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December Armageddon: Biothermodynamic analysis of
rhinoviruses based on the calculation of Gibbs energy change
of antigen—receptor binding and biosynthesis of
rhinovirus particles

MARKO E. POPOVIC!*, MARIJANA PANTOVIC PAVLOVIC!2
and MARIJA MIHAILOVIC!

!University of Belgrade, Institute of Chemistry, Technology and Metallurgy, NjegoSeva 12,
11000 Belgrade, Serbia and ?University of Belgrade, Centre of Excellence in Chemistry and
Environmental Engineering — ICTM, Belgrade, Serbia

(Received 11 January, revised 12 February, accepted 8 April 2026)

Abstract: The subject of this research is a battle that is repeated every year and
spreads epidemically across different territories, causing a large number of infected
cases and casualties. Infections with rhinovirus are well known to the biomedical
sciences. However, for a deeper understanding of the causes of rhinovirus disease
and virus-host interaction (infection) it is necessary to understand them from the
perspective of chemistry and biothermodynamics. This paper presents the empir-
ical formulas, the driving forces of rhinovirus-host interactions, as well as a
mechanistic model of virus-host interactions at the cell membrane and in the
cytoplasm. Based on the described data, conclusions are presented about why 50 %
of infections of the upper respiratory tract are caused by rhinoviruses. For the
first time, the changes in Gibbs energies of biosynthesis of virus particles of
rhinoviruses A2, B3 and C15, as well as change in Gibbs energy of binding of
rhinovirus A2 are presented, which are needed to understand the lifecycle of
rhinoviruses.

Keywords: enthalpy; entropy; growth reactions; empirical formulas; molar mass.

INTRODUCTION

Rhinovirus is the most common cause of seasonal respiratory infections. It’s
estimated that rhinovirus causes of 50 % of all viral respiratory infections. Rhino-
virus belongs to the group of RNA viruses.!»2 The rhinovirus virion is unenve-
loped.3:4 The virion consists of 60 copies each of the structural proteins VP1, VP2,
VP3 and VP4.5-8 The viral structural proteins form a capsid that surrounds a
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560 POPOVIC, PANTOVIC PAVLOVIC and MIHAILOVIC

single-stranded positive-sense RNA genome.”-10 Rhinoviruses are classified into
RV-A, RV-B and RV-C species, each of which contains many subvariants.!1.12
From the above, we can conclude that rhinovirus represents a macromolecular
assembly that consists of nucleotides and amino acids. As such, rhinoviruses can
be understood, not just as a biological entities, but also as chemical entities.!3 Due
to their chemical nature, viruses can be characterized by an empirical formula, as
well as thermodynamic properties (changes in enthalpy, entropy and Gibbs ener-
gy).14 Rhinovirus performs life processes inside host cells.!5 In essence, life pro-
cesses represent chemical reactions, which obey the laws of chemical kinetics and
thermodynamics, and are led by a driving force. For example, binding of viruses
to host cells is a reaction similar to protein—ligand interactions.!4.16 It is led by a
driving force — change in Gibbs energy of binding.!4:!7 Virus multiplication also
represents a reaction of polymerization of amino acids into viral proteins and nuc-
leotides into viral nucleic acid,!3:41-45 which then undergoes self-assembly into
virus particles.23:46:47 A virus, during the life process of multiplication, performs
hijacking of the host-cell metabolic machinery, as well as the material resources
of host cells (nucleotides, amino acids, etc.).18-20 The reaction of polymerization
is led by its driving force — change in Gibbs energy of biosynthesis.21-22 Finally,
the synthesized virus parts undergo the process of self-assembly and accumulate
inside the host cell, which with time can lead to cell lysis and an increase in the
number of virus particles inside the host organism.23 The consequence of cell lysis
is damage to the function and morphology of the tissue of the host organism.!3.24
The aim of this paper is to chemically and thermodynamically characterize the
rhinoviruses and make a comparison with other known viruses that have been des-
cribed in the literature. Moreover, the known lifecycle of rhinoviruses is described
using the fundamental physicochemical laws that describe virus-host interactions.

EXPERIMENTAL PROCEDURE
Data sources

The genetic sequences of the rhinoviruses were taken from the NCBI database.2> The ana-
lyzed genetic sequences can be found under the accession numbers: X02316.1 for rhinovirus
A2, NC 038312.1 for rhinovirus B3 and GU219984.1 for rhinovirus C15.

The protein sequences of the rhinoviruses were taken from the UniProt database.26 The
analyzed protein sequences can be found under the accession numbers: P04936 for rhinovirus
A2, Q82081 for rhinovirus B3 and ESDSF2 for rhinovirus C15 (PTM/Processing section). The
morphology of the rhinovirus particles was taken from the literature.>-3

The dissociation equilibrium constants, K, of rhinoviruses A2 and B3 were taken from
the literature.2’28 They were measured with atomic force spectroscopy and surface plasmon
resonance.?”-28

Atom counting method

The molecular formulas, empirical formulas and molar masses of the rhinoviruses were
calculated with the atom counting method, as described in the literature.??3 The atom counting
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DECEMBER ARMAGEDDON - RHINOVIRUS 56 1

method is a computational approach for the calculation of chemical properties of micromole-
cules and macromolecular assemblies.2%-30 It is applied with a computer program, which goes
along the genetic and protein sequences and adds atoms that come from nucleotide and amino
acid residues.??39 For macromolecular assemblies, the numbers of atoms coming from consti-
tuent molecules are multiplied by the number of their copies in the macromolecular assembly.2%-30

Patel-Erickson—Battley model

Thermodynamic properties of the live matter of rhinoviruses were calculated with the
Patel-Erickson-Battley model, as described in the literature.!>1% Based on the empirical formula,
the degree of reduction, £, was calculated as:

E =4nc +ny —2ng —0ny + 5np + 6ng @9
where nc, ny, no, nN, #p and ng are the numbers of C, H, O, N, P and S atoms in the empirical

formula.3!-32 Then the Patel-Erickson equation was used to find the enthalpy change of com-
bustion, AcH®, of live matter:3!-32

kJ
-mol

ACHO(bio):—lll.4C E 2
The enthalpy change of combustion was then converted into the enthalpy change of form-
ation, AgH°, of live matter with Hess’s law, as described in the literature.!3-32
The Battley equation was used to calculate the molar entropy, S,,,°, of live matter based on
its empirical formula:

0
S (bio) =0.187) JM@ )
ay

where S$°,(J) is the molar entropy of element J, a; is the number of atoms of element J in its
standard state elemental form, 7, is the number of atoms of element J in the empirical formula
of live matter and the summation is made over all J elements that are present in the live mat-
ter.3334 Moreover, change in entropy of formation, ApS°, of live matter was calculated with the
modified Battley equation:33-34

0

AgSO(bio)=-0.813) "
ay

J 4)

The change in Gibbs energy of formation, A/G°, of live matter was calculated based on its
enthalpy change of formation, A¢H°, and entropy change of formation, AgS®:
A+GO(bio) = AfHO(bio) — TAS°(bio) 5)

where T is temperature.!3

The Patel-Erickson—Battley model has been widely used in research on the thermodyn-
amic properties of organisms.*%-30 It gives results in good agreement with experimental
data.33-3430 The uncertainty in AcHP® calculated with the Patel-Erickson equation is 5.36 %.%°
The uncertainty in S,,° calculated with the Battley equation is 19.7 %.33-34
Biosynthesis reactions and thermodynamic properties

Biosynthesis reactions are macrochemical equations that show how new live matter is pro-
duced from nutrients by organisms.!3-1448 The biosynthesis reactions of viruses have the form:

(Amino acid) + O, + HPO?" + HCOj3 — (Bio) + SOy + H,0 + H,CO;4 (6)
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562 POPOVIC, PANTOVIC PAVLOVIC and MIHAILOVIC

where (Amino acid) represents amino acids with the empirical formula
CH; 793800.4831N0.224750.022472 and (Bio) represents the empirical formula of new live matter.
Amino acids are the source of energy, carbon, nitrogen and sulfur.!:13-14 O, is the electron
acceptor.13:14:35 HPO,?" is the source of phosphorus.!-!13 SO,2- is an additional metabolic product
that takes excess sulfur.13:1* HCO5™ and H,CO; form a bicarbonate buffer that maintains a cons-
tant pH.13:14

The biosynthesis reactions and thermodynamic properties of live matter were used to cal-
culate thermodynamic properties of biosynthesis with Hess’s law:

0_— 0_ 0
AbSH - zproductsVAfH Zreactants VAfH (7)
0 _— 0 _ 0
ApsS” = Zproducts VSm Zreactants VSm (®)
0_— 0_ 0
AbSG - zproducts VAfG zreactants VAfG (9)

where A, H° is the enthalpy change of biosynthesis, ApgS° change in the entropy of biosynthesis,
A G° change in Gibbs energy of biosynthesis and v represents a stoichiometric coefficient.!3-14
Antigen—receptor binding

Thermodynamic properties of antigen—receptor binding of rhinoviruses were calculated
with the methodology of thermochemistry, as described in the literature.!3:!416 Antigen-rec-
eptor binding represents a chemical reaction similar to protein-ligand interactions.!3-14.16 The
reaction of antigen—receptor binding is:

(An)+ (Re) 2 (An—Re) (10)

where (An) is the free virus antigen, (Re) is the free host cell receptor, while (An—Re) is the
antigen—receptor complex.!3-14.16 The dissociation equilibrium constant, K, is given as:

_[An][Re]

K [An—Re]

(11)
where [An], [Re] and [An—Re] are the concentrations of the free virus antigen, free host cell
receptor and antigen—receptor complex.!3:1416 The binding equilibrium constant, K, was cal-
culated from K as:!3:1416

1 [An-Re]
Kp=—=t—""F— (12)
Ky [An][Re]
The change in Gibbs energy of binding, AgG®, was calculated from Ky as:
AgG®=-RTInKy (13)

where T is temperature and R is the universal gas constant.!3:14.16
RESULTS AND DISCUSSION

Rhinovirus, in terms of its morphology might not be quite the simplest, but it
belongs to the simpler (and smaller) virus particles. It can be characterized chem-
ically by an empirical formula, which is different from those of all other viruses
and thermodynamic properties that represent the driving force for physiological
processes that comprise the lifecycle of the virus. Having in mind its simplicity, it
can be expected that the process of virus multiplication proceeds relatively rapidly
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DECEMBER ARMAGEDDON - RHINOVIRUS 563

compared to that of other larger viruses. Indeed, as was said in the introduction,
infections caused by rhinovirus comprise half of all respiratory viral infections.

Rhinovirus A is characterized by the empirical formula
CH1 475000.3938N0.2973P0.0222S0.0060, Which is different from that of the JN.1
variant of SARS-CoV-2 CHj 639000.2841N0.2300P0.00643950.003765 (Ref. 36) or
coxsackievirus A CH} 466500.4007N0.2963P0.02329250.005318 (Ref. 30). The molar
mass of a rhinovirus particle is 7.961 MDa. The molar masses of other viruses are
219.2 MDa for the virion of the JN.1 variant of SARS-CoV-236 and 8.16 MDa for
the virion of coxsackievirus A.39 The molar mass of rhinovirus is similar to that of
coxsackievirus, while the molar mass of a SARS-CoV-2 particle is 27 times
greater. The reason is that a SARS-CoV-2 particle is more complex and contains,
in addition to the nucleocapsid, a lipid envelope with viral spike and membrane
proteins. Empirical formulas of rhinoviruses are given in Table I. Molecular form-
ulas of rhinoviruses are given in Table II.

TABLE 1. Empirical formulas of rhinoviruses. The empirical formulas have the form
CHy,0noNnnPnpSng> Where ny, ng, ny, np and ng are the numbers of H, O, N, P and S atoms
present in live matter per carbon atom

Name ny no ny np ng My / g C-mol!
Rhinovirus A2 1.4750 0.3938 0.2973 0.0222  0.0060 24.84
Rhinovirus B3 1.4861 0.3986 0.2958 0.0225 0.0053 24.89
Rhinovirus C15 1.4727 03918 0.2962 0.0223  0.0068 24.82

TABLE II. Molecular formulas of rhinoviruses. The molecular formulas have the form
CincHimyOmoNmyPmpSmg, Where mc, myy, mg, my, mp and mg are the total numbers of C, H, O,
N, P and S atoms in the virus particles. Mr(tot) represents the total molar mass of the virus
particle

Name me my mo my mp Mg Mr(tot) / MDa
Rhinovirus A2 320500 472733 126204 95297 7102 1920 7.961
Rhinovirus B3 319933 475467 127510 94635 7208 1680 7.965
Rhinovirus C15 319244 470164 125080 94557 7119 2160 7.924

Thermodynamic properties of the live matter of rhinovirus particles are given
in Table III. Enthalpy changes of formation of rhinovirus particles are negative,
which means that the particles have a lower total energy content than their cons-
tituent elements. The reason for this is the attraction of valence electrons of less
electronegative elements (C, H, P and S) by more electronegative elements, O and
N. Entropy changes of the virions are positive, which is in agreement with the third
law of thermodynamics. Changes in Gibbs energy of formation of the virions are
negative. This means that the usable energy content of the virions is lower than
that of their constituent elements.
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564 POPOVIC, PANTOVIC PAVLOVIC and MIHAILOVIC

TABLE III. Thermodynamic properties of live matter of rhinoviruses: enthalpy changes of
formation, AgH0, standard molar entropy, S,,’, and the change in Gibbs energy of formation,

AG°

Name AdHO / kJ C-mol! S0/ J C-mol'! K-! A¢G° / k] C-mol!
Rhinovirus A2 -86.07 32.14 —44.41
Rhinovirus B3 -87.76 32.34 —45.85
Rhinovirus C15 —85.38 32.06 —43.82

Based on the empirical formulas, biosynthesis reactions of the rhinoviruses
were formulated and are presented in Table IV. The biosynthesis reaction of rhino-
virus A is:

1.3232CH| 79800.4831N0.224750.022472 + 0.434307 + 0.0222HPO4%~ +
+0.0032HCO3~ — CH1.475000.3938N0.2973P0.022250.0060 +
0.0237S042~ + 0.1382H,0 + 0.3263H,CO3 (14)
where CH1 79800.4831N0.224750.022472 1s the empirical formula of amino acids and

CH1.475000.3938N0.2973P0.022250.0060 is the empirical formula of the newly syn-
thesized virions.

TABLE 1V. Biosynthesis reactions of rhinoviruses. The biosynthesis reactions have the form
(Amino acid) + O, + HPO4% + HCO5; — (Bio) + SO42 + H,O + H,CO3, where (Amino acid)
represents amino acids with the empirical formula CH; 79500 4831N0.224750.022472 and (Bio)
represents new live matter

Reactants Products
Name ; - -
Amino acid 0, HPO,~ HCO; Bio SO~ H,0 H,CO;
Rhinovirus A2 1.3232 0.4343 0.0222 0.0032 1 0.0237 0.1382 0.3263
Rhinovirus B3 1.3163 0.4260 0.0225 0.0036 1 0.0243 0.1333 0.3199
Rhinovirus C15 1.3180 0.4261 0.0223 0.0011 1 0.0229 0.1409 0.3192

Changes in thermodynamic properties of the biosynthesis reactions are given
in Table V. The enthalpy changes of biosynthesis of rhinoviruses are negative. The
negative enthalpy changes contribute favorably to the thermodynamic feasibility
of the biosynthesis reactions. Entropy changes of biosynthesis of rhinoviruses are
negative, due to the assembly of simpler precursors, like amino acids into more
complex virus particles. Changes in Gibbs energy of biosynthesis of virus particles
are negative, which means that the biosynthesis process is thermodynamically fav-
orable.

Biosynthesis reactions show how new virus particles are produced from
nutrients during multiplication of viruses. Every process in nature is led by a driv-
ing force.37-38 Chemical reactions are led by a driving force — changes in Gibbs
energy.37-39:40 Phenomenological equations belong to nonequilibrium thermodyn-
amics and show how rates of processes depend on their driving forces.37-3940 The
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DECEMBER ARMAGEDDON - RHINOVIRUS 565

biosynthesis rate, 7, depends on the change in Gibbs energy of biosynthesis,
ApsG°, according to the biosynthesis phenomenological equation:

Lps
Ths =— b ApsG (15)

T
where Ly is the biosynthesis phenomenological coefficient.!3-14.37 According to
the biosynthesis phenomenological equation, an organism with a more negative

change in Gibbs energy of biosynthesis will have a higher biosynthesis rate.

TABLE V. Thermodynamic properties of biosynthesis of rhinoviruses: enthalpy changes of
biosynthesis, Ay H°, changes in entropy of biosynthesis, A, S°, and change in Gibbs energy of
biosynthesis, A, G°

Name ApH° / kJ C-mol! ApeS®/ J C-mol! K-! ApG° / kJ C-mol!
Rhinovirus A2 —202.58 —34.32 -192.59
Rhinovirus B3 —198.85 —33.75 —189.04
Rhinovirus C15 —198.64 —33.53 —188.89

A viral infection represents an interaction between a virus and its host org-
anism. The interaction occurs at the chemical level. The virus enters the host cell
and performs hijacking of the host metabolic machinery to multiply in a chemical
process that requires energy and nutrients. The host cell also uses its metabolic
machinery, energy and nutrients for the chemical reactions of reparation of dam-
ages that appear during life processes. Therefore, the virus—host interaction repre-
sents a competition for metabolic machinery, energy and nutrients. Virus multi-
plication and host cell reparation are competitive chemical reactions. According to
the biosynthesis phenomenological equation, the reaction with a greater driving
force (a more negative change in Gibbs energy) will dominate in the competition.

Rhinoviruses infect the tissues of the respiratory tract.! Fig. 1 shows changes
in Gibbs energies of biosynthesis of rhinoviruses and their host tissue. The change
in Gibbs energy of biosynthesis of the respiratory tract is —49.76 kJ C-mol~1.24
Changes in Gibbs energies of biosynthesis of rhinoviruses are between —188.89 and
—192.59 kJ C-mol~!. Therefore, rhinoviruses are characterized by a much greater
driving force for multiplication, in the form of a more negative change in Gibbs
energy of biosynthesis, than their host tissue. According to the biosynthesis pheno-
menological equation, due to this greater driving force, the biosynthesis rate of the
rhinovirus is higher than that of its host cells. This means that the metabolic mach-
inery of infected host cells will produce more new virus particles than host cell
components. Moreover, the production of new virus particles will consume more
nutrients and energy. Therefore, the virus performs hijacking of the host metabolic
machinery, due to its more negative change in Gibbs energy of biosynthesis.

The initial interaction between the virus and its host cell occurs at the cell
membrane with antigen-receptor binding. The process of antigen—receptor binding
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is a chemical reaction similar to protein—ligand interactions. The driving force of
the antigen—receptor binding reaction is the change in Gibbs energy of binding.
Table VI presents changes in Gibbs energies of antigen—receptor binding of rhino-
viruses. Rhinoviruses have negative changes in Gibbs energy of binding, which
means that the antigen—receptor binding process is favorable. Due to the favorable
Gibbs energy change, the virus can enter into the host cells and perform the infect-
ion process.

Rhinovirus A2 Rhinovirus B3 Rhinovirus C15 Host tissue

| .

=3
a8

8,.G° (kJ/C-mol)
'é

-200

Fig. 1. Changes in Gibbs energy of biosynthesis of rhinoviruses and their host tissue. The
change in Gibbs energy of biosynthesis represents the driving force for virus multiplication
in host cells.!3

TABLE VI. Thermodynamic properties of antigen—receptor binding of rhinoviruses: disso-
ciation equilibrium constant, K4, binding equilibrium constant, Kp, and standard change in
Gibbs energy of binding, AgG°®. VLDLRI1-8 is a soluble native-like recombinant very-low-
density-lipoprotein receptor (VLDLR) fragment that encompasses the entire ligand binding
domain, which is fused to maltose binding protein (MBP) at the N-terminus and to Hisg at the
C-terminus. ICAM-1 is intercellular adhesion molecule 1 (also known as CD54). The K4 values
were taken from Refs.27-28 The AgG® value of rhinovirus B3 was taken from Ref 28

Name Interaction Ki/M  Kg/M1  AgG®/kJ mol!
Rhinovirus A2 Virion and VLDLR1-8 2.40E-08 4.17E+07 —43.49
Rhinovirus B3 Virion and ICAM-1 8.3E-07 1.20E+06 —34.72

Viruses interact with their host organisms during infection. Infections with
different viruses can lead to different signs and symptoms of disease, even if they
multiply in the same host tissue. Rhinovirus and SARS-CoV-2 cause infections of
the respiratory tract. As of March 2026, the dominant SARS-CoV-2 variant world-
wide is the XFG variant, while JN.1 has been designated as a variant of interest by
WHO.31:52 Change in the Gibbs energy of biosynthesis of the XFG variant of
SARS-CoV-2 is —221.75 kJ C-mol-1.14 Change in the Gibbs energy of biosyn-
thesis of the JN.1 variant of SARS-CoV-2 is —221.74 kJ C-mol~1.36 Change in
Gibbs energy of biosynthesis of the XFG and JN.1 variants of SARS-CoV-2 are
more negative than those of rhinoviruses. The more negative change in Gibbs
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energy of biosynthesis means that the XFG and JN.1 variants of SARS-CoV-2
have a greater driving force for multiplication inside host cells. This means that
the XFG and JN.1 variants of SARS-CoV-2 will multiply inside host cells at a
greater rate, according to the biosynthesis phenomenological equation. The greater
rate of multiplication leads to the production of more virus particles and greater
damage to host tissues. Greater damage to host tissues leads to more pronounced
signs and symptoms of disease. This means that the XFG and JN.1 variants of
SARS-CoV-2 are characterized by greater pathogenicity than rhinoviruses. There-
fore, rhinoviruses produce less pronounced signs and symptoms of disease and are
characterized by a lower pathogenicity than SARS-CoV-2 due to their lower driv-
ing force for multiplication (a less negative change in Gibbs energy of biosynthesis).

The COVID-19 pandemic has shown how suddenly an emerging virus can
appear and how rapidly it can spread all over the world. This is why it is important
to have a method to predict the risk posed by an emerging virus to human health
early after its appearance. This is often difficult since very little information is
known about viruses soon after their appearance. The biothermodynamic method-
ology applied in this research uses genetic and protein sequence data that can be
collected early during an epidemic caused by an emerging virus. It allows the pre-
diction of the driving forces of antigen—receptor binding (change in Gibbs energy
of binding) and virus multiplication inside host cells (change in Gibbs energy of
biosynthesis). Based on these properties, it is possible to analyze the severity of
signs and symptoms and the pathogenicity of the virus. This provides an advantage
in the analysis of risks posed by emerging viruses to human health.

CONCLUSION

Chemical and thermodynamic properties of rhinoviruses A, B and C are rep-
orted, which include molecular formulas, empirical formulas, molar masses, bio-
synthesis reactions and thermodynamic properties of live matter, biosynthesis and
binding. The chemical and thermodynamic properties of rhinoviruses are different
from those of other viruses described in the literature.

During infection, virus multiplication and host cell reparation are chemical
reactions that compete for energy and nutrients. Rhinoviruses have a much more
negative change in Gibbs energy of biosynthesis than their host cells. This means
that rhinovirus multiplication has a much greater driving force than host cell repar-
ation. Due to the greater driving force of virus multiplication, the host metabolic
machinery will produce more new virus particles than host cell components needed
for reparation. Virus multiplication will also consume more energy and nutrients.
This means that rhinoviruses hijack the metabolism of their host cells due to their
greater driving force for multiplication in the form of a more negative Gibbs energy
of biosynthesis.
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Different viruses that interact with the same tissue during infection lead to
signs and symptoms of different severity. Rhinoviruses and SARS-CoV-2 are res-
piratory viruses. However, change in Gibbs energy of biosynthesis of the XFG and
JN.1 variants of SARS-CoV-2 are more negative than those of rhinoviruses, which
means that the XFG and JN.1 variants of SARS-CoV-2 have a greater driving force
for multiplication. Due to the greater driving force, according to the biosynthesis
phenomenological equation, the XFG and JN.1 variants of SARS-CoV-2 will mul-
tiply faster and produce more new virus particles and greater damage to host tissue.
The greater damage to host tissues will lead to more severe signs and symptoms of
disease, as well as greater pathogenicity of the XFG and JN.1 variants of SARS-
-CoV-2. Therefore, different driving forces of multiplication lead to differences in
the severity of signs and symptoms of disease and pathogenicity between rhinovir-
uses and SARS-CoV-2. The biothermodynamic methodology described in this res-
earch can be used in the analysis of risks posed to human health by emerging viruses.

NOMENCLATURE

VLDLR1-8 is a soluble native-like recombinant very-low-density-lipoprotein receptor
(VLDLR) fragment that encompasses the entire ligand binding domain, which is fused to mal-
tose binding protein (MBP) at the N-terminus and to Hisg at the C-terminus. ICAM-1 is inter-
cellular adhesion molecule 1 (also known as CD54).
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n3BOJ

OJEHEMBAPCKH APMATEIIOH: BMOTEPMOIONMHAMWYKA AHAJTU3A PUHOBHUPYCA
3ACHOBAHA HA ITPOPAUYYHY [TPOMEHE 'MBCOBE EHEPIMJE AHTUTEH-PELIETITOP
BE3UBAA U BUOCHUHTE3E YECTULIA PHUHOBHPYCA

MAPKO E. [IOTIOBUR!, MAPUJAHA [TAHTOBUWR [1ABJIOBUR!? 1 MAPUJA MUXAUJIOBUR!

"Ynusepsuiewi y Beoipagy, Hnciutmy i 3a xeMujy, TeXHOI0TU]y U Memanypiujy, Foetowesa 12, 11000
Beoipag u *Ynueepsuiuei y Beoipagy, LIeninap 3a xemujy u unsiernepuni sugomne cpegune — UXTM, Beoipag

[TpenmMeT oBOT UCTpa)KHBama je HUTKA KOja ce MOHaBJ/ba CBAKe TOLUHE U eMUIEeMUjCKU ce
IIUPH HA PA3THIUTHM TEPUTOPHjaMa, y3pOKyjyhH Bemuku Opoj 3apakeHHX Ciy4yajeBa U JKpPTaBa.
HHbexiuje puHOBUPYCOM Cy B0OpO 1Mo3HaTe HMOMeIUIUHCKUM Haykama. MHeKIije puHOBU-
pycuMa cy nodpo rnosHare SHOMeIULUHCKUM Haykama. MehyTum, 3a nybise pasymeBame y3poka
dosectTn puHOBUpYCA U UHTEpaKIHje BUpyc—romahuH (MHGeKIHje) HEOIIXOHO je pa3yMeTH je
W3 TepcreKkTHBe xemuje U duotepmonuHamuke. OBaj paj mpencTaskba eMIupHjcke hopmyre,
NIOKpeTayKy CHIy WHTepaKlMja PUHOBUPyCc—oMahMH, Ka0 U MEXaHUCTUYKH MOJIeNl UHTepaK-
uyuja Bupyc—nomahuH Ha henujckoj memOpaHH U y UuTOIUIa3Mu. Ha OCHOBY ommMcaHuX mona-
Taka, U3HETH Cy 3aK/by4lld 0 ToMe 3a1uTo je 50 % uHdeKLHja ropmhUX JUCajHUX IyTeBa Y3pOKo-
BaHO puHOBUpYycuMa. I1o MpBU MyT Cy IpeicTaB/beHe BPeAHOCTH NpoMeHa ['nbcose eHepruje
duocuHTe3e BUPyCcHUX YecTHlla puHoBupyca A2, B3 u C15, kao u nmpomeHna ['ubcose enepruje
Be3uBama PUHOBHUPYca A2, Koje cy moTpedHe 3a pa3yMeBame KUBOTHOT LIUKITyCa PUHOBUPYCA.

(ITpumsero 11. jaryapa, pesuaupano 12. ¢pebpyapa, mpuxsaheno 8. ampuia 2026)
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Energetic networks of lone pair—m interactions in
phycobiliprotein interfaces: Structural organization,
geometry and cooperative stabilization

LUKA M. BREBERINA!, MARIO V. ZLATOVICZ, SRDAN B. STOJANOVIC3
and MILAN R. NIKOLIC!*

!University of Belgrade — Faculty of Chemistry, Department of Biochemistry, Belgrade,
Serbia, 2University of Belgrade — Faculty of Chemistry, Department of Organic Chemistry,
Belgrade, Serbia and 3University of Belgrade, Institute of Chemistry, Technology and
Metallurgy — National Institute of the Republic of Serbia, Department of Chemistry,
Belgrade, Serbia

(Received 3 February, revised 13 March, accepted 30 March 2026)

Abstract: Lone pair—7 interactions represent an underexplored class of noncov-
alent forces in protein architecture, despite their fundamental electronic signific-
ance. Here, we present a comprehensive computational and bioinformatics ana-
lysis of lone pair—r interactions at phycobiliprotein interfaces based on 20 high-
-resolution X-ray crystal structures. Using defined geometric criteria and ab ini-
tio quantum-chemical calculations at the LMP2/cc-pVTZ++ level on reduced
molecular models, we systematically characterized their distribution, geometry,
topology and energetic contributions. We identified 2,245 lone pair—r interactions,
revealing a highly non-random and chemically selective interaction landscape
dominated by oxygen-based lone pair donors and aromatic & acceptors, particularly
Tyr and Phe. Geometric analysis showed strong distance and angular preferen-
ces, consistent with directional donor—acceptor orbital interactions rather than
nonspecific packing effects. Energy calculations revealed a structured interact-
ion potential surface, with stabilizing energies clustering in the —0.1 to —5.0 kJ
mol! range within defined geometric domains. Network analysis further demon-
strated that more than half of the interactions participate in cooperative, furcated
lone pair—m motifs, generating interfacial stabilization through multivalent inter-
action networks. Collectively, these results establish lone pair—r interactions as
geometry-encoded, energetically selective and cooperatively organized stabil-
izing elements that contribute to interfacial specificity, structural precision and
quaternary structure stability in phycobiliprotein assemblies.

Keywords: phycobiliproteins; lone pair—r; interfaces, interactions, in silico studies.
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INTRODUCTION

Noncovalent interactions provide the fundamental energetic framework that
governs protein folding, molecular recognition and the formation of stable protein—
—protein interfaces in supramolecular assemblies. Classical interaction types such
as hydrogen bonds, salt bridges, hydrophobic interactions and n—nr stacking have
long been recognized as central stabilizing forces in protein structure and protein—
—protein interfaces.!-2 However, advances in quantum chemistry and structural bio-
informatics have shown that protein stability and specificity are also influenced by
a diverse range of weak but highly directional electronic interactions, including
n—m*, cation—m, anion—nt and lone pair— interactions.3=> Although individually
modest in energy, these interactions can have significant structural effects through
cooperativity, spatial organization, and network formation.

Lone pair— interactions arise from the interaction between a heteroatom lone
pair orbital (n) and an aromatic or conjugated m system. These interactions involve
electrostatic attraction, dispersion forces, and partial orbital donation from the lone
pair into antibonding n* orbitals.5~7 Unlike n—* interactions, which involve car-
bonyl antibonding orbitals, lone pair—= interactions involve aromatic m-systems
and therefore display distinct geometric preferences and interaction topologies.
Quantum-mechanical studies have shown that these interactions are highly geo-
metry-dependent, directional and energetically structured, forming defined stabil-
ization minima in configuration space rather than diffuse, nonspecific attraction.8.
Lone pair—r interactions can be systematically classified by the identity of the lone
pair donor atom (O, N, S, halogen), the electronic nature of the interacting w-system
(aromatic hydrocarbons, heteroaromatics, conjugated systems, nucleobases) and
the biological context in which they occur (protein—ligand binding, protein—protein
interfaces, protein—nucleic acid recognition and water-mediated networks).%—11
This multidimensional classification framework enables structured identification,
annotation, and functional interpretation of lone pair—r interactions across biomol-
ecular systems (Fig. 1).

Despite their well-established physical basis, lone pair—r interactions remain
systematically underexplored in biological macromolecules, particularly at pro-
tein—protein interfaces.2-12:13 Most structural analyses of protein complexes focus
on hydrogen bonding, hydrophobic packing and electrostatic complementarity,
while orbital-driven interactions are rarely included in standard interaction clas-
sifications.!4:15 Consequently, the contribution of lone pair—x interactions to inter-
face organization, specificity and stability has not been quantitatively assessed at
the proteome or structural family level.

Phycobiliproteins are an ideal model system for studying such interactions.
These highly ordered, oligomeric light-harvesting proteins form stable supramol-
ecular assemblies with dense packing, extensive interfacial contact surfaces and
precise chromophore—protein and protein—protein organization. Their quaternary
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structures depend on finely balanced noncovalent interaction networks that pro-
vide both structural stability and functional flexibility.!® Although hydrogen
bonds, salt bridges and hydrophobic interactions in phycobiliprotein assemblies
have been extensively studied, the role of weak electronic interactions, such as
lone pair—7 interactions, remains largely unexplored.

Classification of Lone Pair—mt Interactions in Biological Systems

s v N
Lone Pair Donors Biological Contexts
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Fig. 1. Schematic representation of the multidimensional classification framework for lone
pair—r interactions in biological systems. Lone pair—n interactions are organized along three
orthogonal dimensions: 1) identity of the lone pair donor atom (oxygen, nitrogen, sulfur,
halogens); 2) electronic nature of the interacting n-system (aromatic hydrocarbons,
heteroaromatic systems, conjugated unsaturated systems, nucleobases) and 3) biological
context (protein—ligand binding, protein—protein interfaces, protein—nucleic acid recognition,
water-mediated interaction networks). This integrated classification highlights the structural
diversity, mechanistic variability and functional relevance of lone pair—r interactions in
biomolecular systems.

In this study, we present a comprehensive structural, geometric and energetic
analysis of lone pair—n interactions at phycobiliprotein interfaces. Using a curated
dataset of high-resolution X-ray crystal structures combined with ab initio quan-
tum-chemical calculations, we characterize their distribution, preferred geometries
and energetic contributions. Beyond pairwise interactions, we introduce a network-
-based perspective showing that lone pair—n contacts frequently form multivalent
motifs that contribute to the cooperative structural organization of protein interfaces.

By integrating structural bioinformatics, quantum chemistry and energy land-
scape analysis, this study expands the current conceptual framework for protein
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interface stabilization and highlights lone pair—r interactions as an important yet
previously underappreciated component of supramolecular protein organization.
The aim of this study was to systematically characterize the structural organization,
geometry and energetic contributions of lone pair—r interactions at phycobilipro-
tein interfaces.

EXPERIMENTAL
Dataset

For this study, we used the PDB, accessed on November 10, 2025, which listed 247,081
resolved structures.!” The selection criteria for including phycobiliproteins in the dataset were
as follows: a) structures of proteins containing the phycobiliprotein alpha or beta subunit dom-
ain (SCOP Classification, version 1.75)!8 were included; b) theoretical models and NMR struc-
tures were excluded due to difficulties in assessing their accuracy compared to X-ray diffraction
studies. Only crystal structures with a resolution of 2.0 A or better and a crystallographic
R-factor of 25.0 % or lower were accepted; c) only representatives with at least 30 % sequence
identity were included in the analyses.

After assembling the dataset, several structures containing ligands and mutant amino acids
were excluded, leaving 20 phycobiliproteins in the dataset used for our bioinformatics analysis.
Hydrogen atoms were added and optimized as needed using the program REDUCE!? with its
default settings. This software adds hydrogen atoms to macromolecule (protein and DNA) struc-
tures in standardized geometry, optimizing their orientations for OH, SH, NH;*, Met methyls,
Asn and Gln side-chain amides and His rings. REDUCE selects the optimal hydrogen positions
by choosing the overall best score from all possible combinations, considering individual scores
assigned to each residue and groups containing movable protons partitioned into closed sets of
local interacting networks.

The PDB IDs of all selected phycobiliprotein structures were as follows: lall (allophy-
cocyanin (APC) from Spirulina platensis), 1633 (APC from Mastigocladus laminosus), 1cpc
(C-phycocyanin (C-PC) from Microchaete diplosiphon), 199 (R-PC from Polysiphonia urceo-
lata), 1gh0 (C-PC from Arthrospira platensis), 1jbo (C-PC from Synechococcus elongatus),
1kn1 (APC from Neopyropia yezoensis), 1phn (PC from Cyanidium caldarium), 2bv8 (PC from
Nostoc sp. RT6DM), 2vjt (APC from Gloeobacter violaceus), 2vml (PC from Gloeobacter vio-
laceus), 3dbj (APC from Thermosynechococcus vulcanus), 3018 (C-PC from Themosynecho-
coccus vulcanus), 4f0u (APC from Synechococcus elongatus PCC 7942), 4lle (C-PC from
Leptolyngbya sp. N62DM), 4lm6 (PC612 from Hemiselmis virescens M1635), 4lms (PC577
from Hemiselmis pacifica CCMP 706), 4po5 (APC from Synechocystis PCC 6803), 4rmp (APC
from Phormidium sp. AO9DM) and 4yjj (PC from Phormidium rubidum).

Lone pair—r interaction analysis

Protein structures containing various types of lone pair—r interactions were analyzed using
Discovery Studio Visualizer 202520 with specific criteria and geometric feature settings. Lone
pair—= interactions occur between a lone pair and a n-ring if the following criteria are met (Fig. 2):
1) hydrogen bond acceptor atoms are considered as long as they do not already participate in
other atom—r ring interactions; 2) the distance between the acceptor and the ring centroid is
within the n—lone pair (max dist) cutoff (7.0 A); 3) the angle between the acceptor centroid
vector and the normal to the ring plane is less than the n—lone pair angle (90°). Because lone
pair orbitals cannot be directly observed in X-ray crystal structures, their orientation relative to
the aromatic n-system must be approximated using geometric criteria. In this study, the donor
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atom—centroid distance and the angle between the donor—centroid vector and the normal to the
aromatic ring plane were used as geometric proxies to approximate the preferred directionality
of the lone pair toward the n-electron cloud.

ring normal

/ ring centroid \ Fig. 2. Parameters for lone pair—r interactions: R — the distance

between the lone pair and the centroid; &— the angle between the
lone pair—centroid vector and the normal to the ring plane.

Computation of lone pair—m interaction energy

To perform ab initio calculations to determine the energies of lone pair—m pairs at the
desired level of theory, with adequate accuracy and within a satisfactory time frame, we used
structurally reduced model systems.2:22 Phenylalanine was simplified to methylbenzene (1),
histidine to 5-methyl-1H-imidazole (2) and tryptophan and tyrosine were reduced to 3-methyl-
-1H-indole (3) and 4-methylphenol (4), respectively (Fig. 3).

CH,
; HN/%
\—

CH, =N
1 2
OH
CHs
@ Fig. 3. Structurally simplified structures used for lone pair—n
NH CHs interaction energy calculations: 1 instead of Phe; 2 instead of
3 4 His; 3 instead of Trp; 4 instead of Tyr.

Ab initio calculations were performed in a vacuum using Jaguar from Schrodinger Suite
2018-1,2 employing the LMP2 method with the triple zeta Dunning correlation-consistent basis
set?* and ++ diffuse functions.2> The LMP2 method, used to study lone pair—r interactions, was
significantly faster than the MP2 method. However, the calculated interaction energies and
equilibrium distances from both methods are almost identical 26 Several authors have found that
LMP2 is an excellent method for calculating protein interaction energies.2’2%

Geometries of interacting structures were optimized using the LMP2/cc-pVTZ(-f)++ level
of theory and their single-point energies were calculated at the LMP2/cc-pVTZ++ level. In
practice, the optimized model fragments were first generated independently at the LMP2/cc-
-pVTZ(—f)++ level. The optimized fragments were then spatially aligned with the correspond-
ing residues in the crystal structures by superimposing the heavy atoms of the model systems
onto the atomic coordinates extracted from the protein structures. This procedure preserves the
experimentally observed relative orientation of the interacting groups while using the optimized
model geometries for reliable quantum-chemical energy evaluation. Frequency calculations
were performed for all optimized model systems at the same level of theory to verify that the
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structures correspond to true minima on the potential energy surface. All optimized structures
showed no imaginary frequencies.

Interaction energies were evaluated using a large correlation-consistent triple-¢ basis set
with diffuse functions (cc-pVTZ++). Although basis set superposition error (BSSE) can influ-
ence very weak interactions, using an extended basis set substantially reduces this effect. Con-
sequently, BSSE is expected to introduce only a small systematic shift in absolute energies with-
out affecting the qualitative trends observed across the interaction dataset.

The lone pair—n interaction energies in dimers (lone pair—r pairs) were calculated as the
difference between the energy of the complex and the sum of the energies of the monomers in
their optimized geometries.

The nature of the aromatic 7 system also influences the interaction energy. Phenylalanine
and tyrosine represent the dominant m-acceptors in the analysed dataset. While both provide
similar aromatic m-surfaces, the phenolic group of tyrosine introduces additional polarization
and electrostatic effects that may slightly enhance lone pair—n stabilization compared with
purely hydrocarbon aromatic systems such as phenylalanine. These electronic differences con-
tribute to the observed distribution of interaction geometries and energies.

From the complete set of identified lone pair—r contacts, representative model dimers were
constructed for quantum-chemical interaction energy calculations. The selected model systems
preserve the experimentally observed geometry of the interacting fragments while allowing
accurate evaluation of the interaction energies. Cartesian coordinates of the representative opti-
mized dimers are provided in the Supplementary material to this paper.

RESULTS AND DISCUSSION

This manuscript examines the role of lone pair—r interactions at phycobili-
protein interfaces and their environmental preferences. We performed a comput-
ational analysis of 20 X-ray crystallographic structures of phycobiliproteins and
summarized lone pair—m interactions to better understand the high stability of
intrinsic phycobiliprotein oligomers. Furthermore, we analysed the relative prefer-
ence of lone pair—r interacting amino acids at interfaces, interaction geometries
and energetic contributions of lone pair—r interactions.

Distribution of lone pair—r interactions

Using the geometrical criteria defined in the Experimental, we analysed the
frequency of aromatic amino acid residues involved in lone pair—r interactions.
The results are shown in Table 1. There are 2,245 lone pair—r interactions in phyco-
biliprotein interfaces in our dataset, with an average of 112 interactions per protein.
This unexpectedly high interaction density indicates that lone pair—m contacts are
not rare structural anomalies but are a systematic component of the noncovalent
interaction landscape at phycobiliprotein interfaces.

The distribution of residues involved in lone pair—z interactions within phyco-
biliprotein interfaces is highly non-random and chemically selective, reflecting
fundamental electronic and geometric principles that govern donor—acceptor inter-
actions between lone pair orbitals and aromatic n-electron systems. These inter-
actions result from a combination of electrostatic attraction, orbital polarization and
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dispersion forces and are conceptually related to donor—acceptor frameworks des-
cribed for n—n* interactions, while remaining mechanistically distinct because
they involve aromatic n-systems rather than carbonyl antibonding orbitals.2-3,7-30
The data reveal a pronounced donor—acceptor asymmetry, with electron-rich, oxy-
gen-containing groups acting primarily as lone pair donors and aromatic residues
serving as the main n-acceptors.

TABLE 1. Frequency of occurrence of lone pair—r interaction-forming residues at phycobili-
protein interfaces

. Lone pair n
Residue Number? Occurrence®, % Number Occurrence, %
Backbone 1197 53.3 - -
Side-chain
Asn 45 2.1 - -
Asp 434 19.3 - -
Gln 32 1.4 - -
Glu 54 2.4 - -
His 10 04 - -
Met 37 1.7 - —
Ser 113 5.0 - -
Thr 176 7.8 - -
Tyr 147 6.6 - -
His - - 18 0.8
Phe - - 915 40.8
Trp - - 16 0.7
Tyr - - 1296 57.7
Total 2245 100 2245 100

3The number of times a particular amino acid occurs in an appropriate interaction; bthe percentage of times the
amino acid occurs in an appropriate interaction

Backbone atoms are the primary source of lone pair donors (53.3 %), highlight-
ing the central role of peptide carbonyl oxygen atoms as universal and geomet-
rically accessible lone pair contributors. Carbonyl oxygens are well-established
participants in donor—acceptor orbital interactions in biological systems and are
highly effective lone pair donors because of their strong electron density and favor-
able orbital orientation.5:11 Their prevalence at protein interfaces underscores that
lone pair—r interactions are intrinsic to protein architecture rather than dependent
solely on side-chain chemistry.

Among side-chain contributors, oxygen-containing residues dominate the lone
pair donor landscape, with Asp (19.3 %), Thr (7.8 %), Ser (5.0 %), Tyr (6.6 %), Glu
(2.4 %) and Asn (2.1 %) accounting for most interactions. This distribution reflects
the high electron density and favorable orbital orientation of oxygen lone pairs in
carboxylate, carbonyl and hydroxyl groups, which are optimal for lone pair—n
coupling.8-3! Carboxylate-containing residues (Asp, Glu) are particularly effective
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donors due to their delocalized negative charge and strong n-donor character,
enabling robust electrostatic and polarization-driven interactions with m-systems.
Hydroxyl-bearing residues (Ser, Thr, Tyr) provide geometrically flexible lone pairs
that can participate in directional lone pair—n interactions, often forming cooperative
networks with hydrogen bonds and enhancing interface stability.5-3! In this work,
the term “cooperative” is used primarily in a structural and qualitative sense, ref-
erring to the spatial clustering of multiple lone pair—n contacts within protein inter-
faces. The analysis does not explicitly quantify energetic cooperativity through
many-body energy decomposition but instead highlights the structural organizat-
ion of interaction networks that may collectively contribute to stabilization.

In contrast, sulfur- and nitrogen-containing side chains contribute minimally
to lone pair donation (Met 1.7 %, His 0.4 %), reflecting the lower energetic favor-
ability, reduced directionality and less optimal orbital overlap of sulfur and imidazole
lone pairs in biological lone pair—m systems.® This selectivity indicates that lone
pair—= interactions in proteins are chemically biased toward oxygen-based donors
rather than representing a general lone pair phenomenon.

On the m-acceptor side, aromatic residues dominate the interaction landscape,
with Tyr (57.7 %) and Phe (40.8 %) accounting for nearly all m-contributions.
Aromatic rings are well-established n-electron acceptors in noncovalent interactions
because of their delocalized electron clouds, quadrupole moments, and anisotropic
electrostatic potentials.%’ Tyrosine plays a particularly central role, as its phenolic
ring provides an efficient m-acceptor surface, while its hydroxyl group can serve
as a lone pair donor in alternative geometries, enabling bidirectional lone pair—n
connectivity and network formation within interfacial regions.$:31

The low contribution of tryptophan (0.7 %), despite its extended m-system,
likely reflects steric constraints and structural burial of indole rings, which limit
their accessibility for lone pair—r engagement at protein—protein interfaces. Simil-
arly, histidine contributes minimally as a m-acceptor because the heteroaromatic
nature of the imidazole ring alters its m-electron density distribution and electro-
static surface compared to phenyl systems.4

We have also examined multiple lone pair—n interactions at phycobiliprotein
interfaces. The analysis showed that about 56 % of the dataset’s lone pair—m inter-
actions participate in multiple interactions. The presence of furcated lone pair
networks at phycobiliprotein interfaces indicates that lone pair donors — primarily
backbone carbonyl oxygens and polar side-chain oxygen atoms — and aromatic -
-systems do not form isolated pairwise contacts, but instead create cooperative int-
eraction clusters in which a single donor can engage multiple m-centers or a single
m-system can accept multiple lone pair interactions. These topologies are consistent
with cooperative donor—acceptor polarization and charge-redistribution models,
where local electronic organization promotes network-like stabilization rather than
discrete binary interactions.3-32:33 Functionally, these furcated lone pair networks
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likely contribute to interfacial robustness and dynamic stability, enabling stabiliz-
ation through distributed weak interactions rather than reliance on a small number
of strong directional bonds.5:34

An illustrative example of multiple lone pair—r interactions is shown in Fig. 4.
The interaction pattern observed in allophycocyanin from Spirulina platensis rep-
resents a structurally and electronically coherent case of furcated (multiple) lone
pair—m interactions, in which a single residue acts as a multivalent donor to multiple
aromatic m-acceptors. The carboxylate group of A:Aspl3 simultaneously engages
both oxygen atoms (OD1 and OD?2) in lone pair—r interactions with B:Tyr94 and
B:Tyr97, generating a fourfold donor—acceptor network (OD1-Tyr94, OD1-Tyr97,
OD2-Tyr94, OD2-Tyr97). This architecture reflects a bifurcated donor/multi-accep-
tor topology, where the delocalized lone pair electron density of the carboxylate
group is distributed toward multiple n-systems rather than forming a single local-
ized interaction. At the electronic level, this motif is consistent with n—n* donat-
ion and electrostatically driven lone pair—nt coupling, in which electron density
from oxygen lone pair orbitals is transferred into low-lying antibonding n*-orbitals
of adjacent aromatic systems in a geometry-dependent and directional manner.5-8

Fig. 4. Furcated (multiple) lone pair—r interaction network in allophycocyanin from Spirulina
platensis (PDB ID: 1all). The carboxylate group of A:Asp13 simultaneously engages both
oxygen atoms (OD1 and OD2) in lone pair—n interactions with two aromatic residues,
B:Tyr94 and B:Tyr97, forming a fourfold interaction network: 1) A:Asp13:0D1-B:Tyr9%4,
2) A:Asp13:0D1-B:Tyr97, 3) A:Asp13:0D2-B:Tyr94 and 4) A:Asp13:0D2-B:Tyr97.
This furcated lone pair—n motif reflects cooperative n—n* donation and multivalent
electrostatic—orbital coupling, generating a stabilizing interaction network across
the protein interface.>8

The simultaneous involvement of both OD1 and OD2 atoms indicates that the
carboxylate group acts as a cooperative donor unit, enabling charge delocalization
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and interaction redundancy — a phenomenon analogous to cooperativity in hydro-
gen-bond networks but governed by orbital overlap and m-electron polarization
rather than proton transfer.35

Lone pair—r interactions in protein environments rarely occur in isolation. In
many cases, additional noncovalent interactions, such as n—n stacking, CH—r con-
tacts, and general dispersion interactions, also contribute to the stabilization of the
observed structural motifs. Therefore, the lone pair—m contacts identified here
should be considered components of a broader network of weak interactions that
collectively contribute to interface stability. Such furcated lone pair—n networks
transform intrinsically weak individual noncovalent interactions into collectively
stabilizing motifs, enhancing interfacial robustness, restricting local conformat-
ional flexibility and promoting precise aromatic alignment across protein—protein
interfaces.-3¢ In phycobiliprotein assemblies, this multivalent lone pair—m archi-
tecture likely contributes to quaternary structure stabilization and electronic pre-
organization of the interface, supporting long-range structural coherence and high-
lighting lone pair—= furcation as a previously underappreciated but mechanistically
significant stabilizing principle in protein complexes.

Interaction geometries of lone pair—r interactions

The frequency distribution of the distance and angle parameters for lone pair—n
interaction pairs is analysed (Fig. 5).
a) 1000
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Fig. 5. Interaction geometries of lone pair—r interactions in phycobiliproteins:
a) R distance distribution, b) @angle distribution.

The R-distance distribution (Fig. 5a) shows a strong clustering of lone pair—n
interactions in the 4.0-5.5 A range, with clear maxima at 4.5 (807 occurrences)
and 5.5 A (708 occurrences) and a substantial population at 5.0 A (572 occur-
rences). In contrast, very short distances (<3.5 A) are extremely rare and no inter-
actions are observed beyond approximately 6.0 A. This distance range is fully con-
sistent with the established geometric window for stabilizing lone pair—m and
n—71* interactions, which typically occur at donor—acceptor separations of approx-
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imately 3.0-5.5 A, depending on the electronic nature of the donor atom and the
n-system involved.5:35 Importantly, the dominance of mid-range distances sug-
gests that these interactions in phycobiliprotein interfaces are not random contacts
but electronically optimized noncovalent interactions, where electrostatic attract-
ion and orbital overlap (lone pair—n* donation) operate in a balanced regime that
maximizes stabilization while avoiding steric repulsion.$-37

The f-angle distribution (Fig. 5b) further supports a directional and anisotropic
interaction pattern, with a progressive enrichment toward larger angles and a pro-
nounced maximum in the 80-90° bin (473 occurrences). This angular preference
is highly characteristic of lone pair—n geometries, where the lone pair orbital appro-
aches the aromatic n-cloud approximately perpendicular to the ring plane, opti-
mizing electrostatic complementarity and orbital alignment (lone pair orbital »7*
orbital interaction).%> Such near-orthogonal approach geometries are inconsistent
with purely nonspecific van der Waals contacts and instead reflect orbital-con-
trolled directionality, a hallmark of n—n* and lone pair—r interactions in bio-
logical systems.5-8

From a structural biology perspective, the combined distance—angle signature
(R: 4.0-5.5 A, 9: 60-90°) indicates that lone pair— interactions in phycobiliprotein
interfaces act as true structure-directing noncovalent interactions, comparable in
geometric specificity to hydrogen bonds and n—x stacking, but governed by differ-
ent electronic principles. Their enrichment at protein—protein interfaces supports the
view that lone pair—r interactions contribute to interfacial complementarity, local
stabilization, and interaction network formation, rather than representing inciden-
tal packing contacts.>-8 The large number of interactions identified across inde-
pendent crystal structures further supports the conclusion that lone pair—m contacts
represent a recurrent, structurally encoded interaction type rather than incidental
geometric contacts.

Taken together, these distributions demonstrate that lone pair—m interactions
in phycobiliproteins are geometrically selective, directional and electronically
driven, supporting their classification as functionally relevant stabilizing interac-
tions within supramolecular protein assemblies rather than as passive geometric
coincidences.

Energetic contribution of lone pair—r interactions

Quantifying noncovalent interactions is essential for a rational approach to
biological systems, including protein structure and function, antibody binding,
drug design and the development of supramolecular chemistry.38 Therefore, the
energetic contributions of residues involved in lone pair—= interactions were cal-
culated using ab initio methods at the LMP2 level. The results for lone pair—n inter-
acting pairs are shown in Fig. 6. To avoid calculating more than 2,000 interactions,
we carefully selected 100 structures that represent nearly all of the interactions found.

Available online at: https://www.shd.org.rs/JSCS/

(CC) 2026 Serbian Chemical Society.



584 BERBERINA et al.

Fig. 6 shows the three-dimensional energy—geometry landscape of lone pair—n
interactions at phycobiliprotein interfaces, revealing a structured dependence of
interaction energy on donor—n distance (R) and approach angle (¢). The three-dim-
ensional energy—geometry landscape demonstrates that lone pair—m interactions at
phycobiliprotein interfaces are governed by a well-defined energetic potential sur-
face, rather than by a broad distribution of weak, nonspecific contacts. Energet-
ically favorable interactions cluster within a narrow geometric domain defined by
short donor— distances (R: 3.5-5.5 A) and intermediate approach angles (0: 40—
—70°), corresponding to distinct local energy minima in the interaction landscape.
The concentration of interaction energies in the range of approximately —0.1 to
—5.0 kJ mol! indicates that lone pair— contacts provide measurable and sys-
tematic stabilization, forming a reproducible energetic signature rather than stoch-
astic low-energy fluctuations. This pattern reflects a structured stabilization mech-
anism, consistent with quantum-mechanical descriptions of lone pair-n and n—n*
interactions, which predict energy minimization through optimized orbital overlap
and electrostatic complementarity rather than purely distance-dependent Coul-
ombic attraction.5-39

~
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% | Fig. 6. 3D scatter plot from the energy ana-
o | lysis showing the distribution of energies
_ | depending on distance and angle for lone
== pair—m interacting pairs. A red circle denotes

an energy that is an accepted lone pair—r int-

eraction; yellow, green and blue circles den-
=G, ote XY, XZ and YZ projections, respectively.
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Importantly, the energy distribution is highly anisotropic, showing strong sta-
bilization only within restricted R regions, indicating that lone pair—r interact-
ions are governed by directional energetic constraints. The angular dependence of
stabilization energy demonstrates that these interactions have a significant orbital
delocalization component, where electron density transfer from heteroatom lone
pairs into aromatic w*-orbitals generates a directional energy minimum (n—n* sta-
bilization), rather than an isotropic, dispersion-dominated attraction. This creates a
discrete energetic well in configuration space, characteristic of weak but elec-
tronically structured noncovalent interactions.>-8
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The systematic increase in interaction energy (reduced stabilization) at longer
distances (R > 6.0 A) and at extreme angular values (€ < 30° or > 80°) defines a
steep energetic gradient away from the optimal stabilization zone, indicating rapid
energetic decay outside the favorable interaction basin. This steep energy drop-off
confirms the short-range energetic nature of lone pair—r interactions and rules out
interpretations based on long-range electrostatics or diffuse van der Waals stabil-
ization. Energy decomposition models also predict that lone pair—x stabilization
results from localized orbital interactions and therefore decays sharply with geom-
etric displacement.59

Within phycobiliprotein interfaces, this energy landscape suggests that lone
pair— interactions serve as energetically selective stabilizing elements, contributing
not through large individual interaction energies but through energetic cooperat-
ivity and accumulation. Multiple lone pair—mt contacts, organized within optimal
energetic domains, can collectively generate distributed stabilization energy, form-
ing interfacial energy networks that enhance interface robustness, reduce local
conformational entropy and increase energetic barriers to dissociation. Thus, lone
pair—r interactions act as fine-scale energetic modulators of protein—protein inter-
faces, refining stability and specificity through the spatial organization of multiple
weak but energetically optimized interactions, directly analogous to cooperative
hydrogen-bond and dispersion networks in structured protein interfaces.>-8

CONCLUSION

This study provides a systematic structural, geometric and energetic charact-
erization of lone pair—m interactions in phycobiliprotein interfaces, establishing
them as functionally relevant noncovalent interactions rather than incidental packing
contacts. Through large-scale structural analysis and ab initio quantum-chemical
energy calculations, we show that lone pair—n interactions in phycobiliproteins are
chemically selective, geometrically constrained and energetically structured, forming
reproducible stabilization patterns across protein—protein interfaces.

Our results show that lone pair—r interactions are primarily driven by oxygen-
-based lone pair donors and aromatic 7 acceptors, with specific distance and ang-
ular preferences that reflect directional donor—acceptor orbital coupling rather than
diffuse electrostatic attraction. The computed energy landscape reveals discrete
stabilization minima, indicating that lone pair—r interactions have intrinsic ener-
getic organization, despite their individually modest interaction energies. Notably,
the frequent occurrence of furcated and structurally cooperative lone pair—z motifs
demonstrates that these interactions function as interfacial energy networks, where
multiple weak contacts collectively generate distributed interaction networks that
enhance interface robustness, reduce conformational entropy, and increase energ-
etic barriers to dissociation.
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In phycobiliprotein assemblies, this cooperative architecture positions lone
pair—= interactions as fine-scale energetic modulators that complement hydrogen
bonds, salt bridges, and hydrophobic interactions by providing geometric precision
and electronic preorganization at protein—protein interfaces. More broadly, our
findings support a conceptual shift from viewing lone pair—r interactions as iso-
lated weak contacts to recognizing them as organized, network-forming stabilizing
elements that contribute to supramolecular protein structure and stability. The
identification of over two thousand lone pair—= interactions in a relatively small
dataset of phycobiliprotein structures highlights that these interactions are a wide-
spread and previously underappreciated stabilizing component of protein—protein
interfaces.

These results expand the current understanding of noncovalent interaction
networks in proteins and highlight lone pair—n interactions as a previously under-
appreciated stabilizing principle in biological assemblies. The energetic network
model presented here provides a new framework for interpreting weak orbital
interactions at protein interfaces and offers a foundation for future studies of their
roles in protein folding, oligomerization, molecular recognition and biomolecular
self-assembly.
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H3BO[O

EHEPTETCKE MPEXE CJIOBOJHH ITAP-tt UHTEPAKIIUJA Y MOJIEKYJICKUM
[MPOCTOPYMA ®UKOBUIUITIPOTEMHA: CTPYKTYPHA OPTAHU3ALIMJA, TEOMETPUJA
" KOOINEPATHUBHA CTABWIN3ALIUJA

JIYKA M. BPEBEPUHA!, MAPUO B. 3JIATOBHUR?, CPBAH B. CTOJAHOBHR?® u MUJIAH P. HUKOJIUR!

"Ynueepsuiueini y Beoipagy, Xemujcku axynine, Kamegpa 3a Guoxemujy, Beoipag, *Yrueep3uiiein y

Beoipagy, Xemujcku axynitein, Kamegpa 3a opiancky xemujy, Beoipag u *Yunusepsuinein y Beoipagy,

Hnctiutiy 3a xemujy, WexnHonoiujy u memanypiujy, Lenttap 3a xemujy, HHctauitlyiti 0g HAUUOHATHOT

3nauaja 3a Petiyonuxy Cpoujy, Beoipag

Cnobonuu map (lone pair)-m WHTEpaKLUje IpenCcTaBbajy HEeJOBOJBHO UCTPAXKEHY Kiacy
HEKOBAJIEHTHUX CHJIA Y apXUTEKTypH NPOTEHMHA, YIPKOC HUXOBOM (yHIAMEHTAJHOM eJleK-
TPOHCKOM 3Hay4ajy. Y 0BOM pajiy IpeficTaB/baMo CBe0OyXBaTHY pauyHapcKky ¥ OMOMHGOpMaTHIKY
aHa/IM3y CJI0D0JHU Map—T HUHTEpaKIWja Y MOJIEKYJICKHUM IPOCTOpUMa (PUKOOMIUIIPOTEHH],
3acHOBaHy Ha 20 peHAreHCKUX KpUcTanorpadCcKkux CTpyKTypa BUCOKE pe3onyuuje. [Ipumenom
nedMHUCAaHUX TeOMETPHjCKUX KpPUTepHjyMa W ab initio KBAaHTHO-XEMHjCKHX ITPOpauyyHa Ha
LMP2/cc-pVTZ++ HUBOy TeOpHje Ha PeIyKOBAaHMM MOJIEKYJICKUM MOJEIHNMA, CUCTEMATCKU
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CMO OKapaKTepucanu BUXOBY AUCTPUOYIIH]Y, TEOMETPH]Y, TOIMOJIOTHjY U €HEepreTCKe OMpH-
Hoce. UneHTHHKOBAHO je yKynHO 2,245 cmodonHu nap—m WHTepaklyja, ITo yKa3yje Ha u3pa-
3UTO HaCyMHYaH U XEMHjCKH CEIEeKTUBAH MHTEPAKLMOHH I€j3aX, KOjUM AOMHUHHDPAjy AOHODH
CJ1I000IHUX €IEKTPOHCKHX TTapOBa KMCEOHWKA U aPOMATCKH T-aKLeNTOPH, HAPOUUTO THPO3UH
U deHunanaHuH. eoMeTpHjcka aHalu3a Nokasaja je u3pakeHe npedepeHlUje y NOINeny
IOUCTAHLE U yTJIa, Y CKIaLy ca yCMEepeHUM JOHOP—aKLenTop opdUTaIHIM HHTEpaKIMjaMa, a He
ca HecrienludUYHUM edeKTUMa TakoBamwa. EHepreTcky npopayyHy OTKPUIH CY CTPYKTYpHCaHy
MHTEPaKIMOHY IOTEeHIMjaIHy OBPLIKHY, IIPH YeMy ce CTadUIu3alioHe eHepryje rpynuuy y
oncery og—0,1 to —5,0 kJ mol ! yuyTap necduHHCaHUX TEOMETPHjCKHUX TOMEHA. AHATIM3a MPEXa
IOZIAaTHO je MoKa3asia Ja BUILE Of MOJIOBHHE HHTEPaKLHja yYecTByje Y KooepaTuBHUM, QypKo-
BAaHUM CI0DOJHM Map—T MOTHBHUMA, KOjU TeHepHUIly cTabWIN3auHjy MOJEKYICKUX MPOCTOpa
MyTeM MYJITHBAJIEHTHUX MHTEPaKLIMOHUX MpeXa. Y IIeJIMHH, OBU Pe3yJITaTH YCIIOCTaBbajy CI0-
DogHM map—T UHTepaKlyje Kao FeOMEeTPHjCKU KOLUpaHe, EHepreTCKU CelIeKTHBHE U Koollepa-
THUBHO OpraHM3oBaHe cTadUIM3allOHE eJleMeHTe KOjU AONpHHOCe MehyMoieKkysckoj crnenu-
(pUYHOCTH, CTPYKTYPHOj NPELM3HOCTH U CTaDMJIHOCTH KBAaTEpHApHE CTPYKTYpe y (PUKOOUIH-
MPOTEUHCKUM arperaTuma.

(ITpumsbeHo 2. dedpyapa, peBunupaHno 13. mapra, npuxsaheno 30. mapta 2026)
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The tables below present the Cartesian coordinates (xyz format) of the
representative dimers selected for the Supplementary Material. R denotes
the distance between the lone pair donor atom (O) and the centroid of the
aromatic © system. 0 represents the angle between the donor—centroid vector
and the normal to the aromatic ring plane, describing the approach of the
lone pair toward the © system. All optimized structures correspond to true
minima on the potential energy surface, with no imaginary frequencies.

Because the full dataset contains a large number of interacting pairs,
only representative dimers illustrating the principal classes of lone pair—n
interactions were selected for detailed presentation in the Supplementary
Material. The selected examples cover the main types of donor residues and
aromatic m systems observed in the structural dataset and reproduce the

characteristic geometrical parameters identified in the statistical analysis.

* Corresponding author. E-mail: mnikolic@chem.bg.ac.rs
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Table S-I. Cartesian coordinates of representative dimers

1. 4F0U - A:THR96:0G1 - B:TYR18

Donor residue a t:))I(I)lnor Aromatic residue ( A)R 0 (°)
THR A96 0G1 TYRB18 5.11 57.17
XYZ coordinates
Atom X Y V4
C -47.9740 25.3270 80.8670
(6] -49.1390 26.1040 80.5650
C -47.2110 25.9910 82.0180
H -48.2390 24.4320 81.1310
H -48.9120 26.8930 80.3890
H -47.7870 26.0510 82.7960
H -46.4280 25.4610 82.2360
H -46.9340 26.8820 81.7520
H -47.3330 25.2730 79.9870
C -53.1440 26.7670 83.9440
C -52.1970 27.9510 84.0300
C -50.8230 27.7790 83.8620
C -52.6670 29.2380 84.3090
C -49.9470 28.8510 83.9710
C -51.7970 30.3120 84.4220
C -50.4400 30.1110 84.2510
(0] -49.5740 31.1680 84.3570
H -53.6280 26.7020 84.7820
H -52.6150 25.9580 83.8580
H -50.4880 26.9320 83.6740
H -53.5800 29.3760 84.4210
H -49.0330 28.7210 83.8560
H -52.1240 31.1620 84.6120
H -49.9800 31.8320 84.6730
H -53.8300 26.8760 83.1040
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2. 1CPC - L:THR96:0G1 - K:PHE18

S163

Donor residue a t:))I(I)lnor Aromatic residue ( A)R 0(°)
THR L96 0G1 PHE K18 5.08 59.80
XYZ coordinates
Atom X Y V4
C 11.0670 -28.2090 -6.4320
C 11.8900 -27.7530 -7.6390
C 12.6700 -26.6110 -7.5420
C 11.7760 -28.4370 -8.8380
C 13.3320 -26.0900 -8.6530
C 12.4610 -27.9130 -9.9520
C 13.2210 -26.7290 -9.8620
H 11.5890 -28.1100 -5.6210
H 10.8510 -29.1510 -6.5170
H 12.7530 -26.1840 -6.7200
H 11.2670 -29.2120 -8.9050
H 13.8440 -25.3170 -8.5750
H 12.4110 -28.3590 -10.7670
H 13.6430 -26.3840 -10.6150
H 10.1520 -27.6210 -6.3610
C 8.6210 -30.4880 -11.9670
(0] 8.5540 -29.3560 -11.0670
C 10.0640 -30.7940 -12.3830
H 8.3200 -31.2620 -11.4660
H 8.3900 -28.6580 -11.5050
H 10.6290 -30.8230 -11.5950
H 10.0960 -31.6520 -12.8350
H 10.3820 -30.1010 -12.9830
H 7.9920 -30.3250 -12.8420
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3. 2BV8 - P:TYR74:0H - K:TYR90

Donor

Donor residue atom Aromatic residue A) 0(°)
TYR K90 OH TYR P74 4.90 74.72
XYZ coordinates
Atom X Y V4
C 2.2490 46.8700 86.8180
C 2.3420 47.4430 88.2260
C 1.2890 47 .3000 89.1630
C 3.4330 48.2530 88.5610
C 1.3240 47.9710 90.3810
C 3.4840 48.9290 89.7500
C 2.4210 48.7920 90.6520
(0) 2.4740 49.5430 91.7750
H 3.1250 46.5330 86.5720
H 2.0430 47.5970 86.2100
H 0.5660 46.7510 88.9610
H 4.1400 48.3340 87.9620
H 0.6350 47.8750 90.9990
H 4.2120 49.4700 89.9560
H 3.1810 49.9970 91.7760
H 1.4950 46.0850 86.7620
C 1.4710 55.4340 91.0980
C 0.7760 54.3180 90.3650
C 1.3080 53.0090 90.3600
C -0.3900 54.5740 89.6510
C 0.6760 51.9690 89.6350
C -1.0360 53.5650 88.9300
C -0.5050 52.2720 88.9180
(0] -1.1330 51.3230 88.1480
H 1.6180 55.1650 92.0180
H 0.8890 56.2100 91.1190
H 2.0840 52.8280 90.8390
H -0.7470 55.4330 89.6530
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Atom X Y V4
H 1.0290 51.1090 89.6310
H -1.8160 53.7530 88.4600
H -1.7550 51.6820 87.7120
H 2.4170 55.6780 90.6150
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4. 1F99 - N:MET79:SD - K:PHE122

Donor

Donor residue atom Aromatic residue A) 0(°)
MET N79 SD PHE K122 5.69 65.81
XYZ coordinates
Atom X Y V4
C -27.9410 38.8900 59.3320
C -26.7160 38.9550 60.2390
C -26.6930 39.8310 61.3110
C -25.6500 38.0970 60.0320
C -25.6100 39.8400 62.1720
C -24.5740 38.1120 60.8960
C -24.5540 38.9800 61.9680
H -27.6700 38.6210 58.4400
H -28.3340 39.7740 59.2540
H -27.4050 40.4130 61.4520
H -25.6590 37.5100 59.3110
H -25.5950 40.4290 62.8910
H -23.8590 37.5340 60.7550
H -23.8300 38.9840 62.5510
H -28.6710 38.1870 59.7330
C -18.7680 37.7120 58.5160
C -20.0970 37.8890 59.2390
S -19.9610 38.5510 60.9210
C -19.7100 40.2510 60.4960
H -18.3890 38.5870 58.3390
H -18.9330 37.2950 57.6560
H -20.6600 38.4810 58.7160
H -20.5470 37.0310 59.2780
H -19.6130 40.7760 61.3060
H -18.9070 40.3350 59.9580
H -20.4720 40.5740 59.9910
H -18.0830 37.1090 59.1120
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5. 1F99 - N:SER94:0G - M:PHE18

Donor residue a tf))I(I)lnor Aromatic residue ( A)R 0(°)
SER N94 oG PHE M18 5.12 61.56
XYZ coordinates
Atom X Y V4
C -26.5750 21.9370 70.3080
C -26.0230 23.3590 70.3590
C -25.7200 24.0440 69.1940
C -25.8180 23.9620 71.5850
C -25.2110 25.3250 69.2730
C -25.3090 25.2440 71.6530
C -25.0040 25.9260 70.4980
H -27.1790 21.8670 69.5520
H -27.1010 21.7810 71.1080
H -25.8580 23.6450 68.3660
H -26.0240 23.5030 72.3670
H -25.0060 25.7880 68.4930
H -25.1720 25.6460 72.4800
H -24.6600 26.7890 70.5420
H -25.7670 21.2100 70.2270
C -24.2480 23.3660 75.9470
(6] -23.8090 22.6280 74.8140
H -25.0830 22.9830 76.2580
H -24.4400 24.2740 75.6660
H -22.9890 22.7630 74.6920
H -23.4960 23.3530 76.7360

Available online at: https://www.shd.org.rs/JSCS/

(CC) 2026 Serbian Chemical Society.



S168

BERBERINA et al.

6. 1B33 - A:SER31:0G - J:TYR72

Donor

Donor residue atom Aromatic residue A) 0(°)
SER A31 oG TYRJ72 4.72 70.20
XYZ coordinates
Atom X Y V4
C 84.5680 55.1380 62.0110
(0] 83.5100 54.3010 61.5580
H 85.0480 55.4890 61.2450
H 85.1990 54.6080 62.5230
H 83.2340 53.8280 62.1950
H 84.1750 55.9530 62.6190
C 85.7980 51.6340 57.5020
C 85.5740 53.1320 57.3700
C 85.5920 53.7530 56.1200
C 85.3930 53.9330 58.4950
C 85.4400 55.1300 55.9950
C 85.2440 55.3160 58.3790
C 85.2690 55.9040 57.1270
(0] 85.1320 57.2670 57.0050
H 85.1480 51.1680 56.9540
H 85.6360 51.3700 58.4210
H 85.7080 53.2360 55.3560
H 85.3710 53.5400 59.3380
H 85.4530 55.5280 55.1540
H 85.1290 55.8390 59.1390
H 85.2410 57.4890 56.2020
H 86.8120 51.3700 57.2010
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7.2BV8 - O:TYR74:0H - E:PHEG63

S169

Donor

Donor residue atom Aromatic residue A) 0(°)
TYR 074 OH PHE E63 5.39 78.09
XYZ coordinates
Atom X Y V4
C 31.8940 120.3860 59.0470
C 30.5110 120.0440 59.5600
C 30.3250 119.6500 60.8950
C 29.3960 120.1410 58.7190
C 29.0390 119.3630 61.3860
C 28.1050 119.8590 59.1830
C 27.9040 119.4700 60.5180
H 31.9000 120.2970 58.0810
H 32.5260 119.7380 59.3960
H 31.0600 119.5780 61.4600
H 29.5150 120.3980 57.8330
H 28.9250 119.1040 62.2720
H 27.3790 119.9290 58.6060
H 27.0490 119.2850 60.8330
H 32.1760 121.3970 59.3430
C 29.4980 121.1460 70.6350
C 29.2330 120.6950 69.2200
C 29.9220 119.6050 68.6740
C 28.2570 121.3270 68.4370
C 29.6440 119.1500 67.3780
C 27.9690 120.8840 67.1460
C 28.6630 119.7930 66.6200
(6] 28.3580 119.3370 65.3490
H 29.0260 121.9770 70.8010
H 30.4440 121.3310 70.7410
H 30.5740 119.1760 69.1790
H 27.7930 122.0540 68.7840
H 30.1090 118.4260 67.0260
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Atom X Y V4
H 27.3180 121.3130 66.6390
H 27.7540 119.8170 65.0170
H 29.1790 120.3810 71.3430
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8. 4L1E - A:GLN33:0E1 - C:PHE28

Donor residue a tf))I(I)lnor Aromatic residue ( A)R 0(°)
GLN A33 OEl PHE C28 5.04 57.50
XYZ coordinates
Atom X Y V4
C -64.2980 -4.9460 -31.8280
C -65.3780 -4.0120 -31.3100
C -66.0540 -4.5310 -30.0540
(0] -65.4560 -5.2710 -29.2710
N -67.3090 -4.1440 -29.8560
H -63.7040 -5.1750 -31.0960
H -63.7660 -4.4750 -32.4880
H -64.9870 -3.1430 -31.1260
H -66.0460 -3.8820 -32.0010
H -67.6940 -3.6270 -30.4250
H -67.7360 -4.4110 -29.1590
H -64.7400 -5.8440 -32.2600
C -61.3090 -6.8840 -25.7900
C -62.6050 -6.4500 -25.1580
C -63.0480 -7.0200 -23.9760
C -63.3830 -5.4690 -25.7500
C -64.2360 -6.6220 -23.3990
C -64.5750 -5.0690 -25.1740
C -64.9970 -5.6440 -23.9980
H -61.0430 -6.2220 -26.4470
H -61.4550 -7.7150 -26.2680
H -62.5370 -7.6800 -23.5660
H -63.1010 -5.0750 -26.5440
H -64.5230 -7.0140 -22.6060
H -65.0910 -4.4110 -25.5820
H -65.7960 -5.3720 -23.6080
H -60.5340 -7.0070 -25.0330
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9. 1B33 - O:GLN41:0E1 - K:TYR87

Donor

Donor residue atom Aromatic residue A) 0(°)
GLN 041 OE1 TYR K87 5.38 68.67
XYZ coordinates
Atom X Y V4
C 111.3190 1.4800 72.0210
C 110.0370 0.7600 71.6620
C 109.9240 -0.6200 71.8120
C 108.9720 1.4430 71.0790
C 108.7770 -1.3140 71.3770
C 107.8180 0.7660 70.6420
C 107.7240 -0.6170 70.7890
(0) 106.6010 -1.2950 70.3280
H 111.6630 1.1320 72.8580
H 111.1340 2.4220 72.1600
H 110.6200 -1.0930 72.2070
H 109.0250 2.3660 70.9760
H 108.7230 -2.2360 71.4820
H 107.1180 1.2410 70.2550
H 106.0560 -0.7450 70.0020
H 112.0570 1.3540 71.2290
C 102.2830 4.4460 72.6030
C 103.6160 3.8410 72.9740
C 104.3110 3.2470 71.7820
(6] 105.1110 3.9130 71.1260
N 103.9810 2.0050 71.4610
H 101.5870 3.7830 72.7310
H 102.2890 4.6720 71.6600
H 104.1810 4.5220 73.3710
H 103.4840 3.1550 73.6460
H 103.4180 1.5710 71.9450
H 104.3300 1.6320 70.7690
H 102.0840 5.3310 73.2070
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10. 1ALL - A:GLY34:0 - B:PHE31

S173

Donor residue a tf::lnor Aromatic residue ( A)R 0(°)
GLY A34 (0] PHE B31 4.70 35.17
XYZ coordinates
Atom X Y V4
N 5.3890 16.0670 10.0080
C 6.0910 16.4900 11.1890
C 7.0790 15.4710 11.7110
(0] 8.2350 15.8040 11.9580
H 4.5320 16.1310 10.0510
H 6.5620 17.3160 10.9960
H 5.4450 16.6880 11.8850
H 5.6360 15.0420 9.8250
H 6.7650 14.4390 11.8680
C 2.9170 16.5310 14.9570
C 4.0070 17.5050 14.5450
C 3.7150 18.6100 13.7450
C 5.3260 17.3170 14.9740
C 4.7120 19.5150 13.3790
C 6.3360 18.2120 14.6170
C 6.0240 19.3200 13.8130
H 3.2510 15.9730 15.6770
H 2.7230 15.9440 14.2100
H 2.8430 18.7450 13.4510
H 5.5330 16.5830 15.5060
H 4.5020 20.2480 12.8460
H 7.2080 18.0760 14.9090
H 6.6900 19.9220 13.5700
H 2.0200 17.0660 15.2690
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Abstract: Raising the level of environmental awareness in the field of liquid
chromatography is considered indispensable while the use of f-cyclodextrin, as
additive, in a mobile phase is promising strategy in this regard. This study pres-
ents a method development in line with ICH Q14 regulatory requirements for
introducing sustainability and method life-cycle management to separate com-
ponents of a cardiovascular multi-drug tablet formulation. At the beginning, the
analytical method target profile was defined, separation of perindopril, amlod-
ipine, and indapamide in a shortest possible analytical run time. Following risk
analysis pointed out that the mobile phase constituents represent the critical
method parameters affecting the chromatographic analyses. Design of experiments
methodology and desirability function calculation was employed to simultane-
ously optimize the levels of concentration of -cyclodextrin solution, pH value
and acetonitrile content in the mobile phase investigated in the ranges 5-15 mM,
4.0-6.0 and 20-30 vol. %, respectively. The optimal chromatographic conditions
consisted of 10 mM S-cyclodextrin (pH 5.4) and acetonitrile in the volume ratio
70:30, 2 mL min’! flow rate, RP-18e column kept at 25 °C, 215 nm detection
wavelength, and 10 pL injection volume. The eco-friendliness of the method was
assessed using the AGREE tool indicating a green and sustainable method was
successfully developed.

Keywords: HPLC method development; design of experiments; desirability func-
tion; cardiovascular multi-drug tablet formulation; AGREE assessment tool.
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INTRODUCTION

Achieving sustainability in the domain of pharmaceutical sciences involves
integrating environmental and social considerations from the earliest stages of dev-
elopment through to end-of-life management. This includes using green chemistry
principles, developing eco-friendly analytical methods, designing sustainable
manufacturing processes and optimizing drug product formulations, packaging
and distribution to reduce waste and energy consumption. !

Multi-drug formulations have increasingly become a significant challenge in
the field of drug analysis due to the complexity and resource demanding require-
ments associated with resolving these compounds. This is attributed to the growing
interest in rationally designed multi-target drugs, also known as multimodal drugs,
network therapeutics or designed multiple ligands. These drugs have emerged as
an appealing drug discovery paradigm over the past decade to address diseases
with complex etiologies and those exhibiting substantial drug resistance.2-3 Multi-
-drugs are also means to sustainable environment as less resources are used in their
manufacture and consecutive quality control analysis.

Multi-component drug formulation used in this research comprised of a mix-
ture of perindopril fert-butylamine (also referred as perindopril erbumine), amlo-
dipine besylate and indapamide active pharmaceutical substances which structures
are presented in Fig. 1. Their respective drug formulation has been successfully used
for the treatment of cardiovascular diseases, considering that perindopril is an
angiotensin-converting enzyme inhibitor that lowers blood pressure by reducing
sodium and water retention,* amlodipine besylate is a calcium channel blocker that
lowers blood pressure by relaxing blood vessels® and indapamide is a diuretic that
causes water elimination hence reducing the pressure inside blood vessels.®

nx

%

Tiun

Fig. 1. Chemical structures of: A) perindopril erbumine, B) indapamide and C) amlodipine
besylate.
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In the realm of drug analysis, high pressure liquid chromatography (HPLC)
stands as the de facto gold standard. Among the various HPLC techniques, reversed
phase high performance liquid chromatography (RP-HPLC) predominates, com-
prising approximately 75 % of the reported methodologies. Historically, the technique
has predominantly utilized acetonitrile as preferred organic solvent in the mobile
phase. At the same time, contemporary scientific advancements, particularly the
green analytical chemistry (GAC) concept, emphasize the primary objective of
reducing or eliminating the utilization and production of substances that pose risks
to human health or the environment, as delineated by Anastas.! It is evident now
that HPLC inherently lacks environmental friendliness due to the substantial quan-
tities of solvents employed, which ultimately become waste at the end of the ana-
lysis. These wastes become more hazardous to the environment as well as the
health and wellbeing of analysts involved if the solvents used are toxic. In the light
of the growing need to achieve the global Sustainable Development Goals, SDG
9.4, which aims to enhance research and upgrade industrial technologies, particul-
arly in developing countries, by 2030. SDG 12.4-6 also focuses on the environ-
mentally sound management of chemicals and waste, aiming to reduce their release
and minimize adverse impacts on human health and the environment.” However,
new and promising strategies highlighted as green chromatography principles that
rely on the adjustment of the mobile phase composition emerge, thereby enhancing
sustainability of the HPLC method without compromising its performance.3-11
There have been several assessment tools for measuring such achievement of a
method, such as the GAPI, ESA and NEMI index. However, recently released
AGREE tool incorporated in an open access software outstands out for his notable
and relevant advantages. In addition to the ecological criteria evaluated by other
tools, AGREE considers the number of analytes determined in a single run, sample
throughput, automation, and the use of chemicals from renewable sources.!2:13

The inclination towards introducing GAC concept in the field of drug analysis
and the literature review of the reported HPLC methods used for the quality control
of ternary drug combination containing perindopril erbumine, amlodipine besylate
and indapamide revealing that these methods have predominantly utilized exten-
sive amounts of toxic organic solvents, indicated that it is necessary to offer analytical
procedure improvement by means of development of an alternative sustainable and
eco-friendly HPLC method.14:15

Cyclodextrins (CDs) are semi-natural compounds derived from starch (a ren-
ewable resource) through enzymatic conversion. Their diverse applications in
chemistry, pharmaceuticals, food and cosmetics stem from their non-toxicity and
cost-effectiveness.!® When CDs are used as additives into the mobile phases in
HPLC analysis they could reduce the organic solvent—water ratio without compro-
mising selectivity or resolution. The potential usefulness of CDs in HPLC separ-
ations comes out of the ability of CDs to form inclusion complexes with the guest
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molecules thus affecting their retention. The efficiency of complexation depends
on the structural compatibility between the CD and the guest molecule. The height
and internal diameter of the CD cavity are determined by the number of glucose
units. a-CD has a lower internal diameter compared to f-CD and y-CD, enabling
them to incorporate low molecular weight compounds with aliphatic chains, f-CD
can accommodate heterocyclic and aromatic compounds, spanning a wide range
of active pharmaceutical substances (APIs), while y-CD can accommodate com-
plex macrocycles and steroids. Among others, f-CDs are the most utilized CDs in
pharmaceutical formulations. Furthermore, f-CD’s weak adsorption onto C18
columns ensures preserving high column performance, facilitates easy washing,
and minimizes damage compared to other CDs. At the same time, all CDs possess
a unique advantage over other commonly used mobile phase additives by being
transparent within the ultraviolet-visible range predominantly used in detectors in
HPLC instruments. 131718

Sustainability in the field of development of analytical methods may be achieved
by using various computer technology related products such as advanced data
processing software and strategies that enable reduction of experimental work
while maintaining high quality of gathered data. In that respect, the application of
Design of Experiments (DoE) methodology has been recognized in the field of drug
analysis over past decades. DoE is a robust structural approach based on the multi-
factorial planning of order and number of experiments to be executed thus reducing
the use of resources as well the generation of waste, but as the most important fact,
enabling better insight into factor interactions and factor response relations. DoE
serves as a technique for optimizing multivariate systems, such as liquid chromato-
graphy, where various interdependent mechanisms, including column efficiency,
retention factor, ionization efficiency and ion suppression, analytes’ solubility, sig-
nificantly impact the analysis.19-21 At the same time, according to the International
council for harmonization of technical requirements for pharmaceuticals for
human use (ICH) Q14 guideline, adopting smarter method development approach
supported by principles of quality risk management, enhances the reliability of
analytical methods.22 Developed methods also undergo the systematic process of
method validation in accordance with ICH Q2(R1/R2)23 guideline which is con-
sidered as necessary to ensure that the developed method is fit for its intended use.

Having all this in mind, the aim of this study was focused on the DoE
supported development and validation of a HPLC method with S-CD-modified
mobile phase as an eco-friendly HPLC alternative for the separation of the three
APIs, perindopril erbumine, amlodipine besylate and indapamide from a comercially
available tablet formulation.
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EXPERIMENTAL
Chemicals and reagents

SCD of 98 % purity was purchased from Acros Organics, USA. An HPLC grade aceto-
nitrile, water and ethanol were purchased from J.T. Baker Inc., USA. Perindopril erbumine,
amlodipine besylate and indapamide reference substances were of Ph. Eur. quality. Co-Amlessa
tablets containing 4 mg of perindopril erbumine, 10 mg of amlodipine besylate and 1.25 mg of
indapamide per one tablet (Krka-Farma, Serbia) were purchased from a local drug store.

Chromatographic conditions and equipment

The experiments were performed on a Vanquish Core 3000 HPLC system (Thermo Fisher
Scientific) equipped with quaternary pumps, autosampler, thermostated column department,
and PDA detector. Chromatographic data was collected using Chromeleon® 7.0 and Chrom
Quest 4.2 chromatography data system. Merck Chromolith RP-18e column (100 mmx4.6 mm,
macropore size 2 um, mesopore size 13 nm) was used for separations. S-CD aqueous solutions
were prepared in the concentration range 5—15 mM. The organic part of mobile phase consisted
of acetonitrile in range 20-30 vol. %. Column temperature was 25 °C, flow rate 2 mL min’!,
injection volume 20 pL and detection wavelength 215 nm.

Stock and working solutions preparation

Stock solutions were prepared by dissolving the powder reference substances in 50 vol. %
ethanol to attain concentrations of 1 mg mL™! for each API. Stock solutions were further diluted
using the mixture of 10 mM S-CD (pH 5.4) and acetonitrile (70:30 volume ratio) as solvent to
prepare one working solution containing 20 pug mL! of perindopril erbumine, 50 pg mL! of
amlodipine besylate and 6.25 pg mL-! of indapamide to be used within method optimization. A
series of five working solutions containing raising concentrations of all APIs were prepared
from stock solutions by dilution with the aforementioned solvent to be used within method
linearity evaluation. Raising concentrations of working solutions were as follows: 10, 15, 20,
25 and 30 pg mL! for perindopril erbumine, 25.0, 37.5, 50.0, 62.5 and 75 pg mL-! for amlodip-
ine besylate and 3.125, 4.688, 6.250, 7.813 and 9.325 pg mL"! for indapamide.

Sample preparation

The stock sample solution was prepared with the appropriate amount of powdered tablet
mass containing 4 mg of perindopril erbumine, 10 mg of amlodipine besylate and 1.25 mg of
indapamide and transferring it to a 50 mL volumetric flask. The volumetric flask was filled with
50 vol. % ethanol and the solution was filtered. Working sample solution was prepared by trans-
ferring of 2.5 mL of stock solution in 10 mL volumetric flask and dilution with the aforemen-
tioned solvent to attain concentrations 20, 50 and 6.25 ug mL"! for perindopril erbumine, amlo-
dipine besylate and indapamide, respectively, denoted as 100 % concentration level with respect
to the declared value for each API. This sample solution was used both for method optimization
and method repeatability test (6 sample solutions repetitive analysis) and intermediate method
precision test (6 working solutions repetitive analysis performed on three separate days by dif-
ferent analysts) within method validation procedure. The similar procedure was applied for
preparation of test sample solutions for accuracy test within method validation procedure with
the difference that respective volumes of stock solution were transferred in a 50 mL volumetric
flask, mixed with placebo and filled to volume with the aforementioned solvent to attain concen-
trations 80, 200 and 25 pg mL-! for perindopril erbumine, amlodipine besylate and indapamide,
respectively. This solution was filtered and diluted with the same solvent to attain test solution
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containing 16, 40 and 5.00 ug mL"! for perindopril erbumine, amlodipine besylate and indap-
amide, respectively, representing 80 % concentration level for each API. Similarly, test solut-
ions containing 20, 50 and 6.25 pug mL-! representing 100 % concentrations level and 24, 60
and 7.50 pg mL! representing 120 % concentration level for perindopril erbumine, amlodipine
besylate and indapamide, respectively, were prepared. The test sample solutions were prepared
in triplicate for each of these concentration levels.

Method optimization

The influence of experimental factors on the retention behavior of the analytes was
assessed with experimental design whose plan was constructed as well as obtained results pro-
cessing using multiple regression analysis was performed using Design Expert 11.0.0 software
(Stat-Ease Inc., USA). The Box—Behnken response surface design was used comprising of a
total of 15 runs within which 3-level factors are varied in a predefined manner involving factor
levels at the midpoints of the edges of the experimental space and level positioned at the center
of the experimental space. The center point experiment was repeated 3 times in order to evaluate
the experimental error.!3:16 Simultaneous optimizations of multiple responses or multi-objective
method optimization, was also performed using the same software upon setting the specific
numerical target values for each of the observed responses. Firstly, individual desirability func-
tions are calculated with a value of 1 for the most ideal outcome for each of the observed res-
ponses reaching its target value and 0 for the least desirable outcome. Afterwards, the global
desirability function was calculated combining the results of individual desirability functions
assigning an overall score also expressed in a range of values 0—1. The overall desirability func-
tion represents a compromise and points out to the optimal experimental setup for which all
observed responses are the closest possible to their individual target value.

Greenness assessment

Using the AGREE assessment scale, the method was graded for its greenness according to
a twelve-point metric system adopted from the 12 GAC principles. Each of the 12 input variables
is transformed into a scale in the 0—1 range, and the final result is the product of the assessment
results for each GAC principle. The output is a clock-like graph, with the overall score and color
representation generated using AGREE calculator (University of Vigo, Spain).

RESULTS AND DISCUSSION

According to the analytical method development strategy described within
ICH Q14 recommendations, the first step is to define the target analytical profile
of the new method. The optimization goals were accordingly aligned for the devel-
oped method to demonstrate satisfactory separation of adjacent peaks achieved
within the least possible total analysis time. The observed chromatographic respon-
ses recognized as critical method attributes for achieving these optimization goals
(CMAs) were retention factor (k) of the last eluting compound from the mixture,
indapamide, as well as measure of separation, selectivity factors between all peak
pairs (according to the observed elution order, the selectivity factors were: a5
between amlodipine and perindopril peaks and a;_3 between perindopril and inda-
pamide peaks).

Multiple factors may affect the retention properties of the APIs under review.
They may be classified as analysts, samples, mobile phase, column, instrument and
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detection related factors, as presented in Ishikawa or fishbone diagram (Fig. 2). The
factor classification followed with constant, noise and experimental (CNX) eval-
uation as a risk analysis approach, enables insight into the critical method para-
meters (CMPs) of the analytical method.2! The CNX risk-based approach defines
the method parameters that should be kept under control, at constant level (marked
with yellow color), which ones may be disregarded as noise factors (colored in
green) and which parameters require detail experimental evaluation (colored in
red). From the perspective of the GAC concept, special attention must be paid to
materials, energy and waste. Factors that influence solvent consumption and directly
affect the amount of generated wasted include the composition of the mobile phase.
Therefore, the selection of suitable solvents is considered the most important step
in the intended method development process.

Personel Equipment Materials

Skills &
Specialists training

Sample
—
preparation

= Reagents

(workers)
Column
separation

Number of
analytical
steps

Computer-
aided

development

Recycling

Liquids, solids,
measures

volatiles

Waste management Process Optimization

Fig. 2. Classification of important analytical method aspects with risk-assessment.

C18 reversed-phase stationary phase and the type of chromatographic column
was selected before the method is optimized, based on previous experience and
recommendations from the literature.!8 The stationary phase of monolithic columns
is composed of highly porous continuous silica network, with macro- and mesopores.
Macropores are 2 pm in size, and they are responsible for low resistance towards
mobile phase flow. Therefore, monolithic columns are compatible with a high
mobile phase flow rate, even up to 10 mL min~!, accompanied by low pressure in
the system. On the other hand, mesopores are smaller in comparison to macropores
and they account for a huge active surface, approximately 300 m? g~1, which enables
efficient chromatographic separation. Allowing faster mobile phase flow rates and
thus shortening the duration of chromatographic analyses, together with its com-
patibility with highly viscous mobile phases, such as CD-modified mobile phases,
made the monolithic column the ideal choice for the separation of the intended
drug mixture. With reference to other studies dealing with the use of /CD in
HPLC analysis, a study performed by Daji¢ et al.18 recommended the use of S-CD
aqueous solutions in a concentration range of 5—15 mM. The pH range for intended
S-CD solutions was considered to be aligned with the pK, values of the APIs. It
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was considered reasonable to for perindopril being the least lipophilic compound,
to select a pH range where he is present in an undissociated form (pK, values of
perindopril, indapamide and amlodipine are 3.79, 8.85 and 9.60, respectively),
while for other two compounds being very lipophilic to select pH value where they
will have smaller affinity towards reversed-phase stationary phase (log P values of
perindopril, indapamide and amlodipine are 0.63, 2.52 and 2.20, respectively).
Therefore, the pH range of pH 4.0-6.0 was selected. To provide an appropriate
total analytical run time, a relatively small amount of acetonitrile (20-30 vol. %)
was used to complete the mobile phase. The relationship between selected CMPs
whose levels were investigated inside experimental space bordered as described
and CMAs was investigated using DoE supported regression analysis. The plan of
experiments according to Box—Behnken response surface design together with
results obtained for observed responses is presented in Table I.

TABLE 1. DoE plan of experiments and results obtained for observed responses

B-CD concentration, mM  Acetonitrile content, vol. % pH ) 0.3 k
15 20 5 11.388 7.834 13.024
15 25 6 3301 8378 6.992
5 20 5 7.097 2.589 5.030
15 25 4 1.945 5474 4.392
10 25 5 5.087 8.060 7.171
10 25 5 3.884 6.668 6.234
5 30 5 7.920 3.174 4.158
15 30 5 2507 6.610 4.222
5 25 4 2812 6.783 17.325
10 25 5 3.693 7.557 17.270
10 30 6 3.191 7.574 4.089
10 20 6 4.960 3.478 4.952
10 30 4 2469 5953 4.051
10 20 4 2.863 10.806 14.114
5 25 6 4.885 6.100 3.522

Processing the data in Design Expert 11.0.0 software, regression mathematical
models were obtained which enabled interpreting the dependence of the selected
responses on the examined factors in their corresponding ranges. All models were
in the form of a quadratic polynomial equation, while the need for response trans-
formation was indicated by the software in some cases: the response a1_» was used
as is, while the response a;_3 was used as inverse square root and the response &
was transformed with the power function, as shown in Table II. To facilitate the
presentation of the polynomial equation, investigated factors are coded as follows:
A stands for S-CD concentration (mM), B for acetonitrile content, vol. % and C for
pH value of the aqueous part of the mobile phase. Only coefficients of regression
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model whose p-values were lower than 0.05 threshold limit indicating their statis-
tical significance to the observed response were presented. The negative value of
a coefficient in a polynomial equation indicates that the observed response dec-
reases with the increase of the investigated factor levels, while the positive value
of a coefficient indicated the same direction of a change of levels of investigated
factors and values of observed responses. According to the size of the absolute
values of coefficients in polynomial equations, it was evident that acetonitrile con-
tent, vol. %, appeared as the most influential factor for all observed responses,
usually resulting in the observed response decrease, while the influence of other
factors as well as the intensity of two-factor interactions changed from response to
response. Regression models were also evaluated according to obtained values of
coefficients of determination (R2, adjusted R? and R? predicted), and the statistical
significance of lack of fit value (Table III). The closeness of coefficients of
determination to 1 and p-values of lack of fit being greater than 0.5 threshold limit
indicated satisfactory ability of mathematical models to describe the observed
chromatography systems and thus may be used for predicting retention properties
of APIs according to predefined optimization goals.19:20

TABLE II. Coefficients of the regression models

Coefficient . 1/(Nay.3) k236
Intercept 4.220 0.370 0.011
A —0.450 -0.097 —0.005
B -1.280 -0.021 0.011
C 0.780 0.065 0.005
AB -2.430 0.023 0.004
AC —-0.180 —-0.140 —-0.016
BC —-0.340 —-0.051 —0.005
A? 1.440 0.120 0.007
B? 1.570 —-0.004 0.006
C? —2.420 0.021 0.008
TABLE III. Statistical profile of the regression models

Model R? Adjusted R? Predicted R? Lack of fit p-value
alp 0.9367 0.8228 0.7602 0.2825
1/(Nay3) 0.9872 0.9641 0.8281 0.2701

k236 0.9958 0.9882 0.9775 0.8938

3D-response surfaces were constructed and used as visualization tools for
easier understanding of the APIs’ retention behavior (Fig. 3). They show the dep-
endence of each of the observed CMAs from the two selected CMPs while the
remaining CMP is kept on a constant level. The analysis of the 3D response sur-
faces indicated that the increase in the acetonitrile content led to a decrease in
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retention of all APIs. When observing the influence of acetonitrile on the select-
ivity factors, the wavy appearance of response surfaces indicated the significant
presence of factor interactions or mutual influence of acetonitrile in combination
with other CMPs. In addition, the increase of #CD concentration demonstrated a
similar influence on retention pointing out that significant complexation between
drug guest molecules and /CD occurred enabling the mobile phase to retain ap-
propriate elution strength.

. > 5o 50 : : 300
200 - 4.0 : b
Acetonitrile B-CD (mM) B-CD (mM) pH Acetonitrile ‘ pH
50 60 200 6.0
(%, v/v) 150 (%, V/v) 0.0
91 | 29 1 120 |
1/ (Va5

1/(Va,.

1/( 1/“2-3;
34

15

30,0 150 6o 150 300

Acetonitrile B-CD (mM) pH . B-CD (mM) Acetonitrile
(%, VIV) 200 50 40 50 (%, VIV)

4.0

20.0. 6.0 PH

160 |

K236

4.0

4.0 20.0

- 6.0 oH & o]
B-CD(mM) , ,,, Acetonitrile 150 40 pH 60 300 cetonitrile
(%, v/v)  B-CD (mM) (%, V/Iv)

Fig. 3. Response surfaces describing dependencies of observed responses o, 1/(Va,_3) and k236,
respectively from factors: acetonitrile content (vol. %) and /CD concentration (mM), 4,
pH value and S-CD concentration (mM), B, and pH value and acetonitrile content (vol. %), C.

The steep slope of the response surfaces describing the variation of S-CD
concentration indicated the most significant influence of this factor on all observed
responses, while the pH of the aqueous part of the mobile phase was always of
lower importance. Interestingly, although the appearance of the response surfaces
for the response 1/(Vao_3) pointed out to very dramatic shifts within investigated
ranges of CMPs, its values revealed relatively good separation of amlodipine and
indapamide peaks, while other CMPs needed more detail considerations prior to
selection of the optimal conditions. Having in mind that the responses a;_ and k2-36
demonstrated different trends upon the influence of investigated factors, it was
difficult to define from the response surfaces what would the optimal solution be.
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Therefore, numerical multi-objective optimization was performed using the des-
irability function (D) calculation.!! It is considered that the desired fulfillment of
predefined CMAs is reached if the maximal value of D is equal to 1, indicating
that the compromise solution is met for which all the optimization goals are as
close as possible to the predefined goals. For the proposed method, analytical tar-
get profile of the method was achieved using the following chromatographic con-
ditions: 10 mM A-CD (pH 5.4) and acetonitrile (70:30 volume ratio), 25 °C column
temperature, 215 nm detection wavelength, 2 mL min~! flow rate and 10 pL
injection volume. In accordance with ICH Q14 concept,22 measures of quality
assurance were further considered in order to prove that CMAs will be reached
under these conditions with appropriate probability and therefore model coeffici-
ents uncertainty were discussed. Low values of standard errors of model coeffici-
ents (varying from model to model in range —0.026—0.090) and low correlation of
residuals for all regression models (0.182, 0.093 and 0.091, respectively) were
noted thus proving appropriate regression model quality.

The verification chromatogram was recorded both with mixture of reference
substances and sample solution under selected optimal chromatographic condit-
ions with a total analytical run time within three min, as shown in Fig. 4.

Amlodipine = Indapamide

8 Perindopril

2
©
=)

40

0 1.00 2.00 3.00 400 minutes

Fig. 4. Representative HPLC chromatogram recorded using mobile phase composed of
10 mM S-CD (pH 5.4) and acetonitrile (70:30 volume ratio).

System suitability test parameters were further evaluated: the asymmetry fac-
tor (4s) meeting the acceptance criteria 0.8 < As < 1.5, the number of theoretical
plates () greater than 2000 and appropriate system precision expressed as percent
relative standard deviation value (RSD) being lower than 1 % (Table IV). The
HPLC method was validated to prove its suitability for intended use, the quality
control of commercially available tablets. Method linearity and range, precision,
repeatability and accuracy were tested following the procedure required by ICH
guideline.?3 From the data shown in Table IV, it may be seen that all validation
parameters met appropriate acceptance criteria. Method linearity was demon-
strated by the value of calculated correlation coefficient being greater than 0.998.
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The RSD values indicated good method repeatability and intermediate precision
since they were lower than 2 and 3 % in average, respectively. Average percent
Recovery values calculated for 3 concentration levels were in range 98—102 %
indicating good method accuracy.

Table IV. Results of method validation and system suitability tests

Parameter Amlodipine besylate Perindopril erbumine Indapamide
Asymmetry factor 1.33 1.45 1.36
Number of theoretical plates 4150 5907 4856
System precision, RSD / % 0.39 0.72 0.12
Linearity range, g mL"! 25-75 10-30 3.125-9.325
Correlation coefficient 0.9997 0.9991 0.9993
Repeatability, RSD / % 1.35 1.25 1.77
Intermediate precision, RSD / % 1.41 1.30 1.56
Accuracy (Recovery, %) 98.53 99.32 100.01

In order to evaluate HPLC method greenness and sustainability profile, the
assignment of penalty points to every step of the analytical procedure was perfor-
med in the accordance with the procedure of calculating AGREE score.!2:13 In that
respect, acetonitrile present in the mobile phase was labeled as danger and so
appropriate penalty points were taken. In contrast, f-CD was considered safe.
Then, it was noted that none of the chemicals used exceeded the amount of 20 mL
per analysis. Afterwards, energy consumption was considered. HPLC instruments
commonly use more than 1.5 kWh or less than 0.5 kWh of electrical currency per
sample, and therefore penalty points are assigned to this technique. The PDA det-
ector was used, which takes less than 0.5 kWh of electrical energy per sample. The
generated waste was collected and it is possible to be recycled. HPLC system used
is hermetically closed system. Therefore, penalty points accounting for produced
waste are assigned only on the basis of its amount. The positioning of the analytical
instrument was also taken into consideration, which is an inline analysis. This adds
to greenness points as there’s is elimination of manual sampling and reduction of
waste. Considering all mentioned, the final AGREE score obtained was 0.7 (Fig.
5) which is higher compared to the values obtained from similar studies analyzing

1. Sample treatment
2. Sample amount

3. Device positioning
4. Sample prep. stages
5. Automation, miniaturization
6. Derivatization

7. Waste

8. Analysis throughput
9. Energy consumption
10. Source of reagents
11. Toxicity

12. Operator's safety

Fig. 5. AGREE greenness assessment results.
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the same three APIs (0.45 and 0.5).14.15 This method is therefore declared as far
superior in its eco-friendliness.

CONCLUSION

Understanding that in recent times there is a need to develop analytical proce-
dures for the drug analysis which are sustainable and eco-friendly is of outmost
importance. The contribution of every stakeholder in the industry is much needed
towards the achievement of the sustainable development goals, in this regard the
present work is the kind contribution of the authors to develop a new greener and
sustainable HPLC method for the analysis of perindopril, amlodipine and indap-
amide in a ternary mixture. The method has AGREE score 0.7 indicating the most
compliant profile to sustainability and GAC principles compared to previous reports.

Acknowledgement. The research was funded by the Ministry of Science, Technological
Development and Innovation, Republic of Serbia through Grant Agreements with University of
Belgrade Faculty of Pharmacy, No. 451-03-33/2026-03/200161 and 451-03-34/2026-03/
/200161.

H3BOJ

MMPUMEHA IMPUHIHIIA 3EJIEHE XPOMATOI'PA®UIJE ¥ AHAJIM3U CMEIIE
NEPUHOOITPUIIA, AMJIIOOUIIMHA U UHIAITAMUIA KOPUITRELEM
SLUUKIOOEKCTPUHA KAO MOOUPHKATOPA MOBUJTHE ®A3E

XYCEMHATY OCMAH, JEBPEM CTOJAHOBUR, AHA I[TPOTHR, MUPA 3EHEBHWH u BUJbAHA OTAIIEBUR

Katuegpa 3a ananuitiuky nexosa, Ynueep3uiteii y beoipagy — ®@apmauveyicku Gaxyniei,
Bojeoge Cuietie 450, 11221 Beoipag

[Topy3ame HUBOA EKOJIOLIKE CBECTH Y IOMEHY pa3Boja METOfla TeUHe XpoMaTorpaduje je
HEOIXOJHO, NIPX YeMy yroTpeda S-UUKIOAEeKCTPUHA Kao aguTHBa Moduie dase NpescTaBsba
penaTUBHO HOBHjY CTpaTeryjy koja obehasa. OBaj pan mpukasyje pa3Boj METOIE ycarjiauleH ca
3axtesruma ICH Q14 cmepHHLEe 3a carefaBambeM OOPKUBOCTH U YIIPaB/bakbeM )KUBOTHUM LIUK-
JIyCOM MeTo[ie, ca LinbeM Jia ce ode3denn xpomarorpadcka aHaaH3a BULIEKOMIIOHEHTe TabieT-
He opmMynanyje Koja ce KOPUCTH Y TeEpanuju kapauoBackynapHux donectu. Hajupe je nedu-
HHCaH Ke/beHH MPOdUI METOIE, TIOCTU3abE AODOPE Pa3ABOjeHOCTH NMKOBA NEPUHAONPUIA, aMJIO-
JUINWHA ¥ MHAANaMuja y mro kpaheMm BpeMeHy, a 3aTUM je ypaheHa aHanu3a pusHka Koje je
ykasajla a KOMIIOHeHTe Moduie dase NpencTaBbajy KpUTUYHE TapaMeTpe METOLe KOjH YTUUy
Ha TOK xpomarorpadcke aHanuse. MeTofonoryja fusajHa €KCepUMeHaTa U M3pauyHaBambe
QyHKIIM]je MOKe/bHUX OOTOBOPA, HCKOPULTheHH Cy 3a UCTOBPEMEHY ONTUMU3alHjy HUBOA KOH-
LeHTpalHdje pacTBopa [-UUKIONeKCTpUHA, pH BpegHOCTH U yHesna aleTOHUTPUia y MOOUIIHO]
(pasu Koju Cy UCIIUTUBAHU Y orce3rma pefom 5—15 mM, 4,0-6,0 u 20-30 3anp. %. OnTuManuu
XpoMaTtorpadCku yciaoBd ykbyuusanu cy: 10 mM pactop S-umxnonexcrpuHa (pH 5,4) u
ALETOHUTPHI Y 3ampeMuHCKoM opHocy 70:30 mpu mpotoky of 2 mL min!, RP-18e kosony
3arpejany Ha 25 °C, TanacHy OyKMHy OeTekudje of 215 nm u 3anpemuny y3opka og 10 pL.
[TporueHa exosnourke mpuxBaT/buBocTH Metone momohy AGREE anara je moTBpaunia 1a je ycme-
IIHO pa3BHjeHa 3ejieHa U OJIp)KKUBa XpomaTorpadcka Mmeroza.

(ITpumsbeno 4. nenemdpa 2025, pepunupaso 6. pedpyapa, mpuxsahero 11. mapra 2026)
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Abstract. Copolymers bearing both epoxy and cyclopropane groups were syn-
thesized by free-radical copolymerization of glycidyl 2-(4-vinylphenyl)cyclo-
propanecarboxylate (GVPCC) with methyl methacrylate (MMA) using AIBN at
343 K, in bulk and in benzene under inert atmosphere. Copolymer compositions
were determined by spectroscopy and copolymerization parameters were eval-
uated by the Fineman—Ross method. The reactivity ratios were r1(GVPCC) =
= 0.68+0.05 and r,(MMA) = 0.5140.07; their product (r;7, = 0.35) indicates
random copolymerization with a tendency toward alternation. Alfrey—Price par-
ameters (0 =0.96, e; =—0.63; O, =0.74, e, = 0.40) confirm strong comonomer
interactions and pronounced polar effects. For a 50/50 copolymer, the intrinsic
viscosity was 0.66 dL g'! (benzene, 25 °C). Thermogravimetric analysis showed
composition-dependent stability with 75 250-320 °C, increasing with GVPCC
content, alongside improved adhesion (up to 5.6 MPa) and Vicat softening temp-
erature (121 °C). UV irradiation produced efficient crosslinking and negative-tone
photoresist behavior (resolution with depth of penetration, Dy, 0.25-0.35 pm; cri-
tical exposure energy, E,, 14.5-16.4 mJ cm2; sensitivity, S, 61-69 cm? J-1), dem-
onstrating potential for UV-patternable microfabrication materials.

Keywords: cyclopropane ring; epoxy functionality; UV-induced crosslinking;
negative-tone photoresist; working curve.

INTRODUCTION

As modern microelectronic technologies continue to advance, there is a grow-
ing demand for new functional polymeric materials with improved performance
characteristics. Owing to their high thermal endurance, specific electrophysical
properties and favorable deformation—strength behavior, such polymers are widely
regarded as indispensable materials for forming protective and insulating layers in

the fabrication of microelectronic devices.!—¢
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High-resolution topological patterns in polymer films are typically produced
by optical photolithography. In practice, two main strategies are used: either com-
plex multilayer resist systems are employed, or the intrinsic photosensitivity of the
polymer is exploited. Introducing built-in photosensitivity into the polymer matrix
is considered the more promising approach, since it can significantly simplify pro-
cessing and enhance the lithographic resolution. However, a persistent limitation
remains: most currently available resists exhibit insufficient photosensitivity,
which becomes a serious technological bottleneck.

To address this challenge and improve the lithographic performance of negat-
ive-tone photoresists, the synthesis of new monomers containing photoactive groups
— and the preparation of polymers based on these monomers — remains a highly
relevant task. In our earlier studies, the photochemical behavior of difunctional
substituted cyclopropylstyrenes was investigated.” The present work represents a
logical continuation of those efforts and is focused on the radical copolymerization
of an epoxicarbonyl-substituted cyclopropylstyrene monomer, glycidyl 2-(4-vinyl-
phenyl) cyclopropanecarboxylate (GVPCC), with methyl methacrylate (MMA).

Although the photochemical properties of cyclopropyl-containing styrene
derivatives have been explored previously,8-12 the combined incorporation of an
epoxy functional group together with the cyclopropane fragment and, importantly,
its potential synergistic contribution to photosensitivity, has not been systematic-
ally examined. Here, we investigate this effect for the first time.

The main objective of this study is to elucidate the copolymerization behavior
of GVPCC and to systematically evaluate how the epoxicarbonyl substituent int-
roduced into the cyclopropane fragment of the side chain influences the photosen-
sitivity of the resulting macromolecules. The GVPCC monomer can be considered
a promising starting material for producing polymers with properties valuable for
microelectronic applications and, consequently, exhibits substantial potential for
further practical use.

EXPERIMENTAL

The target monomer, glycidyl 2-(4-vinylphenyl)cyclopropanecarboxylate (GVPCC), was
synthesized via the reaction of 2-(4-vinylphenyl)cyclopropanecarboxylic acid with epichloro-
hydrin (ECIH) under basic conditions.

The synthesis was carried out by treating the acid with excess epichlorohydrin in the pre-
sence of sodium hydroxide, which facilitated the formation of the glycidyl ester through nucleo-
philic substitution and subsequent ring closure. The reaction proceeds via the intermediate chlo-
rohydrin, followed by intramolecular cyclization to yield the epoxide-containing monomer.!3

The overall synthetic route is presented in Scheme 1. The purity of the monomer was veri-
fied by gas chromatography (GC) and was found to be 99.8 %.

Copolymerization procedure

To evaluate the reactivity of the synthesized monomer and its potential for practical applic-
ations, it was subjected to radical copolymerization with methyl methacrylate (MMA). MMA,
99 % (Sigma—Aldrich) was used as received. The copolymerization of GVPCC with MMA was

Available online at: https://www.shd.org.rs/JSCS/

(CC) 2026 Serbian Chemical Society.



EPOXY-CYCLOPROPANE COPOLYMERS 605

carried out both in bulk and in benzene solution under a nitrogen atmosphere in sealed glass
ampoules.

CHy =CH CH; ==CH

] 0

[~ .
\VARY" NOCH, — CH —CH,
/

\
0

Scheme 1. Synthesis of glycidyl 2-(4-vinylphenyl)cyclopropanecarboxylate (GVPCC).

After mixing the monomers with the initiator (azobisisobutyronitrile AIBN, 98 % Sigma—
—Aldrich was used as received), the reaction mixture was transferred into a glass ampoule. The
mixture was purged with nitrogen for 8 min, after which the ampoule was tightly sealed and
maintained in a thermostat at 343 K. The initiator concentration was 0.3 wt. % relative to the
total monomer mass.

The resulting polymer was purified from benzene solution by double reprecipitation into
methanol and then dried under vacuum at 30 °C to constant mass at a residual pressure of 15—
—20 mmHg. Benzene (99.5 %, Sigma—Aldrich) and methanol (99.8 %, Sigma—Aldrich) were
used as received. Yield: 259 mg (83 %, based on the total mass of monomers). The intrinsic
viscosity of the copolymers was measured in benzene at 25 °C using an Ubbelohde-type visco-
meter. The radical copolymerization of GVPCC with methyl methacrylate (MMA) initiated by
AIBN is shown in Scheme 2.

= CH; CH;
o aBN [ Y |
+ (H»-:(_i —— —“—('H:—Ll'H —;t CH:—C —},
0 \ |/
7 .
v—(f ) O% C — OCH: @ 0= C — QCH;
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/ | .
C
o V' OCH, —CHi—CHy
/
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Scheme 2. AIBN-initiated radical copolymerization of GVPCC with methyl methacrylate
(MMA).

Characterization of the copolymers

'H-NMR spectra were recorded on a Bruker AFR-300 spectrometer (300 MHz) in CDCl;,
using tetramethylsilane (TMS) as the internal standard; chemical shifts are reported in ppm (J)
and coupling constants in Hz (J). FT-IR spectra were recorded on a Bruker Alpha FT-IR spec-
trometer (Germany). UV—Vis spectra were obtained on a Shimadzu UV-1800 spectrophoto-
meter in the 200-400 nm range. Thermogravimetric analysis (TGA) was performed under nitro-
gen on a NETZSCH TG 209 F3 Tarsus thermal analyzer at a heating rate of 10 °C min!.

Adhesion strength was determined by the pull-off method according to ISO 4624 using an
Elcometer 510 adhesion tester. Measurements were carried out on polymer films deposited on
glass plates at 23+2 °C with a loading rate of 1 MPa s'!. The Vicat softening temperature was
determined according to ISO 306 (method B50) using a Vicat softening point apparatus at a
heating rate of 50 °C h™! under a load of 50 N. Tensile properties, including tensile strength and
elongation at break, were measured on a UM-4P (IM-4R) universal testing machine, AKIM-
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-Metal, Russia, in accordance with ISO 527-2 at 23 °C and a crosshead speed of 10 mm min-!.
Impact resistance was evaluated by the Charpy method according to GOST 4647 using a MJI-09
pendulum impact tester (Tochpribor, Russia) at room temperature.
Method for evaluating the photosensitivity of the synthesized polymers

Photoresist solutions containing the copolymers (4—13 wt. %) were prepared in benzene
and spin-coated onto glass substrates at 2500 rpm. Film thickness after drying (room temp-
erature followed by vacuum drying at 50 °C) was 0.20—0.25 pm (Linnik microinterferometer).
UV exposure through a photomask was carried out using a DRT/DPT-220 mercury lamp (2.2
A, 15 cm distance, 5-25 s), followed by development in dioxane:isopropyl alcohol (1:2 volume
ratio) at 18-25 °C. Negative-tone behavior was confirmed by the insolubility of exposed areas
in the developer. The surface exposure dose was calculated as:

E =1t (1)

The critical exposure energy (£c) and penetration depth (D) were obtained from the
working curve:

Cy=DyIn(E,/ E;) 2
where D), is determined from the slope and E from the x-intercept.
RESULTS AND DISCUSSION
Characterization of the copolymers

The structure of the GVPCC-MMA copolymers synthesized in this work was
supported by FTIR and 'H-NMR spectroscopy. In the FTIR spectrum of the
GVPCC monomer, the characteristic absorption bands of the vinyl group are
clearly observed at 1630 and 990 cm~!. After polymerization, the vinyl-group
bands disappeared in the copolymer, indicating consumption of the double bond,
while the intense bands assigned to the cyclopropane ring (10301035 cm™!), the
ester carbonyl group (1735 cm™!) and the epoxide ring (910 and 1250 cm™!)
remain preserved. The FTIR spectrum of the GVPCC/MMA copolymer is shown in
Fig. 1.
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Fig. 1. FTIR spectrum of the GVPCC/MMA copolymer.

7@

Available online at: https://www.shd.org.rs/JSCS/

(CC) 2026 Serbian Chemical Society.



EPOXY-CYCLOPROPANE COPOLYMERS 607

A similar spectral pattern is observed for the copolymer. However, incorp-
oration of MMA leads to an increase in both the intensity and the breadth of the
ester carbonyl (C=0) absorption band in the 1725-1735 cm™! region. This effect
can be attributed to the overlap of carbonyl absorptions from two different ester
functionalities present in the copolymer structure.

Comparative LH-NMR analysis

Comparative H-NMR analysis was used to determine the macromolecular
composition. In the GVPCC monomer, the vinyl protons give distinct signals in
the 6 5.2-6.7 ppm region. In the homopolymer, these signals were absent, demon-
strating that polymerization proceeds via the vinyl double bond. The 'H-NMR
spectrum of the GVPCC/MMA copolymer is shown in Fig. 2. The protons of the
cyclopropane ring were observed at J 1.2—1.8 ppm, while the epoxide-ring protons
were detected in the 0 2.6-3.2 ppm range.

Disappears after po]ymerizali\)n “ \ } ‘ ‘ \
yciopropane H (1.2-1.8 ppm)
{b) Homopolypfer (GVPCC)
Epoxide i (2.6-3.2 ppm)

(c) Copolymer (GVPCC-MMA)

0.5+
Copolymer :3%5»‘:% ratio of aromatic integral (7.1-7.4 ppm)
to methoxy | | (3.6 ppm)

0.0

3.01
Vinyl H {5.2-6.7 ppm}

2.54

N
o

Intensity (a.u.)
-
w

=
=]
!

MMA -OCH3 (3.6 ppm)

o4

5 4 3 2 1
& (ppm)
Fig. 2. Comparative 'H-NMR spectra of the GVPCC monomer, its homopolymer and the
GVPCC/MMA copolymer (CDCls, 300 MHz).

In the copolymer spectrum, the signals characteristic of the GVPCC-derived
units are retained and, in addition, a sharp singlet at 0 = 3.6 ppm corresponding to
the methoxy (—OCH3z) group of the MMA fragment appears. The mole ratio of the
comonomer units in the copolymer was determined from the integral intensity ratio
of the aromatic protons of GVPCC (J 7.1-7.4 ppm) to the methoxy protons of MMA.

Copolymer composition and reactivity ratios

Copolymerization was carried out at various initial molar feed ratios of GVPCC
and MMA.. The composition of the resulting copolymers was determined by H-
-NMR spectroscopy based on the integral intensity ratio of the aromatic protons of
the GVPCC units (6 7.1-7.4 ppm) to the methoxy group of MMA (J 3.6 ppm). It
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was found that increasing the fraction of GVPCC in the initial feed led to a pro-
portional increase in the content of epoxicarbonyl and cyclopropane fragments
incorporated into the macromolecular chain.

To better understand the copolymerization behavior of the GVPCC/MMA
system, the reactions were performed both in bulk and in benzene solution. Bulk
polymerization made it possible to assess the behavior of the monomer pair in the
absence of solvent, whereas solution polymerization in benzene provided lower
viscosity and improved heat transfer, allowing better control of the reaction con-
ditions. The obtained copolymerization results confirmed that GVPCC and MMA
undergo efficient copolymerization, as reflected by the reactivity ratios r; =
=0.68+0.05 and r, = 0.51£0.07. Since both values are below unity and the product
rirp = 0.35, the system shows a tendency toward cross-propagation and partial
alternation. Thus, the use of both bulk and solution conditions was helpful for
evaluating the effect of the reaction medium on the copolymerization behavior and
on the properties of the resulting copolymers.

As a quantitative characteristic of copolymerization, the relative reactivity of
the monomers (reactivity ratios) was calculated using the Fineman—Ross method. 14
The compositions of GVPCC (M1)/MMA (M3) copolymers obtained at different
initial feed ratios were determined by 'H-NMR spectroscopy, and the results are
summarized in Table I. The dependence of the copolymer composition on the
initial monomer feed was well described by the Mayo-Lewis equation,!5 showing
good agreement with the experimental data.

TABLE I. Copolymer composition (mol %) for the GVPCC/MMA system

Sample No. M, in feed M, in feed my in copolymer m; in copolymer
1 90 10 87.1 12.9
2 75 25 72.2 27.8
3 50 50 52.7 473
4 25 75 327 67.3
5 10 90 16.1 83.9

Fig. 3 illustrates the relationship between the initial monomer feed composition
(M) and the resulting copolymer composition (1) for the GVPCC/MMA copoly-
merization system. The deviation of the experimental points from the ideal y = x
line indicates the occurrence of compositional drift during copolymerization and
reflects differences in monomer reactivity during radical chain propagation. At low
M values, the fraction of monomer 1 in the copolymer is relatively higher (m; >
> My), whereas at higher M the data approach the ideal line (m = M7). These
observations are consistent with reactivity ratios lower than unity (r; < 1 and r, <
< 1) suggesting a preference for cross-propagation in the system and indicating a
certain tendency toward alternating incorporation.
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B0+

mol %

m1l in copolymer,

201

Fig. 3. Copolymer composition diagram

. = = - - . for GVPCC/MMAL: variation of m, as a
M1 in feed, mol % function of the feed fraction M.

Based on the Fineman—Ross analysis, the reactivity ratios were determined as
71 = 0.68+0.05 for GVPCC and rp = 0.51+0.07 for MMA. Since both ratios are
below unity (r1 < 1 and r, < 1), each propagating radical preferentially adds the
other monomer during chain growth. The fact that 1 > r indicates that the
GVPCC-derived radical is more selective than the MMA-derived radical. Moreover,
the product 717, =0.35, which is significantly lower than 1, suggests that the copoly-
merization exhibits a tendency toward alternating incorporation on an otherwise
statistical background.

To ensure reliable determination of the reactivity ratios (1 and r;), copolym-
erization experiments were performed at low conversion (8—10 %), and the react-
ions were quenched at this stage to minimize composition drift.

Copolymer with a GVPCC:MMA feed mole ratio of 50:50 exhibited an intrin-
sic viscosity [#] of 0.66 dL-g L.

To assess the electronic and structural characteristics of the monomers, the
Alfrey—Price schemel® was applied to determine the O and e parameters. For the
GVPCC/MMA system, the reactivity ratios (1 and ;) obtained at low conversion
were used. The literature Q and e values for MMA were treated as fixed constants,
and the Q and e parameters of GVPCC were back-calculated using the Alfrey—Price
equations. For GVPCC, the values Q = 0.96 and e = —0.63 were obtained.

Compared with the commonly accepted literature values for MMA (Q =0.74,
e =0.40) the higher Q value of GVPCC suggests enhanced resonance stabilization
of the vinyl group, promoted by the aromatic ring and the cyclopropane fragment.
The negative e parameter (—0.63) reflects the predominance of resonance effects
that increase electron density in the monomer. Overall, these results indicate that
GVPCC exhibits moderate reactivity and copolymerizes efficiently with MMA.
The calculated parameters are summarized in Table II.

The thermal behavior of the synthesized GVPCC/MMA copolymers was
investigated by thermogravimetric analysis (TGA). The TGA data indicate that
thermal degradation proceeds through multiple steps. The initial weight-loss tem-
perature (75, corresponding to 5 % mass loss) was observed in the 250-320 °C
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range depending on the copolymer composition: for GVPCC/MMA = 90/10,
T5=320 °C; for 75/25, Ts = 305 °C; for 50/50, T5 = 290 °C; for 25/75, T5 = 280
°C; for 10/90, T5 =250 °C (Fig. 4). These results demonstrate that increasing the
GVPCC fraction enhances the thermal stability of the copolymers and confirms
that the materials possess sufficiently high thermal resistance for microelectronic
processing.

TABLE II. Monomer reactivity ratios and Alfrey—Price O—e parameters for the GVPCC/MMA
copolymerization system. Q> and ez values for MMA were taken from the literature; Q1 and e
for GVPCC were back-calculated using the Alfrey—Price scheme and the experimentally deter-
mined reactivity ratios

r r 0 e
(GVIiCC) (Mlé[A) na Qe (Ml\/iA) (Ml\flA)

GVPCC/MMA  Fineman—Ross 0.68+0.05 0.51+0.07 0.35 0.96 —0.63 0.74 0.40

System Method

2901

2804

Temperature (

2604

2501

o 15025 SO/50 25175 10/%
Copolymer composition (GVPCC/MMA, molar ratio)

Fig. 4. Thermogravimetric (TGA) profiles of GVPCC/MMA copolymers at various
GVPCC:MMA ratios.

The observed improvement in stability can be attributed to strengthened intra-
chain interactions promoted by the cyclopropane ring and aromatic moieties intro-
duced into the side chains, which can hinder bond scission and slow down the
overall decomposition process.

Table III shows that increasing the GVPCC comonomer content leads to a
consistent improvement in both the thermal and mechanical performance of the
MMA-GVPCC copolymers. When the GVPCC fraction is increased from 25 to
75 mol %, the adhesion strength rises from 2.5 to 5.6 MPa (approximately a 2.24-
-fold increase). This enhancement can be directly attributed to the structural feat-
ures of the GVPCC units: the glycidyl epoxy ring and the ester linkage increase
the overall polarity of the copolymer, thereby strengthening interfacial interactions
with the substrate — particularly on surfaces bearing polar functional groups — through
dipole—dipole interactions and hydrogen bonding. As a result, the interfacial bond-
ing becomes more robust, leading to improved adhesion performance.

Available online at: https://www.shd.org.rs/JSCS/

(CC) 2026 Serbian Chemical Society.



EPOXY-CYCLOPROPANE COPOLYMERS 6 1 1

The Vicat softening temperature, used here as a measure of heat resistance, is
also sensitive to the GVPCC content: 110 °C for 25 mol % GVPCC, 117 °C for 50
mol % and 121 °C for 75 mol % (an overall increase of 11 °C). This trend can be
attributed to the aromatic vinylphenyl fragment and the cyclopropane ring intro-
duced by GVPCC, which restrict segmental chain mobility. As a result, the soft-
ening temperature increases and the material exhibits improved dimensional stab-
ility at elevated temperatures.

In terms of mechanical performance, the tensile strength increases from 68 to
80 MPa (approximately +12 MPa, ~18 %). Importantly, this improvement is not
achieved at the expense of brittleness; on the contrary, the elongation at break rises
from 1.8 to 6.9 % (about a 3.8-fold increase). These results are consistent with a
balanced structure—property effect in the copolymer: rigidifying fragments (aro-
matic and cyclopropane units) enhance strength, while polar functionalities (ester
and epoxy groups) promote local intermolecular interactions, enabling more effi-
cient energy dissipation under deformation.

A similar trend is observed for impact resistance: with increasing GVPCC
content, the value rises from 152 to 169 N-cm! (an increase of 17 N-cm1, ~11 %).
This improvement is consistent with the higher elongation at break and indicates
enhanced resistance to damage under dynamic loading.

Overall, the results summarized in Table III demonstrate that increasing the
GVPCC fraction leads to a comprehensive enhancement of the GVPCC/MMA
copolymer properties: adhesion, heat resistance, strength, ductility, and impact res-
istance all improve simultaneously. Although the highest performance is achieved
for the sample containing 75 mol % GVPCC, a composition of 50 mol % GVPCC
may represent a favorable compromise in terms of the heat-resistance—strength—
—ductility balance, depending on the intended application.

TABLE 1II. Effect of GVPCC content (25-75 mol %) in MMA-GVPCC copolymers on
adhesion strength, Vicat softening temperature (heat resistance), tensile strength, elongation at
break and impact resistance

GVPCC content, Adhesion  Vicat softening  Tensile Elongation at Impact resist-

M, / mol % strength, MPa temp., °C  strength, MPa  break, % ance, N/cm
25 2.5+0.1 11042 68+3 1.8+0.2 15245
50 3.24+0.2 117+2 7543 4.7+0.3 160+4
75 5.6+0.3 121£2 80+2 6.9+0.4 169+5

Values are given as mean =+ standard deviation (r = 3). Overall, the data in
Table I1I show a consistent improvement in adhesion, heat resistance, tensile strength,
elongation at break and impact resistance with increasing GVPCC content.

Increasing the GVPCC fraction leads to a simultaneous rise in strength and
elongation at break, suggesting that the “stiffness—ductility” balance in this system
cannot be explained solely by chain rigidification. Rather, it is also associated with
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enhanced intermolecular interactions that promote energy dissipation during defor-
mation. The aromatic ring and cyclopropane fragment within the GVPCC unit
restrict segmental rotational freedom and therefore act as rigid structural elements
that increase the load-bearing capacity (o). At the same time, the ester (C=0) and
epoxy (C—O) functionalities increase the cohesive energy density of the copolymer
and can strengthen dipole—dipole attractions between chains, effectively creating
physical association points.

In addition, partial epoxy ring opening under processing conditions (e.g., trace
moisture or catalytic impurities) is possible, which would generate —OH groups.
In such a case, reversible hydrogen bonds of the -OH---O=C and —OH- - -O- types
may form and act as additional “sacrificial” interactions. These dynamic bonds can
delay crack propagation and increase damping of mechanical energy during
stretching. The synergistic contribution of dipole—dipole interactions and hydrogen
bonding has been reported to improve both strength and toughness (energy absor-
ption/elongation) in various polymer systems.!”

Overall, the rigid fragments introduced by GVPCC (aromatic + cyclopropane)
enhance strength, while the polar functionality (ester/epoxy and potentially —-OH
sites) reinforces dynamic interchain interactions, compensates for embrittlement,
and ultimately leads to the balanced mechanical response observed here.

The presence of multiple reactive functionalities of different chemical nature
within the synthesized copolymer chains (e.g., epoxy, ether/ester, and cycloprop-
ane fragments) enhances both the photo-reactivity of the material and its potential
for further functional modification. These groups can facilitate the formation of cros-
slinks under UV irradiation and may also serve as “active sites” for subsequent
amination or other post-polymerization transformations. The synthesized GVPCC/
/MMA copolymers exhibited efficient UV-induced crosslinking and, according to
the insolubility criterion in the developer, showed negative-tone photoresist
behavior. A low critical exposure energy (£.) indicates that network formation can
be initiated at a lower energy input, i.e., the material displays high photosensitivity.
In this respect, the cyclopropane ring together with the epoxycarbonyl/ester funct-
ionalities can be regarded as structural features that promote photochemical con-
version and accelerate network formation.

The copolymers also demonstrated high optical transparency (7 =~ 90 %) which
is important for light propagation within the film and for maintaining process
stability during photopatterning. In addition, the refractive index np20 = 1.583 can
be attributed to the influence of the cyclopropane ring and ester/carbonyl-type
groups on polarizability and optical density in the macromolecular environment.
Taken together, these characteristics support the potential of the materials as thin-
film negative photoresists for applications in microelectronics and optoelectronics.

E. decreased markedly with increasing copolymer concentration, from ~90
mJ cm—2 at 4 wt. % to ~15 mJ cm2 at 13 wt. % (Fig. 5). This trend can be attributed
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to the higher concentration of photoactive moieties (epoxy and cyclopropane frag-
ments) in the resist film at elevated polymer loadings, which reduces the minimum
energy required to initiate network formation under UV irradiation. Such a concen-
tration-dependent decrease in E; confirms that the resist becomes more sensitive
at higher concentrations and can be viewed as a factor that improves energy effic-
iency in microelectronic photoprocessing, as illustrated in Fig. 5.

o ~ © ©
=] S) o o
L L L L

S
o
L

Critical exposure energy, Ec (m] cm—2)
o
=)

301 15.45
1 Fig. 5. Dependence of the critical expo-
i 7 0 5 sure energy (E,) on the concentration of
Polymer concentration (wt%) the GVPCC/MMA Copolymer.

The photoreactive behavior of the synthesized copolymer under UV irradi-
ation was investigated by UV—Vis spectroscopy (Fig. 6).

1-5: exposure times
of 5,10, 15, 20, and 25 5

Absorbance
o
in

. Fig. 6. UV—-Vis spectra of the GVPCC/MMA
230 300 a0 sso copolymer recorded at different exposure times,
Wavelength (nm) showing the change in absorbance intensity.

UV—Vis spectra showed a progressive decrease of the absorption band at 296—
—300 nm as the exposure time increased from 5 to 25 s, indicating consumption of
photoactive fragments and advancement of crosslinking. Similar trends have been
reported as a sensitive marker of photopolymerization progress.!® The combined
presence of epoxy and cyclopropane units enhances the photochemical response,
which is reflected in the working-curve parameters (£ and Dp). Under the emp-
loyed conditions (15 cm distance), 5-25 s exposure was sufficient to obtain stable
negative-tone patterns in 0.20-0.25 um films, as confirmed by optical microscopy.
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The measured D, values (0.25-0.35 um) are comparable to the film thickness,
suggesting that light may penetrate the entire film and cause dose redistribution
due to substrate reflection; therefore, thicker films (0.5—1.0 pm) or the use of UV-
-absorbing additives could improve process robustness. FTIR spectra also support
photostructuring, showing a decrease in bands attributed to the epoxide/cyclo-
propane-related vibrations and the carbonyl group upon irradiation, consistent with
network formation. The crosslinking is likely promoted by UV activation of epoxy
groups and possible cyclopropane-involving radical processes, resulting in an
insoluble 3D network responsible for negative development behavior.

Because the epoxide ring is a highly reactive functional group, it may partic-
ipate in ring-opening reactions initiated by photo-generated active centers, depending
on the formulation and surrounding medium. This interpretation is consistent with
the decreased intensity of epoxide-related FTIR bands and supports the assumption
that epoxide groups contribute to the crosslinking process. An increased network
(gel) density may, in turn, enhance film rigidity and help explain why structuring
occurs at relatively low exposure doses (low E¢) in the working-curve analysis

(Fig. 7).

0.201

Fig. 7. Working curve of the GVPCC/
/MMA negative-tone photoresist: rem-
aining film thickness after development
(d) as a function of exposure dose (E,
mJ/cm?). The critical dose is E, = 15.5
mJ/cm?, and the effective optical penet-
s ot e ration depth, Dy, is 0.25-0.35 pm (film
Exposure dose, E (mj/c?) [log scale] thickness: 0.20-0.25 pum).

0.10 4

0.05

Remaining film thickness (normalized)

At the same time, epoxide groups can remain available as reactive sites for
amination and other post-polymerization transformations, enabling further post-
-functionalization of the material.

CONCLUSION

In this work, free-radical copolymerization of the epoxy- and cyclopropane-
-functional monomer GVPCC with methyl methacrylate (MMA) was carried out,
and the composition/structure of the resulting copolymers was confirmed by FTIR
and H-NMR spectroscopy. Reactivity ratios determined by the Fineman—Ross
method were »1(GVPCC) = 0.68+0.05 and rp(MMA) = 0.51+0.07 (r17» = 0.35),
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indicating that the system exhibits a tendency toward alternating incorporation on a
predominantly statistical copolymerization background.

Thermogravimetric analysis showed that the thermal stability of the copoly-
mers depends on composition: the temperature corresponding to 5 % mass loss
(Ts) ranged from 250 to 320 °C and increased with increasing GVPCC content
(e.g., 10/90 — 250 °C, 50/50 — 290 °C, 90/10 — 320 °C). Increasing the GVPCC
fraction from 25 to 75 mol % resulted in an overall improvement in both thermal
and mechanical performance: adhesion strength increased from 2.5 to 5.6 MPa and
the Vicat softening temperature rose from 110 to 121 °C. At the same time, tensile
strength increased from 68 to 80 MPa without a loss in ductility; instead, elongation
at break increased from 1.8 to 6.9 %, accompanied by an increase in impact resist-
ance from 152 to 169 N-cm™1,

The copolymers exhibited efficient UV-induced crosslinking and negative-tone
photoresist behavior. Working-curve analysis gave Dy 0.25-0.35 pm and E¢ 14.5—
~16.4 mJ-cm™2 (S 61-69 cm?2-J7!), confirming the high photosensitivity of the
materials. Overall, combining epoxy and cyclopropane functionality provides a pro-
mising functional polymer platform for microelectronic applications, offering imp-
roved mechanical/thermal properties together with UV patternability.
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H3BOI

ETIOKCH- U HUKJIOINPOITAH-@YHKIJMOHATHU KOIIOJIMMEPHU: CUHTE3A,
TOIIVIOTHA CBOJCTBA U ITIOHAIIAIGE [TPY ®OTOYMPEXABABY

VUSALA VAHABOVA*, KAZIM GULIYEV u ESFIRA ISKENDEROVA

Institute of Polymer Materials, Ministry of Science and Education of the Azerbaijan Republic, Sumgait,
AZ5004, Azerbaijan

Kormonumepu ca ernoKCUAHUM M LUKIONPOIIAHCKUM TpyTiaMa CHHTETH30BaHH Cy KOTIOJH-
MEepH3aLujoM  [THLUUAWI-2-(4-BUHIIGMEHHT ) IUK/IONPONaHKapdoKcUiIaTta MOIMMEepU3alijoM
cnodbonuuM panukanuma (GVPCC) ca Metun-metakpunatom (MMA) kopucrehu AIBN Ha 343
K, y macu u beH3eHy mojn nHepTHOM atMmocdepom. CacTaBu Komonumepa cy onpeheHH crex-
TPOCKONIMjOM, a MapaMeTpu KOMOJUMEpH3aluje cy mpoueweHH Fineman—Ross meTtomom.
Koedunujentu peaktuBHocTu cy dunu r4(GVPCC) = 0,68+0,05 and r,(MMA) = 0,51%0,07;
BUXO0B IPOMU3BOJ (172 = 0,35) yka3yje Ha CTaTUCTUUYKY KOMOJMMEpH3aLHtjy ca TEHAEHLIUjOM Ka
Hau3MeHHYHOj. Alfrey—Price mapamerpu (Q; = 0,96, e; =—0,63; Q. = 0,74, e, = 0,40) moTBphyjy
jake WHTEpakIHje KOMOHOMepA U H3paxkeHe mosnapHe edexre. 3a 50/50 xomonumep, UHTPU-
3uyHa BUcko3HOCT je 0,66 dL g™ (6enseH, 25 °C). TepmorpaBumMeTpHjcka aHa/IM3a Nokasana je
cTaduiHOCT 3aBUCHY 0f cacTasa ca Ts 250-320 °C, koja ce nosehasa ca GVPCC cagpxajeMm, y3
nodospliany apxesujy (mo 5,6 MPa) m BuxatoBy TemmnepaTypy omekuasawa (121 °C). UV
3pauemne je MpousBeno epUKaCHO yMpeXaBakbe U MOHallawme (POTOpesucTa HEraTUBHOI TOHA
(pesonmyuuja ca nybuHoMm nenetpauuje, Dp, 0.25-0.35 um; kpuTUYHA eHepryja usnarama, Ee,
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14,5-16,4 mJ cm2; oceTbHBOCT, S, 61-69 cm? J-1), TeMOHCTpUPajyhu MOTEHIIUjal 38 MHKDO-
¢adpukaunjy marepujana 3a UV y3opke.

10.
11.

12.

13.

14.

15.

16.

17.

18.

(TTpumsseno 13. debpyapa, pesunupano 23. mapra, npuxsaheno 21. anpuna 2026)

REFERENCES

. Q. Lin, Polymer 286 (2023) 126395 (https://doi.org/10.1016/j.polymer.2023.126395)

. C. Ober, K. Kifer, F. Yuan, Ch., Polymer 280 (2023) 126020
(https://doi.org/10.1016/j.polymer.2023.126020)

. R. Zhou, M. Cao, Y. Tan, M. Neisser, H. Xu, Sci. Adv. 11(29) (2025) 1918
(https://doi.org/10.1126/sciadv.adx1918)

. Y. Wang, H. Yu, L. Wang, Y. Zhang, Z. Zhu, Y. Zhang, Y. Lu, Ch. Ouyang, J. Mat.
Chem., A 13 (2025) 29860 (https://doi.org/10.1039/DSTA04194E)

. Y.J. Wan, G. Li, Y. M. Yao, X. L. Zeng, P. L. Zhu, R. Sun, Comp. Comm. 19 (2020) 154
(https://doi.org/10.1016/j.c0c0.2020.03.011)

. Y. Wen, C. Chen, Y. Ye, Z. Xue, H. Liu, X. Zhou, Y. Zhang, D. Li, X. Xie, Y. Mai, Adv.

Mat. 34 (2022) 2201023 (https://doi.org/10.1002/adma.202201023)

K. G. Guliyev, G. Z. Ponomareva, Kh. G. Nazaraliyev, A. M. Guliyev, Azerb. Khim. Zh.

1(1999) 87 (in Russian)

D. S. Garcia, D. Coto, R. Vicente, Chem. - Eur. J. 32(3) (2025) 1

https://doi.org/10.1002/chem.202503281

K.G. Guliyev, S.B. Mamedli, T.S.D. Gulverdashvili, A.M. Guliyev, Applied Chemistry

and Chemical Engineering, Vol. 2, Apple Academic Press, Palm Bay, FL, 2017

A. 1. Sadygova, Azerbaijan Chem. J. 3 (2022) 45 (https://akj.az/en/journals/949)

M. Sayes, G. Benoit, A. B. Charette, Angew. Chem. Int. Ed. 57 (2018) 13514

(https://doi.org/10.1002/anie.201807347)

K. Mizuno, N. Ichinose, Y. Yoshimi, J. Photochem. Photobiol., C 1 (2000) 167

(https://doi.org/10.1016/S1389-5567(00)00011-3)

K.G. Guliev, G.Z. Ponomareva, A. M. Guliev, Vysokomolekulyarnye soedineniya, B 49

(2007) 1577 (in Russian)

M. Fineman, S. D. Ross, J. Polymer Sci. 5 (1950) 259

(https://doi.org/10.1002/pol.1950.120050210)

F. R. Mayo, F. M. Lewis, J. Am. Chem. Soc. 66 (1944) 1594

(https://doi.org/10.1021/ja01237a052)

T. Alfrey Jr., C. C. Price, J. Polymer Sci. 2 (1947) 101

(https://doi.org/10.1002/pol.1947.120020112)

Y. Zhang, Y. Li, W. Liu, Adv. Funct. Mat. 25 (2015) 471

(https://doi.org/10.1002/adfm.201401989)

J. Bennett, Addit. Manuf. 18 (2017) 203 (https://doi.org/10.1016/j.addma.2017.10.009).

Available online at: https://www.shd.org.rs/JSCS/

(CC) 2026 Serbian Chemical Society.



Journal of
the Serbian
Chemical Society

AR

Yoy 0001t eyl JSCS-info@shd.org.rs » www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 91 (6) 617-630 (2026) Original scientific paper
JSCS-5514 Published 2 July, 2026

Hydrothermal synthesis of VOz(B) and its phase transformation
to VO2(M): Investigating metal-insulator transition behavior

AISHWARYA RAJGONDA PATIL,! KRISHNA CHAITANYA SOLASA,' SOURAV
KUMAR,?> SHREEYA RANE? and PALASH ROY CHOUDHURY#*

!Ecole Centrale School of Engineering, Mahindra University, Hyderabad, India,
2Department of Metallurgical Engineering and Materials Science, IIT Indore, India,
3Department of Physics, University of Warwick, UK and *Mahindra University,
Survey No: 62/14, Bahadurpally, Jeedimetla, Hyderabad, Telangana 500043, India

(Received 1 November, revised 16 December 2025, accepted 22 April 2026)

Abstract: In this study, VO,(B) nanostructures were synthesized via a stabilizer-
-free hydrothermal route and successfully converted to VO,(M) at 350 °C in just
30 min. This process offers a reduced thermal budget compared to established
protocols, which generally require temperatures above 400 °C and durations
exceeding 1 h. The resulting urchin-like VO, nanostructures were characterized
using a variety of techniques such as XRD, Raman spectroscopy, SEM and DSC
to investigate their structural evolution, surface morphology and metal—insulator
transition characteristics. The experimental results reveal that VO,(B) predom-
inantly transforms to VO,(M) upon annealing at 350 °C, with minor secondary
oxide phases. Furthermore, the annealing at 450 °C led to the complete phase
transformation of VO, to V,0s, indicating the sensitivity of VO, to annealing
temperature. The results show that the insulator-to-metal transition temperature
to be ~65 °C, which is lower than that of bulk VO, (~68 °C), indicating modified
transition behavior in the nanostructured samples. These results demonstrate that
hydrothermally synthesized VO,(B) can be converted to predominantly VO,(M)
by annealing at 350 °C for 30 min, enabling the observation of a reversible metal—
—insulator transition near 65 °C

Keywords: VO, nanostructures; hydrothermal synthesis; annealing effect; metal—
—insulator transition.

INTRODUCTION

Materials exhibiting a metal-insulator transition (MIT) are used in resistive
random-access memory (ReRAM) for non-volatile storage of data. Often this
transition accompanies a corresponding change in their crystal structure and sym-
metry.! A transition between crystalline and amorphous phases may be exploited
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6 1 8 PATIL et al.

for use in next-generation non-volatile memory because this transition corresponds
to different resistive states.?2 Such materials can mimic neural synapses, which is
essential in neuromorphic computing where devices emulate the human brain.3 A
gradual, analog variation in resistance near the MIT provides a means to model
synaptic plasticity, achievable with materials that show progressive, voltage-dep-
endent resistance changes.# Materials with MIT also hold promise in electronics
beyond memory applications. They have the ability to replace conventional transis-
tors in field-effect transistors (FETSs), potentially enhancing energy efficiency and
making the way for ultra-low-power computing.5 The sharp MIT in materials like
VO, at specific temperatures can be used in thermal switches for managing heat
flow in electronics.® These materials can act as thermal insulators below the transition
temperature and as thermal conductors above it. A sharp MIT, which is associated
with changes in crystal structure, may also exhibit changes in optical properties.’
This property may be exploited to construct optical sensors and smart windows
that can automatically modulate light of a certain frequency. Oxides undergoing
MIT without concurrent magnetic transitions are promising candidates for spin-
-based quantum applications, where control over electronic phases without pertur-
bing spin order is advantageous.8 Some materials exhibit a high Seebeck coeffic-
ient near the MIT temperature that can be useful for thermoelectric applications.”
This could enable the development of efficient thermoelectric generators for waste
heat recovery, enhancing energy efficiency across various industries.

Materials undergoing an MIT have attracted significant interest due to the
abrupt, reversible modulation of their properties. Among these, vanadium dioxide
(VO») is a premier candidate for next-generation smart windows, thermal switches,
and energy-responsive devices. Interest in VO, is driven particularly due to its
fully reversible structural and electronic transition occurring at a near-ambient
temperature of approximately 68 °C.

Vanadium dioxide possesses many possible crystalline forms or polymorphs,
some of which are stable, and others metastable. These include VO>(M), VO, (R),
VO3(A), VO2(B), VO»(C), VO»(D) and VO, (paramontroseite).!0 Out of these,
the MIT is associated with the transition between the metallic VO,(R) phase above
68 °C and the insulating VO,(M) phase below 68 °C. Many techniques have been
used for VO, synthesis, including the sol-gel method,!! magnetron sputtering, 2
chemical vapor deposition!3 and the hydrothermal method.10:14 Among these, the
hydrothermal method is known to have minimal environmental impact and is often
employed to synthesize the metastable VO,(B) phase. Vanadium pentoxide and
ammonium metavanadate (NH4VO3) are commonly used vanadium sources in the
hydrothermal synthesis of VO;. Commonly used reducing agents include oxalic
acid,!> hydrazine hydrate,!¢ ethylene glycol,!7 octadecyl amine,!? citric acid,!®
formic acid!® and formaldehyde.20 Out of these, oxalic acid has been the most
preferred reductant in the hydrothermal synthesis of VO, due to its low toxicity
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PHASE TRANSFORMATION IN VO, 6 1 9

and ease of use. Zhu et al.!> reported the synthesis of several types of VO»(B)
nanostructures by a hydrothermal reaction combining (NH4VO3) and oxalic acid
at different times and temperatures. The resulting products had combinations of
nanorods, nanoflakes and nanoflowers with the concentration of oxalic acid influ-
encing their proportions. !5

In this paper, we report a simple method for the preparation of VO(M) via
heat treatment of hydrothermally derived VO,(B). The effect of different annealing
conditions on the final products was characterized using X-ray diffraction (XRD),
Raman spectroscopy, scanning electron microscopy (SEM) and UV—Vis spectro-
scopy, while the thermochemical properties were studied using differential scan-
ning calorimetry (DSC).

EXPERIMENTAL
Synthesis of VO,(B)

We synthesized VO,(B) by a hydrothermal reaction between commercial vanadium pent-
oxide powder and oxalic acid. Firstly, 0.73 g of V,05 (1 mmol) was added to a beaker containing
40 mL deionized water. This mixture was stirred under ambient conditions for 5 min using a
magnetic stirrer. Then, 1.51 g of H,C,04-H,0 (3 mmol) was added to it and further stirred for
5 min, yielding a green solution indicating partial reduction. This solution was continuously
stirred at 80 °C until the aqueous solution turned into a clear, transparent dark blue color. The
change in color implied a reduction of vanadium from V" to V4. Then, this solution was trans-
ferred into a Teflon®-lined stainless-steel autoclave, which was kept in a preheated oven (at 220
°C) for 3 h to complete the hydrothermal reaction for a duration of 3 h. The resulting bluish-
-black colored precipitate was separated by centrifugation. This precipitate was then washed
with ethanol and DI water several times to remove any contamination and was dried for 12 h at
60 °C in an oven. This yielded black colored vanadium dioxide powder (henceforth referred to
as S-22). The resulting powder was subsequently ground in a mortar and pestle and subjected
to annealing in a tube-furnace at various temperatures. Fig. 1 illustrates the various steps inv-
olved in the synthesis of vanadium oxide nanobelts.

After adding
H,C,0,4.H,0 Stirring for 30min
Stirring for 5min at RT at 80“

ashing 4
Drying

\

VO,(B) nanobelts

V,0; + H,0 Partial Complete
(Yellow V&* reduction  reduction
Solution) ~ (GreenV3*  (Blue V4
Solution) Solution)

Fig. 1. Schematic illustration of the entire reaction mechanism during hydrothermal synthesis
of VO, nanobelts.
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Synthesis of VO,(M)

VO,(M) was derived from VO,(B) through a controlled annealing process. A 500 mg
sample from the as-synthesized VO, (S-22) was taken and annealed at different temperatures,
namely 300, 350, 400 and 450° C (henceforth addressed as S-30, S-35, S-40 and S-45, respect-
ively) for 30 min in a quartz-tube vacuum furnace under low vacuum (102 mbar). Both the
heating and cooling rates were maintained at 5 °C/min.

Characterization

The crystal structure of the powder samples was characterized by XRD (Rigaku-D/MAX-
-RB) with CuKa radiation (4 = 0.154 nm). The data were analyzed using SMARTLab software.
The samples were scanned over a 26 range of 15-60°. Additionally, chemical and phase analysis
were performed using a Raman spectrometer (Horiba, LabRAM) with a 633 nm laser excitation
source. The microstructure and surface morphology of the sample were examined using field-
-emission SEM (FE-SEM, Jeol). Differential scanning calorimetry (DSC, TA Instruments,
model 2910) studies were performed to investigate phase transition behavior over a temperature
range of 15-100 °C using heating and cooling rates of 10 °C/min. Optical transmittance mea-
surements were carried out using a UV—-Vis spectrometer (Ocean Insights) in the wavelength
range of 200-800 nm to evaluate the optical properties of the material.

RESULTS AND DISCUSSION

Structural studies

The crystalline phase and purity of the precursor, as-prepared and annealed
samples were determined by XRD and obtained results are shown in Fig. 2. The
V,0s spectrum is that of the precursor used for synthesis. The XRD patterns are
readily assigned to V,O5 (ICDD: 09-0387), which reveals the purity of the pre-
cursor. S-22 shows peaks that are in close agreement with the VO,(B) phase with
Miller indices (hk/ planes) indicating growth of the monoclinic VO,(B) phase
(ICDD: 01-84-7141). The lattice parameter values calculated are as follows: a =
=12.04 A, b=3.68 A and c = 6.43 A and it shows C2/m space group symmetry,
with the strongest peaks at 26 25.28, 29.09, 30.13, 37.01, 49.28 and 55.24°
corresponding to (110), (002), (111), (202), (113) and (221) planes, respectively.
Additionally, VO, (B) also exhibits a high degree of crystallinity, evidenced by the
well-defined and strong XRD peaks. The diffraction peak at 260 42.2° is indexed to
the VO2(M) phase (ICDD: 01-076-0456) for the (212 ) plane. There is no evidence
of diffraction peaks corresponding to secondary oxide phases, such as V,Os. These
results confirm that the VO,(B) phase is predominant, with no secondary oxides
detected within XRD resolution limits. S-30 remains predominantly VO,(B), with
trace reflections indicating the onset of the phase transition to VO,(M).

From the analysis of the XRD data, we observe that annealing the sample S-35
at 350 °C resulted in the formation of a predominantly monoclinic VO,(M) phase,
with minor secondary phases of Vo,O5 and V307. The lattice constants are a = 5.75
A, b=4.54 A and c = 5.38 A, indicating a monoclinic structure with P2;/c space
group symmetry. The peaks detected at 20 27.79, 37.01, 39.72, 42.20, 51.24, 55.45
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PHASE TRANSFORMATION IN VO, 62 1

and 57.33° are assigned to the (001), (21 1), (020), (212), (221), (220) and (022)
planes, respectively, for the monoclinic VO2(M) phase (ICDD: 01-076-0456).
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Fig. 2. XRD patterns of pristine V,0s, the hydrothermally synthesized sample (S-22) and
samples annealed at various temperatures (S-30, S-35, S-40 and S-45) for 30 min.

The XRD patterns of sample S-40 are a combination of phases with the pre-
sence of both VO, (M) and peaks belonging to V,05 and V307 (ICDD: 042-0876).
It can be noted that with the increase in annealing temperature, the intensities of
the peaks of VO,(M) decrease while the intensities of the V,0s5 peaks increase,
showing reduced thermal stability of the VO, phase at elevated temperatures. In
contrast, the XRD spectra of S-45 show complete oxidation of VO, to V,0s, which
agrees well with existing literature.21-22 This indicates that during high-tempera-
ture treatment, metastable VO, may have oxidized and transformed into its most
thermodynamically stable phase, V,05 (ICDD: 09-0387), which is the same as the
precursor used for VO, synthesis. The average crystallite sizes estimated using
Scherrer’s formula for samples S-22, S-30, S-35, S-40 and S-45 are 19, 22, 24, 31
and 31 nm, respectively.

Raman spectroscopy was used to analyze the structural and phase information
in addition to XRD. Raman spectra of S-22, the precursor V,05 and the annealed
samples are shown in Fig. 3a and b. Characteristic peaks at 146 and 197 cm™! are
consistent with orthorhombic V,0s, indicating high purity and crystallinity of the
precursor. The Raman modes at 285 and 406 cm™! correspond to the bending
modes of V=0 bonds, and the one at 482 cm™! is attributed to the bending of
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V—O-V bonds. The peaks at 528 and 701 cm™! are attributed to V-O bonds (com-
bined stretching and bending vibrations). The 995 cm™! peak arises from the
stretching of the V=0 bond.23-25
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Fig. 3. Raman spectra of all samples: a) full spectra and b) Raman spectra in the range of
135-150 cm'! highlighting the peak shift.

Furthermore, the Raman spectrum of the hydrothermally synthesized VO,(B)
phase (S-22) exhibits broad peaks at 138, 190, 282, 405, 691 and 990 cm™!. The
peaks at 138 and 282 cm™! are attributed to V-O—V bending vibrations, while the
405 cm! peak corresponds to V-O-V stretching. The band at 691 cm! is associated
with the coordination of three oxygen atoms around a vanadium center, and the
strong peak at 990 cm! arises from V=0 stretching vibrations. According to
Cheng et al.2% and Zhang et al.,27 the above Raman peaks can be indexed to vib-
rational bands of the VO,(B) phase.

The sample S-30 exhibits characteristics similar to VO,(B), indicating the
stability of the phase up to this temperature. For the samples S-35 and S-40, we
observe a shift in peaks to higher frequencies (140, 280 and 692 cm™1), indicating
the formation of mixed phases and partial oxidation of VO(M). Finally, for the
sample S-45, the Raman spectrum exhibits sharp peaks identical to those of the
original V,Os precursor, indicating complete oxidation. The zoomed region
between 135-150 cm~! (Fig. 3b) provides insights into peak shifts and the phase
transition from VO,(B) to VO3(M). Thus, the development of the Raman bands
corresponds well with the structural changes established using XRD and demon-
strates the sensitivity of Raman spectroscopy for characterizing the long-range
order and local structural changes.
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PHASE TRANSFORMATION IN VO3 623

A detailed analysis of the Raman spectra for samples S-35 and S-40, which
consist of mixed phases of VO,(M) and V,0s, indicates that these phases cannot
be distinctly resolved via Raman spectroscopy due to the overlap in their charact-
eristic vibrational modes. Thus, phase identification in this case needs to be done
from X-ray diffraction (XRD) data. Additionally, the Raman spectrum of sample
S-45 exhibits features consistent with V,Os, indicating a phase transformation from
VO, to V;0s5, and closely matches the spectral signature of the V,05 precursor.
Raman spectroscopy thus serves as a complementary technique to XRD, confirm-
ing that our simple synthesis method reliably produces VO, with MIT behavior.

Morphological studies

The morphology of VO; nanostructures was analyzed using SEM. Fig. 4
shows the SEM images of the as-grown and annealed vanadium oxide nanostruc-
tures. For the samples S-22, shown in Fig. 4a, multiple nanobelts are connected at
the bottom and spread radially towards the top to form an urchin-like unit.

A ¥c) S=35

Fig. 4. SEM images illustrating the morphology of the nanostructure samples: a) S-22,
b) S-30, ¢) S-35, d) S-40 and e) S-45.

The width of the nanobelts in the as-grown samples varies from ~50 to ~150
nm, and their length is in the sub-micrometer range. These urchin-like structures
are symmetric with diameters ranging between 5—15 um. This initial morphology
is altered in the annealed samples. From the SEM image of S-30, we observe
sharper needle-like structures compared to S-22, indicating denser, well-connected
features with morphology that is consistent with the phase evolution observed from
XRD data. The micrographs of samples S-35 and S-40 show a somewhat mixed
microstructure. The micrograph of sample S-45 shows a significant change, where
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624 PATIL et al.

needle-like features disappear, and the surface appears to develop granular fea-
tures. Here, we did not detect the existence of the VO,(M) phase and instead
observe the formation of pure V,05. In summary, SEM analysis demonstrates that
annealing temperatures strongly influence the morphological evolution of the
nanostructures, while the associated changes in crystallinity and phase composit-
ion are confirmed by XRD data.

Optical properties

We performed UV—Vis spectroscopy to study the transmittance characteristics
of vanadium oxide nanostructures. We calculated the optical band gap of these
nanostructures with the help of a Tauc plot, which follows the equation:

ahv = A(hv - Ey)" (1)

Where Ej is the band gap, « is the absorption coefficient, /v represents the energy
of light, 4 is a constant and # denotes the nature of the transition.

Fig. 5 illustrates the effect of various annealing temperatures on the optical
characteristics of the samples. The UV—Vis transmission spectra (Fig. 5a) indicate
that the transmittance generally increases with annealing temperature, indicating
improved crystallinity in the samples.
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Fig. 5. a) Optical transmittance spectra of the samples annealed at various temperatures;
b) corresponding Tauc plots representing the magnitude of the direct optical band gap;
¢) changes in optical band gap values with annealing temperature.

We calculated the direct band gap energies, from the Tauc plots in Fig. 5b, by
extrapolating (a/V)? versus energy (hv). The plots reveal a distinct trend of
decreasing in optical band gap values with increasing annealing temperature up to
350 °C. Following this, there was a modest increase of the band gap at 400 °C.
Corresponding band gap values were calculated from the Tauc plots. As shown in
Fig. 5S¢, Eg decreases from 3.6 eV for sample S-22 to a minimum of 3.3 eV for
sample S-35 and subsequently increases to 3.5 eV for sample S-40. Despite the
minor morphological variations, the changes in Eg are primarily governed by phase
transitions, as observed through XRD analysis. The increased band gap in hydro-
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thermally synthesized urchin-like VO, samples with respect to bulk VO,28:29 (typ-
ically 0.6—0.7 eV for the monoclinic structure) can be explained by several factors.
Nanoscale crystallite size leads to quantum confinement effects, producing a wider
band gap. Since VO(B) was found to have a wider band gap than VO,(M), the
existence of both monoclinic (M) and metastable B phases together also contri-
butes to the wider band gap.30 The lattice distortion and structural distortions also
change the electronic structure. Defects and oxygen vacancies create localized
states that change the band gap.3?2 All these factors together are the potential
reasons behind the much broader band gap in the VO, nanostructures.

Thermochromic properties

Fig. 6 presents the differential scanning calorimetry (DSC) thermograms of
VO,(B) powders annealed at various temperatures (300—450 °C) for 30 min, with
corresponding thermal parameters summarized in Table I. The transition temper-
ature (T¢) was determined as the midpoint between the endothermic peak temper-
ature during heating and the exothermic peak temperature during cooling. Samples
S-22, S-30 and S-45 do not display any prominent endothermic or exothermic
peaks in the DSC curves. The absence of a clear metal-insulator transition in S-22
and S-30 can be attributed to the dominance of the VO,(B) phase, which does not
exhibit a sharp transition like monoclinic VO,(M). In addition, broader XRD peaks
were observed for these samples, indicating reduced crystallinity. This leads to
weaker cooperative lattice distortion, which is necessary for an abrupt structural
transition. For sample S-45, the disappearance of the transition is due to the domin-
ant V05 phase as identified by XRD, which does not exhibit a metal—insulator
transition in this temperature range.31-32

—Heating
S-45 ----Cooling
TR T
S-40_

\a S 73°C

S |s35 59°C” P

8 **ecccctae,. _e= e ~—

a s Fig. 6. DSC results illustrating a well-
S-30 i -defined, reversible metal-insulator tran-
""""""""""""""""""""""""""""""""" sition exclusively in the specimens
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For the samples S-35 and S-40, the endothermic peak maximum during the
heating cycle remains nearly constant at ~73 °C. However, the exothermic peak
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during the cooling cycle shifts slightly from 57 °C for S-35 to 59 °C for S-40. As
a result, the calculated transition temperature (7c, determined as the midpoint
between heating and cooling peaks) increases only slightly from 65 °C (for S-35)
to 66 °C (for S-40). Simultaneously, the thermal hysteresis width (AT), calculated as
the difference between the heating and cooling transition temperatures, decreases
from 16 to 14 °C. A reduction in the magnitude of AT suggests improved rever-
sibility of the structural transformation. This behavior correlates with the enhanced
crystallinity observed in the XRD patterns of S-40 relative to S-35, implying that
improved structural ordering contributes to a more uniform and coherent phase
transition. The observed T values are slightly lower than those of bulk VO,;(M),
which is typically ~68 °C. This reduction to ~65 °C can be attributed to residual
VO,(B) and nanocrystalline interfaces. Overall, the appearance and sharpness of
the metal-insulator transition are strongly governed by phase composition and
crystallinity. Samples dominated by VO2(B) or V205 do not exhibit a prominent
transition, whereas samples containing predominantly the monoclinic VO>(M)
phase exhibit a distinct and reversible MIT. The improved crystallinity observed
in XRD for S-35 and S-40 contributes to a narrower hysteresis width and more
consistent structural transformation. Similar reductions in transition temperature
and broadening of the MIT in nanocrystalline or mixed-phase VO, systems have
been reported in previous studies, where strain effects and phase heterogeneity
were found to influence MIT behavior.33-35

TABLE I. Comparison of phase transition temperatures obtained from DSC analysis during
heating and cooling cycles

Sample Annealing temp. Dominant Secondary Theat Tcool Tc AT
°C phase phase °C °C °C °C
S-22 As-synthesized VO,(B) - - - - -
S-30 300 VO,(B) VO,(M) - - - -
S-35 350 VO,(M) V,0s5, V304 73 57 65 16
S-40 400 V,05 VO,(M), V304 73 59 66 14
S-45 450 V,0;5 - - - - -

The reduction in hysteresis width may be attributed to partial conversion of
VO,(B) to V705, as detected by X-ray diffraction (XRD). It may also be due to
the presence of defects at the interface.34 In contrast, samples S-35 and S-40 clearly
exhibit a phase transition, consistent with the phase evolution confirmed by XRD.

In addition, sample S-35 exhibited an average transmittance of up to about 59 %
obtained at room temperature (300 K), which is comparable to or slightly improved
compared to published literature.32:33 Phase transformation in VO, was clearly
observed for samples annealed at 350 °C, demonstrating that this procedure is
simple and energy efficient. For an observable phase transition in VO, prepared
by reduction of V,0s, the required annealing temperature is often above 400 °C
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and the annealing time is more than 1 h as reported in previous works.36:37 Our
method lowers the thermal budget by achieving VO, phase transformation faster
(30 min) and at a lower annealing temperature than previously reported schemes.
The resulting VO2(M) nanostructures exhibit reversible thermochromic behavior.

Integrating XRD, Raman, optical and DSC analyses indicates a distinct phase—
—property correlation across the synthesized and annealed nanostructures. Spe-
cimens dominated by VO,(B) (S-22, S-30) are characterized by broadened dif-
fraction profiles and wider band gaps, while also lacking an observable MIT. In
contrast, the formation of a predominantly VO,(M) phase at 350 °C (S-35) is asso-
ciated with significant band gap narrowing and the emergence of a well-defined,
reversible MIT near 65 °C. Progressive oxidation from 400—450 °C results in the
formation of V,05, which effectively suppresses this transition. These findings
show that phase purity and crystallinity are major factors governing the thermo-
chromic properties and MIT in these nanostructures.

CONCLUSION

VO, nanostructures were synthesized using a stabilizer-free hydrothermal
process followed by controlled thermal annealing. The as-prepared sample (S-22)
predominantly exhibited the metastable VO»(B) phase with high crystallinity.
Annealing at 350 °C resulted in the formation of a predominantly monoclinic
VO3(M) phase, accompanied by minor secondary phases of V205 and V307. With
a further increase in annealing temperature to 400 °C, V,05 became the predom-
inant phase while the relative intensity of VO,(M) decreased, indicating progressive
oxidation of VO,. Annealing at 450 °C resulted in the complete oxidation of VO,
to Vo0Os. While the crystallite size increased with annealing temperature, the band
gaps exhibited a non-monotonic variation with annealing temperature and phase
composition. The sample annealed at 350 °C showed an average room-temperature
transmittance of 59 % and a phase-transition temperature of ~65 °C. Samples
S-35 and S-40 exhibit clear, reversible phase transitions between 65 and 66 °C. In
summary, we demonstrate the tunability of phase composition and transition
behavior in annealed VO, nanostructures and provide insight into the relationship
between structural evolution and metal—insulator transition behavior. Our demon-
stration of a cost-effective and stabilizer-free hydrothermal synthesis route also
offers a reduced thermal budget route for scalable vanadium dioxide production,
enabling controlled phase evolution and metal—insulator transition behavior in
VO nanostructures.
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n3BOJ

XUIOPOTEPMAJIHA CUHTE3A U ®A3HA TPAHCPOPMALIUJA VO2(B) Y VO2(M):
HCTPAXUBAIDLE ITPEJTA3A METAJI-U30JIATOP
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Y oBom pagy, VO2z(B) HaHOCTPYyKType Cy CHHTETH30BaHE XUAPOTEDMaIHHM IyTem Oe3
crabuusaropa u ycreurno koHseprosade y VO2(M) Ha 350 °C 3a camo 30 min. OBUM NOCTYIIKOM
ce TOCTIXe yIITela eHeprije y ONHOCY Ha yoOWYajeHe IMOCTYIKe, KOjU reHepajHO 3aXTeBajy
temrneparype Buite oz 400 °C u Tpajame myxke of jemHor caTa. Jobujene VO, HaHOCTPYKType
Ca UITTMYacTUM YecTHLlaMa Cy OKapaKkTepHcaHe KopullheweM Pa3InIUTHX TeXHUKA Kao LITO CY
XRD, pamaHcka criektpockonuja, SEM u DSC kaxo o1 ce ucninrao ¢asHu cactaB, Mopdooryja
U KapaKTepUCTHKe Npesiasa MeTan-u3onaTop. EKcrepyuMeHTalHu pe3yiTaTd MoKasyjy ha ce
VO2(B) mperexxHo Tpancdopmuite y VO2(M) HakoH kanunHanuje Ha 350 °C, ca MaJluM ynenom
CexyHIapHUX okcugHUX (a3sa. JomaTHo, xapeme Ha 450 °C noBero je no notmyHe dasHe TPaHC-
dopmanuje VO2 y V205, 1rTo ykasyje Ha ocetssuBocT VO2 Ha TeMIlepaTypy KaiuuHaudje. Tem-
nepaTypa mpesia3a “3onatop-meran je ~65 °C, mTo je Hxke Hero 3a VO2 y komany (~68 °C),
IITO yKasyje Ha MOAU(MUKOBAHO IOHAIIAHe Ipesasa y HaHOCTPYKTYPHHUM y3opuuma. OBu
pesynTaTH nokasyjy fia e XuJpoTepManHo cuHTeTHcany VOz(B) Moxxe Tpancopmucaru npe-
Te)xHO y VO2(M) xapewermeM Ha 350 °C Tokom 30 min, mto omoryhasa peBep3uduimHy npesnas
MeTan—u3omnatop dnusy 65 °C.

(TTpumisero 1. HoBemBpa, peBupupaHo 16. neriemdpa 2025, mpuxsaheHo 22. armpuna 2026)
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Abstract: In this work, copper ions were successfully removed from aqueous
solution using the acid-modified Aframomum africanum shell (MAAS) as an
adsorbent. The adsorbent was characterized using Fourier transform infrared
(FTIR) spectroscopy and field emission scanning electron microscopy (FESEM).
The A. africanum shells were also characterized before and after acid modific-
ation to determine their pH at the point of zero charge (pHpzc). MAAS was
found to have a pHpy value of 4.77. In batch experiments, the adsorption cap-
acity of MAAS was investigated as a function of solution pH, adsorbent dosage,
contact time, initial copper ion concentration and agitation speed. The results
revealed that at a solution pH of 9, an adsorbent dosage of 5 g/L, a contact time
of 30 min, an initial Cu(II) ion concentration of 50 mg/L and at an agitation speed
of 250 rpm, the maximum Cu(II) ion adsorption capacity of MAAS was 31.25
mg/g. The adsorption kinetic data and isotherm data were also studied to find the
suitable models of Cu(Il) removal. The kinetic data and the isotherm data of
Cu(II) removal by MAAS were found to follow the pseudo-second order kinetics
model (R2 = 0.999) and the Langmuir isotherm model (R2 = 0.990), respectively.
Therefore, the outcome suggested that 4. africanum shells can be utilized as an
economical and efficient adsorbent for the removal of Cu(Il) from aqueous

solution.

Keywords: adsorption; Aframomum africanum; copper ion; heavy metal; adsorp-

tion kinetics; adsorption isotherms.

INTRODUCTION

The existence of life on this planet depends on the availability of water. Water
is increasingly being contaminated anthropogenically by activities such as industrial
activities, agriculture, poor land usage, urbanization and non-sustainable growth.
These factors have led to rapid degradation of surface and groundwater quality.!
Among these activities, the release of effluents containing heavy metals remains a
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serious concern, especially for humans and aquatic life in mining areas of the
world. According to the Environmental Protection Agency (EPA), a heavy metal
is one that has a higher density and potential toxicity even at a lower concen-
tration.2 By specifying the lower limit value of heavy metals, defines heavy metals
as metals having density greater than 5 g/cm3.3 A common heavy metal, copper is
employed in innovative applications, including solar cells and phytotherapies, as
well as in decorative work and electric cable manufacturing. The element is an essen-
tial micronutrient for various processes such as photosynthesis, metabolism and
reproduction processes in living organisms.# However, high concentrations of non-
-biodegradable heavy metals, such as copper, in water bodies and in the soil have
toxic effects on living organisms including humans.> If humans are exposed to
large doses of copper, degeneration or possibly necrosis of the kidneys, liver and
gastrointestinal tract would be the outcome. Copper has also been linked to changes
in the nervous system or mental health issues, including anxiety and insomnia.®

The physicochemical techniques have mostly been employed in heavy metal
eradication processes such as chemical precipitation, membrane-based techniques,
ion exchange and electrochemical processes.” However, these remediation tech-
niques have some drawbacks, such as high operational costs for metal complexes
in trace concentrations, and high energy prerequisite.8:9 Efforts have been made to
resolve these drawbacks by adopting the adsorption technique. The process of ads-
orption involves the migration and accumulation of dissolved molecules onto the
surface and porous structure of a biomaterial. As adsorbents, activated carbons
have been widely employed to remove harmful metal ions from wastewater. But
owing to their high cost of production and regeneration challenges, there is now
more effort being made to find adsorbent materials of low energy requirements,
simplicity in operation and, of course, which can be regenerated.!0 Examples of
biomaterials that have been used before as adsorbents to eliminate heavy metals
from wastewater include agricultural waste residues like groundnut shells, corn
cob, rice husk and many more.!! Adsorption has been found to exhibit the following
advantages: cost-effectiveness, high efficiency, easy accessibility, minimal pro-
duction of sludge, high adsorption capacity,!? regeneration of adsorbents and pos-
sibility of metal recovery.!3 Furthermore, the use of unconventional materials is
being widely encouraged now owing to the fact that they possess functional groups
that may bind metals.14-16

The shell of the Aframomum africanum plant is another agricultural waste that
may be a very good adsorbent for metal removal. Among a diverse range of afford-
able adsorbents, the 4. africanum fruit shells (AAFS) were used as one of the pro-
mising, renewable, cost-effective biosorbents to eliminate Cu(Il) ion from
wastewater. 4. africanum is a perennial, bushy and wild-growing plant with a leafy
stem that may be up to 1.5 m high. The leaves are simple, alternate and lanceolate
with matured ones measuring as long as 40 cm in length and 12—15 cm wide. The
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plant is native to tropical African countries such as Ghana, Nigeria, Liberia and
Cameroon and is an important commercial crop in east African countries such as
Ethiopia. 4. afiicanum fruit belongs to the family of Zingiberaceae.l’ 1t is one of
the highly consumed fruits in Zambia, which creates a notable environmental
problem because the shells are usually thrown anyhow after the inner contents of
the fruit have been eaten.!8

To the best of the authors’ knowledge, no studies have been done regarding
the application of acid-modified A. afiicanum shell (MAAS) as an adsorbent for
Cu(Il) ion removal from aqueous solution. Therefore, this study was planned to
assess the adsorption properties of the acid-modified 4. africanum shell towards
the removal of Cu(Il) ions from aqueous solution. The surface functional groups
and the morphology of the acid-modified 4. africanum shells were evaluated
before and after adsorption procedures. The experimental variables have been
examined in relation to the removal of Cu (II), including the solution pH, initial
metal concentration, particle size and contact time. Analysis of the experimental
data has been done using kinetic and equilibrium isotherm models.

EXPERIMENTAL
Materials

Analytical grade chemicals were used. Copper (II) sulfate pentahydrate (CuSO,4.5H,0)
was prepared by dissolving in distilled water for the experiment. The solution pH was adjusted
from 2 to 12 using 0.1 M sodium hydroxide (NaOH) and 0.1 M hydrochloric acid (HC1). 0.5 M
nitric acid (70 %, HNO;) was utilized for the chemical treatment of the adsorbent.

Preparation of the adsorbent

The adsorbent Aframomum africanum fruit shell (AAFS) was procured from Chisokone
market in Kitwe town of Zambia. The authenticity of the fruit was confirmed by the Department
of Forest Herbarium Section under the Ministry of Green Economy in Kitwe Town. The fruit
shell was washed thoroughly to remove dust and impurities using tap water. Later, the shells
were sun-dried for 10 days and then oven-dried for 24 h at 80 °C to remove moisture from the
shells properly. Dried shells were crushed in a blender and sieved by allowing the particles to
pass through the 212-um sieve. The powder obtained was again boiled in distilled water for 24 h
to completely eliminate any coloration from the sample. Finally, the sample was dried in the
oven for 24 h at 80 °C to remove moisture and stored in an air-tight bottle.

Chemical modification of the AAFS dried powder

The AAFS dried powder (82.58 g) was added to a 2 L conical flask that contained 0.5 M
dilute nitric acid. The mixture was shaken for 2 h on an orbital shaker at 140 rpm and was left
to stand for 24 h. After repeatedly washing the modified sample in distilled water to get rid of
any remaining nitric acid, it was dried in an oven set at 60 °C for 48 h. The modified AAFS
powder (now called MAAS) was stored in an air-tight bottle for later use. The flow diagram of
A. africanum fruit shell drying and its conversion into acid-modified adsorbent is shown in Fig. 1.

Preparation of copper sulphate solution

To prepare a 1000 ppm Cu (II) sulphate stock solution, 3.93 g of copper (II) sulphate pen-
tahydrate was dissolved in 1 L of distilled water. All subsequent Cu(Il) ion concentration
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solutions in this experiment were prepared by withdrawing the calculated volume of stock
solution and diluting it in a volumetric flask of the required volume using distilled water only.
To prepare a solution of a specific concentration, the dilution formula was used.

RO RS
YNGR 7
AR D

e

Aframonmum
africanum fruit

Acid Dried peel

modification

Grinding

-, 5 4

Acid moditied powder Powdered peel

Fig. 1. Schematic representation of Aframomum africanum fruit shell drying and its
conversion into acid-modified adsorbent.

Characterization of the adsorbent

The different functional groups on the adsorbent’s surface were identified using Fourier
transform infrared spectroscopy (FTIR, Alpha-II, Bruker, Germany). With a resolution range
of 2—4 cm’!, the FTIR spectra were captured before and after the Cu(II) adsorption within the
wavenumber 4004000 cm™! region. The FESEM (JEOL-JST-IT80, Japan) was used to inves-
tigate the surface morphology of the adsorbent before and after the adsorption process.

The pHpy parameter was determined by placing 40 ml of an aliquot of sodium nitrate into
10 different Erlenmeyer flasks. The pH of the sodium nitrate solutions in the Erlenmeyer flasks
was changed from 3 to 12 by reading values on the pH meter using 0.1 M HCl and 0.1 M NaOH
solutions. To each flask, 5 g of the adsorbent was added and the flasks were shaken for 24 h.
After equilibrium, the content was filtered, the final pH of the filtrate of each flask was measured
and recorded. Finally, plots of change in pH (ApH, i.e., initial pH — final pH) against initial pH
(pHi) were constructed.

Batch adsorption studies

In the batch experiment, 250 mL conical flasks were used to pour 100 mL of Cu(II) solut-
ion with the calculated amount of MAAS adsorbent. To get the concentration needed for each
experiment, the Cu(II) solution was diluted with distilled water in a standard flask. The content
of the conical flask was then agitated at a fixed number of revolutions per minute on a shaker,
for a fixed contact time and at room temperature. After that, filter paper was used to separate
the adsorbent from the mixture. The residual concentrations of Cu ions were measured using an
atomic absorption spectrophotometer (contrAA 300, Analytik Jena, Germany.)

The adsorption capacity (amount of adsorption) of the adsorbent at equilibrium,q, (mg/g),
and the percentage of heavy metal removal R (%) were determined as:

Ci—Ce

ge=——%V (1)
m
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R=1005"C )
G

where m is the dry weight of the adsorbent (g), ¥ is the volume of the Cu(II) ions in solution
(L), ¢ is the initial Cu(II) ion concentration (mg/L) and ¢, is the Cu(II) ion concentration (mg/L)
at equilibrium.

The effect of independent variables, such as contact time (5-120 min), and initial Cu(II)
concentration (10—150 mg/L) on the adsorption capacity of MAAS adsorbent against Cu(II)
was observed at a fixed temperature (25 °C), fixed volume of Cu(Il) solution (100 mL) and
adsorbent dosage (5.0 g/L). The effect of varying each individual parameter was investigated
while holding the other parameters constant. To calculate the kinetic parameters, the adsorption
data of Cu(II) against time were used and to calculate the isotherm parameters, the adsorption
data of Cu(II) against its equilibrium concentration was equally exploited. Additionally, regres-
sion coefficients (R2) were calculated for the adsorption kinetics and the isotherms.

RESULTS AND DISCUSSION
FTIR analysis of the MAAS

It is crucial to identify the chemical functional groups on the adsorbent’s
surface in order to understand the adsorption mechanism of Cu(Il) by the ads-
orbent. The chemical functional groups present could be responsible for the metal
ion binding onto the surface of the adsorbent.!? As seen in Fig. 2, the FTIR spec-
trum of MAAS before adsorption contains hydroxyl groups (—O—H) and phenols
as well as the -N—H group indicated by the broad transmission peak at 3365.20 The
asymmetric C—H stretching of surface methyl groups, which are often found in the
lignin structure, is indicated by the peak at 2917 cm~1.21.22 The band observed
around 1637 cm™! is due to the C=0 stretching of the carbonyl group. The C-O
stretching of alcohol and carboxylic acid groups in cellulose, hemicelluloses and
lignin or C—O—C stretching in cellulose and hemicellulose, was identified by the
strong band at 1043 cm™!.20 The role played by these functional groups is quite
important in heavy metal adsorption because of the functional groups’ affinity for
metal ions.

The FTIR spectrum of post adsorption MAAS (MAAS—Cu) is shown in Fig.
2 as well. It was observed that the post adsorption spectra had peaks at exactly the
same wavenumber as the pre-adsorption spectra. However, a reduction in peak int-
ensities was observed. The reduction in peak intensities suggests the involvement
of various functional groups in complexation with Cu(Il) without undergoing
major chemical transformation. Additionally, this showed that the copper adsorp-
tion mechanism involved a large number of functional groups found in the spectra.?

FESEM analysis of MAAS

Using FESEM, the surface morphology of MAAS was analyzed before and
after the adsorption of Cu(Il) ions. Fig. 3a shows the surface morphology of the
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adsorbent before Cu(Il) adsorption, while Fig. 3b represents Cu(II) adsorbed onto
the surface of MAAS.

o TSy

617
/\ 2141

1645
3365 2917 1043

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™) Fig. 2. FTIR spectra for the acid-treated adsorbent.

UID  6.00kV WD 10.1mm Ox2.00

(b)
Fig. 3. FESEM images of MAAS before (a) and after (b) adsorption of Cu(II).

Pre-adsorption surface of MAAS (Fig. 3a) contains pores and cavities on a
rough and uneven surface of the acid-modified adsorbent. The post-adsorption
MAAS surface pores were covered with Cu(Il) ions, as seen in Fig. 3b, and the
majority of the pores became invisible. Furthermore, the post-adsorption MAAS
surface became somewhat smoother. This indicated that the surface pores were
covered with Cu(Il)ions.

Point of zero charge

It is the pH at which the adsorbent surface has no net charge. The pHpzc of
MAAS was determined for both the untreated adsorbent and the nitric acid-treated
adsorbent. The results are shown in Fig. 4. The acid-modified adsorbent had a
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pHpzc of 4.77, which means that at pH values lower than this its surface is posi-
tively charged and at pH higher than 4.77 the adsorbent’s surface is negatively
charged. The pHpzc of the untreated adsorbent was 7.62.

—=— Untreated
5 —e— Acid treated

Py
4]
o
3 ]
LN
2 o o Sa
) . //
- /
5 ’ - .
=0 T T T T T T T T T
= 4 6 -// 8 10 12
-1 [ ] // pH‘
: yd
N A Fig. 4. pHpyc of the untreated and treated
3 N~
. adsorbent.
Effect of solution pH

The most significant parameter affecting the adsorption of Cu(Il) ions onto
MAAS is the solution pH. It establishes the adsorbent’s surface charge as well as
the adsorbate’s degree of ionization and speciation.23 The pH of the Cu(Il) sol-
utions was changed from 2 to 12 while maintaining the same initial concentration
of 50 mg/L, contact time of 60 min, agitation speed of 150 rpm, and dosage of 5
g/L. From the experiment, maximum adsorption was 99.73 % at pH 9. The percent-
age of copper removed was low at low pH. The adsorbent surface is positively
charged if the pH of the solution is lower than the pHpzc. Conversely, for a sol-
ution pH greater than pHpzc, deprotonation causes the adsorbent surface to
become negatively charged, which promotes Cu(ll) and the adsorbent surface’s
electrostatic attraction and raises the adsorption percentage.? This is explained by
the extra H' that surrounds the binding sites and causes a protonation process that
makes them positively charged. This results in the repulsion of metal cations away
from the adsorption sites, making the adsorption process unfavorable. Addition-
ally, the presence of H' in solution results in competitive adsorption between the
H* and metal cations. This leads to competition between H" and Cu(II) for the
adsorbent’s adsorption sites, which results in repulsion.2% 25 Thus, pH 9 was
chosen for the subsequent adsorption studies because it is above the pHpzc. Above
pH 9 the percentage removal of Cu(Il) decreased. This may be due to the hindrance
effect caused by the abundant OH~ (hydroxide precipitation) preventing the diffus-
ion of Cu(Il) onto the adsorbent. The results are shown in Fig. 5a.

Effect of adsorbent dose

To explore the influence of adsorbent dosage on the elimination of copper
from wastewater, the dosage was varied from 0.5, 1.0, 2.0, 3.0, 4.0 and 5.0 g/L
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Fig. 5. Effect of: a) solution pH, b) adsorbent dosage, c) contact time, d) initial Cu(II)
concentration and e) rotational speed on Cu ion removal efficiency.

while keeping other parameters unchanged (pH 9, contact time 60 min, initial
concentration 50 mg/L and agitation speed 150 rpm). The results in Fig. Sb show
that the removal efficiency increased with increasing adsorbent dosage, producing
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the highest efficiency removal of 99.33 % at a dosage of 5 g/L. The increased
percentage removal can be attributed to the number of available adsorption sites,
which increased with the mass of the adsorbent.26 Therefore, an optimal adsorbent
dosage of 5 g/L was used in the follow-up adsorption experiments.

Effect of contact time

The time of contact between the adsorbent and the aqueous metal solution is
another parameter which influences the uptake of metal ions. At constant para-
meters (pH 9, adsorbent dose 5 g/L, initial concentration 50 mg/L and agitation
speed 150 rpm), studying the effect of contact time (5, 10, 20, 30, 60, 90 and 120
min) on the removal percentage of Cu(Il), the results are revealed in Fig. 5c. From
the graph, the greatest removal efficiency of Cu(Il) was more pronounced during
the first 30 min. This is attributed to the availability of vacant sorption sites of the
adsorbent during the initial stage of the adsorption process.2” After 30 min, the
amount of Cu(Il) adsorbed remained unchanged. This could be due to the active
sites present on the adsorbent’s surface being saturated by the Cu (II) molecules.

Effect of initial Cu(ll) concentration

The effect of initial Cu(Il) concentration on the removal efficiency was inves-
tigated for different solution concentrations of 10, 25, 50, 75, 100 and 150 mg/L
while ensuring that the other parameters were kept constant. From the experi-
mental results, the percentage removal of Cu(Il) increased with the increase of
Cu(II) concentration from 10 to 50 mg/L. As can be seen from Fig. 5d, the removal
efficiency increased from 89.93 % for the initial Cu(II) concentration of 10 mg/L
to 100 % for the initial Cu(Il) concentration of 50 mg/L after the adsorption pro-
cess. However, from 50 mg/L, further increase in the initial Cu(Il) concentration
resulted in a decreased removal efficiency. This reduced removal at higher initial
concentrations is attributed to the adsorbent’s surface being saturated at the relat-
ively high metal concentration!3 and also desorption may have occurred.?8

Effect of agitation speed

The influence of varying the speed of agitation at 50, 100, 150, 200 and 250
rpm was also investigated while maintaining other parameters constant (pH 9,
adsorbent dose 5g/L, 30 min of contact time and initial metal concentration 50
mg/L). From the experimental results obtained in Fig. Se, the removal efficiency
increased with an increase in the speed of agitation. The results show a maximum
removal percentage of almost 100 % at an agitation speed of 250 rpm. At low
speeds, the adsorbent accumulates at the bottom instead of spreading throughout
the solution. The result is that the sorption sites below the above layers of the
adsorbent get buried leading to the low removal percentage of the metal ions.
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Therefore, the speed of agitation of the adsorbate-adsorbent mixture should be suf-
ficient enough to ensure the adsorbent spreads throughout the solution so that the
unoccupied binding sites are exposed for the metal uptake.2?

Adsorption isotherm studies

In order to investigate the distribution of Cu(Il) ions between the adsorbent
and the bulk solution, the most common adsorption isotherm models were used by
fitting the equilibrium adsorption data into their respective isotherm equations.30
The adsorption isotherm models used were the Langmuir, Freundlich, Temkin and
Dubinin—Radushkevich (D-R) isotherm models.

Langmuir adsorption isotherm. The Langmuir adsorption isotherm model
suggests that the adsorption of adsorbate molecules onto the adsorbent surface is a
monolayer3! and that the adsorbent has a finite number of homogeneously distri-
buted and energetically uniform sorption sites. Therefore, this model applies to
adsorption on adsorbent surfaces which are entirely homogeneous. A plot of ce/ge
vs. ce should yield a straight line if the Langmuir isotherm model is obeyed by the
adsorption equilibrium as shown in Fig. 6a. From the plot, ¢, and K7, values can
be evaluated, which are obtained from the slope (1/¢y,) and the intercept (1/gmK1),
respectively.

An important aspect of the Langmuir isotherm called the separation factor, R,
(a dimensionless constant), is very useful in predicting the affinity between the
adsorbate and the adsorbent.32 The separation factor, which is also called the
equilibrium parameter, is defined as:

1
1+ K¢

Ry 3)

By determining the magnitude of the separation factor, the adsorption process
is favorable within the range 0 < Ry < 1, unfavorable when Ry > 1, linear when
Ry =1, and the process is irreversible when Ry, = 0. The Langmuir constant (K =
=(.508 L/mg) indicates a strong affinity between the adsorbent and the adsorbate.
Furthermore, the separation factor (Rp, = 0.04), being closer to zero, confirms
highly favorable adsorption. Table I shows that adsorption follows the Langmuir
isotherm model (RZ = 0.99) with a gmax value of 31.25 mg/g. Modified A.
africanum shell has a higher biosorption capacity for Cu(Il) ion removal than most
of the biosorbents previously described in the literature.33-36

Freundlich adsorption isotherm. The Freundlich adsorption isotherm suggests
that the uptake of adsorbate solutes occurs on the heterogeneous surface of an ads-
orbent by multilayer adsorption. The model’s assumption is that the uptake of sor-
bate molecules occurs on the heterogeneous surface of an adsorbent by multilayer
adsorption.37 This isotherm model describes adsorbents whose active sites have
different affinities or adsorption energies for adsorbate solutes. The values of the
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Freundlich constants can be obtained by plotting In g, vs. In ¢, with log kp as the
intercept and the slope equal to 1/n shown in Fig. 6b. The magnitude of n indicates
the favorability of biosorption. If the value of » < 1 then the biosorption is unfav-
orable, when n = 1 then the separation within the two phases is not dependent on
the concentration and when n > 1, it implies the adsorption of the adsorbate mole-
cules onto the adsorbent surface is favorable. The Freundlich constant (kg = 9.92
mg!~1/n LUn g-1y indicates a high adsorption capacity of the adsorbent. The value
of 1/n=0.412 (n =2.43) suggests favorable adsorption on a heterogeneous surface.
However, the comparatively lower R? value indicates that the Freundlich isotherm
provides a weaker fit than the Langmuir isotherm. The values of n and kp
calculated using slope and intercept were 2.42 and 9.92 with R2 = 0.862 as shown
in Table I. Consequently, adsorption has been conducted as a chemical process
since the value of n > 1.
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Fig. 6. Adsorption isotherm plots of Cu(Il) removal through MAAS; a) Langmuir linear
model, b) Freundlich linear model plot, ¢)Temkin isotherm linear model plot and d) D-R
isotherm linear model.

Temkin adsorption isotherm. The heat involved in the adsorption of Cu(Il) on
MAAS was evaluated through the Temkin isotherm. It is assumed that the decline
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in the heat of adsorption followed a linear trend as opposed to a logarithmic
curve.38 As illustrated in Fig. 6c, the slope of the g vs. In c¢ plot can be used to
compute the heat of adsorption constant (B). The Temkin constant B (436.73
J/mol) indicates a moderate heat of adsorption, suggesting that the process is pre-
dominantly physical in nature. The equilibrium binding constant (KT = 7.52 L/mg)
reflects a good affinity between the adsorbent and the adsorbate. Table I provides
a summary of the computed values for the Temkin isotherm constants and asso-
ciated parameters. The computed values are close to the actual heat involved in the
adsorption, as indicated by the model’s correlation coefficient for Cu(Il) ads-
orption data, which was determined to be 0.985.

Dubinin—Radushkevich (D-R) adsorption isotherm. The D-R isotherm assumes
that the sorption sites are not identical and takes into account the idea of adsorbent
surface heterogeneity, just like the Freundlich isotherm does.3° The D-R model’s
linearized form is provided as:

Inge =Ingy max - ﬂgz 4)

where ¢ (kJ2 mol2) is the Polanyi potential and 8 (mol2/J2) is the activity coefficient
associated with the mean adsorption energy.
The following relation was used to derive the Polanyi potential:40

e=RTIn(1+1/c,) (5)

The mean free energy of adsorption (£4) per molecule of adsorbate can be
calculated using the D—R isotherm constant (Kp_r) when the adsorbate molecules
migrate from infinity to the adsorbent surface. It can be computed as:

Ep=— ©)

V2Kp-r

Table I lists the D-R isotherm constants for Cu(Il) adsorption onto MAAS
along with the associated mean free energy of adsorption. The type of the adsorbent
and the adsorbate determine the adsorption potential, which is unaffected by tem-
perature. It is possible to determine whether adsorption is physical or due to chem-
ical ion exchange by examining the £ 4. The adsorption phase that comes after the
chemical ion exchange is shown by the values of Ea that fall between 8 and 16
kJ/mol. The average free energy for this adsorption (Ep = 12.90 kJ/mol) falls
within the range, indicating that ion-exchange followed the adsorption mechanism.
The D-R constant £ (3.00x10-9 mol2/J2) suggests a narrow energy distribution and
supports adsorption occurring predominantly in microporous region of the ads-
orbent. Fig. 5d displays the linearized D—R plot, and the linear plot’s correlation
coefficient (R?) was determined to be 0.875. As a result, the Langmuir isotherm
was better suited by the adsorption data than the Freundlich, Temkin and D-R
isotherm models.
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TABLE 1. The parameter values of adsorption isotherm models of Cu(Il) adsorption onto
modified Aframomum africanum shells at 25 °C

Model Model parameter Value
Langmuir Gmax / Mg 7! 31.25
K /L mg'! 0.508
R, 0.04
R? 0.99
Freundlich K/ mgl-t/n Lln g-1 9.92
1/n 0.412
R? 0.862
Temkin B/J mol! 436.73
K1 /L mg'! 7.52
R? 0.985
D-R Gmax / Mg g1 121.1
G2.max / mmol g! 1.91
Ex/kJ mol! 12.9
); 3.00%10°
R2 0.875

Adsorption kinetic study

During adsorption studies, determining the rate and comprehending the mech-
anism of heavy metal adsorption are crucial. In order to fit the experimental results,
various kinetic models have been presented.4! The pseudo-first-order kinetic
model and the pseudo-second-order kinetic models are the only two kinetic models
covered in this study.

Pseudo-first-order kinetics model (PFO). As illustrated in Fig. 7a, linear plots
of log (ge — gq¢) versus t suggest the applicability of this kinetic model. From the
graph, k1 can be computed.
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Fig. 7. Adsorption kinetics of Cu(II) removal: a) pseudo-first and b) pseudo-second order
kinetic model plot.
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Pseudo-second-order kinetics model (PSO). The mechanism of adsorption is
assumed to follow a second-order kinetics model if a plot of #/g; against ¢ produces
a straight-line graph. The plot’s slope (1/g¢) and intercept (1/k»g.2) yield the values
of g and ky, respectively.

A well-established kinetic models, PFO and PSO were used to study the ads-
orption kinetics of Cu(II) adsorption onto MAAS. The Cu(Il) adsorption data were
collected at 50 mg/L an initial concentration at different time intervals (from 5 min
to 120 min) and applied to linearized PSO shown in Fig. 7a and b. Within 30 min
of contact time, 99 % of adsorption was found to occur. PFO and PSO were used
to visualize the collected kinetic data. From the plotted data, it was observed that
Cu(II) adsorption onto MAAS poorly followed the PSO (R2 = 0.606) shown in Fig.
7a but perfectly followed the PSO kinetic model. The linear curve fitting of the
PFO and PSO gave the correlation coefficient (R2) value of 0.999 shown in Fig.
7b. It was also observed that for PSO kinetics, the theoretical adsorption capacity
qe,cal (10.00 mg/g) and experimental values ge exp (9.901 mg/g) were extremely
close, however for PFO kinetics, these values were different, Table 1I. The PSO
kinetics model was therefore more applicable, as evidenced by the same values for
qecal and ge exp and a higher regression coefficient value (R? =0.99) compared to
the PFO (R2 = 0.606).

TABLE II. The parameter values of adsorption kinetic models of Cu(Il) ion
adsorption by modified Aframomum africanum shells

Model Model parameter Value
Pseudo-first-order g./mg g’! 0.478
ky / min™! 0.038
R? 0.606

Pseudo-second-order g./mg gl 10
ky / g mg! min! 0.189
R? 0.999

CONCLUSION

In the present study, low-cost adsorbents were successfully prepared from
Aframomum africanum fruit through chemical surface modification. Nitric acid was
used to modify the fruit shell powder, FESEM and FTIR were used to observe the
changes in the adsorbent surface. The adsorption of Cu(Il) from aqueous solution by
the acid-modified adsorbent was investigated under various conditions of pH, ads-
orbent dosage, contact time, initial Cu(II) concentration and agitation speed. Among
these conditions, pH was found to be the most significant factor affecting the ads-
orption of Cu(Il). For a dosage of 5 g/L, a contact time of 30 min and an initial Cu(II)
concentration of 50 mg/L, the maximum removal of Cu(Il) was 100 % at pH 9. The
Langmuir isotherm model and the pseudo-second-order kinetic model were able to
adequately fit the experimental results. The Langmuir isotherm predicted monolayer
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adsorption of Cu(Il) ions with a maximum adsorption capacity of 31.25 mg/g. A.
africanum is an effective adsorbent for the sequestration of Cu (II) from aqueous
solution, according to the experimental data.
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Sciences, The Copperbelt University for laboratory facilities.

H3BO[J

ACOPITITUJA JOHA BAKPA HA KUCEJITMHOM MOJIHU®HUKOBAHY JbYCKY Aframomum
africanum: U30TEPMCKA U KUHETHUUYKA UCIIUTHBABA

YANE CHIMBILIMA, MURALI DADI u TANWEER AHMAD

Department of Chemistry, School of Mathematics and Natural Sciences, The Copperbelt University, P.O. Box
21692, Kitwe, Zambia

Y oBoM panmy joHH Dakpa Cy YCIEIIHO YKIOWBEHU U3 BOAEHOT PacTBOpa MPUMEHOM KHCe-
JTMHOM MoJudUKOBaHe jbycke Aframomum africanum (MAAS) kao apcopbenra. AncopdeHrT je
OKapaKTepucaH MpuMeHoM HHGpaLpBeHe crekTpockonyje ca dypujeoBom TpanchopMaLrjom
(FTIR) u cxkeHupajyhe enexkTpoHcke MUKpockomnuje ca emucujom noska (FESEM). Jbycke A.
africanum cy Takohe okapakTepHucaHe IIpe U II0CiIe KUCeNUHCcke Monudukanuje pagu ogpehu-
Baka pH BpENHOCTH Ha TauykH HyATOr HaelekTpucawa (pHrezc). YTBpheno je ma MAAS uma
PHprzc BpepHOCT of 4,77. YV cepHju eKCiepUMeEHaTa HCIHUTUBAH je afCOPILUUOHU KamauuTeT
MAAS y 3aBucHocté on pH BpenmHocTu pacTBOopa, Ho3e amcopdeHTa, BpeMeHa KOHTAKTa,
MmovyeTHe KOHILIEHTpauuje joHa dakpa ¥ Op3vuHe Mellawma. Pe3ynraTu cy nokasanu na je npu pH
BPEJHOCTH pacTBopa of 9, 103U afgcopbeHTa of 5 ¢/L, BpeMeHy koHTaxTa of 30 min, MOYeTHO]
koHueHTpauuju Cu(Il) jona om 50 mg/L v p3uHu Memama of 250 rpm MOCTUTHYT MaKCUMaIHU
ancopnuyony kanaputer MAAS 3a Cu(II) jone ox 31,25 mg/g. KuHeTUYKH NnofjaLy U Mojalu
M30TEPME afICOPIIIMje aHAIU3UpaHU Cy pagu ofpehuBama ofrosapajyhux mopena ykiamama
Cu(II). YTepheHo je na KUHETHYKHU MOJALIM IpaTe MOLeN ceyno-apyror pena (R? = 0,999), nok
HW30TepMCKH mojanu mparte JleHrMmupoB mogen usorepme (R? = 0,990). Pesynratu ykasyjy noa
ce Jbycke A. africanum MOry KOPUCTUTH Kao eKOHOMHUYAH U edHKacaH afiCOPOEHT 3a YKIambambe
Cu(II) jona u3 BOAEHHX pacTBOpA.

(ITpumsbeHo 13. jyHa, pesunupano 30. jyHa, mpuxsaheno 2. nenemdpa 2026)
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Abstract: Pure BiVO, and three TiO,/BiVO, composite photocatalysts with
Bi3":Ti*" mole ratios of 1:1, 2:1 and 4:1 were readily synthesized, for the first
time, using a one-pot hydrothermal procedure for the photodegradation of cipro-
floxacin. Conducting the hydrothermal reaction in a basic medium yielded
single-phase scheelite monoclinic polymorphic BiVO, (ms-BiVO,) in the com-
posite samples. Microstructural analysis showed spherical TiO, nanoparticles
with an average grain size of 120 nm embedded on the surface of BiVO,4 nano-
plates. The optimized composite exhibited a ciprofloxacin photodegradation
reaction rate constant about 3.8 times higher than that of the pure BiVO, sample.
This significant enhancement is attributed to the formation of a TiO,/BiVO,4 het-
erojunction, which promotes efficient charge separation. This research expands
the knowledge on designing of BiVOy-rich composites (with Bi*":Ti*" mole ratio
> 1:1) via heterogeneous junction engineering to enhance photocatalytic activity
beyond that of pure BiVO,. The research also provided a perspective on using
the BiVOy,-rich composites as effective photocatalysts for degradation of anti-
biotics in aqueous media under visible-light irradiation.

Keywords: photocatalysis; semiconductor; heterojunctions; antibiotic residues;
hydrothermal.

INTRODUCTION

Over the last years, the widespread use of antibiotics in veterinary and human
medicine has resulted in an increased risk for water contamination, as they are treat
even at trace concentrations.!2 Particularly, it is estimated that many tons of antib-
iotic residues are released into the environment in Southeast Asia annually.3 The
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World Health Organization (WHO) typically reports that pharmaceutical concen-
trations in surface waters, groundwater and partially treated water were below 0.1
ug L1 and concentrations in treated water were generally below 0.05 ug L-1.4 The
emerging environmental issue relating to antibiotic residues not only threatens
public health but also compromises the effectiveness of the drugs themselves (i.e.,
contributing to antibiotic resistance). Among the quinolone antibiotics class, cip-
rofloxacin (CFX) is widely utilized due to its broad-spectrum activity against many
pathogenic bacteria. After medication, CFX can be partially broken down by met-
abolism in human or animal bodies and largely excreted in its pharmacologically
active forms.5:¢ Therefore, practical and economical processes are urgently
required to reduce the CFX antibiotic discharge into the environment.

To overcome this environmental challenge, various processes have been applied
to degrade or remove contaminants, including adsorption, photocatalysis, biodeg-
radation and electrochemical treatment.” While conventional treatments like fil-
tration and coagulation/flocculation/sedimentation require subsequent procedure
to treat the pollutants, other current techniques such as membrane, ozonation and
Fenton process often bring weakness in the high costs of installation, investment
and operation.!-8:9 Consequently, photocatalytic semiconductors based on the adv-
anced oxidation process (AOPs) are highly recommended. This technology is rec-
ognized largely as one of the most low-cost, sustainable and environmentally
friendly approaches for wastewater treatment.10-13

Monoclinic bismuth orthovanadate (BiVO4,), an n-type semiconductor, widely
recognized as a promising solar-driven photocatalyst due to its narrow band gap
(2.4 eV). BiVO4 exhibits outstanding features: nontoxic nature, high stability
towards photocorrosion, low production cost, relatively strong oxidation properties
for the decomposition of organic pollutants and its promising application as a
photoanode material for water splitting. Nevertheless, the performance of the
single component BiVOy is still restricted by the fast recombination of photoin-
duced carriers (electron/hole pairs).14=17 To date, various alternative strategies
have been investigated to overcome limitation of BiVQy, including cocatalyst
loading, construction of heterostructures, and substitution of the metal cation or
anion.!8-22 For the research approach of constructing heterostructures, BiVO4 was
assembled with another semiconductor to form a heterojunction that can signi-
ficantly reduce the combination and speed up the separation rate of photogenerated
charge carriers.23-25 To couple with BiVOy to form these heterostructures, one of
the most frequently-used semiconductors that serve as a second component is
anatase titanium dioxide (TiO,) — a well-known photocatalyst with the band gap
value of 3.2 eV to benefit its high chemical stability, and excellent photocatalytic
activity.26-30 Although numerous researches on TiO,/BiVOy photocatalytic com-
posites have been reported, an optimized synthesis procedure has not been estab-
lished. In addition, most published synthesis procedures of these photocatalytic
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composites usually involve multi-steps, and to date, only limited number of one-
pot approaches have been described in the literature.28:30 Lv et al. applied one-pot
hydrothermal procedure to synthesize TiO,/BiVO4 nanocomposites with
Bi3*:Ti* mole ratios less than 0.2:1.28 The photocatalytic efficiency of 60 % for
photodegradation reaction of rhodamine B over the optimized sample after 4 h of
visible-light irradiation. For TiO2/BiVOy4 system, to the best of our knowledge,
TiO,-rich composites were studied the most,19-26-28.30 while only one work focus-
ing on BiVOy-rich composites with Bi3™:Ti4™ mole ratio equals to or over 1:1 was
reported.2? However, the effects of Bi3™:Ti#" mole ratio on the photocatalytic effi-
ciency of BiVOg4-rich composites were not studied systematically by Drisya et al.
for they only investigated Bi3*":Ti#" mole ratio value of 1:0.6. This might originate
from the fact that these researches focused mainly on improving Vis-photocatalytic
performances of TiO; via designing TiO,-based composites, in which BiVOy
played role as a dopant or a minor component, rather than hindering the fast recom-
bination of photoinduced electron-hole pairs, the main drawback of the pure
BiVOy, via designing BiVOgy-rich composites. In other words, the design of a het-
erogeneous junction to enhance photo-induced charge separation and consequently
improve the photocatalytic performance of BiVOg4-rich composites containing ana-
tase as a minor component for photodegradation of antibiotics in general and CPX
in particular, has not been mentioned yet.

Hence, this research aimed to synthesize TiO7/BiVOg4 semiconductors with
Bi3*:Ti4" mole ratio equals to or greater than 1:1 using hydrothermal method in a
basic medium, and their photocatalytic activities were determined by the degrad-
ation of CPX antibiotic in aqueous solution under visible-light irradiation.

EXPERIMENTAL PROCEDURE
Synthesis of photocatalysts

All the reagents were of analytical grade and used without any further purification. Typic-
ally, 1 mmol Bi(NO3);-5H,0 (Acros) and a certain amount of TiO, (Sigma—Aldrich) were
dissolved in 2 mL of 4 M HNOj solution, while 1 mmol NH,VOj; (Sigma—Aldrich) was dissol-
ved in 10 mL double distilled water at 80 °C. The two solutions were mixed and transferred into
a 120 mL Teflon®-lined stainless-steel autoclave. The pH of these mixtures was adjusted to 11
by addition of 12 mL of concentrated NH; solution (25 %). Subsequently, the autoclave was
filled with double distilled water up to 75 % of its capacity. The sealed autoclave was heated at
180 °C for 24 h under autogenous pressure. After undergoing hydrothermal treatment, the pre-
cipitated solids were collected and washed with double distilled water until reaching a neutral
medium. Finally, the yellow precipitates were obtained after drying naturally in air.

For the synthesis of the pure BiVOy, the same synthesis procedure was performed except
that no TiO, was added. The three composite products were denoted as 1TiO,/4BiVOy,
1TiO,/2BiVO, and 1Ti0O,/1BiVO, corresponding to the sample with the Bi*":Ti*" mole ratios
of 4:1, 2:1 and 1:1, respectively.
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Characterization methods

The crystalline phases of the as-synthesized samples were determined by using an X-ray
diffractometer (XRD, D8 Advance, Bruker). The synthesized samples were also characterized
by field-emission scanning electron microscopy (FESEM, Hitachi S-4800), high resolution
transmission electron microscopy (HR-TEM, Jeol 2100), and diffuse-reflectance UV—Vis spec-
trometry (DR-UV—Vis, Jasco V670).

Photocatalytic properties

The photocatalytic activities of the studied composites were estimated by the degradation
of ciprofloxacin (CPX) solution (0.5 ppm) at room temperature under visible-light irradiation.
Typically, 0.025 g photocatalyst was added to 100 mL the antibiotic solution in each experi-
ment. The solution was stirred for one hour in dark for reaching of adsorption-desorption equi-
librium. The suspension was then irradiated by a visible-light source provided by a 100 W
halogen lamp with the center wavelength of 700 nm from a distance of 20 cm. At certain interval
times (30, 60, 90 and 120 min) during irradiation, 5 mL of the tested solution was taken out and
was then filtrated with 0.22 um membrane prior to concentration determination by using a LC—
—MS/MS system (ACQUITY UPLC H-class/Xevo-TQ, USA).

The photocatalytic degradation efficiency was calculated by the following equation:

1 =10050=C (1)
C

0

wherein: Cj is the initial concentration of CPX (without any photocatalyst); C, is the remaining
concentration of CPX in the solution at time ¢/ min after irradiation.

RESULTS AND DISCUSSION

Crystalline structure

From XRD diagrams (Fig. 1), it can be confirmed that the monoclinic scheelite
structure of BiVO,4 (ms-BiVO,) was successfully synthesized for all studied
samples, namely, pure BiVOy, 1Ti0»/4BiVOy, 1Ti0,/2BiVOy4 and 1TiO»/1BiVO;,.
Particularly, diffraction peaks at 28 values of 18.65, 18.98, 28.94, 30.54, 34.49,
35.22 and 39.78° are corresponding to (1 1 0), (0 1 1), (-1 3 0), (04 0), (2 0 0),
(002)and (2 1 1) lattice planes of monoclinic scheelite structure of BiVO4 (JCPDS
card No. 14-0688), respectively. Moreover, the doublet peaks at 26 values of
around 18.5 and 35° can be a useful mark to distinguish a monoclinic scheelite phase
and a tetragonal scheelite phase of BiVOy.3!

The result indicated that, by carrying out the hydrothermal synthesis procedure
in basic medium, the monoclinic scheelite structure was controlled to grow as a
unique crystalline phase of BiVO4 and the coexistence of monoclinic scheelite and
tetragonal zircon, as reported previously, was avoided.3? In another word, the
formation of tetragonal zircon phase, a thermodynamically stable polymorph of
BiVO4 under the acidic medium of hydrothermal synthesis reaction, was totally
inhibited.

In addition, for all XRD patterns of TiO»/BiVO4 composite samples, a set of
diffraction peaks at 2625.6, 38.3 and 48.8° were detected, indicating the existence
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of anatase TiO, (JCPDS card No. 21-1272).33 Furthermore, no other impurity was
found in all investigated samples, similar to those published for TiO,/BiVO4 com-
posites.28-30 The intensity of anatase TiO; increased monotonously as desirable
with the TiO, content in the composite samples when the Bi3™:Ti4* mole ratio
decreased from 4:1 to 1:1. It is also worthy to note that by the coupling with anatase
TiO; to form photocatalytic composites, the calculated lattice parameters of the
monoclinic scheelite BiVO,4 existed in pure BiVOy4, 1TiO2/4BiVO4, 1TiOy/
/2BiVO4 and 1TiO»/1BiVO4 samples were almost unchanged as tabulated in Table 1.

+
# Manoclinic BIVOy
+ + & Anatase TiOg
& +
y : # :
ikl b in) L M s A e R e AR 0 0 |
1TiO3/2BiV0,

ﬂ
1TIOMBIVO, ;4 il A R h R

o Jl W

10 2‘0 3‘0 4‘0 5‘0 BID 70
20/°
Fig. 1. XRD patterns of pure 9+BiVO, and TiO,/BiVO, composite samples.

Intensity, a.u.

TABLE 1. The calculated lattice parameters () of pure BiVOy, 1Ti0,/4BiVOy, 1TiO,/2BiVO,
and 1TiO,/1BiVO, samples

Lattice parameters

Sample

alA b/A c/A Bl°
Pure BiVO, 5.194(2) 11.699(2) 5.090(1) 90.38(1)
1TiO,/1BiVO, 5.195(1) 11.701(3) 5.089(2) 90.37(2)
1TiO,/2BiVO, 5.194(3) 11.700(2) 5.091(3) 90.38(2)
1TiO,/4BiVO, 5.194(1) 11.700(1) 5.092(2) 90.38(1)
Microstructures

To investigate the morphology of the synthesized TiO,/BiVO4 composite, the
1TiO,/4BiVO4 and 1TiO,/1BiVO4 samples were subjected to SEM observation
as examples. The SEM image of the composite material, as shown in Figs. 2 and
3, reveals the presence of spherical-like TiO; nanoparticles with the average grain
size of 120 nm embedded on the surface of BiVOy in contrast to that of the pure
BiVOy. This agrees well with the statement given for XRD patterns. For both cases
of pure BiVO4 and TiO,/BiVO4 composites, the BiVOy4 nanoplates with average
width of 200 nm and length of 300 nm are observed.
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Fig. 2. SEM images of: a) pure BiVO, and b) 1TiO,/4BiVO, samples.

Compared to the case of commercialized TiO; precursor, the shape and average
grain size TiO, nanoparticles existed in TiO»/BiVOy4 composite are almost unch-
anged, suggesting the inhibition role of basic medium on grain growth of TiO;
(Fig. 3).34

IMS-NKL 5.0kV 4.7mm x20.0

(b)
Fig. 3. SEM images of :a) commercialized TiO, precursor and b) 1TiO,/1BiVO,4 composite.

To investigate further the microstructure of as-synthesized samples, the HR-
-TEM image and its corresponding FFT pattern of 1TiO,/1BiVO4 composite
sample were presented in Fig. 4a and b, respectively. Two lattice fringe spacings
of 0.292 and 0.467 nm with an interfacial angle of 66.5° that are assigned to (0 4 0)
and (0 1 1) lattice planes of ms-BiVOy, respectively, were observed in both HR-
-TEM image and its corresponding FFT pattern. At the same time, two other lattice
fringe spacings of 0.347 and 0.469 nm that formed an included angle of 68.3° were
interpreted respectively as (0 1 1) and (0 0 2) lattice planes of anatase TiO; phase.
These calculated results indicated obviously that the investigated 1TiO»/1BiVOg4
contained both ms-BiVO4 and anatase TiO, particles. Moreover, as shown in Fig.
4a, the direct contact between ms-BiVOy4 nanoplates and anatase TiO, nanopar-
ticles was observed, suggesting the formation of heterojunction between them.
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Fig. 4. a) HR-TEM image and b) its corresponding FFT pattern of 1TiO,/1BiVO,4 composite
sample.

Diffuse-reflectance (DR) UV—-Vis spectra

From the spectra received by DR UV—-Vis measurements as shown in Fig. 5,
a derived Tauc’s plot was then depicted in Fig. 6 that showed the relationship
between /v (the energy of the light) and (¢/1V)2, where o was the absorption coef-
ficient of the material. Based on extrapolating the linear region in Fig. 6, the band
gap (Eg) values of synthesized photocatalysts were estimated to be 2.43, 2.42 and
2.44 ¢V, corresponding to the 4:1, 2:1 and 1:1 composite samples, respectively.
The results showed the absorption feature of the composite materials and the pure
BiVOy as well (Eg = 2.42 eV), in visible region, did not have a significant differ-
ence. Therefore, to conclude which as-prepared material was exhibiting the best
photocatalytic activity, it was necessary to perform further photocatalytic tests with

14

—— Pure BiVO,

—— 1Ti0,/4BiVO,
—o—1Ti0,/2BiVO,
—v—1TiO,/1BiVO,

14
s

Absarbance, a.u.

e
N

e
=

Fig. 5. Diffuse-reflectance UV—Vis spectra
a0 Oof pure BiVO, and BiVO4/TiO, com-
Wavelength, nm pOSitCS.

&
[
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(oth\')2 / (c\')2

—— Pure BiVO,
—— 1TIO,/4BIVO,
—e— 1Ti0,/2BiVO,
v— 1Ti0,11BIVO,

A
22 24 26 28
hv/eV

30 Fig. 6. Tauc’s plots of pure BiVO, and
BiVO,4/TiO, composites.

the analyte (i.e. ciprofloxacin (CFX)). However, the band gap values of around 2.4
eV suggested that photocatalytic experiments should be performed under visible-

light irradiation.

Photocatalytic activities

Photocatalytic activities of as-synthesized samples were evaluated according
to the degradation of CFX. These experiments included the photocatalytic deg-
radation of only CFX solution without any photocatalyst; ciprofloxacin and pure
BiVO4 (CFX+BiVQy); ciprofloxacin and 4:1 composite (CFX+1TiO,/4BiVOy);
and CFX and 1:1 composite (CFX+1TiO5/1BiVQy,). The photocatalytic degrad-
ation efficiency, after that, was illustrated in Fig. 7.

100

Vis irradation

80 - _m—crx

f=23
o

40

Degradation (%)

N
o
T
)Ol\

1
1
1
1
1
~@—CFX + BVO, .
~@—CFX+1TI0/48VO, | /
~w-CFX + 1TI0/1BVO, | /
1
1
1
1
1
1
1
1

Photocatalysis time (min)

Fig. 7. Photocatalytic degradation efficiency
of ciprofloxacin with and without the as-pre-
pared photocatalysts under irradiation using
a 100 W halogen lamp.

The results showed that after 120 min under visible-light irradiation, while
CFX was degraded only 32 % in the activity of pure BiVOy, but it was decomposed
75 and 80 % by 1TiO2/4BiVQy4 and 1TiO,/1BiVOy, respectively. Thus, similar to
the previous works, the composite materials were visible-light photoactive with

Available online at: https://www.shd.org.rs/JSCS/

(CC) 2026 Serbian Chemical Society.



PHOTOCATALYTIC DEGRADATION OF CIPROFLOXACIN 657

their photodegradation efficiency obviously twice as high as that of the pure
BiVO,4 sample.19:23.28 The existence of a heterojunction formed between BiVOy
nanoplates and embedded 120 nm spherical-like TiO, nanoparticles can probably
be attributed to this significant improvement in ciprofloxacin photodegradation
efficiency of the studied TiO,/BiVO4 composites with respect to that of the pure
BiVOQy4. Also, it can be derived from Fig. 7 that, after reaching of adsorption-
desorption equilibrium, the CFX adsorption percentage of pure BiVOy4 and 1TiOy/
/4BiVOy4 samples was around 7 % and was almost the same while that of 1TiO,/
/1BiVO4 sample was higher (17 %). That can be explained by the fact that, the
1TiO2/1BiVO4 sample possessed the higher amount of spherical-like anatase TiO;
nanoparticles, with relatively high specific surface area (of around 10 m2/g), than
pure BiVO4 and 1TiO,/4BiVO4 samples. In addition, the kinetics of the CFX
photodegradation reactions over pure BiVO4 and 1TiO2/1BiVO4 samples was also
investigated. The obtained results indicated that the CFX photodegradation reactions
over these two samples can be described by the first-order kinetic equation (Fig. 8):

In(Cy / C,) =kt )

where Cj is the initial CFX concentration, C; is the CFX concentration at reaction
time ¢, and k is the observed first-order rate constant. The photodegradation
reaction rate constant of 0.00899° min~! calculated for the 1TiO,/1BiVOy4 sample
was about 3.8 times higher than that of the pure BiVOy4 sample (0.00235° min~1)
(Fig. 8, the inset).

Photocatalyst k(103.min") R? v
15 o crx+Bivo, 2.35 0.96
v CFX+1TiO,1BiVO, 8.9 0.96
_ 10}
Q
o
2
c
T 05F
: Fig. 8. The dependence of In(Cy/C;) on
0.0 } } i the visible-light irradiation time of the

-30 0 30 60 90 120 gptimized 1TiO,/1BiVO, and the pure
Photocatalysis time (min) BiVO, samples.

From m/z values obtained from LC—-QTOFMS spectrum for the photodegrad-
ation of CFX over the optimized 1TiO2/1BiVO,4 sample under visible-light
irradiation, two major possible intermediate products, denoted as CFX1 and CFX2,
were detected (Table II). The ion at m/z 314.1 can be assigned to the dehydration
of the CFX to produce CFX1.35 The quinolone moiety of the CFX was attacked
by the produced *OH radicals, leading to a decarboxylation process to form CFX2
with m/z value of 288.1.36 Based on these data, a CFX photocatalytic degradation
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pathways under visible-light irradiation was proposed as shown in Scheme 1.36-37
Accordingly, in a first step of the photodegradation reaction, CFX2 was formed as
an intermediate product from the CFX under visible-light irradiation. By increasing
the photocatalytic reaction time further, CFX2 was degraded into smaller sub-
stances. The photocatalytic reaction was completed when all available intermedi-
ate products of photodegradation reaction were mineralized into HoO and CO; as
final compounds.36-37

TABLE II. Major m/z values and chemical formula of possible intermediate products detected
by LC-MS/MS for the photodegradation of ciprofloxacin under visible-light irradiation

No. Intermediate product ml/z Possible chemical formula

1 Fﬁ%i 332.1 Cy7H,gFN;0;
OH
|
(\N N

HN. %
CFX

2 Fj@f%j 314.1 Cy;H,7FN;0,
(Y

N A

|
CFX1
|

3 . j@\jﬁ 288.1 C,¢H sFN;0
ﬁN N

b

Z

CFX2
Visible-light 5 B
\ ™ : L‘o
< “OH
Ll
( N N
'S |
) CFX £
l ‘OH
o
F P!
0 1
N7 N7
wJ )
CFX2
l Scheme 1. Proposed reaction pathways and intermediate pro-
ducts generated in the photodegradation reaction of ciproflox-

Further photodegradation acin under visible-light irradiation.

In Fig. 9 the recyclability testing results of CFX over the optimized 1TiO,/
/1BiVO4 sample for three recycling photocatalytic runs under visible-light
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irradiation are shown. The results illustrate that the photodegradation efficiency
decreased slightly to 79.2 and 78.8 % for the second and third cycles, respectively
from the value of 80 % for the first cycle. The CFX photodegraded species existing
on the composite’s surface might block the photoactive sites, leading to this slight
decrease in photodegradation efficiency. This implied that our optimized TiO,/
/BiVO4 composite sample can be reusable with high photocatalytic stability.

90

804 80% 792 % 78.8%
g 70
3
c 604
g
& 504
w
§ 1
S 304
©
> 201
© 0]
o Fig. 9. Photodegradation recyclability test of cipro-
15t run 2 run 34 run floxacin over the optimized 1TiO,/1BiVO, sample
Number of cycles under visible-light irradiation.

Similar to the previous studies,27-38:39 the photocatalytic activity-enhancing
mechanism for CFX photodegradation in aqueous medium under visible-light
irradiation over the BiVOg4-rich composites containing anatase as a minor compon-
ent can be proposed as follows.

1) The incident light was absorbed mainly by the Vis-photoactive BiVOyq4
component of TiO2/BiVO4 composite, leading to the generation of photo-induced
pairs electron-hole pairs:

hv +ms-BiVO, — hypg +ecp 3)

2) Via the heterojunction formed between ms-BiVOy4 nanoplates and TiO,
nanopatrticles, the photo-induced electrons in the conduction band of anatase TiO»
were transferred to that of BiVO4 while holes in the valence band of BiVO4 were
transferred to that of anatase TiO; under visible-light irradiation (Scheme 2).

3) The photo-induced charge transfer via heterojunction led to the increase in
lifetime of electron-charge separation of the TiO,/BiVO4 composites. This transfer
was supposed to depend on the Bi3*:Ti4* mole ratio of this photocatalytic compo-
site. The highest photocatalytic efficiency was found for the composite with the
highest Bi3*:Ti*" mole ratio of 4:1 while the pure BiVO,4 sample exhibited the
fastest photo-induced charge recombination due to the absence of a charge trans-
ferring process. The further increase in TiO5 to decrease Bi3™:Ti#" mole ratio down
to 1:1, however, lowered the composite’s photocatalytic activity. This was pro-
bably due to multiple trapping of photo-induced charges.35
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4) At the composite’s surface, the dissolved oxygen in aqueous medium was
oxidized by photo-induced electrons to active free radical species such as 05~ and
*OH:

e +0, 505 “4)

05 +H"+e” - *OH+H" (5)

5) The electron donors (H,O) reacted with photo-induced holes at the com-
posite’s surface to produce *OH:

h* +H,0 - *OH+H" (6)

6) The photo-induced holes and other freshly-produced free radicals like O3,
*OH, etc. oxidized the surface-adsorbed CFX (CFX,q) molecules to form photo-
degraded species like CO,, H>O and other by-products:

CFX,q +h*/*OH/05 — CO, +H,0 + other by-products (7)

*0, + CFX => Products

/ < D>
/ DA
Anatase BiVO, | }
E,=3.2eV \ E, =244 eV ) Visible light source
\_h* bt 1w/
h* h* 7/

N\

*OH + CFX => Products

Scheme 2. The proposed photocatalytic mechanism of 1TiO,/1BiVO, sample for CFX
photodegradation under visible-light irradiation.

CONCLUSION

Pure BiVO4 and three TiO,/BiVO4 composite samples with mole ratios of 1:1,
2:1 and 4:1 were readily synthesized at a pH of 11 via hydrothermal method. Under
the hydrothermal conditions, only a single-phase scheelite monoclinic polymorphic
type of BiVO,4 (ms-BiVQy4) was obtained, and the BiVOg4 nanoplates had average
width of 200 nm and length of 300 nm.

Compared to the case of the pure BiVOy, the photocatalytic degradation rate of
ciprofloxacin over the TiO2/BiVO,4 composites was significantly higher, and the
1TiOy/1BiVO4 sample was expected to be the most potential photocatalyst with its
highest efficiency of ciprofloxacin degradation after 120 min under visible-light
irradiation. The enhancement in ciprofloxacin removal of the studied TiO,/BiVOy4

Available online at: https://www.shd.org.rs/JSCS/

(CC) 2026 Serbian Chemical Society.



PHOTOCATALYTIC DEGRADATION OF CIPROFLOXACIN 66 1

composites might have originated from the existence of a heterojunction formed
between BiVO4 nanoplates and embedded 120 nm spherical-like TiO, nanoparticles.

H3BOI

CHUHTE3A Ti02/BiVOs KOMIIO3UTA ®OTOAKTHBHOI HA BUIJbUBY CBETJIOCT 3A
OOTOKATAJIUTUYUKY OETPAJALINTY OUITPO®JIOKCALIMHA

THU LOAN DANG!, VU VAN TU? THI HUE NGUYEN?, DUC VAN NGUYEN?® u THI THAO TA!

"Faculty of Chemistry, VNU University of Science, 19 Le Thanh Tong, 100000, Vietnam, *Institute of Science
and Technology for Energy and Environment, Vietnam Academy of Science and Technology, 18 Hoang Quoc
Viet, Nghia Do Ward, Hanoi 100000, Vietnam u 3Institute of Materials Science, Vietnam Academy of Science
and Technology, 18 Hoang Quoc Viet, Nghia Do Ward, Hanoi 100000, Vietnam

Yuct BiVOs u Tpu Ti02/BiVOs xoMno3uTHa oTOKaTaNIM3aTOPa Ca MOJICKUM OFHOCHMA
Bi3*:Ti*" og 1:1, 2:1 ¥ 4:1 YCNEWHO Cy CHHTETHCAHHU TI0 MPBU MYT MPUMEHOM ,,0ne-pot* Xuf-
poTepmainHe npoueaype 3a doToaerpaganyjy nunpodiokcauuta. Ussohewe xunporepmante
peaxuuje y 0a3HOj CpeIUHH PE3yITHPAJIO je CTBapameM jenHo(da3HOT MOHOKIMHUYHOT BiVO,
(ms-BiVO4) cTpyKTYype 1IenTa Y y30plMMa KOMII03UTa. MUKPOCTPYKTypHa aHaiu3a okasasna
je cepuune HaHouectuue TiOz, mpoceyHe BennyMHe 3pHa of 120 nm, koje cy yrpahene Ha
NOBPUIMHY HaHom1o4a BiVOs. ONTMMHU30BaHU KOMIIO3UT N10Ka3a0 je KOHCTaHTy Op3HMHE peak-
uyje ¢ortoperpaganyje nunpodrokcanvHa Koja je dwna oxo 3.8 myra Beha y mopehewy ca
y3opkom umctor BiVOs. OBo 3HauajHO mobosbluame npunucyje ce dopmupamy Ti02/BiVOs
XeTepojenumera Koje rocrneiryje eUKacHO pasziBajame HaenekTpucama. OBO HCTpaKHUBaHbe
MpolINpyje 3Halme O AW3ajHUpamy Kommo3uta doratux ca BiVOs (ca MonckuM oZHOCOM
Bi3*:Ti** > 1:1) nyTeM WHKemEPHUHTa XETEPOTEHHUX CII0jeBa Pamd Mobosblrama HOTOKATAIH-
THUYKe aKTUBHOCTHU W3HaA HUBoA yucTor BiVOs. UcTpaxuBame je Takohe NpyXuao nepcrneKkTHBy
o xopurhewy komnosuta doratux BiVOs kao edukacHux poTokaTanusaropa 3a Aerpajaunujy
aHTUOMOTHKA Y BOJEHUM PAcTBOPHMaA, NOZ 3pauyemheM BUIJBUBOM CBETIOIINY.

(ITpumsbeHo 13. jyHa, peunupano 30. jyHa, mpuxsaheno 2. nenemdpa 2026)
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