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Pendant Group Functionalization of Cyclic Olefin for High
Temperature and High-Density Energy Storage

Stuti Shukla, Chao Wu, Ankit Mishra, Junkun Pan, Aaron P. Charnay, Ashish Khomane,
Ajinkya Deshmukh, Jierui Zhou, Madhubanti Mukherjee, Rishi Gurnani, Pragati Rout,
Riccardo Casalini, Rampi Ramprasad, Michael D. Fayer, Priya Vashishta, Yang Cao,*

and Gregory Sotzing*

High-temperature flexible polymer dielectrics are critical for high

density energy storage and conversion. The need to simultaneously possess
a high bandgap, dielectric constant and glass transition temperature forms

a substantial design challenge for novel dielectric polymers. Here, by varying
halogen substituents of an aromatic pendant hanging off a bicyclic mainchain
polymer, a class of high-temperature olefins with adjustable thermal stability
are obtained, all with uncompromised large bandgaps. Halogens substitution
of the pendant groups at para or ortho position of polyoxanorborneneimides
(PONB) imparts it with tunable high glass transition from 220 to 245 °C,
while with high breakdown strength of 625-800 MV/m. A high

energy density of 7.1 ] /cc at 200 °C is achieved with p-POCINB, representing
the highest energy density reported among homo-polymers. Molecular
dynamic simulations and ultrafast infrared spectroscopy are used to probe the
free volume element distribution and chain relaxations pertinent to dielectric
thermal properties. An increase in free volume element is observed with the
change in the pendant group from fluorine to bromine at the para position;
however, smaller free volume element is observed for the same pendant
when at the ortho position due to steric hindrance. With the dielectric
constant and bandgap remaining stable, properly designing the pendant
groups of PONB boosts its thermal stability for high density electrification.

1. Introduction

Climate change and fossil fuel depletion
make the grid-level adoption of renewable
energies more important now than ever
before, and energy storage and conver-
sion technologies play an important role
in these initiatives.[2] The ultrahigh power
density of capacitors makes it irreplace-
able for instant energy storage, and there
has been increasing demand for capaci-
tors that can be used in elevated temper-
atures, such as automobiles, aviation, oil,
and gas, and space exploration, etc., for
harsh conditions and/or higher power and
energy densities.>”] As such, the dielec-
tric thin films sandwiched between elec-
trodes that hold opposite charges to store
electrostatic energies are required to with-
stand temperatures above 150 °C and even
250-300 °C, e.g., the operating temperature
of hybrid electric vehicles (~140-150 °C),
aerospace (x=150-350 °C), oil and gas ex-
ploration (~170-250 °C), etc.*! While di-
electric materials of capacitors can be inor-
ganics, polymers are preferred due to their
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flexibility, light weightiness, cost-effective processability, and,
most of all, their voltage scalability and graceful failure mode,
which prevents any abrupt failure.l'%!!] The maximum energy
density of the capacitor can be determined using the following
equation!*?]

U= % g, (1)

where U is the energy density, &, is vacuum permittiv-
ity, € is the dielectric constant, and E is the breakdown
strength.

Currently, the most common commercially used dielectric
polymer is the biaxially oriented polypropylene (BOPP).['3] BOPP
has a high breakdown strength of 700 MV m™!, a bandgap
of ~7 eV, and a dielectric constant of 2.2. However, the maxi-
mum operating temperature of BOPP is ~85 °C, above which
the soaring conduction loss and hence largely reduced dielec-
tric strength will necessitate significant derating and/or cum-
bersome active cooling, resulting in poor overall energy density
and efficiency.'*] Many high-temperature polymer systems have
been investigated as dielectric materials to obviate cooling sys-
tems. However, common high-temperature dielectric polymers
have an aromatic ring present in their backbone,*>1¢] which
causes a low bandgap and leads to loss at high electric field. A
dielectric material with higher bandgap would require more en-
ergy for an electron to “travel” from the valence to the conduc-
tion band, contributing to higher breakdown strength. Accord-
ing to Equation (1), the higher breakdown strength is beneficial
to higher energy density. Aliphatic polymers such as polyethylene
and polypropylene have a large bandgap, but they have low glass
transition temperatures. In some previously published works, an
inverse correlation between bandgap and glass transition temper-
ature has been shown.['”] To break this design constraint, a new
polymer system was introduced, and they have both high glass
transition temperature and bandgap, called poly oxanorbornenes
(PONBs).["® They have a high bandgap due to the absence of
#—x stacking in the polymer backbone and the introduction of a
saturated rigid bicyclic ring to the polymer backbone. This back-
bone with restricted mobility in the polymer backbone helped to
give a higher bandgap (> 4.5 eV). A higher glass transition tem-
perature was obtained by further limiting the segmental mobility
by introducing a bulky benzene ring side chain with the imide.
This class of dielectric polymers has glass transition temperature
(~180-250 °C) and bandgaps above 4.5 eV. They were easy to syn-
thesize and to cast into flexible thin polymer films. This system
serves a good candidate for high-temperature dielectric materials
for capacitive energy storage.[1%]

The breakdown of a dielectric material is a complex phe-
nomenon. However, large bandgaps and high glass transition
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temperatures are important in determining intrinsic breakdown
strength. There are of course other extrinsic parameters, such
as chemical impurity, defects, film quality, morphology, etc.[21:22]
Other ways to improve the breakdown strength of a material in-
clude the introduction of inorganic materials with large bandgap
to make a composite or as a coating. These methods also have
drawbacks in terms of flexibility, processability, cost, etc.?*] Com-
posites are not preferred sometimes due to their uneven dis-
tributions of inorganic material and brittleness after scaling up
which can lead to lower electrical performance or early break-
down under long-term harsh conditions operation.*! Copoly-
mers are also used as dielectric materials, while the design and
optimization of copolymers are still based on homo-polymers. ]
These give all organic homo-polymers an advantage over com-
posites, plasma coatings, and copolymers. The energy density of
a capacitor is directly proportional to the dielectric constant and
square of breakdown strength, which means that understanding
breakdown strength will help to improve the energy density of
the capacitor.

There have been previous studies where polar groups were in-
troduced to the polymer structure to affect the energy density
and efficiency of the polymer.[2*?’] However, there has not been
any systematic studies on the effect of halogen addition on the
structural, thermal, and dielectric properties of the polymers that
work under high temperature as well as high electric field. In this
work, the systematic addition of halogens (F, Cl, Br) as the pen-
dant group at the para and ortho position to the benzene ring
attached to the imide ring of polyoxanorbornene and its correla-
tion to the material and electrical properties are studied. Ortho-
POBrNB was not part of this study. Bromine being larger in size
and a good leaving group causes challenges in monomer syn-
thesis at the ortho position. Due to the synthesis and process-
ing difficulties, it is not considered in this work. The key reason
and importance of studying dielectric properties of halogenated
polynorbornene are that we hope to observe the changes in ther-
mal properties along with the dielectric constant by changing the
electronic part of the dielectric constant with systematic addition
of halogens of different sizes and electronegativity as a pendant
group to benzene.[?®] This study is expected to shed a light on the
interplays between changes in the size of halogens, polarizability
with free volume element (FVM), rotation with halogen addition,
and their effects on the dielectric properties of the polymer. The
significance of the position of the pendant group to the benzene
ring and its effect on the dielectric properties are also interesting
targets of this study. Overall, such improved understandings of
the breakdown strength of high-temperature dielectric polymers
could lead to proper designs of novel high-temperature dielectric
polymers.

All of the polymers and monomers, as shown in the reaction
and structure schemes in Figure 1a,b, were synthesized in our
laboratory using a similar method as mentioned in some previ-
ously published works.[?-31] Nuclear magnetic resonance spec-
troscopy (NMR) was used for structural confirmation as well as
the purity check of the monomer and polymer. Detailed mate-
rials characterizations of all monomers as well as polymers are
shown in Figures S1-S21 of the Supporting Information. The
free-standing polymer film, as shown in Figure 1c, was processed
using a solution casting method with the help of a doctor blade
film coater. These polymers show a large bandgap, which was
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Figure 1. Materials. a) Polymer synthesis scheme of Polyoxanorbornenes. b) halogenated polyoxanorbornenes structures (POXNB) (X = F, Cl, Br). c)
Free-standing thin film of p-POCINB. d) The electronic density of states of POXNBs, computed based on density functional theory.

confirmed by the computed electronic density of states, as shown
in Figure 1d. In particular, p-POCINB shows the largest bandgap
of 4.7 eV among all POXNBs.

The 5% degradation temperature (T;) of all polymers is above
350 °C, which shows good thermal stability. The T, of POXNB in-
creases as the size of the halogen atom and free volume element
increase in the case of both paras as well as ortho-substituted
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halogens, as shown in Figure 2a. It shall be noted that these
measurements of FVE radii of these halogen substituted PONBs
were conducted at room temperature in glassy state well below
their glass transition temperatures. However, if we compare the
T, of ortho- and para-substituted POCINB or POFINB, we can
see that ortho substituents have higher T, than that of para sub-
stituents, as we can see in Table S1 (Supporting Information),
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Figure 2. Thermal properties. a) Glass transition temperature of halogenated Polyoxanorbornenes (p, 0o-POXNB). b) Free volume element versus T, of
halogenated polynorbornenes. c) Rotation analysis of ortho and para — POFINB. d) Radius probability distributions (RPDs) of p-POXNBs free volume
elements. The inset depicts the correlation of discharge energy density at a field strength of 700 MV m~" to the probability of having large FVE radius.
x-axis is the integral of the radius probability distribution function from 3 A to infinity. The red line is drawn for visual guidance only.
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Figure 3. Key parameters and their relationship. a) T, versus bandgap of halogenated polynorbornenes in comparison to commercial high-temperature
polymers. b) Bandgap versus Dielectric Constant of POXNBs compared to other Dielectric Polymers. c) Bandgap, glass transition temperature, dielectric

constant, and breakdown strength for polymers investigated.

which is caused by the restricted rotation of ortho substituents
in the presence of imide. It can be seen from Figure 2b that free
volume element increases as we change pendant halogens from
F to Cl to Br group with an increase in the T, at both ortho as well
as para positions. Furthermore, it can be seen that free volume
element at the ortho position is lower than that of the para po-
sition due to steric hindrance of the side groups that couples its
motion to that of the backbone restricting the rotation of the ben-
zene ring. The rotation analysis for these halogenated polymers
was performed by observing the rotation of the benzene rings
to which pendant halogens attach at ortho and para positions.
A comparison of various ortho as well as para groups for F Cl
and Br in Figure 2c and Figures S22-S23 (Supporting Informa-
tion) demonstrates that para reaches the 6 position faster and the
saturated 6 is bigger compared to ortho due to restriction in ro-
tation for ortho caused by the imide group. From a combination
of the linear absorption spectrum and the frequency-dependent
radii extracted from ultrafast anisotropy measurements, the area-
normalized radius probability distribution (RPD) of free volume
element (FVE) radii for the three para-substituted POXNBs is ex-
tracted (Figure 2d). Figure S24 (Supporting Information) high-
lights the differences in the long tails of the FVE RPDs. The peaks
of the distribution shift to the smaller radius side when the size
of the para-substituent increases; on the contrary, the probability
of having the larger FVE radius has the opposite trend (Br > Cl
> Fl)’[32,33]

The energy density of dielectric polymers is quadratically de-
pendent on the breakdown strength and proportional to the di-
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electric constant. Although the breakdown process is compli-
cated, previous studies indicated that the breakdown strength is
positively dependent on the bandgap. Figure 3a shows the rela-
tionship of bandgaps and glass transition temperatures for the
polymers investigated here and reported. Due to the saturated
backbone structure, POXNBs have concurrently high bandgaps
and high glass transition temperatures relative to traditional
aromatic high temperature dielectric polymers. The dielectric
constant of dielectric polymers is also inversely related to the
bandgap due to the exclusive relationship between the bandgap
and electronic dielectric constant, as shown in Figure 3b. Halo-
genated polymers here have a relatively high dielectric constant
in comparison to commercial polymers or POFNBs. Due most
likely to the fact the smaller single halogen groups relative to
the CF; group in POFNBs can reorient more easily, the dielec-
tric constant of POXNBs is higher. Overall, there is no major
significant change in the dielectric constant of the halogenated
polymers at 100 Hz at room temperature (Figures S25 and S26,
Supporting Information). The bandgap, glass transition temper-
ature, dielectric constant, and breakdown strength for polymers
as a function of different halogens and positions are shown in
Figure 3c and Figures S25-S28 (Supporting Information). Di-
electric constant and bandgap varied slightly when the halogens
and their positions change. With the increasing of the atomic
number for both orthos and paras, the glass transition temper-
ature increased. The higher glass transition temperature is ben-
eficial to higher breakdown strength at 200 °C as the bandgap
is close for the five polymers. However, the breakdown strength

© 2024 Wiley-VCH GmbH
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Figure 4. High field energy storage performance of p-POCINB. a,b) at 150 and 200 °C DE loop. c,d) Discharge energy density and charge—discharge
efficiency of p-POCINB at 150 and 200 °C. e) 200 °C comparison of POXNBs and other published all-organic pure homopolymers.

exhibits complicated relationship with the halogens and their
positions. In our previous study that investigated PEIs modified
with different endcaps, we proposed a correlation between the
probability of having large FVE to the dielectric breakdown
strength of the polymers.??l The theoretical rationale for this
model is based on the Artbauer model of dielectric breakdown
in polymers,**l which suggests that the largest FVEs in a given
polymer are the ones in which dielectric breakdown takes place.
In this model, electrons in an FVE are accelerated by the applied
field (F) and have a certain probability of tunneling into a neigh-
boring FVE (P,) according to the kinetic energy of the electron
when it encounters the potential barrier of the FVE wall (E ). The
larger the size of FVE, the longer the mean free path of an elec-
tron in that FVE (x). Hence the higher the kinetic energy at the
wall and the higher the probability of tunneling (Equation (2)).
It would therefore be predicted that polymers with a greater frac-
tion of large FVEs (Figure S24, Supporting Information) will tend
to have lower dielectric breakdown strength and lower energy
density as the dielectric constants are similar, which suggests p-
POFINB should have the highest breakdown strength and high-
est discharge energy density which goes as the square of dielec-
tric breakdown strength. The prediction holds very well for the
discharge energy density (see inset Figure 2d) which provides ex-
perimental support for the Artbauer model but does not predict
the ordering of the dielectric breakdown strengths themselves.
Rational design of new polymer with high breakdown strength
should simultaneously consider the impacts of bandgap, glass
transition temperature, free volume elements, and mechanical
factors. The stronger steric hindrance of the side groups for
ortho-PONBs may suppress the degree of freedom of the chain
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movement, contributing toward lower breakdown strength due
to mechanical factors. As the bandgap is similar, probably the
competitive influence of free volume element and glass transi-
tion temperature gives rise to the highest breakdown strength for
p-POCINB

(o)

P” =¢ T (2)

The discharged energy density was measured using the D-E
hysteresis loop analysis, as shown in Figure 4 and Figure S27
(Supporting Information). The area between charging and dis-
charging cycles in the D-E loop analysis shows the total energy
loss during the process, and a slim loop means higher efficiency.
Total energy loss increases with the increase of free volume el-
ement for halogens of F and Cl relative to Br at the para po-
sition, while there are no major changes in the case of F and
Cl for the close free volume element Figure 2b. It can also be
observed from Figure S27 (Supporting Information) that in the
case of ortho, total energy loss decreases from F to CI (SI) due
to the increase of the free volume element. This pattern can also
be supported by our previous work, in that polymers with pen-
dant —CF, group at the para position have high loss and low
charge—discharge efficiency even at 150 °C because of higher
free volume element than that of pendant Br group.*”) With
well-balanced free volume element, glass transition temperature,
and large bandgap, p-POCINB has the highest energy density
of 7.1 ] cc! at 200 °C, the highest among reported all-organic
homopolymers.
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2. Conclusion

To summarize, the effect of the systematic addition of halo-
gens as a pendant group at the ortho and para position of
high-temperature poly oxanorbornenes on structural, thermal,
and electrical properties was successfully studied. High-purity
monomers, as well as polymers, were synthesized and processed
using the solution casting method to get free-standing polymer
films. It is well known that going down on the periodic table
group VIIA, the size of the atom increases and the electronegativ-
ity decreases. The addition of the halogens as a pendant group at
para and ortho position affects multiple properties of high tem-
perature dielectric polymers. The free volume element increases
with the increase of the size of halogens. Halogens at ortho posi-
tions contribute to smaller free volume element and higher glass
transition temperature due to the restriction in rotation of the
pendant halogen group. Electrical parameters of these polymers
showed no significant change in the case of dielectric constant
and bandgap. With well-balanced structural, thermal, and elec-
trical parameters, one of the polymers investigated, p-POCINB,
exhibits the highest energy density of 7.1 ] cc™! at 200 °C. These
discoveries provide a framework to design polymers with high
energy density and thermal resistance by modularly designing
their backbone and pendant separately. It is also discussed that
the overall contribution of the molecular structure, free volume
element, thermal and electrical parameters should be considered
simultaneously when exploring a new high temperature dielec-
tric polymer.

3. Experimental Section

Materials: ~ Starting materials Exo-3,6-epoxy-1,2,3,6-tetrahydro ph-
thalic anhydride (Oxanorbornene anhydride), anhydrous toluene,
dichloromethane (DCM), tetrahydrofuran (THF), methanol, ethanol,
acetic anhydride Anhydrous sodium acetate, 4-flouroaniline. 4-
chloroaniline.  4-bromoaniline, 2-flouroaniline, and 2-chloroaniline
were purchased from Fisher Scientific. Grubbs generation 2 catalyst
was used for ring-opening metathesis polymerization (ROMP) and was
purchased from Sigma-Aldrich.

Characterization: 'H and '°F NMR (Nuclear magnetic resonance)
analysis was studied for structural characterization of synthesized
monomers as well as polymers with the help of Bruker AVANCE 500 MHz
spectrometer using TMS as an internal standard (Figures S$29-543,
Supporting Information). Glass transition Temperatures (T,) of poly-
mers were measured using differential scanning calorimetry (DSC) us-
ing TA instruments DSC Q29 with heating and cooling rates of 10 °C
min~!. Degradation of polymer was analyzed with the help of ther-
mogravimetric analysis (TGA) using TA instruments TGA Q-500 with
a heating rate of 20 °C min~! up to 650-700 °C. PerkinElmer’s
Lambda 1050 UV/VIS/NIR spectrometer was used to conduct ultraviolet—
visible spectroscopy to calculate the bandgap of the polymers. Re-
stricted orientation anisotropy method (ROAM) was employed for
characterizing the free volume element distributions, as described
below.

Rotational Barrier and Free Volume Calculations:  The rotational barrier
calculation was done by rotating the pendant group with respect to the
polymer backbone to create the initial geometries. The geometries thus
obtained had polymer backbone orientations almost similar across all the
structures. The rotated pendant groups were then structurally optimized
at very low temperatures using a polarizable reactive molecular dynamics-
based force field. This force field has been previously fitted tol34-3°]
Polynorbornene and various other polymers to obtain correct ground
state configurations. The molecular dynamics calculation using this force-
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field was done with conjugate gradient-based optimization, which relaxes
the structure to its lowest energies. Thus, various structures obtained
were relaxed, and the rotational profile was obtained for halogenated
polymers.

The free volume with respect to the pendant group was done using
Voronoi-based free volume analysis. Here, a molecular dynamics box of
the most relaxed polymer orientation, as obtained from the above step,
was amorphized to the desired density of 1.2 gm cc™'. The simulation
here was done at room temperature to allow the polymer chains enough
kinetic freedom. Then a voronoi volume was drawn across each pendant
group, and its volume fraction was measured with respect to the entire
molecular dynamics box. The Voronoi package voro++ for this calculation
and Ovito visualization software for structure generation and analysis were
utilized.[40-42]

Restricted Orientation Anisotropy Method (ROAM): Free volume ele-
ment (FVE) distributions of the para-substituted POXNBs were charac-
terized using a recently developed method based on ultrafast infrared
spectroscopy, called restricted orientation anisotropy method (ROAM). A
detailed description of the method has been published previously.l4344]
Here, a brief overview of the method will only be given. The main ob-
servable for ROAM is the anisotropy decay of the vibrational probes em-
bedded in the polymer matrix, which was measured using polarization
selective pump—probe spectroscopy (PSPP). Anisotropy is a measure-
ment of time-dependent orientational relaxation of the probe molecules.
In a nonviscous liquid, the anisotropy would decay to zero at a long
time as the excited population fully randomizes its orientation, but in
the polymer matrix, the anisotropy decays to a constant offset, since the
probes molecules are confined by the walls of the FVEs, and only sam-
ple a limited range of angles. Furthermore, in polymer the anisotropy de-
cay is frequency-dependent, which means that there are subensembles
of probe molecules experiencing different degrees of confinement. If the
FVE as a cylindrical cone was modeled, these angles can readily be ex-
tracted by fitting the anisotropies to the well-established wobbling-in-a-
cone (WIAC) model.[**~#7] The extracted angles are called “half cone an-
gles” and are directly related to the size of the FVE. However, to make
the result more easily interpretable, the size of the PhSeCN molecule was
modeled and the half cone angles into FVE radii were converted. The
length of the PhSeCN molecule is determined using DFT calculation, and
radii of the moiety colliding with the walls are the Van der Waals radii by
Bondi.[*®] It is worth noting that the comparison made with the ROAM
result is true regardless of what length model is used, since it is essen-
tially based on the cone angles. The change of different probe size mod-
eling would only shift the exact numbers of the radii. Once the radii are
determined at each frequency, this result can be combined with the lin-
ear absorption spectrum (the probability distribution of the frequency) to
extract FVE radii distribution in the sample using the maximum entropy
method.

Bandgap Calculations: Density of states and bandgap calculations
were performed using first-principles density functional theory as imple-
mented in the Vienna ab initio simulation package (VASP).[43°0] The halo-
gen polymers were modeled as oligomers with two repeat units to man-
age the computational cost. The structures of these polymers were opti-
mized using Perdew—Burke—Ernzerhof XC functional with projector aug-
mented wave (PAW) potentials to represent the electron—ion interactions.
The complete optimization of the structures was achieved by employing a
conjugate gradient scheme until the components of forces on individual
atoms were less than 0.02 eV A~1. A plane-wave energy cutoff of 500 eV
was used for all the structures. After geometry optimization, the struc-
tures were further converged by using strict energy convergence criteria
of 107 eV to ensure accuracy. To obtain an accurate density of states,
the Heyd—Scuseria—Ernzerhof hybrid density functional (HSE06) was
used.l>1l

Electrical Characterizations: The dielectric constant and dissipation
factor were measured using Solartron 1296 dielectric interfaces. DE
loops were measured using a modified Sawyer-Tower polarization tester.
The 100 Hz unipolar positive half sinusoidal waveform was ampli-
fied to apply high-voltage on the film to get the charging—discharging
loops.
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