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INSTRUCTIONS FOR AUTHORS (2021) 

GENERAL 

The Journal of the Serbian Chemical Society (the Journal in further text) 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 (up to 15 typewritten pages, including Figures, Tables and References) 

report original research which must not have been previously published. 

Short communications (up to 8 pages) report unpublished preliminary results of sufficient 

importance to merit rapid publication. 

Notes (up to 5 pages) report unpublished results of short, but complete, original 

research 

Authors’ reviews (up to 40 pages) present an overview of the author’s current research with 

comparison to data of other scientists working in the field 

Reviewsa (up to 40 pages) present a concise and critical survey of a specific research 

area. Generally, these are prepared at the invitation of the Editor 

Surveys (about 25 pages) communicate a short review of a specific research area. 

Book and Web site reviews (1 - 2 pages) 

Extended abstracts (about 4 pages) of Lectures given at meetings of the Serbian Chemical 

Society Divisions 

Letters to the Editor report miscellaneous topics directed directly to the Editor  
aGenerally, 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 (http://www.shd-pub.org.rs/index.php/JSCS). The manuscript must be uploaded as a Word.doc or 

.rtf file, with tables and figures (including the corresponding captions – above Tables and below 

Figures), placed within the text to follow the paragraph in which they were mentioned for the first time.  

Please note that Full Names (First Name, Last Name), Full Affiliation and Country (from drop 

down menu) of ALL OF AUTHORS (written in accordance with English spelling rules - the first letter 

capitalized) must be entered in the manuscript Submission Form (Step 3). Manuscript Title, authors’ 

names and affiliations, as well as the Abstract, WILL APPEAR in the article listing, as well as in 

BIBLIOGRAPHIC DATABASES (WoS, SCOPUS...), in the form and in the order entered in the 

author details 

Graphical abstract 
Graphical abstract is a one-image file containing the main depiction of the authors work and/or 

conclusion and must be supplied along with the manuscript. It must enable readers to quickly gain the 

main message of the paper and to encourage browsing, help readers identify which papers are most 

relevant to their research interests. Authors must provide an image that clearly represents the research 

described in the paper. The most relevant figure from the work, which summarizes the content, can also 

be submitted. The image should be submitted as a separate file in Online Submission Form - Step 2. 

Specifications: The graphical abstract should have a clear start and end, reading from top to bottom 

or left to right. Please omit unnecessary distractions as much as possible. 
• Image size: minimum of 500800 pixels (WH) and a minimum resolution of 300 dpi. If a larger image is sent, 

then please use the same ratio: 16 wide  9 high. Please note that your image will be scaled proportionally to fit 
in the available window in TOC; a 150x240 pixel rectangle. Please be sure that the quality of an image cannot 
be increased by changing the resolution from lower to higher, but only by rescanning or exporting the image 
with a higher resolution, which can be set in usual "settings" option. 

• Font: Please use Calibri and Symbol font with a large enough font size, so it is readable even from the image of 
a smaller size (150  240 px) in TOC. 

• File type: JPG and PNG only. 
No additional text, outline or synopsis should be included. Please do not use white space or any heading within 

the image. 



Cover Letter 
Manuscripts must be accompanied by a cover letter (strictly uploaded in Online Submission Step 

2) in which the type of the submitted manuscript and a warranty as given below are given. The Author(s) 

has(have) to warranty that the manuscript submitted to the Journal for review is original, has been 

written by the stated author(s) 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). 

Illustrations  
Illustrations (Figs, schemes, photos…) in TIF or EPS format (JPG format is acceptable for colour 

and greyscale photos, only), must be additionally uploaded (Online Submission Step 2) as a separate file 

or one archived (.zip, .rar or .arj) file. Figures and/or Schemes should be prepared according to the 

Artwork Instructions - http://www.shd.org.rs/JSCS/jscs-pdf/Artwork_Instructions.pdf!  

For any difficulties and questions related to OnLine Submission Form - https://www.shd-

pub.org.rs/index.php/JSCS/submission/wizard,  please refer to User Guide - https://openjournal-

systems.com/ojs-3-user-guide/ , Chapter Submitting an Article - https://openjournalsystems.com/ojs-3-

user-guide/submitting-an-article/. If difficulties still persist, please contact JSCS Editorial Office at 

JSCS@shd.org.rs 

A manuscript not prepared according to these instructions will be returned for resubmission 

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 a conflict of interest is handled during writing, peer 

review, and editorial decision making. A 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 a 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 science 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.         

 

*International Committee of Medical Journal Editors (“Uniform Requirements for Manuscripts Submitted to Biomedical Journals”), February 2006 
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PROCEDURE 
All contributions will be peer reviewed and only those deemed worthy and suitable 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. If authors would prefer a specific person not be 

a reviewer, this should be announced. The Cover Letter must be accompanied by these suggestions. 

Manuscripts requiring revision should be returned according to the requirement of the Editor, within 60 

days upon reception of the reviewing comments by e-mail. 

The Journal maintains its policy and takes the liberty of correcting the English as well as false content 

of manuscripts provisionally accepted for publication in the first stage of reviewing process. In this second 

stage of manuscript preparation by JSCS Editorial Office, the author(s) may be required to supply some 

additional clarifications and corrections. This procedure will be executed during copyediting actions, 

with a demand to author(s) to perform corrections of unclear parts before the manuscript would be 

published OnLine as finally accepted manuscript (OLF Section of the JSCS website). Please note that 

the manuscript can receive the status of final rejection if the author’s corrections would not be satisfactory. 

When finally accepted manuscript is ready for printing, the corresponding author will receive a request 

for proof reading, which should be performed within 2 days. Failure to do so will be taken as the authors agree 

with any alteration which may have occurred during the preparation of the manuscript for printing. 

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

publishing priority. 

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 characters that may appear 

in the text, 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, figures and/or schemes must be embedded in the main text of the manuscript and should 

follow the paragraph in which they are mentioned for the first time. Tables must 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 any returns (enter key;  key) and are limited to 12 cm width. Tables should not be incorporated 

as graphical objects. Footnotes to Tables should follow them and are to be indicated consequently (in a 

single line) in superscript letters and separated by semi-column. 

Table caption must be placed above corresponding Table, while Captions of the Illustrations 

(Figs. Schemes...) must follow the corresponding item. The captions, either for Tables or 

Illustrations, should make the items comprehensible without reading of the main text (but clearly 

referenced in), must follow numerical order (Roman for Tables, Arabic for Illustrations), and should not 

be provided on separate sheets or as separate files. 

High resolution Illustrations (named as Fig. 1, Fig. 2… and/or Scheme 1, Scheme 2…) in TIF or 

EPS format (JPG format is acceptable for photos, only) must be additionally uploaded as a separate 

files or one archived (.zip, .rar) file. 

Illustrations should be prepared according to the ARTWORK INSTRUCTIONS - 

http://www.shd.org.rs/JSCS/jscs-pdf/Artwork_Instructions.pdf. ! 
 

All pages of the manuscript must be numbered continuously. 

DESIGNATION OF PHYSICAL QUANTITIES AND UNITS 
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 and indexes (except for indexes having 

the meaning of physical quantities) 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 

mailto:jscs-info@shd.org.rs
../../JSCS/ARTWORK%20INSTRUCTIONS
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(example: p / kPa, j / mA cm-2, t / °C, T0 / K,  / h, ln (j / mA cm-2)…). 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; 

Current density, mA cm-2…). 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. Thousands are separated, if at all, by 

a comma and not a point. 

Mathematical and chemical equations should be given in separate lines and must be numbered, 

Arabic numbers, consecutively in parenthesis at the end of the line. All equations should be embedded in 

the text Complex equations (fractions, integrals, matrix…) should be prepared with the aid of the 

Microsoft Equation 3.0 (or higher) or MathType (Do not use them to create simple equations and 

labels). Using the Insert -> Equation option, integrated in MS Office 2010 and MS Office 2013, as 

well as insertion of equation objects within paragraph text IS NOT ALLOWED. 

ARTICLE STRUCTURE 

• TITLE PAGE;  

• MAIN TEXT – including Tables and Illustrations with corresponding captions;  

• SUPPLEMENTARY MATERIAL (optional) 

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 (Cyrillic letters). (Домаћи аутори морају доставити Извод 

(укључујући имена аутора и афилијацију) на српском језику, исписане ћирилицом, иза 

Захвалнице, а пре списка референци.) 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 – should have the form:  

• INTRODUCTION,  

• EXPERIMENTAL (RESULTS AND DISCUSSION),  

• RESULTS AND DISCUSSION (EXPERIMENTAL),  

• CONCLUSIONS,  

• NOMENCLATURE (optional) and  

• Acknowledgements: 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. 
 

Chemistry 
Detailed information about instruments and general experimental techniques should be given in all 

necessary details. If special treatment for solvents or chemical purification were applied that must be 

emphasized. 

Example: Melting points were determined on a Boetius PMHK or a Mel-Temp apparatus and were not 

corrected. Optical rotations were measured on a Rudolph Research Analytical automatic polarimeter, 

Autopol IV in dichloromethane (DCM) or methanol (MeOH) as solvent. IR spectra were recorded on a 

Perkin-Elmer spectrophotometer FT-IR 1725X. 1H and 13C NMR spectra were recorded on a Varian 

Gemini-200 spectrometer (at 200 and 50 MHz, respectively), and on a Bruker Ultrashield Advance III 

spectrometer (at 500 and 125 MHz, respectively) employing indicated solvents (vide infra) using TMS as 

the internal standard. Chemical shifts are expressed in ppm (δ / ppm) values and coupling constants in 

Hz (J / Hz). ESI-MS spectra were recorded on Agilent Technologies 6210 Time-Of-Flight LC-MS 

instrument in positive ion mode with CH3CN/H2O 1/1 with 0.2 % HCOOH as the carrying solvent 

solution. Samples were dissolved in CH3CN or MeOH (HPLC grade purity). The selected values were as 

follows: capillary voltage = 4 kV, gas temperature = 350 °C, drying gas flow 12 L min−1, nebulizer 

pressure = 310 kPa, fragmentator voltage = 70 V.The elemental analysis was performed on the Vario EL 

III- C,H,N,S/O Elemental Analyzer (Elementar Analysensysteme GmbH, Hanau-Germany). Thin-layer 

chromatography (TLC) was performed on precoated Merck silica gel 60 F254 and RP-18 F254 plates. 

Column chromatography was performed on Lobar LichroPrep Si 60 (40-63 µm), RP-18 (40-63 µm) 

columns coupled to a Waters RI 401 detector, and on Biotage SP1 system with UV detector and FLASH 

12+, FLASH 25+ or FLASH 40+ columns pre packed with KP-SIL [40-63 µm, pore diameter 6 nm (60 

Å)], KP-C18-HS (40-63 µm, pore diameter 9 nm (90 Å) or KP-NH [40-63 µm, pore diameter 10 nm 

(100 Å)] as adsorbent. Compounds were analyzed for purity (HPLC) using a Waters 1525 HPLC dual 

pump system equipped with an Alltech, Select degasser system, and dual λ 2487 UV-VIS detector. For 

data processing, Empower software was used (methods A and B). Methods C and D: Agylent 

Тechnologies 1260 Liquid Chromatograph equipped with Quat Pump (G1311B), Injector (G1329B) 

1260 ALS, TCC 1260 (G1316A) and Detector 1260 DAD VL+ (G1315C). For data processing, LC 

OpenLab CDS ChemStation software was used. For details, see Supporting Information. 
 

1. Synthesis experiments  

Each paragraph describing a synthesis experiment should begin with the name of the product and any 

structure number assigned to the compound in the Results and Discussions section. Thereafter, the 

compound should be identified by its structure number. Use of standard abbreviations or unambiguous 

molecular formulas for reagents and solvents, and of structure numbers rather than chemical names to 

identify starting materials and intermediates, is encouraged. 

When a new or improved synthetic method is described, the yields reported in key experimental 

examples, and yields used for comparison with existing methods, should represent amounts of isolated 

and purified products, rather than chromategraphically or spectroscopically determined yields. Reactant 

quantities should be reported in weight and molar units and for product yields should be reported in 

weight units; percentage yields should only be reported for materials of demonstrated purity. When 

chromatography is used for product purification, both the support and solvent should be identified.  
 

2. Microwave experiments  

Reports of syntheses conducted in microwave reactors must clearly indicate whether sealed or open 

reaction vessels were used and must document the manufacturer and model of the reactor, the method of 

monitoring the reaction mixture temperature, and the temperature-time profile. Reporting a wattage 

rating or power setting is not an acceptable alternative to providing temperature data. Manuscripts 

describing work done with domestic (kitchen) microwave ovens will not be accepted except for studies 

where the unit is used for heating reaction mixtures at atmospheric pressure. 
 



3. Compound characterization  

The Journal upholds a high standard for compound characterization to ensure that substances being 

added to the chemical literature have been correctly identified and can be synthesized in known yield and 

purity by the reported preparation and isolation methods. For all new compounds, evidence adequate to 

establish both identity and degree of purity (homogeneity) must be provided. 

Identity - Melting point. All homogeneous solid products (e.g. not mixtures of isomers) should be 

characterized by melting or decomposition points. The colors and morphologies of the products should 

also be noted.  

Specific rotations. Specific rotations based on the equation [α]t;D = (100 α) / (l c) should be reported as 

unitless numbers as in the following example: [α]20; D = -25.4 (c 1.93, CHCl3), where c / g mL-1 is 

concentration and l / dm is path length. The units of the specific rotation, (deg mL) / (g dm), are implicit 

and are not included with the reported value. 

Spectra/Spectral Data. Important IR adsorptions should be given. 

For all new diamagnetic substances, NMR data should be reported (1H, 13C, and relevant heteronuclei). 
1H NMR chemical shifts should be given with two digits after the decimal point. Include the number of 

protons represented by the signal, signal multiplicity, and coupling constants as needed (J italicized, 

reported with up to one digit after the decimal). The number of bonds through which the coupling is 

operative, xJ, may be specified by the author if known with a high degree of certainty. 13C NMR signal 

shifts should be rounded to the nearest 0.01 ppm unless greater precision is needed to distinguish closely 

spaced signals. Field strength should be noted for each spectrum, not as a comment in the general 

experimental section. Hydrogen multiplicity (C, CH, CH2, CH3) information obtained from routine 

DEPT spectra should be included. If detailed signal assignments are made, the type of NOESY or COSY 

methods used to establish atom connectivity and spatial relationships should be identified in the 

Supporting Information. Copies of spectra should also be included where structure assignments of 

complex molecules depend heavily on NMR interpretation. Numbering system used for assignments of 

signals should be given in the Supporting Information with corresponding general structural formula of 

named derivative. 

HPLC/LCMS can be substituted for biochemistry papers where the main focus is not on compound 

synthesis. 

HRMS/elemental analysis. To support the molecular formula assignment, HRMS data accurate within 5 

ppm, or combustion elemental analysis [carbon and hydrogen (and nitrogen, if present)] data accurate 

within 0.5 %, should be reported for new compounds. HRMS data should be given in format as is usually 

given for combustion analysis: calculated mass for given formula following with observed mass: (+)ESI-

HRMS m/z: [molecular formula + H]+ calculated mass, observed mass. Example: (+)ESI-HRMS m/z: 

calculated for [C13H8BrCl2N + H+] 327.92899, observed 327.92792. 

NOTE: in certain cases, a crystal structure may be an acceptable substitute for HRMS/elemental 

analysis. 

Biomacromolecules. The structures of biomacromolecules may be established by providing evidence 

about sequence and mass. Sequences may be inferred from the experimental order of amino acid, 

saccharide, or nucleotide coupling, from known sequences of templates in enzyme-mediated syntheses, 

or through standard sequencing techniques. Typically, a sequence will be accompanied by MS data that 

establish the molecular weight. 

Example: Product was isolated upon column chromatography [dry flash (SiO2, eluent EA, EA/MeOH 

gradient 95/5 → 9/1, EA/MeOH/NH3 gradient 18/0.5/0.5 → 9/1/1, and flash chromatography (Biotage SP1, 

RP column, eluent MeOH/H2O gradient 75/25 → 95/5, N-H column, eluent EA/Hex gradient 6/3 → EA). 

was obtained after flash column chromatography (Biotage SP NH column, eluent hexane/EA 4:6 → 2:6). 

Yield 968.4 mg (95 %). Colorless foam softens at 96-101 °C. [α]20; D = +0,163 (c =2.0×10-3 g/mL, 

CH2Cl2). IR (ATR): 3376w, 2949m, 2868w, 2802w, 1731s, 1611w, 1581s, 1528m, 1452m, 1374s, 1331w, 

1246s, 1171m, 1063w, 1023m, 965w, 940w, 881w, 850w, 807w, cm-1. 1H NMR (500 MHz, CDCl3, δ): 

8.46 (d, 1H, J = 5.4, H-2’), 7.89 (s, 1H,  J = 2.0, H-8’), 7.71 (d, 1H, J = 8.9, H-5’), 7.30 (dd, 1H,  

J1 = 8.8, J2 = 2.1, H-6’), 6.33 (d, 1H, J = 5.4, H-3’), 6.07 (s, HN-Boc, exchangeable with D2O), 5.06 (s, 1H, 

H-12), 4.92-4.88 (m, 1H, H-7), 4.42 (bs, H-3), 3.45 (s,CH3-N), 3.33 (bs, H-9’), 3.05-2.95 (m, 2H, H-11’), 

2.70-2.43 (m, 2H, H-24) and HN, exchangeable with D2O), 2.07 (s, CH3COO), 2.04 (s, CH3COO), 1.42 (s, 

9H, (CH3)3C-N(Boc)), 0.88 (s, 3H, CH3-10), 0.79 (d, 3H,J = 6.6, CH3-20), 0.68 (s, 3H, CH3-13). 13C NMR 

(125 MHz, CDCl3, δ): 170.34, 170.27, 151.80, 149.92, 148.87, 134.77, 128.36, 125.11, 121.43, 117.29, 

99.98, 75.41, 70.82, 50.43, 49.66, 47.60, 47.33, 44.97, 43.30, 41.83, 41.48, 37.65, 36.35, 35.44, 34.89, 



34.19, 33.23, 31.24, 28.79, 28.35, 27.25, 26.45, 25.45, 22.74, 22.63, 21.57, 21.31, 17.85, 12.15. (+)ESI-

HRMS (m/z): calculated for [C45H67ClN4O6 + H]+ 795.48219, observed 795.48185. Combustion analysis 

for C45H67ClN4O6: Calculated. C 67.94, H 8.49, N 7.04; found C 67.72, H 8.63, N 6.75. HPLC purity: 

method A: RT 1.994, area 99.12 %; method C: RT 9.936, area 98.20 %. 

Purity - Evidence for documenting compound purity should include one or more of the following:  

a) Well-resolved high field 1D 1H NMR spectrum showing at most only trace peaks not attributable to 

the assigned structure and a standard 1D proton-decoupled 13C NMR spectrum. Copies of the spectra 

should be included as figures in the Supporting Information. 

b) Quantitative gas chromatographic analytical data for distilled or vacuum-transferred samples, or 

quantitative HPLC analytical data for materials isolated by column chromatography or separation 

from a solid support. HPLC analyses should be performed in two diverse systems. The stationary 

phase, solvents (HPLC), detector type, and percentage of total chromatogram integration should be 

reported; a copy of the chromatograms may be included as a figure in the Supporting Information.  

c) Electrophoretic analytical data obtained under conditions that permit observing impurities present at 

the 5 % level. 

HRMS data may be used to support a molecular formula assignment but cannot be used as a criterion 

of purity. 
 

4. Biological Data 

Quantitative biological data are required for all tested compounds. Biological test methods must be 

referenced or described in sufficient detail to permit the experiments to be repeated by others. Detailed 

descriptions of biological methods should be placed in the experimental section. Standard compounds or 

established drugs should be tested in the same system for comparison. Data may be presented as 

numerical expressions or in graphical form; biological data for extensive series of compounds should be 

presented in tabular form. Tables consisting primarily of negative data will not usually be accepted; 

however, for purposes of documentation they may be submitted as supporting information. Active 

compounds obtained from combinatorial syntheses should be resynthesized and retested to verify that the 

biology conforms to the initial observation.  

Statistical limits (statistical significance) for the biological data are usually required. If statistical limits 

cannot be provided, the number of determinations and some indication of the variability and reliability of 

the results should be given. References to statistical methods of calculation should be included. Doses 

and concentrations should be expressed as molar quantities (e.g., mol/kg, μmol/kg, M, mM). The routes 

of administration of test compounds and vehicles used should be indicated, and any salt forms used 

(hydrochlorides, sulfates, etc.) should be noted. The physical state of the compound dosed (crystalline, 

amorphous; solution, suspension) and the formulation for dosing (micronized, jet-milled, nanoparticles) 

should be indicated. For those compounds found to be inactive, the highest concentration (in vitro) or 

dose level (in vivo) tested should be indicated. 
 

• The RESULTS AND DISCUSSION should include concisely presented results and there signi-

ficance 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 

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. Please note that any 

reference numbers appearing in the Illustrations and/or Tables and corresponding captions must 

follow the numbering sequence of the paragraph in which they appear for the first time. When cited, 

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: 
 



Journalsa: A. B. Surname1, C. D. Surname2, J. Serb. Chem. Soc. Vol (Year) first page Number 

(https://doi.org/doi)b  

Books: A. B. Surname1, C. D. Surname2, Name of Book, Publisher, City, Year, pp. 100-101 

(https://doi.org/doi)b 

Compilations: A. B. Surname1, C. D. Surname2, in Name of Compilation, A. Editor1, C. Editor2, Ed(s)., 

Publisher, City, Year, p. 100 (https://doi.org/doi)b 

Proceedings: A. B. Surname1, C. D. Surname2, in Proceedings of Name of the Conference or 

Symposium, (Year), Place of the Conference, Country, Title of the Proceeding, Publisher, 

City, Year, p. or Abstract No. 100 

Patents: A. B. Inventor1, C. D. Inventor2, (Holder), Country Code and patent number (registration 

year) 

Chemical  

Abstracts: 

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: EN ISO 250: Name of the Standard (Year) 

Websites: Title of the website, URL in full (date accessed) 
a  When citing Journals, the International Library Journal abbreviation is required. Please consult, e.g.,  

https://images.webofknowledge.com/WOK46/help/WOS/A_abrvjt.html  
b  doi should be replaced by doi number of the Article, for example: http://dx.doi.org/10.2298/JSC161212085B (as 

active link). If doi do not exist, provide the link to the online version of the publication. 

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→’. 
 

Supplementary material  
Authors are encouraged to presentthe information and results non-essential to the understanding of 

their paper as SUPPLEMENTARY MATERIAL (can be uploaded inStep 4 of Online Submission). This 

material may include as a rule, but is not limited to, the presentation of analytical and spectral data 

demonstrating the identity and purity of synthesized compounds, tables containing raw data on which 

calculations were based, series of figures where one example would remain in the main text, etc. The 

Editorial Board retain the right to assign such information and results to the Supplementary material 

when deemed fit. Supplementary material does not appear in printed form but can be downloaded from 

the web site of the JSCS. 

Mathematical and chemical equations should be given in separate lines and must be numbered, 

Arabic numbers, consecutively in parenthesis at the end of the line. All equations should be embedded in 

the text Complex equations (fractions, integrals, matrix…) should be prepared with the aid of the 

Microsoft Equation 3.0 (or higher) or MathType (Do not use them to create simple equations and labels). 

Using the Insert -> Equation option, integrated in MS Office 2010 and MS Office 2013, as well as 

insertion of equation objects within paragraph text IS NOT ALLOWED. 

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 

Fachinformationszentrum 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. 

 
For detailed instructions please visit the JSCS website: 

https://www.shd-pub.org.rs/index.php/JSCS/Instructions  

https://doi.org/doi
https://doi.org/doi
https://doi.org/doi
https://images.webofknowledge.com/WOK46/help/WOS/A_abrvjt.html
http://dx.doi.org/10.2298/JSC161212085B
https://www.shd-pub.org.rs/index.php/JSCS/Instructions


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: 

1. Line artwork: minimum of 1000 dpi 

2. RGB image: minimum of 300 dpi 

3. Greyscale image: minimum of 300 dpi  

4. Combination artwork (line/greyscale/RGB): minimum of 500 dpi 

▪ Images should be tightly cropped, without frame and any caption. 

▪ 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. 
 

Please be sure that quality of an image cannot be increased by changing the resolution 

from lower to higher, but only by rescanning or exporting the image with higher resolution, 

which can be set in usual "settings" facilities. 
 

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) 

▪ 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 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 0.35 pt to 1.5 pt  

▪ when using layers, they should be reduced to one layer before saving the image (Flatten 

Artwork)  



JPEG 
Virtually all common artwork and graphic creation software is capable of saving files in JPEG format. 

This 'option' can normally be found under 'the 'Save As...' or 'Export...' commands in the 'File' menu. 

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 3.0 cm; maximum 12.0 cm. 
 

Please be sure that quality of an image cannot be increased by changing the resolution from 

lower to higher, but only by rescanning or exporting the image with higher resolution, which can 

be set in usual "settings" facilities. 
 

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 instances where other factors in the artwork, (for example, tints and shadings) 

dictate a finished size of perhaps 10 pt. Lines should be of at least 1 pt thickness. 

▪ When deciding on the size of a line art graphic, in addition to the lettering, there are several 

other factors to address. These all have a bearing on the reproducibility/readability of the 

final artwork. Tints and shadings have to be printable at the finished size. All relevant detail 

in the illustration, the graph symbols (squares, triangles, circles, etc.) and a key to the 

diagram (to explain the explanation of the graph symbols used) must be discernible. 

▪ The sizing of halftones (photographs, micrographs,...) normally causes more problems than 

line art. It is sometimes difficult to know what an author is trying to emphasize on a 

photograph, so you can help us by identifying the important parts of the image, perhaps by 

highlighting the relevant areas on a photocopy. The best advice that can be given to graphics 

suppliers is not to over-reduce halftones. Attention should also be paid to magnification 

factors or scale bars on the artwork and they should be compared with the details inside. If a 

set of artwork contains more than one halftone, again please ensure that there is consistency 

in size between similar diagrams. 
 

General sizing of illustrations which can be used for the Journal of the Serbian Chemical 

Society:  
▪ Minimum fig. size: 30 mm width 

▪ Small fig. size - 60 mm width 

▪ Large fig. size - 90 mm width 

▪ Maximum fig. size - 120 mm width 

Pixel requirements (width) per print size and resolution for bitmap images: 

 Image width A B C 

Minimal size 30 mm 354 591 1181 

Small size 60 mm 709 1181 2362 

Large size 90 mm 1063 1772 3543 

Maximal size 120 mm 1417 2362 4724 

A: 300 dpi > RGB or Greyscale image 

B: 500 dpi > Combination artwork (line/greyscale/RGB) 

C: 1000 dpi>  Line artwork 



The designation of physical quantities and graphs formatting  
The designation of physical quantities on figures must be in italic, whereas the units are in 

upright letters. They should be in Times New Roman font. In graphs a slash should be used to 

separate the designation of a physical quantity from the unit (example: p / kPa, t   °C, T0 / K, 

 / h, ln (j / mA cm-2)…). Designations such as: p (kPa), t [min]…, are not acceptable. However, 

if the full name of a physical quantity is unavoiable, 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. Decimal numbers must have decimal points and not commas in the axis labels in 

graphical presentations of results. Thousands are separated, if at all, by a comma and not a point. 
 

 
INCORRECT 
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Abstract: Molecular docking is a powerful and significant approach for the 
identification of lead molecules on the basis of virtual screening. With it a large 
number of compounds can be tested and based on the scoring function and 
ranking, the conclusion can be made about how the selected compounds can 
inhibit the targeted protein/receptor. Considering the importance of selective 
inhibitors of cholinesterase in the treatment of Alzheimer disease, this research 
is focused on the determination of the mechanism of binding interactions of 
few benzene-1,3-diol derivatives within the active site of both acetyl-choline-
sterase (AChE) and butyrylcholinesterase (BChE). All the selective ligands 
were found to have a greater binding affinity with the BChE when compared to 
that of AChE, by an average value of ~−28.4 and ~−12.5 kJ/mol, respectively. 
The results suggested that the identified inhibitors can be used as the lead com-
pounds for the development of novel inhibitors of the targeted enzymes against 
some specific diseases, thus opening the possibility of new therapeutic strategies. 

Keywords: molecular docking; acetyl-cholinesterase (AChE); butyrylcholine-
esterase (BChE); active pocket. 

INTRODUCTION 
Alzheimer’s disease (AD), a neurodegenerative disorder, is characterized by 

the significant decrease in the level of acetylcholine (ACh) neurotransmitter.1,2 
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This neurotransmitter (ACh) plays a significant role in the normal processes of 
learning and memory,activating muscarinic and nicotinic receptors of the central 
nervous system.3,4 The acetyl-cholinesterase (AChE) and the butyrylcholineeste-
rase (BChE) are well-studied enzymes that are involved in the hydrolysis of ACh 
to acetate and choline in the synaptic cleft.5,6 The major signs and symptoms of 
AD include dementia, confusion, memory lapses, misinterpreting of the spatial 
relationships, and the decline in the ability to speak, write, think, reason, making 
decisions and planning. Personality and behavioural changes have also been obs-
erved including depression, anxiety, agitation, social isolation, mood swings, 
diurnal rhythm disturbances and delusions.7,8 AD is characterized by various 
markers in the brain including a large number of amyloid plaques surrounded by 
the neurofibrillary tangles, vascular damage from plaque deposition and neuronal 
cell degradation. The main component of plaques is amyloid β protein and also 
the major cause of AD. The deposition of this notorious protein leads to the deve-
lopment of other symptoms.9,10 Head injuries, progression of age, sequelae of 
delivery, ataxic fever, paralysis, mania, apoplexy, mercury abuse, wine abuse, 
political upheavals, unhappy love, dietary excess, masturbation, unfulfilled love, 
domestic problems, poverty and fears are among the causes of AD that emerged 
in the last century.11,12 

Recent research has revealed that in the brain of patients suffering from AD, 
the level of AChE is considerably reduced whereas that of BChE increases, thus, 
aggravating the toxicity of β-amyloid peptide. In such instances, it is possible that 
BChE may be more suitable target than AChE.13 Both AChE and BChE share 
53 % amino acid sequence similarities of their active sites.14 Recently, the inc-
reased level of BChE has been studied in AD patients therefore resulted in the 
increased β-amyloid peptide toxicity.15 It is not surprising that cholinesterase 
inhibitors have shown better results in the treatment of AD than any other stra-
tegy explored.16 Hence, the search for the discovery of novel cholinesterase inhi-
bitors (ChE) is expected to continue in future since the current ChEs inhibitors 
are reported to have some side effects.17 The availability of several crystal struc-
tures of both ChEs (in complexes) with different inhibitors provides the possi-
bility to apply the docking protocol to explore the protein inhibitor complexes in 
terms of the nature of their interactions.18 Although there are considerable efforts 
being made for understanding the etiology of the neurodegenerative disorder 
(AD) but the development of novel inhibitor of specific target remain as an imp-
ortant concern in the treatment of patient. The main challenge in the development 
of the inhibitors of the selected targets is their potency, selectivity and drug-
ability. Therefore, there is a need of deep understanding of the structure activity 
relationships and functions of the selective inhibitors of selected enzymes.19  

Over the past few years, the high-throughput screening (HTS) has become a 
cornerstone technology of pharmaceutical research20 but it is very expensive and 
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technically impossible to screen a huge library of chemical compounds using 
these biochemical techniques (high throughput screening). In this regard, com-
putational methodologies have become a vital element of many drug discovery 
programmes, from the hit identification to the lead optimization and beyond.21 
The high throughput computational screening using pharmacophore based virtual 
screening, molecular docking and quantum computational studies are among the 
most cost-effective technique through which millions of compounds can be 
screened rapidly.22 Many heterocyclic compounds have been synthesized and 
reported for their potential to inhibit the targeted enzymes, but their molecular 
target was not fully defined. Among those heterocyclic derivatives, quinolones 
and dibenzoazepine have been found as the most attractive scaffolds due to their 
broad range of biochemical activities, such as angiotensin converting enzyme 
(ACE) inhibitor along with anti-convulsant, neuroprotective and anti-inflammat-
ory properties.23  

The current study is designed to relate the interest of some benzene-1,3-diol 
obtained from natural source as cholinesterase inhibitors, but more selective as 
BChE inhibitors. The structures were drawn using ACD/ChemSketch 12.01, and 
3D optimized.24 The study comprises the smart approach by using computational 
4.2 software.26 Moreover, the ADMET studies were also performed using 
ADMET tools to find value added product in short time without wasting of 
chemicals. The crystal structure of both enzymes co-crystalized with their inhi-
bitors were obtained from the protein data bank.25 The selected compounds were 
further explored along with novel inhibitors to determine the possible binding 
interactions of different amino acids within the active site of both enzymes, res-
pectively, using Autodock LAB 2.0.27 The deep understanding of the structure 
activity relationships and functions of the identified inhibitors/drug-like mole-
cules provide a great hope for the development of future novel drugs. 

EXPERIMENTAL 
In order to gain insight into the binding interactions, the molecular docking studies of the 

selected compounds were performed using AutoDock 4.2.26 The crystal structure of the 
human AChE (PDB ID 4BDT) bound to standard inhibitor huprine W and human BChE (PDB 
ID 4BDS) bound to standard inhibitor tacrine, Fig. 1, were downloaded from RCSB Protein 
Data Bank and used for docking studies.25 The visual inspection for the binding pattern was 
done using the Discovery Studio Visualizer software, Version 17.2.28 

Docking procedure 
Ligand preparation. The selected compound structures were downloaded in Spatial Data 

File (SDF) format from PubChem.29 The structures of the compounds were drawn using 
ACD/ChemSketch 12.01, and 3D optimized.24 The 3D structures were converted to PDB for-
mat which were further processed by Autodock 4.2. The International Union of Pure and 
Applied Chemistry (IUPAC) name and InChIKey of the selected compounds are mentioned in 
Table I and their respective structures are given in the Supplementary material to this paper. 
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 a b 

 
Fig. 1. Crystal structure of: a) human AChE (PDB ID 4BDT) and b) human BChE (PDB ID 

4BDS) from Protein Data Bank (https://www.rcsb.org/search).25  

Table I. List of the selected compounds for study 
PubChem 
CID Code IUPAC name InChIKey 

5054 1a Benzene-1,3-diol GHMLBKRAJCXXBS-UHFFFAOYSA-N 
10333 1b 4-Methylbenzene-1,3-diol FNYDIAAMUCQQDE-UHFFFAOYSA-N 
17927 1c 4-Ethylbenzene-1,3-diol VGMJYYDKPUPTID-UHFFFAOYSA-N 
87874 1d 4-Propylbenzene-1,3-diol DJDHQJFHXLBJNF-UHFFFAOYSA-N 
205912 1e 4-Butylbenzene-1,3-diol CSHZYWUPJWVTMQ-UHFFFAOYSA-N 
3610 1f 4-Hexylbenzene-1,3-diol WFJIVOKAWHGMBH-UHFFFAOYSA-N 
3014087 1g 4-Tert-butylbenzene-1,3-diol YBKODUYVZRLSOK-UHFFFAOYSA-N 
75294 1h 4-Benzylbenzene-1,3-diol QVFIWTNWKHFVEH-UHFFFAOYSA-N 
11171903 1i 4-(1-Phenylethyl)benzene-1,3-diol PQSXNIMHIHYFEE-UHFFFAOYSA-N 
24849532 1j 4-[2-(2,4-Dihydroxyphenyl)ethyl]-

benzene-1,3-diol 
WKIFTWPZTZUMRN-UHFFFAOYSA-N 

Preparation of enzyme (receptor) 
Before docking, the protein structure was prepared and refined using Autodock 4.2.26 

The standard preparation steps included the removal of co-crystal ligands and water mole-
cules, followed by the addition of hydrogen and gasteiger partial charges to the protein struc-
ture. The protein was set to be rigid and ligands were allowed to dock within the activation 
loop of selected protein. The active site of a protein was determined by selecting a dimension 
grid of 60×60×60 Å3 around the co-crystal ligands, i.e., huprine W in case of AChE and tac-
rine in case of BChE.  
Molecular docking 

After preparation of the ligand and the ptrotein files, the Autogrid and Autodock utility 
of Autodock 4.2 programme were used for docking protocols. The software used the in-house 
default forcefield and the Lamarckian genetic algorithm (LGA), as a search parameter. LGA is 
a type of random or stochastic docking The algorithm, which actually deals with the calcul-
ation of random changes in flexible parts of the ligand, further determines its interaction with 
the amino acid residues of active site pocket. The Autodock 4.2 software calculates the dif-
ferent energy parameters and stores them, accordingly. The number of poses were set to 100 
and population size was set upto 300. The high number of poses is a good practice to increase 
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the accuracy of the result. After the docking, top ten docked conformation with the best lig-
and–protein interaction and high binding energy were selected for the comparison with co- 
-crystal standard ligand. 
Visual inspection 

The structures of each selected compound against AChE and BChE were visualized and 
inspected for the best fit orientation within the active pocket of the enzyme, respectively. This 
was done using Discovery Studio Visualizer software, version 17.2.  
Drug likeness evaluation and calculated ADME properties 

The absorption, distribution, metabolism and excretion (ADME) properties for all the 
tested compounds were calculated using online the integrated tool ADMET LAB 2.0.27 All 
the synthesized compounds showed moderate ADME properties as shown later on. 

RESULTS AND DISCUSSION 
Potential binding site in receptors 

The commercially available Molecular Operating Environment 2015.10 
(MOE) software30 was used for the prediction of the most potential active site 
where the selected ligand can bind and interact within the activation loop of 
targeted proteins i.e., both AChE and BchE (Fig. 2).  

 a b 

 
Fig. 2. Binding site prediction of: a) human AChE (PDB ID 4BDT) and b) human BChE 

(PDB ID 4BDS) using MOE 2015.10. 

The active pocket of AChE contained total 36 amino acid residues including; 
GLN71, TYR72, VAL73, ASP74, GLY82, THR83, TRP86, ASN87, PRO88, 
TYR119, GLY120, GLY121 GLY122, TYR124, SER125, GLY126, ALA127, 
LEU130, TYR133, GLU202, SER203, ALA204, TRP236, PHE295, PHE297, 
SER336, TYR337, PHE338, TYR341, LEU437, TRP439, PRO446, HIS447, 
GLY448, TYR449 and ILE451. Similarly the active pocket of BChE contained 
total 45 amino acid residues and includes; GLN67, ASN68, ILE69, ASP70, 
GLN71, SER72, GLY78, SER79, TRP82, ASN83, PRO84, TYR114, GLY115, 
GLY116, GLY117, GLN119, THR120, GLY121, THR122, LEU125, TYR128, 
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GLU197, SER198, TRP231, GLU276, ALA277, VAL280, TYR282, GLY283, 
THR284, PRO285, LEU286, SER287, VAL288, ASN289, ALA328, PHE329, 
TYR332, PHE398, TRP430, MET437, HIS431, GLY439, TYR440 and ILE442. 
The selected ligands formed hydrogen bonding with the amino acid residues of 
the active pockets. In comparison to AChE, the ligands formed maximum inter-
actions with amino the acid residues of BChE, thus ultimately resulted in the 
improved binding energies.  
Docking analysis studies 

In-silico study was conducted using Autodock 4.2 and the visualization of 
docked conformations were carried out using Discovery Studio Visualizer 17.2. 
The selected derivatives of benzene-1,3-diol were docked within the activation 
loop of AChE and BChE enzymes. The most possible 2D and 3D binding inter-
actions of the docked conformations were obtained using Discovery Studio visu-
alizer 17.2. All the ligands selected showed comparable interactions and docking 
scores with both enzymes, when compared to the standard donepezil. The inter-
actions are given in the Figs. 3 and 4 and docking scores are displayed in Table II.  
Visual inspection 

The structure of each selected compound against AChE and BChE was visu-
alized for best fit orientation within the active pocket of the enzyme, respectively. 
Particularly the compounds 1h, 1i and 1j formed stable protein-ligand complex 
with both enzymes. The results are given in Figs. 3 and 4.  
AChE docking studies 

In terms of the detailed docking interaction studies, only three potent com-
pounds 1h, 1i and 1j are being discussed here. All the detailed discussion of other 
compounds are provided in Supplementary material to this paper.  

The docked conformation of compound 1h, 1i and 1j showed considerable 
inhibitory potential of AChE enzyme (Fig. 3). The docking scores of these three 
compounds were found to be best among all other compounds which were 
–21.68, –22.02 and –22.60 kJ/mol, respectively. It was seen that compound 1h 
contain an aromatic ring as a substituent at 4th position of the core aromatic ring. 
It was notable that the presence of aromatic ring has significantly increased the 
docking energy. It might be due to the resonance effect of an aromatic ring. 
Moreover, the substituted aromatic ring was also involved in alkyl interaction 
with LEU76 and VAL340. Similarly, compound 1i contain phenyl ethyl as sub-
stituent. This substitution has significantly improved the binding energy, which 
might be due to positive inductive electron donating effect of ethyl group and the 
interaction of phenyl ring with LEU76 of the active site. Moreover, the resonating 
π-electrons of the benzene ring was also involved in the binding interactions with 
amino acid residues which further improved its docking energy. According to the  
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1a 1b 1c 

 
 

1d 1e 1f 

  
1g 1h 1i 

 
 

1j HUW 
Fig. 3. Protein-ligand complex formed by docked structures of AChE inhibitors. 

free binding energy score, compound 1j was found to be the most potent deri-
vative among all compounds. It was found that the amino acid residues which 
were involved in bonding and non-bonding interactions with compound 1j were 
LYS32, ARG24, VAL340, PHE346, PRO344, LEU76, SER26, TYR77, ALA343 
and GLY342. It was observed that the parent compound was substituted with the 
ethyl phenyl ring which had two hydroxyl groups at ortho position. Previously it 
was observed that hydroxyl groups were responsible for establishing strong 
hydrogen bonding with the amino acids of active site. Whereas, the benzene ring 
was itself involved in strong π-cation and π-sigma bonding with amino acid resi- 
dues of the active site. Similarly, in the present compound two benzene rings, one 
ethyl group and 4 hydroxyl groups have significantly contributed to the most pot- 
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1a 1b 1c 

   
1d 1e 1f 

  
1g 1h 1i 

 

1j Tacrine 
Fig. 4. Protein-ligand complex formed by docked structures of BChE inhibitors. 

ent inhibitory potential of the compound. It can be seen that the hydroxyl groups 
of both rings were involved in hydrogen bonding with LYS32, ARG24, VAL340 
and PHE346, respectively. Whereas, the aromatic rings were involved in π-alkyl 
and π-cation interactions. These factors corresponded to the highest inhibiting 
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potential of the compound. The detailed 2D interactions of AChE enzyme with 
all compounds are shown in Supplementary material. 

TABLE II. Docking score of selected compounds by considering bound and unbound states of 
the ligand; Hup – huprine, Tac – tacrine, Don – donepezil 

No. Code 
Acetylcholinesterase (AChE) Butyrylcholinesterase (BChE) Selectivity 

for BchEa Docking 
score, kJ/mol 

Predicted inhibition 
constant, µM 

Docking 
score, kJ/mol

Predicted inhibition 
constant, µM 

1. 1a –6.69 2300 –17.58 836.67 2.8 
2. 1b –12.60 989.03 –20.68 472.10 2.0 
3. 1c –17.04 527.89 –20.89 309.80 1.7 
4. 1d –17.20 818.97 –23.19 171.02 4.8 
5. 1e –18.50 572.90 –24.82 174.55 3.3 
6. 1f –20.59 247.72 –25.03 81.68 3.0 
7. 1g –20.05 306.32 –23.19 87.16 3.5 
8. 1h –21.68 95.91 –25.07 40.86 2.3 
9. 1i –22.02 43.04 –26.92 27.24 1.5 
10. 1j –22.60 109.61 –29.14 9.30 12.1 
11 Hup –29.01 8.38 – – – 
12 Tac – – –28.84 8.8 – 
Ctrl. Don –30.14 2.67 –32.65 0.035 89 
aSelectivity index defined as IC[AChE]/IC[BChE] 

Co-crystal ligand of AChE enzyme showed the binding energy of –29.01 
kJ/mol. It was notable that the standard compound also possessed the aromatic 
moiety in its structure, which was responsible for the formation of π-alkyl and 
π-cation interactions with the amino acids residues. Whereas, the prescence of 
single hydroxyl group was contributing toward the formation of hydrogen bond-
ing with amino acid residue of the active site. So, it is well understood that the 
presence of hydroxyl group, aromatic ring and electron donating alkyl groups are 
important determinants of the anti-cholinesterase activity of the compound (see 
Supplementary material). 
BChE docking studies 

In the terms of detailed docking interaction studies, only three potent com-
pounds 1h, 1i and 1j are being discussed here. All the detailed discussion of other 
compounds are provided in separate Supplementary material.  

The docked conformation of compound 1h, 1i and 1j showed the significant 
inhibitory potential against BChE enzyme (Fig. 4). The inhibitory potential of 
these derivatives were most potent against the BChE enzyme. The docking scores 
of these three compounds were found to be best among all other compounds, 
which were –25.07, –26.92 and –29.14 kJ/mol, respectively. These scores were 
found to be higher than the docking scores obtained with AChE enzyme which 
further strengthens the fact that these derivatives are more selective and potent 
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toward the BChE enzyme. Compound 1h contain the aromatic ring as a sub-
stituent. The substituted aromatic ring was involved in an alkyl interaction with 
GLY115. Similarly, the compound 1i contained the phenyl ethyl group as a sub-
stituent. This substitution has significantly improved the binding energy which 
might be due to the positive inductive electron donating effect of the ethyl group 
and the interaction of phenyl ring with ALA328 of the active site. Moreover, the 
resonating π-electrons of benzene ring were also involved in the binding inter-
actions with amino acid residues, which further improved its docking energy.  

According to the free binding energy score, the compound 1j was found to 
be the most potent derivative among all compounds which has the docking score 
of 29.14 kJ/mol, with the predicted inhibitory constant value of 9.30 µM against 
BChE enzyme. It was found that the amino acid residues which were involved in 
bonding and non-bonding interactions with compound 1j were as follows 
GLU197, GLY116, GLY117, LEU286, HIS438, TRP231, GLY439, TRP82 and 
VAL288. It can be observed that the parent compound was substituted with the 
ethyl phenyl ring, having two hydroxyl groups at ortho position. Previously, it 
was observed that the hydroxyl groups were mainly responsible for establishing 
strong hydrogen bonding with the amino acids of active site. Whereas, the ben-
zene ring was itself involved in strong π-cation and π-sigma bonding, with the 
amino acid residues. Similarly, in the present compounds, two benzene rings, one 
ethyl group and 4 hydroxyl groups significantly contributed to most potent inhi-
bitory potential of the derivative. It can be seen that hydroxyl groups of both 
rings were involved in hydrogen bonding with GLU197, GLY117, GLY116 and 
LEU286, respectively. Whereas, the aromatic rings were involved in π-alkyl and 
π-cation interactions. These factors corresponded to the highest inhibiting poten-
tial of 1j compound. The detailed 2D interactions of BChE enzyme with all com-
pounds are shown in Supplementary material.  

The co-crystal ligand tacrine, of BChE enzyme, showed the binding energy 
of -28.84 kJ/mol. It was notable that the compound 1j showed much better 
binding conformation than the standard tacrine. It was evident that the standard 
and the potent derivatives possessed the aromatic moiety in their structures which 
was responsible for the formation of stablizing hydrophobic interactions, i.e., 
π-alkyl and π-cation interactions with the amino acids residues. Whereas, the 
prescence of hydroxyl group was contributing toward the formation of hydrogen 
bonding with the amino acid residue of active site. It was observed that the potent 
1,3-diol derivatives possessed a larger number of hydroxyl groups, which caused 
more hydrogen bondings with the amino acid residues of active site. So it was 
concluded that the presence of hydroxyl group, the aromatic ring and the electron 
donating alkyl group were the important determinants for the anti-cholinesterase 
activity of the compounds (see Supplementary material). 
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Drug likeness evaluation and calculated ADME properties 
During the drug discovery process, the determination of ADME properties of 

drug like molecule is a very important step. These properties were calculated by 
using online tool ADMET LAB 2.0. The octanol–water distribution coefficients 
(S + log P and Mlog P), the pH dependent octanol–water distribution coefficient 
(S + log D), the number of hydrogen bond donors (HBDH), the hydrogen bond 
acceptor (the sum of nitrogen and oxygen atoms) MNO and the topological polar 
surface area (TPSA) were determined for each molecule.  

Among all the properties, the TPSA is a valuable molecular descriptor, which 
is used for the calculation of drug absorption properties. The TPSA value of less 
than 60 Å2 gives prediction that the molecule has sufficient bioavailability pro-
perties, but if the value exceeds 140 Å2, the molecule is considered as undesir-
able. Similarly the compounds with the molecular weight <500, HBDH < 10, 
MNO < 5 and log P < 5 are considered to be orally bio-available with a favour-
able ADME profile. All the selected compounds exhibited promising ADME 
properties, within the limits of Lipinski’s rule of 5. The properties of the selected 
compounds are displayed in Table III.  

TABLE III. Calculated ADME properties of the selected compounds 
Compound MWt S+log P S+log D Mlog P HBDH MNO TPSA 
1a 110.11 0.751 0.736 0.893 2 2 40.46 
1b 124.14 1.109 1.098 1.246 2 2 40.46 
1c 138.16 1.595 1.588 1.58 2 2 40.46 
1d 152.19 2.109 2.103 1.897 2 2 40.46 
1e 166.22 2.664 2.66 2.2 2 2 40.46 
1f 194.27 3.791 3.788 2.773 2 2 40.46 
1g 166.22 2.647 2.644 2.2 2 2 40.46 
1h 200.23 2.897 2.891 2.786 2 2 40.46 
1i 214.26l 3.201 3.197 3.05 2 2 40.46 
1j 246.26 1.882 1.871 1.942 4 4 80.92 

CONCLUSION 

The structure based virtual screening was employed to study the protein– 
–ligand interactions for the identification of new BChE inhibitors, which could 
be a starting point for a promising lead candidate in the treatment of AD. The 
Pubchem database was filtered, treated, and subsequently screened against both 
AChE and BChE protein. Moreover, their predicted inhibition constant values 
were also in correlation with their binding energy values. Among the different 
derivatives, 4-(1-phenylethyl)benzene-1,3-diol (1i) and 4-[2-(2,4-dihydroxyphe-
nyl) ethyl]benzene-1,3-diol (1j) showed strong inhibition and strong interactions 
with BChE. Thus, these compounds could be the starting point for the future 
development of novel inhibitors of BChE. 
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SUPPLEMENTARY MATERIAL 
Additional data and information are available electronically at the pages of journal 

website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/10672, or from the corres-
ponding author on request. 

И З В О Д  
ДЕРИВАТИ БЕНЗЕН-1,3-ДИОЛА КАО ИНХИБИТОРИ БУТИРИЛХОЛИНЕСТЕРАЗЕ:  

НОВА МЕТА У АЛЦХАЈМЕРОВОЈ БОЛЕСТИ 

YIN DONGLIANG1, SYEDA ABIDA EJAZ2, AMNA SAEED2, MUBASHIR AZIZ2, SAMINA EJAZ3,  

MUHAMMAD SAJJAD BILAL2, HAFIZ MOHAMMAD KASHIF MAHMOOD2 и SYEDA TEHMINA EJAZ4 

1
Department of Neurointervention, The Third hospital of Jinan, No.1 Wangsheren North Street, Gongye 

North Road, Licheng District, Jinan City, Shandong Province, 205132, China, 
2
Department of Pharma-

ceutical Chemistry, Faculty of Pharmacy, The Islamia University of Bahawalpur, 9 Bahawalpur-63100, 

Pakistan, 
3
Department of Biochemistry, Institute of Biochemistry, Biotechnology and Bioinformatics, The 

Islamia 11 University of Bahawalpur-63100, Bahawalpur, Pakistan и 
4
Department of Mathematics, The 

Government Sadiq College Women University Bahawalpur, Bahawalpur, Pakistan 

Молекулско моделовање (Molecular docking) је снажан и значајан приступ у иден-
тификовању водећих молекула (lead molecules) на основу виртуелног скрининга. На овај 
начин, велики број једињења може да буде испитан, и на основу добијених резултата 
једињења могу да буду рангирана и може се претпоставити како одабрана једињења могу 
инхибирати циљани протеин. Имајући у виду важност постизања селективне инхибиције 
холинестераза, у овом истраживању фокусирали смо се на одређивање механизма вези-
вних интеракција неколико деривата бензен-1,3-диола у активном месту ацетилхолин-
естеразе (AChE) и бутирилхолинестеразе (BChE). Показано је да сви одабрани лиганди 
имају већи афинитет за везивање са бутирилхолинестеразом (BChE) у поређењу са 
цетилхолинестеразом (AChE), са просечним вредностима −28,4 и −12,5 kJ/mol, редом. 
Резултати нашег истраживања указују да идентификовани инхибитори могу бити узети 
као водећи кандидати за развој нових инхибитора циљаних ензима у третману специ-
фичних болести, и на тај начин се отвара могућност за нове терапеутске стратегије. 

(Примљено 16. априла, ревидирано 21. августа, прихваћено 23. августа 2021) 
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Table S-I. Structures of the selected compounds for study 
PubChem CID Codes Compound сtructure PubChem CID Codes Compound сtructure 

5054 1a 3610 1f 
 

10333 1b 
 

3014087 1g 

HO OH  

17927 1c 75294 1h 
 

87874 1d 
 

11171903 1i 

 

205912 1e 24849532 1j 

 

                                                                                                                    

* Corresponding author. E-mail: abida.ejaz@iub.edu.pk; abida.ejaz@iub.edu.pk 

________________________________________________________________________________________________________________________

(CC) 2022 SCS.

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



 SUPPLEMENTARY MATERIAL S59 

AChE docking studies 
Bonding and non-bonding interaction of the amino acid residues of AChE 

enzyme with benzene-1,3-diol derivatives are shown in Fig. S-1. The amino acid 
residues which were involved in bonding and non-bonding interactions with, the 
compound 1a were SER26, ARG24, LYS32, GLU49, LEU76 and LYS51. It was 
notable that the highly electronegative oxygen atom of OH group present at 1st 
position of benzene ring was making strong hydrogen bond with SER26 and 
ARG24 amino acid residues of AChE, whereas LYS32 was making hydrogen 
bond with hydrogen atom of OH group at position 1st of the benzene ring. It is 
evident that the OH group has strong electronegativity difference which can 
excert strong electrostatic force of attraction. Moreover, it was also involved in 
imparting positive inductive effect (+I). Similarly, LYS32 and GLU49 were 
involved in making hydrogen bond with the OH group present at 3rd position of 
the benzene ring. The LYS32 was also involved in making π-sigma bond with the 
benzene ring of resorcinol. Moreover, LYS51 was involved in strong π-cation 
interaction with the core benzene ring of interacting compound. Docking score of 
the current conformation was found to be -6.69 kJ/mol. 

The amino acid residues, which were involved in bonding and non-bonding 
interactions with the compound 1b, were ARG24, LYS32, LEU76, VAL340, 
TYR341, LYS51, GLY342 and SER26. It was observed that the interacting 
compound exhibited binding energy of -12.60 kJ/mol, which was due to the 
presence of methyl group at 4th position of benzene ring. It is well known that 
methyl group imparts the positive mesomeric effect, by donating electrons to the 
core of the benzene ring. It was also observed that OH groups present at 1st and 
3rd position of the benzene ring were involved in making a strong hydrogen bond 
with LYS32 and ARG24 of activation loop. Furthermore, it was notable that the 
parent benzene ring had also showed major contribution toward interacting 
amino acid residues, through the formation of strong π-sigma and π-alkyl bond 
with LYS32 and LEU76 residues, respectively. Other interacting amino acid 
residues like VAL340, TYR341 and SER26 were involved in the formation of 
Van der Waals interactions with the interacting compound. 

The docked conformations of compound 1c with AChE enzyme showed that 
SER26, LYS32, ARG24, GLU49, LYS51, LEU76, GLY342 and TYR341 amino 
acid residues were involved in bonding and non-bonding interactions, (Fig. 4). It 
was notable that the substituted ethyl group had the electron donating tendency, 
which was imparting the positive mesomeric effect (+M). The substituted ethyl 
group was also involved in the formation of strong π-alkyl bond with LYS32 and 
LEU76 residues of active site. Furthermore, it was observed that the OH groups 
played the vital role in forming strong inhibiting interactions with amino acid 
residues of the active site. It was found that the carboxylate end of LYS32 and 
GLU49 was forming a hydrogen bond with the hydrogen atom of hydroxyl 
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group, which is present at position 1st and 3rd, respectively. Moreover, SER26 
and ARG24 was found to be involved in the hydrogen bond with oxygen atoms 
of both hydroxyl group. In terms of binding energies, it was calculated as -17.04 
kJ/mol. Another major interaction was a strong π-cation bond between benzene 
ring and LYS51. This π-cation was stabilizing the electrostatic interaction 
between a cation and a polarizable electronic cloud of the aromatic ring. 
Moreover, the aromatic ring was also involved in the π-sigma bonding with 
LYS32. Other amino acid residues which were involved in the Van der Waals 
interactions were GLY342 and TYR341.  

The amino acid residues which were involved in bonding and non-bonding 
interactions with compound 1d were  ARG24, SER26, LYS32, GLU49, LYS51, 
LEU76 and VAL340. It can be seen that the propyl group was substituted at 4th 
position of benzene ring, due to which docking score was slightly better than 
compound 1c. The docking score was appeared to be -17.20 kJ/mol. The 
substituted propyl group had the ability to donate electrons and imparted the 
positive mesomeric effect (+M). Another significance of propyl group included 
the strong π-alkyl interaction with LEU76 residue of the active site. It was 
obvious that hydroxyl groups played the vital role in the determination of  the 
inhibiting potential of benzene 1,3 diol derivatives. Both OH groups were 
involved in making strong hydrogen bond with SER26, ARG24, GLU49 and 
LYS32. Most particularly, SER32 and ARG24 predominantly formed hydrogen 
bond with the negative end of the hydroxyl group, whereas other two formed 
hydrogen bond with the positive hydrogen atom. The presence of core aromatic 
ring also played a significant role in the inhibitory potential of these derivatives, 
as aromatic ring was itself involved in two major interactions i.e., π-sigma and 
π-cation with LYS32 and LYS51, respectively. Amino acid residues like 
VAL340 and TYR341 were involved in Van der Waals interactions. 

The  amino acid residues which were involved in bonding interactions with 
1e were PHE346, GLY345, ALA343, LEU339, VAL340, LYS32, ARG24, 
GLU49, SER26, LYS51 and LEU76 (Figure 4). The compound 1e had the 
substitution of butyl group at 4th position of aromatic ring. It was surprising to be 
seen that the butyl group was theo nly exposed to Van der Waals interactions, 
with few amino acid residues i.e., ALA343, GLY345, PHE346 and VAL340. 
Whereas, the hydroxyl group was involved in making hydrogen bond with 
ARG24 and LYS32. Previously, it was seen that SER26 and GLU49 were also 
involved in the hydrogen bond formation, with the both hydroxyl groups, but in 
present case it was not observed. Moreover, LYS32 was again involved in 
forming π-sigma bond with the core aromatic ring. This π-sigma bonding 
significantly stabilizes the protein-ligand complex. The binding score for the 
compound 1e was found to be -18.50 kJ/mol.  
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The amino acid residues which were involved in bonding and non-bonding 
interactions with compound 1f were TYR77, TYR61, LEU76, VAL340, SER26, 
LYS32, ARG24, GLU49, LYS51 and ARG37. The last compound showed the 
significant docking score, -20.59 kJ/mol, and it can be suggested that it might be 
due to presence of long chain hexyl substituent.  

 
1a 1b 1c 

 
1d 1e 1f 

  
1g 1h 1i 

 
1j HUW 

Fig. S-1. 2D interactions of benzene 1,3 diol derivatives with in active site of AChE enzyme. 
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It is well known that alkyl groups showes the inductive electron donating 
effect in all medium. The electron donation causes the shielding effect due to 
which carbon and hydrogen atoms of the benzene ring resonate at higher 
frequency. It was observed that the hexyl substituent was involved in the 
formation of π-alkyl bonding with TYR77, TYR61 and LEU76. Furthermore, the 
hydroxyl group of compound 1f formed strong hydrogen bond with SER26, 
ARG24, GLU49 and LYS32. Moreover, the parent aromatic ring formed π-sigma 
interaction with LYS32, which stabilized the protein-ligand complex. In addition 
to π-sigma bonding, aromatic ring was involved in strong π-cation interaction 
with LYS51. The π-cation interaction was involved in stable electrostatic 
interaction between a cation and polarizable cloud of π electrons. Other 
interaction included Van der Waals interaction with VAL340. The compound 1g 
was substituted with the tertiary butyl substituent, which didn’t show any 
significant difference with 1f. It was observed that the branched chain butyl 
group substituent had no significant effect on the interaction with amino acid 
residues, in fact the the current substitution decreased the free binding energy to -
20.05 kJ/mol. The overall binding interactions were similar to the compound 1f. 
BChE docking studies 

Bonding and non-bonding interaction of amino acid residues of BChE 
enzyme with benzene-1,3-diol derivatives are shown in Fig. S-2. It was found 
that the docked conformation of compound 1a showed reasonable bonding and 
non-bonding interactions with BChE than AChE. The amino acid residues which 
were involved in bonding and non-bonding interactions were as follows: ASP70, 
GLY78, TRP430, ALA328, TYR440, MET437, and SER78. It was notable that 
the highly electronegative oxygen atom of OH group present at 1st position of 
benzene ring was involved in making strong hydrogen bond with TRP430 
residue. Whereas, GLY78 was involved in making hydrogen bond with 
electropositive hydrogen atom of OH group at 1st position of benzene ring. It is 
evident that the OH group have strong electronegativity difference, which can 
exert strong electrostatic force of attraction. Moreover, it was also involved in 
imparting positive inductive effect (+I). Similarly, ASP70 was involved in 
hydrogen bond formation with OH group present at 3rd position of benzene ring. 
It was noticed that TYR332 was involved in a π-donor hydrogen bond with 
benzene ring of resorcinol. Moreover, ALA328 was involved in strong π-alkyl 
bonding with core benzene ring of interacting compound. π-alkyl bonding is 
significant as it was involved in an interaction of π-electronic cloud of benzene 
ring and alkyl group of amino acid residue. The docking score of current 
conformation was found to be -17.58 kJ/mol.  

The amino acid residues which were involved in bonding and non-bonding 
interactions with compound 1b were as follows; ASP70, GLY78, TYR440, 
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MET437, ALA328, TYR332, TRP430 and SER79 (Figure 6). It was observed 
that the interacting compound exhibited the binding energy of -20.68 kJ/mol with 
the value of 472 µM, which was due to presence of methyl group at 4th position 
of benzene ring. It is well known that the methyl group imparts the positive 
mesomeric effect by donating electrons to the core benzene ring. Furthermore, 
the substituted methyl group had strong π-alkyl and alkyl interactions with π-
electronic cloud of TYR440, MET437 and ALA328. Moreover, it was also 
observed that OH groups present at 1st and 3rd position of benzene ring were 
involved in a strong hydrogen bond with GLY78 and ASP70 of the activation 
loop. Furthermore, it was notable that the parent benzene ring also showed major 
contribution toward the interaction of the amino acid residues through the 
formation of strong π-π stacked and π-alkyl bond with TYR332 and ALA328 
residues, respectively. The other interacting amino acid residues like HIS438, 
TRP82 and SER79 were involved in the formation of Van der Waals interactions 
with that compound. 

The docked conformation of compound 1c with BChE enzyme showed that 
the following amino acid residues were involved in bonding and non-bonding 
interactions: ASP70, GLY78, TYR440, TRP430, TYR332, PHE329, ALA328 
and SER79. It was notable that the substituted ethyl group has approximately the 
same electron donating tendency as that of the methyl group, due to which it was 
imparting positive mesomeric effect (+M). The docking score of the compound 
1c i.e., -20.89 kJ/mol didn’t show any significant difference with the compound 
1b. Moreover, the substituted ethyl group was also involved in the formation of 
strong π-alkyl, alkyl and π-sigma bonding with ALA328, TYR332 and PHE329, 
respectively. Furthermore, it was observed that OH groups played vital role in 
forming the strong inhibiting interactions with the amino acid residues of the 
active site. It was found that the carboxylate end of ASP70 and GLY78 formed 
the hydrogen bond with the electropositive hydrogen atom of hydroxyl group 
present at 1st and 3rd position of benzene ring, respectively. Moreover, TRP430 
and TYR440 was found to be involved in hydrogen bond formation with the 
oxygen atoms of hydroxyl group. Another major interaction was the formation of 
strong π-π stacked bonding between the benzene ring and TYR332. Moreover, 
the aromatic ring was also involved in π-alkyl bonding with ALA328. The other 
amino acid residues, which were involved in van der Waals interactions with 
compound 1c, were MET437 and MET81.  

The amino acid residues which were involved in bonding and non-bonding 
interactions with compound 1d were as follows; GLY78, ASP70, ALA328, 
PHE329, TYR332, SER79 and MET437. In the present compound, the propyl 
group was substituted at 4th position of benzene ring, due to which docking score 
was slightly better than compound 1c. The docking score of 1d was calculated as 
-23.19 kJ/mol, with the predicted inhibitory constant value of 171 µM. The 
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substituted propyl group has the ability to donate electrons and impart the posi-
tive mesomeric effect (+M). Another significance of propyl group was the form-
ation of strong π-sigma and π-alkyl interaction with TYR332 and PHE329 resi-
dues of the active site. It was obvious that the hydroxyl groups played vital role 
in determining the inhibiting potential of benzene 1,3 diol derivatives. It was 
found that both OH groups formed strong hydrogen bond with ASP70 and GLY78. 
The presence of core aromatic ring was also playing a significant role in the 
inhibitory potential of these derivatives, as it was involved in π-alkyl interaction 
with ALA328. SER79 and TRP 430 were involved in Van der Waals interaction.  

The docked conformation of another 1,3 diol derivative, i.e., 1e was obs-
erved to show strong bonding and non-bonding interactions with the amino acid 
residues of active site of enzyme. The following amino acid residues were 
involved; SER287, LEU286, HIS438, PHE329, TRP231, PHE398, ALA199, 
GLY116 and GLY117. Compound 1e had the substitution of butyl group at 4th 
position of aromatic ring. It was observed that the substituted butyl group was 
making strong π-sigma with TRP231 and π-alkyl bonding with HIS438, PHE239, 
PHE398 and ALA199 of BChE enzyme, but the same compound lacked these 
important interactions with AChE enzyme, which suggested that these com-
pounds had better inhibitory potential against BChE enzyme, with docking score 
of –24.82 kJ/mol. Furthermore, the hydroxyl groups were involved in forming 
hydrogen bond with SER287 and LEU286. Moreover, LEU286 also formed π-
alkyl bond with the core aromatic ring. This π-alkyl bonding significantly 
stabilized the protein- ligand interaction.  

The amino acid residues, which were involved in bonding and non-bonding 
interactions with compound 1f, were as follows; HIS438, GLU197, SER198, 
TRP82, PHE398, TRP231, GLY116, GLY117 and GLY439. The present 
compound showed significant docking score that was –25.03 kJ/mol. It might be 
due to the presence of long chain hexyl substituent. It is well known that alkyl 
groups show the inductive electron donating effect in every medium. The 
electron donation causes the shielding effect due to which carbon and hydrogen 
of benzene ring resonate at higher frequency. It was observed that the hexyl 
substituent was involved in the formation of π-sigma, π-alkyl and π-π T-shaped 
interactions with TRP231, PHE298, HIS438 and TRP82, respectively. Further-
more, the hydroxyl group of compound 1f formed a strong hydrogen bond with 
SER198, GLU197 and HIS438. Moreover, the parent aromatic ring formed the π-
cation interaction with HIS438. The π-cation interaction was stabilizing the 
electrostatic interaction between a cation and the polarizable cloud of π-electrons. 
The other interactions were included Van der Waals interaction with GLY116 
and GLY117. The compound 1g was substituted with the tertiary butyl group 
which didn’t show significant difference with compound 1e, which was sub-
stituted with n-butyl chain. It was observed that the branched chain butyl 
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substituent had no significant effect on the interacting amino acid residues, in 
fact the current substitution decreased the free binding energy to -23.19 kJ/mol,  
therefore it was concluded that tertiary butyl had the negative impact on docking 
energy. The overall binding interactions of compound 1f was similar to com-
pound 1e. 

  
1a 1b 1c 

  
1d 1e 1f 

  
1g 1h 1i 

1j Tacrine 
Fig. S-2. 2D interactions of benzene1,3 diol derivatives with in active site of BChE enzyme. 
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Reactions of copper(II) bromide with 2,6-diacetylpyridine 
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Abstract: Utilizing X-ray crystallography, the crystal and molecular structures 
of 2,6-diacetylpyridine bis(phenylhydrazone) (L) were determined. The ener-
getics of the intermolecular interactions in the crystal structure were assessed 
with computational methods, revealing that dispersion interactions are domin-
ant. The basic structural unit of the crystal packing was revealed to be the her-
ring-bone type arrangement of L molecules. Assignation of the IR spectrum of 
L with the aid of DFT calculations was performed. Furthermore, new reactions 
of L with CuBr2 in different solvents are described, which led to the synthesis 
of the mixed Cu(II)–Cu(I) complex with the formula [CuIIL2][CuI

2Br4] (1), and 
its structural characterization. In the complex cation, two molecules of triden-
tate N3 ligand are meridionally arranged in a very distorted octahedral environ-
ment of a Cu(II) ion. In [Cu2Br4]2-, the bromide ions are arranged in a trigonal- 
-planar geometry around each copper(I) atom. Finally, for ligand, 1, and the 
previously synthesized complex [CuL2]Br2, the thermal properties were exam-
ined. The thermal stability of the complexes were lower than that of the ligand 
and decrease in the order: L (250 °C) > [CuL2]Br2 (221 °C) > 
[CuIIL2][CuI

2Br4] (212 °C). The differences in thermal stability of the com-
plexes are due to differences in the packing efficacy of the constitutional ions. 

Keywords: copper(I); Schiff bases; tridentate coordination mode; X-ray crystal-
lography; DFT. 
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INTRODUCTION 
Hydrazones represent a large group of organic compounds formed by the 

condensation of carbonyl compounds with hydrazine or its derivatives. Consider-
ing the variety of both carbonyl compounds and hydrazine derivatives, the large 
number of reported hydrazones is not surprising. These compounds are inter-
esting for research not only from the theoretical point of view but also due to the 
possibility of their application in different areas (wide range of biological act-
ivity, analytical reagents, catalysis, etc.). This resulted in the publication of num-
erous scientific papers, reviews, and monographs concerning this group of com-
pounds.1–9 

Having different donor atoms (N, O, S, P, etc.) to coordinate the metal ions 
rendered this group of compounds a very interesting topic for coordination chem-
ists.2,10 For coordination chemists, a significant ligand precursor is 2,6-diacetyl-
pyridine, which, depending on the hydrazine derivative it is condensed with, can 
yield bis(hydrazones) of differing denticity. The most numerous are those that act 
as tridentate and pentadentate ligands.11–14 

Some time ago, synthesis, spectroscopic and magnetic characterization of 
mono- and bis(ligand) complexes of Fe(II), Co(II), Ni(II) and Cu(II) with the 
tridentate N3 ligand, 2,6-diacetylpyridine bis(phenylhydrazone) of general for-
mulae [M(L)Cl2] and [ML2](ClO4)2 were described.11 Recently, complexes with 
the title ligand, i.e., [CoL2]I215 and [CuL2]Br2,16 have been synthesized and 
structurally characterized, which represent the only metal complexes with this 
ligand to be characterized by SC-XRD so far. As a continuation of research on 
the coordinating properties of 2,6-diacetylpyridine bis(phenylhydrazone), in this 
paper, its new reactions with CuBr2 in different solvents are described, which led 
to the synthesis, structure, and characterization of a mixed Cu(II)–Cu(I) complex 
with the formula [CuIIL2][CuI2Br4]. Thermal properties were also examined, 
both for the ligand and the complex [CuL2]Br2 synthesized earlier. 

EXPERIMENTAL 
Reagents 

All chemicals used were commercially available products of analytical reagent grade and 
were used without further purification. The ligand, 2,6-diacetylpyridine bis(phenylhydrazone), 
L, was synthesized according to a previously described procedure.15 
Preparation of single-crystals of 2,6-diacetylpyridine-bis(phenylhydrazone) (L) 

Single crystals suitable for X-ray crystallographic analysis were obtained by diffusion of 
Et2O to a concentrated acetonic solution of the ligand.  
Synthesis of the complex [CuIIL2][CuI

2Br4] (1) 
To 20 cm3 of Me2CO, 44 mg (0.2 mmol) of CuBr2 was added and slightly heated. To 

this greenish suspension, 34 mg (0.1 mmol) of L was added and the heating was continued for 
5 min, during which the solution obtained a red color. The resulting solution was left at room 
temperature and after three days, red needle-like microcrystals of undefined composition and 
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black prismatic single crystals of complex 1 were filtered off and washed with Me2CO. Yield 
of the mixture: 50 mg.  
Synthesis of the complex [CuIIL2][CuI

2Br4] (1) (from MeOH solution) 
A mixture of 34 mg (0.1 mmol) of L and 44 mg (0.2 mmol) of CuBr2 was dissolved in 

10 cm3 of warm MeOH and evaporated to a small volume. The obtained black ribbed-plate-
like crystals were filtered off and washed with MeOH. Yield: 30 mg (50 %).  
Analytical methods 

Elemental analyses (C, H and N) of air-dried compounds were performed by standard 
micro-methods. Molar conductivity measurements of a freshly prepared DMF solution of the 
complex (c = 1 mmol dm-3) were performed on a Jenway 4010 conductivity meter. IR spectra 
were recorded on a Nicolet iS20 (Thermo Scientific) FTIR spectrophotometer, in the range of 
400–4000 cm-1, using the KBr pellet technique. 1H- and 13C{1H}-NMR spectra were acquired 
on a Bruker Avance III spectrometer equipped with a CryoProbe Prodigy probe-head, oper-
ating at 400 and 100.6 MHz, respectively. The spectra were assigned using 2D techniques 
(gradient 1H–1H COSY, HSQC and HMBC), which were recored using the built-in Bruker 
pulse sequences. Coupling constants were determined using spin simulation. Thermal data 
were collected using a TA Instruments SDT Q600 thermal analyzer coupled to a Hiden Ana-
lytical HPR20/QIC mass spectrometer. The decomposition was followed from room tempera-
ture to 700 °C at a heating rate of 20 °C min-1 under a nitrogen carrier gas (flow rate = 100 
cm3 min-1). Sample holder/reference: alumina crucible/empty alumina crucible. Sample mass 
2.5–3 mg. TG–MS measurements were performed from room temperature to 350 °C at a heat-
ing rate of 10 °C min-1 under an argon carrier gas (flow rate = 50 cm3 min-1). Selected ions for 
m/z 1–58 were monitored in the multiple ion detection mode (MID). 

Analytical and spectral data of the synthesized compounds are given in Supplementary 
material to this paper. 
Crystal structure determination 

Diffraction experiments were performed on a dual source (MoKα and CuKα X-radiation) 
Gemini R Ultra diffractometer, equipped with a Ruby CCD detector (Oxford Diffraction). 
Single crystals were cooled to 170 K by a flux of dry air. The CrysAlisPro was used for the 
experiment setup and data reduction.17 Crystal structures were solved with SHELXT18 and 
refined by using SHELXL-201819 interfaced with ShelXle.20 Pertinent crystallographic and 
refinement details are listed in Table S-I of the Supplementary material. The crystallographic 
data are deposited at the Cambridge Crystallographic Data Centre. CCDC Nos.: 2123008 for 
L and 2123007 for 1. These data are available free of charge via https://www.ccdc.cam.ac.uk/
structures/. 
Hirshfeld surface analysis and intermolecular interaction energies estimate 

Hirshfeld surface calculations were performed with Crystal Explorer 2020.21 Intermole-
cular interaction energies were calculated, and parsed to electrostatic, dispersion, polarization, 
and repulsion terms, using CE-B3LYP model energies22 with Crystal Explorer 2020,21 and 
utilizing TONTO23 as a backend. Calculations were performed for intermolecular dimers com-
prised of a selected molecule and all its nearest neighbors defined by the Hirshfeld surface. 
Computational methods 

All density functional calculations (DFT) calculations were performed with GAMESS 
US.24 Equilibrium geometry of an isolated 2,6-diacetylpyridine bis(phenylhydrazone) mole-
cule was optimized using B3LYP exchange-correlation functional, and 6-31G(d,p) basis set. 
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The initial structure was chosen to represent the molecular conformation found in the crystal 
structure. The ground state was confirmed by the fact that vibrational analysis resulted only in 
positive frequencies. Partial assignment of IR bands was performed by visual inspection of 
molecular vibrations with MacMolPlt.25 

RESULTS AND DISCUSSION 
Syntheses and characterization 

A previously described synthesis of the ligand was performed,15 i.e., warm 
EtOH solutions of stoichiometric amounts of 2,6-diacetylpyridine and phenyl-
hydrazine hydrochloride were reacted in the presence of an excess of LiOAc. 
This resulted in the formation of microcrystals of the ligand. Crystals suitable for 
X-ray diffraction were prepared by slow vapor diffusion of Et2O into a concen-
trated acetonic solution of the ligand. 

In a previous paper,15 the synthesis of the Cu(II) complex with 2,6-diacetyl-
pyridine bis(phenylhydrazone) of the formula [CuL2]Br2 was reported. This 
complex was obtained in the reaction of MeOH solutions of CuBr2 and L in a 1:2 
mole ratio (Scheme 1). Herein, the observation that the composition of the 
obtained complexes depends not only on the mole ratio of the reactants but also 
on the nature of the solvent is reported, which is corroborated by results achieved 
by examining different reaction conditions (Scheme 1). 

 
Scheme 1. Reactions of CuBr2 and L. 

The reaction of CuBr2 and L in a 2:1 mole ratio in warm Me2CO gave a 
mixture of black prismatic single crystals of the formula [CuIIL2][CuI2Br4] (1) 
and thin red needle-like crystals of undefined composition (X). Crystals of 1 
were suitable for SC-XRD, by which the structure of the obtained complex was 
unambiguously proven (vide infra). Based on elemental analysis and IR spectra, 
it was not possible to unequivocally propose a molecular formula for X. 

When the reaction was performed in MeOH in a 2:1 mole ratio, only black 
ribbed-plate-like crystals of 1 were formed. The quality of these was not suf-
ficiently high for SC-XRD, but based on the results of elemental analysis and 
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identity of its IR spectrum with the spectrum of 1, the same composition and 
coordination formula was proposed. 

A mixture of the crystals of 1 and previously characterized [CuL2]Br2 was 
formed in the reaction of a MeOH solution of the reactants present in a 1:1 mole 
ratio. Finally, if acetonitrile was used as the solvent instead of MeOH in mole 
ratio 1:1, only the bis(ligand) complex [CuL2]Br2 formed. 

Complex 1 is stable at higher temperatures (decomp. 212 °C) and shows 
appreciable solubility in DMF, while it is only partially soluble in alcohols and 
acetone, and virtually insoluble in H2O. The molar conductivity of a DMF solution 
of the complex had a value of 134 S cm2 mol−1 and corresponds to 2:1 type of 
electrolytes,26 which could be explained by the partial decomposition of the 
complex anion. 

In the IR spectrum of the ligand, as well as the spectrum of the complex in 
the high-energy region (>3000 cm–1), there was only one band that could 
undoubtedly be ascribed to ν(NH) vibrations; it is located at 3342 cm–1 in the 
spectrum of the ligand and at 3271 cm–1 in the spectrum of the complex. 

The presence of an IR band corresponding to C=N(imine) stretching is often 
taken as an indication of whether coordination of the imine nitrogen had 
occured.27 Therefore, it is of importance to assign this vibration to an appropriate 
band(s) in the IR spectrum of L. In this study, this step was performed using the 
results of DFT calculations, along with the assignment of some other character-
istic IR bands. The optimized geometry of L closely matches the experimentally 
determined one, as mean absolute deviations of non-hydrogen involved bond 
lengths and valence angles are 0.011 Å and 0.61°, respectively. Therefore, the 
calculated vibrational frequencies derived from a theoretical molecular structure 
may be regarded as reliable. 

The very strong band at 1602 cm−1 corresponds to C–C stretching modes of 
phenyl rings. The stretching of the C=N fragment is coupled both to phenyl rings 
valence vibrations and pyridine ring valence vibrations, and appears as a shoulder 
in the IR spectrum at 1592 cm−1 and a strong band at 1563 cm−1, respectively. The 
strong sharp band at 1508 cm−1 corresponds to in-plane N–H deformations, and the 
presence of this band may be used to assign the ionic state of L in complexes. A 
medium-intensity band at 1491 cm−1 corresponds to phenyl rings C–H in-plane 
deformations. Stretching vibration of the hydrazine N–N fragment corresponds to a 
very strong band at 1165 cm−1. Two strong bands, inherent of monosubstituted 
benzene rings (i.e., phenyl group), associated with ν(C–H) vibrations, can be found 
at 748 and 694 cm−1.28 Finally, in-plane pyridine ring deformation, which is metal- 
-sensitive and can reveal coordination of the pyridine nitrogen if shifted to higher 
wavenumbers,29 corresponds to the band at 647 cm−1. Other bands in the IR spec-
trum of the ligand are of little importance for studies of its coordination chemistry 
and are not discussed. 
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In the IR spectrum of 1, the mentioned shoulder at 1592 cm−1 is nonexistent, 
but more importantly, the band at 1563 cm−1 is shifted to lower wavenumbers 
(1518 cm–1), which is in agreement with the observation that coordination of both 
the imine nitrogen atom and pyridine nitrogen atom lowers the strengths of these 
bonds. 
Crystal structure of 2,6-diacetylpyridine bis(phenylhydrazone) (L) 

The molecular structure of L is depicted in Fig. 1. 2,6-Diacetylpyridine bis-
(phenylhydrazone) displays roughly planar conformation in the crystal structure, 
with an s-trans arrangement of substituents around C1–C6, C5–C8, as well as 
N1–N3 and N4–N5 bonds (an all-trans conformation). The structures in the 
Cambridge Structural Database (CSD)30 KEWWOB31 and URINOZ32 corres-
pond to compounds [HL]NO3 and [HL]ClO4 containing protonated L, in which 
both hydrazone moieties are in a conformation in which the arrangement around 
equivalent C–C bonds is s-cis, implying that conformations of L in its neutral and 
protonated forms are significantly different.  

 
Fig. 1. Molecular structure of L with the atom numbering scheme. 

Mogul validation of all structural parameters of L (bond lengths, valence, 
and torsions angles as well as ring conformations) against CSD structures having 
similar fragments indicated that they are completely within the expected range. 

The analysis of atom–atom specific contacts by Hirshfeld surface decompo-
sition reveals that major intermolecular contacts are of the type H···H (50.8 %), 
C···H (21.2 %) and N···H (14.6 %). Enrichment ratios33 represent an elegant 
way to judge the propensity of pairs of chemical species to form crystal-packing 
interactions. Their values for the crystal structure of L are listed in Table S-II of 
the Supplementary material. It can be seen that C···C, N···N and C···N contacts 
are strongly avoided, while H···H contacts are slightly depressed in the crystal 
structure (EHH = 0.90), even though H···H contacts comprise the majority of the 
Hirshfeld surface of the molecule. On the contrary, enrichment ratios for C···H 
and N···H contacts are significantly higher than unity (ECH = 1.31, ENH = 1.31), 
indicating that these interatomic contacts are favored in the crystal structure. It is 
interesting to note that, even though L has two potential hydrogen-bond donors 
(hydrazine nitrogen atoms), and three potential acceptors (pyridine and imine nit-
rogen atoms), these hydrogen bonds are not realized in the crystal structure. 
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It is the lack of common atom–atom intermolecular contacts, and related 
intermolecular features, such as CH···π or stacking interactions, that causes dif-
ficulties in recognizing the structural determinants of the crystal packing. To 
overcome this hurdle, the assessment of pairwise intermolecular energies was 
performed by CE-B3LYP model energies, and the results are summarized in 
Table I and Fig. S-1 of the Supplementary material. 

TABLE I. Summary of intermolecular interaction energies (kJ mol-1) of the unique molecular 
pairs constituting the first coordination sphere for L calculated using CE-B3LYP model 
energy; N, the number of interactions equals 2; R is the distance between molecular centroids. 
The relevant space group symmetry operation is reported without translation. Total interaction 
energy is calculated by addition of scaled individual components: Etot = keleEele + kpolEpol + 
kdisEdis + krepErep, where kele = 1.057, kpol = 0.740, kdis = 0.871, and krep = 0.61822 

Symmetry operation R / Å Energy  
Eele Epol Edis Erep Etot 

x, y, z 5.35 −13.3 −2.6 −56.0 29.3 −46.7 
x + ½, −y + ½, −z 6.44 −13.9 −2.0 −55.5 35.2 −42.7 
−x, y + ½, −z + ½ 9.99 −8.1 −2.2 −24.6 19.3 −19.8 
−x + ½, −y, z + ½ 11.63 −4.1 −1.0 −23.2 10.0 −19.1 
x + ½, −y + ½, −z 14.41 12.9 −2.7 −30.1 0.0 −14.6 
−x, y + ½, −z + ½ 10.07 −2.8 −0.7 −19.5 12.3 −12.8 
−x + ½, −y, z + ½ 12.74 0.5 −0.3 −9.3 0.0 −7.7 

In general, it is dispersion interactions that are dominant within the crystal 
structure, which is in line with the mentioned absence of hydrogen bonds. The 
basic structural unit of the crystal packing is revealed to be the herring-bone type 
arrangement of L molecules, forming a double-layered column lying parallel to 
the (0 2 −1) crystallographic plane, and infinitely propagating along the crys-
tallographic a axis, as depicted in Fig 2a.  

 
Fig. 2. a) Side view of the herring-bone type arrangement of L molecules; numbers indicate 

interaction energy in kJ mol-1. b) Energy framework of the crystal structure of L. 
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From the perspective of an L molecule, the motif is realized by two different 
interactions, each forming two pairs. These interactions are dispersion domin-
ated, but it is noteworthy that they are the only ones that make any significant 
electrostatic contribution to the stabilizing energy. 

A stabilizing interaction of the energy of −47 kJ mol−1 is formed between 
two partner molecules, related by pure translations along crystallographic a axis. 
The molecules mutually form a stacking arrangement with significant offset. An 
energetically comparable (−43 kJ mol−1) interaction is formed between the sel-
ected molecule of L from one sub-layer and two molecules belonging to the sec-
ond sub-layer of the double layer motif. These molecules and L from the first 
sub-layer are related by 21 screw rotation along the crystallographic b axis, 
coupled to additional translations. Overview of crystal packing energetics is pre-
sented on an energy framework diagram (Fig. 2b), constructed from the calcul-
ated intermolecular energies.  
Crystal structure of [CuIIL2][CuI2Br4] (1) 

The crystal structure of complex 1 is comprised of isolated complex cations 
[CuL2]2+ and dinuclear complex anions [Cu2Br4]2−. The molecular structure of 
the formula unit is shown in Fig. 3. The structure of the complex cation [CuL2]2+ 
was already described in a structurally characterized compound, [CuL2]Br2.16 
While the complex cation in [CuL2]Br2 has crystallographic two-fold symmetry, 
in 1 this symmetry is only approximate (two-fold pseudosymmetry axis bisects 
N2A–Cu1–N4B angle). Allowing for a large tolerance margin, the cation has D2 
point group symmetry, with additional two-fold axes passing through the N1A– 
–Cu1–N1B bonds and cutting across the N2A–Cu1–N2B angle, respectively. 

 
Fig. 3. Molecular structure of the formula unit of [CuIIL2][CuI

2Br4] (1). 

The ligand is coordinated as a tridentate, through the pyridine nitrogen atom 
and two imine nitrogen atoms, analogous to the mode found in [CoL2]I2 (CSD 
refcode ZIXSOR),15 and resembling that of a structurally related ligand 2,6-di-
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formylpyridine bis(phenylhydrazone), L′, in [Zn(L′)2](CF3O3S)2 (CSD refcode 
GUKTOW).34 Two ligands are meridionally arranged in a very distorted octa-
hedral environment of a Cu(II) ion, so that the dihedral angle is enclosed by 
mean planes through the Cu1, N1A, N2A and N4A atoms, and Cu1, N1B, N2B 
and N4B atoms, amounts 72.94(8)°, reflecting the deformation of the coordin-
ation polyhedron by its deviation from 90°. A deviation from the ideal octahed-
ron is also manifested through trans-valence angles deviating from their ideal 
values of 180°, as shown in Table II.  

TABLE II. Selected structural parameters of [CuIIL2][CuI
2Br4] (1), [CuL2]Br2 and L 

Bond 
Bond length, Å 

[CuIIL2][CuI
2Br4] (1) [CuL2]Br2

16 
Cu1–N1A 1.936(3) 1.9451(18) 
Cu1–N1B 1.944(3) – 
Cu1–N2A 2.258(3) 2.2170(18) 
Cu1–N2B 2.288(3) – 
Cu1–N4A 2.308(3) 2.3736(18) 
Cu1–N4B 2.334(4)  

Valence angle, ° 
N1A–Cu1–N1B 176.75(14)  
N2A–Cu1–N4A 152.59(13)  
N2B–Cu1–N4B 152.58(13)  

Bond length, Å 

 
[CuIIL2][CuI

2Br4] (1) 
L Ligand A Ligand B 

N1–C1 1.352(5) 1.358(5) 1.348(3) 
N1–C5 1.347(5) 1.348(5) 1.339(3) 
C1–C6 1.475(6) 1.461(6) 1.478(3) 
C5–C8 1.464(6) 1.461(6) 1.483(3) 
C6–N2 1.297(5) 1.294(6) 1.290(3) 
C8–N4 1.300(5) 1.305(6) 1.287(3) 
N2–N3 1.357(5) 1.349(5) 1.357(3) 
N4–N5 1.353(5) 1.357(5) 1.358(3) 

Metal–ligand bond lengths belonging to two ligand molecules, designated A 
and B in the atom enumeration scheme, are not equivalent. The shortest coordin-
ation bonds involve pyridine nitrogen atoms N1A and N1B, which have a com-
parable length with the one found in [CuL2]Br2. Mid-length bonds are longer in 1 
than in [CuL2]Br2, while the longest bonds in 1 are shorter than the correspond-
ing ones in [CuL2]Br2, thus manifesting the flexibility of the [CuL2]2+ cation. 
Intraligand bond lengths do not show significant differences between coordinated 
and free L, as shown in Table II. 

In [Cu2Br4]2–, the bromide ions are arranged in a trigonal-planar geometry 
around each copper(I) atom. By virtue of edge sharing, a four-membered metal-
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locycle is formed, with two bromide ions in a bridging mode, and a Cu···Cu 
separation of 2.9477(8) Å. The four-membered ring Cu2–Br1–Cu3–Br2 can be 
regarded as flat for all practical purposes.  
Thermal properties of L, [CuL2]Br2 and [CuIIL2][CuI2Br4] (1)  

The ligand, and both complexes were analyzed by simultaneous TG-DSC 
measurements. In an inert atmosphere, the ligand was stable up to relatively high 
temperature (Fig. 4). It melted at 220 °C and began to decompose at 250 °C, 
onset. Above this temperature, L loses about 80 % of its mass in one step up to 
600 °C with a DTG maximum at 322 °C. The heat effect of thermal decompo-
sition is exothermic with a peak maximum at 322 °C. 

 
Fig. 4. TG (•), DTG (□) and DSC (+) curves of L in nitrogen. 

The thermal stability of complexes is lower than that of the ligand and dec-
reases in order: L (250 °C) > [CuL2]Br2 (221 °C) > [CuIIL2][CuI2Br4] (212 °C). 
The mass loss in 1 began at 83 °C, onset and the mass decrease is 3.4 % (Fig. 5). 
The rate maximum of this process is achieved at 150 °C. By coupled TG–MS 
measurements, it was determined that this mass loss corresponds to evaporation 
of absorbed water (Fig. S-2 of the Supplementary material). The thermal decom-
position of the complex started at 212 °C, onset, before the solvent loss was fin-
ished. This compound loses about 20 % of its mass up to 300 °C in a well-def-
ined step with DTG maximum at 228 °C. Above this temperature, the decompo-
sition was continuous, and its steps could not be distinguished. Only a small 
intensity DTG peak could be observed at 408 °C. 

________________________________________________________________________________________________________________________

(CC) 2022 SCS.

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



 COPPER(II) HYDRAZONE COMPLEXES 317 

 
Fig. 5. TG and DTG curves of [CuIIL2][CuI

2Br4] (•) and [CuL2]Br2 (□) in nitrogen. 

The thermal stability of [CuL2]Br2 is higher than that of [CuIIL2][CuI2Br4], 
but also lower than the stability of the ligand. The sample of this compound did 
not contain any solvent and began to decompose at 221 °C, onset. Similarly to 1, 
only one decomposition step was observed with a mass loss of 32.1 % and a 
DTG maximum at 242 °C. At higher temperatures, the decomposition processes 
are completely overlapped with a low intensity DTG peak at 475 °C. 

The high thermal stability of the ligand and lower stabilities of the com-
plexes show that coordination decreases the stability of the ligand. As the cation 
is the same in both complexes, their different thermal stabilities (comparing 1 
after water loss) can be attributed to their counterions. 

Complex 1 has the bulky tetracyclic [Cu2Br4]2− anion, as opposed to 
[CuL2]Br2, which possesses only two bromide ions, resulting in a significantly 
smaller counterion volume. Due to the voluminous complex anion, the packing 
of 1 is less compact than that of [CuL2]Br2. Therefore, the empty space in the 
crystal lattice of 1 is larger and water molecules are capable of occupying it. 

The heat flow curves of the compounds (Fig. S-3 of the Supplementary mat-
erial) show the same tendency. Namely, the solvent loss of 1 was endothermic. 
After that, the beginning of its thermal decomposition was also endothermic with a 
small peak at 220 °C, which almost immediately turned exothermic (233 °C). 
Above 300 °C, the decomposition was followed by an exothermic heat effect. Only 
slight differences were observed on the heat flow curve of [CuL2]Br2. Its decom-
position also started with a small endothermic peak at 231 °C, followed by an 
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intensive exothermic one at 250 °C. The thermal decomposition processes above 
300 °C were mostly exothermic (peak maxima at 441 and 479 °C) with a small 
endothermic peak at 471 °C. 

CONCLUSIONS 
The molecular structure of L revealed that the ligand adopts a conformation 

quite common to those of structurally related compounds. An assessment of the 
energetics of the intermolecular interactions in the crystal structure by computat-
ional methods revealed that dispersion interactions are dominant. The basic structu-
ral unit of the crystal packing is the herring-bone type arrangement of L molecules.  

The composition of the obtained complexes depended not only on the CuBr2 
to L mole ratio, but also on the nature of the reaction solvent involved. In the 
complex cation of 1, the ligand is coordinated as a tridentate N3, and two ligand 
molecules are meridionally arranged in a very distorted octahedral environment 
around the Cu(II) ion. In [Cu2Br4]2–, bromides are arranged in a trigonal-planar 
geometry around each copper(I) atom; with two bromides in a bridging mode, 
forming a four-membered metallocycle. 

The relatively high thermal stability of the ligand decreases on coordination 
to the CuII ion. As the cation is identical in both complexes, the difference in 
their thermal stability could be ascribed to the anions present. Due to the bulky 
[Cu2Br4]2− anion, the packing of 1 is less compact than that of [CuL2]Br2. 

SUPPLEMENTARY MATERIAL 

Additional data and information are available electronically at the pages of journal 
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/11422, or from the corres-
ponding author on request. 
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И З В О Д  
РЕАКЦИЈЕ БАКАР(II)-БРОМИДА СА БИС(ФЕНИЛХИДРАЗОНОМ)  

2,6-ДИАЦЕТИЛПИРИДИНА (L) – МОЛЕКУЛСКА И КРИСТАЛНА СТРУКТУРА 
L И ЊЕГОВОГ МЕШОВИТО-ВАЛЕНТНОГ КОМПЛЕКСА [CuIIL2][CuI

2Br4] 

МАРКО В. РОДИЋ1, МИРЈАНА М. РАДАНОВИЋ1, ДРАГАНА В. ГАЗДИЋ1, ВУКАДИН М. ЛЕОВАЦ1, 

БЕРТА БАРТА ХОЛО1, ВИДАК РАИЧЕВИЋ1, СВЕТЛАНА К. БЕЛОШЕВИЋ2, БИЉАНА КРИГЕР3 

и ЛИЉАНА С. ВОЈИНОВИЋ-ЈЕШИЋ1 

1
Универзитет у Новом Саду, Природно–математички факултет, Трг Д. Обрадовића 3, 21000 

Нови Сад, 
2
Факултет техничких наука, Универзитет у Приштини, Књаза Милоша 7, 38220 

Косовска Митровица и 
3
University of Innsbruck, Institute of Mineralogy and Petrography, 

Innrain 52, 6020 Innsbruck, Austria 

Кристална и молекулска структура бис(фенилхидразона) 2,6-диацетилпиридина, L, 
одређене су рендгенском структурном анализом. Енергије интермолекулских интеракција 
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у кристалној структури су процењене рачунарским методама и имају доминантно диспер-
зиони карактер. Основна структурна јединица кристалног паковања настаје слагањем 
молекула L у мотив облика рибље кости. Асигнација IR спектра L је извршена помоћу DFT 
прорачуна. У раду су описане нове реакције L са CuBr2 у којима настаје валентно-
мешовити Cu(II)–Cu(I) комплекс формуле [CuIIL2][CuI

2Br4] (1), који је структурно окарак-
терисан. У комплексном катјону су два молекула лиганда меридијално распоређена око 
Cu(II), градећи веома деформисано октаедарско окружење. У анјону су бромидни јони 
распоређени тригонално-планарно око јона Cu(I). Описана су термичка својства лиганда, 
комплекса 1 и претходно синтетисаног комплекса [CuL2]Br2. Термичка стабилност ком-
плекса је нижа од термичке стабилности лиганда: L (250 °C) > [CuL2]Br2 (221 °C) > 
> [CuIIL2][CuI

2Br4] (212 °C). Разлика у термичкој стабилности комплекса може да се при-
пише различитој ефикасности паковања јона у кристалним структурама. 

(Примљено 27. новембра, ревидирано 14. децембра, прихваћено 20. децембра 2021) 
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Reactions of copper(II) bromide with 2,6-diacetylpyridine 

bis(phenylhydrazone) (L) – Molecular and crystal structures 
of L and its  mixed-valence complex [CuIIL2][CuI

2Br4] 
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Kosovska Mitrovica, Serbia and 3University of Innsbruck, Institute of Mineralogy and 

Petrography, Innrain 52, 6020 Innsbruck, Austria 

J. Serb. Chem. Soc. 87 (3) (2022) 307–320 

2,6-diacetylpyridine-bis(phenylhydrazone) (L) 
Selected IR bands [wavenumber, cm−1]: 3442(w), 1602(vs), 1563(s), 1508(s), 1491(m), 

1454(s), 1435(s), 1363(m), 1329(w), 1293(w), 1247(s), 1165(s), 1141(m), 1090(w), 842(m), 
815(m), 755(m), 748(s), 694(m). 1H-NMR [DMSO-d6, δ / ppm]: 9.51 (2H, s, NH), 8.01 (2H, d, J 
= 7.8 Hz, H-2, H-4), 7.76 (1H, dd, J = 7.8 Hz, J = 7.8 Hz, H-3), 7.32 (4H, ddd, 3J = 8.0 Hz, 
3J = 1.0 Hz, 4J = 0.8 Hz, H-11, H-15, H-17, H-21), 7.26 (4H, ddd, 3J = 8.0 Hz, 3J = 7.2 Hz, 
4J = 1.5 Hz, H-12, H-14, H-18, H-20), 6.81 (2H, dddd, 3J = 7.2 Hz, 4J = 1.3 Hz, H-13, H-19), 
2.44 (6H, s, CH3). 13C-NMR [DMSO-d6, δ / ppm]: 155.4 (C-1, C-5), 146.1 (C-10, C-16), 142.0 
(C-6, C-8), 136.7 (C-3), 129.4 (C-12, C-14, C-18, C-20), 119.8 (C-13, C-19), 117.9 (C-2, C-4), 
113.5 (C-11, C-15, C-17, C-21), 11.7 (C-7, C-9). 
 [CuIIL2][CuI

2Br4] (1) 
Anal. Calc. for the black prismatic single crystals of C42H42Br4Cu3N10: C, 42.14; H, 3.48; 

N, 11.70. Found: C, 42.34; H, 3.53; N, 11.59 %. Conductivity in DMF, Λ = 134 S cm2 mol−1. 
Selected IR bands [ν / cm−1]: 3446(w), 3272(m), 1597(vs), 1518(m), 1494(s), 1435(m), 
1262(s), 1170(m), 750(m), 693(m). 
[CuIIL2][CuI

2Br4] (1) (from MeOH solution) 
Anal. Calc. for C42H42Br4Cu3N10: C, 42.14; H, 3.48; N, 11.70 %. Found: C, 42.47; H, 

3.29; N, 11.64 %. Selected IR bands [ν / cm−1]: 3446(w), 3272(m), 1597(vs), 1517(m), 
1494(s), 1435(m), 1262(s), 1170(m), 751(m), 693(m). 

                                                                                                                    

* Corresponding author. E-mail: marko.rodic@dh.uns.ac.rs 

________________________________________________________________________________________________________________________

(CC) 2022 SCS.

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



 SUPPLEMENTARY MATERIAL S67 

TABLE S-I. Crystallographic and refinement details 
Crystal data L [CuIIL2][CuI

2Br4] (1) 
Chemical formula C21H21N5 C42H42Br4Cu3N10 
Mr 466.05 1197.11 
Crystal system Orthorhombic Orthorhombic 
Space group P212121 Pbca 
Temperature, K 170 170 
a / Å 5.3545(2) 21.9263(19) 
b / Å 17.3224(6) 16.8642(10) 
c / Å 19.3856(7) 23.8799(18) 
V / Å3 1798.07(11) 8830.1(11) 
Z 4 8 
Radiation type Cu Kα Mo Kα 
Radiation wavelength 1.54184 0.71073 
µ / mm−1 0.615 5.10 
Crystal size, mm 0.62 × 0.24 × 0.11 0.49 × 0.35 × 0.14 
   
Data collection   
Absorption correction Multiscan Gaussian 
Tmin, Tmax 0.651, 1 0.258, 0.773 
Measured reflections 8671 50087 
Independent reflections 3205 9054 
Observed [I > 2σ(I)] reflections 2960 5901 
Rint 0.058 0.081 
(sin θ/λ)max / Å−1 0.600 0.627 
   
Refinement   
R[F2 > 2σ(F2)] 0.045 0.042 
wR(F2) 0.107 0.072 
S 1.13 1.01 
No. of reflections 3205 9054 
No. of parameters 246 536 
No. of restraints 0 0 
H-atom treatment Mixed Constrained 
Δρmax, Δρmin, e Å−3 0.20, −0.29 0.71, −0.85 
Flack x 0.2(2) N.A. 
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TABLE S-II. Decomposition of the Hirshfeld surface of L into specific atom–atom contacts, 
expressed as a percentage of the Hirshfeld surface occupied by such contacts, and calculated 
enrichment ratios 

Observed contact surface area ratio, % 
 Outside Atom 
Inside Atom C N H 
C 0.1 0.1 (0.00) 21.1 (0.00) 
N 0.1 0.0 7.1 (0.00) 
H 14.6 6.1 50.8 
    
Enrichment ratios    
 Outside Atom   
Inside Atom C N H 
C <0.01 (0.00) 0) 
N 0.08 / 0.00) 
H 1.31 1.31 0.90 
Enrichment ratios were not listed when the ‘random contacts’ were lower than 0.9%, as they are not 
meaningful (/ written instead).  

TABLE S-III. Hydrogen-bond parameters of [CuIIL2][CuI
2Br4] (1) 

D–H···A d(D–H) / Å d(H···A) / Å d(D···A) / Å  ∠(D–H···A) / ° Symmetry  
operation on A 

N3A–H3A···Br2 0.88 3.01 3.632(4) 129.4 −x+½, −y+1, z+½ 
N3A–H3A···Br4 0.88 3.05 3.735(4) 136.7 −x+½, −y+1, z+½ 
N3B–H3B···Br1 0.88 2.84 3.479(4) 130.6  
N3B–H3B···Br3 0.88 3.10 3.749(4) 132.3  
N5A–H5A···Br3 0.88 2.89 3.659(4) 147.5  
N5B–H5B···Br4 0.88 2.93 3.645(4) 139.7 −x+½, −y+1, z+½ 

 
Fig. S-1. Arrangement of molecules and their interaction energies in kJ mol−1. For clarity, only 
one of two molecular pairs is displayed for every unique interaction. The central molecule is 

color-coded by element-type, while partner molecules are decorated with different colors. 
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Fig. S-2. TG and MS curves of [CuIIL2][CuI

2Br4] for signals m/z = 17 and 18 in argon. 

 
Fig. S-3. DSC curve of [CuIIL2][CuI

2Br4] and [CuL2]Br2 in nitrogen. 
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Fig. S-4. 1H-NMR spectrum of L. 

 
Fig. S-5. 13C-NMR spectrum of L. 
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Fig. S-6. Gradient 1H–1H COSY NMR spectrum of L. 

  
Fig. S-7. HSQC NMR spectrum of L. 
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Fig. S-8. 1HMBC NMR spectrum of L. 
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precision indexes favors Cruickshank’s Rfree function 
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Abstract: This study aims to provide a first large-scale comparison between the 
various diffraction-component precision index (DPI) equations, assess the 
applicability of the parameter, and make recommendations on DPI com-
putation. The DPI estimates the average accuracy of the atomic coordinates 
obtained by the structural refinement of protein diffraction data, with applic-
ation in crystallography and cheminformatics. Although, Cruickshank and 
Blow proposed DPI equations based on R and Rfree in order to calculate DPI 
values, which remain scarcely employed in the quality assessment of the Pro-
tein Data Base (PDB) files, due to the unclear data extraction protocols (to 
assign variables), the complex equations, the lack of extensive applicability 
studies and the limited access to automated computations. In order to address 
these shortcomings, the entire RCSB PDB database was evaluated using 
Cruickshank’s and Blow’s R and Rfree DPI variations. Computations of 143070 
X-ray structures indicate that Rfree-based DPI equations apply to 30 % more 
protein structures compared to R-based DPI equations, with Cruickshank Rfree- 
-based DPI (CRF) exceeding the number of successful Blow’s Rfree-based DPI 
(BRF) computations. Although our results indicate that, in general, the resol-
utions < 2 Å assure consistency among the various DPIs computations (differ-
ences <0.05 Å), we recommend the use of CRF DPI because of its wider 
applicability. 

Keywords: cheminformatics; drug discovery; protein structure; docking; crys-
tallography. 

INTRODUCTION 
Cheminformatics has become an indispensable component of modern drug 

discovery.1 Three-dimensional protein structures (or ligand-protein complexes) 
serve as the primary input for the structure-based methods, such as ligand 
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docking, pharmacophore, and ligand design methods.1,2 Different types of the 
PDB data mining analysis have been performed in the past, for example, to 
facilitate modelling of the synthetic protein structures with desired properties,3 to 
study the cation-pi interactions in proteins,4 etc. Additionally, protein-target 
homology modelling, molecular dynamics, and molecular mechanics simulations 
are state-of-the-art tools to build protein models, simulate and evaluate the con-
formational space of proteins, and ultimately detect and understand protein 
mechanisms and protein-protein and protein-ligand interactions.2  

Beyond the limitations concerning the algorithms, the output of structure- 
-based computational methods is a subject to the quality of the crystallographic 
protein structures, i.e., the quality of the models fitting the experimental dif-
fraction data.5 The deposition of a new macromolecular structure in RCSB PDB 
(https://www.rcsb.org/)6,7 is accompanied by multiple indicators describing 
experimental results and model validation (https://www.wwpdb.org/),8–10 but 
lack the unanimous definitions for high-quality structures.11 With more than 166 
thousand macromolecular structures, the PDB database is among the most com-
monly employed digital resources for protein structures, impacting multiple sci-
entific disciplines, e.g., materials sciences, physics, computer science, chemistry, 
engineering, and mathematics.12  

The essential indicators to assess the suitability of crystallographic biomole-
cules for structure-based methods were extensively reviewed by Warren et al.5 
The authors observed that PDB entry selection is often reasoned by the resolution 
of the X-ray crystal structure, a measure of data (electron density) quantity, mis-
leadingly used as a measure of data quality. Additionally, model quality can be 
calculated using R-factors (R or Rfree)13 measuring the difference between 
measured data and data predicted from the model.5 Warren et al.5 pointed 
towards the diffraction-component precision index,14 as a global criterion to 
computational outputs (such as protein-ligand docking).5 Depending on the 
availability of input parameters, Cruickshank proposed an R- and Rfree-based 
version of DPI.14 To make DPI computation more accessible, a few years later, 
Blow15 rearranged Cruickshank’s formulas in a simplified version (vide infra). 
assess both model and data quality.  

The diffraction-component precision index (DPI), developed by Cruick-
shank,14 estimates the coordinate error of atoms in protein crystal structures, 
providing means to select highly precise data, as well as to determine the accuracy 
limit of them. 

Several studies have underlined the importance of DPI in the evaluation of 
the quality of PDB structures supplied to computational approaches,5,16–21 but 
DPI continues to be scarcely employed, due to the unclear data extraction 
protocols (to assign variables), the complex equations, the lack of extensive 
applicability studies, and the limited access to automated computations. To date, 
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we identified only the free online resources offered by K. Sekar’s laboratory 
facilitating the computation of Cruickshank DPI.19 Moreover, to our knowledge, 
no comparative studies on large numbers of PDB files between Cruickshank and 
Blow DPI equations (for R and Rfree) were reported in the literature. 

This study aims to provide a first large-scale comparison between the vari-
ous DPI equations, assess the applicability of the parameter, and make recom-
mendations on DPI computation. 

EXPERIMENTAL 
PDB data and variables 

The entire RCSB PDB database was downloaded (159678 PDB files; accessed on Jan 
28, 2020) and 143070 X-ray structures were retained (NMR and 3D electron microscopy-
based determined structures were discarded). The PDB files were used to extract (and com-
pute) the variables in Table I.  

TABLE I. Variables extracted from Protein Data Base (PDB) files employed for diffraction-
component precision index (DPI) calculations. 
Namea Description Observations 
Ni Number of occupied atoms Count of non-hydrogen atoms with occupancy 

of 1.0 (from ATOM and HETATM) 
Nprot Number of protein atoms Count of non-hydrogen protein atoms in the 

PDB file (from ATOM) 
nobs Number of observations/reflections from REMARK 3 
q Number of parameters to be refined 

for each non-H 
For fully anisotropic refinement q = 9 

For isotropic refinement, q = 414 
p Number of free parameters p = nobs - nparam

14

nparam Number of parameters to be refined nparam = Niq15 
C / % Completeness from REMARK 3 
R / % The normalized linear residual 

between observed and calculated 
structure factor amplitudes 

Protein atomic model refinement R factor 
(from REMARK 3 

Rfree / % Cross-validation R value (R value 
calculated for the cross-validation 
data excluded from refinement)13 

Protein atomic model refinement Rfree factor 
(from REMARK 3) 

V / Å3 Crystal asymmetric unit volume i. V = VM 14.12 Nprot,15 VM is Matthews 
coefficient (from REMARK 280) 

ii. volume of the asymmetric unit computed 
from the crystal unit description 

iii. (from CRYST1) 
dmin / Å Resolution from REMARK 2 or REMARK 3: 

RESOLUTION RANGE HIGH 
aA list of variables, extracted (and computed) from PDB files, to calculate DPI values is displayed 

DPI computations 
Based on the parameters described in Table I, the DPI was computed according to the 

Cruickshank and Blow equations as described in Table II.  
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TABLE II. Diffraction-component precision index (DPI) equations computed using the vari-
ables described in Table I; CR: DPI computed with R-based DPI Cruickshank formula, CRF: DPI 
computed with Rfree-based DPI Cruickshank formula, BR: DPI computed with R-based DPI Blow 
formula; BRF: DPI computed with Rfree-based DPI Blow formula (see Table I for variable 
definitions) 
DPI Equationa Ref. 

1/2
i 1/3

min

−
−=

 
 
 

NCR C Rd
p

 (1) 14 

1/2
i 1/3

free min
obs

−
− =  

 

NCRF C R d
n

 (2) 14 

1/2
i1/2 1/3 5/6

i obs
obs

1.28 1
−

− = − 
 

qNBR N V n R
n

 (3) 15 

BRF = 128Ni
1/2V-1/3nobs

-5/8Rfree (4) 15 

For proteins containing several unique protein chains (e.g., 5DIS – 4 unique protein chains: 
A, B, C, D) we have taken in to account and processed only the data from the “A” chain. 

Therefore, in order to calculate the Blow-DPI (Eqs. (3) and (4)), the crystal volume for 
all proteins was evaluated by processing the number of atoms from the “A” chain. 

Following Gurusaran’s et al. suggestion,20 we retained 120594 structures which met the 
following 2 criteria: completeness C >75 % and the percentage of fully occupied atoms in the 
protein structure >90 %. 

RESULTS AND DISCUSSION 

Comparative analysis of DPI computations 
The results indicate that for 120484 PDB IDs (i.e., 84 % of the number of 

X-ray entries available), at least one DPI value was calculated according to the 
equations in Table II using the parameters extracted from the PDB files as 
described in Table I. In the case of 87451 entries (i.e., 62 % of the number of 
X-ray structures) the DPI values were successfully determined by all four equat-
ions. Following Gurusaran et al.,20 we focused on DPI values <1 Å, which we 
considered a reasonable cutoff for the analysis of relevant DPI computations. 
Thereby, 3338 entries (2.8 %) with DPI values >1 Å, obtained through either of 
the equations, were discarded. 

Rfree-based DPIs showed larger applicability (117562 PDB entries) com-
pared to R-based DPIs (88620 PDB entries). The distribution of the values fol-
lowed very similar trends with 90 % showing DPI values <0.5 Å. Cruickshank 
DPIs indicated median values of 1.7 Å, similar to Blow DPIs (1.6 Å), as it can be 
seen in Fig. 1A. 
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Further, the pairwise correlation between DPI computations at DPI cutoffs 
ranging stepwise from < 1 to < 0.1 Å (Fig. 1B) were calculated. Very strong correl-
ations (Pearson >0.97) were found in (CR, BR) pairs as well as (CRF, BRF) pairs 
independent of the DPI cutoffs. Contrary to that, the R-based and Rfree-based DPI 
outputs coincided more at smaller DPI values (Fig. 1B), e.g., the correlation of 
(CR, CRF) and (BR, BRF) pairs increased from 0.85 for DPI values <1 Å, to 
0.96 Å at DPI values < 0.1 Å. These results suggested that, in general, either 
Cruikshank or Blow equations should be used, and differences between R and Rfree 
DPIs values are more likely to be encountered at lower DPI values.  

 

 
Fig. 1. A) Distribution of DPI values computed by 4 equations. B) Pairwise correlation 

between DPI computations at DPI cutoffs ranging stepwise from 1 to <0.1 Å. 

The Rfree equations were calculated for ~30 % more protein structures com-
pared to R-based DPI, a significant advantage. Surprisingly, more proteins (2685 
PDB structures) allowed CRF calculations compared to BRF. Although this dif-
ference is small, it was expected that Blow’s equation would be more applicable 
due to fewer input variables, commonly contained in the header of a PDB file.16  
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In the next sections, it was aimed to find the source of inconsistency between 
the outputs of the DPI computations and further the limiting factors in DPI 
calculations. 
Key variables for DPI consistency 

To identify the parameters responsible for the variations in DPI calculations 
(obtained with the equations in Table II), CR was used as a reference and the 
PDB entries for which CR < 1 Å were explored. The absolute difference (Δ) 
between CR values and the outputs of each DPI of the other equations was 
computed pair-wisely. Consistency has been defined around a threshold of 0.05. 
Accordingly, the data were split into two groups: DPI differences ≤0.05 Å were 
considered “Consistent DPIs” and DPI differences >0.05 Å “Inconsistent DPIs”. 
For example, ΔCRFi = |CRi – CRFi| defines the difference between CRi and CRFi 
DPI values obtained for PDB entry i. If ΔCRFi ≤0.05 Å, i is labeled as “con-
sistent DPIs”, and otherwise as “inconsistent DPIs” in the ΔCRF set. Similarly, 
ΔBR and ΔBRF using CR were computed as a reference. The size of the sets and 
the number of class representatives are reported in Table III. 

TABLE III. Important variables for diffraction-component precision index (DPI) consistency 
in ΔBR, ΔCRF and ΔBRF sets (see Table I for variable definitions) 

DPI 
Comparison 

Inconsistent/ 
consistent  

DPI counts 
Variable Threshold 

valuea,b 

Retrieval, % 
Inconsistent 

DPIc 
Consistent 

DPIc Overall 

ΔBR 5027/81289 dmin / Å 2.3 86.2 81.6 85.9 
  p 10000 71.2 73.1 71.3 
  R / % 0.2 68.4 74.6 68.7 
ΔCRF 28645/58143 dmin / Å 2 78.5 75.9 77.6 
  p 13000 77.3 75.5 76.8 
  Rfree / % 0.235 67.2 64.8 66.4 
ΔBRF 32850/51800 dmin / Å 2 83.9 75.8 80.8 
  p 15000 74.8 76.0 75.3 
  Rfree / % 0.235 70.8 64.7 68.4 
aInconsistent DPI identified for dmin >, Rfree >, p < threshold values (see Figs. S-1–S-3 of the Supplementary 
material to this paper); bp is nondimensional, R and Rfree are equivalent with percentages; cconsistent DPIs is 
when the difference between R-based Cruickshank DPI values (CR) and the output of each DPI from the other 
equations is ≤0.05; Inconsistent DPIs is when the difference between R-based Cruickshank DPI values (CR) 
and the output of each DPI from the other equations is > 0.05 (see 3.2 Key variables for DPI consistency) 

Based on the DPI consistency assessment, each variable required for the 
computation of DPIs was explored. According to the largest shifts between the 
distributions of the classes (see Figs. S-1–S-3 of the Supplementary material to 
this paper), the first 3 most important variables for each set: dmin, p, and R for 
ΔBR; dmin, p and Rfree for ΔCFR and ΔBFR, respectively (Table III) were ret-
rieved. For each variable, a range of values to find the threshold that best dis-
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criminates between the classes, i.e., the best trade-off between the retrieval of 
“Consistent DPIs” and “Inconsistent DPIs” class members (Figs. S-4–S-6 of the 
Supplementary material) was systematically explored.  

The results pointed towards dmin to be the major factor contributing to the 
differences in DPI results. In fact, in 81.6 % of the cases, consistent DPI values 
between CR and BR results were obtained for dmin < 2.3 Å. For 76 % of the 
structures, dmin < 2 Å identified consistent DPIs in the ΔCRF and the ΔBRF sets. 
The another important variable is p. The threshold values of p < 10000, <13000 
and <15000, retrieved were 73.1, 75.5 and 76 %, respectively, of the ‘Consistent 
DPI’ group in ΔBR, ΔCRF and ΔBRF sets, respectively.  

Based on the current results, for most PDB files, consistent DPI values are 
expected to appear at dmin < 2 Å. The resolution of the PDB structure serves as 
input only for CR and CRF calculation and describes the level of detail present in 
the diffraction pattern. Although, in general, high-resolution structures (e.g., dmin 
< 2 Å) ensure sufficient density to obtain good models, this is not always true.5,16  
Failures in DPI computations 

Out of 143070 structures, DPI computation failed for 3125 due to missing 
variables or inadequate component values, such as p = nobs – qNi or (1–qNi/nobs) 
in Eqs. (1) and (3), respectively (see Table II). In the case of 41262 entries, i.e., 
30 % of the PDB, DPI computations by all 4 equations were not possible 
(Gurusaran et al.20 filters were not applied here).  

Two major variables that impaired the computation of DPIs, i.e., p and 
qNi/nobs (Table IV) were identified. Values of p ≤ 0 or qNi/nobs ≥ 1 made CR and 
BR calculation impossible and showed a relatively high prevalence (~22 %, i.e., 
~32000 entries) in the PDB database. This explained the limited R-based DPI 
applicability compared to Rfree-based DPIs. The later ones were predominantly 
affected by the availability of the Rfree factor (in 6021 PDB entries).  

TABLE IV. Percentages of Protein Data Base entries with missing/inadequate variable values 
(see Table I) involved in diffraction-component precision index computations (see Table II)  
Variable p qNi/nobs Rfree V C nobs VM Nprot R Othera

 
PDB entries, % 24.28 22.64 4.25 2.87 2.53 1.65 1.63 1.49 0.29 <0.1 
aNi, Va and dmin 

Errors in the calculation of the volume V (present in the Blow DPI equations 
eq 3 and eq 4) affected 2.87 % (4068) structures. In this particular case, V can be 
computed using the unit cell lengths and angles (see Table I), providing very 
similar values to the VM-based volume (Pearson correlation of 0.858, Fig. S-7). 
Consequently, the corresponding DPI values indicated very strong correlations of 
0.997 and 0.995 with BR and BRF DPIs, respectively. Moreover, it can be 
applied to 2788 more PDB compared to BR and 3310 more compared to BRF 
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(DPI cutoff < 1 Å). Larger values of DPI, e.g., >2 Å, are encountered in cases 
with disproportionate nobs relative to the volume or the number of atoms. In these 
cases, small nobs can generate large DPI values.  

CONCLUSION 

In drug discovery studies crystallographic protein structures are used exten-
sively for protein-ligand docking and molecular dynamics. Using a reliable 
measure to prioritize the fittest structures (if multiple is available) is of significant 
importance for the outcome of the experiments as recently shown by Halip et al.22 
DPI is one potentially valuable indicator, but difficulties in computation might 
have decreased its application in medicinal chemistry and cheminformatics. 

Our comprehensive exploration of four DPI variants, showed that Rfree-
based DPI computations (CRF and BRF) can be determined for the vast majority 
of the currently available PDB entries and provide similar outputs to R-based 
DPI types (BR and CR), especially in structures with small DPI values. Zero or 
negative values for p or 1 – qNi/nobs are the major sources of computational 
failures in R-based computations. The differences in DPI results are strongly 
influenced by the resolution (dmin) and the number of parameters (p). In general, 
DPI computations in structures with resolutions <2 Å will result in small 
differences between the outputs of the four approaches  

NOMENCLATURE 
DPI: Diffraction-component precision index 
CR: DPI computed with R-based DPI Cruickshank formula,  
CRF: DPI computed with Rfree-based DPI Cruickshank formula,  
BR: DPI computed with R-based DPI Blow formula 
BRF: DPI computed with Rfree-based DPI Blow formula 

SUPPLEMENTARY MATERIAL 
Additional data and information are available electronically at the pages of journal 

website:https://www.shd-pub.org.rs/index.php/JSCS/article/view/10775, or from the corres-
ponding author on request. 
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И З В О Д  
ОБИМНО ПОРЕЂЕЊЕ ИНДЕКСА ПРЕЦИЗНОСТИ ДИФРАКЦИОНИХ КОМПОНЕНТИ 

ДАЈЕ ПРЕДНОСТ CRUICKSHANK Rfree ФУНКЦИЈИ 

SORIN AVRAM и CRISTIAN NEANU 

Department of Computational Chemistry, “Coriolan Dragulescu” Institute of Chemistry, Timișoara, Romania 

Ова студија тежи да обезбеди прво обимно поређење различитих једначина индекса 
прецизности дифракционих компоненти (DPI), процени применљивост параметра, и 
направи препоруке за израчунавање DPI. DPI процењује просечну поузданост атомских 
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координата добијених финим-структурним подешавањем података дифракције за про-
теине, са применом у кристалографији и хеминформатици. Мада су Cruickshank и Blow 
предложили DPI једначине засноване на R и Rfree за израчунавање DPI вредности, оне су 
нису погодне за коришћење за процену квалитета фајлова протеинске базе података 
(PDB), због нејасних протокола за издвајање података (да би им се приписале вари-
јабле), сложености једначина, недостатка екстензивних студија применљивости и огра-
ниченог приступа аутоматизованим израчунавањима. Да би превазишли ове недостатке 
целокупна RCSB PDB база података је проверена користећи Cruickshank и Blow R и Rfree 
DPI варијације. Израчунавања на 143070 кристалних структура указују на то да су Rfree-
засноване DPI једначине применљиве на 30 % више протеинских структура у поређењу 
са R-заснованим DPI једначинама, са Cruickshank Rfree-заснованим DPI (CRF) израчуна-
вањима која превазилазе број успешних Blow Rfree-заснованих DPI (BRF) израчунавања. 
Иако приказани резултати указују да, опште узевши, резолуција структуре <2 Å 
обезбеђују конзистентност различитих DPI израчунавања (разлике су < 0,05 Å), препору-
чује се да се користи CRF DPI због његове шире применљивости. 

(Примљено 18. маја, ревидирано 31. августа, прихваћено 25. септембра 2021) 
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Fig. S-1. Boxplot showing the distribution of variables for consistent and inconsistent DPI 

values in CR and BR computations (see TABLE I for variables definitions).  
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Fig. S-2. Boxplot showing the distribution of variables for consistent and inconsistent DPI 

values in CR and CRF computations (see Table I for variables definitions).  

 
Fig. S-3. Boxplot showing the distribution of variables for consistent and inconsistent DPI 

values in CR and BRF computations (see Table I for variables definitions).  
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Fig. S-4. Retrieval percentages of consistent and inconsistent DPI class instances in CR and BR 

computation, at various thresholds for dmin, p and R (see TABLE I for variables definitions). 
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Fig. S-5. Retrieval percentages of consistent and inconsistent DPI class instances in CR and 

CRF computation, at various thresholds for dmin, p, and Rfree (see Table I for variables 
definitions). 
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Fig. S-6. Retrieval percentages of consistent and inconsistent DPI class instances in CR and 

BR computation, at various thresholds for dmin, p, and Rfree. (see Table I for variables 
definitions). 
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Fig. S-7. Plot of Va, i.e. protein structure volume computed from Matthews coefficient, versus 

Vx, i.e. protein structure volume computed from the crystal asymmetric unit data.  

Analysis of the DPI data and corresponding variables for the subsets of alpha- 
and beta-helical PDB structures  

The general workflow which was used to assess the the alpha helix (AP) and 
beta sheets (BP) proteins was the following (Fig. S-8): 

From our PDB downloaded database, 117,829 PDB structures passed the 
following criteria: 

- Completeness ≥ 75 % 
- Number of occupied atoms ≥90 % 
- DPI_CRF computed and > 0 

The lists of alpha helix (AP) and beta sheets (BP) proteins were downloaded 
from the RCSB PDB database (https://www.rcsb.org/)  
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Fig. S-8. Boxplot showing the distribution of variables for AP (alpha helix proteins) and BP 

(beta helix proteins) DPI values in CRF computations.  

The overlapping PDBs (1,648) between the APs (17,034 PDBs) and BP 
(26,893 PDBs) were removed from both sets, leaving a total of 40,631 PDB 
(37.9 % APs and 62.1 % BPs). For 29,802 PDBs CRF_DPI values were success-
fully computed (12,077 APs and 17,725 BPs). 

The comparative analysis between alfa and beta proteins in terms of DPI 
revealed no significant differences (Figure S-8). This could be explained by the 
fact that the technology applied to obtain crystals and models is the same for 
lipo-soluble, water-soluble, alpha-helical or beta-chain structures, and consequ-
ently the accuracy of the positions of atoms is similar. 
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Abstract: Biofilms were obtained from cocoons of the silkworm, Bombyx mori, 
involving the removal of sericin, extraction and solubilization of fibroin fibers, 
dialysis of fibroin dispersions and preparation of biofilms by the casting pro-
cess. Biofilm transparency was verified by UV–Vis spectroscopy and thermal 
stability by thermogravimetric/differential scanning calorimetry (TG/DSC). 
Soon after preparation, the solidification of the fibroin solution prepared from 
the cocoons and extracted by the Ajisawa method was monitored until the bio-
film stabilized, using attenuated total reflectance-Fourier transform infrared 
spectroscopy (ATR-FTIR) as a function of time. The results showed that there 
was a change in the conformation from the silk I structure (α-helix) to silk II 
(β-sheet). In order to improve the characterization of the biofilms obtained by 
the Ajisawa method and LiBr solubilization of fibroin fibers, Raman spectro-
scopy was used to verify the stabilization of the different possible molecular 
conformations for the fibers in these materials, by comparison with the cocoon 
spectra and those of the solid (freeze-dried precipitated by dialysis for 72 h. By 
comparing the Raman spectra of the biofilms in terms of the intensities of the 
broadened band characteristic of amide I, it was possible to assess the conform-
ational changes in both materials based on the possible transitions between 
β-sheet conformations and flexible α-helix and β-turn structures. The results 
showed a dispersion of these conformations in the biofilms generated and in 
the solid freeze-dried hydrogel spectrum, and the β-sheet conformation was 
found to be predominant. The TG and DSC curves showed that the materials 
with higher β-sheet content exhibited higher thermal stability. Thus, the data 
obtained further elucidated the properties of these materials that are widely 
used in various processes. 

Keywords: silk fibroin; Raman spectroscopy; Bombyx mori; molecular con-
formation. 
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INTRODUCTION 
The search for sustainable materials with applications in various fields has 

become the focal point of various studies in pursuit of process innovation. One 
such material is the fiber produced and synthesized in the glands of the silkworm, 
Bombyx mori.1–18 At the end of the larval stage, the silkworm produces silk 
fibers to form a cocoon by a complex spinning process. Most of the cocoon con-
sists of fibroin fibers cemented together by another protein, sericin, that acts as 
an adhesive.1 

The sericin is removed by degumming the cocoon, and the silk fibroin (SF) 
can be processed using various methods. Conventional degumming entails boil-
ing the cocoons in an aqueous solution, the efficiency of which can be improved 
by adding substances such as sodium carbonate, high lipid soaps, citric acid, 
urea, tartaric acid or various enzymes to remove the sericin and other impurities.2 

After degumming, the fibroin fibers can be dissolved in various concentrated 
salt solutions, such as lithium bromide (LiBr), calcium chloride (CaCl2), calcium 
nitrate Ca(NO3)2, Ajisawa reagent (CaCl2:EtOH:H2O) and formic acid. The salt 
concentration, temperature and dissolution time can directly affect the degree of 
peptide bond decomposition and consequently the solubility of the fibroin. The 
salts involved in both degumming and dissolution are removed by dialysis to 
obtain an aqueous SF solution.1,3–5 

The aqueous SF solution can be used as is or to produce versatile forms of 
fibroin, such as powder, nanofibers, films, hydrogels and sponges, according to 
the field of application, and by virtue of its biocompatibility, controllable degrad-
ation, ease of processing and availability in the sericulture industry.3,6 

SF biofilms are one of the most important and valuable support biomaterials 
with applications in fields such as biomedicine, electronics, textile engineering, 
optoelectronics, energy collection/storage, biosensors, food coatings, etc. They 
can be obtained by simple evaporation of the aqueous solution (a process known 
as casting), or by more complex techniques, such as vertical deposition, spin-
assisted layer-by-layer assembly, spin coating or electrospinning.7 

SF has two main molecular conformations (silk I and silk II) in the second-
ary structure. Silk I is a non-crystalline, metastable, water soluble form and is 
mainly made up of random coils and α-helix conformations. Silk II is a highly 
stable, organized, non-water-soluble structure, characterized by a sheet form-
ation. The structures can be transformed under appropriate conditions. The mole-
cular conformation of the SF is an important parameter in the production of med-
ical devices.8–11 

In fact, native SF can be solubilized and processed as regenerated silk in a 
wide variety of geometrical shapes. Several studies have shown that chemical 
treatments, such as immersion in high salt concentration organic solvents, can 
break the hydrogen bond between the β-sheets to transition the SF conformation 
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from silk II to silk I and transform fibroin fibers into a water-soluble random coil 
conformation.19,20 

Motta et al.21 report on the thermal and dynamic mechanical properties of 
three different regenerated silk fibroin films cast from water solutions, charac-
terized by differential scanning calorimetry (DSC). DSC revealed the presence of 
a lower temperature endothermic phenomenon centered at about 70 °C for the as- 
-prepared room temperature cast film, and other typical material thermal para-
meters – glass transition, crystallization, and thermal degradation – more or less 
pronounced depending on the specific preparation procedure and the thermal or 
solvent treatment. These results were interpreted assuming progressive evolution 
of the random coil regions from the more stable β-sheet conformation, as induced 
by different applied preparation conditions or treatment.  

The aim of this study was to examine the structural organization and thermal 
stability of biofilms with a view to elucidating the properties of this material. 
Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) and Raman 
spectroscopy were used to characterize the segment arrangements in the polypep-
tide matrices for generation to produce biofilms, and thermogravimetric (TG) and 
differential scanning calorimetry (DSC) to monitor the effect of temperature on 
the various materials. The results show that the β-sheet conformation plays a cru-
cial role in the so-called secondary fibroin structures of biofilms, determining the 
rigidity and thermal stability of the material. 

EXPERIMENTAL 
Materials 

The silkworm cocoons (Bombyx mori) used in this study were imported from China. Fibers 
were extracted and solubilized using anhydrous Na2CO3 (Sigma–Aldrich, 99.0 %), ultrapure 
water (Milli-Q, Milipore), CaCl2·2H2O (Dinâmica, 99 %) and ethanol (Qhemis, 99.5 %).  
Cocoon classification 

First, the cocoon samples were cut along the top to remove the pupae and other internal 
impurities. Then they were cut into small pieces of approximately 1 cm2 and washed in ultra-
pure water.  
Fibroin extraction – sericin removal (degumming) 

A quantity of 1.06 g Na2CO3 was dissolved in a beaker containing 500 mL of ultrapure 
water heated to 95 °C on a hotplate. Next, 1.5 g of chopped cocoons were added. The appar-
atus was constantly stirred and kept at 95 °C for 40 min. 

After heating and stirring, the fibers were taken out of the solution and excess water 
removed by manual wringing. The fibers were then washed in ultrapure water at 25 °C and 
stirred for 20 min. The washing was repeated 3 times and the excess water then removed by 
manual wringing. The resulting fibers were placed in a Petri dish and left in an oven at 50 °C 
for 24 h. 

This degumming stage resulted in an average drop in the initial cocoon weight of 27.6 %, 
representing the amount of sericin removed during the process.  
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Solubilization of the fibroin fibers 
Fiber solubilization can be achieved by different methods using different salts and sol-

vents. In this study, two fiber solubilization methods were used. 
First, a ternary solution (Ajisawa reagent) consisting of calcium chloride, ethanol and 

water (CaCl2·2H2O:CH3CH2OH:H2O, 1:2:6 mole ratio) was prepared. The fibers obtained in 
the previous stage were cut into smaller pieces and added to the solution at 1 g of chopped 
fiber to 10 mL ternary solution (1:10).  

The beaker containing the solution was then placed in a thermostat-controlled bath at 80 
°C for 40 min, stirring manually every 5 min. The beaker was then removed from the bath and 
left to cool to a temperature of 25 °C. The fibers were completely solubilized in the ternary 
solution, resulting in low-viscosity, slightly bleached dispersions.  

In the second method, a 9.3 mol L-1 aqueous solution of lithium bromide (LiBr) was 
prepared. Care is required in the preparation of this solution, since the reaction produces a lot 
of heat. The dry fibers were also cut into smaller pieces and added to the solution at 1 g of 
fiber to 4 mL solution (1:4). 

The solution was then placed in a thermostat-controlled bath at 60 °C for approximately 
4 h, stirring manually every 5 min for the first hour, and then every 15 min until the fibers 
were fully dissolved. Next, the beaker was removed from the bath and left to cool to 25 °C, as 
in the Ajisawa method, whereby a similar dispersion was obtained. 
Dialysis 

The fibroin dispersions obtained using the two methods were transferred to pre-hydrated 
cellulose membranes, then dialyzed in ultrapure water for 48 h. The temperature was kept at 
25 °C with continuous stirring, and the initial water was replaced after 1 h, and subsequently 
every 8 h, at 1:30 volume ratio fibroin dispersion:water.  

After dialysis, the dispersion was transferred to 50 mL Falcon tubes for centrifugation at 
6000 rpm (Centurion Pro-Analytical centrifuge) for 40 min to remove impurities. The super-
natant was transferred to another tube and the process repeated. 

The dispersions dialyzed for 24 h were transparent and colorless, and the bleached par-
ticles precipitated by centrifugation adhered to the wall and bottom of the tube. The super-
natant of the dispersion was collected and transferred to another tube, completely eliminating 
these particles. The fibroin solution was stored at 4 °C before use.  

A volume of 0.5 mL of each dispersion was placed in weighing boats and kept in an 
oven at 60 °C for 24 h. The weight after drying was checked by calculating the weight/volume 
of dialyzed cocoon fibroin, resulting in an average of 5.0 %. 

To check whether the dialysis time influenced purification, another part of the fiber dis-
persion was left to dialysis for a further 24 h, totaling 72 h. In this case, it formed a hydrogel 
precipitate on the inside of the membrane. This material was removed, centrifuged under the 
conditions applied to the 48 h dispersion, and subsequently freeze-dried to remove the water, 
leaving a solid residue. 
Biofilm preparation 

Biofilms were prepared by casting the fibroin solution dialyzed for 48 h. A volume of 0.8 
mL fibroin solution was transferred to 23 mm acrylic plates, placed in a fan oven and kept at 
50 °C for 8 h. Next, the films were carefully removed using tweezers and characterized.  

After drying, the biofilms were transparent and looked like plastic. There was some flex-
ibility and no breaks were observed. 
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Spectroscopic characterization 
To check the transparency of the as prepared biofilms, UV–Vis transmittance spectra in 

the 220–800 nm range were obtained using a UV–Vis 2600 spectrophotometer (Shimadzu).  
Infrared spectra were taken on a Fourier transform IR spectrophotometer (FTIR, Frontier 

MIR/NIR, PerkinElmer®) in the attenuated total reflectance (ATR) mode, using a UATR® 
accessory with diamond crystal and zinc selenide focusing, scan between 4000 and 650 cm-1, 
resolution of 2 cm-1 and 32 accumulated scans. The biofilm was formed over the crystal, and 
the spectra acquired over a period of 60 min in a gaseous nitrogen atmosphere to speed up the 
drying process. 

Raman spectra were obtained using an Alpha300+ WITec® confocal Raman microscope 
system (excitation at 785 nm), with a ZEISS 50× lens. 
Thermal analysis 

Biofilm fragments with a total weight of 1.8 g were used in differential scanning calori-
metry (DSC) and thermogravimetric (TG) analysis. Samples were placed on hermetically 
sealed aluminum (DSC) and platinum (TG) supports. The DSC curves were obtained using a 
Shimadzu DSC-60, and the heating rate was 10 °C min-1 in the 230–300 °C range. TG curves 
were obtained using a Shimadzu TGA-50 and the heating rate was 10 °C min-1 in the 20–1000 
°C range. The gas flow for both procedures was 50 mL min-1 nitrogen. 

RESULTS AND DISCUSSION 

The UV–Vis spectra of the biofilms obtained by the two extraction methods, 
a) Ajisawa and b) LiBr, are shown in Fig. S-1 of the Supplementary material to 
this paper. High incidences of transparency in the visible region (300–800 nm) 
and a characteristic band at 277 nm were observed for both analyzed biofilms. 
This peak could be ascribed to the π→π* electron transition of aromatic, tyrosine, 
phenylalanine and tryptophan amino acid residues in the fibroin chain.4,9  

The elevated transparency of the biofilms was a desired characteristic given 
the various possible applications of this kind of material, whether in optics or 
even biomedical fields (encapsulating drugs, colorants, nanoparticles, etc.). Some 
studies in the literature show that transparency can be directly associated with the 
method used to obtain the fibroin solution. Biofilms obtained using regenerated 
fibroin from cocoons exhibit transparency indices above 95 %, whereas for bio-
films from native fibroin extracted directly from the silkworm glands, this index 
was between 70 and 90 %, and in addition to opacity, the films may exhibit yel-
lowish hues.20  

The ATR FT-IR spectra as a function of the structural stabilization time of 
the biofilm prepared by Ajisawa extraction are shown in Fig. 1. Initially (up to 
4 min after preparation) low intensity bands were observed at 1643, 1546 and 
1246 cm–1, attributed respectively to amides I, II and III.5 Amide I is the result of 
asymmetric coupling of C=O and C–N bond stretching, and the band related to 
amides II and III are the result of symmetric coupling of C–N bond stretching 
and angular deformation in the N–H plane.10 All these bands in the IR spectrum 
are sensitive to changes in the conformation.11 
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After 45 min, an increase in the intensity of these bands was observed, with 
broadened bands between 1650/1639, 1531/1514 and 1240/1231 cm–1. After 60– 
–65 min, the spectra remained unchanged. Bands were defined at 1639, 1514 and 
1231 cm–1 and shoulders were observed at 1650 and 1531 cm–1. 

Fig. 1. Changes in the FTIR spectra 
as a function of the structural stabil-
ization time of the biofilm prepared 
by the Ajisawa extraction method, 
obtained by ATR. 

According to the literature,11 the bands at 1610-1630 cm–1 (amide I) and 
1510–1520 cm–1 (amide II) are characteristic of silk II (β-pleated sheet) second-
ary structure, whereas absorption at 1640–1660 cm–1 (amide I) and 1535–1542 
cm–1 indicate that the conformation contains silk I (α-form). These results could 
indicate that after 60–65 min, a biofilm stabilized with a predominance of the 
β-sheet rather than the α-form.11,12 

With the aim of further investigating the changes observed in the IR spectra, 
Raman spectra were recorded. This was necessary in view of the work performed 
by Lefèvre et al.13 who used polarized Raman spectroscopy to show the mole-
cular organization in the silk cocoon produced by B. mori, with a mixture of 
different quantities of β-sheets and flexible structures (β-turns and α-helices).  

The Raman spectra of the cocoon, the biofilms prepared by the LiBr and Aji-
sawa methods, and the freeze-dried hydrogel are shown in Fig. 2. 

The Raman spectra of the cocoon (Fig. 2), obtained at an excitation wave-
length of 785 nm, exhibit main bands at around 1672, 1622, 1560, 1455, 1407, 
1270 and 1239 cm–1.14 The frequencies at 1672, 1560 and 1270/1239 cm–1 were 
respectively ascribed to amides I, II and III, related to the different contributions 
of C=O stretching, angular N–H in-plane deformation and C–N stretching in the 
polypeptide chains of the cocoon primary structure. The band at 1622 cm–1 was 
related to vibrations in the amino acid side-chain of the silk fibroin. The band at 
1407 cm–1 was related to the presence of sericin, and the band at 1455 cm–1 was 
ascribed to fibroin.15,18 
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Fig. 2. Raman spectra of: a) cocoon, b) biofilms prepared by the LiBr method and c) Ajisawa 

method, and d) the freeze-dried hydrogel, at excitation of 785 nm.  

The biofilm spectra exhibited marked variations compared to the spectrum 
of the cocoon sample. The spectra in Fig. 2b and c show band displacement and 
broadening compared to the cocoon spectra at 1674, 1461 and 1419 cm–1, as well 
as the presence of a broadened band at 1262 cm–1. These spectral variations were 
considered to be associated with structural changes in the material. The spectrum 
of the freeze-dried hydrogel (Fig. 2d), was fairly similar to that obtained for the 
cocoon, exhibiting preferential ordering of the materials that was different from 
that observed in the spectra of the biofilms. 

To better assess whether the biofilms prepared were or were not identical at 
molecular level, the work of Lefèvre et al.13 was taken into account. The decon-
volution of the amide I band in the Raman spectrum revealed that the frequencies 
at 1655, 1666 and 1678/1693 cm–1 could be related to different conformations of 
the α-helix, β-sheet and β-turn structures, respectively. 

With the aim of studying the Raman spectra of the biofilms, deconvolution 
was implemented in the spectra between 1620/1640 and 1700/1710 cm–1, as 
shown in Fig. 3. Fig. 3 shows the four bands in the spectra analyzed, compared to 
the different conformations proposed by Lefèvre et al.13 The cocoon spectrum 
(Fig. 3a) shows that the band at 1671 cm–1 was of higher intensity and broader 
compared to the bands at 1652 and 1687 cm–1, revealing that the cocoon struc-
ture has a tendency to incorporate a higher quantity of β-sheet conformations. 
However, the deconvoluted spectrum of the biofilm produced by extraction with 
LiBr (Fig. 3b), that there were more α-helices and β-turns than β-sheets because 
of the higher relative intensity and broadening of the bands at 1660 and 
1679/1689 cm–1, compared to that at 1670 cm–1.  

In the deconvoluted spectrum of the biofilm obtained by Ajisawa extraction 
(Fig. 3c), the results were predominantly intermediate between those obtained for 
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the cocoon and the biofilm extracted with LiBr. A higher intensity was observed 
for the band at 1667 cm–1 and lower intensity of the bands at 1652 and 1680 cm–1, 
respectively related to the α-helix and β-turn conformations, despite the fact that 
the band at 1684 cm–1 was fairly broad and intense, impeding more accurate 
analysis.  

 
Fig. 3. Deconvoluted Raman spectra of: a) cocoon, biofilms prepared by: b) the LiBr method 

and c) the Ajisawa method, and d) the freeze-dried hydrogel.  

These results show that the structural ordering of the biofilms is the opposite 
of that encountered in the cocoon, where there is a mixture of β-sheet, α-helix 
and β-turn conformations, exhibiting greater malleability and stability.  

Similar results were obtained in other studies, in which biofilms produced by 
Ajisawa extraction contained slightly more β-sheets and less β-turns than those 
produced by solubilization with LiBr.20 Defining the conformation of biofilms is 
particularly important and advantageous, depending on the applications envis-
aged. The conformation of the material can significantly influence characteristics 
such as biodegradation, mechanical and optical properties, and even biological 
compatibility conditions. For instance, a biofilm with a predominance of β-turns 
and α-helices would be highly soluble in water and more biodegradable com-
pared to a biofilm with a predominance of secondary structures, such as β-sheets, 
but this material would be more flexible and mechanically stronger than the other.20 
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It was observed that the dialysis time and conditions precipitated a rigid 
solid originating from the gel prepared from the cocoons. Based on the previous 
characterization of the biofilm Raman spectra, the same spectrum deconvolution 
procedures were performed for the freeze-dried hydrogel in the 1624–1710 cm–1 
range, as shown in Fig. 3d. 

The deconvoluted spectrum showed narrower bands than those previously 
observed in the cocoon and biofilm deconvoluted spectra (Fig. 3a–c). Regarding 
the spectrum of the solid originating from the cocoons (Fig. 3a), in the decon-
voluted spectrum of the hydrogel (Fig. 3d), the relative intensities of the bands 
remained the same as those in the cocoon spectrum. The band at 1679 cm–1 could 
be observed, due to the narrower bandwidth obtained by deconvolution. 

Considering that the properties of the prepared biofilms can also be better 
verified by thermal analysis techniques, assuming that the thermal events deve-
loped with these techniques should promote a higher or lower degree of structural 
disorder in the molecular organization of the fibers that form the biomaterial, 
these materials were subjected to temperature variations and the modifications 
were monitored by the differential scanning calorimetry (DSC) and thermogravi-
metric (TG) techniques. 

Sacco and de Santana14 investigated the effect of temperature on the destab-
ilization of the molecular conformation of silk fiber structures using confocal 
Raman spectroscopy and differential scanning calorimetry (DSC). The results 
indicated that, for the different cocoon samples, there was a drop in the β-sheet 
conformation compared to that of the α-helix, and this structural disordering was 
caused by increased temperature. Similarly, a transition was observed in the con-
formation from β-sheet to β-turn as a result of the temperature applied.  

The DSC curves in the 230–300 °C temperature range for the biofilms 
obtained by the two extraction methods are shown in Fig. S-2 of the Supplement-
ary material. The biofilms were less stable to heat conditions than the silkworm 
cocoon. Sacco and de Santana14 reported that at around 315 °C, the cocoon 
underwent an endothermal event, related to the thermal process associated with 
cocoon structure. 

The biofilm prepared using LiBr (Fig. S-2a) exhibited an endothermal peak 
associated with a thermal event with a maximum of 274 °C, and for the Ajisawa 
biofilm at 280 °C (Fig. S-2b). Thus, the fact that the endothermal event occurred 
at a lower temperature for the LiBr biofilm compared to the Ajisawa biofilm 
must mean that the LiBr biofilm was less thermally stable due to the different 
aggregates present in these materials, due to stabilization of the different mole-
cular conformations for the fibroin fibers as shown in the Raman results. 

However, based on the work of Freddi et al.,22 the thermal degradation of 
fibroin biofilm at temperatures lower than 290 °C is a characteristic of amor-
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phous biofilms (silk I), i.e., biofilms that have not been subjected to any kind of 
physical or chemical treatment to alter the structure to a more crystalline form. 

With the aim of better assessing the thermal behavior of these biofilms, 
thermogravimetric (TG) experiments were conducted. 

The thermogravimetric curves for the cocoon, biofilms and freeze-dried hyd-
rogel at temperatures between 20 and 1000 °C, verifying residual mass, and the 
differential residual mass curves for each material are shown in Fig. 4.  

 

 
Fig. 4. Thermogravimetric curves of: a) cocoon, biofilms prepared by: b) the Ajisawa method 

and c) by the LiBr method, and d) the freeze-dried hydrogel.  

Losses in mass of 8.1 % were observed for the cocoon (Fig. 4a), 9.4 % for 
the Ajisawa biofilm (Fig. 4b), 8.5 % for the LiBr biofilm (Fig. 4c) and 7.4 % for 
the freeze-dried hydrogel (Fig. 4d), at approximate respective maximum tempe-
ratures of 61, 76, 80 and 81 °C, which were attributed to water evaporation.  

As the thermal process proceeded, different events were observed in the 
cocoon material, biofilms and the freeze-dried hydrogel. Around 43.5 % of the 
cocoon material underwent an initial decomposition process at an approximate 
maximum temperature of 344 °C (Fig. 4a). For the Ajisawa biofilm (Fig. 4b), the 
values were 40.5 % and 322 °C, and for the LiBr biofilm (Fig. 4c), 42.1 % and 
320 °C. In other words, the main thermal degradation process for silk proteins 
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occurs because of the decomposition of the main structures of the protein mole-
cular skeleton, showing the higher thermal stability of the cocoon material. The 
freeze-dried hydrogel produced intermediate results for this process, with a loss 
of 42.7 % at 332 °C (Fig. 4d). 

However, another event was initiated close to a temperature of 492 °C, with 
maxima of 606 and 970 °C, decomposing 42.2 % of the cocoon structure (Fig. 
4a). Similarly, at around 574 °C the Ajisawa biofilm (Fig. 4b) loses a further 33.2 
% of its mass, whereas at 539 °C the LiBr biofilm (Fig. 4c) loses 41.3 %. This 
second event is probably attributable to carbonization. The freeze-dried hydrogel 
once again produced intermediate results, with a 39.7 % loss initiated at 533 °C 
(Fig. 4d). Residues of all materials were still observed, even at this temperature. 

CONCLUSIONS 

Using an adapted method from the literature for preparing biofilms by differ-
ent processes, materials of high quality were prepared in terms of transparency 
and thermal stability. 

Raman spectroscopy was found to be adequate for characterizing the struc-
tural ordering of the experimentally produced biofilms.  

The results for the most rigid material, the freeze-dried hydrogel, showed a 
preference for the β-sheet conformation. Biofilms, which are more malleable, can 
show a tendency to produce a higher quantity of α-helix and β-turn conform-
ations. The two bands related to the β-turn conformation were absent only for the 
cocoon material, perhaps due to the rigidity of the bonds, as shown by its higher 
thermal stability. 

Based on the thermal analysis and Raman results, it could be inferred that 
the biofilms with higher amounts of β-sheet conformations could be more ther-
mally resistant.  

The fibroin solubilization processes influenced the conformations and struc-
tural ordering, as revealed by the different techniques used in this study. The 
fiber solubilization method for obtaining the fibroin solution can be chosen based 
on what is most appropriate for the intended application of the material. 

SUPPLEMENTARY MATERIAL 
Additional data and information are available electronically at the pages of journal 

website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/10850, or from the corres-
ponding author on request. 
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И З В О Д  
СТРУКТУРНА СТАБИЛНОСТ БИОФИЛМОВА ДОБИЈЕНИХ ОД ВЛАКАНА ЧАУРА 

СВИЛЕНЕ БУБЕ 

ANA LÚCIA DE SOUZA MADUREIRA FELÍCIO и HENRIQUE DE SANTANA 

Departamento de Química, CCE, Universidade Estadual de Londrina, Londrina, PR 86051-990, Brazil 

Биофилмови су добијени из чаура свилене бубе, Bombyx mori, уклањањем серицина, 
екстрацијом и солубилизацијом фиброинских влакана, дијализом фиброинских диспер-
зија и припремом биофилмова поступком ливења. Транспаренција биофилмова је вери-
фикована UV–видљивом спектроскопијом, а термална стабилност термогравиметриј-
ском/диферен¬цијално сканирајућом калориметријском анализом (TG/DSC). Након 
припреме, очвршћивање фиброинског раствора припремљеног из чаура и екстрахованог 
Ajisawa методом је праћено до стабилизације биофилма, применом ослабљене тоталне 
рефлексије (ATR-FTIR) у функцији времена. Резултати су показали да долази до кон-
формационе промене из свила I (α-хеликс) у свила II (β-раван) структуру. Да би се 
унапредила карактеризација биофилмова добијених Ajisawa методом и LiBr солубилиза-
цијом фиброинских влакана, коришћена је Раманска спектроскопија за верификацију 
стабилности различитих молекуларних конформација влакана у овим материјалима, 
поређењем спектра чауре и спектара талогa (лиофилизовани хидрогел) преципитираних 
дијализом 72 сата. Поређењем Раманских спектара биофилмова и то интензитета про-
ширене траке карактеристичне за амид I, могуће је добити информације о конфор-
мационим променама између β-равни и флексибилних структура α-хеликса и β-завој-
нице. Резултати су показали дисперзију ових конформација у добијеним биофилмовима 
и у спектрима чврстих лиофилизованих хидрогелова, а конформација β-равни је пре-
овлађујућа. TG и DSC криве су показале да материјал са већим садржајем β-равни пока-
зује већу термалну отпорност. Резултати добијени у овом раду доприносе бољем разу-
мевању особина материјала који имају широку примену и бројним процесима. 

(Примљено 11. јуна, ревидирано 21. јула, прихваћено 23. јула 2021) 
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Fig. S-1. UV–Vis spectra of biofilms produced from cocoon material using: a) the Ajisawa 

and b) the LiBr extraction methods. 
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Fig. S-2. DSC curves for biofilms prepared by: a) the LiBr and b) the Ajisawa methods. 
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Abstract: The growing global demand for renewable energy sources has pushed 
renewable, green energy sources to the forefront, among which the production 
of hydrogen gas from water occupies a significant place. To realize this goal, 
researchers across the globe are developing various systems that could swiftly 
catalyze the hydrogen evolution reaction (HER) in the highest possible yield. 
In the present work, the electrocatalytic HER performances of pyridoxal semi-
carbazone- and thiosemicarbazone-based Cu(II) complexes, i.e., ([Cu(PLSC)Cl2] 
and [Cu(PLTSC-H)H2O]Br·H2O) are reported. It has been unambiguously 
demonstrated that the complexes exhibit enviable level of HER catalytic act-
ivity. The catalytic activity of the complexes was not only the function of cen-
tral metal but it was also controlled by the nature of the coordinating ligand. 

Keywords: renewable energy; cyclic voltammetry; proton-coupled electron 
transfer. 

INTRODUCTION 
Molecular hydrogen is considered to be one of the best alternatives to non- 

-renewable sources due to its high energy content and environment friendly 
nature.1 Owing to its great potential and urgent demand towards a greener future, 
a plethora of research has been carried out on H2 production. Among others, the 
electrocatalytic hydrogen evolution reaction (HER) has been extensively studied 
in the last decade.1–4 One of the key challenges in this area of research is to 
design and develop suitable electrocatalysts with low kinetic barriers and to drive 
the reaction at high current densities.5 In this context, a large number of organo-
metallic and metal organic frameworks (MOFs) based electrocatalysts have been 
reported with variable performances.5,6 However, it was found that high per-
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formance was often achieved with the use of catalysts based on expensive metals, 
such as platinum.7 Therefore, realization of low-cost catalysts remains a chal-
lenge to the research community leading to the quest for new organic ligands and 
their earth abundant metal complexes with acceptable electrocatalytic activity.8–10 
Among varieties of organic ligands, mixed ligand systems based on semicarba-
zone/thiosemicarbazone and pyridoxal fragments (a form of vitamin B6, Scheme 
1) have attracted interest of the researchers due to multi-dimensional applic-
ations.11 Basically, PLSC and PLTSC are tridentate ligands that coordinate with 
metal ions through the phenolic oxygen, the hydrazine nitrogen and oxygen (in 
the case of PLSC) or sulfur (PLTSC; Scheme 2). Accordingly, these ligands are 
classified as ONO or ONS ligands. The three common coordination modes of 
such ligands are depicted in Scheme 2. A zwitterion (H2L) in the neutral form 
with deprotonated phenolic OH– group and protonated “pyridine” N atom. 
Monoanionic form (HL–) of the ligands PLSC and PLTSC is obtained through 
deprotonation of enol–thiol forms and dianionic form of ligands is obtained 
through further deprotonation of pyridine N atom (L2–). 

 

Scheme 1. Structural formulas and abbreviations of pyridoxal 
semicarbazone (PLSC; X = O) and thiosemicarbazone 
(PLTSC; X=S). 

 
Scheme 2. Coordination modes and ligand forms for PLSC and PLTSC ligands. 

A thorough literature survey indicated that, although a significant number of 
transition metals complexes with PLTSC and PLSC has been synthesized,11–17 
the catalytic activities of such complexes have rarely been studied.18–21 Owing to 
this, it was envisioned that these complexes could be good candidates for cyclic 
voltammetry (CV) measurements and electrocatalytic hydrogen production (H2) 
via proton reduction. Motivated by this, herein the electrocatalytic HER per-
formances of pyridoxal semicarbazone- and thiosemicarbazone-based Cu(II) 
complexes, i.e., ([Cu(PLSC)Cl2] and [Cu (PLTSC-H)H2O]Br·H2O), are reported. 

EXPERIMENTAL 
All chemicals were obtained from Sigma–Aldrich or Across Organics and used as 

received. Solvents were dried according to available literature methods.22 Cyclic voltammetry 
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experiments were realized using an Autolab PGSTAT 128 potentiostat. The electrochemical 
cell containing 5 ml of a solution of electrolyte [NBu4] [BF4], 0.2 M in DMF, was degassed 
with nitrogen gas A conventional three-electrode arrangement was employed, consisting of a 
vitreous carbon working electrode (GCE, 0.07 cm2), a platinum wire as the auxiliary electrode 
and Ag/AgCl as the reference electrode. All potentials in the paper are referred to Ag/AgCl 
scale. Ligands (PLSC and PLTSC) and corresponding Cu(II) complexes were synthesized 
following a reported procedure.11 

Synthesis of PLSC ligand (PLSC·HCl·H2O) 
To a warm mixture of pyridoxal hydrochloride (3.10 g, 15 mmol) and semicarbazide 

hydrochloride (1.60 g, 15 mmol) in 30 mL water, Na2CO3·10H2O (4.5 g, 25 mmol) was added 
in portions. After stirring for 5 h, the obtained microcrystalline yellow deposit was filtered off, 
washed with H2O and dried to realize the final product. Yield: 3.70 g (95 %). 
Synthesis of PLTSC ligand (PLTSC·3H2O) 

To a mixture of pyridoxal hydrochloride (2.03 g, 10 mmol) and thiosemicarbazide 
(0.91 g, 10 mmol) dissolved in 20 mL of methanol, LiOAc (0.70 g, 10 mmol) was added and 
refluxed for 45 min. The yellow deposit of the ligand was isolated very fast and washed with 
MeOH. Yield: 2.42 g (82 %). 
Synthesis of complex Cu(PLSC)Cl2  

PLSC·HCl·H2O ligand (0.10 g, 0.35 mmol) was dissolved in 10 mL of MeOH. To this 
solution, 0.15 g (0.88 mmol) CuCl2·2H2O was added and warmed. The resulting green 
solution was filtered off and the obtained gleaming small crystals were washed with MeOH 
after 25 h. Yield: 0.10 g (79.8 %). 
Synthesis of complex [Cu(PLTSC-H)H2O]Br·H2O  

A mixture of PLTSC·3H2O (0.20 g, 0.7 mmol) and CuBr2 (0.22 g, 1 mmol) in 30 mL of 
H2O was heated until complete dissolution of the reactants. The resulting green solution was 
left at room temperature for 50 h. The obtained crystals were filtered off and dried under 
vacuum. Yield: 0.24 g (88 %). 

RESULTS AND DISCUSSION 

The ligands and their corresponding Cu(II) complexes, i.e., [Cu(PLSC)Cl2] 
and [Cu(PLTSC-H) H2O] Br·H2O), were obtained in good yields and purities 
following a reported procedure.8 The molecular compositions of the complexes 
were determined using various analytical techniques prior to the catalytic studies. 
It has been reported that the PLSC ligand adapted its neutral form while PLTSC 
its monoanionic form upon coordination with Cu(II) ion and the formation of the 
title compounds.11 

Cyclic voltammetry of ([Cu(PLSC)Cl2] and [Cu(PLTSC-H) H2O] Br·H2O) 
The studied complexes were further characterized by cyclic voltammetry in 

DMF solution with 0.2 M tetrabutylammonium tetrafluoroborate, [NBu4][BF4] 
and 2.5 mM [Cu(PLSC)Cl2] or [Cu(PLTSC-H)H2O]Br·H2O. The Cu(II) com-
plex of the O-containing ligand exhibited two reduction peaks with Epred of 
–0.10 and -1.48 V for Cu2+/Cu+ and Cu+/Cu, respectively. The corresponding 
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oxidation peaks appear at –0.7 V (retarded because of the resistivity) and 0 V. In 
addition, a third oxidation peak appeared at –0.25 V that may be attributed to the 
ligand.23 However, the two reduction peaks of the copper complex of the PLTSC 
ligand appeared at –0.50 (Cu2+/Cu+) and –1.25 V (Cu+/Cu), in addition to the 
reduction peak of the ligand at –0.81 V. Note that the latter reduction peak was 
attributed to the ligand based on cyclic voltammetry of the free ligand (Fig. 1).23 
The differences in electrochemical behavior between [Cu(PLSC)Cl2] and 
[Cu(PLTSC-H)H2O]Br·H2O are attributed to the presence of sulfur atom in the 
PLTSC ligand. The corresponding oxidation peaks appeared at –1.0, –0.7 and 
–0.45 V.  

 
Fig. 1. Cyclic voltammetry of 2.5 mM [Cu(PLSC)Cl2] (left) and 2.5 mM  

[Cu(PLTSC-H) H2O]Br H2O (right) DMF solutions containing 0.2 M [NBu4][BF4] 
at a carbon electrode vs. Ag/AgCl with different scan rate under nitrogen. 

Hydrogen evaluation reaction (HER) studies 
Both Cu(II) complexes were studied as electrocatalysts for proton reduction 

into molecular hydrogen using acetic acid as the proton source. The proton red-
uction occurred at the second reduction peak, where a clear increase of the cur-
rent at –1.53 and –1.25 V for [Cu(PLSC)Cl2] and [Cu(PLTSC-H) H2O]Br.H2O, 
respectively, were noticed (Fig. 2). It is noteworthy that these two voltages were 
marked, respectively, with shifts of 320 and 600 mV compared to the electrocat-
alysts-free medium (Fig. 3, Table I). Remarkably, the current increased with the 
number of acid equivalents. The highest electrocatalytic activity was observed in 
the presence of twelve equivalents of acetic acid (relative to the catalyst mole 
number) for the complex with the S-containing ligand, while for the complex 
with O-containing ligand, the highest activity was achieved in the presence of 
eight equivalents (Fig. 4). These results confirm the beneficial effect of using S-
containing complexes instead of O-containing ones. Evidently, better activity 
was highlighted for the S-containing copper complex with maximum current 4.5 
time higher than the acid-free medium, while a maximum current of 3.5 time 
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higher was observed in the presence of [Cu (PLSC)Cl2] (Fig. 5). Moreover, the 
current density vs. acetic acid concentration relationship obtained at potentials of 
–1.53 and –1.25 V for [Cu(PLSC)Cl2] and [Cu(PLTSC-H)H2O]Br·H2O, res-
pectively, have been plotted. The highest electrocatalytic activity was observed in 
the presence 20 mM acetic acid, which corresponds to 12 equivalents of acid 
with respect to the catalyst concentration (Fig. 4). 

 
Fig. 2. Cyclic voltammetry of 2.5 mM [Cu (PLSC)Cl2] (left) and 2.5 mM [Cu(PLTSC-H) 

H2O]Br.H2O (right) DMF solutions containing 0.2 M [NBu4][BF4], scan rate 100 mV s-1 at a 
vitreous carbon electrode under N2, in the presence of 2-12 equivalents of acetic acid. 

Fig. 3. Cyclic voltammetry obtained in a 
catalyst-free solution containing 20 mM 
acetic acid in [Bu4N][BF4]-DMF, scan 
rate 100 mV s-1 at a vitreous carbon elec-
trode under N2. 

TABLE I. Potentials of the reduction wave of CH3COOH vs. Ag/AgCl in the absence or 
presence of the different complexes and the second reduction peak shift of the studied com-
plexes 
DMF solution of CH3COOH E / V vs. Ag/AgCl Shifta, mV 
Electrocatalysts-free –1.85 0 
In the presence of [Cu(PLSC)Cl2] –1.53 320 
In the presence of [Cu(PLTSC-H)H2O]Br⋅H2O –1.25 600 
aCompared to the proton reduction potential in electrocatalyst free medium 
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The rate constants were estimated using the approach of Dubois and co- 
-worker and the icat/i0 data, based on Eq. (1): 
 kobs = 0.1992(Fv/RTn2)(icat/i0)2 (1) 
where F, v, R, T, icat and i0 are the Faraday constant, the scan rate, the gas 
constant, the temperature, the peak catalytic current and the peak current in the 
absence of acetic acid, respectively, and n is the number of electrons.24 

 
Fig. 4. The current density vs. acetic acid concentration relationship for [Cu(PLSC)Cl2] 
obtained at a potential of –1.53 V (left) and for [Cu(PLTSC-H)H2O]Br·H2O obtained 

at a potential of –1.25 V (right). 

 
Fig. 5. Effect of the acid concentration on the ip/i0 ratio at a vitreous carbon electrode of 

[Cu(PLSC)Cl2] (left) and [Cu(PLTSC-H)H2O]Br·H2O (right) recorded at –1.53 and 
–1.25 V, respectively (catalytic reduction of the proton peak). 

The electrocatalytic rate constants (kcat, 25 °C) in the presence of these 
complexes at a vitreous carbon electrode are reported in Table II from the magni-
tude of icat/i0 in the acid independent regime. 

________________________________________________________________________________________________________________________

(CC) 2022 SCS.

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



 HYDROGEN EVOLUTION UPON REDUCTION OF Cu(II)-BASED COMPLEXES 351 

TABLE II. The rate constant (kobs, 25 °C) for catalysis at vitreous carbon (8 eq. acid) 
Complex icat/i0 kobs / s-1 
[Cu(PLSC)Cl2] 3.6 10.10 
[Cu(PLTSC-H)H2O]Br H2O 9.4 68.50 

Possible mechanism of HER 
As electrochemical analysis has shown, copper in which the PLSC ligand 

was in its neutral form was much less catalytically active than copper in which 
the PLTSC ligand was coordinated in the deprotonated form HL–. Hence, it is 
proposed that the catalytic abilities of the complexes primarily depend on the 
nature and the coordinated form of the ligand, as observed by the CV measure-
ments. Thus, the complex that contains the PTLSC ligand in its mono-anionic 
form will initially accept a proton at one of the N atoms found at the ligand back-
bone (Step 1, Scheme 3). This process will then be followed by sequential elec-
tron (Step 2) and proton (Step 3) transfers or these two steps could occur in a 
concerted step, i.e., via proton-coupled electron transfer (PCET).25,26 Simultane-
ous heterolytic cleavages of the N–H and Cu–H bonds and electron transfer steps 
(Step 4, Scheme 3) were proposed to occur to generate a molecule of hydrogen. 
On the other hand, as the PLSC-containing complex contains the ligand in the 
neutral form, it is proposed that its electrocatalytic activity occurs primarily at the 
metal center without involving the ligand and hence lessening its overall activity 
(Scheme 4). In this case, PCET is depicted for the first step followed by homo-
lytic cleavage of the Cu–H bond, via reductive elimination, involving two inde-
pendent complexes to form molecular hydrogen.26  

 
Scheme 3. Proposed electrochemical generation of H2 as catalyzed by  

[Cu(PLTSC-H)⋅H2O] Br·H2O. Formal charges for several atoms, 
including the central metal ion, are depicted for clarity. 
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Actually, according to the proposed mechanisms depicted in Schemes 3 and 
4, it could be assumed that the catalytic ability of [Cu(PLTSC-H)H2O] Br·H2O 
would be twice as high in comparison to that of [Cu(PLSC)Cl2]. The ligand 
protonation would allow for the formation of a single H2 molecule per catalytic 
cycle for the former complex, while only half of H2 per proposed catalytic cycle 
involving the latter complex. Indeed, if the results of the CV measurements in 
Table I are examined, it could clearly be observed that the second reduction peak 
shift is twice as large for the PLTSC-containing complex (600 vs. 320 mV). 
Similarly, the value for icat/i0 (Table II) is also significantly higher for 
[Cu(PLTSC-H) H2O]Br·H2O (9.4) in comparison to [Cu(PLSC)Cl2] (3.6). These 
observations strongly suggest that in order to create more efficient catalysts 
based on transition metal complexes incorporating semicarbaone- and thiosemi-
carbazone pyridoxal ligands, one should strive to synthesize complexes in which 
the ligands would be coordinated in mono- or di-deprotonated forms. 

 
Scheme 4. Proposed electrochemical generation of H2 as catalyzed by [Cu(PLSC)Cl2]. Formal 

charges for several atoms, including the central metal ion, are depicted for clarity. 

This could possibly be achieved by modifying the pH medium of the sol-
ution used in the synthesis of these complexes. Acidic medium during synthesis 
would favor neutral coordination forms of PLSC and PLTSC ligands.8 Certainly, 
the role of the central metal (in this case copper) is also not completely insig-
nificant. The challenge would be to synthesize complexes containing PLSC and 
PLTSC ligands with metals such as Ru, Ir or Rh, as these metals have already 
exhibited excellent activity in numerous catalytic processes (e.g., Wilkinson, 
Grubbs and Schrock complexes). 

CONCLUSIONS 

This work presented captivating possibilities that a targeted design of coordi-
nation systems could lead to efficient electrocatalysts for the hydrogen evolution 
reaction. The cyclic voltammetry measurement performed on a couple of Cu(II) 
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compounds coordinated by either the O-containing PLSC or the S-containing 
PLTSC ligand showed their undoubted ability to electro-catalyze reduction of the 
CH3COOH acidic proton and convert it into molecular hydrogen. The better act-
ivity for the complex containing the deprotonated form of the coordinated ligand 
should also be highlighted. This valuable information would be considered in the 
future as an extremely useful guideline for the synthesis of electrocatalysts based 
on PLSC or PLTSC ligands.  
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И З В О Д  

ЕЛЕКТРОКАТАЛИЗА ИЗДВАЈАЊА ВОДОНИКА НАКОН РЕДУКЦИЈЕ КОМПЛЕКСА 
БАКРА (II) НА БАЗИ ПИРИДОКСАЛНИХ ПОЛУ- И ТИОСЕМИКАРБАЗОНА 

SALMA A. AL-ZAHRANI1, VIOLETA JEVTOVIC1, KHALAF M. ALENEZI1, HANI EL MOLL1, ASHANUL HAQUE1 

и DRAGOSLAV VIDOVIC2 

1
Department of Chemistry, College of Science, University of Hail, Ha’il 81451, Kingdom of Saudi Arabia и 

2
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Растућа глобална потражња за обновљивим изворима енергије довела је у први 
план обновљиве, зелене изворе енергије, међу којима производња водоника из воде зау-
зима значајно место. Да би остварили овај циљ, истраживачи широм света развијају 
катализатор који би могао брзо да катализује реакцију издвајања водоника (HER) у нај-
већем могућем приносу. У овом раду извештавамо о електрокаталитичким HER пер-
формансама комплекса Cu (II) на бази пиридоксалних семи- и тиосемикарбазона, тј. 
([Cu(PLSC)Cl2] и [Cu (PLTSC-H) H2O]Br·H2O). Недвосмислено смо показали да ком-
плекси показују завидан ниво HER каталитичке активности. Каталитичка активност 
комплекса није била само функција централног метала већ и контролисана врстом 
координирајућег лиганда. 

(Примљено 20. маја, ревидирано 29. јуна, прихваћено 2. јула 2021) 
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Abstract: Flotator Oxal, a mixture of dioxane ethers and alcohols, was studied 
as a plasticizer for suspension PVC in comparison with the well-known dibutyl 
phthalate (DBP) and di-(2-ethylhexyl) phthalate (DOP). The rheological para-
meters and gelation ability of the plasticizers were determined, and the values 
of the storage modulus and tangent of mechanical loss angle in the glassy and 
rubbery states were measured by the DMA method, and the glass transition tem-
peratures were determined. The deformation-strength properties and rigidity of 
polymer films were tested before and after light-thermal aging. Oxal was 
shown to reveal a fairly low viscosity and high gelation properties in relation to 
PVC. At the same time, its ability to reduce the glass transition temperature and 
elasticize the polymer in the glassy and rubbery state is somewhat lower than 
that of phthalate plasticizers. PVC samples plasticized with DBP have the high-
est resistance to light-thermal aging. 

Keywords: phthalates; dynamic viscosity; polyvinyl chloride; DMA method. 

INTRODUCTION 
Plasticizers play an irreplaceable role in the manufacture of flexible mat-

erials based on rigid-chain polymers.1 Initially, cellulose ethers, poly(vinyl ace-
tate) and its copolymers2 were used as plasticizable polymers. Currently, the 
main consumer of plasticizers is the production of flexible PVC materials, such 
as films, linoleum, artificial leather, awning materials, etc.3 

It is customary to distinguish between internal plasticization associated with 
the addition of plasticizing fragments into macromolecules of rigid-chain poly-
mers due to covalent bonding4–6 and external – by introducing special plastic-
izers without chemical interaction. Among PVC plasticizers, the most common 
are esters of organic acids (phthalic, adipic, trimellitic, sebacic, azelaic), as well 
as phosphoric acid.7,8 To reduce volatility, polymer plasticizers are utilized, in 
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particular polyesters.9 In addition a large group is made up of the so-called 
secondary plasticizers (extenders), used in conjunction with primary ones. The 
most common among them are chlorinated hydrocarbons.3 In recent decades, 
much attention has been paid to the search for biodegradable plasticizers of 
various nature,10–13 which enables a number of environmental protection and 
health safety problems to be solved14 and in some cases to combine plasticizing 
and the antipyretic function of a biodegradable additive.15  

The most widespread plasticizers based on phthalic acid esters have been 
used for almost 100 years to change the elastic properties of poly(vinyl chlo-
ride).1 Phthalate plasticizers effectively reduce the pour point and the glass tran-
sition temperature of PVC.6 Nevertheless, there is a permanent search for new 
plasticizers that, with high efficiency, would have a lower tendency to diffuse 
onto the product surface, less volatility at elevated temperatures, and a lower cost.1 

Over the past several decades, the use of a high-boiling by-product Edos (TU 
2493-003-13004749-93) as PVC plasticizer has been actively discussed.16–21 It 
is formed in the manufacture of 4,4-dimethyl-1,3-dioxane by condensation of 
isobutylene with formaldehyde. In one turn, flotator Oxal is the by-product of 
Edos (technical requirements 2452-015-48158319-2009). This product contains 
about 50 % dioxane ethers and alcohols and about 50 % mixtures of 1, 2 and 3 
atomic alcohols.20 

The successful application of flotator Oxal as a plasticizer in the production 
of plastisols based on emulsion PVC E was described.16–18 The influence of 
Oxal on the properties of composites based on suspension PVC has practically 
not been studied. Therefore, the estimation of the plasticizing action of Oxal per-
formed in this work seems to be very actual. 

EXPERIMENTAL 
Materials 

Suspension PVC Ongrovil S-5070 was obtained from BORSODCHEM (Hungary). 
Dibutyl phthalate (DBP) and di-(2-ethylhexyl) phthalate (DOP) were purchased from “Ural 
plasticizers plant” (Russia) and used without purification. Flotator Oxal T-92 (Technical 
requirements: 20.59.59-029-05766801-2016) was purchased from “Nizhnekamskneftekhim” 
(Russia), stabilizer Baerostab UBZ 751 – from “Baerlocher GmbH” (Germany). 
Film preparation 

To study the mechanical and thermophysical properties of the composites, films were 
produced from PVC melts. The compositions contained 70.2 % PVC, 1.7 % Baerostab UBZ 
751 and 28.1 % plasticizer. Dibutyl phthalate (DBP) and di-2-ethylhexyl phthalate (DOP) 
were chosen for comparison with Oxal. PVC, plasticizer and stabilizer were mixed, then 
heated for 30 min at 120 °C. The final mixing and formation of the film were performed on 
rollers at 150 °C for 5–6 min. To achieve a fixed thickness, the films were pressed at 160 °C 
and 5 MPa for 4 min, followed by cooling in a mold.  
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Measurements 
Rheological tests of plasticizers were carried out in accordance with ASTM D2983-09 

on a Brookfield DV-II+ rotary viscometer equipped with Thermosel, in the range of shear 
rates from 0 to 186 s-1 and temperatures 22–45 °C. The size of PVC particles was determined 
using a polarizing microscope POLAM R-211 (magnification 75.6 times). 

DMA was performed on a DMA Eplexor 25N (NETZSCH-Gerätebau GmbH) in the ten-
sile-film mode. The specimens 70.0 mm× 7.0 mm× 0.4 mm were measured from –30 to 80 °С 
with a frequency of 1 Hz and a temperature ramp of 1 °C min-1. The storage modulus E' and 
tan δ were recorded as a function of temperature. The glass transition temperature was deter-
mined according to ASTM D7028-07(2015).  

The tensile strength and elongation at break were measured using a testing machine 2099- 
-Р-5 (“Tochpribor”, Russia) at 25 °C before and after light-heat aging according to ISO527- 
-2:2012. The length of the films was equal to 170 mm and the stretching speed was 25 mm 
min-1. The measurements of the mechanical properties of the composite films were made with 
5 replicates of each composition.  

Accelerated aging was realized in accordance with ASTM G151-19 and D3045-18. Ultra-
violet irradiation was performed with mercury-quartz lamps DRT-400, exposure time 36 h at 
70 °C. The hardness of films before and after UV light-thermal aging was determined on a 
PMZh-12 M device. The hardness was assumed to be equal to the load required for deflection 
of an elementary sample bent into a ring by 1/3 of the diameter. Test conditions corresponded 
to Gost 8977 (ball weight 0.86 g, sample size 20 mm× 95 mm). 

RESULTS AND DISCUSSION 

Rheological characteristics of plasticizers essentially influence the techno-
logical processing parameters of flexible PVC, especially in the case of using plas-
tisols.16–18 In this regard, the rheology of the product Oxal was studied in com-
parison with the most common phthalate plasticizers: dibutyl phthalate (DBP) and 
di-(2-ethylhexyl) phthalate (DOP) (see Experimental). The values of dynamic vis-
cosity were measured in the shear rate range 0–186 s–1. All plasticizers studied 
were found to behave like Newtonian liquids.22 The simulation of temperature 
semilogarithmic dependencies (Fig. 1) according to the Frenkel–Eyring Equat-
ion:23 

 

# #
VF VF

A
S H
R RTN

e e
V

η
−Δ Δ

=
  (1) 

where η is the viscosity, V the mole volume, ΔS≠VF and ΔH≠VF the changes in 
activation entropy and enthalpy, respectively, of viscous flow, allowed the flow 
activation parameters to be calculated, which together with the viscosity at 25 °С 
are presented in Table I.  

An analysis of these data indicates a slightly lower viscosity of Oxal (25 °C) 
than that of DOP, but higher than that of DBP. The free activation energy, ΔG≠VF, 
of viscous flow follows the same trends. Simultaneously, the ratio of the activation 
parameters of Oxal are completely different than those of the phthalate plasticizers 
(Table I) – lower enthalpy and practically zero entropy of activation. This testifies 

________________________________________________________________________________________________________________________

(CC) 2022 SCS.

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



358 TRIFONOVA et al. 

to differences in the flow mechanism of the studied fluids. It is known that the 
value of ΔH≠VF is associated with the size of the molecule or its fragment involved 
in the momentum transfer in viscous flow.24 Therefore, the activation enthalpy of 
DOP is slightly higher than that of DBP. Thus, a low Oxal value indicates a weaker 
effect of temperature on the viscosity (Fig. 1) and a smaller volume of the mom-
entum transfer element. 

Fig. 1. Temperature dependence of the 
logarithm of the dynamic viscosity 
for plasticizers: 1 – DOP, 2 –Oksal, 
3 – DBP. 

TABLE I. Rheological parameters of the considered plasticizers 

Plasticizer η / mPa s 
(γ = 27.9 s-1, t = 25 °C)

ΔH≠
VF 

kJ·mol-1 
ΔS≠

VF 
J·mol-1·K-1 

ΔG≠
VF 

kJ·mol-1 (t = 25 °С) 
DOP 70.5 25.1 29.8 16.2 
Oxal 65.4 16.1 0.2 16.1 
DBP 39.4 23.9 30.7 14.8 

One of the most important properties of a plasticizer is its gelation ability for a 
given polymer.6 The combination of suspension PVC with plasticizers begins with 
their mechanical mixing and is accompanied by swelling of the polymer particles 
and an increase in the particle size.3 The ratio of the size of the swollen PVC 
particles to the size of the initial particles allows the effective absorption of the 
plasticizer during hot mixing to be evaluated and, consequently, its gelation pro-
perties (Table II). 

TABLE II. Average particle size of PVC and swelling degree after combining with plasticizer 
at 120 °C within 30 min 
PVC composite Average particle size, μm Swelling degree of the PVC particles 
Initial PVC 79.6 1 
PVC + DBP 143.9 1.81 
PVC + DOP 104.1 1.31 
PVC + Oxal 149.0 1.87 

According to the data in Table II, the gelation properties of Oxal is at the 
level of DBP – one of the most effective PVC plasticizers.3,6 Thus, significant 
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absorption at the mixing stage allows “dry” blends based on suspension PVC 
and Oxal to be produce, which could be used in calender and extrusion techno-
logical schemes. 

The main function of the primary plasticizer is to lower the glass transition 
temperature and increase the elongation and softness of the polymer composit-
ions.6 The most informative method for evaluating the plasticizing effect is dyn-
amic mechanical analysis (DMA), which permits fundamentally important phys-
ical-mechanical and thermo-physical parameters to be measured. In this regard, the 
temperature dependences of the storage modulus (Fig. 2a) and the tangent of the 
mechanical loss angle tan δ (Fig. 2b) were obtained by the DMA method. The 
values E′ in the glassy and rubbery states, as well as the glass transition tempe-
ratures tg corresponding to the maxima on the curves tan δ = f(t) are presented in 
Table III. 

a b 

 
Fig. 2. Temperature dependences of the storage modulus E′ (a) and tan δ (b) of PVC 

composites with plasticizers: 1 – Oxal, 2 – DOP, 3 – DBP. 

TABLE III. Efficiency of PVC plasticization; Plasticizer content: 28.1 % 
Plasticizer tg / °С Δtg / °С E′ / MPa at –8 °С E′ / MPa at 60 °С 
Without plasticizer 80 – – – 
DBP 20.9 –59.1 2087 2.6 
DOP 24.9 –55.1 1513 3.4 
Oxal 32.9 –47.1 2620 4.5 

Analysis of these data shows that the rigidity of PVC films plasticized with 
Oxal are higher than those of phthalate plasticized films both in the glassy and in 
the rubbery state (Table III). At the same time, the efficiency of elasticization of 
the latter in different relaxation states is different. Thus, DOP provides greater 
elasticity to the glassy polymer, while DBP provides highly soft for rubbery 
PVC. The efficiency of plasticizers, estimated by the decrease in the glass tran-
sition temperature (Δtg) of the plasticized polymer relative to the original poly-
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mer, decreases in the series DBP > DOP > Oxal simultaneously with a lowering 
in the modulus (Table III) in the rubbery state. 

Along with the characteristics of plasticizers presented above, the deform-
ation and strength parameters of plasticized samples and their behavior during 
accelerated aging are essential. Therefore, in this work, the tensile strength, 
elongation, and hardness of plasticized PVC films before and after light-thermal 
aging (see experimental part) were measured. The results of these tests are listed 
in Table IV. 

TABLE IV. Deformation and strength properties of PVC films before and after light-thermal aging 
Composite Properties before aging Properties after aging 

Tensile 
strength, MPa 

Elongation
% 

Hardness
сН 

Tensile 
strength, MPa 

Elongation 
% 

Hardness 
сН 

PVC+DBP 22.7 220 18.1 22.3 190 23.2 
PVC+DOP 25.6 280 16.3 23.4 243 24.1 
PVC+ Oxal 33.7 215 55.9 28.6 143 89.4 

The data (Table IV) showed a higher rigidity and lower elasticity (elong-
ation) of PVC films plasticized with Oxal, in comparison with those phthalate 
plasticized. The highest resistance to accelerated light-thermal aging was demon-
strated by the samples plasticized with DBP.  

CONCLUSIONS 

The dynamic viscosity of flotator Oxal was shown to be lower than that of 
di-(2-ethylhexyl) phthalate (DOP), but higher than that of dibutyl phthalate 
(DBP). Analysis of the activation parameters of the flow indicates a weaker dep-
endence of the Oxal viscosity on temperature compared to the phthalate plastic-
izers. Size estimation of PVC particles swollen in the studied plasticizers rev-
ealed the high gelation ability of Oxal comparable with that of DBP. 

A comparative study of the plasticizing effect by dynamic mechanical ana-
lysis (DMA) showed that the lowering the PVC glass transition temperature 
under plasticizing (Δtg) decreases in the series DBP > DOP > Oxal, simultane-
ously with a decrease in the storage modulus in the rubbery state. The data on the 
mechanical properties exhibit a higher rigidity and lower elasticity of PVC films 
plasticized with Oxal, in comparison to those with phthalate plasticizers. The 
highest resistance to accelerated light-thermal aging was demonstrated by the 
samples plasticized with DBP. Thus, the complete replacement of phthalate plast-
icizers with Oksal makes it impossible to obtain materials with similar working 
properties. 

Acknowledgements. The work was performed within the framework of the state assign-
ment for the implementation of research work (Topic No. FZZW-2020-0008). The dynamic 
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mechanical properties survey was conducted using the resources of the Center for the col-
lective use of scientific equipment by Ivanovo State University of Chemistry and Technology. 

И З В О Д  

ФЛОТАЦИОНИ РЕАГЕНС „ОКСАЛ“ КАО ПЛАСТИФИКАТОР ЗА СУСПЕНЗИЈУ PVC 

IRINA P.TRIFONOVA, JULIA A.RODICHEVA, ANNA E.SHEVELEVA, VLADIMIR A. BURMISTROV 

и OSCAR I. KOIFMAN 

Research Institute of Macroheterocycles, Ivanovo State University of Chemistry and Technology, 

Sheremetievskiy Avenue 7, 153000 Ivanovo, Russia 

Флотациони реагенс „Оксал“, мешавина етара на бази диоксана и алкохола, проу-
чаван је као пластификатор за суспензију PVC у поређењу са познатим дибутил-фта-
латом (DBP) и ди-2-етилхексил)-фталатом (DOP). Одређени су реолошки параметри и 
способност желирања пластификатора, мерене су вредности модула сачуване енергије и 
тангенса угла механичких губитака у стакластом и гумоликом стању методом динами-
чко-механичке анализе (DMA) и одређене температуре остакљивања. Својства отпор-
ности на деформацију и крутост полимерних филмова тестирани су пре и после изла-
гања светлости и температури. Показало се да „Оксал“ показује прилично низак виско-
зитет и висока својства желирања код PVC. Истовремено, његова способност да смањи 
температуру остакљивања и еластичност полимера у стакластом и гумоликом стању је 
нешто нижа од способности фталатних пластификатора. PVC узорци пластифицирани 
помоћу DBP имају највећу отпорност на старење после излагања светлости и темпера-
тури. 

(Примљено 17. августа, ревидирано 11. октобра, прихваћено 9. новембра 2021) 
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Abstract: In this paper, fire resistance of natural fabrics and their composites 
were experimentally investigated. Special interest was given to use bio based 
materials such as lignin, chlorophosphates, levulinic acid and cardanol in order 
to exploit their capability to be utilized as flame retardants. Dopamine hydro-
chloride was polymerized to polydopamine (PDA) and coated to jute fabric 
surface. Scanning electron microscope (SEM) and thermogravimetric analysis 
(TGA)/derivative thermogravimetric (DTG) analyses were performed to exam-
ine surface morphology and effect of PDA to degradation behaviour of jute 
fabrics. Real fire behaviour of non-coated and coated fabrics was observed 
with torch burn test. UL-94 horizontal flame propagation test was also utilized 
for composite samples. Limiting oxygen index (LOI) testing that measures the 
minimum amount of oxygen required for combustion, was carried out for 
assessing the ability of the composite samples for their ability against flam-
mability. PDA was seamlessly coated on the surface of the jute fabrics with its 
surface-active feature without damaging the structure of the fabric as observed 
in the SEM images. With the support of this coating on the fabric surface, the 
increase of the decomposition temperature of the material can be clearly seen in 
TGA/DTG analyses and torch burn test showed the increase in the ignition 
time. UL-94 horizontal testing resulted in decrease in flame propagation rate of 
PDA coated composite samples. In addition to this, when the mass loss rates 
after combustion were examined, it was seen that there is a decrease in mass 
loss in the coated fabrics. Jute fabrics, a type of natural fabric, can be effi-
ciently coated with PDA, and the fire retardant property of the PDA coating on 
natural fabrics has been clearly demonstrated. 

Keywords: fire resistance; organic coatings; natural fibre composites. 
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INTRODUCTION 
Natural fibres are fibres originated from natural resources, i.e., animals or 

plants.1 The use of natural fibres as the reinforcing phase for the composites has 
become attractive in the recent years because of their low cost, friendly pro-
cessing, renewability and biodegradability features.2 Although having many 
advantages of using natural fibres in the composites, there are some disadvant-
ages of these fibres, e.g., mechanical, thermal and physical. In the literature more 
attention is given to the mechanical and physical performance of these fibres than 
to fire characteristics of natural fibres and their composites.3,4 

Like many natural phenomena, the first phase of fire process starts on the 
surface by ignition. So it is of the utmost importance to concentrate on the inter-
actions happening on the material surface. One of the surface modification me-
thods is coating, and the purpose for coating is to modify a surface to meet the 
desired requirements by adding a new layer of material or compound. The use of 
several types of coating has been reported as an effective approach to improve 
the fire safety of the materials where the thin layers of less than 100 nm could be 
achieved.5  

Coatings used as fire retardants protect materials by delaying the ignition 
time. The applications of the fire retardant coatings are one of the most efficient 
and easiest methods without making modifications in the intrinsic properties of 
the host material.6 Several types of coatings such as magnesium hydroxide, 
ammonium polyphosphate, and graphene have been utilized as fire retardants 
including metallic, organic and inorganic substances respectively.7 Recently, org-
anic and toxic free fire retardants are gaining attraction because of health issues.8 
Baldissera et al.9 have studied semiconducting polymer as fire retardant on mild 
steel surfaces. They found out that the coating has improved both anticorrosive 
and fire protection capabilities of the coated structure. Hybrid organic and inorg-
anic fire retardants for the use in fabrics have been studied by several res-
earchers.10–12 In these studies reported success was the synergistic effect of the 
organic-inorganic compounds improving the flame retardancy and self-extin-
guishing effects.  

Polydopamine (PDA) is a bio based mussel inspired polymer that was dis-
covered in 2007 by Lee and colleagues.13 Because of the presence of PDA inside 
the mussels they have the ability to strongly adhere to the surfaces of other sub-
stances. It is reported that as PDA has a similar structure with mussels, and it can 
easily be coated on any type of organic or inorganic substances.14 

PDA can be used as coating almost on any material where coating thickness 
of few to one hundred nanometres could be made.15 As nontoxic and environ-
ment friendly material, PDA could be employed as flame retardant coating which 
contains catechol molecule. In a study made by Cho et al.16 polyurethane (PU) 
foam was deposited by nanocoatings of PDA to see the effects of PDA thickness 
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on the flame properties. It was seen that flammability of the PU material was 
reduced with the increasing PDA thickness. After 3 days of PDA deposition, 
torch burn experiment was carried out on the sample and it was seen that PU 
material quickly self-extinguished and preserved its original shape. 

Li et al.17 studied flame retardant and antibacterial properties of cotton fab-
rics coated by hybrid cyclotriphosphazene, PDA and silver nanoparticles. They 
found out a coating yield of 3.7, 7.2 and 16.9 % by coatings with different flame 
retardant concentrations such as 10, 30 and 60 g/L on the fabrics. Flame retard-
ancy was considerably improved and excellent antibacterial activities against 
Staphylococcus aureus and Escherichia coli were obtained.  

Several researchers have reported the studies for flame retardancy and fire 
phenomena of natural fibre composites.18–20 Major chemical constituent of jute 
is cellulose but it also contains other components such as lignin, hemicellulose 
and inorganic salts often identified as ash.21 These non-cellulosic components 
play an important role in the properties of jute. For example, lignin, a high mole-
cular weight polymer based on phenyl propene, provides cell wall stiffness.22,23 
Jute, bast type of fibre, is one of the most commonly used natural fibres and 
traditional areas of use for the jute fibre are bag, rope and bed production. Jute 
fibre based natural composites are used in some structural applications such as 
indoor elements in housing, low cost housing for defense, rehabilitation and 
transportation. Jute fibres have good insulating properties and the produced parts 
are used in door/ceiling panels.24 Saleem at al.25 manufactured jute reinforced 
mud bricks by using a compression machine to improve the compressive strength 
of the samples. They found that after 28 days of drying under sun, compressive 
strength of jute reinforced mud bricks improved up to 2.75 times compared to 
that of mud bricks without fibres. Although jute and other natural fibres could be 
used as reinforcing material in the chopped form, it gives more strength when 
they are used in woven form.26 By this way, non-directional and randomly distri-
bution disadvantages of the chopped fibres disappear.  

Like synthetic fibres, polymers are utilized to form a composite material and 
this kind of material is called polymer matrix composite. It is reported in the 
literature that many thermoset and thermoplastic polymers, either bio based or 
not, are compatible with natural fibres for the composites production.27,28 As the 
operating temperature of natural fiber composites increases, its strength and stiff-
ness decrease. In the elevated temperatures or when exposed to flame, natural 
fibre composites experience thermal decomposition and combustion. Combust-
ibility of natural fibre composites depends on the nature of its constituents, ther-
mal conductivity, density, structure, humidity and etc.20 Polymeric resins are 
attractive in the natural fibre composites manufacturing due to ease of proces-
sing, relatively low cost and suitability to use. However, the utilization of differ-
ent polymeric resin brings some problems as well too; these hydrocarbon based 
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materials can be flammable and even toxic and make contribution to flame pro-
pagation when in contact with a heat source.29 As was mentioned before, jute 
like other natural fibres are prone to fire and has low fire resistance. When 
combining with the polymeric resin to form a composite material, fire resistance 
of natural fiber composites becomes even worse.  

This paper presents the development of fire resistant jute fabric and its com-
posites by PDA coating on the jute fabric. The PDA was obtained by polymer-
izing dopamine hydrochloride. Reference uncoated jute fabrics and uncoated jute 
fabric composites were also produced for comparison purposes with their PDA 
coated jute fabrics and PDA coated jute fabric composite counterparts. Torch 
burn testing as well as UL-94 horizontal tests were carried out on the samples 
and SEM, TGA and DTG analysis were also performed. Additionally, LOI test-
ing was carried out to observe resistance of the PDA coated composite samples 
against flammability. The main aim of this study was to produce and test organic 
and nontoxic coating on a natural fabric, this was achieved by efficient coating 
with PDA, and fire retardant property of the PDA coated jute fabrics has been 
demonstrated. 

EXPERIMENTAL 
PDA coating on jute fabrics 

One group of fabrics was used as it is (uncoated), while the other group (for contribution 
to combustion resistance) was coated with PDA. 100 ml of Tris-HCl buffer solution was pre-
pared with a pH of 8.5. First, dopamine hydrochloride was added to the solution. Dopamine 
hydrochloride (3-hydroxytyramine hydrochloride) was obtained from Sigma–Aldrich. Subse-
quently, jute samples were immersed in 1 mg/ml PDA solution and mixed with magnetic stir-
rer for 12 h at room temperature. Several jute fabrics were (PDA coated and uncoated) utilized 
for TGA/DTG and SEM analysis while the remaining uncoated and PDA coated fabrics were 
stored in a shelf with dehumidifier for the composite plate production. The jute fabrics that 
were used in this study are tight woven 250 g/m2. The mass of each 5×5 cm2 jute fabric used 
to produce the composite plate is approximately 0.625 g. The dimensions were measured by a 
digital calliper and the masses by a precision balance. 
Fabrication of composite plates 

Jute fabric epoxy composites were prepared by hand lay-up method of 5×5 cm2 jute 
fabrics. In these processes, after the epoxy was applied on the fabrics homogeneously with a 
brush, the next jute fabric layer was placed on this layer regardless of the weaving direction, 
and in this way, the epoxy impregnation process continues for 5 layers. The epoxy resin used 
in this study was obtained from Duratek Company and Duratek 1200 + 2110 epoxy system 
was used as matrix of the composite.  

Hot pressing technique is a widely used manufacturing technique for the production of 
such composite plates. In this production technique, the temperature and pressure are applied 
to the sample placed between two flat metal plates. In our study, jute fabrics impregnated with 
epoxy resin by hand laying method were kept at 100 °C under 0.4 tons pressure for 4 h and 
turned into a composite plate. In Fig. 1, PDA coating process on jute fabrics and composite 
plate production phase are given schematically.  
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Fig. 1. Schematic representation of PDA coating and composite plate production. 

Characterization 
Characterization methods were applied to examine the coating on the material surface 

and the performance of this coating in accordance with the purpose of the study. In this con-
text, SEM (Hitachi SU5000) analyses were performed to examine the layer formed by the 
PDA coating on the jute fiber surface. Thus, these images gave us information about the sur-
face morphology of PDA coated jute fibers. SEM images of several composite plates were 
obtained after UL-94 testing.  

TGA/DTG (Hitachi STA 7300) analyses were conducted to obtain information about the 
degradation temperatures and the change in their mass with temperature increase of PDA 
coated and non-coated jute fibre samples upon 600 °C under N2 atmosphere.  

Finally, the flame behaviour of composite materials and coated jute fabrics was exam-
ined with a torch burn test apparatus. With this examination, information about the ignition 
times of the materials and flame propagation comparisons and the mass loss rates before and 
after the combustion were obtained. 
Torch burn tests 

In order to examine the fire retardant effect on PDA coated jute fabrics, two types of 
samples produced were exposed to flame source at equal distance. For this purpose, a butane 
torch which provided a blue flame was utilized and the behaviour of the samples (i.e., ignition 
time and flame propagation time) was analysed visually. This test unlike UL-94 horizontal 
testing does not give any quantitative data on the propagation rate of the flame, but instead 
gives qualitative information on the propagation rate of the flame. The torch burn test gave the 
ignition times of both jute fabrics and its composites.  
Underwriters laboratories – 94 (UL-94) horizontal tests 

A cabinet was designed and built by the authors for the purpose of performing UL-94 
testing. A total of six jute fabric composite samples have been prepared and put to UL-94 
horizontal testing for the assessment of the samples’ flame propagation behaviour in accord-
ance with ASTM D635. Table I shows the geometrical properties of the samples used in the 
UL-94 horizontal testing.  

After producing six samples, based on the dimensions given in the Table I, a vertical line 
indicated as Li was drawn 75 mm away from the edge of each sample with the help of a 
permanent marker as shown in Fig. 2.  
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TABLE I. Geometrical properties of samples used in the UL-94 testing 
Sample Sample No. Thickness, mm L / mm W / mm No. of layers 
Uncoated jute-epoxy composite 1, 2, 3 2.5 130 10 5 
PDA coated jute-epoxy composite 4, 5, 6 2.5 130 10 5 

 
Fig. 2. Dimensions of sample used for the UL-94 testing. 

Limiting oxygen index testing (LOI) 
LOI testing is one of the efficient ways to assess the flammability of the materials, by 

doing this the minimum amount of O2 needed to burn the material was investigated based on 
ISO 4589. During the testing, the amount of O2 required for combustion of PDA coated com-
posite samples (samples 10–12) compared to uncoated composite samples (samples 7–9) was 
examined. LOI testing of composite samples (coated and uncoated composite plates) was car-
ried out with a dimension of 80×10×2.5 mm3. The results are given in results and discussion. 

RESULTS AND DISCUSSION 

The change in the colour of the fabrics from yellow to dark brown clearly 
demonstrated the successful coating of the PDA in Fig. 3. 

  

Fig. 3. Photographs of the prepared 
samples, A) before PDA coating and B) 
PDA coated fabrics. 

The SEM images of the PDA coated jute fabrics are presented in Fig. 4. As 
seen here, a uniform PDA growth was achieved with no significant change in the 
fibre structure of the jute fabrics. Additionally, further magnification on the 
surface of the PDA coated jute fabrics demonstrated the conformal coating of the 
PDA nanoparticles with no change in the uniform morphology of the fibres (Fig. 
4E and F). Moreover, large PDA grains, which were clearly shown in SEM 
images, demonstrated the strong adhesion of the PDA from bulk to the surface of 
jute fibres (Fig. 4G and H). 

SEM images of PDA coated composite jute plates after UL-94 horizontal 
testing (Fig. 5A and B) show evidence of good adhesion of the PDA even after 
the fire has been extinguished. As seen in Fig. 5A, PDA has formed a protective 
char layer on the fibre surface. For this reason, during the combustion the heat 
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penetrated less into the interior of the jute fabrics and the fabric material, main-
taining its integrity, did not act as a combustible material. In addition, this char 
layer restricts the passage of flammable gases to the combustion zone even if 
pyrolysis occurs in the material inside and prevents the strengthening of the 
flame. Figure 5B shows the distribution of the char layer formed by PDA on the 
fibres after combustion.  

 
Fig. 4. SEM images of: A)–D) jute fabrics before PDA coating and 

E)–H) PDA coated jute fabrics. 

  
 (A) (B) 

Fig. 5. SEM images of PDA coated composite jute plates and char formation after UL-94 
horizontal testing: A) PDA coated single jute fiber char formation after combustion; 

B) Distribution of char layer on the PDA coated jute fiber after combustion. 

In Fig. 6 as can be seen, the TGA curves show two clear mass loss events in 
the structure of bare jute and PDA coated fabrics. The first mass loss of 6.1 and 
1.33 %, in the range of 200 to 320 °C, was measured for bare jute and PDA 
coated jute samples, respectively. From the DTG curves (Fig. 6A and B), it could 
be noted that the bare jute and PDA coated jute samples decomposed at 310 and 
365 °C for bare jute and PDA coated jute samples, respectively. This pheno-
menon showed the high amount of mass loss at approximately 310–400 °C for 
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second stage. Hong et al. examined the thermal properties of bamboo fibres by 
coating PDA, and proved that the degradation temperature of PDA coated bam-
boo fibres increased compared to the uncoated fibres.30 Moreover, the shifting in 
the DTG curve of the samples could be caused by the reactive surface of the 
PDA nanoparticles (i.e., radical scavenging), presences of catecholic groups, as 
well as reducing the heat release from PDA coated jute samples.31 

 
 (A) (B) 

Fig. 6. TGA/DTG analysis of: A) pristine jute fabric and B) PDA coated jute fabric. 

Flame retardant behavior 
Reference single layer jute and reference composite jute ignited instantly and 

the flame propagation rate of single layer jute is faster than PDA coated single 
layer and flame propagation rate of reference composite jute is faster than PDA 
coated composite jute samples. As shown in the Table II, the ignition times of the 
PDA coated samples are considerably higher than that of the reference samples. 
Unlike the reference samples, the flame did not directly contact the surface of the 
samples, firstly come into contact with PDA coating on the surface. 

TABLE II. Some parameters related to the torch burn tests and flame retardant behaviour of 
samples 

Material type Composition Ignition 
time, s

Flame propagation rate 
comparison 

Mass loss rate 
wt.% s-1 

Reference jute Single layer pure 4 Faster than single layer 
coated 

2.87 

PDA coated jute Single layer coated 10 Lower than reference jute 2.49 
Reference composite 
jute plate 

5 layer coated with 
epoxy 

8 Faster than 5 layer coated 
with epoxy 

0.93 

PDA coated 
composite jute plate 

5 layer coated with 
epoxy 

25 Lower than 5 layer with 
epoxy 

0.47 
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Besides increasing the ignition time, low flame propagation rate is a signific-
ant point during fire. Fire tests confirmed that PDA coating decreased flame 
propagation rate. Fox et al. in the flame propagation test of the polyurethane 
foam and cardboard coated by the PDA, showed that the PDA coating eliminated 
the flame propagation.32 While the flame propagated on the reference samples 
rapidly, it showed more slowly propagation behavior on the PDA coated samples. 
Taking these two results into consideration, the PDA coating clearly demon-
strated the flame retardant effect by delaying ignition and reducing flame spread 
rate. In addition to these results, as seen in the table, mass loss rates have been 
reduced significantly. 

UL-94 horizontal testing was performed inside the cabinet designed and 
built by the authors. Fig. 7A and B shows the stages of UL-94 horizontal testing 
of a PDA coated composite sample.  

  
Fig. 7. PDA coated composite plate: A) ignition phase and B) propagation of the flame. 

In Fig. 8, the chart showing comparison between uncoated and PDA coated 
jute-epoxy composite samples’ flame propagation rate has been given. In this 
figure, time to extinguish has been given for a total of six specimens. Three PDA 
coated jute–epoxy composite and three uncoated jute-epoxy composite plates 
were put on testing. Time to extinguish resulted 366, 338 and 355 s for PDA 
coated samples number 4, 5 and 6, respectively, while time to extinguish gave 
140, 177 and 101 s for uncoated samples number 1, 2 and 3, respectively. The 
arithmetic average value of uncoated samples time to extinguish value is calcul-
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Fig. 8. UL-94 horizontal testing of composite plates. 
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ated as 139 s and coefficient of variation is 27.33 % while the arithmetic average 
value of PDA coated samples is calculated as 353 s and coefficient of variation is 
3.97 %. The standard deviation of uncoated jute–epoxy composites is 38, while 
the standard deviation of PDA coated samples is 14.10. When arithmetic average 
values are compared, it is seen that time to extinguish values of PDA coated 
samples’ flame propagation rate are about 60 % less than that of uncoated 
samples. UL-94 horizontal testing proved the efficiency of PDA coating on jute 
fabrics with regard to flame propagation.  
LOI results 

As given in Fig. 9, uncoated composite samples are the most combustible 
with 19 % limit amount of O2 during the testing. PDA coated composite samples 
with 23 % O2 content started burning showing better combustion performance 
than their uncoated counterparts. 

Fig. 9. LOI testing of composite 
plates. 

Wang et al. observed an increase in LOI value when they coated ammonium 
polyphosphate and PDA to cotton. Although, in their study, the greater increase 
showed the effect of ammonium polyphosphate, the LOI value which was 26.5 
%, increased to 28.5 % with the effect of the PDA coating.33 Zhang et al. pro-
duced flax–PLA composite with PDA and iron phosphonate coating. In this 
study, PDA and iron phosphonate showed fire retardant effect and increased the 
LOI value from 19.1 to 26.1 %.34 This testing is defined as the minimum oxygen 
percentage needed to sustain flaming combustion. As this value gets higher, a 
material’s ability to resist flammability is said to be improved. Compared with 
uncoated samples, PDA coated samples have improved resistance against flam-
mability.  

CONCLUSION 

In this study, dopamine hydrochloride was polymerized to PDA and coated 
to jute fabric surface. After the dipping method coating process, SEM and TGA/  
/DTG analysis were performed to examine surface morphology and effect of 
PDA to degradation behaviour of jute fabrics. Additionally, real fire behaviour of 
non-coated and coated fabrics was observed with torch burn test. LOI and UL-94 
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horizontal testing were also employed for assessing the flame propagation and 
combustion characteristics of composite plates as well.  

As a result of the study, PDA was seamlessly coated on the surface of the 
jute fabrics with its surface-active feature without damaging the structure of the 
fibres as observed in the SEM images. With the support of this coating on the 
fabric surface, the increase of the decomposition temperature of the material can 
be clearly seen in TGA/DTG analyses and torch burn test showed the increase in 
the ignition time. In addition to this, when the mass loss rates after combustion 
were examined, it was seen that there is a decrease in mass loss in the coated fab-
rics. Jute fabrics, a type of natural fabric, can be efficiently coated with PDA, and 
the fire retardant property of the PDA coating on natural fabrics has been clearly 
demonstrated. The results of the UL-94 horizontal test show that flame propa-
gation is significantly slowed down for PDA coated jute fabric composites, while 
the LOI test shows that the amount of oxygen required for the combustion of the 
PDA coated jute fabric composite material is increased compared to composites 
made of uncoated jute fabrics. In this case, while PDA coating decreased the 
flame propagation rate it increased the minimum amount of oxygen required for 
combustion. 
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И З В О Д  

ТКАНИНЕ ОД ЈУТЕ И КОМПОЗИТИ НА БАЗИ ТКАНИНА ОД ЈУТЕ СА СЛОЈЕМ 
ПОЛИМЕРИЗОВАНИГ ДОПАМИН-ХИДРОХЛОРИДА ПОВЕЋАНЕ ОТПОРНОСТИ НА 

САГОРЕВАЊЕ 

MEHMET FATİH ÖKTEM1 и BAHADIR AYDAŞ2 
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Engineering, Ankara Yıldırım Beyazıt University, Ayvalı Mah. 151. Cad. No: 5, Etlik-Keçiören, 06010, 

Ankara, Turkey 

У овом раду је испитивана отпорност на сагоревање природних тканина и њихових 
композита. Посебна пажња посвећена је биоактивним материјалима, као што су лигнин, 
хлорофосфати, левулинска киселина и карданол да би се испитала њихова способност 
успоравања ширења пламена. Допамин-хидрохлорид је полимеризован у полидопамин 
(PDA) и нанет на површину тканине од јуте. Скенирајућом електронском микроско-
пијом (SEM) је испитана морфологија површине, а термогравиметријском анализом 
(TGA) утицај PDA на деградацију тканине од јуте. Отпорност на сагоревање сирове тка-
нине и тканине наслојене PDA је испитана применом горионика. За композите на бази 
јуте је коришћен и UL-94 хоризонтални тест горења. Гранични индекс кисеоника (LOI) 
којим се одређује минимална количина кисеоника потребна за сагоревање је примењен 
за процену отпорности композитних материјала на сагоревање. SEM анализа је показала 
присуство танког слоја PDA на површини тканине, без нарушавања њене структуре. 
Захваљујући овом слоју, температура на којој долази до деградације материјала је пови-
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шена, што је утврђено TGA анализом, а време сагоревања је продужено, што је утврђено 
тестом са гориоником. UL-94 хоризонтални тест горења је показао смањење брзине 
ширења пламена за узорке наслојене PDA. Додатно, губитак масе након сагоревања је 
смањен у случају узорака са слојем. Резултати показују да се тканина од јуте, врста 
природне тканине, може ефикасно препокрити полидопамином, што доприноси побољ-
шању отпорности на сагоревање. 

(Примљено 8. априла, ревидирано 29. јула, прихваћено 8. августа 2021) 
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Abstract: Electric arc furnace dust (EAFD) includes mainly Zn, Fe, Pb, Ca and 
Mn-bearing compounds. Thus, EAFD is classified as a hazardous waste. The 
dissolution behavior of Zn- and Fe-bearing compounds in EAFD in nitric acid 
solutions was investigated in this work. The composition of Zn- and Fe-bearing 
compounds in the EAFD was determined as 28.58, 37.96 and 11.33 % for ZnO, 
ZnFe2O4 and Fe2O3, respectively. The effect of stirring speed, temperature and 
HNO3 concentration on the dissolution rate of ZnO, ZnFe2O4 and Fe2O3 were 
investigated and optimum leaching conditions determined. While ZnO was dis-
solved rapidly, the dissolution rate of ZnFe2O4 increased with increasing tem-
perature and HNO3 concentration. Fe2O3 was not soluble in 0.5 M HNO3 solut-
ion at 40 °C, whereas it was dissolved completely in 4 M HNO3 solution at 80 °C. 

Keywords: environmental protection; zinc recovery; leaching; zinc oxide; zinc 
ferrite. 

INTRODUCTION 
One of the most important issues with which steel producers are faced is the 

question of environmental protection. For example, it refers to the necessity to 
utilize dusts resulting from the process of steel production from scrap in electric 
arc furnaces, which mainly contain of Zn, Fe, Pb and a considerable amount of 
harmful elements, such as Cd, As, Cr and F.1,2 The world generation of EAFD is 
estimated to be around 3.7 million tons per year. Plants from Europe generate 
around 500.000–900.000 tons of dusts per year.1 Turkey is Europe’s 2nd and the 
world’s 8th largest crude steel producer with an annual steel production of 37.3 
million tons. While 30 % of the world’s steel production (1.7 billion tons) is 
made in EAF as secondary production, this ratio reaches to 80 % in Turkey. 

During the production of 1 ton of steel, 14–20 kg of EAFD is generated as 
hazardous waste. Recovery of valuable metals from EAFD is important from the 
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economic and environmental points of view. EAFD is an important source for the 
production of zinc and zinc–bearing chemicals for paint, rubber, natural rubber, 
cosmetics, stock farming, petroleum products, ceramic, glass and plating.3 The 
content of the main elements in EAFD varies in the range of 25–45 % of Zn,  
20–35 % of Fe, 0.3–6 % of Pb, 1–10 % of Ca, 0.01–0.2 % of Cd, 0.2–0.7 % of 
Cr, etc., depending on the scrap processed, type of steel to be produced and oper-
ating conditions. Zinc is present in EAFD as ZnO and ZnFe2O4, and possibly as 
a complex ferrite, e.g., (Zn,Mn)Fe2O4. ZnO is an easily workable form for both 
the pyrometallurgical and the hydrometallurgical method, but the ferrite form is 
considerably complex and difficult.1,4 

In the literature, different processes (hydrometallurgical or pyrometallurgical 
method) have been used for the processing of EAFD. The pyrometallurgical pro-
cessing is usually represented by impure ZnO, which has minimal commercial 
value.5–7 This product has to be further processed by the hydrometallurgical 
method in order to obtain high purity zinc. Pyrometallurgical methods require 
some reducing agents and relatively high temperatures to produce raw zinc oxide 
of low commercial value.4 Particular attention is devoted to specific technical 
challenges emerging in the pyrometallurgical processing of the EAF dust and to the 
corresponding potential measures for improving the dust recycling by promoting 
the processing efficiency with the elimination of secondary hazardous pollutants.8 
Hydrometallurgical processes are mainly based on acid (H2SO4, HNO3, HCl or 
combined) or alkaline (usually NaOH) leaching.1,2,4,9–22 The alkaline leaching 
processes offer the potential advantage that iron remains largely insoluble. Such 
processes are limited, however, by their inability to recover zinc from zinc ferrite 
unless a reducing roast is performed first. Both approaches result in halide–con-
taining solutions. This kind of processing is difficult.15 

Caravaca et al. investigated the dissolution of Zn from the EAFD in basic 
solutions (NaOH), acidic solutions (HCl, HNO3 and H2SO4) and solutions con-
taining ammonia ((NH4)2SO4, NH4OH, NH4Cl, (NH4)2CO3) and determined 
that the recovery of zinc is limited when alkaline leaching is applied due to the 
presence of zinc ferrite. However, a relatively low iron containing leach solution 
is obtained.11 Havlik et al. studied the recovery of Zn from the EAFD in H2SO4 
solutions by the hydrometallurgical method and obtained optimum zinc leaching 
conditions from the EAFD at a leaching temperature of 70–90 °C and an H2SO4 
concentration of 0.5 M.4 Orhan investigated leaching of EAFD in NaOH solut-
ions and reported optimum leaching conditions, at which 85 % of Zn and 90 % of 
Pb were recovered, as 95 °C, 1/7 solid/liquid ratio, 10 M NaOH and a 2 h leach-
ing time.17 Peng et al. used a reductive roasting method to destroy the ZnFe2O4 
phase in order to obtain ZnO and Fe3O4 under a CO atmosphere and then per-
formed leaching experiments in H2SO4 solution at 30–70°C. The shrinking core 
model was found to be the best to describe the dissolution of iron and zinc from 
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roasted zinc calcines at 750 °C and activation energies were calculated as 51.40 
and 10.01 kJ mol–1 for the leaching of Fe and Zn.21  

The aim of this work was to investigate the dissolution behavior of ZnO, 
ZnFe2O4 and Fe2O3 compounds in the EAFD in HNO3 solution and to determine 
the selective leaching conditions. The effect of stirring speed, HNO3 concen-
tration and temperature on the dissolution were determined. 

EXPERIMENTAL 
EAFD with a particle size fraction of –150 µm obtained from a steel company was used 

in the leaching experiments. X-ray fluorescence (XRF, Panalytical Axios–Minerals) and X-ray 
diffraction (XRD, Rigaku D/Max-2200) analyses were used for the determination of elemental 
and phase composition of the EAFD. SEM–EDS analyses were performed for the semi quan-
titative and image analysis of the EAFD and the leach residue. 

Dissolution experiments were performed in a water–heated, jacketed borosilicate glass 
reactor (HWS DN 100, Germany) having a volume of 1 L. A thermostate with water circul-
ation (Julabo MV4, Germany) was used to heat the reactor and to achieve isothermal condit-
ions. The solution in the reactor was stirred with a mechanical stirrer (IKA RW 20 DZM, Ger-
many). The solution temperature in the reactor was measured with a PT100 temperature sen-
sor. A glass pipe including G-3 porous alumina disk at the end was used as a sampler. The dis-
solution experiments were performed using 5 g of the sample, 0.5–4 M HNO3 solution, at 40– 
–80 °C and stirring speed of 300 rpm for the determination the effect of the HNO3 concen-
tration, temperature and stirring speed on the dissolution behavior of the EAFD in HNO3 sol-
utions. In addition, the dissolution experiments of pure ZnO (Merck) and Fe2O3 (Merck) were 
also performed using 1 g of ZnO, 1 g of Fe2O3 (Merck), 0.5 M HNO3 solution, at 40 °C and 
stirring speed of 300 rpm for the determination of the ZnO, ZnFe2O4 and Fe2O3 composition 
in the EAFD. When isothermal conditions were obtained, the sample weighed in a ceramic 
crucible was added to the reactor. Liquid samples were taken from the reactor at certain time 
intervals (5–180 min) and analyzed in an ICP–OES instrument. 

RESULTS AND DISCUSSION 
Characterization of the EAFD 

The results of XRF analysis of the EAFD used in this work are given in 
Table I. The EAFD mainly includes oxides of Zn, Fe, Pb and Mn. 

TABLE I. Chemical composition of the EAFD 
Compound ZnO Fe2O3 PbO CaO C MnO SiO2 MgO SO3 Cl, F Othersa 
Content, wt.% 41.4 36.5 4.9 3.1 3.0 2.7 1.7 1.5 2.0 0.7 < 2 
aK2O, Al2O3, Cr2O3, CuO, P2O5, SnO, TiO2, BaO, NiO, V2O5 

The XRD diagram of the EAFD and the leach residue obtained from the exp-
eriment performed for 180 min using 0.5 M HNO3 solution at 40 °C and a stir-
ring speed of 300 rpm is presented in Fig. 1. It is seen from the Fig. 1a that the 
EAFD includes ZnFe2O4 (ICDD 22–1012), ZnO (ICDD 36–1451), Fe2O3 (ICDD 
39–1346) and PbO2 (ICDD 52–0752). ZnO was not detected in the XRD diagram 
(Fig. 1b) due to the rapid leaching reaction of ZnO in HNO3 solution. 
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Fig 1. a) XRD diagram of the EAFD, b) the leach residue obtained from the experiment 

performed for 180 min using 0.5 M HNO3 solution at 40 °C and a stirring speed of 300 rpm. 

After completion of dissolution experiments, it was seen that 38 % of Fe and 
86 % of Zn were extracted in the experiment performed for 180 min using 0.5 M 
HNO3 solution at 40 °C (Fig. 2). It is possible to determine only the total amount 
of Fe and Zn in the leach solution using the ICP–OES instrument but not the 
exact source of Fe and Zn individually. While ZnO and ZnFe2O4 are sources for 
Zn extracted, Fe can be extracted from ZnFe2O4 and Fe2O3.  

 
Fig. 2. Dissolution, content-time diagram for Fe and Zn from the EAFD, Zn from Fe2O3 and 

Zn from ZnO. (0.5 M HNO3, 40 °C and 300 rpm). 

The disappearance of peaks of ZnO in the XRD diagram (Fig. 1b) and the 
low Fe extraction rate obtained from the experiment performed at the lowest tem-
perature (40 °C) and HNO3 concentration (0.5 M) initiated the question of 
whether it is possible to determine the composition of ZnO, ZnFe2O4 and Fe2O3 
in the EAFD. Therefore, two separate dissolution experiments were performed 
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for 180 min using 1 g of Fe2O3 (Merck), 1 g of ZnO (Merck), 0.5 M HNO3 sol-
ution at 40 °C and a stirring speed of 300 rpm for the investigation of dissolution 
behavior of ZnO and Fe2O3 (Fig. 2). 

ICP-OES analysis shows that ZnO was dissolved totally in 5 min of the 
reaction, while Fe2O3 was insoluble after 180 min of reaction time (no dissolved 
Fe was measured within the detection limit of the ICP-OES instrument). Thus, 
source of Fe passed to the leach solution is determined as ZnFe2O4 using these 
findings and dissolution of ZnFe2O4 in HNO3 solutions.23 It is possible to deter-
mine the composition of ZnO, ZnFe2O4 and Fe2O3 in the EAFD using the results 
of XRF and ICP-OES analysis as 28.58, 37.96 and 11.33 %, respectively. 
Dissolution behavior of the EAFD in nitric acid solutions 

Since the dissolution of ZnO in the EAFD was very rapid, the results of the 
dissolution experiments are presented for ZnFe2O4 and Fe2O3 as ZnFe2O4 dis-
solved, content–time and Fe2O3 dissolved, content–time. The dissolution, con-
tent–time diagrams are plotted using the results of the ICP-OES analysis of leach 
solutions taken from the reactor at defined time intervals. 
The effect of stirring speed on the dissolution of EAFD 

Dissolution experiments were performed using a 4 M HNO3 solution at 80 °C 
for the determination of the effect of stirring speed on the dissolution rate of the 
EAFD in HNO3 solutions. The ZnFe2O4 dissolved, content-time diagram is shown 
in Fig. 3. 

 
Fig. 3. ZnFe2O4 dissolved, content–time diagram for different stirring speeds (4 M HNO3  

and 80 °C). 

As could be seen from Fig. 3, the stirring speed had no significant effect on 
the dissolution rate of ZnFe2O4 in the EAFD. Therefore, it was determined that a 
stirring speed of 300 rpm is adequate to eliminate the resistance of the liquid film 
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layer around the solid EAFD particles. Thus, a stirring speed of 300 rpm was 
used in all dissolution experiments. 
The effect of temperature and HNO3 concentration on the dissolution of EAFD 

Dissolution experiments were performed using 0.5–4 M HNO3 solution at 
temperatures of 40–80 °C and a stirring speed of 300 rpm for the determination 
of the effect of temperature on the dissolution rate of the EAFD in HNO3 sol-
utions. ZnFe2O4 dissolved, content-time and Fe2O3 dissolved, content-time dia-
grams are shown in Figs. 4 and 5, respectively. As seen from Fig. 4a–d, the dis-
solution rate of ZnFe2O4 increased with increasing temperature and total dissol-
ution of ZnFe2O4 was obtained in the experiment performed using 4 M HNO3 
solution at 80 °C and stirring speed of 300 rpm (Fig. 4d). 

 

 
Fig. 4. ZnFe2O4 dissolved, content–time diagrams for different temperatures at constant 

HNO3 concentration: a) 0.5, b) 1, c) 2 and d) 4 M (stirring speed: 300 rpm). 

As shown in Fig. 5a–d, the dissolution of Fe2O3 in the EAFD was more 
dependent on the temperature than that of ZnFe2O4 and therefore the dissolution 
rate of Fe2O3 increased with increasing temperature. A dissolution of 99 % was 
obtained for Fe2O3 in the experiment performed using 4 M HNO3 solution at 80 
°C and a stirring speed of 300 rpm (Fig. 5d). However, obtaining high dissolution 
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rates for Fe together with Zn results in difficulties in the subsequent purification 
process of Zn in the leach liquor. 

 

 
Fig 5. Fe2O3 dissolved–time diagrams for different temperatures at constant HNO3 

concentration: a) 0.5, b) 1, c) 2 and d) 4 M (stirring speed: 300 rpm). 

A literature survey showed that H2SO4 solutions are generally used for the 
acidic leaching of EAFD. HCl solutions are not preferred due to difficulties in the 
electrowinning process of leach liquors since Cl2 gas is generated. Although, it is 
fact that the use of H2SO4 solutions at moderate temperatures lowers the Fe con-
tent (1–10 %) in the leach solutions, relatively low Zn dissolution rates (about 60 
%) were obtained under these experimental conditions.1,4,24–26 Concentrated 
H2SO4 solutions and high temperatures should be used to obtain high Zn dissol-
ution rates. However, dissolution rate of Fe also increases rapidly in this case.  

Caravaca et al. recovered 70.6 % of Zn and 14.5 % of Fe from EAFD using 
5 M HNO3 solution at 25 °C in 2 h and stated that the presence of zinc ferrites 
makes acidic leaching more attractive than alkaline leaching in terms of Zn rec-
overy.11 Although, the acidic leach liquor includes a relatively high amount of Fe 
compared to an alkaline leach liquor, Fe is separated from leach liquor by goe-
thite precipitation at a pH near 2 or by solvent extraction. In this work, 93 % of 
Zn (100 % of ZnO and 72 % ZnFe2O4) and 45 % of Fe (72 % of ZnFe2O4 and 
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17.53 % of Fe2O3) were extracted from the EAFD in the experiment performed 
using 0.5 M HNO3 solution at 80 °C. 

Since the same experimental data were used for plotting the diagrams to deter-
mine the effect of the HNO3 concentration on the dissolution rate of the EAFD in 
HNO3 solutions, ZnFe2O4 dissolved, content-time (Fig. 6) and Fe2O3 dissolved, 
content-time (Fig. 7) diagrams are plotted only for 60 °C are shown to avoid repe-
tition.  

 
Fig. 6. ZnFe2O4 dissolved, content–time diagram for different HNO3 concentrations at 60 °C. 

 
Fig 7. Fe2O3 dissolved, content–time diagram for different HNO3 concentration at 60 °C. 

While the dissolution rate of ZnFe2O4 was not affected significantly by the 
increase in HNO3 concentration at lower experimental temperatures; increasing 
temperature resulted in a rise in the effect of the HNO3 concentration on the dis-
solution rate of ZnFe2O4 (Fig. 4a–d). On the other hand, the dissolution rate of 
Fe2O3 strongly depends on HNO3 concentration and the dependency increases sig-
nificantly with increasing temperature (Fig. 5a–d). Therefore, Figs. 6 and 7 show 
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that the dissolution rate of Fe2O3 is more dependent on the HNO3 concentration 
than that of ZnFe2O4. 
SEM–EDS analysis of the EAFD and the leach residue 

SEM–EDS analysis of the EAFD and the leach residue obtained from the 
experiment performed using 0.5 M HNO3 at 40 °C are presented in Fig. 8a and b. 
It could be seen from Fig. 8a that the EAFD consisted of spherical particles with 
different sizes and fine agglomerated particles with irregular shapes. 

 
Fig. 8. SEM–EDS analysis of the EAFD and: a) the leach residue and b) obtained from the 

experiment performed for 180 min using 0.5 M HNO3 at 40 °C and a stirring speed 
of 300 rpm. 

It was determined from EDS analysis of the EAFD that the particles with 
spherical shape were rich in iron (Fig. 9b), whereas the particles with irregular 
shapes were rich in zinc and iron (Fig. 9c). These findings are in good agreement 
with the XRD analysis of the EAFD (Fig. 1a) and the literature.27 SEM-EDS 
analysis of the leach residue (Fig. 8b) shows that after the leaching experiment, 
the particles with spherical shape become more visible and number of the par-
ticles with irregular shapes decreases due to higher dissolution rate of particles 
rich in zinc (ZnO and ZnFe2O4) than those rich in Fe2O3. 

CONCLUSIONS 

It was determined that Fe2O3 was not dissolved in 0.5 M HNO3 solution at 40 
°C during a reaction time of 180 min while ZnO reacted rapidly with HNO3 and was  
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Fig. 9. EDS analysis of the EAFD. 

totally dissolved in 5 min reaction time. Thus, it is possible to determine the com-
position of ZnO, ZnFe2O4 and Fe2O3 in the EAFD as 28.58, 37.96 and 11.33 %, 
respectively. 

Total dissolution of the ZnFe2O4 was obtained from the experiments per-
formed at 80 °C. Although, temperature is effective on the dissolution rate of 
both ZnFe2O4 and Fe2O3, dissolution rate of the Fe2O3 was more temperature 
dependent than that of the ZnFe2O4. 

While the concentration of HNO3 has slight effect on the dissolution rate of 
ZnFe2O4, the dissolution rate of Fe2O3 increased significantly with increasing 
HNO3 concentration. 
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A low HNO3 concentration (0.5 M) and high experimental temperatures 
(60-80 °C) should be chosen for the dissolution of the EAFD in HNO3 solution 
to minimize the dissolution rate of Fe2O3. 

SEM–EDS analysis of EAFD showed that the Fe2O3 particles were spherical 
in shape whereas the shape of ZnO and ZnFe2O4 were irregular.  
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И З В О Д  

ИСПИТИВАЊЕ УСЛОВА СЕЛЕКТИВНОГ ЛУЖЕЊА ZnO, ZnFe2O4 И Fe2O3 У HNO3 
ИЗ ПРАШИНЕ ЕЛЕКТРОЛУЧНЕ ПЕЋИ  

MERT ZORAGA, TUGBA YUCEL, SEDAT ILHAN и AHMET ORKUN KALPAKLI 

Istanbul University–Cerrahpasa, Engineering Faculty, Metallurgical and Materials Engineering Department, 

34320, Avcilar, Istanbul, Turkey 

Прашина електролучне пећи (EAFD) углавном укључује једињења која садрже Zn, 
Fe, Pb, Ca и Mn. Дакле, EAFD је класификован као опасан отпад. У овом раду је испи-
тано понашање растварања једињења која садрже Zn и Fe из EAFD у растворима азотне 
киселине (HNO3). Састав једињења која садрже Zn и Fe у EAFD утврђен је као 28,58 % 
ZnO, 37,96 % ZnFe2O4 и 11,33 % Fe2O3. Испитан је утицај брзине мешања, температуре и 
концентрације HNO3 на брзину растварања ZnO, ZnFe2O4 и Fe2O3 и утврђени су оптимал-
ни услови лужења. Док се ZnO брзо растварао, брзина растварања ZnFe2O4 се повећавала 
са повећањем температуре и концентрације HNO3. Fe2O3 није био растворљив у 0,5 М 
раствору Fe2O3 на 40 °C, док је био потпуно растворен у 4 М раствору HNO3 на 80 °C. 

(Примљено 23. маја 2020, ревидирано 16. децембра, прихваћено 17. децембра 2021) 
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Abstract: The Kırklareli Reservoir, located in the Meriç-Ergene River Basin, is an 
important drinking/industrial freshwater resource of the Kırklareli Province. In 
order to ensure the sustainable use of this important reservoir, its current situation 
should be examined periodically and evaluated by multivariate analyses. For this 
reason, water samples were taken between the dates April 2018 and February 
2019 at monthly intervals from 3 different stations. The data on the environmen-
tal and physicochemical variables (water temperature, dissolved oxygen, pH, sali-
nity, conductivity, total dissolved solids, chlorophyll-a, light permeability, fluor-
ide, chloride, NO2-N, NO3-N, PO4, SO4 and essential/potentially toxic elements) 
were measured and evaluated according to the classes of surface water quality 
control regulation of Turkey. The parameters exceeding first-class water quality 
values (chlorophyll-a, pH, NO2-N, chloride, selenium) were mapped in GIS 
using the spline integration approach. In addition, the sodium absorbtion ratio, 
Kelly index values and magnesium ratio, were calculated to evaluate the water 
quality for agricultural irrigation water standards. The water quality of the reser-
voir was evaluated using multivariance analyses (Bray–Curtis similarity index, 
correspondence analyses, Pearson correlation index). As a result, it was empha-
sized that the use of the GIS approach is a potential useful method for monitoring 
the sustainable water quality of the Kırklareli Reservoir, which was determined to 
have an oligomesotrophic character. 

Keywords: water quality; GIS; environmental variables; multivariate analyses. 

INTRODUCTION 
Due to the increasing need for freshwater resources because of the increasing 

human population and the increasing pollution of existing resources, studies on 
the sustainability of water resources have become increasingly important. Espe-
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cially as water stored in lakes, ponds, dams, and reservoirs is used not only as 
drinking and industrial water, but also for irrigation of agricultural lands and 
aquaculture. When considered from this point of view, to determine for what pur-
pose a water resource can be used, first of all, the water quality of the aquatic 
system should be known. 

The physicochemical properties of a water source give important inform-
ation about the current state of the water. However, considering the temporal and 
spatial changes of a water resource, monitoring studies are needed for the reliable 
determination of water quality, which can make interpretation difficult because 
the data obtained from these studies contain too many variables.1 Therefore, there 
is a need for methods that can evaluate multiple factors at the same time and 
allow the analysis of the whole data set instead of a single one.2,3 Multivariate 
statistical techniques can be used for the assessment of water quality.2–10 Thus, it 
has become increasingly important to use computer-aided data analysis and visu-
alization tools in the studies of temporal and spatial evaluation of the parameters 
measured for monitoring water quality, and consequently in the studies carried 
out for the protection, development, and management of water resources.11 In 
addition, it is expected that water quality monitoring studies in aquatic ecosys-
tems, which require time and financial aid, will continue to ensure sustainable 
use. This means more time and more money spent. However, the monitoring 
periods of water quality can be determined by the results of appropriate multi-
variate analysis of the studies, which are carried out periodically for at least one 
year in a aquatic ecosystem and include sufficient physicochemical data. 

In particular, geographic information system (GIS) is one of the most imp-
ortant software in which graphical and objective features of geographic data in 
different formats are collected and analysed in a common coordinate system in 
layers. Therefore, in terms of examining the physicochemical changes in water 
resources, it is valuable software that enables accurate information to be obtained 
very rapidly.12,13 By facilitating the use of data sources with the help of these 
methods, it becomes increasing possible to evaluate water quality parameters and 
determine appropriate strategies in the management of water resources.5,14–16 
The complexity, which may occur due to the excess of criteria used in the assess-
ment of water quality, has been evaluated using techniques such as GIS and mul-
tiple criteria decision making (MCDM) analyses in recent years. Thus, by com-
bining spatial data with other data sources, easy and more reliable results, exp-
ressing water quality risks, and estimating spatial distributions, are obtained.17–19 
In Turkey, GIS and remote sensing systems are emphasized in the monitoring of 
the quality of water resources, and these programs are being used more.1,11,13,19–22  

The Kırklareli Reservoir, which is an artificial lentic ecosystem, is located in 
the Meriç-Ergene River Basin at Turkish Thrace and it provides important fresh-
water supplies to the area. As with many freshwater ecosystems, it is reported 
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that this reservoir is being adversely effected by agricultural and domestic pres-
sure.23,24 The Kırklareli Reservoir has an area of 6 km2 and a volume of 112 
hm3. In previous studies, the contents of pesticides and potentially toxic elements 
were examined during the spring season.23,24 

In this study, the water quality of the Kırklareli Reservoir was evaluated. For 
this purpose, the physicochemical properties of the reservoir were evaluated 
using samples obtained at 3 different stations between the dates April 2018 and 
February 2019 at monthly intervals. The results on dissolved oxygen, water tem-
perature, pH, salinity, conductivity, total dissolved solids, chlorophyll-a, light 
permeability, nitrite nitrogene, nitrate nitrogene, sulfate, phosphate, calcium, 
magnesium, chloride and some other essential/potentially toxic element (B, Na, 
Mg, Al, Ca, Cr, Mn, Fe, Co, Ni, Cu, Zn, Se, As, Cd, Ba, Pb) contents in Kırk-
lareli reservoir were determined and compared with the limit values given in the 
regulation of surface water resources of Turkey.25 In addition, sampling stations 
and sampling periods were compared using the Bray–Curtis similarity index. 
Some measured parameters of environmental variables were mapped temporary 
and spatially using the spatial analysis module of the Arc MAP software in the 
GIS. In this way, it was aimed to identify and visualize areas with high/low water 
quality by combining the water quality data obtained from Kırklareli Reservoir 
under a single water quality index, and to determine the temporal and spatial 
sampling locations and times by grouping periodic analyses. 

MATERIALS AND METHODS 
Details about the study area are given in Supplementary material to this paper. 
A total of 3 sampling stations (St.) which represent the ecological characters of the lake 

were choosen to take the water samples. The analyses of some parameters (temperature, pH, 
conductivity, dissolved oxygen, salinity and TDS) in water samples taken from each station at 
a depth of approximately 2 m with Nansen water samplerer were measured during field stu-
dies with Orion Star S/N 610541 model land type multiparameter device. Also, the water 
samples taken from each sampling stations at monthly intervals by Nansen water samplerer 
were put into 2 L dark glass bottles and transported to the laboratory for other chemical ana-
lyses (fluoride, chloride, NO2-N, NO3-N, PO4, SO4, B, Na, Mg, Al, Ca, Cr, Mn, Fe, Co, Ni, 
Cu, Zn, Se, As, Cd, Ba, Pb). After the water samples were filtered, the pH levels were lowered 
by adding HNO3 and HCl to 10 ml of the sample and were stored for analysis. The ion and 
metal analyzes of the water taken from each station and in each sampling period were mea-
sured in 3 repetitions in Agilent Technologies 7700 XX ICP-MS system device with reference 
to EPA 200.8 and the average values were obtained.26 By taking 3 times the standard devi-
ation (Std. deviation/square root (n)) of blank sample analysis results studied in the measure-
ment limit (LOD) intermediate precision conditions in the device in question; the limit of 
detection (LOQ) was calculated by taking 10 times the standard deviation (Std. deviation/  
/square root (n)) of the results calculated as a result of intermediate precision studies. In addit-
ion, the reproducibility is ensured by 10 independent studies at 2 different concentrations, the 
reproducibility is ensured by working at 2 different concentrations for 5 days, and the repro-
ducibility and reproducibility values obtained with reference to the validation parameters and 
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criteria were observed in accordance with the HorRatR (it is a normalized performance para-
meter indicating the acceptability of methods of analysis with respect to among-laboratory 
precision (reproducibility)) < 2 criteria for each element component. 10 independent studies at 
2 different concentrations were used for the recovery where 80–120 % is sought in the mea-
surements and Grubb values (this value detects outliers from normal distributions) from 10 
independent studies at 25 ppb were used for accuracy (<2.29).26 The light permeability at each 
station in each sampling period was measured by using a Secchi disc and the chlorophyll-a 
values of the water samples were determined by classical spectrophotometric methods.27 The 
obtained data were evaluated according to the surface water resources control regulation and 
water quality class of the lake were determined.25 In addition, the sodium adsorption rate 
value (SAR), Kelly index (KI) and magnesium ratio (MgR), the rates giving information about 
whether the water is suitable for irrigation or not, of the waters were calculated over the 
meq/L ratios by using the values of Na, Ca, and Mg ions from the obtained chemical analysis 
results.28,29 

The similarities of the sampling stations and periods in the distribution of the data were 
grouped by the Bray–Curtis cluster analysis by the BioDiversity Pro 2.0 program, and the 
results were also supported by the correspondence analysis.30 The relationships between phys-
icochemical parameters were evaluated by Pearson correlation coefficient in the Graphpad 
PRISM software, trial version. The parameters exceeding the second class quality values 
according to the Water Pollution Control Regulation25 were mapped by the spatial analysis 
module using GIS supported in the ArcMap 10.3.1 package program. For this aim, the satellite 
image of the WGS84-Zone 36 coordinate plane in JPEG format, obtained from Google Earth 
Pro, connected to the metric coordinate system, was transferred to the ArcMAP, and the stat-
ions were digitized and turned into vector data. 

RESULTS AND DISCUSSION 

Data pertaining to physical and inorganic-chemical parameters (Tables S-I 
and S-II of the Supplementary material) were evaluated according to the water 
quality classes included in the surface water resources control regulation.25 

Accordingly, in terms of physical and inorganic-chemical parameters, it is 
observed that the averages of the water temperatures of the stations are at seasonal 
expectations. However, the pH values vary between 8.1 and 9.3, and these values 
exceed the second class water quality values.25 The average of the dissolved oxy-
gen values measured at the sampling stations was between 7.4 and 13.7 mg/L and 
this case indicates that the lake has first class water quality in terms of this para-
meter, and no significant difference (9.7–9.8 mg/L) was found between the samp-
ling stations (Table S-II). Dissolved oxygen is an important parameter for the sus-
tainability of the self-cleaning capacity of water as well as for aquatic organisms. 
This parameter, which has a great role in physiological and chemical events, 
should not exceed first class quality values in aquatic ecosystems for protecting the 
ecological balance. Although chloride ion values were determined between min. 
6.1 mg/L and max. 28.7 mg/L in averages, they were found high at St. 1, especially 
in summer and autumn seasons. Nevertheless, the chloride ion values did not reach 
the second class quality (200 mg/L) values in terms of the surface water resources 
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quality values. The sodium values, which did not show a significant difference 
between the stations and were detected at low rates, vary between 1.2 and 6.6 mg/L 
on averages and did not exceed the first class water quality value (125 mg/L). 
Since the total dissolved substance ratio was between 105 and 158 mg/L at aver-
age, and it did not exceed 500 mg/L, it was found in first class water quality. Con-
ductivity values measured in the study were well below the 2500 µS/cm limit det-
ermined for drinking water and were between the limits compatible with freshwater 
characters (determined between 213–322 µS/cm in averages and reached the high-
est values (304 µS/cm) at the St. 1). However, calcium and magnesium are ele-
ments that originate from the soil and rock structure where water is located and 
must be taken for human biology. Ca and Mg values measured in this study did not 
exceed the limit values in terms of drinking and using water. The chlorophyll-a 
values measured in the study also did not exceed the eutrophication limit values. 

When the nutrient salts, which are among inorganic-chemical parameters, 
were evaluated, it was observed that the sulfate values did not show a signific-
ant difference in the stations, varying in range 9.7–10.3 mg/L in averages. They 
remained at the first class water quality value specified in the regulation on sur-
face water quality.25 Nitrate nitrogen values were determined as 5 mg/L (min. 
0.03, max. 2.1 mg/L in averages), which indicated at first class water quality in 
the regulation on surface water quality. In terms of phosphate amount, it was obs-
erved that the values that should not exceed the limit of 0.1 mg/L increased to 0.7 
mg/L only in May, and the station averages did not exceed 0.1 mg/L too much. In 
terms of nitrite nitrogen, the values generally determined in first and second class 
water quality decreased to third class water quality at all stations in May. It 
supports the view that nutrient salts may come from the agricultural or forest 
areas around the dam lake and they can carry out intensively in May, by runoff.  

When looking at the inorganic contamination parameters measured in the 
study, according to the regulation on surface water quality, the values for Cd 
(max. 0.1 ppb), Pb (max. 2 ppb), As (max. 1.1 ppb), Cu (max. 2.5 ppb), Cr (max. 
11.5 ppb), Co (max. 0.1 ppb), Ni (max. 1.7 ppb), Zn (max. 6.6 ppb), fluoride 
(max. 120 ppb), Fe (max. 108.6 ppb), Mn (max. 24 ppb), B (max. 57 ppb), Ba 
(max. 34 ppb) and Al (max 0.1 mg/L) did not exceed the first class water quality 
values.25 Selenium values approached the limit value at all stations in November. 
Although it is one of the elements necessary for the human body, it is reported 
that high selenium ratios can cause disorders in some organs and systems.31 

According to the Bray–Curtis similarity analysis, while the degree of simil-
arity of the months according to the physicochemical contents was determined 
> 80 %. Also, correspondence analysis results grouped the sampling periods in 3 
different clusters for the physicochemical similarities (Fig. 1). 

Accordingly, while December, January and April were a cluster, the other 
months (excluding February) constituted the second cluster. Although the stat-
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ions had some differences especially in terms of parameters exceeding the limit 
values, it was seen that the similarity rates are over 90 % in terms of their general 
physicochemical content. The sampling stations St. 1 and St. 2 have found to be 
the most similar each other (Fig. 2). The reason for this high similarity rate seen 
in the stations can be explained by the fact that the study area is a small water 
reservoir, while the fact that the St. 3 is surrounded by agricultural and forest area 
may have caused it to be small differences from the other stations. Thus, only one 
station can be used for the monitoring studies which will be performed in this 
reservoir. 

  
Fig. 1. Monthly similarities according to Bray–Curtis index and cluster analysis. 

 
 

Fig. 2. Similarity of sampling stations according to Bray–Curtis index analysis. 
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The margin of error is considerably reduced due to GIS using the high-res-
olution raster data set in water quality monitoring and evaluation studies.11 Based 
on this idea, the data of pH, nitrite, chloride, and selenium measured in Kırklareli 
reservoir lake and found to exceed the first class water quality and the data of 
chloride value and chlorophyll-a distributions of the approaching second class 
water quality were visualized with the distribution maps created in the spatial 
analysis results made in the Arc MAP were given in Fig. S-2–S-6 of the Sup-
plementary material. 

Accordingly, it was determined that the pH, nitrite nitrogene, selenium, chlo-
ride and chlorophyll-a values measured at the St. 3 were low, but the chloro-
phyll-a values are low at the St. 1, where the pH was relatively low. Similarly, it 
was seen that the chlorophyll-a values were also high in the St. 3 where the pH 
value was high. However, at the St. 1, where nitrite nitrogene, chloride and selen-
ium values were high, chlorophyll-a values were low. This situation reveals that 
pH is an important factor in the distribution of algae and supports the view that 
algae develop faster at high pH values. During periods of algae growth, photo-
synthesis, respiration, and decay affect the CO2 level in lakes. This case can 
cause pH fluctuations. During the periods when photosynthetic microalgae mul-
tiply, the pH may rise during the daytime when these organisms fix CO2.32 It is 
suggested that selenium limit ratio in drinking water is 10 ppb specified by Tur-
kish Standards Institute.33 Selenium is known to be released to the environment 
by means of sewage effluent, agricultural runoff and industrial waste water.34 In 
this study, selenium was measured at above the limit values at some sampling 
periods (Table S-I).  

It is generally known that there is a relationship between Secchi disc depth 
and chlorophyll-a. Secchi depth in the eutrophic reservoir is partially related to 
the chlorophyll-a content. In the mesotrophic reservoir, the Secchi depth cannot 
be determined only by algae. In the oligotrophic reservoir, the Secchi depth is 
neither related to chlorophyll-a nor to algae in the water. Inorganic turbidity or 
colour is an important factor in influencing Secchi depth in a mass of water. High 
rates of inorganic substances also cause turbidity.35,36 The physicochemical data 
measured in the Kırklareli reservoir indicate that the lake has an oligomesotro-
phic character. In this case, a significant relationship between Secchi disk depth 
and chlorophyll-a values cannot be expected. 

With respect to the Pearson correlation index relations between the physico-
chemical variables, the flouride and nitrite showed positive correlation each other 
(r = +0.999, ρ < 0.05). Chloride had positive correlations with salinity (r = +0.999, 
ρ < 0.05), conductivity (r = +0.998, ρ < 0.05) and TDS (r = +0.999, ρ > 0.05). 
Phosphate and chlorophyll-a showed positive correlation (r = +0.997, ρ < 0.05). 
TDS had positive correlations with salinity (r = +0.998, ρ < 0.05), and conductivity 
(r = +0.999, ρ < 0.05). Also there was positive correlation between DO and water 
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temperature (r = +1.00, ρ < 0.001). Electrical conductivity (EC) is generally util-
ized as a salinity indicator and is directly affected by chloride ions. Thus, it is pos-
sible to find a correlation between EC, Cl- concentrations, and salinity as found by 
many studies and this study.37 It is known that the concentration of chlorophyll-a is 
related to inorganic phosphate concentrations and the Pearson Correlation Index 
result positive correlation between phosphate and chlorophyll-a support it.38 

The value of Kelly index (KI) is less than 1 in all stations and the water is 
suitable for irrigation (Table S-I). With respect to the sodium adsorption rate 
(SAR), the value is between 0 and 10 in all stations and the results show that the 
water is excellent for irrigation (Table S-I). The value of magnesium ratio (MgR) 
is 50 in all stations and is suitable for irrigation (Table S-I).  

Since the Kırklareli Reservoir is located in the Ergene Basin, which is an 
important agricultural and industrial area of Turkey, it is inevitable that there is a 
pollution load in the other drinking water reserves here and around it. When we 
look at the previous studies in the field, it is seen that there is a pesticide and ion 
pollution load originating from agricultural and industrial applications both in 
Kırklareli Reservoir and other drinking water reservoir around it.23,24,39 

So far, there are similar studies in our country by using GIS 
methods.1,11,13,19–22 In these studies, it is aimed to evaluate the potential use of 
appropriate software tools in water quality determination studies. Thus, it is 
easier and more understandable to monitor water quality classes with the pro-
duced GIS maps. In the study carried out in Lake Gala, it has been summarized 
more effectively thanks to the GIS that nitrite nitrogen poses the greatest risk in 
the lake.22 In the study performed in the Damsa Dam Lake , it was easily obs-
erved with GIS that it is not suitable in terms of some ions and toxic substances 
measured from the lake.11 For the efficient use of water reservoirs and their eco-
logical continuity, water quality should be continuously monitored by repeating it 
at certain periods and necessary interventions should be made in case of pollution. 

CONCLUSION 

As a result of this study, it was determined that the water quality of Kırk-
lareli Reservoir was generally compatible with the first-class water quality in 
terms of the parameters measured in the study. Considering the similarities of the 
sampling periods and stations determined in the study, it was concluded that the 
sampling periods could be selected seasonally in monitoring the water quality of 
the Kırklareli reservoir lake, and sampling from two sampling stations (St. 1 and 
St. 3) would be sufficient. In addition, it should be taken into consideration that 
GIS can be a more effective evaluation system visually in the data monitoring of 
surface water resources. 
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SUPPLEMENTARY MATERIAL 

Additional data and information are available electronically at the pages of journal 
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/10811, or from the corres-
ponding author on request. 

И З В О Д  
ПРОСТОРНА И ВРЕМЕНСКА ПРОЦЕНА ФИЗИЧКО–ХЕМИЈСКОГ КВАЛИТЕТА ВОДЕ У 

ЗА ПИЋЕ/УПОТРЕБУ У АКУМУЛАЦИЈИ KIRKLARELI (ТУРСКА ТРАКИЈА) 

KATARINA SENTA WISSIAK GRM и IZTOK DEVETAK 

University of Ljubljana, Faculty of Education, Kardeljeva pl. 16, 1000 Ljubljana, Slovenia 

Резервоар Киркларели, који се налази у сливу реке Meriç-Ergene, важан је извор 
воде за пиће/коришћење у провинцији Kırklareli. Како би се осигурала одржива упо-
треба овог важног резервоара, његово тренутно стање треба повремено прегледати и 
оценити мултиваријантним анализама. Из тог разлога, узорци воде узимани су на 
месечном нивоу, од априла 2018. до фебруара 2019. године, са 3 различите станице. 
Подаци о еколошким и физичко–хемијским варијаблама (температура воде, растворени 
кисеоник, pH, салинитет, проводљивост, укупне растворене чврсте материје, хлорофил-
а, пропустљивост светлости, флуориди, хлориди, NO2-N, NO3-N, PO4, SO4 и есенцијал-
ни/потенцијално токсични елементи) су измерени и оцењени према класама у регу-
лативи контроле квалитета површинских вода Турске. Параметри који премашују вред-
ности квалитета воде прве класе (хлорофил-а, pH, NO2-N, хлорид, селен) мапирани су у 
географском информационом систему (GIS), уз коришћење Spline интеграције. Такође 
су израчунати однос апсорпције натријума, вредности Kelly индекса и однос магнези-
јума да би се проценио квалитет воде за потребе наводњавања у пољопривреди. Квалитет 
воде у резервоару је оцењиван коришћењем мултиваријантних анализа (Bray–Curtis 
similarity index, correspondence analyses, Pearson correlation index). Као резултат, закљу-
чено је да је коришћење GIS приступа потенцијално корисна метода за праћења одр-
живог квалитета воде у резервоару Киркларели, за који је утврђено да има олиго-
мезотрофни карактер. 

(Примљено 1. јуна, ревидирано 19. августа, прихваћено 7. септембра 2021) 
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of domestic/industrial water in the Kırklareli Reservoir 
(Turkish Thrace) 
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and GAZEL BURCU AYDIN1* 
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2Van Yüzüncü Yıl University, Muradiye Vocational School, 65100, Van, Turkey 

J. Serb. Chem. Soc. 87 (3) (2022) 389–399 

STUDY AREA 
The study area is located in Kırklareli Province in the Turkish Thrace region approximat-

ely 5 km east of the city center (Fig. S-1). Kırklareli reservoir lake that provides drinking and 
industrial freshwater supplies to the province of Kırklareli is located between 
41°44.12´21.1236" N and 27°16´45.8400" E coordinates. It was built on the Şeytandere 
stream between 1985-1995 for irrigation and flood control.  

 
Fig. S-1. Location of Kırklareli Reservoir and the sampling stations. 

                                                                                                                    

* Corresponding author. E-mail: gburcuaydin@trakya.edu.tr 
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Table S-I. Monthly average values of the data obtained from the stations 
Ele-
ment 

Content, ppb 
Apr May Jun Jul Aug Sept Oct Nov Dec Jan Feb Ave SD 

B 5.87 8.56 13.06 52.88 50.78 40 57.83 0.96 18.8 20.8 30.26 27.25 ±20.32 
Na 134 7692 5742 5768 5964 5913 6644 8378 1432 1252 1873 4727.09 ±2709.18 
Mg 2191 10994 8848 9715 11034 9722 12296 12270 2350 1901 8791 8192 ±4056.7 
Al 6.68 6.17 15.04 5.28 10.4 7.2 9.7 15.41 5.94 72.9 120.07 24.98 ±37.05 
Ca 4618 21215 14875 14577 17163 12116 19670 22313 4092 3038 16594 13661 ±6926.65 
Cr 0.345 3.642 11.519 4.68 3.6 0.827 1.355 2.46 0.912 0.379 1.112 2.8 ±3.25 
Mn 0.354 1.623 2.944 1.471 2.869 1.8 24.21 6.114 0.475 0.797 2.277 4,08 ±6.86 
Fe 33 82.67 83.2 104.84 100.21 51.91 83.97 108.66 32.61 66.58 29.46 70.65 ±29.83 
Co 0.023 0.083 0.128 0.181 0.185 0.11 0.145 0.121 0.032 0.039 0.13 0,11 ±0.06 
Ni 0.262 0.482 1.717 0.952 0.98 0.577 1.061 0.962 0.69 0.44 1.589 0.88 ±0.46 
Cu 0.129 0.816 2.55 0.276 0.561 0.933 0.583 0.615 0.207 0.19 0.756 0.69 ±0.67 
Zn 0.664 2.631 0.531 2.183 2.609 3.017 6.622 5.577 0.785 0.928 3.636 2.65 ±2.01 
As 0.15 0.623 0.498 0.463 0.585 0.907 1.191 1.182 0.023 0.209 1.077 0.63 ±0.41 
Se 2.564 9.754 7.273 9.08 11.536 0.3 7.937 16.731 3.013 2.901 0.055 6.47 ±5.2 
Cd 0.006 0.027 0.041 0.03 0.048 0.057 0.157 0.049 0.009 0.01 0.042 0.04 ±0.04 
Ba 3.929 21.5 19.639 17.942 19.448 23.31 34.392 32.038 5.951 4.798 29.095 19.28 ±10.65 
Pb 0.069 0.874 0.685 0.443 0.566 0.51 2.039 0.807 0.069 0.132 0.161 0.58 ±0.57 

 

Parameter Apr May Jun Jul Aug Sept Oct Nov Dec Jan Feb Ave SD 
cfluoride /  
mg L-1 

0.114 0.12 0.099 0.099 0.099 0.108 0.115 0.106 0.112 0.1 0.102 0.11 ±0.01 

cchloride / 
mg L-1 

8.18 6.18 11.81 28.71 19.94 15.7 18.54 8.9 9.12 8.16 8.26 13.05 ±6.94 

cnitrite /  
mg L-1 

0.04 0.05 0 0.016 0.016 0.002 0.006 0.014 0.025 0.016 0.003 0.02 ±0.02 

cnitrate /  
mg L-1 

0.422 0.153 0.209 0.19 0.312 0.039 0.517 0.704 1.496 1.844 2.132 0.73 ±0.74 

cphosphate / 
mg L-1 0 0.784 0 0 0.259 0 0 0.031 0.038 0.032 0.044 0.11 ±0.24 

csulfate / 
mg L-1 

9.94 10.29 9.89 10.15 10.06 10.37 10.12 10.37 10.57 9.71 9.84 10.12 ±0.26 

Dissolved 
O2, mg L-1 13.7 12 8.5 8.2 8.7 7.4 8.2 9.3 10.1 11.4 11.1 9.87 ±1.96 

pH 9.447 9.38 9.113 8.86 8.927 8.243 8.227 8.167 8.147 8.203 8.32 8.64 ±0.51 
Salinity, 

‰ 0.166 0.1 0.1 0.186 0.170 0.173 0.204 0.163 0.162 0.146 0.148 0.16 ±0.03 

σ /  
µS cm-1 

249.8 250.5 217.5 280.1 245.5 254.3 322.3 241.7 239.9 214.6 213.3 248.14 ±31.56 

Tot. diss. 
solids,  
mg L-1 

122.9 120 120 137.7 120.7 125 158.7 118.9 118.1 105.6 105 122.96 ±14.78 

cchlorophyll-a / 
µg L-1 4.5 3.33 4.33 9.18 11.55 13.08 5.74 4.62 4.44 2.44 2.3 5.96 ±3.66 

Light 
transp, cm 123 125 250 193 166 220 256 336 230 66 140 191.36 ±76.76 

Twater / 
oC 

11 12 24 26.5 26.2 22 18 14 9 6 7 15.97 ±7.7 
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TABLE S-II. The average values of the parameters according to the sampling stations 

Element Content, ppb 
1.St. 2.St. 3.St. Ave Accepted limit 

B 51.138 15.35 15.958 27.482 1472 
Na 4678.35 4765.55 4443.59 4629.16 - 
Mg 8165.22 8179.12 7956.86 8100.4 - 
Al 22.566 25.94 28.477 25.661 27 
Ca 13245.87 13566.14 12936.05 13249.35 - 
Cr 2.663 2.941 2.897 2.834 142 
Mn 4.193 4.836 3.384 4.138 100 
Fe 69.215 69.573 72.212 70.333 101 
Co 0.111 0.104 0.106 0.107 2.6 
Ni 1.009 0.827 0.843 0.893 34 
Cu 0.888 0.601 0.564 0.684 3.1 
Zn 2.924 2.484 2.541 2.65 231 
As 0.656 0.598 0.63 0.628 53 
Se 6.562 6.381 6.129 6.357 10 
Cd 0.064 0.029 0.036 0.043 1.5 
Ba 19.51 18.553 19.591 19.218 680 
Pb 0.722 0.504 0.468 0.565 14 

 

PARAMETER  Water quality 
cFluoride / mg L-1 0.108 0.105 0.104 0.106 I 
cChloride / mg L-1 22.989 8.108 8.232 13.11 IV 
cNitrite / mg L-1 0.024 0.013 0.01 0.015 II 
cNitrate / mg L-1 0.725 0.716 0.803 0.748 I 

cPhosphate / mg L-1 0.088 0.152 0.012 0.084 II 
cSulfate / mg L-1 10.189 10.109 10.049 10.116 I 

Dissolved oxygen, mg L-1 9.7 9.8 9.7 9.7 I 
pH 8.6 8.6 8.5 8.6 III 

Salinity, ‰ 0.199 0.144 0.147 0.163 - 
Conductivity, µS cm-1 304.05 220.87 216.48 247.13 I 

Total dissolved solids, mg L-1 156.1 106.85 106.64 123.2 I 
Content of chlorophyll-a, µg L-1 6.05 6.23 5.88 6.05 II 

Light transpatency, cm 192 197 194 194 - 
Twater / oC 15.9 16.2 15.9 16 I 

SAR 0.2 0.2 0.1 0.1 Excellent 
KI 0.1 0.1 0.08 0.09 Suitable 

MgR 50 50 50 50 Suitable 
 
The data of pH, nitrite, chloride, chlorophyll-a, and selenium measured in 

Kırklareli reservoir lake and found to exceed the first class water quality and the 
data of chloride value and chlorophyll-a distributions of the approaching second 
class water quality were visualized with the distribution maps created in the 
spatial analysis results made in the Arc MAP were given in Figs. S-1–S-5. 
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Fig. S-2. Spatial distributions of pH values prepared in Arc MAP. 

 
Fig. S-3. Spatial distributions of nitrite values prepared in Arc MAP. 

 
Fig. S-4. Spatial distributions of chloride values prepared in Arc MAP. 
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Fig. S-5. Spatial distributions of selenium values prepared in Arc MAP. 

 
Fig. S-6. Spatial distributions of chlorophyll-a values prepared in Arc MAP. 
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