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Flexible dielectric polymers that can withstand high electric field and simultaneously have high dielectric constant are desired
for high-density energy storage. Here, we systematically investigated the impact of oxygen-containing ether and carbonyl groups
in the backbone structure on dielectric properties of a series of cyclic olefin. In comparison to the influence of the —CF; pendant
groups that had more impact on the dielectric constant rather than the band gap, the change of the backbone structure affected
both the dielectric constant and band gaps. The one polymer with ether and carbonyl groups in the backbone has the largest band
gap and highest discharge efficiency, while it has the lowest dielectric constant. The polymer without any ether groups in the
backbone has the smallest band gap and lowest discharge efficiency, but it has the highest dielectric constant. Polymers that have
no dipolar relaxation exhibit an inversely correlated dielectric constant and band gap. Enhancing the dipolar relaxation through
rational molecular structure design can be a novel way to break through the exclusive constraint of dielectric constant and band

gap for high-density energy storage.
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1. Introduction

Dielectric energy storage with an ultra-fast charging—dis-
charging rate is the key to advanced electrical and electronic
systems that require high power density.!® High-density
dielectric energy storage materials are highly desired to
meet the demands of ever-increased payload efficiency and
miniaturization of the system.”-' The energy density of lin-
ear dielectric materials is proportional to the dielectric con-
stant and quadratically dependent on the operational electric
field.!!! Therefore, high breakdown strength is the foremost
parameter for dielectrics not only for better reliability for high
electric field operation but also for higher energy density.?
The dielectric constant is also important to further improve
the energy density of a dielectric material.

Breakdown of dielectric polymers is a complicated pro-
cess that is affected by multiple factors, including elec-
tronic, thermal and mechanical parameters.'> For polymers,
the morphological disorder originated from the weak inter-
chain interactions and long chain arrangement also affected
the breakdown strength.!? In addition, the interface between
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dielectrics and metal electrodes is also a key factor that influ-
enced the breakdown strength.'*!5 Among the factors that
have been investigated, the band gap dominated the break-
down strength of dielectrics.'®!” Large band gaps give rise
to higher breakdown strength and lower conduction loss.!8
However, the band gap of polymers exhibited an inverse rela-
tionship with the dielectric constant attributed to the exclu-
sive constraint between the electronic dielectric constant
and band gap.>'?? To explore polymers with well-balanced
dielectric constant and band gap for higher energy density, it
is of significance to systematically study the impact of poly-
mer structure on dielectric constant, band gap and high field
properties.

Based on rational molecular design, we previously syn-
thesized a series of cyclic olefins dielectrics with a large band
gap, high-glass transition temperature and varied dielectric
constant by changing the pendant group.'$!1921.22 In this
work, we further study the impact of the backbone structure
on dielectric properties by introducing different oxygen-
containing groups.
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2. Experimental Methods
2.1. Materials

Ether group is introduced to the backbone and symmetric car-
bonyl groups are within the fused five-membered ring in the
form of imide groups. Repeat units of the investigated poly-
mers are illustrated in Fig. 1. These three polymers P1, P2 and
P3 were synthesized using a ring-opening metathesis polym-
erization with Grubbs generation 2 catalyst and made into
free-standing films by solution casting method. Details of the
synthesis and film fabrication could be found in the support-
ing information (Schemes S1-S4, Figs. S1-S6). Compared to
PRFNB (P1), in PENB (P2), we introduce carbonyl in the sec-
ond 5-membered ring fused to the backbone, forming imide
groups. In POFNB (P3), we further introduce the ether group
in the saturated 5-membered ring in the backbone, forming a
heterocyclic structure. Relative to PRENB (P1), the effect of
the carbonyl in imide groups on high electric field conduction
would be identified. The contribution of the ether group is ver-
ified based on the comparison of POFNB (P3) and PFNB (P2).

2.2. DFT computation

The density of states of the designed polymers was estimated
using density functional theory (DFT), as implemented in
the Vienna Ab-Initio Simulation Package (VASP). Given the
expensive computational cost, two repeat units with H ter-
minal atoms were used to construct the physical models, as
shown in Fig. 2.

2.3. Electrical measurement

The band gap was measured through UV Visible Spectroscopy
using Agilent’s 5000 UV/VIS/NIR spectrometer.'® The
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Fig. 2. DFT models for PRFNB, PFNB and POFNB.
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Chemical structure of (a) PRENB (P1), (b) PENB (P2) and (c) POFNB (P3).

dielectric constant was measured using a Solartron 1296
dielectric interface and Solartron SI 1260 frequency response
analyzer and the value at 100 Hz is utilized as the dielec-
tric constant. Displacement-Electric (DE) field loops were
measured under a unipolar positive half sinusoidal wave of
100 Hz.

3. Results and Discussion

The computed and experimentally measured band gap of
these three polymers are shown in Fig. 3, exhibiting the order
of POFNB (P3) > PFNB (P2) > PRFNB (P1). The dielec-
tric constant of these three polymers is also investigated and
shown in Figs. 3 and S7. POFENB (P3) that concurrently has
carbonyl and ether groups in the backbone structure exhibits
the largest band gap and lowest dielectric constant. In con-
trast, PRFNB has the smallest band gap and highest dielectric
constant.

Combining the band gaps and dielectric constants of
well-established commercial polymer dielectrics (see Fig. 4),
band gaps are inversely related to dielectric constants.
m-POFNB, p-POFNB and o-POFNB are three previously
reported polymers that have the same backbone structure with
POFNB (P3) and a single —CF; at the pendant benzene ring.
Out of them, m-POFNB has enhanced dipolar relaxation due
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Fig. 3. Band gaps and dielectric constants for PRFNB (P1), PFNB
(P2) and POFNB (P3).
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Fig. 4. The relationship between experimentally measured dielec-
tric constant and band gap for synthesized and commercial dielec-
tric polymers.

to the asymmetrically fluorinated pendant group, appearing
as an outlier in the inverse relationship. Dipolar relaxation
could be an option to break through the inverse relationship
between dielectric constants and band gaps dominated by
the exclusive constraint of band gap and electronic dielec-
tric constant. Comparing the structure of the seven polynor-
bornenes, it is found that the position of the pendant —CF;
groups slightly impacts the band gap while it had a more
significant influence on the dielectric constant. In contrast,
the oxygen-containing carbonyl and ether groups in the back-
bone structure play an important role in determining both the
band gap and dielectric constant.

To further elucidate the influence of the dielectric constant
and band gap on the energy storage performance of the three
polymers investigated, DE loops were used to experimentally
measure the discharged energy density and charge—discharge
efficiency as a function of the electric field, as shown in
Fig. 5. The thickness of films for the DE loops measurement
is around 10 ym. The area within the loops denotes the loss
in a charging—discharging cycle. From PRFNB (P1), PFNB
(P2) to POFNB (P3), the loss decreases from a side-by-side
comparison under the same electric field. The slope of the
loops represents the dielectric constant, decreasing from
PRFNB (P1), PENB (P2) to POFNB (P3). The discharged
energy density is therefore the highest for PRFNB (P1) at the
same electric field. The quantitative charge—discharge effi-
ciency could be obtained from the DE loops. The efficiency
decreases with an increase of the electric field, attributing
to the nonlinearly increased conduction loss. With the larg-
est band gap, the efficiency is the highest for POFNB (P3)
among the three polymers (>95% even at 700 MV/m). While
the efficiency of PRFNB (P1) is the lowest compared to
POFNB (P3) and PFNB (P2) owning to the lowest band gap.
Under an extremely high electric field, the electrical con-
duction increases dramatically because of the fierce charge
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Fig. 5. Capacitive energy storage properties. (a) Electric DE field
loops. (b) Discharged energy density and efficiency.
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injection from the electrodes and charge transport in the bulk
of polymer dielectrics. The large amount of Joule heat pro-
duced by the conduction current leads to thermal breakdown
under electric field far below the intrinsic breakdown strength
of polymer dielectrics. Therefore, more attention should also
be paid to efficiency. All these findings indicate that a rational
design to balance the trade-off between dielectric constant
and band gap for high energy density and high efficiency is
desired to explore novel polymer dielectrics.

4. Conclusions

In summary, three cyclic olefin polymer dielectrics were
designed and synthesized to study the impact of the backbone
structures on band gap which is the key proxy of breakdown,
dielectric constant and energy storage properties. Oxygen-
containing ether group and carbonyl groups were incorpo-
rated into the bicyclic backbone structure. The band gap and
dielectric constant are inversely related due to the exclusive
constraint between band gap and electronic dielectric con-
stant. Compared to the effect of the —CF; pendant groups
majorly on dielectric constant, the change of the backbone had
an obvious impact on both dielectric constant and band gap.
The polymer PRFNB (P1) without any oxygen-containing

2341005-3



J. Adv. Dielect. Downloaded from www.worldscientific.com
by 99.59.250.127 on 06/04/23. Re-use and distribution is strictly not permitted, except for Open Access articles.

C. Wu et al.

groups in the backbone possesses the highest dielectric con-
stant of 3 and the smallest band gap of 3.4 eV. The polymer
POFNB (P3) with both ether group and carbonyl group has
the smallest dielectric constant of 2.5 and largest band gap
of 4.9 eV. Therefore POFNB (P3) has the highest charge—
discharge efficiency due to the largest band gap. This work
demonstrates that a rational design of the molecular structure
to enhance the dipolar relaxation could be a powerful way to
develop outperforming polymer dielectrics for high-density
energy storage applications.
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