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Materials for capacitive energy storage with high energy density and low loss are desired in
many fields. We investigate several polymers with urea and amide functional groups using den-
sity functional theory and classical molecular dynamics simulations. For aromatic polyurea
(APU) and para-aramid (PA), we find several nearly energetically-degenerate ordered structures,
while meta-aromatic polyurea (mAPU) tends to be rotationally disordered along the polymer
chains. Simulated annealing of APU and PA structures result in the formation of hydrogen-
bonded sheets, highlighting the importance of dipole-dipole interactions. In contrast, hydrogen
bonding does not play a significant role in mAPU, hence the propensity to disorder. We find that
the disordered structures with misaligned chains have significantly larger dielectric constants,
due to significant increase in the free volume, which leads to easier reorientation of dipolar
groups in the presence of an electric field. Large segment motion is still not allowed below the
glass transition temperature, which explains the experimentally observed very low loss at high
field and elevated temperature. However, the degree of disorder needs to be controlled, because
highly entangled structures diminish the free dipoles and decrease permittivity. Among the con-
sidered materials, mAPU is the most promising dielectric for capacitive energy storage, but the
concept of increasing permittivity while maintaining low loss through disorder-induced free vo-
lume increase is generally applicable and provides a new pathway for the design of high-

performance dielectrics for capacitive energy storage.



1. Introduction

In the quest for quickly storing and releasing electrical energy, capacitors stand apart both by
releasing energy 300-2000 times faster [1] than batteries and by being able to undergo ~10°
charge-discharge cycles, in contrast to ~10° for batteries. However, the maximum density of
energy stored in capacitors is much lower than that of batteries, hence the quest for better dielec-
tric materials with much higher effective dielectric constant. Among candidate dielectrics, poly-
mers are particularly attractive because of their high breakdown strength, gentle failure, i.e., re-
maining insulators even at breakdown, easy processability and light weight. However, the state-
of-the-art commercial polymer for energy storage, biaxially oriented polypropylene (BOPP) has
a dielectric constant of only 2.2 [2]. With the low permittivity, the energy density is only mod-
erate at 4 J/cm®. Although the loss in BOPP is very low (0.02%) at moderate electric fields [3],
the conduction loss increases significantly at high field [4], and operating temperatures above

85°C reduce the breakdown strength [5].

Both experimental and computational efforts have been devoted to finding new polymers with
enhanced properties. One route is the ferroelectric copolymer/terpolymer system based on poly-
vinylidene fluoride (PVDF) [6-9], which have a dielectric constants of 10-50. In particular, po-
lymers of VDF and “defect” co-polymers chlorotrifluoroethylene (CTFE) or hexafluoropropy-
lene (HFP) have energy densities greater than 18 J/cm® [6,8], far more than PVDF alone. Our
previous work uncovered the reason for this enhancement: a reversible, non-polar to polar phase
transition occurs as high electric field is applied and then released [7]. In PVDF with low copo-

lymer concentration (<20%), the non-polar a phase has the lowest energy, but the polar § phase



is preferred in high electric field. The electric displacement D increases non-linearly during the
non-polar to polar phase transition, which leads to the ultra-high energy density. A geometrical
transition pathway with low energy barrier that makes the transition thermally accessible was
identified [9]. The role of the copolymers is both to lower the activation energies and to nano-
structure the polymer into domains, enabling a gradual and smooth transformation. Other copo-
lymers, such as tetrafluoroethylene (TeFE) [10], trifluoroethylene(TrFE) [11] and their combina-
tions have been tested experimentally to maximize the dielectric performance. However, the
PVDF-based systems are not suitable for working temperatures higher than 150 °C, and they ex-
hibit unacceptably high losses due to remanent polarization. Recently, an alternative route to
high performance dielectric polymers was discovered [12-14]: the aromatic polyu-
rea/polythiourea family of polymers have permittivities of 4.2-5.6 in broad temperature and fre-
quency ranges, and they have significantly lower losses at high field than BOPP. Polyureas have
already been widely used in industry, in applications focusing on their great elasticity and
strength. Moreover, aromatic polyureas have been reported to have sizable pyroelectric, piezoe-
lectric and nonlinear optical properties more than a decade ago [15-19], suggesting their poten-
tial as capacitive dielectrics. All polymers in this family have functional groups with large dipole
moments, i.e., urea, thiourea and amide, but they do not form a ferroelectric phase as PVDF-
based materials do. This aspect eliminates a large potential factor for loss. The polyureas act thus

as linear dielectric materials, in which the relation between the energy density U and the applied
electric field E is simply U = %soerE 2 where &, is the vacuum permittivity, and &, is the rela-

tive permittivity. Therefore, the relative permittivity &, is the key to high energy density.
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FIG. 1. Schemes of polymers investigated here: aromatic polyurea, meta-aromatic polyurea,

and para-aramid.

In this work, we study three members in the aromatic polyurea family, aromatic polyurea
(APU) [13], meta-aromatic polyurea (mAPU) [14] and para-aramid (PA). Their chemical formu-
las are shown in Fig. 1. We use atomistic simulations, combining results from both density func-
tional theory (DFT) and classical molecular dynamics (MD) to search for the relation between
microscopic structures and the dielectric properties. Significantly, we find larger dielectric con-
stants in structures that either are disordered with partially misaligned chains or blended into na-
no domains. However, substantial entanglement has a negative effect on permittivity, due to a
reduced number of large effective dipole groups. This indicates that the degree of disorder needs
to be controlled. We attribute the enhancement of the dielectric response to disorder-induced in-

crease in the specific volume, compared to ordered crystal-like structures. The larger free volume
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leads to easier re-orientation of the dipolar functional groups in response to an external field, and
therefore to a larger permittivity. Our findings demonstrate a promising way to enhance the per-

mittivities of linear dielectrics without introducing high loss.

The rest of the paper is organized as follows: Section II describes the theoretical background
and computational details, Section III presents the results and discussion, while Section IV con-

tains summary and conclusions.
II. Theory and computational details

A. Theoretical background

[Y%4)
r

In this work we focus on calculation of &,, so we omit the subscript in the following. In

general, permittivity is a complex and frequency-dependent quantity

e(w) = & (w) — ig(w), (1)

where €; and ¢, are real and &, is the dielectric loss. In anisotropic materials, permittivity is a
complex tensor that depends on the orientations of the field and the sample. The elements of the
static permittivity tensor &4(0) have both electronic and ionic contributions, which can be

expressed as [20—24]
4
gqp(0) — g4p(0) = F;Maﬁ’ 2)

where « and S stand for the three Cartesian directions, eaﬁ(OO) i1s the electronic dielectric

constant, 2 is the volume of simulation supercell, kg is Boltzman constant, and 7 is temperature.

My 1s the covariance of two dipole moment components,

Maﬁ = (MaMﬁ) - (Ma><MB>- (3)



In molecular dynamics (MD) simulation with charged atoms, M, = ).; q;T;q is the dipole
moment in a-direction, q; is the charge and ;4 is the @ coordinate of atom i. The summation is
over all atoms in the simulation cell. The dipole moment M can be obtained from MD simulation
in the canonical ensemble. The frequency dependent permittivity £,5(w) can then be extracted

by Fourier-transforming the cross-covariance of time-dependent dipole moments
4T, oo _;
€ap (@) = €25 — ﬁlw Jy e Myp(t)dt, 4)
where M (t) = (Mg (0)Mg(t)) — (My){Mg). The imaginary part of £,5(w) is the loss.

B. Computational details.

The classical MD code LAMMPS [25] is used in this work, with force field reaxFF. We em-
ploy different force fields for urea-based polymers [26] and amide-based polymers [27]. The use
of reaxFF is essential in our simulations, because it is able to capture the variation of atomic
charges and thus results in a more realistic dielectric response, and charge variation affects the
total dipole moment. Simulated annealing is used to obtain microscopic structures with the fol-
lowing schedule: 600 K equilibration of 1 ns in the NPT ensemble, cooling to 300 K at the rate of
25 K/100 ps, and equilibration time of 1 ns at 300 K in the NPT ensemble. Nosé-Hoover ther-
mostat [28,29] is used for temperature and pressure control with the target pressure set to 0. The
time step is fixed at 0.5 fs throughout the MD simulation. Our simulation cell contains 8 inde-
pendent polymer chains and each chain has 8 monomers. The chains extend periodically through

the system. For different polymers, this simulation cell has 896 to 1024 atoms in total. In the fi-

nal run of 1 ns at 300K, the dipole moment M is sampled every 10 fs in the NVT ensemble.



In the DFT part of our simulation, the plane wave code Quantum Espresso [30] is employed.
We choose ultrasoft [31] pseudopotentials with exchange-correlation functional PBE+D [32,33].
Energy cutoffs of 35 and 420 Rydbergs are used for electron wave functions and electron charge
density, respectively. To save the computational time in the DFT part, a smaller simulation cell
with 2 infinite chains with 4 monomers each is used. After optimization, all force components
are smaller than 0.01 eV/A3, and the cell parameters are relaxed until all stress components are
smaller than 0.5 KBar. The electronic permittivity tensor for the lowest energy structure is ob-

tained from density functional perturbation theory (DFPT) [34].
C. Effects of cell size and interatomic potential

Based on the methodology described above, the ionic permittivity is calculated in two mAPU
simulation cells, containing 8 and 64 monomers, respectively. Fig. 2 (a) shows the convergence
of Eq. (2) vs. simulation time in the two cells. Fig. 2(b) shows the thermal loss in the two cells at
very low frequencies. The thermal loss at very low frequencies should be close to 0, because
atomic motions have much higher frequencies. While the use of the 8-monomer cell results in
high noise level, the noise in low frequency loss in the 64-monomer cell is very small. Part of the
reason is that the geometry is artificially constrained in the small cell. Fig. 3 compares the atomic
configurations in the two cells. The 64-monomer cell has a more realistic geometry. The neigh-
boring urea units are close to each other because the strong dipole-dipole interaction lowers the
total energy. On the other hand, the phenylene groups do not favor being in close proximity to
each other. Therefore, each phenylene group is in the middle of two phenylene groups of the next
chain. However, such configuration is not accessible in the small 8-monomer cell. Because there
are only two independent chains, chains 1 and 3 have to be identical. Due to the more favorable

packing, the 64-monomer unit cell has total energy 5.6 meV/atom lower than the 8-monomer cell.
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Moreover, the average ionic permittivity of 64-monomer unit cell is 0.8 higher than that of the
small cell. To show the difference is due to different geometries instead of a size effect, we cal-
culated the ionic permittivity of a 32-monomer unit cell. It captures the same geometry as the 64-
monomer unit cell. The spherically averaged permittivity is 2.69, which differs by less than 0.2
from the 64-monomer result. These results show that a realistic geometry is very important for

calculating ionic dielectric properties.

Turning to electronic permittivities, the 8-monomer cell has &.(0)=3.09, &,(0)=2.63,
EA0)=4.36, and &,,4(0)=3.36. The 64-monomer cell has £.(0)=2.66, &,(0)=3.11, &.(0)=4.45,
and &,,,(0)=3.41. The difference between spherically averaged permittivities is smaller than 0.1.
It indicates that the electronic permittivity is not sensitive to the packing of polymer chains.
Therefore, we use the small unit cell to calculate electronic permittivities for the systems consi-

dered here.
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FIG. 2. (a) The convergence of ionic permittivity, Eq. (2), vs. simulation time of 8-monomer

and 64-monomer mAPU cells. (b) The low frequency thermal loss in 8-monomer and 64-



monomer mAPU cells. A damping function f(t) = exp (—0.005t) is applied to the cross-

covariance Mp(t) in Eq. (4) to avoid finite time artifacts, such as negative loss.

According to Eq. (2), dipole moment variation is the source of ionic permittivity. Therefore,
capturing the variation of atomic charge is essential in simulations. To demonstrate the effect of
varying charge, we performed tests in the ordered structures of APU and mAPU. The averaged
charges (q;) of each atom are calculated in the NV'T ensemble during the sampling period. We
then use the average values (q;) instead of g;(t) to calculate the dipole moment. The results are
shown in Table I. The ionic permittivity calculated using the fixed charges is one order of magni-
tude smaller than the one calculated with the varying charges. This is the reason we choose

reaxFF, although it is much more expensive than a fixed-charge force field.



FIG. 3. Local arrangement of dipole pairs and phenylene groups in 8-monomer and 64-
monomer unit cells. The blue line indicates unit cell boundaries. (a) The top view of the 64-
monomer unit cell. (b) The top view of the 8-monomer unit cell. (¢) Zoomed-in partial view of
the 64-monomer unit cell. The urea units form antiparallel pairs, while the phenylene groups mi-
salign along the chains. (d) Zoomed-in partial view of the 8-monomer unit cell. The urea units

form antiparallel pairs, but the phenylene groups are aligned because chains 1 and 3 are identical.

TABLE L. Ionic permittivity of APU and mAPU calculated with varying and fixed charges.

See text.

Eunglionic) in ordered structure
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mAPU APU

Varying charge | 2.51 1.96

Fixed charge 0.35 0.27

II1. Results and Discussion

To search for possible ordered structures, four initial guesses of geometries are created, as
displayed in Fig. 4. Since all the polymers have dipolar functional groups, the dipole moments in
chains can be arranged parallel or antiparallel. The chains can also be shifted along the z-axis to
align two neighboring urea units or to alternate them. The four starting geometries are arranged
with: a) parallel chains and aligned polar units; b) antiparallel chains and aligned polar units; c)

parallel chains and alternating polar units; and d) antiparallel chains and alternating polar units.

(a) parallel (b)antiparallel (c) parallel (d) antiparallel
Translated by C/2

FIG. 4. Starting geometries of ordered mAPU simulation cells. Color code: white - hydrogen,
green - carbon, blue - nitrogen, red - oxygen. (a) Parallel-aligned dipoles. (b) Antiparallel-

aligned dipoles. (c) Parallel-shifted dipoles. (d) Antiparallel-shifted dipoles.

After simulated annealing, several ordered crystal-like structures are found for these polymers.

We obtain four different ordered structures for APU, shown in Fig. 5(a)-(d). The energy differ-
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ence between the four structures is ~20 meV/atom in reaxFF and only ~4 meV/atom at the DFT
level. The lowest energy structure has urea units with the anti-parallel arrangement. Interestingly,
only one of the four starting mAPU geometries converges to an ordered crystal-like structure,
which is shown in Fig. 5(e). The other three converge to disordered structures, in which the
chains are misaligned in the xy-plane, as shown in Fig. 5(f)-(h). The disordered structures still
have infinite polymer chains along the z-axis. There is no entanglement between the chains and
the structures are still highly anisotropic. The three misaligned structures have total energies ~20
meV/atom higher than the ordered structure in reaxFF, similar to the energy variation between
ordered APU structures. The four starting geometries of PA converge to two different ordered
structures. The energy difference is ~6 meV/atom in reaxFF and <1 meV/atom at the DFT level.
Uniquely among the polymers studied in this work, PA has dipolar amide linkers pointing in op-
posite directions in the same chain. Therefore, regardless of inter-chain arrangements, PA has an
antiparallel structure and zero spontaneous polarization. We thus find that the lowest energy
structures of APU, mAPU and PA all have zero spontaneous polarization, in agreement with ex-

periments [13,14].

Many of the APU and PA ordered structures arrange into sheets. The dipolar functional
groups form hydrogen bonds linking neighboring chains, and the linked chains form hydrogen-
bonded sheets (H-sheets). H-sheets of APU and PA are shown in Fig. 6. However, the only mA-
PU ordered structure does not have such nanostructure. Instead, the ureas form antiparallel di-
pole pairs as shown in Fig. 3. Therefore, the interactions between nearby dipoles in mAPU are
weaker than those in APU and PA. The tendency of mAPU to be disordered is facilitated by

weaker interactions between the dipole units.
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FIG. 5. Front view of APU, (a)-(d), and mAPU, (e)-(h), supercells. The polymer chains are
along the z axis. Colors represent different polymer chains. (a)-(e): ordered crystal-like structures,
where polymer chains occupy sites on a “lattice.” (f)-(h): disordered structures with misaligned

chains.

@ ®

FIG. 6. The hydrogen-bonded sheets in ordered structures of: (a) PA and (b) APU. Dashed

lines indicate hydrogen bonds between dipolar groups.

The ionic and electronic contributions to the dielectric constants of the ordered structures, cal-
culated according to the methodology described in Sec. II, are listed in Table II. For the poly-
mers that have more than one ordered structure, the lowest energy one is selected. As mentioned

in Sec. II, the spherically averaged electronic permittivities are similar for all the studied struc-
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tures of each polymer. It shows that the electronic permittivity does not depend on the packing
and arrangement of individual chains. However, the ionic contributions strongly depend on

atomic geometries.

TABLE II. Calculated electronic, ionic and total permittivities of APU, mAPU and PA.

APU mAPU PA

Exx(0); €y (0); €,,(0) 2.93;3.05; 4.10 3.09; 2.63;4.36 2.49;3.42;5.49

€avg(®) 3.36 3.36 3.8

€ang (i0nic) 1.96 251 1.12

€avg (0) 5.32 5.87 4.92
Exp. ~42 (Ref. [13]) | ~5.6 (Ref. [14])

Moreover, we find that the misaligned disordered structures of mAPU have significantly larg-
er ionic permittivities than the ordered one. The average ionic contribution and total dielectric
constant of disordered mAPU structures are listed in Table III. The reasons for enhancement are
explained in Ref. [35]: The three misaligned structures have specific volumes ~12% larger than
the ordered structure. In particular, dipole reorientation is facilitated by the larger free volume,
enhancing permittivity. Suppression of periodicity also allows for lower frequency optical pho-
nons, which enlarge the dielectric constant. However, the polymer chains are still closely packed

and large segment motion, which would lead to high loss, is not feasible.

To confirm that the enhancement is induced by disorder, we study similar effects in APU and
PA. For these two polymers, a disordered structure cannot be obtained from annealing. There-
fore, we artificially create a mixture of the four starting geometries shown in Fig. 4. To test the
reliability of this procedure, we also use it to create a mixed structure of mAPU. The same simu-

lated annealing procedure is applied to the mixtures before calculating the ionic permittivities.
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The ionic and total permittivities of the blended structures are shown in Table III. The test for
the blended mAPU structure suggests that this approach is reasonable, because it leads to the
same total energy and similar ionic permittivity as for the annealed single structures. A similar
enhancement of ionic permittivities for the blended structures is also found in APU and PA, cf.
Tables II and III. These results unequivocally show that the enhancement in ionic permittivity is
due to disorder, either thermally induced or through the formation of nano domains. This en-
hancement suggests a new way to increase the dielectric constant while avoiding high loss due to

large segment motion.

Table II1. Properties of disordered structures of APU, mAPU and PA. The electronic contribu-
tion is taken to be the same as in Table II. AE;,;,; is calculated with reference to the lowest ener-

gy ordered structure.

mAPU(annealed) | mAPU(mixed) APU(mixed PA(mixed)
€qvg(lonic) 3.86 4.17 2.9 4.1
€avg(0) 7.22 7.53 6.26 7.9
AE¢ptq1[meV] +20 +20 +8 +12

The larger ionic permittivity in disordered structures motivated us to study a highly entangled
model, which has an even larger degree of disorder. A simulation cell is prepared where a ran-
dom coil consisting of a finite 100-monomer mAPU chain and its replicas fill the entire space.
The same simulated annealing procedure is applied. After annealing, the highly entangled disor-
dered structure has a similar specific volume as the misaligned disordered structures, but it is es-
sentially isotropic. The annealed unit cell with a fully unwrapped chain is shown in Fig. 7. How-
ever, the ionic permittivity of the highly entangled structure is just 2.2, compared to the 3.86 av-

erage of the misaligned structures.

15



In the misaligned structures, all polymer chains are still essentially straight and uniaxial. The
urea units are all in the same configuration shown in Fig. 8(a), which has the maximum dipole
moment because the dipoles of the C=0 bond and the two N-H bonds point in the same direction.
However, the polymer chain in the highly entangled structure has many turning points. At the
turning points, reorientation of bonds reduces the dipole moments of the urea units. Figs. 8(b)-(d)
show three urea configurations with reduced dipole moment. The dielectric responses of these
dipole units are thus less effective. We conclude that a larger free volume and a disordered geo-
metry are needed to enhance the ionic permittivity. At the same time, entanglement of the chains

should be avoided to maintain the maximum number of effective dipolar units.

e,
e
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FIG. 7. Highly entangled structure of mAPU after simulated annealing. The blue box indi-

cates the unit cell boundaries.
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FIG. 8. (a) The configuration of urea groups in ordered and misaligned structures of mAPU. It
has the maximum dipole moment in both cases. (b)-(c) Configurations of urea groups at the turn-

ing points of the highly entangled disordered structure. They all have reduced dipole moments.

Comparing the results for the ordered (Table II), misaligned (Table III) and entangled struc-
tures to experimental values also listed in Table II, we note that the theoretical values do not ful-
ly reproduce the experimental ones. There are several potential sources of errors. The electronic
permittivities, calculated from first-principles by DFT, are probably quite accurate. The ionic
permittivities, calculated using the variable-charge reaxFF force field, are likely to be less pre-
cise. The variable charge aspect, as shown in Table I, is important, because the ionic permittivi-
ties calculated with the fixed-charge potential are unphysically small. However, the largest
source of discrepancy between the theoretical and experimental results is likely due to differenc-
es in structures. The theoretical unit cells contain up to ~1000 atoms and are annealed for ~ Ins.
The experimental polymer chains contain thousands of atoms each and the film deposition times
are obviously far longer. Furthermore, the experimental structures may consist of different nano
and micro domains: ordered, misaligned and entangled. Nevertheless, the simulations clearly re-

produce the experimental trends in permittivity and the well-known tendency of para-aramid to
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form hydrogen-bonded sheets. The disorder-induced increase in permittivity, discovered through

simulations, has also been confirmed experimentally [35].

IV. Summary and Conclusions

We have investigated the dielectric properties of different microscopic geometries of three
urea/amide based aromatic polymers using atomistic simulations: aromatic polyurea (APU), me-
ta-aromatic polyurea (mAPU), and para-aramid (PA). In all three cases, the average electronic
permittivity is largely independent of the detailed atomic arrangement of the chains. However,
ionic permittivity is closely related to the microscopic geometry. A realistic geometry is thus

very important for calculating the dielectric properties.

The ionic part of the dielectric constant has been calculated using molecular dynamics with
the interatomic force-field potential reaxFF. In order to obtain reliable results for these highly

dipolar polymers, it is essential to use variable-charge potentials.

Several starting geometries have been used to form polymer models to be optimized by simu-
lated annealing. For APU and PA, simulated annealing resulted in various energetically-close
ordered structures. Their calculated dielectric constants agree well with experimental data. For
mAPU, we uncovered a strong propensity for disordered structures with misaligned chains, due
to weaker dipole-dipole interaction. The misaligned structures have significantly higher ionic
permittivities than an ordered mAPU structure. The main reason for the enhancement is the larg-
er free volume introduced by the disorder, which enables greater reorientation of dipolar groups
as the electric field is applied. Moreover, disorder allows for lower frequency phonons, which
also increases the ionic permittivity. Our studies of blended APU and PA structures consisting of

different nano-domains further confirm that the enhancement is due to disorder. One should
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stress that the above mechanism of enhancing the ionic permittivity by increasing the free vo-
lume does not lead to large segment motion. Therefore, it does not introduce high loss. However,
we also find that in highly entangled mAPU structures, which have much greater disorder, the
ionic permittivity is somewhat smaller than that of the ordered structure, although their specific
volumes are similar to the misaligned structures. The lack of enhancement can be explained by
the fact that entanglement leads to many turning points along the chains, and the urea units at the
turning points have configurations with reduced dipole moments. These are less effective in res-
ponding to the electric field, hence a smaller dielectric constant. Our results thus suggests that
entanglement of polymer chains should be reduced to a minimum, while still introducing rota-

tional disorder along the chains.

Our findings suggest a different path to optimization of polymer dielectrics that could lead to
much enhanced dielectric materials. Among the three polymers that we have studied, mAPU is
the best candidate for energy storage due to its large dipole density and easy formation of the

disordered structure.
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