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Poly(1-N-vinylimidazole) (PVIm) was obtained by the radical polymerization of
1-N-vinylimidazole in a benzene solution under an inert atmosphere at a temperature of
60°C. Its hydrophilic derivative was synthesized by chemical modification of PVIm with
3-bromopropilamine hydrobromide. The structure of the synthesized polymers was studied
by IR spectroscopy. The electrophysical and optical properties of PVIm and its derivatives
were studied. The temperature dependence of electrical conductivity, voltammetric
behavior, photoconductivity kinetics, and optical band gap values of these polymer
materials were determined. This work was carried out in the 300—360 K temperature
range and in the 0—100 V voltage range. It was confirmed that electrical conductivity in
all samples obeyed Ohm’s law.
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Introduction

In the past few decades, electrically conductive
polymers (CPs) have attracted significant attention
due to their strong potential as an alternative to their
inorganic counterparts in fundamental and applied
research. In the late 1970s, many scientists considered
CPs (or «synthetic metals») to be difficult to treat and
insoluble in water. Since the discovery of polyacetylene
in 1977 by Hideki Shirakawa, Alan MacDiarmid,
and Alan Heeger, various important CPs, such as
polypyrrole (PPy), polyaniline (PANI), polythiophene
(PT), poly(3,4 ethylenedioxythiophene) (PEDOT),
trans polyacetylene, and poly(p phenylenvinylene)
(PPV), have been continuously investigated [1].

More generally, CPs have alternating single (o)
and double () bonds, leading to n-conjugated, which
gives CPs unique optical, electrochemical, electrical,
and electronic properties. It is known that the

parameters that most influence the physical properties
of CPs are the length of their conjugation, the degree
of crystallinity, and intra-chain and inter-chain
interactions. CPs provide advantages such as chemical
diversity, low density, flexibility, and corrosion
resistance, easily controllable shape and morphology,
as well as adjustable permeability compared to existing
inorganic analogues [2,3]. However, the intrinsic
properties of CPs still lag behind those of their metallic
and inorganic semiconductor counterparts due to
inherent limitations in solubility, electrical
conductivity, and long term stability. Therefore, CPs
are often modified or hybridized with other materials
to overcome these shortcomings. A smart combination
of CPs with other materials can lead to materials
with attractive features and new application
opportunities in different areas, from electronics to
energy devices. Researchers in this field reported various
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strategies for preparing hybrids with CP-based
compositions, new structures, and improved features.

CP nanocomposites containing carbon
nanomaterials, such as graphene, carbon nanotubes,
and carbon black, have been developed [4—7]. These
carbon nanomaterials improve the systematic
arrangement of CP chains and facilitate the
delocalization of charge carriers, which lead to an
increase in conductivity. Conductivity values ranging
from insulating to metallic regimes were achieved
[2,3,8]. Successful preparation of CPs composites with
high mechanical stability, flexibility, and electrical
conductivity proved that CPs can serve as the main
material components in LEDs [9,10], transistors
[11,12], electrochromic devices [13,14], actuators [15],
electrochemical capacitors, photovoltaic elements, and
sensors. Achieving precise control over the electrical
and electrochemical properties of CPs is crucial for
progress in these applications. Accordingly, this review
focuses on the latest developments in CP property
modulation and summarizes recent experimental
findings. This review also summarizes recent research
trends in the application of CPs.

Therefore, expanding the scope of research allows
us to reveal the general laws of the electrophysical
properties of fibrous polymers, the mechanisms of
electronic processes occurring in polymers, and the
development of discrete electronic components. We
selected poly(1 N vinylimidazole) and its derivatives
as the research subject. The mechanism of electrical
conductivity of a polymer is mainly characterized by
conductivity parameters such as the density and
mobility of charge carriers. The impact of dopants on
polymer conductivity is significant. Chemical,
photochemical, or electrochemical doping introduces
external charge carriers into organic semiconductors.
Depending on their chemical structure and reaction
with the macromolecular matrix, additives reduce the
resistance of polymers to different degrees.

It is known that most of the current conducting
polymers, such as doped polypyrrole, polythiophene,
and polyaniline, and their derivatives are characterized
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by insolubility in solvents, instability in air, and other
disadvantages. The presence of heteroatoms (e.g., N
and S) in the polymer backbone enhances their
electrical conductivity. The electronegativity and
inductive effects of substituents influence polymer
electronic properties by modulating donor—acceptor
behavior. In principle, with appropriate substituents
and dopants, even non conjugated polymers like
poly(1 N vinylimidazole) can exhibit significant charge
transfer between the dopant and polymer matrix.

Materials and methods

In this study, we used 1-vinylimidazole (Alfa
Aesar), and 3-bromopropylamine hydrobromide (98%,
Alfa Aesar).

Synthesis of novel PVIm-Pro-NH,

Poly(1-vinylimidazole) (PVIm) was prepared
according to the previously reported method with some
modifications (Scheme 1). 9.624 mL (0.106 mol) of
1-vinylimidazole monomer and 100 mg (0.61 mmol)
of AIBN were fully dissolved in 96 mL of benzene in
a 250 mL three-necked round-bottom flask with mild
stirring and heating. The mixed solution was heated
under reflux at 60°C for 24 h under a nitrogen
atmosphere. After the polymerization, the product
was precipitated by the addition of acetone and then
washed three times with acetone and hexane,
respectively. The obtained PVIm (faint yellow powder)
was dried in a vacuum oven at 40°C for 48 h.

Then, 1 g (10 mmol; based on the monomer)
of PVIm and 3.07 g (30 mmol) of 3-bromopropylamine
hydrobromide at a 1:1.5 molar ratio were added to
50 mL of ethanol, and the mixture was sonicated
to ensure complete dissolution. The reaction mixture
was heated at 60°C for 48 hours with constant
stirring under reflux and a nitrogen atmosphere.
The precipitated PVIm-Pro-NH, was washed with
hexane and dried in a vacuum oven at 40°C for
48 h.

A standard method was used to measure the
current—voltage (I—V) characteristics at T=300 K.
The experiment was performed both in the dark and
under ultraviolet (UV) light (A=254 nm). A Keithley
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Scheme 1. The synthetic route of poly[VilmAm|Br
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2461 SourceMeter with nanoampere sensitivity was
used to obtain high-quality results. The measurement
error in the I—V characteristics was approximately
2—4%. To determine the temperature dependence of
the electrical conductivity of the polymers, a thermostat
designed to maintain the temperature in a range from
—250 to 1200°C was used to control the heater. The
accuracy of the device was about 0.200°C. A copper—
constantan (type T) thermocouple was used to monitor
the temperature. The DC voltage applied to the sample
was 0—100 V. Since the samples mainly have high
resistance, the experiment was carried out using a
U1-2 type electrometer connected to a computer for
data acquisition. The sample was placed at the focal
point of the lens and uniformly illuminated across
the entire surface. A mercury lamp with a spectral
energy of 5 eV was used to study photoconductivity
kinetics.

Results and discussion

Characterization of PVIm-Pro-NH,

The properties of synthesized PVIm-Pro-NH,
were characterized by FT-IR and GPC. As shown in
Fig. 1, the FT-IR spectra of PVIm (top) and PVIm-
ET-NH, (bottom) demonstrate that the polymerization
of PVIm and its alkylation with Pro-NH, were
successful. Both spectra contain stretching vibrations
corresponding to imidazole ring modes. For PVIm,
the peaks are located at 1500.34, 1418.38, 1286.28,
and 1230.36 cm™!. For PVIm-Pro-NH,, the
corresponding peaks are found at 1496.49, 1418.38,
1285.32, and 1229.39 cm™!. The bands at 1110.79
and 1088.61 cm™' can be assigned to the stretching
vibrations of azole C—H groups. Bending vibrations
of heterocyclic rings appear at 918.91, 826.34, and
747.28 cm™' for PVIm, and at 921.80, 830.20, and
749.20 cm™! for PVIm-Pro-NH,. The characteristic
N—H bending and C—N stretching peaks at 1568.80
and 1160.93 cm™! (PVIm-Pro-NH,) confirm
successful conversion of PVIm to PVIm-Pro-NH, via
alkylation.

—— PVIm-Pro-NH,
—— PVIm

T%

T T T T T T
3500 3000 2500 2000 1500 1000
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Fig. 1. FT-IR spectra of PVIm and PVIm-Pro-NH,

To determine the molecular weight of
PVIm-Pro-NH,, GPC analysis was conducted in a
0.02 N sodium nitrate aqueous eluent. Table 1 shows
the weight-average molecular weight (Mw), number-
average molecular weight (Mn), and polydispersity
index (PDI) of PVIm-Pro-NH,. Mw, Mn, and PDI
values are 407,878, 346,787, and 1.18, respectively.

In the images at 100x magnification (Fig. 2a
and 2c¢), it was found that PVIm exhibits a granular
morphology, while PVIm-Pro-NH, displays a fibrous
structure. Highly agglomerated particles are clearly
visible in the photomicrograph of PVIm at
2000x magnification (Fig. 2b). Pores are clearly
observed on the surface of the particles. The fibrous
morphology of PVIm-Pro-NH, is retained even at
2000x magnification (Fig. 2d). Energy-dispersive
X-ray spectroscopy (EDS) was used to analyze the
elemental composition. According to EDS analysis,
the sample of PVIm contains 52.95% carbon and
47.05% nitrogen.

Table 1
GPC data for PVIm-Pro-NH,. Eluent: 0.02 N sodium
nitrate (aqueous solution)

Weight-average | Number-average . .
. ) Polydispersity
molecular weight | molecular weight index (PDI)
Mw) (Mn)
407,878 346,787 1.18

Figure 3 presents the EDS analysis of
PVIm-Pro-NH,. The EDS spectrum shows that the
modified polymer contains 47.48% carbon, 32.52%
nitrogen, and 19.90% bromine.

Background on non-isothermal decomposition
kinetics

Kinetic analysis of a thermal decomposition
process typically yields three key parameters: activation
energy (F,), the pre-exponential factor (4), and the
reaction model function f{a), where a represents the
extent of conversion. The reaction mechanism model
can take various forms depending on nucleation and
growth, phase boundary reactions, diffusion, or
chemical reaction control.

The general kinetic equation for non-isothermal
decomposition is given by:

(D)

where k is the rate constant; and « is the extent of
conversion, defined as follows:

o= m;, —m,

(2)

m,—m;,’

where m; is the initial mass of the sample; m, is its
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Fig. 2. Structural morphology of PVIm (a, b) and PVIm-Pro-NH,(c, d)
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Fig. 3. EDS spectrum of PVIm-Pro-NH,
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mass at time £, and m, is the residual mass remaining
after the reaction.
Integration of Eq. (1) gives the integral rate law:

gla)=kt . (3)

The rate constant, k, is generally given by the
Arrhenius equation:

E
k= Aexp| ——=
exp( RT) A

where E, is the activation energy; R is the gas constant;
and T'is the absolute temperature.

The combination of Egs. (1) and (4) gives the
following relationship:

ol )

dt RT

(4)

(3)

For a dynamic thermogravimetric (TG) process,
introducing the heating rate, f=dT/dt, into Eq. (5)
yields the following equation:

do_d (i

dt p

Decomposition kinetics

TGA/DTA is a widely used technique to evaluate
the thermal stability of inorganic or organic materials
such as polyvinylimidazole. A typical TGA/DTA
dynamic heating curve under Ar atmosphere to
optimize the weight loss profile of a polyvinylimidazole
sample can be observed in the diagram as a function
of temperature (dynamic heating). The TGA plots
indicated that PVIm (polyvinylimidazole) exhibits the
highest thermal-stability up to ca. 366.53°C with a
weight loss of 60.996%, followed by PVIm-Pro-NH,
with weight loss of 71.095% at a temperature of
249.77°C. On the other hand, the PVIm sample is
thermally unstable and starts to decompose at above
approximately 100°C in three steps (at approximately
100°C dehydration and at 339.52°C thermal
decomposition), which may be due to its monolayer
structure or distorted heptazine units. Moreover, a
slow thermal deformation/decomposition for PVIm
and PVIm-Pro-NH, materials followed by an abrupt
sharp weight loss was observed, ending at 723°C and
722°C for PVIm and PVIm-Pro-NH,, with total weight
loss of about 95.8% and 100%, respectively. These
changes were accompanied by sharp endothermic
effects visible in the DTA curves (Fig 4).

The thermal deformation kinetic parameters (£,
and A) of the studied compounds were determined
using the fraction « in the range 0.1<a<0.8 obtained

(6)

from a thermoanalytical curve at a single heating rate
(approximately 100°C/min). In this study, four
calculation methods were employed to obtain the
kinetic data: Coats and Redfern (Eq. (7)),
Madhusudanan-Krishnan-Ninan (Eq. (8)), Wanjun
et al. (Eq. (9)), and Tang et al. (Eq. (10)), as well as
mechanism models.

m(g[aljzlnfm J_2RT)|_E,
T’ BE, E, RT ~

o AR)_E, (7)
"\ BE,) RT
gla] AR
In =In -
T’ Bl1.0019882E +1.87391198RT, )
E, (®)
RT
1n(T fg[g‘ffﬁ]ﬂ J - {m{ ‘Z; } +3.635041—1.894661InE, } -
_ LO0I45033E, )
RT
h{%} = {ln{fgg} +3.772050~1.921503In E, } -
_0.120394E, (10)
RT

Plotting the left-hand sides of Egs. (7)—(10)
versus 1/T yields the values of A and E, from the
intercept and slope, respectively (Table 2). All
mathematical calculations were performed in Excel

%
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Tp=363"C=636K
Loss=20%

10

Tp=343"C=616K
Loss=25%

204

T

100 200 300 400 500 600 700

Temperature, 'C

Fig. 4. Thermal analysis of PVIm and PVIm-Pro-NH,
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2016 to determine the pre-exponential factor and
activation energy values. The values of the correlation
coefficients are also presented in Table 2.

As can be seen from the results shown in
Fig. 5, the current increases linearly with increasing
voltage for both PVIm and PVIm-Pro-NH,, under
dark conditions and upon ultraviolet light saturation.
This behavior can be described by Ohm’s law.

It was observed that for PVIm, when the voltage
was increased from 0 to 100 V under dark conditions,
the current increased sharply from 38 to 529 nA. In
contrast, under ultraviolet light, the current increased
from 84 to 813 nA over the same voltage range. A
similar trend was observed for PVIm-Pro-NH,. Under
dark conditions, increasing the voltage from 0 to
100 V resulted in a current increase from 0.12 to
0.68 mA. In contrast, when saturated with ultraviolet
light, the current increased sharply from 1 to 5 mA
over the same voltage range.

It is worth noting that in both cases (dark and
UV-illuminated), the current in PVIm-Pro-NH,

(in mA) is approximately three orders of magnitude
higher than that in PVIm (in nA). The sharp increase
in current under ultraviolet light compared to dark
conditions can be attributed to the internal photoelectric
effect.

To better understand the charge transport
mechanism of PVIm and PVIm-Pro-NH,,
temperature-dependent current measurements were
performed. The temperature dependence of the current
at a constant voltage of U=50 V is shown in Fig. 6.
To determine the activation energy, the Arrhenius
plot was constructed using the function In(/) versus
1000/ T, based on the Arrhenius equation.

It can be seen that the current at a given voltage
increases with temperature and exhibits a linear trend
in Arrhenius coordinates. A slight change in
conductivity is observed at low temperatures, while a
rapid increase is observed at higher temperatures. The
temperature dependence of the current shown in
Fig. 6 indicates a positive temperature coefficient of
conductivity, confirming the semiconducting nature

Table 2

Kinetic parameters, activation energy (E,) and pre-exponential factor (A4), calculated using the Coats-Redfern
(Eq. (7)), Madhusudanan-Krishnan-Ninan (Eq. (8)), Wanjun et al. (Eq. (9)), and Tang et al. (Eq. (10)) methods,
based on correlation coefficients obtained from 35 decomposition mechanism models for polyvinylimidazole samples

. Value
Material Parameter
Eq. (7) Eq. (8) Eq. (9) Eq. (10)
mechanism F3/4 F3/4 G5 G6
PVIm max R’ 0.9925 0.9925 0.9938 0.9938
E,, kJ/mol 126.547 126.547 340.521 380.336
A 3.1-10"° 3.12:10" 1.74-10” 3.74-10%
mechanism D5 D5 F2 D5
PVIm-Pro- max R’ 0.9907 0.9907 0.9908 0.9908
NH, E,, kJ/mol 146.816 146.816 85.153 122.271
A 1.031-10" 1.034-10" 5.6:10° 810"
8007 PVIm a /
B In the duk /
. ® Satursted in UVL
b R*=o.ssm /
@wo-
200
o
o 2 4 e 8 10
uv)

Fig. 5. Voltage-ampere characteristics of (a) PVIm and (b) PVIm-Pro-NH, polymers under ultraviolet light saturation (red) and
in the dark (black) at T=300 K
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of the materials.

The electrical conductivity of the samples increases
with temperature, with activation energies of
Et1=0.9 eV for PVIm and Et1=0.2 eV for
PVIm-Pro-NH,, respectively (Fig. 6). This
temperature dependence follows an exponential law,
indicating that the conductivity increases significantly
with thermal activation energy. This suggests that the
exponential relationship between electrical conductivity
and temperature is influenced not only by internal
transitions but also by the generation of charge carriers
and other thermally activated processes.

The photoconductivity kinetics of the PVIm and
PVIm-Pro-NH, samples was investigated (Fig. 7).
The study shows an increase in photocurrent under
UV illumination (A=254 nm), followed by long-term
relaxation of photoconductivity after the UV light is
turned off. This indicates the manifestation of the

4.3
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=
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-
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1000/ T

Fig. 6. Arrhenius plot of 1g(/) versus 1000/7 for PVIm
(inner curve) and PVIm-Pro-NH, (outer curve)
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internal photoelectric effect. The steady-state value of
photoconductivity is not reached instantly; instead,
saturation occurs after a certain delay following light
exposure of the semiconductor.

According to Fig. 7, after a certain period
following the switching off of the light, the excess
photoconductivity gradually disappears. The focus here
is on the laws governing the increase and decay of
photoconductivity depending on the illumination level.
The change in the concentration of additional charge

d(An)

T s determined by the

difference between the rates of generation and
recombination of these carriers.

The decay curve of photoconductivity in Fig. 7
after the cessation of illumination reflects the
recombination of the generated charge carriers, which
proceeds according to a specific kinetic law. That is:

(1) (1 1)

carriers per unit time,

An=Ane ° ,

where £, is the time at which the illumination is
switched off.

According to the same law, the photoconductivity
of both PVIm and PVIm-Pro-NH, also exhibits an
exponential decay:

(t_t(] )

Ao, =Ao e

(12)

The increase in photoconductivity in the sample
after switching on the light pulse follows a law similar
to that describing the photocurrent decay. That is:

t
Ao-_f. =Ao",.0(l—e ’j.

100
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Fig. 7. Photoconductivity kinetics of (a) PVIm and (b) PVIm-Pro-NH, samples under specific optical transition at T=300 K

Synthesis, electrophysical, and optical properties of conductive polymers based on poly(1-N-vinylimidazole)



38 ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2025, No. 4, pp. 31-40

Here, ¢ is the time elapsed from the onset of
photoconduction to the point of saturation.

The electronic structures of the PVIm and
PVIm-Et-NH, materials synthesized in this study were
investigated using Diffuse Reflectance Electron
Spectroscopy (DRES). The Kubelka-Munk function
was applied to determine the optical band gaps of the
polymers (Fig. 8a):

F(RYrv = Alhv-E, ), (14)

where Fis the Kubelka-Munk function derived from
the reflectance; E, is the optical band gap energy of
the semiconductor; 4 is Planck’s constant; and v is
the frequency of the incident light.

The band gaps of the PVIm and PVIm-Et-NH,
materials were determined graphically using Tauc plots
(Fig. 8b). The band gaps were found to be 1.93 eV
and 1.12 eV, respectively. These results indicate that
the synthesized PVIm and PVIm-Pro-NH, materials
possess semiconducting properties.

Conclusions

The synthesized poly(1-vinylimidazole) (PVIm)
and its hydrophilic derivative, PVIm-Pro-NH,, exhibit
promising electrophysical and optical properties. The
study confirms that both polymers obey Ohm’s law,
demonstrating linear current—voltage characteristics.
Temperature-dependent conductivity measurements
reveal semiconducting behavior with activation energies
of 0.9 eV for PVIm and 0.2 eV for PVIm-Pro-NH,.
Photoconductivity experiments further indicate internal
photoelectric effects, showing enhanced current
responses under UV illumination. Thermal analysis
reveals distinct decomposition profiles, highlighting
the superior thermal stability of PVIm. Overall,
PVIm-based materials possess potential applications
in optoelectronics, sensing, and other fields requiring
tunable conductive polymers.
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CHUHTE3, EJEKTPO®I3NYHI TA OIITUYHI
BJIACTUBOCTI IPOBIIHUX ITOJIMEPIB HA
OCHOBI ITOJII(1-N-BIHIJIIMIZTA3OJIY)

Capoopbex Omaxconos, Xamoam Axbapos,
Hypimdin Kammaees, Eaviiop bepdimypoodos,
A6dyeapyp Mamadaaimos, Illox300 Hopbexos, Hon Ira-Jli

[MToni(1-N-Bininimigazon) (PVIm) 6yno omepxkaHo pamu-
KaJbHOIO ToJjiMepu3alieto 1-N-BiHiIiMiga3oay B 0€H30JbHO-
MY PO3YMHI ITi iHepTHOIO atMochepolo 3a Temmepatypu 60°C.
[NnpodinbHuit moxigHUit mojiMep OyJI0 CMHTE30BAHO XiMiUHOIO
Monudikaniero PVIm 3-OpomomnpornizamiHOM TriZpoGpoMizoM.
CTpyKTypy CMHTE30BaHUX MOJIMepiB aociiakeHo metogom 1Y
criekTpockortii. BuByanu enekTpodizuyHi Ta ONTUYHI BIaCTH-
Bocti PVIm i iforo moxinHux. BusHaueHo TemmeparypHy 3a-
JIEXKHICTh €JIeKTPOIPOBIIHOCTI, BOJBTAMIIEPOMETPUYHY TTOBE-
NiHKY, KiHETUMKY (hOTOMPOBIMHOCTI Ta 3HAYEHHSI ONTHUYHOI 3a-
OOpPOHEHOI 30HW LMX IMOJiIMEepHUX MaTepianiB. JdocmimkeHHs
3AiCHIOBAIIMCH B TeMIiepaTypHomy aiarasoni 300—360 K i nmpu
Harnpysi 0—100 V. ITokazaHo, 110 eJeKTPOIPOBIAHICTb Yy BCiX
3pas3kax MianopsiAKOBYETbCsI 3aKOHY Oma.

Karouosi caoBa: 1-N-BiHinimMizazos; paaMkaibHa
noJjiiMepu3saliisi; XiMiuHa Moaudikallisi; eJeKTPONpPOBiIHICTb;
(oTONpPOBIAHICTb; BOJIBTAMIIEPOMETPUUHI XapAKTEPUCTUKU.

SYNTHESIS, ELECTROPHYSICAL, AND OPTICAL
PROPERTIES OF CONDUCTIVE POLYMERS BASED
ON POLY(1-N-VINYLIMIDAZOLE)

Sardorbek Otajonov *, Khamdam Akbarov * *,
Nuritdin Kattaev °, Elyor Berdimurodov °,
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Poly(1-N-vinylimidazole) (PVIm) was obtained by the
radical polymerization of 1-N-vinylimidazole in a benzene
solution under an inert atmosphere at a temperature of 60°C. Its
hydrophilic derivative was synthesized by chemical modification
of PVIm with 3-bromopropilamine hydrobromide. The structure
of the synthesized polymers was studied by IR spectroscopy. The
electrophysical and optical properties of PVIm and its derivatives
were studied. The temperature dependence of electrical
conductivity, voltammetric behavior, photoconductivity kinetics,
and optical band gap values of these polymer materials were
determined. This work was carried out in the 300—360 K
temperature range and in the 0—100 V voltage range. It was
confirmed that electrical conductivity in all samples obeyed Ohm’s
law.

Keywords: 1-N-vinylimidazole; radical polymerization;
chemical modification; electrical conductivity; photoconductivity;
voltammetric characteristics.
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