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Short communications (up to 8 pages) report unpublished preliminary results of sufficient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Notes (up to 5 pages) report unpublished results of short, but complete, original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

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

Graphical abstract
Graphical abstract is a one-image file containing the main depiction of the authors work and/or
conclusion and must be supplied along with the manuscript. It must enable readers to quickly gain the
main message of the paper and to encourage browsing, help readers identify which papers are most
relevant to their research interests. Authors must provide an image that clearly represents the research
described in the paper. The most relevant figure from the work, which summarizes the content, can also
be submitted. The image should be submitted as a separate file in Online Submission Form - Step 2.
Specifications: The graphical abstract should have a clear start and end, reading from top to bottom
or left to right. Please omit unnecessary distractions as much as possible.
Image size: minimum of 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

[lustrations (Figs, schemes, photos...) in TIF or EPS format (JPG format is acceptable for colour
and greyscale photos, only), must be additionally uploaded (Online Submission Step 2) as a separate file
or one archived (.zip, .rar or .arj) file. Figures and/or Schemes should be prepared according to the
Artwork Instructions - http://www.shd.org.rs/JSCS/jscs-pdf/Artwork_Instructions.pdf!

For any difficulties and questions related to OnLine Submission Form - https://www.shd-
pub.org.rs/index.php/JSCS/submission/wizard, please refer to User Guide - https://openjournal-
systems.com/ojs-3-user-guide/ , Chapter Submitting an Article - https://openjournalsystems.com/ojs-3-
user-guide/submitting-an-article/. If difficulties still persist, please contact JSCS Editorial Office at
JSCS@shd.org.rs

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

without being assigned a reference number.

Conflict-of-Interest Statement*: Public trust in the peer review process and the credibility of
published articles depend in part on how well a conflict of interest is handled during writing, peer
review, and editorial decision making. A conflict of interest exists when an author (or the author's
institution), reviewer, or editor has financial or personal relationships that inappropriately influence
(bias) his or her actions (such relationships are also known as dual commitments, competing interests, or
competing loyalties). These relationships vary from those with negligible potential to those with great
potential to influence judgment, and not all relationships represent true conflict of interest. The potential
for a conflict of interest can exist whether or not an individual believes that the relationship affects his or
her scientific judgment. Financial relationships (such as employment, consultancies, stock ownership,
honoraria, paid expert testimony) are the most easily identifiable conflicts of interest and the most likely
to undermine the credibility of the journal, the authors, and of science itself. However, conflicts can
occur for other reasons, such as personal relationships, academic competition, and intellectual passion.

Informed Consent Statement*: Patients have a right to privacy that should not be infringed without
informed consent. Identifying information, including patients' names, initials, or hospital numbers, should
not be published in written descriptions, photographs, and pedigrees unless the information is essential for
scientific purposes and the patient (or parent or guardian) gives written informed consent for publication.
Informed consent for this purpose requires that a patient who is identifiable be shown the manuscript to be
published. Authors should identify Individuals who provide writing assistance and disclose the funding
source for this assistance. ldentifying details should be omitted if they are not essential. Complete
anonymity is difficult to achieve, however, and informed consent should be obtained if there is any doubt.
For example, masking the eye region in photographs of patients is inadequate protection of anonymity. If
identifying characteristics are altered to protect anonymity, such as in genetic pedigrees, authors should
provide assurance that alterations do not distort scientific meaning and editors should so note. The
requirement for informed consent should be included in the journal's instructions for authors. When
informed consent has been obtained it should be indicated in the published article.

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

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

All contributions will be peer reviewed and only those deemed worthy and suitable will be
accepted for publication. The Editor has the final decision. To facilitate the reviewing process, authors
are encouraged to suggest up to three persons competent to review their manuscript. Such suggestions
will be taken into consideration but not always accepted. If authors would prefer a specific person not be
a reviewer, this should be announced. The Cover Letter must be accompanied by these suggestions.
Manuscripts requiring revision should be returned according to the requirement of the Editor, within 60
days upon reception of the reviewing comments by e-mail.

The Journal maintains its policy and takes the liberty of correcting the English as well as false content
of manuscripts provisionally accepted for publication in the first stage of reviewing process. In this second
stage of manuscript preparation by JSCS Editorial Office, the author(s) may be required to supply some
additional clarifications and corrections. This procedure will be executed during copyediting actions,
with a demand to author(s) to perform corrections of unclear parts before the manuscript would be
published OnLine as finally accepted manuscript (OLF Section of the JSCS website). Please note that
the manuscript can receive the status of final rejection if the author’s corrections would not be satisfactory.

When finally accepted manuscript is ready for printing, the corresponding author will receive a request
for proof reading, which should be performed within 2 days. Failure to do so will be taken as the authors agree
with any alteration which may have occurred during the preparation of the manuscript for printing.

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

MANUSCRIPT PRESENTATION

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

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

Tables, figures and/or schemes must be embedded in the main text of the manuscript and should
follow the paragraph in which they are mentioned for the first time. Tables must be prepared with the aid
of the WORD table function, without vertical lines. The minimum size of the font in the tables should
be 10 pt. Table columns must not be formatted using multiple spaces. Table rows must not be formatted
using any returns (enter key; - key) and are limited to 12 cm width. Tables should not be incorporated
as graphical objects. Footnotes to Tables should follow them and are to be indicated consequently (in a
single line) in superscript letters and separated by semi-column.

Table caption must be placed above corresponding Table, while Captions of the Illustrations
(Figs. Schemes...) must follow the corresponding item. The captions, either for Tables or
llustrations, 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
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(example: p / kPa, j / mA cm?,t/ °C, To/ K, z/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 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 IS NOT 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).

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). (Jomahu aytopu wmopajy mnocraButu M3Bon
(yxpyuyjyhu umeHa aytopa M aduimjanujy) Ha CpPICKOM je3HMKy, HCIMCaHe hHpUIHIIOM, H3a
3axBasHHIEe, a pe cnucka pedepeni.) For authors outside Serbia, the Editorial Board will provide
a Serbian translation of their English abstract.

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

e 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
necessary details. If special treatment for solvents or chemical purification were applied that must be
emphasized.
Example: Melting points were determined on a Boetius PMHK or a Mel-Temp apparatus and were not
corrected. Optical rotations were measured on a Rudolph Research Analytical automatic polarimeter,
Autopol 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 CHsCN/H20 1/1 with 0.2 % HCOOH as the carrying solvent
solution. Samples were dissolved in CH3CN or MeOH (HPLC grade purity). The selected values were as
follows: capillary voltage = 4 kV, gas temperature = 350 °C, drying gas flow 12 L min™?, 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 um), RP-18 (40-63 pm)
columns coupled to a Waters RI 401 detector, and on Biotage SP1 system with UV detector and FLASH
12+, FLASH 25+ or FLASH 40+ columns pre packed with KP-SIL [40-63 um, pore diameter 6 nm (60
A)], KP-C18-HS (40-63 um, pore diameter 9 nm (90 A) or KP-NH [40-63 um, 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
OpenLab CDS ChemStation software was used. For details, see Supporting Information.

1. Synthesis experiments

Each paragraph describing a synthesis experiment should begin with the name of the product and any
structure number assigned to the compound in the Results and Discussions section. Thereafter, the
compound should be identified by its structure number. Use of standard abbreviations or unambiguous
molecular formulas for reagents and solvents, and of structure numbers rather than chemical names to
identify starting materials and intermediates, is encouraged.

When a new or improved synthetic method is described, the yields reported in key experimental
examples, and yields used for comparison with existing methods, should represent amounts of isolated
and purified products, rather than chromategraphically or spectroscopically determined yields. Reactant
quantities should be reported in weight and molar units and for product yields should be reported in
weight units; percentage yields should only be reported for materials of demonstrated purity. When
chromatography is used for product purification, both the support and solvent should be identified.

2. Microwave experiments

Reports of syntheses conducted in microwave reactors must clearly indicate whether sealed or open
reaction vessels were used and must document the manufacturer and model of the reactor, the method of
monitoring the reaction mixture temperature, and the temperature-time profile. Reporting a wattage
rating or power setting is not an acceptable alternative to providing temperature data. Manuscripts
describing work done with domestic (kitchen) microwave ovens will not be accepted except for studies
where the unit is used for heating reaction mixtures at atmospheric pressure.



3. Compound characterization

The Journal upholds a high standard for compound characterization to ensure that substances being
added to the chemical literature have been correctly identified and can be synthesized in known yield and
purity by the reported preparation and isolation methods. For all new compounds, evidence adequate to
establish both identity and degree of purity (homogeneity) must be provided.

Identity - Melting point. All homogeneous solid products (e.g. not mixtures of isomers) should be
characterized by melting or decomposition points. The colors and morphologies of the products should
also be noted.

Specific rotations. Specific rotations based on the equation [a]';D = (100 «) / (I ¢) should be reported as
unitless numbers as in the following example: [¢]?%; D = -25.4 (¢ 1.93, CHCIs3), where ¢/gmL? is
concentration and I / 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, CH2, 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 [C13HgBrCI2N + 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/NHj3 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. [«]®; D = +0,163 (¢ =2.0x10" g/mL,
CHzClb). 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=5.4, H-2"), 7.89 (s, 1H, J = 2.0, H-8"), 7.71 (d, 1H, J = 8.9, H-5"), 7.30 (dd, 1H,
J1=8.8,J2=2.1, H-6%), 6.33 (d, 1H, J = 5.4, H-3"), 6.07 (s, HN-Boc, exchangeable with D20), 5.06 (s, 1H,
H-12), 4.92-4.88 (m, 1H, H-7), 4.42 (bs, H-3), 3.45 (s,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, (CHs)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.

¢) 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_abrvjt.html

® doi should be replaced by doi number of the Article, for example: http://dx.doi.org/10.2298/JSC161212085B (as
active link). If doi do not exist, provide the link to the online version of the publication.

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

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

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
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
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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.
= Itis 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.
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,
z/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 hame 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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Synthesis of novel fluorinated 1,5-benzothiazepine derivatives
and their biological evaluation as anticancer and
antibacterial agents

SONAL R. BHABAL, SARFARAZ F. SHAIKH, ISHITA P. YELLAPURKAR,
GANESH S. PAVALE and MUCHELI M. V. RAMANA*

Department of Chemistry, University of Mumbai, Santacruz (E), Mumbai 400 098, India
(Received 28 April 2021, revised 28 April, accepted 10 May 2022)

Abstract. A series of novel fluorinated 1,5-benzothiazepine derivatives were
synthesized, characterized and evaluated for in vitro anticancer and antibac-
terial activity. The in vitro anticancer activity of the synthesized compounds
4a—h was evaluated against four human cancer cell lines namely lung (A549),
breast (MCF-7), liver (HEPG2) and prostate (PC-3). Compounds 4c, 4d, 4g
and 4h exhibited good activity with GIsy <10 ug ml™!' against all four human
cancer cell lines which was comparable to standard drug adriamycin. Addition-
ally, antibacterial activity of synthesized compounds was estimated using Res-
azurin Microtiter Assay (REMA) and compared with standard drug ampicillin.
Among the synthesized compounds, 4¢, 4d, 4g and 4h showed good antibac-
terial activity and all the synthesized compounds were found to be more active
towards gram negative than gram positive bacteria. These promising results
obtained from in vitro anticancer and antibacterial activity, inferred that the
synthesized compounds are capable of being anticancer as well as antibacterial
agents.

Keywords: in vitro; lung cancer cell line; breast cancer cell line; liver cancer
cell line; prostate cancer cell line.

INTRODUCTION

One of the major world problems is cancer; due to the increased cancer cases
and deaths. In the year 2020, it was anticipated that there will be 19.3 million
new cancer cases and 10.0 million deaths worldwide.! Despite the fact that
chemotherapy is most commonly used to treat cancer, the failure of existing
chemotherapeutics to treat cancer highlights the need for new chemical entities to
be developed.?2 Additionally, chemotherapy in cancer treatment is usually asso-
ciated with various side effects and appearance of resistance.3 Moreover, despite
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of progressive development in cancer chemotherapy, there are still insufficient
cytotoxic agents that act selectively to cancer cells.

Infections are one of the reasons for compromised immunity among cancer
patients. They make patient vulnerable which leads to disturbance in treatment.#
Infectious diseases put public life in jeopardy and are responsible for a large
number of deaths globally. The major issue is the resistance of pathogenic micro-
organisms to the available antimicrobial agents, which makes it difficult to treat
with conventional antibiotics and force clinicians to rely on restricted options.>
Therefore, the development of both new anticancer and antimicrobial entities is a
necessity.

In the last decades, owing to their structural properties and wide range of
biological activities, benzothiazepines have piqued the interest of researchers.%7
1,5-Benzothiazepine scaffold has been used as anticancer,3-11 antimicrobial,!1-14
anti-inflammatory,!4 anticonvulsant!> and anti-HIV!6-17agent. Also, 1,5-benzo-
thiazepine scaffold is reported as acetylcholinesterase inhibitor,!® butyrylcholin-
esterase inhibitor,!® VRV-PL-8a and H*/K* ATPase inhibitor.20 Clentiazem,
diltiazem, thiazesim and quetiapine are among the commercially available drugs
which contain the 1,5-benzothiazepine skeleton.

Heterocycles containing fluorine atoms have a wide range of applications in
pharmaceutical industry.2! The presence of a fluorine atom alters certain physi-
cochemical properties such as basicity, lipophilicity, bioavailability as well as
binding affinity of a drug molecule to the target protein.22 Ciprofloxacin (anti-
biotic), fluconazole (antifungal), 5-fluorouracil (anticancer), paroxetine (antidep-
ressant), linezolid (antibacterial), favipiravir (antiviral) and midazolam (sedative)
are some of the marketed drugs that contain fluorine atom. Prasada Rao et al.
reported compounds with fluorinated 1,5 Benzothiazepine skeleton as anti-cancer
agents.23 Similarly, Upreti et al. reported 8-fluoro-1,5-benzothiazepine as pro-
mising anti-AIDS agent.24 A series of 1,5-benzothiazepines with fluorine and 4-
fluorophenyl groups have also been reported for the treatment of cancer metasta-
sis.25

Based on the wide spectrum of biological activities, 1,5-benzothiazepines are
good candidate and could be taken in consideration as promising anticancer and
antimicrobial agents. Herein we report the synthesis, anticancer and antibacterial
activity of fluorinated 1,5-benzothiazepines. Anticancer activity was evaluated in
vitro using four different cell lines namely human lung cancer cell line (A549),
human breast cancer cell line (MCF-7), human liver cancer cell line (HEPG2)
and human prostate cancer cell line (PC-3). Similarly, antibacterial activity was
performed using two Gram-positive strains and two Gram-negative strains.
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BIOLOGICAL ACTIVITY OF FLUORINATED 1,5-BENZOTHIAZEPINE 1 1 1 1

EXPERIMENTAL
Materials and method

All reagents and chemicals were of analytical grade, procured from Sigma Aldrich
(India), and used without further purification. Melting points are uncorrected and were rec-
orded on Centrofix Syndicate MP apparatus. Merck silica gel 60 F254 TLC plates were used
to monitor the reaction. FTIR spectra were recorded on Perkin Elmer, Frontier equipment with
ATR. 'H- (300 MHz) and '3C-NMR (75 MHz) were recorded on Bruker Avance II using
TMS as the internal standard in CDCl; and DMSO-dg. ESI mass spectra were recorded on AB
SCIEX 3200 QTRAP mass spectrometer. Elemental analysis (CHNS) was carried out on
model EA300, Euro Vector, Italy. Staphylococcus aureus (ATCC 25923), Bacillus subtilis
(ATCC 6633), Salmonella typhi (ATCC 23564) and Escherichia coli (ATCC 25922) cultures
were procured from National Chemical Technology, Pune, Maharashtra and were used for
antibacterial assay.

Analytical and spectral data are given in the Supplementary material to this paper.

Chemistry

Synthesis of o,B-unsaturated ketone derivatives (3a—h).2® A mixture of 3,4-difluorobenz-
aldehyde derivative (5 mmol) and acetophenone derivative (6 mmol) were dissolved in 15 ml
ethanol, then NaOH 40 % solution (5 ml) was added dropwise. The temperature of reaction
was maintained below 10 °C and the reaction mixture was stirred until precipitation of solid.
The precipitate was then filtered, washed several times with cold water and recrystallized
from aqueous ethanol.

Synthesis of 1,5-benzothiazepine derivatives (4a—h), Scheme 1. A mixture of a,f-unsatur-
ated ketone (5 mmol) and 2-aminothiophenol (5 mmol) were taken in methanol (10 ml) con-
taining catalytic amount of glacial acetic acid. The reaction mixture was allowed to reflux
until completion as indicated by TLC. After completion, the reaction was allowed to cool to
room temperature and the solid obtained was filtered, washed several times with methanol and
recrystallized using ethanol to afford yellow solid.

R Q 40 % NaOH F X 2
0
FD)LH + R)k CH, D/\)LR
F 5-10 °C; EtOH F
3,4-Difluoro Substituted o,B-Unsaturated ketone
benzaldehyde ketone 3(a-h)
1 2(a-h)

L. H,N
gl. Acetic acid - D
Reflux, MeOH HS
R:

F
a: Phenyl
b: p-Tolyl F
c: 4-Chlorophenyl S
d: 4-Fluorophenyl @:
e: 4-Bromophenyl
N= R

f: 4-Methoxyphenyl
g: Furan-2-yl

h: Thiophen-2-yl 1,5-Benzothiazepine

4(a-h)

Scheme 1. Synthetic pathway of fluorinated 1,5-benzothiazepine derivatives.
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Biology

In vitro anticancer activity. The sulforhodamine B (SRB) assay was used to test the anti-
cancer activity of the synthesized derivatives against four human cancer cell lines namely lung
(A549), breast (MCF-7), liver (HEPG2) and prostate (PC-3) cancer.2” The cell lines were
grown in RPMI 1640 medium for 24 h before being inoculated into 96-well plates and incub-
ated at 37 °C. After that, the cells were fixed with 10 % trichloroacetic acid (TCA) and tested
with drugs at four dose levels (10, 20, 40, and 80 pg ml!) with doxorubicin serving as a con-
trol. After adding the compounds, the plates were incubated for 48 h until the assay was ter-
minated with the addition of cold TCA. TCA (30 %) was used to fix the cells, which were
then incubated at 4 °C for 1 h before being stained with SRB solution for 20 min. Further, the
excess dye was discarded by washing with 1 % acetic acid and air dried. The protein-bound
dye was then eluted with a 10mM Tris base, and the absorbance was measured at 540 nm
using a plate reader. Growth was calculated and expressed as the ratio of average absorbance
of the test well (7;) to the average absorbance of the control wells (C):

Growth inhibition = 100(7;/C) €))
where C = control growth and 7; = test growth in the presence of drug at the four concen-
tration levels. The experiment was done in triplicate and the average values were plotted as
control growth versus drug concentrations.

Antibacterial assay

The antimicrobial activity of synthesized compounds was investigated using the resa-
zurin microtiter assay (REMA) in aseptic conditions using a 96 well microtitre plate as des-
cribed previously.28 50 pul solution of test material dissolved in 2 % DMSO was added after
filling all the wells of the microtiter plate with 50 ul of nutrient broth. Two-fold serial dilution
was achieved by transferring 50 pl test material from the top well of the first row to the fol-
lowing wells in the next row of the same column and resulted in a graded sequence of concen-
trations (500, 250, 125, 62.5, 31.25, 15.63, 7.81 and 3.90 pg ml'!). After that, 50 ul of bac-
terial suspension were added to each well, resulting in a final concentration of 0.5 Mcfarland
standard cfu ml'!. Later, all plates containing test materials were incubated for 24 h at 37 °C.
After 24 h, each well was given 0.2 % resazurin, and a visual change in colour was observed
in the wells. The transition from purple to pink/colorless was taken as a positive. The MIC value
for that particular sample was recorded, as the lowest concentration in the column containing
the sample at which no color shift occurred, and compared to the standard drug ampicillin.

RESULTS AND DISCUSSION
Chemistry

Synthesis of fluorinated 1,5-benzothiazepines 4a—h followed the path shown
in Scheme 1. The compounds were synthesized by reaction of a,f-unsaturated
ketone with 2-aminothiophenol in presence of catalytic amount of glacial acetic
acid. The synthesized novel compounds 4a—h were verified by various tech-
niques like IR, NMR (I1H and 13C), MS and elemental analyses (CHN).

FTIR spectra of the synthesized compounds 4a—h showed appearance of
C-H in the range of 2844-3105 cm™!, a characteristic band in the range of 1595
~1608 cm™! confirms presence of C=N bond in the synthesized compound, also
presence of band in range of 1311-1322 cm! indicates presence of C-N.
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Presence of band in the range of 681-688 cm™! indicates formation of C—S—C
bond. 'H-NMR spectra of synthesized compounds shows presence of three char-
acteristics peaks apart from aromatic protons (6 8.12—6.50 ppm). The three peaks
in the aliphatic region are due to CHy and CH. Two protons of CH, are diaste-
reotopic in nature (H, and Hy), H, shows triplet at 6 2.88-2.99 ppm with J,y,
value 12.4-12.7 Hz and the other Hy along with CH (Hy) shows doublet of
doublet at 6 3.19-3.28 ppm with Jpx in range12.9-13.0 Hz; J,p in range 4.8-5.1
Hz and ¢ 4.88—4.99 ppm with J,x in range 11.8-12.5 Hz; J,, in range 4.6-5.1 Hz,
respectively, due to abx system. The 13C-NMR showed characteristics peak at &
37-38 ppm denoting CH and at § = 59 ppm confirming presence of CH;. Hence,
the interpreted data obtained from the spectra corroborated with the structure of
synthesized compound. For further verification, ESI-MS was performed, m/z
values obtained were in good agreement with measured mass. Further elemental
analysis confirmed the purity of the synthesized compounds as the experimental
composition was found to be similar with the theoretical composition.

Biology

In vitro anticancer activity. The in vitro anticancer activity of the synthe-
sized compounds 4a—h was assessed using sulforhodamine B (SRB) assay with
adriamycin as standard drug. The results were described in terms of G/5g (con-
centration that reduces total cell growth by 50 values) and are delineated in Table
I. The results concluded that among the synthesized compounds, compound 4c,
4d, 4g and 4h exhibited good activity with GI59 < 10 ug ml~! against all four cell
lines, while rest of the compounds exhibited moderate to poor activity with Glsq
> 10 pg ml-1,

TABLE L In vitro anticancer activity (Glsy / ug ml'!); Glsy = concentration of drug causing
50 % inhibition of cell grow. For pure compounds, Gls, value < 10 ug ml™!' is considered to
demonstrate activity

C d Cell line

ompoun A549 MCE-7 HEP G2 PC-3
4a 68.2 68.6 57.6 >80
4b 27.8 48.2 32.6 28.1
4c <10 <10 <10 <10
4d <10 <10 <10 <10
4e 22.1 <10 16.9 <10
4f 32.3 35.1 334 11.6
4g <10 <10 <10 <10
4h <10 <10 <10 <10
Adriamycin <10 <10 <10 <10

From the structure activity relationship, the activity of heterocyclic and halo-
genated compounds was outstanding when compared to other substituents. The
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compounds were found to be in the order: —F group > —Cl group > —Br group >
>—0Me group > —Me group > —H denoting that the compounds having electro-
negative groups showed excellent activity.

Antibacterial assay. The antibacterial activity of the synthesized compounds
4a—h were evaluated against two Gram-positive (Staphylococcus aureus and
Bacillus subtilis) and two Gram-negative (Escherichia coli and Salmonella typhi)
bacteria using REMA. Ampicillin was taken as positive control. The antibacterial
potential of the synthesized compounds were assessed by minimum inhibitory
concentration (MIC) values and are displayed in Table II. Result obtained indi-
cates that all the synthesized compounds are potent antibacterial agents. Among
which, compound 4c, 4d, 4g and 4h exhibited excellent activity w.r.t the standard
(ampicillin) against all the bacterial strains inferring that hetero and halogenated
substances show excellent results. The results outlined suggested that the synthe-
sized compounds are more active towards Gram-negative strain than Gram-posi-
tive strain.

TABLE I1. In vitro bacterial activity using REMA method (MIC / pg ml™")

Strain

Compound Gram-positive Gram-negative

S. aureus B. subtilis E. coli S. typhi
4a 62.5 62.5 62.5 62.5
4b 62.5 125 62.5 62.5
4c 31.25 31.25 15.625 31.25
4d 15.625 15.625 15.625 15.625
4e 62.5 125 62.5 62.5
4f 62.5 125 62.5 62.5
4g 15.625 31.25 15.625 15.625
4h 15.625 15.625 31.25 15.625
Ampicillin 31.25 31.25 15.625 31.25

CONCLUSION

To conclude, we synthesized series of fluorinated 1,5-benzothiazepine deri-
vatives 4a—h. The synthesized compounds were evaluated for in vitro anticancer
and antibacterial activity. The in vitro anticancer activity was performed using
four human cancer cell lines namely A549, MCF-7, HEPG2 and PC-3. Com-
pounds 4c¢, 4d, 4g and 4h exhibited excellent activity with Glsy <10 ug ml-!
against all four cell lines which is comparable to standard drug adriamycin.
Further, the synthesized compounds were subjected to antibacterial activity using
resazurin microtiter assay (REMA) with ampicillin as standard drug. The com-
pounds 4c¢, 4d, 4g and 4h exhibited elegant antibacterial activity and the synthe-
sized compounds were found to be more active towards Gram-negative than
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Gram-positive bacteria. Hence, the synthesized fluorinated 1,5-benzothiazepine
derivatives have potential to be an anticancer as well as antibacterial agents.
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/10712, or from the corres-
ponding author on request.
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U3BOJ
CHUHTE3A HOBUX ®JTYOPUCAHUX JEPHUBATA 1,5-BEH30THA3EIIMHA U IbHUXOBA
BHOJIOIKA IMTPOLIEHA KAO AHTUKAHIJEPOTEHUX U AHTUBAKTEPHUJCKHUX
CPEJICTABA

SONAL R. BHABAL, SARFARAZ F. SHAIKH, ISHITA P. YELLAPURKAR, GANESH S. PAVALE
u MUCHELI M. V. RAMANA

Department of Chemistry, University of Mumbai, Santacruz (E), Mumbai 400 098, India

CunTeTncaHa je cepwja (iayopoBaHuUX nepuBaTa 1,5-DEeH30THA3s€NMHA, jefHUmBEHmA Cy
OKapaKTEpHCaHa W HCIHTAHA je BHUXO0BA iN Vilr0 aHTHKAHIEpCKa ¥ aHTHOAKTEPHjCKa aKTHUB-
HOCT. In vitro aHTHKaHLIEpCKa aKTUBHOCT jenuibera 4a—h ucnutaHa je mpema henujckum nu-
HHjaMa XyMmaHor kaHuepa mwryha (A549), rpyou (MCF-7), jerpe (HEPG2) u npocrare (PC-3).
Jenumema 4c, 4d, 4¢g u 4h umajy nodpy akTHBHOCT, Koja uaHocHu Glso < 10 pg ml”’ IpemMa CBUM
UCNUTHBaHUM henujckuM nUHMjaMa, W OHMcKa je akTMBHOCTHM CTaHIApOHOT Jieka afpHaMHu-
uvHa. Takohe, aHTHDaKTepHjcka aKTHBHOCT jefUI€Ha je HUCIHUTaHA yNOTPeDOM pecasypHH
MHKpOTHTap eceja (resazurin microtiter assay, REMA) u nobujene BpenHocTu cy ynopehene
ca akTuBHOWNY CTaHAAPIHOTL Jieka aMIMUWINHA. O CHHTETUCAHUX jefHbena, jelumbena 4c,
4d, 4g u 4h noxasyjy nodpy aHtudakTepujcky aKTHBHOCT M yTBpheHoO je a cy CBa CHHTe-
THCaHa jefluhenha akTUBHUja TPeEMa rpaM-HEraTUBHUM HEro NMpeMa rpaM-TIO3UTHBHUM DaKTe-
pujama. Pesynrati nodujeHu U3 in vitro aHTUKaHLEpCKe ¥ aHTUOAKTepHjCcke aKTUBHOCTH CYy
oxpabpyjyhu u ykasyjy na 01 CUHTETHCaHa jefUBemha MoIIa ja Oynoy JoOpHY aHTUKaHLEPCKU U
aHTHUDAKTEPHjCKH areHCH.

(ITpumbeno 28. anpuina 2021, pesupupano 28. anpuia, npuxsaheHo 10. maja 2022)
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SPECTROSCOPIC DATA
2-(3,4-difluorophenyl)-4-phenyl-2,3-dihydrobenzo[b] [ 1,4] thiazepine (4a)

Yellow solid, Yield: 91 %, M.P. = 145-147 °C, IR (0ya/cm!): 2918 (C-H), 1605 (C=N),
1322 (C-N), 685 (C-S-C). 'H NMR (300 MHz, CDCl;) ¢ = 8.04 (dd, J= 7.6, 1.7 Hz, 2H, Ar-
H), 7.60 (dd, /= 7.7, 0.9 Hz, 1H, Ar-H), 7.49 (dt, /= 8.7, 4.3 Hz, 4H, Ar-H), 7.31 (dd, J=
7.9, 1.0 Hz, 1H, Ar-H), 7.21- 6.97 (m, 4H, Ar-H), 4.92 (dd, J,.= 12.5, J,,= 4.7 Hz, 1H, CH),
3.28 (dd, Ji= 12.9, Ju= 4.8 Hz, 1H, CH,), 2.97 (t, J3,= 12.7 Hz, 1H, CH,). 13C NMR (75
MHz, CDCl3) § = 168.51, 152.39, 150.23 (dd, 'Jpc=249.2, 12.8 Hz), 149.74 (dd, 'Jpc= 248.8,
12.5 Hz), 141.77- 139.95 (m), 137.49, 134.99, 131.25, 130.08, 128.83, 127.37, 125.48, 122.08
(t, J=4.9Hz), 117.43 (d, 2Jpc= 17.4 Hz), 115.25 (d, 2Jpc= 17.8 Hz), 59.28 (CH), 37.52
(CH,). MS (ESI) m/z: 352.5 (M+1)*. Elemental analysis for C,;H;sF,NS: C, 71.78; H, 4.30;
N, 3.99; S, 9.12; found: C, 71.65; H, 4.28; N, 3.82; S, 9.09.
2-(3,4-difluorophenyl)-4-(p-tolyl)-2,3-dihydrobenzo[b] [1,4]thiazepine (4b)

Yellow solid, Yield: 93 %, M.P.= 157-159 °C, IR (vpa/cm’!): 2901 (C-H), 1604
(C=N),1319 (C-N), 684 (C-S-C). 'H NMR (300 MHz, CDCl;) § = 7.93 (d, J= 8.1 Hz, 2H,
Ar-H), 7.58 (d, /= 7.6 Hz, 1H, Ar-H), 7.47 (t, J= 7.6 Hz, 1H, Ar-H), 7.29 (d, J= 8.0 Hz, 3H,
Ar-H), 7.08 (ddd, J=14.7, 11.3, 6.0 Hz, 4H, Ar-H), 4.89 (dd, J,,= 12.5, J,= 4.7 Hz, 1H, CH),
3.26 (dd, J,=12.9, J,,= 4.8 Hz, 1H, CH,), 2.95 (t, J;,= 12.7 Hz, 1H, CH,), 2.43 (s, 3H, CH3).
I3C NMR (75 MHz, CDCl3) § = 168.33, 152.52, 150.22 (dd, 'Jpc= 249.0, 12.8 Hz), 149.72
(dd, 'Jpc=248.8, 12.6 Hz), 141.74, 141.12, 134.96, 134.74, 130.04, 129.55, 127.37, 125.38
(d, 3Jpc=9.7 Hz), 122.07 (t, J= 4.8 Hz), 117.40 (d, ZJpc=17.5 Hz), 115.24 (d, 2Jpc=17.7 Hz),
59.24 (CH), 37.42 (CH,), 21.47 (CH3). MS (ESI) m/z: 366.5 (M+1)*. Elemental analysis for
Cy,H;F,NS: C, 72.31; H, 4.69; N, 3.83; S, 8.77; found: C, 72.20; H, 4.54; N, 3.63; S, 8.68.

4-(4-chlorophenyl)-2-(3,4-difluorophenyl)-2, 3-dihydrobenzo[b] [ 1,4] thiazepine (4c)
Yellow solid, Yield: 90 %, M.P. = 149-151 °C, IR (vya/cm™'): 2902 (C-H), 1605 (C=N),
1321 (C-N), 685 (C-S-C). 'H NMR (300 MHz, CDCl3) § = 7.96 (d, J= 8.7 Hz, 2H, Ar-H),
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7.59 (dd, J= 7.7, 1.2 Hz, 1H, Ar-H), 7.53-7.40 (m, 3H, Ar-H), 7.29 (dd, J= 7.9, 1.2 Hz, 1H,
Ar-H), 7.22- 6.93 (m, 4H, Ar-H), 4.89 (dd, J,,= 12.4, J3,= 4.8 Hz, 1H, CH), 3.22 (dd, Ji,,=
13.0, Ju= 4.9 Hz, 1H, CH,), 2.96 (t, J,= 12.7 Hz, 1H, CH,). 13C NMR (75 MHz, CDCl;) 6 =
167.26, 152.16, 150.23 (dd, 'Jpc= 249.0, 12.8 Hz), 149.77 (dd, 'Jpc=248.9, 12.7 Hz), 141.30-
140.18 (m), 137.48, 135.90, 135.03, 130.15, 129.03, 128.69, 125.57 (d, J= 16.1 Hz), 122.07
(dd, J= 6.0, 3.2 Hz), 117.48 (d, 2Jpc= 17.4 Hz), 115.23 (d, 2Jpc= 17.8 Hz), 59.27 (CH), 37.36
(CH,). MS (ESI) m/z: 385.7 (M)*. Elemental analysis for C,H;4CIF,NS: C, 65.37; H, 3.66;
N, 3.63; S, 8.31; found: C, 65.29; H, 3.58; N, 3.50; S, 8.23.
2-(3,4-difluorophenyl)-4-(4-fluorophenyl)-2,3-dihydrobenzo[b] [1,4] thiazepine (4d)

Yellow solid, Yield: 89 %, M.P. = 143-145 °C, IR (vpa/cm™): 2905 (C-H), 1601
(C=N), 1311 (C-N), 683 (C-S-C). 'H NMR (300 MHz, CDCl;) 6 = 8.12- 7.92 (m, 2H, Ar-H),
7.59 (d, J= 7.6 Hz, 1H, Ar-H), 7.48 (dd, J=11.0, 4.3 Hz, 1H, Ar-H), 7.29 (d, J= 7.8 Hz, 1H,
Ar-H), 7.22- 6.88 (m, 6H, Ar-H), 4.89 (dd, J,= 12.4, J;,= 4.8 Hz, 1H, CH), 3.23 (dd, J,,=
13.0, J,,= 4.8 Hz, 1H, CH,), 2.96 (t, Ju= 12.7 Hz, 1H, CH,). '3C NMR (75 MHz, CDCls)
6=167.21, 164.76 (d, 'Jpc= 252.3 Hz), 152.25, 150.23 (dd, 'Jpc= 249.3, 12.8 Hz), 149.76
(dd, 'Jpc=248.9, 12.7 Hz), 141.87- 139.82 (m), 135.01, 133.71 (d, J= 3.1 Hz), 130.14, 129.55
(d, 3Jpc= 8.7 Hz), 125.50 (d,3J5=8.6 Hz), 122.08 (dd, J= 7.2, 4.5 Hz), 117.46 (d, 2Jpc=17.3
Hz), 115.84 (d, J= 21.8 Hz), 115.25 (d, 2Jpc= 17.8 Hz), 59.21 (CH), 37.42 (CH,). MS (ESI)
m/z: 370.4 (M+1) *. Elemental analysis for C,;H4F;NS: C, 68.28; H, 3.82; N, 3.79; S, 8.68;
found: C, 68.20; H, 3.75; N, 3.70; S, 8.52.
4-(4-bromophenyl)-2-(3,4-difluorophenyl)-2,3-dihydrobenzo[b] [ 1,4 ] thiazepine (4e)

Yellow solid, Yield: 90 %, M.P. = 164-166 °C, IR (vya/cm’!): 2901 (C-H), 1604
(C=N),1320 (C-N), 684 (C-S-C). 'H NMR (300 MHz, CDCl;) 6 = 7.89 (d, J= 8.3 Hz, 2H,
Ar-H), 7.66-7.54 (m, 3H, Ar-H), 7.48 (t, /= 7.6 Hz, 1H, Ar-H), 7.29 (d, J= 7.8 Hz, 1H, Ar-H),
7.21-6.91 (m, 4H, Ar-H), 4.88 (dd, J,,= 12.4, J,,= 4.6 Hz, 1H, CH), 3.21 (dd, J,,= 13.0, J,,=
4.8 Hz, 1H, CH,), 2.95 (t, J3,= 12.7 Hz, 1H, CH,). *C NMR (75 MHz, CDCly) § = 167.27,
152.24, 150.28 (dd, 'Jpc=248.9, 12.6 Hz), 149.82 (dd, 'Jpc=248.5, 12.7 Hz), 140.75, 136.50,
134.97, 131.98, 130.08, 128.88, 125.92, 125.53 (d, 3Jpc=11.1 Hz), 122.09, 117.44 (d, 2Jpc=
17.2 Hz), 115.26 (d, ZJpc=17.9 Hz), 59.33 (CH), 37.31 (CH,). MS (ESI) m/z: 430.2 (M+1)™.
Elemental analysis for C,;H 4BrF,NS: C, 58.62; H, 3.28; N, 3.26; S, 7.45; found: C, 58.40; H,
3.25; N, 3.08; S, 7.30.
2-(3,4-difluorophenyl)-4-(4-methoxyphenyl)-2,3-dihydro benzo[b][1,4]thiazepine (4f)

Yellow solid, Yield: 92 %, M. P.= 137-139 °C, IR (v, /cm!): 2844 (C-H), 1595 (C=N),
1322 (C-N), 684 (C-S-C). '"H NMR (300 MHz, CDCls) = 8.00 (d, J= 8.9 Hz, 2H, Ar-H),
7.58 (dd, /=7.7, 1.2 Hz, 1H, Ar-H), 7.47 (td, J= 7.8, 1.4 Hz, 1H, Ar-H), 7.29 (dd, /= 7.9, 1.2
Hz, 1H, Ar-H), 7.20- 7.06 (m, 3H, Ar-H), 7.06- 6.94 (m, 3H, Ar-H), 4.89 (dd, J,,= 12.4,
Juw=4.7Hz, 1H, CH), 3.87 (d, J= 6.6 Hz, 3H, OCHj3), 3.25 (dd, Jy,= 12.9, J,= 4.8 Hz, 1H,
CH,), 2.95 (t, J,= 12.7 Hz, 1H, CH,). 13C NMR (75 MHz, CDCl;) § = 167.65, 162.22,
152.64, 150.23 (dd, Upc= 251.1, 10.9 Hz), 149.71 (dd, 'Jpc= 248.7, 12.7 Hz), 141.15 (d,
4pc= 4.3 Hz), 141.09 (d, *Jpc= 4.6 Hz), 134.95, 130.05, 129.13, 125.43, 125.16, 122.12 (d,
3Jpc= 9.5 Hz), 122.04, 117.41 (d, 2Jpc= 17.1 Hz), 115.25 (d, 2Jpc= 17.7 Hz), 114.14, 59.18
(CH), 55.47 (OCHj3), 37.26 (CH,).MS (ESI) m/z: 382.8 (M+1) *. Elemental analysis for
CyH;7F,NOS: C, 69.27; H, 4.49; N, 3.67; S, 8.40; found: C, 69.15; H, 4.33; N, 3.59; S, 8.37.
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2-(3,4-difluorophenyl)-4-(furan-2-yl)-2,3-dihydrobenzo[b] [ 1,4 ] thiazepine (4g)

Yellow solid, Yield: 88 %, M.P. = 125-127 °C, IR (0ya/cm!): 3105 (C-H), 1605 (C=N),
1319 (C-N), 681 (C-S-C). '"H NMR (300 MHz, CDCl;) 6 = 7.66-7.57 (m, 2H, Ar-H), 7.54-
7.43 (m, 1H, Ar-H), 7.37-7.30 (m, 1H, Ar-H), 7.22- 6.99 (m, 5H, Ar-H), 6.68- 6.50 (m, 1H,
Ar-H), 4.96 (dd, J,,= 11.8, J4,= 5.1 Hz, 1H, CH), 3.19 (dd, J,,= 12.9, J;,= 5.1 Hz, 1H, CH,),
2.88 (t, Ju= 12.4 Hz, 1H, CH,). 13C NMR (75 MHz, CDCl;) 6 = 159.26, 152.45, 150.29 (d,
LJec=249.2 Hz), 149.71 (dd, 'Jpc= 248.7, 12.7 Hz), 145.75, 140.80, 135.04, 130.14, 125.74
(d, J= 23.6 Hz), 122.64, 122.20 (dd, J= 6.3, 3.6 Hz), 117.40 (d, 2Jpc= 17.3 Hz), 115.36 (d,
2Jec=17.9 Hz), 113.93, 112.48, 59.38 (CH), 37.52 (CH,). MS (ESI) m/z: 342.1 (M+1)".
Elemental analysis for C;oH3F,NOS: C, 66.85; H, 3.84; N, 4.10; S, 9.39; found: C, 66.82; H,
3.75; N, 4.06; S, 9.25.
2-(3,4-difluorophenyl)-4-(thiophen-2-yl)-2,3-dihydrobenzo[b][1,4]thiazepine (4h)

Yellow solid, Yield: 87 %, M.P. = 149-151 °C, IR (0ya/cm’!): 2917 (C-H), 1599
(C=N),1322 (C-N), 688 (C-S-C). 'H NMR (300 MHz, CDCls) 6 = 7.66-7.53 (m, 2H, Ar-H),
7.53- 7.40 (m, 2H, Ar-H), 7.37-7.27 (m, 1H, Ar-H), 7.24-6.99 (m, 5H, Ar-H), 4.99 (dd,
Jo=11.9, J= 5.0 Hz, 1H, CH), 3.23 (dd, J,= 13.0, J,= 5.0 Hz, 1H, CH,), 2.99 (t, J4,=
12.5 Hz, 1H, CH,). '3C NMR (75 MHz, CDCly) 6 = 163.24, 151.53, 150.12 (d, 'Jpc= 242.5
Hz), 140.80, 134.96, 131.46, 130.10, 128.83, 127.91, 125.75, 125.57, 122.62, 122.12, 117.45
(d, 2Jpc=17.4 Hz), 115.37 (d, 2Jpc= 17.9 Hz), 59.18 (CH), 38.46 (CH,). MS (ESI) m/z: 359.7
(M+2)*. Elemental analysis for C;oH;3F,NS,: C, 63.85; H, 3.67; N, 3.92; S, 17.94; found: C,
63.75; H, 3.56; N, 3.88; S, 17.81.
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Table S-1. Control growth against human lung cancer cell line A549

Experiment 1

Experiment 2

Experiment 3

Control growth, %

Compound 7575020 80 10 20 40 80 10 20 40 80
Drug concentration, ug ml'!
4a 79.8 69.7 549 282 899 80.8 72.7 35.1 96.7 91.9 85.1 46.2
4b 92.5 80.7 469 115 757 56.6 273 8.1 802 71.5 30.5 10.1
4c 59.7 246 3.6 -104 713 303 4.8 -18.1 844 41.1 93 -246
4d 512 183 1.7 -423 36.1 109 0.9 -307 246 95 3.1 -194
4e 72.5 522 485 1.6 654 37.1 337 12 814 679 582 0.5
4f 913 869 612 -122 875 786 551 -58 78.6 69.7 373 -1.5
4g 263 139 -112 -43 125 42 -35 -36 59 14 -12 -11
4h 40.1 244 158 -12.7 189 108 54 -58 103 62 25 -19
ADR 126 07 -169 -50 85 1.0 -123 -41 41 16 -62 -35
Table S-II. Average control growth against human lung cancer cell line A549
Average control growth, % )
Compound 10 20 40 80 Glso/ ng ml
Drug concentration, pug ml’!
4a 88.8 80.8 70.9 36.5 69.23
4b 82.8 69.6 34.9 9.9 27.88
4c 71.8 32.0 5.9 -17.7 <10
4d 37.3 12.9 1.9 -30.8 <10
4e 73.1 52.4 46.8 1.1 22.07
4f 85.8 78.4 51.2 -6.5 32.33
4g 14.9 6.5 -5.3 -30 <10
4h 23.1 13.8 7.9 -6.8 <10
ADR 8.4 1.1 -11.8 -42 <10
Table S-III. Control growth against human breast cancer cell line MCF-7
Experiment 1 Experiment 2 Experiment 3
Compound Control growth, %
10 20 40 80 10 20 40 80 10 20 40 80
Drug concentration, pg ml!
4a 109.9 91.1 70.1 558 957 82.6 58.6 423 89.9 70.5 462 30.6
4b 95.6 93.8 83.1 37.1 759 745 702 141 61.6 609 552 838
4c 60.7 263 11.5 -189 524 163 57 -11.1 249 69 23 -72
4d 498 189 -92 -562 251 119 -38 -41.1 112 76 -1.1 -356
4e 653 324 173 11.7 50.1 152 112 7.5 424 97 42 2.1
4f 82.5 702 645 515 622 554 50.1 422 509 42.1 363 30.5
4g 427 30.1 27.7 -152 295 164 145 -6.7 1211 93 49 24
4h 514 314 105 -412 426 199 43 -264 152 10.8 1.1 -14.6
ADR 143 16 -153 -434 83 1.1 -11.5 -29.1 53 09 -7.1 -17.8
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Table S-IV. Average control growth against human breast cancer cell line MCF-7

S351

Average control growth, %

Compound 10 20 40 80 Glso/pg ml!
Drug concentration, pg ml!

4a 98.5 81.4 58.3 42.9 68.59
4b 77.7 76.4 69.5 20 48.23
4c 46 16.5 6.5 -124 <10
4d 28.7 12.8 -4.7 -44.3 <10
4e 52.6 19.1 10.9 7.1 <10
4f 83.6 51.8 47.9 37.3 35.05
4g 28.1 18.6 15.7 -8.1 <10
4h 36.4 20.7 5.3 274 <10

ADR 9.3 1.2 -11.3 -30.1 <10

Table S-V. Control growth against human liver cancer cell line HEPG2

Compound

Experiment 1

Experiment 2

Experiment 3

Control growth, %

10 20 40 8 10 20 40 80 10 20 40 80
Drug concentration, pg ml'!

4a 954 883 70.7 493 873 79.1 569 41.1 762 645 458 30.2
4b 89.8 69.7 60.1 529 77.8 572 41.6 395 709 378 237 222
4¢ 69.1 46.5 203 -17.2 529 31.6 12.1 -102 457 242 54 4.1
4d 306 162 -50.7 -48.1 20.1 6.7 -38.5 -34.8 165 3.8 -29.9 -14.9
4e 942 655 62.1 49.5 82.7 50.6 518 365 739 393 29.8 259
4f 79.6 702 462 -11.2 684 61.1 321 -86 575 316 141 -2.1
4g 59.2 404 219 -363 48.6 31.1 133 -278 344 197 89 -16.3
4h 21.8 91 -123 1.1 173 72 -101 0.7 101 23 -6.1 2.1
ADR 119 91 -53 -309 87 52 -32 -216 43 13 -14 -102

Table S-VI. Average control growth against human liver cancer cell line HEPG2

Average control growth, %

Compound 10 20 40 80 Glsy/pg ml!
Drug concentration, pg ml!
4a 86.3 77.3 57.8 40.2 57.69
4b 79.5 54.9 41.8 38.2 32.6
4c 55.9 34.1 12.6 -10.5 <10
4d 224 8.9 -39.7 -32.6 <10
4e 68.5 54.3 30.8 -7.3 16.98
4f 65.2 55.9 50.3 41.4 33.46
4g 47.4 304 14.7 -26.8 <10
4h 16.4 6.2 -9.5 1.3 <10
ADR 8.3 5.2 -3.3 -20.9 <10
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Table S-VII. Control growth against human prostate cancer cell line PC-3

Compound

Experiment 1 Experiment 2

Experiment 3

Control growth, %

10 20 40 80 10 20 40 80 10 20 40 80
Drug concentration, pg ml!
4a 109.2 90.5 88.7 60.1 100.7 81.2 709 503 89.8 69.8 61.8 339
4b 90.2 632 51.5 428 749 479 46.1 309 67.1 362 329 2I1.1
4c 453 411 31 224 364 247 19 142 251 134 10 5.1
4d 40.2 356 42 -124 252 204 28 9.1 174 112 1.1 -3.1
4e 70.2 31.8 94 -394 541 235 72 -272 46.1 113 35 -18.6
4f 58.1 52 435 11.8 459 41 292 72 391 27 176 23
4g 39.1 324 228 152 304 205 11.1 89 202 137 63 5.6
4h 59.6 409 155 -11.2 458 32.6 11.7 -79 377 165 3.1 -22
ADR 136 1.1 -12.1 -288 92 07 -7.5 -221 51 18 -53 -11.8
Table S-VIII. Average control growth against human prostate cancer cell line PC-3
Average control growth, %
Compound 10 20 40 80 Glso/pg ml!
Drug concentration, pg ml*!
4a 99.9 80.5 73.8 48.1 92.93
4b 77.4 49.1 43.5 31.6 28.19
4c 35.6 26.4 20 13.9 <10
4d 27.6 22.4 2.7 -8.2 <10
4e 56.8 22.2 6.7 -28.4 <10
4f 47.7 40 30.1 7.1 11.59
4g 29.9 22.2 13.4 9.9 <10
4h 47.7 30 10.1 -7.1 <10
ADR 9.3 1.2 -8.3 -20.9 <10
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Fig. S-33. Antibacterial activity of synthesized compounds against gram positive strains
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Optimization of the reaction conditions for the synthesis of
2,3,5-trimethylpyridine from 3-amino-2-methylpropenal and
methylethylketone
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and GORDANA STOJANOVIC?

! Chemical-technological school “Bozidar Dordevic Kukar”, Viajkova 94, 16000 Leskovac,
Serbia and ?University of Ni§, Faculty of Sciences and Mathematics, Department of
Chemistry, Visegradska 33, 18000 Nis, Serbia

(Received 18 September 2021, revised 26 April, accepted 10 May 2022)

Abstract. The influence of temperature, reaction time, and type of the catalyst
on the yield of the 2,3,5-trimethylpyridine (collidine) from 3-amino-2-methyl-
propenal and methylethylketone was investigated. 3-Amino-2-methylpropenal
was synthesized from 3-ethoxy-2-methylacrolein previously synthesized from
methylmalondialdehyde tetraethyl acetal, obtained from triethyl orthoformate
and propenyl ether. The optimal conditions for the investigated synthesis were
temperature of 150 °C, reaction time 24 h, and the CH;COOH/pTsOH catalyst.
This synthesis is the first successful attempt to synthesize 2,3,5-trimethylpyri-
dine in an acid medium.

Keywords: cyclic condensation; GC-MS; side reactions.

INTRODUCTION

The importance of 2,3,5-trimethylpyridine (collidine) is reflected in the fact
that it is the starting compound for the synthesis of esomeprazole which is used
to treat symptoms of gastroesophageal reflux disease (GERD, Fig. 1).!

The production of 2,3,5-trimethylpyridine can be achieved either from nat-
ural products or synthesis. 2,3,5-Trimethylpyridine was isolated at the beginning
of the 20th century from the tar of the stone coal,2-3 and then from shales# by the
fraction distillation at 186—190 °C with the yield of 7 %.

According to the literature, there are few published works on the synthesis of
2,3,5-trimethylpyridine. They can be divided into two groups: 1) the synthesis in
the gaseous phase and 2) the synthesis in the liquid phase (solution).

* Corresponding author. E-mail: Biljana.Arsic@pmf.edu.rs
# Serbian Chemical Society member.
https://doi.org/10.2298/JSC210918042U
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Fig. 1. Structure of esomeprazole.

The synthesis of 2,3,5-trimethylpyridine in the gaseous phase

The synthesis belongs to the condensation reactions of aldehydes and ammo-
nia and can be delivered in homogenous or heterogeneous media.

Homogenous synthesis> occurs under high pressure and high temperature
with the propionaldehyde, paraformaldehyde, and concentrated ammonia in an
autoclave, followed by fraction distillation in a vacuum with the yield up to 14 %.

The heterogeneous synthesis produces 2,3,5-trimethylpyridine from methyl-
ethyl acrolein, ethanol, ammonia, and the catalyst (SiO,, Al,O3) at elevated tem-
perature and pressure for a longer time with the yield of up to 28.5 %.6

The synthesis of 2,3,5-trimethylpyridine in the liquid phase (solution)

The characteristic of reactions in the solution is that all of them happened in
numerous stages, so the overall yield is modest.

Some of the most representative examples are synthesis via 3-carbetoxy-2,5-
-dimethyl-6-hydroxypyridine (the overall yield 8 %),” cyclic condensation via
3-carbetoxy-2,5-dimethylpyridine (the overall yield 22 %).8

Direct synthesis of collidine from mono-substituted acetylenes and nitriles in
the presence of cobaltocene was achieved (yield in this step 45%), and the com-
position of the reaction mixture was estimated using gas—liquid chromatography
(GLC).® Srinivas et al. reported a synthesis of 2,3,5-trimethylpyridine from
2-butanone, formaldehyde, ammonia and zeolite 5% PbZSM-5 (Si/Al = 15) as a
shape selective catalyst with a yield of 43 %.10 Substituted pyridines syntheses
were reported from allylamines and alkynes via Cu(Il) promoted oxidation and
C-H bond activation by Rh (III).!! Good yield of substituted pyridines was
achieved in the reaction of Rh (IlI)-catalysed decarboxylative coupling of o,/
-unsaturated carboxylic acid and a,S-unsaturated O-pivaloyl oximes.!12

Given the low yields or complex conditions for the synthesis and the imp-
ortance of 2,3,5-trimethyl pyridine, optimization of the reaction conditions for its
synthesis from 3-amino-2-methylpropenal and methylethylketone was set for the
purpose of this study.
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SYNTHESIS OF 2,3,5-TRIMETHYLPYRIDINE 1 1 1 9

EXPERIMENTAL
Synthesis of methylmalondialdehyde tetraethyl acetate (1)

In Kolbe’s flask with three necks, 13 mL boron trifluoride at 30 °C was added in drops
for 1 h to the mixture of triethyl orthoformate and propenyl ether (4 kg, 16.73 mol) in the inert
atmosphere in a stream of nitrogen. Then the reaction mixture was stirred for an additional 6 h
at 3040 °C and left overnight. Sodium carbonate (100 g, 0.94 mol) was added to the reaction
mixture and stirred for 1 h at room temperature. After that, the mixture was filtered through a
sintered glass filter, and the filtrate was distilled in a vacuum.!3 The first fraction (56—110
°C)/30 mmHg was triethyl orthoformate (around 5 kg), which can be used again, and the sec-
ond was methylmalondialdehyde tetraethyl acetyl as the main product (Scheme 1, 1) at 118—
—122 °C/30 mmHg (3.93 kg (83 %), np2® = 1.4130, where np2 is a refractive index at 20 °C
and a dimensionless number.

_ al
L—\0 J + K:JBFa-O(CQHS)Z OOJ
o RN
TN
i

H,G, pTsOH

Sy CH,COOH g /\o
pTsOH N NH, ‘
- -
t=150°C
N/ 24h o
NH,

() 4) 3) @)

Scheme 1. The synthesis of compounds 1-5.

Synthesis of 3-ethoxy-2-methylacrolein (2)

Methyl malondialdehyde tetraethyl acetal (2.34 kg, 9.99 mol), p-toluenesulfonic acid
(5.4 g, 0.03 mol), and 180 mL water were mixed at 80 °C until the disappearance of the aque-
ous phase. Afterward, the reaction mixture was left for 2 h at 80 °C, then to cool down, and
finally, with stirring, sodium bicarbonate was added (50 g, 0.6 mol) for 2 h at room tempe-
rature. The reaction mixture was filtered, the solid residue was washed with ethanol, and the
filtrate and the ethanolic extract were distilled in a vacuum.!3 The first fraction (~115 g) at
34-78 °C/14 mm Hg was ethanol (np' = 1.3788), the second (1.050 kg, 92 %) at 78-81 °C/14
mm Hg was 3-ethoxy-2-methylacrolein (Scheme 1, 2), n422 = 1.4738, the maximum absorp-
tion in UV (ultraviolet) spectrum is at 242 nm.

Synthesis of 3-amino-2-methylacrolein (3)

3-Ethoxy-2-methylacrolein (114 g, 1 mol) and 750 mL conc. solution of ammonia (25
%) was emulsified at —10 °C with mixing and cooling using a mixture of ice and sodium chlo-
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ride for 6 h. After that, the temperature was allowed to reach 25 °C with constant stirring. The
yellow solution was evaporated, using a rotary vacuum evaporator, to dryness and the remain-
ing raw yellow solid was recrystallized from ethanol (100 mL) with the addition of 200-300
mL carbon tetrachloride. The obtained product was filtered and washed with petroleum ether
at 30-50 °C and dried in a vacuum desiccator (p = 1.33 kPa) under the influence of phos-
phorus pentoxide at room temperature.!4 The yield of 3-amino-2-methylacrolein (Scheme 1,
3)is 0.9 mol (103 g), 90 %, m.p., 113-114 °C, IR.13

The total yield of the synthesis of 3-amino-2-methylacrolein was 68 %.

Synthesis of 2,3,5-trimethylpyridine (5)

The reaction mixture consisted of 3-amino-2-methylacrolein (2.3 g, 0.025 mol), methyl-
ethylketone (2.5 g, 0.03 mol), glacial acetic acid (4.4 g, 0.075 mol), p-toluenesulfonic acid
(0.02 g, 0.09 mmol), was refluxed for 24 h at 150 °C under the inert atmosphere of nitrogen,
and then distilled in vacuum (p = 40 kPa). The fraction after 105 °C, yellow oily liquid, in
quantity 1.60 g (49 %) represented the raw product, i.e., the mixture of pyridine derivatives.
There is 48 % 2,3,5-trimethylpyridine in the mixture separated and identified from the rest of
the components by GC-MS, so the total yield of 2,3,5-trimethylpyridine (Scheme 1, 5) is
nearly 24 %, b.p., 187 °C, d4*5 = 0.9310, n4?> = 1.5057.

Analysis of the products of the reaction

After distillation in a vacuum, the analysis of the reaction mixture was performed using
GC-MS.

Gas chromatography

Instrument: gas chromatograph HP 5890 series II Hewlett Packard; integrator: HP 3396A
Hewlett Packard; detector: FID (flame ionization); column: length 2.0 m, Chromosorb: W-HP
80/100; liquid phase: FFAP 10 %, gaseous phase: nitrogen (80 kPa); temperature: 120-220 °C
(5 °C min'!); sample: 0.2 pL.

Mass spectrometer was operated in electron-impact (EI) mode. The scan range was 33—
—651 amu (atomic mass unit), and the ionization energy was 70 eV.

MS spectra of the compounds, with a content higher than 1% in the mixture, are avail-
able as the Supplementary material to this paper (Figs. S-1-S-10).

RESULTS AND DISCUSSION

Numerous experiments of the synthesis of 2,3,5-trimethylpyridine from 3-
-amino-2-methylpropenal and methylethylketone were carried out to optimize the
reaction conditions: temperature, reaction time and type of the catalyst. The
results are presented in Table I.

TABLE I. Reaction conditions used

Yield of the 2,3,5-trimethylpyridine

. o .
Serial No.  Temperature, °C  Reaction time, h in the mixture, %

1 200 12 10
2 230 12 14
3 150 20 39
4 150 24 42.6
5 150 24 48
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The synthesis was investigated under the influence of different catalysts: glac-
ial CH3COOH, resin Lewiatit-80, CH3COOH/CgH5NO,, CH3COOH/CH3COONH4
and in the inert atmosphere in a stream of nitrogen. The best yields were
achieved with acetic acid and pTsOH, so other parameters were varied only with
this catalyst.

According to the obtained results, the following conditions were optimal:
temperature 150 °C, reaction time 24 h, and the catalyst CH3COOH/pTsOH.

Analysis of the products of the reactions was performed using GC-MS
(Table II) because the separation of the products was not possible either with
fraction distillation or thin-layer chromatography. The identification of the com-
ponents of the reaction mixture was performed based on their mass spectra, avail-
able as Supplementary material (Figs. S-1-S-10).

TABLE II. Components from the reaction mixture with a percentage of more than 1 %; com-
ponent area contribution, % = 100xArea of the component/Total area of all components

Component area contribution, % #z / min Compound

1.9 1.354 Lutidine (2,3-dimethylpyridine)

6.3 4.756 3,7-Dimethyl-1,5-diazocine

43.5 6.876 Collidine

2.3 2.321 2-Ethyl-5-methylpyridine

6.8 7.10 Lutidine (3,5-dimethylpyridine)

15.5 7.51 3,5-Dimethylpyridine-2-carbonitrile

1.3 7.948 (5-Methylpyridin-2-yl)acetonitrile
14.88 8.45 (2E)-3-{(2)-[(22)-3-{(2)-[(2E)-3-Amino-2-

-methylprop-2-en-1-ylidene]amino} -2-methyl-
prop-2-en-1-ylidene]amino } -2-methylprop-2-enal
2 8.925 Polycondensate
1 9.228 3-Methylfuro[3,4-b]pyridine-5,7-dione

Peak with the retention time g = 6.88 min represents the main product
(43.47 %), and it is 2,3,5-trimethylpyridine.

Other peaks of the components in the reaction mixture with more than 1 %
represent the side products.

Mechanism of the reaction

The reaction of the cyclic condensation is analogous to the addition in
weakly acidic media of carbonyl compounds with HoN-R derivatives. In case of
this condensation, R-NHj, as a nucleophile can attack the carbonyl compound’s
conjugated acid, which is in acid media in the form of the enol more stable due to
the conjugation effect (Scheme 2).

CONCLUSION

2,3,5-Trimethyl pyridine was synthesized using cyclic condensation under
the influence of the acid catalyst in one phase from 3-amino-2-methylpropenal and
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H.E

HE cH R~

H N CH N CH,

Scheme 2. Proposed mechanism of the reaction.

2-butanone. In this synthesis, 2,3,5-trimethyl pyridine was the main component
in the mixture with some other pyridine derivatives. The advantage of this
method is that it occurs in one phase with approximately the same yield to those
of most published syntheses.

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/11174, or from the corres-
ponding author on request.

Acknowledgement. Biljana Arsi¢ and Gordana Stojanovi¢ want to thank for the financial
support for this work to the Ministry of Education, Science and Technological Development
of the Republic of Serbia (contract number 451-03-9/2021-14/200124).

H3BOJ
OIITUMHU3AIIMJA PEAKIITMOHUX YCIIOBA CUHTESE 2,3,5-TPUMETUWIITUPUIWHA U3
3-AMHUHO-2-METHUJITIPOITEHAJIA U METUJIETUJIKETOHA

JOBHLIA YPOIIEBHR', MUPOCJIAB MUTHR', BUJbAHA APCUR” u TOPIAHA CTOJAHOBHR®

Xemujcko-mexnonowna wxona ,Bowugap Bophesuh Kyxap®, Bnajkosa 94, 16000 Jleckosay, u
ZYHueep3umeu7 y Huwy, ITpupogrno—maittiemamuuxyu paxynite, JJedapiuman 3a xemujy,
Buuweipagexa 33, 18000 Huw

[TpoyuaBaH je yTuuaj Temneparype, BpEMeHa peaklidje U THMa KaTaJau3aTopa Ha IPUHOC
2,3,5-TpuMeTWINUPUIUHA (KOTHUAWHA) U3 3-aMUHO-2-MeTUINPOIeHala U MeTHUIeTHIKeTOHa.
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3-AMMHO-2-METHINPOTIeHAN je CHHTETHCAH U3 3-eTOKCH-2-MeTHWIaKpOJIernHa MPeTXONHO CHH-
TETUCAHOT U3 METWIMAaJIIOHIHAIIeXU-TeTpaeTu-alerana, Koju je 1odHjeH U3 TPHeTHI-0pTo-
¢opmaTa 1 nponenun-erpa. Hahenu onTuMainHu yCI0BY 3a CUHTE3Y Cy OMIM TeMIleparypa of
150 °C, Bpeme peaxuuje 24 h, u xaramusatop CH3COOH/pTsOH. OBa cHHTe3a je NIpBU
YCIEIIHY NOKYIIaj CuHTe3e 2,3,5-TPUMETWIUPULNHA Yy KHCENI0j CPENUHH.

(ITpumibeHo 18. centemdpa 2021, peBunupano 26. anpuia, npuxsaheno 10. maja 2022)
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Fig. S-3. Mass spectrum of 3,7-dimethyl-1,5-diazocine detected from the reaction mixture.
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Synthesis of some benzylidene thiosemicarbazide derivatives and
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Abstract: Iron homeostasis is altered in tumours in response to a perturbation in
the expression of iron-dependent proteins. Therefore, iron chelators make
cancerous cells more vulnerable to iron deficiency. Compounds having thio-
semicarbazide scaffold with the ability to metal complex formation have the
potential to act as anticancer. A series of thiosemicarbazide derivatives were
designed, synthesized successfully and their cytotoxicity was then tested on
some cancerous as well as laboratory normal model systems by using colori-
metric assay based on WST-1 reagent. According to the cytotoxicity results,
some compounds showed high toxicity effect on both the cancerous and
healthy cell lines. The results of toxicity assays on U87 and A549 cell lines
showed the survivability less than 50 % at all concentrations higher than 10
ppm for all the synthesized compounds. The MCF-7 cell line exhibited approx-
imately the same behaviour and had survivability less than 60 %. The 3T3 in
compared with HUVEC cell line showed a completely different behaviour
against the synthesized compounds and had survivability more than 50 %. The
selectivity index was also measured and based on the study results it could be
concluded that the cytotoxicity profile of the synthesized compounds on 3T3
cell line shows a significant difference, indicating a good anticancer effect of
these compounds.

Keywords: meta and para-substituted benzylidene thiosemicarbazides; cyto-
toxicity assessment; cancerous and normal cell lines; WST-1 assay.
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INTRODUCTION

Have been known for years that cancer cells have modified metabolic path-
ways compared to their normal cell counterparts. For instance, there is general
agreement that cancer cells, at least in a large number of solid ones, benefit from
an enhancement in aerobic glycolysis over oxidative phosphorylation.!=3 Also
glutamines play a major role in the cancer cells either as a supplier for building
blocks of macromolecules or through increasing the activity of the glutaminolysis
pathways enhancing the ATP supply through the Krebs cycle.# Furthermore,
while de novo fatty acid synthesis is usually suppressed in normal cells, tumour
cells synthesize fatty acids at high rates.3 NADPH can contribute to fatty acid
biosynthesis as well as ROS scavenging of reactive oxygen species in tumour
cells.2:5 Tumour proliferations also need more ribose-5-phosphate, cofactors and
relevant enzymes to enhance nucleotide synthesis and DNA repair.3

One of the different characteristics of cancer cells that can be used to design
anti-cancer drugs is expression of high levels of the transferrin receptor 1 (TfR1)
and internalization of iron (Fe) from transferrin (Tf) at an extraordinary rate in
response to the high requirement of tumor cells for Fe.%7 The monoclonal anti-
body designated 42/6, has been reported to act as an agent with the potential to
Fe deprivation through transferrin binding inhibition to its receptor, resulting in
in vitro growth suppression of the human T leukemic cell line.8

Disorders that impair iron homeostasis are one of the most common human
diseases that cancer is one of them.? Ribonucleotide reductase (a Fe-containing
enzyme required for the conversion of ribonucleotides into deoxynucleotides for
DNA synthesis) is a key enzyme in the rate limiting step of DNA synthesis.10 It
has been reported that desferrithiocin and desferrioxamine, as iron chelators,
target cancerous cells in the S phase or the early S phase of the cell proliferation
cycle.10-12 Tron chelation therapy is a new strategy to cure cancers, especially
those resistant, by using iron chelators depriving tumour cells from nutrient Fe.13-
15 This issue is based on the finding that the ribonucleotide reductase shows an
enhanced activity in tumour cells compared to normal cells.16-18

Thiosemicarbazides are considered as a class of biological compounds with a
wide range of activity and have been studied for their activity against viruses,!9-22
bacteria,20-23-26 fungi2’ and cancerous cells.20-28-30 Triapine and marboran
(methisazone, Fig. 1) are two synthetic analogues of thiosemicarbazides already
in market.20 Triapine, first synthesized by Liu and co-workers39 and still under
clinical phase I/Il studies,3!-33 is a more potent ribonucleotide reductase and
cancer cell growth inhibitor than the antineoplastic drug, hydroxyurea.34 Mar-
boran is also a good anti-viral agent.35-37 The ability of thiosemicarbazones to
form chelators with metal ions, especially iron, has led researchers to synthesize
derivatives of these compounds and investigate their anti-cancer effects.38:3% As
part of an ongoing research program on the synthesis of new thiosemicarbazide
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derivatives as biologically active compounds, we herein report the synthesis and
cytotoxicity assessment of some thiosemicarbazide derivatives on U87, MCF-7,
A549, 3T3 and HUVEC cell lines.

S
| $
HNT N )\—NHZ
> N—NH
l?l 4
HN S o]
\( N
NH, \ . . .
Fig. 1. Two synthetic analogues of thio-
Triapine Methisazone (Marboran) semicarbazides already in market.
EXPERIMENTAL

All chemicals, reagents and solvents were commercially available and were used without
further purification. An electrothermal TA9100 melting point apparatus fixed at 1 °C/min was
used to determine melting point. The IR spectra were recorded on an FT-IR Tensor 27 infra-
red spectrophotometer (Bruker) using KBr as a matrix. 'H-NMR and '3C-NMR spectra were
taken by an FT-NMR Bruker Avance ultra shield Spectrometer (300 and 75 MHz in fre-
quencies for 'H and !13C, respectively) using DMSO-d; as solvent. Also, TLC-grade silica gel
G/UV 254 nm plates were used for monitoring reaction progress by the use of EtOAc/n-hex-
ane (1:2 volume ratio) as eluent. Standard laboratory chemicals and a selection of reagents
were obtained from the Sigma—Aldrich Company including Dulbecco’s modified eagle’s
medium F12 (DMEM), fetal bovine serum (FBS), penicillin-streptomycin (100 pg/ml), and
phosphate-buffered saline (PBS), trypan blue dye solution, and trypsin- EDTA solution. 2-(2-
-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2 H-tetrazolium. WST-1 reag-
ent was prepared from Roche Holding AG. Cytotoxicity assay kit II was prepared from the
LDH bioscience source. All eukaryote cells were obtained from Pasteur Institute of Iran.

General procedures for the synthesis of compounds 1-13

To a solution of 0.1 g NaOH in 5 mL water, 1 mmol corresponding aldehyde was added
under stirring. Then 1 mmol thiosemicarbazide was gradually added to the solution and under
room temperature the mixture was stirred overnight. Then 5 mL ethyl alcohol was poured into
the mixture, and refluxed for 1 h. After completion of the reaction, monitored by TLC using
EtOAc/n-hexane (1:2) as eluent, the reaction mixture was filtered off to separate precipitate.
Next, the precipitate was recrystallized from boiling ethanol to afford pure crystalline. The
structure of novel compounds was confirmed by application of spectroscopic methods (The
data are given in the Supplementary material to this paper).

Cell culture

Human breast cancer cells (MCF-7), human primary glioblastoma cells (U87), adenocar-
cinomic human alveolar basal epithelial cells (A549), human umbilical vein endothelial cells
(HUVEC) and mouse embryonic fibroblast cell (3T3) as two normal cell lines were obtained
from Pasteur Institute (Tehran, Iran) and incubated at 37 °C and 5 % CO, until flaunted the 75
% of the culture plate. Cells lines were grown in DMEM-F12 supplemented with 10 % FBS,
100 U mL"! of penicillin-streptomycin.
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Cytotoxicity studies

For cytotoxicity assay, a cell suspension containing 10* cells of each cell line were
seeded into each well of a flat-bottomed 96-well plate and incubated for 24 h. On the fol-
lowing day, the medium was aspirated and 100 pl of each concentration (1000, 100, 10, 1, 0.1,
0.01, 0.001 ppm) of examined compounds were added into each well. Then plates were incub-
ated 24 h at 37 °C and 5 % CO, atmosphere. On the next day 10 pl of WST-1 solution was
added to each well and incubated for 4 h. Then the optical density (OD) was measured at 420
nm using an Elisa reader (BioTek EIx800). Cell viability was expressed as 100 % for
untreated cells (control). All measures were performed in triplicates and the survival rate (%)
was calculated as:*0

Survival rate = 100(OD in treatment group/OD in control group) 1)

The inhibitory concentration required for 50 % cytotoxicity (/Cso) was calculated using
the Prism dose-response histogram (Graphpad Prism, Prism 9, version 9.3.0 (463) for Win-
dows, 1992-2021 GraphPad Software, LLC), obtained by plotting the percentage of survival
versus the concentration.

To further support the results obtained by WST-1 assay, the lactate dehydrogenase
(LDH) release of U87, MCF-7 and 3T3 cells after 24 h incubation with compounds number 7,
9, 11 and 12 (as representative compounds) at 10, 100 and 1000 pg mL"! concentrations were
measured using the supernatant of the cell culture media by LDH cytotoxicity detection kit. A
10 pl of culture media on the cell was moved to a 96-well plate and 100 pl of LDH reaction
mix was added to each well. The plate was then incubated at room temperature for 30-60 min
when absorbance was read using the microplate reader. The absorbance was read at 492 nm
using an automatic analyzer RA-1000 (Technicon, Ireland). Triton X (1 %) was used as posi-
tive control. The 650 nm reference absorbance was subtracted from the 450 nm absorbance
reading to give the well absorbance. The cytotoxicity percentage was calculated as:

CytOtOXiCity = 100[(Asample - Alow control)/ (Ahigh control — Alow control)] (2)

where: low control was un-treated cells (control) and high control was treated cells with triton
X1 %.
Statistical analysis

The data obtained from the WST-1 assay were evaluated by one-way ANOVA followed
by Tukey’s test in SPSS (statistical package for social sciences). Results were expressed as
percentages of the control as the mean + SD, and differences from the control groups were
considered significant with p < 0.05. In addition, /Cs, values of the substances were calculated
by nonlinear regression analysis of triplicate experiments by the software Graphpad Prism.

RESULTS AND DISCUSSION

Chemistry

The target compounds were synthesized as outlined in Scheme 1. The con-
densation reaction between thiosemicarbazide and a variety of different sub-
stituted benzaldehyde or benzyloxybenzaldehyde compounds afforded the corres-
ponding target benzylidene thiosemicarbazide derivatives (Table I). The identity
of target compounds was confirmed by melting point, IR, !H- and 13C-NMR
spectra.
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TABLE I. The structure of the synthesized compounds

BENZYLIDENE THIOSEMICARBAZIDES AS ANTICANCER AGENTS
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Scheme 1. Synthetic route for the target compounds. Reagents and conditions:

a) NaOH solution, rt, overnight; b) EtOH, reflux, 1 h.
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Cytotoxicity assay

The cytotoxic effect of thiosemicarbazide derivatives (13 compounds) on
MCF-7, U87, A549, HUVEC and 3T3 cell lines was determined by WST-1 and
LDH assays. The toxicity of the synthesized compounds was investigated in the
concentration range of 0.001 to 1000 mg L-!. However, to be in line with the
published results on the medicinal chemistry, the concentration of compounds in

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

(CC) 2022 SCS.



1 1 3 O ESLAMINEJAD et al.

micromolar ranged from the least 2.75x103 (cmpd. 7) to 5590 uM (Cmpd. 1)
which is shown in Table II. The WST-1 results are depicted as dose-response
histograms in Figs. 2 and 3 and /Cs values in Table III. The dose-response histo-
grams shown in Figs. 2 and 3 indicate that MCF-7 and HUVEC cell lines are the
most sensitive ones against all tested compounds. Also, 3T3 and U87 cell lines
were considered as the most resistant ones against all compounds at concen-
trations < 10 pg mL-!. In addition, compounds 5 with /Cs5y = 7.3 pM against
MCEF-7, 7 with IC59 = 24.73 uM against U-87, and 11 with /Csq of 46.37 and
46.60 uM against A549 and MCF-7, respectively, accounted for compounds with
the most effective toxicity profiles. Based on statistical analysis, the results
showed that the compounds used in the concentration ranges 0.001-1000 mg L-!
tested on MCF-7, A549 and HUVEC cell lines exhibited a significant difference
(p <0.05).

TABLE II. The concentration of studied compounds applied in biological assays and /Cs, in
terms of uM

Cmpd. c/mgL!

No. 0.001 0.01 0.1 1 10 100 1000
1 5.59x103 5.59x10°2 5.59x10°! 5.59 55.9 559 5590
2 4.68x103 4.68x102 4.68x10°! 4.68 46.8 468 4680
3 3.13x103 3.13x102 3.13x10°! 3.13 313 313 3130
4 3.13x103 3.13x10°2 3.13x10°! 3.13 313 313 3130
5 4.50x103 4.50 x102 4.50 x10°! 4.50 45 450 4500
6 3.79x103 3.79x10% 3.79x10°! 3.79 37.9 379 3790
7 2.75%x103 2.75x102 2.75x10°! 2.75 27.5 275 2750
8 2.75%x103 2.75x102 2.75%10°! 2.75 27.5 275 2750
9 3.25x103 3.25 x102 3.25 x10°! 3.25 32.5 325 3250
10 2.86x103 2.86x102 2.86x10°! 2.86 28.6 286 2860
11 3.82x103 3.82x10°2 3.82x10°! 3.82 38.2 382 3820
12 3.27x103 3.27x102 3.27x10°! 3.27 32.7 327 3270
13 3.12x103 3.12x102 3.12x10°! 3.12 31.2 312 3120

It is known that the free electrons on elements such as N, S, and O have a
high tendency to bind to metal ions such as iron and copper. Because cells need
metallic elements such as iron, zinc, and magnesium to grow, especially in the
G/S1 phase of cell proliferation, so iron deficiency stops cell proliferation and
growth.4!

Cancer cells tend to multiply rapidly thus iron deficiency can affect them
much more. Therefore, iron chelators can have anti-tumor effects.42

Metal chelators have the potential to inhibit iron uptake from iron-carrying
proteins, inhibit the expression of iron-containing enzymes such as ribonucleo-
tide reductase, and inhibit the formation of redox-active iron complexes that pro-
duce reactive oxygen species.*!43 In this project, MCF-7, among cancer cell lines,
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was the most sensitive cell line against all concentrations of synthesized com-
pounds. In contrast, U87 cell line was resistant to almost all compounds at con-
centrations below 100 ppm and showed cell survival of more than 80 %. On the
other hand, healthy cell lines showed completely different behaviour. For
example, the cell line 3T3, which originates from mouse fibroblasts, showed
resistance to all compounds at all concentrations, while HUVEC cell line, origin-
ating from the human umbilical cord, appeared to be sensitive to all compounds,
even at low concentrations, this cell line did not show high cell survival. This
sensitivity and resistance phenomena may be due to the cellular origin and the
type of tissue from which the cells were extracted.
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TABLE III. The I/Cs values of studied compounds

Cmpd. No. A549  MCF-7 U-87 3T3 HUVEC
1 ICso/pM 34453 330.34 1509.44 67.04 506.82
ICso/mgL!  61.67 59.13 270.19 12 90.72
2 ICso/uM  689.46  218.97 602.81 569.09 414.75
ICso/mgL! 14720  46.75 128.70 121.50 88.55
3 ICso/uM 30576 133.05 305.10 265.73 290.89
ICso/mgL!  97.69 4251 97.48 84.90 92.94
4 ICso/uM 111465  283.41 265.20 416.59 396.56
ICs/mgL! 35613 90.55 84.73 133.10 126.70
5 ICso/ uM 598.65 7.30 201.13 3862.61 180.45
ICso/mg L' 132.90 1.62 44.65 857.50 40.06
6 ICso/uM 53.18 84.55 147.05 158.41 339.51
ICso/mgL!  14.04 22.32 38.82 41.82 89.63
7 ICso/uM 192912 62.75 24.73 128.30 188.76
ICso/mgLl 70220  22.84 9.00 46.70 68.71
8 ICso/uM 34643  175.25 200.00 350.14 52.80
ICso/mgL! 12610  63.79 72.80 127.45 19.22
9 ICso/uM 38052  216.69 275.91 513.47 51.30
ICso/mgL! 11720  66.74 84.98 158.15 15.80
10 ICso/uM 60395  317.31 383.69 410.30 186.29
ICso/mg Lt 211.08  110.90 134.10 143.40 65.11
11 ICso/uM 4637 46.60 762.21 17431 907.79
ICso/mgL! 1215 12.21 199.70 45.67 237.84
12 ICso/uM  350.65  540.20 296.05 354.58 754.38
ICso/mgL!  107.30  165.30 90.59 108.50 230.84
13 ICso/pM  217.13  108.94 230.25 827.69 102.78
ICso/mgL!  69.48 34.86 73.68 264.86 32.89

The study carried out by Potiickova and co-workers has shown that the com-
pound 2-benzoylpyridine-4-ethyl-3-thiosemicarbazone reveals high toxicity
effects on HL-60 (human leukemia), MCF-7 and HCT116 (human colon cancer)
and moderate toxicity on A549 and healthy cell line H9C2 (neonatal mouse heart
cell). They claimed that 3T3 fibroblasts were the most resistant of all the cell-
types to every agent examined.** In the research by Serda and co-workers28 on
thiosemicarbazide skeletons, derivatives that exhibited good activity as anti-can-
cer agents were introduced, among those the two compounds, depicted in Fig. 4,
displayed the greatest promise. They attributed the anti-cancer ability of their
compounds to the complexing power of thiosemicarbazides. Their study on the
structure-activity relationship showed that the combination of donor atoms N, N,
S in thiosemicarbazone backbone had a crucial role in the anti-cancer activity of
their compounds, rather than the existence of different fragments in R position.
Also, thiosemicarbazones appear to elevate the level of reactive oxygen species
that disrupt the antioxidant activity of mitochondria triggering apoptosis pro-
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cess.#> The presence of aromatic rings, attached to thiosemicarbazone moiety,
increase the anti-cancer activity by DNA intercalating ability.44

N— Fig. 4. Two thiosemicarbazones with good
antiproliferative activity from Serda and co-
N/ workers’ work.28

The cytotoxicity determinations were performed to confirm the toxycity
effects of the synthesized compounds by WST-1 and LDH assays. Fig. 5 shows
the cell viability (WST-1 assay) and cell mortality (LDH assay) results of three
cell lines (MCF-7, U87 and 3T3) after treatment with four representative com-
pounds (No. 7, 9, 11 and 12) at 10, 100 and 1000 ug mL~! concentrations.

First of all, WST-1 assay was done at different concentrations to recognize
the /C5q values. All of the examined compounds showed a quality of being toxic
to cells. The WST-1 technique is a common colorimetric approach to assess cyto-
toxicity or cell viability through determination of mitochondrial function of cell
by measuring activity of mitochondrial enzymes. Also, to confirm the cell mem-
brane damaging effects of the synthesized materials, the LDH enzyme activity
was measured on the cells after being treated with three of the highest concen-
trations used in this project, which showed toxicity to all the cells.

Considering our WST-1 results that 3T3 and U87 cells below concentrations
less than 10 ug mL-! were evaluated as the most resistant cells, hence for LDH
assay these cells were used in concentrations above 10. From the other cells that
appeared as sensitive cells in this project, MCF-7 cell was also selected for LDH
assay. Also, since the synthesizad compounds exerted high toxicity on most of
the cells at high concentrations, only three high concentrations were used for
LDH assay. Among all 13 synthesized compounds, only 4 representative ones
were used that had good toxicity profiles on the three selected cell lines.

According to the results, all of the examined compounds showed some dis-
turbing effect on the cell membrane and secreted more LDH enzyme. The LDH
assay is used for the assessment of cytotoxicity mediated by toxic compounds
and the LDH enzyme release from damaged cells. In this method, if the cells are
attacked aggressively, due to the membrane destruction and cell damage, there
would be more enzyme level secretion and the subsequent mortality is reported to
be higher.46 However, if cells are attacked by cellular mechanisms, low enzyme
release is reported due to the lack of cell damage.
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Fig. 5. The MCF-7, U87 and 3T3 cells viability (WST-1) and mortality (LDH) after treatment
with various concentrations of compounds No. 7,9, 11 and 12.
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The results shown in Fig. 5 indicate that the mechanism of action of cyto-
toxicity of benzylidene thiosemicarbazides on cells can be addressed differently.

Against 3T3 cells, the studied compounds show their toxicity by the mech-
anism of cell damage and cell destruction. In a way, the more toxic the com-
pound, the lower the cell survival rate, the higher the LDH release, which results
in a higher mortality rate because cell death is achieved through cell destruction.

At high concentration, i.e., 1000 mg L1, the studied compounds displayed
their toxicity against U87 and MCF-7 cell lines through intracellular mechanisms
and not through cell membrane damage, so that despite the low cell survival rate
at this concentration, the level of LDH secretion is at its lowest level. These intra-
cellular mechanisms can be attributed as though specified complexes probably
induce apoptotic death. Compounds 9, 11 and 12 at concentration of 100 mg L-!
also induced MCF-7 cell death by intracellular mechanism, but at low concen-
tration of 10, all four benzylidene thiosemicarbazide derivatives appear to induce
cell destruction leading to the death of U87 and MCF-7 cells, and consequently
the rate of LDH release is proportional with the rate of cell death.

Based on Fig. 5, the behavior of U87 cell after treatment with compounds 9,
11 and 12 at a concentration of 10 mg L-! is strange. Whether this can be
addressed as false positive WST-1 result — due to variable metabolic behavior
under different cell culture conditions,># or impermeability of WST-1 and its red-
uction reaction at the cell surface or at the level of the plasma membrane via
trans-plasma membrane electron transport>> — or whether this is attributed to high
LDH release — due to high spontaneous release caused by poor condition of the
cells used,>® or variability of LDH activity within different cell types>7 or other
conflicting parameters are involved , this remains open for further investigations.

Selectivity index (S])

The selectivity index (S/) is a measure of how differentiated a compound is
against cancer cells compared to healthy cells. To evaluate the toxicity of the
studied compounds, the equation 2 was used to calculate the selectivity index:*#7

§f = 1C5 (healty cell) @)
1C5p (cancer cell)

The results of the selectivity index calculation are shown in Table IV.
Theoretically the higher the S/, the safer a compound would be during treatment
for a given infection and the higher the potential to be developed as a safe drug.48
According to the acceptance criteria for selectivity index, selective compounds
against cancer cells should have S/ > 10; and compounds with S/ lower than 10
but higher than 1 could be considered as non-selective.#’ A lower S/ value (> 3)
has been proposed by Weerapreeyakul et al. for classifying a promising anti-can-
cer agents.*Y However Angel Quispe et al. a further lower S/ value (> 1) and rec-
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ommended for substances to be more cytotoxic to tumor cells than to normal
cells.> Vonthron-Sénécheau et al. suggested an acceptance criterion of SI > 10
for plant extracts with promising antimalarial activity.>! Compounds with SI < 2
are not considered as good candidates for antimalarial activity.#*8 However, rec-
ently Famuyide et al. described SI > 1 for plant extracts with antibacterial effect
as bioactive and non-toxic agents.52 Due to many variations that have been pre-
sented about the selectivity acceptance criteria in different journals as mentioned
above, compounds with SI below 1 are not recommended for further studies.

TABLE IV. The selectivity index values based on 3T3 or HUVEC as healthy cells

Cmpd. No Based on 3T3 Based on HUVEC

A549 MCF-7 U-87 A549 MCE-7 U-87 3T3
1 0.19 0.20 0.04 1.47 1.53 0.34 0.13
2 0.83 2.60 0.94 0.60 1.89 0.69 1.37
3 0.87 2.00 0.87 0.95 2.19 0.95 0.91
4 0.37 1.47 1.57 0.36 1.40 1.50 1.05
5 6.45 529.32 19.20 0.30 24.73 0.90 21.41
6 2.98 1.87 1.08 6.38 4.02 2.31 0.47
7 0.07 2.04 5.19 0.10 3.01 7.63 0.68
8 1.01 2.00 1.75 0.15 0.30 0.26 6.63
9 1.35 2.37 1.86 0.13 0.24 0.19 10.01
10 0.68 1.29 1.07 0.31 0.59 0.49 2.20
11 3.76 3.74 0.23 19.58 19.48 1.19 0.19
12 1.01 0.66 1.20 2.15 1.40 2.55 0.47
13 3.81 7.60 3.59 0.47 0.94 0.45 8.05

In the study of the selectivity index of the studied compounds in relation to
HUVEC as healthy cell, these compounds showed the best selectivity character-
rization against MCF-7 cancer cell line. Against MCF-7, the ST of compounds 5
and 11 far exceeded the value of 10 (more cytotoxic for tumor cells), unlike com-
pound 9, with the least S/ value, which only reached a value of 0.24 (more cyto-
toxic for normal HUVEC cell). Also, compound 11 displayed a S/ = 19.58, as the
most promising compound against A549 and at the same time compound 7 with
ST =17.63 accounted for the most selective one against U-87 when compared with
HUVEC. Also compounds 6 and 11 exerted a S/ > 2 and > 1, respectively,
against all three cell lines, when selectivity ratio was measured based on HUVEC
cytotoxicity.

Instead, all compounds had selective toxicity against cancer cells in relation
to 3T3 cells. According to this, all compounds except 1 and 12, presented S7 > 1
against MCF-7. Compounds 5 and 13 exerted a relatively good safe margin and
promising anti-MCF-7 activity; compounds 5 and 7 against U-87 and compounds
5, 13 and 11 against A549 showed the same selectivity profile when their cyto-
toxicity was compared with 3T3 cytotoxicity. In general, compound 5 presented
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the least cytotoxicity against all three cancer cell lines and the highest cytotox-
icity against 3T3. In the next ranks, compounds 13, 9 and 6 had respectively
acceptable toxicity (S/ > 1) against all three cancer cell lines compared to 3T3.
Based on 3T3, compound 7 was considered as the most cytotoxic agent against
A549 (SI=0.07); compound 1 against MCF-7 with S/=0.20 and compound 11
against U-87 with ST = 0.23 were considered toxic, too.

Generally, compounds 6 and 11 among other compounds showed the best
selectivity against all three cancer cells. This is while compounds 6 and 11 dis-
played relatively low /Csg against all three cancer cells.

By determining the selectivity of these compounds against HUVEC,53 the
effect of the synthesized compounds on angiogenesis can be carefully estimated.
By measuring the selectivity index of the compounds against HUVEC in relation
to 3T3 cell, a cautious estimation of their anti-angiogenic potential can be
apprized, although specific test for anti-angiogenesis evaluation should be per-
formed to speak certainty in this regard.

Looking at the last column in the selectivity indices in Table IV, it can be
said that compounds 5 and 9 (S7 of 21.41 and 10.01, respectively) can be strongly
considered as anti-angiogenic agents. Compounds 13 and 8 (S7 of 8.05 and 6.63,
respectively) are in the second place and compounds 10, 2 and 4 with respective
ST of 2.2, 1.37 and 1.05 ranked the third place. The other compounds can be con-
sidered as general toxic.

CONCLUSION

In this study, a series of benzylidene thiosemicarbazide derivatives were syn-
thesized and tested for their cytotoxicity against three different cancer cell lines
as well as two different normal cell lines. Although most of the derivatives pos-
sessed weak cytotoxic activity against U-87 and, to somehow, A549 cell lines,
they exhibited good activity against MCF-7. Among healthy cell lines the 3T3
cell line showed resistance to all compounds at all concentrations, while HUVEC
cell line appeared to be sensitive to all compounds, even at low concentrations.
Based on this study, compound 5 was found to be the most potent cytotoxic agent
against MCF-7 and compounds B and B against A549 and MCF-7 showed the
highest cytotoxicity. This is while compounds 6 and 11 displayed the best select-
ivity profiles. Based on LDH results, we can say that benzylidene thiosemicarb-
azides show toxicity through different actions. At high concentrations they show
their toxicity by possible formation of specified complexes inducing apoptotic
mechanisms whist at low concentration, they follow destructive approaches.

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/10908, or from the corres-
ponding author on request.
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U3BOJ
CUHTE3A HEKUX JEPUBATA BEH3W/INIEH-TUOCEMUKAPBEA3UIA U ITPOLJEHA
BUXOBE HUTOTOKCUYHOCTHU HA U87, MCF-7, A549, 3T3 U HUVEC REJIMJCKUM
JIMHHUJAMA

TOUBA ESLAMINEJAD', YAGHOUB POURSHOJAEI"?, MAHMOOD NAGHIZADEH? HODA ESLAMI?,
MOHAMMAD DANESHPAJOUH? 1 ABDOLREZA HASSANZADEH"?

'Pharmaceutics Research Centre, Institute of Neuropharmacology, Kerman University of Medical Sciences,
Kerman, Iran u ZDepartment of Medicinal Chemistry, Faculty of Pharmacy, Kerman University of
Medical Sciences, Kerman, Iran

Xomeocrasa reoxha ce Mema y TYMOpPHMa Kao OAroBop Ha nopemehaj y excripecuju mpo-
TEHHA 3aBUCHHUX Off rBoxkha. 30or Tora, xenaTopu reoxha yvHe hendje paka pamHUBUjUM Ha
HepgocTatak rBoxbha. Jenumema Koja UMajy THOCEMUKapDOasuiHy CTPYKTypy ca crnocodHouhy
(opMupama MeTaTHIX KOMIUIEKCA UMajy TOTeHLIHjasl ia ienyjy aHTHKaHLepHo. Cepuja nepu-
BaTa TMOceMHKapba3uza je nu3ajHHpaHa U yCIIeIHO CUHTeTH30BaHa, a BhUX0Ba LJUTOTOKCHY-
HOCT je 3aTMM TecTHMpaHa Ha HEKUM KaHLIEpOreHUM, Kao U Ha 1adopaTopHjcCKUM HOPMalIHUM
MOZIE/IHUM CHUCTEMHMA, KOpUIIhemeM KOJIODHUMETpHjcKor TecTa 3acHoBaHor Ha WST-1 pea-
redcy. IIpema pesyiTaTiMa UUTOTOKCHYHOCTH, HEKa jefUberna Cy oKkas3aaa BUCOK TOKCHYHU
edexar ¥ Ha KaHLEpOoreHe W Ha 3Apase henujcke nuHUje. Pe3ynTaTd UCIUTHBAMa TOKCHY-
HOCTH Ha henujckum nuaAjama U87 u A549 cy nokasanu npekuB/baBame Mame o 50 % npu
CBUM KOHIIeHTpalijama Behum on 10 ppm 3a CcBa CUHTETH30BaHa jefuierna. hennjcka TUHHja
MCEF-7 je noxasana NpUOJMKHO HCTO NMOHALIalke U UMaa je npexuBibaBame Mame of 60 %.
3T3 y nopehewy ca HUVEC henujckom THHHjOM IOKa3ao je MOTIYyHO Apyraudje MoHallame y
OJHOCY Ha CHHTETH30BaHa jefumbema U UMao je IpexuBbaBame Buiie of 50 %. V3mepeH je u
MHIEKC CeIEKTUBHOCTH U Ha OCHOBY pe3yJTaTa CTyuje MOXKe Ce 3aK/byYUTH 1ia NPO(UI LUTO-
TOKCHYHOCTH CHHTETH30BaHUX jemumerma Ha 3T3 henujckoj MUHUjU Mokasyje 3Ha4yajHy pas-
JIUKY, IITO YKa3yje Ha Jodap aHTHKaHIleporeH! edeKkaT OBUX jeIHUmbemha.

(ITpumsseno 30. jyna 2021, pesunupaso 15. janyapa, npuxsaheno 24. pedpyapa 2022)
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SUPPLEMENTARY MATERIAL TO
Synthesis of some benzylidene thiosemicarbazide derivatives and
evaluation of their cytotoxicity on U87, MCF-7, A549, 3T3 and
HUVEC cell lines

TOUBA ESLAMINEJAD!, YAGHOUB POURSHOJAEI!-2, MAHMOOD NAGHIZADEH?,
HODA ESLAMI2, MOHAMMAD DANESHPAJOUH?
and ABDOLREZA HASSANZADEH!2*

! Pharmaceutics Research Centre, Institute of Neuropharmacology, Kerman University of
Medical Sciences, Kerman, Iran and >Department of Medicinal Chemistry, Faculty of
Pharmacy, Kerman University of Medical Sciences, Kerman, Iran

J. Serb. Chem. Soc. 87 (10) (2022) 1125-1142
EXPERIMENTAL DETAILS

The crude products obtained during the synthesis reactions were first recrystallized from
ethanol and then their purity was checked by a TLC-Grade silica gel-G/UV 254 nm plate
using EtOAc/n-hexane (1:2) as eluent. Melting points were determined on an electrothermal
T1A9100 melting point apparatus and were not corrected. In the case of known compounds,
their melting points were compared with the reference and their IR spectra was analysed for
identification purpose. The IR spectra were recorded on an FT-IR Tensor 27 infrared
spectrophotometer (Bruker) using KBr as a matrix. For the novel compounds, in addition to
IR spectra, H & 13C NMR spectra were also recorded. 'H NMR and !3C NMR spectra were
taken by an FT-NMR Bruker Avance Ultra Shield Spectrometer (300 and 75 MHz in
frequencies for 'H and 13C, respectively) using DMSO-dy as solvent and as the internal
standard. Chemical shifts are expressed in ppm (J / ppm) values and coupling constants in Hz
(J/ Hz).

General procedures for the synthesis of compounds 1-13

To a solution of 0.1 g NaOH in 5 mL water, 1 mmol corresponding aldehyde was added
under stirring. Then 1 mmol thiosemicarbazide was gradually added to the solution and under
room temperature the mixture was stirred overnight. Then 5 mL ethyl alcohol was poured into
the mixture, and it was refluxed for 1 h. After completion of the reaction, monitored by TLC
using EtOAc/n-hexane (1:2) as eluent, the reaction mixture was filtered off to separate
precipitate. Next, the precipitate was recrystallized from boiling ethanol to afford pure
crystalline. The structure of novel compounds was confirmed by application of spectroscopic
methods.

* Corresponding author. E-mail: a_hassanzadeh@kmu.ac.ir
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SUPPLEMENTARY MATERIAL

(E)-1-benzylidenethiosemicarbazide (1):

Yield 75 %; m.p. 160-161 °C (literature data: 162-165 °C1:2); IR (KBr) vyax (cm™1): 3423
(NH), 3253, 3156 (NH,), 1590 (C=N), 1299 (C=S).
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(E)-1-(4-chlorobenzylidene)thiosemicarbazide (compound 2)

Wavenumber cm-1

Fig S-1. IR spectrum of compound 1

S361

Yield 90 %; m.p. 222-225 °C (literature data: 217-220 °C3); IR (KBr) vy, (cml): 3436
(NH), 3280, 3164 (NH,), 1600 (C=N), 1281 (C=S), 815 (C-Cl).
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Fig. S-2. IR spectrum of compound 2

(E)-1-(4-(4-chlorobenzyloxy)benzylidene)thiosemicarbazide (compound 3)

Yield 85 %; m.p. 194-195 °C (literature data: 194 °C*#); IR (KBr) vy (cm!): 3419
(NH), 3288, 3165 (NH,), 1594 (C=N), 1231 (C=S). 'H NMR (300 MHz, DMSO-d¢) J (ppm):
11.36 (1H, s, NH), 8.15 (1H, s, NH), 8.02 (1H, s, NH), 7.95 (1H, s, CH), 7.77 2H, d, J=9
Hz, 2CHAr), 7.52-7.45 (4H, m, 4CHAr), 7.04 (2H, d, J =9 Hz, 2CHAr), 5.16 (2H, s, OCH,).
13C NMR (CDCls, 75 MHz) 6 (ppm): 178.1, 160.0, 142.5, 136.3, 132.9, 130.0, 129.3, 128.9,
127.5, 115.4, 68.9 (CH,).
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Fig S-4. 'H NMR spectrum of compound 3
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Fig S-5. "H NMR expanded spectrum of compound 3
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Fig S-6. 13C NMR spectrum of compound 3
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SUPPLEMENTARY MATERIAL

(E)-1-(3-(4-chlorobenzyloxy)benzylidene)thiosemicarbazide (compound 4)

Yield 85%; m.p. 165-167 °C (literature data: 160 °C5); IR (KBr) vyax (cm!): 3429 (NH),
3252, 3155 (NH,), 1610(C=N), 1269 (C=S). 'H NMR (300 MHz, DMSO-dg) & (ppm): 11.47
(1H, s, NH), 8.26 (1H, s, NH), 8.1 (1H, s, NH), 8.04 (1H,s, CHAr), 7.6 (1H, s, CHAT),
7.54-7.46 (4H, m, 4CHAr), 7.36-7.27 (2H, m, 2CHAr), 7.06-7.03(1H, m, CHAr), 5.17(2H, s,
OCH,). 3C NMR (CDCls, 75 MHz) & (ppm): 178.4, 158.9, 142.4, 136.5, 136.1, 132.9, 130.2,

130.1, 128.9, 121.5, 117.4, 112.2, 68.9 (CHy).
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(E)-1-(4-(dimethylamino)benzylidene)thiosemicarbazide (compound 5)
Yield 80 %; m.p. 209-212 °C (literature data: 210-211 °C6.7); IR (KBr)
Vmax (cm'l): 3378 (NH), 3257, 3157 (NH»), 1598 (C=N), 1229 (C=S).
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Fig S-11. IR spectrum of compound 5

(E)-1-(4-morpholinobenzylidene)thiosemicarbazide (compound 6)

Yield 80 %; m.p 210-213 °C (decomp.) (literature data: 208.5 °C with decomposition®);
IR (KBr) vy (cm): 3375 (NH), 3266, 3157 (NH,), 1605 (C=N), 1230 (C=S).
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Fig S-12. IR spectrum of compound 6
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(E)-1-(4-(4-bromobenzyloxy)benzylidene)thiosemicarbazide (compound 7)

Yield 85 %; m.p. 199-201 °C (literature data: 187 °C#); IR (KBr) vy, (cm): 3419
(NH), 3289, 3161 (NH,), 1601 (C=N), 1583, 1244 (C=S). 'H NMR (300 MHz, DMSO-d6) §
(ppm): 11.36 (1H, s, NH), 8.15 (H, s, NH), 8.02 (1H, s, CH), 9.95 (1H, s, NH), 7.77 (2H, d, J
=9 Hz, 2CHAr), 7.61 (2H, d, /=9 Hz, 2CHAr), 7.44 (2H, d, /=9 Hz, 2CHAr), 7.05 (2H, d,
J =9 Hz, 2CHAr), 5.15 (2H, s, OCH,). 13C NMR (75 MHz, CDCl;) 6 (ppm): 178.5, 158.9,
142.5,136.9, 136.2, 131.8, 130.5, 130.3, 121.9, 117.4, 112.3, 69.0 (CH,).
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(E)-1-(3-(4-bromobenzyloxy)benzylidene)thiosemicarbazide (compound 8)

Yield 85%; m.p. 171-173.5 °C (literature data: 165 °C3); IR (KBr) vpay (cm!): 3393
(NH), 3242, 3160 (NH,), 1600 (C=N), 1262 (C=S). 'H NMR (300 MHz, DMSO-d,) J (ppm):
11.48 (1H, s, NH), 8.27 (H, s, NH), 8.10 (1H, s, NH), 8.04 (1H, s, CH), 7.61 (3H, d, J = 6 Hz,
3CHAr), 7.46 (2H, d, J = 9 Hz, 2CHAr), 7.35 (2H, d, J = 6 Hz, 2CHAr), 7.32 (2H, m,
2CHAr), 7.04 (1H, m, CHAr), 5.15 (2H, s, OCH,). 13C NMR (75 MHz, CDCl;) § (ppm):
178.1, 160.0, 142.6, 136.8, 131.9, 130.3, 129.4, 127.9, 121.5, 115.9, 68.9 (CH,).
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(E)-1-(4-(2-morpholinoethoxy)benzylidene)thiosemicarbazide (compound 9)

Yield 80 %; m.p. 216-217.4 °C (literature data: 216-217 °C%); IR (KBr) vy, (cm!):
3438 (NH), 3204, 3113 (NH,), 1599 (C=N), 1243 (C=S).
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Fig S-19. IR spectrum of compound 9

(E)-1-(4-(3-chlorobenzyloxy)-3-methoxybenzylidene)thiosemicarbazide (compound 10)

Yield 85 %; m.p. 174-176 °C; IR (KBr) vpay (cm!): 3421 (NH), 3308, 3144 (NH,), 1599
(C=N), 1268 (C=S). 'H NMR (300 MHz, DMSO-d) 6 (ppm): 11.35 (1H, s, NH), 8.19 (H, s,
NH), 8.05 (1H, s, NH), 7.96 (1H, s, CH), 7.55 (1H, d, J =1.8 Hz, 1CHAr), 7.51 (1H, t,
J=2.1 Hz, 1CHAr), 7.40-7.44 (3H, m, 3CHAr), 7.13 (1H, dd, J = 1.8, 8.3 Hz, ICHAr), 7.03
(1H, d, J = 8.4 Hz, 1CHAr), 5.14 (2H, s, OCH,), 3.84 (3H, s, OCHj3). '3C NMR (75 MHz,
CDCl3) 6 (ppm): 177.6, 149.4, 149.2, 142,4, 139.5, 133.1, 130.4, 127.9, 127.5, 126.4, 122.0,
68.9 (CH,), 55.8 (CHj).
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(E)-1-(4-(piperidin-1-yl)benzylidene)thiosemicarbazide (compound 11)

Yield 95 %; m.p. 99-101 °C (literature data: 105-106 °C10); IR (KBr) vy (cm™): 3371
(NH), 3266, 3160 (NH,), 1604 (C=N), 1530, 1227 (C=S).
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(E)-1-(4-(2-(piperidin-1-yl)ethoxy)benzylidene)thiosemicarbazide (compound 12)

Yield 90 %; m.p. 166.166.6 °C; IR (KBr) vpax (cm™): 3442 (NH), 3320, 3159 (NH,),
1607 (C=N), 1247 (C=S). 'H NMR (300 MHz, DMSO-dg) 6 (ppm): 11.33 (1H, s, NH), 8.12
(1H, s, NH), 8.01 (H, s, CH), 7.93 (H, s, NH), 7.74 (2H, d, J = 9 Hz, 2CHAr), 6.98 (2H, d,
J=9Hz, 2CHAr), 4.11 (2H, t, J= 6 Hz, OCH,), 2.66 (2H, t, J = 6 Hz, NCH,), 2.43 (4H, t,
J =6 Hz, CH,NCH,), 1.5 (4H, quint, J = 6 Hz, CH,), 1.40 (2H, t, J = 6 Hz, CH,). 13C NMR
(75 MHz, CDCly) ¢ (ppm): 178.1, 160.4, 142.9, 129.4, 127.2, 115.2, 66.2, 57.8, 54.9, 26.1,

24.4.
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Fig S-24. IR spectrum of compound 12

233K

69

g azg

'f:_E
i

by

gz

T T T T T
115 110 105 100 85

T
a0

T / S

1

1 | I‘

Wit | | 1
WLV .-U'\,_;la N (S

THT T . o

gk % : i

E:S B:D 7:5 ?:D SI.S 6:0 STS S‘D
1 (ppen)

Fig S-25. 'H NMR spectrum of compound 12

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

T T T T T T T T T T
45 4D 35 30 5 20 15 L0 05 00

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL

S375

120 1m0 100 %0 B0 70

1 {ppm)

Fig S-26. 13C NMR spectrum of compound 12

(E)-1-(4-(3-(piperidin-1-yl)propoxy)benzylidene)thiosemicarbazide (compound 13)

Yield 90%; m.p. 137-139 °C (decomp.); IR (KBr) vpay (cm™'): 3476 (NH), 3302, 3160
(NH,), 1602 (C=N), 1253 (C=S). 'H NMR (300 MHz, DMSO-d¢) 6 (ppm): 11.33 (1H, s, NH),
8.13 (H, s, NH), 8.02 (1H, s, NH), 7.92 (1H, s, CH), 7.73 (2H, d, J = 9 Hz, 2CHAr), 6.97 (2H,
d, /=9 Hz, 2CHAr), 4.04 (2H, t, J = 6 Hz, OCH,), 2.39 (2H, t, J = 6 Hz, CH,), 2.34 (2H, t,
CH,), 1.87 (2H, quint, J = 6 Hz, CH,), 1.52-1.39 (6H, m, 3CH,). 13C NMR (75 MHz, CDCls)
J (ppm): 178.0, 160.5, 142.7, 129.3, 127.1, 115.0, 66.5, 55.5, 54.5, 26.6, 26.0, 24.6.
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Fig S-27. IR spectrum of compound 13
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Abstract: Previously, the cytotoxic actions of five Pd(I) complexes with biden-
tate N-heteroaromatic chelators (complexes 1-5) on a palette of several cancer
cell lines were investigated. However, the results of the cytotoxic activity did
not correlate with the hydrophobic character of the complexes. To gain further
insight into the structure—activity relationship, essential for the design of novel
potential drugs, other factors, such as non-specific interactions with cellular
proteins, have to be taken into account. To explore the potential non-specific
influence of the complexes on protein structures, ovalbumin (OVA) was
chosen as a model system to mimic cellular non-specific crowding environ-
ments with high protein concentrations. A Fourier-transform infrared spectro-
scopy study implied that the binding of 3 and 4 led to only moderate alternat-
ions in the secondary structures of the protein, without the possibility to penet-
rate into hydrophobic core of the protein and disruption of protein native fold.
Contrary, the effect of complex 5 on OVA secondary structures was concen-
tration-dependent. While the lower concentration of complex 5 had no effect
on OVA structure, a doubled concentration of complex 5 led to complete dis-
ruption of the content native-like secondary structures. The concentration-dep-
endent effect of complex 5 on the changes in secondary structures and con-
siderable increase in the exposure of OVA hydrophobic surfaces to water may
be related to a potential crosslinking that leads to OV A aggregation.

Keywords: ovalbumin model system; protein aggregation; DMSO effect; ligand
hydrophobicity.
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INTRODUCTION

The coordination compound cis-diamminedichloroplatinum(Il), known as
cisplatin or CDDP, is a blockbuster anticancer drug that entered the market a
half-century ago as the first metal-based chemotherapeutic (MBC).! Cisplatin is
used to treat various types of solid tumors? and proved to be especially active
against testicular cancer, with a 90% cure rate.3 For all so called platins’ — plat-
inum(Il)-based chemotherapeutics, including cisplatin, that entered the market,
DNA was identified as a primary target. Their mechanism of action includes
covalent binding of platinum to DNA bases, with formation of mainly intra-
strand cross links, which eventually leads to apoptosis.# In order to overcome the
side effects of cisplatin, such as nephrotoxicity and development of tumor resis-
tance, novel MBCs based on platinum and other metals were developed.!#>
Among them, palladium(Il) complexes have been studied due to significant simi-
larity of coordination chemistry of Pt(I) and Pd(1I).6:7 The advantage of Pd(II)
complexes over analogues Pt(II) complexes is firstly the better solubility of the
former.8 In the terms of anticancer activity, Pd(II) complexes have shown com-
parable or even better activities than approved platinum-based chemother-
apeutics, with reduced cross-resistance and decreased toxicity.%7-9 On the other
hand, due to high reactivity, Pd-based complexes are often unable to reach their
biological targets. Moreover, isomerization of active cis into trans isomers results
most frequently in decreased activity of Pd(II) complexes. Preparation of Pd(II)
complexes with N,N' chelating ligands was proven to be an effective strategy for
the prevention of isomerization.8

In previous studies, the cytotoxic action of several Pd(II) complexes with
bidentate N-heteroaromatic chelators (complexes 1-5, Scheme 1), which are the
condensation products of ethyl hydrazinoacetate hydrochloride and quinoline-8-
-carboxaldehyde, quinoline-2-carboxaldehyde, 2-formylpyridine, 2-acetylpyri-
dine and 2-benzoylpyridine, were investigated. The antiproliferative activity of
the complexes was evaluated on a palette of several cancer cell lines.%!0 Com-
plex 1 with an g8a-based ligand (Scheme 1) appeared to be the most effective
with an activity comparable to that of cisplatin in all the investigated cell lines.
The observed antiproliferative effect was predominantly mediated through the
induction of apoptotic cell death.

, F = =

P
|

cl——Pd._, N

N P pd—" "NH

d Pd atl
¢ NH cr- \ o c \ o c|/Pd\ o o \ o
kfo [o]] Cl Cl Cl
Q.
o )
[PeCly{qBahaOEL)] (1) [PACI,(q2aha0EY)] (2) [PACI,(py2ahaOE1)] (3) [PACl(py2achaOEt)] (4) [PACI,(py2bzhaOEt)] (5)
Scheme 1. Structures of Pd(IT) complexes 1-5.
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Generally, the antiproliferative activity of a compound could be related, in
part, to its log P value, as a measure of lipophilic character. Since 1-5 all possess
a PdCl, core, the liphophilicity should vary only as a function of the log P value
of the ligands. The calculated log P values for the ligands in 1-5 are: 2.12, 2.24,
1.16, 1.48 and 2.48, respectively.%!1.12 Based only on the log P values, it would
be expected that 5 possesses the most pronounced antiproliferative effect, since
the resulting hydrophobicity may contribute to an increased uptake of the com-
pound by the cells.!3 However, despite a favorable log P value, 5 showed no
anticancer activity against acute monocytic leukemia (THP-1) and mammary
adenocarcinoma (MCF-7) cell lines, while complex 3, with the lowest log P
value, induced apoptosis in the investigated cell lines.!0 Thus, it was hypothesize
that reduction of the cytotoxic action within this group of similar complexes
could be related to non-specific interactions with cellular proteins. Thus, com-
plexes 3—5 were selected for further studies. In order to explore the potential non-
specific influence of 3—5 on protein structure, ovalbumin (Gallus gallus) was
chosen as a model system. Ovalbumin (OVA) is a 45 kDa reserve protein expres-
sed in chicken egg whites. Based on its homology, it belongs to the serpin family
of proteins, which includes certain inhibitors of serine proteases.!4 OVA
accounts for about 50 % of hen egg white proteins, which makes it an easily
available model system for studying protein behavior, including protein conform-
ational changes.!5-17 Even though OVA is an extensively studied protein, there
are no reports about its natural ligands. Another common protein model system,
human serum albumin (HSA), is a transport protein that has many binding sites
for various natural ligands and, hence, it is likely to bind structurally related
molecules including potential therapeutics under investigation. The low affinity
of binding of diverse molecules makes OVA a better model system for studying
the effect of different compounds on a protein structure. Due to its low spe-
cificity, OVA is even used to mimic cellular non-specific crowding environments
with protein concentrations up to above 300 g L-1.18,19

EXPERIMENTAL
Materials and methods

Ethyl hydrazinoacetate hydrochloride (98 %), 2-formylpyridine (98 %), 2-acetylpyridine
(97 %) and 2-benzoylpyridine (98 %) were obtained from Acros Organics (BVBA, Geel,
Belgium), while potassium tetrachloropalladate(Il) (98%) was obtained from Aldrich. All sol-
vents (reagent grade) were obtained from commercial suppliers and used without further puri-
fication.

Elemental analyses (C, H, N) were performed by standard micromethods using a Ele-
mentar Vario ELIII C,H,N,S/O analyser, and their results were found to be in good agreement
(+0.4 %) with the calculated values. NMR spectra were obtained on a Bruker Avance 500
instument equipped with a broad-band direct probe. All spectra were measured at 298 K in
CDCl; or DMSO-dg. Chemical shifts are given on J scale (ppm) relative to tetramethylsilane
(TMS) as an internal standard for 'H and 13C.
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Synthesis of ethyl (E)-((pyridin-2-ylmethylene)amino)glycinate-N,N-dichloridopalladium(Il)
[PdClypy2ahaOEt] (3), ethyl (E)-((1-(pyridin-2-yl)ethylidene)amino)glycinate-N,N-dichlor-
idopalladium(Il) [PdClpy2achaOEt] (4) and ethyl (E)-((phenyl(pyridin-2-yl)methylene)-
amino)glycinate-N,N-dichloridopalladium(Il) [PdClpy2bzhaOFEt] (5)

The complexes 3-5 were synthesized as described previously®!? by the template reaction
of ethyl hydrazinoacetate hydrochloride, the corresponding carbonyl compound and potassium
tetrachloropalladate(II) (mole ratio 1:1:1). The purity of the complexes was checked by
elemental analysis and NMR spectroscopy (Supplementary material to this paper).

Calculation of absorption, distribution, metabolism, and excretion (ADME) parameters and
pan assay interference compounds (PAINS) evaluation

Physicochemical properties, lipophilicity, water solubility, pharmacokinetics, druglike-
ness and medicinal chemistry parameters were determined using the free SwissADME tools
available at the website of the Swiss Institute of Bioinformatics (http://www.swissadme.ch/).!!
The structures of the complexes obtained by X-ray diffraction studies were converted to Sybyl
Mol2 format using the Mercury 2022.1.0 program.?? Input SMILES formats of the complexes
were constructed using the Open Babel Package v3.1.1.2!

Protein purification

OVA was extracted from hen egg whites by a two-step method according to a previously
published protocol.22 The globulins were first precipitated using a 50 % saturation solution of
ammonium sulfate, after which they were removed via 30 min of centrifugation at 3000g.
Thereafter, the OVA was precipitated from the received supernatant by adjusting the pH to its
isoelectric point of 4.6 through titration with 2 M acetic acid. The precipitate was separated by
centrifugation (30 min at 3000g) and then resuspended in 100 mM Tris-HCI buffer (pH 7.4).
The obtained OVA solution was then dialysed against 100 mM Tris-HCI buffer (pH 7.4) for
16 h in order to remove excess salts. The OVA was then stored at —20 °C. The OVA concen-
tration was determined via the Bradford assay, using bovine serum albumin (BSA) as the
standard.

8-Anilinonaphthalene-1-sulphonic acid (ANS) fluorescence measurements

The binding of ANS fluorescent dye was measured using a FluoroMax-4 Jobin Yvon
spectrofluorimeter. The dye was dissolved in 100 mM Tris-HCI buffer (pH 7.4) with a con-
centration of 8 mM. Mixtures containing 200 uL. of ANS, 1900 puL of the 100 mM Tris-HCl
buffer (pH 7.4), and 100 L of the samples (containing the protein and each of the complex in
equimolar ratio) were prepared. The concentrations used were based on already published
ICs, values of the selected complexes and were 50 pM for complex 3, and 100 uM for
complexes 4 and 5. Complex 5 was also tested in a concentration of 50 puM. Emission spectra
(wavelength range 440-550 nm) were obtained, with the excitation wavelength set to 390
nm.23

Fourier transform infrared spectroscopy (FTIR)

Infrared spectra of the OVA-Pd complex samples (in 100 mM Tris-HCI buffer, pH 7.4
and DMSO) were collected using a Thermo Fisher Scientific Nicolet Summit FTIR Spectro-
meter in the ATR mode. Aliquots of 1.0 pL were applied to the diamond crystal, and their
solvents were evaporated via a mild stream of argon. Thereafter, composite spectra in the mid-
IR region (400—4000 cm™) were collected in 32 scans using a DTGS KBr detector, with a
scanning resolution of 2 cm'!. The received spectra were automatically corrected for back-
ground absorption. FTIR corrections (automatic ATR correction and automatic baseline cor-
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rection) were performed using OMNIC32 software. The amide I region was deconvoluted to
its constituents corresponding to certain secondary structures using the same software, essen-
tially as described previously.?2

RESULTS AND DISCUSSION
ADME parameters and PAINS evaluation
The in-silico ADME profiles of complexes 1-5 were assessed through the

robust SwissADME program and the results are presented in Table I. All com-
pounds showed the desirable Lipinski rule principles such as MW < 500, number

TABLE I. Pharmacological profiles, medicinal chemistry principles and lead-likeness proper-
ties of compounds 1-5; ++: high; +: activity; —: no activity

Parameter Compound
1 2 3 4 5
Physicochemical properties
Molecular weight 434.61 434.61 384.56 398.58 460.56
#Heavy atoms 22 22 18 19 24
#Aromatic heavy atoms 10 10 6 6 12
Fraction Csp? 0.21 0.21 0.30 0.36 0.19
#Rotatable bonds 5 5 5 5 6
#H-bond acceptors 2 2 2 2 2
#H-bond donors 1 1 1 1 1
Molar Refractivity 88.74 88.74 71.23 76.04  95.72
Topological polar surface area (TPSA), A2 55.62 55.62 55.62 55.62  55.62
log Py 1.55 1.61 0.69 0.98 1.94
Pharmacokinetics
GI absorption ++ ++ ++ ++ ++
BBB permeant + + + + +
P-gp substrate - - -
CYP1A2 inhibitor + + - - +
CYP2C19 inhibitor + + + + +
CYP2C9 inhibitor - - - — —
CYP2D6 inhibitor + + - - +
CYP3A4 inhibitor - - - — +
log (K, / cm s") -6.00 -5.77 —6.41 -6.27 547
Druglikeness
Lipinski #violations 0 0 0 0 0
Ghose #violations 0 0 0 0 0
Veber #violations 0 0 0 0 0
Egan #violations 0 0 0 0 0
Muegge #violations 0 0 0 0 0
Bioavailability score 0.55 0.55 0.55 0.55 0.55
Medicinal chemistry
PAINS #alerts 0 0 0 0 0
Leadlikeness (1 violation: MW > 350) No No No No No
Synthetic accessibility 3.72 3.77 3.64 3.69 3.92

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

(CC) 2022 SCS.



1 148 MIJIN et al.

of atoms that act as hydrogen bond acceptors < 10 and number of hydrogen bond
donors < 5.24 Other physicochemical properties, such as number of rotatable
bonds (< 10), molar refractivity (from 40 to 130) and topological polar surface
area (TPSA < 140 A2), were also found within the acceptable range. All com-
pounds were predicted to be highly absorbed by the gastrointestinal (GI) system
after oral administration, while some of them are likely to inhibit cytochrome
P450 gene isoforms (i.e., CYP1A2, CYP219). Relevant strategies for selection of
molecules with preferred drug-like profiles examined by SwissADME indicate
that the all complexes represent drug candidates since they possess important
functional groups and bioavailability. Finally, according to a recently published
editorial,25 in order to remove suspicion of artificial activity, in addition to
SwissADME, the compounds were evaluated by the ZINC PAINS pattern iden-
tifier.26 The applied algorithms did not report the compounds as potential PAINS
or covalent inhibitors, although due to MW > 350 none of the compounds repre-
sent potential lead compound, which is usually the case for MBCs with nontrivial
organic ligands.

However, one of the most important drug-likeness descriptors is related to
the lipophilic character of the drug candidate. This property is usually measured
by 1-octanol/water partition coefficient (log Pyy). The calculated log Py for
the complexes given in Table I represent the average value of five computational
models.12:24.27-30 The order of the log P,y values for the complexes is the same
as for the parent ligands, where complex 5 possesses the highest hydrophobic
character and lipo-solubility. However, the results of the cytotoxic activity do not
correlate with the hydrophobic character of the complexes. In order to gain
insight into the structure—activity relationship, other factors, such as non-specific
interactions with cellular proteins, have to be taken into account. Thus, for the
further studies, complex 3, which showed to be more potent apoptosis inducer
than cisplatin in THP-1 and MCF-7 cell lines, and complexes 4 and 5, which
showed no activity, were chosen.

The effect of DMSO on OVA secondary structures

In exploring the biological effect of potential medicinal therapeutics on bio-
logical systems including proteins, nucleic acids and cells, usually the presence
of co-solvent is needed to enable dissolution of the potential therapeutics in sim-
ulated physiological conditions (aqueous buffers). For this purpose, DMSO is
commonly used in final concentrations up to 5 %.10 FTIR spectroscopy was emp-
loyed to monitor the changes in the secondary structures of OVA in the absence
and presence of different concentration of DMSO (1, 2 and 4 %) in order to exp-
lore whether any change in DMSO concentration could influence the protein
structure in a non-specific way. The obtained spectra are shown in Fig. 1.
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Fig. 1. FTIR spectra of OVA in the presence of 0-4% DMSO.

The most commonly used spectral region within an IR spectrum is the amide
I region. The associated absorption bands, which are almost entirely the result of
C=0 stretching vibrations of the peptide bonds, make this region the most sensi-
tive for the analysis of the secondary structure of proteins.3! Bands attributed to
the most abundant native-like secondary structures were identified according to
previously published data: native-like S-sheets (1636 cm™1),22:32 random coils
(1646 cm™1),22 g-helices (1653 cm™!),22 unordered structures (1662—1675
cm1)33 and p-turns (1683 cm™1).34 Additional bands, which were barely visible
in the spectrum of the starting OVA sample, were also identified as side-chain
peaks (1611 cm™!), and low-frequency and high-frequency aggregation specific
B-sheets (1625 and 1695 cm™1, respectively).17:35,36

Qualitative examination of the spectra showed that 1 % DMSO appeared not
to affect the OVA structure, while 2 and 4 % DMSO induced concentration-dep-
endent conformational changes in OVA. Peaks attributed to native-like secondary
structures are less prominent in favor of low frequency aggregation specific f-
sheets (1622-1625 cm™!). For quantitative determination of secondary structures,
second order derivatives of the deconvoluted amide I peaks were created and the
respective secondary structure percentages are given in Table II.

TABLE II. The effect of DMSO concentration on the content of secondary structure (contri-
bution of polypeptide chain total structure, %) in OVA

OVA Structure

S-Sheets Unordered a-Helix S-Turn Error
0 % DMSO 37.2 29.5 25.5 7.8 1.0
1 % DMSO 36.7 30.3 25.0 8.0 1.2
2 % DMSO 41.7 27.3 23.6 7.4 0.9
4 % DMSO 50.3 21.2 19.4 9.1 0.7
X-Ray structure 37.9 28.1 26.3 7.7 -
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While the control of OVA and OVA treated with 1 % DMSO showed a con-
tent of secondary structures similar to that of the crystal structure of the protein,
higher DMSO concentrations led to significant structural rearrangements. Spe-
cifically, the total f-sheet content was elevated by about 13 % at the expense of
other secondary structures in 4 % DMSO, such as a-helices and unordered struc-
tures.

It was noted in several studies that DMSO has a potential influence on vari-
ous protein properties at higher DMSO concentrations3740 by inducing changes
in the binding and biochemical properties of proteins#! through the indirect dis-
ruption of protein—solvent interactions, thus causing subsequent protein denatur-
ation.37:39:42 However, it has also been shown that DMSO may have such an
effect on several protein systems at considerably lower concentrations (0.1-3 vol.
% DMSO0).#! Despite the similarly noticeable trend of a-helix to S-sheet con-
version in these studies,*3 based on our findings and research it is believe that, in
the present in vitro system, DMSO concentrations of up to 1% are adequate, as
they do not display such a denaturing influence on considerably lower protein
concentrations.

The effect of the complexes 3—5 on OVA secondary structures

Even a simple inspection of the protein IR spectra (Fig. 2) implied that the
binding of 3 and 4 led to only moderate alternations in the protein secondary
structures. This conclusion was fortified by insignificant changes in the well-des-
cribed content of protein secondary structures (Table III).
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OVA + 5 {lower c¢) /
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P - .
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Fig. 2. FTIR spectra of OVA in the presence of the complexes 35 in 1 % DMSO.

On the other hand, the effect of complex 5 on OVA secondary structures was
concentration-dependent. While lower concentration of complex 5 did not have
any effect on the OVA structure, even though present in equimolar ratio, doubled
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concentration of complex 5 led to complete disruption of native like secondary
structures. In this higher concentration, complex § induced a shift toward S-fold
at the expense of native-like secondary structures, such as a-helices and unord-
ered chain (Table III). Elevated intensity of peaks at frequencies of 1625 and
1695 cm~! suggested denaturation and aggregation of OVA (Fig. 2).22:23

TABLE III. The effect of the complexes 3—5 on the content of OVA secondary structures
(Contribution of polypeptide chain total structure, %)

Structure
Sample [-Sheets Unordered o-Helix p-Turn Error
OVA control 36.7 30.3 25.0 8.0 1.2
OVA +3 34.8 315 253 8.4 1.5
OVA +4 342 30.2 27.0 8.6 1.4
OVA + 5 (lower ¢) 37.5 29.5 24.1 8.9 0.9
OVA + 5 (higher ¢) 51.8 19.9 20.1 8.2 1.7

The effect of complexes 3—5 on OVA water exposed hydrophobic surface

To address such a wide range effects of complexes 3—5 on the native struc-
ture of OVA, from none to denaturation, the potential effect on their preferential
binding to the protein surface was explored by monitoring the water exposed
hydrophobic surface of the protein in the absence and the presence of the com-
plexes. Due to the effect of the present palladium complexes on the secondary
structure of OVA, conformational changes in the level of exposure of hydropho-
bic amino acid residues to water were noted. These changes were established via
the binding of ANS to water-exposed hydrophobic surfaces and are depicted in
Fig. 3.
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Fig. 3. The effect of complexes 3—5 on ANS fluorescence.
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A small but notable decrease of water-exposed hydrophobic protein surfaces
may be observed in the cases of the complexes 3 and 4. The observed change in
water exposed protein surface is in line with non-specific, reversible binding of
ligands to a protein surface.#445 In this sense, complexes 3 and 4 bind to water
exposed hydrophobic patches on the OVA surface by weak hydrophobic inter-
actions, thus lowering ANS binding. Bearing in mind their insignificant effect on
the presence of protein structural motives (Table III), their binding suggested
non-specificity and reversibility, without the possibility of penetration into
hydrophobic core of the protein and disruption of the protein native fold. Beside
secondary structures changes, binding of the complex 5 to OVA had a concen-
tration-dependent controversial effect on the water exposed hydrophobic surface
protein, as well. In the case of the sample with the lower concentration of 5, only
negligible changes in water exposed hydrophobic OVA surface could be obs-
erved (Fig. 3). This result is in line with insignificant changes in the content of
protein secondary structures and implies that complex 5 does not bind to water
exposed hydrophobic patches on protein surface, thus its presence does not inter-
fere with ANS binding. Doubled concentration of both complex 5 and protein,
however, induced a considerable increase in the exposure of hydrophobic sur-
faces to water, as may be observed in the case of sample with the higher concen-
tration of 5, hinting towards notable conformational changes, including exposure
of parts of the hydrophobic core of the protein.

It is well documented that non-specific ligand binding can influence the pro-
tein native fold. Induction of protein conformational changes was proven to be in
line with induced changes in protein flexibility and the hydrophobic nature of
ligands.4¢ Since complex 5 is the most hydrophobic among the tested complexes,
the obtained results fit well. However, the concentration-dependent effect of
complex 5 on secondary structures changes and considerable increase in the exp-
osure of hydrophobic surfaces of OVA to water may be related to a potential
crosslinking that leads to OVA aggregation. Exposure of at least parts of hydro-
phobic core is well documented because that leads to changes in the secondary
structures and the consequential aggregation of the denatured proteins.22.23.31

CONCLUSIONS

The calculated pharmacological profiles, medicinal chemistry principles and
lead-likeness properties of investigated Pd(Il) complexes with bidentate N-het-
eroaromatic chelators 1-5 indicated that the all complexes represent drug can-
didates since they possess important functional groups and bioavailability. How-
ever, the previously obtained results of the cytotoxic activity do not correlate
with the hydrophobic character of the complexes. To gain more insight into
structure—activity relationship, essential for design of novel potential drugs, the
potential non-specific influence of the complexes on the OVA structure, as a
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model system used to mimic cellular non-specific crowding environments with
high protein concentrations were explored. FTIR study implied that the binding
of 3 and 4 led to only moderate alternations in OVA secondary structures, with-
out a possibility to penetrate into hydrophobic core of the protein and disruption
of the protein native fold. On the contrary, the effect of complex 5 on OVA sec-
ondary structures was concentration-dependent. While a lower concentration of
complex 5 did not have any effect on OVA structure, doubled the concentration
of complex 5 led to complete disruption of the contents of native like secondary
structures. Concentration-dependent effect of complex 5 on secondary structures
changes and considerable increase in the exposure of OVA hydrophobic surfaces
to water may be related to a potential crosslinking which leads to OVA aggre-
gation. It has been demonstrated that a non-specific influence of a compound on
a protein structure could be successfully assessed using OVA as a model system.
In addition to ADME parameter calculation, this experimental test run at concen-
trations close to the anticipated or determined /Csq values could serve as experi-
mental pre-evaluation of a potential drug candidate and could aid in the selection
of a lead compound.
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U3BOL
E®EKAT HECITELHM®HUYHOTI BESUBAA KOMITJIEKCA ITAJTAITUJYMA(II) CA
N-XETEPOAPOMATHUYHHUM XHUJIPA30OHCKUM JIMTAHOUMA
HA CTPYKTYPY IPOTEMHA

HEMABA JI. MUJUH', JEJIMUA MUIOLIEBUR', HEHAL P. ®UJIUIIOBUR’, [PATAHA MUTHR’,
KATAPUHA AHBEJIKOBUR', HATAJIMJA B. [1I0JIOBUR' 1 TAMAPA P. TOIOPOBUE'
’Yuueepsumem y Beoipagy — Xemujcku ¢axynineini, Ctuygeniticku twpi 12—16, 11000 Beoipag,
ZYHueepsuu_Aem y Beoipagy — Iomotipuspegru paxynieir, Hemarwuna 6, 11000 Beoipag u *Hnosavyuonu
ueHmiap Ynugepsutiieiia y beoipagy — Xemujckol paxynitetia, Ciiygentucku wpi 12—16, 11000 Beoipag

Hamra npeTxofHa UCTpakMBama Cy OWIa yCMepeHa Ka UCIIUTHBAKky UUTOTOKCHYHOT [Iej-
ctBa net Pd(Il) xommuekca ca SupeHTaTHUM N-XeTepoapOMaTHUYHHUM XejlaTopuma (KOMILIe-
Kcu 1-5) Ha maseTH of HeKOJMUKO TYMOPCKUX henujckux nuHUja. MehyTum, pesynrati nuTo-
TOKCHYHE aKTUBHOCTH HHMCY OMIM y KOpelauuju ca XUAPO(POOHUM KapaKTEPOM KOMILIEKCA.
Kako 0u ce crexao Domu yBun y ofHOC M3MeDhy CTPYKType M aKTMBHOCTH, KOjH je Of Cyul-
THHCKOT 3Hayaja 3a AW3ajH HOBUX NOTEHWjaIHUX JIEKOBA, TIOTPEdHO je y3eTH y 003up u mpyre
(axrope, kao WTO cy HecrnenudUuHe HHTEpakudje ca henujckuM NpoTeuHUMa. Y IHIBY
npoyyaBaia NOTEeHLHjalHOI HecrnelnudUYHOr yTHIlaja KOMIIeKCca Ha CTPYKTypy HpOTeHHa,
oBasidymuH (OVA) je uzabpaH kao Monesn CHUCTeM KOjH ONOHAIIa henujcko HecrenudHUIHO
OKDY>XEHE Ca BHCOKMM KOHLIEHTpalMjamMa IIpOTeHHa. PesyntaTtd HH@paupBeHe CHEKTPO-
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ckonuja ca Pypuje TpaHCchHOpPMALIHjOM Cy yKa3ad Ha TO [a je BeauBame 3 U 4 TOBeJo 10 yme-
PEeHUX NPOMEHa Y CeKyHAapHUM CTpPyKTypama IpoTenHa, 6e3 MoryhHOCTH npojupama y Xun-
pododHo jesrpo nporerHa U nopemehaja HaTUBHOT TUIA yBUjaka NMpoTenHa. Hacynpot Tome,
edexaT koMIuiekca 5 Ha cexyHpgapHe CTpykrtype OVA Ouo je 3aBUCaH Off KOHLEHTpaLuje.
Kommiexkc 5 mpy Mam0j KOHLEHTpALMjH HHje UMao yTuuaj Ha cTpykTypy OVA, anu je npu
nBocTpyKo Behoj KOHIIEHTpaLyju JOBeo 1o NOTIyHOT nopemehaja cafpskaja HATUBHUX CEKyH-
IapHUX CTpykTypa. OBakaB KOHLIEHTpAllMOHO-3aBHCaH edekaT KOMIUIeKca 5 Ha IpoMeHe
CeKyHJJapHHUX CTPYKTypa M 3HayajHO noBehamwe M310KeHOCTH XuapododHux nospiunHa OVA
NIpOTeMHa MOJIEKY/JIMMa BOJE MOXKE OWTH IOBE€3aH ca MOTEHLHjaTHUM yMpeXaBameM Koje
nosopu Jo arperauuje OVA.

(ITpumsbeHo 18. Maja, peBunupaHo 29. Maja, npuxsaheHo 11. jyna 2022)
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SPECTRAL DATA OF COMPLEXES 3-5

3: ITH-NMR (500 MHz, DMSO-dg, 6 / ppm): 1.24 (3H, #), 4.19 (2H, ¢), 4.38 (2H, d), 7.55
(1H, ddd), 7.72 (1H, s), 7.73 (1H, d), 8.16 (1H, df), 8.33 (1H, #), 8.76 (1H, d). 3C-NMR (126
MHz, DMSO-ds, § / ppm): 13.91, 47.43, 61.21, 123.95, 124.23, 136.52, 141.11, 148.94,
157.44, 167.11.

4: "H-NMR (500 MHz, CDCls, § / ppm): 1.25 (3H, #), 2.52 (3H, s), 7.95 (2H, m), 4.05
(2H, d), 8.31 (2H, m), 4.15 (2H, q), 7.21 (1H, 1), 7.77 (1H, ddd), 8.12 (1H, dd), 8.37 (1H,
ddd), 8.97 (1H, dd). 3C-NMR (126 MHz, DMSO-dg, 6 / ppm): 14.24, 16.15, 51.65, 61.20,
126.62, 127.73, 141.59, 149.90, 156.35, 168.53, 168.71.

5: ITH-NMR (500 MHz, DMSO-dg, 6 / ppm): 1.13 (3H, #), 3.52 (1H, d), 4.04 (1H, ), 7.05
(1H, dd), 7.56-7.52 (2H, m), 7.67-7.61 (3H, m), 7.70 (1H, ddd), 8.02 (1H, ), 8.11 (1H, td),
8.99 (1H, dd). 3C-NMR (126 MHz, DMSO-d, § / ppm): 13.11, 51.36, 61.14, 126.02, 126.16,
129.07, 129.52, 129.92, 131.11, 141.32, 149.64, 155.48, 157.63, 167.69.
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Adsorption of bendamustine anti-cancer drug on Al/B-N/P
nanocages: A comparative DFT study
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Abstract: Anti-cancer drug delivery based on nanocages is important step in drug
development process due to reducing side effects and drug-releasing near the
tumor cell. We have studied the interaction of the bendamustine anti-cancer drug
with the Al/B-N/P nanocages with utilization density functional theory (DFT)
approach both in gas and water phases at the B3LYP/6-31G (d,p) level of theory.
Results show that the nanocages quantum parameters were somewhat varied by
the adsorption of the bendamustine drug. The bendamustine drug operates as an
electrons donor and can adsorb in the site of the electron’s acceptor of nanocages.
The changes in Gibbs energy correspond to a chemisorption in both phases. The
results indicated that the bond between studied nanocages and bendamustine is
covalent. However, all studied nanocages may be favorable candidates for
detecting the bendamustine drug. Yet, pristine B;,P;, and B{,N;, nanocages
appeared to be more suitable for drug delivery than Al;,P;, and Al;,N;, based on
their recovery times.

Keywords: drug delivery; recovery time; interaction; covalent; molecular elec-
trostatic potential (MEP); Gibbs energy; nanostructure.

INTRODUCTION

Bendamustine belongs to alkylating agents! that can be used to treat various
human cancers such as non-Hodgkin’s lymphoma, multiple myeloma, chronic
lymphocytic leukemia, lung cancer and sarcoma.?

Bendamustine contains a benzimidazole ring, a butyric acid side chain and a
2-chloroethylamine alkylating group (Fig. 1). Bendamustine is a chemothera-
peutic drug with a different cytotoxicity type contrasted with typical alkylating
agents. It has both alkylating and antimetabolite properties.3 Nanocarriers could
decrease toxic effects of drugs, especially anti-cancer drugs. In the past few
years, the applications of boron nitride (BN) and aluminum nitride (AIN) nano-
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cages as drug delivery have increased due to their features such as high thermal
stability, great adsorbing capacity and low toxicity.

Units of the boron nitride (BN) and aluminum nitride (AIN) create main
groups of nanostructures, they are made in the combinations of nanosheets, nano-
clusters, nano chains and nanocages.4 Recently, it has been demonstrated that
boron nitride (BN) and aluminum nitride (AIN) nanocages are nontoxic® and can
be beneficial for pharmaceutical applications.

Oplimized geometry MEP HOMO LMD I

Fig. 1. Geometry optimization, molecular electrostatic potential (MEP), F+ descriptor and
HOMO-LUMO depictions of bendamustine drug (solvent).

Due to their excellent properties, boron nitride nanotubes have been used as
a new carrier for the purposed magnetic carrier of the drugs.® The previous stu-
dies have illustrated that B atoms are more reactive than nitrogen atoms for N
containing functional groups for BN systems.”-8 Also, it was reported that lith-
ium-doped fullerenes are more reactive than the pristine fullerenes in reactions of
1,3 dipolar cycloaddition.? Soltani et al.10 have investigated the optical and elec-
tronic features of 5-AVA-functionalized BN nanoclusters by DFT calculations.
Also, 5-ALA functioned with BI6N16 and B12N12 nanoclusters have been stu-
died to investigate the electronic and structural properties. DFT studies have been
performed for investigation interaction of melphalan anticancer drug and 24
atoms nanoclusters. 11

The adsorption of histidine and tyrosine amino acids on Al{2Nj2 and BjoNj»
nanocages has been studied to develop biochemical sensors for these amino
acids.12 The interaction between adipic acid and Al/B-N/P nanocages was inves-
tigated by DFTapproach.!3 Soliman et al.!4 have studied adsorption of favipit-
avir drugs on fullerene and boron nitride nanocages by theoretical methods. Den-
sity functional theory studies have been carried out for the AIN nanotube, nano-
sheet and nanocage with benzoyl ethanamine drug.!5 Interaction between the jug-
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lone and its derivative as antioxidant agents with BN, nanocage have been
investigated by density functional theory.!® Also, DFT calculations have been
performed for adsorption of guanine as a nucleobase on the surface of AljoNjo,
Alj»P12, B1pN1; and Bj,P1, nanocages.!’

In the present study, we investigated and compared the interaction of benda-
mustine theoretically functionalized at B1,oNy>, B12P12, Al12Ny2 and AljsPgp
nanocages for the amelioration and design of nanocages ability for drug delivery.
For investigation of the interaction between these nanocages with bendamustine
drug, we studied quantum and thermodynamic descriptors. Free energies of bind-
ing, HOMO-LUMO frontier orbital diagrams, molecular electrostatic potential
(MEP), density of state (DOS) plots, AIM and NBO analysis and time recovery
for bendamustine drug desorption from studied nanocages.

EXPERIMENTAL

The initial structure of By,N;,, B{,Pyy, and Alj,Ny,, Alj,P, and bendamustine drug
were created using Gauss View 5.0 and optimized by density functional theory at the
B3LYP/6-31g (d,p) level!8 of theory using the Gaussian 09 code!® in the gas and the solvent
phases. The formation a homogenous system, is one of the important parameters to achieve
desired concentration of drug in systemic circulation for desired (anticipated) pharmacological
response. As solvent (water) plays a major role in our body, it has been selected as a solvent in
order to identify the interaction of bendumustine molecule with nanocages while passing
through human bodies.

Thereinafter, complexes of bendamustine and nanocages were geometrically optimized.
The B3LYP functional was an efficacious and accurate functional in nanostructure systems.20
Frequency calculations were performed and demonstrated that there is no negative frequency
in typical analyses. One of the aims of this research is foretelling the sensibility gap of the
nanocages to the vicinity of bendamustine drug using the highest occupied (HOMO) and the
lowest unoccupied molecular orbital (LUMO). The E, is dependent on the conduction electron
population (V) and can be applied as benchmarks for an adsorbing sensibility that can be used
as a suitable criterion for their adsorption:?!

— AT32
N = AT>'> exp(—Eg / 2kT) 1
where k is the Boltzmann constant and 4 (electrons m3 K3/2) is a constant.

For the interaction of nanocages with bendamustine drug, the most stable complex nano-
cage—bendamustine was optimized on the gas phase and the water solvent employing the
B3LYP/6-31G (d,p) level theory. The change in adsorption energy of bendamustine drug on
nanocages has been obtained using the following equation:

AGad = Gnanocage/bendamustine - (Gbendamustine + Gnanocage) 2

where Gpanocage/bendamustine 1 the Gibbs energy of the complex, i.e., the interaction between
anti-cancer bendamustine drug (Gpengamustine) @nd the studied nanocages (Gpanocage)-

To investigate the electronic structure and the nature of the interaction of complexes,
molecular electrostatic potential (MEP), HOMO-LUMO frontier orbital diagrams and density
of states (DOS) were presented. This approach has been proven to be beneficial in the pre-
vious literature.?223 Furthermore, the calculation of quantum theory of atoms in molecules
(QTAIM)?** was performed for detailed investigation on bonding characteristics and to probe
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the electron density of complexes. Atom in molecule (AIM) analysis was used to calculate
intramolecular force. The electron density (p), Laplacian of electron densities (V2p) and ellipt-
icity parameters (¢) at the bond critical points for nanocages—bendamustine were calculated
from AIM calculations via the AIM studio program.

RESULTS AND DISCUSSION

The pristine nanocages consist of 6 tetragonal and 8 hexagonal rings that are
not flattish.25 Table I and Fig. 2 show the mean bond angles and bond lengths for
AI-N, Al-P, B-N and B-P in tetragonal and hexagonal rings before and after
adsorption. The mean bond lengths in the nanocages are longer in the Alj7P13 in
both the hexagonal and the tetragonal rings. Although, the bond lengths of the
hexagonal ring in nanocages are shorter than the tetragonal rings due to the more
tension in the tetragonal rings compared to the hexagonal ones.

TABLE I. Selected bond lengths (D, and D,) and bond angles 4, 4,, A3 and A4 for nanocages
(PCM)

Property Ring  BipNip BipPip  AlpNyp  AlpPp
D/ nm 6 0.1440 0.1910 0.1798 0.2343

D,/ nm 4 0.1486 0.1929 0.1861 0.2343

Ay /° (AI-N(P)-Al/B-N(P)-B) 6 111.0402 101.9178 112.7974 101.9178
A, /° (N(P)-AL-N(PYN(P)-B-N(P)) 6 1257739 129.5436 125.5935 129.9199
A3 /° (N(P)-AL-N(PYN(P)-B-N(P)) 4 982291 98.8408 94.5483 99.0950
A,/ ° (AI-N(P)-A/B-N(P)-B) 4 805001 76.1199 845106 74.8137

0,191 08m

Fig. 2. Bond lengths and bond angles for nanocages (PCM).

The bond angles for N—Al-N in Al{2N|, nanocage are Ay = 125.59°, 43 =
= 94.54°. Also, the bond angles for AI-N—Al are, 41 = 112.79° and A4 = 84.51°,
in the hexagonal and tetragonal rings, respectively. Whereas, in the B1,N1, nano-
cage, the N-B—N angle has the values of 4y = 125.77°, A3 = 98.22° and the B-N-B
angle has the values of 41 = 111.04°, and 44 = 80.46°, in the hexagonal ring and
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the tetragonal rings, respectively which are almost the same in both Alj;N1; and
B1>N12 nanocages. The P-Al-P angle has the values of 4y =129.91° and A3 =
=99.09° and the Al-P—Al angle has the values of 41 =99.80° and A4 = 74.81°,
in the hexagonal ring and the tetragonal rings, respectively. While the P-B-P
angle has the values of 4y = 129.54°, 43 = 98.84° and the B-P—B angle has the
values of 41 =101.91° and A4 = 76.11° in the hexagonal ring and the tetragonal
rings, respectively.

The lowest unoccupied molecular orbitals (LUMOSs) and the highest occu-
pied molecular orbitals (HOMOs) as the frontier molecular orbitals (FMOs) are
the central orbitals that participate in chemical reactions. The HOMO signifies
LUMO’s capacity to supply an electron as an electron receptor.26

The difference between LUMO and HOMO, which is called the energy gap,
displays structure stability.27 Fig. 2 displays pictures of the HOMOs and LUMOs
orbitals. The energy gap of the anti-cancer drug is observed to be 4.74 eV, which
is reasonable for the pharmaceutical activity of the bendamustine drug.28-30
Higher energy gap indicates less polarity of anticancer drug, which is recognized
as a hard drug. Also, it indicates low chemical reactivity and suitable stability.

The strength of the vicinal charges, electrons and nuclei at a unique position
was investigated by molecular electrostatic potential (MEP) in terms of colors.3!-32
MEP of the bendamustine drug in the PCM is illustrated in Fig. 2. The negative
and positive positions are of the bendamustine drug are between —7.930x10-2
and 7.93x102.

The most positive region, as the nucleophilic site, is demonstrated by blue
color and the most negative region, as the electrophilic site, is displayed by red
color. The bendamustine drug, near the nitrogen atom N39, is more the negative
and demonstrated by the red color. Around COOH functional group are also
somewhat negative. The other segments of the drug are illustrated in the nucleo-
philic region. Therefore, the reactive regions of the drug represent biological
activity.

To recognize reactivity sites for bendamustine drug, Fukui functions for
electrophilic and nucleophilic attacks (fx", fx~) has been studied33 based on
Mulliken population analysis, which has been calculated as:

fit = (g(N+1) — g(N)) for nucleophilic attack (3)
Ji = (q(N) — g(N-1)) for electrophilic attack 4)
Also, dual descriptor Af(k) is obtained by following the formula:34
M) = A= h (5
For the electrophilic attack, Af{(k) is negative, and for the nucleophilic attack,

Af(k) is positive.
Fukui indices for nucleophilic attack (Fukui (+)) N (39) is equal 0.085, and
for electrophilic attack (Fukui (—)) is equal 0.006. The trend of the dual Fukui
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indices for nucleophilic attack is as follows N8 > N16 > N17. The negative dual
descriptor for electrophilic attack is O21 > 022.

This study’s primary purpose is to investigate the sensitivity of electronic
properties of the Al;pNy3, AljpP12, B12N1> and B1>P1> nanocages to the benda-
mustine drug. The results in Table II display that in all bendamustine/nanocage
systems, the HOMO is unfixed, and the LUMO is fixed after the adsorption
process of bendamustine drug; so, the Eg in them is reduced.

TABLE II. Chemical descriptors o in both the gas and the solvent phases
Compound Phase Eyomo/eV Erumo/eV Eg/eV  n/eV. S/ eVl x/ eV

BN, GAS 77098  —0.8617  6.8480 3.4240 02920  4.2858
PCM  -7.6997  —0.8002  6.8995 3.4497 02898  4.2500
B,P, GAS  -6.8301  -3.1315  3.6986 1.8493  0.5407  4.9808
PCM  —6.6347  -2.9051  3.7296 1.8648 0.5362  4.7699
AlpN,,  GAS  —64717  -2.5393 39323 19661 0.5086  4.5055
PCM 65177  —2.4607  4.0569 2.0284 04929  4.4892
Alp,P, GAS 67462  -33633 33829 1.6914 05912  5.0548
PCM 64488 29045  3.5443 17721 05642  4.6767
Drug GAS  -5.1255 03757 47497 23748 04210  2.7506
PCM  -5.1522 04473 47048 23524 04250  2.7998
Al,P,-B  GAS  -55756  -2.4199  3.1557 15778 0.6337  3.9977
PCM  -5.4921  -2.5091  2.9829 14914 0.6704  4.0006
BN, B GAS  -5.7721  —14359 43361 2.1680 04612  3.6040
PCM  -55198  —1.1243 43954 21977 04550  3.3221
B,P»-B  GAS 55805  -23646 32158 16079 0.6219  3.9726
PCM 55440  -2.5905 29535 14767 0.6771  4.0673
AlpN> B GAS  -55560  —1.7227  3.8332 19166 0.5217  3.6394
PCM 54444 18525  3.5919 17959  0.5568  3.6485

The drug losses more electrons basis on NBO charge analysis in the liquid
phase to the nanocages than in the gas phase. For instance, a charge of 0.45 e is
conducted from the drug to the AIN nanocage complex, but that is 0.25 e in the
gas phase. Finally, the charge transfer in the liquid phase is more prominent than
in the gas phase, as shown in Table III. Accordingly, it can be deduced that nano-
cages can diagnose bendamustine most positive region as the nucleophilic site
drug according to Eq. (2). Since the electrical conductivity of the nanocages
increased by decreasing the Eg, which can be transformed into an electrical signal
that supports the detection process.

According to Zhan et al.3> gap energy equals to, Eg = ELumo — Enomo
chemical hardness equals to 7 = Eg/2, mulliken electronegativity equals to y =
= Erumo + + EHomo, and the chemical softness equals to S = 1/7 which is the
opposite of hardness. The energy gap varies in the order BN > AIN > BP > AIP
in pristine nanocages, also after complexation show the same trend.
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TABLE III. Values of Gibbs energy change, recovery time, dipole moments and AN for
systems under study

Compound  Medium AG /kJ mol! 7/s Dipole moment, D* AN
B{,N,-B Gas —70.50 2.14 9.85 —0.38
PCM —83.05 3.41x102 14.38 -0.41
B,P,-B Gas —45.77 10* 11.49 -0.39
PCM —48.78 3.00x10* 15.95 —0.42
Al)Ny,-B Gas -117.57 3.73x108 10.21 —0.27
PCM -126.18 1.20x1010 20.69 —0.45
Al,P,-B Gas -98.95 2.05%10° 16.14 -0.28
PCM —109.53 1.46x107 23.68 —0.33

The Eg is decreased in all nanocages complexes compared to the pristine
nanocages. Consequently, it is possible that the bendamustine drug can be sensed
by nanocages based on the Eq. (1). Because the electrical conductivity of the
nanocages will rise by reducing the Eg and help the detection process.

HOMO and LUMO of nanocages are on N and P, and considerable vari-
ations are observed for HOMO and LUMO on complexation with bendamustine
drug, which is like the adsorption of guanine on these nanocages.3¢

The hardness values of AIN/AIP/BN/BP-bendamustine complexes are 1.79,
1.49, 2.19 and 1.47 eV, respectively. This shows, for all systems, the softness
will increase after adsorption, but the hardness is decreased after adsorption.

In bendamustine nanocage systems, HOMO of AIN— AIP— and BP-bendam-
ustine is located on the drug except for COOH group, and LUMO is situated on
ALN nanocage.

Nevertheless, in BN-bendamustine, both HOMO and LUMO are spread
over drugs except the COOH group. The distributions of HOMO and LUMO can
change the band gap. Change in band gap upon complexation is 2.5 eV in BN,
but changes in band gap are smaller in another nanocage. Therefore, the nano-
cages can be used as useful sensors for bendamustine because their electronic
properties mainly change. Also, to determine the chemical activity of complexes,
the MEPs surface of bendamustine with nancages are investigated. Fig. 3 dis-
plays that N and P are negatively charged, while B and Al are positively charged.

The nanocages, due to the charge density, can act as the nucleophilic site.
Dipole moments of pristine nanocages are zero. Significant changes are dis-
played in dipole moment after adsorption (Table III).

Dipole moments of AIN-bendamustine, AIP-bendamustine, BN-bendamus-
tine, and BP—-bendamustine are 20.69, 23.68, 14.37 and 15.94 D, respectively, in
the solvent phase. The most increase is seen for AIP-bendamustine, followed by
AIN-bendamustine nanocage. As well as BN-bendamustine complex has a low

*1 D=3.335x103Cm

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

(CC) 2022 SCS.



1 1 64 MADADI MAHANI, BEHIATMANESH-ARDEKANI and YOSEFELAHI

dipole moment. In addition, low dipole moments for boron nanocages are due to
the low charge of BN nanocage.

Drug=BixNa:

D=0, 204T0m and Do, =0.2016nm

Fig. 3. Geometry optimizations and molecular electrostatic potential (MEP) maps of systems
under study.

We investigated and assessed the active adsorption sites of the bendamustine
drug-using Fukui function and MEPs analysis. The Gibbs energy changes (AG)
according to Eq. (2), based on the most stable bendamustine nanocages in the gas
and the solvent phases, are listed in Table I11.

For all the other studied nanocages, large negative AG values (AG benda-
mustine-B[,Nj, = =70.50 and —83.05 kJ mol~!, AG bendamustine-B{,P|p =
= —45.77 and —48.78 kJ mol~!, AG bendamustine—-Al;oNj, = —117.57 and
—126.18 kJ mol~! and AG bendamustine—AljoP17 = —98.95 and —109.53 kJ mol!)
in the gas and solvent phases are obtained and could be represented as covalent
interactions. These interactions are exothermic thermodynamically and have
shown chemisorption adsorption. Therefore, studied nanocages adsorb benda-
mustine efficiently. Compared to the results of the adsorption of alprazolam drug
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on the B1sN|, and Alj,Nj, nanocages,3’ AG value of Alj;Nj,—B is similar to
AljoNqo—alprazolam, but AG value of BjoN{>—B is less than Bj,N,—alprazolam
and the complex formation process is spontaneous in all complexes.

The recovery time and sensibility of a sensor are essential parameters. The
recovery time of a pharmaceutical molecule in drug delivery is fundamental
characteristic in the drug adsorption. The desorption and release of the drug
molecule are also momentous for a suitable sensor. Experimentally, the recovery
process has been evaluated using UV light and high temperatures.38

Table III illustrates the recovery time for desorption of bendamustine drug
from the surface of the studied nanocages in both the gas and the solvent phases.
Recovery time is calculated from the transition state theory (TST):

_ -1 —AGy4s
=V exp( T ) (6)
where 1y is the frequency of attempt, k is the Boltzmann constant (8.3262 kJ mol-!
K1) and T is temperature. An attempt frequency, v= 1012571, has been applied
to the recovery time for separating NO, molecules from carbon nanotubes at
room temperature.39

The trend of the recovery time, for desorption bendamustine drug from the
surface of nanocages, are AIN>AIP>BN>BP in both phases which are in settle-
ment with the trend of the Gibbs energy changes. Based on Eq. (6), more changes
in Gibbs energy of adsorption causes a more extensive recovery time. According
to obtained recovery times, AljoN1> and Alj2P1> with a noticeable recovery time
may not be a suitable sensor for bendamustine since bendamustine cannot desorb
itself properly after adsorbing to Al;pN1; and Alj;P12 and could not be used as
nano vehicle.

On the other hand, the recovery times for desorbing of bendamustine from
BN and BP surfaces are low. These conclusions represented that the bendamus-
tine drug can desorb from the B{;Nj2 and BP nanocages at a suitable time. As a
result, the B1pNj2 and BP nanocages can act as acceptable sensors for benda-
mustine.

In Fig. 4, DOS plots illustrated the number of states for both valence and
conduction level of bendamustine were a little shifted with adsorbing on studied
nanocages. Interaction bendamustine drug with nanocages is an electronically
harmless interaction and would not change the properties of the drug. Because of
their negative LUMO levels, the studied nanocages have a more considerable
electron affinity also, due to a negative LUMO level, tend to capture electrons. In
the formed complexes, the highest state occupied level, and the lowest state
unoccupied level, the electronic contribution is related to the bendamustine drug,
and no remarkable changes appeared.
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Densityof States

Density of States
w

o
-125 —10.0 —7.5 -50 —-2.5 o =20.0 =17.5 =15.0 =12.5 =10.0 -7.5 -5.0 -2.5 Q.0
Energy, eV Energy, eV

Fig. 4. Density of states for the complexation of: B1,P1, (A), B13Nj5 (B), Alj;P;, (C) and
Al,Ny, (D) with bendamustine drug at the B3LYP/6-31g (d,p) level of theory (PCM).

—200 -17.5 -

One of quantum chemistry methods for investigating the nature of bonds at
interaction regions is the atoms in molecules (AIM) theory. This method uses
concepts such as the Laplacian of the electron density, V2p(r) at the critical bond
point (BCP), potential energy (V), kinetic energy density (K), electron density
p(r) and, the total electronic energy density, H(r) = V(r) + K(r), in terms of which
the bond degree, H(r)/p(r). As well, Eq. (6) represents a valuable relationship
between them:40

YaV2p(r) = V(r) + 2K(r) = H(r) + K(r) (6)

If V2p(r) > 0, it displays electrostatic interactions, but in case VZp(r) < 0
indicates the covalent bond.

Ionic interactions display positive Laplacian and H(»), p(r) < 0.1, K(r)/p(r)
and K(»)/V(r) >1. The type of chemical bonds could be identified by the kinetic
energy and potential energy values. The specifications of chemical bonds can be
displayed by the values of the kinetic energy and potential energy. The type of
chemical bonds is covalent if Laplacian and H(r) are negative, p(r) > 0.02,
K(r)/p(r) and K(r)/V(r) < 1. Parameters of AIM analysis at the bond critical
points for the main chemical bonds of bendamustine drug nanocages are shown
in Table IV.

E(r) of bonds is negative in the gas and the water phases. Furthermore, the
electron density values are higher than 0.02. The values of —K(r)/V(r), E(r) and
p(r) descriptors indicated which of the formed bond between the bendamustine
drug and studied nanocages are covalent.
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TABLE IV. Topological parameters (all in atomic units) and ellipticity, at the B3LYP/6-31g
(d,p) level of theory (PCM)

Complex Bond p(r) V2p(r)  Ellipticity —K()/V(r) K(r)/p(r) E(r)
B,Ny, B3-N39 0.1384 0.2952 0.0504 0.6290 1.2998  —0.1061
B,Py; BI12-N39  0.1384 0.3536 0.0430 0.6503 1.3808  —0.1028
AlpNp, N15-AlI58  0.0453 0.3260 0.0386 0.9962 1.5839  —0.0002
Al pNp, 021-Al59  0.0453 0.3260 0.0386 1.1370 1.6040 0.0087
Al,Py, AI8-N39  0.0561 0.2898 0.0874 0.9783 1.3193  -0.0016
Alj,Pyp Al9-045  0.0498 0.3218 0.0462 1.0735 1.5107 0.0051

CONCLUSION

DFT calculations with the B3LYP/6-31G (d,p) method are used to study the
interaction mechanism of the bendamustine drug with AI/B-N/P nanocages in
both the gas and solvent phases. Relatively strong adsorptions occur between
bendamustine and Al/B-N/P nanocages based on Gibbs energy changes. The
negative values of the Gibbs energy change in all studied nanocages confirmed
the spontaneous adsorption process. For bendamustine and Al/B—N/P nanocages
complexes, the primary interaction mechanism is appropriate chemisorption.
Optimized geometries and MEP indicate covalent interactions between the drug
and nanocages. Despite, recovery time for desorption illustrated that the B1pNy;
and B,P2 nanovehicles for the bendamustine are more suitable than AljpNy;
and AP1> nanocages. HOMO-LUMO and density of states diagrams indicate
that nanocages slightly change the global charge distribution. The NBO analysis
showed that the bendamustine drug’s nitrogen atom is electron-donating, and the
nanocages are the electron acceptor in all complexes. Also, the AIM results
showed that the bond between studied nanocages and bendamustine is covalent.
Nonetheless, all studied nanocages may be favorable candidates for detecting the
bendamustine drug. However, we have deduced that pristine Bj;P1> and B{3Nj2
nanocages are more suitable for drug delivery than Alj;P1> and Al{5Ny5.

Acknowledgement. The authors are grateful to the Payame Noor University for encour-
agements.

U3BOJI
AJICOPIIIINJA TEKA 3A PAK BUHIAMACTHUHA HA 3ATBOPEHUM
HAHOCTPYKTYPAMAAI/B-N/P: YIIOPEJIHO DFT [TIPOYYABAIGE
NOSRAT MADADI MAHANI, REZA BEHJATMANESH-ARDEKANI 1 ROYA YOSEFELAHI
Department of Chemistry, Payame Noor University (PNU), 19395-4697, Tehran, Iran

TpermaH jiexoBHMa MMPOTUB paka IyTeM 3aTBOPEHHX HaHOCTPYKTypa (€HI. nanocages)
je papManeyTcky 3HayajHa 300T cMamea CriopeqHux edekaTa U OTIyLITawa jieka y OIU3uHA
tymopcke henuje. TIpoy4yaBasd CMO MHTEPaKUHWjy Jieka MPOTHB paka — OWHAAMacTHHA, Ca

3aTBOpeHHM HaHOCTpykrypama Al/B-N/P xopuirhemeM Teopuje (QYHKUHOHaNA TyCTHHE
(DFT) u y racosutoj u BojeHoj ¢dasu Ha B3LYP/6-31G (d,p) HuBOy Teopuje. Pesynratu

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

(CC) 2022 SCS.



1 1 68 MADADI MAHANI, BEHIATMANESH-ARDEKANI and YOSEFELAHI

NOKa3yjy Ia Ce KBAaHTHH NapaMeTPH 3aTBOPEHHWX HAHOCTPYKTYpa MNOHEK/Ie Memajy Npu
ancopruuju neka duHgaMacTuHa. Jlek OMHOAaMacTHUH Jenyje Kao JOHOP eleKTpOHa U MOXe Iia
ce apcopdyje Ha eJeKTPOH-aKLeITOPCKOM MEeCTy 3aTBOpPEeHe HaHOCTpyKType. IIpomeHa
I'nbcose eHepruje oArosapa npouecy xemucopnnuje y ode ase. Pesynratu cy mokasanu fia je
Be3a u3Mely mpoyYyaBaHUX 3aTBOPEHHX HAHOCTPYKTypa M OWHAAMacTHHA KOBajeHTHa. Umak,
CBe NpoyyaBaHe 3aTBOPEHE HAHOCTPYKType MOry OHTH NOTOJHHM KaHOULATH 3a TPaHCIOPT
nexa duHmamacTHa. MehyTuM, Ha OCHOBY HHXOBHUX BpeMeHa ONOpaBKa 3aKJbyuyyjeMo Ha Cy
ce uncte B12P12 1 B12N12 3aTBOpeHe HaHOCTPYKType Mokasajie IMOTONHUjUM 3a UCIOPYKY Jieka
Hero AlizP1z 1 AlizN12.

(TTpumiseHo 12. MapTa, peBUAMpaHO 25. Maja, mpuxsaheno 26. maja 2022)
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Comparison of different types of molar volume equations for the
validity and applicability in a ternary carbamazepine + alizarin
+ methanol solution system and study of the corresponding
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Abstract: In this work, the molecular interaction between the carbamazepine
and alizarin in methanol has been represented in terms of limiting apparent
molar volumes and viscosity coefficients. Before further proceeding, the valid-
ity and applicability of the calculation of apparent molar volumes have also
been checked by considering the available five types of frequently used equat-
ions, where the required modifications have proposed by the addition of hypo-
thetical mass and concentration of the solute. After that, the limiting apparent
molar volume and viscosity coefficients have been calculated using Masson
equation and Jones—Dole equation respectively to predict and cross-check the
interactions occurring between the molecules in ternary system. The equation
marked with (1) has been found the best-fit equation, and the carbamazepine
and alizarin in methanol are strongly bound (¢° = 23104 m? mol'! and B =
= 18.10 kg mol'!) to each other at the concentration 0.003 mol kg'!. The results
have been interpreted in favour of the solute—cosolute interactions, which is
dominant over the solute—solute and cosolute—cosolute interactions. The inter-
pretations have been discussed with the help of intermolecular forces and non-
covalent interactions.

Keywords: dihydroxyanthraquinone; dibenzoazepine-based compound; limiting
apparent molar volume; viscosity B-coefficient; solute—solvent and solute—sol-
ute interactions.

INTRODUCTION

The non-covalent interaction between two drug molecules in alcohol always
acts as a driving force of molecular interaction in medicinal industry, academic
and research. The information regarding the physical properties of solutions with

* Corresponding author. E-mail: ekadeepak@yahoo.in
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different solute concentration at room temperature is very important. The inter-
action which occurs can be interpreted by physicochemical data. Alizarin red S
(Scheme 1) is a natural compound known as an anthraquinoic fluorescent dye,
having antigenotoxic activity, that can be used as orthotropic drug for the treat-
ment of bone tumours.! Carbamazepine (Scheme 1) is a tricycle compound like
dibenzoazepine that is carrying a carbamoyl substituent at the azepine nitrogen.
Carbamazepine is used in the therapy of epilepsy and trigeminal neuralgia.2-3 To
increase the bio-availability of low solubility drug like carbamazepine, Li and co-
-workers studied the co-crystal (carbamazepine combine with nicotinamide)
formation, and showed an alternative method for reducing the side effects, other
than the formation of cyclodextrin inclusion complex.# Since carbamazepine is
poorly soluble in water, it tends to appears at the surface of water and becomes a
harmful agent for the environment.> Andreozzi et.al. have tried to overcome this
situation by a biotic photo degradation at 313 K with 100 days observation in a
binary system.®

0
-+ —_—
SO;Na Q
‘ ' ‘ OH 'i‘ :
c
o] OH 07 NH,
(a) (b)

Scheme 1. 2D Molecular structure of: a) alizarin red S and b) carbamazepine.

A binary and ternary systems are common in research and industry. The sol-
ute and co-solute interactions in methanol also belongs to the ternary system.
This type of molecular interactions in solutions can be determined by physico-
chemical properties like apparent molar volumes and viscosity coefficient. It has
been seen that the molecular interaction of many important drugs like sodium
salicylate, L-tryptophan, procaine HCI, ephedrine HCI, amoxicillin also been stu-
died by apparent molar volume.” On the other hand, if any patient suffering from
diseases above (bone tumours and trigeminal neuralgia) and if he/she is taking
both medicinal compounds simultaneously, there is a possibility of interaction
between these compounds.

In view of the critical survey of literature from book, journal, article, mag-
azine, efc. it is clear that there is no work has done on this ternary system (car-
bamazepine + alizarin + methanol). The addition of carbamazepine to the solut-
ion of alizarine +methanol will perturb the structural influence, which is expected
to affect the volumetric and viscometry properties to a high degree. In this work,
density and viscosity of the ternary system (0.001, 0.002 and 0.003 mol kg!)
have been measured, by considering carbamazepine and alizarin as a co-solute
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and solute, respectively. The result obtained from apparent molar volumes and
viscosity coefficients have interpreted in terms of intermolecular forces and non-
-covalent interactions.

EXPERIMENTAL
Materials

Carbamazepine (molecular weight 236.26 g mol!) was obtained from medicine tegretol
200 (Novartis contain 0.0002 kg of precursor) tablet. Tegretol was first ground in mortar and
dissolved in methanol, the mixture was sonicated for better solubility, then it was filtered by
Whatman 41, evaporated by moderate heating, dried, and carbamazepine was obtained in
powder form. The melting point of the compound is found to be ~463.15 K8 and the UV—Vis
spectral line measured by Thermo Scientific Evolution 201 UV—-Vis spectrometer, which also
matches the literature. Alizarin (molecular weight 364.24 kg mol'!) was purchase from Sd.
fine-chem Ltd., India, and use as procured. Methanol (mass fraction purity is 0.998) was pur-
chased from Avantor Performance Materials India Ltd. Before performing the experiment all
the chemicals have kept in dry and dark desiccators for minimum evaporation.

Apparatus and procedure

The solvent mixture of alizarine in methanol and the stock solutions of carbamazepine of
different concentration (0.001, 0.002 and 0.003 mol kg'!) in alizarine + methanol was pre-
pared. Since some of equations the concentration is expressed in molality and some in mol-
arity, therefore to uniform this, the conversion of molality into molarity was carried using exp-
erimental density data.® Required precautions were taken to trim down losses by evaporation.
Density of the solutions was measured with an Ostwald-Sprengel type pycnometer. It was
calibrated with doubly distilled water and acetone; equilibrated by experimental liquid in a
glass-walled water bath maintained at £0.01 K of the desired temperature. It was then taken
from the bath, dried, and weight by an electronic balance with a precision of 10 kg. An aver-
age three measurements and the required precautions to avoid evaporation losses during mea-
surements were taken. The density values were reproducible to 0.3 g cm™. The viscosity was
measured by a suspended Ubbelohde-type viscometer, calibrated with doubly distilled water
and purified methanol at temperature of 298.15 K. A thoroughly cleaned and perfectly dried
viscometer filled with the experimental liquid was filled; placed vertically in the glass-walled
thermostat which maintained the temperature £0.01 K. After the attainment of thermal equi-
librium, times of flow were recorded with a stopwatch correct to 0.1 s. At least three repetit-
ions of each data measurements, reproducible to +0.1 s, were taken to determine the average
flow times. The accuracy of the viscosity measurements was +0.003 Pa-s. The mixtures were
prepared by mixing known volumes of pure liquids in air-tight stoppered bottles. The weights
were measured on a Wesner electronic balance (IND/09/08/466) accurate to 1076 kg.

RESULT AND DISCUSSION
Validity and acceptability of apparent molar volume equations
Apparent molar volume is very much important for the elucidation of solute—
—solvent and solute interactions in ternary solution system. It is usually calculated
using molar mass, density and concentration of the solution and solvent. In this

work, after a critical survey, only 5 different equations (Egs. (1)—(5)) were found
to appropriately calculate the apparent molar volume.!0-14 From these equations
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we have tried to justify the applicability and validity for the chosen ternary
system:

by =" (p=po)
P CmPPo (1)
_m 1000(p) - p)
¢V - Y " cnPo @
m _1000(p - p)
=— 4+ 3
# Y PPo ®
_m, 1000(py - p)
N T o @
g = 100000 = py)
Po ¢ Po (5)

where ¢y, is the molar concentration of ternary mixture in molarity, ¢y, is the
molal concentration of ternary solutions in molality, m is molar mass of the sol-
ute, p is the solution density and pg is the solvent density. A confusion was noted
on the use of molar mass and concentration of the solution to calculate the
apparent molar volume. In some cases, some of the authors have used molar
mass of a solute. But in case of ternary solution systems (solute + co-solute + sol-
vent), it is inappropriate to use molar mass of the solute, because of the presence
of the co-solute mass in the solution, the interaction with a solute is also
involved. As a result, mass of the co-solute also interferes in calculating the
apparent molar volume of the ternary solution system. To overcome these prob-
lems, we have tried to attempt the calculation and discussion the same using fol-
lowing ways.
Consideration of the molar mass of the solute

Carbamazepine was treated as a solute; therefore, molar mass has been used

to calculate ¢y in 0.001, 0.002 and 0.003 mol kg~! of alizarin + methanol solvent
mixture and the results have been presented in Tables I-111, respectively.

TABLE 1. Density, molar mass and apparent molar volume, with corresponding molal and
molar concentration of carbamazepine in for different equation at 0.001 mol kg! alizarin +
methanol; m = 236.26 g mol"!

¢y / 1073 m3 mol-!
Eq.(1) Eq.(2) Eq.(3) Eq(4) Eq.(5

¢, /mol Ll ¢, /molkg! p/gm3

0.001 0.0012 0.7905 29325 —4147.63 29325 4798.66 —4146.30
0.002 0.0025 0.7926 ~ 293.57 326839 289.07 3897.65 -3266.26
0.003 0.0037 0.7927 29501 -2110.47 288.93  2728.70 -2108.31
0.004 0.0050 0.7926  295.82 —-1485.15 289.07 2097.86 —1483.03
0.005 0.0062 0.7928  296.12 —1184.17 288.64 1793.51 -1181.96
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TABLE I. Continued

@y /103 m3 mol!
Eq.(1)  Eq.(2) Eq-3) Eq. (4 Eq.(5

¢y /mol L ¢, /molkg! p/gm3

0.006 0.0075 0.7931 296.22 -1006.74 288.00 1613.69 -1004.41
0.007 0.0087 0.7887  299.13  -18.07  296.71 621.66  —17.40
0.008 0.0100 0.7898  298.55 15247 29454 75651 —151.39
0.009 0.0112 0.7893  298.91 -24.89  295.63 62794  -24.02
0.010 0.0125 0.7900  298.54  -90.02  294.11 692.99  —88.86
0.011 0.0137 0.7904 29842  -92.67 29346 69525 -91.39
0.012 0.015 0.7908  298.22 -110.40  292.53 712.58  -108.93

TABLE II. Density, molar mass and apparent molar volume, with corresponding molal and
molar concentration of carbamazepine in for different equation at 0.002 mol kg! alizarin +
methanol; m = 236.26 g mol’!

@y /103 m? mol!
Eq.(1) Eq.(2) Eq-(3) Eq. 4 Eq.(5

cy/mol Ll ¢, /molkg! p/gm3

0.001 0.0012 0.7908  296.94 -1507.75 296.48 2126.28 —-4146.30
0.002 0.0025 0.7913  297.29  -953.07 29539 1563.86 -3266.26
0.003 0.0037 0.7918 29730 -751.83 29438 135935 -2108.31
0.004 0.0050 0.7913 29793 32440 29541 928.34 —-1483.03
0.005 0.0062 0.7920  297.61 -378.18 294.02  981.57 -1181.96
0.006 0.0075 0.7915  298.05 -149.32  295.11 751.13 -1004.41
0.007 0.0087 0.7918 29791 -151.71 29438  753.07 -17.40
0.008 0.0100 0.7922 29777 —-153.55 293.66 75444 —151.39
0.009 0.0112 0.8004  293.62 -1260.03 277.69 1849.55 -24.02
0.010 0.0125 0.8054 29132 -1739.51 268.10 231249 —88.86
0.011 0.0137 0.8096  289.53 -2036.45 260.19 259251 -91.39
0.012 0.0150 0.8096  289.72 —1842.74 260.19 2401.09 -108.93

TABLE III. Density, molar mass and apparent molar volume, with corresponding molal and
molar concentration of carbamazepine in for different equation at 0.003 mol kg! alizarin +
methanol; m = 236.26 g mol"!

@y /103 m? mol'!
Eq.(1) Eq.(2) Eq.3) Eq. 4 Eq.(

¢y/molL! ¢, /molkg! p/gm3

0.001 0.0012 0.7879  299.53  598.15 29945  602.70 1.61
0.002 0.0025 0.7877  299.98  265.03  300.03 264.49  334.83
0.003 0.0037 0.7879  299.77  376.86  299.56  378.04 22291
0.004 0.0050 0.7872  300.28 136.68  300.95 134.03  463.36
0.005 0.0062 0.7881  299.70  387.38  299.24  388.70  212.33
0.006 0.0075 0.7887  299.36  499.50  298.04  502.36 99.99
0.007 0.0087 0.7902  298.51 753.25 29495  758.84 -154.34
0.008 0.0100 0.7917  297.77 93233  292.00  938.94 -333.99
0.009 0.0112 0.7895  299.01 54539 29645  548.66 53.79
0.010 0.0125 0.7890  299.26  465.09 29733  467.38 134.26
0.011 0.0137 0.7899  298.82 55470  295.52  557.94 44.30
0.012 0.0150 0.7901  298.76  552.37  295.17  555.53 46.56
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The inspection of the Tables I-III for Egs. (2), (4) and (5) gives negative ¢v
values and abnormal trends. Furthermore, it shows 100 to 1000 times higher
molar mass, and these vast differences are unusual and not acceptable. They may
be explained by the fact that there must be some interaction that occurs between
two drugs, and both of drugs with the combination of mass contribute in the cal-
culation. From this result, it is concluded that in this case Eqs. (1) and (3) are the
acceptable equations, which are relatively comparable with the molar mass in
question.

Consideration of the reduced mass

As usual, here also the reduced mass defined as the product of the two
masses divided by their sum of two masses. Since abnormal ¢y value have been
obtained in case of Egs. (2), (4) and (5), so the reduced mass () has been used to
modify the equation instead of the molar mass of solute. After that, the apparent
molar volumes have been calculated and presented in Tables [IV-VI. By the obs-
ervation of the results, it has been inferred the same trend of results as for the
molar mass calculation.

TABLE IV. Density, reduced mass, and apparent molar volume, with corresponding molal
and molar concentration of carbamazepine for different equation at 0.001 mol kg! alizarin +
methanol; u = 143.30 g mol™!

¢y / 1073 m? mol!
Eq.(1) Eq.(2) Eq.3) Eq.(4) Eq.(5

cy/mol LY ¢, /molkg! p/gm3

0.001 0.0012 0.7905 175.65  -4265.22 175.65 4681.06 -4264.41
0.002 0.0025 0.7926 176.30  -3385.66  171.80  3780.37 -3384.37
0.003 0.0037 0.7927 17774  -2227.74 171.66  2611.44 -2226.43
0.004 0.0050 0.7926 178.55 -1602.43  171.80  1980.58 -1601.14
0.005 0.0062 0.7928 178.88  -1301.41 171.40  1676.26 -1300.07
0.006 0.0075 0.7931 179.03  -1123.94 170.80  1496.49 -1122.52
0.007 0.0087 0.7887 181.28  -135.92 178.86 503.81 -135.51
0.008 0.0100 0.7898 180.86  -270.16 176.86 638.82  -269.50
0.009 0.0112 0.7893 181.14  -142.66 177.86 510.16  -142.13
0.010 0.0125 0.7900 180.89  -207.68 176.45 575.33 -206.97
0.011 0.0137 0.7904 180.81 -210.28 175.85 577.65 -209.50
0.012 0.0150 0.7908 180.68  -227.94 174.99 595.05  -227.05

TABLE V. Density, reduced mass, and apparent molar volume, with corresponding molal and
molar concentration of carbamazepine for different equation at 0.002 mol kg™ alizarin +
methanol; u = 143.30 g mol*!

@y / 103 m3 mol'!
Eq. (1) Eq.(2) Eq.(3) Eq.(4) Eq.(5

¢y /mol L ¢ / mol kg! p/gm?3

0.001 0.0012 0.7908 179.39 —-162530 17893  2008.73 —1624.97
0.002 0.0025 0.7913 179.82  —-1070.54 17792  1446.39 —-1070.08
0.003 0.0037 0.7918 17991  —869.22 17699 1241.96 —868.65
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TABLE V. Continued

@y /103 m3 mol’!
Eq. (1) Eq.(2) Eq.(3) Eq.(4) Eq.(

¢y /mol L ¢ / mol kg! p/gm?3

0.004 0.0050 0.7913 180.46  —441.87 17794 810.87 44142
0.005 0.0062 0.7920 180.25  —495.55  176.66 864.20  —494.94
0.006 0.0075 0.7915 180.60  -266.76  177.66 633.69  —266.28
0.007 0.0087 0.7918 180.52  —269.11 176.99 635.68  —268.54
0.008 0.0100 0.7922 180.43  -270.89  176.33 637.10  -270.23
0.009 0.0112 0.8004 17748 —-1376.17 161.55 173341 —-1373.66
0.010 0.0125 0.8054 17590 —-1854.92 152.68  2197.08 -1851.31
0.011 0.0137 0.8096 174771  -2151.27 14537  2477.69 -2146.74
0.012 0.0150 0.8096 17490 —-1957.57 14537  2286.27 —1953.03

TABLE VI. Density, reduced mass, and apparent molar volume, with corresponding molal
and molar concentration of carbamazepine for different equation at 0.003 mol kg! alizarin +
methanol; u = 143.30 g mol*!

@y / 103 m3 mol'!
Eq.(1) Eq.(2) Eq.3) Eq.(4 Eq.(5)

¢y/mol Ll ¢, /molkg! p/gm

0.001 0.0012 0.7879 181.56 480.18 181.48 48472  -116.39
0.002 0.0025 0.7877 181.96 147.02 182.02 146.47 216.83
0.003 0.0037 0.7879 181.80 258.89 181.58 260.07 104.90
0.004 0.0050 0.7872 182.20 18.60 182.87 15.95 345.36
0.005 0.0062 0.7881 181.75 269.43 181.28 270.75 94.33

0.006 0.0075 0.7887 181.50 381.63 180.18 384.50 —18.01

0.007 0.0087 0.7902 180.88 635.61 177.32 641.21  -272.35
0.008 0.0100 0.7917 180.36 814.92 174.59 821.53  —452.00
0.009 0.0112 0.7895 181.26 427.64 178.71 430.92  -64.207
0.010 0.0125 0.7890 181.45 347.28 179.52 349.57 16.26

0.011 0.0137 0.7899 181.15 437.02 177.85 440.27 —73.69
0.012 0.0150 0.7901 181.11 434.72 177.52 437.88 —71.43

For further clarification of the equations in order to make them applicable,
we have modified them by adding two type of correction factors: i) hypothetical
mass and ii) solution concentration including both the solute and cosolute. The
brief discussion of these sub-units is given below.

Modification by adding hypothetical mass

This issue has been overcome using hypothetical mass, which can be calcul-
ated as:

(myVscy + myVics)

my = 2V2¢2 37363 (6)
he

where, m|, my and m3 are respectively the hypothetical mass of the solution, the

molar mass of solute (CBZ) and the molar mass of co-solute (alizarin). ¢ is the

concentration in molality/molarity, ¥ is the volume of solution and the subscripts

1, 2 are 3 are standing for the ternary solution, the binary solution of carbamaz-
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epine and the binary solution of alizarin, respectively. Applying the hypothetical
mass on the above five equations, the calculated M| values and shown in Tables
VII-IX.

TABLE VII. Density, hypothetical mass and apparent molar volume; with corresponding
molal and molar concentration of carbamazepine for different equation at 0.001 mol kg'! ali-
zarin + methanol

Cn Cm p my ¢V /1073 m3 mol-!

mol L! molkg! gm gmol!  Eq.(1) Eq.(2) Eq.(3) Eq.(4) Eq.(5)
0.0010 0.0012 0.7905 277.59 345.52 —4095.35 345.52 4850.93 —4093.79
0.0016 0.0025 0.7926 261.06 323.95 -3950.40 320.35 4648.84 —3948.05
0.0023 0.0037 0.7927 253.97 316.48 —2776.28 311.27 3445.52 -2773.96
0.0030 0.0050  0.7926 250.04 312.45 -2062.18 306.45 2715.17 -2059.93
0.0036 0.0062 0.7928 247.53 309.66 —1708.92 302.86 2351.54-1706.61
0.0043 0.0075 0.7931 245.80 307.61 —1496.49 300.02 2131.79 —1494.07
0.0050 0.0087 0.7887 244.53 309.45 -134.63 307.19 760.99 -133.94
0.0056 0.0100 0.7898 243.56 307.54 -329.19 303.78 954.08 —-328.08
0.0063 0.0112  0.7893 242.79 307.01 -153.14 303.90 774.56 —152.24
0.0070 0.0125 0.7900 242.17 305.80 —249.30 301.58 869.29 -248.10
0.0076 0.0137 0.7904 241.65 305.02 -256.11 300.28 874.40 -254.80
0.0083 0.0150 0.7908 241.22 304.26 -284.15 298.79 900.95 —282.65

TABLE VIIIL. Density, hypothetical mass and apparent molar volume; with corresponding
molal and molar concentration of carbamazepine for different equation at 0.002 mol kg™! ali-
zarin + methanol

[N Cm p my ¢V / 10'3 m3 mol'l

mol L-! mol kg!  gm gmol!  Eq.(1) Eq.(2) Eq.(3) Eq.(4) Eq.(5)
0.0014 0.0012 0.7908 284.05 357.88 —-931.18 35690 1664.56 —930.53
0.002 0.0025 0.7914 277.59 349.51 -900.85 347.61 1616.08 —899.97
0.0026 0.00375 0.7919 274.11 34493 —-865.61 342.18 1570.37 —864.52
0.0032 0.0050 0.7914 271.94 342.85 —-435.06 340.49 1130.86 —434.21
0.0038 0.0062 0.7921 270.45 340.55 -548.65 337.18 1240.50 —547.50
0.0044 0.0075 0.7915 269.37 339.71 -270.34 33693 957.55 -269.42
0.005 0.0087 0.7919 268.54 338.49 -290.98 335.15 975.72 -289.92
0.0056 0.0100 0.7922 267.90 337.50 -307.24 333.59 989.89 -306.02
0.0062 0.0112 0.8004 267.38 331.79 —-1923.52 316.56 2590.39 -1918.84
0.0068 0.0125 0.8054 266.95 328.47 -2658.05 306.20 3300.78 —2651.31
0.0074 0.0137 0.8096 266.59 325.87 -3131.68 297.65 3749.22 -3123.24
0.008 0.0150 0.8096 266.28 325.74 -2872.96 297.27 3492.80 -2864.53

From Tables VII-IX it can be seen that among the five equations only Egs.
(1) and (3) gives a reliable value, where other equations give negative and/or
large deviation values. By the inspections of the Tables, Egs. (1) and (3) were
considered as the most correct form of equation for calculating apparent molar
volume. Between these two, the equation containing molality is the more appro-

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

(CC) 2022 SCS.



CARBAMAZEPINE + ALIZARIN + METHANOL TERNARY SOLUTION SYSTEM 1 1 79

priate equation, because molality is independent on temperature. So, the Eq. (1)
is considering as an acceptable equation.

TABLE IX. Density, hypothetical mass, and apparent molar volume, with corresponding
molal and molar concentration of carbamazepine for different equation at 0.003 mol kg'! ali-
zarin + methanol

¢y /10 m3 mol!
Eq. (1) Eq.(2) Eq.(3) Eq-(4) Eq.(5)

¢,/ mol L'l ¢, /molkg! p/gm3 m;/gmol!

0.0017 0.0012 0.7908 310.65 391.73 —691.08 390.54 1489.34 —690.37
0.0023 0.0025 0.7913 289.39  364.61 —707.13 362.53 1450.24 —706.21
0.0030 0.0037 0.7918 27759  349.49 —699.65 346.57 1411.53 —698.54
0.0037 0.005 0.7913 270.07  340.60 -338.31 338.14 1028.31 -337.46
0.0043 0.0062 0.7920 264.87 333.63 —446.14 330.14 1122.81 —445.01
0.0050 0.0075 0.7915 261.06  329.28 -207.56 326.43 872.99 -206.67
0.0057 0.0087 0.7918 258.14  325.43 -229.99 322.01 887.69 —228.96
0.0063 0.0100 0.7922 255.84  322.36 —247.73 318.37 899.20 —246.56
0.0070 0.0112 0.8004 253.97 315.30 —1682.25 299.81 2315.78 —1677.87
0.0077 0.0125 0.8054 252.43  310.78 —2338.13 288.18 2947.10 —2331.768
0.0083 0.0137 0.8096 251.14  307.17 -2763.13 278.57 3347.10 —2755.18
0.0090 0.0150 0.8096 250.04  306.03 —2537.26 277.20 3121.19 —2529.35

Now, considered the variation of ¢y with Ve, there is a linearly growing
trend with increase of carbamazepaine concentration. Thereafter, ¢y values used
in Masson equation were calculated by the important parameters limiting appar-
ent molar volume ¢y° and related coefficients Sy and Syy” by least square
method:15

dv = g0 + Syem +Syv¥em @
where Sy and Syvy* are the apparent molar volume coefficient and calculated
values are shown in Table X. It has found that ¢y values gradually increase with
higher alizarin solution concentration given in the Table XI and Fig. 1. This indi-
cates there is more alizarin interaction with their functional groups towards carb-
amazepine molecule. The coefficient Sy implies that there is a possibility of
interaction between carbamazepine itself and/or alizarin itself. From Table X, it
is observed that the coefficient Sy has some positive values, but they are very
much lower (for 0.001 mol kg1, ¢y° = 16504 m3 mol-L, Sy = —14527 m3 mol—3/2
kgl’2, ie., ¢y° >> Sy). The coefficient Sy reveals that there must be some self-
-interaction between the drug molecules. However, it is negligible in comparison
to solute and co-solute interaction.

Another coefficient Sy implies that there is a higher order interaction
between solute and co-solute. From Table XI, it is observed that the coefficient
Sy has negative values and Syvy® have positive values but the magnitude is very
low. Sy values are very much lower than Syv7, i.e., Syy” >> Sy, which can be
interpreted as solute—solute or co-solute—co-solute self-interaction being neglig-
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ible when compared to solute and co-solute interaction. The possible solute and
co-solute interaction in molecular level (2D) are presented in Scheme 2.

Table X. Apparent molar volume at room temperature and atmospheric pressure on a parti-
cular Eq. (1) with variation of carbamazepine

Alizarin concentration, mol kg'!

0.001 0.002 0.003
Cm p Pyx103 Cm p Gyx103 Cm p Gyx103
molL?  gm3 mPmol! molL! gm3? mimol! molL! gm3 m3mol!

0.0010  0.7905 345.52 0.0014 0.7908 357.88 0.0016 0.7908 391.73
0.0016  0.7926 32395 0.002 0.7914 34951 0.0023 0.7913 364.61
0.0023  0.7927 31648 0.0026 0.7919 34493  0.003  0.7918 349.49
0.0030  0.7926 31245 0.0032 0.7914 34285 0.0036 0.7913  340.60
0.0036  0.7928  309.66  0.0038  0.7921  340.55 0.0043  0.7920 333.63
0.0043 0.7931 307.61 0.0044 0.7915 339.71 0.005  0.7915  329.28
0.0050 0.7887 309.45 0.005 0.7919 33849 0.0056 0.7918 32543
0.0056 0.7898  307.54 0.0056 0.7922 33750 0.0063 0.7922 322.36
0.0063  0.7893  307.01 0.0062 0.8004 331.79  0.007 0.8004 315.30
0.0070  0.7900  305.80 0.0068 0.8054 32847 0.0076 0.8054 310.78
0.0076  0.7904  305.02 0.0074 0.8096 325.87 0.0083 0.8096 307.17
0.0083  0.7908 304.26  0.0080 0.8096 325.74  0.009  0.8096 306.03

TABLE XI. Apparent molar volume coefficient Sy and Syv7, limiting apparent molar volume
(#°), Falkenhagen coefficient (4), viscosity coefficient B and D values with corresponding
co-solute concentration in three different alizarin solutions at room temperature

Cm A B D ¢VOX1 03 SV SVV¢
mol kg! kg 2 mol'?2 kgmol! kg¥?mol?? m3mol! m3mol??kg? m3 mol?kg
0.001 -0.338 20.30 -126.47 100.00 —14527.0 349.33
0.002 0.7868 26.27 -250.61 199.57 -6230.2 362.62
0.003 -5.095 92.22 —513.74 200.00 -26112.0 420.37

400

380 _ -m- 0.001 M alizarine
3 -4-0.002M alizarine
= 360 | -e-0.003 M alizarine
< 340
2
= 320 |
<

300

0 0.002 0.004 0.006 0.008 0.01

Ve, / moll? kg 1-12

Fig. 1. Plot of apparent molar volume vs. different square root of concentration of
carbamazepine for 0.001, 0.002, 0.003 mol kg! alizarin.
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H
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N\ o
N H----0O
(¢}
il

Carbamazepine Alizarin red S
(solute) (co-solute)

Plausible non covalent interaction and
Intermolecular H-bonding

Scheme 2. Plausible non-covalent interaction between the two drug molecules.

Viscosity

Viscosity coefficient has been measured with the help of extended Jones—
~Dole equation for non-electrolytes:17

(7\7;_ A+B\/_+D(\/_) ®)

where 7 = 5/7, is the relative viscosity, # and 7, are the viscosities of ternary
solutions (carbamazepine+alizarin+methanol) and solvent (methanol), respective-
ly, and ¢y, is the molality of carbamazepine in ternary solutions. Their values are
given in Table XII.

A is the Falkenhagen coefficient and it is determined by the ionic attraction
theory of Falkenhagen—Vernon. Another constant, B is an empirical constant
known as viscosity B-coefficient, that indicates interaction of the solute with co-
-solute molecules, respectively.!® The values of (17, — 1)/Nem and Ve, are given
in Table X. After plotting (5, — 1)/Ney, against ey, in Fig. 2 the coefficients 4, B,
and D are estimated by the least-square polynomial method. The valuable inf-
ormation about their effects on the structure of the co-solute (carbamazepine) in
the local vicinity of the solute (alizarin) molecules, in ternary solutions, have
been obtained from viscosity B coefficient. It is found from Table X the values of
B coefficient are positive and higher than 4 coefficient.

This signifies that the solute-co-solute interaction is dominant over the sol-
ute—solute and the co-solute—co-solute interaction. It is also observed that the
positive magnitude of viscosity B coefficient increases with solute concentration.
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Another co-efficient D, also measures the solute—co-solute interaction, presented
in Table XI. The values indicate that the solute—co-solute interactions are much
weaker compared to the solute—solvent interactions. The molecular interactions
occurring between the drug molecules are due to the dipole—dipole interactions or
van der Waals forces or non-covalent interactions.!8 These results are in good
agreement with those obtained from limiting apparent molar volume @y values.

TABLE XIL. ((#/6) — 1)/Ne¢,, and ey, of carbamazepine at different concentration of alizarin
(0.001, 0.002 and 0.003 mol kg'!) variation with carbamazepine

Alizarin concentration, mol kg™!
0.001 0.002 0.003
Vew (o))~ DNew)  New (/o) = DNew)  New  ((n/ng) — D)

moll/2 kg-1/2 kgl/Z mol-1/2 moll/2 kg-1/2 kg1/2 mol-172 moll/2 kg-l/Z kgl/Z mol-172

0.0316 0.3506 0.0316 0.1280 0.0316 -3.0575
0.0447 0.1338 0.0447 0.2100 0.0447 —-1.8272
0.0547 0.2011 0.0548 0.1830 0.0547 —0.9566
0.0632 0.2347 0.0632 0.0730 0.0632 —-1.2923
0.0707 1.0944 0.0707 0.2120 0.0707 -1.1519
0.0774 0.1545 0.0775 0.3070 0.0775 —-1.1006
0.0836 0.5638 0.0837 0.1770 0.0837 -1.3279
0.0894 0.7616 0.0894 0.1700 0.0894 —-1.1819
0.0948 0.1359 0.0949 0.7770 0.0949 —-1.1651
0.1000 0.5967 0.1000 0.8040 0.1000 —-1.0141
0.1048 0.2195 0.1049 0.8200 0.1049 —0.9227

-m- 0.001 M alizarine
-3 F -4-0.002 M alizarine
-e-0.003 M alizarine

((n-1)/ \i{,‘m) /mol!#2 kg.ug

-4 I I 1

0.02 0.04 0.06 0.08 0.1 0.12
\{cm / mol 12 kgl

Fig. 2. Plot of (, — 1)/\/cm against carbamazepine concentration (\/cm at 0.001, 0.002 and
0.003 mol kg'! alizarin concentration.

CONCLUSION

From the experimental results and the derived parameters of the studied ter-
nary system viz. carbamazepine + alizarin + methanol, we conclude that Eq. (1),
with some modification, is the most suitable equation for the calculation of
apparent molar volume. We also derived the conclusion that the interaction sig-
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nifying parameters, e.g., limiting apparent molar volume and viscosity B-coef-
ficient are increasing with alizarin concentration. The study also proved that the
solute—co-solute interaction is dominant over the solute—solute and the co-solute
and co-solute.

Acknowledgment. The authors are grateful to the institution Cooch Behar Panchanan
Barma University, for providing a space, and supporting the financial aids to carry out this work.

U3BOJ

[TOPEBEILE PA3JIMUUTUX TUITIOBA JEJHAUMHA 3A MOJIAPHY 3ATIPEMHHY 3A
[TPOBEPY U [TPUMEHY KOJ TEPHAPHOI KAPBAMAS3EIINH + AJIMU3APUH + METAHOIJI
CUCTEMA U UCITUTUBAIGE OAT'OBAPAJYRUX MOJIEKYJICKUX HHTEPAKIIUJA

TAPAS MALLIK, SRABANTI GHOSH u DEEPAK EKKA

Department of Chemistry, Cooch Behar Panchanan Barma University, Cooch Behar-736101,
West Bengal, India

Y oBOM pafly, MOJeKyJICKe MHTepakuuje kapdamasenuHa U alu3apHHa Y METAHOIy Cy
NpenCcTaB/beHe OrpaHMYaBajyhuM NPUBHUIHUM MOJApPHUM 3alpeMHHaMa U koedHuHjeHTHMa
BUCKO3HOCTH. IIpe naseer papa, W3BpILIEHA je W IpOBepa W NMPHUMEHa IIpopayyHa MpPHBULHE
MOJIapHe 3ampeMuHe y3uMajyhu y 003Up NOCTYIHHX IeT TUIIOBA YeCTo KopuuUrheHHX jemHa-
YMHa, IPU 4eMy Cy noTpedHe MopndUKalije U3BpIlleHe NOJaTKOM XUIIOTeTUYHe Mace U KOH-
IleHTpalyje pacTBopka. HakoH Tora, orpaHuyaBajyha NpHBHIHA MOJIapHA 3alpeMHHa U
Koe(HUIMjeHTH BUCKO3HOCTH Cy U3payyHaTH NpUMeHOM Macon (Masson) jennauune u LloHc—
—Ionose (Jones—Dole) jemHauwHe, penoMm, a OW TpeIBUAETH U NOAATHO ITPOBEPHIM UHTEP-
aKuyje koje ce jaBmajy usmelhy mMonekysna y TepHapHOM cucteMy. ITokasano ce fa jegHauuHa
o3HaueHa OpojeM 1 mpexncraBba HAjOOBH aHAIUTHYH M3pa3 KOjUM Cy (PUTOBAHU pe3yJTaTH, a
Ja ToCToje jake uHTepakuuje usmely kapbamasenuHa u anMsapyvHa y metanony (¢v° = 23104
m® mol" u B = 18,10 kg mol ') npu konuenTpauuju 0,003 mol kg'. Pesynrartu cy uurep-
MPEeTUPaHH y KOPUCT PAaCTBOPAK—KO-PaCcTBOPAaK HHTEpaKLHja, KOjU Cy ZJOMUHAHTHHjE Y OLHOCY
Ha pacTBOpak—pacTBOpak M KO-pacTBOpak—KO-pacTBOpak MHTepaxuuje. JodujeHu pesynTaTv
Cy OUCKYTOBaHH y3 TOMOh UHTEPMOJIEKYJTaPHUX CHIa U HEKOBAJIEHTHUX UHTEPaKLHja.

(ITpumsbeHo 29. anpuiia, pesugupaHo 28. jyHa, npuxsaheno 28. jyna 2022)
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Abstract: Methods for determination of bisoprolol and related substances
mostly use UV detection and a phosphate buffer and are not suitable for MS
detection. In this study, LC-UV-MS/MS for separation and characterization of
bisoprolol related substances was developed, validated and applied for studying
the degradation products of bisoprolol when exposed to hydrolytic stress, heat
and light. The method uses a C18 column, formic acid in water and acetonitrile
as mobile phases, gradient elution and UV and MS detection. Forced degrad-
ation revealed that acid hydrolysis produces the most intensive transformation
of bisoprolol to its impurity A, along with impurities L and D. Alkaline hyd-
rolysis produced impurities A, L, Q, G and K; oxidative and thermal degrad-
ation produced impurities A, L and K, while photodegradation produced imp-
urities A, L, G and K, all characterized by their mass spectral data. The dev-
eloped method using two detection systems was demonstrated as efficient since
mass spectra allowed identification of the related substances of bisoprolol and
quantification was possible using absorbance measurements at 270 nm. The
obtained results will fill in the lack of data on the fragmentation patterns of bis-
oprolol and related substances that could be used by researchers and practit-
ioners in research and quality control laboratories.

Keywords: bisoprolol; impurities; tablets; forced degradation study; fragment-
ation pathways.
INTRODUCTION

Bisoprolol fumarate is a synthetic beta-1-adrenergic blocker, which is com-
monly used in clinical practice for the treatment of hypertension and ventricular
arrhythmias. Chemically, bisoprolol is 1-(propan-2-ylamino)-3-[4-(2-propan-2-
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-yloxyethoxymethyl)phenoxy |propan-2-ol and its common form in solid pharma-
ceutical dosage forms is bisoprolol fumarate, which is very soluble in water.! Its
wide use implies the need for efficient and reliable analytical methods for its
quality control, including methods for characterization of its related substances.

Literature data revealed analytical methods for the determination of biso-
prolol in pharmaceuticals and biological fluids, as a single active substance or in
combined dosage forms that are mainly chromatographic as the most widely
used. Chromatographic methods can be thin layer chromatographic,2 and HPLC
methods,>~14 as well as ones that use HPLC with mass spectrometric detection
especially for pharmacokinetic studies.!5-21

On the other hand, published data for determination of related substances of
bisoprolol are limited, especially data on the characterization of its degradation
products (DPs), which have been listed in European Pharmacopoeia as impurity
A,B,C,D,E F, G K L N Q R,S, T and U.22.23 Several published studies
have been developed for the determination of related substances by using
hydrophilic interaction liquid chromatography (HILIC) coupled with UV-DAD
and MS detection?425 and an HPLC-MS study for characterization of one
unspecified impurity in a finished drug product2¢ for bisoprolol or in com-
bination with amlodipine.?’ Kasagic et al.25 performed a kinetic study of the
degradation of bisoprolol fumarate in order to follow its stability for 72 h in
water, acid, base and oxidation environments. Pandey et al. also studied the
degradation of bisoprolol fumarate as an active substance after severe acidic,
alkaline, oxidative, thermal and light stress and monitored the results by LC-UV
and identified the products by HPLC-TOF MS.28 A very useful stability study
using LC-MS/MS for characterization of the degradation products of acebutolol,
an active compound from the same group, has been published giving an overview
of degradation pathways as well as fragmentation patterns of the degradation
products.2? Having such data of the active substance and its related substances is
a valuable tool in every quality control laboratorys. Forced degradation studies
and obtaining such experimental data for bisoprolol and its degradation products
was the rationale of this study.

The International Conference of Harmonization in its guidelines suggests
stress testing to confirm and elucidate the critical factors that affect stability of
the active principle. It is of great importance to identify the eventually formed
degradation products through different pathways because it gives important inf-
ormation for the stability of the final product.30-31 Information obtained during
forced degradation studies gives data for both stability of the tested product and
the suitability of the analytical method.32

HPLC with UV detection is routinely used for quality control of finished
drug products in the pharmaceutical industry,2~2! whereas mass spectrometry is
used as an additional tool for structure elucidation of degradation pro-
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ducts.25:26,28.29 Often, the pharmacopoeial methods propose non-volatile mobile
phase constituents and cannot be transferred to LC-MS 2223

Therefore, the main objective of this study was to introduce the method for
determination of related substances of bisoprolol fumarate described in the Brit-
ish Pharmacopoeia/European Pharmacopoeia and then develop an analogous
method compatible with mass spectrometry by optimizing the mobile phase
composition and gradient elution. The developed method was then used for
characterization of the products from a forced degradation study of the finished
drug products using their mass spectra and also the corresponding mass spectra
of these ions that have been selectively fragmented and analyzed by a second
stage of mass spectrometry to generate MS?2 spectra consisting of their ion frag-
ments (designated also as MS/MS). The mass spectrometer was used as an addit-
ional detection tool to the HPLC-UV method. In that way, a systematic overview
of the degradation pathways and fragmentation patterns of the degradation pro-
ducts of bisoprolol is provided that can assist in their identification for regular
quality control in laboratories in the pharmaceutical industry.

EXPERIMENTAL
Chemicals, reagents, materials

Bisoprolol fumarate working standard (WS) used for quantification was standardized
versus a valid batch of bisoprolol fumarate certified reference substance according to EP
(EPCRS), supplied from the European Directorate for the Quality of Medicines (EDQM).
Bisoprolol for system suitability EPCRS and bisoprolol for peak identification EPCRS were
from EDQM.

Bisoprolol film-coated tablets 2.5 mg were a product of ReplekFarm, Skopje, North
Macedonia.

Acetonitrile (HPLC grade), phosphoric acid, formic acid, hydrochloric acid (analytical
reagents), and hydrogen peroxide solution 30 % were from Carlo Erba Reagents, sodium hyd-
roxide was from Honeywell, Riedel-de Haén™,

Instrumentation

An Agilent 1100 HPLC/MS system coupled with a diode array and a mass detector was
used with an Agilent G2449A ion-trap mass spectrometer with an electrospray ionization
interface. Nitrogen was used as a nebulizing gas at 50 psi and 12 L min'!. Capillary tempe-
rature was 325 °C and the voltage was 3500 V. MS data were collected in the positive mode
of ionization. The full scan covered the m/z range from 70-800. The detection wavelength
when using the diode array detector was 270 nm.

The pharmacopoeial analytical method was transferred to using a volatile mobile phase
instead of the nonvolatile phosphate containing one. For that purpose, formic acid was added
to both mobile phases and mobile phase A was 1 vol. % formic acid in water, and mobile
phase B was 1 vol. % formic acid in acetonitrile. The stationary phase was Zorbax C18 SB
250 mmx4.6 mm (5 um particle diameter), the flow rate was 1.0 mL/min, the injection vol-
ume was 20 pul, and the operating temperature was 25 °C. The gradient elution program was
the same as in the pharmacopoeial method that uses o-phosphoric acid.
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Preparation of standard solutions and test solutions

Bisoprolol for peak identification (containing fumaric acid, impurity A, bisoprolol and
impurity E) was prepared by dissolving the content of the vial bisoprolol for peak identific-
ation CRS in 1 mL solvent. Bisoprolol for system suitability (containing fumaric acid, biso-
prolol and impurity G) was prepared by dissolving the content of the vial bisoprolol for
system suitability CRS 1 mL solvent.

Test solution was prepared by transferring weighed powdered tablet mass containing 25
mg of bisoprolol (as fumarate) into a 25 mL volumetric flask, then solvent composed of 20
vol. % acetonitrile in water was added, the sample was mechanically shaken for 15 min and
filled to volume. Reference solution A was prepared by dilution of 1 mL of the test solution to
100 mL with the solvent, and additional dilution of 2 mL of this solution to 10 mL with the
same solvent.

Samples for linearity testing were prepared by dilution of test solution prepared as des-
cribed above, to cover the range 0.52-3.10 pg mL!. For recovery testing, 1325 mg placebos
were weighed and spiked with known concentrations of bisoprolol covering the range from 1
to 3 pg mL! and prepared as test sample. A sample for system repeatability was prepared as
Reference solution A. Samples for method repeatability were prepared as five separate test
solutions described above from the same homogenized tablet mass.

Validation of the HPLC-UV method

The developed HPLC method with UV diode array detection at 270 nm was validated
according to ICH guideline Q2(R1) recommendations. The tested validation parameters were
linearity, accuracy, system repeatability, method repeatability, and selectivity/specificity. The
mass spectrometer was included as an additional detection system to confirm the selectivity/
specificity of the HPLC-UV diode array analytical method for determination of related sub-
stances of bisoprolol in the finished drug product.

Linearity of the method was established in the range from 0.52-3.10 mg/mL. Accuracy
of the method was tested by a recovery study in three concentration levels. Specificity and sel-
ectivity were demonstrated by injecting system suitability solution, peak identification solut-
ion, placebo solution, standard solution, and test solution, as well as by conducting forced
degradation studies. System repeatability was investigated by multiple injections of the refer-
ence solution and method repeatability was tested by repetition of analysis on 5 test solutions,
prepared according to the previously described analytical procedure.

MS/MS studies

MS/MS studies were conducted on samples that had been stressed under different con-
ditions as described above. The samples were analysed using an MS spectrometer with ESI in
the positive ionisation mode. Separation was achieved using the HPLC method with a MS
compatible mobile phase. Structure elucidation was performed using the obtained MS/MS data.

Forced degradation studies

Forced degradation studies were performed in solution with the application of heat, as
well as exposure to UV radiation, temperature and humidity. Test solutions and placebo sol-
utions prepared under normal conditions were used as control. Forced degradation studies in
this research were performed in order to demonstrate that the method is stable as indicated
during the development and validation.

All samples including controls, samples for hydrolytic stress studies, oxidative degrad-
ation studies, as well as samples for thermal degradation and photodegradation were prepared
by weighting 1350 mg powdered tablet mass and 1325 mg placebo powder that were trans-
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ferred to 25 ml volumetric flasks. All samples were prepared as described before in Prepar-
ation of standard solutions and test solutions.

Hydrolytic forced degradation studies were performed on weighed powdered tablet mass
and placebo powder that were treated with 2 mL 1 M hydrochloric acid at 60 °C for 1 h, and
with 2 mL 1 M sodium hydroxide at 60 °C for 3 h. After the specified time intervals, samples
for acid and alkaline forced degradation study were cooled and neutralised with 2 mL 1 M
sodium hydroxide and 1 M hydrochloric acid, as required. Thereafter, samples were prepared
as described in Preparation of standard solutions and test solutions.

Oxidative degradation was performed on weighed powdered tablet mass and placebo
powder with the addition of 2 mL of 3 vol. % hydrogen peroxide at 60 °C for 3 h. After the
specified period and treatment, sample was cooled and prepared as in Preparation of standard
solutions and test solutions.

Thermal degradation studies were performed in a temperature-controlled oven, by plac-
ing the powdered tablet mass and placebo powder on an open quartz dish and kept at 105 °C
for 5 h. Thereafter, samples were prepared and analysed according to the described method.

Photodegradation studies require exposure of the sample to UV radiation and tempera-
ture in a special chamber with an overall illumination of not less than 1.2 million lux h (UV
energy not less than 200 W h m2). Samples of powdered tablet mass and placebo powder
were put on an open quartz dish and kept for a period of 10 days in the chamber. Thereafter,
the samples were analysed according to the described analytical procedure.

For both thermal degradation and photodegradation, after the exposure period, samples
were prepared and analysed according to the described method under in Preparation of stan-
dard solutions and test solutions.

RESULTS AND DISCUSSION
Method transfer and optimization

Both European and British Pharmacopoeia have issued monographs for
bisoprolol fumarate that include determination of related substances using a mob-
ile phase with phosphoric acid and UV detection at 225 nm. To enable mass
spectrometric detection and characterization of the related substances of bisopro-
lol, the method was modified to make it MS compatible. In that way, the frag-
mentation patterns of bisoprolol related substances were elucidated and applied
for the characterization of the products of the forced degradation studies.

Zorbax C18 SB 250 mmx4.6 mm, 5 um, was used as the stationary phase
with a wide pH operation range. In the monograph for bisoprolol in European/
/British Pharmacopoeia, acidifying the mobile phase was made with o-phospho-
ric acid (10 g L-1), but to transfer this method to MS, 1 vol. % formic acid was
used instead since it is the preferred acidic component in the mobile phase in
many HPLC applications with MS detection for enhancing both separation and
ionization.33 Bisoprolol has two absorbance maxima at 220 and 270 nm with
different absorption coefficients, and the second had to be used upon changing
the mobile phase to one with formic acid (the first one is recommended in the EP
and BP methods that use phosphoric acid in the mobile phase).33 The gradient
elution program and the flow rate were the same as the ones described in the
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official monographs. The obtained results confirm a good correlation between the
relative retention times obtained with both methods, and almost the same values
for the resolution between bisoprolol and bisoprolol impurity G. The chromato-
grams obtained with both methods are presented in Fig. 1 showing good separ-
ation between bisoprolol and bisoprolol impuirty G with resolution 2.24 and rel-
ative retention time of the peak from bisoprolol impuirty G of 1.05 in the official
method, whereas the corresponding values in the alternative method are 2.24 for
the resolution and 1.03 for the RRT of bisoprolol impuirty G. In the chromato-
grams obtained for the peak identification CRS, the RRT of bisoprolol impuirty
A and bisoprolol impuirty E calculated vs. the retention time of bisoprolol are
0.50 and 1.13 with the official method and 0.52 and 1.13 with the alternative
method. These data demonstrate the suitability of the alternative method for fur-
ther studies of the related substances to bisoprolol with HPLC coupled to mass
spectrometric detection.
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Fig. 1. UV DAD chromatograms of system suitability CRS (A and C) and of peak
identification CRS (B and D) obtained with the official method (A and B) and with the
alternative MS compatible method (C and D).
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To confirm its performance to be used for characterization of related sub-
stances to bisoprolol in a forced degradation study, it was validated according to
ICH requirements, tested for its selectivity and then applied for characterization
of the samples of bisoprolol film-coated tablets subjected to forced degradation.

Validation of the HPLC-UV method for analysis of bisoprolol and related
substances

To confirm its performance to be used for characterization of related sub-
stances to bisoprolol obtained in a forced degradation study, it was first validated
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according to the ICH requirements with emphasis on testing its selectivity and
suitability for the identification of bisoprolol and its related substances using
their mass spectra and their quantification by UV detection at 270 nm. For this
purpose, standards for system suitability and for peak identification were used,
and then samples from the forced degradation studies were characterized in order
to evaluate the suitability of the HPLC-UV method for its purpose: character-
ization of substances related to bisoprolol.

Selectivity: bisoprolol and impurities G, A and E

Specificity and selectivity were confirmed by injecting the system suitability
solution, peak identification solution, placebo solution, standard solution, and test
solution, as well as by conducting forced degradation studies, and additional
confirmation of the specified impurities and bisoprolol with MS data. The chro-
matograms of the placebo, test solution and standard solution confirmed that
there was no interference from the excipients with the main peak of bisoprolol
and the specified impurities (the chromatograms are given in the Supplementary
material to this paper, Fig. S-1).

The selectivity of the method was tested with a solution for system suitabil-
ity and a solution for peak identification. In the obtained chromatograms and
mass spectra, peaks of bisoprolol and bisoprolol impurity G were detected at
about 23.7 and 24.3 min, respectively, i.e., the relative retention time for impurity
G was about 1.03 min.

Mass spectral data showed two peaks with high abundance for positively
charged ions at m/z 326 and 356, confirming the presence of bisoprolol (M, =
= 325) and bisoprolol impurity G (M; = 355). Fragmentation pathways of these
two compounds are given in Fig. 2 and their MS and MS? spectra in the
Supplementary material, Fig. S-2.

As suggested by Steckel and Schlosser,3# the initial site of protonation was
the basic sp3-hybridized nitrogen atom, and after collision-induced activation, the
resulting product ions that were detected for both compounds at m/z 222 and 116
are the result of inductive cleavages: the one at m/z 222 by cleavage of the [2-(1-
-methylethoxy)ethoxy]-side chain and the one at m/z 116 by cleavage of the side
chain containing the amino group moiety. Since the first product ion was
obtained by a loss of the side chain that is different for both compounds, and the
second ion is the product obtained by cleavage of the side chain that is identical
for both compounds, they give the same main peaks in MS2. However they differ
in their molecular ions and retention and the method is selective so that bisopro-
lol and its impurity G can be distinguished.

In the chromatogram and mass spectra obtained from the standard for peak
identification, peaks that confirm the presence of bisoprolol impurity A, bisopro-
lol and bisoprolol impurity E were detected at about 12.1, 23.3 and 26.3 min, res-

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

(CC) 2022 SCS.



1 192 LAZAREVSKA TODEVSKA, PIPONSKIand STEFOVA

pectively, i.e., the relative retention time for bisoprolol impurity A is about 0.52
min and impurity E at about 1.13 min. The identity of these peaks were also
confirmed by their mass spectra, as well (Supplementary material, Fig S-3).
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Fig. 2. Fragmentation pathways of a — bisoprolol (C;gH3;NOy), and
b — bisoprolol impurity G (C;9H33NOs).

The protonated molecular ion of bisoprolol impurity A (M; = 239) was det-
ected at m/z 240 with specific fragment ions at m/z 222, 198, 163, 133, 116, 98
and 74 in MS?2 and the fragmentation pathways are shown in Fig. 3.

The ion at m/z 222 is obtained by a loss of a water moiety in the longer side
chain. The product ion is then prone to further fragmentation with a loss of 59 Da
that could be attributed to cleavage of the C-N bond, resulting in a product ion
with m/z 163, which is the most intensive peak in the MS2. This ion may further
lose the short side chain and give a product ion with m/z 133. The observed pro-
duct ion at m/z 116 is due to cleavage of the side chain that contains nitrogen (as
for impurities A and G) and may undergo further cleavage of the propyl moiety
producing a fragment with m/z 74, but can also lose water, thus producing the ion
at m/z 98. Another fragmentation pathway that was encountered was by a cleav-
age of the isopropyl group in the side chain producing the ion at m/z 198 after a
neutral loss of 42 Da.

On the other hand, the protonated molecular ion of bisoprolol impurity E
(M; = 307) was detected at m/z 308. This impurity is a dehydration product of
bisoprolol obtained by loss of water in the side chain. The molecular ion [M+H]*
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at m/z 308 showed a fragmentation pattern with two main product ions in MS? at:
m/z 249 obtained by loss of 59 Da (isopropylamine from the side chain), and at
m/z 145 by further loss in the other side chain due to cleavage of the ether bond,
as shown in Fig. 4.
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Fig. 3. Fragmentation pathways of bisoprolol impurity A (C;3H,;NO3).
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Fig. 4. Fragmentation pathway of bisoprolol impurity E (C;gH,9NO3).
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Linearity, accuracy, repeatability

Acceptability of the linearity data are defined by the coefficient of determin-
ation, y-intercept (%) (ratio between intercept and calculated y-value at a certain
concentration level, more precisely target level), as well as residual standard
deviation of the response factors.3>

Linearity of the method was tested in the range from 0.52-3.10 pg mL-!,
with a target level of about 2 ug mL~! that corresponds to 0.2 % of the possibly
present impurity. The calibration equation was y = 3202x — 54.488 with satisfac-
tory value for the coefficient of determination R2 of 0.9998 and an RSD of the
response factor of 1.52 %. A coefficient of determination better than 0.998 is
considered acceptable, since it represents the fit of the data with the regression
line. The acceptable value for the y-intercept is less or equal to 5.0 % when
compared to the y-value at a concentration level of 0.2 %,34 which in the present
case was 0.667 %. Nevertheless, the regression line is not ideal, and the intercept
stands for the signal of zero concentration of active substance, which is here a
peak area of 54.448 as absolute value, and if it was ideal, it should be zero. By
determining the p-value of the intercept, the statistical significance of the
obtained value of 54.448 was evaluated. To confirm that it is statistically not
significant, the p-value should be much less than 0.05, which was found in the
present case since the p-value was 9.93x10~7.

The accuracy of the method was confirmed by a recovery study at three con-
centration levels (1.00, 2.00 and 3.00 pg mL-!) with obtained values for ana-
lytical recovery that were within the limits of 90 and 110 %.

System repeatability tested by multiple injections of the reference solution
confirmed good reproducibility with an RSD < 10 % and method repeatability
tested by 5 test solutions prepared from powdered film-coated tablets gave RSD
<20 %,34 confirming its adequacy.

Application of the HPLC-UV-MS/MS method for analysis of bisoprolol and
related substances obtained in forced degradation experiments

Acid degradation. During the acid degradation experiment (chromatogram
on Fig. S-4 of the Supplementary material) degradation products (DPs) were
generated demonstrating the sensitivity of bisoprolol to acid treatment and almost
complete degradation. High amounts of impurity A and other DPs were identified
using MS data demonstrating that the method could be used for their tentative
identification even when the standards for all the 15 specified impurities of biso-
prolol are not available. After the acid treatment, the DPs were identified as
follows:

— The peak with relative retention time 0.49 (to bisoprolol) exhibited a pro-
tonated molecular ion [M+H]" at m/z 240 further fragmented into product ions at
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m/z 222,198, 163, 133, 116, 98 and 74, which is consistent with its identification
as bisoprolol impurity A (Fig. S-9a of the Supplementary material).

— The peak with a RRT 0.55 gave a protonated molecular ion [M+H*]" at
m/z 238 with the corresponding product ions in MS? and m/z 220, 196, 178, 161,
149, 133, 116, 98 and 74 (Fig. S-9b). The ion at m/z 220 is due to water loss in
the side chain that may further undergo a loss of the isopropylamine moiety giv-
ing a product ion at m/z 161, and a further loss of the aldehyde group in the other
side chain giving a product ion at m/z 131 (Fig. 5). The other fragmentation
pathway could be explained by a loss of the isopropyl moiety giving a product
ion at m/z 196 (most abundant in MS?2), and further loss of water leading to an
ion at m/z 178 (Fig. 5). These data suggest that it could be attributed to the
bisoprolol impurity L.
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Fig. 5. Fragmentation pathway of bisoprolol impurity L (C13H,oNO3).

— The peak with relative retention time 0.56, with [M+H]" at m/z 461 was
detected together with a more intensive peak at m/z 231, which is due to the same
molecule (M, = 460) that when monoprotonated gives the [M+H™]" ion at 461,
and when diprotonated gives the [M+2H*]2" ion at m/z 231 (Fig. S-9¢). The pro-
tonated molecular ion gave product ions in MS2 at m/z 443, 385 and 328. The
first ion at m/z 443 is due to water loss, and a further loss of isopropylamine from
the side chain gave the product at m/z 385. The loss of the second isopropylamine
resulted in the product ion detected at m/z 328 (Fig. 6). All these arguments led to
the conclusion that this peak could be attributed to bisoprolol impurity D.
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Fig. 6. Fragmentation pathway of bisoprolol impurity D (C,4H4oN,0O5).

Alkaline degradation

Upon alkaline treatment, these degradation products were detected (Supple-
mentary material, Fig. S-5 of the Supplementary material):

— The peak with relative retention time 0.51 was characterized with the
protonated molecular ion at m/z 240 that gave the product ions in MS? at m/z 222,
198, 163, 133, 116, 98 and 74, which is consistent with its identification as biso-
prolol impurity A (Fig. S-10a of the Supplementary material).

— The peak with relative retention time 0.58, with [M+H]' at m/z 238 and
product ions at m/z 220, 196, 178, 161 and 133 was characterized as bisoprolol
impurity L (Fig. S-10b).

— The peak with RRT 0.84, exhibited the protonated molecular ion at m/z
298 and product ions in MS2 at m/z 280, 222 and 116 (Fig. S-10c). The fragment-
ation pathway is described in Fig. 7 with the product ion at m/z 280 due to a loss
of water, and the ions at m/z 222 and 116 are typical product ions for bisoprolol.
Following these experimental data, it could be concluded that this peak was due
to bisoprolol impurity Q.

— The peak with RRT 1.03, with a protonated molecular ion at m/z 356 was
observed with product ions at m/z 222 and 116 (MS/MS? of impurity G is given
in Fig. S-10d) that suggested it is due to bisoprolol impurity G (fragmentation
pattern described in Fig. 2b).
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Fig. 7. Fragmentation pathway of bisoprolol impurity Q (CyH49N,O5).

— The peak at RRT 1.04, had a [M+H"]" at m/z 340 with its product ions in
MS? at m/z 322, 298, 263, 218, 205, 194, 176, 161, 121, 116 with different
intensities (Fig. S-10e). The ion at m/z 322 is due to the loss of water molecule
and is further fragmented by loss of the radical next to the carbonyl C-atom
leading to a stable product ion at m/z 218. Another product ion is obtained by loss
of the isopropylamine moiety leading to a product ion 263 that was subjected to
further cleavage of the side chain giving the product ion with the most intensive
peak in MS? at m/z 205. A signal at m/z 116, characteristic for the bisoprolol side
chain, was also detected in MSZ2, suggesting this compound has the same side
chain in the structure (Fig. S-11 of the Supplementary material). According to all
the discussed data for this detected compound, it may be concluded that the peak
at RRT 1.04 is due to the presence of bisoprolol impurity K.

Oxidative degradation

After oxidative treatment (chromatogram in the Supplementary material,
Fig. S-6), three DPs were detected (Fig. S-12a, b and c), two of them, impurity A
and impurity L, already detected after acid and alkaline degradation. The third
was detected as a peak at RRT 1.04 and exhibited a protonated molecular ion at
m/z 340 due to presence of bisoprolol impurity K, and it was also observed after
alkaline degradation.

Thermal degradation

The analysis of the sample following thermal degradation showed three deg-
radation products (chromatogram in the Supplementary material, Fig. S-7): with
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relative retention time 0.50, [M+H]" at m/z 240 that was identified as impurity A
(Fig. S-13a), another with RRT 0.55, [M+H]" at m/z 238, analogous to the one
found in the acid, alkaline as well as in oxidative and was attributed to bisoprolol
impurity L (Fig. S-13b), and with RRT 1.04, [M+H]" at m/z 340, that followed
the same fragmentation pattern as described for bisoprolol impurity K (Fig. S-13c).

Photodegradation

The analysis of the sample after photodegradation gave degradation products
as found in thermal degradation (chromatogram in the Supplementary material,
Fig. S-8, MS/MS? in Fig. S-14a, b, ¢ and d), and also impurity G. Four peaks
were detected and identified as the specified impurities: with RRT 0.50 for imp-
urity A ([M+H]" at m/z 240), with RRT 0.57 for impurity L ((M+H]" at m/z 238),
with RRT 1.04 for impurity G ((M+H]" at m/z 356), and with RRT 1.05 for
impurity K ([M+H]" at m/z 340).

Summary of forced degradation study
A summary of the results obtained for all detected compounds in the forced

degradation study that were characterized by their mass spectral data are given in
Table L.

TABLE 1. Overview of the results from forced degradation studies with relative retention
times (RRT) and mass spectral data (MS and MS? spectra) for the detected related substances
of bisoprolol

Imp Normal condition/Control Acid degradation Alkaline degradation
RRT mlz RRT m/z RRT m/z
A 0.50 MS: 240 0.49 MS: 240 0.51 MS: 240
MS2: 222, 198, MS2: 222,198, 163, MS2: 222, 198,
163, 145, 116, 145,116, 98, 74 163, 145, 116,
98, 74 98, 74
L 0.60 MS: 238 0.55 MS: 238 0.58 MS: 238
MS?2: 220, 196, MS2: 220, 196, 178, MS2: 220, 196,
178, 161, 133, 161, 133,98, 74 178, 161, 133,
98,74 98, 74
D - - 0.56 MS: 461 - -
MS?: 443, 385, 328
Q - - - - 0.84 MS: 298
MS2: 280, 204, 116
G 1.02 MS: 356 - - 1.03 MS: 356
MS2: 222,116 MS2: 222,116
K 1.03 MS: 340 - - 1.04 MS: 340
MSZ: 322, 298, MS2: 322, 298,
263, 218, 205, 194, 263, 218, 205, 194,
176, 161, 121, 116 176, 161, 121, 116
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TABLE I. Continued

Imp Oxidative degradation Thermal degradation Photodegradation
RRT mlz RRT mlz RRT mlz
A 0.50 MS: 240 0.50 MS: 240 0.51 MS: 240
MS2: 222, 198, MS2: 222, 198, 163, MS2: 222, 198,
163, 145, 116, 145,116, 98, 74 163, 145, 116,
98, 74 98, 74
L 0.56 MS: 238 0.55 MS: 238 0.57 MS: 238
MS2: 220, 196, MS2: 220, 196, 178, MS2: 222, 196,
178,161, 133,116 161,133,116 178, 161, 133,116
G - - - - 1.04 MS: 356
MSZ2: 222, 116
K 1.04 MS: 340 1.04 MS: 340 1.05 MS: 340
MS2: 322, 298, MS2: 322, 298, 263, MS2: 322, 298,
263, 218, 205, 194, 218, 205, 194, 176, 263, 218, 205, 194,
176, 161, 121, 116 161,121,116 176, 161, 121, 116

As could be seen, acid hydrolysis caused the most intensive transformation
of bisoprolol to its related substance impurity A, along with other degradation
products, impurities L and D. Alkaline hydrolysis also gave products character-
ized by MS as impurities A, L, Q, G and K, whereas oxidative and thermal stress
produced impurities A, L and K, and photodegradation gave rise to four impur-
ities characterized by MS as impurities A, L, G and K.

According to its structure and functional groups, bisoprolol is likely to pro-
duce degradation products when oxidative stress is applied.25 Literature data
showed forced degradation studies that confirmed that the percentage of degrad-
ation products were highest when oxidative treatment was applied, and also they
revealed the fact that when acid hydrolysis was applied, bisoprolol impurity A
was obtained at the highest level.2> Pandey et al. performed force degradation
studies of bisoprolol fumarate as an active substance and detected only three
peaks: fumaric acid, bisoprolol and an unknown impurity at m/z 749 after thermal
degradation, for which they suggested a structure and formation pathway. This
degradation product was not detected in the present experiments. This study rev-
ealed the presence of six known impurities of bisoprolol and demonstrated the
suitability of the method to characterize them by their mass spectra and quan-
tified them by the HPLC-UV method.

CONCLUSIONS

The developed method that combines the two detection systems was demon-
strated as very efficient since the mass spectra allowed identification of the rel-
ated substances of bisoprolol by studying the protonated molecular ions and their
corresponding product ions, even when not all reference standards were avail-
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able, and quantification was then possible by using UV absorbance measure-
ments at 270 nm.

The mass spectral data obtained in this study of bisoprolol and its degrad-
ation products that are also its specified impurities, will be of great value and will
contribute to fill in the lack of data on the fragmentation patterns of bisoprolol
and its related substances that could be applied in quality control laboratories for
their identification.

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/11609, or from the corres-
ponding author on request.
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CTYOUJA ®OPCUPAHE NETPAJALIMIE U CTPYKTYPHE KAPAKTEPHU3AIIUJE
CYIICTAHIIY CPOJOHUX BUCOIIPOJIOI-@YMAPATY Y PUHATHUM JIEKOBUTHUM
[TPOU3BOOVMA ITPUMEHOM LC-UV-MS/MS
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Mertope 3a onpehuBame ducomponona U CpogHUX CyTcTaHIM npuMenoM UV perekiuje u
¢ocdarHor nydepa HUcy norogHe 3a MC gerekuujy. ¥ 0Boj CTyOUjU je pa3BUjeHa U BalIUIu-
pana LC-UV-MS/MS metona 3a pa3fgBajake U KapaKkTepH3allWjy CyTCTaHIM CPOSHHUX Ouco-
NPOJIOJIY U NPUMEBEHA 38 UCIIUTUBAakbe JerpajallMOHUX NPOU3BOJA OUCOMPOIIOa, IIPH U3/a-
ramy XUIPOJIUTHUYKOM CTpecy, TOIUIOTH M CBeTIOCTH. Y meronu ce kopuctu C18 xonoHa,
MpaBJba KHCEIMHA Y BOJHU U alleTOHUTPHII Kao MoOuiIHa ¢asa, rpagujeHTHa enyudja, UV u MS
nerexnuja. dopcupaHa merpamanuja KUCEJIOM XHIPOIH30M H3a3VBa HajUHTEH3HUBHHje TPaHC-
(opmanuje ducomposona A0 werosux Heuucroha A, L u D. AnkanHa XUOpOJau3a reHEpHUILe
Heuuctohe A, L, Q, G u K; okcunaTvBHa ¥ TepMasiHa Jerpajalyja reiepuile Heuuctohe A, L
u K, a porogerpapanuja A, L, G u K. Cse cy Heunucrtohe okapakTepucaHE MAaCEHOM CIEKTpas-
HOM aHanv3oM. Pa3BujeHa MeTona, Koja KOPUCTH /iBa JeTeKLMOHA CUCTeMa, IoKa3ana ce edu-
KaCHOM C 003UPOM Jla MaceHH CIIeKTPU OMOTyhyjy HaeHTH(hUKALN]y CyTICTaHLId CPOIHUX OHUC-
omposnony, a kBaHTU(dUKauuja je mMoryha mepemem amcopdanuuje Ha 270 nm. [JobujeHn
nopauu he JOMYHUTH HefocTaTak Nofaraka O hparMeHTaluju ducoposona U CPOAHUX CyM-
CTaHUY, Koju he ucTpakxuBayy U MpakTUYapyu MOhM KOPUCTUTH Y UCTpaKuBambuMa U jadopa-
TOpHjamMa KOHTPOJIEe KBAJIUTETA.

(ITpumeHo 4. dedpyapa, pesugupano 20. jyHa, mpuxsaheno 21. jyna 2022)
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Fig. S-1. Chromatograms of: A) placebo solution, B) test solution, and C) standard solution
obtained with the developed alternative method.
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Nanocomposites made from thermoplastic linear
poly(urethane-siloxane) and organoclay:
Composition impact on the properties
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Abstract: Thermoplastic poly(urethane-siloxane)/organoclay nanocomposites
(TPU NCs) with different hard segment content (20-55 wt. %) were prepared
by in situ polymerization in the presence of organically modified montmoril-
lonite as a nanofiller (Cloisite 30B; 1 wt. %). Hydroxyl-terminated ethoxy-
propyl-poly(dimethylsiloxane) was used as soft segment, while 4,4'-methylene-
diphenyl diisocyanate and 1,4-butanediol were the hard segment components.
The study of the influence of the hard segment content on the functional pro-
perties of TPU NCs was performed by Fourier transform infrared (FTIR) spec-
troscopy, X-ray diffractometry (XRD), atomic force microscopy (AFM), scan-
ning electron microscopy (SEM), dynamic mechanical thermal analyses
(DMTA), differential scanning calorimetry (DSC), thermogravimetric analysis
(TGA), water contact angle and water absorption tests. The results revealed
that TPU NCs with the increasing hard segment content exhibit higher values
of degree of microphase separation, melting temperature of the hard segments,
degree of crystallinity, storage modulus (except for TPU NC-55), but lower
thermal stability and hydrophobicity. TPU NC films were hydrophobic and
their free surface energy was in the range from 17.7 to 24.9 mJ m2. This work
highlights how the composition of TPU NCs would affect their functional pro-
perties and provide an additional composition intended for designing advanced
TPU NC materials for special biomedical applications.

Keywords: polyurethane; clay nanofiller; composition-dependent properties;
degree of microphase separation; surface properties; thermal performance.
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INTRODUCTION

Thermoplastic polyurethanes (TPUs) are a class of block-copolymers which
are segmented with short, glassy or crystalline chains segments known as hard
segments (HS), acting as physical crosslink bonds and imparting stiffness and
strength, and long amorphous rubber-segments known as soft segments (SS),
conferring its elastic character.! Because the HS and SS are incompatible, the
TPU exhibits two phase microdomain morphology: a HS rich phase and a SS rich
phase.! TPU with poly(dimethylsiloxane) (PDMS) as a SS are very important for
biomedical applications because of the many unique properties of PDMS, inc-
luding low glass transition temperature, low surface energy, good biocompat-
ibility, excellent thermal stability, ultraviolet resistance and high permeability to
many gases.?

In recent years, TPU nanocomposites (NCs) reinforced with layered
silicates, i.e., clays, have earned increased interest because they show improved
properties when compared to pure TPU, as a result of the high surface area and
aspect ratios of the nanofillers.3# The use of a very low percentage (<5 wt. %) of
layered silicates in the TPU matrix has been motivated by the silicates’ potential
to improve properties like thermal stability, anti-flammability, mechanical pro-
perties, improved permeation barrier, shape memory behaviour, and drugs deliv-
ery property.4~7 It was established that for good dispersion of clay platelets into
polymer matrix, clays have to be modified with some hydrophobic surfactants,
since clay platelets are hydrophilic and incompatible with a relatively hydro-
phobic polymer matrix.8 Clay is usually modified by exchanging the interlayer
inorganic cations with organic long-chain cations like alkylammonium ions,
which enables more favourable interactions with the desired, usually hydro-
phobic, matrix.? According to the literature,!0-12 intercalated or exfoliated struc-
ture, partially exfoliated or mixed exfoliated-intercalated structure, could be
achieved depending on the preparation method and in correlation to strength of
interfacial interactions between the polymer matrix and organoclays.

Pattanayaka and Jana!2 prepared TPU-based NCs by in situ polymerization.
It was shown that the addition of clay before the chain extension reaction led to
poor dispersion of clay platelets, while when the chain extension reaction was
carried out before the addition of clay, the clay platelets were well exfoliated to
the scale of individual clay layers, and the best improvement in mechanical pro-
perties was observed. Jeong et al.!3 and Meng et al.!4 showed that the micro-
phase separation and the degree of improvement to the thermal and mechanical
properties mainly depend on the degree of dispersion of clay platelets within the
polyurethane matrix. Nanoclays which provide a range of aforementioned imp-
rovements to the final materials seem to be a particularly promising filler for
materials based on PDMS-based TPU matrix. In our previous study,!0 it was
found that TPU/clay NCs with 1-10 wt.% of Cloisite 30B could be efficiently
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prepared by in situ intercalation polymerization in solution. An intercalated struc-
ture of TPU/clay NCs was found, and for TPU NCs with low nanoclay contents
(1 and 3 wt. %), a high extent of organoclay dispersion in the TPU matrix was
achieved. Namely, TPU NC with 1 wt. % of organoclay represents the best
balance between the clay concentration and the functional properties. !0

The present article is the second part of an ongoing study in which the
effects of HS content (2055 wt. %) on the microstructure and properties of
TPUs were investigated. Also, the objective of this study was to prepare a series
of TPU/organoclay NCs (with different HS contents and a constant organoclay
content (1 wt. %)) by in sifu polymerization. It is of essential importance to
analyse the composition-property relationships of TPU/organoclay NCs and pro-
vide guiding principles for finding the optimal thermal, thermomechanical, and
surface characteristics of these materials. The use of organoclay particles indi-
cates new possibilities for modifying TPU films with potential biomedical applic-
ations. In the present study, the influence of the HS content on the functional
properties was studied by the microscopic, thermal, thermomechanical and sur-
face analysis techniques.

EXPERIMENTAL

Materials

a,w-Dihydroxyethoxy-propyl-poly(dimethylsiloxane) (PDMS, 99 %; Mn = 1000 g mol-!)
was supplied from ABCR GmbH, Germany. 4,4’-Methylenediphenyl diisocyanate (MDI, >98
%; Aldrich) was used as received. 1,4-Butanediol (BD, 99 %) was supplied from Aldrich and
was purified by vacuum distillation. The clay was natural montmorillonite modified with
methyl-tallow-bis-2-hydroxyethyl quaternary ammonium salt, Cloisite 30B (hereafter denoted
as C30B), purchased from Southern Clay Products Inc, United States. The solvents, such as
N,N-dimethylacetamide (DMAc, from Acros Organics, Belgium, 99 %) and tetrahydrofuran
(THF, 98 %, from Avantor Inc., United States), were distilled before use.

Preparation of TPU NCs

A series of TPU NCs was prepared by in situ polymerization through the prepolymer
method, including two-step reaction process as previously described!? and as presented in
Supplementary material to this paper.

Characterization

Fourier transform infrared (FTIR) spectra were acquired on a Nicolet 6700 FTIR spec-
trometer in attenuated total reflectance (ATR) mode as previously described.!® The CO and
NH regions in FTIR spectra were fitted by a Gaussian deconvolution technique, resulting in
the locations and areas of all of these individual peaks (Table S-I of the Supplementary material).

X-ray diffraction (XRD) was conducted with the use of the HZG/4A powder diffracto-
meter (Seifert GmbH, Germany) in the Bragg—Bretano geometry. The region of 260 span from
4 to 40°. The wavelength X-rays used was 0.154 nm.

Morphological studies were carried out using a JEOL JSM-6460LV scanning electron
microscope (SEM) at an acceleration voltage of 30 kV. The samples were cryo-fractured in
liquid nitrogen and coated with a thin layer of gold prior to the measurements.

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

(CC) 2022 SCS.



1206 PERGAL et al.

Atomic force microscopy (AFM) characterizations were performed on an atomic force
microscope (Dimension Icon, Bruker), equipped with the SSS-NCL probe, a Super Sharp Sil-
icon™-SPM-Sensor (NanoSensors™). The AFM images of the fracture surfaces of films
after previous freeze-fracturing at the temperature of liquid nitrogen were measured.

Thermogravimetric analysis (TGA) was carried out on a TA Instruments TGA Q500
thermogravimetric analyzer under nitrogen flow of 60 mL min! and from 25 to 700 °C at a
rate of 5 °C min!.

Dynamic mechanical thermal properties (DMTA) were performed on an ARES G2 rheo-
meter (TA Instruments) at a frequency of 1 Hz, strain 0.1 %, with a heating rate of 3 °C min'!
and in the temperature range from —135 to 250 °C. The measurements were carried out under
torsion mode, using torsion fixture (rectangle) geometry.

Differential scanning calorimetry (DSC) tests were performed on an DSC, Q1000 (TA
Instruments) calorimeter with a TA Instruments RCS cooling unit and from —90 to 200 °C, at
a heating and cooling rate of 10 and 5 °C min"!, respectively.

Static contact angle (WCA) was measured by a sessile drop method at 26 °C using a con-
tact angle analyser (Kriiss GmbH, Germany DSA100). Surface energy data were calculated
from the contact angle values obtained using distilled water, formamide and diiodomethane
and the acid-base theory for solids according to the van Oss—Chaudhury—Good approach
(Supplementary material).!3

Water absorption was investigated at room temperature by sample immersion in phos-
phate buffered saline (PBS, pH 7.4), for 24 h (Supplementary material). The average value of
three measurements for each sample was used.

RESULTS AND DISCUSSION

The present work focused on the preparation of series of TPU NCs with
different HS contents (from 20 to 55 wt. %) by in situ polymerization using 1 wt.
% of organoclay modified by quaternary alkyl ammonium ions bearing hydroxyl
groups (C30B; Fig. S-1 of the Supplementary material). The chemical structures
of reactants and organoclay, as well as a simplified schematic presentation of the
polymerization reaction for synthesis of TPUs, and photographs of the prepared
TPU NCs are presented in Fig. S-1. The effects of HS content on structural, ther-
mal, thermomechanical and surface properties of the TPU NCs were examined.

FTIR analysis

FTIR spectra of TPU NCs containing 1 wt. % C30B with different HS con-
tents are shown in Fig. 1, while the band assignments are given in Table S-I of
the Supplementary material. The disappearance of the -NCO stretching band at
2270 cm! confirms that all the isocyanate groups are completely consumed dur-
ing the polymerization.

Namely, the NH stretching (v(NH)) and carbonyl stretching (UC=0))
regions are observed at around 3330 and 1700 cm1, respectively, which are
characteristic of urethane groups. In FTIR spectra, bands at 3330 cm™! were due
to the hydrogen-bonded N-H stretching, while free NH stretching bands at 3440
cm~! were also detected in the TPU NCs’ spectra. These results show the fraction
of hydrogen-bonded urethane NH groups increased, but free urethane NH groups
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decreased with the increasing HS content, indicating a higher level of hydrogen
bonding in TPU NCs with higher HS content (Table S-II of the Supplementary
material).

TPU-NC20
PU-NC35

TPU-NC45

TPU-NC50

PL-NC55

T T T T T T T
3500 3000 2500 2000 1500 1000 500

Wavenumber, cm’
Fig. 1. FTIR spectra of TPU NCs with different hard segment content.

Carbonyl groups typically serve as proton acceptors and form hydrogen
bonds with NH groups among hard segments in TPU-based NCs. Thus, the frac-
tion of hydrogen bonded carbonyls can be used to characterize the degree of
microphase separation.!® The ordered hydrogen bonded (v(C=0) HB-ordered),
disordered hydrogen bonded (v(C=0) HB-disordered) and free (v(C=0O) free)
carbonyls in the prepared TPU NCs were observed at around 1705, 1720 and
1735 em!, respectively.10 In series of TPU NCs, the increase of HS content led
to the rise of relative intensity of the hydrogen-bonded C=0O absorption bands
and reduction in the relative intensity of the free C=0O absorption bands, which
further showed that increasing HS content could lead to stronger HS-HS hydro-
gen bonding and, thus, to a more segregated structure of TPUs. In the TPU NCs,
the percentage of hydrogen bonding carbonyl groups as a fraction (more than 70
%) was higher than that of free groups, so the hydrogen bonding carbonyl groups
play a major role in the final materials (Table S-II). The degree of phase separ-
ation (DPS) data showed that for the series of TPU NCs, increasing the content
of HS enhanced the phase separation from 85.5 to 93.9 % (Table S-II, Eq. (S-3),
of the Supplementary material). Comparing the FTIR spectra of TPU NCs with
their pure TPU!7 counterparts with the same HS content, it was found that the
clay incorporation did not significantly change the relative intensities of the free
or hydrogen-bonded urethane C=0 bands. The DPS data showed that for TPUs
with 20 or 35 wt. % of HS, adding organoclay particles did not cause significant
changes in the extent of phase separation. For TPUs containing from 45 to 60 wt.
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% of HS, the incorporation of 1 wt. % of organoclay slightly enhanced the phase
separation of the prepared TPU NCs, despite numerous reports suggesting that
nanofillers can give rise to phase mixing.16:18

Our FTIR results showed the fraction of urethane carbonyl groups particip-
ating in hydrogen bonding was also higher for the TPU NCs than for the pure
TPU, previously published by Pergal et al.l” In a series of prepared TPU NC
materials, organoclay evidently participates in hydrogen bonding between ure-
thane carbonyl groups and —CH,CH;OH groups inside the clay organomodi-
fier,12:19 but to higher extent in the case of TPU NC with higher HS content.

XRD analysis

The XRD patterns of the prepared TPU NC films are shown in Fig. S-2 of
the Supplementary material. Due to the poor scattering power of the samples the
data are smeared by noise of a level so high that 1 % of C30B is completely hid-
den in it and any systematic behaviour is hard to be seen. However, the patterns
could be decomposed by fitting using the program Fityk into three peaks the
position of which didn’t change, but information could be obtained from their
integral intensities.

The 26 of their relevant positions were 12.22, 17.6 and 21.9°, respectively,
see Fig. S-2. Their corresponding integral intensities can be seen in the Table S-
-III. The behaviour of the middle peak indicates that it corresponds to the amor-
phous halo. We can estimate the ratio of amorphous component by dividing the
integral intensity of this peak by the total integral intensity. As can be seen in the
Fig. S-2, the ratio of the amorphous part decreases when the ratio of the hard
component increases. This agrees with the state of starting components and pro-
ducts forming soft and hard segments. In the diffraction patterns of TPU NCs, the
amorphous halo at 17.6° corresponds to the distribution of distances of neigh-
bouring polymer chain segments.20 The diffraction peak observed at 26 = 12° is
assigned to the internal structure of the PDMS chains. And finally, the peak at 26
value of 21.9° corresponds to the crystalline part of the HS; the peak intensity
generally increased with the rise of HS content. XRD thus confirmed the beh-
aviour of TPU segments being considered to the hard as well as soft regions.

SEM analysis

Microstructural characterization of the prepared TPU NC materials was per-
formed by SEM. The SEM micrographs of the cross-section of the investigated
TPU NC films, at magnification 3000%, are given in Fig. S-3 of the Supple-
mentary material. From Fig. S-3 it can be seen that the fracture surface of the
TPU NCs become rougher when the organoclay was incorporated into the pure
TPU matrix, previously published by Pergal et al.2! The prepared TPU NC with
20 wt. % HS had a smooth surface and more homogeneous surface morpho-
logies, when compared to other prepared TPU NCs. Therefore, the TPU NCs
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with the HS content of 35-55 wt. % have rougher and heterogeneous surface
morphology, indicating the presence of more microphase separation in materials
with higher HS content. The fractured-surface structure of TPU NCs was distri-
buted with oval formations, in the range of 0.93—-1.40 pm in size, composed of
hard-enriched formations in TPU NCs, but they were slightly bigger in TPU NC
with lower HS content. Homogeneous clay distribution was observed on all TPU
NC sample surfaces, which suggested that the clay particles were uniformly dis-
persed within the TPUs’ matrix and did not depend on HS content.

AFM

The surface topography and heterogeneity relief of the fractured TPU NCs
with different HS content were examined by AFM. The 2D height and phase
AFM images of TPU NCs’ fractured surfaces, at both micrometer (10x10 pm?)
and nanometer scales (1x1 um?2), are shown in Figs. 2 and S-4. The surface

roughness coefficient values for 10x10 um? images are given in Table S-IV.
StanSize  1opm kw () ScanSize  1oum h m

00 ScanSize  1opm
TPU-NC20 TPU-NC35 TPU-NC45 TPU-NC50 TPU-NC55

1000nm 1000 nm

100.0nm

00,0 nm

+100.0 nm

A

B)

0o ScanSize  1.opm 00 ScanSize  10pm 00 ScanSize  t0um i 1oy 00 Scan Size
TPU-NC20 TPU-NC35 TPU-NC45 TPU-NC50 TPU-NC55

Fig. 2. A) 2D height and B) 2D phase AFM images of TPU NCs at 1x1 um?.

s00°

500"

From Fig. S-4a it can be noted that the cryo-fractured reliefs of these TPU
NCs show different surface morphologies dominated by the HS contents.
Namely, the fractured surface of TPU NC with 20 wt. % of HS content is
smoother and more homogenous than those of TPU-NC35, TPU-NC45, TPU-
-NC50 and TPU-NCS55, where the formation of the two-phase morphology
occurs. The AFM results are thus in accordance with the SEM analyses.

The roughness coefficients increased with increasing HS contents in TPU
NC films (except TPU NC-55). Phase images shown in Fig. S-5b are in accord-
ance with the um-scale observations of height images given in Fig. S-5a, con-
firming the heterogeneous character of the prepared TPU NC films.

Deeper surface characterization of TPU NC surfaces was obtained based on
the phase images and the phase images on the 1x1 um? scale, as shown in Fig. 2.
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The phase images (Fig. 2b) give information about lighter (harder) and darker
(softer) areas, originating mainly from the micro-phase separation of the soft and
hard segments in TPU NCs. Both “hard-enriched formations and soft-enriched
formations” were observed, and these formations appeared like clusters of soft-
-segment and hard-segment rich regions made from smaller building units.
Rougher reliefs of TPU NCs, with the HS contents higher than 45 wt. %, were
detected when compared to TPU-NC20 and TPU-NC35 films.

The materials TPU-NC20 and TPU-NC35 had a relatively homogeneous
phase relief with dominating softer portions (Fig. 2b), which is in accordance
with the material composition. The TPU NCs with 45, 50 or 55 wt. % of HS
(TPU-NC45, TPU-NC50 and TPU-NCS55) were composed of individual oval or
spherical harder “nanoparticles” stuck together by the softer portion into the mac-
roscopically compact material. These oval formations were mostly about 250 to
550 nm in TPU-NC with 45-55 wt. %, and the size of the oval formations dec-
reased with the increasing HS content.

TGA

Thermal stability of TPU-based NCs was evaluated by TGA under a nitro-
gen atmosphere at a heating rate of 5 °C min~1. The TGA/DTG curves of TPU
NCs of different compositions are presented in Fig. 3. In Table S-V of the Sup-
plementary material, the characteristic temperatures taken from the TGA and
DTG curves are summarized: the temperatures at 5, 10 and 50 wt. % loss (59,
t10v, and 5094, respectively), the maximum rate degradation temperatures (¢max)
and the weight percent of residue. The TGA curves of TPU-based NCs indicate
that the thermal degradation starts at 289-295 °C (¢59,). The thermal stability
increases with the decreasing HS content. Moreover, the thermal stability of TPU
NCs was higher when compared to the pure TPU films (50, 281-286 °C),2!
suggesting some improvement in thermal stability. Temperatures at which the
pure TPU films lost 10 and 50 % of weight are ranging in 293-302 °C and in
327-335 °C, respectively.2! Thus, the TPU NCs were more thermally stable,
which was expected in comparison to some previous findings:10:22 where an
improvement in thermal stability was observed with the inclusion of clay in a
polymer matrix.

The improvement in thermal stability of polymer/clay nanocomposites is
attributed to the shielding effect of clay layers, which function as a barrier to the
gasses and volatile degradation products.23 The clay platelets act as heat barriers
and obstacles for polymer chain motion, further stabilizing the polymer chain.
The effect of mineral clay, a thermal insulator and mass transport barrier, on ther-
mal stability can be increased by improving the dispersibility of the organoclay
mineral 8:24
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The derivative TG analysis (DTG) was used to study the thermal degradation
mechanism of TPU NCs (Fig. 3b). The DTG curves indicated that the series of
TPUs NCs degraded in two (from TPU-NC35 to TPU-NCS55) and three (for
TPU-NC20) steps; the first step (328 to 332 °C — temperature of the first peak
maximum in the corresponding DTG curve) could be attributed to the degrad-
ation of the hard segments, i.e., splitting of the urethane bonds, and the second
step corresponded to the decomposition of PDMS segment.25 The DTG curve of
TPU-NC20 shows tyax at 406 and 422 °C, as compared to other TPU NCs (only
one fmax), due to the decomposition of PDMS block and also ethylene oxide units
in the SS, a consequence of the highest SS content in this sample. For the TPU
NCS5S5, tmax at 506 °C is related to the decomposition of the aromatic compounds,
while the second peak of degradation, corresponding to decomposition of SS, in
the DTG curve for this sample did not exist due to it having the lowest SS con-
tent in the material series. In DTG curves of pure TPU films,2! the temperatures
of the first and second peaks were observed at 313-325 °C and 338-345 °C,
respectively, which are lower than that in TPU NCs films (Table S-V).

A)ioo
100 ey — TPU-NG20

—— TPU-NC35
—— TPU-NC45
—— TPU-NC50
—— TPU-NC55

80 |

60 |

40 4

Wass residue, wt.%

20

B) 14 =
—— TPU-NC20

1 —— TPU-NC35
—— TPU-NC45
——— TPU-NC50
—— TPU-NC55

{100dm,/mydt) / % mint

Fig. 3. A) TGA and B) DTG thermo-
100 200 300 400 500 600 70 grams of TPU NCs obtained under
t/'c nitrogen atmosphere.
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The results indicate an enhancement of the thermal stability of the TPU NCs
upon the addition of organoclays into the polymer matrix. Based on the DTG
curves, it may be concluded that the addition of clay particles with the layered
structure stabilizes TPU materials and, in this case, the thermal decomposition is
less influenced by the HS content. Similar stabilization effects were observed in
different kinds of polyurethanes reinforced with organically modified montmoril-
lonites.26:27

The residual yields of the TPU NC films at 650 °C ranged from 4.9 to 11.7
% (Table S-V) and increased with the rise of HS content. The residual yield
under nitrogen originated mainly from the “organic” fraction (MDI-BD), which
increased with the HS content and could be explained by the degradation mech-
anism of the PDMS chains under a nitrogen atmosphere that occurs after disrupt-
ion of the urethane bonds. The PDMS degraded by depolymerization, giving
cyclosiloxanes as the degradation products.2!

DSC and DMTA analyses

The phase transitions in TPU NCs were examined by DMTA and DSC
analyses. DMTA was performed in order to study the influence of the HS content
on the viscoelastic properties of selected TPU NCs, with the HS content from 20
to 50 wt. %. Two main viscoelastic parameters were analysed: the storage mod-
ulus (G’) and the damping factor (tan J). The temperature dependences of the
storage modulus and the loss factor tan ddetermined by DMTA are shown in
Fig. 4. Typical DMTA curves as for thermoplastic polyurethanes were found,
with a 7, rubbery plateau, melting temperature #;,, and subsequently, the flow of
melted polymer.

G’ and tan J vs. temperature curves displayed the glass transitions which
were in the range from —102 to —112 °C for TPU NCs associated with the seg-
mental motion in the PDMS SS (¢gppms, Table S-VI). The second relaxation
observed at temperatures from —5 to 5 °C (Table S-VI) is associated with the seg-
mental relaxation of a mixed soft phase consisting of the PDMS end group seg-
ments and some dissolved hard segments.28 Therefore, this peak might be in this
case related to some relaxation at the hard-soft segment interface.

From storage modulus curves, it was observed that G’ increases accordingly
with the HS content, which is a typical behaviour found in semi-crystalline
TPUs. The storage modulus for TPU NCs increased with the HS content as a
consequence of the higher degree of physical crosslinking and better microphase
separation (Table S-VI). Such increase is also accompanied by the tan J max-
imum shift to higher temperatures, which took place in our case as well. In the
paper published by Poreba et al.,* on polycarbonate-based PUs with hexamethyl-
ene diisocyanate-1,4-butanediol hard segments, they observed the same trend.
However, they could not detect or distinguish any peaks corresponding to the

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

(CC) 2022 SCS.



COMPOSITION-FUNCTIONAL PROPERTY RELATION OF POLYURETHANE NANOCOMPOSITES 1 2 1 3

hard segment #,, even if the degree of crystallinity was lower than that of the HS
content. In our case, it seems that this transition, also in our present study, was
rather related to the hydrogen-bond disruption (#1gp), or some other short-range
interactions (dipol—dipol or van der Waals forces), than to the ¢, of the hard MDI-
-BD segments (Table S-VI).# Another thing is that if the polymer is in the glassy
state due to hard segments below 75-125 °C, the storage modulus should be of
similar value for all the samples, irrespective of the composition.4

A)
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—— TPU-NC35
10° —— TPU-NC45
—— TPU-NC50
o 108
o
107 4
1u\3 T T T T T T 1
-100 -50 (1] 50 100 150 200
t1°C
B) 025
—— TPU-NC20
—— TPU-NC35
0204 —— TPU-NC45
—— TPU-NC50
0.15 4
o
=
8
0,10 -
0,05

0,00 —

60 = 2 o 1o 1w oo Fig 4. A) Storage modulus and B) tan
ti°’c Jdof TPU NCs versus temperature.

The DSC thermograms obtained during the second heating and cooling run
are shown in Fig. S-5, and the values of the interfacial relaxation (#.), the melt-
ing temperature (fygs), the enthalpy of melting (AHys), the crystallization tem-
perature (¢.gs), the enthalpy of crystallization (AH.gs) and the degree of crys-
tallinity (X;) are presented in Table S-V. The minimum of the first endothermic
event (Fig. S-5a)) (#.]) assigned to the relaxation of the soft chain segments in
the diffused interfacial region,* was located between 60 and 112 °C for all
samples, and the values for the NCs were higher by a magnitude of 28—64 °C as
compared to pure TPUs.!7 The relaxation enthalpy change (AH,.) decreased
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from 1.79 to 0.98 J g1 with the increasing HS content. Various endotherms in
this region have been found in similar TPU-based materials and they have been
attributed to different processes.* A small endothermic event in this region
detected on DSC curves (Fig. S-5a) was noticeable for all materials. The
existence of a diffused interfacial phase between SS and HS resulted from the
order—disorder relaxation of the TPU chain segments in the interface, or it
suggests melting of noncrystalline HS domains in this region.#

The transition was in the temperature region from 153 to 206 °C detected by
DSC, and it is connected with the melting temperature of HS (#y15). The mul-
tiple melting peaks which occurred in the DSC thermogram of the material with
the highest HS content in our series of TPU NCs (i.e., TPU-NCS55) indicate the
presence of crystallites of different size and perfection, due to the irregularity of
the length of the hard MDI-BD segment, or to the effect of crystal reorganization
during heating.2>

A similar trend was observed for thermal transitions determined by DSC and
DMTA. It was observed that values of 7gppMms decrease, while fyps values inc-
rease with the HS content. The obtained results showed that organoclay nanopar-
ticles interact with hard and soft segments. The degree of crystallinity (X;) was
calculated from the values of enthalpies of melting and comparing to the heat of
melting of 100 % crystalline MDI-BD homopolymer (91.2 J g1).25 The degree
of crystallinity of TPU NCs (from 4.6 to 9.4 %; Table S-V) is lower in com-
parison with series of pure TPUs.2! The values of X, ranged from 4.3 to 28.5 %
for the pure TPU films.2! The decrease in degree of crystallinity of TPU NCs
could relate to the interaction of the organoclay particles with the hard segments,
which makes the packing of these domains difficult.10

Water contact angle and surface free energy determination

The results of surface free energy (), which is important for coating applic-
ations, are presented in Table I. Surface free energy and its components were cal-
culated using the van Oss—Chaudhury—Good approach.!> The obtained results
showed that with increasing HS content, the surface free energy of TPU NCs
became higher. Increasing of ¥ values is caused mainly by the long distance
interactions between hard and soft segments LW, which result from dispersion
interactions of polymer chains, and also slightly from the polar interactions
between functional groups of polyurethane )AB. The contributions from the
electron-acceptor interaction slightly increased for the series of TPU NCs, while
the contributions of electron-donor interaction did not change for the TPU NCs
with the increasing HS content.

The water contact angles of the TPU NCs were in the range from 91.3 to
103.7°, and these values were higher than 90°, indicating the presence of hydro-
phobic surfaces on all prepared TPU NCs. The hydrophobicity of the TPU NC
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films increased with the decreasing HS content, which is a consequence of the
hydrophobic character of soft PDMS segments. Depending on the HS content, y
varied in a wide range of 17.7-24.9 mJ m2. The obtained results showed that the
obtained TPU NCs have low values of surface free energy when compared to
similar polyurethane materials presented in the literature,29 suggesting good hyd-
rophobicity characteristics of the prepared TPU NC films.

TABLE I. Static water contact angle (8, / °), formamide contact angle (6, / ©), dilodomethane
contact angle (65 / °), surface free energy (y/ mJ m2) and its components of the prepared TPU
NCs; mean values in the same column with different superscript are statistically different at p
< 0.05 level, according to post hoc Tukey’s HSD test; values are given with their standard
deviations

Material 0, 0, 0, wV %AB %t % y

TPU-NC20 103.7+5.6° 92.7+3.9 84.7+2.8> 15.3+£0.42 2.4+0.12 1.0+0.0* 1.5+0.12 17.7+0.72
TPU-NC35 100.6+3.9¢ 90.6+5.3b 81.3+3.12b 16.8+0.6° 2.9+0.1¢ 1.2+0.0% 1.8+0.0b 19.7+0.3b
TPU-NC45 97.8+2.1% 86.4+4.32 79542 6 17.7+1.0b¢2.7+0.0 1.0+0.12 1.9+0.1b¢ 20.5+0.1¢
TPU-NC50 96.0+3.9> 84.0+5.22 77.942.6Y 18.6+1.1¢ 2.74+0.2b 1.0+0.02 2.0+0.1¢ 21.4+0.34
TPU-NC55 91.3£2.7% 81.5+2.92 72.8+3.7¢ 21.340.29 3.6+0.241.24+0.0b 2.7+0.14 24.9+0.3¢

Water absorption

The results listed in Table S-IV show that the weight percent of the absorbed
water for TPU NCs after 24 h was between 0.5 and 1.1. These results suggest that
with the HS content decrease, the water absorption becomes lower. This may be
attributed to the hydrophobic character of PDMS and its surface activity.2?
Namely, PDMS segments can migrate to the surface of TPU NCs due to their
lower surface energy in comparison to the surface energy of TPU. The obtained
values of water absorption for TPU NCs were slightly lower as compared to pure
TPUs, indicating higher hydrophobicity. The values of water absorption of pure
TPU films ranged from 0.74 to 1.61 wt. %.2! The TPU NCs were more hydro-
phobic than the pure TPUs due to the incorporation of organoclay layers that act
as barrier. The enhancement of water resistance for TPU NC films and good hyd-
rophobicity were observed based on water absorption and contact angle measure-
ments.

CONCLUSION

The TPU NCs were synthesized by in situ polymerization with different
ratios of hard/soft segments and their functional properties mainly depended on
their HS contents. FTIR spectroscopy analysis showed that there was a multiple
hydrogen bonding in the polyurethane, but the -NH and carbonyl groups are
mainly in a hydrogen bonded state. FTIR, AFM and SEM results suggested an
enhanced microphase separation between soft and hard segments for TPU NCs
with increasing HS content. Thermal stability increases with the decreasing HS
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content, as do melting temperatures and degree of crystallinity, but the glass tran-
sition of PDMS segments decrease with the increasing HS content. Organoclay
interacts with both hard and soft segments. Surface free energy values of TPU
NCs increased with the rise of HS content in the range of 17.7 to 24.9 mJ m2.
Thus, the prepared TPU NC films were hydrophobic.

The proper composition improved the selected functional properties of the
TPU NCs. The improvement of thermomechanical properties were observed up
to 50 wt. % of HS (except for the material with 55 wt. % of HS, which is a brittle
material). From the potential practical use, the best combination of functional
(thermosmechanical, thermal, water resistance and surface) properties was seen
for the TPU NC films containing 50 wt. % HS. All these findings provide prac-
tical guidance for the modulation of the composition for the synthesis of adv-
anced TPU-based composite materials. Taking into account composition, struc-
ture and properties of the TPU NCs, they can be considered as a main target as
promising coatings for biomedical applications.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
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MAPHJA B. TIEPTANT', CAbA OCTOJUR?, MILOS STEINHART?, UBAH C. CTEPAHOBUR', JIATO TIE30°
u MILENA SPIRKOVA®
1YHueep3uu76w y Beoipagy, Hnctuuitiy i 3a xeMujy, TeXHONoiujy u metianypiujy, Hucuutiyi og
HayuoxanHol 3nauaja 3a Petiydnuxy Cpoujy, Fbeiowesa 12, 11000 Beoipag, ZHucmumyru 30 oUWIHY U
Pusuuxy xemujy, Ynueep3uitieii y beoipagy, Citiygeniticku wwipi 12—16, 11000 Beoipag u *Institute of
Macromolecular Chemistry CAS (IMC), Heyrovsky Sq. 2, 16206 Prague 6, Czech Republic

TepmomactuuHu nonu(yperaH-cuiaokcaH)/opraHorinuHa HaHokoMno3utd (TPU NCs) ca
Pa3IMUUTUM Cafip’KajeM TBpAUX cermeHara (20-55 Tex. %) NpUNpeMIbeHH CY in Situ monume-
pHU3aLUjoM y MPUCYCTBY OPraHCKM MOAUGUKOBAHOI MOHTMODHIOHHMTA Kao HAHOIyHHUOLA
(Cloisite 30B; 1 Tex. %). Kao Mexu cerMeHT KopHuiIheH je XUAPOKCUEeTOKCUIIPONUI TEPMHU-
HHUpaHH MONU(IUMETUICUIOKCAH), a ka0 KOMIIOHEHTe TBPAOI CerMeHTa KopurheHu cy 4,4'-
-MeTwieHgudenuwnauu3onjadaTr U 1,4-0yrannouon. IlpoyvyaBawme yTuliaja cagpkaja TBPHOT
cermeHTa Ha dyHKiHoHanHa cBojcTBa TPU NCs je ucnuruBano FTIR cnexrpockonujom, nud-
paxnujom X-3paxa (XRD), Mukpockonujom atomckux cuia (AFM), ckennpajyhom enexTpoH-
CKOM MHKpOCKONHjoM (SEM), IMHAaMHUYKO MEXaHHUUYKO TEDMUYKOM aHanu3om (DMTA), nude-
peHuyjanHo ckenupajyhom xamopumetpujom (DSC), TepMOrpaBUMETpPHjCKOM aHaIHU30M
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(TGA), TectoBuMa onpehuBama KOHTAKTHOT yIJIa Ca BOJOM U amcopmnuuje Bome. Pesynratu cy
noxa3anu ga TPU NCs ca BehuM cazpkajeM TBpIUX CeTMeHara noka3syjy Behe BpenHoCTH cTe-
neHa MukpodasHe cenapanvje, TeMIepaType TOIJbEHa TBPAUX CETMEHaTa, CTeleHa KpUCTa-
JTMHAYHOCTH, MOJiyna cadyyBaHe eHepryje (ocum 3a TPU NC-55), anu HHXKY TEPMHUUKY CTaduII-
HocT ¥ xuppododHoct. TPU NC ¢unmosu cy Ounu xuppododHH M HBUXOBA MOBPLIMHCKA
eHepryja je duna y oncery og 17,7 no 24,9 mJ m? OBaj pap uCTHYE KaKO OM Ce IPOMEHOM
cacraBa y TPU NCs nopenraBana (yHKUHOHAMHA CBOjCTBA U 00e30elnI0 NONATHO Iozella-
Bame cacTaBa 3a gu3ajHupame HampepnHux TPU NC matepujana 3a crendjanHe Suomenu-
LUHCKE TIPUMEHE.

(ITpumbeno 23. dedpyapa, pesunupano 10. anpuna, mpuxsaheno 19. anpuna 2022)
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Nanocomposites made from thermoplastic linear
poly(urethane-siloxane) and organoclay:
Composition impact on the properties
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and 3Institute of Macromolecular Chemistry CAS (IMC), Heyrovsky Sq. 2, 16206 Prague 6,

Czech Republic

J. Serb. Chem. Soc. 87 (10) (2022) 1203-1218
Preparation of TPU NCs

The TPU NCs were synthesized under the following polymerization
conditions:'’ the molar ratio of NCO/OH groups was 1.05/1.0, the amount of the
catalyst was 0.15 mol.% Sn(Oct),/PDMS macrodiol, and a mixture of 1/1, V/V
DMAC/THF was used. For the clay dispersion in DMAc/THF, intensive mixing
with a magnetic stirrer (1000 rpm) for 10 h at room temperature and for 2 h at
50 °C, followed by sonication at 25 °C for 1 h were applied. During the first step,
a predetermined amount of clay dispersion was added dropwise into the PDMS
macrodiol solution of DMA/THF in a 100 mL flask equipped with a mechanical
stirrer, an argon inlet, a dropping funnel and a reflux condenser. This reaction
mixture was stirred for 1 h at room temperature under an argon atmosphere. Then
MDI was added to the flask and catalyst Sn(Oct), solution and the mixture
reacted at 40 °C for 30 minutes under continuous stirring to give NCO-
terminated prepolymer. During the second step, a solution of BD in DMAc/THF
(1/1, V/V) was charged into the prepolymer and the reaction mixture was stirred
and kept at 50 °C for 10 h. Then, sonication (30 minutes, at 25 °C) was performed
to get better dispersion of organoclay in final TPU NCs. Finally, the resultant
dispersion was cast into Teflon moulds and then heated in an oven at 40 °C for
24 h. Solvent residue was evaporated by drying in a vacuum oven (66.7 Pa) at 60
°C for 24 h to constant mass. All TPU NC films were allowed to age at room
temperature in desiccators for at least 2 weeks prior the characterization.

* Corresponding author. E-mail: marijav@chem.bg.ac.rs
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Surface energy calculation
The surface free energy of TPU and TPU-NCs was calculated by:"

7.y (1+cos@) = 2\/ YA AR \/ Y Vv t \/ Y Vv (S-1)

where s the contact angles of distilled water, formamide and diiodomethane on
the surface of TPU NCs; ys, 7", y*° represent the surface free energy, dispersion
component and polar component, respectively; y" and y~ represent the Lewis acid
parameter and the Lewis base parameter of the surface free energy, respectively;
yLv is the surface tension of the test liquid. Values of surface tension for distilled
water, formamide and diiodomethane needed to solve these equations are listed
in previously published papers.'” The total surface free energy, as well as its
dispersive and polar components, could be determined by solving eq. S-1,
because yLVLW, yL\f and y_y are all available.

Water absorption calculation

The weight percent of the water absorption was calculated by:

. Wy — Wy,
Water absorption =— =100 (S-2)
Wy,

where, wy, is the weight of the fully hydrated sample and wy, is the weight of the
dried sample.

Degree of phase separation calculation

The degree of phase separation (DPS) in TPU NCs can be calculated by
- 10,16
using:

DPS — Abonded.tot — A1703 + A1715 (8-3)

ATot A1703 + A1715 + A1733
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Fig. S-1. A) Chemical structures of starting reactants; B) schematic representation of synthesis
of TPU based on PDMS as soft segment and MDI-BD as hard segment; C) Cloisite 30B clay
modifier (methyl-tallow-bis-2-hydroxyethyl quaternary ammonium salt) attached on
negatively charged clay nanolayers, T is tallow (~65 % C18, ~30 % C16, ~5 % C14) and
D) photographs of the prepared TPU NC films.
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Fig. S-2. WAXS patterns of TPU NCs
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Fig. S-3. SEM images of fractured surfaces of TPU NC films at magnification x3000.
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Fig. S-4. (a) 2D height and (b) 2D phase AFM images of TPU NCs at 10 x 10 pm’.
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Fig. S-5. DSC curves of TPU NCs obtained during the second heating (a) and cooling (b) run.

Table S-1. Band assignments in the FTIR spectra of TPU NCs

v/cm' Band assignments
3310 stretching vibrations of hydrogen-bonded urethane N-H groups
2960 asymmetric stretching vibrations of CH, groups
2900 symmetric stretching vibrations of CH, groups
1735 stretching vibrations of free urethane C=0 groups
1720 stretching vibrations of disordered urethane C=0 groups
1705 stretching vibrations of hydrogen-bonded urethane C=0O groups in hard domains
1590 C=C stretching vibrations in the aromatic rings
1530 amide II vibrations
1230 amide III vibrations
1105 stretching vibrations of C-O-C and Si-O-Si bands
1010 stretching vibrations of C-O-C and Si-O-Si bands
800 rocking vibration of C-H in SiCHj,4
523 bending vibration of Si-O-Al
461 rocking vibration of Si—O-Si

Available on line at www.shd.org.rs/JSCS/
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Table S-II. Deconvolution results of TPU NCs, determined from FTIR spectra

Fraction, %

: o,
Material (Czo)free (C:O)HB—disordered (C:O)HB-nrdered NHHB NHfree DP87 %
TPU-NC20 14.5 15.1 70.4 84.3 15.7 85.5
TPU-NC35 13.2 10.6 76.2 88.9 11.1 86.8
TPU-NC45 8.1 9.4 82.5 92.4 7.6 91.9
TPU-NC50 6.9 9.1 84.0 94.5 5.5 93.1
TPU-NCS55 6.1 7.2 86.7 94.9 5.1 93.9

Table S-III. Integral intensities of the three peaks into which the XRD data could be
decomposed

Integral intensity, arbitrary units

Material Peak 1-12.22°  Peak 2.17.6°  Peak 3.21.0°  ‘morphous ratio, %
TPU-NC20 44.0 107.9 521.0 16
TPU-NC35 54.6 192.5 2698 37
TPU-NC45 51.8 884 3957 17
TPU-NC50 482 113.7 4934 17
TPU-NC55 10.5 3.46 192.6 2

Table S-IV. Surface roughness determined by AFM and water absorption values of TPU NCs

Material Surface area, pm? Rqﬁ'= /nm R, /nm Ry, /nm Water absorption, wt.%
TPU-NC20 100 14.4 10.8 105 0.52+0.02
TPU-NC35 101 47.1 35.8 340 0.69+0.03
TPU-NC45 106 56.6 42.8 505 0.70+0.02
TPU-NC50 113 255 210 1629 0.97+0.02
TPU-NC55 107 59.9 46.2 558 1.11+0.03

Surface area: the total area of examined sample surface (the three-dimensioned area of a given region expressed
as the sum of the area of all the triangles formed by three adjacent data points); R, (rms): the standard deviation
of the Z values for height images are nm and degrees for phase images within the given area; R,” (mean
roughness): the mean value of the surface relative to the center place; Ry (max height): the difference in
height between the highest and lowest points on the surface relative to the mean plane; mean: the average of all
Z values within the enclosed area; Water absorption values are given with their standard deviations.

Table S-V. TGA and DSC results of the prepared TPU NCs

t/°C Residue yield t/°C AH,,/ tgs/! AH/

Material sy, f100 fs0% fona at650°C, % ty tens Jg' °C Tg! Xel %
TPU-NC20 295 305 344 328/406/422 4.9 60 153 42 94 30 46
TPU-NC35 295 306 341  329/460 5.5 109 180 62 101 34 68
TPU-NC45 293 306 339  330/435 8.5 110 183 83 107 58 9.1
TPU-NC50 289 306 341  332/463 9.0 110 182 86 115 67 94
TPU-NC55 288 304 339  330/506 11.7 112 184/206 84 119 7.5 92
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Table S-VI. Storage modulus and phase transitions of TPU NCs

Material G' at 25 °C / MPa topms "/ °C 5™/ °C tusp ™%/ °C
TPU-NC20 67 -102 5 75
TPU-NC35 100 -104 1 82
TPU-NC45 180 -109 -3 97
TPU-NC50 340 -112 -5 112
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Abstract: Tire pyrolytic oil (TPO) obtained from thermal pyrolysis of scrap
tires is not a diesel equivalent fuel which can be used directly in vehicles due to
its high density, viscosity, sulfur content, low flash point and low cetane index.
It can only be used in a limited way by mixing with diesel fuel (DF) in amounts
less than 30 %. In this study, the pyrolysis of scrap tires was carried out at a
heating rates of 5 and 10 °C min'! in the range of 450-600 °C, using a mixture
of hierarchical zeolite (HZSM-5), mesoporous silica (MCM-41) and quicklime
(CaOQ) as the catalyst. The obtained TPO and catalytic pyrolytic oil (CPO) were
upgraded by pre-treatment, and distillation consisting of a mixture of Cu(I)-
-loaded mesoporous aluminosilicate (Cu(I)>MAS) and MCM-41, desulfurizat-
ion and decolourization steps, respectively. To obtain diesel-like fuel, the
upgraded catalytic pyrolytic oil (UCPO) and biodiesel (PBD) obtained from
palm oil were blended in certain proportions. Density, viscosity, flash point and
cetane index of the obtained diesel-like fuels were found within the limit values
of diesel fuel.

Keywords: desulfurization; mesoporous zeolite; microporous zeolite; catalytic
pyrolysis; thermal pyrolysis.

INTRODUCTION

The amount of tires produced worldwide is over 1.5 billion tons, expired
tires are replaced with new ones and stored as scrap or waste.!2 The rain water,
which accumulates on the surfaces and interiors of scrap tires which are left
indiscriminately in the environment becomes canter of biological life for pests
such as bacteria and harmful insects. Scrap tires released into the environment
are dangerous for human life and cause the spreading of infectious diseases. Tire
management systems have been established and action plans have been prepared
to combat scrap tires in developed countries.3#* Today, five different methods in
waste management draw attention to prevent waste tires from accumulating in

* Corresponding author. E-mail: usvural@gmail.com
https://doi.org/10.2298/JSC211108048V
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the environment. These encompass: i) reduction, improving the physicochemical
methods used in tire manufacture to increase tire life;3-¢ ii) reuse of tires by
coating or production of raw materials from tires by chemical or thermochemical
methods;”? iii) recovery, direct burning of tires as an energy source;10:11 iv)
recycling, mechanical recovery to produce industrial material (ground rubber), or
thermal recovery to obtain fuel;!2.13 v) regulation, landfill of tires.!4.15

All these solution methods still have not reached the capacity to reduce the
amount of scrap tire accumulation. The most striking of these methods is the
pyrolysis method of scrap tires, which is among the recycling methods. High
market demand fuel and pyrolytic carbon black are produced in the pyrolysis
method. However, low quality pyrolytic oils and pyrolytic carbon black obtained
by pyrolysis of scrap tires are not yet suitable for market demand.!6 Therefore,
improving the quality of the products obtained from pyrolysis in a way that will
respond to the market demand will pave the way for recycling methods, reduce
the amount of scrap tire accumulation and will be a prominent action plan in tire
management systems.

The endothermic thermal decomposition process in which rubber, plastic,
coal, heavy oils and similar hydrocarbons transform into solid residue (pyrolytic
carbon black), liquid oil (pyrolytic oil) and combustible gases (pyrolytic gas) in
an oxygen-free environment at high temperatures is called pyrolysis.!7 In gen-
eral, 40-55 % pyrolytic oil (TPO), 30-40 % pyrolytic carbon black (pCb) and
10-20 % pyrolytic gases are obtained from the pyrolysis of scrap tires. In the
pyrolysis process, variables such as reactor type, temperature, heating rate, cat-
alyst, retention time, feed size of the raw material and flow rate of the carrier
inert gas are the most important factors that determine the yield, physical and
chemical structure of pyrolytic products.

Pyrolysis process of waste tire

Al-Saleh!3 and Aylon!® comparatively explained that fixed bed reactors
(FBR), rotary kiln reactors and fluidized bed reactors are the most commonly
used reactor models for the pyrolysis of scrap tires. Fixed bed reactors are slow
pyrolysis model with long residence time (minutes to hours) and low heating
rate. Since there is no mixing, homogeneous heat distribution and homogeneous
catalyst distribution cannot be achieved in the reactor. Tire processing capacity is
low due to the problem of heat transfer to the inner parts of the reactor. Since
mechanical problems are experienced due to rubber wires in stirred FBR reactors,
it is not preferred in applications. Although the heat and catalyst mix homogene-
ously in the rotary kiln reactors, the rubber processing capacity is limited due to
the high bulk volume of the tires. In continuous rotary reactors, additional pro-
cessing costs are incurred due to the small tire size loading requirement. Fluid-
ized bed reactors are known as flash pyrolysis and the retention time is in the
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order of seconds. However, since it requires tires in the form of granules with a
high surface area and the rubber feed rate to the reactor is lower than the heating
fluid. In order to achieve high tire processing capacity, it is necessary to set up
very large volume processes. Therefore, fluidized bed reactors are generally in
the form of pilot plants with a tire feeding capacity of 200 kg h~1. Thermal con-
version rates of tires are close to each other in fluidized bed reactors and fixed-
-bed reactors. The only difference in reactor types is that the retention and pyro-
lysis times are longer in the fixed bed reactor.

The effects of temperature,!822 heating rate,23-26 catalyst27-34 and fuel
blends35:36 on pyrolysis process are discussed in details in the Supplementary
material to this paper.

In this study, pyrolytic oils were obtained from thermal and catalytic pyro-
lysis of tires in a fixed bed reactor at atmospheric pressure, in the range of 450 to
600 °C. Density, viscosity, flash point and cetane index of the obtained pyrolytic
oil were upgraded by catalytic distillation and desulfurization methods. By blend-
ing the upgraded pyrolytic oil and biodiesel with high flash point and cetane
indices obtained from palm oil in a wide range, a fuel with physical properties
very similar to diesel was obtained.

EXPERIMENTAL

Cetyltrimethylammonium bromide (CTMAB, 98 %) and sodium aluminate (NaAlO,)
obtained from Sigma—Aldrich, nanocluster zeolite Y (NaY) and HZSM-5 obtained from Jul-
ong Chemical Co., China, sodium silicate solution (8§ % Na,O, 27 % SiO,), CaO obtained
from the local market, polyacrylamide (av. MW 150.000), H,SO4 (97 %), NaOH, Cu(NOs),
and silica gel (particle size 63—200 pm, pore size 6 nm (0.7-0.85 cm? g'! pore volume, surface
area > 480 m? g'!) was obtained from Merck company. Waste tires obtained from local recyc-
ling firms as 5-10 mm sizes. Leco, CHNS-932 elemental analyzer was used for C, H, N, S
analysis in fuel. Viscosity measurements were made according to the ASTM D445 method.
The Ostwald viscometer was filled with the pyrolytic oil sample and kept in a water bath at a
constant temperature of 40 °C for 30 min. Then, the flow time between the two marked lines
was measured with a stopwatch. The kinematic viscosity of the oil was calculated by con-
sidering the flow time and the viscometer calibration constant. The calorific value of the pyro-
lysis oil samples was measured using a U-Therm YX-ZR model semi-automatic calorimeter
according to ASTM D240-09 method. Densities of pyrolytic oils were measured with Anton
Paar DMA 38N density meter according to the ASTM D7777 method. The flash point of the
pyrolytic oil samples was determined using the PMA 500 model Pensky—Martens device
according to the ASTM D93 method.

Mesoporous MCM-41 synthesis

MCM-41 was synthesized according to the method in the literature.3” CTMAB (7.22 g)
was dissolved in 100 cm? distilled water, sodium silicate (26.52 g) was added dropwise to the
solution while stirring. H,SO,4 was added dropwise to the solution until the pH was 11.0. The
mixture was allowed to heat in an oven at 100 °C for 24 h. The precipitate was filtered,
washed, and dried at 55 °C under vacuum, before calcination. The dried precipitate was cal-
cined at 550 °C with a heating rate of 2 °C min’! for 6 h.
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Mesoporous aluminosilicate (MAS) synthesis

MAS was synthesized by two-step method.33 Nanocluster zeolite Y seeds (NaY) were
prepared through the reaction of NaOH (0.088 mol) and NaAlO, (0.10 mol) in H,O (8.5 mol)
with silicate anions (0.9 mol) in the form of sodium silicate solution. The solution was aged
overnight. Then, the seed solution was added to CTMAB (0.27 mol) solution. The pH value
was lowered to 10 with sulfuric acid. The mixture was placed at 100 °C for 24 h. The as-syn-
thesized MAS was calcined under nitrogen atmosphere at 550 °C for 1 h, and then in the air at
the same temperature for 6 h.

Cu(l)-MAS synthesis

Cu(I)-MAS was synthesized according to the method in the literature.’® Ion exchange
was performed by mixing MAS with 0.5 M Cu(NOs3), solution for 24 h. Then, the filtered ads-
orbent was dried at 100 °C for 24 h. Finally, Cu™? was reduced to Cu" by calcining in a nitro-
gen atmosphere at 450 °C for 3 h.

Pyrolysis experiment

Pyrolysis experiments were carried out in an apparatus consisting of a fixed-bad reactor,
condenser, and desulfurization equipment of non-condensed gases. The fixed-bed reactor with
a diameter of 100 mm and a height of 200 mm is made of 2 mm stainless steel and a 4 kW
electric heater is mounted. The reactor was isolated by wrapping it with silica wool. Tempe-
rature and pressure in the reactor were controlled by PID. A tube bundle condenser with a
length of 700 mm and a diameter of 100 mm was used to condense and separate the pyrolytic
gases. The non-condensed gases were desulfurized by passing through a container with a basic
solution and burned directly. The pyrolysis process was carried out at atmospheric pressure
using inert N, carrier gas (a flow rate of 5 L min’!). The scrap tire composition used is given
in Table I. Shredded tire pieces and catalyst (40 wt.% HZSM-5 + 40 wt.% MCM-41 + 10
wt.% CaO) were put into the reactor and the pyrolysis was carried out at 450, 500, 550 and
600 °C with different heating rate. The pyrolytic gases were cooled by passing through the
heat exchanger and the pyrolytic liquid products were collected in a collection vessel, the non-
condensed gases were burned by passing through a solution containing 4 M NaOH. In the
pyrolysis experiment, yields were calculated from the amount of pyrolytic liquid and the
amount of carbon black remaining in the reactor. The amount of gas was calculated as the
remaining balance from the sum of pyrolytic oil and carbon black:

Content of pyrolytic oil, wt.% = 100(Pyrolytic oil weight/Total tire weight) €8
Pyrolytic gas weight = Waste tire weight — (pyrolytic oil weight + pCB weight) 2)

TABLE I. Waste tire composition

Ultimate analysis Content, wt. %
C 86

H 8

N 1

S 2
Proximate analysis

Volatiles 62
Fixed carbon 30

Ash 7
Moistures 1
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Upgrade of pyrolytic oils (UTPO)

Refinement of pyrolytic oils consists of pretreatment, atmospheric distillation, desul-
furization and decolourization, respectively.38

Pre-treatment and settling of sludge

The precipitation of undesirable components such as water and tar from the pyrolytic oil
was carried out according to the methods in the literature.3*40 The pyrolytic oil and a floccul-
ant/coagulant containing 0.2 wt. % polyacrylamide and 0.5 wt. % sodium silicate was mixed
with an air compressor at 60 °C for 2 h, then left for 6 h to precipitate the asphaltenes. Thus,
the residue and water were separated from the pyrolytic oil.

Distillation

Some 600 cm? of the supernatant were placed in a packed column-mounted distillation
kettle. The filled column mounted on the distillation kettle has a diameter of 32 mm and a
height of 400 mm. Ceramic wool was placed at the bottom of the column and zeolite ads-
orbent (50 % Cu(I)-MAS + 50 % MCM-41) was filled on the column. The distillates were
collected in the collection vessels between 55 and 360 °C. The non-condensed gases were
burned in the burner after desulphurization by passing from a 4 M NaOH solution.

Desulfurization and decolourization process

Oxidative desulfurization experiments of pyrolytic oils were carried out according to the
method in the literature.3° Distilled pyrolytic oil (100 cm?), 3 cm? of 30 % by weight H,O,,
5 cm? deionized water, 4 cm3 formic acid and 0.7 g activated carbon were mixture in 250 cm?
of a beaker with a mechanical stirrer (100 rpm) at 60 °C for 60 min. At the end of the reaction,
the oxidized oil separated from the mixture was washed with 50 cm? of 5 % by weight sodium
carbonate solution and dried over anhydrous sodium sulphate. The pyrolytic oil obtained after
drying was mixed with 2 % silica gel at 60 °C for 1 h, the sulphur and impurities remaining in
the oil were adsorbed, its colour was lightened and filtered as upgraded tire pyrolytic oil.

Synthesized palm oil biodiesel (PBD)

Biodiesel from palm oil is synthesized according to the method in the literature.*! Palm
oil was mixed with solution of 0.3 % NaOH in 6:1 ratio of methanol. The mixture was stirred
at 600 rpm for 4 h by heating at 64 °C below the boiling point of methanol, 65 °C, to prevent
methanol evaporation. The solution was left overnight to separate the glycerine from the syn-
thesized biodiesel mixture. The solution was left overnight to separate the glycerine from the
synthesized biodiesel mixture. The glycerine phase was separated from the biodiesel phase,
the biodiesel phase was heated up to 80 °C and excess methanol was evaporated. After the
solution was washed 3 times with deionized water at 45 °C, excess water was removed from
the biodiesel by evaporation at 110 °C. The obtained biodiesel was mixed with 1 wt. % silica
gel for 1 h at 60 °C and filtered. The obtained PBD was mixed with the UTPO in certain pro-
portions to obtain fuel blends.

RESULTS AND DISCUSSION
Purification of pyrolytic oils consists of desulphurization and decolorization
stages of distilled pyrolytic oil, after the separation of tar and heavy phases by
distillation method. Even if pyrolytic fuels are upgraded by distillation and

desulphurization method, combustion problems continue in diesel engines due to
their low cetane index and low flash point.42
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In this study, the improvement of pyrolytic oil was started at the pyrolysis
stage. With catalytic pyrolysis, the physical properties of crude pyrolytic oil have
been improved compared to the pyrolysis method without catalyst. After the
pyrolysis step, the pyrolytic oil was upgraded by catalytic distillation and desul-
furization method. Finally, palm oil was blended with biodiesel to improve its
physical properties such as viscosity, flash point and cetane index to obtain
diesel-like fuel. Thus, pyrolytic oils have reached a more economical, sustainable
alternative energy quality in diesel engines with more problem-free combustion
properties, and are intended to be blended with a more environmentally friendly
second fuel at high rates without the need for a limited blending with diesel fuel.

Thermal pyrolytic oil (TPO) and catalytic pyrolytic oil (CPO) were obtained
from thermal and catalytic pyrolysis of scrap tires using 1 and 2 % catalysts, at
450-600 °C with heating rates of 5 and 10 °C min—!. TPO and CPO were
upgraded with catalytic distillation, desulfurization and decolourization methods
to obtain upgraded thermal pyrolytic oil (UTPO) and upgraded catalytic pyrolytic
oil (UCPO). As an exemplary study, UCPO at 600 °C with a heating rate of 5 °C
min~—! and PBD were blended in different mixing ratios to obtain diesel-like fuel.
Since the pyrolysis experiments were carried out in a fixed-bed reactor, at cons-
tant inert nitrogen gas flow, with equivalent tire sizes, other variables such as:
temperature, heating rate, the effect of the catalyst, which are other factors
affecting pyrolysis, are explained below. In this study, since it is aimed to obtain
diesel-like fuel from pyrolytic oils, carbon black and pyrolytic gases are not
emphasized.

Pyrolysis process of waste tire

In order to study the effects of temperature and catalyst on pyrolysis in lab-
oratory-scale experiments, the fixed-bed reactor type is more suitable and more
practical to set up. In this study, an industrially applicable fixed-bed pyrolysis
method was used in pyrolysis experiments. In order to obtain a larger heating sur-
face area, the pyrolysis process was carried out in a horizontal reactor, since the
carbon black deposited at the bottom of the vertical reactors makes heat transfer
difficult and the bottom of the reactor has a low surface area. Thus, not only is
heat transfer improved, but the retention times of cracked molecules are reduced.
The empty volume of pyrolysis reactor (the 10 cm diameter and 20 cm length)
used in the experiments is 1.570 g cm=3. The bulk volume of 5-10 mm sized tire
pieces?3 is 0.546 g cm3, and theoretically 0.857 g of rubber pieces can be filled
into the reactor according to the 100 % filling rate. In the experiments, 25-30
vol. % of rubber pieces was filled into the reactor. The pyrolysis experiments
were carried at atmospheric pressure, using inert carrier N gas at a flow rate of 5
L min~!. The main variables are temperature, heating rate and amount of catalyst
at pyrolysis experiments. Since the combination of microporous and mesoporous
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zeolite is used in the pyrolysis process, although the thermal decomposition rate
is high, secondary reactions are minimized with mesoporous MCM-41 and car-
rier nitrogen gas.

Temperature

Thermocatalytic degradation of polymers is faster at high temperatures. At
higher temperatures, the residence time is shorter in the polymer phase, and
secondary reactions occur in the vapor phase. Therefore, as the polymer breaks
down into smaller molecules and the gasification rate increases, pyrolytic oil
yield and fuel quality increase. As the components decompose at high tempera-
tures, undesirable components such as sulphur, residual carbon, moisture and ash
will be reduced and the quality of pyrolytic products (carbon black and pyrolytic
oil) will increase.44-43

As it can be seen in Fig. 1, the pyrolytic oil yield increased up to 500 °C and
decreased between 500 and 600 °C. The Fig. 2 shows that the pyrolytic gas yield
increases regularly from 450 to 600 °C. There is no significant deviation in the
carbon black yield, the carbon black amount is within the expected values. In the
pyrolysis experiments, the lowest amount of pyrolytic oil was obtained at 600 °C,
at 10 °C min~! heating rate, and the highest amount of pyrolytic oil was obtained
at 450 °C, at 5 °C min~! heating rate.

= —a—TPO
: 48
S —&—CPO, 1% Catalyst
- 47
2 —8— (PO, 2 % Catalyst
E_ 46
B 15
2
5 a1
[
> 43
o
42
450 475 500 525 550 575 600
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Fig. 1. The relationship of pyrolytic oil yield from catalytic pyrolysis and
thermal pyrolysis with temperature, heating rate of 5 °C min™!.
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Fig. 2. The amount of pyrolytic gas obtained from pyrolysis between 450—-600 °C, heating rate
of 5 and 10 °C min’!, with 1 and 2 % catalyst.
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The retention time in the polymer phase is longer at 450 °C. The highest
pyrolytic carbon black was obtained from thermal pyrolysis at 450 °C, 42.62 %
(Fig. 3). In the experiments carried out with 2 % catalyst and 10 °C min~!
heating rate, it is seen that carbon black decreases from 34.36 to 32.46 % levels
at 500 °C. As can be understood from here, the thermal degradation of the
polymer reached its maximum level up to 500 °C. While the change in the
amount of carbon black decreased after 500 °C, gas formation continued to inc-
rease. As it can see in Tables II-IV, although the pyrolytic oil yield is higher at
low temperatures, the physical properties of pyrolytic oil are closer to high-
temperature diesel fuel. In pyrolysis processes, it is desirable to obtain higher
quality pyrolytic oil instead of high efficiency. For this reason, high pyrolysis
temperature should be preferred to obtain diesel-like fuel.

44 - 4262

n - O
R 39.89 0450 °C
s 40 - O o o
g 37.85 ©500°C
S8 m g 36,26 8 36.75
S L@ o ° g 35.22
4 u o 36.56 ]
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832 ¢ o 33.18
E 32.26 32.46
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Heating rate, °C min (Content of catalyst. wt. %)
Fig. 3. The amount of pyrolytic carbon black obtained from pyrolysis between 450 and
600 °C, heating rate of 5 and 10 °C min’!, with 1 and 2 % of catalyst.

TABLE II. Physicochemical properties of pyrolytic oil (TPO) and upgraded pyrolytic oil
(UTPO) obtained from thermal pyrolysis at different temperatures

t/°C
Pyrolytic oil properties 450 500 550 600 450 500 550 600
TPO UTPO
C content, wt. % 84.56 84.60 84.89 8538 86.43 86.34 86.65 87.30
H content, wt. % 1092 10.89 10.79 1048 11.14 11.11 11.01 10.69
N content, wt. % 0.87 092 098 129 026 028 0.29 0.39
S content, wt. % 1.83 1.62 159 151 037 032 032 0.30
Ash content, wt. % 1.82 197 175 134 180 195 173 1.33
Moisture content, wt. % 593 571 4.62 427 030 029 023 0.21
Content of residue carbon, wt. % 2.47 2.11 1.89 182 025 021 0.19 0.18
GCV?/MIJ kg'! 40.18 4091 41.71 42.16 42.19 4296 43.80 44.27
Density, kg m™ 920.74 915.27 905.45 895.18 874.70 869.51 860.18 850.42
P/ cSt at 40 °C 597 576 522 436 387 3.62 332 284
Flash point, °C 36.00 34.00 33.00 29.00s 37.08 35.02 33.99 29.87

X b, . T -
Gross calorific value; kinematic viscosity
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TABLE III. Physicochemical properties of catalytic tire pyrolytic oil (CPO) and upgraded
catalytic pyrolytic oil (UCPO) with 1 wt. % of catalyst

t/°C
Pyrolytic oil properties 450 500 550 600 450 500 550 600
CPO with 1 % catalyst UCPO with 1 % catalyst
C content, wt. % 84.62 84.67 84.95 8542 86.41 86.34 86.63 87.25
H content, wt. % 11.14 11.11 11.01 10.69 11.36 11.33 11.23 10.90
N content, wt. % 0.83 087 093 123 025 026 028 037
S content, wt. % 1.78 157 154 146 036 031 031 0.29
Ash content, wt. % 1.64 177 158 121 1.62 176 156 1.19
Moisture content, wt. % 356 343 277 256 0.18 0.17 0.14 0.13
Content of residue carbon, wt. % 198 1.69 151 146 020 0.17 0.15 0.15
GCV?/MJ kg'! 4139 42.14 4296 43.42 4345 4340 4425 4473
Density, kg m™ 856.29 851.20 842.07 832.52 847.73 842.69 833.65 824.19
W /¢St at 40 °C 5.55 504 485 399 342 321 274 218
Flash point, °C 36.36 34.34 33.33 29.29 37.45 3537 3433 30.17

- by .
Gross calorific value; "kinematic viscosity

TABLE 1V. Physicochemical properties of catalytic tire pyrolytic oil (CPO) and upgraded
catalytic pyrolytic oil (UCPO) with 2 wt. % of catalyst

t/°C
Content of pyrolytic oil 450 500 550 600 450 500 550 600
CPO with 2 % catalyst UCPO with 2 % catalyst
C content, wt % 85.73 85.95 86.34 86.99 87.34 87.64 88.00 88.67
H content, wt % 10.84 10.79 10.74 10.13 10.95 1090 10.85 10.23
N content, wt % 0.57 076 081 093 0.17 023 024 028
S content, wt % 1.64 157 149 141 033 031 030 0.28
Ash content, wt. % 122 093 062 054 121 092 061 0.53
Moisture content, wt. % 320 3.08 249 231 0.16 0.15 0.12 0.12
Content of residue carbon, wt.% 1.78 1.52 136 1.31 0.18 0.15 0.14 0.13
GCV2/MJ kg'! 40.82 4147 42.11 43.12 42.04 4271 43.37 4441
Density, kg m™ 858.71 852.14 848.43 842.11 850.12 843.62 839.95 833.69
W /¢St at 40 °C 492 462 432 376 357 346 322 2.57
Flash point, °C 36.54 34.51 33.50 29.44 37.64 35.55 34.50 30.32

- by .
Gross calorific value; "kinematic viscosity

As it can be seen in Tables II-1V, in the thermal pyrolysis and catalytic pyro-
lysis experiments between 450 and 600 °C, a decrease was observed in para-
meters which decrease fuel quality such as sulphur value, ash, residual carbon,
and moisture with an increase in temperature. Gross calorific value of pyrolytic
oils increased, viscosity, density and flash point decreased. It can be seen that
there is an improvement in the physical properties of the oil at high temperature.

Heating rate

As the heating rate increases, the density and efficiency of the pyrolytic oil
decrease as a result of the increase in secondary reactions, since the retention
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time in the vapor phase is prolonged. As the retention time of cracked molecules
decreases, secondary reactions such as secondary repolymerization and isomer-
ization decrease. As the heating rate decreases, the retention time in the polymer
phase increases and the density of the pyrolytic oil, tar formation, coking inc-
reases, and the pyrolytic oil yield increases.

In this study, as it can be seen in Fig. 1, the highest pyrolytic oil yield was
obtained from thermal pyrolysis, similar to the results found by the researchers.
As the temperature increased, maximum oil yield was obtained at 500 °C, and
pyrolytic oil yield decreased after 500 °C. Figs. 1 and 2 clearly show that the
optimum pyrolysis temperature is 500 °C to obtain the highest amount of pyro-
lytic oil, and secondary reactions (gasification) increase in the range of 450-600 °C.
The lowest pyrolytic oil was obtained at 600 °C, with a heating rate of 10 °C
min~!l. As it can be seen in Tables III and IV, although the pyrolytic oil obtained
from pyrolysis without catalyst has the highest efficiency, the physical properties
of the fuel obtained from the catalytic pyrolysis experiments are closer to diesel fuel.

Catalyst

Microporous HZSM-5 and mesoporous ZSM-5, whose pore diameter is
smaller than MCM-41, increase the gasification rate by converting molecules
into smaller molecules by vapor phase secondary reactions. Although MCM-41
has the ideal pore size to break up large molecules, it is easily deactivated due to
its weak acidic structure and large pore volume. For these reasons, mesoporous
and microporous catalyst combinations were preferred to obtain better fuel qual-
ity pyrolytic products such as diesel and kerosene by minimizing the gasification
rate, taking into account the prolongation of the retention time in the vapor phase
depending on the temperature increase in the catalytic cracking experiments.

In this study, a mixture of 40 % HZSM-5 + 40 % MCM-41 + 10 % CaO was
used as a catalyst in pyrolysis experiments. The thermal cracking rate of HZSM-5
is higher than MCM-41. The use of HZSM-5 alone increases the amount of
uncondensed gas. Therefore, HZSM-5 and MCM-41 were mixed in equivalent
ratios to reduce the amount of non-condensable gas and increase the pyrolytic oil
yield. The amount of aromatic components was reduced by adding basic CaO to
the catalyst mixture.*6 It was observed that 1 and 2 % catalyst amount was suf-
ficient for thermal cracking of the tires.

Upgrading of thermal and catalytic pyrolytic oil

Thermal and catalytic pyrolytic oils have been upgraded through pretreat-
ment, distillation, desulphurization and decolourization steps. The results from
Tables II-1V show the physical properties of pyrolytic oil and upgraded pyrolytic
oil obtained from pyrolysis experiments without catalyst, using 1 % catalyst and
2 % catalyst, respectively. Ash, moisture and residual carbon content of pyrolytic
oils decrease with increasing temperature. As the pyrolysis temperature inc-
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reased, the impurities were minimized, and the fuel quality was improved by
distillation of the pyrolytic oil. The impurities reached the lowest value in the
obtained pyrolytic oils at 600 °C. The carbon content of pyrolytic oil and
upgraded pyrolytic oil increases as the temperature increases. The higher the car-
bon content of the fuel is, the higher is the gross calorific value. As the nitrogen
value is improved in the upgraded pyrolytic fuels, lower NOy emissions occur.

As it can be seen in Table II, the physical properties of TPO and
upgraded thermal pyrolytic oil (UTPO) are incompatible with diesel fuel, since
thermal pyrolytic oil has high density and viscosity, low flash point and cetane
index (CI). In order to obtain a diesel-like fuel, the TPO must be upgraded and
blended with biodiesel derived from palm oil or animal fats (CI > 70)*7 with a
high cetane index and flash point.

UCPO obtained by catalytic pyrolysis method has better fuel properties than
upgraded thermal pyrolytic oil, the results are given in Tables III and IV. Density
and viscosity of UCPO were lower than CPO and closer to conventional DF
values. The flash point and the cetane index are the two most important factors
preventing the direct use of UCPO in vehicles. Pyrolytic oil has a low flash point
and low cetane index due to its high aromatic content. Mixing pyrolytic oils
directly with diesel fuel in limited proportion is insufficient to solve the prob-
lems. However, it seems that the problem is solved with UCPO and PBD mix-
tures at higher ratios than diesel fuel.

As it can be seen from the results of the sample study shown in Table V, the
cetane index, density, viscosity, flash point and calorific values of the fuel blends
of UCPO and PBD were significantly improved. The resulting blended fuel is a
diesel-like fuel and can be used directly as a diesel equivalent fuel by adding
engine preservatives and combustion-improving additives.*8

TABLE V. Physicochemical properties of upgraded catalytic pyrolytic oil (UCPO), palm oil
biodiesel (PBD), blends of UCPO with PBD, and comparison with diesel fuel (DF); content of
catalyst is 2 wt. %, pyrolysis temperature is 600 °C. The heating rate is 5 °C min’!

UCPO UCPO UCPO UCPO UCPO UCPO

Properties PBD UCPO 10 20 30 40 50 60 DF
Density, kg m™ 861 834 858 839 852 844 847 848 830
Flash point, °C 168 30 154 55 124 83 95 104 55
Viscosity, cStat 40 °C 492 257 469 299 4.18 347 3.68 3.82 254
GCV /MJ kg! 39 44 40 43 41 42 42 42 4483
Iodine number, mg I, g1 47 13 43 19 36 26 29 31 1.98
Cetane index 59 37 57 41 52 45 47 49 465
pH 7.11 532 693 564 654 600 6.17 627 54
Distillation
110 % recovery / °C 330 96 240
150 9% recovery / °C 342 220 278
190 % recovery / °C 360 350 330
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It is clear from all these results that density, viscosity, flash point and
cetane index must be optimized to convert pyrolytic oils into a diesel-like fuel. In
the experiments performed with 1 % catalyst in Table III, it can be seen that the
density and viscosity are slightly different from diesel fuel at 450 °C, and the
upgraded pyrolytic oils obtained at other temperatures are more suitable for
blending with palm biodiesel. In Table IV, in the experiments performed with 2
% catalyst, it was observed that the density and viscosity values of the upgraded
pyrolytic oil were slightly higher than in the experiments performed with 1 %
catalyst. Similar to UCPO and PBD blends obtained at 600 °C with 2 % catalyst,
biodiesel blends of upgraded catalytic pyrolytic oils obtained at 450-600 °C
using 1 or 2 % catalyst are also diesel-like fuels. However, mixing ratios should
be determined in accordance with diesel fuels by considering density, viscosity,
flash point and cetane index in blended fuels.

Pre-treatment

Before distillation, water and asphaltenes in the pyrolytic oil were precipit-
ated and separated from the pyrolytic oil with the help of coagulators. Polyacryl-
amide, which is effective at 60 °C, was chosen as the coagulant.3 Sodium silic-
ates have been used to increase the precipitation rate and to disperse water and
asphaltenes.40 Compared to sulfuric acid, material loss is less, takes a shorter
time, and the coking problems caused by metallic impurities and asphaltenes in
distillation are minimized.

Distillation

The crude pyrolytic oil separated from water, metallic impurities and
asphaltenes as a result of pre-treatment were distilled between 50 and 350 °C in a
column-filled distillation apparatus containing the mixture of 50 % Cu-MAS +
+ 50 % MCM-41 as the catalyst. The molecular sieve not only separates sulphur-
containing mercaptans from the fuel in the vapour phase but also removes
reduced branched structures or unwanted high molecular structures. As it can be
seen in Tables II-1V, a fuel with much better physical values were obtained as a
result of desulfurization and decolourization after distillation.

The distillation of crude pyrolytic oil in a single fraction increases the amount of
fuel suitable for the purpose due to all fractions of pyrolytic oils having a high
aromatic structure, low cetane index and low flash point. In this study, pyrolytic
oils were distilled at between 50 and 350 °C without fractionation to obtain a
single-phase distillate. As it can be seen in Table V, although the physical pro-
perties of pyrolytic oil and distillates obtained from thermal and catalytic pyro-
lysis seem suitable for diesel-like fuel, it is not a suitable fuel that can be used
instead of diesel due to low flash point and low cetane index. Therefore, TPO,
CPO or UCPO cause noise, knocking and high emissions of particulate matter in
diesel engines.? To obtain diesel-like fuel, it is necessary to increase the flash
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point and cetane index by reducing the amount of aromatic component in pyro-
lytic oil. The best method to solve these problems is to add other hydrocarbons to
the pyrolytic oil, which improve the physical properties of pyrolytic oils, do not
increase the cost of the fuel, and provide the physical properties of diesel fuel.
The flash point of biodiesel (PBD) obtained from palm oil is 127 °C and its
cetane index is 62, which makes it an environmentally friendly, economical
diesel equivalent fuel. Blending pyrolytic oil and biodiesel solves the problems
related to flash point and cetane index. As it can be seen in Table V, the physical
properties of the fuel blends obtained from the mixture of improved pyrolytic oil
and biodiesel at a ratio of 10-90 % are similar to conventional diesel fuel.

Desulfurization and decolourization mesoporous

In this study, crude pyrolytic oil was distilled using 50 wt.% Cu(I)-MAS +
+ 50 wt. % MCM-41 filled catalytic packed column. Then, sulphur was removed
from the pyrolytic oils by the HyO,-formic acid desulphurization method. As a
result of this combination, the sulphur values of the pyrolytic oil were signific-
antly reduced. As it can be seen in Tables II-1V, after distillation, the sulphur
value decreased from 1.49 to 0.28 % as a result of desulphurization. The sulphur
content in the distilled pyrolytic oil was 81 % removed. It has been understood
that the catalytic tower plays an important role in desulfurization.

The silica gel added in the last step of the desulfurization process adsorbed
both the remaining sulphur and the impurities. The colour of the distillates
obtained from the packed column is orange—yellow. After treating the distillate
with silica gel, the colour of the upgraded oil changed to lemon yellow. Since the
oxidation stability of the upgraded pyrolytic oil is high, no colour change was
observed for up to 15 days.

Blending of UCPO and PBD to diesel-like fuel

As a case study, fuel blends were obtained from mixtures of different ratios
of PBD and UCPO (2 % of catalyst at 600 °C). In order to use the pyrolytic oil
more efficiently, it is completely distilled as a single phase. The problems caused
by the low cetane index and flash point of the upgraded pyrolytic fuel were
resolved by blending UCPO and PBD. Thus, the fuel obtained by blending
UCPO and PBD can be used directly as diesel-like fuel without the need to add
diesel fuel. In addition, a much more economical and useful blended fuel deri-
vative has been obtained since a high percentage of UCPO can be used in the
blended fuel.

Physicochemical properties of pyrolytic oil

Important parameters determining the properties of pyrolytic oils, upgraded
pyrolytic oils and blended fuels3%-3%re explained separately in details in the
Supplementary material.
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CONCLUSION

The resources of fossil fuels, which constitute the majority of the world's
energy needs, are decreasing day by day. In this study, a new method is pre-
sented, namely the use, as diesel fuel, of the pyrolytic oils obtained from the
recycling of environmentally hazardous scrap tires by pyrolysis method. While a
certain fraction of pyrolytic oil was blended with diesel fuels in a limited way,
alternative uses for the majority of them contained uncertainties. In this study, it
has been demonstrated that distilled pyrolytic oil obtained as a result of single-
phase distillation of pyrolytic oils can be mixed with palm oil biodiesel, at a ratio
of 1:1 or more, in order to obtain an edible and sustainable fuel which would be
an alternative to diesel fuels. In this respect, in scrape tire pyrolysis plants, a
study was carried out to support the recycling of scrap tires by pyrolysis method
within the waste management plans by avoiding the uncertainties regarding the
usage areas of pyrolytic oils. Since the sludge remaining from the distillation of
pyrolytic oils is a high-viscosity aromatic-rich phase, supporting studies can be
conducted in order to use this non-distillable phase as an additive in the rubber
industry or asphalt production.

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/11379, or from the corres-
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U3BOL
YHAIIPEBEHO OU3EJI TOPUBO O [TOBOJbIIAHOT TTMPOJIMTUYKOT YJBA
OJOBHUJEHOI [THPOJIM30M I'YMA

UFUK SANCAR VURAL1, SABAN UYSAL? 1 ABDULLAH YINANC®
’Pasabaylr Mh. Mehmetcik Cd. 77/16, Bandirma, Balikesir, Turkey, “Karabuk University, Faculty of Science,

Department of Chemistry, Karabuk, Turkey u *Tekirdag Namik Kemal University, Corlu Vocational School of
Technical Sciences, Corlu, Tekirdag, Turkey

Iuponutnuxo ywe (TPO), 1odHjeHO TEpMUYKOM MUPOJIM30M OTNaSHUX T'yMa, HHje TOpH-
BO €KBUBAJIEHTHO M3y KOjé Ce MOKE KOPUCTUTH OUPEKTHO Y BO3WIMMa, 300T CBOje BelUKe
TYCTHHE, BUCKO3HOCTH M Cafpxaja CyMIlopa, HUCKe Tayke Ma/beha U HUCKOT LIeTaHCKOT WH-
nexca. IToMeHyTO y/be ce MOXXe KOPUCTUTH CamMO OrpaHMYEHO, MELIameM ca AU3el FOPUBOM
(DF), y xonnunHama MawuM of; 30 %. Y 0B0j CTyAHjH, MHUpOIM3a OTNaJHUX T'yMa je CIpo-
BelleHa Ipu Op3uHM 3arpeBawa of 5 u 10 °C min™ y omncery o 450 no 600 °C, xopuurhewmem
MellaBuHe xujepapxujckor 3eonuta (HZSM-5), mesonoposHor cununujym-auokcupa (MCM-
-41) u xwusor kpeua (CaO) xao karanusaropa. Jodujern TPO M KaTaJTUTHYKO MHUPOIUTHYKO
yie (CPO) cy yHanpeheHH npeTxogHOM 00panoM, SeCTUIaljoM CMelle HallyHheHOT Me30I0-
posHor Cu(I) amymunocunukata (Cu(I)-MAS) u MCM-41, a 3aTuM KopalHUMa OICyMIIOpa-
Bamwa U obe3dojaBama. [la du ce HOOWIO rOPUBO CIMYHO AM3ENy, MODOBIIAHO KATATHTUYKO
nuponutryko yibe (UCPO) u uomgusen (PBD) nodujen ox maqiMHUHOT yiba Cy MeEIIaHU Y Ofipe-
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henum pasmepama. I'ycTMHA, BHUCKO3WUTET, Tayka Na/beha M LETAHCKH HMHAEKC JOOHjeHHX
Iu3es ropyusa cy OWiM y rpaHullama rpaHUYHUX BPEJHOCTH JU3eJl ropyBa.
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ADDITIONAL CONSIDERATIONS OF THE PYROLYSIS PROCESS

Temperature. The effect of temperature on pyrolysis is an important factor
which researchers focus on. The researchers have determined that the oil yield
increased until the optimum pyrolysis temperature, then the oil yield decreased as
the temperature increased, but did not change much after a maximum pyrolysis
temperature. The amount of uncondensed gas during pyrolysis increases with
temperature until the whole of the polymer becomes pyrolyzed. It is difficult to
state a specific optimum temperature for the pyrolysis of tires, as the optimum
pyrolysis temperature varies depending on the reactor type and other factors such
as tire size. According to the researchers, maximum oil yield is reached in the
range of 450-500 °C, the amount of oil decreases up to 600 °C, and there is not
much change in the amount of oil above 600 °C. In the pyrolysis experiments
carried out at temperatures below the optimum temperature, it was observed that
the retention and pyrolysis times were prolonged. Coking gas and tar formation
increases with repolymerization reactions, the fuel quality of the oil decreases.
Although the pyrolytic oil yield at high temperature is lower, the physical
properties of the obtained pyrolytic oil are closer to diesel fuel. Therefore, the
pyrolysis temperature is controlled depending on whether the pyrolytic oil is to
be used as a diesel-like fuel or for heating purposes.

Williams et al.! determined the maximum pyrolytic oil yield of 55 % at 450
°C between 450-600 °C in a fixed-bed reactor. They found the highest pyrolytic
oil yield of 45.1 % at 500 °C in the rotary kiln between 450-600 °C. Dai et al.2
found the maximum pyrolytic oil yield of 52 % at 450 °C in tire pyrolysis expe-
riments between 360—810 °C in the fluidized bed reactor. As can be seen from
the studies, the pyrolytic oil yield in the fixed-bed reactor is higher than that of

* Corresponding author. E-mail: usvural@gmail.com
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the rotary kiln (fast pyrolysis) and fluidized bed reactor. Although pyrolysis is
slow in fixed-bed reactors, secondary reactions are less due to the shorter resi-
dence time in the vapor phase. Therefore, the pyrolytic oil yield is higher. Poly-
mer phase and vapor phase catalytic reactions, residence time, temperature con-
trol is easier in fixed-bed reactors. Consequently, more selective products can be
obtained.

Cepic et al.3 in the pyrolysis experiments of tires in the 400-750 °C range,
showed that the oil yield increased from 27 to 43.6 % by increasing the tempe-
rature from 400 to 500 °C, and decreased to 26.6 % at >500 °C. It was observed
that the amount of pyrolytic gas increased regularly from 14.3 to 33.5 % in the
range of 400-720 °C. Since there is no remarkable change in the amount of car-
bon black after 500 °C, it is understood that the pyrolysis of the polymer is com-
pleted at 500 °C. Above this temperature, the pyrolytic oil yield first increases
and then decreases, and the gas amount continues to increase, indicating that
secondary reactions continue in the vapor phase. Alsaleh et al# stated that the
volatile components increase as the retention time in the gas phase is prolonged
at high temperatures, therefore the pyrolytic oil yield decreases. Dai et al.?
obtained the maximum oil yield of 52 % at 450 °C, in their pyrolysis experiments
performed in a fixed bed reactor between 360 °C - 810 °C.

Heating rate. The heating rate is another important factor affecting the ther-
mal degradation rate of the polymer. The heating rate also affects the residence
time of thermally cracked components in the polymer phase and gas phase,
which is one of the most important factors regarding the yield, chemical and
physical properties of the pyrolytic oil. In high temperature pyrolysis processes,
the residence time in the vapour phase is longer than in the polymer phase and
secondary reactions occur in the vapour phase. In low temperature pyrolysis
processes, the retention time in the polymer phase is longer than in the vapour
phase and secondary reactions occur in the polymer phase. Secondary reactions
in the vapour phase break molecules down into smaller molecules. Therefore, the
amount of non-condensable gas at high temperature is higher and pyrolytic oil is
lower. The longer retention time in the polymer phase causes the conversion of
small molecules to large molecules by the repolymerization reaction, and higher
is the pyrolytic oil yield at low temperature. Depending on the heating rate, pyro-
lysis is known as slow and fast pyrolysis. In slow pyrolysis, the pyrolysis tempe-
rature, thermal conduction, and thermal decomposition rate is low, the retention
time can be up to several hours, and the feed size is relatively large. The best
example of slow pyrolysis reactor is fixed-bed reactor. The main product of slow
pyrolysis is carbon black. In fast pyrolysis, the thermal conduction rate is high,
the residence time is short, and the thermal decomposition rate is high. Examples
of fast pyrolysis reactors are rotary reactors and fluidized bed reactors. The main
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product of the fast pyrolysis process is pyrolytic oil, which is much more
valuable than carbon black.

Many researchers have obtained different results in the pyrolysis experi-
ments depending on the heating rate and pyrolysis temperature, in the amounts of
pyrolytic oil and non-condensable gas. Uyumaz et al.> found the highest pyro-
lytic oil yield at 450 °C as 53.3 and 42 wt. %, respectively, in a nitrogen atmo-
sphere of 1000 ml min~!, at a heating rate of 10 and 20 °C min~! in a fixed-bed
reactor. At the same temperature, the amount of pyrolytic gas was determined as
10 and 20.4 wt. %, respectively. Chouya et al.% obtained 40 wt. % pyrolytic oil at
550 °C with the highest efficiency in the experiment performed with a heating
rate of 20 °C min~! in a nitrogen atmosphere between 300600 °C. Aziz et al.”
obtained 40 wt. % pyrolytic oil and 11 wt. % gas at 400 °C from the pyrolysis of
bus tires at a heating rate of 20 °C min~! in the range of 300-500 °C. Banar et
al.3 obtained 38.8 wt. % pyrolytic oil and 27.2 wt. % pyrolytic gas at 400 °C, at a
heating rate of 5 °C min!, in the range of 350-600 °C, from the pyrolysis of
wire-removed tires. As it can be seen in the experiments of the researchers, the
amount of pyrolytic products obtained at the same heating rate or pyrolysis tem-
perature may vary in different studies. From this, it can be understood that not
only the heating rate and pyrolysis temperature are effective on pyrolysis, but
also parameters such as tire size, catalyst and reactor type.

Catalyst. Catalysts play a critical role in the thermochemical processing of
hydrocarbons in terms of promoting targeted reactions, reducing reaction tem-
perature, and improving process system efficiency. Porous heterogeneous
catalysts such as alumina, silica and aluminosilicate are widely used in the
catalytic cracking of heavy hydrocarbons because it is more economical and easy
to find. Zeolites are the most important catalysts used in petrochemical reactions
such as cracking, alkylation, isomerization, oligomerisation, cyclisation,
aromatisation, hydrogenation and hydrodesulfurization, dehydroaromatization,
conversion of methanol to olefins and hydrocarbons. The pore size and acidity of
zeolite-type catalysts are important factors in the catalytic cracking of hydro-
carbons. In general, the catalytic activity of zeolites increases with increasing
surface area, the number of acidic sites, and acid strength. Catalysts with large
surface area and high acid strength increase the rate of degradation of
polyolefins. As the acid strength and pore diameter of the catalyst increase, the
isomerization rate along with the fuel quality also increases. However, the strong
acidity and high pore size cause rapid deactivation of the catalyst. Therefore,
slightly acidic and long-lived catalysts are preferred in the pyrolysis of poly-
olefins. Various studies have shown that the catalysts used during the pyrolysis
process have a significant impact on the quality and quantity of pyrolytic pro-
ducts. Chang et al.® reported the effects of microporous zeolite (ZSM-5),
hierarchical zeolite (HZSM-5) and mesoporous silica (MCM-41) catalysts on the
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cracking of palm oil. Catalytic cracking of vegetable oil over HZSM-5 was found
to produce liquid fuel rich in gasoline fraction. They showed that MCM-41 is
more selective for C5+ olefin products compared to the ZSM-5. The selectivity
of MCM-41 towards particular liquid hydrocarbons such as gasoline, kerosene or
diesel was found to be strongly dependent on the pore size and the surface area of
the catalyst. Due to the higher accessibility of reactants in mesoporous MCM-41,
as compared to zeolite, it is suitable for catalytic reactions dealing with large
molecules. However, the cracking activity of MCM-41 is lower than that of
ZSM-5 zeolite due to the lower acidity and shape selectivity of the mesoporous
materials. Almeida et al.10 described the pore size effect of catalytic on the
cracking of polymers. Catalysts containing strong acid sites, and higher porosity,
are more effective in cracking polyolefins. However, the strong acidity and high
pore size cause rapid deactivation of the catalyst. They observed that the ZSM-5
catalyst allows the cracking of large molecules due to its three-dimensional pore
size. Zhu et al.!l stated that mass transfers of bulk molecules are insufficient in
cracking reactions due to the weak hydrothermal stability and acidity of zeolites
such as mesoporous MCM-41. They stated that the smaller ZSM-5 crystals
increase the rate of dimeric and oligomeric cracking reactions due to their easier
diffusion into the linear and branched polymer matrix, thus ZSM-5 catalysts
show a good catalytic activity. Eze et al.1? reported that when they used a 1:1
ratio of MCM-41 and ZSM-5 catalyst mixture, the degradation rate of plastics
was the highest and a gasoline-like fuel rich in aromatic compounds was
obtained. Ayanoglu et al.!3 distilled pyrolytic oil using lime and natural zeolite
as catalysts and obtained the best results when 10 % lime was used in the expe-
riments. They were obtained 18 % by weight light fraction (such as gasoline), 70
% by weight heavy fraction (such as diesel) and 12 % by weight precipitate phase
in experiments. Li et al.!3 determined the desulfurization ability of mesoporous
molecular sieves (MCM-41), mesoporous aluminosilicate (MAS) and Y-type
zeolite (NaY) catalysts by using hydrotreated naphtha diesel and DPT model
compounds. The pore diameter of MCM-41 (3.51x10-%) and MAS 3.27x109) is
larger than NaY (7.9x10-10 m). The acidic character of adsorbents is NaY>
MAS> MCM-41. For DPT, which is a smaller molecule than hydrotreated diesel,
the desulfurization ability of amorphous microporous NaY is higher than that of
MAS and MCM-41. However, the desulphurization capacity of NaY is reduced
because larger molecules with higher viscosity, such as hydrotreated diesel, block
the microporous NaY. In the experiment with MAS, MCM-41 and NaY catalysts,
the sulfur concentration of hydrotreated diesel decreased from 207 mg L-! to 93,
98 and 135 mg L-!, respectively. To improve the adsorptive desulfurization
properties, stability and acidity of mesoporous molecules, the adsorbent is
modified with transition metals. One of the best examples of modification of
mesoporous structure is MAS. Li et al.!3 found that Cu(l) loaded MAS was more
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effective than MAS, MCM-41 and NaY zeolite. In experiments with Cu(I)-MAS
and MAS adsorbents, 315 mg L-! sulfur value of diesel decreased to 54 mg L-!
and 109 mg L-!, respectively. The authors stated that MAS is more effective
than MCM-41 in the desulphurization process since it is more acidic than
mesoporous MCM-41. Zhang et al.14 reduced the sulfur value of crude pyrolytic
oil and its distillates by 82 % and 84 %, respectively, by oxidative desulphur-
ization using H,Oj-formic acid as the oxidant and selective adsorption with
Al>O3.

Fuel blends. The most suitable method to obtain diesel-like fuel is to blend
pyrolytic oil and biodiesel obtained from animal or vegetable oils with a high
cetane index and flash point. Since the commercial value of other vegetable oils
and animal fats is higher than palm oil, biodiesel produced from palm oil is the
most economical solution to obtaining a fuel blend. Patel et al.15 determined that
when 5 % ethanol is added to a mixture of 95 % pyrolytic oil and diesel (85 %
pyrolytic oil), fuel consumption is reduced, it creates better brake thermal
efficiency and can be used as an alternative fuel for diesel engine without any
engine modification.

Quality of pyrolytic oils

Pyrolytic oils obtained from tires are not suitable for direct use as a diesel
equivalent or diesel like fuel due to their low cetane index, low flash point, high
density and high viscosity. The calorific value of pyrolytic oil is the diesel equi-
valent best feature. During the thermal or catalytic decomposition reactions of
tires, physicochemical properties of pyrolytic oils change depending on
parameters such as temperature, heating rate, inert carrier gas, and tire size and
reactor type. Since aromatic, cyclic, mono- and dimer structures of different sizes
are formed during thermal decomposition, pyrolytic oils do not have a certain
standard chemical structure.

Physicochemical properties of pyrolytic oil

In the following, important parameters determining the properties of pyro-
lytic oils, upgraded pyrolytic oils and blended fuels are attempted to be explained
separately.

Carbon residue. Carbon residue indicates the tendency of oil to deposit a
carbonaceous solid residue on a hot surface, such as a burner or injection nozzle,
when its vaporizable constituents evaporate. Fuel which deposits the minimum
amount of carbon is preferable. As it can be seen in Tables II-IV, carbon residue
was found to be between 0.13 and 0.20 % in UCPO fuels, between 1.30 and 1.98
% in CPO fuels, and 0.7 % in DF. Accordingly, more carbon residues are formed
in the injection and combustion nozzles in CPO than in DF, in UCPO there is not
as much residue in DF. This indicates that diesel fuels would form higher
deposits. Fuels with high carbon residue content could cause increased fouling of
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the gas ways; consequently, more frequent cleaning is necessary, especially of
the turbocharger and exhaust gas boiler.

pH. As it can be seen in Table V, the pH value of UCPO is almost the same
as the known diesel fuel, but very slightly lower. This may be due to components
with acidic functional groups formed during the thermal degradation of rubbers.
The pH of palm biodiesel and UCPO blends is slightly higher than that of diesel
fuels but is not corrosive.

Density. Density is an important factor which determines the combustion
quality and other physicochemical properties of the fuel. Since the density of
alternative fuel is lower than diesel, mechanical failures occur due to the high
pressure formed in the engine as a result of feeding more fuel to the engine, and
also more fuel consumption occurs. The impurities such as water, carbon resi-
dues, and asphaltenes in the pyrolytic oil are the reasons for the high density.
Presumably, the catalyst reduced the conversion of large molecules to smaller
molecules and the amount of water. Table Il shows the density of the pyrolytic
oil obtained from thermal pyrolysis to be between 895.18 and 920.74 kg mol~! in
the temperature range of 450—-600 °C. As it can be seen in Tables III and IV, in
the same temperature range, the densities of the pyrolytic oils obtained from
catalytic pyrolysis with 1 and 2 % catalyst were found to be between 832.52 and
856.29 kg mol-! and between 842.11 and 858.71 kg mol!, respectively. The
density values of CPO were significantly reduced in catalytic pyrolysis. In the
pyrolysis experiments performed with 2 % catalyst, the density values were
found to be slightly higher than 1 % catalyst. From this result, it is understood
that as the amount of mesoporous MCM-41 increases, cracking reactions proceed
in the direction of the formation of liquid molecules, and gasification decreases.
As it can be seen in Table V, the flash point and cetane index of the fuel inc-
reased despite the decrease in density in the catalytic experiments. It is under-
stood from the decrease in the density, the cracking of large molecules into
smaller molecules causes an increase in the aliphatic structure of the fuel and a
decrease in the aromatic structure, and the amount of water mixed into the pyro-
lytic oil also decreases. At the end of the distillation of the pyrolytic fuel with the
packed column, the density value of the fuels obtained as a result of the desul-
furization and filtration of the distillates from the bleaching earth is close to the
conventional diesel fuels. As seen in Table V, the density value of the fuel
obtained by blending up to 60 % of UCPO with PBD was found to be similar to
diesel fuel.

Viscosity. Viscosity is one of the most important factors affecting the com-
bustion quality of the fuel. Low viscosity fuels do not lubricate the pistons
sufficiently, causing piston wear and leaks. Since high viscosity fuels increase
droplet formation during injection, they make combustion difficult, affect fuel
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economy, exhaust emissions and harm the environment. The most ideal viscosity
range for the known diesel is 2—4 ¢St.

The results from Table II show the viscosities of TPO and UTPO in the
range of 450 to 600 °C. The viscosity values of TPO are considerably higher
(4.36 to 5.97 cSt) than conventional diesel fuel, and the viscosity values dec-
reased as the pyrolysis temperature increased. The high viscosity values of TPO
show that it will cause problems even if it is blended with diesel fuels in limited
proportions. The viscosity values of UTPO in the range of 450-600 °C are lower
(2.84-3.87 cSt) than TPO and are equivalent to conventional diesel fuels. This
shows that the upgraded thermal pyrolytic oil can be blended with other diesel-
-like fuels or diesel fuel in any ratio.

As it can be seen in Tables III and 1V, the viscosity values of the upgraded
pyrolytic oils obtained from catalytic pyrolysis were significantly improved. As
can be seen in Table III, the viscosity values of UCPO obtained in range of 450
to 600 °C using 1 % catalyst were found between 2.18 and 3.42 cSt, and slightly
better than the viscosity values of UTPO. These results show that the viscosity
values of UCPO are equal to the conventional diesel fuels. As can be seen in
Table 1V, the viscosity value of the upgraded pyrolytic oils obtained from the
pyrolysis experiments performed with 2 % catalyst was found to be slightly
higher than the study performed with 1 % catalyst. The viscosities of the
upgraded pyrolytic oils were found between 2.57 and 3.57 ¢St (Table IV). As can
be seen in Table V, fuel blends of UCPO with PBD in all mixing ratios can be
used as diesel-like fuel.

From these results, it was understood that the viscosity of the pyrolytic oils
decreased as the pyrolysis temperature increased, the viscosity of the pyrolytic oil
increased slightly due to the secondary reactions triggering the formation of
larger molecules as the amount of catalyst increased, and the viscosity of the
pyrolytic oils obtained from the experiments without catalyst was higher. It has
been observed that UCPO obtained from experiments with 1 % catalyst can be
mixed with PBD or conventional diesel fuels in any ratio.

Flash point. The flash point of liquid fuel is the temperature at which the
fuel reaches the necessary heat for combustion with air. There is a fire hazard in
the storage and circulation of fuels with a low flash point. As it can be seen in
Tables III and IV, flash points of upgraded pyrolytic oils are lower than the con-
ventional diesel fuels. Although the flash point is expressed as a concept related
to the fire hazard of the fuel during storage and transportation, volatile compo-
nents are high in low flash point fuels. Volatile compounds consisting of small
molecules cause a decrease in density and high-pressure during combustion. The
flash point of diesel fuels is above 45 °C, both for ignition hazards during storage
and transportation and for regular combustion in diesel engines.
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The amount of volatile components is high in low flash point fuels. The
volatility of the fuel has a significant effect on the delay time. During injection,
the fuel droplets come into contact with the heated air in the combustion cham-
ber. During evaporation, the fuel removes energy from the droplet, cooling the
environment and increasing the ignition delay time. Isoparaffins and aromatic
compounds have stable molecular structures and require higher temperatures and
pressures than n-paraffins to initiate the oxidation process by forming free radi-
cals. As it can be seen in Tables I[I-V, pyrolytic oils containing high concen-
trations of isoparaffin and aromatic compounds have long ignition delay times
(low cetane index).

Therefore, using UTPO or UCPO directly as a diesel fuel equivalent will
cause problems. For this reason, it is appropriate to mix pyrolytic oils with high
flash point and high cetane index fuels such as palm oil biodiesel (PBD), animal
oil biodiesel (TOBD) to increase the flash point and C/. While mixing with nor-
mal diesel only at low ratios forces them to remain within reasonable limits,
higher mixing ratios with PBD or TOBD seem possible. As seen in Table V,
flash point values of UTPO fuel blended with PBD are close to diesel fuel values.

Gross calorific value (GCV). As it can see in Tables III-V, the calorific
value of pyrolytic oils is close to the calorific value of known diesel fuels. The
calorific value of the fuel mixture obtained as a result of blending with palm oil
biodiesel, which has a lower calorific value, increases as the pyrolytic oil content
in the mixture increases. In order to obtain a diesel-like fuel, it is considered
appropriate to add at least 50 % of UTPO to PBD.

lodine number. The iodine value gives a measure of the average degree of
unsaturation of fuel: the higher the iodine value, the greater the number of C=C
double bonds. The iodine value is directly proportional to the degree of unsatur-
ation and inversely proportional to the melting point of the fuel. A lower iodine
value is better for a diesel engine as it has a higher carbon content. On the other
hand, the high iodine value attenuates the hydrocarbon chain. As seen from
Tables 1I-1V, the iodine value of pyrolytic oils is considerably higher than the
iodine value of conventional diesel fuels. This means that pyrolytic oils have
high unsaturated bonds, a lower cetane index than diesel fuel, and a lower flash
point with a lower calorific value. For this reason, pyrolytic oils cannot be used
alone as a diesel equivalent fuel. They may need to be upgraded, blended with
other fuels, and added with special additives to improve fuel quality. Values such
as moisture, nitrogen, sulphur in upgraded pyrolytic oils are within reasonable
limits when compared to the conventional diesel fuel.

Cetane index. The cetane index (CI) is an empirical parameter related to the
ignition delay time of diesel fuels. The ignition delay is the time interval between
the start of fuel injection and the self-start of ignition. The ignition delay time of
fuels with high CI value is very short. The ignition delay time of diesel cycle
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engines is an essential parameter to effectively control the combustion process.
Fuels containing high concentrations of n-paraffin generally have lower ignition
delay times than isoparaffins and aromatic compounds. High viscosity fuels form
larger droplet diameters, prevent evaporation and thus cause incomplete
combustion, prevent the engine from starting in cold temperatures, and increase
the emission of unburned hydrocarbons and particulate matter.. Distillation
curves provide information about fuel quality to be correlated with engine
performance. The temperature of 10 % of the distillation fractions reflects the
ease of evaporation, while the temperature of 90 % of these fractions indicates
the presence of high molecular weight compounds that will be difficult to evapor-
ate completely. Therefore, distillation curves provide important information
about particulate matter and unburned hydrocarbon emissions and residues in the
engine. Fuels with low CI can also increase particulate matter emissions. Because
combustion, in the last stage of the expansion cycle, causes a temperature drop in
the combustion chamber, and the combustion rate decreases. This increases the
concentration of unburned hydrocarbons condensed on the surface cause an
increase in particulate matter mass. The density at 15 °C and the temperatures at
which 10, 50 and 90 vol. % are recovered (distillation recovery temperatures) are
determined by standard test methods and the cetane index is calculated from
these test data using known correlations. CI was calculated empirically according
to ISO 4264:2018 method, by substituting the experimental data in:

CI =452+ 0.089xx2t10n + (0.131 + 0.901B)t50N +
+(0.0523 — 0.42B)t9gN + 0.00049(¢1oN2 — togn?2) + 107B + 6082 (S-1)

where t1oN = t10 — 215; tsoN = 150 — 260; toon = t9g — 310; £10 is the 10 % dis-
tillation recovery temperature, °C; t5¢ is the 50 % distillation recovery tempe-
rature, °C; t9p is the 90 % distillation recovery temperature, °C; B =
= (e70-0035D)-1; DNy =D — 850, D is the density at 15 °C, kg m=3.

Parameters for calculating C/ according to the ISO 4264:2018 standard are
given in Table S-1. As it can be seen in Table V, the cetane index of the blended
fuel increased, and the problems caused by the low cetane index of the pyrolytic
fuel were eliminated.
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TABLE S-1. Parameters for calculating CI according to the ISO 4264:2018

Sample Density at 15 °C  #1p- 215 t50- 260 t99- 310 Dy B

PBD 879 120 82 50 -800 -0.0965
UCPO 852 -114 -40 40 2 -0.0070
UCPO10 876 107 63 49 26 -0.0870
UCPO20 874 3 52 26 24 -0.0806
UCPO30 871 68 56 39 21 -0.0709
UCPO40 868 22 28 46 18 -0.0611
UCPO50 865 31 23 43 15 -0.0511
UCPO60 861 29 30 44 11 -0.0378
DF 863 30 18 20 13 -0.0445
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