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A new type of insulating-conductive block copolymer was
synthesized by metathesis polymerizations, self-assembled into
unique nanostructure of micelle or hollow sphere, and exhibited
high dielectric constant, low dielectric loss, and high
stored/released energy density by combining the strong dipolar
and nano-interfacial polarizations.

Dielectric materials with high dielectric constant, high energy
density, and minimum dielectric loss are attractive and strongly
desirable for film capacitor and pulsed power application.l'3
Polymers and polymer composites have some advantages such as
flexibility, higher breakdown strength, and lower dielectric loss over
inorganic ceramic materials (e.g. barium titanate).4 Unfortunately,
most polymers usually possess low dielectric constant (2-5);
although poly(vinylidene fluoride)-based ferroelectric polymerss’5
can offer relatively high dielectric constant (>10), they exhibit high
dielectric loss due to hysteresis that accompanies the orientational
polarization of the polymers’ large crystalline domains. Dielectric
performance of polymers was affected by four type of polarizations
including electronic, orientational (or dipolar), ionic, and interfacial
polarizations,6 and some of them have been used to improve the
dielectric properties. Introducing functional groups with large
dipole moment, such as the polar F and nitrile-contained groups, is
a common approach to increase the orientational polarization;7 the
construction of inorganic/organic polymer composites makes use of
the high orientational polarization of inorganic ceramic;8 the
percolative dielectric composites, depending on the interfacial
polarization between conductive fillers (e.g. metal particles) and
insulating polymer matrix, have caused a great attention for their
high dielectric constants when the contents of conductive fillers
close to the threshold.’ Recently, lots of new structures™™ and
conductive fillers including ponaniIine,11 polythiophene,12
graphene,13 and carbon nanotubes'® were used, expecting to
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improve the dispensability of conductive segments, enhance the
compatibility of composite components, and ultimately decrease
dielectric dissipation and the frequency dependency. However, it is
still a challenging task for preparing polymers or polymer
composites with high dielectric constant and low dielectric loss. The
covalent-linkage between the conductive and insulating moieties
could be benefit to improve the compatibility and result in low
dielectric loss." Combining multiple polarization and constructing a
unique nanostructure are envisioned to further promote the
dielectric properties of polymers.

Polynorbornenes, known as the
materials’®  and prepared by ring-opening
polymerization (ROMP), can be functionalized by the introduction
of polar side groups to greatly increase the dielectric constant.”’
Besides, with stereoregular chain configuration, the accumulation
of dipole can also enhance dielectric constant.*® Polyacetylene (PA),
the simplest conductive polymer, possesses an intrinsic conductivity
of 10° (cis) to 10° (trans) S cm'l, yet suffers from extremely low
solubility and sensitivity to air. However, PAs with cyclic recurring
units, prepared by metathesis cyclopolymerization (Mcp),*® display
improved solubility and stability. Meanwhile, PA-contained
copolymer also has better properties.ZO Since the high electrical
conductivity of doping PA was reported,21 a number of publications
dealing with chemical, physical, and electrical properties of PA have
appeared,22 yet the dielectric property of PA-contained polymers
has seldom studied. Herein, we report for the first time a dielectric-
percolative block copolymer, poly(N-3,5-bisfluorophenyl-
norbornen-pyrrolidine)-block-poly(4-pentafluorophenyl  formate-
1,6-heptadiyne) (PFNP-b-PFHD), with micelle or hollow sphere
nanostructure, which will endow this material excellent dielectric
properties.

Polymers poly(N-3,5-difluorophenyl-norbornene-dicarboximide)
(PFNDI), PFNP, PFHD, and PFNP-b-PFHD were synthesized by
ROMP, MCP, and tandem ROMP-MCP, respectively (Table S1, ESIT).
The chemical structure and component of polymers were
characterized by IR, NMR, UV-vis spectroscopy, and elemental
analysis (Fig. S3-S7, Table S2, ESIt). The results indicated that PFNP-
b-PFHD has all-trans and five-membered ring microstructure,?
which may be benefit to elevate the dielectric constant.

insulated low-dielectric

metathesis
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Interestingly, GPC traces of copolymers showed two
distinguished sets of curves (Fig. 1b). The major peak is in good
accompany with the molecule weight (M,) of single chain, whereas
the minor trace with much higher M,, may be corresponded to the
aggregates of about 10 chains (M, sggregate¥10M), gingle, Table S1,
ESIT), demonstrating the self-assembly of copolymers proceeded in
selective solvent without need for any post-treatments, such as
dialysis or changing the specific solvent composition, which are
essential for inducing the conventional self-assembly process; while
no aggregates observed for homopolymer. This is an indicative of
intriguing self-assembly driven by two elements: the solubility
discrepancy of two blocks tends to make insoluble PFHD block
aggregation away from THF; the m-m stacking and van der Waal
interaction between the aromatic side chains and the rigid PA
backbones make PFHD block close to each other in order. The self-
assembly of copolymers was verified by DLS technique, revealing
the aggregates existed in solution in different size (Fig. S8, ESIt).
Under the action of these two driven forces synergistically,
copolymer film would maintain the morphology in solution.

Further insight into the self-assembled morphology of copolymer
film formed by solvent evaporation in air was carried out through
TEM analysis. At a diluted condition (0.005 mg mL"l), below the
critical concentration of m-m stacking, the self-assembly of
copolymers was only driven by the solubility discrepancy of blocks
in solution, and PFNPs-b-PFHDs, exhibited a micelle structure
comprising insoluble, conductive PFHD segments as core and
soluble, insulated PFNP segments as shell with a diameter of 37 nm
(Fig. 2a). When the concentration increases to 0.05 mg mL'l, the m-nt
stacking start to play a part and some of micelles re-assemble to
form higher dimension hollow sphere to lowering the surface
energy; the related wall thickness of hollow sphere is about 35 nm
(Fig. 2b), which is nearly the same as the diameter of the primary
micelle. As the concentration further increased to 0.2 mg mL"l,
more micelles transformed to hollow spheres and start to coalesce
into larger hollow sphere with a diameter of 200 nm and a wall
thickness of 60 nm (Fig. 2c). The morphology forming process was
schematically illustrated in Fig. 2g. For copolymers with a fixed
PFNP length of 75 units and elongated PFHD lengths from 15 to 50
units, the diameters of these hollow spheres in THF are almost the
same (200 nm), but the wall thickness reduced from 90 nm to 60
nm at 0.2 mg mL™? (Fig. 2d-2f). Since the soluble PFNP chain loosely
packed around, the determining factor of the nanostructure size is
the length of PFNP. As PFHD length increasing, the spherical micelle
structure is not sufficient to cover the extended PFHD core, and the
PFHD blocks take a closer alignment to avoid being solvated. The
denser and in-order arrangement of PFHD block renders little
change in size, but significantly thinning in wall thickness.
Meanwhile, this more ordered arrangement in copolymers with a
longer PFHD block was demonstrated by the presence of diffraction
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stripe in HR-TEM image (insert in Fig. 2a), which only can be seen in
the dark region of PFHD core with 50 FHD units in backbone and
other copolymers are amorphous. However, XRD analysis for all
copolymers showed the same broad diffraction peak at 0.49 nm
(Fig. S9, ESIT), which is corresponded to the m-m interaction,
indicating the orderly packing did not induce obvious crystallization.
DSC analysis also supported the conclusion since copolymers
exhibited no crystallization during the cooling process, but
displayed an increasing glass transition temperature (T;) as PFHD
block enlongated (Fig. S10, ESIt).
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Fig. 2 TEM images of PFNP;s-b-PFHDs, at (a) 0.005 (insert: HR-TEM image),
(b) 0.05, and (c) 0.2 mg mL™" in THF. TEM images of (d) PFNPss-b-PFHD;s, (e)
PFNP,5-b-PFHD,s5, and (f) PFNP;5-b-PFHDs, at 0.2 mg mL™ in THF; (g) the
schematic process of hollow sphere nanostructure from a single chain of
copolymer in THF.

Surprisingly, by changing solvent to CHCl;, TEM image showed
uniformed micelle rather than hollow sphere with a diameter of 30
nm (Fig. S11a, ESIt) for PFNP;5-b-PFHDs5, at 0.005 mg mL™. At 0.05
mg mL'l, several larger particles with a diameter of about 100 nm
appeared due to the micelle agglomeration driven by the m-m
interaction and solvent evaporation, while most of the small
micelles still remained (Fig. S11b, ESIt). Since the two blocks were
linked by covalent bond, PFHD segments are hard to connect even
though the micelles aggregated. After further increasing to 0.2 mg
mL'l, the number of larger aggregates increased with nearly the
same size for PFNP;5-b-PFHDs,, PFNP;s-b-PFHD,s, and PFNP,5-b-
PFHD,5; (Fig. S11c-Slle, Scheme S1, ESIt). In general, the
morphology of copolymers can be easily tuned from micelle to
hollow sphere by varying the concentration and solvent, and
importantly the sizes of nanostructures by TEM matched well with
those of DLS analysis.

As seldom report regarding the dielectric property of PA-
contained polymers, we thus made a systematic investigation on
the dielectric behavior of PFNDI, PFNP, and PFNP-b-PFHD with
different weight fraction of PFHD block as a function of frequency
at room temperature. By dispersing copolymers in selective solvent
of CHCl; and spin-coating the solution on ITO substrate, a core-shell
nanostructure will be saved in polymer film, resulting in excellent
dielectric performance, and the results are summarized in Table S3
(ESIT). PFNDI with mixed trans/cis and irregular backbone has a low
permittivity of 5 and relatively low dielectric loss of 0.05-0.06 as

This journal is © The Royal Society of Chemistry 20xx



Page 3 of 4

ChemComm

common polymer dielectrics. However, after the reduction of
pendant dicartboxyimide to pyrrolidine, the dielectric response of
PFNP was raised to 11 and dielectric loss was still at 0.04-0.06. The
dielectric performance of PFNP came from the orientational
polarization of side chain and is closely related to its chain
microstructure.™® Compared with the dicarboxyimide structure, the
electron-donating pyrrolidine moiety connecting to the electron-
withdrawing bifluorophenyl moiety in PFNP may lead to further
delocalization of electrons, enhancing dipole moment. Meanwhile,
it is easy for the rigid pyrrolidine to align coherently in one
orientation during ROMP process, generating PFNP backbone with
all-trans and regular configuration, which is benefit for the positive
accumulation of dipole moment during the orientation of polar
pendants under electric field." The dielectric loss mostly came from
the motion of side polar groups on polymer chain under electric
field below the glass transition temperature.6

For the traditional percolative composites, the variation of
dielectric permittivity (K.) with the conductive filler content (f) has
been predicted to follow a critical behavior:' K. = Kol(f-N/A7S,
where K., is the dielectric constant of the matrix, q is a critical
exponent, and f. is the percolation threshold for the conduction.
When fincreased approaching to f;, the connected particles tend to
form a conduction pathway along the percolated
conductive/insulative interface, resulting in a sharply increase in K
as well as a high dielectric loss and early electric breakdown.
According to the equation, PFNP, with a relatively high K., was
chosen as the insulated block to make sure a high K. when the
proportion of PFHD block (f) was not close to the threshold (f.).
Obviously, copolymers possessed higher K. (Fig. 3a) and lower
dielectric loss (Fig. 3b) than homopolymer. For copolymers with a
fixed PFNP length of 75 units, K, firstly increased from 17 to 22 as
the PFHD length varied from 15 units (19.6 wt% of PFHD) to 25
units (28.9 wt% of PFHD), and then slightly decreased to 12 as the
PFHD length was up to 50 units (44.8 wt% of PFHD) (Fig. S12, ESIT).
When it comes to PFNPsy-b-PFHD,s (37.8 wt% of PFHD), it
possessed a much lower K. of 7 even than that of PFNP, which was
attributed to the shorter PFNP block in copolymer. Besides, K. of
copolymers was stable and almost free of frequency at 100 Hz-1
MHz, as an advantage over the traditional percolative composites.
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Fig. 3 Dielectric permittivity (a) and dielectric loss (b) of PFNDI, PFNP, and
PFNP,-b-PFHD,, versus frequency from 100 Hz to 1 MHz.

The higher K. of copolymers came from the combined action of
orientational polarization in PFNP block and interfacial polarization
between two blocks (Fig. S13, ESIt). The variation in K. of
copolymers was affected by different interfacial polarization due to
varied contents of conductive block. Particularly, the unique core-
shell nanostructure plays an important role to improve dielectric

This journal is © The Royal Society of Chemistry 20xx

performance of materials. under electric field, large
interfacial areas between the conductive core and the insulating

Firstly,

shell promote the accumulation of space charge and high interfacial
polarization, resulting in the formation of a microcapacitor for every
micelle and ultimately leading to improved dielectric response of
materials. When the f increased, more space charge was generated
along the interface and the K. increased correspondingly.za
Secondly, the conductive PFHD core was inhibited by the insulating
PFNP shell and hard to associate with each other, and thus
dielectric dissipation is tiny and no obvious percolation was
observed when the content of conductive PFHD (f) increased from
19.6 to 44.8 wt%. However, the lower K. may mostly come from the
reduced quality of polymer film with a higher f of 44.8 wt% PFHD,
since PFHD is a rigid block with bad film-forming property, which
was confirmed by SEM micrographs (Fig. S14, ESIt). Thirdly, nano-
scale domains of conductive PFHD core would allow sufficiently fast
polarizable response under high frequency electric fields, leading to
K. of copolymers as stable as that of homopolymer PFNP. Lastly, the
conductive core and insulated shell were connected by the covalent
bond, which improves their compatibility and decreases the
dissipation caused by the defect on the interface.” Therefore, the
dielectric loss mainly came from the current dissipation within
every conductive PFHD core, and increased in consistence with f.
Copolymers with unique core-shell nanostructrue showed not
only good dielectric properties at low electric field, but also
improved breakdown field and energy density, which were also
investigated by the electric displacement (D)-—electric field (E)
hysteresis loop measurement for polymer film. The maximum field
strength was about 200 MV m™ for copolymers or over this value
for PFNP through I-V test, which was very competitive since the
breakdown field always below 20 MV/m for the percolative
materials.’*** According to this, polarization loops were obtained
with increased field strength up to 200 MV m™. The polarization of
all polymers is much higher than that of commercial BOPP capacitor
film under the same applied electric field (less than 0.50 uC em? at
200 MV m™).® Additionally, PFNP (Fig. S15a, ESIt) and PFNP-b-
PFHD (Fig. 4a-4c) exhibited a linear polarization behavior (narrow
linear D-E loops) under the relatively low applied electric field (< 60
MV m'l). The linear polarization behavior and low hysteresis
observed for copolymers indicated the low levels of energy
dissipation, which were in good agreement with the low dielectric
loss in impendence test. When the maximum applied electric field
was enhanced up to 200 MV m'l, PFNP maintained low hysteresis,
while copolymers exhibited slightly tilted up D-E loops, due to the
increasing leakage of electric current inside PFHD domains. The
obvious leakage of PFNP;s-b-PFHDs, also came from the bad film
quality since the elongated PFHD fraction is hard, resulting in
defects or air voids in the film (Fig. S14b, ESIt). At fixed field
strength, the polarization of copolymers increased with increasing
PFHD wt%. The energy density (U.) of a capacitor is given by the
equation:3 U, = fE(dD), where E and D are the applied electric field
and electric displacement, respectively. According to this equation,
the stored or released energy density of polymers as a function of
the maximum electric field strength could be obtained by
integrating charge or discharge curve of D-E loop. Evidently, the
energy density for PFNP-b-PFHD increased as the PFHD block
content increase (Fig. 4d-4f), and copolymers possess a higher
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energy density than PFNP (Fig. S15b, ESIt). However, this is
accompanied by an increase in energy loss (the area enclosed by
the charge—discharge cycle) due to current leakage inside
conductive PFHD domains, and the dissipative energy during charge
and discharge cycles may be disadvantage in application.
Specifically, for PFNP;s-b-PFHD;, the stored energy density was up
to 1.34) cm'3, which was about 33% greater than that of PFNP,s-b-
PFHD,5 (1.01J cm'a) and 42% greater than that of PFNP;5-b-PFHD 5
(0.95 ) cm'a) under 200 MV m™ field; however, its released energy
density of just 0.90 J em™ is almost the same as PFNP;5-b-PFHD 5
(0.90 J cm™®) and PFNP,5-b-PFHDy; (0.89 J cm™) under 200 MV m™
field. In general, the energy density of copolymer is almost the
same as the best value of reported percolative materials with
oligoaniline or oligothiophene as conductive segments at the similar
molecule weight. However, limited by the rigid conductive PFHD
backbone, the energy dissipation is inevitable and higher than that
of polymers with oligo-conductive side chains 212 Comparing to
PFNP,5-b-PFHDs;, PFNP;5-b-PFHD,s and PFNPs-b-PFHD;s may be
better candidates for polymer dielectric material with high
stored/released energy density, high breakdown field, and low
dissipation at room temperature.
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In conclusion, a new type of insulating-conductive block
copolymer PFNP-b-PFHD was synthesized by a tandem ROMP-MCP
procedure, which has the ability to form a stable core-shell micelle
or hollow sphere nanostructure through the self-assembly in
selective solvent. The conductive PFHD core is enwrapped by the
insulating PFNP shell for effectively inhibiting the current leakage,
even though the micelles aggregated. The combination of the high
permanent dipole of PFNP and the favorable interfacial polarization
between the conductive core and the insulated shell endows this
novel material high dielectric permittivity and energy density, as
well as low dielectric dissipation. This research is expected to
present a facile way to achieve nanodielectric materials with
tunable nanostructure and excellent performance.

The research was financially supported by the National
Natural Science Foundation of China (No. 21374030,
21074036).
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