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Abstract. Nanodielectrics are promising materials that can efﬁciently store a large amount of electrical energy that are
desirable for many electronic and power devices. Control of polymer–particle interface in nanodielectrics is very critical in
not only obtaining the improved quality of dispersion but also in altering the dielectric properties. Various surface modifying
agents with linear (alkyl), aromatic (phenyl) and extended aromatic (naphthyl) chemical nature were employed at the epoxy–
nanoTiO2 interface. All the surface-modifying agents were successful in passivating the nanoparticles surface and in obtaining
the improved quality of polymer–particle dispersion and improved glass transition temperature comparatively. However, all
the surface modiﬁers were not successful in obtaining the improved dielectric properties of the nanodielectrics, especially
dielectric breakdown resistance. Only the extended aromatic group at the polymer–particle interface, which is more electron
withdrawing in electronic nature than phenyl and alkyl structures, was successful in improving the dielectric breakdown
resistance. Thus, the choice of surface-modifying agent based on its chemical and electronic nature is very important in
optimizing the dielectric properties of nanodielectrics. Naphthyl phosphate-modiﬁed nanoTiO2 –epoxy composite ﬁlms of
∼90–100 μm thick at 5 vol% particle concentration yielded higher dielectric breakdown resistance than pure epoxy polymer
and thereby resulted in about 90% higher electrical energy storage density than the pure epoxy ﬁlm.
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1. Introduction
Dielectric materials are used to control and store electrical
charges and electric energies that play a key role in modern
electronics and electric power systems [1]. The maximum
energy density (Umax ) (energy stored per volume) in a linear dielectric material is limited to equation (1), where εr
is the dielectric constant or permittivity of the material, εo
(8.854 × 10−12 F m−1 ) is the permittivity of free space and
E b is the dielectric breakdown strength (DBS). Both a larger
permittivity and greater breakdown strength improve electric
energy storage [2].
Umax =

1
εo εr E b2
2

(1)

Ceramic-based dielectric materials, which are inorganic in
nature, are usually known to possess large dielectric permittivity, but they are scarce by their relatively small DBS, poor
processability and mechanical properties due to high sintering
temperature and porosity. On the other hand, polymer-based

dielectric materials, which are organic in nature, usually
possess high DBS, low dielectric losses, excellent mechanical
properties and processability but suffer from smaller dielectric
permittivity [2–4]. Miniaturization and the current increasing
need and demand for high power density, high voltage capacitors and power-storage devices have stimulated the use of
polymer nanocomposite dielectric materials, known as nanodielectrics that combine the advantages of both high DBS
from polymer fractions and high permittivity from ceramic
nanoparticles fraction of the composite to obtain improved or
enhanced dielectric properties [5–10].
The most distinctive feature of nanodielectrics in comparison with conventional microcomposites is the extremely
high surface area available between the nanoparticles and the
polymer matrix. Smaller the size of the embedded nanoparticles, larger is the surface area to volume ratio, which leads
to larger interface regions [11]. Thus, control of interface
is very important as the properties of the nanodielectrics
are often inﬂuenced by the large interfacial regions. Failure
to control the interface results in aggregation or agglomeration of nanoparticles in polymer matrix, which leads to
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Figure 1. Molecular structures of organophosphate ligands: monododecylphosphate (MDDP), phenyl
phosphate (PP) and 1-naphthyl phosphate (NP) used to modify the surface of nano-TiO2 .

detrimental effects on the dielectric properties due to poor ﬁlm
quality and inhomogeneities [7,12]. In other words, interfaces
that can conduct charges are created when dispersing high
surface energy ceramic particles into a low surface energy
polymer, which can thus produce low breakdown resistance
and also make uniform dispersion of the particles problematic
[13]. Thus, without controlling the interface, the advantage of
‘nano’ effect cannot be fully utilized in designing the nanodielectrics with desired dielectric properties.
Treating the surface of nanoparticles using suitable surfactants or surface coupling agents is one way of controlling
the interface to obtain proper compatibility between the
ceramic nanoparticles and polymers. A stable and complex organic oxide interface can be achieved by treating the
ceramic nanoparticles’ surface with various types of surface coupling agents like phosphates, phosphonates or silanes
[13,14]. These surface-treated ceramic nanoparticles can provide improved dispersion and ﬁlm quality that has potential
to improve the dielectric breakdown strengths when added
to polymer matrices compared with very leaky interfaces of
nanodielectrics without any surface treatment [7,13].
In our earlier work, it was demonstrated that surface
modiﬁcation is not only important in achieving good quality of dispersion in nanodielectrics, but also very crucial
in altering and enhancing the dielectric properties of the
nanodielectrics, based on the electronic nature of chemical or functional groups available at the interface [15].
However, only aromatic organophosphate ligands with and
without additional functional groups were utilized to derive
the structure–property relationship. To further understand the
inﬂuence of polymer–particle interfacial chemical nature on
the dielectric properties of nanodielectrics, in this present
work, we employed linear, aromatic and extended aromatic
organic groups containing organophosphate ligand molecules
without any additional functional groups at the interface of
nanoTiO2 and epoxy resin. Figure 1 shows the chemical

structures of organophosphate ligands that were examined as
surface-modifying agents.

2. Experimental
Commercially available nanoTiO2 powder (> 99%, 10–25 nm
APS and 200–240 m2 g−1 ) was obtained from US Research
Nano Materials Inc., Texas, USA and used as is in the
preparation of nanodielectrics and surface functionalization.
BYK-w-9010 (a proprietary co-polymer mixture with acidic
groups) was provided by BYK-Chimie. Organophosphate
surface-modifying agents, monododecylphosphate (MDDP)
and phenyl phosphate (PP), were obtained from TCI Chemicals (India) Pvt. Ltd. and 1-naphthyl phosphate (NP) was
obtained from Sigma Aldrich, USA. Epoxy resin system,
DER 332 and its curing agent, tetraethyltetramine (TETA)
were obtained from Sigma Aldrich, USA.
In a typical surface modiﬁcation reaction, TiO2 nanoparticles were ﬁrst dispersed in a suitable solvent. Organophosphate ligand, approximately 10–15 wt% of particle mass was
mixed with the dispersion and stirred at reﬂux conditions for
18–24 h. The surface-modiﬁed nanoTiO2 powder was then
isolated and puriﬁed by washing through repeated centrifugation and re-dispersion in solvent for 4–5 times to remove any
excess and/or physisorbed ligands. The surface-treated TiO2
nanoparticles were dried thoroughly at 160◦ C for 6–10 h.
For obtaining the electrostatic maps of the surface modiﬁers, the ligand structures were constructed using GaussView
5.0 and was optimized using AVDZ (augmented double zeta
potential), followed by a geometry optimization using the
Density Functional Theory, with a basis set of B3LYP/631G(d) method using Gaussian 09 software.
The powders, modiﬁed and unmodiﬁed, were analysed by
a thermogravimetric analyser (TGA), X-ray photoelectron
spectroscopy (XPS) and impedance spectroscopy through
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powder slurry technique in Maxwell liquid as described
elsewhere [16]. Nanodielectric ﬁlms were made by ﬁrst dispersing surface-treated TiO2 nanoparticles into epoxy resin
(DER 332) via a planetary ball mill (Retsch, PM 100 Model,
Germany) for ∼15 h. BYK-w-9010 was added to unmodiﬁed
TiO2 nanoparticle dispersion into epoxy as an experimental control to compare a dispersed particle composite against
a self-dispersing (surface modiﬁed) particle, wherein the
particle uses the bound surface groups to aid its dispersion. The stoichiometric amount of curing agent, TETA, was
added to the ball-milled nanoTiO2 –epoxy dispersion and the
uncured liquid composite was stirred for 5 min and degassed
before casting and curing the ﬁlms. Films of the uncured liquid
composite were applied to freshly exposed, polished 0.8 mm
thick polished copper substrate obtained from the Steel Emporium, Mumbai. The composite ﬁlms were allowed to cure at
60◦ C for 20 h followed by 150◦ C for 2 h.
The completely cured nanodielectric ﬁlms prepared were
characterized using differential scanning calorimetry (DSC),
scanning electron microscopy (SEM), electrical impedance
and dielectric breakdown strength. Film thicknesses were
measured with a Mitutoyo 0293-340 micrometer and then
the thickness of the copper substrate was subtracted.
Glass transition temperature (Tg ) of all the nanocomposite ﬁlms were assessed in a NetzschDSC 200 F3 Maia
Thermal Analyzer after a preliminary thermal anneal stage
(10◦ C min−1 , from ambient to 100◦ C, cooled to 0◦ C temperature) by scanning temperature from ambient to 150◦ C.
Glass transition temperatures are reported using the inﬂection
point of the transition. The ﬁlm morphology was imaged by
using Ultra 55FE-SEM (Carl Zeiss AG) after sputter coating
the dielectric ﬁlms with a gold-palladium coating. Brightness
and contrast of the images were adjusted using the ImageJ
software. Parallel-plate capacitors were fabricated by depositing circular (50 mm2 ) silver (AG paste MS-5000, Gredmann,
Taiwan) top electrodes onto the nanocomposite thin ﬁlms.
Frequency dependent capacitance and tan δ (dielectric loss)
were measured using HP 4294A Impedance Analyzer (Agilent Technologies Inc., Santa Clara, CA) at a frequency range
from 1 Hz to 1 MHz at room temperature. Reported relative
dielectric constant used for energy density calculation was
calculated according to capacitance measured at 10 kHz. DBS
measurements were made by applying DC voltage across the

ﬁlms using a high voltage generator (Power Electricals, Nasik,
India), with a maximum ramp rate of 500 V s−1 until the point
of ﬁlm failure. A pin electrode was applied by light spring
tension to the surface of the composite, which served as the
electrical ground. The DBS data obtained were analysed using
Weibull failure analysis [equation (2)] method as described
elsewhere [15]. In equation 2, an empirical failure probability (PF ) is equated to median-ranked positioning [equation
(3)] of sample occurrence within a test population and E are
measured DBS values. In equation (3), i is the index (1, 2,
3, … n) and n is the sample size. The measured n breakdown values (E) are reordered in ascending order and then
the probability failure for each E is given from the positioning equation. The discrete measurements are merged from
multiple measurements of multiple samples’ results and are
thus expected to show population statistical DBS. The scale
parameter, α, represents the ﬁeld intensity corresponding to
a 63.2% breakdown probability (PF ). β shows the dispersion
and consistency of the DBS values.
log[− ln{1 − PF (E)}] = β log E − β log α

(2)

PF (i, n) = (i − 0.5)/(n + 0.25)

(3)

3. Results and discussion
After treating the surface of nanoTiO2 particles using
organophosphate coupling agents, the nanopowders were ﬁrst
assessed for the quality and quantity of surface modiﬁcation.
In this regard, TGA and XPS measurements obtained from
the surface modiﬁed and the unmodiﬁed TiO2 nanopowders
are shown in table 1. At above 200◦ C, a signiﬁcant weight loss
was observed (refer to ﬁgure 2) for the organophosphate modiﬁed nanoTiO2 . This weight loss was attributed mainly to the
thermal decomposition and volatilization of organic residues
from the organic groups present on the surface of TiO2 as a
result of surface modiﬁcation [15,16]. Based on the organic
weight loss, surface group density of the surface modiﬁer
present on the nanoparticles surface was then calculated using
the particle surface area and mass of TiO2 and the organic
molecular weight of the surface modiﬁer using similar method
that was reported earlier for surface modiﬁed metal oxide

Table 1. TGA and XPS characterization data of surface-treated nanoTiO2 powders in comparison to
untreated nanoTiO2 powders.
TGA
Powder
NanoTiO2
MDDP-treated nanoTiO2
PP-treated nanoTiO2
NP-treated nanoTiO2

13

XPS (atomic percent)

Organic weight loss
(%)

Surface group density
(groups nm−2 )

C
1s

Ti
2p

O
1s

P
2p

0
8.88
4.3
2.87

—
1.11
0.83
0.41

37.66
34.89
42.23
45.54

3.07
9.58
6.44
4.80

59.27
53.05
49.37
47.34

0.00
2.48
1.96
2.32
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Page 4 of 9

Bull. Mater. Sci. (2018) 41:13
100
99
98
97

Weight Loss (%)

96
95
94
93
As Received NanoTiO2

92
91

MDDP modi NanoTiO2

90

PP modi NanoTiO2

89

NP nanoTiO2

88
87

0

100

200

300

400

500

600

700

800

Temperature (°C)

Figure 2. TGA analysis of surface-modiﬁed and unmodiﬁed TiO2 nanoparticles.

particles [17]. TGA measurements of MDDP and PP-treated
TiO2 nanoparticles showed surface group density of about
one organophosphate molecule per nm2 area of nanoTiO2 ,
which is about one-fourth that of the theoretical surface group
density of organophosphonate groups per nm2 for highly
ordered self-assembled monolayers [18]. A polycrystalline
nature of TiO2 nanoparticles surface and the possible multidentate bonding of the surface modiﬁers on nanoparticles
surface are held responsible for relatively less order or less
surface group density compared to theoretical assumption
[15,16]. Organic weight loss of NP-treated TiO2 nanoparticles resulted in the surface group density of only about half
an organophosphate molecule per nm2 , which is attributed
mainly to the pronounced steric effect offered by the aryl
groups (naphthyl) of NP surface modiﬁer. XPS measurements
indicate the introduction of phosphorus groups on the surfacemodiﬁed nanoTiO2 samples. The surface-modiﬁed powders
mainly showed bridged phosphate oxygen corresponding to
the phosphonyloxygen (P=O), phosphoryl oxygen (P–O) and
R–O–P bonds, where R is alkyl or aryl (phenyl, naphthyl)
carbon of the organophosphate ligands at the regions ranging
from 532 to 534 eV [16].
After both TGA and XPS measurements supported a
consistent, chemically strong surface bonding by organophosphate ligands on nanoTiO2 , nanopowders were utilized
for synthesizing polymer–particle nanocomposites in the
epoxy matrix. Surface modiﬁcation of nanoTiO2 assisted in
improved dispersion of nanoparticles in epoxy matrix when
compared with unmodiﬁed nanoTiO2 , as evident from the

FE-SEM images of the nanocomposite ﬁlms at 5 vol%
particle concentration (ﬁgure 3). SEM images of unmodiﬁed
TiO2 nanoparticle composites exhibited pinhole surface
defects and poor quality of dispersion. In contrast, nanocomposites with all organophosphate ligand-modiﬁed TiO2
nanoparticles yielded improved dispersion quality. Quality
of dispersion was not observed to change signiﬁcantly for
different organophosphate ligands-employed to modify the
TiO2 nanoparticles surface. Therefore, any changes in the
subsequent thermal and dielectric studies of the polymer
nanocomposite ﬁlms between the unmodiﬁed and surface
modiﬁed nanoparticles has to be due to the polymer–particle
interfacial differences.
Glass transition temperature (Tg ) of polymer nanocomposites, obtained by DSC, is related to the free volume of
the polymer chains as described by the Williams–Landel–
Ferry theory and the interaction strength between the polymer
and particle interface [19,20]. Blum et al have studied how
particle curvature, surface adsorption and composition inﬂuence the polymer-free volume observed as changes in glass
transition temperature and deuterium nuclear magnetic resonance relaxation [21,22]. In our present study, pristine epoxy
polymer showed a Tg inﬂection point of about 125◦ C, while
unmodiﬁed nanoparticle composites with commercial phosphate ester dispersant showed a depressed Tg inﬂection point
of about 116◦ C (table 2 and ﬁgure 4), a fairly large decrease
of about 9◦ C. This decrease in Tg , which is typical to polymer nanocomposites as compared to pure polymer, is caused
by the nanoparticle radius of curvature increasing the free
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Figure 3. FE-SEM images of 5 vol% nanocomposite ﬁlms: (a) untreated nanoTiO2 –epoxy (with BYK-w-9010),
(b) MDDP-treated nanoTiO2 –epoxy, (c) PP-treated nanoTiO2 –epoxy and (d) NP-treated nanoTiO2 –epoxy.

volume of the polymer chains [21]. This decrease in Tg also
suggests weakly bonded polymer–particle interface caused
by the increase in the free volume of the polymer chains at
the interface [13]. However, when organophosphate ligandtreated nanoparticles are incorporated in the epoxy polymer
matrices, Tg is either retained to that of bulk pure polymer or
even further improved (table 2 and ﬁgure 4). This improvement in the Tg for all surface-treated nanoparticles–polymer
composites is mainly attributed to a stronger interface caused
by the phosphate groups that are capable of forming strong,
stable and complex oxide bonding on the nanoparticles surface. This strong interfacial bonding restricted the polymer
chain mobility at the interface, thereby reducing the local free
volume and improving the overall Tg .
Free volume has inﬂuence on the dielectric breakdown
resistance and have previously evidenced that greater free volume due to weak polymer–particle interface reduces dielectric
breakdown resistance [15,23,24]. Our results for DBS data
obtained and analysed using Weibull failure analysis method,
which has been frequently adopted for the investigation of
dielectric breakdown of different material systems [25], also
suggests the same. The DBS measurements were reproduced
using multiple samples and thus show the Weibull distribution intercept (E) expected over multiple measurements.

An unmodiﬁed nanoTiO2 ﬁlled nanocomposite with lower
Tg showed lower DBS compared to the pure epoxy polymer
(table 2 and ﬁgure 5). However, all surface modiﬁed nanoTiO2
nanocomposites with Tg similar to pure polymer or even
better than pure polymer due to stronger interface and
with improved quality of dispersion compared to unmodiﬁed nanoTiO2 did not yield higher DBS compared to pure
epoxy polymer. NP-modiﬁed nanoTiO2 nanocomposite alone
showed signiﬁcant improvement in DBS when compared
to pure epoxy and other surface-modiﬁed nanoTiO2
nanocomposites. This difference in DBS for various surfacetreated nanoTiO2 is mainly attributed to the difference in
the chemical nature of polymer–particle interface of the
nanocomposites.
If we analyse the type of surface modiﬁers employed
for treating the nanoTiO2 surface, MDDP has alkyl (linear)
backbone chain, PP has aromatic ring and NP has extended
aromatic ring. Alkyl group of MDDP is traditionally known
to be electron donating through inductive effect, whereas
phenyl group and aryl group (Naphthyl) of PP and NP can be
either electron donating or electron withdrawing due to strong
resonance effects [26]. DBS results of the polymer nanocomposites suggest that the polymer–particle interface possessed
higher dielectric breakdown resistance when aryl group of

< 0.042
< 0.046
< 0.042
< 0.041
< 0.043
< 0.029
< 0.036
< 0.032
< 0.030
< 0.033
Pure epoxy
NanoTiO2 /epoxy (5PVC)
NP-treated nanoTiO2 /epoxy (5PVC)
PP-treated nanoTiO2 /epoxy (5PVC)
MDDP-treated nanoTiO2 /epoxy (5PVC)

125
116
128
129
124

102.1
91.1
120.3
95.9
84.8

4.49
6.30
6.27
6.33
6.39

Dielectric loss at
10 kHz
Dielectric loss at
1 kHz
Dielectric constant at 10 kHz
DBS (V μm−1 )
Tg (◦ C)
Dielectric sample (∼90–100 μm thickness)

DSC and dielectric properties characterization data of 5 vol% epoxy–nanoTiO2 composites compared to pure polymer.
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0.23
0.40
0.26
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NP is present at the interface as compared to phenyl group
of PP and alkyl group of MDDP. The order of increase in the
dielectric breakdown resistance was observed to be alkyl <
phenyl < aryl.
Impedance spectroscopy results of nanoparticles of various surface-modiﬁed nanoTiO2 powders in comparison to
unmodiﬁed nanoTiO2 powder using powder slurry technique
supports the above argument (ﬁgure 6 and table 3) based on
the electrical resistivity differences observed for different surface modiﬁers. The complex impedance spectra (Z vs. Z ,
where Z and Z are real and imaginary parts of the complex impedance) of the particles slurries in a Maxwell liquid,
butoxyethanol, were subjected to equivalent circuit modelling
to deconvolute the solvent element contributions from particle
element contributions using two RC elements (ﬁgure 6). Four
parameters, high-frequency resistance (R1) and capacitance
(C1) corresponding to the liquid portion of the slurries and
low-frequency resistance (R2) and constant phase element
(CPE2) corresponding to the particle portion of the slurries
obtained for each impedance spectrum and their calculated
dielectric permittivities of individual components of the slurries are reported in table 3. The equivalent circuit modelling
of the impedance spectroscopy data showed that the electrical resistance (R2) and the corresponding electrical resistivity
(calculated from R2 using the formula ρ = R × AL −1 ,
where A and L are the area and separation distance of the
sample impedance measurement cell) of surface-modiﬁed
nanoTiO2 was either lowered or improved than unmodiﬁed
nanoTiO2 . MDDP-treated nanoTiO2 was observed to result
in 50% reduction in the electrical resistivity, whereas PP- and
NP-treated nanoTiO2 were observed to result in about 100
and 150% increase in the electrical resistivity as compared to
untreated nanoTiO2 . Improvement in the electrical resistivity
of particle resistivity was observed to be in the order of MDDP
< PP < NP [16]. This difference in the electrical resistivity
is attributed to the difference in the chemical nature of ligands present on the nanoTiO2 surface. Hence, the choice of
chemical nature of ligands employed for surface passivation
of metal oxide nanoparticles plays an important role in altering the particle surface electrical resistivity and their DBS in
polymer nanocomposites. Surface passivated nanoTiO2 powders yielded reliable and reproducible permittivity values in
the range of 70–80 compared to untreated nanoTiO2 powder.
The choice of an organic functional group did not seem to
inﬂuence the dielectric permittivity of nanoTiO2 to a signiﬁcant extent [16].
We hereby present that the electronic nature of the particle’s surface, based on the type of functional groups of
the organophosphate ligand, correlated with improvements
observed in the DBS results. Electrostatic potential (ESP)
maps of various functional groups containing organophosphate surface modiﬁers (ﬁgure 7) suggest that the alkyl chain
of MDDP is electron-donating and thus the alkyl chain possessed slightly electropositive charge (observed as blue colour
in MDDP ESP map) after donating its electrons to the oxygen
of R–O–P link of phosphate ester through induction effect.
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Figure 4. DSC plot of the epoxy polymer in comparison with the 5 vol% nanoTiO2 –epoxy composites (Tg
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Figure 6. Impedance spectra of 20 vol% nanoTiO2 -based powders.
Table 3. Fitting parameters of the impedance data and the permittivity values of the nanoTiO2 slurries
in BOE at 20 vol%.
Sample
BOE
NanoTiO2
MDDP nanoTiO2
PP nanoTiO2
NP nanoTiO2

R1 (k)

C1 (F)

R2 (k)

CPE2-T (F)

CPE2-P

C2 (F)

εra

εrb

23.9
10.9
17.4
46.9
56.7

3.1E−11
9.9E−11
6.1E−11
6.6E−11
6.3E−11

—
33.9
19.8
67.0
83.7

—
3.27E−10
8.94E−10
7.25E−10
3.99E−10

—
0.90
0.87
0.88
0.92

—
9.7E−11
1.7E−10
1.9E−10
1.6E−10

10.7
42.1
25.7
28.1
26.7

—
41.3
72.3
80.6
70.7

a Permittivity of liquid component of the slurry.
b Permittivity of particulate component of the slurry.

Phenyl group and aryl group of PP and NP appeared to be
electron-withdrawing in nature through resonance effects and
thus the phenyl and naphthyl rings possessed negative charge
(observed as red colour in the NP and PP ESP maps) after
withdrawing electrons from the oxygen of R–O–P link of
phosphate ester. Based on the ESP maps, naphthyl ring is
observed to be more electron-withdrawing than phenyl ring,
which is attributed mainly due to the presence of several
canonical structures in naphthyl ring compared to phenyl
ring. Thus, the NP surface modiﬁer with several canonical
structures in its phenyl ring can be held responsible for more
electrical resistivity and thereby, greater DBS results obtained
for NP-treated nanoTiO2 –epoxy composites than those of PP
and MDDP surface modiﬁers.
Aryl (phenyl, naphthyl) groups which contains π (pi) electrons are known to be more polarizable than the simple alkyl
group [27]. However, impedance measurements of various
surface-treated nanoTiO2 polymer nanocomposites did not

show any appreciable difference in dielectric permittivity at
5 vol% particle concentration (table 2) as those polarizability
differences are very small. The dielectric permittivities of
the polymer nanocomposites were observed to be more or
less similar. Comparatively, dielectric loss data for surfacemodiﬁed nanoTiO2 polymer nanocomposites was observed to
be lower than the unmodiﬁed nanoTiO2 polymer nanocomposites mainly due to the stronger polymer–particle interface
and improved quality of dispersion. Owing to the improved
DBS of NP-treated nanoTiO2 –epoxy composite than the pure
epoxy polymer, the maximum electrical energy storage density of the NP-treated nanoTiO2 –epoxy composite at 5 vol%
particle concentration, calculated from equation (1), was
observed to be more than 90% higher than the pure epoxy
polymer (table 2). Only slight improvement or no improvement in the maximum electrical energy storage density was
observed for the PP- and MDDP-treated nanoTiO2 –epoxy
composites when compared with pure epoxy.
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Figure 7. Electrostatic potential maps of surface modiﬁers
obtained from DFT modelling. Red colour indicates negative charge,
whereas blue colour indicates positive charge.

4. Conclusions
Use of interfacial coupling agents is an effective approach
to improve the quality of dispersion and polymer–particle
interaction in a nanocomposite dielectric ﬁlm. However, all
interfacial coupling agents with improved interaction between
polymer and particle does not necessarily result in improved
dielectric properties of their nanodielectrics. Proper selection of interfacial coupling agents based on the electronic
and chemical nature of the functional groups present at
the polymer–particle interface is required to optimize the
dielectric properties of the nanodielectrics. We have demonstrated that the electron-withdrawing nature of functional
groups is preferable to improve the dielectric properties, especially dielectric breakdown resistance. Our comparison study
between alkyl (of MDDP), aromatic (of PP) and extended
aromatic (of NP) chemical nature at the polymer–particle
interface suggested that the extended aromatic ring, which
is more electron-withdrawing in nature than aromatic and
alkyl groups resulted in improved dielectric breakdown resistance and improved glass transition temperature than the pure
epoxy polymer at 5 vol% particle concentration. NP-treated
nanoTiO2 epoxy composite ﬁlms yielded more than 90%
higher electrostatic energy storage density than the pure epoxy
polymer.
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