. In
multi-affiliation manuscripts, the author’s affiliation should be indicated by an Arabic number placed in superscript
after the name and before the affiliation. Use * to denote the corresponding author(s).

Affiliations should be written in italic. The e-mail address of the corresponding author should be given after the
affiliation(s).

Abstract: A one-paragraph abstract written of 150-200 words in an impersonal form indicating the aims of the
work, the main results and conclusions should be given and clearly set off from the text. Domestic authors should also
submit, on a separate page, an Abstract — Izvod, the author’s name(s) and affiliation(s) in Serbian (Latin letters). For
authors outside Serbia, the Editorial Board will provide a Serbian translation of their English abstract.

Keywords: Up to 6 keywords should be given. Do not use words appearing in the manuscript title

RUNNING TITLE: A one line (maximum five words) short title in capital letters should be provided.

Main text.

The main text should have the form: INTRODUCTION, EXPERIMENTAL (RESULTS AND DISCUSSION),
RESULTS AND DISCUSSION (EXPERIMENTAL), CONCLUSIONS, NOMENCLATURE (optional), Acknow-
ledgements: If any, REFERENCES (Citation of recent papers published in chemistry journals that highlight the
significance of work to the general readership is encouraged.)



The sections should be arranged in a sequence generally accepted for publication in the respective fields. They
subtitles should be in capital letters, centred and NOT numbered.

The INTRODUCTION should include the aim of the research and a concise description of background
information and related studies directly connected to the paper.

The EXPERIMENTAL section should give the purity and source of all employed materials, as well as details of
the instruments used. The employed methods should be described in sufficient detail to enable experienced persons to
repeat them. Standard procedures should be referenced and only modifications described in detail. On no account
should results be included in the experimental section.

The RESULTS AND DISCUSSION should include concisely presented results and there significance discussed
and compared to relevant literature data. The results and discussion may be combined or kept separate.

The inclusion of a CONCLUSION section, which briefly summarizes the principal conclusions, is highly
recommended. NOMENCLATURE is optional but, if the authors wish, a list of employed symbols may be included.

REFERENCES should be numbered sequentially as they appear in the text. When cited in the text, the reference
number should be superscripted in Font 12, following any punctuation mark. In the reference list, they should be in
normal position followed by a full stop. Reference entry must not be formatted using Carriage returns (enter key; <
key) or multiple space key. The formatting of references to published work should follow the Journal’s style as
follows:

Journals*: 1.A. B. Surnamel, C. D. Surname2, J. Serb. Chem. Soc. Vol. (Year) first page Number
Books: 2.A. B. Surnamel, C. D. Surname2, Name of Book, Publisher, City, Year, p. 100

Compilations: 3. A. B. Surnamel, C. D. Surname2, in: Name of Compilation, A. B. Editorl, C. D. Editor2, Ed(s).,
Publisher, City, Year, p. 100

Proceedings: 4.A. B. Surnamel, C. D. Surname2, , in: Proceeding of Name of the Conference or Symposium,
Title of the Proceeding, (Year of publishing), Place of the Conference, Country, Year, p. 100

Patents: 5.A. B. Inventorl, C. D. Inventor2, (Holder), Country Code and patent number (registration year)

Chemical 6.A. B. Surnamel, C. D. Surname2, Chem. Abstr. CA 234 567a

Abstracts: For non-readily available literature, the Chemical Abstracts reference should be given in square
brackets: [C.A. 139/2003 357348t] after the reference

Standards: 7.EN ISO 250: Name of the Standard (Year)

Websites: 8. Title of the website, URL in full (date accessed)

* International Library Journal abbreviation is required. Please consult e.g. http://www.library.ubc.ca/scieng/coden.html

Only the last entry in the reference list should end with a full stop.

The names of all authors should be given in the list of references; the abbreviation et al. may only be used in the
text. The original journal title is to be retained in the case of publications published in any language other than English
(please denote the language in parenthesis after the reference). Titles of publications in non-Latin alphabets should be
transliterated. Russian references are to be transliterated using the following transcriptions:

xk—zh, x—kh, n—ts, y—ch, m—sh, m—shch, bi—y, w—oyu, 1—-ya, 3—e, li—i, b—".

Table Captions. A separate list of table captions, which makes the tables comprehensible without reference to
the text, should be provided in numerical order on a separate page.

Tables. Tables are part of the text but must be given on separate pages. The tables should be numbered
consequently in Roman numbers. Quantities should be separated from units by a slash (/). Footnotes to tables, in size
10 font, are to be indicated consequently (line-by-line) in superscript letters. Tables should be prepared with the aid of
the WORD table function, without vertical lines. The minimum size of the font in the tables should be 10 pt. Table
columns must not be formatted using multiple spaces. Table rows must not be formatted using Carriage returns (enter
key; <! key). Tables should not be incorporated as graphical objects. In setting up tables, Authors should keep in mind
the area of the Journal’s page (12.5 cm x 19 cm) and should make tables conform to the limitations of these
dimensions.

Figure and/or Scheme Captions. A separate list of figure and/or scheme captions, which makes the figures
and/or schemes comprehensible without reference to the text, should be provided in numerical order on a separate
page.

Figures and/or Schemes. Figures and/or Schemes (of moderate resolution) should follow the captions, each on
a separate page of the manuscript. High resolution illustrations in TIF or EPS format (JPG format is acceptable for
colour and greyscale photos, only) must be uploaded as a separate archived (.zip, .rar or .arj) file.

Mathematical and chemical equations must be numbered, Arabic numbers, consecutively in parenthesis at the
end of the line. All equations should be embedded in the text except when they contain graphical elements (tables,
figures, schemes and formulae). Complex equations (fractions, inegrals, matrix...) should be prepared with the aid of
the WORD Equation editor.

Reporting analytic and spectral data: Adequate evidence to enable the identity and purity of all newly
synthesized compounds should be provided. The styles for the presentation of analytical and spectral data, which
should be strictly adhered to (including the order), are as follows:



Compound (3a). Yield: 60 %; m.p. 120 °C. Anal. Calcd. for C5H23N3Os: C, 71.27; H 4.58; N, 8.31. Found: C,
71.30, H, 4.54, N, 8.70. IR (KBr, cm™): 1535, 1469 (C=C- stretching of aromatic ring), 1680s (—C=0 stretching of -
COOH group), 3128 (—NH stretching of secondary amine). *H-NMR (200 MHz, DMSO-dg, 5 / ppm): 1.38 (3H, t, J =
7.2 Hz, -CH,—CH3), 4.15 (2H, g, J = 7.2 Hz, -CH,—CHj3), 10.92 (1H, s, -NH, D,O exchangeable), 7.75 (2H, t,J = 7.8
Hz, aromatic), 2.26-2.75 (2H, m, —CH,). *C-NMR (100 MHz, CDCls, J / ppm): 157.76 (C,), 146.89 (C,), 177.69 (-
CO0O0), 33.44 (-CH), 38.55 (-CHy). MS (m/z, (relative abundance, %)): 252 (M+, 32.5) 225, 213, 211 (BP, 100). UV—
Vis (EtOH) (Lmax / NM, €V or cm™ (¢ / L mol™ cm™)): 205 (2300), 243 (1800). Optical rotation values, a (589 nm, 20
°C, 10 g dm™ in H,0, 10 cm): +66.470°. Specific rotation [a]*’sse / deg dm™ g cm®. Magnetic moment, pes / us: 3.1.

Deposition of crystallographic data

Prior to submission, the crystallographic data included in a manuscript presenting such data should be deposited
at the appropriate database. Crystallographic data associated with organic and metal-organic structures should be
deposited at the Cambridge Crystallographic Data Centre (CCDC) by e-mail to deposit@ccdc.cam.ac.uk

Crystallographic data associated with inorganic structures should be deposited with the Fachin-
formationszentrum Karlsruhe (F1Z) by e-mail to crysdata@fiz-karlsruhe.de. A deposition number will then be
provided, which should be added to the reference section of the manuscript.

ARTWORK INSTRUCTIONS

JSCS accepts only TIFF or EPS formats, as well as JPEG format (only for colour and greyscale photographs)
for electronic artwork and graphic files. MS files (Word, PowerPoint, Excel, Visio) NOT acceptable. Generally,
scanned instrument data sheets should be avoided. Authors are responsible for the quality of their submitted artwork.
Every single Figure or Scheme, as well as any part of the Figure (A, B, C...) should be prepared according to
following instructions (every part of the figure, A, B, C..., must be submitted as an independent single graphic file).

TIFF - Virtually all common artwork and graphic creation software is capable of saving files in TIFF format.
This “option” can normally be found under the “Save As...” or “Export...” commands in the “File” menu. TIFF
(Tagged Image File Format) is the recommended file format for bitmap, greyscale and colour images. Colour images
should be in the RGB mode. When supplying TIFF files, please ensure that the files are supplied at the correct
resolution: Line artwork: minimum of 1000 dpi, RGB image: minimum of 300 dpi, Greyscale image: minimum of 300
dpi, Combination artwork (line/greyscale/RGB): minimum of 500 dpi, Images should be tightly cropped.

If applicable, please re-label artwork with a font supported by JSCS (Arial, Helvetica, Times, Symbol) and
ensure it is of an appropriate font size. Save an image in TIFF format with LZW compression applied. It is
recommended to remove Alpha channels before submitting TIFF files. It is recommended to flatten layers before
submitting TIFF files.

EPS - Virtually all common artwork creation software, such as Canvas, ChemDraw, CorelDraw, SigmaPlot,
Origin Lab..., are capable of saving files in EPS format. This “option” can normally be found under the “Save As...”
or “Export...” commands in the “File” menu. For vector graphics, EPS (Encapsulated PostScript) files are the
preferred format as long as they are provided in accordance with the following conditions: when they contain bitmap
images, the bitmaps should be of good resolution (see instructions for TIFF files).

JPEG - (Joint Photographic Experts Group) is the acceptable file format only for colour and greyscale
photographs. JPEG can be created with respect to photo quality (low, medium, high; from 1 to 10), ensuring file sizes
are kept to a minimum to aid easy file transfer. Images should have a minimum resolution of 300 dpi. Image width:
minimum 8.0 cm; maximum 12.0 cm.

When colour is involved, it should be encoded as RGB. An 8-bit preview/header at a resolution of 72 dpi should
always be included. Embed fonts should be always included and only the following fonts should be used in artwork:
Arial, Helvetica, Times, Symbol. The vertical space between the parts of an illustration should be limited to the bare
necessity for visual clarity. No data should be present outside the actual illustration area. Line weights should range
from 1 pt to 2 pt. When using layers, they should be reduced to one layer before saving the image (Flatten Artwork).

Sizing of artwork

JSCS aspires to have a uniform look for all artwork contained in a single article. Hence, it is important to be
aware of the style of the journal. Figures should be submitted in black and white or, if required, colour (charged). If
coloured figures or photographs are required, this must be stated in the cover letter and arrangements made for
payment through the office of the Serbian Chemical Society. As a general rule, the lettering on an artwork should
have a finished, printed size of 11 pt for normal text and no smaller than 7 pt for subscript and superscript characters.
Smaller lettering will yield a text that is barely legible. This is a rule-of-thumb rather than a strict rule. There are in-
stances where other factors in the artwork, (for example, tints and shadings) dictate a finished size of perhaps 10 pt.
Lines should be of at least 1 pt thickness. When deciding on the size of a line art graphic, in addition to the lettering,
there are several other factors to address. These all have a bearing on the reproducibility/readability of the final
artwork. Tints and shadings have to be printable at the finished size. All relevant detail in the illustration, the graph
symbols (squares, triangles, circles, etc.) and a key to the diagram (to explain the explanation of the graph symbols
used) must be discernible. The sizing of halftones (photographs, micrographs,...) normally causes more problems than
line art. It is sometimes difficult to know what an author is trying to emphasize on a photograph, so you can help us by
identifying the important parts of the image, perhaps by highlighting the relevant areas on a photocopy. The best
advice that can be given to graphics suppliers is not to over-reduce halftones. Attention should also be paid to magni-
fication factors or scale bars on the artwork and they should be compared with the details inside. If a set of artwork
contains more than one halftone, again please ensure that there is consistency in size between similar diagrams.

THE GRAPHS AND ARTWORK SHOULD BE 10 cm WIDE AT LEAST.
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Synthesis of new derivatives of hydrazinecarbothioamides and
1,2,4-triazoles, and an evaluation of their antimicrobial activities
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Abstract: A new series of hydrazinecarbothioamides 6-9 bearing a 5H-diben-
zo[a,d][7]annulene moiety were synthesized. Cyclization of 6-9 in NaOH sol-
ution produced the corresponding 4H-1,2,4-triazole-3-thiols 10-13, which
proved to be axial isomers. The thioethers 14-17 were prepared by alkylation
of 10-13 with methyl iodide. All new compounds were characterized by ele-
mental analysis, and IR, UV, 'H-NMR and 3C-NMR spectroscopy. An eval-
uation for antimicrobial activity against Staphylococcus aureus, Pseudomonas
aeruginosa, Escherichia coli, Bacillus subtilis, Salmonella enterica subsp. ent-
erica serovar Typhimurium, Shigella flexneri and Candida albicans was
performed.

Keywords: acylhydrazinecarbothioamide; 1,2,4-triazole-3-thiol; dibenzo[a,d]-
[7]annulene; antimicrobial activity.

INTRODUCTION

Bacterial infection remains a serious threat to human lives because of their
capacity to develop resistance to existing antibiotics, which is an increasing pub-
lic health problem. For this reason, obtaining new types of antibacterial agents is
a very important task.

* Corresponding author. E-mail: laurasocea@gmail.com
doi: 10.2298/JSC150227039S
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1462 SOCEA et al.

The tricyclic framework of 5H-dibenzo[a,d][7]annulene constitutes an int-
egral part of the structure of molecules that are known to be effective for the
treatment of depressive disorders.!-2 Analogs of 5H-dibenzo[a,d][7]annulene,
such as protriptyline and demexiptiline, are well known tricyclic antidepressants,
which are used in the treatment of migraines, tension headaches, anxiety, psy-
chosis, aggression and violent behavior. The anti-allergic drug cyproheptadine
(Cyp) is known to have inhibitory activity for L-type calcium channels in addi-
tion to histamine and serotonin receptors.3

Recently, studies that were trying to detect other possible pharmacological
actions of already known tricyclic antidepressants have received increasing inter-
est. 413

Dibenzo[a,d][7]annulene moieties are incorporated in biologically active
compounds that exhibit muscarinic receptor antagonist properties and are useful
in the treatment of Parkinson’s disease, tardive dyskinesia and motion sickness.*

Dibenzo[a,d][7]annulene derivatives exhibit antidiabetic,’ antiparasitic,®
metalloprotease inhibitory” and antimicrobial activity.8-13 Munoz-Bellido et al.
realized an extensive study that demonstrated the intense antibacterial activities
presented by some antidepressant from the group of serotonin recapture inhi-
bitors, such as clomipramine and sertraline.!! Similarly some psychiatric agents,
such as protriptyline or cyclobenzaprine, are associated with some chemotherapy
agents (sulfathiazole) that enhance the antibacterial activity of the latter and red-
uce the MIC up to 50 %.!1

1,2,4-Triazole derivatives are known to show biological properties including
antimicrobial,!4-19 anticancer,20 anti-inflammatory,2!-22 anticonvulsant,23 anti-
viral,24.25 antitubercular,25 hypolipidemic,2¢ antioxidant activities?7-28 and others.

Several compounds containing 1,2,4-triazole rings are used in therapy. For
example, fluconazole, terconazole and itraconazole are used as antimicrobial
drugs, while vorozole, letrozole and anastrozole are non-steroidal drugs used for
the treatment of cancer.29 Other examples are ribavirin (antiviral agent), riza-
triptan (antimigraine agent) and alprazolam (anxiolytic agent),30 beside others.

Furthermore, a number of substituted hydrazinecarbothioamide were found
to exhibit antifungal,12-31-36 tuberculostatic,3¢ cytostatic,3’ anticonvulsant,38
antiviral3? and antioxidant activities.28.40

Considering the above data, in continuation of ongoing research on biologic-
ally active compounds, the synthesis of new hydrazinecarbothioamides and 1,2,4-
-triazoles bearing the SH-dibenzo[a,d][7]annulene moiety and their antimicrobial
activities were considered.41:42

EXPERIMENTAL
Chemistry

All reactants and solvents of the highest purity were obtained commercially and used
without further purification. Melting points were determined on a Boetius apparatus and are
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uncorrected. The UV—Vis spectra were recorded on a SPECORD 40 Analytik Jena spectro-
meter, in methanol (2.5%10” M) in the wavelength range 200-600 nm. The IR spectra were
recorded in KBr pellets using a Vertex 70 Bruker spectrometer. Elemental analyses were
performed on an ECS-40-10-Costeh micro-dosimeter (and the values were within £0.4 % of
the theoretical ones). The NMR spectra were recorded on a Varian Gemini 300 BB instrument
operating at 300 MHz for 'H- and 75 MHz for 13C-NMR, using DMSO-d;; as solvent for the
hydrazinecarbothioamides and CDClI; for the 1,2,4-triazole compounds. Chemical shifts (¢ in
ppm) were assigned according to the internal standard signal of tetramethylsilane in DMSO-dj
(0 = 0 ppm). Coupling constants, .J, are expressed in Hz.

Analytical and spectral data of the synthesized compounds are given in the Supple-
mentary material to this paper.

General procedure for the preparation of N-substituted 2-(5H-dibenzofa,d][7]annulen-5-yla-
cetyl)-hydrazinecarbothioamides (6—9)

A mixture of 2-(§H-dibenzo[a,d][7]annulen-5-yl)acetohydrazide (1, 4 mmol) and the
required isothiocyanate 2—5 (4 mmol) in absolute ethanol (30-50 mL) was refluxed for 612
h. On cooling the reaction mixture to room temperature, a precipitate appeared. This was
filtered off and recrystallized from ethanol to obtain the desired compound.

General procedure for the preparation of 4-substituted 5-(5H-dibenzo[a,d] [7]annulen-5-yl-
methyl)-4H-1,2,4-triazole-3-thiols (10-13)

A solution of the required hydrazinecarbothioamide (69, 1 mmol) in 8 mL of 8 %
NaOH solution was refluxed for 3-9 h and then filtered. After cooling, the filtrate was
neutralized with acetic acid. The obtained white precipitate was filtered and recrystallized
from CHCl;:petroleum ether (1:2, V1V, boiling range: 60—80 °C).

General procedure for the preparation of 4-substituted 3-(5H-dibenzo[a,d][7]annulen-5-
ylmethyl)-5-(methylsulfanyl)-4H-1,2,4-triazoles (14—17)

To a solution of sodium ethoxide (Immol of sodium in 10 mL of absolute ethanol) was
added the required triazole 10-13 (1 mmol). The reaction mixture was stirred at room tem-
perature until a solution was obtained. To this solution, methyl iodide (I mmol) was added
and stirring continued for 10 h. The reaction mixture was poured into ice water and the
precipitate was filtered off, washed with water and recrystallized from ethanol.

Antimicrobial activity

The antibacterial and antifungal activities of the compounds were investigated by the
broth microdilution method, in 96 flat-bottomed wells microplates (Nunc, Denmark).
Dimethyl sulfoxide was used as the solvent for the preparation of stock solutions of the
compounds, to obtain a concentration of 2048 pg mL-!. The antimicrobial actions of the
newly-synthesized compounds were tested against 6 reference bacterial strains, i.e., Staphylo-
coccus aureus ATCC 25923, Pseudomonas aeruginosa ATCC 27853, Escherichia coli ATCC
25922, Bacillus subtilis ATCC 6633, Salmonella enterica subsp. enterica serovar Typhimu-
rium ATCC 14028, Shigella flexneri ATCC 12022, and one reference yeast strain, i.e., Can-
dida albicans ATCC 90028. Gentamicin was used as a positive control for S. aureus, P.
aeruginosa and E. coli, and fluconazole for C. albicans. Bacterial susceptibility testing was
performed according to the guidelines of the Clinical and Laboratory Standards Institute
(CLSI) M100-S16 and European Committee on Antimicrobial Susceptibility Testing
(EUCAST). 4344

All 96 wells of the microplate were filled in with 100 pL of Miiller—Hinton broth (cation-
-adjusted) when testing compounds against bacteria and Sabouraud broth when testing against
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the yeast. Series of two-fold dilutions of the newly-obtained compounds were performed in
Miuller—Hinton or Sabouraud broth. In the case of the reference bacterial strains, the inoculum
was prepared by suspending 5 distinct colonies from a 24 h culture obtained on Columbia
Blood Agar (BioM¢érieux, France), in a tube with Brain Heart Infusion broth (BHI broth).
After vortex mixing and adjusting the density to the turbidity of the 0.5 McFarland standard,
the bacterial suspension was diluted 1:100 in BHI broth, in order to obtain the working
inoculum. Afterwards, each well of the microdilution plates containing 100 pL of Miiller—
—Hinton broth with compound was inoculated within 15 min with 100 pL of the bacterial
inoculum, including the growth control wells, but not the sterility control wells that were filled
with 200 pL of compound-free Miiller—Hinton broth.

In the case of the reference yeast strains, the inoculum was prepared by suspending
5 distinct colonies from a 24 h culture obtained on Sabouraud dextrose agar, in a tube with
5 mL of sterile distilled water. After vortex mixing and adjusting the density to the turbidity of
the 0.5 McFarland standard, the fungal suspension was diluted in sterile distilled water in
order to obtain a working inoculum. Each well of the microdilution plates containing 100 uL
of Sabouraud broth with compound was inoculated with 100 pl yeast inoculum within 15 min,
including the growth control wells, but not the sterility control wells, which were filled only
with 200 pL compound-free Sabouraud broth. After performing the inoculum controls from
the growth control wells, the microplates were incubated at 37 °C for 24 h.#8-50

The lowest concentration of each compound able to inhibit visible microbial growth was
considered the minimum inhibitory concentration (MIC) value.

RESULTS AND DISCUSSION
Chemistry

The reaction sequences employed for the syntheses of the title compounds
are shown in Scheme 1. In the present work, N-aryl-2-(5H-dibenzo[a,d][7]-
annulen-5-ylacetyl)hydrazinecarbothioamides 6-9 were synthesized by nucleo-
philic addition of 2-(5H-dibenzo[a,d][7]annulen-5-yl)acetohydrazide (1) to the
aryl isothiocyanates 2—5, in absolute ethanol under reflux. 2-(5H-Dibenzo[a,d]-
[7]annulen-5-yl)acetohydrazide (1) was prepared starting from dibenzosuber-
enone, according to a literature method.#2:43.46

Synthesis of the new 4-alkyl/aryl-5-(5H-dibenzo[a,d][7]annulen-5-yl-
methyl)-4H-1,2,4-triazole-3-thiols 10-13 (that exist in equilibrium with their
thione tautomer) consisted in intramolecular cyclization of acylhydrazine-
carbothioamides 6-9 in 8 % sodium hydroxide solution under reflux.41:46:47

The treatment of 1,2,4-triazoles 10-13 with methyl iodide in basic media
yielded the  4-substituted  3-(5H-dibenzo[a,d][7]annulen-5-ylmethyl)-5-
(methylsulfanyl)-4H-1,2,4-triazoles 14—17 and not the N-methylated derivatives.

Analytical and spectral data of the newly synthesized compounds

All the synthesized compounds were analyzed by IR, UV—Vis, lH-NMR and
I3C-NMR spectroscopy. The analytical and spectral data of the new compounds
are given in the Supplementary material to this paper.
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R-NCS 1. NaOH
25 2. CH;-COOH
B — _—

CH,~CO-NH-NH, HC— CO-NH-NH-CS-NH-R
1 6-9
CH, I é
- o
N—N N—N
CH CH,
2\< Vg \< )—SCHs
| |
} L
10-13 14-17

R=p-C¢Hy-Cl: 2,6, 10, 14
R=p-C¢Hy-Br:3,7,11, 15
R=p-CeHs-1:4,8,12, 16
R=-CH,-CH,-C¢Hs : 5,9, 13, 17

Scheme 1. Synthetic route to the title compounds.

Infrared spectra of new hydrazinecarbothioamides 6-9 showed a new band
at 1249-1258 cm! due to the stretching vibration of the C=S groups. This fact
confirmed the addition of the 2-(5H-dibenzo[a,d][7]annulen-5-yl)acetohydra-
zides to different isothiocyanates. The C=0 and N-H stretching bands were pre-
sent at 1673-1699 and 3141-3359 cm™!, respectively.

The hydrazinecarbothioamides 6—9 were present as two conformational iso-
mers, 5'-axial and 5’-equatorial in about 3:1 ratio, interconvertible by inversion of
the middle ring, which was confirmed by their lH-NMR spectra.4? In 6-9-axial
isomers, the H-5'(eq) is deshielded, manifested as a triplet at 4.62—4.65 ppm (J in
range 7.0-7.3 Hz), whereas the CH;-12' protons are shielded by the double bond,
showing a doublet at 2.57-2.60 ppm (Scheme S-1 of the Supplementary material
to this paper). Double bonds shield H-5' axial, while aromatic rings deshield H-5'
equatorial, because of the current cycle. The H-5'(eq) appeared at 6 = 4.62—4.65
ppm (triplet) and H-5'(ax) appeared at 6 3.74-3.76 ppm (triplet).42

The signals of NH protons appeared as singlets between 9.53—-10.12 ppm and
the double bond protons H-10" and H-11" appeared as a singlet at 7.02—7.03 ppm.

The 13C-NMR spectrum of compounds 6-9 showed a narrow § domain
(123-140 ppm) with C-10" and C-11’ easily recognizable at 6 130—131 ppm, cor-
responding to the dibenzo[a,d][7]annulene moiety. C=S carbon atom could be
responsible for the appearance of a signal at J =~ 181 ppm.

Cyclization of 6-9 to 10-13 was proved by the IR spectra that showed the
disappearance of the vc=0 band. It appears that in KBr pellets, the 1,2,4-triazole-
-3-thiols 10-13 exist in their thionic tautomeric form.*!
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The presence of a single conformational isomer (the axial one) of the tri-
azoles 10-13 was confirmed by their lH-NMR spectra. Cyclization of 6-9 to 10—
—13 and the subsequent reactions produced the loss of the minor equatorial
isomer, probably due to an increased solubility in acidic water. H-5'(eq) appears
at 0 4.35-4.45 ppm (triplet, J = 7.9 Hz) and the CH;-12’ protons manifest as
doublets at 2.67-2.93 ppm in 10—13. The NH signals of 6-9 totally disappeared,
and were replaced by singlets at 6 11.44-11.90 ppm, attributable to the SH pro-
ton. Thus, in solution, the above equilibrium was shifted towards the thiolic form.

Conversion of hydrazinecarbothioamides 69 to the triazoles 10—13 was also
confirmed by the 13C-NMR spectra. A new quaternary carbon signal (for C-3)
appeared at 0 166.57-167.97 ppm (Scheme S-2 of the Supplementary material)
simultaneously with the disappearance of the C=S signal of 6-9 (6 = 181 ppm).
Furthermore, a new signal for C-5 of 1013 appeared at 6 = 155.5 ppm, instead
of the C=0 signal from 6-9 at 6 169—170 ppm.

A new band in 2929-2983 cm™! region, due to presence of methyl group
(vcHs) 1n the IR spectra confirmed the structures of compounds 14-17, obtained
by alkylation of the triazoles 10—13 with methyl iodide. Proof of S-alkylation that
led to the formation of compounds 14-17 was given by the disappearance of the
C=S stretching band in the IR spectra.

The presence of new signals at 14.8 ppm corresponding to CH3 group in the
I3C-NMR spectra of compounds 14-17 was the most significant proof of alkyl-
ation of triazoles 10-13 with methyl iodide. Heterocyclic carbons C-3 and C-5
from these methylated compounds resonated at 154.82—155.11 ppm (more shielded
than the C-3 heterocyclic carbon from the 1,2,4-triazoles 10-13) and J 151.28-
—151.54 ppm, respectively.

IH-NMR spectra of the 3-(methylsulfonyl)-1,2,4-triazoles indicated the
presence of a single conformational isomer, the axial one, except for triazole 15,
which exists as two isomers, 5'-axial and 5’-equatorial in about 1:1 ratio.

Antimicrobial activity

The antimicrobial activities of all products were investigated in vitro against
S. aureus, P. aeruginosa, E. coli, B. subtilis, S. enterica subsp. enterica serovar
Typhimurium, S. flexneri and C. albicans by the dilution method. The MIC
values were determined using the dilution method with dimethyl sulfoxide as
solvent.

Dimethyl sulfoxide showed no antimicrobial activity against the tested
strains. The MIC values (ug mL~1) for the new compounds against the strains are
presented in Table 1.

The investigation of the antimicrobial activity of the compounds was per-
formed in duplicate. As control, S. aureus, E. coli and P. aeruginosa were tested
against gentamicin, and C. albicans against fluconazole by the broth micro-
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dilution method.44:45:49-51 The MIC value of gentamicin was 2 ug mL-! for all
tested strains and the MIC value of fluconazole was 2 ng mL~! for the reference
strain.

TABLE L. In vitro antimicrobial activity of compounds 617 as MIC values (ug mL)

Bacterial strains Yeast
S. enterica subsp.

Compd. S. P. E. B. ; S. C.
; . e enterica serovar . .
aureus aeruginosa coli subtilis L flexneri albicans
Typhimurium

6 256 16 512 >1024 256 1024 >1024
7 512 256 >1024 >1024 256 256 >1024
8 >1024 1024 512 >1024 1024 512 >1024
9 512 256 512 >1024 512 512 >1024
10 512 >1024 64 128 64 512 >1024
11 256 128 512 128 >1024 1024  >1024
12 256 512 512 128 >1024 512 >1024
13 512 64 >1024 >1024 512 512 >1024
14 256 128 512 128 >1024 512 128
15 256 128 512 128 512 512 128
16 256 256 512 256 128 512 128
17 512 512 512 256 256 512 256
Gentamicin 2 2 2 - - - -
Fluconazole — — — — — — 2

The antimicrobial screening data revealed that all the newly synthesized
compounds exhibited weaker antimicrobial activities compared to those of the
control drugs.

For the reference bacterial strains, the MIC values of the compounds ranged
between: 16-1024 ug mL-! for the hydrazinecarbothoamides 6-9, 641024 ug
mL-! for the 1,2,4-triazole-3-thiols 10-13 and 128-512 pg mL-! for the methyl-
sulfamyl-1,2,4-triazoles 14-17.

Hydrazinecarbothioamide 6 with a chlorine atom presented the strongest
action against P. aeruginosa (MIC 16 pg mL-1). 1,2,4-Triazole-3-thiol 13 with a
4-(2-phenylethyl) fragment presented the strongest action against P. aeruginosa
(MIC 64 pg mL-1).

Comparing the results of this study, it was observed: a) compounds con-
taining 4-chlorophenyl group had moderate antibacterial activity, hydrazinecar-
bothioamides against S. aureus, S. enterica subsp. enterica serovar Typhimurium
and P. aeruginosa, 1,2,4-triazole-3-thiol against E. coli and S. enterica subsp.
enterica serovar Typhimurium, and methylsulfanyl-1,2,4-triazole against P.
aeruginosa; b) hydrazinecarbothioamides containing 4-chlorophenyl or 4-bro-
mophenyl had better action compared to derivatives containing 4-iodophenyl or
4-(2-phenylethyl); c) the presence of methylsulfanyl-1,2,4-triazole ring in the
structures 14—17 were favorable for the activity against the bacterial strains; d)
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hydrazinecarbothioamides 69 and 1,2,4-triazole-3-thiols 10-13 were almost
inactive against C. albicans but methylsulfanyl-1,2,4- triazole showed moderate
activity against fungus strain.

CONCLUSIONS

In this paper, the synthesis and characterization of four new acyl hydra-
zinecarbothioamides, four 4H-1,2,4-triazole-3-thiol derivatives and four methyl-
sulfanyl-1,2,4-triazoles containing the S5H-dibenzo[a,d]annulene moiety were
presented. The structures of new compounds were confirmed by spectral data
(IR, UV, TH-NMR and !3C-NMR) and elemental analysis. All the compounds
were investigated for their antimicrobial activity against S. aureus, P. aerugi-
nosa, E. coli, B. subtilis, S. enterica subsp. enterica serovar Typhimurium, S.
flexneri and C. albicans.

The antibacterial screening data are given for all the tested compounds. The
data indicated weak antibacterial activity, except for compound 6 (which pre-
sented good action against P. aeruginosa), 10 (which presented moderate action
on S. enterica subsp. enterica serovar Typhimurium and E. coli) and 13 (which
presented a moderate action on P. aeruginosa). Based on the MIC values pre-
sented by the tested compounds, it could be concluded that, in general, the deri-
vatives containing a chlorine or bromine atom had better antibacterial activity
against the tested strains.

SUPPLEMENTARY MATERIAL

Physical, analytical and spectral data for the synthesized compounds are available elec-
tronically from http://www.shd.org.rs/JSCS/, or from the corresponding author on request.
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CHUHTE3A HOBUX JEPUBATA XUJPASMHKAPBOTUOAMUJIA U 1,2,4-TPUA30JIA U
BUXOBA AHTUMHKPOBHA AKTUBHOCT
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CuHTeTHCaHa je cepyja fepuBara XunpasuHkapdornoamuaa 6—9 koju cagpxe SH-nuben-
30[a,d][7]anynencku peo. Lluknusanuja nepuBata 6—9 y pactsopy NaOH naje omrosapajyhe
akcujanHe nsomepe 4H-1,2,4-tpuason-3-tuona 10-13. Tuoetpu 14-17 cy nodujeHu ankuio-
BameM fepusaTta 10-13 jonmeranom. CBa HOBA jeubemha OKapAKTEPHUCAHA Cy €1€eMEHTalTHOM
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anamusoM, IR, UV, TH-NMR u 13C-NMR cnekTpockonujom. U3BpIIEHO je NCIIMTHBAKE aHTH-
MHUKpoOHe akTUBHOCTH npema Staphylococcus aureus ATCC 25923, Pseudomonas aeruginosa
ATCC 27853, Escherichia coli ATCC 25922, Bacillus subtilis ATCC 6633, Salmonella enterica
subsp. enterica serovar Typhimurium ATCC 14028, Shigella flexneri ATCC 12022 u Candida
albicans ATCC 90028.

(ITpumsmeno 27. dedpyapa, pesunupano 15. Maja, mpuxsaheno 18. maja 2015)
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PHYSICAL, ANALYTICAL AND SPECTRAL DATA FOR THE SYNTHESIZED
COMPOUNDS

H,C—CO-NH-NH-CS-NH-R ~ Scheme S-1. Atom numbering of the general structure for
12131 2 3 4 6-9.

N-(4-Chlorophenyl)-2-(5H-dibenzo[a,d] [7]annulen-5-ylacetyl) hydrazinecar-
bothioamide (6). Yield: 78.6 %; m.p.: 172-173 °C; Anal. calcd. for
Co4H7oCIN3OS (FW: 433.95): C, 66.43; H, 4.65; N, 9.68 %. Found: C, 66.40; H,
4.66; N, 9.70 %; IR (KBr, cm~1): 3321, 3147 (N-H stretching), 3065, 3017 (C-H
stretching of aromatic ring), 2976, 2851 (CHj stretching), 1682 (C=0 stretching),
1605, 1595, 1522, 1492, 1253 (C=S stretching), 765 (C—Cl); IH-NMR (300
MHz, DMSO-dg, 6 / ppm): 9.80 (2H, s, NH), 9.68 (1H, s, NH), 7.50-7.20 (12H,
m, Ar-H), 7.03 (2H, s, H10’, H11"), 4.66 (1H, ¢, J = 7.1 Hz, H5') axial isomer,
3.76 (1H, ¢, J = 7.1 Hz, H5') equatorial isomer, 2.62 (2H, d, J = 7.1 Hz, H12")

* Corresponding author. E-mail: laurasocea@gmail.com
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axial isomer; 13C-NMR (75 MHz, DMSO-dg, 6 / ppm): 180.78 (C=S), 170.08
(C=0), 140.05 (2Cy), 139.55 (Cq), 138.87 (Cq), 137.99 (Cy), 133.76 (Cy), 131.27
(C10', C11") equatorial isomer, 130.98 (CH), 130.81 (C10’, C11') axial isomer,
129.63 (CH), 129.52 (CH), 128.76 (CH), 128.51 (CH) equatorial isomer, 127.97
(CH), 127.58 (CH) equatorial isomer, 126.51 (CH), 125.51 (CH) equatorial
isomer, 48.60 (C5'), 34.61 (C12’) axial isomer, 33.21 (C12') equatorial isomer;
UV-Vis (CH30H, 2.5%10-° M, Amax / nm (log (¢ / L-mol"-cm™))): 206.2 (4.51),
224.7 (4.40),279.3 (4.22).

N-(4-Bromophenyl)-2-(5H-dibenzo[a,d] [7]annulen-5-ylacetyl) hydrazinecar-
bothioamide (7). Yield: 83.1 %; m.p.: 197-198 °C; Anal. Calcd. for
Cr4HooBrN3OS (FW: 478.40): C, 60.25; H, 4.21; N, 8.78 %. Found: C, 60.26; H,
4.22; 8.78 %; IR (KBr, cm™!): 3342, 3340, 3141 (N-H stretching), 3052, 3019
(C—H stretching of aromatic ring), 2970, 2873 (CHj stretching), 1673 (C=0
stretching), 1586, 1531, 1488, 1257 (C=S stretching), 621 (C—Br); IH-NMR (300
MHz, DMSO-dg, 6 / ppm): 9.72 (2H, s, NH), 9.53 (1H, s, NH), 7.50 2H, d, J =
= 8.6 Hz, H-bromophenyl), 7.45-7.20 (10H, m, Ar-H), 7.03 (2H, s, H10’, H11"),
4.65 (1H, ¢, J = 7.3 Hz, H5') axial isomer, 3.80 (2H, d, J = 7.1 Hz, H12')
equatorial isomer, 3.75 (1H, ¢, J = 7.3 Hz, H5’) equatorial isomer, 2.61 (2H, d,
J=7.1 Hz, H12') axial isomer; 13C-NMR (75 MHz, DMSO-dg, § / ppm): 180.73
(C=9), 170.03 (C=0), 140.05 (Cq), 139.55 (Cq), 138.43 (Cy), 133.74 (Cy),
131.27 (C10', C11") equatorial isomer, 130.89 (C10’, C11") axial isomer, 130.87
(CH), 130.80 (CH), 129.62 (CH), 129.52 (CH), 128.51 (CH) equatorial isomer,
127.57 (CH), equatorial isomer, 126.50 (CH), 125.51 (CH) equatorial isomer,
122.55 (CH) equatorial isomer, 117.22 (C—Br), 48.57 (C5’), 34.59 (C12') axial
isomer, 33.19 (C12') equatorial isomer; UV-Vis (CH3OH, 2.5x1075 M, Aypax / Nm
(log (¢ / L-mol "-cm™))): 204.4 (4.35), 226.4 (4.20), 281.9 (4.20).

2-(5H-Dibenzofa,d][7]annulen-5-ylacetyl)-N-(4-iodophenyl) hydrazinecar-
bothioamide (8). Yield: 69.5 %; m.p.: 194-195 °C; Anal. Calcd. for
Ca4H20IN3OS (FW: 525.40): C, 54.86; H, 3.84; N, 8.00 %. Found: C, 54.88; H,
3.84; N, 8.02 %; IR (KBr, cm™!): 3339, 3304, 3141 (N-H stretching), 3051, 3015
(C—H stretching of aromatic ring), 2969, 2874 (CHj stretching), 1674 (C=0
stretching), 1582, 1530, 1510, 1486, 1258 (C=S stretching); 516 (C-I); IH-NMR
(300 MHz, DMSO-dg, 6 / ppm): 9.72 (2H, s, NH), 9.52 (H, s, NH), 7.66 (2H, d,
J = 8.6 Hz, H-iodophenyl), 7.50-7.20 (10H, m, aromatic), 7.03 (2H, s, H10’,
HI11"), 4.65 (1H, ¢, J = 7.3 Hz, H5') axial isomer, 3.75 (1H, ¢, J = 7.3 Hz, H5')
equatorial isomer, 2.60 (2H, d, J = 7.3 Hz, H12'); 13C-NMR (75 MHz, DMSO-
-dg, 6 / ppm): 180.75 (C=S), 170.11 (C=0), 140.05 (Cq), 139.54 (Cy), 138.43
(Cg), 136.77 (Cg) 134.86 (Cq), 133.74 (Cgy), 131.27 (C10',C11") equatorial
isomer, 130.84 (C10’,C11’) axial isomer, 129.62 (CH), 129.52 (CH), 128.76
(CH), 128.54 (CH) equatorial isomer, 127.58 (CH) equatorial isomer, 126.50
(CH), 125.51 (CH) equatorial isomer, 122.95 (CH) equatorial isomer, 89.55
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(C-D), 49.59 (C5"), 34.60 (C12"); UV—Vis (CH30H, 2.5%10° M, Apax / nm (log
(¢/L-mol'-cm™))): 207.0 (4.54), 223.8 (4.46), 283.7 (4.30).
2-(5H-Dibenzofa,d] [7]annulen-5-ylacetyl)-N-(2-phenylethyl) hydrazinecar-

bothioamide (9). Yield: 74.6 %; m.p.: 183-185 °C; Anal. Calcd. for
C6Hp5N30S (FW: 427.56): C, 73.04; H, 5.89; N, 9.83 %. Found: C, 73.04; H,
5.87; N, 9.81 %; IR (KBr, cm™!): 3359, 3304, 3232 (N-H stretching), 3062, 3023
(C—H stretching of aromatic ring), 2969, 2862 (CHj stretching), 1699 (C=0
stretching), 1562, 1542, 1493, 1249 (C=S stretching); !H-NMR (300 MHz,
DMSO-dg, 0 / ppm): 10.12 (H, s, NH) equatorial isomer, 9.52 (H, s, NH) axial
isomer, 9.36 (H, s, NH) equatorial isomer, 9.15 (H, s, NH) axial isomer, 7.40—
—7.10 (13H, m, Ar-H), 7.02 (2H, s, H10’, H11"), 4.62 (1H, ¢, J = 7.1 Hz, HY)
axial isomer, 3.74 (1H, ¢, J = 7.1 Hz, H5') equatorial isomer, 3.53 (2H, m,
NH-CHy), 2.72 (2H, ¢, J = 8.2 Hz, CH,—CgHs), 2.55 (2H, d, J = 7.1 Hz, H12"),
I3C-NMR (75 MHz, DMSO-dg, 6 / ppm): 181.16 (C=S), 170.03 (C=0), 140.25
(Cg) equatorial isomer, 139.85 (Cq), 139.47 (Cg), 139.10 (Cy), 133.75 (Cy),
131.25 (C10', C11") equatorial isomer, 130.77 (C10’, C11") axial isomer, 129.57
(CH), 129.52 (CH), 128.76 (CH), 128.63 (CH), 127.58 (CH), 127.60 (CH),
127.42 (CH), 126.53 (CH), 126.15 (CH), 125.52 (CH) equatorial isomer, 48.73
(C5"), 45.10 (CHp—NH), 34.84 (CH,—CgHs), 34.43 (C12"); UV—Vis (CH3OH,
2.5%x105 M, Amax / nm (log (¢ / L-mol "-cm™))): 205.3 (4.50), 222.9 (4.46), 285.5
(4.04).

Scheme S-2. The general structure of 10—13 with atom
numbering.

4-(4-Chlorophenyl)-5-(5H-dibenzo[a,d] [7]annulen-5-ylmethyl)-4H-1,2,4-tri-
azole-3-thiol (10). Yield: 78.6 %; m.p.: 177-179 °C; Anal. Calcd. for
Co4H1gCIN3S (FW: 415.93): C, 69.30; H, 4.36; N, 10.10 %. Found: C, 69.28; H,
4.38; N, 10.10 %; IR (KBr, cm™!): 3383 (N-H stretching), 3066, 3020 (C-H
stretching of aromatic ring), 2929, 2845 (CH, stretching), 1566, 1495, 1458,
1231 (C=S stretching), 768 (C—Cl); lH-NMR (300 MHz, CDCl3, 6 / ppm): 11.90
(1H, s, SH), 7.43 (2H, d, J = 8.5 Hz, H-chlorophenyl), 7.35-7.10 (8H, m, Ar-H),
6.83 (2H, s, H10', H11"), 6.77 (2H, d, J = 8.5 Hz, H-chlorophenyl), 4.41 (1H, ¢,
J =17.9 Hz, H5'), 2.98 (2H, d, J = 7.9 Hz, H12'); 13C-NMR (75 MHz, CDCls,
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d / ppm): 167.97 (triazole-C3), 151.54 (triazole-C5), 138.48 (2Cq), 136.02 (Cy),
133.91 (Cy), 131.54 (C-Cl), 130.77 (C10, C11"), 130.14 (CH), 129.92 (CH),
129.56 (CH), 129.28 (CH), 53.20 (C5"), 26.13 (C12"); UV-Vis (CH30H, 2.5x10-
M, Amax / nm (log (¢ / L-mol "-cm™))): 207.0 (4.53), 222.9 (4.47), 277.5 (4.21).

4-(4-Bromophenyl)-5-(5H-dibenzo[a,d] [ 7] annulen-5-ylmethyl)-4H-1,2,4-tri-
azole-3-thiol (11). Yield: 90.0% m.p.: 133—135°C; Anal. Calcd. for Co4HgBrN3S
(FW: 460.38 g/mol): C, 62.61; H, 3.94; N, 9.13; Found: C, 62.61; H, 3.92; N,
9.16; IR (KBr, cm™1): 33392 (N-H stretching), 3066, 3020 (C—H stretching of
aromatic ring), 2930, 2845 (CH, stretching), 1561, 1491, 1435, 1231 (C=S
stretching), 570 (C-Br); !H-NMR (300 MHz, CDCl3, & / ppm): 11.82 (1H, s,
SH), 7.59 (2H, d, J = 8.3 Hz, H-bromophenyl), 7.30-7.05 (8H, m, Ar-H), 6.71
(2H, d, J = 8.3 Hz, H-bromophenyl), 6.62 (2H, s, H10’, H11") 4.41 (1H, ¢, J="7.9
Hz, H5"), 2.98 (2H, d, J = 7.9 Hz, H12'); 13C-NMR (75 MHz, CDCl3, ¢ / ppm):
168.00 (triazole-C3), 151.51 (triazole-CS), 138.47 (Cg), 133.91 (Cg), 132.06
(Cq), 130.78 (C10', C11"), 130.15 (CH), 129.81 (CH), 129.56 (CH), 129.28
(CH), 124.11 (C-C1), 53.21 (C5"), 26.13 (C12"); UV—Vis (CH30H, 2.5x10° M,
Jmax / nm (log (¢ / L-mol "-cm™))): 202.6 (4.42), 222.3 (4.33), 283.7 (3.87).

5-(5H-Dibenzo[a,d] [7]annulen-5-ylmethyl)-4-(4-iodophenyl)-4H-1,2,4-tri-
azole-3-thiol (12). Yield: 74.5 %; m.p.: 200-202 °C; Anal. Calcd. for
Co4H1gIN3S (FW: 507.39): C, 56.81; H, 3.58; N, 8.26 %. Found: C, 56.81; H,
3.57; N, 8.28 %; IR (KBr, cm™!): 3371 (N-H stretching), 3062, 3019 (C-H
stretching of aromatic ring), 2928, 2840 (CH, stretching), 1578, 1563, 1491,
1459, 1228 (C=S stretching), 571 (C-I); 'H-NMR (300 MHz, CDCl3, 6 / ppm):
11.58 (1H, s, SH), 7.75 (2H, d, J = 8.6 Hz, H-iodophenyl), 7.25-7.05 (8H, m,
Ar-H), 6.59 (2H, s, H10’, H11"), 6.54 (2H, d, J = 8.6 Hz, H-iodophenyl), 4.35
(1H, ¢, J = 7.9 Hz, H5'), 2.93 (2H, d, J = 7.9 Hz, H12'); 13C-NMR (75 MHz,
CDCl3, 6 / ppm): 168.08 (triazole-C3), 151.50 (triazole-C5), 133.92 (Cy), 132.80
(Cq), 130.95 (CH), 130.80 (C10’, C11"), 130.47 (Cq), 130.18 (CH), 129.93 (CH),
129.62 (CH), 129.29 (CH), 95.77 (C-I), 53.20 (C5"), 26.16 (C12'); UV—Vis
(CH30H, 2.5%10°5 M, Amax / nm (log (¢ / L-mol "-cm™))): 206.2 (4.53), 229.1
(4.44),278.4 (4.21).

5-(5H-Dibenzo[a,d] [7]annulen-5-ylmethyl)-4-(2-phenylethyl)-4H-1,2,4-tri-
azole-3-thiol (13). Yield: 77.0 %; m.p.: 107-109 °C; Anal. Calcd. for CygHy3N3S
(FW: 409.54): C, 76.25; H, 5.66; N, 10.26 %. Found: C, 76.26; H, 5.65; N, 10.26
%; IR (KBr, cm!): 3401 (N-H stretching), 3064, 3025 (C-H stretching of
aromatic ring), 2945, 2861 (CH, stretching), 1566, 1493, 1454, 1277 (C=S
stretching); !H-NMR (300 MHz, CDCl3, 6 / ppm): 11.44 (1H, s, SH), 7.35-7.10
(11H, m, Ar-H), 7.06 (2H, d, J = 6.8 Hz, arom. H-phenylethyl), 6.99 (2H, s,
H10', H11"), 445 (1H, ¢, J = 7.5 Hz, H5"), 3.73 (2H, ¢, J = 7.0 Hz, CHy—N4-
—triazole), 2.80 (2H, ¢, J = 7.0 Hz, CHy-phenyl), 2.67 (2H, d, J = 7.5 Hz, H12');
I3C-NMR (75 MHz, CDCl3, § / ppm): 166.57 (triazole-C3), 151.70 (triazole-C5),
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138.48 (Cg), 137.80 (Cg), 131.11 (C10', C11"), 130.10 (CH), 129.98 (CH),
129.86 (CH), 129.41 (CH), 127.34 (CH), 127.15 (CH), 52.81 (C5"), 45.21 (CH»—
—N4-triazole), 34.12 (CHj--phenyl), 26.13 (C12"); UV-Vis (CH30H, 2.5x10-
M, Jmax / nm (log (¢ / L-mol'-cm™))): 207.0 (4.54), 225.6 (4.37), 256.4 (4.25),
287.2 (4.12).

4-(4-Chlorophenyl)-3-(5H-dibenzo[a,d] [7] annulen-5-ylmethyl)-5-(methyl-
sulfanyl)- 4H-1,2,4-triazole (14). Yield: 69.1 %; m.p.: 81-83 °C; Anal. Calcd. for
Cos5HpoCIN3S (FW: 429.96): C, 69.84; H, 4.69; N, 9.77 %. Found: C, 69.82; H,
4.70; N, 9.77 %; IR (KBr, cm™!): 3056, 3017 (aromatic C—H), 2983, 2928 (CH,
+ CHj stretching), 1493, 1448, 1432, 768 (C-Cl), 727 (C-S—C); !H-NMR (300
MHz, CDCl3, 6 / ppm): 7.36 (2H, d, J = 8.7 Hz, H-chlorophenyl), 7.30-7.05 (8H,
m, Ar-H), 6.53 (2H, s, H10', H11"), 6.51 (2H, d, J = 8.7 Hz, H-chlorophenyl),
4.62 (1H, ¢, J=7.9 Hz, H5'), 3.09 (2H, d, J= 7.9 Hz, H12'), 2.57 (3H, s, CH3-S);
I3C-NMR (75 MHz, CDCl3, § / ppm): 154.94 (triazole-C3), 151.43 (triazole-C5),
139.32 (Cy), 135.80 (Cy), 133.97 (Cy), 130.73 (C10, C11"), 130.01 (CH), 129.95
(CH), 129.86 (CH), 129.15 (CH), 128.64 (CH), 126.94 (CH); 54.26 (C5"), 25.30
(C12"), 14.80 (CH3-S); UV—Vis (CH30H, 2.5%10° M, Apax / nm (log (¢ / L
mol -em™))): 207.9 (4.53), 220.0 (4.48), 287.2 (4.11).

4-(4-Bromophenyl)-3-(5H-dibenzo[a,d] [ 7] annulen-5-ylmethyl)-5-(methyl-
sulfanyl)- 4H-1,2,4-triazole (15). Yield: 66.2 %; m.p.: 128—130 °C; Anal. Calcd.
for Cy5HyoBrN3S (FW: 474.41): C, 63.29; H, 4.25; N, 8.86 %. Found: C, 63.28;
H, 4.27; N, 8.85 %; IR (KBr, cm™!): 3041, 3015 (aromatic C-H), 2970, 2926,
2854 (CH, + CHj stretching), 1509, 1489, 1455, 768 (C-S—C), 563 (C—Br); 'H-
-NMR (300 MHz, CDCl3, ¢ / ppm): 7.69 (2H, d, J = 8.8 Hz, H-bromophenyl)
equatorial isomer, 7.52 (2H, d, J = 8.8 Hz, H-bromophenyl) equatorial isomer,
7.50 (2H, d, J = 8.8 Hz, H-bromophenyl) axial isomer, 7.32-7.12 (H, m, Ar-H),
6.96 (2H, m, Ar-H), 6.73 (2H, s, H10’, H11") axial isomer, 6.54 (2H, s, H10’,
H11") equatorial isomer, 6.46 (2H, d, J = 8.8 Hz, H-bromophenyl) axial isomer,
4.62 (1H, t, J=7.7 Hz, H5') axial isomer, 4.08 (1H, ¢, J = 7.7 Hz, H5') equatorial
isomer, 3.65 (2H, d, J= 7.7 Hz, H12') equatorial isomer, 3.06 (2H, d, J= 7.7 Hz,
H12') axial isomer, 2.62 (3H, s, CH3-S), 2.57 (3H, s, CH3-S); I3C-NMR (75
MHz, CDCl3, d / ppm): 155.11 (triazole-C3), 154.54 (triazole-C5), 139.22 (Cy),
136.73 (Cq), 133.89 (Cg), 133.74 (CH), 132.80 (CH), 130.94 (C10', C11"),
130.71 (CH), 130.65 (CH), 129.62 (CH), 129.14 (CH), 129.06 (CH), 128.81
(CH), 128.55 (CH), 128.07 (CH), 127.89 (CH), 126.56 (Cq), 123.71 (Cy), 54.19
(C5") axial isomer, 52.34 (C5') equatorial isomer, 27.35 (C12’) equatorial isomer,
25.21 (C12') axial isomer, 14.88 (CH3—S) equatorial isomer, 14.74 (CH3-S) axial
isomer; UV—Vis (CH30H, 2.5%10-5 M, Amax / nm (log (¢ / L-mol '-cm))): 207.9
(4.55),222.9 (4.52),287.2 (4.11).

3-(5H-Dibenzo[a,d] [7]annulen-5-ylmethyl)-4-(4-iodophenyl)-5-(methylsul-
fanyl)-4H-1,2,4-triazole (16). Yield: 69.3 %; m.p.: 99—101 °C; Anal. Calcd. for
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CosHyoIN3S (FW: 521.41): C, 57.59; H, 3.87; N, 8.06 %. Found: C, 57.57; H,
3.89; N, 8.05 %; IR (KBr, cm™!): 3058, 3016 (aromatic C—H), 2927, 2852 (CH,
+ CHj stretching), 1489, 1447, 1431, 768 (C-S—C), 564 (C-I); IH-NMR (300
MHz, CDCl3, J / ppm): 7.71 (2H, d, J = 8.4 Hz, CH-iodophenyl), 7.35-7.10 (8H,
m, Ar-H), 6.53 (2H, s, H10’, H11"), 6.31 (2H, d, 8.4, H-iodophenyl), 4.61 (1H, ¢,
J=17.7Hz, H5"), 3.06 (2H, d, J = 7.7 Hz, H12"), 2.57 (3H, s, CH3-S); 13C-NMR
(75 MHz, CDCl3, ¢ / ppm): 154.82 (triazole-C3), 151.28 (triazole-C5), 139.21
(Cq), 138.85 (Cg), 133.90 (Cy), 132.50 (Cy), 130.69 (C10, C117), 129.24 (CH),
129.11 (CH), 128.96 (CH), 126.90 (CH); 95.24 (C-1), 54.21 (C5"), 25.18 (C12"),
14.79 (CH3-S); UV-Vis (CH30H, 2.5x10° M, Amax / nm (log (¢ / L-mol™
cm '))): 207.0 (4.56), 229.1 (4.24), 289.0 (4.11).
3-(5H-Dibenzo[a,d] [7]annulen-5-ylmethyl)-5-(methylsulfanyl)-4-(2-pheny!-

ethyl)-4H-1,2,4-triazole (17). Yield: 67.6 %; m.p.: 100-102 °C; Anal. Calcd. for
Co7H5N3S (FW: 423.57): C, 76.56; H, 5.97; N, 9.92 %. Found: C, 76.56; H,
5.95; N, 9.93 %; IR (KBr, cm™!): 3061, 3021 (aromatic C—H), 2929, 2854 (CH,
& CHj stretching), 1515, 1495, 1466, 768 (C-S—C); 'H-NMR (300 MHz,
CDCls, 6 / ppm): 7.25-7.10 (11H, m, Ar-H), 6.91 (2H, s, H10', H11"), 6.81 (2H,
dd, J=1.6 and 7.7 Hz, arom. H-phenylethyl), 4.60 (1H, ¢, J = 7.7 Hz, H5"), 3.36
(2H, ¢, J = 7.4 Hz, CHy—N4-triazole), 2.80 (2H, d, J= 7.7 Hz, C12"), 2.50 (2H, ¢,
J = 7.4 Hz CHy-C¢Hs), 2.48 (3H, s, S-CH3); 13C-NMR (75 MHz, CDCls,
o / ppm): 154.58 (triazole-C3), 150.34 (triazole-C5), 139.60 (Cg), 136.77 (Cy),
133.92 (Cy), 131.12 (C10’, C11"), 130.30 (CH), 129.91 (CH), 129.31 (CH),
128.87 (CH); 128.77 (CH), 127.22 (CH), 53.80 (C5'), 44.49 (CHy—N4-triazole),
36.02 (CH,—CgHs), 25.82 (C12"), 15.62 (CH3-S); UV—Vis (CH30H, 2.5x1073
M, Amax / nm (log (e / L-mol ™" -cm™))): 207.0 (4.34), 230.0 (4.15), 292.5 (3.79).
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Abstract: A series of 1-(3-benzyl-4-oxo-3,4-dihydroquinazolin-2-yl)-4-
(substituted) thiosemicarbazides (AS1-AS10) were obtained by the reaction of
3-benzyl-2-hydrazino-3H-quinazolin-4-one (6) with different dithiocarbamic
acid methyl ester derivatives. The key intermediate, 3-benzyl-2-thioxo-2,3-
dihydro-1H-quinazolin-4-one (4), was obtained by the reaction of benzyl amine
(1) with carbon disulphide and sodium hydroxide in dimethyl sulphoxide to
give sodium dithiocarbamate, which was methylated with dimethyl sulphate to
yield the dithiocarbamic acid methyl ester 2 and condensation with methyl
anthranilate (3) in ethanol yielded the desired compound (4) via the thiourea
intermediate. The SH group of compound (4) was methylated in the favourable
nucleophilic displacement reaction with hydrazine hydrate, which afforded
3-benzyl-2-hydrazino-3H-quinazolin-4-one (6). The IR, and 'H- and 13C-NMR
spectra of these compounds showed the presence of peaks due to thiosemi-
carbazides, carbonyl (C=0), NH and aryl groups. The molecular ion peaks of
the quinazolin-4-one moiety (m/z 144) were observed in all the mass spectra of
the compounds AS1-AS10. Elemental (C, H, N) analysis satisfactorily con-
firmed purity and elemental composition of the synthesized compounds. All the
synthesized compounds were screened for their antimicrobial activity against
selective gram positive and gram negative bacteria by agar dilution method. In
the present study, compounds AS8 and AS9 emerged as the most active com-
pounds of the series.

Keywords: quinazolinone; substituted thiosemicarbazide; anti-bacterial; anti-
tubercular activity.
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INTRODUCTION

Worldwide, tuberculosis (TB) is one of the leading causes of death. TB is an
infection, primarily in the lungs (a pneumonia), caused by the bacteria Mycobac-
terium tuberculosis. Emergence of multi drug resistant tuberculosis (MDR-TB)
makes the conditions most alarming.!-2 Some of the MDR isolates are resistant to
as many as seven of the commonly employed antimycobacterial drugs.3 Quina-
zolines and condensed quinazolines have received the attention of medicinal
chemists due to their potential biological activities. Among the biological acti-
vities exhibited by quinazolines, the antimicrobial activities of 2,3-disubstituted
quinazolines are promising.* A literature survey indicated that the quinazolines
nucleus substituted at the 2,3-positions (Fig. 1, I and II) showed significant anti-
tubercular activity.5:6 Pharmacophore such as thiosemicarbazides and thiosemi-
carbazones groups (Fig 1, III and IV) in different heterocyclic moieties were also
found to exhibit antitubercular activity.”15 The present work is an extension of
ongoing efforts towards developing effective antitubercular and antimicrobial
agents by a hybrid approach using the quinazoline scaffold (Fig. 1). In this
approach, two or more pharmacophores are merged into a single molecule.
Therefore, with a single molecule containing more than one pharmacophore, each
pharmacophore may address the active site of targets and offer the possibility of
selectivity; further it can also reduce unwanted side effects.!® In the present
study, a substituted thiosemicarbazide moiety was placed at the C-2 position and
a benzyl ring at the N-3 position of the quinazoline ring!7-!8 and the antituber-
cular and antibacterial activities of the resulting compounds were studied against
selected gram positive and negative bacteria.

g

SAOW

AS1-AS10

Fig. 1. Hybrid approach design of 1-[3-benzyl-4-oxo0-3,4-dihydroquinazolin-2-yl]-4-
-[substituted] thiosemicarbazide analogues.
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EXPERIMENTAL
Chemistry

Melting points (m.p.) were taken in open capillaries on a Thomas Hoover melting point
apparatus (Thomas Hoover, USA) and are uncorrected. The IR spectra were recorded as films
or in potassium bromide disks on a Perkin—Elmer 398 spectrometer (Perkin—Elmer). The
IH-spectra were recorded on a DPX-300 MHz Bruker FT-NMR spectrometer (Bruker, USA).
The chemical shifts are reported as parts per million (0 / ppm) with tetramethylsilane (TMS)
as an internal standard. The mass spectra were obtained on a JEOL-SX-102 instrument
(JEOL, Japan) using fast atom bombardment (FAB positive). The elemental analyses were
realised on a Perkin—Elmer 2400 CHN analyzer (Perkin—Elmer) and the values were within
acceptable limits of the calculated values (£0.4 %). The progress of the reactions were moni-
tored on ready-made silica gel plates (Merck, Norway) using chloroform—methanol (9:1) as
the solvent system. lodine was used as the developing agent. All chemicals and reagents used
in the synthesis were obtained from Aldrich (USA), Lancaster (USA) or Spectrochem (India)
and were used without further purification.

The physical, analytical and spectral data for the compounds are given in the Supple-
mentary material to this paper.
3-Benzyl-2-thioxo-2,3-dihydro- IH-quinazolin-4-one (4)

A solution of benzylamine 1 (0.02 mol) in dimethyl sulphoxide (10 ml) was stirred
vigorously. To this mixture was added carbon disulphide (1.6 mL) and aqueous sodium
hydroxide (1.2 mL, 20 M) dropwise during 30 min under stirring. Dimethyl sulphate (0.02
mol) was added gradually keeping the reaction mixture stirring in a freezing mixture for 2 h.
The reaction mixture was then poured into ice water. The obtained solid 2 was filtered,
washed with water, dried and recrystallised from ethanol. Methyl anthranilate (3, 0.01 mol)
and the above prepared methyl N-(benzyl)carbamodithioate (2, 0.01 mol), were dissolved in
ethanol (20 mL). To this, anhydrous potassium carbonate (100 mg) was added and the mixture
refluxed for 22 h. The reaction mixture was cooled in ice and the solid that separated was
filtered and purified by dissolving in 10 % alcoholic sodium hydroxide solution and re-
precipitated by treating with dilute hydrochloric acid. The thus obtained solid was filtered,
washed with water, dried and recrystallised from ethanol.
3-Benzyl-2-(methylsulphanyl)-3H-quinazolin-4-one (35)

3-Benzyl-2-thioxo-2,3-dihydro-1H-quinazolin-4-one (4, 0.01 mol) was dissolved in 40
mL of 2 % alcoholic sodium hydroxide solution. To this, dimethyl sulphate (0.01 mol) was
added dropwise with stirring. After further stirring for 1 h, the reaction mixture was poured
into ice water. The obtained solid was filtered, washed with water, dried and recrystallised
from ethanol—chloroform (75:25) mixture.
3-Benzyl-2-hydrazino-3H-quinazolin-4-one (6)

3-Benzyl-2-(methylsulphanyl)-3H-quinazolin-4-one (5, 0.01 mol) was dissolved in etha-
nol (25 mL). To this, hydrazine hydrate (99 %, 0.1 mol) and anhydrous potassium carbonate
(100 mg) were added and refluxed for 33 h. The reaction mixture was cooled and poured into
ice—water. The so obtained solid was filtered, washed with water, dried and recrystallised
from chloroform—benzene (25:75) mixture.
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General procedure for synthesis of 1-(3-benzyl-4-oxo-3,4-dihydroquinazolin-2-yl)-4-
-(substituted) thiosemicarbazides (AS1-AS10)

A solution of primary alkyl/aryl amine (0.02 mol) in dimethyl sulphoxide (10 mL) was
stirred vigorously. To this, simultaneously, carbon disulphide (1.6 mL) and aqueous sodium
hydroxide 1.2 mL (20 M) were added dropwise during 30 min with stirring. Dimethyl
sulphate (0.02 mol) was added gradually to the stirred reaction mixture in a freezing mixture
and the stirring was continued for further 2 h. The reaction mixture was then poured into ice
water and the obtained solid was filtered, washed with water, dried and recrystallised from
ethanol to afford methyl N-(substituted) dithiocarbamates (7).

3-Benzyl-2-hydrazino-3H-quinazolin-4-one (6, 2.32 g, 0.01 mol) and methyl N-(substi-
tuted) dithiocarbamate (7, 0.01 mol) were dissolved in ethanol and refluxed for 22—-30 h (until
the evolution of methanethiol ceased). After completion of the reaction, the reaction mixture
was cooled to room temperature. The obtained solid was filtered, dried and recrystallised from
ethanol. By adapting the above procedure, the compounds AS1-AS10 were prepared. It
should be noted that the synthesis of compounds AS1-AS3, AS5 and AS6 were previously
reported.!92! However, none of these compounds has been examined for their antitubercular
activities.

Pharmacology

Antibacterial activity. Evaluation of antibacterial activity was realized using the agar
dilution method.!%!! The standard strains were procured from the American Type Culture
Collection (ATCC), Rockville, MD, USA, and the pathological strains were procured from the
Department of Microbiology, MNR Medical College, Sangareddy, India. The antibacterial
activity of the synthesized compounds was screened against the following bacterial strains:
Proteus vulgaris ATCC 9484, Salmonella enterica subsp. enterica sarovar Typhimurium
ATCC 33068, Klebsiella pneumoniae ATCC 13883, Edwardsiella tarda, Pseudomonas aeru-
ginosa ATCC 27853, Bacillus subtilis ATCC 6051 and Salmonella enterica subsp. enterica
sarovar Paratyphi. All bacteria were grown on Muller—Hinton Agar (Hi-media) plates (37 °C,
24 h) and the minimum inhibitory concentration (MIC) was considered to be the lowest
concentration that completely inhibited the growth on agar plates, disregarding a single colony
or faint haze caused by the inoculums.2223 The MIC values of the test compounds were
compared with those the reference drug ciprofloxacin. The data given in Table I were
calculated from at least three different experiments in duplicate.

Antitubercular activity. Ten-fold serial dilutions of each test compound/drug were incur-
porated into Middlebrook 7H11 agar slants with OADC growth supplement. Inoculums of
Mycobacterium tuberculosis H37Ry, were prepared from fresh Middlebrook 7H11 agar slants
with OADC Growth Supplement adjusted to 1 mg mL"! in Tween 80 (0.05 %, w/V) saline
diluted to 102 to give a concentrate of approximately 107 CFU mL'l. A 5 pL amount of
bacterial suspension was spotted into 7H11 agar tubes containing 10-fold serial dilutions of
the drugs per mL. The tubes were incubated at 37 °C, and final readings were recorded after
28 days. Tubes having the compounds were compared with control tubes in which medium
alone were incubated with H37Ry,. The concentration at which complete inhibition of colonies
occurred was taken as the active concentration of test compound. The MIC is defined as the
minimum concentration of compound required to give complete inhibition of bacterial
growth.2426 The MIC values of the test compounds were compared with that of the reference
drug gatifloxacin.

Cytotoxicity profile of the tested compounds. For cytotoxic assay with Hela, approx-
imately 10,000 cells were seeded with 0.1 mL. RPMI 1640 culture medium per well of 96-well
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micro-plates. HeLa cells were pre-incubated for 48 h without the test substances. The sol-
utions of the compounds of the corresponding concentrations were applied carefully on the
monolayers of HeLa cells after the pre-incubation time. The monolayers of the adherent HeLa
cells were fixed by glutaraldehyde and stained with a 0.05 % solution of methylene blue for
15 min. After gently washing, the stain was eluted by 0.2 mL of 0.33 M HCl in the wells. The
optical densities were measured at 630 nm in a micro plate reader. In general, the compounds
showed no significant cytotoxic effect at the tested concentration.?’

RESULTS AND DISCUSSION
Chemistry

Synthetic route depicted in Scheme 1 outlines the chemistry part of the pre-
sent work. The key intermediate 3-benzyl-2-thioxo-2,3-dihydro-1H-quinazolin-4-
-one (4) was obtained by reacting aniline (1) with carbon disulphide and sodium
hydroxide in dimethyl sulphoxide to give sodium dithiocarbamate, which was
methylated with dimethyl sulphate to afford the dithiocarbamic acid methyl ester
2. Compound 2 on reflux with methyl anthranilate (3) in ethanol yielded the
desired 3-benzyl-2-thioxo-2,3-dihydro-1H-quinazolin-4-one (4) via the thiourea
intermediate in good yield (80 %). The obtained product was cyclic and not an
open chain thiourea 3a. The 3-benzyl-2-(methylsulphanyl)-3 H-quinazolin-4-one
(5) was obtained by dissolving 4 in 2 % alcoholic sodium hydroxide solution and
methylating with dimethyl sulphate under stirring at room temperature. Nucleo-
philic displacement of the methylthio group of 5 with hydrazine hydrate was per-
formed using ethanol as solvent to afford 3-benzyl-2-hydrazino-3H-quinazolin-4-
-one (6). The required long duration of the reaction (33 h) might be due to the
presence of the bulky aromatic ring at position 3, which might have reduced the
reactivity of quinazoline ring system at the C-2 position. The title compounds
1-(3-benzyl-4-0x0-3,4-dihydroquinazolin-2-yl)-4-(substituted) thiosemicarbazides
(AS1-AS10) were obtained by the condensation of the amino group of 3-benzyl-
-2-hydrazino-3H-quinazolin-4-one (6) with a variety of methyl ester of dithio-
carbamic esters. The formation of title products was indicated by the disappear-
ance of peak due to NH, NH; of the starting material in IR and 'H-NMR spectra
of all the compounds AS1-AS10. The IR and 'H-NMR spectra of these com-
pounds showed the presence of peaks due to thiosemicarbazides, carbonyl
(C=0), NH and aryl groups. The mass spectra of the title compounds showed
molecular ion peaks corresponding to their molecular formulae. In the mass spec-
trum of compounds AS1-AS10, a common peak at m/z 144 corresponding to the
quinazolin-4-one moiety appeared. Elemental (C, H, N) analysis satisfactorily
confirmed the elemental composition and purity of the synthesized compounds.

Antitubercular activity

The synthesized compounds were screened for their in vitro antimycobac-
terial activity against M. tuberculosis strain H37Ry;. The results are expressed in
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Scheme 1. Synthesis of 1-(4-0x0-3-phenyl-3,4-dihydroquinazolin-2-y1)-4-(substituted)
thiosemicarbazides. Reagents and conditions: a) CS,, NaOH, DMSO, 30 min; b) dimethyl
sulphate, 2 h; ¢) methyl anthranilate, anhydrous K,COj3, EtOH reflux, 22 h; the product is 3a;
d) 2 % alcoholic NaOH, dimethyl suphate, 1 h; e) hydrazine hydrate, anhydrous K,CO3, EtOH
reflux, 33 h; f) methyl N-(substituted) carbamodithioate, EtOH reflux, 22-30 h; notation “A”
in the Scheme replaces notation “AS” from the text.

terms of minimum inhibitory concentration (MIC). The results of antimycobac-
terial activity depicted in Table I, indicate that the test compounds inhibited the
growth of Mycobacterium to varying degree. Compounds with aliphatic substi-
tuents showed lower antitubercular activity over the aryl and heteroaryl sub-
stituents. The compounds with electron withdrawing substituent on the aryl ring
showed better activity over the unsubstituted or electron donating substituent on
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the aryl ring. Among the test compounds, 2-(3-benzyl-4-oxo-3,4-dihydroquina-
zolin-2-yl)-N-(4-chlorophenyl)hydrazinecarbothioamide (AS8) and 1-(3-benzyl-
-4-0x0-3,5-dihydroquinazolin-2-yl)-4-(4-nitrophenyl)hydrazinecarbothioamide
(AS9) exhibited antitubercular activity at the minimum microgram concentration
(3 pg mL1).

TABLE I. Antitubercular and antibacterial activity of the synthesized compounds AS1-AS10;
(MIC in pg mL1); na — no activity

Test Compound
AS1 AS2 AS3 AS4 AS5 AS6 AS7 AS8 AS9 AS10
M. tuberculosis 125 63 63 6 13 13 6 3 3 6 1
S. enterica sero- 66 63 63 63 63 125 63 8 8 16
var Typhimurium

Standard®

Microorganism

P. vulgaris 63 63 125 125 63 63 63 8 16 32 1
K. pneumoniae 63 125 125 32 63 125 63 16 16 63 1
B. subtilis 63 125 63 125 63 32 32 8 8 16 1
P. aeruginosa 125 125 16 63 32 32 63 16 8 32 1
E. tarda na na na mna na na na na na na na

4Gatifloxacin was used as a reference standard against M. tuberculosis, whereas ciprofloxacin was used as a ref-
erence standard for the other bacteria

Antibacterial activity

Among the different substituents, aryl and heteroaryl substituents exhibited
better activity over the aliphatic cyclic substituents. Compounds with electron
withdrawing substituents, such as —CI and -NO, showed better activity over the
unsubstituted and electron donating substituents. Compounds AS8 and AS9
emerged as the most active compounds of the series. Compound AS8 showed the
most potent activity against E. coli, P. vulgaris, B. subtilis and S. enterica subsp.
enterica serovar Typhimurium, while compound AS9 showed the most potent
activity against E. coli, B. subtilis, P. aeruginosa and S. enterica subsp. enterica
serovar Typhimurium.

CONCLUSIONS

In summary, the syntheses of a new series of 1-(4-oxo-3-phenyl-3,4-dihydro-
quinazolin-2-yl)-4-(substituted) thiosemicarbazides was described. These deriva-
tives exhibited significant antibacterial activity against various Gram-positive
and Gram-negative bacteria, including M. tuberculosis. Among the series, com-
pound AS8 showed the most potent activity against E. coli, P. vulgaris, B. sub-
tilis and S. enterica subsp. enterica serovar Typhimurium, while compound AS9
showed the most potent activity against E. coli, B. subtilis, P. aeruginosa and S.
enterica subsp. enterica serovar Typhimurium. The test compounds AS8 and
AS9 exhibited antitubercular activity at the minimum microgram concentration
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(3 ng mL-!) and show potential for further optimization and development to new
antitubercular agents.

SUPPLEMENTARY MATERIAL

The physical, analytical and spectral data for the compounds are available electronically
from http://www.shd.org.rs/JSCS/, or from the corresponding author on request.

Acknowledgements. The authors gratefully acknowledge the Central Instrumentation
Facility, IIT Chennai, India for the spectral analysis of the compounds synthesised in this
study and Dr. D. Sriram, Birla Institute of Technology & Sciences, Hyderabad Campus for
performing the antitubercular screening of the test compounds.

H3BOJ
CHUHTE3A U AHTUMHUKPOBHA AKTUBHOCT 1-(3-BEH3UJI-4-OKCO-3,4-
-TUXUIPOKHUHA3OJINH-2-UJI)-4-CYTICTUTYUCAHUX OJEPUBATA
TUOCEMUKAPBA3UIA

VEERACHAMY ALAGARSAMY', VISWAS RAJA SOLOMON", G. KRISHNAMOORTHY? M. T. SULTHANA'
u B. NARENDAR'

'Medicinal Chemistry Research Laboratory, MNR College of Pharmacy, Sangareddy, Gr. Hyderabad -502
294, India u *Department of Pharmaceutical Chemistry, Periyar College of Pharmaceutical sciences for Girls,
Trichy — 620 021, India

CunretucaHa je cepuja 1-(3-deHsun-4-okco-3,4-IUXUAPOKUHA30INH-2-1)-4-CyTICTH-
TYUCaHHUX AepHuBaTa THOCeMHKapba3una (AS1-AS10), peaxuujom 3-deH3un-2-xugpasuHo-3H-
-XMHa30/IMH-4-0Ha (6) U pasIMUUTUX AepHBaTa METUI-eCTapa OJUTHOKAapOAMUHCKE KUCEIHHE.
I'maBHM uHTEpMepujep 3-DeH3nn-2-THOKCO-2,3-muxunpo-1H-xuHasonuH-4-0H (4) nodujeH je
Mocjie cekBeHIHje Y Kojoj je peakuujom deHsunamuHa (1) ca yrmmeH-IUCyndUIOM U HATPUjyM-
-XUOPOKCUIIOM Y ITUMETHI-Cyndokcuny noddjeH DUTHOoKapdaMar, KOjU je MEeTHIOBaH OuMme-
THI-Cy7(aToM NP 4eMy je JodujeH MeTuI-ecTap ZUTHOKapdaMHMHCKe KHUCelnuHe 2 U KOjH je
KOHZIEH3alMjOM Ca METWI-aHTpaHWIaToM (3) y eTaHOoly [ao >Ke/beHH Mpou3Boj 4 Npeko
THOYPEUTHOT MHTepMeaujepa. THon-Tpyna y jenvmeny 4 MeTWIOBaHa je fa O Ouia HU3Bp-
mmeHa HykineodWIHa 3aMeHa NOMOhy XWApasuH Xuppara, yume je podujeH 3-DeHswmi-2-
XHUIPa3sHHOXHHA30MHH-4-0H (6). IR, TH- 1 13C-NMR cniekTpH jenumerna n0Kasyjy ITpHCYCTBO
curTHasla THoceMukapdasupHux, kapdoHmwnuux (C=0), NH u apun-rpyna. ¥ cBUM MaceHUM
cnexktpuma fgepuBata AS1-AS10 npucyTaH je CUrHaa XWHA30/IUH-4-0H joHa (m/z 144). Ene-
menTanHa aHanusa (C, H, N) je nokasana godpy uucrohy jenumema. McnutaHa je aHTH-
MHKpPOOHA aKTMBHOCT CBMX CHHTETHCAHMX jeNUHema MpemMa 0AabpaHHM rpaM-MO3UTHBHEM H
rpaM-HeraTHBHHM Oakrtepujama. JlepuBatn AS8 m AS9 moxasyjy HajOOJbe aKTHBHOCTH Yy OBOj
CEepHjH UCTINTAHUX jeAUHCHA.

(ITpummeno 3. janyapa, pesugupano 11. maja, npuxsaheno 10. jyna 2015)
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3-Benzyl-2-thioxo-2,3-dihydro-1H-quinazolin-4-one (4). Yield: 85 %; m.p.:
230-231 °C; Anal. Calcd for C15H1oN7OS: C, 67.14; H, 4.51; N, 10.44 %.
Found: C, 67.19; H, 4.49; N, 10.46 %; IR (KBr, cm™1): 3200 (NH), 1680 (C=0),
1208 (C=S); 'H-NMR (300 MHz, CDCl3, § / ppm): 4.65 (2H, s, CHj), 7.01-7.03
(3H, m, Ar-H), 7.13 (2H, d, J = 7.5 Hz, Ar-H), 7.85-7.91 (4H, m, Ar-H), 8.15
(1H, brs, NH); 13C-NMR (75 MHz, CDCl3, J§ / ppm): 39.75, 120.11, 121.79,
125.69, 126.25, 126.88, 127.23, 127.95, 132.89, 140.75, 145.89, 160.25, 162.89;
MS (m/z): 268 (M™).

3-Benzyl-2-(methylsulphanyl)-3H-quinazolin-4-one (5). Yield: 78 %; m.p.:
150-152 °C; Anal. Calcd for C;gH14N>OS: C, 68.06; H, 5.00; N, 9.92 %. Found:
C, 68.03; H, 5.01; N, 9.96 %; IR (KBr, cm!): 1681 (C=0), 1616 (C=C);
IH-NMR (300 MHz, CDCl3, 6 / ppm): 2.02 (3H, s, SCH3), 4.35 (2H, s, CH)),
7.00-7.02 (3H, m, Ar-H), 7.14 2H, d, J = 7.5 Hz, Ar-H), 7.95-7.99 (4H, m, Ar-
H); 13C-NMR (75 MHz, CDCls, 6 / ppm): 9.85, 39.89, 120.22, 121.65, 125.73,
126.55, 126.87, 127.42, 127.85, 132.65, 140.75, 145.89, 160.35, 162.75; MS
(m/z): 282 (M™).

3-Benzyl-2-hydrazino-3H-quinazolin-4-one (6). Yield: 81 %; m.p.: 242-245
°C; Anal. Calcd. for C;sH4N4O: C, 67.65; H, 5.30; N, 21.04 %. Found: C,
67.69; H, 5.32; N, 21.09 %; IR (KBr, cm~!): 3383, 3295 (NHNH,), 1677 (C=0);
IH-NMR (300 MHz. CDCl3, ¢ / ppm): 4.45 (2H, s, CH»), 4.65 (2H, s, NH»),
7.01-7.03 (3H, m, Ar-H), 7.14 (2H, d, J = 7.5 Hz, Ar-H), 8.01-8.03 (4H, m,
Ar-H), 9.89 (1H, s, NH); !13C-NMR (75 MHz, CDCl3, 6 / ppm): 39.89, 120.35,

* Corresponding author. E-mail: drvalagarsamy@gmail.com
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121.77, 125.65, 126.55, 126.88, 127.23, 127.95, 132.89, 140.85, 145.91, 160.25,
162.93; MS (m/z): 266 (M™).

1-[3-Benzyl-4-oxo-3,4-dihydroquinazolin-2-yl]-4-[cyclohexyl] hydrazinecar-
bothioamide (AS1).! Yield: 76 %; m.p.: 215-218 °C; Anal. Calcd. for
C2oHy5N50S: C, 64.84; H, 6.18; N, 17.18. Found: C, 64.81; H, 6.20; N, 17.22
%; IR (KBr, cm!): 3247 (NH), 3265 (NH), 3212 (NH), 1616 (C=0), 1600
(C=N), 1220 (C=S); 'H-NMR (300 Hz, CDCl3, J / ppm): 1.42-1.69 (6H, m,
CHy), 1.78 (2H, s, CHj), 1.82 (2H, s, CHj), 2.99 (1H, s, CH), 4.72 (2H, s, CH)»),
7.11-7.62 (2H, m, Ar-H), 7.83-7.98 (1H, m, Ar-H), 8.04 2H, d, J= 7.5 Hz, Ar-H),
8.10-8.14 (1H, m, Ar-H), 8.17 (2H, d, J= 8.0 Hz, Ar-H), 8.19-8.21 (1H, m, Ar-H),
8.85 (1H, s, NH), 8.96 (1H, s, NH), 11.15 (1H, s, NH); 13C-NMR (75 MHz,
CDCl3, 0 / ppm): 22.14, 25.89, 32.33, 39.89, 52.75, 120.56, 123.35, 123.68,
125.28, 127.78, 127.85, 128.61, 130.81, 131.86, 138.75, 158.69, 162.45, 183.74;
MS (m/z): 407 (M™).

N-Benzyl-2-(3-benzyl-4-oxo-3,4-dihydroquinazolin-2-yl) hydrazinecarbothio-
amide (A82).2 Yield: 72 %; m.p.: 231-233 °C; Anal. Calcd. for Co3H,N50S: C,
66.41; H, 5.07; N, 16.83 %. Found: C, 66.38; H, 4.99; N, 16.85 %; IR (KBr, cm~
1): 3281 (NH), 3261 (NH), 3233 (NH), 1690 (C=0), 1620 (C=N), 1215 (C=S);
IH-NMR (300 MHz, CDCls, 6 / ppm): 1.31 (2H, s, CH»), 4.31 (2H, s, CHp),
6.32-6.43 (2H, m, Ar-H), 6.83-6.91 (2H, m, Ar-H), 7.07 (2H, d, J = 8.0 Hz, Ar-
H), 7.17 2H, d, J = 7.5 Hz, Ar-H), 7.94 (2H, d, J = 8.0 Hz, Ar-H), 7.98-8.03
(1H, m, Ar-H), 8.10 (2H, d, J = 8.0 Hz, Ar-H), 8.31-8.38 (1H, m, Ar-H), 8.36
(1H, s, NH), 8.91 (1H, s, NH), 9.51 (1H, s, NH); 13C-NMR (75 MHz, CDCl3,
o / ppm): 39.87, 49.68, 120.71, 123.48, 123.68, 125.28, 125.68, 126.74, 127.22,
127.78, 127.85, 128.61, 130.81, 131.86, 138.75, 140.35, 158.69, 162.35, 183.58;
MS (m/z): 415 (M™).

2-(3-Benzyl-4-oxo-3,4-dihydroquinazolin-2-yl)-N-phenylhydrazinecarbo-
thioamide (AS83).! Yield: 72 %; m.p.: 150-153 °C; Anal. Calcd. for
CyoH9N;50S: C, 65.81; H, 4.77; N, 17.44 %. Found: C, 65.78; H, 4.69; N, 17.39
%; IR (KBr, cm1): 3389 (NH), 3360 (NH), 3280 (NH), 1675 (C=0), 1600
(C=N), 1168 (C=S); 'H-NMR (300 MHz, CDCls, 6 / ppm): 4.19 (2H, s, CHp),
7.14-7.31 (2H, m, Ar-H), 7.51-7.74 (2H, m, Ar-H), 7.88 (2H, d, J = 8.0 Hz, Ar-
H), 8.02 2H, d, J = 7.5 Hz, Ar-H), 8.10 (2H, d, J = 8.0 Hz, Ar-H), 8.20-8.32
(1H, m, Ar-H), 8.38 (2H, d, J = 8.0 Hz, Ar-H), 8.45-8.49 (1H, m, Ar-H), 8.95
(1H, s, NH), 9.03 (1H, s, NH), 10.18 (1H, s, NH); 13C-NMR (75 MHz, CDCls, ¢
/ ppm): 39.77, 120.68, 123.55, 123.74 125.18, 125.36, 126.74, 127.22, 127.78,
127.85, 128.61, 130.81, 131.86, 138.75, 140.35, 158.69, 162.75, 183.75; MS
(m/z): 401 (M™).

2-(3-Benzyl-4-oxo-3,4-dihydroquinazolin-2-yl)-N-(2-methylphenyl) hydrazi-
necarbothioate (AS4). Yield: 78 %; m.p.: 190-193 °C; Anal. Calcd. for
Ca3H21N;50S: C, 66.48; H, 5.09; N, 16.85 %. Found: C, 67.01; H, 5.20; N, 16.83
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%; IR (KBr, cm!): 3323 (NH), 3305 (NH), 3274 (NH), 1604 (C=0), 1610
(C=N), 1243 (C=S); 'H-NMR (300 MHz, CDCl3, J / ppm): 2.42 (3H, s, CH3),
4.71 (2H, s, CH»), 6.80 (1H, brs, NH), 6.71-6.78 (2H, m, Ar-H), 7.01-7.08 (1H,
m, Ar-H), 7.25 (2H, d, J = 7.5 Hz, Ar-H), 7.48 (2H, d, J = 7.5 Hz, Ar-H), 7.66
(2H, d, J = 7.5 Hz, Ar-H), 7.83-7.92 (1H, m, ArH), 7.99 (2H, d, J = 7.5 Hz, Ar-
H), 8.32-8.41 (1H, m, Ar-H), 8.86 (1H, brs, NH), 10.50 (1H, brs, NH); 13C-
-NMR (75 MHz, CDCl3, J / ppm): 12.58, 39.85, 120.68, 123.55, 123.74 125.18,
125.36, 126.74, 127.22, 127.78, 127.85, 128.61, 130.81, 131.86, 138.75, 138.85,
140.35, 158.69, 162.75, 181.75; MS (m/z): 415 (M™).
2-(3-Benzyl-4-oxo-3,4-dihydroquinazolin-2-yl)-N-(4-methylphenyl) hydrazi-
necarbothioate (AS5).3 Yield: 74 %; m.p.: 260263 °C; Anal. Calcd. for
Ca3H1N;50S: C, 66.48; H, 5.09; N, 16.85 %. Found: C, 66.50; H, 5.12; N, 16.87
%; IR (KBr, cm!): 3340 (NH), 3288 (NH), 3259 (NH), 1612 (C=0), 1174
(C=N), 1255 (C=S); 'H-NMR (CDCl3, J / ppm): 2.56 (3H, s, CH3), 4.78 (2H, s,
CH»), 6.85 (1H, brs, NH), 7.09-7.13 (2H, m, Ar-H), 7.25-7.36 (1H, m, Ar-H),
7.55 (2H, d, J =17.5 Hz, Ar-H), 7.81 (2H, d, J = 8.0 Hz, Ar-H), 7.87 2H, d, J =
= 7.5 Hz, Ar-H), 7.92-7.96 (1H, m, Ar-H), 8.00 (2H, d, J = 8.0 Hz, Ar-H), 8.06—
—8.09 (1H, m, Ar-H), 8.94 (1H, brs, NH), 10.62 (1H, brs, NH); 13C-NMR (75
MHz, CDCl3, 6 / ppm): 12.98, 39.85, 120.52, 123.71, 123.84, 125.42, 125.87,
126.74, 127.22, 127.78, 127.85, 128.61, 130.81, 131.86, 138.75, 140.45, 158.69,
162.59, 183.61; MS (m/z): 415 (M™).
2-(3-Benzyl-4-oxo-3,4-dihydroquinazolin-2-yl)-N-3-methoxyphenylhydrazi-
necarbothioate (AS6).! Yield: 70 %; m.p.: 205208 °C; Anal. Calcd. for
Ca3Hy1N50,8S: C, 64.02; H, 4.91; N, 16.23 %. Found: C, 64.01; H, 4.88; N,
16.32 %; IR (KBr, cm1): 3353 (NH), 3321 (NH), 3274 (NH), 1640 (C=0), 1621
(C=N), 1286 (OCH3), 1243 (C=S); 'H-NMR (300 MHz, CDCl3, § / ppm): 2.31
(3H, s, OCH3), 5.23 (2H, s, CHy), 6.83 (1H, brs, NH), 7.13-7.17 (1H, m, Ar-H),
7.21-7.25 (2H, m, Ar-H), 7.34 (2H, d, J="1.5 Hz, Ar-H), 7.45 (2H, d, J = 8.0 Hz,
Ar-H), 7.54 (2H, d, J = 7.5 Hz, Ar-H), 7.59-7.62 (1H, m, Ar-H), 7.68 (2H, d, J =
7.5 Hz, Ar-H), 8.06-8.09 (1H, m, Ar-H), 8.53 (1H, brs, NH), 10.31 (1H, brs,
NH); 13C-NMR (75 MHz, CDCl3, 6 / ppm): 39.89, 53.85, 108.75, 109.87,
117.85, 120.48, 123.51, 123.25, 125.42, 127.53, 127.85, 128.61, 129.57, 129.99,
130.81, 131.86, 137.57, 138.75, 158.69, 162.42, 179.53; MS (m/z): 431 (M™).
2-(3-Benzyl-4-oxo-3,4-dihydroquinazolin-2-yl)-N-4-methoxyphenylhydrazi-
necarbothioate (AS7). Yield: 79 %; m.p.: 210-212 °C; Anal. Calcd. for
Ca3H21N50,8S: C, 64.02; H, 4.91; N, 16.23 %. Found: C, 64.05; H, 4.92; N,
16.26 %; IR (KBr, cm1): 3310 (NH), 3300 (NH), 3260 (NH), 1682 (C=0), 1608
(C=N), 1290 (OCH3), 1212 (C=S); 'H-NMR (300 MHz, CDCl3, 6 / ppm): 3.92
(3H, s, OCH3), 4.15 (2H, s, CHy), 6.52 (1H, brs, NH), 6.52-6.56 (1H, m, Ar-H),
6.91-6.94 (2H, m, Ar-H), 7.24 (2H, d, J="1.5 Hz, Ar-H), 7.33 (2H, d, J = 8.0 Hz,
Ar-H), 7.42 (2H, d, J= 7.5 Hz, Ar-H), 7.82-7.88 (1H, m, Ar-H), 8.13 2H, d, J =
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= 7.5 Hz, Ar-H), 8.21-8.26 (1H, m, ArH), 8.81 (1H, brs, NH), 10.63 (1H, brs,
NH); 13C-NMR (75 MHz, CDCl3, § / ppm): 39.75, 53.75, 120.61, 123.85,
123.98, 125.42, 125.87, 126.74, 127.22, 127.78, 127.85, 128.35, 128.61, 130.81,
131.86, 138.75, 140.45, 156.79, 162.59, 181.61; MS (m/z): 431 (M™).

2-(3-Benzyl-4-oxo-3,4-dihydroquinazolin-2-yl)-N-(4-chlorophenyl) hydrazi-
necarbothioate (AS8). Yield: 83 %; m.p.: 188-190 °C; Anal. Calcd. for
CyoH gCIN5OS: C, 60.47; H, 4.12; N, 16.01 %. Found: C, 60.45; H, 4.13; N,
16.06 %; IR (KBr, cm™1): 3321 (NH), 3310 (NH), 3221 (NH), 1690 (C=0), 1620
(C=N), 1210 (C=S); 'H-NMR (300 MHz, CDCls, 6 / ppm): 4.36 (2H, s, CH»),
6.52-6.57 (2H, m, Ar-H), 6.92-6.95 (1H, m, Ar-H), 7.07 2H, d, J = 7.5 Hz, Ar-
H), 7.14 (2H, d, J = 7.5 Hz, Ar-H), 7.65 (2H, d, J = 7.5 Hz, Ar-H), 7.81-7.84
(1H, m, Ar-H), 7.91 (2H, d, J = 8.0 Hz, Ar-H), 7.93-7.97 (1H, m, Ar-H), 9.21
(1H, brs, NH), 10.51 (1H, brs, NH); !13C-NMR (75 MHz, CDCl3, § / ppm):
39.75, 120.45, 123.77, 123.89, 125.23, 125.87, 126.81, 127.09, 127.58, 128.34,
127.99, 128.61, 130.81, 131.86, 138.75, 140.45, 156.79, 162.59, 181.61; MS
(m/z): 435 (M™).

2-(3-Benzyl-4-oxo-3,4-dihydroquinazolin-2-yl)-N-(4-nitrophenyl) hydrazine-
carbothioate (AS9). Yield: 72 %; m.p.: 251-253 °C; Anal. calcd. for
CoHgNgO3S: C, 59.02; H, 4.02; N, 18.83 %. Found: C, 59.06; H, 4.00; N,
18.85 %; IR (KBr, cm™1): 3342 (NH), 3313 (NH), 3262 (NH), 1691 (C=0), 1615
(C=N), 1222 (C=S); 'H-NMR (300 MHz. CDCls, 6 / ppm): 4.22 (2H, s, CH»),
6.61-6.65 (2H, m, Ar-H), 6.72-6.78 (1H, m, ArH), 7.07 (2H, d, J = 8.0 Hz, Ar-
H), 7.15 (2H, d, J = 8.0 Hz, Ar-H), 7.44 (2H, d, J = 7.5 Hz, Ar-H), 7.78-7.80
(1H, m, Ar-H), 791 (2H, d, J = 7.5 Hz, Ar-H), 7.93-7.95 (1H, m, A-rH), 8.62
(1H, brs, NH), 8.81 (1H, brs, NH), 10.51 (1H, brs, NH); 13C-NMR (75 MHz,
CDCl3 o ppm): 39.83, 120.39, 123.47, 123.84, 125.42, 125.87, 126.74, 127.22,
127.78, 127.85, 128.35, 128.61, 130.81, 131.66, 138.75, 139.45, 158.69, 161.79,
181.61; MS (m/z): 446 (M™).

2-(3-Benzyl-4-oxo-3,4-dihydroquinazolin-2-yl)-N-(pyridin-2-yl) hydrazine-
carbothioate (AS10). Yield: 79 %; m.p.: 171-172 °C; Anal. Calcd. for
Cy1H1gNgOS: C, 62.53; H, 4.45; N, 21.03 %. Found: C, 62.56; H, 4.46; N, 21.05
%; IR (KBr, cm1): 3350 (NH), 3323 (NH), 3242 (NH), 1691 (C=0), 1615
(C=N), 1210 (C=S); IH-NMR (CDCl3, ¢ / ppm): 4.12 (2H, s, CH»), 6.50-6.53
(1H, m, Ar-H), 6.51-6.53 (2H, m, ArH), 7.25 (2H, d, J = 8.0 Hz, Ar-H), 7.17
(2H, d, J = 8.0 Hz, Ar-H), 7.13 (2H, d, J = 7.5 Hz, Ar-H), 7.35-7.39 (1H, m, Ar-
H), 7.44 (2H, d, J = 7.5 Hz, Ar-H), 7.64-7.66 (1H, m, Ar-H), 8.35 (1H, s, NH),
8.82 (1H, s, NH), 9.50 (1H, s, NH); 13C-NMR (75 MHz, CDCl3 6 / ppm): 39.83,
108.75, 112.89, 120.48, 123.51, 123.25, 125.42, 127.53, 127.85, 128.35, 128.61,
130.81, 131.86, 137.89, 138.75, 147.75, 157.85, 158.69, 161.78, 181.25; MS
(m/z): 402 (M™).
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Abstract: The L-phenylalanine methyl ester derivative of dexamethasone-
derived cortienic acid (DF) was synthesized and its crystal structure charac-
terized by the X-ray diffraction method. The crystal system is orthorhombic
with space group P2,2,2; and cell constants a = 8.2969(3) A, b = 18.9358(8)
A, ¢=20.0904(6) A, V=3156.4(2) A3 and Z = 4. Ring A of the steroid nucleus
and phenyl ring in the 173side chain are almost planar. Rings B and C have a
slightly distorted chair conformation, whereas ring D has an envelope con-
formation. The packing of DF is characterized by a network of intermolecular
hydrogen bonds involving the O4 atom from one side of the steroid nucleus
and O1 and F1 atoms from the other side as hydrogen bond acceptors. Apart
from the intermolecular hydrogen bonds in the crystal packing, there are also
numerous intramolecular hydrogen bonds of the N-H---O, C-H:--O and
C—H--F type. The local anti-inflammatory activity of DF was evaluated using
the croton oil-induced ear oedema test. This derivative achieved maximal
inhibition of ear oedema at significantly lower concentration in comparison
with dexamethasone.

Keywords: 17 f-carboxamide steroids; X-ray diffraction; biological activity; ear
oedema test.
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INTRODUCTION

Soft glucocorticoids are compounds synthesized using the retrometabolic
approach and usually administered locally near the site of action. After local
administration, these derivatives are easily biotransformed to non-toxic and inact-
ive metabolites, resulting in fewer side effects than traditional glucocorticoids.
The first (loteprednol etabonate) and second (etiprednol dicloacetate) generations
of soft glucocorticoids are derived from cortienic acid (an inactive glucocorticoid
metabolite).]-3 Generally, other derivatives of glucocorticoids that are easily
metabolized after local administration to non-toxic and inactive metabolites
could also be denoted as soft (antedrug) glucocorticoids.4 Several groups of
7 B-carboxamide steroids were synthesized and tested for glucocorticoid activity.
Some of these compounds showed significant glucocorticoid activity (inhibition
of phytohaemagglutinin-induced blastogenesis of lymphocytes).>~7 However,
their metabolic properties and toxicity have not been tested so far.

A novel class of 17/carboxamide derivatives of glucocorticoids was rec-
ently presented. These derivatives are amides of cortienic acids obtained from
hydrocortisone, prednisolone, methylprednisolone, dexamethasone and beta-
methasone with amino acids. Molecular docking calculations indicate that intro-
duction of an amino acid moiety in the 17/ side chain enables favourable orient-
ation in the glucocorticoid receptor (GR) and key binding interactions with the
amino acids from the GR.8 Their permeability and retention in human skin were
predicted by use of in vitro tests — parallel artificial membrane permeability assay
(PAMPA) and biopartitioning micellar chromatography.%10 According to these
results, L-phenylalanine methyl ester derivatives should have significant local
anti-inflammatory activity and a better skin retention/permeability ratio in com-
parison with corresponding parent glucocorticoids.

The aim of this study was to synthesize the L-phenylalanine methyl ester
derivative of dexamethasone-derived cortienic acid (DF), perform crystallogra-
phic analysis of its structure and test the local anti-inflammatory activity of this
derivative.

EXPERIMENTAL
Materials and methods

Dexamethasone was purchased from Tokyo Chemical Industry (Tokyo, Japan), whereas
N-hydroxybenzotriazole (HOBt), N,N'-dicyclohexylcarbodiimide (DCC), croton oil, aceto-
nitrile, N,N-dimethylformamide (DMF) and silica gel for preparative thin-layer chromato-
graphy were purchased from Sigma—Aldrich (Steinheim, Germany). Triethylamine (TEA) and
L-phenylalanine methyl ester hydrochloride were purchased from Acros Organics (Geel, Bel-
gium), chloroform and methanol from JT Baker (Loughborough, UK) and acetone from Zorka
(Sabac, Serbia). Silica gel for column chromatography was purchased from Merck (Darm-
stadt, Germany).
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Apparatus

The melting point was determined using a Boetius PHMK 05 apparatus (Radebeul,
Germany). The UV spectrum was recorded on an Evolution 300 spectrophotometer (Thermo
Scientific, UK), whereas the IR spectrum was recorded using a Nicolet iS10 ATR-FTIR
spectrophotometer (Thermo Scientific, Madison, WI, USA). The 'H- and 13C-NMR spectra
were acquired on a Bruker Avance III 400 NMR spectrometer (Bruker Biospin GmbH, Rhein-
stetten, Germany), operating at 400 MHz for protons and 100 MHz for carbons. The accurate
mass was determined using an Agilent 6210 time-of-flight mass spectrometer (Agilent Tech-
nologies, Palo Alto, CA, USA). The crystallographic data were collected on an Oxford Dif-
fraction Gemini S diffractometer.

Synthesis

The precursor (dexamethasone-derived cortienic acid, CD) was synthesized by periodic
acid oxidation of dexamethasone, following a reported method.’

DF was synthesized from CD and L-phenylalanine methyl ester hydrochloride by use of
DCC, HOBt and TEA according to a reported procedure,® which was a modification of a
previously published method.!! CD (53 mg, 0.14 mmol, 1 eq) was dissolved in DMF (2 mL)
and the solution was cooled to 0 °C. Subsequently, DCC (58 mg, 0.28 mmol, 2 eq) and HOBt
(28 mg, 0.21 mmol, 1.5 eq) were added. The mixture was stirred at 0 °C for 1 h and thereafter
maintained at a temperature not exceeding 8 °C for 15 h. L-Phenylalanine methyl ester hydro-
chloride (30 mg, 0.14 mmol, 1 eq) was dissolved in DMF (1 mL), TEA was added (39 uL,
2 eq) and the mixture was cooled to 0 °C. Finally, the mixture of CD, DCC and HOBt was
filtered and added dropwise. This reaction mixture was stirred at 0 °C for 1 h and maintained
at a temperature not exceeding 8 °C for 15 h. The reaction mixture was filtered and evapor-
ated to dryness under reduced pressure. Column chromatography was employed for the initial
purification of the reaction mixture, whereas the final purification was realised by preparative
thin-layer chromatography. Mobile phase used for column chromatography purification was
chloroform/methanol 99:1 (V/V), whereas the mobile phase used for the purification by pre-
parative thin-layer chromatography was chloroform/methanol 95:5 (V/V). The purified com-
pound was recrystallized from water/acetonitrile 50:50 (V/V). Yield: 83.5 %.

X-Ray crystallography

Details of crystal data, data collection and structure refinement are summarized in Table
S-I of the Supplementary material to this paper.

The structure was solved by the direct method using the program SHELXS-97!% and
refined by SHELXL-97.!3 The H atoms bonded to the N and O atoms were located from
difference Fourier maps and the H atoms bonded to C atoms were placed at the geometrically
calculated positions and refined using a riding model. C—H distances were fixed at 0.93 A for
aromatic C atoms, 0.97 A for secondary C—H2 groups, 0.98 A for tertiary C—H groups and
0.96 A for methyl C-H3 groups. Their Ui, (H) values are equal to 1.2 Ugq of the corresponding
C atom, except for the methyl groups where the Uj,o(H) values were set to 1.5U,¢(C). In the
absence of significant anomalous scattering, the absolute configuration could not be reliably
determined and any reference to the Flack parameter'4 was removed. In the phenyl ring, atoms
C27, C28 and C29 show slightly elongated atomic displacement ellipsoids. Attempts to model
disorder for the rings, even by employing extensive restraints, proved fruitless. Examination
of the refined structure using PLATON! revealed a total void volume of 280 A3 distributed
over two sites (—0.060, 0.250, 0.500) and (0.031, 0.750, 0.000).
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Local anti-inflammatory activity assay

The local anti-inflammatory activities of DF and dexamethasone were evaluated using
the croton oil-induced ear oedema test,!6-19 following the procedure described elsewhere.® The
experimental procedure was in accordance with the institutional guidelines for care and use of
animals in research No 03/10-2013 (Ethics Committee in research of the Military Medical
Academy, Belgrade, Serbia). Croton oil solution (35 ug mL!), five solutions of DF (1.15,
2.29, 4.58, 9.17 and 13.75 uM) and five solutions of dexamethasone (9.17, 13.75, 27.50,
36.70 and 45.80 pM) were prepared in acetone. Eleven groups of experimental animals were
formed — a control group and ten test groups (five groups for DF and five groups for dexa-
methasone, each containing five rats).

RESULTS AND DISCUSSION
Synthesis and physicochemical characterization

DF was previously synthesized using a single-step procedure, which utilizes
1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide (EDC), HOBt and TEA.® In
this paper, an alternative two-step synthesis of DF is presented (Scheme 1). By
use of the two-step procedure, DF was synthesized in good yield (83.5 %), which
is significantly higher in comparison with that obtained using the single-step syn-
thesis (52.1 %).

DCC, HOBt, TEA

Dexamethasone - derived cortienic acid

Scheme 1. Synthesis of DF.

DF was characterized by determining the melting point as well as by use of
spectroscopy techniques (UV, IR, NMR, MS/MS and MS-TOF spectroscopy).
The physical, analytical and spectral data for the title compound are given in the
Supplementary material to this paper.

Crystal structure

DF crystallizes in the space group P21212;. Its molecular structure with the
atom-labelling scheme is shown in Fig. 1. Selected bond lengths and bond angles
are listed in Table S-II of the Supplementary material to this paper.

There are four fused rings, one five-membered (D) and three six-membered
(A, B and C) rings. The five-membered ring D has an envelope conformation,
with atom C13 at the flap position displaced by 0.757(2) A from the best plane of
the other four C atoms of the D ring (Q(2) = 0.5038(17) A, ¢(2) = 177.6(2)°).
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The cyclohexane rings B and C have a slightly distorted chair conformation. The
key puckering parameter20 for a chair conformation should be 8 = 0° for an ideal
chair. The values of 8 are 10.16(18) and 9.26(18)° for rings B and C, respect-
ively. Other puckering parameters for ring B are QO = 0.5607(18) A and ¢ =
= 283.6(10)°, whereas for ring C, they are Q = 0.5311(17) A and ¢ = 271.9(11)°.
Rings A (C1-C2-C3-C4-C5-C10) and E (C24-C25-C26—-C27-C28-C29) are
almost planar with an average atom displacement of 0.015 A for C24-C25-C26—
—C27-C28-C29 and 0.010 A for C1-C2—-C3—-C4—-C5-C10 from the plane defined
by all atoms of the cyclohexane ring.

Fig. 1. Molecular structure of
DF showing the atom-labelling
scheme. Displacement ellipsoids
are drawn at the 30 % prob-
ability level. The H atoms are
shown as small circles of arbit-
rary radii.

The bonds C10—C20 and C9-F1 adopt the axial position at 2.95(10) and
8.89(9)°, respectively, with respect to ring B of the steroid nucleus, whereas bond
C16-C19 occupies a bisectional position at 56.1(1)° with respect to ring D.
Bonds C13—C18 and C11-02 adopt axial positions at 5.43(9) and 15.50(10)°,
respectively, with respect to the ring C of the steroid nucleus.

The length of the steroid nucleus C3---C16 is 8.586 A and the dihedral angle
between the mean planes of the steroid nucleus and the phenyl moiety (ring E) is
78.73(12)°.

The packing of DF is characterized by a network of hydrogen bonds invol-
ving the O4 atom from one side of the steroid nucleus and the O1 and F1 atoms
from the other side as hydrogen bond acceptors. In the crystallographic b dir-
ection, chain growth is ensured by means of the O3-H---O1 and C29-H---F1
interactions, forming a zigzag pattern (Fig. 2a and Table S-III of the
Supplementary material). Similar zigzag pattern is formed down the crystallo-
graphic a-axis by O2—-H---O4 hydrogen bonds (Fig. 2b and Table S-III). Besides
the intermolecular hydrogen bonds in the crystal packing, there are numerous
intramolecular hydrogen bonds of the N-H---O, C—H---O and C-H---F type
(Table S-III).
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Local anti-inflammatory activity

Maximal inhibition of ear oedema caused by DF (29.54 %) was lower than
the maximal inhibition caused by dexamethasone (55.54 %). However, DF could
be applied at a lower concentration, because this derivative caused maximal inhi-
bition of ear oedema at a significantly lower concentration (4.58 uM) in com-
parison with dexamethasone (45.8 uM). Additionally, DF should have signific-
antly better skin retention/permeability ratio.9 The local anti-inflammatory pro-
file of DF is presented in Fig. 3.

30
28
26
24
22

20 1

Oedema inhibition level, %

-
(o]

0 2 4 6 8 10 12 14 Fig. 3. Local anti-inflammatory
Concentration, uM profile of DF.

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCS. All rights reserved.



17-CARBOXAMIDE DERIVATIVE OF DEXAMETHASONE 1487

CONCLUSIONS

The L-phenylalanine methyl ester derivative of dexamethasone-derived cor-
tienic acid (DF) was synthesized and structurally characterized. This derivative is
a potential soft drug with fewer side effects and a better skin retention/perme-
ability ratio than dexamethasone. Its crystal structure was characterized by the
X-ray diffraction method. Ring A of the steroid nucleus and the phenyl ring
(17Bside chain) are almost planar, rings B and C have a slightly distorted chair
conformation and ring D has an envelope conformation. Hydrogen bonds that
influence crystal packing of this derivative were identified, i.e., O2-H---O4
(crystallographic a direction), and O3-H---O1 and C29-H---F1 interactions
(crystallographic b direction). The local anti-inflammatory activity of DF was
evaluated by the croton oil-induced ear oedema test. This derivative possesses
local anti-inflammatory activity with the maximal inhibition of ear oedema
achieved at significantly lower concentration in comparison with dexamethasone.

SUPPLEMENTARY MATERIAL

The physical, spectral and crystal data for DF, selected bond lengths and angles, as well
as hydrogen bond geometry of DF are available electronically from http://www.shd.org.rs/
/JSCS/, or from the corresponding author on request.

Crystallographic data for the structure reported in this paper have been deposited with
the Cambridge Crystallographic Data Centre with deposition number CCDC-1034681. Copies
of these can be obtained free of charge on written application to CCDC, 12 Union Road,
Cambridge, CB2 1EZ, UK (fax: +44 1223 336033); on request by e-mail to
deposit@ccdc.cam.ac.uk or by access to http://www.ccdc.cam.ac.uk.
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U3BOL
CHUHTE3A, KPUCTAJTHA CTPYKTYPA U JIOKAJTHA AHTUNH®JIAMATOPHA
AKTUBHOCT OEPUBATA KOPTUEHCKE KMCEJIMHE U3 JEKCAMETA30HA U
METHJI-ECTPA L-OEHUJIAJTAHUHA

BJIAIMMHP JOBPHUWER', BOJAHA M. ®PAHLIYCKH?, BECHA JAREBHR®, MAPKO B. POJTHR",
COTE BJIAIUMUPOB', OJIMBEPA YYUHA' 1 BFOPBE ®PAHIIYCKH®

1YHueep3uu76w y Beoipagy — @apmaueyiticku paxyniieii, Bojeoge Cuietie 450, 11000 Beoipag, ZHHcmumym
3a HyKkedpHe Hayke “Bunua”, Jlabopatiopuja 3a theopujcky Gpusuxy u Gpusuxy xKoHgen3osane maiiepuje,
Ynusepsuinein y beoipagy, ui. ip. 522, 11001 Beoipag, *Hayuonanmu UeHTIAp 3a KOHWIPOILY TpPosatsd,
Meguyuncku axynitieii Bojnomequuyuncke akagemuje, Ynueep3uiieii ogbpane, Llpnowupascka 17, 11000
Beoipag, 4Hpupoguo—mau7mau7.uuxu paxyninewi, Ynueep3uiiein y Hosom Cagy, Tpi []. Odpagosuha 3,
21000 Hosu Cag, u *HUHciiuitiyi 3a MOJIEKYAPHY TeHETHUKY U TEHETIUUKO UHIKEWEPCTB0, YHUBEP3UTUET ¥
Beoipagy, Bojeoge Cinieiie 444a, . tip. 23, 11010 Beoipag

CHHTETHCaH je NepuBaT KOPTUEHCKE KHUCEIHMHE U3 IeKCaMeTas0OHa U METHI-ecTpa L-de-
HunananvHa (DF), a xpucTajHa CTpyKTypa OBOT jeJHIEHa OKapaKTepUCaHa jeé METOOM
midpakuyje X-3paka. KpucraaHu cUCTeM je OpTOPOMOMYAH, ca IPOCTOPHOM Ipynom P242424
W KOHCTaHTama a = 8,2969(3) A3, b = 18,9358(8) A3, ¢ = 20,0904(6) A3, V = 3156,4 A3 u
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Z = 4. TIpcteH A cTepoHJIHE CTPYKType ¥ DeH3eHOB mpcTeH Y 17 /-604HOM HHU3Y Cy CKOPO Tia-
HapHH. [TpcreHosu B u C cy y bmaro uckpuBbeHoj KOHGOPMALUjH CTOMuIIe, TOK je mpcTeH D y
KoHdopMauuju koBepTe. Kpucranna crpykrypa DF ce kapakTepuiie MpexoM HHTEPMOTIEKYJI-
CKMX BOIOHHMYHHX Be3a NPEKOo Kojux ce atoM 04 ca jefHe cTpaHe CTEPOUIHE CTPYKTYype IOoBe-
3yje ca aromuma O1 u F1 (akuentopu BOSOHHMYHE BE3€) Ca JPYre CTpaHe CTEPOMIHE CTPYK-
type. Tlopen HHTEPMOJIEKYJICKUX, IPUCYTHE Cy U OpOjHE MHTPAMOJEKYJICKe BOJOHHUYHE Be3e
N-H---O, C-H:--O u C-H:F tuna. Jlokanna autunH}ramaTopHa akTuBHOCT DF je ucnutana
NPUMEHOM TecTa MHXWOHWIMje enemMa yxa HM3a3BaHOI KPOTOHCKUM ysbeM. OBaj JepuBaT moc-
THX€ MaKCHMalIHy UHXMOMLUjy efieMa yXa IIPY 3HayajHO HUKOj KOHIIEHTPaLUju y OOHOCY Ha
IEeKCaMEeTa30H.

(ITpumibeHo 5. Maja, peBUAUPAHO 6. jyna, mpuxsaheHo 4. asrycra 2015)

REFERENCES

N. Bodor, P. Buchwald, Curr. Pharm. Des. 12 (2006) 3241
N. Chandegara, M. Chorawala, Int. J. Pharm. Sci. Res. 3 (2012) 311
N. Bodor, P. Buchwald, Med. Res. Rev. 20 (2000) 58
M. O. F. Khan, H. J. Lee, Chem. Rev. 108 (2008) 5131
P. A. Formstecher, P. Lefebvre, T. Burollaud, J. Pharm. Belg. 46 (1991) 37
B. Manz, M. Rehder, A. Heubner, R. Kreienberg, H. J. Grill, K. Pollow, J. Clin. Chem.
Clin. Biochem. 22 (1984) 209
7. B. Mangz, J. Grill, R. Kreienberg, M. Rehder, K. Pollow, J. Clin. Chem. Clin. Biochem. 21
(1983) 69
8. V. Dobri¢i¢, B. Markovi¢, N. Milenkovi¢, V. Savi¢, V. Jacevi¢, N. Ranci¢, S.
Vladimirov, O. Cudina, Arch. Pharm. (Weinheim, Germany) 347 (2014) 786
9. V. Dobri¢i¢, B. Markovié, K. Nikolic, S. Vladimirov, O. Cudina, Eur. J. Pharm. Sci. 52
(2014) 95
10. V. Dobri¢i¢, K. Nikolic, S. Vladimirov, O. Cudina, Eur. J. Pharm. Sci. 56 (2014) 105
11. P. Formstecher, P. Lustenberger, M. Dautrevaux, Steroids 35 (1980) 265
12. G. M. Sheldrick, SHELXS97: Program for Crystal Structure solution, University of Got-
tingen, Gottingen, 1997
13. G. M. Sheldrick, SHELXL97: Program for crystal structure refinement, University of
Gottingen, Gottingen, 1997
14. H. D. Flack, Acta Crystallogr., A 39 (1983) 876
15. A. L. Spek, Acta Crystallogr., A 46 (1990) C34
16. G. Tonelli, L. Thibault, I. Ringler, Endocrinology 77 (1965) 625
17. L. Baumgartner, S. Sosa, A. Atanasov, A. Bodensieck, N. Fakhrudin, J. Bauer, G. Del
Favero, C. Ponti, E. Heiss, S. Schwaiger, A. Ladurner, U. Widowitz, R. Della Loggia, J.
Rolinger, O. Werz, R. Bauer, V. Dirsch, A. Tubaro, H. Stuppner, J. Nat. Prod. 74 (2011)
1779
18. A. Tubaro, P. Dri, G. Delbello, C. Zilli, R. Della Loggia, Agents Actions 17 (1985) 347
19. A. Vassallo, N. De Tommasi, I. Merfort, R. Sanogo, L. Severino, M. Pelin, R. Della
Logia, A. Tubaro, S. Sosa, Phytochemistry 96 (2013) 288
20. D. Cremer, J. A. Pople, J. Am. Chem. Soc. 97 (1975) 1354.

AN

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCS. All rights reserved.



i, Journal of
the Serbian
ZiNT Chemical Society

%o §
900077 /v

JSCS@tmf.bg.ac.rs « www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 80 (12) S381-S384 (2015)

Supplementary material

SUPPLEMENTARY MATERIAL TO
Synthesis, crystal structure and local anti-inflammatory activity
of the L-phenylalanine methyl ester derivative of
dexamethasone-derived cortienic acid

VLADIMIR DOBRICIC!'*, BOJANA M. FRANCUSKI2, VESNA JACEVIC3, MARKO V.
RODIC#, SOTE VLADIMIROV!, OLIVERA CUDINA! and DJORDJE FRANCUSKI®

!University of Belgrade — Faculty of Pharmacy, Vojvode Stepe 450, 11000 Belgrade, Serbia,
2Vinéa Institute of Nuclear Sciences, Laboratory of Theoretical Physics and Condensed
Matter Physics, University of Belgrade, P. O. Box 522, 11001 Belgrade, Serbia, ’National
Poison Control Centre, Medical Faculty, Military Medical Academy, University of Defense,
Crnotravska 17, 11000 Belgrade, Serbia, *Faculty of Sciences, University of Novi Sad, Trg
D. Obradoviéa 3, 21000 Novi Sad, Serbia and *Institute of Molecular Genetics and Genetic
Engineering, University of Belgrade, Vojvode Stepe 444a, P. O. Box 23,

11010 Belgrade, Serbia

J. Serb. Chem. Soc. 80 (12) (2015) 1481-1488

Fig. S-1. Structure of DF with atomic labelling.

PHYSICAL AND SPECTRAL DATA FOR DF

Yield: 83.5 %; m.p.: 119.3-122.0 °C; IR (ATR, cm1): 1269.02 (ester C-O
stretching), 1658.36 (amide C=O stretching), 1670.71 (C3=0 stretching),
1718.18 (ester C=0 stretching), 3407.79 (N-H stretching); !H-NMR (400 MHz,
DMSO-dg, 6 / ppm): 0.75 (3H, d, J = 7.2 Hz, CH3 at C16), 0.91 (3H, s, H18),
1.05-1.41 (3H, m, H6, H12, H15), 1.48 (3H, s, H19), 1.61 (1H, m, H6), 1.74 (1H,

* Corresponding author. E-mail: vladimir@pharmacy.bg.ac.rs
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m, H15), 1.90-2.10 (2H, m, H14, H12), 2.22-2.40 (2H, m, H7, H), 2.61 (1H, m,
H7), 2.92 (1H, m, H16), 3.05 (2H, d, J = 6.4 Hz, CH,C¢H5), 3.61 (3H, s, OCH3),
4.08 (1H, m, H11), 4.54 (1H, ¢, J= 7.6 Hz, NH-CH), 6.01 (1H, s, H4), 6.22 (1H,
dd, J=1.6 Hz, J=10.2 Hz, H2), 7.18-7.31 (5H, m, Ar-H), 7.44 (1H, d, J= 7.6
Hz, H1); 13C-NMR (100 MHz, DMSO-dg, 6 / ppm): 15.26 (CH3 at C16), 17.11
(C18), 23.40 (d, J = 5 Hz, C19), 27.76 (C15), 32.27 (C7), 33.79 (C6), 34.28 (d,
J =19 Hz, C8), 35.21 (C16), 35.71 (C12), 37.20 (CH,C¢Hs), 43.58 (C14), 48.39
(C13), 48.53 (d, J = 22 Hz, C10), 52.25 (OCHj3), 53.65 (NH-CH), 71.12 (d,
J =37 Hz C11), 86.88 (C17), 102.07 (d, J = 175 Hz C9), 124.51 (C4), 127.06
(C4"), 128.75 (C3"), 129.41 (C2), 129.56 (C2"), 137.45 (C1"), 157.17 (C1), 167.82
(C=0, ester), 172.25 (C20), 172.82 (C5), 185.86 (C3); MS [M+H]": calcd. for
C31H38FNOg: 540.27560. Observed: 540.27426; UV-Vis (CH30H) (Ayax / nm):
239.

TABLE S-I. Experimental details; crystal data

Chemical formula C31H3gFNOg
Mr 539.62
Crystal system, space group Orthorhombic, P2,2,2,
Temperature, K 293
a,b,c/A 8.2969 (3), 18.9358 (8), 20.0904 (6)
V/A3 3156.4 (2)
VA 4
Radiation type MoK,
u/ mm! 0.08
Crystal size, mm’ 0.18x0.02x0.02
Data collection
No. of measured, independent and observed 18785, 7284, 5651
(1> 20(I)) reflections
Rint 0.024
(Sin 0/2) mayx / A1 0.683
Refinement
R[F2 > 20(F?)], wR(F?), S 0.044, 0.104, 0.984
No. of reflections 7284
No. of parameters 368
H-atom treatment H atoms treated by a mixture of
independent and constrained refinement
AP mase Mpmin / € A7 0.16,-0.16
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TABLE S-II. Selected bond lengths and angles (standard uncertainties (s.u.) are given in
parentheses)

Bond Bond length, A Bond Bond length, A
F1-C9 1.4237(17) C9-C10 1.567(2)
N1-C21 1.339(2) C10-C20 1.557(2)
N1-C22 1.447(2) Cl1-C12 1.534(2)
01-C3 1.222(2) C12-C13 1.518(2)
02-Cl11 1.413(2) C13-Cl14 1.535(2)
03-C17 1.4250(18) C13-C18 1.543(2)
04-C21 1.2239(19) C13-C17 1.558(2)
05-C30 1.188(2) C14-C15 1.534(2)
06-C30 1.318(2) C15-C16 1.553(2)
06-C31 1.451(3) C16-C19 1.507(3)
Ccl1-C2 1.320(2) Cl16-C17 1.552(2)
C1-C10 1.494(3) C17-C21 1.533(2)
C2-C3 1.460(3) C22-C30 1.509(3)
C3-C4 1.442(3) C22-C23 1.535(3)
C4-C5 1.325(3) C23-C24 1.510(3)
C5-C6 1.489(3) C24-C25 1.365(3)
C5-C10 1.520(2) C24-C29 1.373(3)
c6-C7 1.532(3) C25-C26 1.369(3)
C7-C8 1.530(2) C26-C27 1.352(3)
C8-Cl14 1.518(2) C27-C28 1.346(4)
Cc8-C9 1.533(2) C28-C29 1.387(4)
C9-Cl11 1.549(2)

Bond Bond angle, ° Bond Bond angle, °
C21-N1-C22 124.21(15) C12-C13-C17 115.57(12)
C30-06-C31 116.7(2) Cl14-C13-C17 98.60(12)
C2-C1-C10 124.69(16) C18-C13-C17 110.42(13)
C1-C2-C3 120.84(18) C8-C14-Cl15 119.64(13)
01-C3-C4 122.51(18) C15-C16-C17 104.70(13)
01-C3-C2 120.41(19) 03-C17-C21 109.16(13)
C4-C3-C2 117.07(16) 03-C17-C16 111.96(13)
C5-C4-C3 123.20(16) C21-C17-C16 113.84(13)
C4-C5-C6 122.84(16) 03-C17-C13 106.41(12)
C4-C5-C10 121.88(17) C21-C17-C13 113.13(13)
C6-C5-C10 115.24(15) C16-C17-C13 101.98(12)
C5-C6-C7 111.33(15) 04-C21-N1 122.89(16)
C8-C7-C6 114.64(15) 04-C21-C17 123.17(15)
C14-C8-C7 110.49(14) N1-C21-C17 113.89(14)
C14-C8-C9 109.16(13) N1-C22-C30 107.47(15)
C7-C8-C9 110.34(13) N1-C22-C23 111.22(15)
F1-C9-C8 106.19(12) C30-C22-C23 109.67(15)
F1-C9-Cl11 101.99(12) C24-C23-C22 113.24(16)
C8-C9-Cl11 115.62(13) C25-C24-C29 117.02(19)
F1-C9-C10 104.00(12) C25-C24-C23 120.87(18)
C8-C9-C10 112.26(13) C29-C24-C23 122.01(18)
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Bond Bond angle, ° Bond Bond angle, °
C11-C9-C10 115.04(13) C24-C25-C26 122.02(19)
C1-C10-C5 112.26(14) C27-C26-C25 119.7(2)
C1-C10-C20 107.72(15) C28-C27-C26 120.3(2)
C5-C10-C20 108.39(15) C27-C28-C29 119.7(3)
C1-C10-C9 109.69(14) C24-C29-C28 121.1(2)
C5-C10-C9 105.52(13) 05-C30-06 124.7(2)
C20-C10-C9 113.34(14) 05-C30-C22 123.84(19)
02-C11-C12 114.16(13) 06-C30-C22 111.41(18)
02-C11-C9 108.02(13) C8-Cl14-C13 114.35(13)
C12-C11-C9 112.51(13) C15-C14-C13 103.68(12)
C13-C12-C11 113.65(13) Cl14-C15-Cl16 105.00(13)
C12-C13-C14 108.88(12) C19-C16-C15 114.11(17)
C12-C13-C18 110.47(14) C19-C16-C17 115.34(15)
C14-C13-C18 112.43(13)

TABLE S-1III. Hydrogen bond geometry of DF

D-H---A Symmetry code D-H H---A D---A D-H---A
02-H20---04 —1/2+x, 1/2—y, —z 0.84(2) 1.97(2) 2.791(2) 165(2)
03-H30---01 1-x, —1/2+y, 1/2—=z 0.76(2) 2.00(2) 2.750(2) 167(2)
C29-H29---F1 1—x, —1/2+4y, 1/2—z 0.93 2.52 3.376(3) 154
N1-HIN---O3 0.86(2) 2.114(18)  2.587(2) 114(2)
N1-HIN---O5 0.86(2) 2.415(18)  2.716(2) 101(1)
Cl14-H14---F1 0.980(1) 2.46 2.851(2) 103
Cl14-H14---03 0.98 2.31 2.736(2) 105
C12-H12A---O3 0.97 2.40 2.832(2) 107
C18-HI18C:---02 0.96 2.44 3.043(2) 120
Cl16-H16---04 0.98 2.56 2.953(2) 104
C20-H20A---02 0.96 2.32 2.921(2) 120
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Abstract: The X-ray structure, theoretical calculation, Hirshfeld surfaces anal-
ysis, IR and Raman spectra of fluoranthene and acenaphthene were reported.
Acenaphthene crystallizes in the orthorhombic crystal system and space group
P2,ma, with crystal parameters a = 7.2053(9) A, b = 13.9800(15) A, ¢ =
=8.2638 (8) A, Z=14 and ¥ = 832.41(16) A3. In turn, the grown crystals of
fluoranthene are in the monoclinic system with space group P2,/n. The unit
cell parameters are a = 18.3490(2) A, b = 6.2273(5) A, ¢ = 19.8610Q2) A, =
=109.787(13)°, Z = 8 and the unit cell volume is 2135.50(4) A3. Theoretical
calculations of isolated molecules of the title compounds were performed using
DFT at the B3LYP level. The intermolecular interactions in the crystal struc-
ture, for both the title polycyclic aromatic hydrocarbons were analyzed using
the Hirshfeld surfaces computational method.

Keywords: crystal structure; IR spectroscopy; Raman; density functional theory
(DFT) calculation; Hirshfeld surfaces.

INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) are important persistent organic
pollutants (POPs) of the environment, which generally occur in all its parts:
atmosphere, water, soils, sediments and vegetation.!-2 The presence of PAHs in
all these environmental elements may establish a risk for humans as well as all
living organisms. Migration and distribution of PAHs in the environment dep-
ends on their physicochemical properties, i.e., water solubility, octanol-water

* Corresponding author. E-mail: w.lindert@imbigs.pl
doi: 10.2298/JSC150304060S
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distribution constant, or Henry's constants (volatility).3-> Besides, in the gas-
-phase of the atmosphere, PAHs can react with nitrogen oxides, ozone, OH
radicals and NOs radicals, yielding, e.g., nitrated, oxygenated, and hydroxylated
derivatives of PAHs.%~9 The nitrated PAH compounds are potentially more muta-
genic and carcinogenic than the polycyclic aromatic hydrocarbon precursors.10

PAHs are released into the environment from domestic, industrial and nat-
ural sources. Anthropogenic PAHs are usually generated from incomplete com-
bustion of fossil fuels (e.g., oil, coal, crude oil, gasoline),!1-12 waste treatment,!!
combustion of synthetic chemicals,!! and other human activities, such as cook-
ing, tobacco smoking, or vehicle traffic.!3 The natural sources of emissions of
PAHs pertain to forest fires,!! volcanic eruptions’ and carbonization processes,
such as products of humus conversion by microorganisms,!4 diagenesis of org-
anic matter, !5 etc.

Fluoranthene and acenaphthene are examples of PAHs, which are classified
as priority control organic pollutants by the US Environmental Protection Agency
(US EPA).16 Acenaphthene is also on the Hazardous Substance List. Fluoran-
thene and acenaphthene are considered non-carcinogens for humans, but should
be handled with caution.!? Additionally, acenaphthene could be applied as an
intermediary in pharmaceutical, agricultural and chemical industries.!”

Molecular crystals of fluoranthene and acenaphthene, as well as their deri-
vatives, were the subject of studies for the generation of the mechanism of their
interactions by hydrogen bonds with other molecules in asphalt (a product from
the distillation of petroleum). PAHs and their derivatives could be emitted from
asphalt, and could migrate in the environment, for example, from contaminated
soils into the ground water.!® Therefore, they could be potential health hazards
for humans.!® The next aim of research is to obtain knowledge of the manner of
interactions of PAHs and their derivatives with proteins by performing computer
simulations using CLC Drug Discovery Workbench.20 The experiments will be
performed under conditions simulating the physiological pH.

EXPERIMENTAL
Materials

Fluoranthene (I) and acenaphthene (II) were provided by Sigma—Aldrich (Poland) at 98
and 99 % purity, respectively. The substances were investigated without further purification.
Colourless crystals of I, suitable for X-ray analysis, were obtained by slow evaporation of
ethanol-acetone mixture (1:1, V/V) at room temperature. On the other hand the crystals of
acenaphthene were obtained upon recrystallization from petroleum ether, giving plate-shaped
single crystals.

X-Ray crystal structure determination

The crystals of I and II were mounted in turn on a Gemini A Ultra Oxford Diffraction
automatic diffractometer equipped with a CCD detector, and used for data collection. X-Ray
intensity data were collected with graphite monochromated MoK ,, radiation (4 = 0.71073 A)
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at room temperature, in the @ scan mode. Ewald sphere reflections were collected up to 260 =
= 50.10°. Lorentz, polarization and empirical absorption corrections using spherical harm-
onics implemented in SCALE3 ABSPACK scaling algorithm were applied.?! The structures
were solved by the direct method and subsequently completed by difference Fourier recycling.
All non-hydrogen atoms were refined anisotropically using full-matrix, least-squares tech-
niques. All hydrogen atoms were positioned in geometrically idealized positions and were
allowed to ride on their parent atoms with Ujso(H) = 1.2 Ugq. The OLEX2?? and SHELXS,
SHELXL? programs were used for all calculations. Atomic scattering factors were those
incorporated in the computer programs. All graphics were prepared using ORTEP-324 for
Windows, Platon?> and Mercury.26

Physical measurements

The infrared spectra of polycrystalline samples (dispersed in KBr pellets) and mono-
crystalline samples of fluoranthene and acenaphthene were recorded on a FT-IR Nicolet
Magna 560 spectrometer in the transmission mode with 2 cm'! resolution. The IR spectra of
polycrystalline samples were measured at temperature 298 K, while the monocrystalline
samples were measured at two temperatures, 298 and 77 K. The IR spectra were recorded in
the spectral range of 4000-400 cm!. Crystals of I and II suitable for spectral studies were
obtained by crystallization from melted samples occurring between two closely spaced CaF,
windows. In this way, sufficiently thin crystals could be obtained, characterized by a max-
imum absorbance at the vc_y band frequency range close to 0.5. Monocrystalline fragments
were selected from the crystalline mosaic and spatially oriented using a polarization micro-
scope. In the next step, these selected crystals were exposed to the experiment with the use of
a metal plate diaphragm with a 1.5 mm diameter hole. The Raman experiment was performed
using a WITec confocal CRM alpha 300 Raman microscope (Jagiellonian Centre for Experi-
mental Therapeutics — JCET, Krakéw, Poland). The spectrometer was equipped with an air
cooled solid state laser operating at 532 nm and CCD detector which was cooled to —58 °C.
The laser was coupled to the microscope via a single mode optical fibre with a diameter of 50
pm. The scattered radiation was focused onto a multi-mode fibre (50 um diameter) and a
monochromator. A dry Olympus MPLAN (50%/0.76NA) objective was used. The integration
time for a single spectrum was 2 s. The spectra were collected in the range between 4000—120
cm! with a spectral resolution of 3 cm™!.

Theoretical calculations

The theoretical calculations were performed by means of the Gaussian 0927 software
package, using density functional theory (DFT) at the B3LYP level and with 6-31G(d,p) and
6-31G*(d,p) basis sets for acenaphthene, as well as 6-31+G(d,p) and 6-311++G(3df,2pd) basis
sets for fluoranthene.28:2

The Hirshfeld surface analyses were realized using the CrystalExplorer program.3? The
distance from the Hirshfeld surface to the nearest nucleus inside and outside the surface were
marked by d; and d,, respectively, whereas d,,, is a normalized contact distance, which is
defined in turns of dj, d, and the van der Waals (vdW) radii of the atoms:3!

. pvdW _ vdW
d — dl rl de rev ( 1 )
norm dW dW
I,]:V reV

dporm Was visualized using a red—white—blue colour scheme. If the atoms make intermolecular
contacts closer than the sum of their vdW radii, these contacts were represented as red spots
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on the surface. Longer contacts were blue, while white was used for contacts around the sum
of the van der Waals radii.3!

RESULTS AND DISCUSSION

The crystal structures of fluoranthene (I) and acenaphthene (II) have already
been described in the literature, i.e., by Chakrabarti3?2 and Hazell et al.,33 and
later by Munakata et al.34, Ehrlich3> and then by Hazell et al.,3¢ respectively.
The crystallographic data were re-collected in the present study because other
conditions of crystals growth than in the literature were used, and these data were
needed to perform the computer simulations of the binding processes of fluoran-

thene and acenaphthene with the selected human proteins.

The crystal data and final refinement details of compound I and II are given
in Table I. The molecular structure of fluoranthene and acenaphthene are illus-
trated in Fig. 1a and b, respectively.

TABLE 1. Crystal data and structure refinement details of fluoranthene (I) and acenaph-

thene (IT)

Parameter

Fluoranthene (I)

Acenaphthene (IT)

Empirical formula
Compound weight
Temperature, K
Crystal system

Space group

Crystal dimension, mm
Crystal form, colour

CigHio
202.24
295.0(2)
Monoclinic
P21/I’l
0.39x0.32 x0.09
Plate, colourless

Ci2Hyo
154.20
295.0(2)
Orthorhombic
P2,ma
0.41 x0.22%x0.12
Plate, colourless

Unit cell dimensions

alA

b/ A

clA

Bre°

v/ A3

zZ

D,/ gcm3

F(000)

O range for data collection, °
Data collection method
Absorption coefficient, mm'!
Final R indices (I > 2a([))

R indices (all data)
Reflections collected/unique
Limiting indices

Refinement method
S

Parameters refined
Apmaxs Mpmin / € A3

18.3490(2)
6.2273(5)
19.8610(2)

109.787(13)
2135.50(4)
8
1.258
848
4.0-29.2
w scan
0.071
R, =0.0696 , wR, = 0.1711
R, =0.1043, wR, = 0.1936
2527 [Rip = 0.089]
21<h<20,-7<k<7,

7.2053(9)
13.9800(15)
8.2638(8)

90.00
832.41(16)

4
1.230
328
4.8-27.5
 scan
0.069
R, = 0.0442, wR, = 0.0964
R, =0.0550, wR, = 0.1022
1075 [Riy = 0.020]
—8<h<6,-16<k<16,

—23<1<23 -7<1<9
Full-matrix least-squares on F2Full-matrix least-squares on F>
1.10 1.05
289 105
0.22-0.21 0.25-0.28
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H11ii

Fig. 1. The conformation of a) fluoranthene and b) acenaphthene molecules with the atom
numbering scheme. Atomic displacement ellipsoids represent the 50 % probability level. H
atoms are shown as small spheres of arbitrary radius. Symmetry code: i) x, y, z; i) x, —, z.

Compound I crystallizes with eight molecules in an asymmetric unit. The
molecules in the unit cell are connected by weak C—H-- 7 interactions between
nearest neighbours. The intermolecular C—H---C interactions existing between
carbon atoms of the condensed rings of the naphthalene structure nearest neigh-
bouring molecules are shown in Fig. 2a (marked with blue dashed lines). Fluor-
anthene also contains ---n (C---C) interactions, but they are less dominant in this
crystal structure. The C---C distances between neighbouring molecules are
approximately 3.33 A (Fig. 2a; red dashed line). Generally, the C---C van der
Waals distance of 3.40 A has been adopted as the reference distance for chemical
stability.37 Additionally, it is worth noting that the C---C distances are longer
than the 2.6 A distance observed in crystalline benzene.3® The intermolecular
C---C distance is also comparable to the C---C distance of dibenz[a,/]anthracene
(3.37A).39
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Fig. 2. Hirshfeld surfaces mapped with d,,,, and part of the crystal structure of:
a) fluoranthene and b) acenaphthene showing the intermolecular interactions.

The H---H contacts are marked green with a dashed line in Fig. 2a. The
shortest close contacts between hydrogen atoms have a distance of approximately
2.37 A (van der Waals radius for hydrogen atom is 1.2 A). The shortest C-H:--xt
close contacts have a distance of approximately 2.80 A.

The intermolecular close contacts were likewise substantiated by examin-
ation of Hirshfeld surfaces. However, the fingerprint plots (2D representation of
a Hirshfeld surface) provide a quantitative measure of the intermolecular inter-
actions on the surface.31:40 The C---H and H:--C intermolecular interactions are
depicted as two characteristic and distinct “spikes” in the two-dimensional
fingerprint plot, Fig. 3a. The C---H (n---H) interactions (30.8 %) are represented
by a spike (d; = 1.74 A, d. = 1.75 A) in the bottom right area of the fingerprint
plot (these contacts are marked with a green ellipse; see Fig. 3a). Then the H---C
(H---7) interactions (25.1 %) are represented by a spike (d; = 1.74 A, do = 1.75
A) in the upper left area of the fingerprint plot (contacts are marked with a red
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ellipse). Two small areas, visible on the fingerprint plot (Fig. 3b), are charac-
teristic of m---7 interactions (2.0 %). Besides, the presented results showed that
the structure of I is also dominated by the H---H contacts (42.1 %), Fig. 3c.

a) b)
24 24
2.2 dc dc
- 2.2 "f
20 - ;
18 1.8 chet
ot Lo =< 1.6
< < 14
1.2
1.2
10 =l
ogl €H30.8% '
HC 25.1 % 0
0.6 e d| a2 CC2.0%
06 08 10 12 14 16 18 20 22 24 di
de 06 08 1.0 12 14 16 1.8 20 22 24
1
di/A
c)
24
de
22)
2.0
18
16
S 14
12 Fig. 3. Fingerprint plot of fluoranthene; a)
1.0 C--*H, b) C---C and c¢) H--*H interactions
08 showing the percentage of contacts created to
H-HA42.1 % the total Hirshfeld surface area of the mole-
0.6 : . . .
| di cules. d; is the closest internal distance from a
06 08 1.0 12 14 1.6 18 20 22 24 given point on the Hirshfeld surface; d, is the
dil A closest external contact.

According to the classification of Desiraju and Gavezzotti,*! the crystal
packing of I follows a herringbone (HB) motif. The ratio of C---H to C:--C
interactions is 27.95 > 4.5.42

Hirshfeld surface analysis was also used for visual analysis of intermolecular
interactions in the crystal structure of acenaphthene. The asymmetric unit of 1I
contains four acenaphthene molecules that are linked by C—H:---n interactions.
The intermolecular C—H---C interactions, existing between carbon atoms of the
condensed rings of the naphthalene structure nearest neighbouring molecules, are
shown in Fig. 2b (blue dashed line). The shortest C—H---m close contacts have a
distance of approximately 2.90 A. The n---H (C—H) interactions provide 39.30
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%, which is appreciably lower when compared to I. The C---H interactions (23.2
%) are represented by the characteristic wing (d; = d. = 1.66 A) in the bottom
right area of the fingerprint plot, Fig. 4a (contacts are denoted by a green ellipse).
Then the H---C contacts (16.0 %) are illustrated by a wing (d; = d. = 1.66 A) in
the upper left area of the fingerprint plot, (the contacts are denoted by a red
ellipse, see Fig. 4a).

a) b)
24 e 2.4
de : de
2.2 22
2.0 2.0 ,.-'r
1.8 1.8 f
o 16 < 16
< 14 <
1.2 1.2
1.0 1.0
CH232%
0.8 0.8
HC 16,0 % C1C02%
0.6 0.6 -
di di
06 08 10 12 14 16 18 20 22 24 06 08 1.0 12 14 16 18 20 22 24
di/ A dilA
<)
2.4
de
2.2
2.0
1.8
o 1.6
< 14
1.2
10|
08 Fig. 4. Fingerprint plot of acenaphtheng; a)
o6 HH 605 % C--*H, b) C---C and c¢) H---H interactions
* di showing the percentage of contacts created to
06 08 10 12 14 1.6 1§ 20 22 24 the total Hirshfeld surface area of the mole-
di/A cules.

A significant difference between the molecular interactions in I and II in
terms of H---H interactions is also noticeable in the fingerprint plots (Figs. 3¢ and
4c). In this case, H---H contacts comprise 60.5 % of the surface area. The shortest
close contacts between hydrogen atoms have a distance of approximately 2.53 A,
Fig. 2b (green dashed line).

The n---m contacts are almost zero, and there are no significant interactions
in the crystal structure of acenaphthene (C---C contacts make 0.2 % of the sur-
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face area). The shortest close contacts between carbon atoms have a distance
approximately 3.70 A, Fig. 2b (red dashed line). The visual analysis of the
fingerprint plots (C---H contact) of other PAHs, e.g., naphthalene and anthra-
cene, show that acenaphthene is more similar to them, than to fluoranthene.43

According to the method of Lootos and Barbour, the molecules of acen-
aphthene are arranged in a herringbone motif. The ratio of C---H to C---C is con-
siderably greater than 4.5, and is 196.50.42

It should also be noted that in the unit cell, the molecules of fluoranthene and
acenaphthene are not connected by hydrogen bonds. This fact was also proven by
spectroscopic studies.

The Hirshfeld surface and 2D fingerprint plots were used for visualizing,
exploring and quantifying intermolecular interactions in the crystal lattice of both
PAHs. Besides, quantitative measures of Hirshfeld surfaces for fluoranthene and
acenaphthene were obtained, such as molecular volume (Vg) 542,96 and 408,61
A3, surface area (Sp) 464,90 and 374,07 A2, globularity (G) 0.677 and 0.712, as
well as asphericity (£2) 0,456 and 0,333, respectively.

IR spectra of compounds I and 11

The IR spectra of polycrystalline samples of fluoranthene and acenaphthene,
measured at 298 K using the KBr pellet technique, are shown in Fig. 5a and b,
respectively. Additionally, the Raman spectra of I and II are also presented in
Fig. 5a and b, respectively. The Raman spectra were measured at room tempe-
rature for polycrystalline samples. The Raman spectra allow for additional ident-
ification of the vc_g band positions, which are attributed to the C—H bond
stretching vibrations in the molecules.*4

Polarized IR spectra of I and II single crystals measured at 77 K, in the
frequency ranges of the vc_jy bands, are shown in Fig. 6a and b, respectively. The
temperature dependence of the polarized crystalline spectra of fluoranthene and
acenaphthene in the frequency ranges of the vc_yg bands is presented in Fig. 7a
and b, respectively.

The vibrations of crystalline acenaphthene can be divided into types: aro-
matic ring C—H stretching (3071-3036 cm!), CH, asymmetric stretching (2937—
2914 cm1), CH, symmetric stretching (2840 cm1) (see Fig. 5b), in plane CH,
group deformation (<1423 cm!), aromatic ring stretching (<1616-1593 cm1)
and skeletal vibrations representing C=C stretching (<1370 cm™!). In Fig. 5b,
C-H bending bands appear in the region 841-749 cm! (out-of-plane bending),
and are very strong. In the case of crystalline fluoranthene, the characteristic IR
bands in the five regions of the spectrum are illustrated in Figs. 5a and 6a. The
main types of vibration are C—H stretching vibration, C=C stretching vibration,
C-H out-of-plane vibration, C—H bending vibration and lattice vibration.4>
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Fig. 5. IR spectra of polycrystalline samples of a) fluoranthene and b) acenaphthene measured
at 298 K using the KBr pellet technique. Raman spectra for the identification of the vibration
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Analyzing the IR spectra of monocrystalline samples of acenaphthene, mea-
sured at the different orientations of the electric field vector E, the incident light
on the crystal, large variability of the intensity of some bands could be observed,
Fig. 6b. The vc_y bands (in the frequency range from 3060 to 2836 cm™!) in the
spectra of II crystals were characterized by the two-branch structure with their
unique and relatively simple intensity distribution patterns. The polarized light
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Fig. 6. Polarized spectra of a single crystal of: a) fluoranthene and b) acenaphthene measured
at 77 K; ¢) packing diagram of acenaphthene viewed along the b axis.
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Fig. 7. Polarized spectra of a single crystal of: a) fluoranthene and b) acenaphthene are
illustrative of the temperature effect.

especially strongly influenced the intensity of the bands of the stretching of C—H
bonds vibrations in the molecules. Based on the results in Fig. 6b, it could be
seen that the longer-wave branch (3060-3040 cm!) of the band was of relatively
high intensity when compared with the branch properties of the shorter-wave
band (3061-3075 cm1). These effects are related to the arrangement of the
molecules in the unit cell. Two molecules lie in the crystalline plane bc, while the
other two are arranged obliquely to them, Fig. 6¢. Such an arrangement of the
molecules means that, regardless of the type, C—H vibrations of different frag-
ments of the molecules will be excited by the polarized light. Therefore, different
intensity of the lines in the vc_y bands was observed in the spectra of the
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acenaphthene crystals. For example, in the case of polarization 0°, the line 2937
cm! of the asymmetric CH, vibrations had significantly lower intensity com-
pared with the 2914 cm™! line (Fig. 6b). The opposite phenomenon was observed
for polarization 90°. It may be noted that the polarization effects are also visible
in some bands lying at lower frequencies.

The IR spectra of acenaphthene crystals showed that a temperature decrease
to 77 K was responsible for a slight growth in the intensity of the longer-wave
branch, whereas the intensity of the shorter-wave branch remained unchanged,
Fig 7b.

Very similar phenomena were observed in the spectra of fluoranthene crys-
tals (Figs. 6a and 7a). In this case, the largest differences in the intensities of the
bands were also visible in the frequency range of the C—H bond stretching vib-
ration in the molecules. On the other hand, the differences between the spectra
measured at room temperature and the temperature of liquid nitrogen were a
result of stiffening of the molecules. Therefore, there was a discernible sharp-
ening of the vc_y bands contour, as well as a slight growth in their intensities.

The analysis of the IR and Raman spectra indicated that the skeletal vib-
rations of the C—C bands in the aromatic nucleus were much weaker in the IR
spectra than in the Raman spectra. These data were also based on experimental
data available in the literature.*4

DFT calculation results for compounds I and I1

The studies showed satisfactory correlation between the calculated and XRD
experimental structural parameters (Tables S-I1 and S-II of the Supplementary
material to this paper). Significant differences in the DFT and XRD geometries
were observed in case of fluoranthene in the C8-C9-C10-C1, C24-C25-C26—
—C17, C2-C1-C10-C9, C18-C17-C26-C25, C27-C25-C26-C21 and C32-
—C17-C26—C21 torsion angles, which had the values —178.5, —179.3, —179.5,
—178.1,—-178.7 and 179.1°, respectively.

Figure S-1 of the Supplementary material demonstrates a comparison of the
calculated IR (non-scaled) spectra of fluoranthene and acenaphthene. It should be
noted that the theoretical model satisfactorily reproduced the experimental infra-
red spectra for both PAHs. The results also showed slight discrepancies between
the modelling and experimental data, which is not unusual since the calculations
corresponded to the gas phase of a single isolated molecule, whereas the expe-
riment was performed on crystal structures.

CONCLUSIONS

In the present paper, the crystal structure, the DFT calculations, analysis of
Hirshfeld surfaces and fingerprint plots, as well as spectroscopic properties of the
title PAHs are reported.
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These results showed that Hirshfeld surface and fingerprint plot analysis
provides rapid quantitative insight into intermolecular interactions in molecular
solids. The close contacts, in the case of both analyzed compounds, are domi-
nated by H---C (C-H---w) and H---H contacts and these relatively weak inter-
actions have evident signatures in the fingerprint plots. In addition, it should be
emphasized that the analysis of a Hirshfeld surface is well correlated to the
spectroscopic studies. Moreover, the comparison of the DFT model with XRD in
the present study may be considered good.

SUPPLEMENTARY MATERIAL

Calculated and XRD experimental structural parameters and calculated IR spectra of
fluoranthene and acenaphthene are available electronically from http://www.shd.org.rs/JSCS/,
or from the corresponding author on request.

CCDC-1011192 and CCDC-1011193 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge at www.ccdc.cam.ac.uk/conts/
/retrieving.html or from the Cambridge Crystallographic Data Centre (CCDC), 12 Union
Road, Cambridge CB2 1EZ, UK; fax: +44(0)1223-336033; e-mail: deposit@ccdc.cam.ac.uk

Acknowledgements. This work was founded by a grant of the Medical University of
Silesia (No. KNW-1-026/N/5/0). All of the calculations were performed with the aid of
hardware and software at the Wroctaw Centre for Networking and Supercomputing WCSS,
Wroctaw, Poland.

U3BOL
PEHATEHOCTPYKTYPHA AHAJIN3A, METOJA AHAJIN3E XUPIIOETTOBUX
[TOBPIIMHA, CITEKTPOCKOIICKA U DFT HCIITUTHBAIHA ®JIYOPAHTEHA U
AIJEHA®TEHA

WIOLETA SMISZEK-LINDERT', ANNA MICHTA?, ALEKSANDRA TYL?, GRZEGORZ MALECKI?,
ELZBIETA CHELMECKA® u SLAWOMIR MASLANKA®

'Institute of Mechanized Construction & Rock Mining, W. Korfantego 193A Street, 40-157 Katowice, Poland,
“Institute of Chemistry, University of Silesia, 9 Szkolna Street, 40-006 Katowice, Poland and >School of
Pharmacy with Division of Laboratory Medicine in Sosnowiec, Medical University of Silesia, Katowice,

Poland, Department of Statistics, 30 Ostrogorska Street, 41-200 Sosnowiec, Poland

JlaT je npuKa3 DEHATEHCKE CTPYKType, TEOPHjCKUX H3padyHaBamwa, Xupuidennose
aHanuse nospiuuHa, IR m PamaHoBUX crekrapa 3a (uiyopaHTeH W aueHadTeH. AueHadTeH
KPHUCTa/IMIIE KA0 OPTOPOMONYHYU KPUCTAIHU CUCTEM ca P21md MpoCTOPHOM IPyNoOM M Hapa-
MeTpuMa jemuanuHe hemuje: a = 7,2053(9) A, b = 13,9800(15) A, ¢ = 8,2638(8) A, Z=4uV =
= 832,41(16) A%, CynpoTHO TOoMe, (IyOpaHTeH KPUCTAIHIIE Ka0 MOHOKITMHUYHU KPUCTAIHU
cucrem ca P21/n mpocTopHOM Ipynom M ciefehum napamerpuma jenvHuuHe henuje: a =
=18,3490(2) A, b = 6,2273(5) A, ¢ = 19,8610(2) A, g = 109,787(13)°, Z =8 u V = 2135,50(4)
A Teopujcka u3padyyHaBamwa 3a HM30JI0BaHE MOJIEKY/Ie HABEJEHUX jefMmbema Cy WU3BpIIEHA
nomohy DFT wuspauynaBawa u B3LYP mertome. Ilpumenom XupuidennoBe KOMIjyTepPCKe
METOJle 3aCHOBaHE Ha aHa/lW3M MOBpLIMHA ofpeheHe Cy MHTEPMONEKYICKe HHTepaKuuje y
KPHUCTAJIHUM CTpyKTypama 0da PAHS jenumema.

(ITpumsbero 4. mapta, peBuupaHo 27. jyHa, mpuxsaheHo 6. jyna 2015)
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TABLE S-I. Comparison of selected calculated geometric parameters of fluoranthene
with experiment values

Theoretical

Experimental (XRD
xperimental (XRD) 631G (d, p) 6-311++G(3df,2pd)

Bond length, A

Cl-C2 1.396 C17-C18 1.365 1.381 1.374
C2-C3 1.406 C18-CI19 1.401 1.425 1.419
C3-C4 1.358 C19-C20 1.361 1.386 1.379
C4-Cs 1.410 C20-C21 1.410 1.426 1.420
C5-Co 1.416 C21-C22 1.410 1.419 1.416
C6—C7 1.356 C22-C23 1.357 1.386 1.379
C7-C8 1.399 C23-C24 1.401 1.425 1.418
C8-C9 1.368 C24-C25 1.356 1.381 1.374
C9-C10 1.403 C25-C26 1.405 1.404 1.398
C10-C5 1.396 C26-C21 1.396 1.419 1.413
C10-Cl1 1.407 C26-Cl17 1.405 1.393 1.386
C9-Cl11 1.477 C25-C27 1.472 1.477 1.473
Cl11-CI12 1.381 C27-C28 1.376 1.402 1.395
C12-C13 1.394 C28-C29 1.362 1.400 1.392
C13-Cl14 1.370 C29-C30 1.372 1.380 1.379
C14-Cl15 1.383 C30-C31 1.393 1.402 1.395
C15-Cl6 1.380 C31-C32 1.383 1.393 1.386
Cl6-Cl11 1.410 C32-C27 1.416 1.428 1.422
Cl16-Cl1 1.473 C32-C17 1.475 1.477 1.472

* Corresponding author. E-mail: w.lindert@imbigs.pl
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TABLE S-I. Continued

. Theoretical
Experimental (XRD) 631G (4, p) 6-311++G(3df,2pd)
Angle, °

C10-C1-C2 118.00 C26-C17-C18 117.16 118.34 118.31

C1-C2-C3 119.00 C17-C18-C19 119.00 118.71 118.74

C2-C3-C4 122.60 C18-C19-C20 122.50 122.48 122.48

C3-C4-C5 120.50 C19-C20-C21 120.40 120.07 120.08

C4-C5-C10 115.60 C20-C21-C26 115.70 116.13 116.12

C5-C10-C1 12420 C21-C26-C17 124.40 124.27 124.26

C10-C5-C6 115.50 C26-C21-C22 115.40 116.13 116.12

C5-C6-C7 120.70  C21-C22-C23 120.50 120.07 120.08

C6-C7-C8 122.40 C22-C23-C24 122.90 122.48 122.48

C7-C8-C9 119.30 C23-C24-C25 118.70 118.71 118.75

C8-C9-C10 118.00 C24-C25-C26 118.50 118.34 118.31

C9-C10-C5 124.10 C25-C26-C21 124.00 124.27 124.26

C9-C10-C1 111.60 C25-C26-C17 111.60 111.45 111.48

C10-C9-Cl11 106.20 C26-C25-C27 106.30 106.20 106.18

C9-C11-C16 107.90 C25-C27-C32 107.90 108.08 108.07

C11-C16-Cl1 108.30 C27-C32-C17 108.00 108.08 108.08

C16-C1-C10 106.00 C32-C17-C26 106.20 106.20 106.19

C9-Cl11-Cl12 131.90 (C25-C27-C28 131.80 131.66 131.71

Cl1-C12-C13 118.10 C27-C28-C29 119.50 119.02 119.04

C12-C13-C14 121.30  C28-C29-C30 120.90 120.72 120.73

C13-C14-C15 121.20 C29-C30-C31 121.50 120.72 120.73

C14-C15-Cl16 118.30 C30-C31-C32 118.10 119.02 119.03

C15-Cl16-Cl11 120.80 C31-C32-C27 119.80 120.26 120.26

Dihedral angle, °
CI15-C16-C1-C2 -0.006 |C31-C32-C- -4.1(6) 0.002 0.023

-17-C18

CI15-Cl16-Cl-  179.4(3) C31-C32- 179.0(3) 179.99 -179.99
-C10 -C17-C26

CI2-C11-C9-C8 -2.4(6) C28-C27-  -0.3(6) 0.01 -0.01

-C25-C24

CI12-C11-C9-  179.3(3) C28-C27- 179.5(3) 179.98 179.98
-C10 -C25-C26

C8-C9-CI-C1 -178.5(3) | C24-C25- -179.3(3) 179.99 179.99
-C26-C17

C2-C1-C10-C9 -179.5(2) | C18-C17- -178.1(3) 179.99 179.99
-C26-C25

C16-C1-C10-C5 -177.6(2) | C32-Cl17- 179.1(3) -179.99 179.98
-C26-C21

C11-C9-C10-C5 178.7(2) C27-C25- -178.7(3) 180.00 —180.00
—C26-C21
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TABLE S-II. Comparison of selected calculated geometric parameters of acenaphthene
with experiment values

Experimental (XRD)

Theoretical

6-31G (d, p) 6-31G*(d, p)

Bond length, A

C1i-Cé6! 1.358 Cgii_Cot 1.358 1.370 1.377
C6-C5 1.403 C9ii_C10t 1.397 1.426 1.423
C5-C4 1.359 Ccl10i-C11i 1.354 1.384 1.383
Cc4-C3 1.410 C11i-C12 1.414 1.425 1.422
C3-C4 1.410 Cl12-Cl11 1.414 1.425 1.422
C4-C5 1.359 C11-C10 1.354 1.384 1.383
C5-C6 1.403 C10-C9 1.397 1.426 1.423
C6-Cl1 1.358 C9-C8 1.358 1.378 1.377
Cl1-C2 1.400 C8-C13 1.400 1.414 1.412
C2-C3 1.398 C13-C12 1.393 1.414 1.414
C2-Cl1i 1.400 C13-Cgi 1.400 1.414 1.412
C1-C7 1.506 C8-Cl4 1.503 1.523 1.520
C7-C7i 1.547 Cl14-C14t 1.534 1.575 1.570
C7i-Cli 1.506 C14ii_Cgi 1.503 1.523 1.520

Angle, °
C7i-Cl-Cé6! 132.93 C14i_Cgii_Coii 133.14 132.40 132.40
C7-C1i-C2 108.41 C14i-C8i-C13 108.21 108.70 108.70
Cli-C6i-C5i 119.14 C8ii_C9i_C10ii 118.90 118.80 118.80
C6i-C5-C4i 122.20 CYi_C10i-C11i  122.80 122.30 122.30
C5i-C4-C3 120.60 C10i-C11i-12 120.20 120.30 120.20
C4i-C3-C2 115.87 C11i-C12-C13 115.86 116.30 116.30
C4i-C3-C4 128.30 C11i-C12-C11 128.30 127.40 127.40
C3-C4-C5 120.60 Cl12-C11-C10 120.20 120.20 120.20
C4-C5-C6 122.20 C11-C10-C9 122.80 122.30 122.30
C5-C6-C1 119.14 C10-C9-C8 118.30 118.90 118.80
C6-C1-C2 118.66 C9-C8-C13 118.60 118.90 118.90
C6-C1-C7 132.93 C9-C8-Cl14 133.14 132.40 132.40
C1-C7-C7i 105.13 C8-Cl14-C14ii 105.40 104.80 104.80
C7-C7-C1i 105.13 C14-C14i-Cgi 105.40 104.80 104.80
C1-C2-Cli 112.90 C8-C13-Cgil 112.80 112.80 112.80

Dihedral angle, °

11 11 11
C7-Cl-C6-C5" 179.3(2) Cl4 ’Cclgoii’@ T 179.42) 180.00 180.00
C7-C1-C6-C5 —-179.3(2) | C14-C8-C9-CI10 -179.42)| —180.00 —180.00
Cl-C2-Cl-C6' 179.2(2) | C8-CI13-C8i-C9i 179.9(2) 180.00 180.00

. C11i-C12-C11-
C4-C3-C4-C5 —179.6(3) C10 ~-179.6(3)| —180.00 —180.00
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Fig. S-1. Comparison of B3LYP calculated IR spectra of: a) fluoranthene and
b) acenaphthene with the corresponding experimental spectra.
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Abstract: The applicability of a nanosecond infrared (IR) transversely excited
atmospheric (TEA) CO, laser, operating at 10.6 um and 100 ns pulse length
(initial spike), induced plasma under reduced air pressure for spectrochemical
analysis of bronze and brass samples was investigated. The plasma consisted of
two clearly distinguished and spatially separated regions and expanded to a
distance of about 10 mm from the surface. The elemental composition of the
samples was determined using a time-integrated space-resolved laser-induced
plasma spectroscopic (TISR—LIPS) technique. Sharp and well-resolved spectral
lines mostly atomic, and negligibly low background emission, were obtained
from a plasma region 7 mm from the target surface. Good signal to background
and signal to noise ratios were obtained. The estimated detection limits for the
trace elements Mg, Fe, Al and Ca were in the order of 10 ppm in bronze and
around 50 ppm in brass. Damage on the investigated samples induced by TEA
CO; laser radiation was negligible.

Keywords: TEA CO, laser; LIBS; copper-based alloys.

INTRODUCTION

Laser-induced breakdown spectroscopy (LIBS) is a powerful analytical tech-
nique for rapid analysis of a large variety of materials. A number of works report
LIBS application for the analysis of bronze and brass samples,!5 and many of
the samples were cultural heritage materials. This is not surprising because cop-
per-based alloys were often used in ancient times and LIBS appears to be the
most suitable technique for dating and rapid classification of metal objects.®
Nowadays, a variety of techniques, including X-ray photoelectron spectroscopy,
X-ray fluorescence and diffraction spectroscopy, Raman spectroscopy, Fourier

* Corresponding author. E-mail: etrtica@vinca.rs
doi: 10.2298/JSC150416061M
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transform infrared spectroscopy, scanning electron microscopy, inductively-
-coupled-plasma atomic-emission spectrometry and (laser ablation) inductively-
-coupled mass spectrometry have been successfully used for the characterization
of archaeological objects.”-8 Although some of the aforementioned techniques
may have better analytical figures of merit (such as accuracy, precision and limits
of detection), the specific features of LIBS makes this technique particularly suit-
able for elemental analysis of cultural heritage objects. LIBS combines the cap-
ability of providing fast multi-elemental analysis with no sample pretreatment,
potential for in situ and remote analysis, micro-destructiveness and the ability to
provide isotopic ratio information additionally to elemental composition. Besides,
virtually unique to LIBS is the possibility of surface cleaning, analyzing multi-
layered samples and performing depth profiling. One of the main difficulties for
a precise and accurate quantitative analysis by LIBS is due to matrix effects, to
which laser induced plasmas can be very sensitive.

Although various laser systems were used for plasma generation,>-%10 LIBS
analysis of copper-based alloys was most often accomplished by means of
Nd:YAG lasers. To the best of our knowledge, the possible use of transversely
excited atmospheric (TEA) CO; laser has not hitherto been examined. There are
two main reasons for this. First, the photon energy of CO, laser radiation is
relatively low (=0.12 eV whereas, for comparison, Nd:YAG laser photon energy
is =1.17 eV). Second, copper strongly reflects the incident light in the infrared
spectral range (for CO, laser emission wavelength of 10.6 um, the reflectivity is
~98 %). Considering the analysis of metal samples, the most critical stage for
plasma generation using a TEA CO; laser is heating and evaporation of the
target. However, once the initial plasma is produced, the long wavelength and
long pulse duration of CO, laser becomes advantageous. The initial plasma abs-
orbs the remaining laser pulse energy through inverse “Bremsstrahlung” and this
absorption is much stronger in the case of a TEA CO; laser than for an Nd:YAG
laser.!! This is because the plasma absorption coefficient is proportional to the
square of the laser wavelength. Thus, when a CO; laser is used, appreciable laser
heating of the plasma occurs at low density far from the target surface.
Consequently, spatial discrimination between line and continuum emission is
improved and line broadening reduced. It was shown that under reduced air
pressure, plasma could readily be induced by irradiation of a copper target with
TEA COj laser peak intensity of 30 MW cm2,12-14

The aim of the present study was to test the applicability of TEA CO; laser
induced plasma under reduced air pressure for spectrochemical analysis of cop-
per-based alloys: bronze (Cu—Sn) and brass (Cu—Zn). The obtained results should
provide a basis for potential applications of TEA CO; laser based LIBS for the
analysis of cultural heritage objects made of copper alloys.
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EXPERIMENTAL

Schematic diagram of experimental setup used for LIBS analysis of bronze and brass
samples is shown in Fig. 1. Plasma was initiated by irradiation of a metal target with a
nanosecond infrared (IR) transversely excited atmospheric (TEA) CO, laser, operating at 10.6
pm. A typical output pulse energy was 150 mJ, and the repetition rate during the experiments
was 1.5 Hz. The laser/optical pulse had a gain switched spike followed by a slowly decaying
tail. The full width at half maximum, FWHM, of the spike was about 100 ns while the tail
duration was ~2 ps. The energy sustained in the initial spike was about 35 % of the total
irradiated laser energy.

TEA Co,laser
10.6 pum

T
| VAGUUM |

PUNP |

v

Fig. 1. Schematic diagram of experimental setup used for LIBS analysis of
bronze and brass samples.

The samples were placed in a glass vacuum chamber closed with NaCl and CaF,
windows. The air pressure during the experiments was ~0.1 mbar. The production of stable
and reproducible plasma required a “fresh” area at the target surface between two successive
laser pulses, which was achieved by rotation of the sample at 0.5 rpm using a step motor.

The optical emission from the plasma was viewed in the direction parallel to the target
surface. By changing the position of the plasma along the direction of the laser beam, while
keeping a constant distance between the focusing lens and the target, different parts of the
plasma were observed, i.e., a spatial plasma resolution was achieved. The horizontal part of
the plume was projected by a lens on the entrance slit of a monochromator (Carl-Zeiss PGS2
dispersion 0.7 nm/mm). For the time-integrated spatially resolved measurements, an Apogee
Alta F1007 CCD camera was used. Each emission spectrum was obtained by integration of 30
laser shots impinging on fresh spots of the target.

The high electron density of the plasma immediately after laser ablation gives rise to a
strong continuum emission and to broadening of the lines because of the Stark effect. Usually
temporal gating of the emission is used in order to discriminate the atomic emission from the
continuum background. In this work, time-integrated space-resolved laser induced plasma
spectroscopy (TISR-LIPS) was used.!#!> This method relies on the fact that the intense
plasma background spectral continuum emission is mostly emitted from a region close to the
sample surface, while in the further-out regions of the plasma, the continuum emission is
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largely reduced. The fact that the plasma reaches a given distance above the analyzed surface
with a certain time delay enables replacing temporal with spatial resolution. Thus, instead of
time-gated detection, the position-selective spectra were recorded.

RESULTS AND DISCUSSION

The plasma was initiated by irradiation of a copper alloy target with a flu-
ence of =8.6 ] cm™2 in an air atmosphere at a pressure of 0.1 mbar. The plasma
consisted of two clearly distinguished and spatially separated regions, Fig. 2. The
first region, close to the target surface (Ilength about 5 mm), was characterized by
a whitish color and is known as primary plasma. The second region, also known
as the secondary plasma, was larger in volume, had a hemispherical shape and
intense green color, due to emission of the spectral lines of the target. The plasma
expanded to a distance of about 10 mm from the surface.

Fig. 2. Image of the plasma induced over a
brass sample.

The composition of bronze and brass samples used in this study were
determined by inductively coupled plasma atomic emission spectroscopy (ICP-
-AES), Table L.

TABLE I. Elemental composition of bronze and brass samples; nd: not detected

Metal
Sample Cu Sn Zn Pb Ni Ca Fe Al Co Mg Mn Cr
wt. % pg g'!
Bronze 56 41 1.7 1.1 0.07 0.04 60 40 32 26 8 6
Brass 69 nd 30 nd nd 023 260 125 nd 300 <5 nd

The time-integrated emission spectra of the major and trace elements present
in the bronze and brass samples are shown in Figs. 3 and 4; the optical emission
was analyzed in the wavelength region ranging from about 250 to 650 nm, but
the LIBS experimental spectra in the most significant wavelength windows are
shown. The spectrum consisted of well-resolved sharp emission lines, and low
background emission intensity. Good signal to noise and signal to background
ratios were obtained. The signal to background, and signal to noise ratios together
with the estimated limits of detection (LOD) are presented in Table II. The limits
of detection were calculated using the formula:

LOD =3BECXRSDg
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where BEC is the background equivalent concentration and RSDp is the relative
standard deviation of the background.
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Fig. 3. LIBS spectra of the brass sample. The composition of the sample is given in Table L.
The main emission lines are labeled in the spectrum. Air pressure 0.1 mbar, laser fluence
8.6 J cm2 (intensity 30 MW cm2).
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Fig. 4. LIBS spectra of bronze sample. The composition of the sample is given in Table I. The
main emission lines are labeled in the spectrum. Air pressure: 0.1 mbar, laser fluence
8.6 J cm2 (intensity 30 MW cm™2).

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCS. All rights reserved.



1510 MOMCILOVIC e dl.

TABLE II. Signal to noise (S/N) and signal to background (S/B) ratio, and the estimated limits
of detection (LOD) for bronze and brass

Element Wavelength, nm SIN S/B LOD / mg kg'!
Bronze

Mg 280.27 40 4 2

Fe 328.02 14 2 13

Al 396.15 9 1 13

Ca 422.67 56 2 21
Brass

Mg 285.21 26 5 35

Fe 288.13 20 3 40

Al 396.15 30 36 13

Ca 422.67 126 16 55

Higher LOD obtained for brass compared to bronze may be a consequence
of a matrix effect that leads to variations in the plasma parameters. In the case of
metallic samples, stronger matrix effects were found for alloys with high Zn
contents, such as brass.2:5 Thermal vaporization may significantly influence the
ablation processes, especially when the ablation is accomplished by a low power
density, long-pulse duration laser, as in the present study.

There are a large number of research papers devoted to the application of
LIBS for the analyses of copper-based alloys. However, they are mainly limited
to the determination of major elements, while there are still very few works that
report LOD values for minor or trace elements. Furthermore, different elements
were analyzed, thus comparison of the present results with literature data is rather
limited. One exception is iron, for which LOD values of 22.316 and 150 ppm!7
were evaluated for Fe [ 372.26 nm and Fe II 234.83 nm lines, respectively. For
other minor elements, such as Ag, As, Ni and Pb, the limits of detection were in
the range from 1.4 to 250 ppm;!16:17 in both papers, an Nd:YAG laser and time
gated detection (iCCD camera) was used. Limits of detection are element depen-
dent, nevertheless the LOD values obtained using TEA CO; laser and non-gated
detection are of the same order of magnitude (ppm) as the ones obtained with
standard LIBS.

Each analytical technique available for the characterization of archaeological
objects is characterized by its own strengths and weaknesses. The selection of the
most appropriate depends on the analytical problem, on possible limitations
imposed by the object or sample examined, and on the capabilities of the tech-
nique. Although the LOD of a spectral line is an important characteristic, it is just
one of many parameters that are considered in the method selection process. For
example, the LOD values of inductively coupled mass spectrometry are among
the lowest (Lg—ng per kg), however this method is destructive (the sample to be
analyzed must be digested prior to analysis) and could not be used if there is a
need for in situ analysis. Special features of LIBS, such as rapidity, low invasive-
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ness, high spatial discrimination and possibility to perform in situ measurements,
make this technique quite competitive compared with other techniques com-
monly used in archaeological science for obtaining information about elemental
composition.

An important characteristic of the proposed LIBS system is position-sel-
ective emission spectroscopy, which eliminates the need for time-gated detection.
This is not a new concept, it was already successfully applied for studying vari-
ous laser induced plasmas.!®:19 For instance, Bulatov et al.13 applied non-gated
detection for the analysis of brass samples using a Nd:YAG laser (400 mJ, 7 ns,
2.25x10° W cm2). Compared to the Nd:YAG laser, the TEA CO, laser has a
longer wavelength and longer pulse duration. Both these characteristics are
favorable for non-gated detection of spectral lines. In general, the dimensions and
lifetime of a plasma increase with pulse duration. The plasma takes longer to
decay and hence, the emission lasts longer. The leading part of the TEA CO;
laser pulse (FWHM =100 ns) produces the plasma, while the tail part (=2 ps)
interacts with it by means of laser absorption. Absorption of the laser radiation in
the plasma occurs mainly by inverse “Bremsstrahlung”, which increases as the
laser wavelength increases.!! Absorption by the plume causes an additional
plasma excitation and expansion, which increase the LIBS signal through enhan-
cement of emission lines. Simultaneously, because of the longer wavelength of
CO; laser radiation, heating of the plasma by optical absorption occurs at lower
plasma densities.!! Strong line emission is therefore observed at greater distances
from the target surface, where the background is negligibly low. In general, a
shorter pulse gives a higher ablation rate, if the pulse energy or the fluence is
constant.!9:20 This means that the higher emission intensities obtained by the
elongated pulses do not indicate a higher ablation rate, but rather a higher effi-
ciency of the emission.!8

The goal of this investigation was to test the applicability of a TEA CO;
laser based LIBS for the analysis of copper alloys, with the intention to (even-
tually) use this system for the analysis of cultural heritage objects made of bronze
and brass. In this regard, it is important to mention that the TEA CO; laser radi-
ation induced negligible damage on the investigated samples. Previous results
showed that irradiation of a pure copper target with a TEA CO; laser intensity of
approx. 100 MW cm2 under 0.1 mbar air pressure induced only superficial dam-
age, practically invisible in the OM image (magnification 50x).14

Taking all into consideration (compact, low-cost detection system; well-res-
olved spectral lines; LOD values in the ppm range, typical for LIBS; minimal
destructivity), it could be concluded that for the elemental analysis of copper
alloys, the proposed LIBS system based on a TEA CO; laser may be a suitable
alternative to conventional LIBS using an Nd:YAG laser.
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CONCLUSIONS

The plasma was induced by irradiation of a copper alloy target with 30 MW
cm2 of TEA CO, laser peak intensity, in air at 0.1 mbar. Time-integrated emis-
sion spectra of elements present in the bronze and brass samples were used for an
evaluation of the signal to background and signal to noise ratios, and an esti-
mation of the limits of detection. Detection limits for trace elements were in the
order of 10 ppm in brass and around 50 ppm in bronze. The single-shot TEA
CO; LIBS has significant potential for cultural heritage applications.

Acknowledgement. This work was supported by the Ministry of Education, Science and
Technological Development of the Republic Serbia, Project No. 172019.

U3BOJ
IVIASMA HHOYKOBAHA HH®PAIIPBEHHM TEA CO, JIACEPOM HA JIETYPAMA BAKPA
— MOI'YRHOCTH AHAJTUTUYKE [TPUMEHE

MUJIOII MOMYHJIOBUR', JOBAH LIMTAHOBUR', IPATAH PAHKOBHWR?, YPOIII JOBAHOBUR', MUJIOBAH
CTOWbKOBUR', JEJIEHA CABOBUR' 1 MUJIAH TPTHLIA"

1Hucu7uu7ym 3a Hyxendapue nayxe Bunua, Ynueepsutieini y beoipagy, 11001 Beoipag u ZtDaKyﬂwem 3a
Qusuuxy xemujy, Ynusepsuiteiti y beoipagy, Ciiygentucku wipi 12—16, 11001 Beoipag

HcnuTaHa je MoOryhHOCT CIEKTpOXEMHjCKE MPUMEHE IJIa3sMe HHAYKOBaHE [I€jCTBOM
3pauewa umnyincHor TEA CO, nacepa (10,6 pm, 100 nm) Ha MeTe of OpOH3E W MECHHTa.
JuMeH3dja IUlasMe MHAYKOBAaHE Ha CHIDKEHOM IPUTUCKY Basfyxa usHocuaa je 10 mm ca
jacHO U3pakeHMM U IPOCTOPHO Pa3fBOjeHUM oOnacTuMa. EneMeHTHH cacTaB y3opaka onpe-
hen je BpeMeHCKM HHTErpabeHOM IMPOCTOPHO Pa3/I0KEHOM E€MHCHOHOM CIIEKTPOCKOIMHjOM
nacepcku uHpykosaHe miasme (TISR-LIPS). Owrpe u nobpo pasnoxeHe CleKTpaaHe JHHUje
(yriiaBHOM aTOMCKE), y3 3aHEMAapJ/bUBO HUCKY EMUCHjy N03afjuHe, JoOHjeHe Cy IocMaTpameM
IJIa3Me Ha pacTojaky 7 mm of noBpuiMHe MeTe. Taxohe, mobujeH je modap omHOC TUHUjE
npeMa Mo3aJuHM U JIMHUje Npema wymy. JloOujeHe rpaHHLe AETEKLHje 3a €JIEMEHTe y Tpa-
rosuma, Mg, Fe, Al u Ca, dune cy pena BenuurHe oko 10 ppm y SpoHnsu u oxo 50 ppm y
mecunry. Ourehewa Hactama nejctBom jnacepckor TEA CO, 3pauewma Ha HCIHTHBAaHUM
y3opuuma dusia cy He3HaTHa.

(TTpumibero 16. anpuna, pesuaupano 11. jyna, npuxsahero 3. jyna 2015
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Abstract: The electrochemical behavior of cobalt ethylenediamine complexes
(Co(en)), at pH 12 was investigated by cyclic voltammetry (CV), the poten-
tiostatic pulse technique and polarization curve measurements at stationary and
rotating glassy carbon (GC) electrodes. It was shown that sixteen different
species could be formed in a solution containing Co(en);, with the most stable
one at all pH values being [Co(en);]’". The reduction of [Co(en);]*" into
[Co(en);]*" was shown to be a totally irreversible, one-electron exchange reac-
tion. Further reduction of [Co(en);]*" was found to be a complex process lead-
ing to cobalt deposition at potentials more negative than —1.45 V vs. SCE. The
process of [Co(en);]*" oxidation was also complex and most probably coupled
with chemical reactions.

Keywords: distribution of Co(en)s-based complexes; irreversible reduction of
[Co(en);]**/[Co(en);]**; reduction of [Co(en);]** to Co.

INTRODUCTION

The Co(en)3Cl3 was first described and isolated as yellow—gold needle-like
crystals by Werner.! This was important in the history of coordination chemistry
due to its stability and stereochemistry. The cation [Co(en)3]3* has an octahedral
structure with Co—N distance in the range 0.1947-0.1981 nm, with N—Co-N
angles of 85° within the chelate rings and 90° between the N atoms on adjacent
rings.2 The acid-base, cis—trans, and complex equilibria in the cobalt(IlI)(en)
system was investigated by Bjerrum and Rasmunssen.3 It was shown that in an
inert cobalt(IlT)(en) system, the first hydrolysis constant of the tris(en) ion could
be estimated by analytical methods. In the system of diaquobis(en) cobalt(III)
ions, cis—trans equilibria are established spontaneously. All acidic dissociation
and cis—trans equilibrium constants were determined. In addition, it was shown

* Corresponding author. E-mail: snezana.miulovic@vinca.rs
doi: 10.2298/JSC150327079M
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that the partial formation constants could be estimated by glass electrode and
spectrophotometric measurements.3

It was shown that [Co(en)3]3* became reversibly reduced to the divalent
state at a dropping mercury electrode in an excess of (en), while irreversible
behavior was detected in the absence of the complexing agent.*> Using the
cyclic voltammetry (CV) technique, the formal potential for the reduction of
[Co(en)3]3* into [Co(en)3]?* in an aqueous solution of 0.1 mol dm—3 LiClO4 was
found to be about —0.46 V vs. SCE.6 It was stated by the same authors that,
although [Co(en)3]?" is labile, a small excess (0.002—-0.01 mol dm=3) of (en) was
required in order to prevent dissociation of [Co(en)3]?*.7 At the same time. the
authors claimed that equal cathodic and anodic peak currents were obtained at the
CV, with the separation of the peak potentials varying between 60 and 90 mV in
the investigated solution.” In many electrochemical investigations, the redox
reaction [Co(en)3]3*/[Co(en)3]?" was examined in order to determine the inf-
luence of the outer-sphere effects on the reduction process.$?

One of the important applications of Co(en)3Cls is its use as an ionic acti-
vator for the in situ activation of the hydrogen evolution reaction (HER) in com-
bination with molybdate ions.10-12 The addition of small concentrations (0.001—
—0.01 mol dm3) of ionic activators reduced the overvoltage for HER and the
energy needs per mass unit of hydrogen produced.!3 A possible mechanism for
the in situ activation of the HER has not yet been offered. It is supposed that both
metals deposit on the cathode surface producing large surface area of active cen-
ters.14-17 At the same time the catalytic activity of (en), which is present in the
electrolyte after decomposition of cobalt complex, has been discussed in the light
of Rowland's effect.!8:19 It is assumed that (en) cleans the cathode surface by
removing the oxide film and preparing it for deposition of Co and Mo. Since it is
found that both metals are present in a very rough deposit formed during the pro-
cess of in situ activation,!%15 the question arises what is the current efficiency for
the deposition of such coatings and how often these chemicals should be added to
the electrolyte in order to maintain the same catalytic activity for the HER.

In this work, an attempt was made to better understand the process of
[Co(en)3]3* reduction to metallic cobalt in the presence of an excess of (en) at
high pH.

EXPERIMENTAL

All experiments were performed with extra pure UV water (Smart2PureUV, TKA) and
p-a. chemicals in a standard electrochemical cell (EuroCell, Gamry Instruments). The working
electrode was a glassy carbon (GC) rotating disc electrode (RDE, Gamry Instruments). A
saturated calomel electrode (SCE), connected to the working electrode by means of a Luggin
capillary, was used as the reference electrode, while a Pt wire was the counter electrode.
Rotating experiments were performed with an RDE710 rotating system (Gamry Instruments).
Before the experiments, the GC electrode was polished on polishing cloths impregnated with
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polishing alumina (0.05 pum), kept in an ultrasonic bath for 10 min and rinsed with UV-
-purified water. CV, pulse experiments and polarization measurements were performed with a
Reference 600 potentiostat using PHE 200 software (Gamry Instruments).

The distribution of the Co3" and Co?' complexes in the investigated solutions was
obtained with the commercial software HySS2009 (Protonic Software).

RESULTS AND DISCUSSION
Distribution of different cobalt complexes

In the solution containing excess of ethylenediamine (en) of 0.2 mol dm3
and 0.01 mol dm3 Co?" (as CoCl,), the following species could be formed:20
(en), (em)H, (en)H,, Co?*, [Co(OH)]", [Co(OH),], [Co(OH)3]~, [Coa(OH)4]**,
[Co(en)]?*, [Co(en),]?" and [Co(en)3]2™. In the same solution of ethylenediamine
and 0.01 mol dm3 Co3" (as Co(en);Cl3), among (en), (en)H and (en)Hp,
additional species, Co3*, [Co(OH)]?*, [Co(en)]3*, [Co(en);]3* and [Co(en)s;]3*
could be formed. Hence, if both Co?"™ and Co3™ are present in 0.2 mol dm3 (en),
sixteen different species could be formed. Taking into account the stability cons-
tants for all the above-mentioned species, it is possible to obtain distributions of
all species as a function of pH (using HySS 2009 software).20 The results of such
an analysis are presented in Fig. 1: a) only Co2" is present in the solution, b) only
Co3* is present in the solution or c¢) both Co2* and Co3" are present in the sol-
ution. As could be seen in Fig. la, at pH values higher than 10, only the
[Co(en)3]2" complex is present in the solution. Figure 1b shows that the
[Co(en)3]3" complex is dominant at all pH values with its concentration being
0.01 mol dm=3 (concentration of (en) is also independent of pH), while Fig. lc
confirms that at pH > 10 [Co(en)3]?>" and [Co(en)3]>" complexes dominate in 0.2
mol dm3 (en). Hence, in an excess of (en) and at pH 12 (Fig. 1c), it should be
possible to investigate the oxidation of [Co(en)3]?* to [Co(en)3]3*, as well as the
reduction of [Co(en)3]3* to [Co(en)3]?.

Electrochemical behavior of Co3* in 0.2 mol dm=3 ethylenediamine

The CVs recorded on a GC electrode at a sweep rate of 100 mV s~1 in (a) a
solution containing 0.01 mol dm—3 Co(en)3Cl3 + 0.2 mol dm=3 (en) and (b) 0.001
mol dm—3 Co(en)3Cl3 + 0.2 mol dm™3 (en) are shown in Fig. 2. The CV's were
recorded at a stationary (0 r.p.m.) and rotating electrodes (1000 r.p.m. and 2000
r.p.m.). Identical behavior was observed in both solutions, except that the current
densities were one order of magnitude lower in the solution containing the lower
concentration of cobalt ions (Fig. 2b). The starting potential was set at -0.4 V
and electrode was cycled first towards anodic potentials (up to 0.5 V). As
expected, no oxidation peak was recorded during the first sweep, since only the
[Co(en)3]3* complex was present in the solution. During the reverse sweep down
to —1.0 V, well defined reduction peaks at about —0.7 V (a) and —0.6 V (b) were
obtained at the stationary electrode. In both cases, reduction of [Co(en)3]3" to
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Fig. 1. Distribution of different cobalt complexes in the solution 0.2 mol dm
ethylenediamine, pH 12: (a) 0.01 mol dm™ Co?"; (b) 0.01 mol dm™ Co3*; (c) 0.01 mol dm™
Co%" +0.01 mol dm™ Co3".

[Co(en)3]>" commenced at about —0.45 V, being defined by cathodic peaks at
the stationary electrode (0 rpm) and current density plateaus at the rotating
electrode (1000 and 2000 rpm). The oxidation of [Co(en)3]?* to [Co(en)3]>* was
evidenced only at the stationary electrode after the formation of the [Co(en);]?*
complex during the first sweep that remained in the vicinity of the electrode
surface, being characterized by a broad anodic peak for all subsequent sweeps
(2nd—pth). At the rotating electrode, this reaction did not occur, since all the
[Co(en)3]?* complexes formed during the reduction of [Co(en)3]3* were transfer-
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Fig. 2. CVs recorded at v = 100 mV s’! at different rotation speeds (marked in the figure) in
(a) solutions containing 0.01 mol dm Co(en);Cl; + 0.2 mol dm™ (en) and (b) 0.001 mol dm=
Co(en);Cl; + 0.2 mol dm™ (en).

red from the electrode surface to the bulk electrolyte during electrode rotation.
Hence, it could be concluded that only a certain amount of [Co(en)3]?*, i.e., that
which remained in the vicinity of the surface of the stationary electrode after
reduction of [Co(en)3]>" to [Co(en)3]2, could be oxidized to [Co(en)3]3" during
the anodic sweep. Taking into account that the whole amount of cobalt in both
solutions is in the form of [Co(en)3]3" complex (Fig. 1b), such behavior could be
expected. This finding is in accordance with certain literature data,> while some
authors claimed that the reduction/oxidation process is reversible with differ-
ences in the peak potentials varying from 60 to 90 mV.”

Polarization curves for reduction of [Co(en)3]3" to [Co(en)3]?™, recorded at a
sweep rate of 5 mV s-! at different rotation speeds are presented in Fig. 3a. As
can be seen, well-defined diffusion limiting current density plateaus were
obtained at potentials more negative than —0.7 V with the shape of the j—F curves
being typical for a totally irreversible reaction. The j~! vs. @ !/2 dependences,
obtained by analysis of the polarization curves presented in Fig. 2a, are plotted in
Fig. 3b for different potentials and the j~! vs. @1/2 dependence recorded for
E =-0.80 V was the linear one passing through zero. The diffusion coefficient
calculated from the slope of this dependence (using the Koutecky—Levich Equa-
tion for a one-electron exchange)?! amounted to 1.60x10-5 cm? s~1. As expected,
in the region of mixed activation—diffusion control of the reduction process
(potential range from —0.45 to —0.65 V), the values of intercepts on the j ! axes
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increased with decreasing cathodic potential, producing higher values of the
kinetic current density (jx) and accordingly higher values of the rate constants
(kf(E)) at a given potential, since:2!

Jk = Fke (E)co (1
where cq is the bulk concentration of the [Co(en)3]>" complex. Corresponding

values of the rate constants were £ = —0.60 V, k((E) = 0.0497 cm s71; E = —0.55
V, kf(E)=0.0122 cm s~ and £ =-0.50 V, k((E) = 0.0022 cm s~ L.
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Fig. 3. a) Polarization curves for the reduction of [Co(en);]** to [Co(en);]%, recorded at
v=5mV s at different rotation speeds (marked in the figure) in the solution: 0.001 mol dm
Co(en);Cl; + 0.2 mol dm™ (en). b) The j! vs. wr!/2 dependences obtained by analysis of the
polarization curves presented in (a) for different potentials (marked in the figure).

Similar results were obtained for 0.01 mol dm—3 Co(en)3;Cl3 + 0.2 mol dm—3
(en) solution at pH 12. In order to determine the next step in the process of
[Co(en)3]3* reduction, the cathodic potential limit was adjusted to —1.5 V and the
CV with v =20 mV s~ was recorded (Fig. 4a). As can be seen, a stable cathodic
current density was detected at potentials more negative than —1.0 V, while it
suddenly increases at about —1.47 V. This current density increase reflects simul-
taneous hydrogen evolution and deposition of cobalt. During the reverse sweep,
three anodic peaks appeared on the CV at about —0.85 V (I;), —0.70 V (I1I;) and
—0.45 V (IIL,), respectively. The first two peaks (I and II;) correspond most
likely to the dissolution of deposited Co and formation of the [Co(en)3]?>" com-
plex, while the third one (III,) could be ascribed to further oxidation of [Co(en)3 ]2+
to [Co(en)3]3". Hence, before the deposition of cobalt from this solution occurs,
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the reduction of [Co(en)3]3" into [Co(en)3]?* takes place (I.) at potentials about
1.00 V more positive, indicating that the current efficiency for the deposition pro-
cess (which occurs with simultaneous hydrogen evolution) is very low. At the
higher concentration of Co(en)3Cl3 of 0.1 mol dm=3, two more peaks could be
detected on the CV recorded at a sweep rate of 2 mV s~ (Fig. 4b). The peak
(wave) Il indicates the commencement of cobalt deposition at about —1.25 V,
while peak IV, corresponds to the oxidation of deposited cobalt that could not be
quantitatively dissolved from the GC surface and its presence could be detected
on the GC surface after the experiment.22

U J T 'H T ¥ T ¥ 1
a

-6 4

@ | ' ®) |

L n 1 L 1 L 1 n 1 30 n 1 L 1 n 1 n 1
-1.5 1.0 -05 0.0 0.5 -15 -10 -05 0.0 0.5
E/V vs. SCE E/V vs. SCE
Fig. 4. a) CV with v=20 mV s! recorded in the solution 0.01 mol dm Co(en);Cl; + 0.2 mol

dm (en). b) CV with v=2 mV s recorded in the solution 0.1 mol dm= Co(en);Cl; + 0.2
mol dm= (en), both obtained at a stationary electrode at pH 12.

Electrochemical behavior of Co?* in 0.2 mol dm=3 ethylenediamine

The CVs recorded on the GC electrode at a sweep rate of 100 mV s—! onto
stationary and rotating electrodes (1000 and 2000 rpm) in a solution containing
0.001 mol dm—3 CoCl, + 0.2 mol dm3 (en) are shown in Fig. 5a. The potential
was swept in the anodic direction from the starting potential marked with the
arrow. Considering the CV obtained at a stationary electrode, it appears that the
oxidation of [Co(en)3]?" (dominant complex at pH 12, Fig. 1a) to [Co(en)3]3" did
not occur during the first cycle (solid line) and that its reduction takes place at
potentials more negative than —0.70 V through a current density wave charac-
terized with the plateau. During the reverse sweep, the oxidation of [Co(en)3]**
to [Co(en)3]3* did occur through a broad anodic peak, while the reduction of
[Co(en)3]3* (which is formed during the oxidation process) into [Co(en)3]?*
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Fig. 5. a) CVs recorded with v =100 mV s! at different rotation speeds (marked in the figure)
in solutions containing 0.001 mol dm= CoCl, + 0.2 mol dm™ (en). Inset: potentiostatic j vs. ¢
transients recorded at different cathodic potentials (marked in the figure) and constant anodic

potential £ =-0.2 V at 1000 rpm. b) The ;! vs. @2 dependences obtained from the
potentiostatic j vs. ¢ transients recorded at different potentials (marked in the figure).

takes place through a sharper cathodic peak positioned between about —0.45 and
—0.65 V during the 21 and subsequent cycles. Under the conditions of con-
vective diffusion, oxidation of [Co(en);]2* to [Co(en)3]3* cannot be detected on
the CVs in this solution. The process of reduction of [Co(en)3]?* commenced at
about —0.75 V, being expressed by a sudden increase in the cathodic current den-
sity without indication of a diffusion limiting current density plateau. The j vs. ¢
transients recorded at 1000 rpm, presented in the inset of Fig. 5a, are charac-
terized with a constant current density response at all applied potentials. As can
be seen, the values of the cathodic current density increased with increasing
cathodic potential, while the values of the anodic current density recorded during
the anodic pulse at £ = —0.2 V (as well as the amount of anodic charge for the
oxidation reaction) was independent of the cathodic potential, i.e., of the amount
of reduced [Co(en);]?*. Taking into account that all reduced species during the
cathodic process are removed to the bulk of the solution by electrode rotation, it
is reasonable to expect that only a limited amount could be oxidized during the
anodic pulse. It should be stated here that even in the case of a stationary elec-
trode only a small amount (about 10 %) of reduced species could be oxidized,
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although certain amount of them remain near the electrode surface after the cath-
odic current density pulse. Hence, it could be concluded that, as in the solution
containing only the [Co(en)3]>" complex, the oxidation process of [Co(en)3]?" to
[Co(en)3]3* is complex. Considering the results presented in Fig. 5b, it is obvious
that the reduction process is complex, since the slopes of the j=! vs. w12
dependences change with the potential, indicating that most likely different
species undergo the reduction process in the investigated potential range.2! It is
also possible that some chemical reactions occur, but it is not possible to predict
what is really occurring in the system from the presented results.2!

When the concentration of CoCl, was increased to 0.01 mol dm3, slightly
different results were obtained. As can be seen in Fig. 6a, at the stationary elec-
trode, the first and subsequent sweeps were identical, indicating oxidation of
[Co(en)3]?* to [Co(en)3]>" immediately at the beginning of cycling (the starting
potential is marked with an arrow). It appears that in order to be able to detect
this process by CV at 100 mV s, it is necessary to increase the concentration of
CoCly. During the reverse (cathodic) sweep, a sharp peak of the reduction of
[Co(en)3]3* (formed during the oxidation reaction) to [Co(en)3]?" appeared at
about —0.6 V, while further reduction of [Co(en);]?>" species was characterized
by the presence of an additional, smaller peak at about —0.8 V. As in previous
cases, the increase in the anodic current density at the oxidation peak on all the
CVs recorded at 100 mV s~! was positioned at more negative potentials than
expected for a totally irreversible oxidation/reduction mechanism. This could be
the consequence of the occurrence of some other reaction, most probably a
coupled chemical reaction, during the oxidation process, since the shape of the
CVs was similar to those theoretically predicted for such reactions.2! In the case
of electrode rotation, the anodic peak became more pronounced, but practically
independent of the rotation speed. During the reverse sweep (from 0.5 to —1.2 V),
a first current density plateau appeared between 0.0 and —0.3 V, indicating the
occurrence of a diffusion controlled oxidation reaction at a current density of
about 0.4 mA cm 2. An additional, much shorter current density plateau, between
—0.50 and -0.75 V, at zero current density indicates that no reduction of
[Co(en)3]3* to [Co(en)s3]?" occurred under conditions of convective diffusion.
The increase in the cathodic current density at potentials more negative than
—0.75 V corresponded to further reduction of the [Co(en)3]?* complex. In order
to understand better these processes, the potentiostatic pulse experiments were
performed and the results are presented in Fig. 6b and c. Figure 6b shows that the
species formed during the anodic potential step (£ = 0.1 V) started to be reduced
at —0.70 V. The amount of species being reduced during the cathodic potential
steps increased with increasing cathodic potential reaching a maximum of about
12 % at £ =-1.1 V. The results presented in Fig. 6¢c show that about 28 % of the
species formed at £ = —0.2 V on the stationary electrode become reduced at
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E =-0.6 V (peak potential, Fig. 6a), while no reduction could be detected under
convective diffusion conditions. Simultaneously, it could be seen that the
oxidation process was practically insensitive to the rotation speed. It should be
noted here that similar j~! vs. @12 dependences (changing slopes and intercepts
as a function of the cathodic potential) compared to those recorded for 0.001 mol
dm=3 CoCl, were obtained.

E=-02V (©)
o)

v 71{2000 rpm

SN 3000 rpm

-2

Jj/ mAcm

-1‘.0 —0‘.5 0_‘0 0.‘5 0 16 Zb 3b 4b 56 60 0 1b 26 3b 46 56 60
E/V vs.SCE tls t/s
Fig. 6. a) CVs recorded at v =100 mV s™! for different rotation speeds (marked in the figure)
in the solutions containing 0.01 mol dm™ CoCl, + 0.2 mol dm™ (en). b) Potentiostatic j vs. ¢
transients recorded at different cathodic potentials (marked in the figure) and constant anodic
potential £= 0.1 V at 1000 r.p.m. (c) Potentiostatic j vs. ¢ transients at constant anodic and
cathodic potentials (marked in the figure) recorded at different rotation speeds
(marked in the figure).

Electrochemical behavior of Co?* + Co3* in 0.2 mol dm=3 ethylenediamine

The CVs recorded at a sweep rate of 100 mV s~! on a stationary and rotating
electrode (1000 rpm) in a solution containing 0.001 mol dm—3 CoCl, + 0.001 mol
dm=3 Co(en)3Cl3 + 0.2 mol dm=3 (en) are shown in Fig. 7a. The potential was
swept in the anodic direction from the starting potential marked with the arrow.
In comparison with the results obtained in the solution containing only 0.001 mol
dm—3 CoCl, (Fig. 5a), a small anodic peak for the 15t was detected at the station-
ary electrode, while for the subsequent sweeps, this peak was identical to that
obtained in pure 0.001 mol dm=3 CoCl, solution. At the same time, the cathodic
peak corresponding to the reduction of [Co(en);]3* to [Co(en);]?* was much
better defined since the [Co(en)3]>" complex was present in the solution at a con-
centration slightly higher than 0.001 mol dm3 (taking into account that a certain
amount of the [Co(en)3]3* complex was formed by the oxidation of [Co(en)3]2").
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Under conditions of convective diffusion, the increase in the anodic current den-
sity without a plateau confirmed that the oxidation process was not diffusion con-
trolled, while the shape of cathodic current density wave indicated the occurrence
of two processes, the first one corresponding to reduction of [Co(en);]3" to
[Co(en)3]?* (potential range between —0.7 and —0.8 V) and the second one at
more negative potentials, which was less pronounced, corresponded to further
reduction of [Co(en)3]?>". The potentiostatic pulse responses presented in the
inset of Fig. 7a clearly show that only a certain number of species formed during
the reduction process could be oxidized during the anodic pulse (£ =-0.2 V) and
that the oxidation was independent of the rotation speed. The j~! vs. @1/2 depen-
dences presented in Fig. 7b confirmed, as in the case of 0.001 mol dm—3 CoCl,
solution, that the reduction process was complex in the presence of Co2*.

J/mA em?

E=-06V E=-02V
E " A -20 |
o 0.1 \ a ‘.
o st ’ A
< 0.2+ 1 ; ) | E 5 |
E /, § 0.1 =
= /;. £ -
'~ -0.3} 4 5 - -
/// 02 1000 RPM -10
.//' P RS Sl
0.4+ ” 1500 72N
7 s
VA 2500 REA 5
£ /’/’ 20 40 60 8o 100 |
e #1000 rpm tls |
k- // /
1 1 L ! ) , I
“I 0.5 0.0 05 0.00 0.05 0.10 0.15
-1/2 12 12
E/V vs.SCE 5"/ rad™ s

Fig. 7. a) CVs recorded with v = 100 mV s’! at different rotation speeds (marked in the figure)
in a solution containing 0.001 mol dm= CoCl, + 0.001 mol dm™ Co(en);Cl; + 0.2 mol dm
(en). Inset: potentiostatic j vs. ¢ transients recorded at different cathodic potentials (marked in

the figure) and constant anodic potential £ = -0.2 V at 1000 rpm. b) The ;! vs. @'/
dependences obtained from the potentiostatic j vs. ¢ transients. Inset:
polarization curve for the reduction process recorded at a sweep rate of 1 mV sl

CONCLUSIONS

From the results presented in this work, it could be concluded that different
cobalt complexes are present in a solution containing 0.2 mol dm3 ethylene-
diamine, with the [Co(en);]3* complex being the most stable one at all pH
values. Its reduction to the [Co(en);]2* complex represents a totally irreversible,
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one electron exchange reaction, while further reduction of [Co(en)3]?" is a com-
plex process leading to cobalt deposition at potentials more negative than —1.45
V. The process of [Co(en)3;]*" oxidation is also complex and most probably
coupled with a chemical reaction.
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Project No. 172045.

H3BOJ
EJIEKTPOXEMUJA KOBAJIT-ETUJIEHIUAMUH KOMIIJIEKCA ITPY BUCOKHUM
pH BPEJHOCTHMA

CHEXAHA M. MUYJIOBUR, BTAIJUMHP M. HUKOJIWR, ITETAP 3. JAYIIEBUR, JAHKA JI. ARKMOBWH,
I'BO3JOEH C. TACUh m MUIMIIA I1. MAPYETA KAHHHCKH

Hnctiutuy 3a nykneapHe Hayxe ,Bunua®, Jlabopaiiopuja 3a pusuuxy xemujy, Ynueep3uiieiwi y beoipagy,
Muxe Anaca 12—14, 11000 Beoipag

HcruTHBaHO je enekTpOXeMHUjCKO IOHallawme KobanTa y HMPUCYCTBY eTWIEHAWaMHUHA y
BenuKkoM BUlIKy npu pH 12. UcnuTtuBama Ccy HW3BpllIeHa MeToJaMa LUKINYHEe BOITaMeTpHje,
NOTEHLMOCTATCKOT MyJiCa U MEPEHEM T0JIapU3aLlMOHUX KPUBUX Ha CTallMOHAPHO] U pPOTHpa-
jyhoj enextpopu on cTaxkaacTor yrbeHHKa. [lokasaHo je fa ce y pacTBopy opMHpa IecHaecT
pasnuuMTHX BpcTa Koje campixke Co(en); u na je Hajcrabuinumju [Co(en);]3* nmpu ceum pH
BpenHocTHMa. [10KasaHo je ma je pemyxuuja [Co(en)s]3* mo [Co(en)s]®™ motmyHo mpesepsu-
OuIHA jeHOETEeKTPOHCKA peakuuja. YTepheHo je ma je mama pemykumja [Co(en)s]® cioxen
mpoLec KOju BOOW Ka TaJlloKewy KodasiTa Ha MOTeHIMjaliMa HeraTuBHUjuM on —1,45 V' y
onHocy Ha sacuheny xanomesnosy enexrpony. [Tponec oxcupanuje [Co(en);]* Takohe je kom-
IUIeKCaH Y HajBepOBaTHHje CIPEerHyT Ca XeMUjCKOM PeaKkIHjoM.

(ITpumsbeHo 27. mapTa, peBunHupaHo 23. jyHa, mpuxsaheno 30. jyna 2015)
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Abstract: A statistical design was used to investigate the effect of various pro-
cessing conditions on the structure of sol-gel derived Mg(Il) doped alumina.
Six process variables were selected based on the Plackett-Burman design:
concentration of magnesium nitrate, time and temperature of alcohol evapor-
ation, temperature and time of annealing and heating rate were changed at two
levels. For every set of conditions, samples with different specific surface area
and degree of crystallinity were obtained. Analysis of the results showed that
the annealing temperature, heating rate and concentration of magnesium nitrate
were the main factors affecting the average crystallite size of the predominant
alumina phase. In the case of the specific surface area, two of selected six
variables had pronounced effects; however, the temperature of annealing was
more effective than others. The present results showed that the proposed model
that uses crystallite size as a response variable is preferable to other research.

Keywords: magnesium-doped alumina; statistical design; sol—gel.

INTRODUCTION

Mesoporous alumina is a very interesting material with broad applicability
as an adsorbent, coating, porous ceramics, catalyst, and catalyst support.!~7 Act-
ive alumina does not occur naturally and it is primarily prepared by hydrothermal
or thermal transformations of aluminum hydroxides or alumogel. During anneal-
ing, organic groups are removed and the gel transforms to a more stable solid
phase. This evolution involves chemical modification, crystallographic trans-
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1530 NOVAKOVIC et al.

formation of the solid matter, and reorganization of the solid network and of the
pore geometry.8

At temperatures below 1000 °C, alumina phases that are often formed are
not thermodynamically stable. The temperature of the transformation of meta-
stable phases of alumina into a-AlyO3, which is the only thermodynamically
stable phase, is influenced by various factors, such as particle size, morphology,
crystalline form and organic and inorganic additives.? Additives have a great inf-
luence on the kinetics of the transformation. The addition of lanthanum species
greatly improves the thermal stability, which inhibits the sintering and phase
transformations of alumina.3:10:11 Magnesia, which has a high melting point
above 2500 °C, also affects the surface stability of alumina even at temperatures
exceeding 1000 °C7 and produces different accelerating effect depending on the
initial surface area.!2 A few studies showed that alumina undergoes phase trans-
formation with increasing calcination temperature, and that the average pore
diameter increases with a high temperature while the pore volume and surface
area should decrease until the pore structure collapses.8:!3 The performance of
alumina as a catalyst or catalyst support largely depends on its crystalline struc-
ture, and chemical, and textural properties.!4-16 These properties of transformed
alumina, such as morphology, and structural and textural characteristic, are
affected not only by the synthesis methodology but also by the subsequent cal-
cinations conditions.!7-21

Although a large number of parameters could be modified during the pre-
paration of alumina, a great majority of experimental studies on the synthesis of
alumina use the conventional method.22 The conventional multifactor experi-
mental design requires only one variable to be changed at a time to determine its
effect. However, when there are many parameters, this procedure may be very
long and does not allow a clear identification and influence of linked parameters.
These limitations of conventional method can be eliminated by optimizing the
affecting parameters collectively by statistical experimental design. The Plack-
ett—Burman (PB) design provides an efficient way for handling a large number of
variables and identifying the most important ones. Therefore, this type of design
is useful in preliminary studies.23-25 The design analyzes the input data and
presents a rank ordering of the variables with magnitude of effect and designates
signs to the effects to indicate whether an increase in factor value is advent-
ageous or not.26 However, the simultaneous effect of parameters of sol-gel
synthesis and calcinations conditions on the pore structure formation of Mg(II)-
-doped alumina has not been investigated. There are six parameters in the sol—gel
synthesis and three calcination variables and thus, a great number of experiments
should be simultaneously run, and their possible interactions should be studied.

The aim of this study was to examine the influence of a large number of
variables on the structural properties of Mg(II)-doped alumina and to indentify
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the most significant ones. PB experimental design at two levels was used to
identify the key variables. A graphical display of data, Pareto charts and main
effect plots can be used to find a relationship between the input variables and the
system response.

EXPERIMENTAL
Preparation of Mg(Il)-doped alumina

Mg(IT) doped alumina was prepared by sol-gel method using aluminum alkoxide as a
precursor. To prepare boehmite sols, aluminum isopropoxide was hydrolyzed in an excess
amount of water (100:1, H,O:AI** mole ratio) at 80 °C, followed by peptization with the
appropriate amount of HNOj3 (0.07:1, H": AI** mole ratio) to form a stable colloidal sol.2” The
sol was kept at a constant temperature for the desired time under reflux conditions, during
which most of the alcohol was evaporated. The freshly prepared boehmite sol and poly-
ethylene glycol (PEG, mol. wt. 5600 g mol!, mol. radius 2.3 nm) or a variable concentration
of magnesium nitrate solution combined with PEG, were mixed together and then vigorously
stirred in order to obtain a homogeneous Mg(II)-doped boehmite sol. The doped boehmite sols
were then gelled at 40 °C. The gels were heated from room temperature to the final tempe-
rature, which ranged between 500 and 1100 °C. The heating rate ranged between 2 and 10 °C
min!. The samples were kept at final temperatures for a fixed period, which ranged from 1 to
10 h.

Experimental design

In this study, a PB design was applied for twelve trials in order to evaluate the sig-
nificance of six variables on the formation of Mg(II)-doped alumina. The independent vari-
ables screened were annealing temperature (X;), heating rate (X), time of annealing (X3),
concentration of magnesium nitrate (Xs), time of the evaporation of alcohol (X;) and tem-
perature of the evaporation of alcohol (Xg). Each independent variable was tested at two
levels, a high and a low level, which were denoted by (+1) and (-1), respectively (Table I).
Dummy variables (X3, X and Xg) were employed to evaluate the standard errors of the expe-
riment.

TABLE I. Variables and levels used in the PB experimental design matrix

Variable Symbol Unit Low (-1)  High (+1)
Annealing temperature Xi °C 500 1100
Heating rate X, °C min™! 2 10
Time of annealing X3 h 1 10
Concentration of Mg(II) Xs mol Mg/mol Al,O; 0.03 0.06
Time of evaporation Xq h 60 72
Temperature of evaporation Xy °C 85 95

The data obtained from the PB design experiments were analyzed using Minitab 16
statistical package software trial version (Pennsylvania State University).

The main effect of each variable was calculated as the difference between the average of
measurements made at the high and low levels of that factor. The PB design is based on the
first order model:

Y =by+ ) bX; (1)
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where Y is the predicted response, X; are the input variables that affect the response Y, by is the
intercept term and b; are the linear terms. This model does not describe interaction among
factors and it is used to screen and evaluate the important factors that influence the response.?*

Characterization of Mg(Il)-doped alumina

The phase structure of the samples after the thermal treatments was studied by the X-ray
diffraction method (Philips PW 1710 powder diffractometer with CuK,, radiation (40 kV, 30
mA, 4= 0.154178 nm)) in the 26 range from 3 to 70°. The crystallite size was determined
from XRD patterns using the Scherer equation:

D= 0.94 @)
Bcosd
where D represents the crystallite size in nm, 4 is the CuK, radiation wavelength, f is the full
width at half maximum in radian and 6 is the Bragg angle.
Nitrogen adsorption was performed at —196 °C in the relative pressure interval between
0.05 and 0.98 using an automatic adsorption apparatus (Sorptomatic 1990 Thermo Finningen).
Before each measurement, the sample was degassed at 250 °C under vacuum for a sufficient
time (4 h <7 < 10 h) to observe the absence of significant changes in vacuum stability. The
adsorbed amount of nitrogen was measured by volume at standard temperature and pressure.
The specific surface areas Sgpr and C were calculated by the BET method?3-3? from nitrogen
adsorption—desorption isotherms, using data up to p/py = 0.3, and the pore size distribution
was computed from the desorption branch of the isotherms.30

RESULTS AND DISCUSSION

The Plackett—Burman (PB) design enabled the influence of the six variables
to be established with only twelve experiments. This optimized method permits
an estimation of the main effects of the variables and disregards interactions
between them. The twelve experiments were summarized in the matrix and are
listed in Table II.

TABLE II. PB experimental design matrix with the responses specific surface area (Y;) and
crystallite size (¥5)

Run Xl X2 X3 X4 X5 X6 X7 Xg X9 Yl YZ

1 1 -1 1 -1 -1 -1 1 1 1 10.0 90.7
2 1 1 -1 1 -1 -1 -1 1 1 79.9 58.4
3 -1 1 1 -1 1 -1 -1 -1 1 275.6 6.4
4 1 -1 1 1 -1 1 -1 -1 -1 35.8 84.1
5 1 1 -1 1 1 -1 1 -1 -1 84.5 48.8
6 1 1 1 -1 1 1 -1 1 -1 14.5 52.3
7 -1 1 1 1 -1 1 1 -1 1 279.1 14.7
8 -1 -1 1 1 1 -1 1 1 -1 301.6 8.5

9 -1 -1 -1 1 1 1 -1 1 1 285.3 12.2

10 1 -1 -1 -1 1 1 1 -1 1 76.4 68.2
11 -1 1 -1 -1 -1 1 1 1 -1 307.2 213
12 —1 —1 -1 -1 -1 -1 -1 -1 -1 315.7 19.5
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From the nitrogen adsorption—desorption isotherms, the specific surface area
(Y1 / m2 g 1) for all Mg(II)-doped alumina samples were calculated. The obtained
results are presented in Table II and used as a dependent variable (Y7) in the PB
design. The second response in the PB design was crystallite size (Y> / nm),
determined from the XRD patterns using Eq. (2).

The specific surface areas obtained for each combination of the variables
were calculated from the nitrogen adsorption—desorption isotherms shown in Fig.
1, whereby a wide variation in the specific surface area from 316 to 10 m2 g~! was

found.
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Fig. 1. Nitrogen adsorption—desorption isotherms for the Mg(II)-doped alumina samples.

The alumina samples obtained in experiment 3, 7-9, 11 and 12 annealed at
500 °C were characterized by a type IVa isotherm with a hysteresis loop of the
H2 type, indicating the presence of mesopores, within a well-defined pore shape
type.28:30 The samples 1, 2, 5 and 10 annealed at 1100 °C could be described as
having type [Va isotherm, the initial region of which was closely related to Type
II isotherms, leveling off at high relative pressures with a characteristic saturation
plateau, although this could be short and reduced to an inflexion point. A type
[Va isotherm is encountered when adsorption occurs on low porosity material or
on material with mostly mesoporous pore diameters. The isotherms for samples 4
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and 6 were stepwise (Type VI), which are associated with layer-by-layer sorption
on a highly uniform surface. The isotherms for samples 4 and 6 also showed hys-
teresis on the desorption isotherm curve with a smaller desorption step. Although
samples 1, 2, 4-6 and 10 were all annealed at 1100 °C, sample 2, 5 and 10 alu-
minas show different specific surface area compared to samples 1, 4 and 6. These
results highlight that the specific surface area of alumina samples depends not
only on the annealing temperature, but also on the heating rate and the period in
which they were kept at this temperature.

The plot of the pore size distribution (Fig. 2) shows two regions of pore size.
The first one reflects a very narrow distribution of mesopores with diameters
between 4.9 and 5.7 nm. The smaller average diameter and homogeneity of the
mesopores were obtained in experiments 3, 7, 8,9, 11 and 12 in comparison with
the samples annealed at 1100 °C (experiment 1, 2, 4—6 and 10). With increasing
annealing temperature, the maximum in pore size distribution was shifted to a
larger pore diameter and the distribution became broader, as shown in Fig. 2. The
samples obtained in experiments 1, 4 and 6 showed bimodal distributions, char-
acteristics for the spinel structure of magnesium aluminates.” These distributions
describe the charge transferring pores with radius 5 nm depending on annealing
conditions and water exchange inside-delivering or communication mesopores
with radius 10 nm, depending on the specific surface area of the Mg(II)-doped
alumina. Thus, it could be concluded that the synthesis of bimodal porous
alumina depended not only on the annealing temperature, but also on the con-
centration of magnesium nitrate, heating rate and period for which they were kept
at this temperature.
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Fig. 2. Pore size distributions of Mg(II)-doped alumina samples.

The XRD patterns (Fig. 3) identified #-Al,O3 (PDF-2: 77-0396), y-Al,O3
(PDF-2: 75-0921) and #-alumina (PDF-2: 86-1410) as crystalline phases for the
samples obtained in the experiments 3, 7-9, 11 and 12. X-Ray diffraction could
not clearly distinguish between #- and y-AlyO3 and thus, they will be denoted as
y-AlrO3. Besides 6-AlyO3 in the case of the samples obtained in the experiment
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2, 5 and 10, 0-Al,O3 (PDF-2: 46-1215) was identified. Lines detected at 25.5, 34,
36.6 and 50.8° related to the presence of well crystalline a-Al,O3 (PDF-2: 74-
-1081) obtained in experiments 1, 4 and 6. In addition, the magnesium aluminate
spinel phase (Mgg 4Aly 404, PDF-2: 84-0378) was identified in the samples from
these experiments. The X-ray diffraction pattern analysis indicated that the form-
ation of Mgq 4Aly 404 starts at a temperature of about 1100 °C. These results are
in good agreement with those of Orosco et al.31. In addition, it was observed that
the larger degree of crystallinity is detected in samples obtained in experiment 1,
4 and 6 compared to the other samples. The stronger diffraction peaks for these
samples suggest that they underwent a higher degree of phase transformation.

- YALO;
- 0ALO;

- 3AL0; 200 .
- 0ALO; 150 -
TMEARO 00 3 Nyt Run 12

oop>ee

Intensity, a.u.
.

Run 3

Intensity, a.u.

Intensity, a.u.

T T T T T 1 0 N e e e e o e B R A m s
10 20 3 40 50 60 70 80 90 0 20 30 40 50 60 70 8 90
20/ degree 20/ degree

Fig. 3. XRD patterns of the Mg(II)-doped alumina samples.

The average crystallite size (Table II), which may be a good indicator of
how surface area changed in Mg(Il)-doped alumina under these experimental
conditions, increased with increasing annealing temperature. There was a clear
difference between the samples annealed at 500 °C (experiment 3, 7-9, 11 and
12) and those obtained at 1100 °C (experiment 1, 2, 4-6 and 10). However, the
observed peaks for samples (experiment 3, 8 and 9) were very broad, which
could be attributed to disordered arrangement of the very small crystallites
making up the pores. Indeed, the calculated mean crystallite sizes according to
the Scherer equation were approximately 6—12 nm. For all samples, the mean

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCS. All rights reserved.



1536 NOVAKOVIC et al.

crystallite size of the y(77)-AloO3 phase varied in the range 6.4-21.3 nm, while for
the a-Al,O3 phase, it was up to 90 nm.

The phase transformations are accompanied by changes in the porous struc-
ture of Mg(Il)-doped alumina. At higher temperatures (1100 °C), the formation
of larger pores was notable, probably due to the collapse of the pores with
shrinkage of the material structure. This also resulted in a strong increase in crys-
tallite size and decrease in the surface area and pore volume.® The rapid collapse
of the fine mesoporous structure started as conversion to the stable a-AlyO3
phase occurred at 1100 °C.

In order to determine the influence of the most important variables, a
standardized Pareto chart (Fig. 4) was employed. It consists of bars with a length
proportional to the absolute value of the estimated effects, divided by the stan-
dard error. The bars are displayed in order of the magnitude of the effects, with
the largest effect at the top. Moreover, the chart includes a vertical line at the
critical z-value, and the effect of its bar is smaller than the critical f-value is
considered as not significant and not affecting the response variable.

a) b)
257 2.57
Xt | X1
X3 | X5
X9 E X2
X7 X3
X2 x71
X5 X9

T T T T T T T T T
0 5 10 15 20 0 2 4 6 8 10 12 14
Standardized Effect

Fig. 4. Pareto chart of the estimated effects of six variables on: a) specific surface area (¥;)
and b) crystallite size (¥,); = 0.05.

The Pareto chart (Fig. 4a) revealed that the annealing temperature (X7) had
the maximum standardized effect at 95 % confidence interval, while the heating
rate (X), the concentration of magnesium nitrate (Xs5), the time of alcohol
evaporation (X7) and temperature of alcohol evaporation (X9) did not have a
significant effect on the specific surface area. These findings were comparable
with reports of Huang et al.18 who investigated the influence of some operation
parameters, i.e., calcination temperature and time, and heating rate on the surface
area, pore volume and pore size of alumina.

The Pareto chart for the variable Y» is presented in Fig. 4b, which confirmed
that three variables were very significant: temperature of annealing (X1), heating
rate (X3) and concentration of magnesium nitrate (X5). The influences of the

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCS. All rights reserved.



other independent variables on this response were evaluated as having insignif-
icant effects over the studied range of the variables.

In contrast to the Pareto chart, which compares absolute values of the
effects, the main effect plot (Fig. 5) provides additional information on whether a
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change between the two variables levels decreases or increases the response.

X1 X2 X3
607 /
-~
o \
207
=
© T T T T T T
g 500 1100 2 10 1 10
X5 X7 X9
60
—"
N \ k/"—-.
207
T T T T T T
0.03 0.06 60 72 85 95

The main effect plot illustrates the trends of all effects and it shows that
increasing the annealing temperature leads to an increase in crystallite size, but
decreases of the other variables results in the formation of small crystallites.
Furthermore, the thermal shock caused by the high heating rate may accelerate
the dehydration process, creating structure of magnesium aluminate spinel phase

Fig. 5. Main effect plots for Y,; data given are mean values.

(Mgg 4Al» 404) and leading toits formation.

The analysis of variance (ANOVA) was applied to test the suitability of PB

design for the response Y, and the results are given in Table III.

TABLE III. Effects of the variables and statistical analysis of the PB design

Variable Symbol Effect Coefficient P-value
Annealing temperature Xi 53.317 26.658 0.000
Heating rate X —13.550 —6.775 0.024
Time of annealing X; 4.717 2.358 0.318
Concentration of Mg(II) X —15.383 —7.692 0.015
Time of evaporation X5 3.217 1.608 0.484
Temperature of evaporation Xy 2.683 1.342 0.556

P-values lower than 0.05 indicate that the model term is statistically sig-
nificant. Analysis of the P-values showed that among the variables tested, the
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temperature of annealing, heating rate and the concentration of magnesium nit-
rate had significant effects on the crystallite size. The model equation obtained
from PB regression analysis for predicting the crystallite size could be written as:

Yy =—42.151+0.089.X; —1.694X, +0.524. X5 —512.778 X5 + )
+0.268 X7 +0.268 X

The model was found to fit adequately all experimental data with a coef-
ficient of determination (R2) of 0.9733, which indicates that 97.33 % of the
variability of the response could be explained by the model. At the same time, the
adjusted coefficient of determination Rid- (0.9413) was also very high, which
indicates the high significance of the modef.

CONCLUSIONS

Mg(II)-doped alumina was prepared by the sol-gel method. The PB-design
that was applied in this study could identify the main factors from a large number
of variables in the synthesis of Mg(Il)-doped alumina for the desired response
variables. The results obtained from the present investigation revealed that the
temperature of annealing, heating rate and concentration of magnesium nitrate
were found to affect the crystallite size of the predominant phase of alumina.
Among selected variables, annealing temperature was found to be the most sig-
nificant parameter affecting the structural properties of alumina for both depen-
dent variables. The fundamental information and this design were supportive for
preliminary studies where the aim was to identify variables that could be fixed or
modified in further investigations.
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Technological Development of the Republic of Serbia (Project Nos. 172015 and 172001).

U3BOJ
[MPOYYABAE YTULIAJA JOOATKA MATHE3WJYMA U YCJIOBA TEPMUUYKE OBPAJIE
HA CTPYKTYPHA CBOJCTBA ME3OIIOPO3HOT AIYMHUHHUIJYM-OKCHUIA TPUMEHOM
PLACKETT-BURMAN JU3AJHA

TATJAHA B. HOBAKOBUR', JbUJbAHA C. POKUER', CPBAH I1. IETPOBUR', 30PULIA M. BYKOBUR'
1 MUOJIPAT H. MUTPUR’
1I/IXTM—I_[enu7ap 30 KATHATU3Y U XEMUJCKO UHIKEWEPCTB0, YHugep3uiiel y beoipagy,theiowesa 12, beoipag u
ZHHcmumy 3a nyxseapue nayke "Bunua", Ynueep3uttieii y Beoipagy, Muxe Iletuposuha Anaca 12—14,
Eeoipag

[TpMeHOM CTaTUCTHUKOT AHU3ajHa MPOy4YaBaH je yTHIaj yCI0Ba CUHTe3€e COI—Tesl NOCTyI-
KOM U TepMHuUKke odpazie Ha CTPYKTYypHa CBOjCTBA aJlyMMHHUjyM OKcHia ca pojzatkom Mg(1l).
Ha ocHosy Plackett—Burman nv3ajHa u3BplueH je ©3dop mpouecHUX mapameTapa KQju moka-
3yjy 3HauajaH yTHLAj Ha CTPYKTypHA CBOjcTBA HodujeHUxX y3opaka. IllecT mpounecHUX Bapu-
jabnmu: KoHIeHTpalWja MarHe3WjyM-HUTpaTa, BpeMe U TeMmIepaTypa UclapaBama aakoXxona,
TeMIlepaTypa ¥ BpeMe TepMHUuKke o0pajie ¥ Op3uHa 3arpeBama Cy BapUpaHU Ha IBa HHBoaA. Kao
W371a3HU NIapaMeTpH [I0CMaTpaHH Cy: Clieln(HUYHa MOBPIIMHA CUHTETUCAHUX y30paKa U Belu-
YHHA KPUCTAINTA JOMUHAHTHE (pase alTyMHUHUjyM-OKcHUAa. Pe3ynTaTy cy noxasanu fa TeMIe-
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patypa u dp3uHa TepMHuKe o0pale U KOHLIEHTpalKja MarHe3ujyM-HUTpaTa UMajy Haj3Hauaj-
HUjU YTHIIQ] Ha Cpeliby BETHUWHY KPUCTAJINTA NOMHUHAHTHe dase aJyMUHHjyM-OKCHIA, OK
Ha BpeIHOCTH crenuduyHe NOBPIIMHE JOMHUHAHTAH YTUIIAj HMa TeMIiepaTypa TepMHuuKke odpaze.
CeeoOyxBaTHa aHa/iM3a AOOHjEHUX pe3yiTara Nokasasia je fa je NpemioKeHH MoJeN KOju Ko-
PHUCTH BeTMYHHY KPUCTAINTA Ka0 U3Ia3HHU MapaMeTap MOroiHH]ja 3a Ja/ba UCTPAKUBaHa.

(ITpummeno 13. HoBemOpa 2014, peBunupano 26. jyHa, npuxsaheHo 6. jyna 2015)
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Abstract: Metallic materials, such as Co—Cr—Mo alloys, are exposed to aggres-
sive conditions in the oral cavity that represents an ideal environment for
metallic ion release and biodegradation. The metallic ions released from dental
materials can cause local and/or systemic adverse effects in the human body.
Therefore, dental materials are required to possess appropriate mechanical,
physical, chemical and biological properties. The biocompatibility of metallic
materials is very important for dental applications. Accordingly, the aim of this
study was to examine metallic ion release and cytotoxicity of Co—30Cr—5Mo
cast alloy as the initial phase of biocompatibility evaluation. Determination of
the viability of human (MRC-5) and animal (L929) fibroblast cells were
conducted using three in vitro test methods: the colorimetric methyl-thiazol-
tetrazolium (MTT) test, the dye exclusion test (DET) and the agar diffusion test
(ADT). Furthermore, the morphology and growth of the cells were analyzed
using scanning electron microscopy (SEM). The obtained results indicated that
Co-30Cr-5Mo alloy did not release harmful elements in concentrations high
enough to have detrimental effects on human and animal fibroblasts under the
given experimental conditions. Moreover, the fibroblast cells showed good
adhesion on the surface of the Co—30Cr—5Mo alloy. Therefore, it could be con-
cluded that Co—30Cr—5Mo alloy is a biocompatible material that could be
safely used in dentistry.

Keywords: Co-based alloy, biomaterials, cytotoxicity, fibroblasts.

INTRODUCTION

The most extensively used metallic materials in dental practice are com-
mercially pure titanium (CPTi), and titanium- and cobalt-based alloys, whilst

* Corresponding author. E-mail: idimic@tmf.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC150505070M
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stainless steels were abandoned primarily due to nickel-induced hypersensitivity
of the organism.! CPTi and its alloys are mostly used as endosseous implants,
while Co—Cr—Mo alloys have been widely applied as subperiosteal implants and
removable partial denture frameworks due to their outstanding mechanical pro-
perties and high corrosion resistance.2-3 In fact, Co-Cr-Mo alloys have better
mechanical strength and corrosion resistance compared to stainless steel.4 Chro-
mium, the main alloying element in Co—Cr—Mo alloys, is added to advance the
formation of a stable passive oxide layer that contributes to corrosion resistance,
while molybdenum is also frequently added to increase alloy resistance to pitting
and crevice corrosion. The composition of Cr and Mo in commercial alloys lies
within the range of 11-25 mass % and the corrosion behaviour of Co—Cr—Mo
alloys depends primarily on the Cr and Mo levels in the alloy, i.e., alloys with
lower amounts of Cr and Mo are found to be more susceptible to corrosion.’
Although the metallic dental materials are considered to have excellent corrosion
resistance, numerous studies showed that metallic ions could be released into the
surrounding environment.%7 The released metallic ions from dental materials
could diffuse into mucosal tissue or could be distributed throughout the human
body and cause adverse biological effects, depending on the ion type and concen-
tration.#8 For instance, Ichinose et al. showed that Co-Cr-Mo alloys disin-
tegrate easily in cells, i.e., Co dissolves from the peripheral areas of the cells
although Cr remains within them. The main factors affecting metallic ion release
from dental materials are the quantity and quality of the saliva, plaque, pH value,
temperature and presence of proteins. Additionally, the physical and chemical
properties of food and liquids as well as oral health conditions have great inf-
luences on ion release.!0 Furthermore, the composition and pre-treatment of the
materials are very important factors that have a significant influence on metallic
ion release.! 112 Consequently, the contact between Co—Cr—Mo alloys and human
saliva leads to the release of metallic ions.!3:14 It should be emphasized that bio-
corrosion of Co—Cr—Mo alloys is one of the major problems during their appli-
cation as dental materials.# Many authors reported toxic and carcinogenic effects
induced when humans and animals are exposed to certain metals.!! Thus, the
requirements of dental materials are primarily non-toxicity and biocompatibility.
It should be underlined that biocompatibility of metallic materials is dependent
on the release of elements from the materials.!? Therefore, the main purpose of
this study was to examine metallic ion release in artificial saliva and in vitro
cytotoxicity of Co—30Cr—5Mo alloy. The cytotoxicity of the mentioned alloy was
assessed using human (MRC-5) and animal (L929) fibroblast cell lines according
to ISO 10993-5 and ISO 7405 standards, respectively.!5:16 The effects of
Co-30Cr—5Mo cast alloy on cell viability, morphology and spreading on the
surface were also determined in this study. Determination of cells viability was
conducted using three in vitro test methods: the colorimetric methyl-thiazol-
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-tetrazolium (MTT) test, the dye exclusion test (DET) and the agar diffusion test
(ADT). Although only the ADT assay has been prescribed in ISO 7405
standard,!7 the use of different test methods is highly advisable.!3 For the
purpose of cells morphology and spreading analyses, scanning electron
microscopy (SEM) was used. It is very important to mention that the increased
worldwide interest in utilizing Co-based alloys for dental applications is related
to their low cost and adequate mechanical properties,3 and therefore Co—30Cr—
5Mo alloy was chosen for examination in this study.

MATERIALS AND METHODS
Material preparation

The chemical composition of Co—30Cr—5Mo alloy (Wironit® extra-hard, Bego, Ger-
many) used in this study was (in mass %): Co 63.0, Cr 30.0, Mo 5.0, max. 0.4 C, and trace
amounts of Si and Mn. The physicochemical properties of the examined alloy were presented
in a previous study.!> The Co-30Cr—5Mo alloy in the as-cast condition was selected for
consideration in this study for two reasons: 1) Co-based alloys are most often used in cast or
cast and annealed metallurgic conditions? and 2) this type of alloy is widely used in dental
practice, mostly for the manufacture of crowns, bridges and denture bases,'® regardless of
some results which indicate that harmful effects were induced by released ions and cells
damage were caused by Co—Cr—Mo alloys.!-? The cylindrically-shaped specimens (8.0 mm in
diameter and 15.8 mm in height) were cut into disc-shaped samples (8.0 mm in diameter and
4.0 mm in thickness). Subsequently, the samples were ground to 1200 grit with silicon carbide
(SiC) papers and polished using diamond paste. Thereafter, the samples were cleaned in an
ultrasonic bath with ethanol for 15 min followed by rinsing with distilled water for 5 min in
order to eliminate surface impurities.

Microstructure characterization and hardness determination

The microstructure characterization of Co—30Cr—5Mo alloy used in this study was real-
ized using a Carl Zeiss Opton Axioplan optical microscope (OM) and a JEOL JSM 5800
scanning electron microscope (SEM), which was operated at an accelerating voltage of 25
keV. Before the microscopic analysis, the examined material was etched using a solution
containing 92mL HCI, 5mL H,SO4 and 3mL HNOj;. The Vickers hardness, HV, was mea-
sured on the polished mirror-like surface of the samples using a Buehler Identamet micro-
indentation hardness tester, model 1114, under a load of 2.94 kN for 5 s.

Metallic ion release

After standard metallographic preparation of the samples and their ultrasonic cleaning,
each sample was placed in a separate glass test tube with 5 mL of artificial saliva (Helve-
pharm AG, Switzerland) and thermostated at 37 °C. In order to designate the effect of the pH
value of the artificial saliva on metallic ion release from Co-30Cr—5Mo alloy, the pH value
was set to different levels (7.5, 5.5 and 4.0). The concentrations of released metallic ions were
quantified after 1, 3 and 6 weeks using an Agilent ICP MS 7500ce inductively coupled
plasma-mass spectrophotometer (ICP-MS).

Cell lines

The human (MRC-5) and animal (L929) fibroblast cell lines were grown attached to the
surface of flasks (Costar, 25 cm?) in Eagle’s medium modified by Dulbecco (DMEM, Gibco
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BRL, UK) with 4.5 g L'! glucose and 10 % foetal calf serum, FCS (Sigma). The medium
contained the antibiotics penicillin 100 IU mL! and streptomycin 100 pg mL"!. The cell lines
were maintained under standard conditions at 37 °C under 5 % CO, humidified environment
(Heraeus). The cell lines were transplanted twice weekly, and the logarithmic phase of growth
between the third and tenth transplantation was used in the assays. The cell number and
percentage of viable cells were determined by the colour test rejection with 0.1 % trypan blue.
The viability of cells used in the assays was over 90 %.

Cell morphology

For the purpose of the morphological characterization of MRC-5 cells on the surface of
Co-30Cr—5Mo alloy, the cells were collected during the logarithmic phase of growth, tryp-
sinized, resuspended and counted in 0.1 % trypan blue. Subsequently, the cells (1x10° cells
mL!) were seeded directly on the material surface and cultivated at 37 °C under a 5 % CO,
humidified environment for 48 h. After the incubation period, the MRC-5 cells were photo-
graphed with a Canon 1100D camera attached to an inverted microscope Reichert—Jung Bio-
star 1820 E with 20 and 40x magnification objectives. SEM analysis of MRC-5 cells was
performed on the same sample using SEM MIRA3 Tescan operated at an accelerating voltage
of 20 keV. Before the SEM observations, the MRC-5 cells were fixed in 2.5 % glutaraldehyde
for 48 h and dehydrated using the following solutions: 3 % acetic acid, 3 % acetic acid and 25 %
ethanol at a ratio 1:1, 3 % acetic acid and 50 % ethanol at a ratio 1:1, and 70 % ethanol.
Subsequently, the MRC-5 cells were coated with a thin Au—Pd layer using a Baltec SCD 005
sputter coater.

In vitro cytotoxicity tests

The Co-30Cr—5Mo alloy cytotoxicity was measured as the percentage of cell growth
inhibition using three types of in vitro tests: the colorimetric methyl-thiazol-tetrazolium
(MTT) test, the dye exclusion test (DET) and the agar diffusion test (ADT), which are briefly
described in the Supplementary material to this paper.

RESULTS AND DISCUSSION
Microstructure characterization and hardness determination

The OM and SEM micrographs of Co—30Cr—5Mo alloy in as-cast condition
are shown in Fig. 1. The microstructure of examined material consisted of

g L E B i Jr> T
Fig. 1. a) OM and b) SEM micrographs showing the microstructure of the Co—30Cr—5Mo
alloy in as-cast condition.
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dendrites (dark parts in Fig. 1a; light parts in Fig. 1b) and interdendritic regions
(light parts in Fig. 1a; dark parts in Fig. 1b).

Similarly, Xin et al.20 showed that the microstructure of a Co—Cr-Mo alloy
obtained by traditional casting has a typical dendritic microstructure. Likewise,
Patel et al.2! described the microstructure of a Co—Cr-Mo alloy in details; the
microstructure consisted of a solid Co matrix with interdendritic phases and car-
bides. The carbides were a combination of carbon and either Co, Cr or Mo, and
were denoted as M,,C,, where M is Co, Cr or Mo. Furthermore, XRD analysis
performed by the same authors indicated that the Co—Cr—Mo alloy (ASTM F75)
consisted of face-centred cubic (fcc) Co, M»23Cg and a sigma (o) phase. It should
be mentioned that the allotropic phase transformation of pure Co from the high
temperature o phase (fcc) to the low temperature & phase (hexagonal close-
packed, hep) occurs at about 420 °C.22.23 Alloying elements, such as Fe and Ni,
can stabilize the a phase, while Cr and Mo tend to stabilize the & phase. Further-
more, Saji and Choe?2 using EDS analysis showed that the chemical compo-
sitions of the dendrites and interdendritic regions are similar. However, the den-
dritic regions are slightly rich in Cr and poor in Co. The obtained hardness of the
Co-30Cr—5Mo alloy investigated in this study was 287.6+£36.7 HV. According to
Patel et al.,2! the hardness of a Co—-Cr—Mo alloy is correlated with its carbide
content.

Metallic ion release

The metallic ion release testing in artificial saliva was preceded in this study
by an in vitro cytotoxicity examination. As mentioned earlier, Co—Cr—Mo alloys
are usually used to fabricate dental prostheses and subperiosteal implants, which
are in contact with gingiva, and therefore artificial saliva was used as the testing
solution. The obtained results are shown in Fig. 2.

As can be seen from the diagrams, the concentrations of released metallic
ion increased almost linearly with increasing immersion time, a conclusion that
was also reached by Nejatidanesh et al.2# Furthermore, the metallic ion release
rate increased with decreasing pH value of the artificial saliva. The most
pronounced effect of the pH value of the artificial saliva on metallic ion release
could be observed in the case of Co after 6 weeks of immersion. Similarly,
Denizoglu et al.?5 investigated ion release from a Co-based alloy (alloy
composition: Co 64.0, Cr 28.65, Mo 5.0, Mn 1.0, Si 1.0, C 0.35) and showed that
the pH value of the testing solution significantly affected the total and Co ion
release, but not Cr ion release. The concentrations of the released Cr and Mo did
not differ drastically, but the weight content of Mo in the Co—Cr—Mo alloy was
much smaller than that of Cr. Therefore, it could be concluded that the con-
centrations of released metallic ions do not reflect their weight contents in the
alloy.13:25 Many authors examined the corrosion resistance of Co—Cr—Mo alloys
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Fig. 2. The concentrations of ions released
from the Co-30Cr—5Mo alloy in artificial
saliva: a) Co, b) Cr and ¢) Mo.

and metallic ion release as a direct consequence of corrosion. For instance,
Branzoi et al.1* showed that the corrosion resistance of a Co—Cr-Mo alloy was
higher than in the case of a Co—Cr—Ti alloy because the stability of the passive
oxide film present on the Co—Cr—Mo surface was higher. Jevremovi¢ et al.!8
examined the release of ions from a Co-based alloy fabricated using both trad-
itional casting and selective laser melting (SLM) techniques and concluded that
the ion release rate was lower in the case of the SLM prepared alloy. Further-
more, Doni et al.2% presented that a Co—Cr—Mo alloy showed a lower tendency to
corrosion in a NaCl solution under sliding compared to the Ti—6A1-4V alloy.
Pugkar et al.27 examined the behaviour of a Co-Cr-Mo alloy in artificial saliva at
37 °C for 7 days and concluded that the quantities of released Co, Cr and Mo
were far below the permitted levels. According to the ISO 22674 standard, the
quantity of an element released from the alloy should not exceed 200 pg cm2
during 7 days.28 In this study, Mo had the highest release rate after 7 days, but
the amounts of the released ions never exceeded 2 ug cm=2. Thus, the quantities
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of released ions were 100-fold lower than the permitted quantities. It is important
to note that Beer-Lech and Surowska2® showed that a Co—Cr—Mo alloy had very
good passivation ability. Many authors linked metallic ion release with biocom-
patibility of dental materials.2425.30 It was observed that the concentration of
released ions from the examined Co-based alloy was significantly higher when
compared to other Co—-Cr—Mo alloys!3 and it should therefore provide more
information about the cytotoxicity potential of this alloy and the possibility of
using an untreated Co—Cr—Mo cast alloy for dental applications.

In vitro cytotoxicity tests as the initial phase of biocompatibility examination

The results of the colorimetric methyl-tiasol-tetrazolium (MTT) and dye
exclusion test (DET) assays, presented in Fig. 3, showed that the Co-30Cr—5Mo
alloy did not exhibit cytotoxic effect either in contact with MRC-5 or 1.929
fibroblast cells. In fact, the results of the MTT test (Fig. 3a) indicate a gradual
increase in cell viability with increasing contact time. After 72 h, both MRC-5
and L929 cells in contact with the Co—30Cr—5Mo alloy showed almost the same
viability as the cells in the control sample. After 96 h, the cell viability further
increased, meaning that the Co—30Cr—5Mo alloy did not exhibit toxic effects on
the cells. The diagram of the DET results (Fig. 3b) shows an enhancement in cell
viability with increasing contact time. As can be seen, the Co—30Cr—5Mo alloy
showed excellent cytocompatibility with MRC-5 cells after 96 h, whilst the L-
929 cells in contact with Co—30Cr—5Mo alloy had slightly lower survival rates
than the MRC-5 cells. These differences, caused by the cell type which was used
for testing, are negligibly small. Furthermore, since the decolourization index
was 0 (no decolourization detectable around or under the disc-shaped samples)
and the lysis index was 0 (no cell lysis detectable), the examined material was

I Control
Co-Cr-Mo, MRC-5 U 0-Cr-Mo, MRC-5
Co-Cr-Mo, L929 | - ] Co-Cr-Mo, L929

7

| .
il
/ _ |

(a) (b)
g. 3. Fractions of surviving fibroblast cells compared with the respective control (K) in:
a) the MTT and b) the DET assay.

SN
AR

Fi

—_
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not cytotoxic according to agar diffusion test (ADT).

These results are in accordance with the observation of Jevremovié¢ et al.!8
who demonstrated that an ASTM F75 Co-based alloy obtained by casting and
SLM did not release harmful elements that could cause acute effects against ani-
mal fibroblast cells (L929). Similarly, Xin et al.20 showed good spreading of
mouse fibroblasts (3T3) on the surface of a Co-based cast alloy. The advantage
of present study compared to studies by Jevremovié¢ et al.1® and Xin et al.20 is
that the cytotoxicity of the Co—30Cr—5Mo alloy was examined using both human
and animal fibroblast cells, because the use of human cells provides more valid
results and better insight into the behaviour of this alloy in the human body. Dif-
ferent and often contradictory studies regarding cytotoxicity/cytocompatibility of
Co—Cr—Mo alloys can be found in the literature. On the one hand, Cairovi¢ et
al.3! emphasized that cells adapted to the presence of a Co-based alloy after an
initial toxic effect. On the other hand, it was shown that CPTi, Ti—-Al-V and
Co—Cr—Mo alloys caused cell damage in direct contact with cells, while in indir-
ect contact, only the Co-Cr—Mo alloy caused cell damage.! Furthermore, Fleury
et al.32 demonstrated that Cr3* (0-150 ppm) and Co?™ (0-10 ppm) ions have a
cytotoxic effect on oesteoblast-like cells (MG-63). Microscopic analysis demon-
strated changes in the shape, size and number of cells, whereas Co?* had a
greater effect on these parameters than Cr3*. Even if there are articles in the lite-
rature that highlighted the cytotoxicity of Cr and Co, the results in this study
indicated that the Co—30Cr—5Mo alloy did not exhibit cytotoxic effects and these
results are similar to some published data.18:20.31.33

Cells morphology and adhesion

The photograph of MRC-5 cells in culture and in contact with the Co—30Cr—
—5Mo alloy is shown in Fig. 4. It can be clearly seen that the cells are attached to
the edge of the disc-shaped sample of the Co—30Cr—5Mo alloy and that cells are
mutually connected.

MRC-5 cells

i

0.1 mm

Fig. 4. MRC-5 cells in contact with
Co-30Cr—5Mo alloy surface.
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The SEM micrographs of MRC-5 cells on the surface of the Co-30Cr—5Mo
alloy are presented in Fig. 5. MRC-5 cells can have different shapes: triangle,
spindle, elongated, oval, and flat3435 and in this study, the cells were rounded
(Fig. 5a) and spindle elongated (Fig. 5b). The rounded cells were slightly smaller
than spindle elongated cells, but they are very well spread on the Co-30Cr—5Mo
alloy surface. Furthermore, these micrographs revealed the voluminous nature of
the cells, which indicates that the cells are metabolically active. Excellent cell
spreading is shown in Fig. 5c, which demonstrates that Co—30Cr—5Mo alloy is
not harmful to the appearance of MRC-5 cells. It is obvious that the MRC-5 cells
show good adhesion on the Co—30Cr—5Mo alloy surface, as can be seen in Fig.
5d, and thus the biocompatibility of the alloy was demonstrated.

Fig. 5. SEM micrographs showing MRC-5
cells attached to the Co-30Cr—5Mo alloy
surface: a) round cell, b) elongated cell, c)
enlarged area from (b) and d) cell adhesion to
the surface.

CONCLUSIONS

On the grounds of realized and presented research, the following conclusions
were reached: 1) The ion release rate of the Co-30Cr—5Mo alloy was small
enough, i.e., the quantities of released ions were 100-fold lower than those per-
mitted according to the ISO 22674 standard. 2) The metallic ion release dep-
ended on many factors, such as the pH value of artificial saliva and the immer-
sion time. 3) The results of MTT, DET and ADT assays showed that examined
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Co-30Cr—5Mo alloy did not exhibit cytotoxic effect either in contact with human
(MRC-5) or animal (L929) fibroblast cells. 4) The human fibroblasts showed
excellent adhesion and spreading on the surface of the Co-30Cr—5Mo alloy.
Furthermore, the voluminous nature of the cells indicated that the cells were
metabolically active and thus the biocompatibility of the Co—30Cr—5Mo alloy
was demonstrated.

Based on this in vitro biocompatibility examination, it could be concluded
that Co—30Cr—5Mo alloy is a biocompatible material that could safely be used in
dentistry.
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H3BOJ
IN VITRO ITPOLEHA BUOKOMIIATUEUJIHOCTHU Co—Cr—Mo JEHTAJIHE
JINBEHE JIETYPE

VMBAHA TMUMHWR', UBAHA LIBUJOBUB-AJIATUR?, HATAIIIA OFPAIIOBHR', JEJIEHA TIETPOBUR’,
CJIABULIA NIYTUR®, MAPKO PAKHH’ 1 BPAHKO BYTAPCKU®
! Yuueepsuiteii y Beoipagy, Hnosayuonu yenimap TexHOTOWK0—Mearypukxol Gpaxynigeiid, ZYuueep3umeL_u y
Beotpagy, Uncimiutilywi 3a HyKiedpHe Hayxe ,Bunua” u 3YHueep3umeu7 y Beotpagy,
TexHOMOWKO—MeTATyPUIKU QaKyNTLe

Mertanuu mMatepujany, kao mto cy Co—Cr—Mo nerype, cy U3/I0Ke€HH arpeCHBHHUM YCIIO-
BHMMa y YCHOj JyIUbM KOja IpeNcTaB/ba HJ€alHy CPEAUHY 3a OTIYIUTame METaJlHUX joHa U
Ouopasrpajwy. JOHH OTIYIITEHU U3 JEeHTaTHUX MaTepHjajia MOTY [a U3a30BY JIOKAIHE H/WIH
CUCTEMCKE IITeTHe edeKTe y JbyJCKOM OpraHu3my. 300r Tora ce 3axTeBa Aa JEHTaJIHU Mare-
pHjanu nocenyjy oxnrosapajyha mexanuyka, ¢pusHuKka, XeMujcka 1 OHosoIIKa CBOjcTBa. buo-
KOMITaTUOMITHOCT METaJTHUX MaTepHjaa je BeoMa OWTHA 3a HeHTalIHy npuMeHy. [Ipema Tome,
Uwb paza je OHMO A ce ofpenu OTHyIUTame joHa U nUTOTOKCMYHOCT Co—30Cr-5Mo nuBeHe
Jerype, kao rnoudetHa ¢asa npoueHe duokomnatudbunHoctd. OnpehrBawe BUjabUITHOCTH JbY -
cxux (MRC-5) u xuBotumckux (L929) henuja dubpodnacra je cnpoBeieHO IPUMEHOM TPH
Tecta: konopumerpujckor MTT Tecra, Tecra rydmema doje (DET) u arap audy3HoHOT TecTa
(ADT). Ocum Tora, mopdosnoryja 1 pact henuja cy aHanusupaHd KopuinrhewmeM ckeHupajyhe
enexkTpoHcke MuKpockomnudje (SEM). obujenu pesynraté ykasdyjy Ha To ma Co—30Cr-5Mo
JIerypa He OTHYLITa IITETHE eJIeMeHTe y BUCOKMM KOHIIeHTpalikjama Koje 01 MorJe fia mpoys-
POKYjy LITeTHE eeKTe Ha JbyACKHM M XKUBOTUHBCKUM (Gudpodiactuma moj JaTUM €eKCIEPH-
MeHTanHuM ycinoBuMa. Ocum Tora, henuje ¢pubpodnacta nmokasyjy seoma fodpy agxesujy Ha
nospuHd Co-30Cr-5Mo nerype. IIpema Tome, Moxe ce 3abyduTd ja je Co—30Cr-5Mo
serypa DMOKOMNIAaTUOUIHU MaTePHjasl KOjH ce de30eqHO MOKe KOPUCTHTH Y CTOMATOJIOTH)H.

(ITpumibeno 5. maja, pesupupano 13. aBrycra, npuxsaheno 26. asrycra 2015)
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IN VITRO CYTOTOXICITY TESTS
Colorimetric methyl-thiazol-tetrazolium (MTT) test.

The MTT test is based on the ability of mitochondrial succinate dehydrogenase (SDH) to
convert yellow 3-(4,5-dimethylthiazol-2-y1)-2,5 diphenyl tetrazolium bromide (MTT) into the
insoluble, dark purple formazan product in metabolically active cells. The procedure was
described in detail previously.!:? Briefly, viable cells (2x105 cells mL-!) were sown in Petri
dishes (50 mm, Centre well, Falcon) which contained disc-shaped Co—30Cr—5Mo alloy. Con-
trol samples did not contain the examined metallic material. The Petri dishes with sown cells
were thermostated at 37 °C with 5 % CO, for 48 h and then the cells were resown in fresh
medium. Viable cells (5x103 cells 100 pL") were sown in 96-well microtiter plates and
incubated at 37 °C with 5 % CO, for 48 h, 72 h and 96 h. MTT solution (10 pL) was added to
each well of the plate and the incubation was continued for a further 3 h. Afterwards, 100 uL
of 0.04 M HCI in 2-propanol was added to each well. The absorbance readings were per-
formed immediately after incubation period using a microtiter plate reader (Multiscan, MCC/
/340) at a wavelength of 540 nm with reference to 690 nm. The wells that contained only
medium and MTT solution without cells were used as blanks. The fraction of surviving cells
(%K) was expressed as:

_ 100N,

Ny

%K (D

where Nj is the number of surviving cells with the examined material and Ny is the number of
surviving cells in the control sample.
Dye exclusion test (DET)

The Petri dishes which contained Co-30Cr—5Mo alloy with sown cells were incubated at
37°Cin 5 % CO, for 48 h. At the end of the incubation period, the cells were counted in the
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counting chambers after 48 h, 72 h and 96 h using an inverted microscope Reichert—Jung,
Biostar, model 1820E. After that, 100 uL of cells was taken and added to 100 pL of 0.1 %
trypan blue. After intensive shaking, a few drops were placed on the counting fields of the
Neubauer chamber in order to determine the number of cells. Trypan blue painted dead cells
but not living ones. The fraction of surviving cells (%K) was obtained using Eq. (1).

Agar diffusion test (ADT)

For the purpose of the ADT testing, cells (2x103 cells mL-') were sown in Petri dishes
and 10 mL of the suspension was incubated at 37 °C in 5 % CO, for 24 h. Sterile agar was
heated and a nutrient medium was added. The cells were combined with the agar-nutrient
mixture and allowed to solidify over 30 min. The cells were stained with a neutral red solution
and kept in the dark for 15-20 min. The Co—-30Cr—5Mo alloy discs were placed in Petri dishes
and were incubated at 37 °C in 5 % CO, for 24 h. Any interaction between Co-30Cr—5Mo
alloy and the cells, causing the cells death, was recorded using an inverted microscope. It is
well known that living cells retain the red dye. Thus, the decolorized zones of dead cells were
measured using a ruler and analyzed according to the ISO 7405 standard.? The results were
evaluated according to decolourization index and lysis index:

Cell response = decolourization index/lysis index 2)
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Preparation of aluminum—ferric—-magnesium polysilicate and its
application on oily sludge
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Abstract: Aluminum—ferric-magnesium polysilicate (PAFMS) was prepared by
introducing aluminum, ferric and magnesium metal ions into polysilicon acid
solution. In this study, PAFMS was applied in the treatment of oily wastewater
from the treatment of oily sludge, and the coagulation performance was eval-
uated by the efficiency of the removal of turbidity and color. The structure and
morphology of PAFMS were characterized by Fourier transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD) and scanning electronic micros-
copy (SEM). The results indicated that the mole ratio 6:4:15 of Al:Fe:Mg is
beneficial to the formation of AI-O-Si, Fe—O-Si and Mg—Si—O. Fe played the
main inhibition role among the three metals. XRD analysis showed that the
addition of Al, Fe and Mg into polysilicic acid did not produce a simple mix-
ture, but resulted in the formation of new chemical structures. The intensity of
peaks was influenced by the mole ratios of metals. SEM showed that PAFMS
appeared to be a spatial structure consisting of many irregular protuberant
parts. The removal efficiency of turbidity and color in oily water from the treat-
ment of oily sludge was better when the mole ratio of (Al+Fe+Mg):Si was 0.5
and if the mole ratios of Al:Fe:Mg are kept at 6:4:15. Moreover, when the
dosage of PAFMS was 1.4-1.8 % and the pH value in range of 8-9, the effi-
ciency of turbidity and color removal were up to 97.3 and 96.8 %, respectively.

Keywords: coagulation; flocculants; aluminum—ferric-magnesium polysilicate;
oily sludge; magnesium; inorganic polymer.

INTRODUCTION

Coagulation is one of the important steps in the water and wastewater treat-
ment process. Flocculants could be divided into two categories: organic and
inorganic. Organic polymer flocculants, which can exert perfect flocculation
effect at small dose, are expensive and toxic. However, inorganic flocculants are
cheaper and wider applied. Polysilicic acid (PSi), which was synthesized in 1937,
is difficult to store because of its poor stability.! Metals flocculants have the bad

* Corresponding author. E-mail: yangchun_bj@126.com
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effect of coagulation at low temperatures. This is because the hydrolysis reaction
is difficult under low temperatures, however, the floc of metal flocculants mainly
rely on the hydrolysis reaction. Furthermore, metallic residues will be present in
the effluent from water treated by metals flocculants. Hence, metal polysilicate
flocculants were developed to address this issue; they can unite the features of
PSi and metals to exert charge neutralization, adsorption bridging and network
capturing. In recent years, metal polysilicate flocculants have been the focus of
research into inorganic flocculants.2—4

Silicic acid monomers can be isolated when strong acid is added into a
NaySi0O4 solution and PSi formation follows in the condensation polymerization
of monomeric silicic acid.> The mechanism is as follows:

OH OH
NaO—§i~ONa + H80; —> HO—$i~ OH « NasSO,
OH OH
OH OH OH  OH
HO—Si—OH + HO—Si—OH —> HO~—Si—0—Si—OH + H0
oH oH ST
OH  OH OH  OH OH OH OH  OH
HO—Si - OSiOH{HOSiOSiOH}» {OSiOSiOSiOSiO} + nH,0
OH OH OH OH “n OH OH OH OH “ntl

At higher degrees of polymerization, PSi gels and looses its flocculation
effect. However, metals can prevent the gelation of PSi by reacting with the -OH
on the PSi chain ends. In addition, metals supply positive charges to the PSi
surface, which make PSi capable of “charge neutralization” and “network cap-
turing”.6

Flocculants with aluminum ions produce larger but looser flocs that are dif-
ficult to settle. There is also the possibility of biologically toxic residual Al in the
treated water. Ferric ions can make the flocs more compact and easy to settle, but
the color of the effluent is pronounced.” However, magnesium ions can play a
decolorizing role because they can create insoluble complexes (for example,
MgHN3PO4:6H50).8 Magnesium can reduce the Al3* and Fe3" residuals.® Al
polysilicate and Fe polysilicate were investigated in many studies,!9-13 but there
are only a few studies about magnesium-containing flocculants. Yanjie!4 pre-
pared ferric-magnesium polysilicate (PSIFM) by copolymerization, and its rem-
oval for COD (chemical oxygen demand) and SS (suspended substances) was
found to be up to 80 and 90 %, respectively. Polysilic aluminum-magnesium sul-
fate was prepared and applied in the treatment of oily wastewater by Tianbin et
al.,'5and its maximum turbidity removal can reach 97.6 %.

Oily sludge is one of the main pollutants in the petrochemical industry. It is a
key factor constraining the improvement of the environmental quality in oil-
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fields.16 It has a complex composition and is difficult to treat. The hot washing
method was a widely used method for oily sludge treatment. The reagents used in
the hot washing method included surfactants, sodas and flocculants. Flocculants
play the role of turbidity removal and dewatering. The development of floccul-
ants has a very important significance for the hot washing method of oily sludge
treatment. Oily sludge can be separated into three phases, oil, sludge and water,
because of de-emulsification by the addition of a hot soda or surfactant solution.
However, the aqueous phase still has a high turbidity.!7 Thus, in this paper, the
aqueous phase from oily sludge treatment with Tween 80 was used as the object
to be treated.

The subject of this study was to prepare aluminum—ferric-magnesium poly-
silicate (PAFMS), a new type of polysilicate coagulant, by introducing alu-
minum, ferric and magnesium ions into polysilicic acid. The preparation and
application conditions were optimized in terms of the removal of turbidity and
color from oily wastewater obtained by phase separation of oily sludge. Finally,
the PAFMS powders were characterized by FTIR spectroscopy, XRD analysis
and SEM.

EXPERIMENTAL
Wastewater samples

The oily sludge used in these experiments was tank sludge obtained from the Liaohe
Oilfield of CNPC, China. Its water content was 33.9 %, the oil content was 11.4 % and the
sand content was 54.7 %. It was treated by the hot washing method using Tween 80 under the
following conditions: temperature, 60 °C and a solid-liquid ratio of 1:6. The oily wastewater,
the water phase obtained from oily sludge treatment, was the subject of further experiments.

Preparation of flocculants

PAFMS was prepared by co-polymerization (hydroxylation of a mixture of Al3*, Fe3*
and Mg?* and fresh polysilicic acid (PSi)). The following solutions were prepared: 0.5 mol L!
Na,Si0y4, 0.233 mo L' H,SO,, 0.5 mol L' AICl;, 0.5 mol L! Fe,(SO4); and 0.5mol L-!
MgCl,. The pH of 10 mL Na,SiO, solution was adjusted to 5.5 with dilute sulfuric acid.!® The
mixture of Na,SiO4 solution and dilute sulfuric acid was stirred until a pale blue appeared
color. The “pale blue” implied the beginning of polymerization of the silicic acid monomers.
The pale blue solution was fresh PSi. Three metal salts solution of different volumes were
mixed to form mixed metal solution at different metal mole ratios. Finally, fresh PSi was
poured into mixed metal solution. Then mixed solution was stirred constantly and then aged.

Batch coagulation—flocculation test

The pH of wastewater was adjusted to 9 by adding NaOH. The wastewater with appro-
priate amount of PAFMS was stirred rapidly at 180 rpm for 2 min, and then slowly at 60 rpm
for 10 min. Wastewater after treatment was left to precipitate for 30 min.

According to GB13200-91 (Chinese National Standard),'® the turbidity was measured at
a wavelength of 680 nm. The turbidity removal efficiency (RE) was calculated as follows:

Iy -T
0

TRE =100 (1)
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where Ty is the turbidity of the wastewater and T7; is the turbidity of the wastewater after
treatment.

The absorption peaks of wastewater were determined for the analysis of wastewater
color by scanning the wavelengths from 280 to 500 nm. The highest absorption peak appeared
at 482 nm. The color removal efficiency (CRE) was calculated using the absorbance at 482
nm by applying Eq. (2):

CRE =100 20 =4 )
Ay

where A is the absorbance of the wastewater and A; is the absorbance of the wastewater after
treatment.

Characterization

The liquid samples of PAFMS were dried at 50 °C for 10 h and then placed in a
desiccator to cool to room temperature. The solid PAFMS was ground for the further
characterization studies. The chemical bonds in PAFMS were analyzed by Fourier transform
infrared spectroscopy using the KBr pellet method. The spectra were recorded in the range
400-4000 cm! at a scan resolution of 2 cm™!. X-Ray diffraction analysis was applied for the
determination of crystalline phases in the solid PAFMS using a D/MAX-RB X-ray diffracto-
meter with CuK,, radiation in the 26 range 10-70° at a scan rate of 8° min"!. The morphology
was determined by scanning electron microscopy (SEM) at an acceleration voltage of 30 kV
and a magnification of 1000x.

RESULTS AND DISCUSSION
The optimization of metal ratio

The optimal mole ratios of Al:Fe:Mg and (Al+Fe+Mg):Si were determined
and the results are shown in Figs. 1-3.

100 4 —=— Color removal efficiency

—6— Turbidity removalefficiency
1 Mole ratio of Al:Fe=1:1

80 -| Mole ratio of
(Al+Fe+Mg):Si=1:1

o
o
1

Removal efficiency, %
s
o
1

N
o
1

T T T T T

— T 1 Fig. 1. Effect of the volume of
10:0 4:1 32 1:1 23 1:4 0:10 MgC12 solution (VMgCIZ) on the
Mole ratio of (Al+Fe):Mg coagulation performance.

The changes in the removal efficiency when the mole ratios of (Al+Fe): Mg
were 10:0, 4:1, 3:2, 1:1, 2:3, 1:4 and 0:10 are indicated in Fig 1. Before the
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maximum removal efficiencies of turbidity and color were achieved, the, removal
efficiencies increased with increasing mole ratio of Mg. This illustrates that
Mg2" improves the coagulation performance and the decolorizing function of
PAFMS. The optimum mole ratio of (Al+Fe):Mg was 2:3. After this maximum,
further increases in the amount of Mg?* would result in decreased removal effi-
ciencies of turbidity and color. There are two reasons for this decrease in removal
efficiency First Mg2" has less positive charges than A13* and Fe3*. Once the
mole ratio of (Al+Fe):Mg exceeds 2:3, the overall charges on the PAFMS would
decrease resulting in a weak charge neutralization function of PAFMS. The sec-
ond reason is Mg2* has smaller molecular mass than AI3* and Fe3*. When mole
ratios of (Al+Fe):Mg exceeded 2:3, the settlement velocity would become slow
leading to a decrease in the removal efficiency. From Fig. 1, it can be seen that
when only Mg2* was added into PSi ((Al+Fe):Mg mole ratio is 0:10), the rem-
oval efficiency was 0. This is because PAFMS gelled rapidly to lose the floccul-
ant function in coagulation process, which implies Mg cannot effectively inhibit
the gelation of PSi.

100 4 —m— Color removal efficiency Mole ratio of (Al+Fe):Mg=4:6

| —0— Turbidity removal efficiency Mole ratio of (Al+Fe+Mg):Si=1:1

80 4

@
=]
1

Removal efficiency, %
»
o
1

N
o
1

Fig. 2. Effect of volume of
00 41 32 11 23 14 010 Fey(S04); solution (Vrey(so,)) 00
Mole ratio of Al:Fe the coagulation performance.

The removal efficiencies of turbidity and color when the mole ratios of
Al:Fe were 10:0, 4:1, 3:2, 1:1, 2:3, 1:4 and 0:10 are shown in Fig. 2. The removal
efficiency was zero when no Fe3* (Al:Fe mole ratio 10:0) was added to the PSi,
which illustrates Fe plays the main inhibition role among the three kinds of
metals (Fe, Al and Mg). With the increasing amount of Fe3*, the removal effi-
ciency gradually achieved its maximum value, and then started to decrease. The
maximum removal efficiency appeared when mole ratio of Al:Fe was 3:2. The
reason of decreasing removal efficiency of turbidity is that the settlement
velocity of PAFMS could be accelerated with the increasing amount of Fe, which
has a larger molecular weight than A1.20 On the other hand, Fe3* has color and its
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floc is smaller than that of Al13*, and a mole ratio of Al: Fe exceeding 2:3 lead to
decreasing color removal efficiency. According to the results shown in Figs. 1
and 2, the favorable mole ratio of Al:Fe:Mg is 6:4:15.

The changes in removal efficiencies when the mole ratios of (Al+Fe+Mg):Si
were 0.25:1, 0.5:1, 0.75:1, 1:1, 1.25:1, 1.5:1 and 2:1 are displayed in Fig. 3. The
optimum value of the mole ratio of (Al+Fe+Mg):Si was 0.5. Before the removal
efficiency achieved the maximum, the removal efficiency increased with the inc-
reasing of content of (Al+Fe+Mg). After this maximum, with continuing inc-
reases in the amount of metals, the removal efficiencies decreased. Before the
optimal mole ratio, the charge of PAFMS increased because of the increasing
mole ratio of (Al+Fe+Mg):Si, which led to a better charge neutralization func-
tion. After the optimal mole ratio, the adsorption bridging function of PAFMS
was weakened by the decreasing amount of Si.

1209 —=— Color  removal efficiency
—O— Turbitity removal efficiency

Mole ratio of Al:Fe:Mg=6:4:15
100

N

Removal efficiency, %
(2]
o
1

20

o+ O O Fig 3. Effect of mole ratio of
025 050 075 100 125 150 175 200 (Al+FetMg):Si on the coagul-
Mole ratio of (Al+Fe+Mg): Si ation performance.

Effect of PAFMS dosage on coagulation performance

The changes in the removal efficiencies when the PAFMS dosages were 0.5,
1.0, 1.4, 1.6, 1.8, 2.0 and 3.0 % are shown in Fig. 4. The optimum value for the
PAFMS dosage was 1.6 %, however, the removal efficiency was always more
than 85.0 % when the PAFMS dosage was within the range 1.4-1.8 %. Before
the removal efficiency achieved its maximum value, the removal efficiency inc-
reased with increasing PAFMS dosage. After this maximum, a continuing inc-
rease in the PAFMS dosage resulted in decreased removal efficiency. When the
dosage of PAFMS exceeded 2.0 %, because the positive charges from PAFMS
adhered around the suspended matter in the wastewater and the native charges on
suspended matters became positive. This made the suspension of the matter in
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the wastewater stable. For this reason, the removal efficiency decreased. Thus,
the dosage of PAFMS should lie in the range 1.4 %—1.8 % to avoid higher costs.

]—=— Color removal efficiency
100 4 —5— Turbidity removal efficiency

D o
o o
1 1

Removal efficiency, %
D
o
1

20

g v T ¥ T v d T
05 1.0 15 20 25 30  Fig. 4. Effect of PAFMS dosage
Dosage of PAFMS, % on the coagulation performance.

Effect of pH of oily wastewater on coagulation performance

The changes in the removal efficiencies when the pH values of the waste-
water were set at 7, 8, 9, 10 and 11 are shown in Fig. 5. With increasing pH
value, the removal efficiency gradually achieved its maximum value, and then
started to decrease. When the pH value was in the range 8-9, the maximum
efficiency of turbidity removal and color removal were 97.3 % and 96.8 %, res-
pectively. In this pH range, A13*, Fe3*and Mg2" have rich variety of hydrolysates

] —®— Color removal efficiency
100 4 —%— Turbidity removal efficiency

[o2] o]
o o
| 1

Removal efficiency, %
S
o
1

20

0 . . . . . T . ; . — Fig. 5. Effect of the pH of the oily
6 7 8 9 10 11 wastewater on coagulation per-
pH of oily wastewater formance.
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and hence a large amount of polynuclear complexes and hydroxy complex ions2!
are generated, leading to improved adsorption bridging and network capturing
functions by PAFMS. Furthermore, PAFMS exhibited a positive potential, but
the suspended matters has a negative potential. This illustrates that a pH value in
the range 8-9 is the best range for charge neutralization. However, when the pH
value exceeded 9, the degree of dissociation of PSi was too large?? for PSI
exhibit an adsorption bridging function.

Characterization of the PAFMS

FTIR analysis. The FTIR spectrum of PSI is shown in Fig. 6a, while the
FTIR spectra of PAFMS with different mole ratios of the metals are presented in
Fig. 6b—d. In Fig. 6b, the mole ratio of Al:Fe:Mg was 6:4:15, and (Al+Fe+Mg):Si
ratio was 0.5:1, i.e., it shows the spectrum of the PAFMS with the optimal metal
ratios. In Fig. 6¢, the mole ratio of (Al+Fe):Mg was 4:1, and (Al+Fe+Mg):Si was
1:1, i.e., it shows the spectrum of the PAFMS with a lower amount of Mg2". In
Fig. 6d, the mole ratio of Al:Fe:Mg was 6:4:15, and (Al+Fe+Mg):Si was 1.5:1, i.e.,
it shows the spectrum of the PAFMS with an excessive amount of (Al+Fe+Mg).

In Fig. 6b—d, characteristics peaks at 3700-3900 cm! could be attributed to
the symmetric and antisymmetric stretching of M—OH (AI-OH, Fe-OH and
Mg—OH).23 This peak does not appear in Fig. 6a, which indicated that the metals
had reacted with the —OH on the PSi chain ends. Intensity of peaks in Fig. 6b and
d are stronger than those in Fig. 6¢c. This illustrates that Mg2" is better for the
formation of M—OH bonds.

The peaks at 3500-3300 cm~! were assigned to the stretching vibration of
—~OH.24 In Fig. 6b and d, there are shoulder peaks around 3500-3300 cm~! and
peak area is larger than in Fig. 6a. This implies that the amount of —OH inc-
reased. This phenomenon could be attributed to an increase in absorbed water
and —OH linked with AI3*, Fe3* and Mg2*.

The peaks at 1660-1640 cm~! corresponded to bending vibrations of
H-O-H, which implies all four samples were hydroxyl polymers25. There is a
strong absorption peak at 1099.9 cm! in the spectrum presented in Fig. 6a,
which could be attributed to the stretching vibration of Si—O-Si groups, which
arose because of the condensation polymerization of silicic acid monomers.
However, all Si—O-Si peaks shown in Fig. 6b—d are weaker than in Fig. 6a, and
blue-shifted to 1150.5, 1105.5 and 1139.2 cm™!, respectively. Peaks at 1150.5,
1105.5 and 1139.2 cm! are assigned to the characteristics peaks of AI-OH-AL,
Fe—OH-Fe and Mg—OH-Fe, respectively. This proves that metals can prevent the
gelation of PSi. This corresponds to the research results of Yuemei.2® There is
another possibility, the peaks around 1100 cm~! could also be attributed to the
characteristics peaks of SO42~. From Fig.6a—d, it could be seen that the peaks
around 1100 cm! of Fig. 6a are stronger than those of Figs. 6b—d (at 1150.5,
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Fig. 6. FTIR spectra of PSi and PAFMS with different mole ratios of metals: a — PSi;

1500
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b — PAFMS prepared under mole ratio of (Al+Fe+Mg):Si = 0.5, mole ratio of

Al:Fe:Mg = 6:4:15; c — PAFMS prepared under mole ratio of (Al+Fe+Mg):Si= 0.5,

(Al+Fet+Mg):Si = 1.5, mole ratio of Al:Fe:Mg = 6:4:15.

mole ratio of (Al+Fe):Mg = 4:1; d — PAFMS prepared under mole ratio of

1105.5 and 1139.2 cm™!, respectively). This indicates SO42~ would coordinate
with metal ions and participate in the polymerization when metal salts were
added into PSi.27

Characteristic peaks at 910-960 cm~! in Figs. 6b—d could be attributed to the
stretching vibration of Al-O-Si and Fe-O-Si.!4 The intensity of this peak is
closely related to the coagulation performance. The peak intensity at 960.4 cm!
in Fig. 6b is the strongest. The peak at 532.5 cm~! in Fig. 6b and the peak at
520.6 cm! in Fig. 6d were assigned to the stretching vibration of Si-O-Mg,25
but they did not appear in Fig. 6¢. This implies that greater amount of Mg would
form more Si—~O-Mg groups. In a word, the generation of AI-O-Si, Fe-O-Si and
Mg—O-Si indicate the metals had polymerized with PSi. The peak at 794.0 cm™!
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in Fig. 6a, assigned to the connection of tetrahedron of Si—O-Si,25did not appear
in Figs. 6b—d. This indicates PAFMS has a reticular formation.

In conclusion, FTIR analysis supports the formation of new chemical species
of PAFMS consisting of aluminum, iron, magnesium and silica.

XRD analysis

Figure 7 illustrates The XRD patterns of PSi and PAFMS with different
mole ratios of metals are illustrated in Fig. 7.

ANaCl
* MgSOs-6H:0
v NaA1(SOs)-6H:0
A © Fes(SO4)s- 14H:20
< Al(SO+)(OH)-5H0
A

d

ANaCl
¥NaAl(SO.)-6H:0
SAIH(SO4)s
4NasFe(SO4)3-3H20

oYv A 4 A N
AN A C

4ANaCl

L
= »
>
>
c*

= Na:SOs

26/°

Fig. 7. XRD spectra of PSi and PAFMS with different mole ratios of metals: a — PSi;
b — PAFMS prepared under mole ratio of (Al+Fe+Mg):Si = 0.5, mole ratio of
Al:Fe:Mg = 6:4:15; c — PAFMS prepared under mole ratio of (Al+Fe+Mg):Si= 0.5,
mole ratio of (Al+Fe):Mg = 4:1; d — PAFMS prepared under mole ratio of
(Al+Fe+Mg):Si=1.5, mole ratio of Al:Fe:Mg= 6:4:15.

The XRD spectrum of PSi has clear diffraction peaks, but the spectra of
PAFMS have no diffraction peaks. With the introduction of metal ions, the inten-
sity of peaks was weakened and the width of peaks was broadened. There is a
diffuse peak group, which indicates PAFMS is a new type of multipolymer with-
out fixed regular structures; it is a kind of macromolecule with long-range disord-
erly structures. Diffraction crystal peaks of NaySOy (at 26 19.035, 23.153, 28.027,
28.990, 32.123, 33.826, 38.615 and 49.443°) were only found in the spectrum of
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PSi, which implies the introduction of metals impelled SO42~ to participate in the
copolymerization. This corresponds to the results of the FTIR analysis.

Crystal peaks NaCl (at 26 27.334, 31.692, 45.449, 56.477 and 66.227°)
appeared in the patterns of the PAFMS samples (Fig. 7, b—d), which illustrates
CI~ did not fully participate in the polymerization reaction. The intensity of NaCl
crystal peaks in Fig. 7, ¢, were stronger than in Fig. 7, b and d, which implies that
the increasing amount of Mg2* could promote CI~ to polymerize with PSi.

Polymerization between metals and PSi could produce an amorphous sub-
stance and hence, the more complete is the polymerization reaction, the smoother
is the amorphous peak groups at 26 18-30°. Obviously, the peak shape in Fig. 7,
b, is more regular, and the amorphous peak groups at 26 18-30° is smoother.
This indicates the PAFMS had a better coagulation performance with more amor-
phous substance.

Crystal peaks of metal ions were observed in Fig. 7, d, i.e., MgSQOg4-6H,0 (at
260 16.250, 17.688, 18.164, 20.211, 21.983, 24.640, 30.084 and 30.367°),
NaAl(SO4),-6H,0 (at 26 21.034, 24.366 and 30.818°) and Fe3(SO4)4-14H50 (at
26 21.950 and 22.336°), which indicates that excessive metals do not participate
in the polymerization reaction.

Diffraction patterns of crystals, such as AlCl3, Fey(SOy4)3, MgCly, AlO3,
Fey03, Fe304, MgO, Al(OH)3, Fe(OH)3, Mg(OH)3 and SiO, were not observed
in Fig. 7, b, which confirms that the metal ions had polymerized with PSi. Amor-
phous or new compounds were formed in PAFMS. The XRD analysis shows that
the addition of Al3*, Fe3™ and Mg2" did not produce a simple mixture in PSi, but
resulted in the formation of new chemical structures. The intensity of the peaks
was influenced by the mole ratios of the metals.

SEM micrography

The surface morphology of PAFMS powder with optimal metal ratios, which
is a reticular formation consisting of many irregular and non-direction pro-
tuberant parts, is presented in Fig. 8. This corresponds to the results of FTIR
analysis. A series of holes of different width and depth are distributed, which
indicates PAFMS presents a large surface area. The reasons for the formation of
this structure is that metal ions adsorbed or polymerized with the —OH at the of
the chain ends of PSi.

CONCLUSIONS

A new inorganic coagulant PAFMS was prepared in this study, the mole
ratios of metals and application conditions were optimized. The structure and
surface characteristics of PAFMS were analyzed by FTIR, XRD and SEM.

As the experiment results showed, the characteristics of PAFMS were largely
affected by the mole ratios of metals. Removal efficiency was maximal when the
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mole ratio of (Al+Fe+Mg):Si was 0.5 and the mole ratio of Al:Fe:Mg was 6:4:15.
Moreover, when the dosage of PAFMS was 1.6 % and wastewater pH value in
range of 89, the removal efficiency of turbidity and color were up to 97.3 % and
96.8 %, respectively. The results of the FTIR analysis indicated that there were
bonds formed by polymerization between metals and PSi in PAFMS, such as
Al-OH, Fe-OH, Mg-OH, AIl-OH-Al, Fe-OH-Fe, Mg-OH-Mg, Al-O-Si,
Fe-O-Si and Mg—Si—O. Moreover, the intensities of the FTIR peaks were influ-
enced by the mole ratios of the metals. In XRD patterns of PAFMS, there was an
amorphous group of peaks at 26 18-30°. This implies PAFMS is a kind of amor-
phous multipolymer with no regular structure. The peak shape in XRD spectra of
PAFMS under optimal conditions was more regular. Meanwhile, in SEM micro-
photograph, PAFMS showed a reticular formation consisting of many irregular
protuberant parts. In conclusion, as a new type inorganic flocculant, PAFMS has
further research value.
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Liaoning Shihua University, FuShun 113001, China

[Monu-anymunHjyM—pepu—marsesujym-cunukat (PAMFC) je cripaBrbeH yHOIIEHweM joHa
MeTaja alyMHUHHjyMa, TBoKha M MarHesujyma y KHUCeIH pacTBOp. YUHHAK Koarynauuje je
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olleBHBaH yKIamamkeM MyTHohe U odojewa OTmamHe BoZe O TpeTMaHa HAagTHOr MyJba.
Crpykrypa u Mmopdonoruja PAMFC cy kapakreprcaHe HHQPALPBEHOM CIIEKTPOCKONHjOM Ca
dypuje Tpanchopmauyjom (FTIR), pentrenckom gudpaxuujom (XRD) 1 ckanupajyhom ene-
KTPOHCKOM MHKpockonujom (SEM). Pesynratu cy ykasanu pa je omgHoc 6:4:15 Merana
Al:Fe:Mg norogat 3a popmupame Al-0-Si, Fe—0-Si u Mg—Si—0. Ogn oBa Tpu MeTana, reoxhe
je Hajsuuie urpasno ynory naxuburopa. XRD aHanusa je nokasana fa goparak Al, Fe u Mgy
NOTMMEPHY CWIHIIMjyMOBY KHCEIHHY JOBOOW IO (popMupama HOBE XeMHjCKke BpCTe, a He
oduuHe cMmelre. MHTeH3UTeT MHKOBA je 3aBUCHO OJl MOJICKHX ¢pakurja meTana. [Ipema SEM,
PAMEFC ce noka3ao kao MpOCTOpPHa CTPYKTypa Koja Ce CacTOju 0ff MHOTO HETNPaBUJIHUX UCTY-
penux genosa. Kaga je moncku ogHoc (Al+Fe+Mg):Si 6uo 0,5, a Al:Fe:Mg Ha 6:4:15, edekar
yKknamama je duo doseu. lltaBuuie, kaga je gosupawe PAMFC duno 1,4-1,8 % wiu 8-9 %,
Taja je yKkiamamwe MyTHohe u obojema dumo 97,31, ogHocHO 96,76 %.

(ITpumspeno 29. peunemdpa 2014, pesunupano 9. mapra, npuxsaheno 17. mapta 2015)
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Abstract: In order to improve the ability to apply knowledge of chemistry
(acquired in the existing educational system) in real life, the model for con-
sideration of ecological issues was developed and applied in high school. The
model consists of a continuous text “It Happened, What’s the Problem?”” and a
test with non-continuous text “A Guide Through the Problem”, which were
prepared for consideration of the problem of eutrophication. All results
obtained (average achievement of 70.9+14.3 %) showed that the application of
the model enabled: understanding of an ecological problem based on scientific
representations of the term eutrophication given in the continuous text, real-
ization that pollution of the environment may be directly related to modern life,
application of acquired knowledge of chemistry to observe and understand the
cause and effect of eutrophication in the environment, to draw a scientific con-
clusion, and understanding the importance of science and technology dis-
coveries for solving ecological problems. In addition, the model contributed to
the development of student’s environmental literacy (ecological knowledge and
cognitive skills), ability to think critically, and provided possibilities for class-
room knowledge to become applicable in real life.

Keywords: environmental education; ecological problem-eutrophication; envi-
ronmental literacy; application of chemistry knowledge.

INTRODUCTION

The results of the PISA (Program for International Student Assessment) and
TIMSS (Trends in International Mathematics and Science Study) international
evaluation of educational achievements are good indicators of the effectiveness
of the educational system in a country. In Serbia, in these studies, the overall
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# Serbian Chemical Society member.
doi: 10.2298/JSC150522072K
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1 568 KOROLIJA et al.

achievement of Serbian eighth grade students in natural sciences was statistically
significantly lower than that of the international average.!-¢

TIMSS 2007 in Serbia indicated that the achievement of the students in
“factual knowledge” of chemistry was good (26-93.6 %). In the domain of “con-
ceptual knowledge”, achievements were in the range from 5.1 to 89.7 %, whilst
in the domain of “reasoning and analysis”, the results were lower (6.7-73.2 %).
The results achieved per level of scientific literacy in PISA 2012 demonstrated
that 35 % of pupils possessed “limited scientific knowledge applicable only in a
small number of well-known situations” (level 1).7 “Adequate scientific know-
ledge necessary for providing explanations and deduction in simple explorations
of well-known contexts” (level 2) was possessed by a slightly lower number of
students (32.4 %). Level 3 that implies “limited associating, interpreting and use
of scientific concepts from different disciplines” was achieved by only 22.8 %
the students. For levels 4 and 5, which involve developed abilities for giving not
only explanations based on “critical analysis” but also possessing “scientific
knowledge of many complex life situations”, the results were low (8.1 and 1.6
%). Only 0.1 % of the students encompassed in PISA 2012 testing achieved level
6, where “progressive scientific opinions” and willingness to make “suggestions
and decisions” are expected in complex personal, socio-economic and global life
situations.”

Causes for low students’ achievements can be seen in the rather extensive
curricula, and in the fact that “Practical knowledge in action” (recognizing quest-
ions as scientific, identifying relevant evidence, critically evaluating conclusions,
and communicating scientific ideas) is rare with students.#8-10 In regular school
classes, insufficient attention was directed to the teaching of concepts through
their practical application in real life. Therefore, students find classes frustrating
because the material is difficult, boring, and irrelevant for their lives. Overall,
students in Serbia have fairly good scientific knowledge of single facts (“factual
knowledge”),> but difficulties emerge in identifying and applying acquired
knowledge in diverse life situations, perception of problem situations from the
aspect of scientific concepts from different disciplines and scientific knowledge
and solving tasks that demand analysis and deduction based on pieces of inform-
ation presented in the form of continuous and non-continuous texts.

The above-mentioned difficulties have lead to the following question: What
can be done in the existing state-of-the-art? The existing problems could be over-
come by applying the experience attained by TIMSS and PISA testing in pre-
paring models appropriate to make the knowledge of science, especially chem-
istry, applicable in real life.11-12 Taking into account that student’s awareness of
the connections between chemistry and real-life issues!3 could be raised by learn-
ing chemistry in the context!4 of a specific environmental problem,!5 a model
based on consideration of ecological problems was designed in this study. The
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main goal of environmental education is to contribute to the development of
environmental literacy (ecological knowledge, cognitive skills and affective atti-
tudes towards the environment)!6-19 and responsible citizen, so that they could
have a proper relationship with the environment in which they live.20-22 In Ser-
bia, as well as in many European countries, environmental issues are encom-
passed of several teaching subjects.23 Pupils who received environmental educ-
ation only during regular class hours were successful in components of environ-
mental knowledge (factual knowledge and conceptual understanding), but did not
perform as well in reasoning and analysis.> In addition, awareness and environ-
mentally responsible behavior are difficult to be achieved,2425 even in eco-
school pupils’.16 Therefore, the goal of environmental education to increase envi-
ronmental literacy was also included in the Model design. Students’ environ-
mental literacy is evaluated based on their ability in using and dealing with inf-
ormation on an ecological issue and using chemical knowledge and skills to
understand information about an everyday problem. The “problem-based appro-
ach” was chosen because of the achievements and possibilities this teaching
method provides,26-28

Thus, the model was designed to let students read about a real ecological
problem, apply scientific principles to find out its causes and effects and offer
problem solutions. Such an approach translates everyday situations into chemical
problems and leads to an increase in the student’s awareness of the connections
between chemistry and real life-issues, as well as in their interest in science.
Ultimately, the model should provide an efficiency check in acquiring, under-
standing and applying knowledge, while, simultaneously, serving as a guide for
problem solving.

EXPERIMENTAL
Design of the model

A model that provided steps (the partial goals are presented in Fig. 1) necessary for
achieving knowledge applicable in everyday life was developed and used. The basis for the
model was demands for evaluation of the students’ scientific literacy, which are stated by the
Program for International Student Assessment (PISA). As mentioned above, PISA tends to
focus on “practical knowledge in action”, namely recognizing questions as scientific, iden-
tifying relevant evidence, critically evaluating conclusions, and communicating scientific
ideas.*#10 Another emphasis in PISA is the extent to which the education systems in the
participating countries prepare students to become life-long learners able to play constructive
roles as citizens in society. In addition, the model is in accordance with general aims that are
defined by socio-scientific issues (SSI) and Chemistry in Context projects,'3!4 because all the
approaches emphasize the preparation of students for life and citizenship, complex reasoning
and reflective practices, and robust understandings of the nature of science, particularly as it is
practiced in society.2’

For the realization of this model, it was necessary to:
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— Select a problem from a real life context, which will interest students, and whose
understanding requires the application of science knowledge (chemistry knowledge).

Design of the texts related to the problem:

— a continuous text with information related to the problem (,,It Happened, What’s the
Problem?”);

— a test with a non-continuous text (“A Guide Through the Problem”);

— apply the Model in the classroom;

— analyze the obtained results.

GOAL: KNOWLEDGE APPLICABLE IN REAL LIFE

FORMING OF ATTITUDES AND

DEVELOPING CRITICAL THINKING

UNDERSTANDING THE PROBLEM FROM THE ASPECT OF
INTERACTION BETWEEN SCIENCE, TECHNOLOGY AND SOCIETY
UNDERSTANDING THE PROBLEM FROM

THE ASPECT OF SCIENTIFIC RESEARCH

[ ) REALIZING THE IMPORTANCE AND APPLICATION OF CHEMICAL AND
@ OTHER KNOWLEDGE ALONG WITH UNDERSTANDING THE PROBLEM

IDENTIFYING OF THE PROBLEM
ON THE BASIS OF GIVEN PIECES OF INFORMATION

START: THE EXISTING PUPILS’ KNOWLEDGE

Fig. 1. Steps in the model for achieving the goal — make the existing knowledge
applicable in real life.

Preparation of texts concerning the ecological problem

Continuous text about the ecological problem: “It Happened, What’s the Problem?”
Students are informed about ecological problems everyday through the media. An under-
standing of these problems requires application of knowledge of natural sciences. To accom-
plish the set-up steps in the model (Fig. 1), pieces of information about the ecological problem
(without many scientific facts and explanations) are given in the form of a continuous text “It
Happened, What’s the Problem?” Keyword, ecological problem and real life event (Fig. 2, I-
IIT) were selected before preparation of the text.

i
WL ECOLOGICAL
KEY PROBLEM
WORD”

Situation or method to Aftair, damage,
Pollutant - be considered, a local scientific discovery,
Substance or a global problem... debates, actions...

Fig. 2. Selection of content determinants in the preparation of the continuous text “It
Happened, What’s the Problem?”
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Keyword (a substance that is covered in regular chemistry classes) may be a direct or
indirect cause for the emergence of an ecological problem. Ecological problem may be chosen
to illustrate the influence of humans (society) on the ecosystem from two aspects: “humans as
a cause of the problem” and “humans (science) who solve the problem” (Fig. 3).

SITUATIONS WHEN THE SITUATIONS (WAYS) WHEN
PROBLEM OCCURS AS A SCIENCE SOLVES THE
DIRECT CONSEQUENCE OF: PROBLEM:

N N

Ignorance, - The cause of problem
negligence, is not known
carelessness, — Need for remediation
modernization of —Apply‘mg of
life, striving for [MAN AS A ‘IMAN WHO ) “su‘c‘c‘esstul‘,‘l_ess_ .
high er pays CAUSE OF THE SOLVES THE suuesstul_or scientific-
N\ PROBLEM” PROBLEM” technological methods

struggle against the

W| |¥/

Fig. 3. Situation “Man as a cause of the problem” and “Man who solves the problem”.

A true event may be chosen such as a historical event, i.e. a case that happened long ago
but its consequences are still present in an ecosystem and lessons people have learned from it,
and a contemporary event — a case of short- and long-term consequences at local and global
level. It could be described from two points of view: the consequences that people noticed,
and “What does science say?” (scientific explanation of changes/consequences in the environ-
ment). If the cause of the problem was unknown, there follows the description of scientific—
technological method applied to find the real cause (pollutant substance) without too many
scientific facts. The content of the continuous text provides key information that, in com-
bination with existing knowledge of chemistry (and other science subjects), enables con-
clusions about the cause of the ecological problems and making suggestions for solutions and
future accident prevention. Structural elements of the continuous text and those (IV-VII) that
may be advanced in composing the text based on set goals (steps in Fig. 1) are presented in
Fig. 4.

Such way of writing the text enabled the anticipation and understanding of the problem
from the aspect of interactions in science—technology—society (STS):

a) both benefits and harms that scientific-technological development brings about,

b) differences between scientific proofs and personal opinion/attitude,

¢) importance and role of science and technology,

d) limits and relationships between science and technology and

e) alternative solutions.

In addition, such written text encourages the formation of opinions and the development
of critical thinking in students (step 5 in the presented model, Fig. 1).

The interrelation of partial goals in the model (steps 1-5, Fig. 1) with structural elements
of the continuous text (I-VII, Figs. 2 and 4), with interactions that should be perceived and
understood is shown in Fig. 5 (a.—e.). Such a presentation enabled anticipation of how by a
stepwise approach through the text the goal could be accomplished: application of existing
knowledge of science in real life.
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o VII
v SCIENTIFIC- METHODS
v SCIENTIFIC TECHNOLOGICAL APPLIED TO
CONSEQUENCES EXPLANATION METHOD APPLIED ELIMINATE

THAT PEOPLE
NOTICED

- OF CHANGES - TO FIND OUT THE CONSEQUENCES
9 CAUSE

It happened, what What does Who is to blame, How the consequences
the problem? science say? what’s the cause? can be repaired?

Fig. 4. Structural elements and theses of the continuous text “It Happened,
What’s the Problem?”

Identitying the problem on the basis of given

pieces of information (‘ONSE(I)‘ITEN(‘ES
Perception of the importance of chemistry and THAT PEOPLE
other knowledge to understand the problem 1 CIGTICED

Benefit and ham | Difference between
0 m brought about by | scientific proof ar v
I ECOLOGICAL ATRUE scientific- personal opiniof’ SCIENTIFIC
POLLUTANT] PROBLEM EVENT teclmological attitude EXPLANATION
SUBSTANCE development OF CHANGES

wn

Perception of the importance & . c.

of scientific research Alfernative solutions Iiportance and 1ole,
Perception of interaction between sciences, of science 3
technology and society d.

F . ¢ attitudes and critical VI Lumits of

0_1111_;111011 of attitudes and critica METHODS APPLIED oo al ' VI )
thinking development TO ELIMINATF THE. e hnolods b(m( 3
CONSEQUENCES TECHNOLOGICAL

METHOD APPLIED TO
NEW CHALLENGES FIND OUT THE CAUSE

INPROBLEM SOLVING 4

Fig. 5. Relationship between set-up steps 1-5 in the model, structural elements of the
continuous text (I-VII), and interactions to be perceived through the text (a.—e.).

“It Happened, What'’s the Problem?” — Eutrophication as an example

“Detergent” (keyword), “eutrophication” (ecological problem) and “algal blooming”
(true event — blooming of the sea on the Adriatic coast of Montenegro) were chosen before the
preparation of two continuous texts (documents 1 and 2).

First, students were presented with the ecological problem and the real life event through
document 1, which begins with the headline from a newspaper “SWIMMERS STOP! —
BLOOMING OF THE ADRIATIC SEA IS IN PROGRESS”. The following text describes the
outcome and changes that occurred in the sea from the viewpoint of tourists and swimmers,
and then the eutrophication from the viewpoint of science (increase in biomass concentration,
development of anaerobic conditions, and degradation of biomaterial down to methane,
hydrogen sulfide and ammonia).30-32 The cause of eutrophication was not disclosed in
document 1, rather it was called “a nutrient”. As guidance for the evaluation of the nutrient,
Radfield’s discovery was presented that organic mechanisms (biota) control the movement of
nitrogen and phosphorous in the ocean according to a constant atomic stoichiometry of
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106C:16N:1P.33 The “Experienced formula” of algae (CjosH630110N1¢P) based on their
chemical components was offered as a scientific discovery to solve the cause of eutrophic-
ation.

Document 2 entitled “WITH WHAT DO WE FEED THE SEA?” deals with the history
of detergent and softener use. In the conclusion of the text, it was stated that softeners are
polyphosphates. This text does not indicate the importance of Redfield’s discovery for
determining the cause of eutrophication, but it was left to the students to use pieces of inform-
ation they had read to discover the relationship between eutrophication, “experienced for-
mula” of algae (document 1) and polyphosphate softeners (document 2). A schematic present-
ation of the text for considering eutrophication according to the given model is shown in Fig. 6.

Identifying the problem on the basis of given

teces of mformation v
preces ‘ ...tons of dead
Perception of the importance of chemistry and algae.. bathing
other knowledge to understand the problem { 1 forbidden .. 2
a
washmg . l"r )
I rowerme ) & assoft dirty sea/ v
T il eutrophicatidn anaerobic
DETERGENT EUTROPHI- OF THE as sl P conditions,
CATION ADRIATIC 2004 but. .. o
methane, hydrogen-
sulphide, ammonia
5
Perception of the importance e‘l o " < s
of scientific research ‘Hc_n_'. can phosphaty Who or w 12}t I8
fertilizers be replapced? the cause of the [ 3
Perception of mteraction between science, d roblem?
technology and society o
. 2 VII ance lﬂlﬁfhﬁd }
Formation of attitudes and critical substitution of ount of VI
thinking development polyphosphates 18 esent aff the Algae formula

with zeolites time CrastzssO11eNisP

NEW CHALLENGES
FOR PROBLEM SOLVING 4

Fig. 6. Structural elements of the continuous text about eutrophication.

»

The test with a non-continuous text “A Guide through the Problem’

The questions in the test “A Guide through the Problem” contain extracts either from the
continuous text or from new pieces of information (given in the form of non-continuous text —
graphs, pictures, schemes, tables, efc.) about pollutant substances and changes in the eco-
system. They help perceive the problem from the viewpoint of scientific knowledge, whereby
all capacities are directed to essentially scientific perception of the problem. The form and
sequence of questions are arranged to follow the story of the continuous text and make
students pass through the set-up steps presented in Fig. 1. Questions are classified into six
groups and interrelated with the steps (partial goals) in the model as follows.

First group: Existing student’s knowledge about pollutant substance (start). Questions
refer to general, special and single items of knowledge about the substance, which is a direct
or indirect cause of the occurrence of the ecological problem (“keyword”). Questions help to
connect the chemical structure of a pollutant substance with outcomes that may be caused in
an ecosystem by the substance.
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Second group: Identifying the problem based on pieces of information in the continuous
text “It Happened, What's the Problem?” (step 1, Fig. 1). This group of questions examines
the ability to understand that which has been read, and of collecting, using and interpreting
information items given in the text.

Third group: Application of chemistry and other knowledge to the understanding of the
outcomes and changes in the environment (step 2, Fig. 1). Questions should encourage
identifying and applying those teaching contents of chemistry and/or other scientific
disciplines that are crucial to understand the essence of the described problem, as well as to
interpret scientific arguments and results of scientific and/or technological measurements that
explain causes and consequences of ecological problems.

Fourth group: Understanding steps in scientific research methodology (step 3, Fig. 1).
These questions require assuming a researcher’s role, which involves hypothesis proposal,
suggesting and testing of the method for solving the assumption and drawing a conclusion.

Fifth group: Understanding interactions between science, technology and society in
solving ecological problems (step 4, Fig. 1). The responses provide the possibility to estimate
the extent to which the problem is perceived over political, economic and ethical aspects of
solving, whether limits of science and technology as well as likely risks are perceived.

Sixth group: Questions where statements of student opinions towards ecological prob-
lems, deduction and generalizations are expected (step 5, Fig. 1). The responses should con-
tain an opinion on given or some other situations, on the (un)acceptability of some methods,
and the suggestions of alternative solutions.

Application of the model in the classroom

The Model was used in the upper secondary school “St. Sava School”, Belgrade, Serbia.
The total number of students was 60 (34 boys and 26 girls) from the senior chemistry class
(ages 18—19). Before the application of the model, the students were not familiar with the term
eutrophication. Two steps were involved in the application of the model in the classroom.
First, the students read the continuous test and solved the test with the non-continuous text
within 90 min. Subsequently, the obtained results of the test were analyzed and discussed. The
students were divided in groups with the task to discuss the questions and decide on the
correct answers within their group. After the representatives of each group presented their
results and a general discussion within the whole class was organized and coordinated by the
teacher.

The students’ progress was evaluated by analysis of individual results and combined
results of all (60) students. The success analysis realized for each of (six) question groups
gave a progress report on the level of the students’ chemical/environmental literacy.

RESULTS AND DISCUSSION
Assessment of the model applicability

In the first part of the test, an examination was performed on the chemistry
knowledge of soaps, detergents and softeners (their chemical composition and
action) acquired in regular classes. The achieved results (77.3-92.4 %) showed
that the student had satisfactory knowledge that could help them in the search for
an answer to the question: What substances could be a cause of the occurrence of
eutrophication and why?
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The next group of questions in the test was related to information items
given in the continuous text about eutrophication. A multiple-choice task was
used to check how much of this phenomenon was understood from the inform-
ation read in the text. The achieved result (81.8 % of correct answers) showed a
high understanding of the read text.

The term “nutrients”, mentioned several times in the continuous text, masks
polyphosphate softeners, the real cause of eutrophication. 74.2 % of students
chose polyphosphate softener as nutrients. Incorrect responses (22.7 %) indicated
that a certain number of students did not have a clear understanding of the dif-
ference between changes and outcomes of the described phenomenon (algae and
bacteria, 7.6 and 10.6 %, respectively), potential cause (detergents, 4.5 %) and
real cause (polyphosphate softeners).

One question, with seven statements (given in the form of alternative choice)
required interpretation of scientific facts based on reaction equation, which
describes the generation of algae bioplasm (C19eH2630110N16P) through photo-
synthesis:34

106C02 n 16HNO3 n H3PO4+122H20 Energy and microelements
= C06H2630110N16P+ 1380,

The percentage of correct responses was in the 63.6-84.8 % range. The
cause (small concentration of phosphate, 1 mol H3PO,4) which leads to abrupt
development of algae (biomass increase), i.e., that P is main limiting factor in
control of algal growth in water, was perceived by 84.8 % of the pupils. The
lowest result (63.6 %) was achieved for the question referring to the action of
oxygen on algae decomposition.

Understanding of how science comes to discoveries was tested by four
questions. Responses involved hypothesis formulation, proposal and testing the
Method for solving the assumption and deduction. For the question “What makes
Redfield’s discovery of the algae formula critically important for finding out the
real cause of eutrophication?” a high percentage (81.8 %) of the students deduced
correctly how important the discovery of the elements C, H, N, O and P, neces-
sary for algae formation was for the identification of a substance causing eutro-
phication. After the algae formula had been discovered, scientists perceived the
problem and asked the question, “Why don’t algae reproduce in unpolluted
waters?” This question required the analysis of the offered assumptions and 87.9 %
of the students chose the correct hypothesis. To the question, “After the proposed
assumption, what would you do to find out the real cause of eutrophication?”
70.0 % of the students gave a correct proposal for the choice of method to be
used for hypothesis testing. This figure should be supplemented by 6.1 % of the
students who expanded the correct response by their proposals, such as “test the
role of surplus of those elements in the laboratory, not in clean waters at all”,
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“decrease and increase the phosphorus concentration”, “perform laboratory expe-
riment with algae in the water with and without softeners”. The task: “The results
of an analysis of polluted and unpolluted waters indicated that eutrophication
does not occur in unpolluted waters because...” had good responses (68.8 %).
Final testing of the understanding and application of the concept of eutro-
phication was realized through two tasks. Solving the the first question involved
the listing of other sources of pollution (substances) which may lead to eutro-
phication, apart from detergents (Fig. 7). 51.5 % of students correctly listed
substances that may be potential sources of phosphates (fertilizers and pesticides
applied in agriculture, salts from factories wastewaters). Solving the second
question depended equally on knowledge of chemistry and geography, and
demanded relating them to pieces of information from the text; the solving suc-
cess was slightly lower (45.0 %) in comparison to the first question.

creased oxygen concentration,
ioll of biomaterial down to CH,,
H,S, NH; ...

Fig. 7. Text of the Task 12: There are estimates that rivers annually bring to North Adriatic
about 28,000 tons of phosphorus in phosphate form and a large part (about 90%) is
anthropogenic (man is the cause). Look at Figure above and deduce what substances
can be a potential source of phosphorus in waters?

The final question of the test required actual deduction of why danger of
eutrophication was not entirely eliminated but only alleviated by replacing phos-
phates in washing powders with zeolites or polycarboxylates. That considerable
amounts of phosphates run off with rain from the soil, where phosphate fertilizers
were applied was confirmed by 83.3% of students. A slightly higher percentage
(89.4 %) of students was familiar with the problem of non-filtering or insufficient
filtering of large amounts of municipal wastewaters containing phosphates. A
certain percentage (65.2 %) thought that the amount of phosphates once released
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was permanently present in water due to the indestructibility of phosphates and
the existence of their cycle in nature.

All the obtained results (Fig. 8, average achievement of 70.9+14.3 %)
showed that the application of the model enabled:

— Understanding of an ecological problem, based on the scientific definition
of the term eutrophication given in the continuous text (biological indicators of
eutrophication, elements inducing or limiting eutrophication, their origin in
water, other factors influencing eutrophication).

— Realization that the pollution of our environment may be directly related to
modern life.

— Application of acquired knowledge of chemistry, to observe and under-
stand the cause and effect of eutrophication in our environment and to draw a
scientific conclusion (from a hypothesis to a conclusion).

— Understanding the importance of science and technology discoveries for
solving ecological problems.

Correct answers, %

T T T L T Ty T
1 2 3 4 6 7 8 9 10 11 12 13 14

Number of the question

Fig. 8. Percent of correct answers obtained on the test with the non-continuous text.

Misconceptions that students had (e.g., about the role of some elements in
the eutrophication process) were corrected by the analysis of results obtained on
the test, as was described in the section Application of the Model in the class-
room. Such an approach resulted in an even better success rate of students and in
their self-realization of the results achieved.

All the results indicated that the Model studied fulfilled its goal, that it ins-
pired students to think about the ecological problem described and enabled them
to use and apply their scientific knowledge during the recognition and discussion
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of the problems from real life. It should be noted also that the model contributed
to the rise of student’s environmental literacy (ecological knowledge — know-
ledge and understanding of important concepts in ecology, principles of how the
system works and its interaction with the environment of social systems; cog-
nitive skills: the ability to analyze, synthesize and evaluate information on envi-
ronmental issues).

Questionnaire

In addition, the importance of the quality of applied model was confirmed by
a questionnaire. Some of the questions (Q) and answers (A) ae selected here.

Q: Was the continuous text on eutrophication interesting for you?

A: Very much (61 %), a lot (30 %), a little (8 %), no answer (1 %)

Q: Which characteristics of the text were the most important?

A: Story about real event; chemical explanation on the use of softeners and
the history of washing machines; There is not much chemistry; it is obvious that
science is not perfect; citations.

Q: How much did the questions in the test help you to understand the
essence of the concept of eutrophication?

A: Very much (15 %), a lot (65 %), a little (5 %), not at all (2 %), no
answers (12 %).

CONCLUSIONS

The general goals of environmental education are to deepen knowledge
about environmental problems, to develop cognitive skills for research and to
develop awareness and attitudes towards the environment (i.e., environmental
literacy). These goals are difficult to achieve only during regular class hours of
several teaching subjects. In eco-schools, in which the program was adopted, the
full achievement of the general objectives of environmental education also failed.
These objectives could be attained by way of realistic, active class work oriented
towards problem solving. Therefore, in this paper, a Model suitable for providing
students with tools to identify ecological issues, to use existing knowledge of
natural sciences in the consideration of an ecological problem and to explain phe-
nomena scientifically was developed and applied. The didactic material “It Hap-
pened, What’s the Problem?” made possible new knowledge of science to add to
that existing. The test with non-continuous text “A Guide through the Problem”
and the following discussion enabled the exercise of applying knowledge of
chemistry, giving scientific explanations, generalizations, whereby understanding
of the essence of the studied problem was realized. All the achieved results, over
70 % of correct responses, indicated that such a method of work had been
accepted. With such an approach, environmental education has a chance to
encourage action competence in pupils, which is the basis for the development
different behaviors and attitudes.
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Environmental education in practice is completely in the hands of individual
teachers, its realization depends on how prepared they are to adopt their subjects
to environmental education. The examined model could help the teachers in the
preparation and realization of their classes. Considerations of the ecology con-
tents provide great possibilities for classroom knowledge to become applicable in
real life.
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U3BOJ
L+JECHJIO CE, Y HEMY JE IIPOBJIEM?“ 1 ,BOOWY KPO3 I[TPOBJIEM” — MOJIEJI 3A
PASMATPAIE EKOJIOIKUX IMTPOBJIEMA Y HACTABU XEMUJE

JACMHHKA H. KOPOJIMJA', CHEXXAHA PAJUR’, MUJIEHA TOIIWR' 1 JbYBA M. MAHIIWR'
1Xemujcxu Qaxynited, Ynusep3uttieii y beoipagy, Beoipag u ZFuMHa3uja Cw. Casa, Beoipag

Y uuspy modosplnama CriocodHOCTH MpUMeHe 3Hama U3 XeMHuje (cTeueHux y mocrojehem
cucteMy odpa3oBama) y peasiHOM )XKUBOTY, Pa3BHjeH je Moesl Koju oMoryhaBa pa3maTpame
€KOoJIoLKKX ITpodnema. CacToju ce of KOHTHHYa/IHOT TeKCTa ,Jlecuiio ce, y 4eMy je npodmem?”
U TecTa Ca HEKOHTHHYaJHHM TeKCToM ,Boguu kpo3 mpobnem“, y Kkojuma je pasmaTpaHa
eyrpoduKkauuja. Mojen je NpUMemBEH Ha 4aCOBUMa XEMHje y THMHa3HUju. loOujeny pesynraTu
(cpenmwa BpenHocT 70,9+14,3 %) noxasanu cy #a je mpuMeHa NprUKa3aHor Mojiesia oMoryhuna:
pasyMeBame eKOJIOWKOT mpodiemMa eyTrpoduKkalvje Ha OCHOBY HAayYHHUX ONpeNHHUIlA TOojMa
IaTUX y KOHTHHYUPaHOM TEKCTYy, caryellaBaibe Kako 3araheme KUBOTHE CpeJuHe MoXe DUTH
IOUPEKTHO MOC/IeHLa MOJEepHHU3allje CBaKOAHEBHOT KUBOTa, IPUMEHY CTEUEHUX XEMH]jCKUX
3Hawa 3a carlefaBalkbe U pasyMeBame y3poka U Mociefulla eyTpodHKanuje y >KUBOTHOj
CPeIuHH, U 3a JOJIaXEeHme [0 3aK/byyka MyTeBMMa Kako TO pajd Hayka, Kao U carjefaBambe
3Havyaja HAyYHO-TEXHOJOIIKUX OTKpWha 3a pellaBame eKONoIIKWX rmpodmema. Ocum Tora,
NpUMEHa Mofiena JIONPHUHOCH Pa3BOjy YYEHWYKe MUCMEHOCTH O JKUBOTHOj CpeouHH (exo-
JIOLIKO 3HaWke U KOTHUTHBHE CIIOCOOHOCTH), CTIOCOOHOCTH KPUTHYKOT MUILUbeHA, U 00e3dehyje
Ila 3Hame CTEYEHO Y YUUOHUIY DyZie IPDUMEH/BUBO y PEATHOM JKUBOTY.

(ITpumrbeHo 22. Maja, peBuaupano 11. aBrycra, mpuxsaheno 9. cenremdpa 2015)
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iron(IlT) complex, 1399
iron, 947

isobaric thermal expansivity, 1423
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isotherm, 407
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Italian ryegrass, 1203
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lime, 549
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lipase, 1, 1113

liquid crystals, 673

lithium, 801

Lopare Basin, 827
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luminescence, 1289
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magnetite nanoparticles, 367
magnetometry, 367
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mass spectra, 755

MD — molecular descriptor, 659
mechanistic investigation, 899
mercury electrode, 1035
mercury, 779
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metal clusters, 1217

metal-ion aqueous batteries, 801
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methane emission, 421
methods, 279

methyl methacrylate, 1177
methylation, 9

Methylene Blue, 563

Michael addition, 305
microcalorimetry, 1297
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micro-Raman spectroscopy, 805
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microwave irradiation, 305
microwave, 563
microwave-assisted reaction, 459
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mixed solvent, 695
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1361
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499

molecular form, 159

molecular graph, 1009
molecular sieve, 265
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Monte Carlo method, 659
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multiple linear regression, 187, 421
multivariate statistical analysis, 315
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nanoparticles, 705, 779
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nanostructures, 237
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naphthenic acids, 749

national emission, 421

natural coagulant, 115

natural zeolite, 717, 819
neovascularization, 605
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N-methylimidazole, 459

NMR, 137, 755
non-conventional fuel, 377
nucleophilic substitution, 731
nuts, 21

O-alkylation, 459

Odoiporus longicollis, 465

oily sludge, 1553

olive oil, 1

one-pot, 1361

one-pot reaction, 453

one-pot synthesis, 1265

OPBE, 1399

organic matter, 5757

organic modifier, 529
organotin chloride, 755
organotin(IV) complexes, 755
orientation imaging microscopy, 107
oxapropane, 45

oxetane ring, 1273
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oxidative transformation, 1411
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oxLDL, 143
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partial atomic charges, 329
partial least square, 343
particle, 549
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peroxides, 1339
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p-phenyldiamine, 1161
pre-concentration, 1311

production, 279

propane to oxygen ratio, 355
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pyrazole-based ligand, 867
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radical, 877

Raman spectroscopy, 63
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reactivity indices, 1139
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repellent activity, 465
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RSK inhibitors, 187
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SDS resistance, 613
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supercooled liquid, 499
superparamagnetic catalyst, 971
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theoretical study, 53, 1035
thermal analysis, 485, 1391
thermal inactivation, 613
thermodynamic, 509, 933
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total enrichment factor, 827
total fibre, 21
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toxicity, 627
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trans-influence, 329
transition metal complex, 867
transition metal, 1297
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validation study, 1399
valproic acid, 627

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCS. All rights reserved.



VOLUME 80: SUBJECT INDEX

van der Waals molecular surface, 659 wide band gap, 1411
vanadia loading, 355 Wiener index, 1009
vapour pressure, 499, 659 X-ray diffraction, 45, 197, 367, 1481
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vibronic coupling, 877 zeolite, 1203
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water supply, 947 zofenopril, 485
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