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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Short communications (about 5 pages) report unpublished preliminary results of sufficient importance to merit 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Notes (about 3 pages) report unpublished results of short, but complete, original research.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). Illustrations 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 instructions please visit the JSCS website: 
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 

http://www.shd.org.rs/JSCS/JSCS-instruction.HTM


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,  / 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. Surname1, C. D. Surname2, J. Serb. Chem. Soc. Vol. (Year) first page Number 

Books: 2. A. B. Surname1, C. D. Surname2, Name of Book, Publisher, City, Year, p. 100 

Compilations: 3. A. B. Surname1, C. D. Surname2, in: Name of Compilation, A. B. Editor1, C. D. Editor2, Ed(s)., 
Publisher, City, Year, p. 100 

Proceedings: 4. A. B. Surname1, 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. Inventor1, C. D. Inventor2, (Holder), Country Code and patent number (registration year) 

Chemical  
Abstracts: 

6. A. B. Surname1, C. D. Surname2, Chem. Abstr. CA 234 567a 
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:  

ж→zh,  ҳ→kh,  ц→ts,  ч→ch,  ш→sh,  щ→shch,  ы→y,  ю→yu,  я→ya,  э→e,  й→i,  ь→’. 

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 × 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 C30H23N3O5: C, 71.27; H 4.58; N, 8.31. Found: C, 
71.30, H, 4.54, N, 8.70. IR (KBr, cm-1): 1535, 1469 (C=C– stretching of aromatic ring), 1680s (–C=O stretching of -
COOH group), 3128 (–NH stretching of secondary amine). 1H-NMR (200 MHz, DMSO-d6, δ / ppm): 1.38 (3H, t, J = 
7.2 Hz, –CH2–CH3), 4.15 (2H, q, J = 7.2 Hz, –CH2–CH3), 10.92 (1H, s, –NH, D2O exchangeable), 7.75 (2H, t, J = 7.8 
Hz, aromatic), 2.26–2.75 (2H, m, –CH2). 

13C-NMR (100 MHz, CDCl3, δ / ppm): 157.76 (C1), 146.89 (C2), 177.69 (–
COO), 33.44 (–CH), 38.55 (–CH2). MS (m/z, (relative abundance, %)): 252 (M+, 32.5) 225, 213, 211 (BP, 100). UV–
Vis (EtOH) (λmax / nm, eV or cm-1 (ε / L mol-1 cm-1)): 205 (2300), 243 (1800). Optical rotation values, α (589 nm, 20 
C, 10 g dm-3 in H2O, 10 cm): +66.470. Specific rotation [α]20

589 / deg dm-1 g-1 cm3. Magnetic moment, μeff / μB: 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 (FIZ) 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. 
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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, 1H-NMR and 13C-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.  
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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.1,2 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.4–13 

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.4 

Dibenzo[a,d][7]annulene derivatives exhibit antidiabetic,5 antiparasitic,6 
metalloprotease inhibitory7 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.11 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 %.11 

1,2,4-Triazole derivatives are known to show biological properties including 
antimicrobial,14–19 anticancer,20 anti-inflammatory,21,22 anticonvulsant,23 anti-
viral,24,25 antitubercular,25 hypolipidemic,26 antioxidant activities27,28 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,36 cytostatic,37 anticonvulsant,38 
antiviral39 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 5H-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 (2.5×10-5 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 1H- and 75 MHz for 13C-NMR, using DMSO-d6 as solvent for the 
hydrazinecarbothioamides and CDCl3 for the 1,2,4-triazole compounds. Chemical shifts (δ in 
ppm) were assigned according to the internal standard signal of tetramethylsilane in DMSO-d6 
(δ = 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-dibenzo[a,d][7]annulen-5-yla-
cetyl)-hydrazinecarbothioamides (6–9) 

A mixture of 2-(5H-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 6–12 
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 (6–9, 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 CHCl3:petroleum ether (1:2, V:V, 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 (1mmol 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 (1 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 μg mL-1. 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).43,44 

All 96 wells of the microplate were filled in with 100 μL of Müller–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 
Műller–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 (BioMérieux, 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 μL of Müller– 
–Hinton broth with compound was inoculated within 15 min with 100 μL of the bacterial 
inoculum, including the growth control wells, but not the sterility control wells that were filled 
with 200 μL of compound-free Müller–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 μL 
of Sabouraud broth with compound was inoculated with 100 μl yeast inoculum within 15 min, 
including the growth control wells, but not the sterility control wells, which were filled only 
with 200 μL compound-free Sabouraud broth. After performing the inoculum controls from 
the growth control wells, the microplates were incubated at 37 °C for 24 h.48-50 

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.42,43,46 

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, 1H-NMR and 

13C-NMR spectroscopy. The analytical and spectral data of the new compounds 
are given in the Supplementary material to this paper.  

_________________________________________________________________________________________________________________________

(CC) 2015 SCS. All rights reserved.

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



 NEW HYDRAZINECARBOTHIOAMIDES AND 1,2,4-TRIAZOLES 1465 

Infrared spectra of new hydrazinecarbothioamides 6–9 showed a new band 
at 1249–1258 cm–1 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=O and N–H stretching bands were pre-
sent at 1673–1699 and 3141–3359 cm–1, 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 1H-NMR spectra.42 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 CH2-12′ 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 δ = 4.62–4.65 
ppm (triplet) and H-5′(ax) appeared at δ 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 δ domain 
(123–140 ppm) with C-10′ and C-11′ easily recognizable at δ 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 δ ≈ 181 ppm.  

Cyclization of 6–9 to 10–13 was proved by the IR spectra that showed the 
disappearance of the νC=O band. It appears that in KBr pellets, the 1,2,4-triazole- 
-3-thiols 10–13 exist in their thionic tautomeric form.41 

 
Scheme 1. Synthetic route to the title compounds. 
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The presence of a single conformational isomer (the axial one) of the tri-
azoles 10–13 was confirmed by their 1H-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 δ 4.35–4.45 ppm (triplet, J = 7.9 Hz) and the CH2-12′ 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 δ 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 6–9 to the triazoles 10–13 was also 
confirmed by the 13C-NMR spectra. A new quaternary carbon signal (for C-3) 
appeared at δ 166.57–167.97 ppm (Scheme S-2 of the Supplementary material) 
simultaneously with the disappearance of the C=S signal of 6–9 (δ = 181 ppm). 
Furthermore, a new signal for C-5 of 10–13 appeared at δ ≈ 155.5 ppm, instead 
of the C=O signal from 6–9 at δ 169–170 ppm. 

A new band in 2929–2983 cm−1 region, due to presence of methyl group 
(νCH3) in 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 
13C-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 δ 151.28– 
–151.54 ppm, respectively. 

1H-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 (μg mL–1) for the new compounds against the strains are 
presented in Table I. 

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 μg mL–1 for all 
tested strains and the MIC value of fluconazole was 2 μg mL–1 for the reference 
strain. 

TABLE I. In vitro antimicrobial activity of compounds 6–17 as MIC values (μg mL-1) 

Compd. 

Bacterial strains Yeast 

S. 
aureus 

P. 
aeruginosa 

E. 
coli 

B. 
subtilis

S. enterica subsp. 
enterica serovar 
Typhimurium 

S. 
flexneri 

C. 
albicans 

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 μg mL–1 for the hydrazinecarbothoamides 6–9, 64–1024 μg 
mL–1 for the 1,2,4-triazole-3-thiols 10–13 and 128–512 μg mL–1 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 μg mL–1). 1,2,4-Triazole-3-thiol 13 with a 
4-(2-phenylethyl) fragment presented the strongest action against P. aeruginosa 
(MIC 64 μg 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 6–9 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 5H-dibenzo[a,d]annulene moiety were 
presented. The structures of new compounds were confirmed by spectral data 
(IR, UV, 1H-NMR and 13C-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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Синтетисана је серија деривата хидразинкарботиоамида 6–9 који садрже 5H-дибен-
зо[a,d][7]ануленски део. Циклизацијa деривата 6–9 у раствору NaOH даје одговарајуће 
аксијалне изомере 4H-1,2,4-триазол-3-тиола 10–13. Тиоетри 14–17 су добијени алкило-
вањем деривата 10–13 јодметаном. Сва нова једињења окарактерисана су елементалном 
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анализом, IR, UV, 1H-NMR и 13C-NMR спектроскопијом. Извршено је испитивање анти-
микробне активности према 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 и Candida 

albicans ATCC 90028. 

(Примљено 27. фебруара, ревидирано 15. маја, прихваћено 18. маја 2015) 
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PHYSICAL, ANALYTICAL AND SPECTRAL DATA FOR THE SYNTHESIZED 
COMPOUNDS 

Scheme S-1. Atom numbering of the general structure for 
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 
C24H20ClN3OS (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 (CH2 stretching), 1682 (C=O stretching), 
1605, 1595, 1522, 1492, 1253 (C=S stretching), 765 (C–Cl); 1H-NMR (300 
MHz, DMSO-d6, δ / 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, t, J = 7.1 Hz, H5′) axial isomer, 
3.76 (1H, t, 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-d6, δ / ppm): 180.78 (C=S), 170.08 
(C=O), 140.05 (2Cq), 139.55 (Cq), 138.87 (Cq), 137.99 (Cq), 133.76 (Cq), 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 (CH3OH, 2.5×10–5 M, λmax / nm (log (ε / L·mol–1·cm–1))): 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 
C24H20BrN3OS (FW: 478.40): C, 60.25; H, 4.21; N, 8.78 %. Found: C, 60.26; H, 
4.22; 8.78 %; IR (KBr, cm−1): 3342, 3340, 3141 (N–H stretching), 3052, 3019 
(C–H stretching of aromatic ring), 2970, 2873 (CH2 stretching), 1673 (C=O 
stretching), 1586, 1531, 1488, 1257 (C=S stretching), 621 (C–Br); 1H-NMR (300 
MHz, DMSO-d6, δ / 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, t, J = 7.3 Hz, H5′) axial isomer, 3.80 (2H, d, J = 7.1 Hz, H12′) 
equatorial isomer, 3.75 (1H, t, J = 7.3 Hz, H5′) equatorial isomer, 2.61 (2H, d, 
J=7.1 Hz, H12′) axial isomer; 13C-NMR (75 MHz, DMSO-d6, δ / ppm): 180.73 
(C=S), 170.03 (C=O), 140.05 (Cq), 139.55 (Cq), 138.43 (Cq), 133.74 (Cq), 
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, 2.5×10–5 M, λmax / nm 
(log (ε / L·mol–1·cm–1))): 204.4 (4.35), 226.4 (4.20), 281.9 (4.20). 

2-(5H-Dibenzo[a,d][7]annulen-5-ylacetyl)-N-(4-iodophenyl)hydrazinecar-
bothioamide (8). Yield: 69.5 %; m.p.: 194–195 °C; Anal. Calcd. for 
C24H20IN3OS (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−1): 3339, 3304, 3141 (N–H stretching), 3051, 3015 
(C–H stretching of aromatic ring), 2969, 2874 (CH2 stretching), 1674 (C=O 
stretching), 1582, 1530, 1510, 1486, 1258 (C=S stretching); 516 (C–I); 1H-NMR 
(300 MHz, DMSO-d6, δ / 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′, 
H11′), 4.65 (1H, t, J = 7.3 Hz, H5′) axial isomer, 3.75 (1H, t, J = 7.3 Hz, H5′) 
equatorial isomer, 2.60 (2H, d, J = 7.3 Hz, H12′); 13C-NMR (75 MHz, DMSO- 
-d6, δ / ppm): 180.75 (C=S), 170.11 (C=O), 140.05 (Cq), 139.54 (Cq), 138.43 
(Cq), 136.77 (Cq) 134.86 (Cq), 133.74 (Cq), 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–I), 49.59 (C5′), 34.60 (C12′); UV–Vis (CH3OH, 2.5×10–5 M, λmax / nm (log 
(ε / L·mol–1·cm–1))): 207.0 (4.54), 223.8 (4.46), 283.7 (4.30). 

2-(5H-Dibenzo[a,d][7]annulen-5-ylacetyl)-N-(2-phenylethyl)hydrazinecar-
bothioamide (9). Yield: 74.6 %; m.p.: 183–185 °C; Anal. Calcd. for 
C26H25N3OS (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−1): 3359, 3304, 3232 (N–H stretching), 3062, 3023 
(C–H stretching of aromatic ring), 2969, 2862 (CH2 stretching), 1699 (C=O 
stretching), 1562, 1542, 1493, 1249 (C=S stretching); 1H-NMR (300 MHz, 
DMSO-d6, δ / 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, t, J = 7.1 Hz, H5′) 
axial isomer, 3.74 (1H, t, J = 7.1 Hz, H5′) equatorial isomer, 3.53 (2H, m, 
NH–CH2), 2.72 (2H, t, J = 8.2 Hz, CH2–C6H5), 2.55 (2H, d, J = 7.1 Hz, H12′); 
13C-NMR (75 MHz, DMSO-d6, δ / ppm): 181.16 (C=S), 170.03 (C=O), 140.25 
(Cq) equatorial isomer, 139.85 (Cq), 139.47 (Cq), 139.10 (Cq), 133.75 (Cq), 
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 (CH2–NH), 34.84 (CH2–C6H5), 34.43 (C12′); UV–Vis (CH3OH, 
2.5×10–5 M, λmax / nm (log (ε / L·mol–1·cm–1))): 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 
C24H18ClN3S (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–1): 3383 (N–H stretching), 3066, 3020 (C–H 
stretching of aromatic ring), 2929, 2845 (CH2 stretching), 1566, 1495, 1458, 
1231 (C=S stretching), 768 (C–Cl); 1H-NMR (300 MHz, CDCl3, δ / 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, t, 
J = 7.9 Hz, H5′), 2.98 (2H, d, J = 7.9 Hz, H12′); 13C-NMR (75 MHz, CDCl3, 
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δ / ppm): 167.97 (triazole-C3), 151.54 (triazole-C5), 138.48 (2Cq), 136.02 (Cq), 
133.91 (Cq), 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 (CH3OH, 2.5×10–5 
M, λmax / nm (log (ε / L·mol–1·cm–1))): 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 C24H18BrN3S 
(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 (CH2 stretching), 1561, 1491, 1435, 1231 (C=S 
stretching), 570 (C–Br); 1H-NMR (300 MHz, CDCl3, δ / 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, t, J = 7.9 
Hz, H5′), 2.98 (2H, d, J = 7.9 Hz, H12′); 13C-NMR (75 MHz, CDCl3, δ / ppm): 
168.00 (triazole-C3), 151.51 (triazole-C5), 138.47 (Cq), 133.91 (Cq), 132.06 
(Cq), 130.78 (C10′, C11′), 130.15 (CH), 129.81 (CH), 129.56 (CH), 129.28 
(CH), 124.11 (C–Cl), 53.21 (C5′), 26.13 (C12′); UV–Vis (CH3OH, 2.5×10–5 M, 
λmax / nm (log (ε / L·mol–1·cm–1))): 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 
C24H18IN3S (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–1): 3371 (N–H stretching), 3062, 3019 (C–H 
stretching of aromatic ring), 2928, 2840 (CH2 stretching), 1578, 1563, 1491, 
1459, 1228 (C=S stretching), 571 (C–I); 1H-NMR (300 MHz, CDCl3, δ / 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, t, J = 7.9 Hz, H5′), 2.93 (2H, d, J = 7.9 Hz, H12′); 13C-NMR (75 MHz, 
CDCl3, δ / ppm): 168.08 (triazole-C3), 151.50 (triazole-C5), 133.92 (Cq), 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 
(CH3OH, 2.5×10–5 M, λmax / nm (log (ε / L·mol–1·cm–1))): 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 C26H23N3S 
(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–1): 3401 (N–H stretching), 3064, 3025 (C–H stretching of 
aromatic ring), 2945, 2861 (CH2 stretching), 1566, 1493, 1454, 1277 (C=S 
stretching); 1H-NMR (300 MHz, CDCl3, δ / 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′), 4.45 (1H, t, J = 7.5 Hz, H5′), 3.73 (2H, t, J = 7.0 Hz, CH2–N4– 
–triazole), 2.80 (2H, t, J = 7.0 Hz, CH2-phenyl), 2.67 (2H, d, J = 7.5 Hz, H12′); 
13C-NMR (75 MHz, CDCl3, δ / ppm): 166.57 (triazole-C3), 151.70 (triazole-C5), 
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138.48 (Cq), 137.80 (Cq), 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 (CH2–
–N4-triazole), 34.12 (CH2--phenyl), 26.13 (C12′); UV–Vis (CH3OH, 2.5×10–5 
M, λmax / nm (log (ε / L·mol–1·cm–1))): 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 
C25H20ClN3S (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−1): 3056, 3017 (aromatic C–H), 2983, 2928 (CH2 
+ CH3 stretching), 1493, 1448, 1432, 768 (C–Cl), 727 (C–S–C); 1H-NMR (300 
MHz, CDCl3, δ / 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, t, J = 7.9 Hz, H5′), 3.09 (2H, d, J = 7.9 Hz, H12′), 2.57 (3H, s, CH3–S); 
13C-NMR (75 MHz, CDCl3, δ / ppm): 154.94 (triazole-C3), 151.43 (triazole-C5), 
139.32 (Cq), 135.80 (Cq), 133.97 (Cq), 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 (CH3OH, 2.5×10–5 M, λmax / nm (log (ε / L 
mol–1·cm–1))): 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 C25H20BrN3S (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−1): 3041, 3015 (aromatic C–H), 2970, 2926, 
2854 (CH2 + CH3 stretching), 1509, 1489, 1455, 768 (C–S–C), 563 (C–Br); 1H- 
-NMR (300 MHz, CDCl3, δ / 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, t, 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); 13C-NMR (75 
MHz, CDCl3, δ / ppm): 155.11 (triazole-C3), 154.54 (triazole-C5), 139.22 (Cq), 
136.73 (Cq), 133.89 (Cq), 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 (Cq), 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 (CH3OH, 2.5×10–5 M, λmax / nm (log (ε / L·mol–1·cm–1))): 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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C25H20IN3S (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−1): 3058, 3016 (aromatic C–H), 2927, 2852 (CH2 
+ CH3 stretching), 1489, 1447, 1431, 768 (C–S–C), 564 (C–I); 1H-NMR (300 
MHz, CDCl3, δ / 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, t, 
J = 7.7 Hz, H5′), 3.06 (2H, d, J = 7.7 Hz, H12′), 2.57 (3H, s, CH3–S); 13C-NMR 
(75 MHz, CDCl3, δ / ppm): 154.82 (triazole-C3), 151.28 (triazole-C5), 139.21 
(Cq), 138.85 (Cq), 133.90 (Cq), 132.50 (Cq), 130.69 (C10′, C11′), 129.24 (CH), 
129.11 (CH), 128.96 (CH), 126.90 (CH); 95.24 (C–I), 54.21 (C5′), 25.18 (C12′), 
14.79 (CH3–S); UV–Vis (CH3OH, 2.5×10–5 M, λmax / nm (log (ε / L·mol–1 
cm–1))): 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-phenyl-
ethyl)-4H-1,2,4-triazole (17). Yield: 67.6 %; m.p.: 100–102 °C; Anal. Calcd. for 
C27H25N3S (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−1): 3061, 3021 (aromatic C–H), 2929, 2854 (CH2 
& CH3 stretching), 1515, 1495, 1466, 768 (C–S–C); 1H-NMR (300 MHz, 
CDCl3, δ / 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, t, J = 7.7 Hz, H5′), 3.36 
(2H, t, J = 7.4 Hz, CH2–N4-triazole), 2.80 (2H, d, J = 7.7 Hz, C12′), 2.50 (2H, t, 
J = 7.4 Hz CH2–C6H5), 2.48 (3H, s, S–CH3); 13C-NMR (75 MHz, CDCl3, 
δ / ppm): 154.58 (triazole-C3), 150.34 (triazole-C5), 139.60 (Cq), 136.77 (Cq), 
133.92 (Cq), 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 (CH2–N4-triazole), 
36.02 (CH2–C6H5), 25.82 (C12′), 15.62 (CH3–S); UV–Vis (CH3OH, 2.5×10–5 
M, λmax / nm (log (ε / L·mol–1·cm–1))): 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 1H- and 13C-NMR 
spectra of these compounds showed the presence of peaks due to thiosemi-
carbazides, carbonyl (C=O), 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.1,2 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.4 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.7–15 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.16 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 ring17,18 and the antituber-
cular and antibacterial activities of the resulting compounds were studied against 
selected gram positive and negative bacteria. 

 
Fig. 1. Hybrid approach design of 1-[3-benzyl-4-oxo-3,4-dihydroquinazolin-2-yl]-4- 

-[substituted] thiosemicarbazide analogues. 

_________________________________________________________________________________________________________________________

(CC) 2015 SCS. All rights reserved.

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



 SYNTHESIS AND ANTIMICROBIAL ACTIVITIES OF QUINAZOLINYL THIOSEMICARBAZIDE DERIVATIVES 1473 

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 
1H-spectra were recorded on a DPX-300 MHz Bruker FT-NMR spectrometer (Bruker, USA). 
The chemical shifts are reported as parts per million (δ / 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. Iodine 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-1H-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 (5) 

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.19-21 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.10,11 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.22,23 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 H37RV were prepared from fresh Middlebrook 7H11 agar slants 
with OADC Growth Supplement adjusted to 1 mg mL-1 in Tween 80 (0.05 %, w/V) saline 
diluted to 10-2 to give a concentrate of approximately 107 CFU mL-1. A 5 µL 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 H37RV. 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.24-26 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.27  

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)-3H-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-oxo-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, NH2 of the starting material in IR and 1H-NMR spectra 
of all the compounds AS1–AS10. The IR and 1H-NMR spectra of these com-
pounds showed the presence of peaks due to thiosemicarbazides, carbonyl 
(C=O), 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 H37RV. The results are expressed in  
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Scheme 1. Synthesis of 1-(4-oxo-3-phenyl-3,4-dihydroquinazolin-2-yl)-4-(substituted) 
thiosemicarbazides. Reagents and conditions: a) CS2, NaOH, DMSO, 30 min; b) dimethyl 

sulphate, 2 h; c) methyl anthranilate, anhydrous K2CO3, EtOH reflux, 22 h; the product is 3a; 
d) 2 % alcoholic NaOH, dimethyl suphate, 1 h; e) hydrazine hydrate, anhydrous K2CO3, 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-oxo-3,5-dihydroquinazolin-2-yl)-4-(4-nitrophenyl)hydrazinecarbothioamide 
(AS9) exhibited antitubercular activity at the minimum microgram concentration 
(3 µg mL–1). 

TABLE I. Antitubercular and antibacterial activity of the synthesized compounds AS1–AS10; 
(MIC in µg mL-1); na – no activity 

Microorganism Test Compound Standarda 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-
var Typhimurium 

66 63 63 63 63 125 63 8 8 16 4 

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 na na na na na na na na 
aGatifloxacin 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 –Cl and –NO2 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 µg mL–1) 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.  
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И З В О Д  
СИНТЕЗА И АНТИМИКРОБНА АКТИВНОСТ 1-(3-БЕНЗИЛ-4-ОКСО-3,4- 

-ДИХИДРОКИНАЗОЛИН-2-ИЛ)-4-СУПСТИТУИСАНИХ ДЕРИВАТА 
ТИОСЕМИКАРБАЗИДА 

VEERACHAMY ALAGARSAMY1, VISWAS RAJA SOLOMON1, G. KRISHNAMOORTHY2, M. T. SULTHANA1 

и B. NARENDAR1 

1
Medicinal Chemistry Research Laboratory, MNR College of Pharmacy, Sangareddy, Gr. Hyderabad -502 

294, India и 
2
Department of Pharmaceutical Chemistry, Periyar College of Pharmaceutical sciences for Girls, 

Trichy – 620 021, India 

Синтетисана је серија 1-(3-бензил-4-оксо-3,4-дихидрокиназолин-2-ил)-4-супсти-
туисаних деривата тиосемикарбазида (AS1–AS10), реакцијом 3-бензил-2-хидразино-3H- 
-хиназолин-4-oна (6) и различитих деривата метил-естара дитиокарбаминске киселине. 
Главни интермедијер 3-бензил-2-тиоксо-2,3-дихидро-1H-хиназолин-4-oн (4) добијен је 
после секвенције у којој је реакцијом бензиламина (1) са угљен-дисулфидом и натријум- 
-хидроксидом у диметил-сулфоксиду добијен дитиокарбамат, који је метилован диме-
тил-сулфатом при чему је добијен метил-естар дитиокарбаминске киселине 2 и који је 
кондензацијом са метил-антранилатом (3) у етанолу дао жељени производ 4 преко 
тиоуреидног интермедијера. Тиол-група у једињењу 4 метилована је да би била извр-
шена нуклеофилна замена помоћу хидразин хидрата, чиме је добијен 3-бензил-2-
хидразинохиназолин-4-oн (6). IR, 1H- и 13C-NMR спектри једињења показују присуство 
сигнала тиосемикарбазидних, карбонилних (C=O), NH и арил-група. У свим масеним 
спектрима деривата AS1–AS10 присутан је сигнал хиназолин-4-он јона (m/z 144). Еле-
ментална анализа (C, H, N) је показала добру чистоћу једињења. Испитана је анти-
микробна активност свих синтетисаних једињења према одабраним грам-позитивним и 
грам-негативним бактеријама. Деривати AS8 и AS9 показују најбоље активности у овој 
серији испитаних једињења. 

(Примљено 3. јануара, ревидирано 11. маја, прихваћено 10. јуна 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 C15H12N2OS: 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=O), 
1208 (C=S); 1H-NMR (300 MHz, CDCl3, δ / ppm): 4.65 (2H, s, CH2), 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, δ / 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 C16H14N2OS: C, 68.06; H, 5.00; N, 9.92 %. Found: 
C, 68.03; H, 5.01; N, 9.96 %; IR (KBr, cm–1): 1681 (C=O), 1616 (C=C); 
1H-NMR (300 MHz, CDCl3, δ / ppm): 2.02 (3H, s, SCH3), 4.35 (2H, s, CH2), 
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, CDCl3, δ / 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 C15H14N4O: C, 67.65; H, 5.30; N, 21.04 %. Found: C, 
67.69; H, 5.32; N, 21.09 %; IR (KBr, cm–1): 3383, 3295 (NHNH2), 1677 (C=O); 
1H-NMR (300 MHz. CDCl3, δ / ppm): 4.45 (2H, s, CH2), 4.65 (2H, s, NH2), 
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, δ / ppm): 39.89, 120.35, 
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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).1 Yield: 76 %; m.p.: 215–218 °C; Anal. Calcd. for 
C22H25N5OS: C, 64.84; H, 6.18; N, 17.18. Found: C, 64.81; H, 6.20; N, 17.22 
%; IR (KBr, cm–1): 3247 (NH), 3265 (NH), 3212 (NH), 1616 (C=O), 1600 
(C=N), 1220 (C=S); 1H-NMR (300 Hz, CDCl3, δ / ppm): 1.42–1.69 (6H, m, 
CH2), 1.78 (2H, s, CH2), 1.82 (2H, s, CH2), 2.99 (1H, s, CH), 4.72 (2H, s, CH2), 
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, δ / 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 (AS2).2 Yield: 72 %; m.p.: 231–233 °C; Anal. Calcd. for C23H21N5OS: 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=O), 1620 (C=N), 1215 (C=S); 
1H-NMR (300 MHz, CDCl3, δ / ppm): 1.31 (2H, s, CH2), 4.31 (2H, s, CH2), 
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, 
δ / 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 (AS3).1 Yield: 72 %; m.p.: 150–153 °C; Anal. Calcd. for 
C22H19N5OS: C, 65.81; H, 4.77; N, 17.44 %. Found: C, 65.78; H, 4.69; N, 17.39 
%; IR (KBr, cm–1): 3389 (NH), 3360 (NH), 3280 (NH), 1675 (C=O), 1600 
(C=N), 1168 (C=S); 1H-NMR (300 MHz, CDCl3, δ / ppm): 4.19 (2H, s, CH2), 
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, CDCl3, δ 
/ 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 
C23H21N5OS: 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–1): 3323 (NH), 3305 (NH), 3274 (NH), 1604 (C=O), 1610 
(C=N), 1243 (C=S); 1H-NMR (300 MHz, CDCl3, δ / ppm): 2.42 (3H, s, CH3), 
4.71 (2H, s, CH2), 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, δ / 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.: 260–263 °C; Anal. Calcd. for 
C23H21N5OS: C, 66.48; H, 5.09; N, 16.85 %. Found: C, 66.50; H, 5.12; N, 16.87 
%; IR (KBr, cm–1): 3340 (NH), 3288 (NH), 3259 (NH), 1612 (C=O), 1174 
(C=N), 1255 (C=S); 1H-NMR (CDCl3, δ / ppm): 2.56 (3H, s, CH3), 4.78 (2H, s, 
CH2), 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 = 7.5 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, δ / 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).1 Yield: 70 %; m.p.: 205–208 °C; Anal. Calcd. for 
C23H21N5O2S: C, 64.02; H, 4.91; N, 16.23 %. Found: C, 64.01; H, 4.88; N, 
16.32 %; IR (KBr, cm–1): 3353 (NH), 3321 (NH), 3274 (NH), 1640 (C=O), 1621 
(C=N), 1286 (OCH3), 1243 (C=S); 1H-NMR (300 MHz, CDCl3, δ / ppm): 2.31 
(3H, s, OCH3), 5.23 (2H, s, CH2), 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 = 7.5 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, δ / 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 
C23H21N5O2S: C, 64.02; H, 4.91; N, 16.23 %. Found: C, 64.05; H, 4.92; N, 
16.26 %; IR (KBr, cm–1): 3310 (NH), 3300 (NH), 3260 (NH), 1682 (C=O), 1608 
(C=N), 1290 (OCH3), 1212 (C=S); 1H-NMR (300 MHz, CDCl3, δ / ppm): 3.92 
(3H, s, OCH3), 4.15 (2H, s, CH2), 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 = 7.5 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 =  

_________________________________________________________________________________________________________________________

(CC) 2015 SCS. All rights reserved.

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



 SUPPLEMENTARY MATERIAL S379 

 

= 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, δ / 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 
C22H18ClN5OS: 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=O), 1620 
(C=N), 1210 (C=S); 1H-NMR (300 MHz, CDCl3, δ / ppm): 4.36 (2H, s, CH2), 
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, δ / 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 
C22H18N6O3S: 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=O), 1615 
(C=N), 1222 (C=S); 1H-NMR (300 MHz. CDCl3, δ / ppm): 4.22 (2H, s, CH2), 
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), 7.91 (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 δ 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 
C21H18N6OS: C, 62.53; H, 4.45; N, 21.03 %. Found: C, 62.56; H, 4.46; N, 21.05 
%; IR (KBr, cm–1): 3350 (NH), 3323 (NH), 3242 (NH), 1691 (C=O), 1615 
(C=N), 1210 (C=S); 1H-NMR (CDCl3, δ / ppm): 4.12 (2H, s, CH2), 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 δ / 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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SHORT COMMUNICATION 
Synthesis, crystal structure and local anti-inflammatory activity 

of the L-phenylalanine methyl ester derivative of 
dexamethasone-derived cortienic acid 

VLADIMIR DOBRIČIĆ1*, BOJANA M. FRANCUSKI2, VESNA JAĆEVIĆ3, MARKO V. 
RODIĆ4#, SOTE VLADIMIROV1#, OLIVERA ČUDINA1 and DJORDJE FRANCUSKI5 

1University of Belgrade – Faculty of Pharmacy, Vojvode Stepe 450, 11000 Belgrade, Serbia, 
2Vinča Institute of Nuclear Sciences, Laboratory of Theoretical Physics and Condensed 

Matter Physics, University of Belgrade, P. O. Box 522, 11001 Belgrade, Serbia, 3National 
Poison Control Centre, Medical Faculty, Military Medical Academy, University of Defense, 
Crnotravska 17, 11000 Belgrade, Serbia, 4Faculty of Sciences, University of Novi Sad, Trg 
D. Obradovića 3, 21000 Novi Sad, Serbia and 5Institute of Molecular Genetics and Genetic 

Engineering, University of Belgrade, Vojvode Stepe 444a, P. O. Box 23, 
11010 Belgrade, Serbia 

(Received 5 May, revised 6 July, accepted 4 August 2015) 

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 P212121 and cell constants a = 8.2969(3) Å, b = 18.9358(8) 
Å, c = 20.0904(6) Å, V = 3156.4(2) Å3 and Z = 4. Ring A of the steroid nucleus 
and phenyl ring in the 17β-side 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: 17β-carboxamide steroids; X-ray diffraction; biological activity; ear 
oedema test. 

                                                                                                                    

* Corresponding author. E-mail: vladimir@pharmacy.bg.ac.rs 
# Serbian Chemical Society member. 
doi: 10.2298/JSC150505067D 

_________________________________________________________________________________________________________________________

(CC) 2015 SCS. All rights reserved.

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



1482 DOBRIČIĆ et al. 

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).1–3 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  
7β-carboxamide steroids were synthesized and tested for glucocorticoid activity. 
Some of these compounds showed significant glucocorticoid activity (inhibition 
of phytohaemagglutinin-induced blastogenesis of lymphocytes).5–7 However, 
their metabolic properties and toxicity have not been tested so far. 

A novel class of 17β-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 17β 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.9,10 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 
(Šabac, 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 1H- 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.9  

DF was synthesized from CD and L-phenylalanine methyl ester hydrochloride by use of 
DCC, HOBt and TEA according to a reported procedure,8 which was a modification of a 
previously published method.11 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 μL, 
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-9712 and 
refined by SHELXL-97.13 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 Å for 
aromatic C atoms, 0.97 Å for secondary C–H2 groups, 0.98 Å for tertiary C–H groups and 
0.96 Å for methyl C–H3 groups. Their Uiso(H) values are equal to 1.2Ueq of the corresponding 
C atom, except for the methyl groups where the Uiso(H) values were set to 1.5Ueq(C). In the 
absence of significant anomalous scattering, the absolute configuration could not be reliably 
determined and any reference to the Flack parameter14 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 PLATON15 revealed a total void volume of 280 Å3 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,16-19 following the procedure described elsewhere.8 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 µg mL-1), five solutions of DF (1.15, 
2.29, 4.58, 9.17 and 13.75 µM) and five solutions of dexamethasone (9.17, 13.75, 27.50, 
36.70 and 45.80 µM) 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.9 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 %). 

 
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 P212121. 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) Å from the best plane of 
the other four C atoms of the D ring (Q(2) = 0.5038(17) Å, φ(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 θ = 0° for an ideal 
chair. The values of θ are 10.16(18) and 9.26(18)° for rings B and C, respect-
ively. Other puckering parameters for ring B are Q = 0.5607(18) Å and φ = 
= 283.6(10)°, whereas for ring C, they are Q = 0.5311(17) Å and φ = 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 Å for C24–C25–C26–
–C27–C28–C29 and 0.010 Å 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–O2 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 Å 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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Fig. 2. The crystal packing of DF 
viewed down: a) [100] showing 
the O3–H3O…O1 and C29– 
–H29…F1 hydrogen bonds, and 
b) [010] showing the O2– 
–H2O…O4 hydrogen bond. The 
hydrogen bonds are shown as 
dotted lines. For clarity H atoms 
not participating in the inter-
actions are omitted. 

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 µM) in com-
parison with dexamethasone (45.8 µM). 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. 

Fig. 3. Local anti-inflammatory 
profile of DF. 
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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 
(17β-side 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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Синтетисан је дериват кортиенске киселине из дексаметазона и метил-естра L-фе-
нилаланина (DF), а кристална структура овог једињења окарактерисана је методом 
дифракције X-зрака. Кристални систем je орторомбичан, са просторном групом P212121 
и константама a = 8,2969(3) Å3, b = 18,9358(8) Å3, c = 20,0904(6) Å3, V = 3156,4 Å3 и 
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Z = 4. Прстен А стероидне структуре и бензенов прстен у 17β-бочном низу су скоро пла-
нарни. Прстенови B и C су у благо искривљеној конформацији столице, док је прстен D у 
конформацији коверте. Кристална структура DF се карактерише мрежом интермолекул-
ских водоничних веза преко којих се атом О4 са једне стране стероидне структуре пове-
зује са атомима О1 и F1 (акцептори водоничне везе) са друге стране стероидне струк-
туре. Поред интермолекулских, присутне су и бројне интрамолекулске водоничне везе 
N–H…О, C–H…O и C–H…F типа. Локална антиинфламаторна активност DF је испитана 
применом теста инхибиције едема уха изазваног кротонским уљем. Овај дериват пос-
тиже максималну инхибицију едема уха при значајно нижој концентрацији у односу на 
дексаметазон. 

(Примљено 5. маја, ревидирано 6. јула, прихваћено 4. августа 2015) 
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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, cm–1): 1269.02 (ester C–O 
stretching), 1658.36 (amide C=O stretching), 1670.71 (C3=O stretching), 
1718.18 (ester C=O stretching), 3407.79 (N–H stretching); 1H-NMR (400 MHz, 
DMSO-d6, δ  /  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, 
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m, H15), 1.90–2.10 (2H, m, H14, H12), 2.22–2.40 (2H, m, H7, H8), 2.61 (1H, m, 
H7), 2.92 (1H, m, H16), 3.05 (2H, d, J = 6.4 Hz, CH2C6H5), 3.61 (3H, s, OCH3), 
4.08 (1H, m, H11), 4.54 (1H, q, 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-d6, δ  /  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 (CH2C6H5), 43.58 (C14), 48.39 
(C13), 48.53 (d, J = 22 Hz, C10), 52.25 (OCH3), 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=O, ester), 172.25 (C20), 172.82 (C5), 185.86 (C3); MS [M+H]+: calcd. for 
C31H38FNO6: 540.27560. Observed: 540.27426; UV-Vis (CH3OH) (λmax / nm): 
239. 

TABLE S-I. Experimental details; crystal data 
Chemical formula C31H38FNO6 
Mr 539.62 
Crystal system, space group Orthorhombic, P212121 
Temperature, K 293 
a, b, c / Å 8.2969 (3), 18.9358 (8), 20.0904 (6) 
V / Å3 3156.4 (2) 
Z 4 
Radiation type MoKα 
μ / mm-1 0.08 
Crystal size, mm3 0.18×0.02×0.02 

Data collection 
No. of measured, independent and observed 
(I > 2σ(I)) reflections 

18785, 7284, 5651 

Rint 0.024 
(sin θ/λ)max / Å-1 0.683 

Refinement 
R[F2 > 2σ(F2)], wR(F2), 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 
Δρmax, Δρmin / e Å-3 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, Å Bond Bond length, Å 
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) C11–C12 1.534(2) 
O1–C3 1.222(2) C12–C13 1.518(2) 
O2–C11 1.413(2) C13–C14 1.535(2) 
O3–C17 1.4250(18) C13–C18 1.543(2) 
O4–C21 1.2239(19) C13–C17 1.558(2) 
O5–C30 1.188(2) C14–C15 1.534(2) 
O6–C30 1.318(2) C15–C16 1.553(2) 
O6–C31 1.451(3) C16–C19 1.507(3) 
C1–C2 1.320(2) C16–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–C14 1.518(2) C27–C28 1.346(4) 
C8–C9 1.533(2) C28–C29 1.387(4) 
C9–C11 1.549(2)   
Bond Bond angle, ° Bond Bond angle, ° 
C21–N1–C22 124.21(15) C12–C13–C17 115.57(12) 
C30–O6–C31 116.7(2) C14–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–C15 119.64(13) 
O1–C3–C4 122.51(18) C15–C16–C17 104.70(13) 
O1–C3–C2 120.41(19) O3–C17–C21 109.16(13) 
C4–C3–C2 117.07(16) O3–C17–C16 111.96(13) 
C5–C4–C3 123.20(16) C21–C17–C16 113.84(13) 
C4–C5–C6 122.84(16) O3–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) O4–C21–N1 122.89(16) 
C8–C7–C6 114.64(15) O4–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–C11 101.99(12) C24–C23–C22 113.24(16) 
C8–C9–C11 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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TABLE S-II. Continued 
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) O5–C30–O6 124.7(2) 
C20–C10–C9 113.34(14) O5–C30–C22 123.84(19) 
O2–C11–C12 114.16(13) O6–C30–C22 111.41(18) 
O2–C11–C9 108.02(13) C8–C14–C13 114.35(13) 
C12–C11–C9 112.51(13) C15–C14–C13 103.68(12) 
C13–C12–C11 113.65(13) C14–C15–C16 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-III. Hydrogen bond geometry of DF 
D–H…A Symmetry code D–H H…A D…A D–H…A 
O2–H2O…O4 –1/2+x, 1/2–y, –z 0.84(2) 1.97(2) 2.791(2) 165(2) 
O3–H3O…O1 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+y, 1/2–z 0.93 2.52 3.376(3) 154 
N1–H1N…O3  0.86(2) 2.114(18) 2.587(2) 114(2) 
N1–H1N…O5  0.86(2) 2.415(18) 2.716(2) 101(1) 
C14–H14…F1  0.980(1) 2.46 2.851(2) 103 
C14–H14…O3  0.98 2.31 2.736(2) 105 
C12–H12A…O3  0.97 2.40 2.832(2) 107 
C18–H18C…O2  0.96 2.44 3.043(2) 120 
C16–H16…O4  0.98 2.56 2.953(2) 104 
C20–H20A…O2  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 
P21ma, with crystal parameters a = 7.2053(9) Å, b = 13.9800(15) Å, c = 
= 8.2638 (8) Å, Z = 4 and V = 832.41(16) Å3. In turn, the grown crystals of 
fluoranthene are in the monoclinic system with space group P21/n. The unit 
cell parameters are a = 18.3490(2) Å, b = 6.2273(5) Å, c = 19.8610(2) Å, β = 
= 109.787(13)°, Z = 8 and the unit cell volume is 2135.50(4) Å3. 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.1,2 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 
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distribution constant, or Henry's constants (volatility).3–5 Besides, in the gas- 
-phase of the atmosphere, PAHs can react with nitrogen oxides, ozone, OH 
radicals and NO3 radicals, yielding, e.g., nitrated, oxygenated, and hydroxylated 
derivatives of PAHs.6–9 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),11,12 waste treatment,11 
combustion of synthetic chemicals,11 and other human activities, such as cook-
ing, tobacco smoking, or vehicle traffic.13 The natural sources of emissions of 
PAHs pertain to forest fires,11 volcanic eruptions7 and carbonization processes, 
such as products of humus conversion by microorganisms,14 diagenesis of org-
anic matter,15 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.17 Additionally, acenaphthene could be applied as an 
intermediary in pharmaceutical, agricultural and chemical industries.17 

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.18 Therefore, they could be potential health hazards 
for humans.19 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 MoKα radiation (λ = 0.71073 Å) 
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at room temperature, in the ω scan mode. Ewald sphere reflections were collected up to 2θ =  
= 50.10°. Lorentz, polarization and empirical absorption corrections using spherical harm-
onics implemented in SCALE3 ABSPACK scaling algorithm were applied.21 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 Uiso(H) = 1.2 Ueq. The OLEX222 and SHELXS, 
SHELXL23 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, Platon25 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-1 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-1. Crystals of I and II suitable for spectral studies were 
obtained by crystallization from melted samples occurring between two closely spaced CaF2 
windows. In this way, sufficiently thin crystals could be obtained, characterized by a max-
imum absorbance at the νC-H 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, Kraków, 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 
μm. The scattered radiation was focused onto a multi-mode fibre (50 μm 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-1 with a spectral resolution of 3 cm-1. 
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.28,29  

The Hirshfeld surface analyses were realized using the CrystalExplorer program.30 The 
distance from the Hirshfeld surface to the nearest nucleus inside and outside the surface were 
marked by di and de, respectively, whereas dnorm is a normalized contact distance, which is 
defined in turns of di, de and the van der Waals (vdW) radii of the atoms:31  

 
vdW vdW

i e ei
norm vdW vdW

ei

d r d rd
r r
− −= +  (1) 

dnorm 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.31 

RESULTS AND DISCUSSION 

The crystal structures of fluoranthene (I) and acenaphthene (II) have already 
been described in the literature, i.e., by Chakrabarti32 and Hazell et al.,33 and 
later by Munakata et al.34, Ehrlich35 and then by Hazell et al.,36 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 I. Crystal data and structure refinement details of fluoranthene (I) and acenaph-
thene (II) 
Parameter Fluoranthene (I) Acenaphthene (II) 
Empirical formula C16H10 C12H10 
Compound weight 202.24 154.20 
Temperature, K 295.0(2) 295.0(2) 
Crystal system Monoclinic Orthorhombic 
Space group P21/n P21ma 
Crystal dimension, mm 0.39 x 0.32 × 0.09 0.41 × 0.22 × 0.12 
Crystal form, colour Plate, colourless Plate, colourless 

Unit cell dimensions 
a / Å 18.3490(2) 7.2053(9) 
b / Å 6.2273(5) 13.9800(15) 
c / Å 19.8610(2) 8.2638(8) 
β / ° 109.787(13) 90.00 
V / Å3 2135.50(4) 832.41(16) 
Z 8 4 
Dc / g cm-3 1.258 1.230 
F(000) 848 328 
Θ range for data collection, ° 4.0–29.2 4.8–27.5 
Data collection method ω scan ω scan 
Absorption coefficient, mm-1 0.071 0.069 
Final R indices (I > 2σ(I)) R1 =0.0696 , wR2 = 0.1711 R1 = 0.0442, wR2 = 0.0964 
R indices (all data) R1 = 0.1043, wR2 = 0.1936 R1 = 0.0550, wR2 = 0.1022 
Reflections collected/unique 2527 [Rint = 0.089] 1075 [Rint = 0.020] 
Limiting indices –21 ≤ h ≤ 20, –7 ≤ k ≤ 7, 

–23 ≤ l ≤ 23 
–8 ≤ h ≤ 6, –16 ≤ k ≤ 16, 

–7 ≤ l ≤ 9 
Refinement method Full-matrix least-squares on F2Full-matrix least-squares on F2 
S 1.10 1.05 
Parameters refined 289 105 
Δρmax, Δρmin / e Å-3 0.22–0.21 0.25–0.28 
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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; ii) x, –y, z. 

Compound I crystallizes with eight molecules in an asymmetric unit. The 
molecules in the unit cell are connected by weak C–H…π 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 π…π (C…C) interactions, but they are less dominant in this 
crystal structure. The C…C distances between neighbouring molecules are 
approximately 3.33 Å (Fig. 2a; red dashed line). Generally, the C…C van der 
Waals distance of 3.40 Å 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 Å distance observed in crystalline benzene.38 The intermolecular 
C…C distance is also comparable to the C…C distance of dibenz[a,h]anthracene 
(3.37 Å).39 
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Fig. 2. Hirshfeld surfaces mapped with dnorm 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 Å (van der Waals radius for hydrogen atom is 1.2 Å). The shortest C–H…π 
close contacts have a distance of approximately 2.80 Å. 

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 (π…H) interactions (30.8 %) are represented 
by a spike (di = 1.74 Å, de = 1.75 Å) 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…π) interactions (25.1 %) are represented by a spike (di = 1.74 Å, de = 1.75 
Å) 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 π…π 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. 

  

 

Fig. 3. Fingerprint plot of fluoranthene; a) 
C…H, b) C…C and c) H…H interactions 
showing the percentage of contacts created to 
the total Hirshfeld surface area of the mole-
cules. di is the closest internal distance from a 
given point on the Hirshfeld surface; de is the 
closest external contact. 

According to the classification of Desiraju and Gavezzotti,41 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 II 
contains four acenaphthene molecules that are linked by C–H…π 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…π close contacts have a 
distance of approximately 2.90 Å. The π…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 (di = de = 1.66 Å) 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 (di = de = 1.66 Å) in 
the upper left area of the fingerprint plot, (the contacts are denoted by a red 
ellipse, see Fig. 4a). 

 

 

Fig. 4. Fingerprint plot of acenaphthene; a) 
C…H, b) C…C and c) H…H interactions 
showing the percentage of contacts created to 
the total Hirshfeld surface area of the mole-
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. 3c 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 Å, 
Fig. 2b (green dashed line).  

The π…π 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 Å, 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 (VH) 542,96 and 408,61 
Å3, surface area (SH) 464,90 and 374,07 Å2, globularity (G) 0.677 and 0.712, as 
well as asphericity (Ω) 0,456 and 0,333, respectively.  

IR spectra of compounds I and II 
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 νC–H band positions, which are attributed to the C–H bond 
stretching vibrations in the molecules.44  

Polarized IR spectra of I and II single crystals measured at 77 K, in the 
frequency ranges of the νC–H 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 νC–H 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–1), CH2 asymmetric stretching (2937– 
–2914 cm–1), CH2 symmetric stretching (2840 cm–1) (see Fig. 5b), in plane CH2 
group deformation (≈1423 cm–1), aromatic ring stretching (≈1616–1593 cm–1) 
and skeletal vibrations representing C=C stretching (≈1370 cm–1). In Fig. 5b, 
C–H bending bands appear in the region 841–749 cm–1 (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.45 
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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 

lines of the C–H bonds. 

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 νC–H bands (in the frequency range from 3060 to 2836 cm–1) 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; c) 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–1) of the band was of relatively 
high intensity when compared with the branch properties of the shorter-wave 
band (3061–3075 cm–1). 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. 6c. 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 νC–H 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–1 of the asymmetric CH2 vibrations had significantly lower intensity com-
pared with the 2914 cm–1 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 νC–H 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.44  

DFT calculation results for compounds I and II 
The studies showed satisfactory correlation between the calculated and XRD 

experimental structural parameters (Tables S-I 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…π) 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 
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И З В О Д  
РЕНДГЕНОСТРУКТУРНА АНАЛИЗА, МЕТОДА АНАЛИЗЕ ХИРШФЕЛДОВИХ 
ПОВРШИНА, СПЕКТРОСКОПСКА И DFT ИСПИТИВАЊА ФЛУОРАНТЕНА И 

АЦЕНАФТЕНА 

WIOLETA ŚMISZEK-LINDERT1, ANNA MICHTA2, ALEKSANDRA TYL2, GRZEGORZ MAŁECKI2, 

ELŻBIETA CHEŁMECKA3 и SŁAWOMIR MAŚLANKA2 

1Institute of Mechanized Construction & Rock Mining, W. Korfantego 193A Street, 40-157 Katowice, Poland, 
2Institute of Chemistry, University of Silesia, 9 Szkolna Street, 40-006 Katowice, Poland and 3School of 
Pharmacy with Division of Laboratory Medicine in Sosnowiec, Medical University of Silesia, Katowice, 

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

Дат је приказ рендгенске структуре, теоријских израчунавања, Хиршфелдове 
анализе површина, IR и Раманових спектара за флуорантен и аценафтен. Аценафтен 
кристалише као орторомбични кристални систем са P21ma просторном групом и пара-
метрима јединичне ћелије: a = 7,2053(9) Å, b = 13,9800(15) Å, c = 8,2638(8) Å, Z = 4 и V =  
= 832,41(16) Å3. Супротно томе, флуорантен кристалише као моноклинични кристални 
систем са P21/n просторном групом и следећим параметрима јединичне ћелије: a = 
= 18,3490(2) Å, b = 6,2273(5) Å, c = 19,8610(2) Å, β = 109,787(13)°, Z = 8 и V = 2135,50(4) 
Å3. Теоријска израчунавања за изоловане молекуле наведених једињења су извршена 
помоћу DFT израчунавања и B3LYP методе. Применом Хиршфелдове компјутерске 
методе засноване на анализи површина одређене су интермолекулске интеракције у 
кристалним структурама оба PAHs једињења. 

(Примљено 4. марта, ревидирано 27. јуна, прихваћено 6. јула 2015) 
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TABLE S-I. Comparison of selected calculated geometric parameters of fluoranthene 
with experiment values 

Experimental (XRD) Theoretical 
6-31+G (d, p) 6-311++G(3df,2pd) 

Bond length, Å 
C1–C2 1.396 C17–C18 1.365 1.381 1.374 
C2–C3 1.406 C18–C19 1.401 1.425 1.419 
C3–C4 1.358 C19–C20 1.361 1.386 1.379 
C4–C5 1.410 C20–C21 1.410 1.426 1.420 
C5–C6 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–C1 1.407 C26–C17 1.405 1.393 1.386 
C9–C11 1.477 C25–C27 1.472 1.477 1.473 
C11–C12 1.381 C27–C28 1.376 1.402 1.395 
C12–C13 1.394 C28–C29 1.362 1.400 1.392 
C13–C14 1.370 C29–C30 1.372 1.380 1.379 
C14–C15 1.383 C30–C31 1.393 1.402 1.395 
C15–C16 1.380 C31–C32 1.383 1.393 1.386 
C16–C11 1.410 C32–C27 1.416 1.428 1.422 
C16–C1 1.473 C32–C17 1.475 1.477 1.472 
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TABLE S-I. Continued 

Experimental (XRD) Theoretical 
6-31+G (d, 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 124.20 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–C11 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–C1 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–C11–C12 131.90 C25–C27–C28 131.80 131.66 131.71 
C11–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–C16 118.30 C30–C31–C32 118.10 119.02 119.03 
C15–C16–C11 120.80 C31–C32–C27 119.80 120.26 120.26 

Dihedral angle, ° 
C15–C16–C1–C2 –0.006 C31–C32–C–

–17–C18 
–4.1(6) 0.002 0.023 

C15–C16–C1–
–C10 

179.4(3) C31–C32–
–C17–C26 

179.0(3) 179.99 –179.99 

C12–C11–C9–C8 –2.4(6) C28–C27–
–C25–C24 

–0.3(6) 0.01 –0.01 

C12–C11–C9–
–C10 

179.3(3) C28–C27–
–C25–C26 

179.5(3) 179.98 179.98 

C8–C9–C1–C1 –178.5(3) C24–C25–
–C26–C17 

–179.3(3) 179.99 179.99 

C2–C1–C10–C9 –179.5(2) C18–C17–
–C26–C25 

–178.1(3) 179.99 179.99 

C16–C1–C10–C5 –177.6(2) C32–C17–
–C26–C21 

179.1(3) –179.99 179.98 

C11–C9–C10–C5 178.7(2) C27–C25–
–C26–C21 

–178.7(3) 180.00 –180.00 
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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, Å 
C1i–C6i 1.358 C8ii–C9ii 1.358 1.370 1.377 
C6–C5 1.403 C9ii–C10ii 1.397 1.426 1.423 
C5–C4 1.359 C10ii–C11ii 1.354 1.384 1.383 
C4i–C3 1.410 C11ii–C12 1.414 1.425 1.422 
C3–C4 1.410 C12–C11 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–C1 1.358 C9–C8 1.358 1.378 1.377 
C1–C2 1.400 C8–C13 1.400 1.414 1.412 
C2–C3 1.398 C13–C12 1.393 1.414 1.414 
C2–C1i 1.400 C13–C8ii 1.400 1.414 1.412 
C1–C7 1.506 C8–C14 1.503 1.523 1.520 
C7–C7i 1.547 C14–C14ii 1.534 1.575 1.570 
C7i–C1i 1.506 C14ii–C8ii 1.503 1.523 1.520 

Angle, ° 
C7i–C1i–C6i 132.93 C14ii–C8ii–C9ii 133.14 132.40 132.40 
C7i–C1i–C2 108.41 C14ii–C8ii–C13 108.21 108.70 108.70 
C1i–C6i–C5i 119.14 C8ii–C9ii–C10ii 118.90 118.80 118.80 
C6i–C5i–C4i 122.20 C9ii–C10ii–C11ii 122.80 122.30 122.30 
C5i–C4i–C3 120.60 C10ii–C11ii–12 120.20 120.30 120.20 
C4i–C3–C2 115.87 C11ii–C12–C13 115.86 116.30 116.30 
C4i–C3–C4 128.30 C11ii–C12–C11 128.30 127.40 127.40 
C3–C4–C5 120.60 C12–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–C14 133.14 132.40 132.40 
C1–C7–C7i 105.13 C8–C14–C14ii 105.40 104.80 104.80 
C7–C7i–C1i 105.13 C14–C14ii–C8ii 105.40 104.80 104.80 
C1–C2–C1i 112.90 C8–C13–C8ii 112.80 112.80 112.80 

Dihedral angle, ° 

C7i–C1i–C6i–C5i 179.3(2) C14ii–C8ii–C9ii–
C10ii 179.4(2) 180.00 180.00 

C7–C1–C6–C5 –179.3(2) C14–C8–C9–C10 –179.4(2) –180.00 –180.00 
C1–C2–C1i–C6i 179.2(2) C8–C13–C8ii–C9ii 179.9(2) 180.00 180.00 

C4i–C3–C4–C5 –179.6(3) C11ii–C12–C11–
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) CO2 laser, operating at 10.6 µm 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 
CO2 laser radiation was negligible. 

Keywords: TEA CO2 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,1–5 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.6 
Nowadays, a variety of techniques, including X-ray photoelectron spectroscopy, 
X-ray fluorescence and diffraction spectroscopy, Raman spectroscopy, Fourier 
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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.7,8 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,5,9,10 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) CO2 laser has not hitherto been examined. There are 
two main reasons for this. First, the photon energy of CO2 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 CO2 laser emission wavelength of 10.6 µm, the reflectivity is 
≈98 %). Considering the analysis of metal samples, the most critical stage for 
plasma generation using a TEA CO2 laser is heating and evaporation of the 
target. However, once the initial plasma is produced, the long wavelength and 
long pulse duration of CO2 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 CO2 laser than for an Nd:YAG 
laser.11 This is because the plasma absorption coefficient is proportional to the 
square of the laser wavelength. Thus, when a CO2 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 CO2 laser peak intensity of 30 MW cm–2.12–14 

The aim of the present study was to test the applicability of TEA CO2 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 CO2 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) CO2 laser, operating at 10.6 
µm. 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 µs. The energy sustained in the initial spike was about 35 % of the total 
irradiated laser energy. 

 
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 CaF2 
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.14,15 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 J 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 (length 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 I.  

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

Sample 
Metal 

Cu Sn Zn Pb Ni Ca Fe Al Co Mg Mn Cr 
wt. % µg g-1 

Bronze 56 41 1.7 1.1 0.07 0.04 60 40 32 26 8 6 
Brass 69 nd 30 nd nd 0.23 260 125 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 = 3BEC×RSDB  
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where BEC is the background equivalent concentration and RSDB is the relative 
standard deviation of the background. 

 
Fig. 3. LIBS spectra of the brass 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 cm-2 (intensity 30 MW cm-2). 

 
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 cm-2 (intensity 30 MW cm-2). 
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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 S/N S/B LOD / mg kg-1 

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 ppm17 
were evaluated for Fe I 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 CO2 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 (μg–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.18,19 For instance, Bulatov et al.18 applied non-gated 
detection for the analysis of brass samples using a Nd:YAG laser (400 mJ, 7 ns, 
2.25×109 W cm–2). Compared to the Nd:YAG laser, the TEA CO2 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 CO2 
laser pulse (FWHM ≈100 ns) produces the plasma, while the tail part (≈2 µs) 
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.11 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 
CO2 laser radiation, heating of the plasma by optical absorption occurs at lower 
plasma densities.11 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.19,20 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.18  

The goal of this investigation was to test the applicability of a TEA CO2 
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 CO2 laser radi-
ation induced negligible damage on the investigated samples. Previous results 
showed that irradiation of a pure copper target with a TEA CO2 laser intensity of 
approx. 100 MW cm–2 under 0.1 mbar air pressure induced only superficial dam-
age, practically invisible in the OM image (magnification 50×).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 CO2 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 
cm–2 of TEA CO2 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 
CO2 LIBS has significant potential for cultural heritage applications. 
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И З В О Д  
ПЛАЗМА ИНДУКОВАНА ИНФРАЦРВЕНИМ TEA CO2 ЛАСЕРОМ НА ЛЕГУРАМА БАКРА 

– МОГУЋНОСТИ АНАЛИТИЧКЕ ПРИМЕНЕ 

МИЛОШ МОМЧИЛОВИЋ1, ЈОВАН ЦИГАНОВИЋ1, ДРАГАН РАНКОВИЋ2, УРОШ ЈОВАНОВИЋ1, МИЛОВАН 

СТОИЉКОВИЋ1, ЈЕЛЕНА САВОВИЋ1 и МИЛАН ТРТИЦА1 

1
Институт за нукеларне науке Винча, Универзитет у Београду, 11001 Београд и 

2
Факултет за 

физичку хемију, Универзитет у Београду, Студентски трг 12–16, 11001 Београд
 

Испитана је могућност спектрохемијске примене плазме индуковане дејством 
зрачења импулсног TEA CO2 ласера (10,6 μm, 100 nm) на мете од бронзе и месинга. 
Димензија плазме индуковане на сниженом притиску ваздуха износила је 10 mm са 
јасно израженим и просторно раздвојеним областима. Елементни састав узорака одре-
ђен је временски интеграљеном просторно разложеном емисионом спектроскопијом 
ласерски индуковане плазме (TISR–LIPS). Оштре и добро разложене спектралне линије 
(углавном атомске), уз занемарљиво ниску емисију позадине, добијене су посматрањем 
плазме на растојању 7 mm од површине мете. Такође, добијен је добар однос линије 
према позадини и линије према шуму. Добијене границе детекције за елементе у тра-
говима, Mg, Fe, Al и Ca, биле су реда величине око 10 ppm у бронзи и око 50 ppm у 
месингу. Оштећења настала дејством ласерског TEA CO2 зрачења на испитиваним 
узорцима била су незнатна. 

(Примљено 16. априла, ревидирано 11. јуна, прихваћено 3. јула 2015 
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Electrochemistry of cobalt ethylenediamine complexes 
at high pH 
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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)3, with the most stable 
one at all pH values being [Co(en)3]3+. The reduction of [Co(en)3]3+ into 
[Co(en)3]2+ was shown to be a totally irreversible, one-electron exchange reac-
tion. Further reduction of [Co(en)3]2+ 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)3]2+ oxidation was also complex and most probably coupled 
with chemical reactions. 

Keywords: distribution of Co(en)3-based complexes; irreversible reduction of 
[Co(en)3]3+/[Co(en)3]2+; reduction of [Co(en)3]2+ to Co. 

INTRODUCTION 
The Co(en)3Cl3 was first described and isolated as yellow–gold needle-like 

crystals by Werner.1 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(III)(en) 
system was investigated by Bjerrum and Rasmunssen.3 It was shown that in an 
inert cobalt(III)(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 
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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.4,5 Using the 
cyclic voltammetry (CV) technique, the formal potential for the reduction of 
[Co(en)3]3+ into [Co(en)3]2+ 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]2+ 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]2+.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.7 In many electrochemical investigations, the redox 
reaction [Co(en)3]3+/[Co(en)3]2+ was examined in order to determine the inf-
luence of the outer-sphere effects on the reduction process.8,9 

One of the important applications of Co(en)3Cl3 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 dm–3) of ionic activators reduced the overvoltage for HER and the 
energy needs per mass unit of hydrogen produced.13 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.18,19 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,14,15 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 μm), 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 Co2+ 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 dm–3 

and 0.01 mol dm–3 Co2+ (as CoCl2), the following species could be formed:20 
(en), (en)H, (en)H2, Co2+, [Co(OH)]+, [Co(OH)2], [Co(OH)3]−, [Co4(OH)4]4+, 
[Co(en)]2+, [Co(en)2]2+ and [Co(en)3]2+. In the same solution of ethylenediamine 
and 0.01 mol dm–3 Co3+ (as Co(en)3Cl3), among (en), (en)H and (en)H2, 
additional species, Co3+, [Co(OH)]2+, [Co(en)]3+, [Co(en)2]3+ and [Co(en)3]3+ 
could be formed. Hence, if both Co2+ and Co3+ are present in 0.2 mol dm–3 (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. 1a, 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. 1c 
confirms that at pH > 10 [Co(en)3]2+ and [Co(en)3]3+ complexes dominate in 0.2 
mol dm–3 (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]2+ to [Co(en)3]3+, as well as the 
reduction of [Co(en)3]3+ to [Co(en)3]2+. 

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-3 

ethylenediamine, pH 12: (a) 0.01 mol dm-3 Co2+; (b) 0.01 mol dm-3 Co3+; (c) 0.01 mol dm-3 
Co2+ + 0.01 mol dm-3 Co3+. 

[Co(en)3]2+ 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]2+ to [Co(en)3]3+ was 
evidenced only at the stationary electrode after the formation of the [Co(en)3]2+ 
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–nth). At the rotating electrode, this reaction did not occur, since all the 
[Co(en)3]2+ 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-1 at different rotation speeds (marked in the figure) in 

(a) solutions 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). 

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]2+, i.e., that 
which remained in the vicinity of the surface of the stationary electrode after 
reduction of [Co(en)3]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,5 while some 
authors claimed that the reduction/oxidation process is reversible with differ-
ences in the peak potentials varying from 60 to 90 mV.7 

Polarization curves for reduction of [Co(en)3]3+ to [Co(en)3]2+, recorded at a 
sweep rate of 5 mV s–1 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–E curves 
being typical for a totally irreversible reaction. The j–1 vs. ω–1/2 dependences, 
obtained by analysis of the polarization curves presented in Fig. 2a, are plotted in 
Fig. 3b for different potentials and the j–1 vs. ω–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)21 amounted to 1.60×10–5 cm2 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–1 axes 
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increased with decreasing cathodic potential, producing higher values of the 
kinetic current density (jk) and accordingly higher values of the rate constants 
(kf(E)) at a given potential, since:21 
 k f 0( )j Fk E c=  (1) 
where c0 is the bulk concentration of the [Co(en)3]3+ complex. Corresponding 
values of the rate constants were E = –0.60 V, kf(E) = 0.0497 cm s–1; E = –0.55 
V, kf(E) = 0.0122 cm s–1 and E = –0.50 V, kf(E) = 0.0022 cm s–1. 

 
Fig. 3. a) Polarization curves for the reduction of [Co(en)3]3+ to [Co(en)3]2+, recorded at 

v = 5 mV s-1 at different rotation speeds (marked in the figure) in the solution: 0.001 mol dm-3 
Co(en)3Cl3 + 0.2 mol dm-3 (en). b) The j-1 vs. ω-1/2 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)3Cl3 + 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–1 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 (Ia), –0.70 V (IIa) and 
–0.45 V (IIIa), respectively. The first two peaks (Ia and IIa) correspond most 
likely to the dissolution of deposited Co and formation of the [Co(en)3]2+ com-
plex, while the third one (IIIa) 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]2+ takes place (Ic) 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–1 (Fig. 4b). The peak 
(wave) IIc indicates the commencement of cobalt deposition at about –1.25 V, 
while peak IVa 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 

 
Fig. 4. a) CV with v = 20 mV s-1 recorded in the solution 0.01 mol dm-3 Co(en)3Cl3 + 0.2 mol 

dm-3 (en). b) CV with v = 2 mV s-1 recorded in the solution 0.1 mol dm-3 Co(en)3Cl3 + 0.2 
mol dm-3 (en), both obtained at a stationary electrode at pH 12. 

Electrochemical behavior of Co2+ in 0.2 mol dm–3 ethylenediamine 
The CVs recorded on the GC electrode at a sweep rate of 100 mV s–1 onto 

stationary and rotating electrodes (1000 and 2000 rpm) in a solution containing 
0.001 mol dm–3 CoCl2 + 0.2 mol dm–3 (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]2+ (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]2+ 
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]2+ 
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Fig. 5. a) CVs recorded with v = 100 mV s-1 at different rotation speeds (marked in the figure) 
in solutions containing 0.001 mol dm-3 CoCl2 + 0.2 mol dm-3 (en). Inset: potentiostatic j vs. t 
transients recorded at different cathodic potentials (marked in the figure) and constant anodic 

potential E = –0.2 V at 1000 rpm. b) The j-1 vs. ω-1/2 dependences obtained from the 
potentiostatic j vs. t 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 2nd and subsequent cycles. Under the conditions of con-
vective diffusion, oxidation of [Co(en)3]2+ to [Co(en)3]3+ cannot be detected on 
the CVs in this solution. The process of reduction of [Co(en)3]2+ 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. t 
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 E = –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)3]2+. 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]3+ complex, the oxidation process of [Co(en)3]2+ 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–1 vs. ω–1/2 
dependences change with the potential, indicating that most likely different 
species undergo the reduction process in the investigated potential range.21 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.21 

When the concentration of CoCl2 was increased to 0.01 mol dm–3, 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]2+ to [Co(en)3]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–1, it is necessary to increase the concentration of 
CoCl2. 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]2+ appeared at 
about –0.6 V, while further reduction of [Co(en)3]2+ 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–1 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.21 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)3]2+ 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]2+ 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 (E = 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 E = –1.1 V. The results presented in Fig. 6c show that about 28 % of the 
species formed at E = –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–1 vs. ω–1/2 dependences (changing slopes and intercepts 
as a function of the cathodic potential) compared to those recorded for 0.001 mol 
dm–3 CoCl2 were obtained. 

 
Fig. 6. a) CVs recorded at v = 100 mV s-1 for different rotation speeds (marked in the figure) 
in the solutions containing 0.01 mol dm-3 CoCl2 + 0.2 mol dm-3 (en). b) Potentiostatic j vs. t 
transients recorded at different cathodic potentials (marked in the figure) and constant anodic 

potential E = 0.1 V at 1000 r.p.m. (c) Potentiostatic j vs. t transients at constant anodic and 
cathodic potentials (marked in the figure) recorded at different rotation speeds 

(marked in the figure). 

Electrochemical behavior of Co2+ + Co3+ in 0.2 mol dm–3 ethylenediamine 
The CVs recorded at a sweep rate of 100 mV s–1 on a stationary and rotating 

electrode (1000 rpm) in a solution containing 0.001 mol dm–3 CoCl2 + 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 CoCl2 (Fig. 5a), a small anodic peak for the 1st 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 CoCl2 solution. At the same time, the cathodic 
peak corresponding to the reduction of [Co(en)3]3+ to [Co(en)3]2+ was much 
better defined since the [Co(en)3]3+ complex was present in the solution at a con-
centration slightly higher than 0.001 mol dm–3 (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]3+ to 
[Co(en)3]2+ (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]2+. 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 (E = –0.2 V) and 
that the oxidation was independent of the rotation speed. The j–1 vs. ω–1/2 depen-
dences presented in Fig. 7b confirmed, as in the case of 0.001 mol dm–3 CoCl2 
solution, that the reduction process was complex in the presence of Co2+. 

 
Fig. 7. a) CVs recorded with v = 100 mV s-1 at different rotation speeds (marked in the figure) 
in a solution containing 0.001 mol dm-3 CoCl2 + 0.001 mol dm-3 Co(en)3Cl3 + 0.2 mol dm-3 
(en). Inset: potentiostatic j vs. t transients recorded at different cathodic potentials (marked in 

the figure) and constant anodic potential E = -0.2 V at 1000 rpm. b) The j-1 vs. ω-1/2 
dependences obtained from the potentiostatic j vs. t transients. Inset: 

polarization curve for the reduction process recorded at a sweep rate of 1 mV s-1. 

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 dm–3 ethylene-
diamine, with the [Co(en)3]3+ complex being the most stable one at all pH 
values. Its reduction to the [Co(en)3]2+ complex represents a totally irreversible, 
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one electron exchange reaction, while further reduction of [Co(en)3]2+ is a com-
plex process leading to cobalt deposition at potentials more negative than –1.45 
V. The process of [Co(en)3]2+ oxidation is also complex and most probably 
coupled with a chemical reaction. 
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И З В О Д  
ЕЛЕКТРОХЕМИЈА КОБАЛТ–ЕТИЛЕНДИАМИН КОМПЛЕКСА ПРИ ВИСОКИМ 

pH ВРЕДНОСТИМА 

СНЕЖАНА М. МИУЛОВИЋ, ВЛАДИМИР М. НИКОЛИЋ, ПЕТАР З. ЛАУШЕВИЋ, ДАНКА Д. АЋИМОВИЋ, 

ГВОЗДЕН С. ТАСИЋ и МИЛИЦА П. МАРЧЕТА КАНИНСКИ 

Институт за нуклеарне науке „Винча“, Лабораторија за физичку хемију, Универзитет у Београду, 

Мике Аласа 12–14, 11000 Београд 

Испитивано је електрохемијско понашање кобалта у присуству етилендиамина у 
великом вишку при pH 12. Испитивања су извршена методама цикличне волтаметрије, 
потенциостатског пулса и мерењем поларизационих кривих на стационарној и ротира-
јућој електроди од стакластог угљеника. Показано је да се у раствору формира шеснаест 
различитих врста које садрже Co(en)3 и да је најстабилнији [Co(en)3]3+ при свим pH 
вредностима. Показано је да је редукција [Co(en)3]3+ до [Co(en)3]2+ потпуно иреверзи-
билна једноелектронска реакција. Утврђено је да је даља редукција [Co(en)3]2+ сложен 
процес који води ка таложењу кобалта на потенцијалима негативнијим од –1,45 V у 
односу на засићену каломелову електроду. Процес оксидације [Co(en)3]2+ такође је ком-
плексан и највероватније спрегнут са хемијском реакцијом. 

(Примљено 27. марта, ревидирано 23. јуна, прихваћено 30. јуна 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(II) 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.1–7 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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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 α-Al2O3, which is the only thermodynamically 
stable phase, is influenced by various factors, such as particle size, morphology, 
crystalline form and organic and inorganic additives.9 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.12 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.8,13 The performance of 
alumina as a catalyst or catalyst support largely depends on its crystalline struc-
ture, and chemical, and textural properties.14–16 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.17–21 

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(II)-doped alumina 

Mg(II) 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, H2O:Al3+ mole ratio) at 80 °C, followed by peptization with the 
appropriate amount of HNO3 (0.07:1, H+:Al3+ mole ratio) to form a stable colloidal sol.27 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-1, 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-1. 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 (X1), heating rate (X2), time of annealing (X3), 
concentration of magnesium nitrate (X5), time of the evaporation of alcohol (X7) and tem-
perature of the evaporation of alcohol (X9). 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 (X4, X6 and X8) 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 X1 °C 500 1100 
Heating rate X2 °C min-1 2 10 
Time of annealing X3 h 1 10 
Concentration of Mg(II) X5 mol Mg/mol Al2O3 0.03 0.06 
Time of evaporation X7 h 60 72 
Temperature of evaporation X9 °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: 

 0 i iY b b X= +  (1) 
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where Y is the predicted response, Xi are the input variables that affect the response Y, b0 is the 
intercept term and bi 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.24 
Characterization of Mg(II)-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 CuKα radiation (40 kV, 30 
mA, λ = 0.154178 nm)) in the 2θ  range from 3 to 70°. The crystallite size was determined 
from XRD patterns using the Scherer equation: 

 0.9
cos

λ
β θ

=D  (2) 

where D represents the crystallite size in nm, λ is the CuKα radiation wavelength, β is the full 
width at half maximum in radian and θ 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 < t < 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 SBET and C were calculated by the BET method28-30 from nitrogen 
adsorption–desorption isotherms, using data up to p/p0 = 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 (Y1) and 
crystallite size (Y2) 
Run X1 X2 X3 X4 X5 X6 X7 X8 X9 Y1 Y2 

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 21.3 
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 (Y1) in the PB 
design. The second response in the PB design was crystallite size (Y2 / 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–1 was 
found. 

 

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 IVa 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 
IVa 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.5 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. 

 
Fig. 2. Pore size distributions of Mg(II)-doped alumina samples. 

The XRD patterns (Fig. 3) identified η-Al2O3 (PDF-2: 77-0396), γ-Al2O3 
(PDF-2: 75-0921) and θ-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 η- and γ-Al2O3 and thus, they will be denoted as 
γ-Al2O3. Besides θ-Al2O3 in the case of the samples obtained in the experiment 
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2, 5 and 10, δ-Al2O3 (PDF-2: 46-1215) was identified. Lines detected at 25.5, 34, 
36.6 and 50.8° related to the presence of well crystalline α-Al2O3 (PDF-2: 74- 
-1081) obtained in experiments 1, 4 and 6. In addition, the magnesium aluminate 
spinel phase (Mg0.4Al2.4O4, PDF-2: 84-0378) was identified in the samples from 
these experiments. The X-ray diffraction pattern analysis indicated that the form-
ation of Mg0.4Al2.4O4 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. 

 

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(II)-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 
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crystallite size of the γ(η)-Al2O3 phase varied in the range 6.4–21.3 nm, while for 
the α-Al2O3 phase, it was up to 90 nm. 

The phase transformations are accompanied by changes in the porous struc-
ture of Mg(II)-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.8 The rapid collapse 
of the fine mesoporous structure started as conversion to the stable α-Al2O3 
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 t-value, and the effect of its bar is smaller than the critical t-value is 
considered as not significant and not affecting the response variable. 

 

Fig. 4. Pareto chart of the estimated effects of six variables on: a) specific surface area (Y1) 
and b) crystallite size (Y2); α = 0.05. 

The Pareto chart (Fig. 4a) revealed that the annealing temperature (X1) had 
the maximum standardized effect at 95 % confidence interval, while the heating 
rate (X2), the concentration of magnesium nitrate (X5), 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 Y2 is presented in Fig. 4b, which confirmed 
that three variables were very significant: temperature of annealing (X1), heating 
rate (X2) and concentration of magnesium nitrate (X5). The influences of the 
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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 
change between the two variables levels decreases or increases the response. 

 
Fig. 5. Main effect plots for Y2; data given are mean values. 

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 
(Mg0.4Al2.4O4) and leading toits formation. 

The analysis of variance (ANOVA) was applied to test the suitability of PB 
design for the response Y2 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 X1 53.317 26.658 0.000 
Heating rate X2 –13.550 –6.775 0.024 
Time of annealing X3 4.717 2.358 0.318 
Concentration of Mg(II) X5 –15.383 –7.692 0.015 
Time of evaporation X7 3.217 1.608 0.484 
Temperature of evaporation X9 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: 

 2 1 2 3 5

7 9

42.151 0.089 1.694 0.524 512.778
0.268 0.268

Y X X X X
X X

= − + − + − +
+ +

 (3) 

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 2

AdjR  (0.9413) was also very high, which 
indicates the high significance of the model. 

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(II)-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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И З В О Д  
ПРОУЧАВАЊЕ УТИЦАЈА ДОДАТКА МАГНЕЗИЈУМА И УСЛОВА ТЕРМИЧКЕ ОБРАДЕ 
НА СТРУКТУРНА СВОЈСТВА МЕЗОПОРОЗНОГ АЛУМИНИЈУМ-ОКСИДА ПРИМЕНОМ 

PLACKETT–BURMAN ДИЗАЈНА 

ТАТЈАНА Б. НОВАКОВИЋ1, ЉИЉАНА С. РОЖИЋ1, СРЂАН П. ПЕТРОВИЋ1, ЗОРИЦА М. ВУКОВИЋ1 

и МИОДРАГ Н. МИТРИЋ2 

1
ИХТМ-Центар за катализу и хемијско инжењерство, Универзитет у Београду,Његошева 12, Београд и 

2
Институ за нуклеарне науке "Винча", Универзитет у Београду, Мике Петровића Аласа 12–14, 

Београд 

Применом статистичког дизајна проучаван је утицај услова синтезе сол–гел поступ-
ком и термичке обраде на структурна својства алуминијум оксида са додатком Мg(II). 
На основу Plackett–Burman дизајна извршен је избор процесних параметара који пока-
зују значајан утицај на структурна својства добијених узорака. Шест процесних вари-
јабли: концентрација магнезијум-нитрата, време и температура испаравања алкохола, 
температура и време термичке обраде и брзина загревања су варирани на два нивоа. Као 
излазни параметри посматрани су: специфична површина синтетисаних узорака и вели-
чина кристалита доминантне фазе алуминијум-оксида. Резултати су показали да темпе-
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ратура и брзина термичке обраде и концентрација магнезијум-нитрата имају најзначај-
нији утицај на средњу величину кристалита доминантне фазе алуминијум-оксида, док 
на вредности специфичне површине доминантан утицај има температура термичке обраде. 
Свеобухватна анализа добијених резултата показала је да је предложени модел који ко-
ристи величину кристалита као излазни параметар погоднијa за даља истраживања.  

(Примљено 13. новембра 2014, ревидирано 26. јуна, прихваћено 6. јула 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 
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stainless steels were abandoned primarily due to nickel-induced hypersensitivity 
of the organism.1 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.5 
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.6,7 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.4,8 For instance, Ichinose et al.9 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.10 Furthermore, the composition and pre-treatment of the 
materials are very important factors that have a significant influence on metallic 
ion release.11,12 Consequently, the contact between Co–Cr–Mo alloys and human 
saliva leads to the release of metallic ions.13,14 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.4 Many authors reported toxic and carcinogenic effects 
induced when humans and animals are exposed to certain metals.11 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.12 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.15,16 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,17 the use of different test methods is highly advisable.18 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.13 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 conditions2 and 2) this type of alloy is widely used in dental 
practice, mostly for the manufacture of crowns, bridges and denture bases,19 regardless of 
some results which indicate that harmful effects were induced by released ions and cells 
damage were caused by Co–Cr–Mo alloys.1,9 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 HCl, 5mL H2SO4 and 3mL HNO3. 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 cm3) in Eagle’s medium modified by Dulbecco (DMEM, Gibco 
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BRL, UK) with 4.5 g L-1 glucose and 10 % foetal calf serum, FCS (Sigma). The medium 
contained the antibiotics penicillin 100 IU mL-1 and streptomycin 100 μg mL-1. The cell lines 
were maintained under standard conditions at 37 °C under 5 % CO2 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 (1×105 cells 
mL-1) were seeded directly on the material surface and cultivated at 37 °C under a 5 % CO2 
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 40× 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 

 
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.21 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 MnCn 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, M23C6 and a sigma (σ) phase. It should 
be mentioned that the allotropic phase transformation of pure Co from the high 
temperature α phase (fcc) to the low temperature ε phase (hexagonal close-
packed, hcp) occurs at about 420 °C.22,23 Alloying elements, such as Fe and Ni, 
can stabilize the α phase, while Cr and Mo tend to stabilize the ε phase. Further-
more, Saji and Choe22 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.,21 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.24 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.25 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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 (a) (b) 

(c) 

Fig. 2. The concentrations of ions released 
from the Co–30Cr–5Mo alloy in artificial 
saliva: a) Co, b) Cr and c) Mo. 

and metallic ion release as a direct consequence of corrosion. For instance, 
Branzoi et al.14 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. Jevremović et al.18 
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.26 presented that a Co–Cr–Mo alloy showed a lower tendency to 
corrosion in a NaCl solution under sliding compared to the Ti–6Al–4V alloy. 
Puškar 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 μg cm–2 
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 μg 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 Surowska29 showed that a Co–Cr–Mo alloy had very 
good passivation ability. Many authors linked metallic ion release with biocom-
patibility of dental materials.24,25,30 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 alloys13 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 L929 
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 

 
 (a) (b) 

Fig. 3. Fractions of surviving fibroblast cells compared with the respective control (K) in: 
a) the MTT and b) the DET assay. 
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not cytotoxic according to agar diffusion test (ADT). 
These results are in accordance with the observation of Jevremović et al.18 

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 Jevremović et al.18 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, Čairović et 
al.31 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.1 Furthermore, Fleury 
et al.32 demonstrated that Cr3+ (0–150 ppm) and Co2+ (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 Co2+ 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. 

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 flat34,35 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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И З В О Д  
IN VITRO ПРОЦЕНА БИОКОМПАТИБИЛНОСТИ Co–Cr–Mo ДЕНТАЛНЕ 

ЛИВЕНЕ ЛЕГУРЕ 

ИВАНА ДИМИЋ1, ИВАНА ЦВИЈОВИЋ-АЛАГИЋ2, НАТАША ОБРАДОВИЋ1, ЈЕЛЕНА ПЕТРОВИЋ3, 

СЛАВИША ПУТИЋ3, МАРКО РАКИН3 и БРАНКО БУГАРСКИ3 

1
Универзитет у Београду, Иновациони центар Технолошко–металуршког факултета, 

2
Универзитет у 

Београду, Институт за нуклеарне науке „Винча“ и 
3
Универзитет у Београду, 

Технолошко–металуршки факултет 

Метални материјали, као што су Co–Cr–Mo легуре, су изложени агресивним усло-
вима у усној дупљи која представља идеалну средину за отпуштање металних јона и 
биоразградњу. Јони отпуштени из денталних материјала могу да изазову локалне и/или 
системске штетне ефекте у људском организму. Због тога се захтева да дентални мате-
ријали поседују одговарајућа механичка, физичка, хемијска и биолошка својства. Био-
компатибилност металних материјала је веома битна за денталну примену. Према томе, 
циљ рада је био да се одреди отпуштање јона и цитотоксичност Co–30Cr–5Mo ливене 
легуре, као почетна фаза процене биокомпатибилности. Одређивање вијабилности људ-
ских (MRC-5) и животињских (L929) ћелија фибробласта је спроведено применом три 
теста: колориметријског МТТ теста, теста губљења боје (DET) и агар дифузионог теста 
(ADT). Осим тога, морфологија и раст ћелија су анализирани коришћењем скенирајуће 
електронске микроскопије (SEM). Добијени резултати указују на то да Co–30Cr–5Mo 
легура не отпушта штетне елементе у високим концентрацијама које би могле да проуз-
рокују штетне ефекте на људским и животињским фибробластима под датим експери-
менталним условима. Осим тога, ћелије фибробласта показују веома добру адхезију на 
површини Co–30Cr–5Mo легуре. Према томе, може се закључити да је Co–30Cr–5Mo 
легура биокомпатибилни материјал који се безбедно може користити у стоматологији. 

(Примљено 5. маја, ревидирано 13. августа, прихваћено 26. августа 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-yl)-2,5 diphenyl tetrazolium bromide (MTT) into the 
insoluble, dark purple formazan product in metabolically active cells. The procedure was 
described in detail previously.1,2 Briefly, viable cells (2×105 cells mL-1) 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 % CO2 for 48 h and then the cells were resown in fresh 
medium. Viable cells (5×103 cells 100 μL-1) were sown in 96-well microtiter plates and 
incubated at 37 °C with 5 % CO2 for 48 h, 72 h and 96 h. MTT solution (10 μL) was added to 
each well of the plate and the incubation was continued for a further 3 h. Afterwards, 100 μL 
of 0.04 M HCl 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:  

 s

k

100% = NK
N

 (1) 

where Ns is the number of surviving cells with the examined material and Nk 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 °C in 5 % CO2 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 μL of cells was taken and added to 100 μL 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 (2×105 cells mL-1) were sown in Petri dishes 
and 10 mL of the suspension was incubated at 37 °C in 5 % CO2 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 % CO2 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.3 The results were 
evaluated according to decolourization index and lysis index: 
 Cell response = decolourization index/lysis index  (2) 
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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 Al–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.1 Metals flocculants have the bad 
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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 
Na2SiO4 solution and PSi formation follows in the condensation polymerization 
of monomeric silicic acid.5 The mechanism is as follows: 
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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.7 However, magnesium ions can play a 
decolorizing role because they can create insoluble complexes (for example, 
MgHN3PO4·6H2O).8 Magnesium can reduce the Al3+ and Fe3+ residuals.9 Al 
polysilicate and Fe polysilicate were investigated in many studies,10–13 but there 
are only a few studies about magnesium-containing flocculants. Yanjie14 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.,15and 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.17 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 Mg2+ and fresh polysilicic acid (PSi)). The following solutions were prepared: 0.5 mol L-1 
Na2SiO4, 0.233 mo L-1 H2SO4, 0.5 mol L-1 AlCl3, 0.5 mol L-1 Fe2(SO4)3 and 0.5mol L-1 
MgCl2. The pH of 10 mL Na2SiO4 solution was adjusted to 5.5 with dilute sulfuric acid.18 The 
mixture of Na2SiO4 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),19 the turbidity was measured at 
a wavelength of 680 nm. The turbidity removal efficiency (RE) was calculated as follows:  

 0 i

0
 =100 −T TTRE

T
 (1) 
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where T0 is the turbidity of the wastewater and Ti 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): 

 0 i

0
 =100 −A ACRE

A
 (2) 

where A0 is the absorbance of the wastewater and Ai 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-1 at a scan resolution of 2 cm-1. 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 CuKα radiation in the 2θ range 10–70° at a scan rate of 8° min-1. The morphology 
was determined by scanning electron microscopy (SEM) at an acceleration voltage of 30 kV 
and a magnification of 1000×. 

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. 

Fig. 1. Effect of the volume of 
MgCl2 solution (VMgCl2) on the 
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 Mg2+ 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 Al3+ 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 Al3+ 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. 

Fig. 2. Effect of volume of 
Fe2(SO4)3 solution (VFe2(SO4)3) on 
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 Al.20 On the other hand, Fe3+ has color and its 
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floc is smaller than that of Al3+, 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. 

Fig. 3. Effect of mole ratio of 
(Al+Fe+Mg):Si on the coagul-
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. 

Fig. 4. Effect of PAFMS dosage 
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, Al3+, Fe3+and Mg2+ have rich variety of hydrolysates 

Fig. 5. Effect of the pH of the oily 
wastewater on coagulation per-
formance. 
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and hence a large amount of polynuclear complexes and hydroxy complex ions21 
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 large22 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. 6c, 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–1 could be attributed to 
the symmetric and antisymmetric stretching of M–OH (Al–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. 6c. This illustrates that Mg2+ is better for the 
formation of M–OH bonds.  

The peaks at 3500–3300 cm−1 were assigned to the stretching vibration of 
–OH.24 In Fig. 6b and d, there are shoulder peaks around 3500–3300 cm−1 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 Al3+, Fe3+ and Mg2+.  

The peaks at 1660–1640 cm–1 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–1 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–1, respectively. Peaks at 1150.5, 
1105.5 and 1139.2 cm–1 are assigned to the characteristics peaks of Al–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.26 There is 
another possibility, the peaks around 1100 cm–1 could also be attributed to the 
characteristics peaks of SO42–. From Fig.6a–d, it could be seen that the peaks 
around 1100 cm–1 of Fig. 6a are stronger than those of Figs. 6b–d (at 1150.5,  

_________________________________________________________________________________________________________________________

(CC) 2015 SCS. All rights reserved.

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



 PREPARATION OF Al–Fe–Mg POLYSILICATE AND APPLICATION ON OILY SLUDGE 1561 

 
 (a) (b) 

 
 (c) (d) 

Fig. 6. FTIR 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. 

1105.5 and 1139.2 cm–1, 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–1 in Figs. 6b–d could be attributed to the 
stretching vibration of Al–O–Si and Fe–O–Si.14 The intensity of this peak is 
closely related to the coagulation performance. The peak intensity at 960.4 cm–1 
in Fig. 6b is the strongest. The peak at 532.5 cm–1 in Fig. 6b and the peak at 
520.6 cm–1 in Fig. 6d were assigned to the stretching vibration of Si–O–Mg,25 
but they did not appear in Fig. 6c. This implies that greater amount of Mg would 
form more Si–O–Mg groups. In a word, the generation of Al–O–Si, Fe–O–Si and 
Mg–O–Si indicate the metals had polymerized with PSi. The peak at 794.0 cm–1 
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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.  

 
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 Na2SO4 (at 2θ 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 2θ 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 
Cl– did not fully participate in the polymerization reaction. The intensity of NaCl 
crystal peaks in Fig. 7, c, were stronger than in Fig. 7, b and d, which implies that 
the increasing amount of Mg2+ could promote Cl– 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 2θ 18–30°. Obviously, the peak shape in Fig. 7, 
b, is more regular, and the amorphous peak groups at 2θ 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., MgSO4·6H2O (at 
2θ 16.250, 17.688, 18.164, 20.211, 21.983, 24.640, 30.084 and 30.367°), 
NaAl(SO4)2·6H2O (at 2θ 21.034, 24.366 and 30.818°) and Fe3(SO4)4·14H2O (at 
2θ 21.950 and 22.336°), which indicates that excessive metals do not participate 
in the polymerization reaction.  

Diffraction patterns of crystals, such as AlCl3, Fe2(SO4)3, MgCl2, Al2O3, 
Fe2O3, Fe3O4, MgO, Al(OH)3, Fe(OH)3, Mg(OH)3 and SiO2 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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Fig. 8. SEM image of PAFMS. 

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 8–9, 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, Al–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 2θ 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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И З В О Д  
СПРАВЉАЊЕ АЛУМИНИЈУМ–ФЕРИ–МАГНЕЗИЈУМ–ПОЛИСИЛИКАТА И ЊЕГОВА 

ПРИМЕНА НА НАФТНОМ МУЉУ 

SI LI, SHUANG-CHUN YANG, YI PAN и JIN-HUI ZHANG 

Liaoning Shihua University, FuShun 113001, China 

Поли-алуминијум–фери–магнезијум-силикат (PAMFC) је справљен уношењем јона 
метала алуминијума, гвожђа и магнезијума у кисели раствор. Учинак коагулације је 
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оцењиван уклањањем мутноће и обојења отпадне воде од третмана нафтног муља. 
Структура и морфологија PAMFC су карактерисане инфрацрвеном спектроскопијом са 
Фурије трансформацијом (FTIR), рентгенском дифракцијом (XRD) и сканирајућом еле-
ктронском микроскопијом (SEM). Резултати су указали да је однос 6:4:15 метала 
Al:Fe:Mg погодан за формирање Al–O–Si, Fe–O–Si и Mg–Si–O. Од ова три метала, гвожђе 
је највише играло улогу инхибитора. XRD анализа је показала да додатак Al, Fe и Mg у 
полимерну силицијумову киселину доводи до формирања нове хемијске врсте, а не 
обичне смеше. Интензитет пикова је зависио од молских фракција метала. Према SEM, 
PAMFC се показао као просторна структура која се састоји од много неправилних исту-
рених делова. Када је молски однос (Al+Fe+Mg):Si био 0,5, а Al:Fe:Mg на 6:4:15, ефекат 
уклањања је био бољи. Штавише, када је дозирање PAMFC било 1,4–1,8 % или 8–9 %, 
тада је уклањање мутноће и обојења било 97,31, односно 96,76 %. 

(Примљено 29. децембра 2014, ревидирано 9. марта, прихваћено 17. марта 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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achievement of Serbian eighth grade students in natural sciences was statistically 
significantly lower than that of the international average.1–6  

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.7 

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.4,8–10 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”),5 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 issues13 could be raised by learn-
ing chemistry in the context14 of a specific environmental problem,15 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)16–19 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.5 In addition, awareness and environ-
mentally responsible behavior are difficult to be achieved,24,25 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.4,8-10 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,13,14 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.29 

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. 

 
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–
III) were selected before preparation of the text. 

 
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). 

 
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, 
c) 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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Fig. 4. Structural elements and theses of the continuous text “It Happened, 

What’s the Problem?” 

 
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 

_________________________________________________________________________________________________________________________

(CC) 2015 SCS. All rights reserved.

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



 ECOLOGICAL ISSUES IN THE CLASSROOM 1573 

106C:16N:1P.33 The “Experienced formula” of algae (C106H263O110N16P) based on their 
chemical components was offered as a scientific discovery to solve the cause of eutrophic-
ation.34 

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. 

 
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, etc.) 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 (C106H263O110N16P) through photo-
synthesis:34  

 
Energy and microelements

2 3 3 4 2

106 263 110 16 2

106CO + 16HNO + H PO +122H O
C H O N P+ 138O

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯→
→

 

The percentage of correct responses was in the 63.6–84.8 % range. The 
cause (small concentration of phosphate, 1 mol H3PO4) 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.  

 
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. 

 
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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И З В О Д  
„ДЕСИЛО СЕ, У ЧЕМУ ЈЕ ПРОБЛЕМ?“ И „ВОДИЧ КРОЗ ПРОБЛЕМ“ – МОДЕЛ ЗА 

РАЗМАТРАЊЕ ЕКОЛОШКИХ ПРОБЛЕМА У НАСТАВИ ХЕМИЈЕ 

ЈАСМИНКА Н. КОРОЛИЈА1, СНЕЖАНА РАЈИЋ2, МИЛЕНА ТОШИЋ1 и ЉУБА М. МАНДИЋ1 

1
Хемијски факултет, Универзитет у Београду, Београд и 

2
Гимназија Ст. Сава, Београд 

У циљу побољшања способности примене знања из хемије (стечених у постојећем 
систему образовања) у реалном животу, развијен је модел који омогућава разматрање 
еколошких проблема. Састоји се од континуалног текста „Десило се, у чему је проблем?“ 
и теста са неконтинуалним текстом „Водич кроз проблем“, у којима је разматрана 
еутрофикација. Модел је примењен на часовима хемије у гимназији. Добијени резултати 
(средња вредност 70,9±14,3 %) показали су да је примена приказаног модела омогућила: 
разумевање еколошког проблема еутрофикације на основу научних одредница појма 
датих у континуираном тексту, сагледавање како загађење животне средине може бити 
директно последица модернизације свакодневног живота, примену стечених хемијских 
знања за сагледавање и разумевање узрока и последица еутрофикације у животној 
средини, и за долажење до закључка путевима како то ради наука, као и сагледавање 
значаја научно–технолошких открића за решавање еколошких проблема. Осим тога, 
примена модела доприноси развоју ученичке писмености о животној средини (еко-
лошко знање и когнитивне способности), способности критичког мишљења, и обезбеђује 
да знање стечено у учионици буде применљиво у реалном животу.  

(Примљено 22. маја, ревидирано 11. августа, прихваћено 9. септембра 2015) 
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