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Polymer composites containing carbon nanomaterials have attracted con-
siderable attention of researchers due to their unique physicochemical 
properties and a wide range of applications. In particular, composite ma-
terials based on epoxy resin and polyethylene doped with carbon nanopar-
ticles demonstrate improved mechanical, electrical, and optical character-
istics, making them promising for use in the aviation, electronics, auto-
motive, and biomedical industries. One of the key aspects of the investiga-
tion of such composites is the study of their structural features and inter-
actions between the polymer matrix and the filler. An important tool for 
this is a set of spectroscopic-analysis methods, in particular, vibrational 
spectroscopy, which allows obtaining information about the molecular 
structure and interfacial interactions in materials. The study of Raman 
scattering (RS) of light and infrared (IR) absorption spectra allows us to 
assess changes in intramolecular dynamics and the nature of bonds in the 
polymer matrix, taking into account the influence of carbon nanofillers. 
This article examines the features of the vibrational spectra of epoxy and 
polyethylene composites with carbon nanomaterials, analyses their effect 
on the polymer-matrix structure, and discusses possible mechanisms of 
interaction between the composite components. 

Полімерні композити, що містять вуглецеві наноматеріяли, приверну-
ли значну увагу дослідників завдяки своїм унікальним фізико-
хемічним властивостям і широкому спектру застосувань. Зокрема, 
композитні матеріяли на основі епоксидної смоли та поліетилену, леґо-
ваних вуглецевими наночастинками, демонструють поліпшені механіч-
ні, електричні й оптичні характеристики, що робить їх перспективни-
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ми для використання в авіаційній, електронній, автомобільній і біоме-
дичній промисловостях. Одним з ключових аспектів дослідження таких 
композитів є вивчення їхніх структурних особливостей і взаємодії між 
полімерною матрицею та наповнювачем. Важливим інструментом для 
цього є спектроскопічні методи аналізи, зокрема коливна спектроско-
пія, яка дає змогу одержувати інформацію про молекулярну структуру 
та міжфазні взаємодії в матеріялах. Вивчення спектрів комбінаційного 
розсіяння світла (РС) та інфрачервоного (ІЧ) вбирання уможливлює 
оцінити зміни внутрішньомолекулярної динаміки та характер зв'язків 
у полімерній матриці з урахуванням впливу вуглецевих нанонаповню-
вачів. Ó цій статті розглядаються особливості коливних спектрів епок-
сидних і поліетиленових композитів з вуглецевими наноматеріялами, 
аналізується вплив їх на структуру полімерної матриці й обговорюють-
ся можливі механізми взаємодії між компонентами композиту. 

Key words: polymer nanocomposites, carbon nanotubes, graphene nano-
platelets, FTIR spectroscopy, Raman spectroscopy. 
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1. INTRODUCTION 

Polymer composites containing carbon nanomaterials have attracted 
considerable attention from researchers due to their unique physi-
cochemical properties and a wide range of applications. In particu-
lar, composite materials based on epoxy resin and polyethylene 
doped with carbon nanoparticles demonstrate improved mechanical, 
electrical and optical characteristics, which makes them promising 
for use in the aviation, electronics, automotive and biomedical in-
dustries [1]. Such materials are characterized by high thermal sta-
bility, improved wear resistance and increased conductivity, which 
is especially important for applications in sensor devices, flexible 
electronics and composite materials [2–4]. 
 One of the key aspects of the study of such composites is the 
study of their structural features and interfacial behaviour within 
the polymer matrix in the presence of nanofillers. An important 
tool for this is spectroscopic analysis methods, in particular vibra-
tional spectroscopy, which allows obtaining information about the 
molecular structure and interfacial interactions in materials. The 
study of Raman scattering (RS) of light and infrared (IR) absorp-
tion spectra allows assessing changes in intramolecular dynamics 
and the nature of bonds in the polymer matrix under the influence 
of carbon nanofillers. For example, the introduction of multiwalled 
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carbon nanotubes (MWCNTs) or graphene nanoplatelets (GNP) can 
cause a shift in the characteristic bands in the Raman and IR spec-
tra, which indicates the appearance of supplementary intermolecu-
lar interactions or a change in the polymer chain conformations. 
 Incorporating carbon nanomaterials into epoxy composites can 
encourage the formation of interconnected bonds within the poly-
mer matrix, which improves its mechanical strength and thermal 
stability. In addition, such composites often exhibit a change in 
spectral characteristics in the range of 1500–1700 cm

1, which is 
associated with the modification of the C=O and C–N bonds. In pol-
yethylene composites, the addition of nanofillers can affect the 
crystallinity of the polymer, which is manifested in a change in the 
intensity of the bands in the range of 2800–3000 cm

1, associated 
with stretching vibrations of CH2 groups. 
 This article examines the features of the vibrational spectra of 
epoxy and polyethylene composites with carbon nanomaterials, 
analyses their influence on the structure of the polymer matrix, and 
considers various possible mechanisms of interaction between the 
composite components. In particular, the effects of different types 
of fillers (single- and multiwalled carbon nanotubes, graphene 
sheets, and nanodispersed forms of carbon) on the spectral charac-
teristics of the materials are considered. The prospects for using 
these methods to optimize the properties of polymer composites and 
develop new functional materials for advanced technologies are also 
discussed. 

2. MATERIALS AND METHODS 

The preparation of polymer nanocomposites with carbon-based fill-
ers was performed through a multistep procedure, adapted accord-
ing to the type of polymer matrix, namely, either high-density pol-
yethylene (PE) or epoxy resin (L285 with hardener H286). 
Preparation of Nanofillers. Multiwalled carbon nanotubes 
(MWCNT) and graphene nanoplatelets (GNP) were initially dried 
and then ultrasonically dispersed in an appropriate solvent (e.g., 
ethanol or acetone) to ensure deagglomeration. For improved dis-
persion, surfactants (such as Triton X-100 or SDS) could be used. 
Polymer-Matrix Preparation. For PE-based composites, PE granules 
were melt-blended with dispersed nanofillers using a twin-screw ex-
truder at 130–160C, followed by hot pressing into sheets. PE 
globules and dispersed nanofillers were mixed in the IKA ULTRA 
TURRAX Tube Drive homogenizer test tube with a stirrer, with 
3000 rpm as the rotation speed. Then, the mixture was hot-pressed 
in an enclosed hot die heated to 160C, after which it was cooled 
down until reaching room temperature. For epoxy-based composites, 
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Nanofillers were first dispersed in the epoxy resin via ultrasonic 
agitation (30–60 min) and then incorporated with the stoichiometric 
amount of hardener. The mixture was vacuum-degassed and cast 
into moulds. Polymerization was carried out at room temperature 
for 24 h, followed by post-curing at a temperature that gradually 
increased from 40 to 80C for 5 h. 
Composite Shaping and Suring. Shaped samples were formed by 
compression moulding (PE) or casting (epoxy). Final samples were 
polished for further characterization. 
Characterization. Prepared samples were subjected to Raman and 
FTIR spectroscopy to analyse structural and vibrational changes, as 
well as SEM for morphology. FTIR spectra were obtained using 
Shimadzu IRTracer-100. The Raman spectra were recorded at room 
temperature in a quasi-backscattering configuration using the Hori-
ba Jobin-Yvon T64000 triple spectrometer integrated with Olympus 
BX-41 microscope equipped with a motorized XYZ stage and Pelti-
er-cooled CCD detector. Micro-Raman spectroscopy is a very useful 
technique allowing non-destructive studies of the structure and 
electronic properties. Ar


 laser (488 nm, 100 mW) was used to ex-

cite the samples. 

3. RESULTS AND DISCUSSION 

Below, we will consider the features of the vibrational spectra of 
polymer matrices, carbon nanofillers and the created polymer nano-
composites. 

3.1 Polymer Matrixes 

Epoxy resins are among the most important thermosetting polymers 
[5–7]. These polymers have excellent properties such as resistance 
to heat, moisture, and chemicals, strength, electrical, and mechani-
cal stability, and good adhesion to many substrates [8]. 
 The vibrational spectra of epoxy resin and polyethylene are well 
studied [9, 10]. The following characteristic bands of the IR absorp-
tions spectra of epoxy resin: (1) a broad band in the range of 3200–
3600 cm

1 (IR) corresponds to the stretching vibrations of hydroxyl 
groups; the bands in the range of 2800–3100 cm

1 (IR and RS) cor-
respond to the stretching of C–H vibrations; (3) the bands at 918, 
1200–1250 cm

1 (IR) and 1675 cm
1 (IR) are related to the vibra-

tions of the epoxy ring (C–O–C groups) and aldehyde groups, re-
spectively; (4) the bands at 1600 cm

1 correspond to the stretching 
vibrations of aromatic C=C bonds (aromatic rings). Intense Raman 
bands at 800–1200 cm

1 [10] are characteristic of aromatic groups 
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and epoxy ring: vibrations of epoxy group are in the range from 
1230 cm

1 to 1280 cm
1 according to [11], and the breathing mode 

of epoxy ring is at 1252 cm
1 [11]. The intensity of this peak de-

pends linearly on the concentration of epoxy groups in the resin 
[12]. 
 The IR and Raman spectra of polyethylene [13, 14] exhibit vibra-
tional modes corresponding to the listed below functional groups: 
(1) strong bands at 2800–2900 cm

1 (IR) correspond to the stretch-
ing C–H vibrations; (2) deformation vibrations of the CH2 group are 
recorded in the range of 1460–1475 cm

1 (IR and RS); (3) bands at 
720 cm

1 (IR) are wagging vibrations of the CH2 group. The spec-
tra of polyethylene can display different intensities of the bands 
depending on the degree of crystallinity [15]. 
 When analysing the vibrational spectra of nanocomposites, it is 
important to account for the features of the bonds and the chemical 
structure of the matrices in the initial state. 
 The initial epoxy resin contains functional groups for bonding 
with nanofillers (for example, through hydroxyl or epoxy groups). 
High thermal and mechanical stability is attributed to the presence 
of aromatic rings in the polymer. Epoxy rings during polymeriza-
tion can interact with fillers or modifiers, which change the spec-
tral profile (decrease in the intensity of the C–O–C bands). There-
fore, analysis of changes in the intensity of the epoxy ring bands 
allows us to assess the level of polymerization and interaction with 
the filler. At the same time, polyethylene is a chemically inert ma-
terial with a simple structure, which provides low interaction with 
fillers in the initial state. The hydrophobic nature of polyethylene 
limits adhesion to most fillers without prior functionalization. 
Crystallinity may be elevated due to nanofiller incorporation, as in-
dicated in the spectra by an increase in the intensity of the corre-
sponding bands (for example, at 720 cm

1). Analysis of the crystal-
linity degree and changes in the spectra after the introduction of 
nanofillers helps to predict the mechanical and thermal properties 
of the composite. 
 Figure 1 illustrates FTIR spectra of MoS2 nanoparticles, GNP 
and MWCNTs dispersed in an epoxy matrix in the region associat-
ed with epoxy resin characteristic vibrational modes. The figure 
clearly shows the effect of introducing carbon nanofillers 
(MWCNT—line 2; GNP—line 3) on the epoxy ring, and this effect 
is enhanced with the additional introduction of molybdenum disul-
phide nanoparticles—the intensity of the bands around 1100 and 
1250 cm

1, which are characteristic of aromatic groups and epoxy 
ring, increases significantly, and a decrease in the full width at 
half maximum (FWHM) relative to peak intensity is noted (line 4). 
In addition, the different influence of nanofillers of different na-
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ture (nanotubes or graphene nanoflakes) on the redistribution of 
the intensities of complex bands around 850 cm

1 is clearly mani-
fested. 

3.2. Carbon Nanofillers 

The Raman spectra of carbon-graphite materials are characterized 
by G- and D-bands, their shifts and intensity ratios [16, 17]. The G-
band around 1580 cm

1 corresponds to the stretching vibrations of 
C=C bonds in graphite-like structures, its intensity and position can 
shift depending on the degree of defectivity and interaction with 
the matrix. The D-band (1350 cm

1) is associated with vibrations 
caused by defects in the crystalline structure of graphene walls. An 
enhanced D-band intensity reflects a higher degree of structural de-
fects, for example, due to functionalization or interaction with the 
matrix. The 2D-band (G) around 2700 cm

1 is sensitive to the 
number of layers in the nanotube structure. 
 IR spectra are weakly expressed due to the low dipole activity of 
C=C bonds in MWNTs. Peaks of functional groups (e.g., C=O, O–H) 
may appear in the spectra if the nanotubes are pre-functionalized 
[18]. 
 The Raman spectrum of graphene nanosheets (GNPs) is also 
characterized by typical D- and G-bands (1350 cm

1 and 1580 
cm

1, respectively) [19]. The presence of a peak at 1620 cm
1 (D) 

may indicate enhanced interlayer interaction or structural defects. 
The infrared vibrational spectra, as in the case of MWCNTs, also 
demonstrate low activity for C=C bonds, but upon functionaliza-

 

Fig. 1. FTIR spectra of MWCNTs (2), GNP (3), MoS2 (5), and 
MWCNTsMoS2 (4) dispersed in epoxy polymer matrix L285 (1). 
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tion, the bands of C=O (1720 cm
1) or O–H (3200–3600 cm

1) 
vibrations appear. 
 It is important to note that when the GNP surface is functional-
ized (e.g., with –COOH, –OH, or –NH2 groups), the character of the 
vibrational spectrum changes: in the Raman spectrum, the intensity 
of the D-band increases due to the disruption of the graphene-like 
structure, and new bands corresponding to chemically active groups 
appear in the IR spectrum. Functionalized graphene nanoflakes 
demonstrate increased interaction with the matrix (e.g., through 
hydrogen bonds or chemical adsorption). 

3.3. The Influence of Filler Type on the Polymer Matrix 

Figure 2 demonstrates the influence of functionalized car-
bon/carbon graphite fillers (multiwalled carbon nanotubes, gra-
phene nanoflakes) on the vibrational spectra of the polyethylene 
matrix in the vicinity of the manifestation of wagging vibrations of 
the CH2 group (A) and stretching C–H vibrations. The figure 
demonstrates that the incorporation of carbon nanofillers signifi-
cantly influences the symmetric and antisymmetric wagging modes 
of CH2 groups, as evidenced by a redistribution of their vibrational 
intensities and an alteration in the band profile and half-width of 
one of them (Fig. 2, a). Table contains data on the spectral positions 
of the bands. 
 Embedding MWCNTs into a polymer matrix (epoxy or polyeth-
ylene) significantly affects the vibrational spectra (IR and Raman), 
reflecting the chemical and physical interactions at the matrix–
nanofiller interface. 

  
a      b 

Fig. 2. The effect of MWCNT (1), GNP (2) on FTIR spectra of PE matrix 
(3) in different spectral regions (a, b). 
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 Changes in vibrational frequencies in the infrared (IR) spectra 
(associated with functional groups of the matrix, for example, C–H, 
O–H, C–O in epoxy resin or C–H in polyethylene) may suggest the 
establishment of hydrogen bonding between the polymer matrix and 
the surface of functionalized carbon nanotubes [20], or indicate the 
presence of polar interactions or covalent linkages involving func-
tional groups on the MWCNT surface [21]. The shift of the charac-
teristic Raman G- (1580 cm

1) or D-band (1350 cm
1) of 

MWCNTs may indicate the transfer of stresses from the matrix to 
the nanotubes. The observed frequency shift can also result from 
interactions involving the -electron system of the carbon nanotubes 

TABLE. Effect of modified carbon nanoparticles on the PE matrix. 

PE 

NiFe 30% Fe3O4 Fe 30% MoS2 

A
tt

r
ib

u
ti

o
n
 

CNT 
3.4% 

GNP 
1% 

CNT 
1% 

GNP 
3.4% 

CNT 
5% 

GNP 
5% 

CNT 
5% 

GNP 
5% 

717.4 720.2 719.9 719.4  719.5 719 719.3 720 

С
Н

2
 s

c
is

s
o
r
s
 

730.5 731.0 731 730.9  730.7 730.3 730.7 730.5  

1462.7 

a
t 

th
e
 n

o
is

e
 

le
v
e
l 

1462.5 1462.2 

a
t 

th
e
 n

o
is

e
 

le
v
e
l 

  1462.4 

a
t 

th
e
 n

o
is

e
 

le
v
e
l 

С
Н

2
 b

a
n
d
 

1472.1 

a
t 

th
e
 n

o
is

e
 l
e
v
e
l 

1472.8 1472.7 

a
t 

th
e
 n

o
is

e
 l
e
v
e
l 

  1472.8 

a
t 

th
e
 n

o
is

e
 l
e
v
e
l 

 

2848 2847.2  2848  2847.7 2846.7 2848.3 2846.3 С
Н

 
s
tr

e
tc

h
in

g
 

2915 2913.4  2915  2915.5 2913.3 2915.2 2912.9  



VIBRATIONAL SPECTRA AND STRUCTURAL FEATURES OF POLYMER COMPOSITES 1037 

and the polymer matrix. 
 The enhancement of some bands in the IR spectrum can be at-
tributed to the formation of novel chemical bonds (e.g., C–N, C–O–
C). Variation in the intensity of the G- and D-bands in the Raman 
spectrum is often used to assess the degree of functionalization of 
the nanotube surfaces or to identify local deformation in the ‘ma-
trix–filler’ zone. By analysing the ratio of intensities I(D) to I(G), 
one can assess defects on the surface of SWCNTs caused by pro-
cessing or polymer matrix interaction. 
 Therefore, the use of both IR and Raman spectroscopy allows for 
the identification of bonding types, assessment of filler dispersion 
uniformity, and measurement of mechanical stress transfer effi-
ciency between the matrix and carbon nanotubes. 
 The adding of carbon flakes (graphite or graphene) to a polymer 
matrix induces significant changes in vibrational spectra (IR and 
Raman), reflecting the formation of new bonds between components 
and structural changes within the matrix structure [22]. For exam-
ple, shifts and changes in the intensity of IR bands associated with 
O–H, C=O and C–O groups may indicate the formation of hydrogen 
bonds [23, 24]. Covalent bonding between the matrix and the filler 
typically appears as new bands in the IR spectrum (e.g., C–O–C, C–
N) or as changes in the intensity ratio of the D- and G-bands in 
Raman spectra: the enhancement of the D-band (1350 cm

1) re-
flects an increased number of defects on flakes’ surface due to 
chemical functionalization or matrix interactions, and changes in 
the intensity of the G-band (1580 cm

1) and its shift are indicators 
of stress transfer from the matrix to the flakes. The appeared addi-
tional Raman bands indicate interfacial interactions. In non-polar 
polymer matrices (e.g., polyethylenes), weak intermolecular interac-
tions (van der Waals and – stacking) are the main ones, which 
also affect the spectral bands (changes in the intensity of C–H vi-
brations). In polyethylene, the shift of the characteristic C–H bands 
in the range of 2800–3000 cm

1 can be caused by local stresses due 
to interaction with GNPs. 
 The obtained Raman spectra of MWCNTs introduced into the 
epoxy matrix are shown in Fig. 3. Further compositional complexity 
via MoS2-nanoparticle incorporation causes a rise in the I(D)/I(G) 
ratio and a shift of intensity maxima towards lower frequencies. 

3. CONCLUSIONS 

The incorporation of multiwalled carbon nanotubes (MWCNTs) and 
graphene nanoplatelets (GNPs) modifies the molecular organization 
of the polymer matrix, as evidenced by changes in FTIR and Raman 
spectra. The variations of line shapes and shifts of their positions 
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were detected, indicating interactions between the fillers and poly-
mer chains. 
 Vibrational spectroscopy analysis revealed which chemical bonds 
are most affected by the inclusion of MWCNTs and GNPs: these are 
C–H and C–OH vibrations in PE matrix and vibrations of epoxy 
rings. An enhancement of characteristic peaks in Raman spectra 
(particularly, the D- and G-bands) was detected, confirming disper-
sion and defect levels of graphene structures within the polymer. 
 The type of nanofiller affects the spectral properties of compo-
sites: MWCNTs cause more pronounced changes in the spectra due 
to the possibility of forming chemical bonds, especially in the polar 
epoxy matrix. GNPs provide – stacking, which is reflected in the 
band shift. 
 The chemical structure of the matrix affects the type of interac-
tions, which is reflected in changes in vibrational spectra: polar 
epoxy resin interacts better with functionalized fillers, its proper-
ties are improved with the introduction of dual-type fillers; to im-
prove its properties, non-polar polyethylene requires the use of 
functionalized fillers. 
 Employing FTIR and Raman spectroscopy methods together al-
lows for a complete characterization of polymer–nanofiller interac-
tions, aiding in the development of new functional materials. 

ACKNOWLEDGMENTS 

Partial financial support for this work was provided by the National 

 

Fig. 3. Raman spectra of MWCNTs (3), MoS2 (1) and MWCNTsMoS2 na-
noparticles (2) introduced into an epoxy matrix. 



VIBRATIONAL SPECTRA AND STRUCTURAL FEATURES OF POLYMER COMPOSITES 1039 

Research Foundation of Ukraine within the framework of the pro-
gram ‘Excellent science in Ukraine’ (project 2023.03/0193, Raman 
spectra study) and by the Department of target training of Taras 
Shevchenko National University of Kyiv at National Academy of 
Sciences of Ukraine (project #8F-2024), which involved joint teams 
of scientists from Taras Shevchenko National University of Kyiv 
and the G. V. Kurdyumov Institute for Metal Physics of the N.A.S. 
of Ukraine. 

REFERENCES 

1. Chinnamayan Sudharsana, Nazim Anvarsha, and Palanichamy Kalyani, 

Nanocomposites — Properties, Preparations and Applications (IntechOpen: 

2024); https://doi.org/10.5772/intechopen.114402 

2. Davood Peyrow Hedayati, Stefania Termine, Christopher Bascucci, Paul Al 

Malak, Paolo Bondavalli, Dionisis Semitekolos, Frank Clemens, Costas Char-

itidis, and Robert Böhm, J. Phys. Mater., 8: 012001 (2025); 

https://doi.org/10.1088/2515-7639/ad91e1 

3. Yuanfeng Wang, Mohanapriya Venkataraman & Jiří Militký, Advanced Mul-

tifunctional Materials from Fibrous Structures. Advanced Structured Mate-

rials (Eds. Jiří Militký and Mohanapriya Venkataraman) (Singapore: Spring-

er: 2023), vol. 201, p. 199–225; https://doi.org/10.1007/978-981-99-6002-

6_9 

4. Samarjeet Singh Siwal, Qibo Zhang, Nishu Devi, and Vijay Kumar Thakur, 

Polymers, 12: 505 (2020); https://doi.org/10.3390/polym12030505 

5. Ian Hamerton, Brendan J. Howlin, and Peter Jepson, Chem. Rev., 224, 

Iss. 1–2: 67 (2002); https://doi.org/10.1016/S0010-8545(01)00393-9 

6. Henry Lee and Kris Neville, Handbook of Epoxy Resins (New York–San 

Francisko–Toronto–London–Sydney: McGraw-Hill: 1972); 

https://ia601506.us.archive.org/21/items/in.ernet.dli.2015.148152/2015.14

8152.Handbook-Of-Epoxy-Resins.pdf 

7. D. Rosu, A. Mititelu, and C. N. Caşcaval, Polym. Test., 23, Iss. 2: 209 

(2004); https://doi.org/10.1016/S0142-9418(03)00082-5 

8. Ewa Schab-Balcerzak, Henryk Janeczek, Bożena Kaczmarczyk, Henryk Bed-

narski, Danuta Sęk, and Andrzej Miniewicz, Polymer, 45, Iss. 8: 2483 

(2004); https://doi.org/10.1016/j.polymer.2004.02.027 

9. E. Sahmetlioglu, H. Mart, H. Yuruk, and Y. Sürme, Chem. Pap., 60: 65 

(2006); https://doi.org/10.2478/s11696-006-0012-1; 

https://www.researchgate.net/publication/227327777_Synthesis_and_charac

terization_of_oligosalicylaldehyde-

based_epoxy_resins/fulltext/0fe194e00cf2f204e902666c/Synthesis-and-

characterization-of-oligosalicylaldehyde-based-epoxy-resins.pdf 

10. Hana Vaskova and Vojtěch Křesálek, ACMOS’11: Proceedings of the 13th 

WSEAS International Conference on Automatic Control, Modelling & Simu-

lation (May 27–29, 2011, Canary Islands, Spain), p. 357–361. 

11. G. Sorates, Infrared and Raman Characteristic Group Frequencies (England: 

John Wiley & Sons Ltd: 2001). 

12. R. E. Lyon, K. E. Chike, and S. M. Angel, Appl. Polym. Sci., 53: 1805 

https://doi.org/10.5772/intechopen.114402
https://doi.org/10.1088/2515-7639/ad91e1
https://doi.org/10.1007/978-981-99-6002-6_9
https://doi.org/10.1007/978-981-99-6002-6_9
https://doi.org/10.3390/polym12030505
https://doi.org/10.1016/S0010-8545(01)00393-9
https://ia601506.us.archive.org/21/items/in.ernet.dli.2015.148152/2015.148152.Handbook-Of-Epoxy-Resins.pdf
https://ia601506.us.archive.org/21/items/in.ernet.dli.2015.148152/2015.148152.Handbook-Of-Epoxy-Resins.pdf
https://doi.org/10.1016/S0142-9418(03)00082-5
https://doi.org/10.1016/j.polymer.2004.02.027
https://doi.org/10.2478/s11696-006-0012-1
https://www.researchgate.net/publication/227327777_Synthesis_and_characterization_of_oligosalicylaldehyde-based_epoxy_resins/fulltext/0fe194e00cf2f204e902666c/Synthesis-and-characterization-of-oligosalicylaldehyde-based-epoxy-resins.pdf
https://www.researchgate.net/publication/227327777_Synthesis_and_characterization_of_oligosalicylaldehyde-based_epoxy_resins/fulltext/0fe194e00cf2f204e902666c/Synthesis-and-characterization-of-oligosalicylaldehyde-based-epoxy-resins.pdf
https://www.researchgate.net/publication/227327777_Synthesis_and_characterization_of_oligosalicylaldehyde-based_epoxy_resins/fulltext/0fe194e00cf2f204e902666c/Synthesis-and-characterization-of-oligosalicylaldehyde-based-epoxy-resins.pdf
https://www.researchgate.net/publication/227327777_Synthesis_and_characterization_of_oligosalicylaldehyde-based_epoxy_resins/fulltext/0fe194e00cf2f204e902666c/Synthesis-and-characterization-of-oligosalicylaldehyde-based-epoxy-resins.pdf


1040 Antonina NAUMENKO, Iryna DOROSHENKO, Lyudmila MATZUI et al. 

(1994); https://doi.org/10.1002/app.1994.070531310 

13. J. V. Gulmine, P. R. Janissek, H. M. Heise, and L. Akcelrud, Polym. Test., 

21, Iss. 5: 557 (2002); https://doi.org/10.1016/S0142-9418(01)00124-6 

14. M. J. Gall, P. J. Hendra, C. J. Peacock, M. E. A. Cudby, and H. A. Willis, 

Polymer, 13, Iss. 3: 104 (1972); https://doi.org/10.1016/S0032-

3861(72)80003-X 

15. R. P. Paradkar, S. S. Sakhalkar, X. He, and M. S. Ellison, J. Appl. Polym. 

Sci., 88, Iss. 2: 545 (2003); https://doi.org/10.1002/app.11719 

16. Jiang-Bin Wu, Miao-Ling Lin, Xin Cong, He-Nan Liu, and Ping-Heng Tan, 

Chem. Soc. Rev., 47, Iss. 5: 1822 (2018); 

https://doi.org/10.1039/C6CS00915H 

17. E. F. Antunes, A. O. Lobo, E. J. Corat, V. J. Trava-Airoldi, A. A. Martin, 

and C. Veríssimo, Carbon, 44, Iss. 11: 2202 (2006); 

https://doi.org/10.1016/j.carbon.2006.03.003 

18. Vijay B. Sarode, Ravindra D. Patil, and Gopal E. Chaudhari, Materials To-

day: Proceedings (2023); https://doi.org/10.1016/j.matpr.2023.06.288 

19. Navneet Soin, Susanta Sinha Roy, Christopher O’Kane, James A. D. 

McLaughlin, Teck H. Lim, and Crispin J. D. Hetherington, Cryst. Eng. 

Comm., 13, Iss. 1: 312 (2011); https://doi.org/10.1039/c0ce00285b 

20. Shadpour Mallakpour and Amin Zadehnazari, Soft Mater., 11, Iss. 4: 494 

(2013); https://doi.org/10.1080/1539445X.2012.718310 

21. C. M. Damian, S. A. Garea, E. Vasile, and H. Iovu, Compos. Part B: Eng., 

43, Iss. 8: 3507 (2012); https://doi.org/10.1016/j.compositesb.2011.11.052 

22. Rasheed Atif and Fawad Inam, Graphene, 5, No. 2: 96 (2016); 

https://doi.org/10.4236/graphene.2016.52011 

23. V. Balevicius, V. Sablinskas, I. Doroshenko, and V. Pogorelov, Ukr. J. Phys., 

56, Iss. 8: 855 (2011); 

https://ujp.bitp.kiev.ua/index.php/ujp/article/view/2022051/2271 

24. O. Mishchuk, I. Doroshenko, V. Sablinskas, and V. Balevicius, Struct. 

Chem., 27, Iss. 1: 243 (2016); https://doi.org/10.1007/s11224-015-0692-7 

https://doi.org/10.1002/app.1994.070531310
https://doi.org/10.1016/S0142-9418(01)00124-6
https://doi.org/10.1016/S0032-3861(72)80003-X
https://doi.org/10.1016/S0032-3861(72)80003-X
https://doi.org/10.1002/app.11719
https://doi.org/10.1039/C6CS00915H
https://doi.org/10.1016/j.carbon.2006.03.003
https://doi.org/10.1016/j.matpr.2023.06.288
https://doi.org/10.1039/c0ce00285b
https://doi.org/10.1080/1539445X.2012.718310
https://doi.org/10.1016/j.compositesb.2011.11.052
https://doi.org/10.4236/graphene.2016.52011
https://ujp.bitp.kiev.ua/index.php/ujp/article/view/2022051/2271
https://doi.org/10.1007/s11224-015-0692-7

