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Abstract
Advancing epoxy composite technology requires innovative matrices and functional fillers. This study introduces a sys-
tem formulated from a tetra functional epoxy resin (DABA-EE), synthesized exclusively from 2,2’-diallyl bisphenol-A 
(DABA) via a dual epoxidation approach targeting both phenolic and allyl groups, as confirmed by NMR and FTIR 
analyses. The resin was cross-linked with 1-(3-aminopropyl)imidazole (API), and a series of composites was prepared 
by reinforcing the matrix with sustainable, high-performance materials. These reinforcements/fillers were functionalized 
bio-silica from Bermuda grass (FBS), activated bio-carbon from Palmyra sprouts (FAC), and graphene (G). A compara-
tive analysis of the resultant polymer composite materials (DABA-EE-API-FBS/FAC/G 5–25) versus the pristine epoxy 
polymer (DABA-EE-API) demonstrated substantial improvements. We investigated the effect of these fillers on thermal 
and dielectric properties of the composites. All of the composites had surfaces that repelled water, with contact angles 
against water greater than 100°. The graphene-based composite DABA-EE-API-G25 exhibits an extremely high dielectric 
constant of 100.02 at 1 MHz, due to a greater number of charges being built up at the graphene-epoxy interfaces.

Highlights
	● Tetra-functional DABA-EE epoxy synthesized via dual epoxidation.
	● Graphene, epoxy functionalized bio-silica and bio-carbon used as fillers.
	● Developed composites show hydrophobic surfaces (contact angle > 100°).
	● Graphene-epoxy interfaces enable strong charge accumulation.
	● The fillers contribute in the enhancement of thermal and dielectric properties.
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Sustainable functionalized bio-silica and carbon reinforced 
2,2′-Diallylbisphenol-A epoxy-based composites: high-k dielectrics
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Introduction

Epoxy resin is a highly promising and versatile reactive poly-
mer known for its excellent adhesive properties, mechanical 
strength, chemical resistance, and electrical insulation. [1, 2]. 
When epoxy resins cure, they cross-link with hardeners to 
form a thermoset material that is very strong and stable and is 
free of volatile by-products. [3]. They protect electronic parts 
from moisture and dust and provide electrical insulation. This 
makes them essential for the production of printed circuit 
boards and electrical devices. [4, 5]. Jungang et al. studied the 
synthesis of epoxy resin from bisphenol-A and bisphenol-S 
using epichlorohydrin, examining reaction kinetics via alkali 
consumption and epoxide values. Dehydrochlorination hap-
pened faster with bisphenol-A than with bisphenol-S, which 
showed that bisphenol-A was more reactive. The reactions of 
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phenol with epichlorohydrin and with the terminal epoxide 
both showed second-order kinetics, with rate constants and 
activation energies calculated. [6]. Transforming allylic C = C 
bonds into epoxy groups is a crucial process in the creation 
of polymeric structures capable of enduring elevated tem-
peratures. The change in structure makes crosslinking per-
form better, which provides the materials with more strength 
and thermal stability [7, 8]. Meta-chloroperoxybenzoic acid 
(m-CPBA) was commonly utilized as an oxidizing agent for 
the selective epoxidation of alkenes, including allyl groups. 
When m-CPBA reacts with the carbon–carbon double bond, 
it facilitates the formation of epoxide relatively at low tem-
peratures. This process is very useful because it is very stere-
oselective and regioselective. This means that it is an effective 
way to make intermediates that contain epoxides and can be 
changed chemically later [9, 10].

Fillers/reinforcements play an essential role when added 
to epoxy resin, altering its properties and improving the com-
posite's performance, such as thermal resistance, mechanical 
strength, and dimensional stability [11, 12]. In addition, the 
effectiveness of the materials depends on the dispersion of 
the fillers within the epoxy matrix and the strength of the 
interfacial bonding between the filler particles and the resin 
[13]. To date, many studies have highlighted that numer-
ous efforts have been made to enhance the characteristics of 
epoxy composites by incorporating a range of fillers (such 
as silica, Al2O3, TiO2, fly ash, and bio-carbon) to improve 
the performance and applicability of this versatile matrix 
[14–17]. The growing need for eco-friendly, sustainable, and 
high-performance materials has led to the development of 
composites that use sustainable fillers, offering advantages 
such as low cost, biodegradability, and reduced environ-
mental impact compared to synthetic alternatives. Previous 
studies have demonstrated that biogenic fillers enhance the 
thermomechanical properties of the composites. Fiore et al. 
investigated the epoxy composites reinforced with economi-
cal Arundo donax filler, analyzed various particle sizes and 
weight percentages (5% 10%, and 15%). The findings indi-
cate that increased filler content enhances stiffness, whereas 
strength diminishes due to inadequate filler-matrix bonding. 
This highlights the need for surface treatments to improve 
interfacial adhesion in natural filler composites [18]. Sur-
face modification of fillers plays a vital role in enhancing 
the interaction between the filler and polymer matrix in com-
posite materials. Silane coupling agents (APTES, APTMS, 
GPTMS, etc.) are commonly used to bond with inorganic fill-
ers, such as silica, chemically, and to add functional groups 
that can react with the polymer matrix. [19–21]. These 
treatments facilitate improving the filler dispersion, reduc-
ing agglomeration, and strengthening the adhesion at the 
interface. Recent advances in epoxy composite design have 
emphasized understanding how network architecture and 

interfacial interactions govern performance. Abdollahi et al., 
demonstrated that polyetheramine modification significantly 
alters crosslinking density and glass transition temperature 
in epoxy networks providing a framework for understanding 
how flexible amines segments influence dielectric behaviour 
[22]. For silica-reinforced systems, Katyama et al., showed 
that silica nanofillers suppress molecular motion and reduce 
dielectric loss compared to other inorganic fillers, attributed 
to strong interfacial between silanol groups and the epoxy 
matrix [23]. These insights suggest that filler surface chem-
istry and network structure jointly control response in epoxy 
composites.

Dielectric materials are electrical insulators that limit the 
flow of electricity when they come into contact with an elec-
tric field. When they become polarized, they store energy, 
which makes them great for things like capacitors and cir-
cuit boards. Recent advancements, such as high-k dielectrics, 
have garnered attention for enhancing these materials, result-
ing in smaller and more efficient electronic devices [24–26]. 
Amorphous carbon, graphite, and carbon nanotubes (CNTs) 
are traditional carbon-based additives that have been used for 
a long time to improve electrical, thermal, and mechanical 
properties. Graphene, on the other hand, possesses properties 
that make it a very effective nanofiller for polymer compos-
ites, including its large surface area, high aspect ratio, and 
excellent intrinsic properties that enhance its performance 
[27, 28]. Graphene is a revolutionary material, composed of 
a single layer of carbon atoms arranged in a hexagonal lat-
tice. Its remarkable strength, outstanding electrical conduc-
tivity, and exceptional thermal characteristics have garnered 
substantial interest in academic research and a diverse range 
of industrial applications [29]. Meanwhile, using an activated 
carbon filler yields a dielectric constant of 8.43 at 25 wt% 
[30]. On the other hand, epoxy resin is an attractive host due 
to its thermal–mechanical stability and wide industrial appli-
cations. However, their inherent low dielectric constant lim-
its their capacitive density. Controlled interphase formation 
with functionalized fillers is therefore essential to maximize 
the relative permittivity of the dielectric materials. Min et 
al. formulated a new epoxy composite by evenly dispersing 
graphite nanosheets (GNPs) throughout the material. This 
approach provides the material with a high dielectric constant 
(> 230) and improved thermal conductivity (0.54 W/m · K) at 
just 1.892 vol%. These composites also have a dielectric con-
stant above 100 even at high frequencies (105–10⁶ Hz), with 
optimal performance, and they lose less energy at 0.949 vol. 
% near 104 Hz. The oxygen-functionalized surfaces of GNPs 
form a strong interface, enabling the composite to work bet-
ter [31]. However, the mechanisms underlying polymer-filler 
interactions are not well understood. In this work, we explore 
interfacial strategies of different fillers/reinforcements that 
enable high-k performance without compromising reliability 
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by systematically comparing filler surface chemistry, micro-
structure, and broadband dielectric response.

This study focuses on the synthesis of a tetrafunctional 
epoxy resin via a two-step process for application in high-
performance, sustainable composites. The synthesis com-
menced with the reaction of 2,2’-diallyl bisphenol-A 
(DABA) and epichlorohydrin, yielding a bis-epoxy resin 
(DABA-E). Then, the bis-epoxy resin was further epoxi-
dized using mCPBA as an oxidizing agent to transform 
its allyl groups into corresponding epoxy rings, making a 
tetra-functional epoxy monomer (DABA-EE). The result-
ing tetra epoxy monomer was cured with 1-(3-aminopropyl)
imidazole (API) at room temperature and thermal treatment. 
To engineer multifunctional properties, this base matrix was 
integrated with three distinct fillers: functionalized bio-sil-
ica from Bermuda grass (FBS), functionalized activated bio-
carbon (FAC) from Palmyra sprout, and high-performance 
graphene (G) to tailor the composite’s inherent properties. 
The thermomechanical stability, hydrophobicity, and dielec-
tric behavior of the resultant composites were investigated, 
and the results have been disclosed.

Materials and characterizations

Materials

Analytical grades of 2,2`-diallyl bisphenol-A (BLD 
Pharma), epichlorohydrin (Sigma-Aldrich), meta-chloro-
peroxybenzoic acid (Sigma-Aldrich), ethyl acetate (BLD 
Pharma), 3-glycidoxypropyl trimethoxysilane (GPTMS) 
(SRL Chemicals), dichloromethane (BLD Pharma), 
1-(3-aminopropyl)imidazole (API) (SRL Chemicals) were 
purchased from their respective chemical agencies and were 
used as received without any further purification. The gra-
phene (surface area of 600 m2/g) was purchased from Ter-
racarb Pvt. Ltd., Coimbatore, India. For the preparation of 
bio-silica, Bermuda grass was collected from the local area 
of Coimbatore district, Tamil Nadu, India. For bio-carbon, 
Palmyra sprouts (Borassus flabellifer) were obtained from a 
farmhouse in the agricultural region of Salem district, Tamil 
Nadu, India.

Synthesis of DABA-E (bi-functional epoxy of 
2,2`-diallyl bisphenol-A)

In a 250  mL two-necked round-bottomed flask, 5  g 
(0.0718  mol) of 2,2′-diallylbisphenol-A, 16.49  mL 
(0.1783 mol) of epichlorohydrin, and 4 g (0.0713 mol) of 
KOH catalyst were taken. The reaction mixture was stirred 
at 30 °C for 24 h. After the completion of the reaction, the 
crude product was extracted using ethyl acetate and washed 
with water and brine. The organic portion was dried over 
sodium sulfate, and the solvent was removed under reduced 
pressure using a rotary evaporator, yielding a yellow resin-
ous product (Yield: 91%). The schematic representation of 
the synthesis of DABA-E is shown in Scheme 1.

1H NMR (400 MHz, CDCl3) δ 7.03–6.95 (m, 4H), 6.71 
(dd, J = 7.9, 1.0 Hz, 2H), 5.95 (ddt, J = 16.8, 10.1, 6.6 Hz, 
2H), 5.04–4.95 (m, 4H), 4.18 (dd, J = 11.1, 3.1 Hz, 2H), 3.94 
(dd, J = 11.1, 5.4 Hz, 2H), 3.35 (dt, J = 6.6, 1.6 Hz, 4H), 3.32 
(ddd, J = 5.4, 2.7, 1.3 Hz, 2H), 2.85 (dd, J = 5.0, 4.1 Hz, 2H), 
2.74 (dd, J = 5.0, 2.6 Hz, 2H), 1.61 (s, 6H).

Synthesis of DABA-EE (tetra-functional epoxy of 
2,2`-diallyl bisphenol-A)

To synthesize DABA-EE, to a stirred ice-cold solution of 
10 g (0.025 mol) of DABA-E in 100 mL of dichlorometh-
ane (DCM), 1.84 g (0.0107 mol) of m-chloroperoxybenzoic 
acid was added slowly over the course of 30 min, and the 
mixture was stirred at ice-cold temperature for 2 h to ensure 
optimal reaction. The crude product was then washed with 
distilled water, brine, and a 10% sodium bicarbonate solu-
tion to remove impurities. The organic layer was dried 
over sodium sulfate, collected, and processed in a rotary 
evaporator to remove the DCM solvent under reduced pres-
sure, yielding a brownish, resinous product (Yield: 85%). 
The schematic illustration of the synthesis of DABA-EE is 
shown in Scheme 2.

1H NMR (400 MHz, CDCl3) δ 7.04 (d, J = 6.7 Hz, 4H), 
6.77–6.70 (m, 2H), 4.23 (dd, J = 11.1, 3.0  Hz, 2H), 3.93 
(ddd, J = 11.1, 9.3, 5.6  Hz, 2H), 3.34 (dd, J = 6.1, 3.2  Hz, 
2H), 3.20–3.12 (m, 2H), 2.89 (q, J = 4.4 Hz, 4H), 2.81–2.72 
(m, 6H), 2.54 (td, J = 5.3, 2.7 Hz, 2H), 1.63 (s, 6H).

Scheme 1  Synthesis of DABA-E
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In graphene-based composites, the range of frequency-
independent DC conductivity extends to higher frequen-
cies at lower filler concentrations. As the concentration 
increases, the AC conductivity rises to about 10⁻⁶ S/cm. As 
shown in Fig.  12c, within the measured frequency range 
and graphene loading (5–25%), the conductivity increases 
continuously, suggesting progressive growth of conduction 
pathways and no definite percolation threshold established. 
It is worth noting that space-charge polarization does not 
contribute much to the rise in conductivity. This graphene 
structure promotes electronic interactions between the gra-
phene and the epoxy resin matrix, forming a stacked-layer 
interconnection network. This enhanced polarization leads 
to a higher dielectric permittivity but also limits the AC con-
ductivity (σac) at high frequencies. To quantitatively identify 
the possible percolation transition limit, the σdc is estimated 
from the low-frequency plateau region at different filler 
concentrations (Fig. S1) and used for percolation analysis. 
According to percolation theory, the scaling law describes 
this relationship. [75]

𝜎𝜎 𝜎 (𝑝𝑝 𝑝 𝑝𝑝𝑐𝑐)
𝑡𝑡� (2)

where pc is the percolation threshold; this model explains 
the sharp rise in conductivity that occurs when the filler con-
centration (p) exceeds pc. The corresponding conductivity 
transition regime was analyzed using the percolation power-
law expression,

log𝜎𝜎 = 𝐴𝐴 𝐴 𝐴𝐴 𝐴 log(𝑝𝑝 𝑝 𝑝𝑝𝑐𝑐)� (3)

where (σdc) is the electrical conductivity, (p) is the graphene 
concentration, (pc) is the percolation threshold, (A) is a pro-
portionality constant, and (t) is the fitted critical exponent. 
The fitted log–log plot shown in Figure S2(a & b) reveals 
that the extracted pc and t values are strongly dependent on 
the fitting range, and no unique percolation exponent was 
observed. The fitted A, pc, and t values are given in Table 
S1. As seen, the t values gradually change by varying the 
pc values within the selected fitting range. For the highest 
correlation, R2 = 0.9999, the t value reached 1.2, which is 
lower than that of the universal 3D percolation network 
[76]. However, the nonuniversal t-value is also reported for 
graphene/polymer composites, with values between 1–1.3 
being reported for 2D [77, 78]. These results indicate that 
the transport phenomena do not follow the unique perco-
lation limit over the measured graphene range (5–25%). 
The obtained t values are effective exponent, should be 
influenced by the fitting range, partial network formation, 
tunneling, and limited data points [79, 80]. Therefore, the 
highest correlation coefficient alone is not sufficient to 
ensure a unique percolation threshold for graphene-based 

polymer composites [80]. This result further concludes that, 
a unique percolation threshold may be established over the 
range of 25%, which start to exhibits the characteristic of 
interconnected conductive network.

Conclusion

A new tetra-functional epoxy resin (DABA-EE) was devel-
oped by a dual epoxidation process, and 1-(3-aminopropyl)
imidazole was used as a curative agent (DABA-EE-API). 
This base epoxy resin matrix was reinforced with the func-
tionalized bio-silica (FBS), functionalized activated bio-
carbon (FAC), and graphene (G) reinforcements to develop 
a composite, and the dielectric properties were observed 
through the specific surface interaction. The BET surface 
area of the FBS, FAC, and G are 9.40, 28.37 and 600 m2/g 
respectively, indicating that the methods of activation, func-
tionalization, and chemicals were used significantly to influ-
ence their surface area, which contributes to an increased 
value of dielectric constant by the space charge accumula-
tion and enhancing polarization. The addition of increasing 
weight percentages of these distinct fillers into the epoxy 
resin matrix increases its dielectric, thermal, and hydropho-
bic behavior of the composites. The reinforced composite 
has contributed to enhancing the thermal stability up to 
253  °C with improved char yield of the composites, also 
modified the surface of the composites into a hydrophobic 
behavior in nature. From the observed dielectric constant 
values, the addition of increasing weight percentages of 
these distinct fillers into the epoxy resin matrix increases 
its dielectric constant value. The composite DABA-EE-
API-G25 achieved a remarkably high dielectric constant of 
(k = 100.02) due to intense charge buildup at the interfaces 
between the graphene and the polymer matrix. In contrast, 
the composites with functionalized activated bio-carbon 
DABA-EE-API-FAC25 (k = 8.99) and bio-silica DABA-
EE-API-FBS25 (k = 5.09) showed more modest and compa-
rable values, respectively. Their GPTMS treatment ensured 
excellent dispersion that primarily strengthens the epoxy's 
inherent ability to store charge through dipole polarization 
rather than forming conductive pathways. Therefore, the 
activation and functionalization of bio-silica, bio-carbon 
methods modified its structure, functional groups (OH, 
CHO, C = O, COOH, etc.), porosity, and surface area, which 
influences the dielectric, thermal, and surface properties of 
the composites. Accordingly, the resulting materials may be 
suited to applications such as EMI shielding, microwave 
absorption or resistive switching devices where the energy 
dissipation is either tolerable or desirable, while their room 
temperature stability further supports their use in printed 
circuit boards and various niche applications.



1 3

Page 17 of 19  411Journal of Polymer Research (2026) 33:411

Supplementary Information  The online version contains supplementary 
material available at ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​0​7​/​s​1​0​9​6​5​-​0​2​6​-​0​5​1​3​3​-​9​​​​​.​​

Acknowledgements  The authors thank the PSG sons’ and charities, 
particularly the secretary and the principal of PSG institute of technol-
ogy and applied research for their support.

Funding  This research did not receive any specific grant from funding 
agencies in the public, commercial, or not-for-profit sectors.

Data availability  The data that support the findings of this study are 
available from the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate  Not applicable.

Consent for publication  Not applicable.

Conflict of interest  The authors declare no conflict of interest.

References

1.	 Pham HQ, Marks MJ (2000) Epoxy resins. Ullmann’s Encycl Ind 
Chem

2.	 Jin F-L, Li X, Park S-J (2015) Synthesis and application of epoxy 
resins: a review. J Ind Eng Chem 29:1–11

3.	 Klein DH, Jörg K (1997) Two-component aqueous epoxy binders 
free of volatile organic content (VOC). Prog Org Coat 32:119–125

4.	 Ehrler S (2005) The compatibility of epoxy-based printed circuit 
boards with lead-free assembly. Circuit World 31:3–13

5.	 Kim Y-M, Han TU, Kim S et al (2017) Catalytic co-pyrolysis of 
epoxy-printed circuit board and plastics over HZSM-5 and HY. J 
Clean Prod 168:366–374

6.	 Jungang G (1993) Kinetics of epoxy resins formation from 
bisphenol-A, bisphenol-S, and epichlorohydrin. J Appl Polym Sci 
48:237–241

7.	 Ma C, Qian L, Li J (2021) Effect of functional groups of magno-
lol-based cyclic phosphonate on structure and properties of flame 
retardant epoxy resin. Polym Degrad Stab 190:109630

8.	 Grigoropoulou G, Clark JH, Elings JA (2003) Recent develop-
ments on the epoxidation of alkenes using hydrogen peroxide as 
an oxidant. Green Chem 5:1–7

9.	 Kim C, Traylor TG, Perrin CL (1998) MCPBA epoxidation of 
alkenes: reinvestigation of correlation between rate and ioniza-
tion potential. J Am Chem Soc 120:9513–9516

10.	 Ivan B, Kennedy JP (1990) Living carbocationic polymerization. 
XXX. One-pot synthesis of allyl-terminated linear and tri-arm 
star polyisobutylenes, and epoxy-and hydroxy-telechelics there-
from. J Polym Sci Part A Polym Chem 28:89–104

11.	 Li Z, Okamoto K, Ohki Y, Tanaka T (2011) The role of nano and 
micro particles on partial discharge and breakdown strength in 
epoxy composites. IEEE Trans Dielectr Electr Insul 18:675–681

12.	 Mazitova AK, Zaripov II, Aminova GK et al (2022) Fillers for 
polymer composite materials. Nanotekhnol Stroit 14:294–299

13.	 Khan A, Savi P, Quaranta S et al (2017) Low-cost carbon fillers to 
improve mechanical properties and conductivity of epoxy com-
posites. Polymers (Basel) 9:642

14.	 Sienkiewicz N, Dominic M, Parameswaranpillai J (2022) Natu-
ral fillers as potential modifying agents for epoxy composition: a 
review. Polymers (Basel) 14:265

15.	 Sim J, Kang Y, Kim BJ et al (2020) Preparation of fly ash/epoxy 
composites and its effects on mechanical properties. Polymers 
(Basel) 12:79

16.	 Gaaz TS, Hussein EK, Subhi KA, Al-Amiery A (2021) Mechani-
cal and morphology properties of titanium oxide-epoxy nano-
composites. Int J Low-Carbon Technol 16:240–245

17.	 Hu Y, Du G, Chen N (2016) A novel approach for Al2O3/epoxy 
composites with high strength and thermal conductivity. Compos 
Sci Technol 124:36–43

18.	 Fiore V, Scalici T, Vitale G, Valenza A (2014) Static and dynamic 
mechanical properties of Arundo donax fillers-epoxy composites. 
Mater Des 57:456–464

19.	 Aziz T, Ullah A, Fan H et al (2021) Recent progress in silane 
coupling agent with its emerging applications. J Polym Environ 
29:3427–3443

20.	 Davis SR, Brough AR, Atkinson A (2003) Formation of silica/
epoxy hybrid network polymers. J Non Cryst Solids 315:197–205

21.	 Sterman S, Marsden JG (1966) Silane coupling agents. Ind Eng 
Chem 58:33–37

22.	 Abdollahi H, Ershad-Langroudi A, Salimi A, Rahimi A (2014) 
Anticorrosive coatings prepared using epoxy–silica hybrid nano-
composite materials. Ind Eng Chem Res 53:10858–10869

23.	 Abdollahi H, Samadi A, Amiri F et al (2022) Kinetics of ther-
mal degradation, adhesion and dynamic-mechanical properties of 
flexible polyamine-epoxy systems. J Polym Res 29:398

24.	 Kittl JA, Opsomer K, Popovici M et al (2009) High-k dielec-
trics for future generation memory devices. Microelectron Eng 
86:1789–1795

25.	 Houssa M (2003) High k gate dielectrics. CRC Press
26.	 Ibach H, Lüth H (2009) Dielectric properties of materials. Solid-

state physics: an introduction to principles of materials science. 
Springer, pp 371–418

27.	 Rafiee MA (2011) Graphene-based composite materials. Rensse-
laer Polytechnic Institute

28.	 Kuilla T, Bhadra S, Yao D et al (2010) Recent advances in gra-
phene based polymer composites. Prog Polym Sci 35:1350–1375

29.	 Tiwari A, Syväjärvi M (2015) Graphene materials: fundamentals 
and emerging applications

30.	 Devaraj P, Ramachandran S, Govindaraju N, Muthukaruppan A 
(2025) A new p-cresol-bisphenol based hybrid polybenzoxazine 
composites for high-k dielectrics: the role of Palmyra sprout car-
bon activation. Eur Polym J. ​h​t​t​​​​p​​s​:​​/​​/​d​​​o​​i​.​o​r​​g​/​​1​0​.​1​0​1​6​/​j​.​e​u​r​p​o​l​y​m​j​.​
2​0​2​5​.​1​1​4​2​3​4​​​​​​​

31.	 Min C, Yu D, Cao J et al (2013) A graphite nanoplatelet/epoxy 
composite with high dielectric constant and high thermal conduc-
tivity. Carbon N Y 55:116–125

32.	 Zhang Z, Zhang K, Xie K et al (2022) Improvement in tough-
ness and flame retardancy of bismaleimide/diallyl bisphenol A 
resin with a eugenol allyl ether-grafted polysiloxane. Eur Polym J 
180:111594

33.	 Vani JNR, Vijayalakshmi V, Chatterjee PC (1991) Synthesis, 
characterization and end-use evaluation of epoxy resins pre-
pared from diallyl and dipropyl bisphenol A. J Adhes Sci Technol 
5:1001–1011

34.	 Thirumalaikumar M (2022) Ring opening reactions of epoxides. 
A review. Org Prep Proced Int 54:1–39

35.	 Devaraju S, Vengatesan MR, Selvi M et al (2013) Mesoporous 
silica reinforced cyanate ester nanocomposites for low k dielec-
tric applications. Microporous Mesoporous Mater 179:157–164

36.	 Silva LCO, Silva GG, Ajayan PM, Soares BG (2015) Long-term 
behavior of epoxy/graphene-based composites determined by 
dynamic mechanical analysis. J Mater Sci 50:6407–6419

37.	 Al Soud A, Daradkeh SI, Knápek A et al (2023) Electrical charac-
teristics of different concentration of silica nanoparticles embed-
ded in epoxy resin. Phys Scr 98:125520

https://doi.org/10.1007/s10965-026-05133-9
https://doi.org/10.1016/j.eurpolymj.2025.114234
https://doi.org/10.1016/j.eurpolymj.2025.114234


1 3

411  Page 18 of 19 Journal of Polymer Research (2026) 33:411

38.	 Dyachkova TP, Khan YA, Burakova EA et al (2023) Characteris-
tics of epoxy composites containing carbon nanotubes/graphene 
mixtures. Polymers (Basel) 15:1476

39.	 Zhao F, Ling L, Liu L et al (2017) The dispersion of graphene 
in conductive epoxy composites investigated by Raman spectros-
copy. J Raman Spectrosc 48:432–436

40.	 Chandrasekaran S, Sato N, Tölle F et al (2014) Fracture tough-
ness and failure mechanism of graphene based epoxy composites. 
Compos Sci Technol 97:90–99

41.	 Han W, Yu Y, Fang L et al (2015) Functionalised silica/epoxy 
nanocomposites with enhanced fracture toughness for large-scale 
applications. J Compos Mater 49:1439–1447

42.	 Mohamed MG, Kuo SW (2019) Functional silica and carbon 
nanocomposites based on polybenzoxazines. Macromol Chem 
Phys 220:1800306

43.	 Song P, Cao Z, Cai Y et al (2011) Fabrication of exfoliated 
graphene-based polypropylene nanocomposites with enhanced 
mechanical and thermal properties. Polymer 52:4001–4010

44.	 Hu Y, Nabipour H, Wang X (2022) Bio-based flame-retardant 
technology for polymeric materials. Elsevier

45.	 Zanetti M, Bracco P, Costa L (2004) Thermal degradation 
behaviour of PE/clay nanocomposites. Polym Degrad Stab 
85:657–665

46.	 Lavorgna M, Romeo V, Martone A et al (2013) Silanization and 
silica enrichment of multiwalled carbon nanotubes: synergistic 
effects on the thermal-mechanical properties of epoxy nanocom-
posites. Eur Polym J 49:428–438

47.	 Jayabharathi G, Jothiramalingam S (2021) Bio-silica reinforced 
imidazole core diamine/epoxy based composites coatings for cor-
rosion resistant application. J Adv Sci Res 12:126–135

48.	 Hapuarachchi TD, Peijs T (2010) Multiwalled carbon nanotubes 
and sepiolite nanoclays as flame retardants for polylactide and 
its natural fibre reinforced composites. Compos Part A Appl Sci 
Manuf 41:954–963

49.	 Cassie ABD, Sjt B (1944) Wettability of porous surfaces. Trans 
Faraday Soc 40:546–551

50.	 Mousavi SM, Hashemi SA, Arjmand M et al (2018) Octadecyl 
amine functionalized graphene oxide towards hydrophobic 
chemical resistant epoxy nanocomposites. ChemistrySelect 
3:7200–7207

51.	 Kim E, Kim D, Kwak K et al (2022) Wettability of graphene, 
water contact angle, and interfacial water structure. Chem 
8:1187–1200

52.	 Shin YJ, Wang Y, Huang H et al (2010) Surface-energy engineer-
ing of graphene. Langmuir 26:3798–3802

53.	 Nalwa HS (1999) Handbook of low and high dielectric constant 
materials and their applications, two-volume set. Elsevier

54.	 Sutton LE (1956) Dielectric behavior and structure. Dielectric 
constant and loss, dipole moment and molecular structure. J Am 
Chem Soc 78:507–508

55.	 Fernández-Gil F, Olate-Moya F, Aguilar-Cosme JR et al 
(2025) Micro-arranged ZnO particles and conductive fillers 
in PCL composites for enhanced piezoelectric and dielectric 
properties in bone tissue engineering applications. Mater Des 
251:113672

56.	 Yue D, Feng Y, Liu X et al (2022) Prediction of energy storage per-
formance in polymer composites using high-throughput stochastic 
breakdown simulation and machine learning. Adv Sci 9:2105773

57.	 Mahtabani A, Rytöluoto I, Anyszka R et al (2020) On the silica 
surface modification and its effect on charge trapping and trans-
port in PP-based dielectric nanocomposites. ACS Appl Polym 
Mater 2:3148–3160

58.	 Huang B, Yu Y, Zhao Y et al (2023) Al@ SiO2 core–shell fillers 
enhance dielectric properties of silicone composites. ACS Omega 
8:35275–35282

59.	 Padurariu L, Brunengo E, Canu G et al (2023) Role of microstruc-
tures in the dielectric properties of PVDF-based nanocomposites 
containing high-permittivity fillers for energy storage. ACS Appl 
Mater Interfaces 15:13535–13544

60.	 Samet M, Kallel A, Serghei A (2022) Maxwell-Wagner-Sil-
lars interfacial polarization in dielectric spectra of compos-
ite materials: scaling laws and applications. J Compos Mater 
56:3197–3217

61.	 Fernández-García L, Suárez M, Menéndez JL et al (2015) Dielec-
tric behavior of ceramic–graphene composites around the perco-
lation threshold. Nanoscale Res Lett 10:216

62.	 Sharmila B, George N, Sasi S et al (2022) A comprehensive 
investigation of dielectric properties of epoxy composites 
containing conducting fillers: fluffy carbon black and vari-
ous types of reduced graphene oxide. Polym Adv Technol 
33:3151–3162

63.	 Samet M, Kallel A, Serghei A (2019) Polymer bilayers with 
enhanced dielectric permittivity and low dielectric losses by 
Maxwell–Wagner–Sillars interfacial polarization: characteristic 
frequencies and scaling laws. J Appl Polym Sci 136:47551

64.	 Van Beek LKH (1960) The Maxwell-Wagner-Sillars effect, 
describing apparent dielectric loss in inhomogeneous media. 
Physica 26:66–68

65.	 Xia X, Zhong Z, Weng GJ (2017) Maxwell–Wagner–Sillars 
mechanism in the frequency dependence of electrical conductiv-
ity and dielectric permittivity of graphene-polymer nanocompos-
ites. Mech Mater 109:42–50

66.	 Woodward WHH (2021) Broadband dielectric spectroscopy—
a practical guide. Broadband dielectric spectroscopy: a modern 
analytical technique. ACS Publications, pp 3–59

67.	 Chung M-H, Wang W-H, Chen L-M et al (2015) Silane modifica-
tion on mesoporous silica coated carbon nanotubes for improving 
compatibility and dispersity in epoxy matrices. Compos Part A 
Appl Sci Manuf 78:1–9

68.	 Zainol N, Mustafa N, Aziz NH et al (2023) Dielectric materials 
development using bio-waste: a review. J Electr Syst Inf Technol 
10:47

69.	 Kayode SE, González FJ (2023) Treatment of biowaste for elec-
trodes in energy storage applications: a brief review. J Compos 
Sci 7:127

70.	 Díez-Pascual AM (2020) Carbon-based polymer nanocomposites 
for high-performance applications. Polymers 12:872

71.	 Jonscher AK (1977) The ‘universal’ dielectric response. Nature 
267:673–679

72.	 Ramasamy RP, Aswal VK, Lin YC, Rafailovich MH (2025) 
Dielectric and small angle neutron scattering analysis of molded 
and 3D printed polypropylene–graphene nanocomposites. MRS 
Adv 10:1570–1574

73.	 Perumal Ramasamy R, Yang K, Rafailovich MH (2014) 
Polypropylene–graphene–a nanocomposite that can be con-
verted into a meta-material at desired frequencies. RSC Adv 
4:44888–44895

74.	 Jonscher AK (1972) Frequency-dependence of conductivity in 
hopping systems. J Non Cryst Solids 8:293–315

75.	 Pallikonda MK, Antonangelo JA (2023) Biochar-based polymer 
composites: a pathway to enhanced electrical conductivity. Bio-
carbon polymer composites. Bentham Science Publishers, pp 
115–126

76.	 He L, Tjong SC (2013) Low percolation threshold of gra-
phene/polymer composites prepared by solvothermal reduc-
tion of graphene oxide in the polymer solution. Nanoscale Res 
Lett 8:132

77.	 Zare Y, Rhee KY, Park S-J (2023) Progressing of a power model 
for electrical conductivity of graphene-based composites. Sci Rep 
13:1596



1 3

Page 19 of 19  411Journal of Polymer Research (2026) 33:411

78.	 Boland CS, Khan U, Backes C et al (2014) Sensitive, high-strain, 
high-rate bodily motion sensors based on graphene–rubber com-
posites. ACS Nano 8:8819–8830

79.	 Aparecido-Ferreira A, Ribeiro GM, Sampaio JF (2015) Remov-
ing the effects of temperature and of inappropriate critical point 
proximity on the electrical resistivity percolation exponent. Solid 
State Commun 211:43–46

80.	 Balberg I (2017) Unified model for pseudononuniversal behavior 
of the electrical conductivity in percolation systems. Phys Rev 
Lett 119:80601

Publisher's Note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.


