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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Short communications (up to 8 pages) report unpublished preliminary results of sufficient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Notes (up to 5 pages) report unpublished results of short, but complete, original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

Reviews? (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

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

Research Data Policy

The Journal of the Serbian Chemical Society (JSCS) encourages that all supporting data sets and
the results, which were used for discussion and making conclusions in the presented paper, should be
available to readers. We strongly support authors to deposits their datasets in free available repositories.
Read more at https://www.shd-pub.org.rs/index.php/JSCS/DataPolicy.

PrePrint Policy

Authors are allowed to store a preprint version of their manuscript on a recognized preprint server
such as ChemRxiv, arXiv, or on any repository that provides a public identifier (e.g. DOI) prior to
submission. Read more at https://www.shd-pub.org.rs/index.php/JSCS/Preprint.

ORCID

The journal requires from corresponding authors to submit ORCID upon registration, while co-
authors are forwarded an ORCID attribution request upon manuscript submission, and upon potential
acceptance of the paper for publication. Read more at https://www.shd-pub.org.rs/index.php/JSCS/Orcid.

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
artf 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
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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 rlght Please omit unnecessary distractions as much as possible.

Image size: minimum of 500x800 pixels (WxH) and a minimum resolution of 300 dpi. If a larger image is sent,

then please use the same ratio: 16 wide x 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.

e  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 x 240 px) in TOC.

e  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).

Ilustrations

Tlustrations (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. ldentifying information, including patients' names, initials, or hospital numbers, should
not be published in written descriptions, photographs, and pedigrees unless the information is essential for

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


http://www.shd.org.rs/JSCS/jscs-pdf/Artwork_Instructions.pdf
https://www.shd-pub.org.rs/index.php/JSCS/submission/wizard
https://www.shd-pub.org.rs/index.php/JSCS/submission/wizard
https://openjournalsystems.com/ojs-3-user-guide/submitting-an-article/
https://openjournalsystems.com/ojs-3-user-guide/submitting-an-article/

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.

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.
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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. Sl 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
(example: p / kPa, j / mA cm?,t/ °C, To/ K, z/h, In (j/mAcm?)...). 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...). 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 ISNOT ALLOWED.

ARTICLE STRUCTURE

e TITLE PAGE

e MAIN TEXT - including Tables and Illustrations with corresponding captions
e SUPPLEMENTARY MATERIAL (optional)

Title page

e 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.

e 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).

o Affiliations should be written in italic. The e-mail address of the corresponding author should be given
after the affiliation(s).
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e 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). (JJomahu ayropu mopajy moctaButu M3Bon (ykibyuyjyhu
UMeHa ayTopa M aduimjanujy) Ha CPICKOM je3HKy, HCIHcaHe hUpHIMIOM, M3a 3axBaJHHUIE, a Ipe
criucka pedepennu.) For authors outside Serbia, the Editorial Board will provide a Serbian translation
of their English abstract.

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

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

Main text — should have the form:
e [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.

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

e 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 neces-
sary 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 1V in dichloromethane (DCM) or methanol (MeOH) as solvent. IR spectra were recorded on a
Perkin-Elmer spectrophotometer FT-IR 1725X. *H and *C NMR spectra were recorded on a Varian
Gemini-200 spectrometer (at 200 and 50 MHz, respectively), and on a Bruker Ultrashield Advance 111
spectrometer (at 500 and 125 MHz, respectively) employing indicated solvents (vide infra) using TMS as
the internal standard. Chemical shifts are expressed in ppm (J / 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/H20 1/1 with 0.2 % HCOOH as the carrying solvent
solution. Samples were dissolved in CHsCN 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™?, nebulizer
pressure = 310 kPa, fragmentator voltage = 70 V.The elemental analysis was performed on the Vario EL
I11- 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 pm), RP-18 (40-63 pm)
columns coupled to a Waters R1 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 pum, pore diameter 6 nm (60
A)], KP-C18-HS (40-63 um, pore diameter 9 nm (90 A) or KP-NH [40-63 pm, pore diameter 10 nm
(100 A)] 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 1 2487 UV-VIS detector. For
data processing, Empower software was used (methods A and B). Methods C and D: Agylent
Technologies 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
OpenlLab 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 [a]';D = (100 «) / (I ¢) should be reported as
unitless numbers as in the following example: [«]®; D = -25.4 (¢ 1.93, CHClIs), where c/g mL™ is
concentration and | / 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 (*H, 13C, and relevant heteronuclei).
'H 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, *J, may be specified by the author if known with a high degree of certainty. **C 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, CH2z, CHs) 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 [C13HsBrCI2N + 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/NHs gradient 18/0.5/0.5 — 9/1/1, and flash chromatography (Biotage SP1,

RP column, eluent MeOH/H20 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. [a]?°; D = +0,163 (¢ =2.0x103 g/mL,

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

1246s, 1171m, 1063w, 1023m, 965w, 940w, 881w, 850w, 807w, cm™. H NMR (500 MHz, CDCls, §):

8.46 (d, 1H, J=54, 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 D20), 5.06 (s, 1H,

H-12), 4.92-4.88 (m, 1H, H-7), 4.42 (bs, H-3), 3.45 (5,CHs-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 D20), 2.07 (s, CH3sCOO), 2.04 (s, CH3COO), 1.42 (s,

9H, (CH3)sC-N(Boc)), 0.88 (s, 3H, CH3-10), 0.79 (d, 3H,J = 6.6, CH3-20), 0.68 (s, 3H, CH3-13). 1*C NMR

(125 MHz, CDCls, §): 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 [CasHes7CIN4Os + H]* 795.48219, observed 795.48185. Combustion analysis

for CasHe7CIN4Os: 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 *H NMR spectrum showing at most only trace peaks not attributable to
the assigned structure and a standard 1D proton-decoupled 3C 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, pmol/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.



e 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.

e The inclusion of a CONCLUSION section, which briefly summarizes the principal conclusions, is
recommended.

o NOMENCLATURE is optional but, if the authors wish, a list of employed symbols may be included.

e 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:

Journals®:  A. B. Surnamel, C. D. Surname2, J. Serb. Chem. Soc. Vol (Year) first page Number
(https://doi.org/doi)°

Books: A. B. Surnamel, C. D. Surname2, Name of Book, Publisher, City, Year, pp. 100-101
(https://doi.org/doi)°

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

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

Chemical A. B. Surnamel, C. D. Surname2, Chem. Abstr. CA 234 567a; For non-readily available

Abstracts:  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)

& When citing Journals, the International Library Journal abbreviation is required. Please consult, e.g.,
https://images.webofknowledge.com/WOK46/help/WOS/A_abrvijt.ntml

® doi should be replaced by doi number of the Avrticle, 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:

k—zh, x—kh, n—ts, y—ch, mr—sh, m—shch, 1>y, 0—yu, 1s—ya, 3—e, ii—i, b—’.

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
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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

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.
= |tis recommended to remove Alpha channels before submitting TIFF files.
= Itis 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.


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

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, To/K,
7/ h, In (j/ mA cm?)...). 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.
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Divergent synthesis and antitumour activity of novel
conformationally constrained (—)-muricatacin analogues

SLAPANA M. STANISAVLJEVIC!, BOJANA M. SRECO ZELENOVIC!*# MIRJANA
POPSAVIN'#¥, MARKO V. RODIC!, VELIMIR POPSAVIN!2# and VESNA V. KOJIC3

! University of Novi Sad, Faculty of Sciences, Department of Chemistry, Biochemistry and
Environmental Protection, Trg Dositeja Obradovica 3, 21000 Novi Sad, Serbia, 2Serbian
Academy of Sciences and Arts, Kneza Mihaila 35, 11000 Belgrade, Serbia and 3 University of
Novi Sad, Faculty of Medicine, Oncology Institute of Vojvodina, Put dr Goldmana 4,
21204 Sremska Kamenica, Serbia

(Received 13 June, revised 5 August, accepted 18 August 2022)

Abstract: Four novel conformationally restricted (—)-muricatacin analogues,
bearing a methoxy group at the C-5 position and with an alkoxymethyl group
as the C-7 side chain, have been synthesised and their in vitro antiproliferative
activity was evaluated against a panel of seven human tumour cell lines, as
well as a single normal cell line. All analogues (9-12) showed diverse antipro-
liferative effects against all tested human malignant cell lines, but were devoid
of any significant cytotoxicity towards the normal foetal lung fibroblasts
(MRC-5). A structure—activity relationship study reveals that the introduction
of tetrahydrofuran ring, the replacement of C-8 methylene group in the side
chain of muricatacin analogues with the O-8 ether functionality, as well as the
length of side chain may be beneficial for the antiproliferative effects of these
lactones. All novel analogues were more potent than lead compound, (—)-muri-
catacin, against HL-60 cell line.

Keywords: D-glucose; antitumour agents; muricatacin mimics; furanolactones;
cytotoxicity; SAR analysis.

INTRODUCTION

(-)-Muricatacin (1) is a naturally occurring acetogenin derivative, which has
been isolated by McLaughlin and co-workers! from the seeds of Annona muri-
cata L. together with its enantiomer (+)-muricatacin (ent-1). Both natural pro-
ducts (1 and ent-1) have received a great deal of attention due to their similar
biological profiles: remarkable antiproliferative activities towards various human
tumour cells,?:3 antimalarial as well as pesticidal activities.!

* Corresponding author. E-mail: bojana.sreco@dh.uns.ac.rs
# Serbian Chemical Society member.
https://doi.org/10.2298/JSC220613069S
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Many syntheses of 1 from various precursors have been reported.#-1¢ Also,
several muricatacin analogues have been synthesised?:7-17-20 and some of them
were evaluated for their antitumour activity.”-19:20

As a part of our ongoing program in the synthesis of oxygenated lactones as
potential antitumour agents from abundant monosaccharides, the synthesis of
four novel 8-oxa analogues of (—)-muricatacin (9-12, Fig. 1) with furano-fura-
none ring system and methoxy group at the C-5 position was achieved from D-
-glucose. These molecules represent conformationally constrained oxa-analogues
of lactone 1, with methoxy group at the C-5 position. Analogue 9 is a heteroan-
nelated mimic of 1 with the restricted geometry of the C4—Cg segment, due to the
presence of the tetrahydrofuran (THF) ring. The molecule 10 represents a one-
carbon lower homologue of 9, while the molecules 11 and 12 are two- and three-
carbon lower homologues of lactone 9.

CipHpg bl O, 7 v O, 7 v O

f\é< :>OJ\1 SQ/\OR - o/A/1 fq\OR: ofé 3£Q/\OR
o © OH o OCHj &) OBn o OH
(-)-Muricatacin (1) 9R= CgHyg 13 R=CgHyo 17 R = CgHyq
10 R = CgHy; 14 R = CgHy7 18 R = CgHy7
11 R =CyHy5 15 R = C7Hy5 19 R = C;Hy5
12 R = CgHys 16 R = CgHy3 20 R = CgHq3

Fig. 1. Design of (—)-muricatacin analogues with a methoxy group (9-12), a benzyl group
(13-16) and with a hydroxyl group at C-5 position (17-20): i) THF-ring closure;
ii) 5-O-methylation; iii) exchange of Cg methylene group with Og ether function;
iv) substitution of methyl with benzyl group at C-5; v) debenzylation at C-5.

Our recent results on the antiproliferative activity of analogues 17-20
showed that they exhibit moderate to submicromolar cytotoxicity.2! That led us
to prepare C-5 methoxy derivatives 9—12, and to examine their cytotoxic activity,
as well as the cytotoxicity of previously synthesised analogues 13-16,2! for a
detailed structure—activity relationship (SAR) analysis.

EXPERIMENTAL
General procedures

Melting points were determined on Biichi 510, or on hot stage microscope Nagema
PHMK 05 apparatus and were not corrected. Optical rotations were measured on Autopol IV
(Rudolph Research) automatic polarimeter. IR spectra were recorded with a FTIR Nexus 670
(Thermo-Nicolet) spectrophotometer. NMR spectra were recorded on a Bruker AC 250 E or a
Bruker Avance III 400 MHz instrument and chemical shifts are expressed in ppm downfield
from tetramethylsilane. Low resolution mass spectra were recorded on Finnigan-MAT 8230
(CI) mass spectrometer. High-resolution mass spectra were taken on a Micromass LCT
KAT111 spectrometer or on LTQ OrbitrapXL (Thermo Fisher Scientific Inc.) mass spectro-
meter. TLC was performed on DC Alufolien Kieselgel 60 F254 (E. Merck). Flash column
chromatography was performed using Kieselgel 60 (0.040-0.063, E. Merck). All organic ext-
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racts were dried with anhydrous Na,SO,. Organic solutions were concentrated in a rotary eva-
porator under reduced pressure at a bath temperature below 35 °C.
Synthesis procedures

Methyl (Z)- (4) and (E)-3-O-methyl-5,6-dideoxy-1,2-O-isopropylidene-a-D-xylo-hept-5-
-enofuranuronate (5). To a solution of compound 2 (1.923 g, 7.01 mmol), in dry EtOAc (193
mL), Hs5IO¢ (2.008 g, 8.76 mmol) was added. The mixture was stirred at room temperature for
3 h, then filtered and evaporated to afford crude aldehyde 3. To a stirred and cooled (0 °C)
solution of 3 (1.530 g, 7.56 mmol) in dry MeOH (35 mL) MCMP (2.558 g, 7.56 mmol) was
added and the mixture was stirred for 0.5 h at 0 °C and then for 2.5 h at room temperature.
The reaction mixture was evaporated and the residue was purified by flash chromatography
(3:2 light petroleum/Et,0). The pure product 4 (1.240 g, 69 %) was first eluted, isolated as a
colourless oil. Further elution gave compound 5 which was additionally purified (1:1 Pr,0/
/light petroleum) to give the pure E-olefin 5 (0.133 g, 7 %).

Dimethylacetal 2,5-Anhydro-6-deoxy-3-O-methyl-L-ido-hepturono-4,7-lactone (6). A
solution of 4 (0.245 g, 0.95 mmol) in dry MeOH (7 mL) which contains 2.5 % H,SO,4, was
refluxed for 2 h. The mixture was cooled to 35 °C and alkalized (pH 9) by adding solid
NaHCO; (0.917 g, 10.92 mmol, 11.5 eq) in three portions every 5 min. After adding the entire
amount of base, the suspension was stirred at 35 °C for 1 h, then filtered and evaporated. The
residue was purified by flash column chromatography (3:2 cyclohexane/EtOAc) to give pure 6
(0.174 g, 79 %).

3,6-Anhydro-2-deoxy-5-O-methyl-L-ido-heptono-1,4-lactone  (8). Dimethylacetal 6
(0.769 g, 3.31 mmol) was dissolved in 9:1 TFA/H,O (15.5 mL) and stirred at room tempe-
rature for 1 h. After completion of the reaction, the solution was evaporated by co-distillation
with toluene. The crude aldehyde 7 was dissolved in dry MeOH (39 mL) and treated with a
first portion of NaBH, (0.094 g, 2.49 mmol, 3 eq). After stirring the mixture at room tempe-
rature for 0.5 h, an additional amount of NaBH, (0.063 g, 1.67 mmol, 2 eq) was added. The
mixture was stirred at room temperature for additional hour. The reaction mixture was
neutralized with AcOH and evaporated. The residue was purified by flash chromatography
(4:1 CH,CI,/EtOAc) to give pure alcohol 8 (0.399 g, 64 %).

General procedure for the synthesis of analogues 9-12

To a solution of compound 8 (1 equiv.) in dry Et,0 (2 mL) Ag,0 (2.5 equiv.), AgOTf
(0.3 eq) and the corresponding alkyl bromide RBr (2.5 equiv.) were added. The mixture was
stirred under reflux for 1627 h (Table I). After completion of the reaction, which was det-
ected by thin layer chromatography (TLC), the mixture was purified by flash column chroma-
tography (7:3 light petroleum/Et,0).

The characterization data for all synthesised compounds (4—-6 and 8-12) are given in the
Supplementary material to this paper.

TABLE I. Preparation of final products 9-12

Entry R Reaction time, h Product Yield, %
1 CoHj 22.5 9 72
2 CsHyy 16 10 86
3 C-,H;s 23 11 80
4 CeH3 27 12 73
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Cytotoxic activity

Test cells. The in vitro cytotoxicity of test compounds was evaluated against seven
human malignant cell lines: myelogenous leukaemia (K562), promyelocytic leukaemia (HL-
-60), T cell leukaemia (Jurkat), Burkitt’s lymphoma (Raji), ER" breast adenocarcinoma
(MCF-7), ER" breast adenocarcinoma (MDA-MB 231) and cervix carcinoma (HeLa). Cyto-
toxic activity against normal foetal lung fibroblasts (MRC-5) was also estimated.

MTT test. Cytotoxic activity was evaluated by using standard MTT assay,?? after expo-
sure of cells to the tested compounds for 72 h.

RESULTS AND DISCUSSION
Chemistry

The syntheses of (—)-muricatacin analogues 9-12 are presented in Scheme 1.
Starting compound 2 was prepared from D-glucose in two synthetic steps as pre-
viously reported by us.23 Methyl derivative 2 was treated with periodic acid in
dry ethyl acetate and the crude aldehyde 3 was obtained. Compound 3 reacted
with stabilized ylide, Ph3P=CHCO,Me, in anhydrous MeOH and gave the exp-
ected Z-olefin 4 (69 %) as the major product of the Wittig olefination. A minor
amount of corresponding E-olefin 5 (7 %) was also obtained in this reaction.

co,Me

( MeO,C
2steps b 0. \ o
D~ Iucose 7( —_— o * o
o) 5 \sz pEn¥ iy SCR, oLt
‘o veo” O med’ O
3 4 5

~
44 (_Z/CHZOR é\/ qCHZOH P {4& qcm] 4; /J\ qCH(OMe)Z

OMe OMe

9R=CgHyg
10 R = CgHy7
11 R =C;H;5
12 R = CgHys

Scheme 1. Reagents and conditions: a) H;1Og4, EtOAC, 1t, 3 h; b) Ph;P=CHCO,Me, MeOH,

0°C, 0.5 h, then rt 1.5 h, 69 % for 4, 7 % for 5 (from 2); c¢) 2.5 % H,SO4/MeOH, reflux, 2 h,

NaHCOsg, rt, 1 h, 79 %; d) 9:1 TFA/H,0, 1t, 1 h; ) NaBH4, MeOH, rt, 1.5 h, 64 % (from 6);

f) CoH,¢Br for 9, CgH;Br for 10, C;H,sBr for 11, C¢H,;Br for 12, Ag,0, AgOT{, CH,Cl,,

reflux, 22.5 h (for 9), 16 h (for 10), 23 h (for 11), 27 h (for 12), 72 % (for 9), 86 % (for 10),
80 % (for 11), 73 % (for 12).

An acid-catalyzed methanolysis of 4, in the presence of a catalytic amount of
sulphuric acid gave furano-lactone 6 in 79 % yield. Hydrolytic removal of the
dimethyl acetal protective group in 6 followed by a subsequent NaBH4 reduction
of the resulting aldehyde 7 gave the corresponding primary alcohol 8 in 64 %
yield.

The stereochemistry of compound 8 was confirmed by single crystal X-ray
diffraction analysis (for selected crystallographic and refinement details see the
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Table S-1I of the Supplementary material). The molecular structure of 8 is dep-
icted in Fig. 2. All structural parameters of the molecule are within limits found
in structures with similar fragments. The furano-lactone ring core is fused in cis
manner and both five-membered rings are puckered, details of which are ana-
lysed by Cremer—Pople formalism.24 The furanose ring (counting clockwise
03—-C3—-C4—C5—C6) is moderately puckered (¢o =36.05(17) pm), and its
conformation is close to twisted at C5—C6 bond. The pseudorotational phase
angle ¢ = 130.5(3)° indicates its deformation towards the envelope form, as the
ring formally traversed 25 % along ©T5—9E pseudorotational pathway. Ring sub-
stituents C2 (6 =29.58(13)°), O4 (0 = 16.44(11)°), and O5 (6 =9.82(11)°) can be
classified as axial, while C7 (6 =65.96(13)°) is equatorial; J is the angle sub-
tended between Cremer—Pople ring mean plane normal and substituent bond vec-
tor.25 The lactone ring (counting clockwise O4—C1—C2—>C3—C4) is less
puckered (¢ = 14.0(2) pm) and its conformation is closer to the envelope form,
with C3 as the flap. Its exact conformation is determined by ¢, = 130.5(3)°,
which means that the ring formally traversed 37 % along E4—3T4 pseudorot-
ational pathway.

Fig. 2. Molecular structure of 8 determined by single crystal
X-ray diffraction. Ellipsoids are drawn at 50 % probability
level. Hydrogen atoms are shown as spheres of arbitrary radii.

The key intermediate, alcohol 8, readily reacted with an excess of nonyl
bromide in ether, in the presence of silver(I)-oxide and a catalytic amount of
silver(I)-triflate, to give the expected 7-O-nonyl derivative 9 in 72 % yield.
Under similar experimental conditions, the primary alcohol 8 reacted with dif-
ferent alkyl bromides (Cg—Cg) to afford the corresponding ether derivatives 10—
—12 in good yields (Scheme 1).

In vitro antiproliferative activity

After completion of the synthesis, analogues 9—12 were evaluated for their in
vitro cytotoxicity against a panel of seven human tumour cell lines (human myel-
ogenous leukaemia, K562, promyelocytic leukaemia, HL-60, T cell leukaemia,
Jurkat, Burkitt’s lymphoma, Raji, ER" breast adenocarcinoma, MCF-7, ER™
breast adenocarcinoma, MDA-MB 231, and cervix carcinoma, HelLa) and one
normal cell line (foetal lung fibroblasts, MRC-5). Cell growth inhibition was eva-
luated after 72 h of cells treatment by using the MTT test.22 (-)-Muricatacin (1)
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and the commercial antitumour agent doxorubicin (DOX) were used as positive
controls in this assay.

According to the recorded /Csy (Table II), all tumour cell lines were
sensitive to all of the synthesised analogues (9-12). All four (—)-muricatacin
mimics 9-
—12) demonstrated diverse antiproliferative effects toward MDA-MB 231 and
Jurkat cells, in contrast to the lead 1, which was completely inactive against these
cell lines.

TABLE II. In vitro cytotoxicity ( IC50* / uM) of (—)-muricatacin (1), DOX and analogues 9—
20 after 72 h

Cell line
Compound =560 Jurkat Raji MCF-7 MDA-MB 231 Hela MRC-5
1 004 2585 >100 0.1 2135 >100 0.17  >100
9 1025 17.70 1540 2175 4.85 11.32 1350 >100
10 18.12 13.68 736 3584 111 28.33 912 >100
11 560 2454 2297 2849 1231 25.33 1151 >100
12 769 21.18 2534 27.03 1833 15.81 1522 >100
13 876 612 971 1595 22.18 39.48 6832 >100
14 9.09 1392 547 1685 18.77 28.26 18.02  >100
15 887 567 886 1733 2287 34.59 10.90  >100
16 565 742 525 11.82 2531 8.50 3379 >100
172 566 475 697 725 >100 >100 639  >100
18° 074 0.68 1978 425 0.34 28.70 341 >100
192 102 110 1153 598 238 9.76 0.56  >100
20 070 491 887 111 1234 15.62 354 >100
DOX 025 092 003 298 0.0 0.09 0.07  0.10

*Taken from reference?'

Also, all novel analogues (9—12) were more potent than lead 1 against HL-60
cell line.

The most active compound against the MCF-7 cells was analogue 10. This
molecule exhibited strong cytotoxicity (/Csg = 1.11 uM) although its potency
was 5.5 times lower than the activity of DOX (ICsg = 0.20 uM), but 19 times
higher than that of the control compound 1 (/Csg = 21.35 uM). The analogue 9
also showed very good activity (/Csg = 4.85 uM) against this cell line, which was
4 times higher than that of lead 1.

The conformationally restricted benzyl analogues of 1, compounds 13-16,
exhibited cytotoxic activity against all seven malignant cell lines. Against the
HL-60 cell line the previously synthesised analogues 13-16 showed from 1.85

* ICsq is the concentration of compound required to inhibit the cell growth by 50 % compared
to an untreated control. Values are means of three independent experiments. Coefficients of
variation were less than 10 %.
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times (analogue 14, /Cs59 = 13.92 uM) to 4.5 times (analogue 15, /Cs59 = 4.85
uM) better cytotoxicity than natural product 1 (/Csg = 25.85 uM).

Against Jurkat cell line benzyl derivatives 13—16 exhibited strong antiproli-
ferative effects (/Csq values in the range of 5.25-9.71 uM). However, the parent
compound 1 was completely inactive against this cell line.

Against the MCF-7 cell line analogues 13-16 demonstrated similar cyto-
toxicity (/Cso: 18.77—25.31 uM) as parent compound 1 (/Csq =21.35 uM).

All synthesised compounds showed diverse growth inhibitory effects against
the tested malignant cells, but were devoid of any significant cytotoxicity toward
the normal foetal lung fibroblasts (MRC-5), as well as the natural product 1, in
contrast to the commercial antitumour agent doxorubicin (DOX) that exhibited
potent cytotoxic activity (/Csg = 0.10 uM) against this cell line.

SAR analysis

Our previous findings showed that the introduction of an oxygen atom in the
side chain of (-)-muricatacin analogues increases the antiproliferative activity.2!
In this work we compared (—)-muricatacin analogues with this structural feature
and the changes were based on the position C-5, so we compared three series of
analogues: with OMe-group (9-12), with OBn-group (13-16) and with OH-group
(17-20) at that position.

Analogues 9-12 demonstrated better cytotoxicity than the parent compound
1 against most of the cell lines tested in this study (Fig. S-17A of the Supple-
mentary material). The corresponding benzyl derivatives (13—16) performed
better antiproliferative effects in comparison to the analogues 9—12 (Fig. S-17B).
Finally, the analogues with OH-group at C-5 position (17-20) were more potent
than benzyl analogues (13-16, Fig. S-17C). So, our further work will be focused
on the preparation of a larger number of similar analogues and then we will be
able to make a reliable conclusion that the free OH-group at position C-5 inc-
reases the cytotoxic activity of conformationally restricted (—)-muricatacin ana-
logues.

CONCLUSION

In conclusion, four novel (—)-muricatacin analogues (9-12) were designed
and synthesised from D-glucose as a starting compound. The newly synthesised
molecules, as well as the previously synthesised benzyl analogues (13—16), were
evaluated for their in vitro cytotoxic activity against seven human malignant cell
lines. A SAR study showed that the presence of additional tetrahydrofuran ring,
O-8 ether functionality, as well as the length of alkyl chain, may improve the
cytotoxicity of analogues toward the majority of cell lines under evaluation.

All synthesised compounds demonstrated diverse antiproliferative effects
against the human malignant cell lines but were devoid of any significant cyto-
toxicity towards the normal foetal lung fibroblasts (MRC-5). Hence, we believe
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that this approach may be of use in the search for novel, more potent and selec-
tive anticancer agents, derived from the natural product 1.

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/11924, or from the corres-
ponding author on request.
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U3BOJ
IOUBEPTEHTHA CUHTE3A U AHTUTYMOPCKA AKTUBHOCT HOBHX
KOH®OPMAIIMOHO KPYTUX AHAJIOTA (—)-MYPUKATAIIMHA

CJIABAHA M. CTAHUCABJbEBHER', BOJAHA M. CPERO 3EJIEHOBUR', MUPJAHA ITOTICABHH",
MAPKO B. POJJUR', BETUMUP ITOTNCABUH"” u BECHA B. KOJUR’
1YHueep3umem y Hosom Cagy, IIpupogho—mattiemaitiuuky Qaxyniteid, Jedapuiman 3a xemujy, buoxemujy u
3awimiuiny wusomine cpegune, Tpi Jocuitieja Odpagosuha 3, 21000 Hosu Cag, ZCpacxa axagemuja HayKa u
ymewmnocwiu, Knesa Muxauna 35, 11000 Beoipag u 3 Yuueepsuiiewi y Hogom Cagy, Meguyuncku paxyniiedd,
Onxonowxu unciiuityw Bojeogune, ITyi gp I'ongmana 4, 21204 Cpemcka Kamenuya

CuHTeTH30BaHa Cy YeTUPH HOBa KOH(MOPMAaLMOHO KpyTa aHajiora (—)-MypHKaTaliHa ca
METOKCHU-TPYIIOM y N0J10%ajy C-5 U ca aIKOKCUMETHI-TPYIoM Y DOYHOM HM3Y U HUCIIUTaHa je
BUXO0BA in vitro aHTUIPOIX(epaTUBHA aKTUBHOCT ITPpeMa celaM XyMaHHUX TYMODCKHUX U jeHOj
3npaBoj henujckoj muuHMju. CBU aHano3u (9—12) cy nmokasaaud pasiu4uTe aHTHIponudepart-
WBHe edeKTe NMpeMa CBUM HCIUTUBAHUM MAJUTHHUM henujckumM MHWHUjaMa, a H30CTala je
OUTOTOKCUYHA aKTHBHOCT mpema henujckoj MUHUjU HOpManHux dertanHux (ubdpodmacra
wiyha (MRC-5). SAR ananu3a nokasyje na yBohemwe TeTpaxugpodypaHCKOT IpCcTeHa, 3aMeHa
C-8 MeTH/IEeHCKe Tpyle ca eTapckoM (PYHKLIHjOM y OOYHOM HH3Y, Kao M OyXHHa DO4YHOT
JaHLa, MOTy OMTH Of 3Hayaja 3a LUTOTOKCUYHE edeKTe OBUX lakToHa. CBM HOBOJOOHjEHH
aHaJI03M Cy OWIIM MOTEHTHHjU off Bojeher jemumema (—)-mypukaranuHa npema HL-60 henwj-
CKOj TUHU]H..

(ITpumsbeno 13. jyHa, pesupupaHo 5. aprycra, npuxsaheno 18. asrycra 2022)
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PHYSICAL AND SPECTRAL DATA OF SYNTHESIZED COMPOUNDS

Methyl-(Z)-3-O-methyl-5,6-dideoxy-1,2-O-isopropylidene-o-d-xylo-hept-5-
enofuranuronate (4)

Colourless oil [a]p=—143 (¢ 0.5, MeOH), R=0.31 (3:2 PE/Et,0). IR
(CHCL3): viax 1721 (C=0), 1165 (O-C, ester). '"H NMR (400 MHz, CDCl;): ¢
1.20 and 1.39 (2 x s, 3 H each, CMe,), 3.22 (s, 3 H, OCH3;), 3.61 (s, 3 H,
CO,CHj3), 3.92 (d, 1 H, J;4=3.3 Hz, H-3), 4.48 (d, 1 H, J,,=3.9 Hz, H-2), 5.51
(ddd, 1 H, J4’5:6.9, J354:3.3, J4,6:1.6 HZ, H-4), 5.82 (dd, 1 H, J5,6:11.8, J456:1.7
Hz, H-6), 5.82 (d, 1 H, J,,=3.9 Hz, H-1), 6.19 (dd, 1 H, J5,=11.8, J45=6.9 Hz, H-
5). *C NMR (100 MHz, CDCls): ¢ 26.2 and 26.8 (2xCHs-isopropylidene), 51.3
(CO,CH;3), 58.0 (OCHs3), 77.6 (C-4), 82.2 (C-2), 86.2 (C-3), 104.9 (C-1), 111.5
(Me,(), 120.6 (C-6), 145.2 (C-5), 165.8 (CO,CH3). HRMS-Heated ESI-Orbitrap:
m/z 281.09908 (M'+Na), calcd. for C;;H;gNaOg: 281.10011; m/z 297.07278
(M™+K), caled. for C,H;sKO4: 297.07404.
Methyl-(E)-3-O-methyl-5,6-dideoxy-1,2-O-isopropylidene-o-d-xylo-hept-5-
enofuranuronate (35)

White crystals, mp 47 °C (Et,O/hexane), [a]p=—59.6 (c 0.5, CHCl;), R¢=0.20
(3:2 PE/Et,0). IR (CHCL): vmay 1724 (C=0), 1166.8 (O-C, ester). 'H NMR
(400 MHz, CDCl;): 6 1.34 and 1.51 (2 x s, 3 H each, CMe,), 3.39 (s, 3 H, OCH;),
3.75 (s, 3 H, CO,CH;), 3.78 (d, 1 H, J54=3.2 Hz, H-3), 4.62 (d, 1 H, J,,=3.8 Hz,
H-2), 4.80 (ddd, 1 H, Js5=4.9, J;,=3.0, J1c=1.7 Hz, H-4), 5.96 (d,1 H, J;,=3.8

* Corresponding author. E-mail: bojana.sreco@dh.uns.ac.rs
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Hz, H-1), 6.18 (dd, 1 H, Js¢=15.7, Jus=1.7 Hz, H-6), 6.97 (dd, 1 H, Jsc=15.7,
J4s=4.9 Hz, H-5). >C NMR (100 MHz, CDCl;): ¢ 26.1 and 26.8 (CMe,), 51.6
(CO,CHs3), 58.2 (OCH3), 79.3 (C-4), 81.9 (C-2), 85.6 (C-3), 104.8 (C-1), 111.8
(Me,C), 122.7 (C-6), 141.4 (C-5), 166.4 (-CO,CH;). HRMS-Heated ESI-
Orbitrap: m/z 281.09931 (M'+Na), calcd. for C;,H;sNaOg: 281.10011; m/z
297.0735 (M™+K), calcld. for C,H;sKOg: 297.07404.

Dimethylacetal 2,5-anhydro-6-deoxy-3-O-methyl-I-ido-hepturono-4,7-lactone (6)

Colorless oil; [o]p=—11 (¢ 0.5, CHCI3), R=0.26 (4:1 CHCI;/EtOAc). IR
(CHCL): vpax 1789 (C=0). '"H NMR (400 MHz, CDCL): ¢ 2.70 (d, 1 H,
Joacv=18.8 Hz, H-6a), 2.74 (dd, 1 H, Je,6,=18.8, Js s=4.2 Hz, H-6b), 3.42 (s, 3 H,
OCHj;, C-3),3.4413.47 (2 x s, 3 H each, OCHj), 3.99 (d, 1 H, J,3=3.6 Hz, H-3),
4.06 (dd, 1 H, J,,=7.3, J,5=3.7 Hz, H-2), 4.57 (d, 1 H, J,,=7.3 Hz, H-1), 4.90 (d,
1 H, J,5=4.5 Hz, H-4), 4.97 (m, 1 H, J,5=4.5, Js s=4.3 Hz, H-5).""C NMR (100
MHz, CDCl;): 6 36.0 (C-6), 53.6 and 55.2 (2 x OCH,;), 58.6 (OCH; C-3), 77.5
(C-5), 79.6 (C-2), 83.4 (C-3), 84.5 (C-4), 102.0 (C-1), 175.2 (C=0O). HRMS-
Heated ESI-Orbitrap: m/z 255.08469 (M'+Na), caled. for C;oH;¢NaOs:
255.08446.

3,6-Anhydro-2-deoxy-5-O-methyl-l-ido-heptono-1,4-lactone (8)

White, needle-like crystals, mp 78—80 °C (EtOAc/hexane), [a]p=10.2, (c
0.5, CHCL), R= 0.2 (3:2 CH,Cl/EtOAc). IR (CHCI3) v 3455 (OH), 1781
(C=0). '"HNMR (400 MHz, CDCl;): ¢ 2.14 (bs, 1 H, OH), 2.68 (dd, 1 H,
Jza,2b218.8, J2a,3:1-2 HZ, H-Za), 2.76 (dd, 1 H, Jza,zbzl&g, sz,3:5.7 HZ, H-Zb),
3.51 (s, 3 H, OCH,), 3.82 (dd, 1 H, J7.v=12.1, Js7.=4.4 Hz, H-7a), 3.88 (dd, 1 H,
Jamw =12.1, Jov=4.8 Hz, H-7b), 4.11 (d, 1 H, J5,=4.9 Hz, H-5), 4.23 (q, 1 H,
J5ﬂ6:4.7, J6ﬂ7:4.7, J6,7b:4~7 HZ, H-6), 4.95 (d, 1 H, J354:4.7 HZ, H-4), 5.01 (Il’l, 1
H, J5.5=1.2, J5,5=5.8, J54=4.7 Hz, H-3). °C NMR (100 MHz, CDCl;): 6 36.0 (C-
2), 58.6 (-OMe), 61.5 (C-7), 76.9 (C-3), 80.5 (C-6), 85.1 (C-5), 85.3 (C-4), 175.2
(C=0). HRMS-Heated ESI-Orbitrap: m/z 211.05787 (M'+Na), calcd. for
CsHpNaOs: 211.05824.
3,6-Anhydro-2-deoxy-5-O-metyl-7-O-nonyl-l-ido-heptono- 1,4-lactone (9)

Colorless, glassy crystals, mp 3841 °C (CH,Cly/hexane), [a], = —12.8 (c
0.45, CHCls); R=0.23 (1:1 PE/Et,0). IR (CHCL3): Vnay 1787.89 (C=0). '"H NMR
(400 MHz, CDCl;): 0 0.89 (t, 3 H, J = 6.9 Hz, CH; from side chain), 1.24-1.33
(m, 12 H, 6 x CH, from side chain), 1.59 (m, 2 H, OCH,CH,(CH,)sCH3), 2.70
(dd, 1 H, J23,2b=19.0, Jza’3:2.3 HZ, H—Za), 2.76 (dd, 1 H, Jzaﬂzbzlg.g, szj3:4.9 HZ,
H-2b), 3.40-3.54 (m, 5 H, OCH; and OCH,(CH;);CH3), 3.60 (dd, 1 H,
J7a,7b:10-37 J6,7a: 6.3 HZ, H-7a), 3.65 (dd, 1 H, J7a,7b:10~3, J6,7b:4-7 HZ, H-7b),
4.00 (bd, 1 H, J56=4.1 Hz, H-5), 4.25 (dt, 1 H, Js¢=4.4, Js v=4.5, Js7.=6.3 Hz, H-
6), 4.94 (dd, 1 H, J;4=4.8, J,5=0.8 Hz, H-4), 4.97 (m, 1 H, J5,5=2.3, J2,5=4.5,
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J54=4.8 Hz, H-3). ”C NMR (100 MHz, CDCl;): 6 14.1 (CH3), 22.7, 26.1, 29.3,
29.5, 29.6, 29.6, 31.9 (7xCH; from side chain), 36.0 (C-2), 58.6 (OCHj;), 68.4
(C-7), 71.8 (OCH,(CH,);,CH3;), 76.7 (C-3), 79.6 (C-6), 83.9 (C-5), 84.9 (C-4),
175.4 (C=0). HRMS-Heated ESI-Orbitrap: m/z 337.19785 (M" + Na), calcd. for
Cy7H30NaOs: 337.19854.
3,6-Anhydro-2-deoxy-5-O-metyl-7-O-octyl-l-ido-heptono-1,4-lactone (10)

White cristals, mp 37-39 °C (Et,O/hexane), [a], = —17.2 (¢ 0.5, CHCl;);
R=0.15 (7:3 PE/Et,0). IR (CHCL3): Vinax 1791.06 (C=0). 'H NMR (400 MHz,
CDCl3): 0 0.89 (t, 3 H, J=6.9 Hz, CH3;), 1.22-1.36 (m, 10 H, 5 x CH, from side
chain), 1.52-1.64 (m, 2 H, OCH2CHQ(CH2)5CH3), 2.70 (dd, 1 H, Jza,2b218.9,
Jr3=2.1 Hz, H-2a), 2.78 (dd, 1 H, J5,,=18.9, Ja,3 = 4.9 Hz, H-2b), 3.39-3.53
(m, 2 H, OCH,(CH,)sCH3), 3.47 (s, 3 H, CH;3 from OCHj;), 3.59 (dd, 1 H,
J7a7=10.3, Js7. =60.4 Hz, H-7a), 3.64 (dd, 1 H, J7,=10.3, Js7v=4.8 Hz, H-7b),
3.99 (bd, 1 H, J5,=4.0 Hz, H-5), 4.25 (dt, 1 H, Js7.=6.3, Jo v=4.6, Js =4.4 Hz, H-
6), 4.94 (dd, 1 H, J3’4:4.8, J4ﬂ5:0.8 HZ, H-4), 4.97 (td, 1 H, Jza,3:2.2, sz,3:4.9,
J54=4.9 Hz, H-3).”C NMR (100 MHz, CDCl;): 14.1 (CH;), 22.6, 26.1, 29.2,
29.4, 29.6, 31.8 (6 x CH, from side chain), 36.0 (C-2), 58.6 (OMe), 68.4 (C-7),
71.8 [OCH,(CH;)sCH3;], 76.8 (C-3), 79.6 (C-6), 83.9 (C-5), 84.9 (C-4); 175.4
(C=0). HRMS-Heated ESI-Orbitrap: m/z 323.18393 (M’ + Na), calcd. for
Ci6HpsNaOs: 323.18289.
3,6-Anhydro-2-deoxy-7-O-heptyl-5-O-metyl-l-ido-heptono-1,4-lactone (11)

White, needle-like cristals, mp 44—45 °C (Et,0O/hexane), [a]p=—10.0 (¢ 0.5,
CHCL3), R=0.16 (3:2 PE/Et,0). IR (CHCl;) vmax 1791 (C=0)."H NMR (400
MHz, CDCl;): 0 0.86 (t, 3 H, J=6.9 Hz, CH; from side chain), 1.22—-1.33 (m, 8
H, 4xCH, from side chain), 1.56 (m, 2 H, OCH,CH,(CH,),CH,), 2.66 (dd, 1 H,
Jza,2b218.8, Jza,3:1.6 HZ, H-2a), 2.73 (dd, 1 H, Jza,zb:18.8, J2b,3:5-3 HZ, H-2b),
3.37-3.55 (m, 2 H, OCH,(CH,)sCH3), 3.46 (s, 3 H, OCH;), 3.56 (dd, 1 H,
J7a,7b:10-3a J6’7a:6.4 HZ, H-7a), 3.61 (dd, 1 H, J7a,7b:10-3, J6,7b:4.8 HZ, H-7b),
3.96 (d, 1 H, J5,=4.0 Hz, H-5), 4.22 (dt, 1 H, J5s~=4.4, J»c=4.5, J67.=6.3 Hz, H-
6), 491 (d, 1 H, J5,=5.0 Hz, H-4), 4.94 (m, 1 H, J5,5=1.8, J2,5=5.0, J;,=5.0 Hz,
H-3).*C NMR (100 MHz, CDCl;): 6 14.1 (CH3), 22.6, 26.0, 29.1, 29.6, 31.8 (5 X
CH, from side chain), 36.0 (C-2), 58.6 (OCHj), 68.4 (C-7), 71.8
[OCH,(CH;)sCHj3], 76.8 (C-3), 79.5 (C-6), 83.9 (C-5), 84.9 (C-4), 175.4 (C=0).
HRMS-Heated ESI-Orbitrap: m/z 309.16716 (M++Na), calcd. for C;sHysNaOs:
309.16779.

3,6-Anhydro-2-deoxy-7-0-hexyl-5-O-metyl-l-ido-hexyl-1,4-lactone (12)
White crystals, mp 55 °C, (Et,O/hexane); [a]p=—13.2 (¢ 0.5, CHCl),

R=0.26 (7:3 PE/Et,0). IR (CHCl3) v 1790 (C=0). 'H NMR (400 MHz,
CDCl;): 6 0.90 (t, 3 H, J=6.9 Hz, CH; from side chain), 1.23-1.39 (m, 6 H, 3 x
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CH, from side chain), 1.60 (m, 2 H, OCH,CH,CH,);CH3), 2.71 (dd, 1 H,
Jza,2b218.8, J23’3:2.2 HZ, H-2a), 2.76 (dd, 1 H, Jza,zbzl&g, sz,3:4.9 HZ, H-Zb),
3.41-3.54 (m, 5 H, OCH;1 OCH,(CH;)4CHs), 3.60 (dd, 1 H, J7,7,=10.3, J57,=6.3
Hz, H-7a), 3.65 (dd, 1 H, J7,=10.3, Js7n=4.8 Hz, H-7b), 4.00 (d, 1 H, J5,=4.0
Hz, H-5), 422 (dt, 1 H, Js¢=4.4, Jon=4.5, Js7.=6.3 Hz, H-6), 492 (d, 1 H,
J34=4.8 Hz, H-4), 4.94 (m, 1 H, J5,5=2.2, Jy,5=4.8, J54=4.7 Hz, H-3). C NMR
(100 MHz, CDCl3): 6 14.0 (CH3), 22.6, 25.7, 29.5, 31.6 (4 x CH, from side
chain), 36.0 (C-2), 58.5 (OCHs), 68.4 (C-7), 71.8 [OCH,(CH,)sCHs], 76.8 (C-3),
79.5 (C-6), 83.8 (C-5), 84.9 (C-4), 175.4 (C=0). HRMS-Heated ESI-Orbitrap:
m/z 273.17019 (M'+H), calcd. for C,4H,50s: 273.1702; m/z 295.15213 (M+Na),
calcld. for C4H4NaOs: 295.15214.

NMR SPECTRA OF FINAL PRODUCTS
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Fig. S-4. "C-NMR spectrum of 5 (100 MHz, CDCL5).
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Fig. S-12. PC-NMR spectrum of 10 (100 MHz, CDCL5).
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Fig. S-13. "H-NMR spectrum of 11 (400 MHz, CDCls).
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SAR ANALYSIS

T
10

T
0

T
ppm

Compound
1
9

10
11
12
13
14
15
16
17
18
19
20"

K562 HL60 Jurkat Raji MCF-7 MDA-MB 231 HeLa
0.04 25.85 100 0.1 21.35 100 0.17
10.25 17.7 15.4 21.75 4.85 11.32 13.5
18.12 13.68 7.36 35.84 1.11 28.33 9.12
5.6 24.54 22.97 28.49 12.31 2533 11.51
7.69 21.18 25.34 27.03 18.33 15.81 15.22
8.76 6.12 9.71 15.95 22.18 39.48 68.32
9.09 13.92 5.47 16.85 18.77 28.26 18.02
8.87 5.67 8.86 17.33 22.87 34.59 10.9
5.65 7.42 5.25 11.82 2531 8.5 33.79
5.66 4.75 6.97 7.25 102.36 296.78 6.39
0.74 0.68 19.78 4.25 0.34 28.7 3.41
1.02 1.1 11.53 5.98 2.38 9.76 0.56
0.7 491 8.87 1.11 12.34 15.62 3.54

“ICs, is the concentration of compound required to inhibit the cell growth by 50% compared to an untreated
control. Values are means of three independent experiments. Coefficients of variation were less than 10 %.
®Taken from reference'

The structure-activity relationships were accessed as follows: the /Csy values
of two compounds were compared, and the A log /Csy was calculated (A log ICs
is a difference between the log ICsy values of an analogue and the corresponding
control compound). Positive A log ICsy values show a decrease of antipro-
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liferative activity, whereas negative values indicate an increase in the activity
upon the structural modification being considered. The results are presented in
Figure S-17.
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CRYSTAL STRUCTURE DETERMINATION

Diffraction experiments were performed on a Gemini S diffractometer. Data
collection and reduction procedures were computed with CrysAlisPro.” Crystal
structure was solved with SHEXLT,’ and refined with SHEXL,* utilizing
ShelXle’ as a graphical user interface. The structure was validated internally by
PLATON® and externally against Cambridge Structural Database’ data by
MOGUL? utility within Mercury CSD.’ Crystallographic and refinement details
are deposited in the Cambridge Crystallographic Data Centre under CCDC
2164235, obtainable free of charge from https://www.ccdc.cam.ac.uk/structures/.
Selected crystallographic and refinement details are listed in Table S-II.

Table S-II. Pertinent crystallographic and refinement details of compound 8

Crystal data

Chemical formula CsH ;5,05
M, 188.18
Crystal system Orthorhombic
Space group P2,2,2,
Temperature, K 295

al A 7.4251 (2)
b/ A 7.7715 (2)
clA 16.2624 (5)
v/ A? 938.41 (5)
z 4
Radiation type Mo Ko
u/mm’ 0.11

Crystal size, mm

0.58 x0.36 x 0.28

Data collection

Diffractometer Gemini S (Oxford Diffraction)
Absorption correction Multi-scan
Tnins Tnax 0.918, 1.000
No. of measured 8304
No. of independent 2259
No. of observed [/ > 2a(])] reflections 1989
Rin 0.021
(sin 6/ A)pax / A 0.687
Refinement

R[F* > 20(F")] 0.036
WR(F?) 0.087

S 1.07
No. of reflections 2259
No. of parameters 123
H-atom treatment Mixed
MPrmass Apmin | € A7 0.12,-0.18
Absolute structure parameter Meaningless
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Abstract: The necessity of anti-inflammatory drugs such as glucocorticoids has
been evident during the COVID-19 pandemic. Glucocorticoids, are the stan-
dard therapy for the treatment of moderate and severe COVID-19 patients.
However, serious side effects limit the use of these drugs, and anti-inflam-
matory drugs with better pharmacological properties are urgently required. Bile
acids are of interest, because of their anti-inflammatory and immunomodul-
atory properties, facilitated through an unclear mechanism involving trans-
membrane and nuclear receptors. In this work, we screened the binding activity
of a number of bile acid derivatives, for the ligand-binding domain of glucocor-
ticoid receptor (GR-LBD), the most important receptor for anti-inflammatory
processes. Tested compounds include oximes, lactones, lactams, tetrazoles,
dienones, C-24 alcohols and cholic acid amides. Cholic acid oxime, deoxycho-
lic acid dienone, 3-keto-24-cholic alcohol and cholic acid amide showed best
binding affinities for GR-LBD among tested compounds. The in silico mole-
cular docking explanation is provided. SAR analysis showed that expansion of
B and C steroid rings or attachment of heterocycle to C ring is not beneficial
for binding; side chain should contain hydrogen donor group; the GR-LBD
tolerate well different functionalities on C-3 position. These results provide valu-
able information toward synthesis of the new glucocorticoids based on bile acids.

Keywords: organic synthesis; docking studies; molecular modelling.

INTRODUCTION

Glucocorticoids (GCs) are a class of steroid hormones that are among the
most commonly prescribed drugs used for the treatment of allergic, inflam-
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matory, and immune disorders such as rheumatoid arthritis, asthma, brain edema,
shock, and various blood cancers.!2 More recently, they were also the first drugs
shown to reduce deaths from COVID19.3 GCs are the most effective, cost-effi-
cient, and necessary anti-inflammatory and immunomodulatory drugs available.
However, the use of GCs is limited by serious adverse effects, such as diabetes,
osteoporosis, muscle wasting, hypertension, and glaucoma. Also, certain groups
of patients do not respond well to GC therapy.# Thus, there is an urgent medical
need for new molecules with both enhanced GC therapeutic activities, and fewer
or less severe side effects. GCs mediate their effects via the glucocorticoid rec-
eptor (GR), a ligand-activated transcription factor. GC activated GR performs its
anti-inflammatory functions through a number of mechanisms, among which the
most important are transrepression and transactivation.5:0

As steroid molecules, bile acids (BAs) play important roles as hormones that
regulate a large number of metabolic processes, including inflammation. BAs are
enzymatically synthesized in hepatocytes from cholesterol, conjugated with gly-
cine or taurine, and stored in the gallbladder. When food is ingested, liver-syn-
thesized primary BAs are secreted in the small intestine where they emulsify
dietary lipids and lipid-soluble vitamins, enabling their absorption. A fraction of
primary BAs is converted to secondary BAs by intestinal microbiota. Secreted
BAs are reabsorbed and returned to the liver by a very efficient process known as
enterohepatic circulation. The hormonal role of BAs is mediated through the BA-
-activated nuclear receptor farnesoid X receptor (FXR), which controls gene
transcription in BA homeostasis and via G-protein coupled receptor TGRS.
TGRS is broadly expressed in humans and is involved in various physiological
and pathological processes, including energy expenditure, glucose homeostasis,
obesity, and bile acid homeostasis.”

The anti-inflammatory properties of BAs were reported by Hench in the
1930s. He observed alleviation of rheumatic symptoms in patients with the onset
of severe jaundice, a side effect associated with increased BA serum concentra-
tions.8 BAs were first used as starting compounds for the synthesis of cortisol,
which resulted in the 1950 Nobel Prize in Physiology or Medicine for Hench,
Kendall and Reichstein.” FXR is involved in the pathophysiology of several inf-
lammatory diseases, including non-alcoholic fatty liver diseases, inflammatory
bowel disease and atherosclerosis.10:11 Activation of TGRS in macrophages and
monocytes suppresses lipopolysaccharide-induced production of cytokines and
prevents liver damage. The beneficial effects of TRGS activation were noticed in
multiple inflammatory diseases, including diet-induced obesity, atherosclerosis,
colitis and steatohepatitis. More information about TGRS and immunometa-
bolism can be found in an excellent review by Perino and Schoonjans.12

Although the hormonal and anti-inflammatory activity of BAs via FXR and
TGRS pathways is well established, there is reasonable evidence that some of the
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anti-inflammatory activities of BAs is also mediated through GRs. It was found
that 5f-cholanic acid can bind to GR and modulate GR signaling in cell models of
Parkinson’s disease.!3 Taurochenodeoxycholic acid also exhibited anti-inflammat-
ory and immunomodulatory properties by inhibiting transcription and expression of
AP-1 vig stimulation of the GR.14 Ursodeoxycholic acid exerts immune-suppres-
sive effects by reducing IFN-y production by liver lymphocytes, such as NK and
NKT cells, in a GR-dependent manner, which may be an important immunological
mechanism. !5

The promiscuity of bile acids for FXR, TGRS and GR could be exploited in
an anti-inflammatory and immunomodulatory manner. In the present work, we
explored the GR binding affinity of BA derivatives as a screen for unexplored
BA structural features that may be important for GR binding. This work is aimed
at the development of anti-inflammatory compounds that could lead to drugs
with fewer side effects than current GCs.

EXPERIMENTAL
General synthetic methods

IH- and 13C-NMR spectra were recorded on a Bruker Avance I1I HD 400 (400 MHz 1H,
101 MHz 13C) apparatus using tetramethylsilane as an internal standard. HRMS spectra
(TOF) were recorded on a 6210 time-of-flight LC/MS Agilent Technologies (ESI+)
instrument. IR spectra were recorded on a Perkin Elmer Spectrum Two FT-IR spectrometer,
and Thermo Nexus 670 FT-IR spectrometer, and melting points were determined on Stuart
MP-10 apparatus. Flash chromatography was performed on silica gel 60 (0.04-0.063 mm,
Merck). Synthesis of compounds 28 and 29 was done according to a procedure described in
our earlier publication,!® and compound 27 was obtained following the Igbal and Elliott pro-
tocol.!7 For synthesis of 25, we used a different route then Leppik,'® and 1 was obtained by a
method described by Hiittenrauch.!®

Spectral data of the compounds are given in the Supplementary material to this paper.
(3EZ, 7Z, 12Z)-3,7,12-Trioximino-5B-cholan-24-oic acid (1)

NaOAc (1.09 g, 13.3 mmol) and NH,OHxHCI (0.45 g, 7.09 mmol) were added to a
suspension of dehydrocholic acid (DCA, 0.63 g, 1.6 mmol) in MeOH (20 mL). The mixture
was refluxed for 40 min, and the resulting suspension filtered and washed with cold water.
Compound 1 was obtained as a pure mixture of geometric isomers, as a white powder with a
yield of 0.6541 g (91 %; thermal decomposition before melting started at 240 °C).

Methyl (7Z,127)-3,3-dimethoxy-7, 1 2-dioximino-5B-cholan-24-oate (2)

NaOAc (0.80 g, 9.8 mmol) and NH,OHxHCI (0.25 g, 3.9 mmol) were added to a solution of
3 (0.44 g, 1 mmol) in MeOH (20 mL). The mixture was refluxed for 1 h, and the resulting sus-
pension filtered and washed with cold water and dried. Pure compound 2 was obtained as a white
powder at a yield of 0.35 g (72 %; thermal decomposition before melting started at 240 °C).

Methyl 3,3-dimethoxy-7,12-dioxo-5B-cholan-24-oate (3)

TsOH (0.16 g, 0.9 mmol) and 2,2-dimethoxypropane (7 mL, 57 mmol) were added to a
solution of DCA (1 g, 2.5 mmol) in MeOH (50 mL). The mixture was refluxed for 3 h,
evaporated under vacuum, dissolved in EtOAc, washed with cold water (2x15 mL) and dried.
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Pure compound 3 was obtained as a white powder at a yield of 1.1 g (93 %; thermal decom-
position before melting started at 225 °C).
12a-Hydroxy-3-oxo-5B-chola-4,6-dien-24-oic acid (25)

Compound 27 (0.4985 g; 1.05 mmol) was dissolved in methanolic KOH (1 g; 17.8 mmol
in 50 mL MeOH) and refluxed for 30 min. After reaction completion, the reaction mixture
was poured into water (200 mL) and acidified with HCI1 (1:2) to pH 1. The resulting precipit-
ate was filtered, washed with brine to neutral pH and dried. The raw mixture was purified by
flash chromatography (CH,Cl,/EtOAc 94:6). Compound 25 was obtained as white needle-like
crystals (after recrystallisation from acetone) at a yield of 0.3642 g (90 %); mp 251 °C, mp
1it.20 249-252 °C.
12a-Hydroxy-3-oxo-5B-chola-4,6-dien-24-oic acid (25) and ethyl 12a-hydroxy-3-oxo-5p-
-chola-4,6-dien-24-oate (26)

Compound 27 (0.4872 g; 1.02 mmol) was dissolved in ethanolic KOH (0.19 g; 3.4 mmol in
70 mL EtOH) and refluxed for 1 h. After reaction completion, reaction mixture was poured in
water (200 mL) and acidified with HCI (1:2) to pH 1. The resulting precipitate was filtered,
washed with brine to neutral pH and dried. The raw mixture was purified by flash chroma-
tography (CH,Cl,/EtOAc 94:6). Compound 25 was obtained at a yield of 0.1116 g (28 %) and
compound 26 (mp 136 °C) at a yield of 0.2872 g (67 %).
2-(5B-Chol-3-ene-7a, 120,24-triol)-N-(1-hydroxy-2-methylpropan-2-yl)acetamide (30)

Triethylamine (0.3 mL), 2-amino-2-methyl-1-propanol (0.2 mL, 1.1 mmol) and EEDQ
(0.23 g, 0.9 mmol) were added to a suspension of compound 29 (0.299 g, 0.69 mmol) in
EtOAc (10 mL). The reaction mixture was refluxed for 5 h. After cooling to room tempera-
ture, the reaction mixture was washed successively with 3 M HCl (2x4 mL), H,O (4 mL), 10
% NaHCOj; (2x10 mL) and then with water to neutrality (3x5 mL). The organic layer was
dried and evaporated in vacuum to give an oily residue, which was further purified by flash
column chromatography (CH,Cl,/MeOH 96:4). Pure 30 was obtained at a yield of 0.2612 g
(75 %).

Fluorescent assay in yeast

A yeast-based fluorescent screen was applied for testing the relative binding affinities of
BA derivatives 1, 2, 4-23 and 25-31 for the GR ligand binding domain (LBD). Assays were
conducted following our previously published procedure; optimized for identification of stero-
idal ligands of the GR.2!:3 Saccharomyces cerevisiae FY250 strain (MATa, ura3-52,
his32A00, leu2A1l, trplA6) and expression vector pRF4-6-rGR LBD-EYFP were kindly pro-
vided by Dr. Blake Peterson from The University of Kansas.?? Yeast cells were transformed
with plasmid DNA by treatment with lithium acetate and polyethylene glycol, to improve the
efficiency of exogenous DNA uptake, following the procedure of Gietz et al.23 Transformed
yeast cells were then incubated at 30 °C until the appearance of transformant colonies on agar
plates. Selection medium supplemented with 2 % raffinose was then inoculated with recom-
binant yeast cells grown to saturation in a Biosan orbital shaker-incubator ES-20/60. Saturated
yeast cells were diluted in fresh medium and grown to mid-logarithmic phase (ODgggnm =
0.5), monitored using a Nicolet Evolution 100 UV—Vis spectrophotometer. Protein expression
was induced by addition of galactose to a final concentration of 2 %. Bile acid derivatives,
prednisolone or estradiol (high- and low-affinity GR ligands) were added to a final concen-
tration of 100 uM. Stock solutions of all tested compounds were freshly prepared in DMSO.
Incubation was continued for 15 h at 25 °C. Resulting fluorescence intensity was detected by
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fluorimeter (Fluoroskan Ascent FL) and fluorescence microscopy (Olympus BX51) using a
FITC filter. For fluorimetry, 150 pL of cell suspension was added to a microplate in triplicate
and fluorescence was recorded using an excitation and emission filter set of 485 and 538 nm.
Growth medium without cells served as a blank. To normalize fluorescence intensity to cell
number, the optical density of yeast cells was measured at 600 nm using a Thermo Lab sys-
tems Multiscan EX spectrophotometer. Ligand binding affinity was calculated as the fold
fluorescence change between cells exposed to test compounds and those treated with negative
control ligand, estradiol. Histograms showing the relative binding affinity of bile acid derivat-
ives and control ligands for GR-LBD were created in Origin Pro 8 with included error bars,
obtained by propagation of standard error of the mean. Additionally, the fluorescence intensity
distribution of recombinant yeast cells expressing GR LBD-YFP treated with bile acid deri-
vatives or control compounds, was visualized by fluorescence microscopy.
Molecular docking

Coordinates for the GR-LBD receptor were converted to PDBQT format in the program
VegaZZ using the available “receptor.c” script.2* Structural coordinates for compounds 1, 25,
28 and 31 were created in the program Avogadro 1.0.3;25 Avogadro: an open-source mole-
cular builder and visualization tool based on the structure of dexamethasone, taken from PDB
1M2Z.26 Ligand geometries were optimized in Avogadro 1.0.3 using an MMFF94 force field
and 500 steps of conjugate gradient minimization with a convergence setting of 10e-7. Non-
-polar hydrogens were merged and gasteiger partial charges added in VEGAZZ 3.1.0,27 using
the “ligand.c” script, and resulting ligand coordinates were converted to PDBQT format for
Autodock. Grid maps for atoms present in the tested compounds were created using the pro-
gram AutoGrid, with a grid center of 31.04, 7.76, 12.52, grid spacing of 0.0375 nm and diel-
ectric of —0.1465. Docking simulations in Autodock 4.2,2° were conducted using the Lamarck-
ian genetic algorithm with the following parameters: GA population size 150. GA num evalu-
ations 250000. GA num generations 27000. AutoGrid calculations and Autodock simulations
were conducted using the PyRx virtual screening tool (version 0.8).27 Results were visualized
in the program PyMol (v0.99).28

RESULTS AND DISCUSSION
Chemistry

Compounds used in the present study were chosen to examine the influence
of easy-to-achieve modifications of the BA molecule on GR binding affinity.
Structures of compounds investigated in the present work can be categorized into
roughly seven categories: oximes, lactones, lactams, tetrazoles, dienones, C-24
alcohols and cholic acid amides.

Structures of oxime derivatives are shown in Fig. 1.

Synthesis of oximes 1 and 2 is shown in Scheme 1. The reaction of dehydro-
cholic acid (DCA) with hydroxylamine hydrochloride afforded a mixture of geo-
metric isomers 1, at the C-3 oxime group. The mixture of isomers 1 was obtained
with a yield of 91 % and individual isomers were not separated. The isomer ratio
of 1 could be speculated to be 3:2 based on the intensity of C-3 signals (156.87
and 156.67 ppm) present in 13C-NMR spectra. Compound 2 was obtained in a
two-step sequence. First, the carbonyl group at C-3 was regioselectively trans-
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formed into acetal, while the carboxyl group was esterified which afforded 3 in
excellent yield (93 %). This reaction represents a very good way for regioselect-
ive protection of the C-3 bile acid carbonyl group. Next, C-7 and C-12 carbonyl
groups were converted into oxime to obtain dioxime 2.

Scheme 1. Reagents and conditions: a) NH,OHxHCI, NaOAc, MeOH, 40 min, reflux;
b) MeOH, 2,2-dimethoxypropane, TsOH, 3 h, reflux.

Unlike 1, compound 2 was obtained as a stereochemically pure compound.
The stereochemistry of oxime groups at C-7 and C-12 was determined as Z-based
on the absence of cross-peaks in NOESY NMR spectra that originate from, the
through space, interaction of oxime hydrogens with any steroid skeleton hydro-
gens. Only the Z configuration for the oxime groups could provide enough dis-
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tance to explain the lack of NOE interactions. Stereochemistry could be exp-
lained by the larger volume available for hydroxyl groups if the oximes have a Z
configuration (Fig. 2). Oximes 4,29 530 and 63! were prepared by procedures
found in the corresponding literature.

Fig. 2. Different perspectives of 2 show the
available space for Z-oriented oxime groups
at C-7 and C-12.

Bile acid derivatives with a lactone or lactam moiety in B or C steroid ring
(Fig. 3) 7-14 were synthesized according to published procedures,31-33 while the
stereochemistry and physicochemical properties of these compounds were des-
cribed by Posa et al.34

0 - 0 B 0 -
0 ° NH o NH o
H H H
A OH 5 OH 5 OH
A | A | A
Ho > HO' ) HO' ) OH
12 13 14

Fig. 3. Structures of bile acid lactone and lactam derivatives 7-14.

The structures of tetrazoles 15-23 used in the present work are shown in Fig.
4. Tetrazole rings are fused on B and C steroid rings.

The general synthesis of tetrazole compounds is shown in Scheme 2, using the
synthesis of 16 as an example. Bile acid derivative 24, with C-3 acetoxy, C-24
ethoxycarbonyl groups, and a carbonyl group at C-12, was subjected to Schmidt
reaction condition (Scheme 2) with trimethylsilyl azide as an azide source and tri-
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methylsilyl trifluoromethanesulfonate as an amide intermediate activator. Details
of the synthesis of the tetrazole compounds used in the present study have been
published by our group.35

COOEt

AcO™ AcO™

COOEt

AcO"

AcO™

AcO™

21 22 23

24 16

Scheme 2. The general synthesis of tetrazole compounds 15-23 is illustrated using the
synthesis of 16 as an example. Reagents and conditions: TMSN3, TMSOTT, ACN, rt, 3 h (a).

Structures of dienones 25 and 26, alcohols 28 and 29 and amides 30 and 31
are shown in Fig. 5.

Dienones 25 and 26 were obtained by the following procedures: when com-
pound 27 (Scheme 3) was refluxed in methanolic potassium hydroxide solution,
elimination and hydrolysis occurred to afford 25 at a yield of 90 % (78 % rep-
orted by Leppik et. al.13). Reaction samples were collected every 5 min and since
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only one product was detectable by TLC, it appears that both elimination and
hydrolysis reactions occur simultaneously. The same result was obtained upon
treatment of 27 with methanolic KOH solution for five days at room temperature,
or 2 M NaOH solution for five hours at room temperature, or by reflux with HCI
solution (1:3) in water/acetone 5/7 for five hours. When ethanol was used instead
of methanol, in addition to 25 (28 %), transesterification occurs to afford ethyl
ester 26 (67 %). Signals corresponding to vinylic protons in 25 are easily visible
by !H-NMR as overlapping singlet peaks of H-4 and H-6 at 6.16 ppm, and a
singlet from H-7 at 5.61 ppm. An additional quartet at 4.03 and a triplet at 1.16 in
the ITH-NMR of 26 suggests the presence of an esterified carboxyl group.

a: 25 R=H

b: 26 R=Et

Scheme 3. Reagents and conditions: a) KOH, MeOH, 0.5 h, reflux; b) KOH, EtOH, 1 h,
reflux; c) HCI, H,O.

Easily obtainable and well-known 3-dehydrocholic acid (3DCA) was trans-
formed into the bile alcohol 28 using acetal protection as seen in 3, and sub-
sequent reduction (Scheme 4). The same bile alcohol 28 was transformed into 29
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using a Wittig—Horner—Emmons reaction. Details concerning the synthesis of 28
and 29 are available in our previous publication.16

OH OH

Protection/reduction/
deprotection
—

3DCA 28
Scheme 4. Synthesis of bile alcohol 28.

Compound 30 was obtained in the good yield (75 %) by reaction of 29 with
2-amino-2-methyl-1-propanol using EEDQ as a coupling agent (Scheme 5).

29 30

Scheme 5. Reagents and conditions: 2-Amino-2-methyl-1-propanol, EEDQ, TEA, EtOAc, 5 h,
reflux (a).

The cholic acid amide 31 (Fig. 5) was synthesized according to a procedure
reported by Miljkovi¢ et al.3¢

Fluorescent assay in yeast

In order to test the relative binding affinities of the synthesized BA derivatives,
we used a yeast-based fluorescent screen that is optimized for identification of stero-
idal ligands of the glucocorticoid receptor, as previously described.!3-21 Briefly, the
fluorescence intensity of yeast cells expressing the ligand-binding domain (LBD) of
the glucocorticoid receptor (GR) fused to a yellow fluorescent protein (YFP) has
been shown to respond in a dose-dependent manner to treatment with GR agonists
such as prednisolone.!32! Because the assay is measured in yeast, the concentration
of ligand required to elicit a response may not necessarily be the same concentration
that would affect GR activity in vivo. During optimization of the assay, we measured
dose response for a positive control ligand (prednisolone, Fig. S-1 of the Supple-
mentary material). As assay sensitivity was highest at a final prednisolone concen-
tration of 100 uM, bile acid derivatives were tested at 100 uM. In the present study,
bile acid derivatives 1, 2, 4-23 and 25-31 were tested against GR-LBD, by mea-
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suring fold fluorescence changes between cells exposed to test compounds compared
with those treated with a negative control ligand, E2 (estradiol), or a positive control
GR agonist (prednisolone). It can be seen in Fig. 6, that bile acid derivatives 1, 25, 28
and 31 displayed fold fluorescence changes indicative of moderate binding affinity
for GR-LBD compared with prednisolone or estradiol.

i

1,6 1

©
1

Fold fluorescence

=]
[«
1

0,6 m
T T T T T

T T T T T T T T T
E2 P 1 2 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 25 26 27 28 29 30 31

Fig. 6. Bile acid derivatives 1, 25, 28 and 31 showed fold fluorescence changes consistent
with moderate binding affinity for GR-LBD-YFP based on a fluorescent screen in yeast
following 15 h exposure at a final concentration of 100 uM. Ligand binding affinity was

calculated as the fold fluorescence change between cells exposed to test compounds
compared with those treated with negative control ligand, E2 (estradiol), measured by
fluorimetry. Prednisolone (P) was tested as a positive control GR agonist.

To validate these results, yeast cells treated with the same compounds were
also visualized by fluorescence microscopy. As can be seen in Fig. 7, treatment
of recombinant yeast expressing GR-LBD-YFP with the GR agonist predniso-
lone resulted in a strong increase and relocalization of fluorescence intensity,
while treatment with compounds 1, 25, 28 and 31 resulted in a more moderate
increase in overall fluorescence intensity compared to cells treated with negative
control estradiol.

Fig. 7. Recombinant yeast cells expressing GR-LBD-YFP
treated with 100 uM estradiol (E2, negative control GR
ligand), prednisolone (P, positive control GR ligand) or test
BA derivatives 1, 25, 28 and 31 for 15 h, visualized using a
fluorescence microscope. The intensity of cell fluorescence
is proportional to GR ligand binding affinity.

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

(CC) 2023 SCS.



1 3 4 BJEDOV et al.

Molecular docking

Based on fluorescent screening in yeast, compounds 1, 25, 28 and 31 have
moderate binding affinity for GR-LBD compared with prednisolone, a strong GR
agonist. To visualize these results in a molecular framework, binding poses and
binding energies were predicted for compounds 1, 25, 28 and 31 by molecular
docking in the program Autodock.3” Because the structure of GR in complex
with prednisolone has not been published, coordinates for GR-LBD in complex
with another GR agonist, dexamethasone (PDB 1M2Z7), were used as ‘receptor’
for docking.26 For all docking simulations, the receptor was kept rigid and the
ligand was allowed to rotate around flexible bonds. To validate the Autodock
protocol for our system, control redocking simulations were conducted using
dexamethasone as a positive control “ligand”. Autodock correctly reproduced the
X-ray structure with an RMSD of < 0.06 nm? and a strong binding energy of —
57.20 kJ/mol. Based on the X-ray structure, dexamethasone (DEX) is in part held
oriented in the GR ligand binding site via polar contacts with arginine 611,
glutamine 570 and asparagine 564. As can be seen in Fig. 8, very similar binding
poses and intermolecular contacts are formed by test compounds 28, 25 and 31.

Fig. 8. Molecular docking poses and predicted binding affinities for test compounds 25, 28
and 31 compared with dexamethasone (DEX), a positive control GR ligand. The X-ray
structure of GR ligand binding domain in complex with dexamethasone (PDB 1M2Z) was
used as receptor for Autodock simulations. Top ranking poses for the following
compounds are shown: A) dexamethasone, B) 28, C) 25 and D) 31.

All three compounds bind in the same orientation, forming interactions with
Asn564, Thr739 and GIn642 from the D-ring side, and Arg611 and GIn570 from
the A-ring side of these BA derivatives. Consistent with experimental results,
moderate binding energies of <—41.84 kJ/mol were predicted for each of these
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test compounds: for compound 25, —46.36 kJ/mol; compound 28 —45.94 kJ/mol,
and compound 31 —42.16 kJ/mol. None of the test compounds had a predicted
binding affinity greater than prednisolone, as expected. Interestingly, although
compounds 1 displayed moderate affinity for GR-LBD in fluorescence experi-
ments, docking of C-3 Z-isomer of 1 failed to predict binding to GR under the
simulation conditions used. In general, Autodock is capable of correctly predict-
ing the binding affinity and geometry for a set of compounds if ligand binding is
not associated with significant backbone and side chain conformational chan-
ges.37 Thus, binding by compound 1 likely induces conformational changes to
the GR active site that are different from the GR conformation present in
complex with dexamethasone, preventing Autodock from correctly estimating
the binding pose and affinity for compound 1. For compounds 25, 28 and 31,
molecular docking results could be used in future studies as a starting point to
design molecules with increased binding affinity, and/or specificity for GR-LBD.

CONCLUSION

Compounds used in the present work were designed to examine the influ-
ence of specific functionality modifications of BAs on their GR binding pro-
perties. Bile acids have a suitably functionalized steroid skeleton for modification
in strategic regions for GR interactions. Our glucocorticoid receptor binding
assay provided insight into structural features important for binding of the tested
molecules to GR. The results of the SAR analysis are shown in Fig. 9.

Hydrogen bond donor groups,

The ring expansion or such as carboxylic acid, amide or
attachment of heterocycle (@) alcohol, are beneficial for GR
does not benefit the GR ' binding interaction. The
binding interaction. compounds with esterified C-24

OH position showed lower affinity to
GR compared to hydrogen bond
donor groups.

The hydrogen bond is an
important interaction

between the GR and C-3 5 N

position of the substrate The ring expansion does not
Alcohol, oxime, carboxylic H F'EtnEﬁtt_ the  GR  binding
acid, and enone are tmemction.

beneficial for GR affinity.

There is no  substantial
difference  in GR binding
affinity between bent (A/B cis)
and flat (enone, dienone)
geometry of A/B ring juncture.

Fig. 9. Results of SAR analysis.

Four differently functionalized compounds 1, 25, 28 and 31 showed moderate
binding affinity for GR-LBD compared with prednisolone or estradiol. The oxime
geometric isomers in 1 showed the best relative binding affinity, not just among
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tested oximes but among all tested compounds. Although we were not able to sep-
arate the geometric isomers in mixture 1 and molecular docking did not enable
prediction of possible interactions with the enzyme, binding affinity could be attri-
buted to the C-24 carboxylic group and oxime groups. The hydroxyl group at C-11
with S orientation (115-OH) has been previously shown to be very important for
GR-glucocorticoid interactions,3® and the relative binding affinities measured for 1
suggest that the C-12 oxime group could be exploited as an alternative hydrogen
bond donor to the 115-OH group. Lactone, lactam, and tetrazole derivatives did not
show any significant binding affinity. It seems that the B or C steroid ring expan-
sion or attachment of heterocycle at the C ring is not beneficial for binding affi-
nities. Compounds 28, 25 and 26 have a keto or enone moiety, which is known to
be involved in anchoring steroids in the receptor pocket.39 However, it seems that
the hydrogen bond donating group at C-24 is very important for binding to GR.
This was observed for all of the tested compounds. Ethyl ester 26 has a much
smaller GR binding affinity compared to free acid 25. Compound 28 with the C-3
keto and C-24 hydroxyl group has a GR binding affinity similar to 1, among the
best of the tested compounds. There is a degree of plasticity in the GR-LBD for the
steroid A-ring and C-3 functional groups, since compounds 1 with C-3 oxime £
and Z groups; 29, with carboxymethyl group at C-3, and even compound 30 with
the corresponding amide at C-3 have moderate or less than moderate GR-LBD
binding affinity. This work gives important insight into structural modification of
bile acid steroid skeleton that could be used for development of new small mole-
cule drug for treatment of inflammatory diseases.

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/12062, or from the corres-
ponding author on request.
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U3BOL
HUCIINTHUBAILE AOMHUTETA JEPUBATA XYUYHUX KUCEJIMHA 3A BE3UBAIBE 3A
JIMTAH-BE3YJYRHU JOMEH ITTYKOKOPTHKOWJHOT PELIEIITOPA

CPBAH BJEIIOB', COOUJA BEKUR®, MAJA MAPUHOBUR?, IYIIIAH IIKOPUR', KCEHUJA ITABJIOBUR',
AHBEJIKA REJIWR?, ENBAPI IIETPH” u MAPHUJA CAKAY'

! Nenapmman 3a xemujy, Suoxemujy u 3auiGuiEy Husoiine cpegune, ITpupogHo—maTreMatiuuKY Garyniiend,
Yuusep3uinein y Hosom Cagy, Tpi Jocuiieja Odpagosuha 3, 21000, Hosu Cag u *Jletiapiaman 3a duonoiujy u
exonoiujy, [Ipupogno—matiemaiiuuku Qaxyniteii, Ynusepsuiteii y Hosom Cagy, Tpi Jocuilieja
Odbpagosuha 3, 21000, Hosu Cag

AHTHHH(}IaMaTOPHH JIEKOBH Kao IITO Cy ITYKOKOPTUKOWUAU DUIH Cy HEONMXOZHU TOKOM
naHgemuje COVID-19 3a neueme nmauujeHara ca yMeEpeHUM U Tewrkum odimunuma COVID-19.
Mehytrm, 036UBHN HexebeH! eeKTH OrpaHWYaBajy yrnoTpedy OBUX JIeKOBa U XUTHO CY MOT-
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pebHu aHTUMHGIAMaTOPHHU JIEKOBH ca 00/BUM (PapMaKoJIOMIKHUM CBOjcTBUMa. YKyuHe Kuce-
JIMHE TIpUBJaye CBe BHUILE WHTepeca, 300 CBOjUX aHTHMMH(IaMaTOpPHUX M UMYHOMOZAYJa-
TOPHMX CBOjCTaBa, UCIOJBEHUX 3acaj, HEjaCHUM MEXaHHU3MOM KOjU YK/byuyje TpaHCMeMOpaH-
CKe U HyKJIeapHe peLenTtope. Y 0BOM pafy CMO UCIIUTaIU adMHUTET Be3UBamba HU3a AepHUBaTa
KYYHUX KHMCEJIMHA 3a JUraHj-se3yjyhu NOMeH IIMyKkokopTHKoupHor penentopa (GR-LVD),
HajBaKHHjer pelLienTopa 3a aHTUHHGIaMaToOpHe Ipouece. McnuTHBaHa jenumema YKBYUYjy
OKCHMe, JaKTOHe, JJakTaMe, TeTpas3osne, nueHoHe, C-24 ankoxosie W aMuJ, XOJIHE KHUCeIHHe.
Mehy TecTupaHuM jenvmermrMa: OKCUM XOJIHE KMCEeNHHE, TUeHOH NeOKCUXOJIHe KHACeNuHe, 3-
KeT0-24-a7IKkoX0J U aMuJ] XOTHE KACEJIMHE NokasanH cy Hajbobe apuHUTETE BesuBama 3a GR-
LVD. Objammerne BesuBama IOMEHYTHX IepUBaTa MOMOIJH Cy in Silico nokoBawe. AHaNK3a
OIHOCA CTPYKTYpe M aKTUBHOCTH je Tokasala fja exclaH3uja B u C cTepoumHUX NPCTEHOBA
WY Be3UBame XeTepouukia 3a C MpCTeH HUje Ofl KOPUCTH 3a Be3MBame; DOUHM JaHall Tpeda
Ila cafp)X¥ BOJOHUK-TOHOPCKY rpymy; © GR-LVD nmodpo Tonepuury pasnuuute QyHKUHOHAI-
HOCTH Ha no3unuju C-3. OBU pe3ynTaTu Npyxajy BpenHe WHMOpMaLHje 3a MpaBbee HOBUX
aHTUHMH(IaMaTOPHUX MoJIeKy/a DasupaHUX Ha )KYYHUM KHCETHHama.

(ITpumsbeHo 12. centemdpa, peBunupaHo 22. centemdpa, npuxsaheno 28. centemdpa 2022)
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(3EZ, 7Z, 127)-3,7,12-Trioximino-5f-cholan-24-oic acid (1)

"H NMR (400 MHz, DMSO-dj, §) 10.30 and 10.28 (s, 1H, NOH on C-7), 10.19 and 10.18 (s,
1H, NOH on C-3), 10.14 (s, IH, NOH on C-12), 1.13-1.12 (overlapping singlets, 3H, H-19), 0.89-
0.88 (overlapping doublet (H-21) and singlet (H-18), 6H). *C NMR (101 MHz, DMSO-d;, &)
175.38 (C-24), 162.61(C-12), 157.41 (C-7), 156.87 (C-3), 156.67 (C-3), 53.57, 53.54, 49.23, 46.42,
45.21, 44.07, 43.94, 43.84, 41.52, 36.71, 36.67, 36.29, 35.72, 35.15, 32.76, 31.95, 30.96, 27.72,
27.44, 27.33, 26.39, 25.57, 25.42, 22.50 (C-19), 22.39 (C-19), 20.14, 19.86 (C-21), 19.32, 12.59
(C-18). (1)ESI-HRMS (m/z): calculated for C,4H3,N;05 [M+Na]” 470.26309, found 470.26093.
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Fig. S-1. Compound 1 "H NMR (400 MHz, DMSO-d;) spectra.
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Fig. S-2. Compound 1 °C NMR (101 MHz, DMSO-d;) spectra.

Methyl (7Z,127)-3,3-dimethoxy-7, 1 2-dioximino-5f-cholan-24-oate (2)

'H NMR (400 MHz, DMSO-d, 8) 10.21 (s, 1H, NOH on C-7), 10.11 (s, IH, NOH on C-
12), 3.56 (s, 3H, CHj; ester), 3.01 (s, 3H, OCH3), 3.00 (s, 3H, OCH3), 1.09 (s, 3H, H-19), 0.87
(d, J = 6.8 Hz, 3H, H-21), 0.86 (s, 3H, H-18).”C NMR (101 MHz, DMSO-d;, 8) 174.17 (C-
24), 162.71 (C-12), 157.75 (C-7), 100.07 (C-3), 53.68, 51.67 (CHj; ester), 49.18, 47.32
(overlapping OCHj signals), 46.30, 44.00, 42.06, 41.56, 39.42, 36.16, 35.76, 33.97, 32.60,
31.50, 30.88, 27.80, 27.29, 25.40, 22.69 (C-19), 20.15, 19.75 (C-21), 12.50 (C-18). (+)ESI-
HRMS (m/z): calculated for Co;H44N,Oq [M+Na]"515.30970, found 515.30725.
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Fig. S-3. Compound 2 1H NMR (400 MHz, DMSO-dj) spectra.
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Fig. S-4. Compound 2 *C NMR (101 MHz, DMSO-d;) spectra.
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Fig. S-5. Compound 2 NOESY NMR spectra.

Methyl 3,3-dimethoxy-7,12-dioxo-5 f-cholan-24-oate (3)

'H NMR (400 MHz, CDCl;, 8) & 3.65 (s, 3H, CH; ester), 3.13 (s, 3H, OCHy), 3.10 (s, 3H,
OCHs3), 1.29 (s, 3H, H-19), 1.02 (s, 3H, H-18), 0.82 (d, J = 6.6 Hz, 3H, H-21)."C NMR (101
MHz, CDCly, 8) 212.53 (C-12), 209.71 (C-7), 174.56 (C-24), 99.75 (C-3), 56.81, 51.80, 51.47
(CH; ester), 48.94, 47.64 (OCH3), 47.41 (OCHs3), 45.55, 45.21, 45.09, 43.40, 38.55, 36.03,
35.53, 34.65, 31.89, 31.29, 30.46, 27.66, 26.60, 25.17, 22.35 (C-19), 18.61 (C-21), 11.79 (C-
18). (H)ESI-HRMS (m/z): calculated for C,;H,,04 [M+Na]" 485.28791, found 485.28558.
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Fig. S-6. Compound 3 'H NMR (400 MHz, CDCl;) spectra.
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Fig. S-7. Compound 3 *C NMR (101 MHz, CDCl;) spectra.

12a-Hydroxy-3-oxo-5f-chola-4,6-dien-24-oic acid (25)

'H NMR (400 MHz, DMSO-dq, 8) 11.95 (bs, 1H, H-24), 6.16 (s, 2H, H-4 and H-6), 5.61
(s, 1H, H-7), 4.31 (d, /= 3.6 Hz, 1H, OH), 3.87 (s, 1H, H-12), 1.04 (s, 3H, H-19), 0.94 (d, J =
6.5 Hz, 1H, H-21), 0.71 (s, 3H, H-18). >C NMR (101 MHz, DMSO-d;, 8) & 198.63 (C-3),
175.42 (C-24), 163.96 (C-5), 142.02 (C-4), 127.90 (C-6), 123.28 (C-7), 70.97 (C-12), 47.28,
46.54, 45.25, 43.71, 37.82, 35.55, 35.38, 34.02, 33.74, 31.31, 31.17, 28.67, 27.43, 23.31,
17.34 (C-21), 16.29 (C-19), 12.53 (C-18). IR (film, cm™): 3436, 2923, 1733, 1379, 1261.
(+H)ESI-HRMS (m/z): calculated for C,4H;,0, [M-H] 387.25353, found 387.25246.
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Fig. S-8. Compound 25 'H NMR (400 MHz, DMSO-d,) spectra.
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Fig. S-9. Compound 25 °C NMR (101 MHz, DMSO-d;) spectra.

Ethyl 12a-hydroxy-3-oxo-5f-chola-4,6-dien-24-oate (26)

'"H NMR (400 MHz, DMSO-dq, 8) 6.15 (s, 2H, H-4 and H-6), 5.59 (s, 1H, H-7), 4.29 (d, J =
4.0 Hz, 1H, OH), 4.03 (q, J = 6.9 Hz, 2H, CH, from Et), 3.85 (d, /= 3.1 Hz, 1H, H-12), 1.16 (t,
J=17.1 Hz, 3H, CH; from Et), 1.03 (s, 3H, H-19), 0.92 (d, J = 6.5 Hz, 3H, H-21), 0.69 (s, 3H, H-
18). ®C NMR (101 MHz, DMSO-dj, 8) 198.59 (C-3), 173.74 (C-24), 163.92 (C-5), 141.97 (C-
4), 127.91 (C-6), 123.29 (C-7), 70.95 (C-12), 60.09 (CH, from Et), 47.28, 46.49, 45.25, 43.69,
37.81, 35.54, 35.33, 34.02, 33.73, 31.17, 31.10, 28.66, 27.43, 23.30, 17.29 (C-21), 16.29 (C-19),
14.61 (CH; from Et), 12.49 (C-18). IR (film, cm™): 3457, 2943, 2871, 1734, 1649, 1615, 1447,
1268, 1180, 1034. (+)ESI-HRMS (m/z): calculated for CyH;s0, [M-H] 415.28483, found
415.28355.
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Fig. S-10. Compound 26 'H NMR (400 MHz, DMSO-dy) spectra.
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Fig. S-11. Compound 26 “C NMR (101 MHz, DMSO-d;) spectra.

2-(5p-chol-3-ene-7a, 12a,24-triol)-N-(1-hydroxy-2-methylpropan-2-yl)acetamide (30)

'H NMR (400 MHz, DMSO-dq, 8) 6.74 (s, 1H, NH), 5.41 (s, 1H, H-4), 4.05 (s, 1H, OH
on C-12), 3.85 (s, 1H, OH on C-7), 3.79 (s, 1H, H-12), 3.60 (s, 1H, H-7), 3.46 and 3.37 (both
are d, J, = 10.8 Hz, 1H, CH, from 1-hydroxy-2-methylpropan-2-yl), 3.35 (m, 2H, H-24), 2.79
and 2.54 ( both are d, J, = 15.1 Hz, 1H, CH, from acetamide), 1.20 and 1.18 (s, 3H, CH; from
1-hydroxy-2-methylpropan-2-yl), 0.92 (d, J = 6.5 Hz, 3H, H-21), 0.89 (s, 3H, H-19), 0.61 (s,
3H, H-18). "C NMR (101 MHz, DMSO-dg, 8) 170.57 (carbonyl from acetamide), 133.02 (C-
4), 127.75 (C-3), 71.02 (C-12), 67.81 (CH; from 1-hydroxy-2-methylpropan-2-yl), 66.62 (C-
7), 61.40 (C-24), 54.45, 46.33, 45.78, 41.64, 41.46, 39.21, 35.45, 34.82, 33.84, 32.84, 31.94,
29.41, 29.13, 27.46, 26.19, 24.28, 23.53, 23.29, 22.86, 21.97 (C-19), 21.17, 17.38 (C-21),
12.30 (C-18). (H)ESI-HRMS (m/z): calculated for CsoHsOs [M+Na]™ 528.36649, found
528.36477.

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

(CC) 2023 SCS.



858 BJEDOV et al.

3800
3600
3400

3200

18

3000

F2800

2600

0.89
061

F2400

2200

2000

1800

1600

1400

1200

1000

F800

-6.74
3585

600

=541

F400

Al b -

L
el T oo
8
S

r T T T T T T T T T T T
.0 125 120 115 1.0 105 10.0 95 90 85 80 75 7.0 6.5 6.0
1 (ppm)

Fig. S-12. Compound 30 'H NMR (400 MHz, DMSO-dy) spectra.
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Fig. S-13. Compound 30 *C NMR (101 MHz, DMSO-d;) spectra.
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Fig. S-14. Dose-dependent changes in the fluorescence intensity normalized by optical density
(F/OD) of yeast cells expressing GR LBD-YFP upon addition of the glucocorticoid receptor
ligand, prednisolone, at six different concentrations (25, 50, 100, 250, 500 and 1000 uM)
following 15 h exposure.

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

(CC) 2023 SCS.






Journal of
the Serbian
Chemical Society

“Pog llambm"vwe@ JSCS-info@shd.org.rs « www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 88 (2) 141-152 (2023) Original scientific paper
JSCS-5616 Published 18 November 2022

Dissociation of N, by electron impact in electric and
magnetic RF fields

MIROSLAV RISTIC!*# RADOMIR RANKOVIC!, MIRJANA M. VOINOVIC2,
VIOLETA V. STANKOVIC? and GORAN B. POPARIC?

!University of Belgrade, Faculty of Physical Chemistry, P. O. Box 47, 11000 Belgrade, Serbia
and ?University of Belgrade, Faculty of Physics, P. O. Box 44, 11000 Belgrade, Serbia

(Received 10 July, revised 5 August, accepted 8 August 2022)

Abstract: Rate coefficients for electron impact dissociation of the N, molecule
under the influence of crossed radio-frequency (RF) electric and magnetic
fields were calculated for field frequencies of 13.56, 100 and 200 MHz and for
root mean square values of the reduced electric field strength of 300 and 500
Td. The root mean square values of the reduced magnetic field were varied
from 0 to 2000 Hx. The effects of the strength of the RF fields and their fre-
quency on the rates for the dissociation to neutral fragments and for the dis-
sociative ionization are discussed. The temporal evolution of the rate coef-
ficients during one period of the RF field is shown and discussed.

Keywords: nitrogen molecule; neutral fragments; dissociative ionization.

INTRODUCTION

In addition to being the main component of the Earth’s atmosphere, nitrogen
is abundantly present in the atmospheres of Pluto, Titan and Triton, and in
smaller quantities on Mars and Venus. Nitrogen is also used in many RF dis-
charge-based technologies, such as nitriding of materials,! plasma polymeriz-
ation,? production of nanomaterials,> medical sterilizations,* doping of graphene
and many others.> In all these environments, the nitrogen molecules are exposed
to collision with electrons. From the aspect of chemical reactivity of nitrogen
plasma, one of the most important elementary processes in these collisions is
certainly dissociation. Dissociation can occur to form two neutral nitrogen atoms
and this reaction is known as the dissociation into neutral fragments:

e +N; 5Ny 5 N+N+e- (1)

* Corresponding author. E-mail: ristic@fth.bg.ac.rs
# Serbian Chemical Society member.
https://doi.org/10.2298/JSC220710066R
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The threshold energy for reaction (1) is 9.75 eV* and the majority of the
electronic states of the N» molecule lie above this energy. Excess energy during
dissociation is transferred to atoms.

Zipf and McLaughlin recognized the importance of dissociation of excited
N> molecules over radiative relaxation via a manifold of singlet valence and Ryd-
berg states.® They came to the conclusion that nitrogen molecules that were
excited to various T, and !Z,* states, whether by electron impact or UV photon
absorption, mostly follow the predissociation path (i.e., the radiationless transit-
ion of a molecule from a stable excited state to an unstable excited state that
leads to dissociation). Photon relaxations from these singlet states via dipole-
-allowed transitions to the singlet ground state were expected to be dominant,’
but it turned out that they last much longer than the dissociation. Namely, dis-
sociation to neutrals occurs in a time interval of 10713 s, while photon relaxation
lasts 1078 5.8 The main contribution to reaction (1) for electron energies lower
than 100 eV stems from a family of I1, states, which predissociate with almost
100 % efficiency. The contributions of !X, states to dissociation vary depending
on the vibrational level of the state.

At higher values of the electron energy (above 100 eV), the probability inc-
reases that the N atom and N* are formed during dissociation, instead in reaction
of two N atoms. This process can be presented by the following reaction:

e+ Ny — Ny > N+ N+ 2¢ (2)

and it is called dissociative ionization. It is competitive with reaction (1) and it
has a threshold value of 24.29 eV %

In this manuscript, the rate coefficients for the dissociation to neutral frag-
ments and for dissociative ionization, under the presence of crossed RF electric
and RF magnetic field, which is a situation that corresponds to the one that exists
in inductively coupled plasmas, are presented. The rate coefficients were calcul-
ated for values of fields frequencies of 13.56, 100 and 200 MHz and for different
strength values of electric and magnetic fields. For this purpose, the electron
energy distribution functions (EEDFs) that were obtained by Monte Carlo simul-
ation, and the appropriate cross sections for processes (1) and (2) were used. The
integral cross sections for dissociation into neutral fragments that were measured
and rescaled by Cosby were adopted.10 Cosby obtained integral cross section
(ICS) by directly detecting the correlated fragment pair N + N, by a time and
position sensitive detector.!9 The measured ICS were further adjusted by Cosby
according to the results of Winters and as such are generally recommended and
used in this work.!1:12 Cross sections for reaction (2) were taken from Straub et
al.13 In their experiment, a time-of-flight mass spectrometer was used to distinct
charged particles according to their mass-to-charge ratios. For this reason, N*

*1 eV =1.602x10"17J
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generated in the dissociative ionization process were detected together with N2+,
that can also be created by electron impact. However, No2" can practically be
produced only in trace amounts under the considered conditions, because the
highest electron energies within this work were approximately 60 eV, while the
threshold for the second ionization energy of Ny is 42.88 eV.9 The high-energy
tail of the EEDF barely crosses the threshold for the second ionization energy of
N> (even under conditions for which the highest energies are achieved) and very
small amount of electrons are capable of performing the second ionization of the
N> molecule. Therefore, it was consider appropriate to refer to the cross sections
of Straub et al. as the cross sections for dissociative ionization within this
work.13 These cross sections were supplemented by including the threshold value
for dissociative ionization of 24.29 eV.? The cross-section values between the
threshold and the first electron energy reported by Straub et al.,!13 which was 30
eV, were linearly interpolated. The integral cross sections used for reactions (1)
and (2) in the present manuscript are shown in Fig. 1.

0.8 4

0.6 4

o/ 10 m?

0.4

0.2+

0.0 +———5 T ———
5 10 100 200
eleV

Fig. 1. Integral cross sections for the dissociation of N, to neutral fragments of Cosby!?
(circles) and for dissociative ionization of Straub et al.13 (squares) vs. electron energy.

METHOD
Monte Carlo simulation

In order to simulate the motion of electrons through the N, gas under the presence of
time-varying electric and magnetic fields, the Monte Carlo (MC) code used in earlier works of
our group,!*13 was modified and used.!6 The motion of the electron is described by the fol-

lowing differential equation:
2

d“r dr
m?—e(E(l)+EB(t)j (3)
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In Eq. (3), r is the radius vector of the electron, m and e are the mass and charge of the
electron, E and B are the electric and magnetic field vectors, respectively, and ¢ is time. The
time-varying electric and magnetic field vectors periodically oscillate at fixed frequency are
described by Egs. (4) and (5):

E(7) = V2ERcos(2nfh)k 4)

B(f) = V2Bgsin(2nfi)j Q)
where k and j are the unit vectors in the Cartesian coordinate system that characterize the
direction of electric and magnetic fields, while f'is the frequency of their oscillation. Ex and
By are the root mean square values of the electric and magnetic field, respectively. Absolute
values of electric and magnetic field within this work will be replaced with reduced electric
field and reduced magnetic field, defined as quotients Eg/N and Bg/N, N being the gas number
density. The electric and magnetic fields are mutually perpendicular, and phase shift among
them is 7/2 rad. The numerical solutions of the Eq. (3) were used to calculate the position and
velocity of the electron in each small time step of the simulation (much smaller than the
period of oscillation) by the numerical iterative Runge—Kutta method.!”

Electrons were generated with a certain value of the kinetic energy and were simulated
one by one under the defined conditions (Er/N, Br/N and f values specified). The simulation
procedures follow every electron until it reaches the quasi-steady state, i.e., the state where
energy received from the electric field is balanced with the energy that is lost in non-elastic
collisions with the N, molecules. When the quasi-steady state was reached, the ensemble of
electrons obtains stable oscillations of mean electrons energy (&,,) over time and at this point
the EEDFs were sampled over one period of the fields oscillation. These EEDFs are essential
for obtaining the rate coefficients, as shall be explained further.

The nitrogen gas in which the electrons were simulated was considered to be at 133.3 Pa
(N=3.22X1022 m3) and the zero-temperature gas approximation was used, meaning that
every N, molecule was in its ground electronic, vibrational and rotational state. The proce-
dures of the simulation included the possibilities of all real electron-molecule interactions
under the conditions assumed: elastic collisions, non-elastic collisions (rotational, vibrational
and electronic excitations) as well as ionization. The database of the simulations containing
the cross sections for all relevant processes was carefully composed. The probability of a cer-
tain scattering process at a given electron energy &€ depended on the corresponding effective
cross section o(€). The decision as to which collision process will occur was left to a pseudo-
-random generated number, as were the scattering angles of the electron after the collision.
Electrons that were created in the ionization process were also simulated. The MC code was
successfully tested on model gases,!®!° by comparing the transport parameters of the electrons
with the benchmark values from the literature.2® For other details about the MC code, see
Risti¢ et al. and Risti¢ et al.!>:16

Cross-section database

Finding an optimal set of cross-sections for the electron-N, molecule interaction was cru-
cial for a successful simulation. For elastic scattering, the recent cross-section data of Allan in
the electron energy range from 0 to 5.5 eV was used.2! For electron energies from 6 to 10 eV,
the data of Sun et al. was used,?? while in the energy region from 10 to 70 eV, the data of
Gote and Ehrhardt was used.?? In the high-energy region from 70 to 90 eV, the data of Nickel
et al.** was used.

Cross-section values for rotational excitations were adopted from Itikawa and Mason for
J=0— 2 and J =0 — 4 excitations.?> For vibrational excitations, the integral cross-sections
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that were measured in our laboratory were used.2® These measurements include excitations
into the first ten vibrational levels of the ground electronic state of the N, molecule.

The cross-sections for @ 'Z,”, w!A, and a '%," singlet electronic states were adopted
from Itikawa,?’ compilation proposed by Brunger et al.,”® based on the experiments of Traj-
mar et al. and Campbell et al.,2?30 and the theoretical calculations of Ohmori et al. and Gillan
et al.31-32 The cross-section values were also taken from Brunger et al,?® for the excitation of
all'lg state on the basis of electron energy loss measurements of Finn and Doering,33 direct
detection of the excited molecule of Mason and Newell and swarm experiments.3*35 For the
¢y 12" and b'1Z," states, values from Ajello ef al. were taken.3> The h!T],, state cross-section
was adopted from James ef al.,’® and recent cross-section measurements of the ¢TI, and
0;!T1, states were adopted from Malone et al.37 The values of the cross sections for the excit-
ations of the 43%, ", B3Hg, W3A, and B3%, triplet electronic states were used from Itikawa,?’
which were recommended by Brunger et al. based on previously mentioned studies.28-32
Cross-section proposed by Brunger et al.,?8 for E3ZgJr state (based on several beam experi-
ments)230:38:39 and for C3I1, state (based also on beam experiments)?®-30-3940 were used.
F311, and G°T1,, electronic state cross sections were used from Malone et al.37 lonization cross
sections were adopted from Itikawa,2” based on Lindsay and Mangan*! and Straub ef al. mea-
surements.!3 Dissociation was included implicitly by taking into account all significant elec-
tronic states that contribute to it, as was explained in the Introduction section.

Validation of the present cross-section database for nitrogen was performed by compar-
ing basic transport properties of electrons (drift velocities and diffusion coefficients) obtained
by the present simulation with the experimentally measured ones. In a previous works we pre-
sented these comparisons for drift velocity, longitudinal diffusion coefficient and ionization
coefficient, whereby excellent agreements were obtained.!**? Comparison was also made
with the Boltzmann equation-based software BOLSIG+ (version 1.1).*3 By including the pre-
sent cross-section database in both our Monte Carlo simulation and BOLSIG+ oscillating field
routine, we obtained the agreement of period averaged mean electron energy within 2 % only.

Rate coefficient calculation

The EEDFs and corresponding mean electron energies were sampled within one phase of
the electric field oscillation after the quasi-steady state was reached in the simulation. The
EEDFs obtained were then normalized by the relation:

[ fe(enset)de =1 (6)

In Eq. (6), the normalized EEDF at the specific time ¢ is denoted by fi(&y, & t), while &
represents the actual kinetic energy of the electron. For every fi(&,,&7) in the specific moment
in time (that is, in the specific phase of the electric field oscillation), the corresponding rate
coefficient, k(&,, f) was calculated by the following relation:#4

2 oo
k(gm,t):\/:j O'(é‘)\/Efg(Sm,é‘,t)dé‘ (7)
mY¢th
where o(¢€) is the effective cross-section for a given process with a threshold energy &;,.
RESULTS AND DISCUSSION

According to Eq. (7), the rate coefficients for dissociation processes (1) and
(2) were calculated by implementing the EEDFs obtained after reaching the
quasi-steady state by the MC code for given input parameters. The input para-
meters imply ER/N values of 300 and 500 Td (1 Td = 10721 V m2), Br/N values
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of 0, 1000 and 2000 Hx (1 Hx = 10727 T m3) and values of frequency 13.56, 100
and 200 MHz. As stated earlier, the integral cross sections for the calculation of
the rate coefficients for the dissociation of N» to neutral fragments were adopted
from Cosby,!0 while the rates for dissociative ionization were calculated based
on integral cross sections measured by Straub et al. with implemented energy
threshold for process (2).%-13 Background physics of electrons motion in crossed
electric and magnetic RF fields is well known and will only be slightly addressed
in this paper.16:20

Since the MC simulation records many EEDFs within one period of the
field’s oscillation, a fine time evolution of the rate coefficients on the nanosecond
scale was obtained. The rate coefficients for dissociation of N> to neutral frag-
ments are presented on Fig. 2. for all input parameters. First, it should be noticed
that the rate coefficients are oscillating at twice the frequency of the applied RF
fields. The reason is that the energy of the electron is independent of the absolute
direction of the electric field. The rate coefficients depend on all the varied para-
meters. It should be noted that when discussing the dependence of the rate coef-
ficient on one specific parameter, the other parameters are considered as constant.

By observing the coefficients at the lowest considered frequency of 13.56
MHz for given ER/N and BRr/N, it was noticeable that the highest and lowest
(zero) amplitude values of the coefficients were reached, which is expected
because at that frequency, the electrons efficiently track the electric field changes
and lag only slightly behind them. Therefore, when the electric field (which det-
ermines the energy of the electron) reaches a maximum or minimum, the EEDF
also has the largest share of high-energy electrons (for given Er/N and Br/N) and
consequently, the rate coefficient is the largest. On the other hand, when the elec-
tric field passes through the zero value, after which the electrons are slowed
down, the share of fast electrons in the EEDF is the smallest and the rate coef-
ficient reaches its lowest value. At 13.56 MHz, this lowest value is zero, as can
be seen from Fig. 2.

At higher frequencies, the EEDFs have a narrowed oscillation range due to a
more pronounced electron delay behind the electric field. For this reason, the
rates also oscillate over a narrower range: they do not reach the maximum ampli-
tude values they had at lower frequencies, but they do not fall to zero either. One
of the characteristics of the time evolution of the rate coefficients is the existence
of phase delay with respect to the electric field. This delay is also a consequence
of the inertia of the motion of electrons through the Ny gas and is more pro-
nounced at higher frequencies.!4

Regarding the influence of the strength of the electric and magnetic fields on
the appearance of the rate coefficients, they are also noticeable in Fig. 2. Both
electric and magnetic field strongly affect the value of the rates. At stronger elec-
tric fields, the share of high-energy tail of EEDF is higher, and thus the overlap
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integral in Eq. (7) is higher, which leads to a higher values of the rate coeffi-
cients.
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300 Td : N\ 500Td
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Fig. 2. Rate coefficients for the dissociation of N, to neutral fragments vs. the phase of the RF
electric field at the indicated pair of fand Eg/N and for Br/N = 0 Hx (full line),
Bgr/N = 1000 Hx (dashed line) and Br/N = 2000 Hx (dotted line).

At higher Br/N values, the profile of the rate coefficient with time is nar-
rowed and at the same time reduced in height, due to the complex action of the
magnetic field on the electrons. Hence the overall effect of increasing magnetic
field on the rate coefficients shown here is their reduction.

For most practical applications in which nitrogen dissociation may be of int-
erest in plasma chemistry and plasma technology of nitrogen-containing systems,
an important fact is the time-averaged rate coefficient during one period of RF
field oscillation. To this end, these period averaged rates for the dissociation of
N, into neutral fragments are given Table I for all considered parameters. In the
ranges of varied input parameters, the average rate coefficient changed its value
from 0.341x1079 to 3.929x1079 cm3 s~!. By analyzing the data in Table I, it
could be concluded that an increase of ER/N leads to larger values of the rate
coefficient, while an increase of Br/N leads to their lowering. Increasing the fre-
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quency does not have much effect on the value of the period averaged rate coef-
ficients, nor can its effect be easily generalized.

TABLE 1. Period averaged rates (10 cm?3 s!) for the dissociation of N, into neutral frag-
ments under various conditions

Ex/N =300 Td Ex/N =500 Td
f/ MHz (Br/N) / Hx
0 1000 2000 0 1000 2000
13.56 1.156 0.786 0.492 3.929 2.828 1.972
100 1.064 0.693 0.391 3.778 2.871 1.926
200 0.971 0.641 0.341 3.796 2.948 1.923

The rate coefficients for dissociative ionization of N, are presented in Fig. 3.
for all input parameters. Most of what has been said about the rate coefficients of
dissociation into neutral fragments also applies here: ERr/N, Br/N and f values

13.56 MHz
500 Td

13.56 MHz
300 Td

. . : A . ‘. . - N ; L
0 /2 n 3n/2 2n O n/2 n 3n/2 2n

100 MHz | &
300Td

100 MHz
500 Td

k/10" cm®s”
oL@

©
o

0 w2 x  3W2 2t 0 a2 x 32 2
0.4 5
200 MHz
300 Td

200 MHz
500 Td

0.34
0.24

0.14

0.0 3 nl. ) lmts I~..,,.~~] ;
0 n/2 n 3n/2 2n 0O n/2 n 3n/2 2n
Phase, rad
Fig. 3. Rate coefficients for dissociative ionization of N, vs. phase of the RF electric field
at the indicated pair of fand Eg/N and for Bg/N = 0 Hx (full line), Bg/N = 1000 Hx
(dashed line) and Bg/N = 2000 Hx (dotted line).
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have qualitatively the same effect on the shape of the rates. The period averaged
rates of the dissociative ionization for all considered parameters are given in
Table II. However, in the case of dissociative ionization (unlike the previous
case), the effect of frequency on the rates is evident. Raising the f significantly
lowers the rate coefficients for dissociative ionization.

The rates for dissociative ionization were about 10 to 15 times lower than
those for the dissociation into neutral fragments. This was expected since the
cross-section for dissociative ionization is lower, while the energy threshold is
higher. From Table II, it could be seen that the rate values ranged from
0.022x10710 to 3.020x10710 cm3 s~1. Nevertheless, dissociative ionization rem-
ains an important source of N* in plasmas, in addition to direct ionization of the N
atom.

TABLE II. Period averaged rates (10710 cm3 s7!) for dissociative ionization under various con-
ditions

Ex/N =300 Td Ex/N =500 Td
f/ MHz (Bgr/N) / Hx
0 1000 2000 0 1000 2000
13.56 0.3493 0.2153 0.1275 3.020 1.939 1.271
100 0.2364 0.1112 0.0391 2.494 1.614 0.858
200 0.1699 0.0713 0.0225 2.181 1.309 0.604

Recently, Sode et al. developed a new model for the calculation of ion and
radical densities in inductively coupled nitrogen plasmas.*> They proposed the
equations for the calculation rate coefficients for numerous elementary processes
in plasma, among them the dissociation of N; to neutral fragments and for the
dissociative ionization of Ny (see Table II of their work, reactions 1.6 and 1.9).
By implementing the mean electron energy obtained from the present MC simul-
ation in their equations, significant difference in the values of the rate coeffi-
cients were obtained.

For example, at 13.56 MHz, 300 Td and 0 Hx, the mean electron energy
obtained by the present MC code was 6.47 eV and the rate for dissociation to
neutral fragments was 3.6x1079 c¢cm3 s~! (the present value was 1.1x1079 cm3
s71), while for dissociative ionization, the rate was 1.1x10710 cm3 s7! (the pre-
sent value was 0.35x10710 ¢cm3 s71). Sode et al. stated that they assumed Max-
wellian EEDF in their equations,4> but here it could be seen that the dissociation
rates in that case were roughly three times higher than the ones presented here,
based on non-equilibrium EEDFs. In addition, the rates obtained in that way were
independent of the magnetic field or frequency values. Note that the cross sec-
tions that Sode er al. used were practically the same as those used here. The
described example shows that the dissociation coefficients presented here could
significantly improve the kinetic calculations in nitrogen plasma chemistry.
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CONCLUSIONS

The rate coefficients for electron impact dissociation of the N> molecule to
neutral fragments, as well as for the dissociative ionization process were calcul-
ated under the presence of RF electric and magnetic fields. The choice of para-
meters included three frequencies: 13.56, 100 and 200 MHz, two ER/N values:
300 and 500 Td and Br/N values: 0, 1000 and 2000 Hx.

Therefore, the nitrogen molecule dissociation processes, as one of the most
important processes in nitrogenous RF plasma chemistry, were quantified for the
stated conditions. Fine temporal evolution of the dissociation rate coefficients
within the RF field phase was presented with an adequate explanation. The time-
-averaged values of the rate coefficients were also shown. Dissociative ionization
is by an order of magnitude a rarer process compared to dissociation into neutral
fragments, which is expected due to its lower cross-section values and higher
threshold.
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U3BOJI
IOUCOIIMJALIUJA N2 YOAPOM EJIEKTPOHA Y EJIEKTPOMATHETHHM RF ITOJbBUMA

MUPOCJIAB PUCTHR', PATIOMUP PAHKOBUR', MUPJAHA M. BOJHOBUR?, BUOJIETA B. CTAHKOBUR®
1 TOPAH B. TIOTIAPUR®
1YHueep3umem y Beoipagy — ®axyniuein 3a pusuuky xemujy, Cilygentucxu wipt 12-16, Beoipag u
ZYHueepmmew y Beoipagy — @usuuxu Qaxynimed, Ciiygeniicku wpi 16, Beoipag

Koeduuujentn dp3uHe Aucoudjanuje mMonekyna N2 yfapoM eleKTpOoHa IMOf yTHLajeM
yKkputeHor pasuodpexseHTHOr (RF) enexkTpyyHOr M MarHeTHOT IOJba H3padyyHaTH Cy 3a
¢pexsennuje og 13.56, 100 u 200 MHz u 3a cpenmwe KkBafpaTHe BPeNHOCTH PeNyKOBAaHOT
enextpuyHor noska of 300 u 500 Td. Cpenme kBampaTHe BPeSHOCTH PeNyKOBAHOT MarHETHOT
nosba Bapupase cy on 0 mo 2000 Hx. JuckytoBaHM cy edekTd jaunHa RF moma u wmuxoBe
(pexseHuHje Ha koedULUjeHTEe DP3MHE 3a AUCOLWjallMjy Ha HEyTpanHe (parMeHTe U 3a JUCO-
UyjaTuBHY joHu3auujy. [IpykasaHa je U MpOJUCKYTOBaHA BpEMEHCKa eBOIyLHja KoedHulHje-
HaTa Op3uHe y TOKy jenHor nepuona RF mosma.

(ITpumibeHo. 10. jyna, peBupvpaHo 5. aBrycra, mpuxsaheno 8. asrycra 2022)
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Abstract: In this study, plasma induced by a nanosecond Nd:Y AG laser on thin
oil films deposited on a silica wafer was characterized by evaluating the main
plasma parameters. Spatially and temporally integrated spectral measurements
were performed under experimental conditions optimized for elemental ana-
lysis of trace metals in oil. Time-resolved values of the spectral line intensities,
electron number density, and plasma temperature were obtained from time-int-
egrated measurements by subtracting averaged spectra recorded at different
time delays. The electron number density was estimated using the Stark broad-
ened profile of the hydrogen Balmer alpha line. Ionization temperatures were
derived from Mg ionic to atomic line intensity ratios. The obtained apparent
values of time-resolved plasma parameters were in the range of 1.1x10!7 cm™
(1.5 pus) to 1.5x101% cm™ (4 pus) and 9400 K (3 ps) to 7200 K (5 us), depending
on the delay time. Emission spectra of C, and CN molecules were used to eva-
luate the rotational and vibrational temperature.

Keywords: electron number density; plasma temperature; time-integrated; time-
-resolved.

INTRODUCTION

Laser-induced breakdown spectroscopy (LIBS) is a technique widely used
for the multi-elemental analysis of complex samples by detecting spectrally res-
olved emission of plasma formed after laser ablation of the material. Advantages
of the LIBS method include simple, or none sample preparation, fast measure-
ments, capability to detect light elements, non-invasiveness, a possibility for in-
-situ measurements, and relatively high sensitivity.!~4 While applying LIBS on
solid materials is straightforward, analysis of liquid samples can be pretty com-
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plex due to experimental difficulties, such as laser-induced splashing and bub-
bling. This leads to reduced analytical capability of the LIBS technique, which
could be improved by a proper experimental approach and sample preparation.>—8
The choice of the sampling method is guided by the system complexity, the des-
ired detection limits and precision, and the sample availability.

Laser ablation of a free liquid surface is the most straightforward approach,
but the main problem is the production of splashes which require continuous
cleaning of nearby optical elements.® Also, splashes rapidly consume liquid, so
the necessary sample volume for analysis is above typically 1 mL. Liquid
splashes can be reduced by analysing slowly flowing liquid®-10 or almost elimin-
ated by ablating the liquid jet.!1-13 Disadvantages of these approaches are the
large, requested sample volumes (>10 mL) and the necessity of washing the cir-
cuit before introducing a new sample.

In this work, parameters of plasma formed by ablation of thin oil films dep-
osited on a silica wafer substrate® were explored. The preferred oil film thickness
was managed by controlling the speed of rotation of samples during the prepar-
ation phase. Hydrogen Balmer alpha line (H,) was used to determine electron
number density Ne. Spectral line intensity ratios of the successive ionization
stages of the magnesium have been used to determine ionization temperature,
Tion. The temperature of heavy particles in the plasma (rotational temperature,
Trot, and vibrational temperature, 7yi,) was estimated by comparing the experi-
mental and simulated emission spectra of C, and CN molecules. In addition, time
evolutions of the spectral intensities, electron number density, and temperature
were deduced from time-integrated measurements by subtracting averaged spec-
tra obtained at different time delays.!4 We must have in mind that all spectral
measurements reported in this work were spatially integrated. Therefore, all
plasma parameters (Ne, Tion, Trot and 7yip) determined in this work, including the
calculated time-resolved values, are the apparent values of these parameters. For
inhomogeneous spectrochemical sources such as laser-induced plasma, the para-
meters resulting from spatially integrated measurements represent population
averages of the local temperature and electron number density values, i.e., they
describe the source but are different from the local values.! True plasma para-
meters, i.e., spatial and temporal distribution of plasma parameters, were difficult
to determine due to small plasma volume, large gradients of 7 and N, and the
limited reproducibility of emission intensity measurements.

EXPERIMENTAL

Materials and methods

In this experiment, pure reference oil (Base Oil 75, further in the text referred to as Oil-
-0) and standard oil for spectroscopy measurements (SpexCertiPrep) containing 21 elements
(Ag, Al, B, Ba, Ca, Cd, Cr, Cu, Fe, Mg, Mn, Mo, Na, Ni, P, Pb, Si, Sn, Ti, V and Zn) were
analysed. The concentration of each element present in oil was of 100 ppm (further in the text
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referred to as Oil-100). Oil samples were prepared in the form of thin films by placing a small
drop of oil (0.3 pL) on a silica wafer (Graphene Supermarket, W-5P-300) cut into pieces with
dimensions of 15 mmx15 mm. The silica wafer was glued on an aluminium disk that matched
the spin-coater (Laurell Technologies, KL-SCI-20) and then rotated. When the maximum
speed of rotation (150 rps) was used for 30 s, a minimal thickness of oil films (0.74 um) was
obtained. Detailed explanations about selecting optimal conditions for sample preparation can
be found elsewhere.®

In the following, the substrate on the disk was transferred under the LIBS instrument and
scanned.

LIBS system

Fig. 1 illustrates the experimental setup. Nd:YAG laser (Quantel, CFR Ultra) emitting
6.5 ns long pulses at 1064 nm was used to induce plasma. The laser beam with a diameter of 6
mm was guided utilizing two mirrors (M1, M2) and beam expander 2.7X (BE) placed
between them. Plano-convex quartz lens (L) with focal length f= 100 mm and a 2” diameter
was used to focus laser light perpendicularly to the sample, thus obtaining a spot diameter of
0.72 mm. The LIBS measurements were performed with the maximum incident laser energy
of 165 mJ, corresponding to the laser fluence of 40.3 J cm™ or 6.2 GW cm2.

| Multichanelf
/ Spectrograph
/ Fig. 1. Experimental setup. M1 and M2 are
bending mirrors; BE is beam expander; L is foc-
using lens; AuxC is video-camera, AuxLD is
pointing red diode laser (A = 635 nm), and C is

an optical system for the signal collection.

X-Y table

Plasma emission was then brought to four compact spectrometers (Avantes AvaSpec-
-ULS2048L), equipped with a grating with a groove density of 2400 or 3600 grooves mm-!.
The entrance slits of spectrometers were 10 pm. The spectrometer array covers the spectral
range between 200 and 796 nm with the spectral resolution between 0.07 nm in the UV and
0.16 nm in NIR. A digital delay generator (Quantum Composer 9600+) was employed for the
external triggering of the laser flash lamp and Q-Switch. DDG was also used for adjusting the
acquisition delay from the laser pulse. The acquisition gate width was 1.050 ms. After each

laser pulse, the spectra were recorded to monitor and exclude eventual anomalous shots.
RESULTS AND DISCUSSION
Temporal evolution of atomic, ionic and molecular lines

Depending on the characteristics of the laser pulse, the target, and the ana-
lyte of interest, it is convenient to optimize the delay time to obtain the best sig-
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nal-to-background ratio. For the setup used in this research, it was shown that the
optimal signal acquisition delay time in terms of the signal-to-noise ratio of the
analytical lines was of 3 ps for the analysis of metal elements in 0il.8

Fig. 2a shows the evolution of the spectral intensity of several atomic, ionic
and molecular species with delay time, obtained by time-integrated measure-
ments. Spectral emission of these species (H I, Mg I, Mg II, C, and CN) was
used in this research for plasma diagnostics.

(a) | Time-integrated i
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] 3 3 H 5 ¢ olved lines, equivalent to the integ-
Delay, us ration time of 1 pus.

It can be seen in Fig. 2a that the Hy, line intensity exponentially decays with
the increase of acquisition delay time. The emission intensity of the Mg ionic line
also decays exponentially but with the decay rate much slower than H. On the
other hand, the emission intensity of the neutral Mg spectral line and Cy and CN
molecular emission retain high emission intensity up to around 5 ps and decays
exponentially afterward.
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The procedure proposed in referencel4 was used to extract time-resolved
information from the time-integrated spectra. From a series of the time-integrated
emission spectra measured at selected values of delay between the laser pulse and
the data acquisition time, the time-resolved emission spectrum was calculated
using the following expression:

I(t)n = J.:ol(t)dt - J.:rnl(t)dt

: (D
where [(¢) represents the time-dependent spectral intensity of a given spectral
line, ¢ is the acquisition delay time, # is a delay interval equivalent to the gate time
and /(%) is the time-resolved intensity at the delay of #. In the present work, the
acquisition delay time # was varied between 1 and 10 us, with a step of n =1 us.

The calculated time-resolved variation of the spectral intensities as a func-
tion of delay time is shown in Fig. 2b. It can be seen that the Hg, line emission is
concentrated in the initial period of plasma evolution and rapidly exponentially
decreases with time. The observed trend was expected because of the high excit-
ation and ionization energies of non-metals. The same trend was observed for the
atomic lines of nitrogen and oxygen (not shown in the figure). The Mg II spectral
line follows the same trend but decreases more slowly. Due to recombination,
which becomes increasingly important by plasma cooling, the intensity of the Mg
ionic line decreases over time, while the Mg I line has a maximum at 5 ps and
then decreases due to plasma cooling.

Significant emission of C, and CN molecular band sequences was registered
at 3 us. At earlier times, the plasma was too hot and did not favor the existence of
molecules. Both bands achieve maximum emission at 5 ps and slowly decline
afterward, in line with their low excitation energy.

As can be seen from Fig. 2, the calculated time-resolved intensities of the Hg,
and Mg ionic line (Fig. 2b) show similar profiles as those obtained by time-integ-
rated measurements (Fig. 2a). The only difference is a faster decay of spectral
line intensities in the time-resolved evolutions. By contrast, there is a substantial
difference in the time-integrated and time-resolved line intensities for Mg I and
molecular species. The possible explanation of this difference is as follows. The
line profiles in Fig. 2a were obtained from spatially integrated measurements
with gate time much longer than the plasma lifetime. Therefore, the measured
intensity is composed of contributions from different spatial and time points of
the plasma, in which the intensity values are very different. However, the main
contribution to the time-integrated spectrum comes from a limited temporal win-
dow of the order of the decay time of the emission signal.!4 The emission of ions
and high-energy excited atoms decreases faster than the emission signal of neut-
ral atoms and molecules. Moreover, the emission maximum of ions and atoms
with high excitation energy is concentrated in the hottest core region, while neut-
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ral atoms and molecules populate mainly the plasma periphery. The plasma emis-
sion that enters the aperture of the optical fibre may comprise contributions both
from the high and low T and N, regions, whereby these contributions may differ
for the short and long delay times. In other words, for short delays, the collected
emission may be composed of both high and low 7 and N, regions, while at
longer delay times, mainly from the low-temperature and low-density regions.

The results presented in Fig. 2b are consistent with the expected behaviour
of spectral line intensities due to the expansion and cooling of plasma and recom-
bination processes. These results were further used to obtain the time evolution
of the plasma parameters.

Determination of the electron number density

In this work, a standard deconvolution procedure was applied to the obs-
erved Voigt-type line profile (wy) to determine the H, line Stark width (wg). The
Gaussian fraction is assumed to be a combination of the instrumental and the
Doppler broadening, while the Lorentzian component is due to Stark broadening.
The Stark width wg was calculated using the following expression: 10

Wy =0.5346 wL, +\/02169 WL2+WG2 ; wG :1’W]2)+Wi2 (2)

where wy, wi, wg, wp and wj are the full width at half maximum (FWHM) of
the Voigt, Lorentz, Gaussian, Doppler and instrumental profile (experimentally
determined), respectively. The contribution of Doppler broadening was found to
be negligible for T between 10000 and 20000 K.

An approximate formula was then used to calculate N / m—3:17.18

1.47135
N :1023( wsA j
€

1.098 3)

where wgp / nm is the half-width at half area (HWHA) of the Hg, spectral line.
The Hg, line profile is close to Lorentzian, so it was justified to accept wga =
= wg =wp.!7 Finally, it should be pointed out that Eq. (3) differs from the
original one,!8 where HWHA was used instead of the claimed.1?

Fig. 3a shows the H, line profile recorded at different delay times of the start
of signal acquisition.

As expected, considering the high excitation energy of the Hy, line, with the
delay, both intensity and width of the spectral line profile decrease due to the
plasma expansion and cooling. The electron number density calculated from the
Stark-broadened Hy, line profile (Eq. (3)) shows a rapidly decreasing trend, from
9.5%x1016 cm3 at gate delay of 1 us, to 4.7x1015 cm=3 at a delay of 6 ps. By sub-
tracting the spectra corresponding to different delay times, the temporal evolution
of the emission signal and the corresponding electron number density was
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roughly reconstructed,!420 as shown in Fig. 3b. Differences in time-integrated
and time-resolved N, values originate from different meanings of these values.
While in the first case, they represent temporally and spatially averaged values of
electron number density, in the second case, they correspond to a particular
plasma evolution stage.
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. 0il-100 and b) electron number den-
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Evaluation of plasma temperature

In the oil samples analysed in this paper, the maximum concentration of
individual elements was 100 ppm, which was insufficient for the appearance of
spectral lines with higher excitation energy that would be suitable for deter-
mining 7exc using the Boltzmann plot method. Therefore, it was not possible to
determine Tey in the plasma of our samples.

Determination of the ionization temperature

The intensity ratio of the ionic and atomic spectral line of the same element
is suitable for plasma diagnostics: with a predetermined temperature, the electron
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number density can be calculated from it, or vice versa, if the electron number
density is predetermined, this approach may be applied for evaluation of the ion-
ization temperature.2! By substituting the values for physical constants, the exp-
ression for the ratio of the integral intensities of the ionic (+) and atomic line (a)
reads:

+

L _4s3x1088 AN

Ia ga Aa ﬂ‘i— ]Ve
where g* and g2 are the corresponding statistical weights of ions and atoms, 4™
and A2 are the transition probabilities, N, the electron number density in cm=3, T
is the temperature in K, Etex. and E?. are the excitation energies in eV*, and
Eion and AEjq, are the ionization energy and the reduction of Ejoy due to Debye
shielding, in eV.

Magnesium lines in the spectral region around 280 nm are very suitable for
plasma diagnostics.22:23 The transition probabilities for the Mg I 285.21 nm, Mg
IT 280.27 nm, and Mg II 279.55 nm lines were determined with accuracy better
than 3 %.24 By substituting the corresponding constants for the Mg I 285.21 nm
and Mg I1 279.55 nm lines into Eq. (4), the following expression was obtained:

11605(E+ +E._—E*__AFE. )
+ + a 3 exc 10on €XC 10on
AT . @

11605(7.734-AE,,, )
I Nis
L =348x10P° o T : AEign = 9.96x10-TN,13  (5)
I? N,

The intensity ratio of the corresponding atomic and ionic lines of Mg was
measured at different delay times. Part of the LIBS spectrum in the interval 278
to 286 nm is shown in Fig. 4a. Three peaks fitting by the Gaussian function was
applied on lines of interest, and peak area was used for further calculations.

The results presented in this work were obtained from the intensity ratio of
the Mg II 279.55 nm and Mg I 285.21 nm emission lines. It should be noted that
the same results were obtained utilizing the ratio of Mg II 280.27 nm and the Mg
1285.21 lines for plasma characterization.

These two Mg II lines have almost the same Eex. and values of transition
probability 4 and differ only by the g values (4 and 2 for Mg II 279.55 nm and
Mg II 280.27, respectively). Thus, to utilize data for the measured intensity ratio
of Mg II 280.27 nm and Mg I 285.21 nm lines, it is sufficient to divide by 2 the
constant (3.48-1015) from Eq. (5).

The obtained dependence of Ty, on the delay time shows that the tempera-
ture decreases from the value of ~8800 K corresponding to a delay of 2 s to
~6900 K at 6 ps, Fig. 4b. The observed trend was expected considering the
plasma expansion and cooling over time. Since they were estimated from time-

*1 eV =1.602x10"17J

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

(CC) 2023 SCS.



DIAGNOSTICS OF LASER-INDUCED PLASMA 1 6 1

-integrated measurements, the obtained Tj,, values represent the averaged values
of this plasma parameter and differ from the calculated time-resolved values that
characterize a particular plasma evolution stage.
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Determination of rotational and vibrational temperatures

Apart from the atomic emission, LIBS spectra of the oil film deposited on a
silicon substrate were dominated by high-intensity emission bands corresponding
to CN and C, molecules. Due to the relatively high dissociation energies (7.72
eV for CN, and 6.27 eV for C;),25 low excitation potentials, and favourable
transition probabilities, the CN violet system and C, Swan system bands can be
readily observed in the LIBS spectra of carbon-containing materials. As it is seen
in Fig. 5, intense CN molecular bands corresponding to Av 0, —1 and +1
sequence were registered. The figure also shows Co molecular bands correspond-
ing to Av=0 and Av=+1 sequence with (0-0) band head at 516.52 nm, and Av=
= +1 with (1-0) band head at 473.71 nm, which were of somewhat lower int-
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ensity. The Av = —1 sequence with (0-1) band head at 563.55 nm, located in the
spectral region 546—570 nm, could not be registered using the present setup.

The resolution of the used spectrometers was not high enough to provide a
well-resolved rotational structure of the registered CN molecular bands. There-
fore, these bands were unsuitable for the determination of the rotational tempe-
rature. Differently, vibrational band heads of the Av= 0 and Av = —1 sequences
were sufficiently resolved, which allowed their use for the estimation of the
vibrational temperature.

CN, av=0

45000

, Av=0

Relative intensity

ot

T T T T T T T T T T T T T T T T T T \
340 360 380 400 420 440 460 480 500 520

Wavelength. nm

Fig. 5. Part of the time-integrated LIBS spectra of Oil-100 sample showing characteristic
emission bands of C, and CN molecules.

Fig. 6a compares the experimental spectrum of the sample Oil-5 and syn-
thetic spectra of the Av = —1 sequence calculated for several different tempera-
tures. The synthetic spectra were obtained using the program LIFBASE 2.1.1,26
with a pure Gaussian line profile of 0.173 nm, as determined by deconvolution of
the adjacent analyte (metal) spectral lines and assuming the rotational and vibrat-
ional temperature were equal. The instrumental profile estimated using the oil
sample with a doped concentration of the analyte elements of 5 ppm was the
same as that determined using the Argon spectral calibration lamp. All spectra
were normalized to the intensity of the (0-1) band head. It is evident that the
widths of the experimental and synthetic band heads were the same, implying an
insignificant influence of self-absorption. The vibrational temperature was esti-
mated at 5800 K with an error lower than 500 K. Approximately the same value
for the rotational temperature could be estimated from the spectrum between the
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(1-2) and (0-1) band heads (whose intensity entirely depends on the rotational
temperature), although certainly with much lower accuracy.

In the Av=+ 1 sequence of C, Swan system, five well-separated band heads
were registered, suitable for determining the vibrational temperature because
their relative intensity ratios are markedly dependent on temperature. Fig. 6b
compares the normalized synthetic spectra for several temperatures (assuming
that the vibrational and rotational temperatures are equal), with a pure Gaussian
profile of 0.14 nm (determined experimentally) with an experimental spectrum of
the Oil-0 sample. The synthetic spectra were obtained using the program
PGOPHER 10.1.182.27 As it can be seen in Fig. 6b, self-absorption can be neg-
lected because the widths of the corresponding experimental and theoretical pro-
files coincide. The vibrational temperature was estimated at 4800 K, with an
error lower than 300 K. An increase of the acquisition delay time, from 3 to 10
us, showed a small but measurable trend of decreasing vibrational temperature.
For a given delay time interval, the vibrational temperature decreased by approx-
imately 700 K.
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The difference in the temperatures estimated from the CN bands (5850 K)
and Cj bands (4800 K) indicates a different plasma zone from which CN and C;
bands are predominantly emitted, which is partly related to a slightly higher
excitation and dissociation energy of CN molecule (Eexc = 3.19 eV, Egis = 7.8
eV) relative to the Cp molecule (Eexe = 2.39 eV, Egis = 6.2 eV).28 Also, the
difference may be due to the different time evolution of the emission bands,
where the C, emission has a maximum at 5 s and a slower decay time than CN
(Fig. 2). Thus, the calculated temperatures for C, from the integrated spectra are
characteristic for later stages of the plasma evolution. The difference may also be
a consequence of different formation mechanisms for these two molecular
species. Due to much smaller energy differences between adjacent vibrational,
and especially rotational levels of molecules compared to differences in elec-
tronic states of free atoms, it is assumed that rotational and vibrational tempera-
tures correspond to the temperature of heavy particles in the plasma (i.e., the gas
temperature).2? The Av = 0 sequences of both systems were not used for tempe-
rature estimation because they show significant self-absorption.

The difference between the temperatures determined from the molecular
bands and using the emission of atomic and ionic lines is a consequence of the
fact that plasma emission was registered spatially and temporally integrated. At
the same time, molecules, atoms, and ions have their maximum emission inten-
sity in plasma zones characterized by different temperatures.

The difference between the temperatures determined from the molecular
bands and using the emission of atomic and ionic lines is a consequence of the
fact that plasma emission was registered spatially and temporally integrated. At
the same time, molecules, atoms, and ions have their maximum emission inten-
sity in plasma zones characterized by different temperatures.

CONCLUSIONS

Time-integrated and time-resolved spectral line intensities imply that the
emission of nonmetals and metal ions (H I and Mg II) are more intense in the
carlier stages of plasma evolution. In contrast, the emission of atomic and mole-
cular band lines occurs later, reaching maximum intensity at around 5 ps. Appar-
ent values of electron number density (derived from time-integrated measure-
ments of the H,, line profile) rapidly decrease from 9.5x1016 cm=3 at gate delay
of 1 us to 4.7x1015 cm=3 at a delay of 6 ps. The estimated time-resolved values
for N, show a similar declining trend. Ionization temperature (derived from Mg
[I/Mg I spectral line intensity ratio) also shows a declining trend with time. For
time-integrated measurements, Tj,, decreases from 8800 K at gate delay of 2 us
to 6900 K at a delay of 6 us. Similar to the N, values, the time-resolved values of
Tion have higher values and decrease faster than time-integrated values. The obs-
erved difference is understandable since time-integrated measurements represent
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temporally and spatially averaged plasma parameters, while time-resolved values
correspond to a particular plasma evolution stage.

Evaluation of the vibrational-rotational temperature from the molecular
bands spectra gave different values for CN (5800 K) and C, molecules (4800 K),
probably due to different formation mechanisms of these two molecular species
and a difference in their dissociation and excitation energies. Increasing the
detection delay time causes a slight decrease of the estimated temperature, about
700 K, for a delay time change from 3 to 10 ps.
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U3BOA

OUJATHOCTHKA TIJIASME HHIYKOBAHE JEJCTBOM JIACEPCKOI 3PAYEILA HA
TAHKH ®WUJIM YJbA HA CYIICTPATY Ol CWJIMLITUJYMA

MWINALA BAHUR', MUPOCJIAB KY3MAHOBUR’, JEJIEHA CABOBUR’ 1 MWJIMBOJE UBKOBUE'
1I/Iucmuu7ym 3a pusuky, Ynueep3utiieii y beoipagy, Beoipag, Z@axymﬂem 3a Qusuuxy xemujy,
Ynueepsuinewi y beoipagy, beoipag u 3Hucruuu7yru 3d HyKJieapHe Hayke "Bunuad", YHuseep3utueid y
Eeotpagy, beoipag

Tema oBor paga je JUjarHOCTHKA IUIa3Me Koja ce hopMHupa WHTEPAKIIMjOM HAaHOCEKYH/I-
Hor Nd:YAG nacepa ca TaHKUM (PUIMOM y/ba HaHELIEHUM Ha CYICTpaT of cunuuujyma. Exc-
NepUMEHTaIHHU YCIOBU 3a CIeKTpajlHa Meperlba ONTHUMHU30BaHU CYy Y CBPXY €leMeHTHe aHa-
JIM3€ MeTajaa MPUCYTHUX Yy TparoBMMa. CHUM/BEHH CHEKTPH Cy MHTETPaHU IO MPOCTODPY U
BpPEMEHY, Iy je BpEMEHCKH pa3jloKeHe CIEeKTpe MOTryhe KOHCTPYHCATH Ofly3UMambeM YCpen-
HBEHUX CIeKTapa CHUM/bEHHX Ca Pa3TMYUTUM BpEMEHHUMa Kalllkherwa. [YCTHHA efIeKTPOHa Ipo-
ueweHa je u3 urpuHe Illtapkosor npoduia BogoHukose banmep anda nunuje. TemnepaTypa
jOHM3auuje payyHaTa je U3 OJHOCA MHTEH3UTETa jJOHCKE M aTOMCKE JIMHUje Maruesujyma. I1po-
LleheHa MPUBHIHA BPEJHOCT TyCTHHE eleKTpoHa kpehe ce y omcery on 1,07x10" cm™ (3a
1,5 ps) mo 1,5%10" cm™ (3a 4 us). [TponieweHa NpUBUIHA BPEJHOCT TeMIepaType joHU3aluje
kpehe ce y oncery ox 9400 K (3a 3 ps) mo 7200 K (3a 5 ps). 3 emucuonux cnekrapa C2 u CN
MOJEKYyJIa POLiekhEeHA je pOTallioHa M BUOpalloHa TeMIlepaTypa.

(ITpumbeno 22. neuembpa 2021, pesunupano 21. mapta, mpuxsaheno 23. mapra 2022)
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Abstract: In this study, an agricultural waste product was used to prepare a
green corrosion inhibitor based on olive leaves (Olea europaea var. syslves-
tris). Firstly, an optimization study of antioxidant activity of O. europaea
leaves monitored by the DPPH free radical trapping method, was carried out
using full factorial design. In the second step, the extract obtained under
optimal conditions was tested as a green corrosion inhibitor for steel in 0.5 mol
dm3 HCI, using gravimetric and electrochemical methods. The results obtained
by various techniques showed that the extract acted as a mixed-type inhibitor.
The adsorption of the inhibitor was spontaneous (AG,g4s = —12.443 kJ mol!),
through the mechanism of physical adsorption, and it obeyed the Langmuir
adsorption isotherm. The highest corrosion inhibition efficiency of 92 % was
obtained for 2.8 103 g cm3of inhibitor, as measured by gravimetric method.

Keywords: antioxidant activity; extraction; green inhibitor.

INTRODUCTION

In industry, acid solutions are widely used, and the aggressiveness of these
solutions causes metals degradation, either through chemical or electrochemical
reactions. The most effective method of preventing or decreasing the bare metal
dissolution in such acidic solutions, is the use of corrosion inhibitors, that are
nowadays widely applied. Corrosion inhibitors are chemical compounds used to
reduce the corrosion rate of metals and alloys in contact with aggressive environ-
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ments at low concentrations,! thereby delaying and minimizing the corrosion
process and thus avoiding economic losses due to metallic corrosion.

Numerous synthetic compounds show good corrosion inhibiting action, but
many of them are extremely toxic to humans and environment. Therefore, the
development of non-toxic and biodegradable corrosion inhibitors is becoming a
key issue as new global guidelines for industrial discharges are becoming incre-
asingly ecologically strict.2=0 Plants are one of the sources for these inexpensive
and clean inhibitors. Plant parts contain many compounds that satisfy the
required criteria.

In the Mediterranean coastal zone, olive leaves are one of the by-products in
the olive grove farming; they occur in high quantities in olive oil industry. They
are also collected during the pruning of the olive trees.” Olive leaves are a cheap
raw material known for its antioxidant properties.® Following this line, our work
focuses on the inhibitory action of the olive leaf-based, green and natural sub-
stance, from Olea europaea var. sylvestris, in the corrosion process of steel in 0.5
mol dm~3 HCI.

The present investigation was divided into two parts: in the first part, a full
factorial design (FFD) optimization study of antioxidant activity of the extract
from O. europaea leaves was conducted, using the DPPH free radical method. In
the second part, the extract obtained under optimal conditions was tested for steel
corrosion inhibition in hydrochloric acid by means of weight loss measurement,
potentiodynamic polarization and impedance spectroscopy.

EXPERIMENTAL
Samples and reagents

Plant material consisting of leaves of Olea europea var. sylvestris was harvested in the
Algiers region, situated in the north of Algeria, during the flowering period between February
and March 2018. The collected samples were identified by the national High School of Agro-
nomy. The leaves were washed in distilled water, dried at room temperature, and subsequently
dried in an oven at 40 °C. They were grounded to obtain the powder, and then stored in a
closed plastic box.

Methanol, ethanol, 2,2-diphenyl-1-picrylhydrazyl (DPPH) and HCI (37 %) of analytical
grade, were purchased from Sigma—Aldrich.

Plant material extraction

The effects of different variables such as extraction temperature, solid/solvent ratio,
water/ethanol ratio and extraction time, on the antioxidant activity, were studied using FFD.
The conditions used in each experiment were settled according to the 2* FFD, as presented in
Table I.

The powdered sample of O. europea, which had been previously weighed, was placed in
a Bicol flask, in contact with the extracting solvent. The mixture was kept in a thermostatic
water bath with shaking. After a determined extraction time, the mixture was cooled in an ice
bath, and then separated. The obtained filtered extracts were stored in the dark for future use
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for the determination of their antioxidant activity. The concentration of extracts (g cm™) was
determined by evaporating 10 cm? of the filtrate and then weighing the obtained residue.’

TABLE I. Range of coded and actual values for FF

. . Level
Independent variable Coded variable =) 0) )
Extraction temperature, °C Xi 55 68 81
Solid/solvent ratio, g 100 cm™ X, 08 12 16
Water/ethanol ratio, vol. % X3 25 50 75
Extraction time, min Xy 45 60 75

Estimation of antioxidant activity

The effect of each antioxidant on DPPH-radical was estimated according to the proce-
dure described by Brand-Williams et al.!0 Briefly, 1 cm? of the extract solution was added to
9 cm? of DPPH (40ug cm™ prepared in methanol), and at the same time, a negative control
(the blank) was prepared by mixing 1 cm? of methanol with 9 cm? of the methanol solution of
DPPH. The samples were kept in the dark for 30 min. The absorbance measurements were
carried out at the wavelength of 517 nm, using a UV—Vis spectrophotometer.

The antioxidant activity (44 / %) was calculated as:!!

A4 = (Ablank - Asample)/ Ablank (1)

where Apjani represents the absorbance of negative control and 4,y is the absorbance of the
sample (diluted extract).

Experimental design

In this study, FFD methodology has been carried out to optimize the antioxidant activity
of the samples. Two levels and four variables were used in this investigation, requiring 16 (24)
experiments plus four experiments performed at the center point to evaluate the experimental
error variance. The four selected factors were studied between a lower level coded (—1), a
higher level coded (+1) and the center point coded (0). The actual and coded levels of the
independent variables are presented in Table I.

The regression equation which includes all interaction terms was given by the following
expression:

4 3 4
i=1 i=3 j=i+l

where Y; is the predicted response, X; represents the independent variables coded (1 or —1), b,

is the average value of the response of sixteen assays, b; represents the principal effect,

whereas b;; represents the interaction effect and ¢ is a random error.

Corrosion test

The working electrode used in the present study was steel, with the chemical compo-
sition presented in Table II. Prior to each experiment, the working electrode was polished with
various emery paper grades (280, 360, 800 and 1000), degreased with acetone and rinsed in
distilled water before being placed into the aggressive solution.

For weight loss measurements, the steel coupons with a surface area of 16.5 cm?, were
immersed in 100 cm3 of 0.5 mol dm HCI at 25 °C, without and with different concentrations
of the olive leaf extract. Corrosion rate (Cy), inhibition efficiency (77) and the degree of sur-
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face coverage (6) were calculated from the weight loss measurements, determined at different
immersion times for a total duration of 8 days, by using the equations:!?!3

Cr= (W, —Wp)4 (3)
17= 100(Cg(free) — Cg(inh))/Cy(free) )
6= 1/100 5)

where Wy, and W, are the coupon weight measured before and after immersion in the aggres-
sive solution, 4 is the exposed area, and Cr(free) and Cg(inh) are the corrosion rates of steel
in the absence and presence of the inhibitor in the aggressive solution, respectively.

TABLE II. Composition of steel

Element C Si Mn P S Mo Fe
Content, wt. % 0.15-0.26  <0.35 <l.5 <0.035 <0.040 0.4-06 97-98

Open circuit potential (OCP) and potentiodynamic polarization measurements were car-
ried out using a Voltamaster software piloted potentiostat PGZ100. This potentiostat was
connected to the three electrodes: steel panel as a working electrode, a platinum panel used as
a counter electrode and K,SOy4-saturated sulphate electrode (SSE) as the reference.

Tafel plots were obtained at a scan rate of 1 mV s, over the respective OCP range
between —250 and 250 mV (from cathodic to anodic end), after the constant OCP was estab-
lished. The inhibition efficiency (#7) was determined as:!4

n= 1 Oo(icorr(free) _j corr(inh))/j corr(free) (6)

where j.(free) and j . (inh) are the corrosion current densities in free and inhibited acid
solution, respectively.

Electrochemical impedance spectroscopy (EIS) tests were carried out at OCP in an aer-
ated solution using an Autolab potentiostat/galvanostat (PGSTAT30) under FRA software.
The response of the electrochemical system to AC excitation was measured with a frequency
ranging from 100 kHz to 10 mHz and peak to peak AC amplitude of 10 mV.

For the electrochemical tests, the exposed area of the steel was 1 cm?.

RESULTS AND DISCUSSION
Optimization of extraction parameters

Four variables and two levels were chosen to build the FFD in order to find
the optimum combination of conditions for the extraction of active substances
from the olive leaves. Variables such as extraction temperature (X7), solid/solvent
ratio (X>), water/ethanol ratio (X3) and extraction time (X3) were selected as the
independent variables, and antioxidant activity was taken as the response of the
design experiments (Y). The results collected to build the FFD model are given in
Table S-1 of Supplementary material to this paper.

To obtain the mathematical model that represents the antioxidant activity
with the first order polynomial (Eq. (2)), the regression analysis was applied on
the experimental data using Statistica Software 7.0. Various effects of factors and
their interactions were calculated using the analysis of variance (ANOVA) and
other adequacy measures.
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Fig. 1 shows the Pareto chart, which represents the analysis of the calculated
standardized effects of the independent variables and their interactions, on the
response value of antioxidant activity. As can be seen in the Pareto charts, the
solid/solvent ratio (X>) presented the most influencing parameter on the response.
Whereas the interaction effects of extraction time with water/ethanol ratio (X3,
X4) and extraction time with solid/solvent ratio (X>,X4) were insignificant, and
therefore were eliminated from the regression equation. The negative value of the
standardized effect indicates that the response decreases with increase of the
value of this variable, and the opposite is the case for the positive value.

Standardized effect estimate (absolute value)

Fig. 1. Pareto chart of the response value of antioxidant activity on various independent
variables and their interactions.

Table S-II of the Supplementary material shows the ANOVA analysis, used
to verify the adequacy of the models at confidence level of 95 %. The regression
p-value and F-value reveal that the model was highly significant and represented
the data satisfactorily. In other words, the value of pure error is very low (0.84)
suggesting strong data reproducibility.

A good adjustment of the regression equation to the experimental data was
verified through the determination of coefficient value R? (0.954) which is close
to 1, indicating that only 4.6 % of the variations in observed data could not be
explained by the model (Fig. 2a). The value of the adjusted R? is equal to 0.905
which was also of very high importance to the model.

The comparison of experimental data and predicted values is shown in Fig.
2b. It can be seen that the predicted responses are in agreement with the experi-
mental data and the difference between them does not exceed 0.055, indicating
that the mathematical model is adequate. The final polynomial equation (Eq. (7))
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representing the antioxidant activity as a function of the significant effects, was
written as:

Yi=66.26 — 1.51.X; + 9.73X3 — 2.74X4 — 1.18X1.X; + 1.73X1.X3 +

+1.14X1X4 + 2.83X,.X3 @)
(@) .
801 b))
° Y ]
i 70 4 N " N
g 60 . . _5 0 - L
5 501 . * 8 . .
5 29 L]
> 401 {
n
44 . n
30 T T T T T T T T T T
30 40 50 60 70 80 30 40 50 60 70 80
Ypredicted /% Ypredicted 1%

Fig. 2. Quality analysis of the model: a) experimental versus predicted responses, b) residual
versus predicted value for antioxidant activity (Y)).

The numerical optimization of the desirability function gave optimal con-
ditions to obtain olive leaf extract with a maximum antioxidant activity. With the
analysis of the prediction profiler at maximal desirability (Fig. S-1 in the Supple-
mentary material), it can be deduced that the best response of antioxidant activity
was obtained at the following conditions: extraction temperature (55 °C), solid/
/solvent ratio (8 g 100 cm~3), water/ethanol ratio (75 %) and extraction time (45
min), with 0.99 as the value of desirability.

Corrosion tests

Weight loss measurements. Different concentrations of the olive leaf extract
obtained under optimum conditions deduced from antioxidant capacity measure-
ments, were added to 0.5 mol dm~3 HCI. Corrosion of steel in the solutions pre-
pared in this manner, was monitored by weight loss experiments, i.e., by mea-
suring the mass of the metal converted into corrosion products per unit of surface
area, per unit of time. Fig. 3a and b represent the variation in corrosion rate and
inhibitory efficiency, calculated from the weight loss measurements.

The Fig. 3 inspection shows clearly that the rate of steel corrosion is sig-
nificantly reduced, i.e., the inhibition efficiency is increased, with the addition of
olive leaf extract. This behavior represents the extract’s inhibiting effect against
the acid corrosion of steel. The maximum inhibition efficiency of 92 % was
achieved for 2.8 1073 g cm™3 of the added extract.

Open circuit potential measurements. It is well known that the formation of
protective corrosion products or a surface protective film in general, can be eva-
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luated by monitoring the OCP of the corroding electrode. The effect of various
concentrations of olive leaf extract on the steel electrode OCP in 0.5 mol dm™3
HCI, is shown in Fig. 4.

0.15+ —_
(a) —=—0gem’ ©
e 1‘4]0'3gcm'3 904 /. I\
) L]
= -A-2110%gem” —
2 0101 -#-2810" gom’ = 80
o ~$-3610" gem® °\
8 e 4.4 107 g em” =
g 704
& 005
2]
5 60|
- =4 . . . 50 . :
0 2 4 6 8 ? 0 5!
v/ days C/10" gem”

Fig. 3. a) Variation of the weight loss data with the immersion time recorded for steel
electrode in 0.5 mol dm™ HCl solution, in the absence and presence of various concentrations
of extract; b) inhibition efficiency versus the concentration of the inhibitor, deduced from a).
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920 N Fig. 4. OCP curves for steel in 0.5 mol dm
0 30 60 90 120 150 180  HCI solution as a function of time and
7/ min inhibitor concentration.

The obtained results indicate that, as the immersion time increased, the OCP
of the steel samples in the solution with the extract became more positive as
compared to the OCP of the steel in the blank solution, which more rapidly
shifted to negative values. The increase in the OCP, once the olive leaf extract
was added, may be attributed to the adsorption of the inhibitor on the active
metal sites.15

Potentiodynamic polarization curves. The inhibitive effect of olive leaf ext-
ract, on steel specimens immersed in 0.5 mol dm~3 HCI, was further studied by
evaluating changes in cathodic and anodic behavior by recording the polarization
curve from cathodic to anodic potential limit over the OCP at a scan rate of
I mVsL
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Firstly, the effect of the extraction solvent (ethanol) on the typical anodic and
cathodic polarization curves of steel in aggressive solution was studied as pre-
sented in Fig. 5a. The comparison of steel polarization in 0.5 mol dm~3 HCI blank
solution and in 0.5 mol dm~3 HCI with ethanol, does not indicate any influence of
ethanol. Therefore, the strong inhibitory activity of the extract observed at Tafel
plots in Fig. 5b is primarily due to the presence of olive leaf compounds.

—=8— 0.5 mol dm™ HCl .
(@) t——0.5mol dm™ HCI with ethanol (b)

—o—1410"gem”
014 421 1o'f gem”
¢ 2810 ¢ em”
> 36107 gem”

—*—4410° gom”
‘ ; 0.01 -t . , ‘
200 -1000 -800 -1200 -1000 -800 =600

E/mV vs. SSE E/mV vs, SSE

Jj/mA cm

0.01

Fig. 5. Potentiodynamic polarization of steel in 0.5 mol dm™> HCI blank solution and in the
presence of: a) ethanol; b) different concentrations of olive leaf extract.

Steel corrosion parameters determined from polarization curves in 0.5 mol
dm™3 HCI blank solution and in the solution containing olive leaves extract, are
shown in Table III. Inspection of the obtained results revealed that the values of
corrosion potential (E.q) and corrosion current density (jeorr) Were influenced
by the presence of the inhibitor. As shown in Fig. 5b, the increase in the extract
concentration results in lower current densities recorded from the potentiostatic
polarization curves. Besides, the E.q slightly shifts to a more positive value
(noble direction of potential) in the presence of olive leaf extract.

TABLE III. Electrochemical parameters obtained from polarization curves at 25 °C.
C/mgcm? E o/ mVvs.SSE  joon/mAcm? b, /mVdec! b,/mVdec! #5/%

0 —932 1.13 65 143 -

1.4 -905 0.48 39 266 57.5
2.1 —898 0.40 58 159 64.6
2.8 —882 0.22 56 151 80.5
3.6 —884 0.29 63 166 743
44 —890 0.30 63 156 73.4

Since the difference between the E o of the steel electrode in the blank
solution and in the solution containing inhibitor is lower than 85 mV, this
behavior suggests that the extract functions as a mixed-type inhibitor.16.17
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The highest inhibition efficiency of 80.53 % was obtained for the extract
concentration value of 2.8x1073 g cm™3. As can be seen, the inhibition effi-
ciency, both determined by gravimetric tests (Fig. 3) and polarization curves
(Table III), increases with increasing the olive leaf extract concentration until
reaching a peak value at optimal extract concentration.

The values of inhibition efficiency calculated by gravimetric measurements
were higher than those calculated by the electrochemical method. A similar finding
between the two approaches has previously been recorded.!® The disparity obs-
erved may be due to the fact that the gravimetric method provides average cor-
rosion rates, while electrochemical techniques give instantaneous corrosion rates.
Indeed, the development of a protective film during the immersion time of 8 days,
in the case of gravimetric measurement, may explain the difference between the
obtained values.

Adsorption isotherms. The adsorption of the olive leaf extract compounds at
the steel surface is assumed to be responsible for the inhibitory action of the extract
against the corrosion of steel in acid solution. The adsorbed layer functions as a
barrier between the steel surface and the aggressive solution, resulting in a red-
uction of the rate of corrosion.!9 Consequently, the inhibition efficiency (#) derived
from the weight loss curves is directly proportional to the fraction of the surface
covered by the adsorbed molecules (6).20 The mode of variation of (¢) with the
extract concentration (C) determines the adsorption isotherm describing the sys-
tem.2! Several adsorption isotherms (Langmuir, Temkin and Frumkin) were eva-
luated to determine the effective adsorption isotherm, according to the following
equations:22.23

Langmuir: C/6=1/K+ C ®)
Temkin: e 290 = KC 9
Frumkin: 00 e 200 = KC (10)

where « is the adsorbate interaction parameter and K the equilibrium constant of
the adsorption process (L kg!), related to the adsorption free energy change
(AGY,45) by the following equation:

AGY, 4 — —RT In (55.5K) (11)

where R is the gas constant (J °K~!mol 1) and T the temperature (K).

According to the experimental data, the relationship of (¢) versus C was
observed to follow a linear pattern (Fig. 6), which can be described by Langmuir
equation (Eq. (8)) with R2-value equal to 0.99. The other equations (Egs. (9) and
(10)) were evaluated but did not indicate a good fit (for Temkin and Frumkin
isotherms, the R2-values obtained were 0.37 and 0.005 respectively).

The calculated values of adsorption equilibrium constant (K) and free energy
change of adsorption (AGY,4s) were found to be 2.73 L kg~! and —12.443 kJ
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mol~!, respectively. The negative sign shows that the adsorption of olive leaf
extract onto steel surface is a spontaneous process. The values of AGY4s of —20
kJ mol~! or more positive, are well known to suggest physical adsorption, while
values of =40 kJ mol~! or more negative, involve charge sharing, i.e., the charge
transfer from the inhibitor molecules to the metal surface, to form the chemi-
sorption related coordinate type of bond.?-24 The acquired value of AG?,4s in our
work shows a strong physical adsorption of the olive leaf extract components
onto the steel surface in 0.5 mol dm™3 HCI solution.

5_ ]
E 44
(@]
=11]
g 3]
<
~
<
1 : i : Fig. 6. Langmuir isotherm for adsorption of olive
1 2 3 A 4 leaf extract onto steel surface in 0.5 mol dm™ HCl
C/mgem solution at 25 °C. R2=0.99.

Electrochemical impedance spectroscopy. The electrochemical impedance
spectroscopy is used as a powerful technique to characterize the corrosion para-
meters at metal/electrolyte interface. Fig. 7 highlights the Nyquist plots of steel
samples immersed in 0.5 mol dm~3 HCI solution in the absence and presence of
various concentrations of the olive leaf extract at the OCP. The impedance plots
obtained are similar in shape and consist of a single capacitive semicircle at high-
to-medium frequency and an inductive loop at low frequency range. The capa-
citive loop is related to the charge transfer resistance process, while the appear-
ance of the pseudo-inductive loop can be explained by the relaxation of adsorp-
tion species such as (C17),qs and (H"),4s on the surface of the electrode.2> The
inductive loop can also be related to the re-dissolution of the passivated sur-
face.26,27 Also, one can see that the addition of the olive leaf extract inhibitor,
increases the size of the semi-circle in comparison to the blank solution, and the
maximum circle diameter is obtained for 2.8x1073 g cm™3 of inhibitor. This
shows that there is an increase in the charge transfer resistance, which is in agree-
ment with the literature,25-26:28 and previous corrosion tests in this work. The
improvement in the resistance by increasing the inhibitor concentration is due to
an adsorption of inhibitor molecules on the surface of the steel, indicating the
effective blocking of the surface.2?

The impedance data were analyzed using ZSimpWin® software and fitted to
the equivalent circuit model shown in Fig. 8. This equivalent circuit is exten-
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sively reported in the literature.30-31 The elements related to the circuit are: R,
representing the electrolyte resistance, Rt as the charge transfer resistance, L as
the inductance element, R as an inductive resistance, Q as the pseudocapacit-
ance and CPE as the constant phase element.

350+ " 0g em”
3004 e 1410° gcm';

A 2110°gem”
2504

~¥-2810"gem”

“-‘E 200 ¢ 36107 gem®
S 50 —4— 44107 gem”
\C}- 100 & AL
E Y49 v
g I‘A‘ﬂ'—l'} < Ty
Nu 50+ ll:...'.) 4 ”OY
09 .‘\ ‘ﬁ Fig. 7. Nyquist plots for mild steel in
1 0.5mol dm3 HCl solution in the absence
50050 100 150 200 250 300 350 and presence of olive leaf extract at E,
Z ./ Qcem and T=25 °C.

R
WA

Re Fig. 8. Electrical equivalent circuit model used to fit the
ﬂ impedance parameters for steel electrode in 0.5 mol dm™
Ret L HCI solution.

Due to the roughness and homogeneity of the metal surface, as well as
adsorption effects, CPE can be used to replace the double-layer capacitance,
Cq1.2 The electrochemical impedance parameters obtained from the equivalent
circuit are presented in Table IV.

TABLE 1V. EIS parameters for the corrosion of steel immersed in 0.5 mol dm™3 HCI without
and with different concentrations of olive leaf extract

C/mgem3 R./Qm?2 Q/10°Qls"em? n Ry/Qcm? R /Qcm? L/Hcm?

0 1.14 36.64 0.80 99.22 6.63 9.20
1.4 0.87 29.69 0.82  135.50 13.37 16.77
2.1 1.23 25.33 0.81  187.20 14.01 32.95
2.8 0.96 26.41 0.84  247.50 45.44 377.70
3.6 0.95 28.93 0.82  218.30 56.11 1552
44 1.44 20.48 0.87  208.20 2.37x1019 0.10

From Table IV, a significant increase in the charge transfer resistance (R
was observed in the presence of the inhibitor, providing a high anticorrosive
efficiency. The largest effect was observed at 2.8x1073 g cm ™3 of olive leaf extract,
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which gave R value equal to 247 Q cm?2. This behavior is due to an adsorption of
inhibitor molecules on the metal surface, leaving less electroactive sites available
for corrosion, i.e., the inhibitor builds up a protective film on the metallic surface
that isolates it from the corrosive environment, thereby impeding further charge
and mass transfer.31:32

In addition, the increased n value after the addition of extract to the hydro-
chloric acid solution (0.82—0.87) when compared to that obtained in the blank
solution (0.80), indicates the reduction in the surface in homogeneity due to the
adsorption of inhibitor molecules on the active adsorption sites at steel surface.32-33
Also, from Table IV, one can notice that the QO value is lower in the presence of
olive leaf extract compared to the blank solution. The diminishing values of Q can
be related to a lower local dielectric constant due to the replacement of water
molecules with inhibitor molecules. This process increases the thickness of the
electrical double layer and reduces the surface area exposed to the aggressive
media, implying an adsorption of inhibitor molecules on the surface of the
steel 31,32

CONCLUSION

In the present work, an optimization study of the antioxidative matter ext-
raction from Olea europaea var. syslvestris leaves was performed using full fac-
torial design. The statistical analysis of the experimental results showed that the
final polynomial equation, representing the antioxidant activity as a function of the
significant effect, gave a reasonably good fit with an R2 value of 0.955. By res-
ponse optimizer graph plot, the best response value of antioxidant activity was
acquired at the following extraction parameters: extraction temperature 55 °C,
solid/solvent ratio 8 g 100 cm™3, water/ethanol ratio 75 %, and extraction time 45
min.

Afterwards, the olive leaf extract obtained under the final optimized con-
ditions was tested as a green corrosion inhibitor for steel in 0.5 mol dm=3 HCI.
Results of the electrochemical performance and weight loss analysis of steel
samples, in HCI with the addition of O. europaea leaf extract, indicated that the
extract:

— is a successful corrosion inhibitor for steel in 0.5 mol dm=3 HCl solution,
with a maximum inhibition efficiency of 92 %, achieved at extract concentration
of 2.8x1073 g cm 3,

— acts as a mixed-type inhibitor and

— acts as an adsorption inhibitor, where the adsorption phenomenon is
spontaneous, following the mechanism of physical adsorption related to the
Langmuir adsorption isotherm.
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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/11851, or from the corres-
ponding author on request.

H3BOJ
AHTHUKOPO3HMOHO JEJCTBO CYIICTAHIOIY EKCTPAXOBAHUX M3 JIMITHA MACJIMHE
rnog OorITUMAJTHUM MMAPAMETPUMA, ITPETXOOHO OJPEREHUM ITPUMEHOM
METOJOJIOTHUJE EXPERIMENTAL DESIGN

SOUAD TOUAZI"?, MUXAEJI M. BYUKO®, RADOUANE MAIZIA%, SAMIRA SAHI', NADIA ZAIDI*
u LAID MAKHLOUFI*

"Laboratoire de Valorisation des Energies Fossiles (LAVALEF), Ecole Nationale Polytechnique d'Alger, Algeria,
Laboratoire d'Electrochimie, Corrosion et de Valorisation Energétique (LECVE), Faculté de Technologie,
Université de Bejaia, Algeria u *Bojua axagemuja, Ynusep3uitieii ogdpane,

Bemka Jlykuha Kypjaxa 33, Beoipag

Y oBoM ucTpaxkuBamwy, nuurhe macnuse (Olea europaea var. sylvestris) je nckopuurheHo
3a pobujame 3eneHor HHXUOUTOpPa Koposuje. IIpBo cy opgpeheHH onTUMaNHU NapaMeTpH eKc-
Tpaku{je akTHBHUX MaTepHja U3 nuirha, MepemeM BUXOBE aHTHOKCHIAHTHE akKTHBHOCTH Ha
CJI0DOIHUM OPraHCKMM panuvkanuma. OnTHMH3aldja mapaMerapa je usspiueHa full factorial
design metonoM. Y fipyroj Gasu HCTpaKKBamwa, eKCTPaKT JOOHjeH NpH ONTHMATHUM NapaMeT-
PHYMa je UCTIUTHBAH Ka0 HHXHUOUTOP Kopo3uje uenuka y 0,5 mol dm™ HCl, rpPaBUMETPUjCKOM U
€JIEKTPOXEMHUjCKUM MeToziamMa. Pe3ynTaT mokasyjy Ia ce eKCTPakKT IOHalla Ka0 MELUIOBUTH
MHXUOUTOp. ACOpPNLHYja MHXUOUTOPA Ha CYICTpaTy je CIOHTaHa (AG%s = —12,443 kJ mol ™),
ofurpaBa Ce IpeMa MeXaHuU3My (PU3HUKe afCcopIIlHje W MOXKE Ce OmnucaTh JIaHrMHUPOBOM
aZicopnuroHoM usotepmoM. Hajsehu crenen nHxudupamwa koposuje on 92 % MepeHo rpaBu-
Me’I’pI;IjCKOM METOZIOM, Ce MOCTHKE DY KOHLIEHTPalKju HHXUOUTOPa Yy KUCEIUHHU Of 2,8x10°°
gcm”.

(ITpumrbeHo 13. Maja, peBuaupaHo 6. jyna, npuxsaheno 1. aBrycra 2022)
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TABLE S-1. Experimental design table for independent variables and the antioxidant activity

Experiment X X, X3 X, AA 1 % Y/ %
1 -1 -1 -1 -1 73.50 71.03
2 1 -1 -1 -1 63.88 65.30
3 -1 1 -1 -1 52.43 56.30
4 1 1 -1 -1 48.93 45.83
5 -1 -1 1 -1 81.84 81.39
6 1 -1 1 -1 79.90 81.12
7 -1 1 1 -1 79.22 77.99
8 1 1 1 -1 72.82 72.99
9 -1 -1 -1 1 58.64 62.19
10 1 -1 -1 1 63.79 61.00
11 -1 1 -1 1 53.50 48.26
12 1 1 -1 1 38.16 42.34
13 -1 -1 1 1 74.85 73.93
14 1 -1 1 1 78.35 78.21
15 -1 1 1 1 69.03 71.34
16 1 1 1 1 72.43 70.89
17 0 0 0 0 66.60 66.26
18 0 0 0 0 65.83 66.26
19 0 0 0 0 66.12 66.26
20 0 0 0 0 65.34 66.26
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TABLE S-II. ANOVA analysis

S61

Source DF SS MS F P
Regression 10 2362 236.2 19.16 0.000
Residual 9 110.94 12.33 - -
Lack of fit 6 110.11 18.35 65.62 0.003
Pure error 3 0.84 0.28 - -
R 0.955 - - - -
R agi 0.905 - - - -
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Fig S-1. Prediction profiler at maximal desirability.
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Abstract: N-doped TiO,/carbon composites (TiO,/CN) with different nitrogen
content, were obtained starting from titanium isopropoxide and glucose, and by
varying the amount of melamine, added to starting reaction mixture. For com-
parison, an undoped sample (TiO,/C) was also prepared. Structural and surface
characteristics were determined through scanning electron microscopy, thermo-
gravimetric analysis, elemental analysis, Fourier transform infrared spectro-
scopy, X-ray photoelectron spectroscopy, X-ray diffraction and nitrogen ads-
orption—desorption isotherms. The photocatalytic activity of TiO,/CN com-
posites was examined via photocatalytic degradation of methylene blue and
multiclass pharmaceuticals from water solution. It was found that N doping of
TiO,/carbon composites induced changes in structural and surface character-
istics of TiO,/CN composites, improving their adsorption, but decreasing
photocatalytic efficiency. Nevertheless, TiO,/CNj) o5 composite obtained by the
hydrothermal synthesis in the presence of glucose and 0.05 g melamine showed
the highest efficiency for removing selected pharmaceuticals and methylene
blue from aqueous solutions through the combined processes of adsorption in
the dark, and photocatalytic degradation under UV and visible irradiation.

* Corresponding author. E-mail: mvukasinovic@tmf.bg.ac.rs
# Serbian Chemical Society member.
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INTRODUCTION

Photocatalysis represents a clean, green and sustainable technology that is
constantly being studied and improved for its effective application in removing
organic pollutants from the environmental water. Titanium dioxide is one of the
most widely used photocatalytic materials in the fields of environmental purific-
ation, due to its advantages of good chemical stability, low cost and nontoxicity.!
However, it is photocatalytically active only under UV light, due to its relatively
high band gap energy.2 Reduction of the band gap energy, which can be achieved
by doping TiO, with non-metal elements, such as C, B, S and N,2-¢ spread the
spectral response of TiO; into the visible region. Also, it was found’ that N-dop-
ing of TiO, enhances the photocatalytic performance under UV irradiation by
increasing the specific surface area of a photocatalyst.

To obtain highly reactive photocatalysts, in addition to TiO; doping with
nitrogen, photocatalysts can be combined with different carbon materials that
play the role of catalysts.!-8-10 It was found that nitrogen doping combined with
some carbon material as a carrier lead to an increase in the specific surface area
of the material, as well as its photocatalytic activity under visible irradiation. !

Previously,® we have used a simple method of hydrothermal synthesis to
obtain highly reactive TiOs/carbon composites for photocatalytic degradation of
selected organic pollutants, under UV irradiation. In this work, the hydrothermal
method was applied to synthesize the material, photocatalytically active under
visible light. N-doped TiO,/carbon composites (TiO,/CN), with different nitro-
gen content, were obtained starting from titanium isopropoxide and glucose, and
by varying the amount of melamine, added to starting reaction mixture. Obtained
composites were characterized by the means of structural and surface properties.
Their photocatalytic activity was tested through the degradation of methylene
blue (MB) and selected pharmaceuticals, belonging to classes of antibiotics, pain-
killers, sedatives and cardiovascular. Additionally, it is important to highlight
that some of the examined pharmaceuticals (diclofenac, azithromycin, and ery-
thromycin) were included in the watch list of substances for union-wide moni-
toring in the field of water policy,!! since their presence may pose a significant
risk to the aquatic environment.

EXPERIMENTAL

TiO,/carbon composites doped with nitrogen (TiO,/CN) were obtained by hydrothermal
synthesis. Starting reaction mixture containing: 37 cm? glucose solution (30 g dm™), 3 cm3 35
% hydrochloric acid, 6 cm® of titanium isopropoxide, and different amounts of melamine
(0.05, 0.1 and 0.5 g), was placed in the Teflon lined stainless steel autoclave (50 cm3), and
carbonized at a temperature of 160 °C and self-generated pressure for 12 h. The resulting sus-
pension, obtained after the carbonization, was filtered and the precipitate was washed with
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distilled water and ethanol and dried at 60 °C overnight. Obtained samples were denoted as
TiO,/CNy o5, TiO,/CNy; and TiO,/CNj s, respectively, based on the amount of melamine
used. For the purpose of comparison, the undoped sample (TiO,/C) was prepared according to
the same procedure, without melamine adding.

Scanning electron microscopy (Mira Tescan 3X, Tescan Orsay Holding, Czech Rep-
ublic) was used to examine the structure and morphology of prepared carbon composites.

The thermogravimetric analysis (TGA, SDT Q600, TA Instruments) was performed in
the O, atmosphere (flow rate: 100 cm3 min'!) from room temperature up to 800 °C, with a
heating rate of 20 °C min'!.

Elemental analysis (Vario EL III Element Analyzer, Elementar, Shimadzu Europe) was
performed to determine the nitrogen content in the synthesized composite materials.

Fourier transform infrared spectroscopy (FTIR, Bomem MB-Series, Hartmann Braun)
was used for qualitative analysis of surface functional groups. FTIR spectra were obtained in
the wavenumber range from 400 to 4000 cm’!.

X-Ray photoelectron spectroscopy (XPS) measurements were performed on the PHI-
-TFA XPS spectrometer produced by Physical Electronics Inc. and equipped with the mono-
chromatic X-ray source with the Al anode. Wide energy range XPS spectra were taken with
pass energy of 187 eV to identify present elements and high-energy resolution XPS spectra
were taken with pass energy 29 eV to identify chemical bonds of elements on the surface.
Low-energy electron gun was used for neutralization of possible charging effects.

The specific surface area and the pore size distribution (PSD) of carbon composites were
analyzed using the Surfer (Thermo Fisher Scientific, USA). PSD was estimated by applying
Barrett—Joyner—Halenda (BJH) method!? to the desorption branch of isotherms and mesopore
surface (Syes0) and micropore volume (¥Viy;0ro) Were estimated using the #-plot method.!3

X-ray diffraction (XRD) patterns were performed by Philips PW1710 diffractometer
with CuKa radiation at a scanning speed 1 °C min! in the range of 26 of 20-60°. Based on
obtained X-ray diffraction patterns, crystalline phases have been identified, and approximate
share of the individual phases in the product and the crystallite size was calculated by com-
puter program Powder Cell.!4

The photocatalytic activity of TiO,/CN composites, as well as undoped TiO,/C compo-
site, was evaluated by photocatalytic degradation of methylene blue (MB) and selected phar-
maceuticals from multicomponent solution. Experiments were carried out at room temperature
and atmospheric pressure with constant shaking on a magnetic stirrer. The starting concen-
tration of the MB solution was 25 mg dm™, while the concentration of composite material was
2 g dm3. The suspension was held for 60 min in the dark until an adsorption—desorption
equilibrium is reached, after which the suspension was exposed to UV irradiation. Process of
photocatalytic degradation was monitored by periodic sampling (60, 75, 90, 105, 120, 150 and
180 min), and measuring of MB concentration. To compare the photocatalytic activity of
examined samples under visible irradiation, MB solution with an initial concentration of 10
mg dm3 was used. As a source of UV irradiation, 125 W high-pressure mercury lamp, Phil-
ips, HPLN was used, while visible irradiation was obtained by 150 W tungsten halogen lamp
with a 400 nm cut off glass optical filter.

Also, TiO,/CN composites were used as photocatalysts for degradation of the selected
pharmaceuticals: diclofenac (painkillers); bromazepam (sedatives); atorvastatin, amlodipine,
cilazapril and clopidogrel (cardiovascular); azithromycin, doxycycline and erythromycin
(antibiotics). The initial concentration of each of the selected pharmaceuticals from the multi-
component solution was 5 mg dm=. The concentration of composite photocatalysts was 1 g
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dm3, while experimental conditions were the same as for degradation of MB under UV irra-
diation. The solution samples were taken after 180 min of the removal process, which inc-
luded 60 min of adsorption in the dark, followed by photocatalytic degradation. Samples were
filtered through 0.45 pm PVDF syringe filters, and the concentration of selected pharmaceut-
icals was assessed by high-performance liquid chromatography—tandem mass spectrometry
(LC-MS/MS Thermo Scientific). LC-MS/MS method conditions are given in the Supplemen-
tary material to this paper.

RESULTS AND DISCUSSION

The morphological characteristics of TiO2/CN samples were examined by
scanning electron microscopy (Fig. 1). Compared to the undoped sample (Fig.
1d), the addition of melamine in the reaction mixture does not lead to any imp-
ortant differences in the morphology of obtained composites. SEM photographs
showed that all N-doped TiO,/carbon composites were characterized by a similar
and homogenous structure, regardless of the amount of melamine added to the
reaction mixture.

#5888 300 nm S 1200 nm 200 nm 200nm

Fig. 1. SEM photographs of samples: a) TiO,/CNj 5; b) TiO,/CNj) 1, ¢) TiO»/CNy 5 and
d) TiO,/C.

The contents of nitrogen, carbon phase and TiO; in examined composites
were obtained by elemental and thermogravimetric analysis. The TGA, DTG,
and DTA curves of the TiO»/CN composites, as well as undoped TiO,/C, are
shown in Fig. 2a—c, respectively. For all examined samples, according to the
DTG curves, the first mass loss was observed in the temperature range from 40 to
120 °C, which originates from physically and chemically adsorbed water. The
second mass loss observed in the range 250450 °C, is a consequence of hydro-
thermal carbon oxidation during TG analysis. Sample TiO»/CNy o5 has an addit-
ional mass loss in the temperature range 550—650 °C, which origin is not fully
understood.

According to the literature!5 the mass loss in this region can be the conse-
quence of the decomposition of residual melamine, which is unlikely because
samples obtained with a higher amount of melamine do not display the mass loss
in this temperature region. Also, it is suggested that the mass loss in the tem-
perature region from 350-800 °C can be a result of carbon residue degradation,
as well as TiO, crystal phase transformation.!® The content of TiO,, carbon
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phase (obtained from TGA), and nitrogen (from elemental analysis) in examined
composites are presented in Table I. Percentage contents of TiO, and carbon

phase, shown in Table I, were calculated taking the content of hydrothermally
obtained TiO; on 800 °C as 100 %.

a) o- b)o.20- ——Ti0,/C ——TiO,/CN, .
N . | ——TiO,/CN,,—— TiO/CN, ,
5 o 1V
0.15-
S g
(L/’)" 104 o
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Fig. 2. TGA (a), DTG (b) and DTA (c) curves, and FTIR spectra (d) of TiO,/C and TiO,/CN
composites.

Table I. TiO,, carbon phase and nitrogen content in TiO,/CN composites (wt. %)

Component
Sample TiO, Carbon phase N
TiO,/C 88.17 11.83 0
Ti0,/CNy o5 80.45 19.33 0.221
TiO,/CNy ; 83.27 16.61 0.156
TiO,/CNy 5 82.23 17.48 0.292

Obtained results showed that adding the melamine to the reaction mixture
led to nitrogen incorporation into TiO/CN composites in the range from 0.156 to
0.292 wt. %. However, nitrogen content in TiO2/CN composites is not directly
dependent on the amount of melamine added to the reaction mixture since both,
the lowest and the highest amount of melamine, led to similar nitrogen content in
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the TiO»/CN composites. It has been observed that the lowest concentration of
melamine in the reaction mixture resulted in increased content of the organic car-
bonaceous phase at the expense of the TiO, inorganic phase.

FTIR spectra of undoped and doped composites are shown in Fig. 2d. The
broad band in the range of 400—1000 cm~! is derived from the stretch vibration
of Ti—O and Ti-O-Ti bonds.!7:18 The peak at 3400 cm™! originates from the
stretching vibration of the OH bond in Ti—OH and in water adsorbed on the TiO»
surface, indicating the presence of hydroxyl groups on the surface of the
material.!8 Another peak that may correspond to bending vibrations of the O—H
bond in water molecules appears around 1625 cm! for all tested samples.!8 Two
weak peaks at 2850 and 2920 cm~! can be ascribed to characteristic stretching
vibrations of aliphatic C—H, which indicate the formation of carbon layers.!7 The
addition of melamine leads to a broadening of the peak at 3400 cm™!. It is neces-
sary to highlight that there are no distinct differences between the FTIR spectra
of TiO»/CN composites. Nevertheless, a small shoulder at around 1715 cm1,
was observed for sample TiO»/CNg 5. This peak may originate from stretching
vibration of —-C=0 from carbonyl and carboxyl groups, indicating that N-doping
with the highest amount of melamine induced their formation. Although the peak
at 1385 cm~! can be related to C=C and O-H bond,!? it may also be induced by
the C—N bond. However, this observation could not confirm the presence of
nitrogen in obtained composite materials, since undoped TiO,/C spectra dis-
played peaks at the same wavenumber.

XPS analysis was conducted to confirm the nitrogen incorporation into
TiO2/CN composites and to identify the valence state of the doping nitrogen.
Fig. 3a shows the very similar spectra of undoped TiO,/C and TiO,/CN samples,
doped with various nitrogen amounts, taken in the binding energy range from 0
to 1200 eV. In the high-resolution spectra of Ti 2p (Fig. 3b), peaks at 458.8 and
464.4 eV correspond to Ti 2p3, and Ti 2py/, respectively.20 Binding energy
difference between these two peaks is 5.6 eV. Binding energy 458.8 eV of Ti
2p3/» confirms the presence of the Ti4" states in TiO,. Fig. 3¢ shows the high
resolution XPS spectra of O 1s, deconvoluted in three peaks at 530.1, 531.7 and
532.8 eV that are ascribed to lattice oxygen (Ti—O-Ti), surface hydroxyl groups
(Ti—~O-H) and adsorbed water.21-22

The C 1s spectrum (Fig. 3d) was fitted with four peaks. The main peak at
284.8 eV corresponds to C—C and C-H bonds,?3 while the peak at 289.6 eV
corresponds to O=C-O. Peaks at 286.4 and 288.4 eV can be assigned to nitrogen-
doped sp? carbon (C-N) and nitrogen-doped sp3 carbon (C=N),20 although, these
peaks may be related to the C—O, C—OH and C=0, due to much higher concen-
tration of oxygen, compared to nitrogen. Furthermore, the high-resolution N 1s
spectra display a peak of around 400 eV (Fig. 3e). Emission in the 399-400 eV
region can originate from nitriles (N triple-bonded to only one carbon), graphitic
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N (bonded to three carbons),24 or adsorbed nitrogen, but also from the interstitial

integration of nitrogen into TiO, lattice.
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Fig. 3. XPS survey spectra of TiO,/C and TiO,/CN samples with various nitrogen content (a),
the high-resolution spectra of Ti 2p (b), O 1s (c), C 1s (d) and N 1s (e) of TiO,/CNy s.

Nitrogen adsorption isotherms obtained for undoped and TiO,/CN samples
are given in Fig. 4a, as the dependence of the adsorbed amount of Ny (z / mmol
o~1) and relative pressure (P/P) at the temperature of liquid nitrogen. Obtained
isotherms are type IV of IUPAC classification,2> containing a hysteresis loop,
which indicates a mesoporous material. The observed hysteresis loop of type H2
is typical for the pores of undefinable shape.

Additionally, non-limiting adsorption at high P/Py, observed for N-doped
samples indicates the presence of slit-shaped pores at non-rigid aggregates of
plate-like particles.26 Pore size distribution (Fig. 4b) for all samples is very nar-
row and close to the limiting value between micro and mesopores (2 nm). This
means that these materials can be considered microporous with a small fraction
of mesoporousness. Values for the average pore width (), for all samples, along
with the calculated porosity parameters (SBET, Smeso» Smic> Vmic) are given in
Table II. The mesoporous TiO»/C sample showed an Sggt of 174.08 m? g1 and
an average pore width of 3.78 nm.

On the other hand, all TiO»/CN composites are mainly microporous, with a
maximum pore radius of about 2.2 nm. Also, it was found that the SggT of
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N-doped samples, ranging from 186 to 239 m? g1, increase with nitrogen con-
tent. Consideration of the obtained results indicates that melamine addition in
reaction mixture leads to the decrease of average pore width, and drastically inc-
reases the microporosity, as well as SgrT values of obtained TiO,/CN samples.
As it was reported previously,2’ these changes in specific surface area and
average pore width may be the consequence of the substitution of carbon atoms,
most likely located on the reactive edges, with nitrogen atoms during
hydrothermal synthesis. These incorporated N atoms could act as a catalyst for
porosity development.

a) 8o+ b)
70 Adsorption b 250+
Ti0,C TiO,/CN, . .
60 1—»— TiO,/CN, ,—=— TiO/CN E
2y 2 =N . = 200 Ti 0.‘ c
<507 o TIO/CN__
- £ 150 10,/CN, 5y
B 40 & —&—TIOJCN, ,
E = 3 —o—TiO/CN
£ 30 5100+ T
= 20] e
Desorption i
101 TIo,/C TiOJCN,,, — 501
0 —>—TIO/CN, , —o—TiO,/CN, , K
L - : : : - 04— Ut ——on
0.0 0.2 04 0.6 0.8 10 2 4 6 8 10 12 14
PIP, r,/nm

Fig. 4. Nitrogen adsorption isotherms (a) and pore size distribution (b) for TiO,/C and
Ti0,/CN samples.

TABLE II. Porous properties of TiO,/CN samples

Sample Sppr/m2 gl Speeo/m2gl S /m?gl Vinic/ cm3gt 1) /nm
TiO,/C 174 168 6 0.048 3.78
TiOo/CNo 05 231 32 199 0.231 237
TiO,/CNy | 186 17 169 0.194 2.11
Ti0,/CN s 239 2 217 0.246 2.38

XRD analysis was performed to determine the content of crystalline TiO;
phases in TiO,/C and TiO,/CN composites, as well as the crystallite size. XRD
diffraction pattern for all tested samples (Fig. 5) showed the presence of a charac-
teristic peak for anatase (101) (20 = 25.6°) crystalline phase, as well as peaks at
20 38.2 (112), 48.3 (200) and 54.6° (105) also arising from anatase crystalline
modification.!0:28 The presence of a low-intensity peak at 20 = 27.7° (110), ori-
ginating from rutile crystal modification, was observed for the undoped sample
TiO,/C (Fig. 5).28 However, no distinguish peaks characteristic for the rutile
phase were displayed on XRD diffraction patterns of TiO/CN composites. A
shoulder appearing at 26 = 26° (110), visible on the XRD diffraction pattern of
all TiO/CN composites, may originate from the photocatalytically inactive crys-
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talline phase of brookite, as well as from titanium nitride.2% The presence of these
phases may affect the photocatalytic activity of the examined composites, espe-
cially of sample TiO,/CNgs which shows the shoulder of higher intensity.
Although XPS analysis showed that nitrogen was most likely incorporated in
carbon lattice, the addition of melamine to the starting reaction mixture affected
the structure of N-doped composites by favoring the formation of the anatase
phase and suppressing the formation of the rutile phase.

A (101)

A(112) A(200) A (105)

R (110)
RLlod Tio,/C

Intensity, a.u.

TiO,/CN,

5
TiO,/CN, ,

TiO,/CN, ,
W

20 30 40 50 60
26/ °

Fig. 5. XRD patterns of examined samples.

The calculated approximate values of the fraction of TiO, crystalline phases
and the size of the crystallite are shown in Table III. The undoped sample,
TiO,/C, contains 24 % of the rutile phase, while N doping significantly
decreased the content of the rutile phase. The observed increase of the anatase
phase content should favorably affect the photocatalytic characteristics of
TiO2/CN composites. It can be noticed that N-doping leads to a decrease in the
average grain size, which is dependable on nitrogen content in TiO»/CN com-
posites. The addition of melamine increases the content of amorphous carbon
(Table I), which inhibits the growth of TiO, grains and thus N-doping leads to a
decrease in the grain size. Obtained values for grain size and average pore width
(Table II), suggest that these pores most likely represent interparticle spaces.

The photocatalytic activity of TiO,/CN composites was investigated in the
process of removing methylene blue from aqueous solutions under UV and
visible irradiation. Fig. 6a shows the photocatalytic decomposition of MB as a
decrease in the MB concentration during the time. The entire process of MB
removal lasted 180 min and it was performed in two steps. The first step is rel-
ated to the establishment of an adsorption/desorption equilibrium for 60 min in
the dark, and the second step implied the degradation of organic pollutants in the
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presence of UV or visible irradiation. Fig. 6b summarized the removal efficiency
after the first adsorption step in the dark, the second step of photocatalytic deg-
radation under UV irradiation, and total removal efficiency. At the end of the
first step, TiO/CN samples showed higher adsorption capacity (removing 44-70
% of MB) than sample TiO,/C, which adsorbed about 35 % of the initial amount
of MB. According to the results shown in Fig. 6b and Table II, adsorption effi-
ciency increases with specific surface area, although, a direct relationship bet-
ween SggT and the amount of MB adsorbed cannot be established. N-doped
samples had higher adsorption capacity, but lower photocatalytic efficiency since
N-doped samples showed lower removal efficiency during the irradiation step
than the undoped sample. However, according to Fig. 6b, samples TiO»/CNg s
and TiO/CNg s showed the highest level of adsorption and total removal
efficiency, due to the high specific surface area, which is the result of the highest
content of carbon. Photocatalytic characteristics of examined materials are not
directly influenced by nitrogen content. TiO,/C showed better photocatalytic
activity than N-doped samples, most likely because increased carbon content in
N-doped samples had a negative effect on photocatalytic activity by preventing
light penetration to the TiO;.

TABLE III. Anatase and rutile phase content and grain sizes of TiO,/C and TiO,/CN compo-
sites

Phase content, wt. %

Sampl Crystallite si -
ampre rystafiite size, im Anatase Rutile
TiO,/C 9.76 76.0 24.0
TiO,/CNg o5 7.15 98.0 2.0
TiO,/CNg ; 7.26 99.0 1.0
TiO,/CNy 5 6.52 95.0 5.0
El) 254 ! b) 100 1 adsorption in the dark
\ —v—Ti0/C 90 [ | photocatalytic degradation under UV light
24 i = Tioz”CNn s & 80+ [L_Jtoialremoval
° 16 NN —#—TIO,/CN,, é‘?o- T ]
E . —=—TiO/CN,, 3
o 4] 1 ] 60
gﬂ \:\\‘ @ o0
- 1 ]
o 12+ X g 0
[ . E 30
10 ; e
20
81 10
8 r T - —— - ; } 0 r T T
05 60 80 100 120 140 160 180 O > o \(}W
Time, min <& P OF <ot

Fig. 6. Photocatalytic decomposition (a) and removal efficiency (b) of MB in the presence of
TiO,/C and TiO,/CN composites.
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Undoped and N-doped samples showed a similar trend in the photocatalytic
activity in the process of methylene blue removal under visible irradiation (Fig.
7a). Samples obtained by adding a larger amount of melamine to the reaction
mixture (TiO/CNg 1, TiO2/CNg 5) show lower photocatalytic activity in the vis-
ible region than the undoped sample. Only the sample obtained with a small
amount of melamine (TiO2/CNy s5) shows a better efficiency than the undoped
sample. As was already mentioned, due to the large specific surface area and the
highest carbon content, sample TiO2/CNg o5 displayed the best efficiency in the
MB removal process. Also, its photocatalytic activity in the decomposition of
MB under visible radiation (4 > 400 nm) was followed by the recording of the
absorption spectra. According to the spectra shown (Fig. 7b), no new absorption
bands appear in the visible or UV area, which confirms the disappearance of the
dye chromophore structure.3 Even though the absorption peak at 663 nm dec-
reases with the increase in reaction time, the MB is not degraded after 24 h.

a) b) 2.0-Photocatalytic degradation
7 Tio/C TiO/CN, under visible light
—+—TIO,/CN, , —— TIO,/CN,

in the dark e
- - —- .
0 R S T 0.0 ; : T
0 20 40 60 80 100 120 140 160 180 200 400 800 800 1000
Time, min Wavelength, nm

Fig. 7. Photocatalytic decomposition of MB in the presence of undoped and N-doped samples
(a) and absorption spectraof MB on TiO,/CN o5 (b).

The possibility of removing selected pharmaceuticals from a multi-compo-
nent solution by TiO2/CN composites under UV irradiation was also examined.
For the purpose of comparison, results obtained by undoped TiO,/C composite
were also presented. Fig. 8 summarized the percentage of removed pharmaceut-
icals by adsorption in the dark, followed by the photocatalytic degradation under
UV irradiation after 180 min, and total removal efficiency.

Generally, all tested materials better adsorb pharmaceuticals of decreased
polarity (higher values of retention time in Table S-II of the Supplementary mat-
erial), except in the case of doxycycline. The higher specific surface area of
N-doped samples, compared to the undoped sample, positively affects the phar-
maceutical adsorption, except for amlodipine adsorption where the undoped
sample showed the highest removal efficiency in the dark. Samples TiO,/CNy
and TiO»/CNy s show a lower efficiency of pharmaceuticals removal under UV
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irradiation (Fig. 8b), compared to the undoped sample and TiO2/CNy 5. Never-
theless, all tested composites demonstrate high efficacy in the total removal (Fig.
8c) of diclofenac, doxycycline, atorvastatin, amlodipine and clopidogrel, which
were completely removed after the adsorption in the dark, followed by photo-
catalytic degradation under UV irradiation.

il

5 @ ® ;
Qﬁ@@é‘& 05\9‘ ®¢¢$§O&b@ v’ﬁ\ f@q}r)@&\ ,g,?sc@b o“fﬁdﬁp

¢) EATiojc I Tio,cn, Il o cn,, I ToCN,

100+ |

D'Fﬁa\&«?ﬁﬁﬁ

Fig. 8. Removal of pharmaceuticals from a multi-component solution by TiO,/C and TiO,/CN
composites: a) adsorption in the dark, b) under UV irradiation and c) total removal.
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The percentage of totally removed pharmaceuticals increases with the higher
amount of melamine introduced in the starting reaction mixture, most likely due
to the increased specific surface area and adsorption efficiency. In that way, the
composite obtained with the highest amount of melamine, TiO»/CNy 5, showed
the highest efficiency for removing selected pharmaceuticals from aqueous sol-
utions.

CONCLUSION

N-doped TiOy/carbon composites were obtained by hydrothermal synthesis
using melamine, as a source of nitrogen, though the nitrogen content in TiO»/CN
composites was not directly proportional to the amount of melamine added to the

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

(CC) 2023 SCS.



N DOPED TIO,/CARBON COMPOSITES 1 95

reaction mixture. The incorporation of nitrogen affected the structural and sur-
face characteristics of composite photocatalysts, by increasing the specific sur-
face area and microporosity, as well as the content of the photocatalytically act-
ive anatase phase. N-doping affected the efficiency of these composites to rem-
ove methylene blue and selected pharmaceuticals, by increasing their adsorption
efficiency and decreasing photocatalytic activity under UV irradiation. Never-
theless, TiO/CNg o5 composite, obtained by the hydrothermal synthesis in the
presence of glucose and 0.05 g melamine, showed the highest efficiency for
removing selected pharmaceuticals and methylene blue from aqueous solutions
through the combined processes of adsorption in the dark and photocatalytic
degradation under UV and visible irradiation.

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/11912, or from the corres-
ponding author on request.

Acknowledgements. The research was funded by the Ministry of Education, Science and
Technological Development of the Republic of Serbia (Contract Nos. 451-03-68/2022-
-14/200135, 451-03-68/2022-14/200287 and 451-03-9/2021-14/200017).

U3BOL
YTHULAJ IOINMHUPAIA A30TOM HA CTPYKTYPHE U ®OTOKATAJIMTHUKE
KAPAKTEPUCTUKE XUJPOTEPMATHO CUHTETUCAHUX TiO2/KAPBOH KOMIIO3UTA

MAPHHA M. MAJIETUR', AHA M. KAJIWJATTUC®, BJIAIIMMUP JIA30BUR’, CHEXXAHA TPUGYHOBHUR",
BUJbAHA M. BABUR’, AIEKCAHJIPA TAITYEBUR’®, JANEZ KOVAC® 1 MAPHJA M. BYKYUEBUR®

"Unosauuonu Lentwmap Texnomowko—mewmanypuxol paxynmetia, Kapueiujesa 4, 11000 Eeoipag,
*JlaSopatmopuja 3a matdepujane, UHCTuity il 3a HykedpHe Hayke Bunua — HNCIIUTLY T 0§ HAUUOHATHOT
3Hauaja, Ynueepsuitiewi y Beoipagy, Muxe Iletiposuha Anaca 12—14, 11000 Beoipag, 3I/Incu7umyu7 3a
Qusuky — Huclutly i 0g HayUOHATHOT 3Hauaja, Yrnueep3uiteii y beoipagy, ITpeipesuya 118, 11080
Beoipag, 4Xemujc1{u Qaxynitein, Ynugep3utieii y Beoipagy, Ctuygeniticku wipi 12—16, 11000 Beoipag,
5Texnonoumo—/vwwanypmxu axyniteii, Ynugep3uitieil y Beoipagy, Kapneiujesa 4, 11000 Beoipag u
SDepartment of Surface Engineering, Institute JoZef Stefan, Jamova cesta 39, 1000 Ljubljana, Slovenia

TiOz/xapboH xomno3sutu pnonupaHu asoTom (TiOz/CN) modujeHu cy XumpoTepMaaHOM
KapDOHHM3allMjoM CMellle TUTAaH HU30MPOIOKCHAA U IIYKO3€, Y MPUCYCTBY Pa3IHMYUTHUX KOJH-
YMHa MeJaMHHa Kkao NpeKypcopa a3oTa. U3BplieHa je MOBPIIMHCKA U CTPYKTYPHA KapaKTepH-
3allMja MaTepHjana, a #OOHjeHH pe3ynTaTy cy ynopeheHu ca kapakTepuCcTHKama HelOMUPaHorT
TiO2/xapdoH xommo3urta. POTOKATATUTUYKA AKTUBHOCT JOOMjEHUX KOMIIO3UTA HCIUTAHA je
(poTOKaTATUTUYKOM PAa3rpaliboM METHJIEHCKO IUIAaBOT ¥ JIEKOBA M3 MYITHKOMIIOHEHTHOT
BOJIEHOT pacTBOpa. YTBpheHo je ma nomupame a3oToM TiO: xapboH KOMIIO3WTa JOBOOU IO
MPOMEHa y CTPYKTYPHHUM H TOBPIIWHCKAM kapakTepuctukama Ti02/CN xommo3ura, modom-
maBajyhu BUXOBY afiCOPNLHUOHY eUKaCHOCT, alnu cMawyjyhu doToKaTaIuTUUKy aKTUBHOCT.
INokasaHo je fja € IPUMEHBEHOM METOJJOM XUAPOTEPMAaIHE KapOOHU3aLuje MOry JOOUTH edHu-
KaCHU KOMIIO3UTH 3@ yK/Iamame ofadpaHMX JIEKOBA U METHUIEHCKOT IJIaBOT U3 BOJEHUX pac-
TBODa, IPUMEHOM TIpolieca afcopnuuje y Mpaky, npaheHor GoTOKaTaIUTHYKOM pasTpafmboM
nox UV 1 BUI/BUBUM 3paueHEM.

(ITpumsbeno 8. jyna, pesupupano 11. okrodpa, mpuxsaheno 15. oxrodpa 2022)
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LC-MS/MS method

Surveyor HPLC system (Thermo Fisher Scientific) was used for the
separation of the analytes on the reverse-phase Zorbax Eclipse XDB-CI18
column, 75 mm long, 4.6 mm inner diameter (i.d.) and 3.5 pum particle size
(Agilent Technologies). The mobile phase consisted of water (A), methanol (B)
and 10 % acetic acid (C) and gradient changes are shown in Table S-I. An aliquot
of 10 ul of the aqueous solution was injected into the HPLC system. Linear ion
trap mass spectrometer, LTQ XL (Thermo Fisher Scientific), was used for the
detection and quantification of pharmaceuticals. The electrospray ionization
technique was used and all pharmaceuticals were analyzed in the positive
ionization mode. The mass chromatogram of the pharmaceuticals is given in Fig.
S-1. For quantification purposes, the selected reaction monitoring mode (SRM)
was used. The selected precursor ion, the optimal collision energy, and the most
abundant product ion, as well as its isolation width, for each analyte, are
presented in Table S-II.
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TABLE S-I. Gradient of mobile phase

Content, %

. . . -1
Time, min A B C Flow, ml min
0 48 50 2 0,6
9.00 0 98 2 0,6
13.00 0 98 2 0,6
13.01 0 100 0 1
18.00 0 100 0 1
18.01 48 50 2 0,6
25.00 48 50 2 0,6
RT:5.36
10 § /\ Azithromycin
50
0
RT: 7.41
100 3
50§ A Doxycycline
0 RT: 8.97
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503 A Cilazapril
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Fig. S-1. Mass chromatogram of selected pharmaceuticals.
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TABLE S-II. LC/MS-MS quantification parameters for selected pharmaceuticals

. Retention Precursor Collision Product Isolation width
Pharmaceutical . . . . .

time, min ion, m/z energy, a.u.* ion, m/z of product ion
Azithromycin 5.36 749 30 591 2
Doxycycline 7.41 445 25 428 2
Cilazapril 8.97 418 23 211 2
Erythromycin 8.99 734 26 576 2
Bromazepam 9.23 316 36 288 1
Amlodipine 9.37 408 25 237 2
Atorvastatin 12.65 559 25 466 2
Diclofenac 13.40 295 28 277 1
Clopidogrel 13.58 321 28 211 2

_*arbitrary units defined by LCQ systerﬁ
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Abstract: A three-phase foam is considered one of the promising advanced
materials for fighting fires. However, the preparation conditions, cost and effect
are key factors for industrial applications. In this study, new three-phase foam
systems with fly ash and a complex surfactant are proposed. Five types of surf-
actants alcohol polyoxyethylene ether sodium sulfate, coconut oil diethanola-
mine, sodium lauryl sulfate, polyacrylamide and polyether-modified silicone
resin emulsion were selected as foaming agents. Through laboratory experiments,
the effect on the expansion ratio and foam stability of the surfactant type/con-
centration, fly ash particle concentration/size and pH were investigated. The
foaming condition was determined by numerical optimization. The results of this
study may serve as a reference for understanding the preparation of a novel three-
phase foam. It is hoped that this work could provide useful guidance for the
preparation of efficient three-phase fire-extinguishing foam for the safe guarding
of process safety in the field of chemical production, transportation, and storage
suitable for drug delivery than Alj,P;, and Al;,)N;, based on their recovery
times.

Keywords: fighting fire foam; expansion ratio; half-life; surfactant; fly ash; pH.

INTRODUCTION

Coal accounts for 60 % of the fuel used for power generation in China at
present,! and for a long time into the future, the main body of China’s energy
consumption will remain coal.2 However, a gradually expanding demand has
brought more risks, such as coal field fire accidents,3 this usually brings heavy
losses and danger in the field of mining, transportation and storage. Therefore,
effective and efficient fire-extinguishing material is particularly important in the
process safety of firefighting and safeguarding. Foam mainly includes solidified
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foam, a type of dispersed gas-liquid/solid system and is an effective environ-
mentally friendly and promising material in extinguishing fires, mineral float-
ation, and enhanced oil recovery.®> Foam two-phase foam and three-phase foam,
screening, cooling and insulating are the three main effects to extinguish fires.®
Two-phase foam is a dispersion system composed of an aqueous surfactant sol-
ution and gas (air or nitrogen), which has an important role in fighting fires. Used
properly, two-phase foam has previously effectively controlled mine fires.” How-
ever, its high specific surface area and surface energy lead to thermodynamic
instability.8:9 Moreover, the gravity and laplace pressure in the aqueous foam
cause foam drainage to coalesce and coarsen, which leads to foam decay.!0 The
efficiency of the fire extinguishing foam is mainly determined by its stability and
heat insulation performance. Therefore, stabilized two-phase foams have limited
applications in large-scale coal and oil fields.!!

Three-phase foam is a system for dispersing gas and solid particles in a
liquid phase,!2 in which particles stabilize the foam by adsorbing onto the gas/
/water interface.!l3 Compared with a traditional gas-liquid two-phase foam, the
addition of solid particles will inevitably affect the precipitation rate of water in
the liquid film and the stability of the foam. Researchers have tried to add a burn-
ing-resistant powder to two-phase foam to form three-phase foam that was com-
posed of water, air (or N») and solid.!4.15

Fly ash (FA) is a massive waste residue produced as a by-product of coal
combustion in power stations, out of nearly a billion tons produced in sample
amount, not more than 25 % is utilized and the remaining is left untreated.!6.17
Using FA produced by coal-fired boilers as solid particles to form FA three-
-phase foam system could reduce the cost of the system. At the same time, it
could reduce the pollution of solid waste by reducing FA discharge. Preground
FA particles are commonly used to stabilize the three-phase foam and enhance
oil recovery.!8 Previous studies have reported that FA particles produced by ball-
milling could significantly improve the stability and resistance factor of the foam
system. Although FA particles can effectively improve foam stability, grinding
causes a significant increase in cost and work load. A water-based foam can pro-
duce an efficient fire prevention performance because it has good cooling and a
filling effect in the fire extinction stage. Therefore, a water-based and non-ground
FA stabilized foam system could promote the development of fire extinguishing
materials. Currently, three-phase foams stabilized by unground FA have been
applied to try and prevent and control spontaneous combustion in coal.!5:19,20

The stability of three-phase foam is determined by the synergistic effect
between surfactant and particles.21-23 The synergistic effect is associated with
the physicochemical properties, concentrations of surfactants and solid par-
ticles.24 Mxed surfactants show a stronger synergistic interaction compared with
a single surfactant.25 However, whether it help to improve the properties of fire
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fighting foam, and the influence of FA/surfactant on the stability and expansion
ratio of three-phase foam still require clarification.26

In this study, because the used fly ash was negatively charged, cationic foam
agents are unsuitable for the fly ash-based foam, anionic foamers, i.e., fatty alco-
hol polyoxyethylene ether sodium sulfate (AES) and sodium lauryl sulfate (K12),
and nonionic foamer, i.e., polyacrylamide (PAM), coconut oil diethanolamine
(6501), foam stabilizer: modified silicone resin polyether emulsion (FM-550),
were first evaluated for the foaming agent system. Here air as gas phase and non-
ground FA particles as solid phase were used to generate water-based three-phase
foam. The formulation of foaming agent was optimized by orthogonal experi-
ment. The effects of the FA particle size/content, pH on improving the expansion
ratio and foam stability were investigated. As a result, the FA supported foam
exhibited better stability and expansion ratio. The design in this work could be
used to study the firefighting efficiency of different three-phase foams and serve
as a prototype to develop better generators for both lab research and practical
applications.

EXPERIMENTAL
Materials and instrumentations

All chemicals including AES, K12, 6501, PAM and FM-550 (active ingredient: 55 %)
were industrial grade purchased from Lvsen Chemical Reagent Co., Ltd., China and used
without further purification. Deionized water was used in all experiments. The FA used was
obtained from Huainan Tianjiaan Power Co., Ltd., China. Air compressor (DET750-30 L,
purchased from Shenba Compressor Manufacturing Co. Zhejiang, China): air pressure of 0.8
MPa, and air speed of 80 L min"!. The foam gun delivered foam with a high-pressure spray by
an air compressor.

Preparation of foam

The three-phase foam was prepared using a self-made designed system, which was
mainly composed of an air compressor and a foam gun (shown in Fig. 1). First, a foam sol-
ution is prepared in a polyvinyl chloride (PVC) jar according to the ratio of ingredients, then
FA particles were added as the solid phase, and fully stirred until a homogeneous slurry was
obtained. The foam gun was provided with an air compressor to provide gas and pressure,
then air was introduced through an air inlet on the tube and mixed with the slurry. The pres-
sure then enables spray through the nozzle, whereby uniform and stable three-phase foams
were jetted by the air through the outlet for fire extinguishing. After the foam was formed, the

Fig. 1. Preparation process of the three-phase foam.
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initial foam volume was immediately recorded, which was used to describe foaming capacity
and stability. All the foam tests were performed at room temperature. A study of the pro-
perties of the foam in different foaming agent, different FA content/size and pH enabled the
optimal parameters to be found.

Characterizations and calculation

The particle size distribution of FA sample was measured by a Laser Particle Sizer
(Marvin Mastersizer 2000, UK). The FA was investigated by X-ray diffraction (XRD, Lab
XRD, Shimadzu, Japan) test in the range of 10—60° with monochromatic CuKa radiation at 40
kV and 3 nm.

Foaming ability is one of the most fundamental properties of foam, which is expressed
by the expansion ratio (F) and was calculated based on Eq. (1) according to the current
Chinese national standards (GB/T 1966—1996):

F=—t (1)
my —my

p: the density of the foaming solution (assumed to be equal to the density of water, 1 kg dm"
3); v: volume of foam collector, dm=; m;: the mass of the empty foam collector, kg; m,: the
mass of the foam collector was filled with foam, kg.

Every experiment was repeated 5 times, and three values of good precision were aver-
aged as the measurement result. The relative change in foam volume as a function of time can
be considered an indication of foam stability. Generally, foam stabilization performance is
expressed by the defoaming time (decay half-life, 1)), #, for which the foam volume dec-
reases by 50 %.

RESULTS AND DISCUSSION
Characterization of FA

FA is a highly heterogeneous material usually consisting of silicon dioxide
and aluminum oxide as the major mineral components.2” Laser particle analyzer
is commonly used to measure the particle size distribution. As shown in Fig. 2a,
the used FA particle size distribution range was 1-500 um, and most FA dia-
meter of particles were about 300 um. The FA was also characterized by XRD,
with Fig. 2b showing the spectra of the sample particles, the primary diffraction

(a)s] (b)
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'.9.. = M: mullite
S ©
o 3 ~
= 2 M
o 2
T 3. ]
o £
S
£ 1]
©
a
0
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Particle size, um 26, Degree

Fig. 2. Particle size distribution (a) and XRD analysis (b) of FA.
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peaks at the 26 values of the particles were located. These results indicate that the
used FA contained mainly SiO; and Al;O3, the major absorptive capacity of
water was low and was relatively resistant to dissolution.

Factors influencing of foam properties

Optimization of foaming agent. The surfactant in the foam could be adsorbed
at the air/liquid interface to form and stabilize the foam. The orthogonal test is a
method used in multiple factors analysis, which is the method of partial factor
design by selecting the representative points from the comprehensive test. To
determine the optimal foaming condition of the generator, the foaming agents
were optimized by means of orthogonal experiment and extremum difference
analysis. A five-factors four-levels including AES, 6501, K12, PAM and FM-550
were designed and a total of 16 tests were performed to analyze their foam exp-
ansion (F) and half-life (¢1/,).28 In the experiment, the basic system was 200 g of
water. Factor level values are shown in Table I and the scheme of the orthogonal
test are shown in Table II. Each group of experiments was repeated five times,
and the average value of the three with good precision was recorded.

TABLE I. Factors and levels of foaming agent compounding system

Level Content, g
eve AES 6501 K12 PAM FM-550
1 0.0 0.0 0.0 0.0 0.0
2 3.0 1.0 3.0 0.1 1.0
3 45 2.0 45 0.15 15
4 6.0 3.0 6.0 02 2.0

TABLE II. Orthogonal experiment of foaming agent compound system

Content, g )
Number AES 6501 K12 PAM  FM-550 r 2 / min
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2 0.0 1.0 3.0 0.1 1.0 38.4 224
3 0.0 2.0 45 015 15 30.0 294
4 0.0 3.0 6.0 0.2 2.0 25.6 246
5 3.0 0.0 30 015 2.0 32.7 335
6 3.0 1.0 0.0 0.2 15 192 426
7 3.0 2.0 6.0 0.0 1.0 4.5 223
8 3.0 3.0 45 0.1 0.0 53.4 4
9 45 0.0 45 0.2 1.0 322 327
10 45 1.0 00 015 0.0 38.8 37
1 45 2.0 6.0 0.1 2.0 26.8 280
12 45 3.0 3.0 0.0 15 282 256
13 6.0 0.0 6.0 0.1 15 292 204
14 6.0 1.0 45 0.0 2.0 252 310
15 6.0 2.0 3.0 0.2 0.0 414 56
16 6.0 3.0 00 015 1.0 232 471
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In order to systematically analyze the degree of influence of different foam-
ing agents, the range analysis method was introduced according to the orthogonal
test.

The results showed that the sequence of the influence of surfactant on the F
and t1p were as follows: K12>AES>PAM>6501>FM-550 (Table III), FM-550
>PAM>AES>K12>6501 (Table IV). The best array was A;B3C3DyE, and
A4B4C4D3E3, respectively. These results suggested that the surfactant plays the
main role in the process of fire-retardant foam. Based on the range analysis, the
best proportion of the foaming agent compounding system is AES:6501:K12:
:PAM:FM-550 = 6:6:9:0.3:2 (mass ratio, 200 g water, which was recorded as the
foaming agent in the follow-up experiments).

TABLE III. Analysis of foam expansion ratio range; K is the sum of the foaming multiples in
parallel experiments, k is the average foaming multiples, 4 is the experimental results of AES,
B is the experimental results of 6501, C the experimental results of K12, D the experimental
results of PAM, E the experimental results of FM-550

F
Parameter A (AES) B (6501) C(K12)  D(PAM) E (FM-550)
K1 94.0 94.1 81.2 95.9 133.6
K2 147.8 121.6 140.7 147.8 136.3
K3 126.0 140.7 140.8 124.7 106.6
K4 119.0 1304 124.1 118.4 110.3
k1 235 23.5 20.3 24.0 33.4
k2 37.0 30.4 35.2 37.0 34.1
k3 315 352 352 31.2 26.6
k4 29.8 32.6 31.0 29.6 27.6
Range 13.5 11.7 14.9 13.0 8.5
Primary and secondary sequence order C>4>D>B>E
Optimization A2 B3 C3 D2 E2
TABLE IV. Analysis of foam half-life range
tl 2 / min
Parameter A(AES) B(6501) C(KI2) D(PAM)  E (FM-550)
K1 764 956 934 789 135
K2 1026 997 871 840 1245
K3 900 853 973 1137 1270
K4 1131 1015 1043 1035 1171
k1 191 239 233 197 34
k2 256 249 218 210 311
k3 225 213 243 284 318
k4 282 254 261 264 293
Range 91 41 43 87 284
Primary and secondary sequence order E>D>4>C>B
Optimization A4 B4 C4 D3 E3
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Foaming agent and water ratio (foaming liquid)

The best proportion of foaming agent were mixed with water in the mass
ratio of 1:10, 1:15, 1:20, 1:25, 1:30 (recorded as the foaming liquid) to study the
foaming capacity and foam stability. As shown in Fig. 3, with other condition
remaining unchanged, the F" and ¢, of the foam first increase and then decreases
with decreaseing water, when 1:20 was added, both had the maximum at 34.2
and 7.5 h respectively, which depicts that the foaming agent and water ratio play
other main roles for the foaming capacity and foam stabilization.

(a)*] (b)
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< & 5.
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% 15 ‘s 3
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F 27
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0 04
1:30 1:25 1:20 1:15 1:10 1:30 1:25 1:20 1:15 1:10
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Foaming agent/ water mFoaming agent/ rl“water

Fig. 3. Optimal ratio of foaming agent and water.

The ratio of foaming liquid/FA

FA particles are added to the foaming liquid (1:20 ratio of foaming agent and
water) to form a three-phase foam system. Comparing the F' and 1/, the per-
formance of three-phase foam is evaluated under different solid-liquid ratios. As
observed in Fig. 4, with increasing FA mass fraction, the #1/» values of the foam
increased, but foam volume decreased continuously, thereby indicating that the
FA can increase foam stability, but has an inhibitory effect on foam volume. The
enhancement of foam stability of three-phase foam was attributed to the exist-
ence of FA particles. The attached particles decrease the pressure difference
between the gas/liquid interface, slowing down the drainage process. Foam fire
extinguishing mainly depends on covering the surface of burning objects to pre-
vent them from contacting oxygen and continuing burning. Therefore, F has a
greater impact on the foam extinguishing property than its ¢y period. According
to experiment results, when the solid to liquid ratio is lower than 1:3, the expan-
sion ratio below 10, limits its practical application as a fire extinguisher. When
choosing the proportion with the solid to liquid ratio of 1:4 for the fire-retardant
foam, not only ensures comprehensive properties such as F and stability are the
best, but the use of stabilizer can also be reduced at the same time, and the F
meets the current requirements of coal mine fire-extinguishing materials. By
focusing on its F and ¢1/7, a solid-liquid ratio of 1:4 was determined. Based on
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this, the optimized FA three-phase foam system has excellent stability with a
foam 7y that can reach more than 28.7 h.

(a)ze- (b) -

[
N
1

Expansion ratio
‘.‘ b
Time of half life, h

1:2 1:3 1:4 1:5 1:10 1:2 1:3 1:4 1:5 1:10
m_ . [m. .
solld/ liquid msolid/mliquid

Fig. 4. Influence of solid-liquid ratio on the performance of three-phase foams.

FA particle size

FA particle is widely applied in the physical property test. To avoid particle
size effect, specific graded particles were selected for physical parameter mea-
surement experiments.2® In lab research, there are some particle size distribution
testing such as sieving, laser particle analyzer, etc. Sieving is the simplest powder
particle size test method, the size of the lower and upper standard sieves as the
lower and upper limits of the particle size. That is, broken FA samples can be
separate by sieves of different sizes, and the FA particles after sieving were
divided into different particle groups.: <38, 38-75, 75-106, 106—150 and 150-
—380 wm. Fig. 5 shows that with increasing particle size, the foam ¢1/, tends to
stabilize and then decrease.
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Fig. 5. Influence of particle size on the properties of three-phase foam.

No significant differences were observed in values of the F' among smaller
particle fractions (<75 um). Thus, smaller particles can keep good dispersion in
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the dispersion liquid, and hence the results can be grained large area. The larger
particles are not suitable for stabilization because they are dispersed difficultly
and the gravity in the aqueous foam leads to foam decay.

pH

In actual application in coal mines or oil fields, foam is often used in areas
where coal or oil are prone to spontaneous combustion. In such places, the pH
value differs from respective levels in the laboratory. Therefore, it is necessary to
study the influence of pH value factors on the characteristics of the foam, and
hence, the pH value of the foaming system was adjusted to about 4, 5, 6, 7, 8, 9,
and 10. Fig. 6 shows that with increasing pH value, both the foaming ability and
foam stabilization first increase and then decrease. This is mainly because at a
low pH value, the foaming solution is acidic, and the H" in the solution will react
with the anionic foaming agent (such as: —SO3™), resulting in a decreased effect-
ive content of the foaming agent and weakened foaming ability.
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Fig. 6. Influence of pH on the performance of three-phase foam.

With increasing pH value, the relative effective content of the foaming agent
increases, and foaming capacity is increased. When the pH value exceeds 7, the
OH™ combines with the hydrophilic group in the foaming agent, which affects the
foaming effect. However, changes of the F" and ¢/, were not obvious, so they can
be used for wider application fields.

CONCLUSIONS

This study combines the advantages of foam fire-extinguishing technologies,
and a new type of mine fire-extinguishing foam was prepared. Firstly, the opti-
mum ratio of foaming agents was obtained by orthogonal experiment and vari-
ance analysis for different factors and levels. Then, FA particles were used as the
solid phase to generate three-phase foams. The effects of solid to liquid ratio, FA
size distribution and the system pH on the foaming multiple and stabilization
time of the foam were assessed. Under the optimized operating conditions of 1:4
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solid-liquid ratio, smaller particle fractions (<75 pum) and from weak acid to
weak base, the fly ash-based three-phase foam showed satisfactory stability and
foaming ability. These investigations provided a novel route for preparing high-
-efficiency fire-extinguishing foams applicable in the confined space of under-
ground coal mines.
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TpodasHa meHa ce cmaTpa jeMHUM O MEpPCHEKTUBHUX HaNpefHUX MarepHjana 3a
raiieme rnoxapa. Mehytum, ycinosu npunpeme, 1ieHa U edexar cy KbydHH HakTopu 3a UHIYC-
TPUjCKy IPUMEHY. Y OBOj CTYIMjU IPENJIOXKEH je HOBHU TpodasHU CHCTEM IleHe ca yetehum
MernesoM M KOMIUIEKCHUM cypdakraHToM. Iler Tumosa cypdakTaHara: aJlKkoXoj MOTHOKCH-
€TUIEH-€Tap, HAaTpUjyM-Cyiadar, OUeTaHOJaMHUH KOKOCOBO YJbe, HAaTpUjyM-laypui-cyadart,
NONMHaKpWIaMHuL U eMy/I3hja CUIMKOHCKE CMOJIe MOAW(UKOBAaHE MOJIHETAPOM Cy ofabpaHU
Kao CpencTa 3a neweme. Kpo3 1adopaTopyjcke eKxcCepuMeHTe, UCIIUTAH je yTULaj Ha CTeNeH
eKCraH3uje ¥ CTadWIHOCT NeHe THIa/KOHIeHTpauuje cypdakTaHTa, KOHLEHTpaLuje/Beru-
yiHe yectua nereher nenena u pH. Ctame nexe je onpeheHO HYMEPHUYKOM ONTHMH3ALIUjOM.
Pe3ynTatu oBe CTyZAuje MOry MOCTYXUTH Kao pedepeHla 3a pasymeBame IpUIPEMe HOBe
TpodasHe neHe. Hagamo ce fa oBaj pan Moxe Aa IIPYXHU KOPUCHE CMEPHHULE 3a IPUIPEMY
edukacHe TpodasHe INeHe 3a raieme noxapa 3a desdenHo yyBamwe HesdemHOCTH mporieca y
00/1aCTH XEMHUjCKe IPOU3BOJbE, TPAHCIIOPTA U CKIAAUILTERHA.

(ITpumibeHo. 5. debpyapa, pesunupano 10. jyna, npuxsaheno 18. jyna 2022)
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Abstract. Research has shown that most chemistry teachers have misconcept-
ions about covalent bonding. This study investigates whether the cognitive con-
flict interview technique could persuade teachers to revise their possible mis-
conceptions of covalent bonding. Eight chemistry teachers from different
schools participated in this study. Two validated instruments, cognitive conflict
technique interview guidelines and the open-ended covalent bonding test, were
employed for the data collection. The results showed that the cognitive conflict
interviews could facilitate respondents to overcome their misconceptions about
covalent bonding. Five of the eight respondents experienced a conceptual
change from misconceptions to scientific conceptions, and three others experi-
enced a partial conceptual change. Six concepts which previously caused mis-
conceptions were eliminated and turned into a scientific concept instead. Of the
46 cases of misconceptions, 41 cases turned into scientific conceptions. The
result of this study serves as an initial perspective for exploring the effect-
iveness of cognitive conflict interviews more broadly.

Keywords: chemistry teacher; conceptual changes; contradicts phenomena.

INTRODUCTION

The concepts of covalent bonding underlie other chemistry concepts! such as
molecular structure and chemical and physical properties of compounds.?2 How-
ever, various studies have shown that this subject generates many misconcep-
tions.3-© Misconception refers to an individual concept different from the con-
cept accepted by the scientific community,” that must be adequately addressed
because it can cause learning problems.8
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Various studies revealed that secondary school,? university students? and
chemistry teachers demonstrated the misconception of covalent bonding.10:11
Regardless of those results, limited evidence has been found regarding how to
consider these misconceptions. How teachers explain chemical bonding may lead
to students' difficulties with comprehending and learning.!? Therefore, teachers’
misconceptions must be corrected to avoid transferring their misconceptions to
students. The effort to solve students’ misconceptions must be initiated by ensur-
ing that teachers hold clear scientific conceptions.

Cognitive conflict strategies emphasize the instability of people’s beliefs in
their existing conceptions through contradictory experiences. It then allows them
to replace their misconception with scientifically accepted concepts.!3 This
teaching strategy involves demonstrating phenomena in which students’ obser-
vations contradict what they expected.!4 The contradiction causes a mental
imbalance that encourages students to change their conceptions to fit the new
facts they observe.!5 In other words, the cognitive conflict strategies facilitate the
elimination of students’ misconceptions after experiencing the counter-scientific
conceptions.

The cognitive conflict strategies can be carried out in various ways or
methods, !¢ including cognitive conflict interviews.!7-18 The strategy of cognitive
conflict interview allows researchers to ask in-depth questions to obtain broader
and more profound answers.19:20 The cognitive conflict interviews can also ela-
borate on students’ cognitive structures!® to uncover their misconceptions.2! Stu-
dies have shown that the cognitive conflict interviews effectively revised stu-
dents’ misconceptions.!922 Various chemical phenomena of covalent bonding
can be used to challenge the existing teachers’ misconceptions, leading them to
replace those with scientifically accepted conceptions.!3-15 For example, some
respondents consider the electron configuration of an element in a molecule is
simply the same as its configuration in a free atom. Presenting a configuration of
Cl as a single atom and its configuration in HCI will challenge them to rethink of
their initial conception.

EXPERIMENTAL

This study applied a case study and followed the interpretive paradigm?3 concerning the
remediation of eight chemistry teachers’ misconceptions about chemical bonding. This study
was intended to explain the conceptual change phenomena occurring in chemistry teachers
who held misconceptions about chemical bonding.2* The uncovered misconceptions were cor-
rected using the cognitive conflict interview technique.

Respondents

The respondents for this research were eight chemistry teachers from several schools in
Banten Province, Indonesia. All respondents hold bachelor’s degrees in chemical education
with more than three years of teaching experience and offered their consent to participate.
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Instruments

Two instruments, given in Supplementary material to this paper, cognitive conflict inter-
view guidelines (Supplement 1) and an open-ended covalent bonding test (Supplement 2),
were used for data collection. The cognitive conflict interview guidelines were used to correct
the teachers’ misconceptions. The open-ended test on covalent bonding consisting of 18 items
was used to assess the changes in the teachers’ conceptions.

The content validity and reliability of the instruments were assessed based on feedback
from two experienced chemistry lecturers. Content validity describes how an instrument has
an appropriate sample of items for the construct being measured,?> whereas the reliability of
the measurement result is its consistency and reproducibility.2® The content validity was ana-
lyzed based on its content validity index (CVI), while the reliability was analyzed based on
their inter-rater agreement (JR4).2>27-28 The CVI was calculated by dividing the number of
experts who gave a positive rating (i.e., 3 or 4) and the total number of experts. The /R4 was
calculated by dividing the number of items with /R4 items greater than 0.80 and the number
of total items. The acceptable cut-off value for the CVI and the IRA was 0.80.27-30 However,
Landis and Koch3! and Regier et al.3 set CVI and IRA with different criteria, i.e., poor if
<0.00, low or unacceptable if 0.00-0.20, fair or questionable if 0.21-0.40, moderate or good if
0.41-0.60, substantial or very good if 0.61-0.80, and almost perfect or excellent if 0.81-1.00.
The validity and the reliability of each secondary instrument are shown in Table I.

TABLE I. The CVI and IRA of secondary instruments used in this research

CVI IRA
Secondary instrument Value Agreement Value Agreement
strength strength
The cognitive conflict interview guide 1.0 Excellent 0.75 Very good
Open-ended test on covalent bonding 1.0 Excellent 0.69 Very good

Table I shows that all secondary instruments are feasible and can be used in data col-
lection. In addition, this study also employed a tape recorder to record the interviews.

Procedure

The respondents were separately interviewed without a time limit. Respondents were
free to use pictures or other schematic representations to express their opinions. The open-
-ended test on covalent bonding was carried out one week after the interview. This test was
intended to identify teachers' understanding changes after interviews.

A cognitive conflict interview consists of 4 steps: 1) confirming the pre-conception, 2)
creating cognitive conflicts by providing evidence, anomalies, and contradictions to promote
mental imbalance that encourages teachers to change their conceptions,'® 3) stimulating the
equilibration process using the relevant questions to help them understand the new concept
and 4) confirming the scientific concept.

Data analysis

The responses to the covalent bonding test were analyzed using descriptive analysis and
categorized into six degrees of understanding. The degrees are sound understanding, partial
understanding, partial understanding with misconceptions, misconceptions, lack of knowledge
and no response.33 This study simplified these six degrees of understanding into three cat-
egories (Table II).
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TABLE II. The scoring criteria of teachers’ responses (modified from Abraham et al.3%)

Scoring criteria The degree of Category Example from
understanding interviews

The response includes all Sound Sound Atoms bond to achieve a

components of the valid understanding ~ understanding stable state or lower energy

responses levels

The response includes at Partial The atoms bond together to

least one of the components  understanding be stable, i.e., obey the octet

of valid response, but not or duplet rule

all components

The response shows under- Partial Misconception The bond polarity of HF >

standing and consists of a  understanding with HCl1 > HBr is due to the

statement that demonstrates  misconception atomic size of F < Cl < Br

a misconception

The response includes Misconception HF, HCI, and HBr have the

illogical or incorrect same bond polarity

information

The response repeats Lack of knowledge Lack of I don’t know how the formal

questions only or is knowledge charge relates to stability

irrelevant or unclear

No responses or just stated No response -

“I have no idea”

Partial understanding is an incomplete description of chemical phenomena. Example:
They correctly explained that atoms bond each other to achieve stability. However, they exp-
lained, “obeying the octet or duplet rule is the root of stability.” Partial understanding with
misconceptions is a correct understanding but contains misconceptions. Example: bond pol-
arity of HF > HCI > HBr. However, the respondents explained that the difference in the ato-
mic size caused the difference in the bond polarity, where the atomic size of F < Cl < Br. The
misconception implied by this statement is the difference in the bond polarity of HF > HCI >
HBr is caused by the variability in the atomic size of F < CI < Br only. The difference in ato-
mic electronegativity causes the difference, F > Cl > Br, rather than the difference in atomic
size, F < Cl <Br.

Each response was carefully read, compared, and tentatively assigned to one of the scor-
ing criteria. The responses that were difficult to classify were separated and discussed in focus
groups involving all research members until a consensus occurred.

RESULTS AND DISCUSSION

Our previous study showed that all respondents (before receiving cognitive
conflict interviews) had misconceptions about the covalent bonding concepts.!!
The cognitive conflict interview guideline (Supplement 1) was developed based
on the misconceptions identified through this preliminary research. After the
intervention (cognitive conflict interview), only 3 of 8 respondents still demon-
strated misconceptions in 2 concepts. The two misconceptions are: 1) the O-H
bond of the water molecule resulting from the reaction of acid-base neutralization
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is a covalent bond and 2) both N-O covalent bonds in the NO, molecule are
double bonds or single bonds (Table III).

TABLE III. The two misconceptions identified after the intervention

Concept Misconceptions Respondent No.
The coordinate The O—H bond of the H,O molecule formed by the reaction 1
covalent of H" and OH are a covalent bonding because the electron 3
bonding pair between the H and O atoms are shared by the H and O
atoms

Lewis structure The Lewis structure of the NO, molecule is: 1

O=N=—0

because both N—O covalent bonds are identical
The Lewis structure of the NO, molecule is: 3
- - -n 7

B (13

- - -
because both N-O covalent bonds are identical

Table III shows that after the intervention, the respondents who experienced
misconceptions were 3, including respondents No. 1, No. 3 and No. 7. In con-
trast, the other five respondents understood the covalent bonding concepts well.
Overall, the misconceptions about the covalent bonding concepts before and after
the intervention are shown in Table IV.

TABLE IV. The respondents’ misconceptions about the covalent bonding concepts before and
after the intervention

Number of respondents
experiencing misconceptions

No. Concept Before After
intervention  intervention
1 The purpose of bond-forming atoms 8 0
2 The coordinate covalent bonding 2 2
3 Types of atoms that can form covalent bonds 7 0
4 Polar and nonpolar covalent bonds 4 0
5 The polarity order of covalent bonds 4 0
6 Lewis structure 8 3
7 Octet rule 8 0
8a The length of C—C bonds in ethane, ethene, ethane 2 0
8b  The length of the covalent bonding in hydrogen halides 3 0
Total cases 46 5

Table IV shows that the cognitive conflict interviews: 1) decrease the num-
ber of respondents who experience misconceptions from 8 people to 3 people; 2)
reduce the number of concepts in which respondents experience misconceptions
from 8 to 2 concepts; 3) reduce the number of misconception cases from 46 to 5
cases.
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Previous researchers have also reported the effectiveness of cognitive con-
flict interviews in correcting misconceptions.!%-22 Cognitive conflict is closely
related to conceptual change.!3-15 Cognitive conflict helps a person realize that
there is a problem with their conception by showing phenomena, data, or evi-
dence that contradicts their initial conception. This awareness will lead them to
replace their initial conception with the scientific one. Several factors could exp-
lain the effectiveness of this strategy in correcting misconceptions. Firstly, one-
on-one interviews provide a convenient environment leading to a productive dis-
cussion between interviewer and respondent. Secondly, confirmation or support-
ing questions make respondents realize that their initial conception is scientific-
ally incorrect. Confirmatory questions?? can facilitate and describe the con-
ceptual change process. Thirdly, respondents’ prior knowledge was sufficient to
recognize the phenomena, data, and/or evidence presented in the interviews. The
plenty of experience in teaching covalent bonds leads them to quickly realize
their misconceptions when facing the facts, phenomena, data, or evidence that
contradicts their conceptions. However, the one-on-one interview approach is
time-consuming.34

The following interview script illustrates the conceptual change regarding
“atoms that form covalent bonds”.

1. Researcher: What types of atoms are forming covalent bonds? Metal atoms?

Non-metal atoms? Both of them?

Respondent: Non-metal atoms.

Researcher: Are metal atoms unable to form covalent bonds?

Respondent: Yes, right.

Researcher: If so, what type of bond is formed between the Be and the Cl in

BeCl; and between the Al and the Br in AlBr3?

6. Respondent: An ionic bond because Be and Al are metals while Cl and Br
are non-metals.

7. Researcher: (Indicating a reference that for binary compounds, a covalent
bond will be formed when the two atoms forming the bond
have an electronegativity difference of <1.7 according to the
Pauling scale) Now, pay attention to the following data! (Show-
ing the data on the difference in electronegativity between Be
with Cl and Al with Br) Count for a moment! What is the dif-
ference in electronegativity between Be and Cl and Al and Br?
Smaller or greater than 1.7 on the Pauling scale?

8. Respondent: Smaller than 1.7 on the Pauling scale.

9. Researcher: Well, it is below 1.7 on the Pauling scale. Therefore, what kind
of bond is formed between Be and Cl as well as between Al and
Br?

10. Respondent: If, based on the data, both of the bonds are covalent.

kv
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11. Researcher: Well! Let's go back to the BeCl, and AlBr3. Are these two
compounds composed of non-metallic atoms only?

12. Respondent: No. Be and Al are metals, while Cl and Br are non-metals. Both
compounds contain metal and non-metal atoms.

13. Researcher: What does it mean? Is the type of bond in a binary compound
determined only by the type of atom that composes it?

14. Respondent: Ermmm ... It means that the kind of bond of binary compounds
cannot be seen from the type of atoms composing it. s it right?

15. Researcher: Yes, that’s right. If so, what is your inference regarding the
covalent bonding in binary compounds?

16. Respondent: Ummm ... The type of bond in binary compounds can’t be seen
from the type of atoms forming it, metal or non-metal. How-
ever, it can be seen from the difference in electronegativity of
the two types of atoms forming it. If the difference in electro-
negativity of the two types of atoms on the Pauling scale is less
than 1.7, the bond is covalent, but if it is greater than 1.7, the
bond is ionic.

The interview script above shows that initially, the respondent highly
believed that: 1) covalent bonds only formed between non-metal atoms and 2)
Be—Cl bond in BeCl, and Al-Br bond in AlBr3 were ionic bonds (lines 2, 4 and
6). This belief or conception raises a question for the respondent when the inter-
viewer showed the Pauling scale parameter in determining the type of chemical
bond, which led to a conclusion different from the respondent's conception (lines
7 and 8). This parameter made the respondent doubt their initial understanding
when the interviewer pointed out that the difference in electronegativity between
Be and Cl and Al and Br was below 1.7 on the Pauling scale, indicating a cov-
alent bonding, not an ionic bond, as the respondents perceived before. This mis-
conception changed after the interviewer asked the respondent to determine the
type of atoms composing the BeCly and AlBr3 compounds (lines 11 and 12). At
the end of the interview, the respondent believed that the type of bond (covalent
or ionic) formed in binary compounds was not dependent on whether the atoms
were metal or non-metal but on the difference in electronegativity between the
atoms (line 16). This final script indicates a conceptual change from misconcep-
tion to scientific conception.

Regardless of the positive conceptual change, as shown in the interview
script example, three respondents still experienced two misconceptions (Table
III). This implies that some misconceptions has persisted, as reported by previous
researchers. 3>

The first persistent misconception is the coordinate covalent bonding in the
water molecule produced by the acid-base neutralization reaction. The two res-
pondents (No. 1 and 3) only considered the molecular structure of H>O and
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ignored how the water molecules were formed. They did not realize that in acid-
base neutralization, OH™ acts as an electron-pair donor, and H" acts as an elec-
tron pair acceptor. Therefore, the bond is a coordinate covalent bonding. The lack
of awareness regarding the formation of water molecules,%24 leads to the mis-
conception.

The second persistent misconception is related to the Lewis structure of the
molecule or polyatomic ion. The three respondents (No. 1, 3 and 7) keep deter-
mining the Lewis structure of a molecule according to the following steps: 1)
determining the electron configuration of each atom; 2) determining the central
atom; 3) drawing Lewis symbols for all atoms; 4) pairing the electrons of each
atom until the octet or duplet rule was obeyed. This procedure makes them dif-
ficult when dealing with molecules that do not obey the octet rule. The correct
steps to write the Lewis structure are identifying the central atom, calculating
coordination numbers, bonding and lone pairs, writing a frame of Lewis struc-
ture, adding electrons to all the substituents to fulfil the octet or duplet rules, cal-
culating the formal charges of all the atoms, and making the formal charge of all
atoms equal to zero.3¢

The Lewis structure and coordinate covalent bonding concepts require a
good understanding of the definitions and the rules associated with these defin-
itions.37 To write the Lewis structure of a species correctly, we need to under-
stand the species well, the rules for writing Lewis structures, and the terms asso-
ciated with these rules like coordination number, bonding electron pair, lone pair,
formal charge, octet, duplet3¢ and unpaired electrons.3® A conventional example
of a coordinate covalent bonding is [Cu(H,0)¢]?", while an example of a coor-
dinate covalent bonding that does not involve a transition element is NH4". The
lone pairs of the O atom of the neutral molecule HyO and the N atom of the
neutral molecule NHj3 are critical examples of a coordinate covalent bonding.
The source of the electron pair in a coordinate covalent bonding does not always
come from the lone pair of an atom of the neutral molecule,3° for example, OH~
in an acid-base neutralization reaction. Lack of knowledge related to these con-
cepts is a root of misconceptions about the concepts of coordinate covalent bond-
ing and Lewis structure.

The issues of resistant misconceptions have been uncovered in the previous
study.40 According to Piaget, the incomplete conceptual change is caused by the
inability to reach the equilibration phase in acquiring new concepts.!

CONCLUSION AND IMPLICATION

After applying the cognitive conflict interview, the number of misconception
cases held by the teachers decreased. This phenomenon indicates that the cogni-
tive conflict interviews can potentially encourage teachers to overcome miscon-
ceptions about the concepts of covalent bonding. Some persistent misconceptions
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were still found, such as the O—H bond in the water molecule produced by the
acid-base neutralization is a covalent bond. We realize that the sample size is
insufficient to provide a robust conclusion. Still, the results of this study could be
a pilot to implement the cognitive conflict interviews for overcoming miscon-
ceptions and establishing a conceptual understanding of chemical bonding and
other chemical topics. Therefore, the effectiveness of this method in overcoming
misconceptions needs to be proven by further research.

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/11570, or from the corres-
ponding author on request.
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H3BOJ
OTKJIATbAILE 3ABJIYIA O KOBAJIEHTHOM BE3UBABY KO HACTABHUKA XEMUJE
[TOMORY UHTEPBJYA FASUPAHOI HA KOTHUTUBHOM KOH®JIUKTY:
CTYOWUJA CITYUYAJA

SYAHRIAL SYAHRIAL', MASHFUFATUL ILMAH', YAHMIN YAHMIN?, MUNZIL MUNZIL?
¥ MUNTHOLIB MUNTHOLIB?

!Chemistry Education Program, Postgraduate Program, Universitas Negeri Malang, Indonesia u
’Department of Chemistry, Universitas Negeri Malang, Indonesia

HcrpaxuBama cy nokasana fa BehWHa HacTaBHHMKa XeMHje UMa Heke IOorpellHe Mpej-
CTaBe O KOBAJIEHTHOM Be3uBawy. Y OKBHUPY OBe CTYAHje UCTPa’KeHO je Jia M TeXHHWKa MUHTep-
Bjya DasupaHa Ha KOTHUTMUBHOM KOH(QUIMKTY MOXE fla TOJICTaKHE HaCTaBHUKE Jla PEBUOHUPAjY
Te NOrpelLiHe MPeACTaBe O KOBAJIEHTHOM Be3MBamy. Y UCTPO)KUBamy j€ yYECTBOBATIO OCaM
HaCcTaBHUKA XE€MHje U3 pasIMuUTHX LIKOJIA. 3a IPHUKYIUbame Mofaraka kopuurheHa cy nBa
Ba/MfMpaHa MHCTPYMEHTA, YIYTCTBO 3a MHTEPBjy, TeXHUKe DasMpaHe Ha KOTHUTHBHOM KOH-
(IUKTY U TecT ¢ MUTakbMMa OTBOPEHOT THUIA O KOBAJIEHTHOM Be3WBamwy. PesynraTtu cy noka-
3a7d [Ja TPUMEemheHN UHTEPBjy MOXKe TOMOhUM HCIUTaHULIMMa Ja rnpeBa3uly cBoje 3admyne o
KOBaJIEHTHOj Be3U. I1eT o ocam MCNHUTaHMKA HalpaBWIO je KOHLENTyalHy NIPOMEHY Off MHC-
KoHLenuyja (3admyna) ka HayYHUM INOjMOBMMA, AOK j€ KOZ TPHU HUCIIMTAaHMKA KOHLENTYalHa
npomeHa duna nenumuyHa. [lecT KoHUenaTa KOju Cy IPETXOAHO OMIM HM3BOp 3adiayna enu-
MUWHHCaHHU Cy U NpeBefeHH y HayuHe koHuenTe. On 46 cioyvajeBa 3abmyna, 41 cimyvaj je npe-
BefleH Y Hay4yHe KoHUemnTe. Pe3ynTar oBe CTy[nuje CIyXKu Kao IOoYeTHa NepcrneKkTHBa 3a UcTpa-
JKUBambe eeKTHUBHOCTH HHTEPBjya Da3upaHOr Ha KOTHUTHBHOM KOHQIHKTY Y UTHPEM OIICEeTY.

(ITpumibero 17. jaHyapa, peBuaKMpaHo U npuxsaheno 12. centembpa 2022)
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SUPPLEMENTARY MATERIAL TO
Remediation of chemistry teachers’ misconceptions about
covalent bonding using cognitive conflict interviews:
A case study

SYAHRIAL SYAHRIAL!, MASHFUFATUL ILMAH!, YAHMIN YAHMIN?Z,
MUNZIL MUNZIL? and MUNTHOLIB MUNTHOLIB2*

!Chemistry Education Program, Postgraduate Program, Universitas Negeri Malang,
Indonesia and 2Department of Chemistry, Universitas Negeri Malang, Indonesia

J. Serb. Chem. Soc. 88 (2) (2023) 211-221
AN EXAMPLE OF COGNITIVE CONFLICT INTERVIEW

The misconception: An atom forms a bond to fulfill an octet or duplet
structure

Step Cognitive conflict interview
1. Identifying the Exploring and confirming respondent's misconceptions by using questions,
pre-conception for example:
In a molecule, atoms form bonds. Why do these atoms form bonds one and
another?
2. Creating cognitive e Indicating atom(s) that in their compounds do not obey the octet or
conflicts by duplet rules, for example:
providing the e The Lewis structure of BF} is as follows:
experimental facts, ~  e* or
anomalies, and '.F. B .F.=
contradictions.
HH

Does the B atom in BF; molecule obey the octet or duplet rules?

e Showing that the energy level of a molecule in a gaseous state is lower
than the energy level of its constituent atoms in the same state, for
example:

The energy level of 1 mole of CH, molecules gas is 1652 kJ lower than the

energy level of 1 mole of C atoms and 4 moles of H atoms in the gaseous

state.

* Corresponding author. E-mail: muntholib.fmipa@um.ac.id
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Step Cognitive conflict interview
3. Stimulating the Asking guided questions to assist a respondent in realizing their miscon-
equilibration ceptions and overcoming those misconceptions, for example:

process using the
relevant questions

e Consider the Lewis structure of BF3. Does the B atom in the BF;
molecule have an octet or duplet configuration?

e Do atoms form bonds to obey the octet or duplet rule?

e Which has higher stability, 1 C atom and 4 H atoms in the gaseous phase
or one CH, molecule in the same phase?

e Which has a lower energy level, 1 mole of C atoms and 4 moles of H
atoms in the gaseous phase or 1 mole of CH, molecules in the same
phase?

e What is the relationship between the energy level of matter and its
stability?

4. Confirming the
scientific concept

Asking a question to confirm the respondent's understanding, for example:
If so, why does an atom bond with the other(s)?

THE CONCEPTUAL UNDERSTANDING TEST OF COVALENT BONDING

Indicator

Problem Item

Explaining the
purpose of atoms

An H atom and a Cl atom bond to form the HCI molecule, as
shown in the following equation:

forming bonds He+ .0 : H—CT s 1
Why do these atoms bond?
Answer
Determining the What is the type of the bond formed in question number 1?
type(s) ofbondina  Answer ... 2
molecule Reason

Determining the types
of atoms that can
form covalent bonds

Consider the following compounds formed through the covalent
bonding: CHy, PCls, BeCl,, B(CH3)3, and CO,.
Based on these examples, what types of atoms form covalent

bonds? 3
Answer
Reason
Distinguishing H,O compounds can be formed in the reaction between H' and
between a covalent ~ OH ions as follows:
bonding and a _ - H
coordinate covalent ty+ , [ = ] e
bonding Hom Q=R ] o ~- y 4
i
How many kinds of O-H bonds are there in the water molecule
produced by the above reaction? Mention!
Answer
Reason
Estimating the Predict the polarity of the covalent bonds in molecules of CCly,
polarity of a covalent PCls, PBrs, F, H,, and SeFg! 5
bonding in a molecule Answer
Reason
Ordering the degree ~ Order the polarity of the covalent bonds of HF, HCI, and HBr
of polarity of the molecules from the largest to the smallest!
. 6
covalent bonds in the Answer
molecules Reason
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Indicator Problem Item
Describing the Lewis Write down the Lewis structures of SF, and SF,? 7
structure of a Answer
molecule What is the formal charge of the atoms in question number 7? 8
Answer
Write down the Lewis structures of NO, and NO, along with
the formal charge of each atom! 9
Answer
Why is the formal charge on the atom N of one of the species in
the problem No.9 not equal to zero? 10
Answer
Determining the Both carbon dioxide, CO,, and azide ion, N3, species have the
stability of a molecule same number of electrons, which is 22 electrons. The Lewis
or polyatomic ion structure of both species is as follows:
based on their formal r:J N ﬁ
I — T — p— jr—
charge === b, 1
0 0 0 -1 +1 -1
What is the stability of both species based on their formal
charge?
Answer
Reason
Distinguishing What atoms can have eight electrons or less in their valence
between atoms that  shell, when acting as the central atom? 12
must obey the octet  Give an example!
rule and those that do Answer
not need to obey the ~ What atoms tend to obey the octet rule when acting as the
octet rule in the central atom?
. 13
molecule Give an example!
Answer
In which period atoms tend to have a formal charge of zero or
can have more than eight electrons in their valence shell when
acting as the central atom? 14
Give an example!
Answer
Ordering the covalent Draw the Lewis structure of ethane, ethene, and ethyne! 15
bonding lengths of  Answer
several molecules What is the bond order between the C atoms in ethane, ethene,
and ethyne!
16
Answer
Reason
Order the length of the covalent bonds between the C atoms in
ethane, ethene, and ethyne molecules from the longest to the
shortest! 17
Answer
Reason
Order the length of the covalent bonds in the HF, HCI, and HBr
molecules from the longest to the shortest! 13
Answer
Reason
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