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Polymers Containing Highly Polarizable Conjugated Side
Chains as High-Performance All-Organic Nanodielectric
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The discovery of nanodipolar 7-conjugated oligomer-containing polymers
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as high performance nanodielectric materials with high permittivity and low
dielectric loss over a wide range of frequency (100 Hz—4 MHz) is reported.
Terthiophene-containing methacrylate polymers are synthesized by revers-
ible addition fragmentation transfer (RAFT) polymerization. Both X-ray and
thermal studies indicate the formation of small crystalline domains of terthio-
phene side chains dispersed in amorphous matrix. The highly polarizable and
fast-responsive nanodipoles from the nanoscale crystalline domains

(<2 nm) are believed to dictate the performance. These polymers uniquely
satisfy nanodipole architectures conjectured two decades ago to guide the

where €, is the dielectric material's relative
permittivity, and g, is the vacuum permit-
tivity. Increasing E to some reasonable
fraction of the breakdown field E, maxi-
mizes the stored energy density. Equa-
tion 2 indicates that materials with large
relative permittivity and breakdown field
strength can achieve high energy density.
However, many dielectric materials are
nonlinear and manifest dielectric satu-
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design of high performance nanodielectric materials. This unprecedented
approach can be generalized to a variety of 7-conjugated oligomer-containing
polymers for the development of high energy density capacitor materials.

1. Introduction

Novel polymeric materials with superior dielectric properties
are of great interest due to their potential applications as capac-
itor materials in portable electronic devices, power electronics
for grid energy management, and pulsed power systems.['™*]
Applying a voltage V across a capacitor (area A, dielectric thick-
ness d) stores energy with volumetric energy density given by

W:i/qu:/EdD 1)

where E, D, and g = DA are the electric field, electric displace-
ment, the free surface charge, respectively. For linear dielectric
materials, D = gy&.E and thus
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ration, so properties must be optimized
to maximize energy density given by
Equation 1.5 Moreover, dielectric mate-
rials useful for energy storage must also
exhibit low dielectric loss for electric field
frequency as high as 1 MHz.[%

High performance capacitors, typically ceramics,/% have
high dielectric permittivity but low breakdown strength, lim-
iting their energy density and making them impractical for
energy storage and pulse power applications. Considering
these limitations, polymers,l® and polymer compositesl!?]
have been extensively explored as alternative dielectric mate-
rials for pulse power capacitors.'*~18 In addition to high break-
down strength, polymers offer better mechanical properties,
large-scale processability, and lighter weight. However, most
polymers have low relative permittivities compared to dielectric
inorganic ceramics. For example, polypropylene, polystyrene,
polyacrylates, and polymethacrylates usually have g values
between 2 and 5.

Ferroelectric polymers based on poly(vinylidene fluoride)
(PVDF) have been extensively studied for high performance
capacitor applications.'*2¢) PVDF-based copolymers, such as
poly(vinylidene  fluoride-co-trifluoroethylene) (PVDF-TtFE),
poly(vinylidene fluoride-ter-trifluoroethylene-ter-chlorotri-
fluoroethylene) (PVDF-TrFE-CTFE), and poly(vinylidene fluo-
ride-ter-trifluoroethylene-ter-chlorofluoroethylene) (PVDEF-
TrFE-CFE), exhibit even better performance than the PVDF
homopolymer.222251 However, PVDF-based polymers exhibit
relatively high dielectric loss, especially at high frequency, due
to hysteresis that accompanies the orientational polarization of
the polymers’ large crystalline domains. The high dielectric loss
of PVDF-based polymers (and PVDF-based polymer compos-
ites) limits their usefulness as dielectric materials in capacitors
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for high rate charge—discharge cycling in energy storage and
pulse power applications.

Polymer composite dielectrics!'>?’l have received much
attention because they offer a compromise of the best prop-
erties of ceramic and polymer dielectrics. Approaches include
the addition of high permittivity inorganic fillers (e.g.,
BaTiO;)?#2% or conductive/semiconductive fillers (e.g., con-
ductive polymers, carbon nanotubes)?®3%-3% to polymers with
high breakdown strength. Polymer matrices have included
ferroelectric polymers such as PVDF-based homo- and co-
polymers and polyimides.[?323436 Composites incorporating
micrometer-scale, high-g, ceramic filler particles typically
require high filler loading to achieve significant increases in
effective permittivity, and the particles also reduce the poly-
mer’s breakdown field strength. Uniform particle disper-
sion and processability are also issues, so this approach has
not yielded dielectrics suitable for large capacitors with high
energy density.

Percolative composites, consisting of electrically conduc-
tive nanoparticles dispersed in an insulating polymer matrix,
employ a different approach.’”! Electronic conduction within
the dispersed nanoparticle leads to space charge buildup and
interfacial polarization, resulting in exceptionally high per-
mittivities for nanoparticle loadings close to the percolation
threshold. Percolative composites based on metal nanoparticles
in ceramic or carbonaceous matrices?®®3% achieve high permit-
tivity that does not vary much with frequency up to 10 MHz,
but their breakdown field strengths are low. More recent work
has focused on polymers containing dispersed carbon nano-
tubes**#2 or graphene.[** In these materials, the goal is to
take advantage of the nanoparticle shape to push the percola-
tion threshold down to low particle volume fraction. Permit-
tivity values much higher than that of the polymer are rou-
tine, but dielectric losses can also be high near the percolation
threshold.

There has been one report of an “all polymer” percolative
composite®! consisting of lauryl methacrylate-coated poly-
aniline domains (1 um) dispersed in PVDF copolymer. These
composites had g, values > 1000 at 1 kHz and = 100 at 1 MHz,
but they also had high dielectric loss. This work did not report
stored and dissipated energy densities. The more recent work
of Yuan et al.l*®l describes percolative composites consisting
of low density polyethylene (LDPE)/PVDF blends with mul-
tiwalled carbon nanotube (MWCNT) loaded in the LDPE to
render that phase conductive. The €, values of these composites

Scheme 1. lllustration of nanodielectric materials based on terthiophene-containing polymers.
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are as high as 500, but the loss tangent values are too high for
use in energy storage.

Despite their limitations, percolative composites show a
possible path towards true nanodielectric materials. The nano-
dielectric concept was first introduced by Lewis,*’] who studied
the impact of interfacial ionic polarization on ¢, leakage cur-
rent, and dielectric strength of electrical insulation and tran-
sistor gate dielectrics.[*”) For dispersed particles with high sur-
face ionic conductivity, Lewis argued that an applied electric
field would drive charge carrier transport around the particle,
“leading to an induced polarization at the polar ends of the par-
ticle which becomes a large dipole”. The composite’s effective
& can, in theory, greatly exceed that of the matrix and the sus-
pended particles.

The research reported here builds upon this foundation,
with one important difference: in our polymer materials, we
incorporate nanoscale domains that are electrically conductive,
leading to space charge buildup and interfacial polarization. For
the first time, we report an all-organic nanodielectric polymer
containing true nanodipolar domains that result in high permit-
tivity and low dielectric loss across a wide range of frequency
(100 Hz—4 MHz). Specifically, we have designed (Scheme 1)
methacrylate polymers carrying terthiophene oligomers as side
chains. The oligothiophene-based side chains self-organize to
form nanoscale, conjugated, electrically conductive domains
dispersed in an insulating polymer matrix consisting of the
methacylate polymer main chain. Although we do not yet have
full information on the nanostructures*®’ in these polymers,
the dielectric properties are consistent with what one might
expect for nanodielectric materials with energy storage domi-
nated by electronic conduction and interfacial polarization.
This approach could be generalized into many other systems
containing short m-conjugated side chains. Unlike ceramic—
polymer composites and PVDF-based polymers, our novel poly-
mers are well suited for capacitor applications requiring high
energy density and fast pulse power response.

We are motivated to study polymers with m-conjugated side
chains for several reasons. Specifically, polythiophenes, oli-
gothiophenes, and their functional derivatives have attracted
much interest and have been among the most-frequently used
m-conjugated materials as active components in organic elec-
tronic devices and molecular electronics, including in devices
such as OLEDs, OFETs, OPVs, and chemo/biosensors.%>3l
Structurally, well-defined m-conjugation in the polymer side
chain and high polarizability of sulfur atoms existing in the thio-
phene rings offer favorable electron delocali-
zation within the side-chain of macromolecule
and could possibly result in a higher dielectric
polarizability. The small nanoscale domains
of organized oligothiophene side chains (e.g.,
<2 nm) would allow sufficiently fast polariz-
ability response under high frequency elec-
tric fields. Electronic polarization avoids the
energy dissipation mechanisms encoun-
tered in PVDF-based polymers. Finally, as a
homopolymer, our nanodielectric material
does not suffer from issues related to particle
dispersion or copolymer phase separation.
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Scheme 2. Synthesis of terthiophene methacrylate and its polymer by RAFT.

2. Results and Discussion

2.1. Results

2.1.1. Synthesis and Characterization

As shown in Scheme 2, the synthesis started from commercially
available 2-thiopheneethanol, which was first brominated using
N-bromosuccinimide (NBS), followed by Suzuki-coupling with
2,2"-bithiophene-5-boronic acid pinacol ester to prepare a pre-
cursor 2 for subsequent monomer synthesis. Finally, the precursor
condensed with methacryloyl chloride to offer the monomer
2-(2,2":5,2"terthien-5-yl)ethyl methacrylate (TTEMA). All the
synthetic steps followed previous reports.’*>”) To our knowl-
edge, TTEMA has not been polymerized by controlled/living

Pd(PPh3)4 NaCO; 2M W
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radical polymerization methods. Herein, we
successfully polymerized TTEMA via revers-
ible addition fragmentation transfer (RAFT)
process using azobisisobutyronitrile (AIBN) as
an initiator and curnyl dithiobenzoate (CDB)
as a transfer agent’® Two polymers with
different molecular weight were prepared.
Figure 1 shows the representative 'H NMR
spectrum for a high molecular weight polymer
PTTEMA . It was observed that the vinyl pro-
tons (5.5-6.5 ppm) from the monomer (see 'H
NMR in Figure S1, Supporting Information)
< disappeared completely, while broad peaks
— from 0.5 to 2.5 ppm appeared, corresponding

to protons from the polymer backbone. Chem-

S

</~ ical shifts in the range of 6.5-7.2 ppm corre-
< spond to protons from terthiophene units. For

S = lower molecular weight PTTEMAg,; (see 'H
PTTEMA NMR in Figure S3, Supporting Information),

end-group analysis was used to estimate the

degree of polymerization (DP). However, for

PTTEMA;g, with higher molecular weight,
monomer conversion from 'H NMR was used to calculate the DP
and molecular weight. Figure 2 shows the gel permeation chro-
matography (GPC) traces of this series of polymers. In both cases,
symmetric monomodal peaks were observed. The polydispersity
indexes (PDI) of both polymers were quite similar and below 1.30
(Table 1), which minimizes the influence of molecular weight
distribution and ensures the investigation of the effect of molec-
ular weight on the dielectric properties of these terthiophene-
containing polymeric materials.

2.1.2. Thermal Properties and Crystalline Structures

Thermogravimetric analysis (TGA, Figure S4, Supporting
Information) was carried out to evaluate the thermal stability
for these oligothiophene-containing poly-
mers. The results showed that the polymers
possess almost the same thermal decompo-
sition onset temperatures at ca. 275 °C with
5% weight loss, indicating their excellent
thermal stability, which is very desirable for
durable capacitor applications.

Differential scanning calorimetry (DSC)
and wide-angle X-ray diffraction (WAXD)
measurements were performed to esti-
mate the microstructure of the polymers.
As shown in Figure 3, DSC curves show
distinct melting and crystallization pro-
cesses for both homopolymers. The crys-

h ) tallization temperature increased with the
{\ k k increase of molecular weight, from 111.2 °C
for PTTEMA¢; to 117.7 °C for PTTEMA 5
= Lo pm_——t
o ° 2 (data shown in Table 1). Additionally, the
) S o . . ..
@ g 5 melting points showed similar tendency
s . with the change of molecular weight. These
80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00

Figure 1. "H NMR spectrum of terthiophene-containing polymer PTTEMA 3.
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results suggest that the interaction between
terthiophene side-chains might induce the
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Figure 2. GPC (gel permeation chromatography) traces of terthiophene-
containing polymers in DMF (dimethylformamide) solutions..

formation of crystalline domains, giving the presence of amor-
phous methacrylate polymer backbones.

We then characterized these terthiophene-containing homo-
polymers by WAXD. As shown in Figure 4, the WAXD profiles
of both homopolymers showed similar diffraction patterns: a
relatively strong diffraction peak at a 260 angle of ca. 19° with
two much weaker high-order peaks located at ca. 26° and ca.
41° respectively. The asymmetric and rather sharp main peak,
though broad at the base, suggested that it is not a sole amor-
phous halo, but rather diffraction from a mixture of crystal-
line and amorphous structures. Further deconvolution of the
WAXD profiles indicated the presence of four peaks (18.7°,
18.8°, 26.5°, and 40.4° for PTTEMA;; 17.2°, 18.7°, 25.8°, and
41.5° for PTTEMA g). It is suggested that the sharpest peak
at 18.7° or 18.8° originates from crystalline domains, while
the rest three broad peaks are from amorphous structures that
are associated with poly(methyl methacrylate)-like polymer
backbone. It is well known that poly(methyl methacrylate) is
an amorphous polymer with broad X-ray diffraction peaks at
around 26 = 15.0°, 30.0°, and 41.0°.°% The apparent differ-
ence is understandable as the backbone in the current polymer
system is restricted by the rigid side chains. Moreover, the
degree of crystallization could be calculated based on frac-
tion of areas under crystalline peaks in the total areas under
both crystalline and amorphous regions of the homopolymers.

Table 1. Molecular weight information and thermal properties for the
two polymers.

Polymer DPY M M9 PDIO Ty -AHD T, —AH.

ra el rd Ug'l
PTTEMAg 61 22,300 10,300 1.28 1112 17.6 1373 15.0
PTTEMA;5, 180 64,900 27,100 1.29 117.7 180 1425 18.6

AFor PTTEMAg;, the DP is determined by end-group analysis; for PTTEMAgo, DP
is determined by monomer conversion from '"H NMR monitor; b)Calculation fol-
lowing the DP shown in note a; “Molecular weight obtained from GPC in DMF by
using polystyrenes as standards; 9AH_ is the enthalpy of crystallization process;
¢)AH,, is the enthalpy of the fusion of the melting transition.
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Figure 3. DSC profiles of terthiophene-containing polymers (second
heating and cooling cycle).

Consequently, the degree of crystallization is approximately
25.8% and 40.3% for PTTEMAg; and PTTEMA g, respectively.
This result is in agreement with the DSC data. As shown in

600

—PTTEMA
500 -| 61
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Intensity
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100
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(b) M
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200
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100 -
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Figure 4. WXRD patterns of terthiophene-containing polymers (black
line: experimental data; light gray line: fitting sum peak; gray lines: fitting
multi-peaks).
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Table 1, the AH,, value of PTTEMA g, (18.58 ] g7}) is obviously
larger than that of PTTEMAg; (15.04 ] g!), which indicates
that the degree of crystallinity of PTTEMA with higher molec-
ular weight should be higher than that with lower molecular
weight.

Calculation based on Bragg’'s Law nA = 2dsin6 indicated
that the d-spacing associated with the crystalline peak is ca.
4.7 A. This value is very close to 77 stacking spacing (ca. 3.8 A)
in the poly(3-hexylthiophene) (P3HT) reported in litera-
ture, %% suggesting that the side chain terthiophene could self-
organize to stack together, though, as expected, not as tight
as in regioregular P3HT. The crystalline domain size can be
estimated from the Scherrer’s formula 3, as reported by many
other groups:[61:62

t =A/Bcos6 (3)

where ¢ is the crystallite size, A is the wavelength of X-ray, B is
the full width at halfmaximum of diffraction peaks from JADE
software, and 6 is the diffraction angle. As a result, the crystal-
line domain size is ca. 1.82 nm and 1.46 nm for PTTEMA; and
PTTEMA g, respectively. Such small crystalline domains are in
sharp contrast with conventional semicrystalline polythiophene
polymers. The reason for the formation of such remarkably
small crystalline domains is probably that only partial terthio-
phene side chains act as nucleation sites to induce the growth
of terthiophene-based crystallites (Scheme 1) in a restricted
amorphous matrix. Because the pendant terthiophene groups
were attached separately onto the polymer backbone, the size of
crystallites was suppressed by the limited accessibility of adja-
cent terthiophene segments.[©3]

Moreover, the morphology and crystalline microstructure
of both homopolymers PTTEMAg; and PTTEMAy, in thin
films were examined by atomic force microscopy (AFM). As
shown in Figure S5, Supporting Information, no apparent
crystalline domains could be directly recognized in AFM
images, which might be due to the small size of the crystal-
line domains formed from terthiophene side chains. How-
ever, both homopolymers PTTEMAy; and PTTEMAg, can
form uniform, smooth, and continuous morphology in the
thin films, which indicate relatively higher quality of the thin
films and thus ensure the achievement of good dielectric
performance.

2.1.3. Dielectric Properties

The dielectric response of terthiophene-containing polymers
was characterized as a function of frequency. As shown in
Figure 5, both polymers showed almost constant relative per-
mittivity over a wide range of frequency from 100 Hz to 4 MHz.
Over this frequency range, the permittivity values decrease from
11.4 to 10.2 for PTTEMA; and from 9.3 to 8.4 for PTTEMA .
Given such wide range of frequency, the values are respectable,
especially for lower molecular weight PTTEMAg,. The consist-
ency of permittivity is also remarkable, as compared to widely
studied PVDF homopolymers and copolymers. As shown in
Figure 6, the loss tangent for the two polymers is below 0.02
over frequencies ranging from 1000 Hz to 2 MHz (0.009-0.018
and 0.016-0.018 for PTTEMAg; and PTTEMA g, respectively).
Even at 4 MHz, the loss tangent are only 0.009 and 0.028 for

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Relative permittivity versus frequency at ambient temperature
(23 °C) for terthiophene-containing polymers.

PTTEMAg, and PTTEMAy, respectively. The low dielectric
loss over such wide frequency range is striking, probably sug-
gesting that the dipole relaxation of nanodipoles is sufficiently
fast in such small crystalline domains of terthiophene-con-
taining polymers.

2.1.4. Polarization Response and Energy Density

The charged and discharged electric energy densities (W) were
investigated by electric displacement—electric field (D-E) hys-
teresis loop measurements on pressed films of terthiophene-
containing polymers (see Supporting Information). A unipolar
electric field was applied as a triangular wave form at a fre-
quency of 10 Hz and an increment of 50 MV m™! at each step
until the film electrically broke down. The charged and dis-
charged energy densities can be directly calculated from the

0.10
——PTTEMA,,
0.08 - PTTEMA
5
S, 0.06
c
©
=
& 0.04-
o
-
0.02_ \\\‘
;
0.00 e
10 10° 10* 10° 10°
Frequency (Hz)

Figure 6. Loss tangent (dielectric loss) versus frequency at ambient tem-
perature (23 °C) for terthiophene-containing polymers.
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Figure 7. Unipolar electric displacement—electric field (D-E) loops at
ambient temperature (23 °C) for terthiophene-containing polymers.

D-E hysteresis loops. As displayed in Figure 7, both terthio-
phene-containing polymers exhibited similar linear and slim
D-F loops, which resemble to the behavior of typical linear
dielectric materials, such as biaxial-oriented polypropylene
(BOPP), and polyethylene (PE).[>¢+%] Compared with the higher
molecular weight polymer, the lower molecular weight polymer
exhibited a little larger slope of the D—E loop (e.g., the displace-
ment is 0.013 and 0.012 C m™2 for PTTEMA¢; and PTTEMA 4,
at the same applied electric field of 150 MV m™, respectively),
which is consistent with the permittivity results. Moreover,
the slope maintained constant over the measured electric field
range, up to 150 MV m™ and 200 MV m™! for PTTEMAg,
and PTTEMAyg,, respectively. The charge displacement of
PTTEMAg, and PTTEMA g, was 0.013 C m™2 at 150 MV m™
and 0.016 C m~ at 200 MV m™, respectively, both of which
are much higher than that of commercial BOPP capacitor film
under the same applied electric field (less than 0.005 C m~2 at
200 MV m™).[6%] The small hysteresis loop further confirmed
the low dielectric loss as measured by impedance spectroscopy.
Figure 8 compares the energy density of both homopolymers
including stored energy density and released energy density.
The energy density (W) is estimated from the discharging
cycle in Figure 7. The lower molecular weight polymer showed
slightly larger energy density than that of the higher molecular

Adv. Funct. Mater. 2013, 23, 5638-5646
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Figure 8. Energy density versus applied electric field for terthiophene-
containing polymers.

weight one at the same applied electric field. However, the
latter could achieve higher level of breakdown strength. Con-
sequently, the higher molecular weight polymer exhibited
better energy density value of 1.56 J cc™! at 200 MV m™!, which
is much higher than that of most homopolymers at the same
applied field.+% Evidently, the energy density exponen-
tially increased with the applied electric field. Furthermore,
higher molecular weight polymer possessed higher break-
down strength, indicating there is still a large room for further
improvement of the breakdown field strength, and in turn the
energy density. Notably, the increase of energy density does
not lead to an increase in energy loss (the area enclosed by
the charging-discharging cycle, and the calculated energy loss
shown in Figure 8), which remains very low for both polymers,
nearly consistent with the energy loss obtained from imped-
ance spectroscopy.

2.2. Discussion

Nanodipoles first conceptualized by Lewis are expected to
achieve larger polarizability. The significant enhancement of
interfacial areas at the nanoscale effectively increases the per-
mittivity of overall hybrids of fillers and matrix. However, there
are two potential issues: the interfaces and the size of dipoles.
Both are eventually related with dielectric loss. Most polymer
nanocomposites have rough and heterogeneous interfaces due
to the poor compatibility between fillers and matrix, which
indeed produces noticeable dielectric loss. If dipoles are very
large such as those in PVDF homopolymers, the dielectric
response is slow especially at high frequency even if there is a
full compatibility between crystalline domains and amorphous
matrix. This is the major reason related with high dielectric loss
of PVDF homopolymers. Therefore, an ideal high performance
dielectric material should have fully compatible interfaces and
small nanodipoles that have fast dielectric response.

Our terthiophene methacrylate polymers are one forward
step closer to the above ideal nanodipolar dielectric mate-
rials. Both WAXD and DSC studies indicate the formation of
<2 nm crystalline domains in an amorphous matrix, while the
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Figure 9. Loss specific conductivity versus frequency at ambient tem-
perature (23 °C) for terthiophene-containing polymers.

diffuse peak in WAXD also suggests that a high majority of
homopolymers are amorphous. Such small crystalline domains
can be formed only when partial terthiophene side chains self-
organize together and disperse in the rest of side chains and
polymeric backbones, as shown in Scheme 1. This proposed
structure could be further confirmed by a small-angle X-ray
scattering (SAXS) study. As shown in Figure S6, Supporting
Information, both samples did not show any features of long-
range ordered and phase separated structures. Nevertheless,
such self-organized domains at a scale of 1-2 nm satisfy the
above requirement of ideal nanodielectric materials: fast dielec-
tric response of nanodipoles in the crystalline domains due to
their sufficiently small size, and full compatibility of nanodi-
poles with the rest of polymers.

We also notice that higher molecular weight terthio-
phene polymers (PTTEMA;g,) with slightly higher degree
of crystallinity and smaller crystalline domain size exhibited
better dielectric response. However, lower molecular weight
PTTEMAg, showed larger permittivity. This discrepancy could
be ascribed to the higher conductivity of PTTEMAg, than that
of PTTEMA 5 over the whole frequency range (Figure 9). Con-
sequently, considering the small difference in the degree of
crystallinity and crystalline domain size for the two polymers,
the discrepancy in conductivity has an obvious effect on the
dielectric response in terthiophene-containing polymers. On
the other hand, the conductivity is closely related with break-
down strength. Reduced conductivity should lead to increased
breakdown strength. Additionally, the frequency investigated
(100 Hz—4 MHz) is in the range where orientational polariza-
tion effects are operative, which suggests that the subtle drop
in the relative permittivity with increasing frequency in this
case might be due to some sort of large scale reorientational
motion that is being frozen out with increasing frequency.[%”!

Our results also suggest that there is much room to increase
the performance of terthiophene polymers (further increase
permittivity, dielectric response, and breakdown strength) by
tuning molecular weight and architectures, and controlling
the size of crystalline domains, which are currently under
investigation.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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3. Conclusions

We designed a new class of nanodielectric polymers that are
based on terthiophene-containing methacrylate homopoly-
mers. These polymers exhibited high permittivity and low
dielectric loss over a wide range of frequency from 100 Hz to
4 MHz. These polymers showed linear and reversible polari-
zation—depolarization profiles with very low dielectric loss.
Higher molecular weight polymers favor the achievement
of higher breakdown strength and higher energy density,
reaching 1.56 ] cc™! at an applied field electric of 200 MV m™.
Our results indicate that the formation of nanodipoles from
nanoscale crystalline domains is responsible for high polar-
izability and fast dielectric response. The approach in this
study can be generalized to a variety of m-conjugated oligomer-
containing polymers for high performance high energy density
capacitor applications.

4. Experimental Section

Materials: All reagents were purchased from Alfa Aesar and Sigma
Aldrich and used as received unless otherwise noted. 1,4-Dioxane was
dried over 4 A molecular sieves for 24 h and distilled before use. Cumyl
dithiobenzoate was prepared according to the literature.[®36]

Characterization: "H NMR (300 MHz) spectra were recorded on a
Varian Mercury 300 spectrometer with tetramethylsilane (TMS) as an
internal reference. GPC was performed at 50 °C on a Varian system
equipped with a Varian 356-LC refractive index detector and a Prostar 210
pump. The columns were STYRAGEL HR1, HR2 (300 x 7.5 mm) from
Waters. HPLC grade DMF with 0.01 wt% LiBr was used as eluent at a flow
rate of 1.0 mL min~". Polystyrene standards were used for calibration.
Mass spectrometry was conducted on a Waters Micromass Q-Tof mass
spectrometer, and the ionization source was positive ion electrospray.
Thermal transitions of the polymers were recorded by using DSC on a TA
Instruments Q2000 in a temperature range from 0 to 200 °C at heating
and cooling rates of 10 °C min~' under constant nitrogen flow at a rate
of 50 mL min~'. Samples (between 3-5 mg) were added to aluminum
hermetic pans and sealed. The data were collected during the second
heating and cooling cycle. TGA was conducted on a TA Instruments
Q5000 using a heating rate of 10 °C min™' from RT to 1000 °C under
constant nitrogen flow. XRD measurements were conducted on a Rigaku
D/Max 2100 Powder X-Ray Diffractometer (Cu Ko radiation) instrument.

SAXS data were acquired on a Bruker-AXS Nanostar-U instrument
equipped as follows: copper rotating anode X-ray source (wavelength,
A =0.154 nm, 6 KW supply 0.1 mm x 1 mm filaments) operated at
50 KV, 24 mA; Montel focusing optic; collimating assembly of 3 pinholes:
1) 750 pm, 2) 400 pm, and 3) 1000 um, spacing (1-to-2) 925 mm,
(2-to-3) 485 mm); extended sample chamber with x-y stage (where the
beam is the z-axis), secondary beam path 1050-1060 mm; beam path
between focusing optic and detector under vacuum (<0.1 mBar); two-
dimensional detector: Hi-star, multiwire proportional chamber, 1024 x
1024 pixels; control software: Bruker SAXS v. 4.1.36; detector flood-field
and spatial calibrations use 55Fe source; sample-to-detector distance
calibrated using silver behenate. Bulk film samples were placed in a
hole of copper spacer (1 mm thick) and then sandwiched between two
sheets of Kapton films. The samples were then placed in the evacuated
sample chamber at room temperature with a typical exposure time of
20 min. Data were integrated over the full circle of azimuthal angle values
in the 2D SAXS scattering images with an increment of 0.01 degrees 26.
Finally, the intensity /(q) was plotted against g = 4nt/A sin(6/2).

Tapping mode AFM experiments were carried out using a Multimode
Nanoscope V system (Veeco (now Bruker), Santa Barbara, CA). The
measurements were performed using commercial Si cantilevers with a
nominal spring constant and resonance frequency at 20-80 N m~' and
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230-410 kHz, respectively (TESP, Bruker AFM Probes, Santa Barbara,
CA). The height and phase images were acquired simultaneously at the
set-point ratio A/A; = 0.9-0.95, where A and A, refer to the “tapping”
and “free” cantilever amplitudes, respectively. The thin films based on
homopolymer PTTEMA were prepared as following: 1.5 wt% solutions
of each homopolymer PTTEMA in toluene were spin-coated on silicon
wafers, and the films were then thermally annealed at 170 °C under
vacuum for 60 h.

Synthesis of Monomer TTEMA: To a CH,Cl, solution (30 mL) of 2
(2-terthiopheneethanol) (292 mg, 1.0 mmol), triethylamine (0.7 mL,
5.0 mmol) was added under nitrogen atmosphere. The mixture
was stirred for 15 min in ice-bath and allowed to cool to 0 °C. Then,
methacryloyl chloride (0.5 mL, 5.0 mmol) was added dropwise, and
the mixture was stirred at 0 °C for 2 h, allowed to warm to room
temperature and stirred overnight. The mixture was evaporated
and the resulting residue was dissolved in CH,Cl, and washed with
water. The organic layer was separated, dried over anhydrous MgSO,,
filtered, and concentrated. The crude product was purified by column
chromatography using methylene chloride and hexane (3:1) as the
eluent. 310 mg of TTEMA as light yellow powder was collected in 79%
yield. TH NMR (300 MHz, CDCl;, § (ppm)): 7.21 (dd, J; = 5.1, J, =
1.2 Hz, TH), 7.16 (dd, J; = 3.6, J, = 1.2 Hz, TH), 7.06 (d, ) = 3.8 Hz, TH),
7.05-6.98 (m, 3H), 6.78 (d, J = 3.6 Hz, TH), 6.16 (dd, J; = 1.5, J, = 1.0
Hz, TH), 5.62-5.58 (m, TH), 4.38 (t, J = 6.5 Hz, 2H), 3.18 (t, ) = 6.3 Hz,
2H). 13C NMR (300 MHz, CDCl;, 8 (ppm)): 167.4, 139.8, 137.4, 136.5,
136.3,136.2, 136.0, 128.2, 127.8, 126.4, 125.9, 124.4, 124.3, 123.6, 123.4,
64.9,29.8, 18.6. MS (m/z): 360 [M"].

General Synthesis of PTTEMA: Cumyl dithiobenzoate (17.7 mg,
0.065 mmol), TTEMA (2.35 g, 6.52 mol), AIBN (3.2 mg, 0.19 mmol),
and 6.5 mL dry 1,4-dioxane were added to a 25 mL Schlenk flask and
degassed by 5 cycles of freeze-pump-thaw. An initial sample was taken
before the flask was submerged into a 80°C preheated oil bath. Samples
were taken out at predetermined intervals to monitor the reaction
conversion by "H NMR before stopping the reaction. When conversion
reached ca. 50%, the reaction flask was immediately cooled in ice bath
and the mixture was diluted with tetrahydrofuran. The terthiophene-
containing polymer was purified by precipitation into cold hexane three
times to remove any unreacted monomers and vacuum dried at room
temperature, resulting in a light yellow powder. Yield: 1.2 g (51%). The
degree of polymerization was determined using '"H NMR by comparing
the phenyl groups of the RAFT agent end group with the —CH, (2.96
ppm) or —CH,O- (4.10 ppm) signal, both of which localize in the
linkage between the terthiophene side-chain and the methacrylate
polymer backbone (DP = 61). M,: 10 300 g mol™ (GPC), PDI: 1.29
(GPC). M,;: 22 300 g mol™' (end-group analysis by "H NMR). "H NMR
(300 MHz, CDCls, 6 (ppm)): 7.67-7.84 (broad, Ph from RAFT agent end
group), 6.51-7.21 (m, aromatic proton from terthiophene side-chain),
4.10 (s, -CH,0-), 2.96 (s, —CH, in side-chain), 1.76-2.10 (m, —CHj in
polymer backbone), 0.71-1.01 (m, -CH3).
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Supporting Information is available from the Wiley Online Library or
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