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Abstract: The mechanism of the recently discovered enhancement of dielectric properties in 
dilute polymer-nanoparticle composites is investigated by experiments and computer 
simulations. We show that the weakening of the hydrogen bonds between the nanoparticles and 
the polymer chains reduces the polymer-nanoparticle composite's dielectric enhancement. The 
subsequent multiscale simulations investigate the attachment of solvated highly dipolar polymers 
to oxide nanoparticles, which leads to deposition of nanoparticle-polymer blobs during solution 
casting and a reduced density compared to a neat polymer film. Coarse-grained simulations of 
nanocomposite morphology are followed by molecular dynamics and density functional theory 
calculations of permittivities. The increased free volume in the nanocomposite enables easier 
reorientation of monomer dipoles with an applied electric field, and thus a higher dielectric 
permittivity. The numerical results are in excellent agreement with experimental data for PEEU 
and PEI nanocomposites. 

I. INTRODUCTION
The well-known Ragone plots [1] relate electric energy storage density and power density. 
Conventional batteries have very high energy densities but low power densities. Capacitors, on 
the other hand, have low energy densities but the highest power densities and can fully charge 
and discharge over tens of milliseconds. Furthermore, in contrast to batteries, capacitors can 
survive millions of charge and discharge cycles. Dielectrics are critical for the design of high-
performance capacitors because the energy density  stored in the capacitor is𝑈

𝑈 =
1

8𝜋𝐾𝐸2
𝑏,

(1)

where  is the relative permittivity, and  is the breakdown field strength. The permittivity is 𝐾 𝐸𝑏
thus critical to attaining high energy density of capacitors. Polymers are usually the preferred 
dielectrics for high-performance capacitors because of their high breakdown voltages, gentle 
failure, and the easy manufacturing of flexible dielectric films. However, the best currently used 
dielectric material, biaxially oriented polypropylene (BOPP) has a permittivity of 2.2 [2,3]. 
Many research programs have been devoted to increasing the effective permittivity of polymer 
dielectrics to increase the stored energy. The research avenues include storing electrical energy 
through a reversible, electric-field-induced phase transition from a non-polar to a polar structure 
[4–7], an admixture of a significant amount of high-  dielectric powders, such as barium titanate 𝐾
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[8,9], and use of polymers with high permittivities due to monomers with strongly dipolar units 
[10–13]. The latter polymers are "linear" dielectrics with constant permittivities whose values do 
not change with the electric field so that the stored energy depends quadratically on the electric 
field and reaches the maximum at the breakdown field. However, it has recently been discovered 
that it is possible to increase a linear polymer dielectric's permittivity significantly by special 
processing. Refs. [11,12] noted that non-crystalline polymer films with substantial disorder have 
dramatically larger permittivities than ordered semi-crystalline structures. The authors attributed 
this enhancement to an increase in volume, which introduces additional free volume. The extra 
volume weakens steric constraints and allows the monomer dipoles to rotate and align better with 
the applied field, thereby increasing permittivity. For example, a crystalline poly(arylene ether 
urea) (PEEU) powder has a permittivity of 3.65, while the permittivity of a disordered PEEU 
film is 4.7 [11]. The increased free volume concept was exploited again by blending two 
dissimilar polymers, such as PEEU (  = 4.7) and aromatic polythiourea (ArPTU,  = 4.4). The 𝐾 𝐾
resulting structural frustration increased the free volume and led to permittivity, reaching 7.5 
[14]. A computational design of organic polymer dielectrics via computational screening with 
targeted experimental synthesis was advocated by Ref. [15]. Several potential candidates have 
been identified, which are being evaluated experimentally.

Recently, a novel way to increase permittivity in highly dipolar polymers was discovered 
[16,17]. Addition of an ultralow (<1 vol%) concentration of small diameter filler nanoparticles 
of, e.g., Al2O3(20 nm size) increased the permittivity of PEEU from 4.7 to 7.4, and that of 
polyetherimide (PEI) from 3.2 to 5.0. At these ultralow filler concentrations, the dramatic 
permittivity increase cannot be explained by permittivity contributions from the nanoparticles 
and must be due to different morphology of the nanocomposite than that of the pure polymer.

In the original article [16] an empirical model was developed, which assumed a non-uniform 
permittivity around each nanoparticle of the form

𝐾(𝑟) = 𝐾0 + [𝐴𝑔 ― 𝐵]𝑒 ―𝑔, (2)

where  is the permittivity of the polymer matrix,  is the distance from the surface of the 𝐾0 𝑟

nanoparticle, , and ,  and  are fitting constants. This model was able to reproduce 𝑔 = ( 𝑟
𝑟0)

2
𝑟0 𝐴 𝐵

qualitatively the nanocomposite data for different nanoparticle diameters and concentrations. 
However, The model does not provide any information about the nanocomposite's structural 
changes or the origin of the dielectric enhancement. There were studies showing that the hydroxy 
groups on the nanoparticles respond to the microwave band, change the bandgaps and therefore 
affect the electronic polarizability and mobility. [18–21] However, with the tiny amount of 
nanoparticles, the dielectric enhancement cannot be explained by contributions from the hydroxy 
groups. A theoretical study [22] investigated the dielectric properties of polymer chains attached 
to an Al2O3 surface and showed that in an interfacial region of 15-55 Å away from the surface, 
the permittivity is significantly enhanced. Nevertheless, an interfacial region of this thickness 
cannot, by itself, explain a ~50% increase of permittivity of the entire film. 

This work describes the results of an extensive experimental-computational investigation of 
polymer nanocomposites, focusing on nanoparticle-induced morphology changes and the 
associated changes in permittivity. In experiments, we observe that by weakening the hydrogen 
bonds between nanoparticles and the polymer, the dielectric constant enhancement is diminished. 
Accordingly, we assume that the polymer chains attach to nanoparticles in solution. Coarse-
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grained simulations model the nanoparticle-polymer blobs and their aggregation to establish the 
nanocomposite morphology. They are followed by all-atom simulations to extract the dipolar and 
ionic contribution to permittivity, and density functional theory calculations to obtain the 
electronic part. The combined results show how a dilute concentration of nanoparticles in 
solution-cast films leads to polymer density variations that enhance permittivity in accordance 
with the experimental results. The paper is organized as follows. Section II describes the 
Experimental Methods and Results, Section III the Computational Model and Methodology, 
Section IV presents the Computational Results and Discussion, while Section V contains the 
Summary and Conclusions. 

II. EXPERIMENTAL METHODS AND RESULTS
In the prior experiments [16,17], the nanocomposite films were prepared by solution casting, 
solvating polymer resin and oxide nanoparticles in either dimethylformamide or 
dimethylacetamide. The solution was cast on a glass slide, and the solvent was evaporated at 
high temperature in a drying oven. The resulting nanocomposite films' permittivities peak at very 
low volume% of nanoparticles, ranging from ~0.2% for 5 nm particles to ~0.8% for 50 nm 
nanoparticles. The chemical nature of the nanoparticles, Al2O3, MgO, SiO2, BN, or BaTiO3, has 
a minimal effect on the enhancement. Nanocomposite's permittivity with smaller nanoparticles, 
which have a greater surface to volume ratio than larger nanoparticles, peaks at lower volume% 
than for larger nanoparticles. We thus focus on the interface between the nanoparticles and the 
polymer. To diminish the possibility of hydrogen bonding between the alumina nanoparticles 
and polymer, we make hydrogen-bond-weakened PEI and PEEU nanocomposites by admixing 
surface-modified alumina nanoparticles, in which the alumina nanoparticle surfaces are partially 
coated by strongly bonded organic molecules, significantly reducing their propensity for 
hydrogen bonding.

IIA. Surface modification of alumina nanoparticles
Al2O3 nanoparticles were added in a flask with anhydrous toluene and then stirred in ultrasonic 
bath for two hours to disperse the nanoparticles. Ethyltrimethoxysilane (from Sigma-Aldrich) 
was then added to the solution and magnetically stirred for one hour. The whole system was 
placed in a silicone oil bath and heated up to 85 °C, refluxing the condensate for 24 hours under 
N2 atmosphere. The modified particles were collected and dried in a vacuum oven at 80 °C.

IIB. PEI and PEEU Composites films fabrication
We fabricated PEI nanocomposites with Alumina nanofillers (neat or modified) with various 
filler loadings. Al2O3 nanoparticles with diameter of 20 nm were purchased from US Nano. 
ULTEM 1000 PEI polymer resin was provided by PolyK (State College). The composite films 
were prepared by solution casting method. To prepare the nanocomposite solution, a proper 
amount of PEI powder was dissolved in dimethylformamide (DMF) at 80 °C and stirred 
overnight to obtain a homogeneous solution. Nanofillers with a given amount corresponding to 
each volume content were dispersed in DMF at room temperature using an Elma "P" Series 
Ultrasonics (250 W) for 1 hr. Afterward, the PEI solution was poured into this suspension and 
sonicated for 12 hrs. The solution was then cast onto a clean glass slide. The solution-cast films 
were kept in a drying oven at 70 °C for 12 hours to remove the solvent and then heated to 100 °C 
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and 150 °C for 1 hour, respectively, followed by a final drying step at 200 °C for 2 hours. 
Afterward, the films were kept in a vacuum oven at 200 °C for 24 hours to further remove any 
residual solvent. The film was peeled off from the glass substrate by placing it in the DI water, 
then the film was dried at 70 °C in a vacuum oven. The thickness of PEI and its nanocomposites 
is in the range of 10-15 μm, measured by Heidenhain Length Gauges from Powertronics 
Incorporated. Gold electrodes with 6 mm diameter and thicknesses of 50 nm were sputtered on 
both sides of the PEI composites films for all the electrical measurements.

PEEU powder was synthesized by Key Synthesis LLC. To prepare the nanocomposite solution, a 
proper amount of PEEU powder was dissolved in dimethylformamide (DMF) at 60 °C and stirred 
overnight to obtain a homogeneous solution. Alumina nanoparticles (neat or modified) with 
selected volume content were dispersed in DMF at room temperature using an Elma "P" Series 
Ultrasonics (250 W) for 1 hour. Afterward, the PEEU solution was poured into this suspension 
and sonicated for 6 hours. Then, the solution was cast onto a Platinum (Pt) coated silicon plate 
and kept in a vacuum oven and dried at 80 °C for 12 hours to remove solvent. The obtained film 
was heated to 180 °C for 24 hours to further remove the solvent. The thickness of PEEU and its 
nanocomposites is in the range of 2-3 μm, measured by Profilometer (Tencor, P16). Pt electrodes 
of 4 mm diameter were sputtered on the composite films for the dielectric characterization.

IIC. Dielectric, X-ray diffraction, and SEM
Gold electrodes with 6 mm diameter and thicknesses of 50 nm were sputtered on both sides of 
the PEI composite films for all the electrical measurements. The dielectric constant was 
measured at 1kHz by a Hewlett-Packard (HP) 4284A LCR meter. The X-ray diffraction data for 
PEI nanocomposites were collected at room temperature using a Panalytical Xpert Pro MPD 
diffractometer. SEM (Scanning Electron Microscope) images were collected by Apreo 2 SEM.

Further experimental details of PEI and PEEU nanocomposites have been described in two 
earlier publications, Refs [16,17].

Fig. 1. (a) Infrared (IR) spectra and (b) Transmission electron microscopy (TEM) image of 
modified Alumina particles. 

Page 4 of 18Nanoscale



5

IID. Experimental results

In Fig. 1(a), the infrared spectra show that the modified particles still have the -OH groups as the 
original nanoparticles, but the modification also introduces alkyl groups that form a ~1nm thick 
coating on nanoparticles' surfaces, as shown in the TEM image, Fig. 1(b). 

Fig. 2. (a)-(b) Dielectric constants of PEEU and PEI composites with 20 nm neat and modified 
Alumina nanoparticles versus nanoparticle volume content. (c) X-ray pattern of PEI 
nanocomposites with various volume content of modified Alumina particles. 

Fig 2 compares the nanocomposites made with the modified nanoparticles versus those made 
with neat oxides. The peak dielectric constant decreased to 4.0 from 4.8 for the modified versus 
the neat PEI nanocomposite and to 6.2 from 7.4 for the PEEU nanocomposites. Furthermore, the 
peaks of the dielectric constant moved to higher volume% of the modified nanoparticles, 
indicating that the reduced propensity for hydrogen bond formation is partially compensated by 
an increase in the total surface area of nanoparticles, to which some chains can still attach. XRD 
data also shows that the broad amorphous peak for composites with 0.48 vol% modified 
nanoparticles is at a lower angle compared with other compositions.
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III. COMPUTATIONAL MODEL AND METHODOLOGY
Based on the experimental observations, our model assumes that solvated polymers attach to the 
nanoparticles in solution. The polymer-nanoparticle bundles are then deposited on a surface and 
solidify into a film when the solvent evaporates. Obviously, this is a very complex, multistage 
process that is impossible to simulate in atomistic detail at present. Therefore, we simulate 
polymer chains that have already attached to nanoparticles and form a solid from condensed 
polymer-nanoparticle bundles. However, given the very low nanoparticle volume fraction, 
atomistic simulation of even a single polymer-nanoparticle bundle requires very large 
computational resources. Therefore, we develop a coarse-grained model that allows for studies of 
bundle formation, annealing, and coalescence. The coarse-grained potentials are developed from 
atomistic molecular dynamics (MD) simulations. Atomistic MD is then used to calculate the 
dipolar and the ionic parts of permittivity. The electronic part, due to the response of the electron 
cloud, is calculated by density functional theory calculations. 

IIIA. Coarse-grained model
Considering the many hydroxy groups on oxide nanoparticle surfaces, the strongly-dipolar 
polymers with hydrogen-bond acceptors, such as PEEU, PEI, polyimide (PI), and polyaromatic 
ether ketone (PAEK), it is reasonable to assume that polymer chains attach to nanoparticles 
through hydrogen bonds. Therefore, in the coarse-grained simulations, the polymer-nanoparticle 
blob is modeled as a hairy "ball," i.e., the polymer chains saturate the nanoparticle's surface, 
which is taken as spherical for simplicity. A pristine polymer is modeled as parallel, densely 
packed chains. 

The Kremer-Grest model is a widely used coarse-grained bead-spring model for studies of the 
morphologies of polymers. The original KG model includes a term accounting for the finite 
extensible nonlinear elastic (FENE) bonded interactions

𝑈FENE(𝑟) = { ―
𝑘𝑅2

2 ln [1 ― (𝑟
𝑅)2], for 𝑟 < 𝑅

∞,                                    for 𝑟 ≥ 𝑅
(3)

and the Weeks-Chandler-Anderson (WCA) potential, i.e., a shifted and truncated repulsive 12-6 
Lenard-Jones potential, for describing the nonbonded interactions 

𝑈WCA(𝑟) = {4𝜀[(𝜎
𝑟)12

― (𝜎
𝑟)6

+
1
4], for 𝑟 < 2

1
6𝜎

0, for r ≥ 2
1
6𝜎

(4)
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Fig. 3 (a) A PEI chain is coarse-grained into charged beads, (b) A coarse-grained polymer chain 
is grafted on a nanoparticle and is grown by self-avoiding random walk, (c) A periodic 
simulation box of a coarse-grained polymer nanocomposite with 32 chains grafted on each 
nanoparticle. Green dots mark the grafting sites.

We used a modified KG model, which includes bending-angle and torsional-angle interactions 
[23] and allows the beads to be charged [24]. The additional terms are:

𝑈bend(𝜃) =
𝑘𝜃

2
(cos 𝜃 ― cos 𝜃0)2 (5)

where  is the bending angle, and𝜃

𝑈torsion(𝜃1,𝜃2,𝜙) = 𝑘𝜙sin3 𝜃1sin3 𝜃2

3

∑
𝑛 = 0

𝑎𝑛cos𝑛 𝜙
(6)

where  is the torsional angle, and  and  are the bending angles.𝜙 𝜃1 𝜃2

For the nanocomposite simulations, the modified KG model was combined with a colloid 
potential to describe the interaction between polymer beads and the spherical nanoparticles. The 
form of this potential is [25]:

𝑈CS(𝑟) =
2𝑅3𝜎3𝐴CS

9(𝑅2 ― 𝑟2)3[1 ―
(5𝑅6 + 45𝑅4𝑟2 + 63𝑅2𝑟4 + 15𝑟6)𝜎6

15(𝑅 ― 𝑟)6(𝑅 + 𝑟)6 ], for 𝑟 < 𝑟c (7)

The coarse-grained model reduces the number of particles by a factor of ~10, simplifies their 
interactions, and increases the timestep, speeding up the simulations by two orders of magnitude. 
A detailed list of parameters, developed from atomistic MD simulations, is given in Appendix A. 

To study the morphology change of the polymers in nanocomposites, we perform molecular 
dynamics simulations using LAMMPS [26] with the coarse-grained parallel chains model for the 
pure polymers and the coarse-grained "hairy ball" model for polymer nanocomposites. For the 
parallel chains model, 32 polymer chains are initially aligned in parallel. For the nanocomposite 
simulations, 32 polymer chains were grafted onto the nanoparticle surface (the grafting sites 
were uniformly spaced) and "grown" by self-avoiding random walk addition of monomers until 
each chain was 2500 monomers long. The modeled systems were optimized through a simulated 
annealing procedure under zero pressure by (1) equilibration at temperature 0.3  for 100000 𝜀/𝑘B
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steps, (2) cooling down to 0.18  for 200000 steps, (3) equilibration at 0.18  for 100000 𝜀/𝑘B 𝜀/𝑘B
steps. For the optimized systems, the density profiles of the polymer nanocomposite and the 
pristine polymer systems were recorded.

IIIB. All-Atom Modeling and Molecular Dynamics
The all-atom molecular dynamics simulations were carried out using LAMMPS [26] with the 
ReaxFF force field. The ReaxFF is a bond-order-based force field originally designed to capture 
bond formation and bond breaking processes in chemical reactions. To achieve this, the force 
field is designed and parametrized to be as general as possible to model different chemical 
configurations formed by the same elements [27]. This is particularly useful for new polymers, 
for which optimized parametrizations do not yet exist. ReaxFF also includes a fluctuating charge 
model implemented through the electronegativity equalization method, which is essential to 
capturing the polarization response due to charge redistribution caused by atomic displacements 
[12]. The ReaxFF parameters were taken from Ref. [28] for PEEU and Ref. [22] for PEI.

The amorphous PEEU and PEI chains were modeled by 4 chains containing 1,832 and 1,112 
atoms, corresponding to 48 monomers of PEEU and 16 monomers of PEI, respectively. The 
chains were aligned in parallel and placed in a periodic unit cell. To obtain the equilibrium 
densities, the cells were individually optimized through a simulated annealing procedure at zero 
pressure: (1) equilibration for 1 ns at 450 K, (2) cooling to 300 K at the rate of 250 K per ns, and 
(3) equilibration for 1 ns at 300 K. The temperature and pressure were controlled by the Nose-
Hoover algorithm to generate the canonical (NVT) or isothermal-isobaric (NPT) ensembles 
[29,30]. The time step was 0.5 fs for all the simulations. To model polymers at lower densities, 
the unit cells at equilibrium were expanded uniformly in the two directions perpendicular to the 
polymer chains so that the densities were reduced to 85% of the equilibrium densities. After 
equilibration, the dipole moments were sampled at every time step for 1 ns to enable calculation 
of the vibrational contribution to permittivity.

The vibrational permittivity  was calculated through the fluctuation formula [31,32] 𝐾𝑠 ― 𝐾∞

𝐾𝑠 ― 𝐾∞ =
4𝜋
3

〈𝑀2〉 ― 〈𝑀〉2

𝑘𝐵𝑇𝑉 ,
(8)

where  is the Boltzmann constant,  is the thermodynamic temperature,  is the volume of the 𝑘𝐵 𝑇 𝑉
system,  is the total dipole moment, and  is the averaging operation. The total dipole moment 𝑀 〈〉
of a system is calculated as

𝑀 = ∑
𝑖

𝑞𝑖𝑟𝑖, (9)

where  and  are the partial charge and position vector of th particle, respectively, which are 𝑞𝑖 𝑟𝑖 𝑖
updated and recorded at each time step in our MD simulations. The dipole moment vary as the 
atomic positions change, accounting for the ionic and dipolar contributions to polarization, but 
not the electronic contributions. The complex dynamical permittivity is calculated using the 
fluctuation-dissipation theorem [32,33]
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𝐾(𝜔) = 𝐾𝑠 ―
4𝜋
3

𝑖𝜔
𝑘𝐵𝑇𝑉∫

∞

0
𝑒 ―𝑖𝜔𝑡(〈𝑀0 ⋅ 𝑀𝑡 〉 ― 〈𝑀〉2)𝑑𝑡. (10)

The imaginary part of  gives the dielectric loss . In this study, we fit the 𝐾(𝜔) 𝐾′′ = ―𝐼𝑚(𝐾)
autocorrelation function of the dipole moment  to a multiexponential function 〈𝑀0 ⋅ 𝑀𝑡 〉 ― 〈𝑀〉2

to eliminate the noise from the molecular dynamics and the numerical Fourier-Laplace transform 
[34]. 

IIIC. Electronic Contribution to Permittivity
As shown in Refs. [12,14], the electronic permittivity is insensitive to the local morphology of 
polymers. Therefore, we use single-monomer unit cells to calculate the electronic permittivities 
by density functional perturbation theory (DFPT) [35]. 

Density functional theory (DFT) is used to optimize the unit cell and relax the atomic structure 
before DFPT is used to obtain the permittivity. DFPT calculates quantum mechanically the 
system's response due to a perturbation and obtains the dynamical matrix, phonons, Born 
effective charges, and the electronic permittivity. The DFPT computes the electronic permittivity 
using the formula

𝐾∞
𝛼𝛽 = 𝛿𝛼𝛽 ―

8𝜋
Ω0

∂2𝐸el

∂ℰ ∗
𝛼 ∂ℰ𝛽

,
(11)

where  is the Kronecker delta,  is the volume of the unit cell, and  is the mixed 𝛿𝛼𝛽 Ω0
∂2𝐸el

∂ℰ ∗
𝛼 ∂ℰ𝛽

second-order derivative of the total energy with respect to the electric field. We calculate the 
scalar electronic permittivity as a simple cartesian average

𝐾∞ =
𝐾∞

𝑥𝑥 + 𝐾∞
𝑦𝑦 + 𝐾∞

𝑧𝑧

3 .
(12)

DFPT obtains the total low-frequency permittivity using the formula

𝐾𝛼𝛽(𝜔) = 𝐾∞
𝛼𝛽 +

4𝜋
Ω0

∑
𝑚

𝑆𝑚, 𝛼𝛽

𝜔2
𝑚 ― 𝜔2, (13)

where  is the oscillator strength tensor for each zone-center optical phonon and  is its 𝑆𝑚, 𝛼𝛽 𝜔𝑚
frequency [36]. The static permittivity Ks is again obtained averaging the diagonal components at 
ω = 0. The vibrational contribution to the permittivity is .𝐾𝑠 ― 𝐾∞

The density functional theory and density functional perturbation theory calculations were 
carried out using the Quantum Espresso package [37], with the PBE exchange-correlation 
functional [38], and ultrasoft pseudopotentials [39]. The vdW-DF2 functional [40] was used to 
include van der Waals interactions between polymer chains. The energy cutoffs for 
wavefunctions and charge density were 60 Ry and 600 Ry, respectively. The convergence 
thresholds for the total energy, forces, and pressure were 0.0001 Ry, 0.001 Ry/bohr, and 3 bar, 
respectively. The target pressure was 0.
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IV. COMPUTATIONAL RESULTS AND DISCUSSION
The results of coarse grain simulations are presented in Fig. 4. Setting the pure coarse-grained 
polymer's density at 1, the average density in the polymer nanocomposite is 0.85. The heat map 
of the density profile shows that the polymer nanocomposite has a quite uniform density 
distribution. Voids and free volume randomly appear not just near the nanoparticle's surface but 
also between the polymer chains.

We performed density functional perturbation theory calculations and molecular dynamics 
simulations on all-atom models of PEEU and PEI to connect the results of coarse-grained 
modeling to the observed permittivities. In DFPT calculations, the polymer “crystals” are 
represented by single-chain unit cells, containing 69 atoms for PEI and 38 atoms for PEEU. 
After geometry optimization using DFT, the vibrational and electronic permittivities were 
calculated using DFPT. In DFPT calculations for one monomer unit cells, the electronic 
permittivities are 2.98 for PEEU and 2.89 for PEI; while the static permittivities are 3.67 and 
3.25, respectively. The vibrational permittivities are thus is 0.69 for PEEU and 0.36 for PEI. 

To assess the ReaxFF interatomic potentials' quality, we carried out molecular dynamics for the 
same “crystals”. The resulting vibrational permittivities were 0.71 for PEEU and 0.33 for PEI, 
consistent with the DFPT calculations. The results for both sets of calculations are summarized 
in Table 1. 
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Fig. 4. Results of coarse-grained MD simulations of pure polymers and nanocomposites: (a) 
Slices of pure polymer cell show well-packed polymer chains with little free volume, (b) Slices 
of polymer-nanoparticle composite with significantly more free volume, (c) Polymer density 
distributions of the nanocomposite and the pure polymer, (d) Polymer density distribution 
heatmap in a planar slice of the simulated nanocomposite. The nanoparticles are located at the 
corners where the polymer density is zero (colored in blue). The color map highlights the regions 
of high and low densities.

Table 1 Vibrational permittivities of polymer "crystals"

 from MD/ReaxFF𝐾𝑠 ― 𝐾∞  from DFPT𝐾𝑠 ― 𝐾∞

PEEU “crystal” 0.71 0.69 ( =2.98)𝐾∞

PEI “crystal” 0.33 0.36 ( =2.89)𝐾∞
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We now turn to large-scale molecular dynamics calculations. In the MD simulations of 
amorphous polymers, we used 4 chains with 12 monomers each for PEEU and 4 monomers each 
for PEI. After annealing and equilibration, the chains are partially twisted and disordered, 
resulting in effectively amorphous structures. The equilibrium density at zero pressure for PEEU 
is 1.49 g/cm3

, with a vibrational permittivity of 1.77. For PEI, the equilibrium density is 1.45 
g/cm3

, with the vibrational permittivity of 0.46. At 85% of their original densities (1.26 g/cm3 for 
PEEU and 1.21 g/cm3 for PEI), the vibrational permittivities become 4.63 for PEEU and 2.54 for 
PEI. The permittivities are thus increased by 2.86 for PEEU and by 2.08 for PEI. The calculated 
data are listed in Table 2.

Table 2 Calculated permittivities of amorphous polymers

𝐾𝑠 ― 𝐾∞ 𝐾𝑠

1.49 g/cm3 PEEU amorphous 1.77 4.75

1.26 g/cm3 PEEU amorphous 4.63 7.61

1.45 g/cm3 PEI amorphous 0.46 3.35

1.21 g/cm3 PEI amorphous 2.54 5.43

We also calculated the dielectric loss, eq. 10, and use it to analyze the dielectric enhancement. 
The dielectric loss spectra (Fig. 5), show that the low-frequency modes are enhanced in low-
densities PEEU and PEI, compared to those at their equilibrium densities. Compared to pure 
PEEU with the density of 1.49 g/cm3, the PEEU with the density of 1.26 g/cm3 has more 
intensive peaks around ~100 GHz, while the PEI with the density of 1.21 g/cm3 has more 
intensive peaks around ~10 and ~100 GHz than the pure PEI with the density of 1.45 g/cm3. This 
indicates that more low-frequency modes are activated with increased free volume and that the 
low-frequency dielectric response is enhanced. The real and imaginary parts of the frequency-
dependent dielectric constant (Fig. 5) also show that the increase of dielectric constant come 
from the contributions of low frequency modes, where the peaks of the dielectric loss reside. 
This can be understood from Eq. 13: with the squared frequency singular terms in the 
denominator, low-frequency newly activated vibrational modes contribute more to the low-
frequency dielectric constant. 
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Fig. 5. Calculated atomic-motion parts of complex permittivities for PEEU and PEI at 85% of 
equilibrium and normal (100%) densities: (a)(c) the real and imaginary parts of atomic-motion 
contributions to complex dielectric constant for PEEU; (b)(d) the real and imaginary parts of 
atomic-motion contributions to complex dielectric constant for PEI.

The calculated enhancement due to increased free volume is in qualitative agreement with a 
recent computational study of PEI chains attached to an Al2O3 surface [22]. This study showed 
that the dielectric constant is significantly increased at distances between 2 and 6 nm from the 
surface, reaching a value of 20 at 4 nm. However, a 2 nm thin shell of enhanced permittivity 
around each nanoparticle is not sufficient to reach the observed 56% enhancement at particle 
concentrations smaller than 1 vol%.

In contrast, our nucleation-aggregation model of nanoparticle-polymer beads leads to reduced 
polymer density in the entire film, as shown by the coarse-grained simulations. The increased 
free volume throughout the film increases its dielectric permittivity, in very good agreement with 
the experimental data. For PEEU, the calculated value of nanocomposite permittivity is 7.6 
(Table 3), while the experimental value is 7.4 [17]. For PEI, we obtain 5.4, compared to the 
measured result of 5.0 [16]. However, since our simulation times are ~ 1 ns, the sub-GHz 
frequencies are not accessible. This may explain why the calculated dielectric enhancement is 
lower than the empirical model's prediction [16], in addition to the approximations inherent in 
coarse-grained modeling of film morphology. 
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V. SUMMARY AND CONCLUSIONS
This work has investigated permittivity enhancement in dilute polymer nanocomposites, which 
are formed by adding less than 1 vol% of nanometer size particles to polymer solution, before 
solution casting of the dielectric film. Our experiments show that by weakening the hydrogen-
bond interaction between the nanoparticles and the polymer, the dielectric constant enhancement 
is reduced. Accordingly, our computational model assumes that polymers attach to the 
nanoparticles via hydrogen bonds in solution, followed by deposition of nanoparticle-polymer 
blobs during solution casting. Blob formation and aggregation were modeled using coarse-
grained simulations. The coarse-graining involved constructing simplified polymer potentials of 
a modified Kremer-Grest form from atomistic calculations, followed by nanocomposite 
morphology simulations. The monomer density in the polymer nanocomposite turned out to be 
15% lower than that of a pure polymer. This is mainly caused by the constraints on the 
nanoparticle's surface where the polymer chains are anchored, preventing them from fully 
extending to fill the space. The large increase of the free volume in the nanocomposite enables 
easier reorientation and alignment of polymer dipoles with the field, leading to an enhancement 
of the dielectric constant. 

The electronic parts of the dielectric constants, which are largely structure insensitive, were 
calculated using density functional theory, while the vibrational parts for purely crystalline 
polymers were obtained via both DFT and all-atom molecular dynamics with the ReaxFF force 
field. The vibrational parts evaluated by the two methods were in close agreement with each 
other, confirming the accuracy of the ReaxFF force field for calculating dielectric properties. 
All-atom MD simulations were then performed for amorphous PEEU and PEI polymers, both at 
their equilibrium densities and at 85% of these densities. The results at equilibrium densities 
agree well with the experimental data for pristine polymer films, while those for low-density 
polymers are in very good agreement with the experimental results for nanocomposites. The 
anticipated origin of the enhancement was confirmed by analyzing the imaginary part of the 
complex permittivity. We found that the low-frequency response between 10 and 100 GHz is 
enlarged in polymer nanocomposites compared to the pristine polymers, consistent with the 
intuitive understanding of the effects of enhanced free volume.
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Appendix A.

Table A1 Parameters in coarse-grained simulations [23].

Parameter In MD units
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 in WCA potential and LJ potential𝜖 1

 in WCA potential and LJ potential𝜎 1

 in FENE potential𝑘 30

 in FENE potential𝑅 1.5

 in bending potential𝑘𝜃 25

 in bending potentialcos 𝜃0 -0.333

 in torsional potential𝑘𝜙 1

 in torsional potential𝑎0 3.0

 in torsional potential𝑎1 -5.9

 in torsional potential𝑎2 2.06

 in torsional potential𝑎3 10.9
 

Table A2 dielectric constant summary for PEI composites with 20 nm Alumina particles

Sample # 1 2 3 4 5

0 vol% 3.20 3.23 3.22 3.19 3.17

0.32 vol% 4.81 5.01 5.33 4.67 4.43

0.64 vol% 4.38 3.91 3.84 4.21 4.05

0.96 vol% 3.79 3.84 3.78 3.87 3.98

Table A3 dielectric constant summary for PEI composites with modified 20 nm Alumina 
particles

Sample # 1 2 3

0.16 vol% 3.14 3.11 3.16

0.32 vol% 3.18 3.27 3.27

0.48 vol% 4.11 3.69 3.95

0.64 vol% 3.48 3.44 3.37

0.80 vol% 3.39 3.43 3.39

0.96 vol% 3.28 3.29 3.30
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