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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 »;(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, D, 0.25-0.35 pum; 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.1-0
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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.13

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

P ?HE / \/ |
AIBN . [
+ h=c ——» t—CH—CH —J-cm—c —
%o | \ | /\ |/
'v—(' ) O_‘C'—()('E-I: © 0= C — OCH;
N OCH,—CH—CH, 0
\ / | 7

—(
o V OCH, —CH—CH,
\ /

O

Scheme 2. AIBN-initiated radical copolymerization of GVPCC with methyl methacrylate
(MMA).

Characterization of the copolymers

IH-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 2342 °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 (£.) and penetration depth (D,) were obtained from the
working curve:

Cyq=DyIn(E, / E;) 2
where D, is determined from the slope and £ 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 (1030-1035 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.

90

80
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60

Transmittance (%)

50 Epoxide ~910 cm~
40 Cyclopropane ~1030 cmf!
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BOIOO 25|00 ZDIDD 15|00 IDIDO 560
Wavenumber (cm-?)
Fig. 1. FTIR spectrum of the GVPCC/MMA copolymer.
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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 of 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 6 1.2—1.8 ppm, while the epoxide-ring protons
were detected in the J 2.6-3.2 ppm range.

Disappears after poWymerizaJi\)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}
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N
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Intensity (a.u.)
-
w

=
=]
!

MMA -OCH; (3.6 ppm)
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Fig. 2. Comparative 'H-NMR spectra of the GVPCC monomer, its homopolymer and the
GVPCC/MMA copolymer (CDCl;, 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, 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 my in copolymer
1 90 10 87.1 12.9
2 75 25 72.2 27.8
3 50 50 52.7 47.3
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 7, <
< 1) suggesting a preference for cross-propagation in the system and indicating a
certain tendency toward alternating incorporation.



195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224

EPOXY-CYCLOPROPANE COPOLYMERS 7

opolymer, mol %

mlin¢

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 rp < 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 17, =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 scheme!® 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) (Ml\alA) 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

Temperatur

1o 1525 S0/50 25175 10/9%
Copotymer composition (GVPCC/MMA, molar ratn)

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.
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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 IIl 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 III 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.
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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 C()p()lymer.

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 s

Absorbance
o
in

0.0

5 - Fig. 6. UV—-Vis spectra of the GVPCC/MMA
230 300 350 ~ ago 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 Dy, 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 (mjicm?) [log scalel thickness: 0.20-0.25 um).

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 KOIIOJTMMEPH: CUHTE3A,
TOIIVIOTHA CBOJCTBA U IIOHAIIAIGE [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 U LUKIONPOIIAHCKUM TpyliaMa CHHTETU30BaHH CY KOTIOJH-
MEepH3aLujoM  [ITULUUAWI-2-(4-BUHIIGMEHHT ) IUKIONPONaHKapdoKcHiIaTa ONIMMEepH3alijoM
cnodbonuuM panukanuma (GVPCC) ca metun-merakpunatom (MMA) kopucrehu AIBN Ha 343
K, y macu u beH3eHy mojn nHepTHOM atMmocdepom. CacTaBu Komonumepa cy onpeheHH crex-
TPOCKONIMjOM, a MapaMeTpu KOMOJMUMEpH3aluje cy mpoueweHH Fineman—Ross mertomom.
Koedunumjentu peaktuBHocTu ¢y dunu r4(GVPCC) = 0,68+0,05 and r,(MMA) = 0,51%0,07;
BUXO0B IPOU3BOJ (17> = 0,35) yka3dyje Ha CTaTUCTUUKY KOMOJIMMEpHU3aLHjy ca TEHAEHLIUjOM Ka
Hau3MeHUYHOj. Alfrey—Price mapamerpu (Q, = 0,96, e; =—0,63; Q. = 0,74, e, = 0,40) moTBphyjy
jake WHTEpakIHje KOMOHOMepPA U H3paxkeHe mosapHe edexre. 3a 50/50 xomonumep, UHTPU-
3vyHa BUcko3HoCT je 0,66 dL g™ (6ensen, 25 °C). TepmorpaBumMeTpHjcka aHaIM3a Nokasana je
cTadunHOCT 3aBUCHY 0f cacTasa ca Ts 250—-320 °C, koja ce nosehasa ca GVPCC cangpxajeMm, y3
nodospliany apxesujy (mo 5,6 MPa) u BuxatoBy Temneparypy omekumasawa (121 °C). UV
3pauemne je Mpou3Beno epUKaCHO yMpeXaBake U MOHallawme (POTOpesucTa HEraTUBHOI TOHA
(pesonmyuuja ca nydbuHoM nenerpauwuje, Dp, 0.25-0.35 um; KpuTUYHA eHepryja usnarama, Ee,
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14,5-16,4 mJ cm2; oceTbuBOCT, S, 61-69 cm? J-1), meMOHCTpUpajyhu MOTEHIIUjal 38 MHKDPO-
¢adpukauujy marepujana 3a UV y3opxe.
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