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and nanoparticles offer a vast design space of potential material properties,

ABSTRACT: Organic—inorganic nanocomposites composed of polymers PA? PVDF «<—§)

depending heavily on the properties of these two constituents and their
spatial arrangement. The ability to place polymers in direct contact with
functional nanoparticles via strong bonding, that is, stable chemical
interaction without the dissociation of surface capping polymers, provides a
means of preventing nanoparticles from aggregation and increasing their
dispersibility in nanocomposites, and promises opportunities to explore
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new properties and construction of miniaturized devices. However, this is

still a challenging issue and has not yet been largely explored. Here, we report an unconventional strategy to create in situ
organic—inorganic nanocomposites comprising monodisperse ferroelectric nanoparticles directly and permanently tethered with
ferroelectric polymers by capitalizing on rationally designed amphiphilic star-like diblock copolymer as nanoreactors. The
diameter of ferroelectric nanoparticles and the chain length of ferroelectric polymers can be precisely tuned. The dielectric and
ferroelectric properties of nanocomposites containing different sizes of ferroelectric nanoparticles were scrutinized. Such bottom-
up crafting of intimate organic—inorganic nanocomposites offers new levels of tailorability to nanostructured materials and
promises new opportunities for achieving exquisite control over the surface chemistry and properties of nanocomposites with
engineered functionality for diverse applications in energy conversion and storage, catalysis, electronics, nanotechnology, and

biotechnology.

B INTRODUCTION

The past several decades have witnessed tremendous progress
in organic— inorganic nanocomposites They often exhibit
advantageous optlcal electrical,” optoelectromc, photo-
catalytlc, magnetlc, dielectric, 267 and mechanical® perform-
ance enhancements relative to either of the nonhybrid
counterparts. Synthetic approaches that enable a homogeneous
distribution of each constituent in nanocomposites and a well-
defined interface between them are of great importance.®
However, organic—inorganic nanocomposites are widely
prepared by simply physically mixing polymers and nano-
particles,”'” which often results in phase separation and the
agglomeration of nanoparticles®' due to the interfacial
incompatibility and high surface energy of nanoparticles.'"'”
To this end, surface modification and functionalization of
nanoparticles with polymers has emerged as an effective
strategy for mitigating these problems. There are two main
surface passivation strategies, that is, grafting-to (chemically
bindinﬁ the preformed polymers to the nanoparticle sur-
face)" ™" and grafting-from (initiating the controlled radical
polymerization from the nanoparticle surface functionalized
with an initiator).'"'® However, the graftlng-to approach suffers
from the incomplete surface coverage W17 and s strongly
affected by the stability of surface ligands.'® On the other hand,
the grafting-from method may be plagued by the low initiation
efficiency, and thus low grafting density and yield."” In addition,

-4 ACS Publications  © 2015 American Chemical Society

both strategies are incapable of controlling the size and shape of
nanoparticles as nanoparticles are often preformed by other
techniques prior to the surface modification process.

Recently, in situ synthesis of nanoparticles in the presence of
polymer matrix has been shown to be a simple and cost-
effective means of modifying the nanoparticle surface while
achlevmg a uniform dispersion of nanoparticles in the
matrix.””*' However, the size and shape of nanoparticles cannot
be controlled by this approach as the size distribution is affected
by the complicated interplay of loaded precursor homogeneity,
nucleation, and growth process, and the stabilization of
nanoparticle surfaces by the surrounding polymer matrix.
Thus, this approach is limited in scope for research on the
exploration of nanoparticle size, shape, and architecture
dependent properties.””* Clearly, it is highly desirable to
construct stable and homogeneous organic—inorganic nano-
composites with size controllable, monodisperse nanoparticles
and a well-defined polymer/nanoparticle interface. This has
been the subject of much research.

Nanocomposites composed of high permittivity nano-
particles and high dielectric strength polymer matrices possess
a high dielectric constant inherited from nanoparticles and the
facile solution processability, high breakdown strength,
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flexibility, and light weight for device scalability originating
from the polymer matrix.”'* They find applications as high
permittivity and low dielectric loss materials in the fields of
embedded capacitors,” gate insulators in organic transis-
tors,m’24 and power-storage devices.lS’UAmong various poly-
mer—ferroelectric nanoparticle nanocomposites, ferroelectric
poly(vinylidene fluoride)—barium titanate (PVDEF-BaTiO;)
nanocomposites exhibit many interesting properties, such as
nonzero switchable remnant polarization, and excellent piezo-
electric and dielectric properties.">** PVDF is a semicrystalline
polymer with pyro-, piezo-, and ferroelectric properties.”> The
relatively high breakdown strength and large dielectric constant
(~10 at 1 kHz) of PVDF make it a potential polymeric material
for dielectric nanocomposites.”'" It is interesting to note that
PVDF can crystallize in five crystalline phases, in which f, 7,
and 6 phases are the polar phases and possess a net dipole
moment, and @ and € phases are nonpolar phases.”® Moreover,
a and f phases are the two major phases. The a phase is the
most common and stable form, while the § phase is the most
important and widely studied phase due to its excellent
piezoelectric and pyroelectric properties.”” The BaTiO; nano-
particle is one of the most commonly investigated nanofillers
due to its ferroelectric property and high dielectric constant
(1500—6000, depending on the size). BaTiOj; exists in various
crystallographic forms, with a tetragonal ferroelectric phase at
temperature between 0 and the Curie temperature T, above
which the unit cell of BaTiO; converts to the paraelectric cubic
structure.”® The tetragonal form of BaTiO; exhibits ferro-
electric distortions involving the displacement of the cations
(Ti*" and Ba®") relative to the anion (O*7), leading to a net
dipole moment.”” Notably, BaTiO; possesses size dependent
dielectric and ferroelectric properties, which becomes one of
the biggest issues in the utilization of BaTiO; nanocrystals and
BaTiOj;-containing nanocomposites.25 The nanosized BaTiO,
particles tend to have smaller dielectric constant and depressed
ferroelectricity than those micron-sized and above, and its
ferroelectricity disappears when particles are smaller than a
certain critical size (17—30 nm; depending sensitively on
synthetic techniques).”*™*

Herein, we rationally designed and exploited amphiphilic
multiarm  star-like poly(acrylic acid)-block-poly(vinylidene
fluoride) (PAA-b-PVDF) diblock copolymers consisting of
hydrophilic PAA and hydrophobic PVDF blocks that are
covalently linked to a small core as nanoreactors to craft in situ
monodisperse BaTiO; nanoparticles with tunable sizes that are
directly and stably connected to PVDF chains (i.e.,
homogeneous PVDEF-BaTiO; nanocomposites possessing a
well-defined interface between PVDF and BaTiO; nano-
particles and preventing direct particle/particle contact). This
is in sharp contrast to the approaches noted above. The
diameter of ferroelectric BaTiO; nanoparticles and the chain
length of ferroelectric polymers can be judiciously tailored by
varying the molecular weights of PAA block and PVDF block in
star-like PAA-b-PVDF diblock copolymer, respectively. Both
Raman spectroscopy and X-ray diffraction (XRD) studies
verified the tetragonal phase of BaTiO; nanoparticles. The
piezoresponse force microscopy (PFM) measurements further
substantiated the ferroelectricity in PVDF-BaTiO; nano-
composites. Nanocomposites exhibited good frequency stability
with high dielectric constant and low dielectric loss in the
frequency range from 100 Hz to 2 MHz. The dielectric
constants of BaTiO; nanoparticles were calculated on the basis
of the Landauer—Bruggeman effective approximation. The
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ability to create intimate and stable organic—inorganic
nanocomposites between them opens important perspectives
for constructing functional materials and devices consisting of
uniformly distributed nanoparticles.

B RESULTS AND DISCUSSION

Amphiphilic unimolecular star-like PAA-b-PVDF diblock
copolymer was first synthesized by a combination of atom
transfer radical polymerization (ATRP) and click reaction,
followed by hydrolysis, as illustrated in Figure 1 (see
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Figure 1. Synthetic route to amphiphilic 21-arm, star-like PAA-b-
PVDEF diblock copolymer and subsequent conversion into PVDE-
functionalized BaTiO; nanoparticles (i.e, PVDF-BaTiO; nano-
composites).

Experimental Section). Briefly, -cyclodextrin (f-CD), a cyclic
oligosaccharide possessing 21 hydroxyl groups, was esterified by
reacting the surface hydroxyl groups with 2-bromoisobutryryl
bromide, yielding star-like macroinitiator (denoted 21-Br-f-
CD; upper second panel in Figure 1).**7** Subsequently, it was
employed to conduct ATRP of tert-butyl acrylate (tBA)
monomers (upper third panel in Figure 1). The resulting
star-like poly(tert-butyl acrylate) (PtBA) was then transformed
into star-like azide-functionalized PtBA (ie., PtBA-Nj; upper
fourth panel in Figure 1) by reacting with sodium azide
(NaN,;). On the other hand, alkyne-terminated PVDF (..,
PVDF-propargyl; PVDF—=) was obtained by the nucleo-
philic substitution of the hydroxyl group on hydroxyl-capped
PVDF into the alkyne group (central right panel in Figure 1).
Finally, the click reaction between star-like PtBA-N; and
PVDF—= formed star-like PtBA-b-PVDF (lower right panel
in Figure 1). The tert-butyl substituents in star-like PtBA-b-
PVDF block copolymers can be readily hydrolyzed, thereby
yielding amphiphilic star-like PAA-b-PVDF consisting of inner
hydrophilic PAA blocks and outer hydrophobic PVDF blocks
with well-controlled molecular weight of each block (lower
central panel in Figure 1). The proton NMR (‘H NMR)
spectrum of a representative star-like PAA-b-PVDF is shown in
Figure S1. The signal associated with the triazole ring appeared
at 6 = 7.8 ppm, suggesting success in coupling PtBA-N; with
PVDF—=.

PVDF-functionalized BaTiO; nanoparticles were then crafted
by capitalizing on PAA-b-PVDF diblock copolymers as
nanoreactors (i.e., templates). First, the PAA-b-PVDF tem-
plates were dissolved in the mixed solvents containing N,N-
dimethylformamide (DMF) and benzyl alcohol (BA) at
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DMF:BA = 5:5 by volume. An appropriate amount of
precursors (ie., BaCl,2H,0 and TiCl,) along with NaOH
was then added into the PAA-b-PVDF DMEF/BA solution. The
hydrophilic inner PAA blocks in star-like PAA-b-PVDF
rendered a strong coordination interaction between the
carboxylic groups (—COOH) of PAA and the metal moieties
of BaTiO; (Ba® and Ti*"), while the outer hydrophobic PVDF
blocks did not possess such coordinating functional groups®
(lower left panel in Figure 1). Thus, it is not surprising that the
precursors were selectively incorporated into the space
occupied by inner PAA blocks and converted into BaTiO,
nanoparticles directly and stably capped with PVDF chains.
Remarkably, the diameter of these PVDEF-functionalized
BaTiO; nanoparticles can be precisely tuned by varying the
molecular weight of inner PAA blocks during the ATRP of tBA.
Accordingly, the volume ratio of BaTiO; to PVDF can be
readily altered. In this study, we synthesized star-like PAA-b-
PVDF block copolymers with two different molecular weights
of PAA. Table S1 summarizes the molecular weight of each
block in star-like PAA-b-PVDF and the corresponding diameter
of PVDF-functionalized BaTiO; nanoparticles derived from
them.

Figure 2 compares the size of two PVDF-capped BaTiO;
nanoparticles (i.e, PVDF-BaTiO3 nanocomposites) measured

Figure 2. TEM images of PVDF-BaTiO; nanocomposites synthesized
by capitalizing on star-like PAA-b-PVDF diblock copolymers with
different molecular weights of PAA blocks as nanoreactors. (a)
Diameter, D = 10.2 + 0.6 nm, and (b) D = 16.1 + 0.8 nm. Insets: The
crystalline lattices of each nanoparticle are clearly evident in HRTEM
images.

by transmission electron microscope (TEM). The diameters of
BaTiOj; nanoparticles are approximately 10.2 + 0.6 nm (Figure
2a) and 16.1 = 0.8 nm (Figure 2b), respectively. Representative
high-resolution transmission electron microscopy (HRTEM)
images are shown in the insets demonstrating that they had
continuous crystalline lattices. Good uniformity of nano-
particles is clearly evident. This is in stark contrast to the
limited report on in situ synthesis of BaTiO; nanoparticles in
the presence of PVDF-based polymer possessing functional
groups (e.g,, hydroxyl) for direct coupling with the precursors”’
but often yielding poorly controlled size, as noted above.

Notably, the ability to precisely tune the size of BaTiO;
nanoparticles by varying the molecular weights of inner PAA
block (i.e., 10.2 + 0.6 nm and 16.1 + 0.8 nm in this work) is of
practical interest for investigating the size effect on ferroelectric
properties for the future research.

It is worth noting that the choice of mixed solvents of DMF
and BA afforded the tailorablitiy of the solubility of each block
in DMF and BA for a better encapsulation of inorganic
precursors, representing a key to monodisperse PVDE-
functionalized BaTiO; nanoparticles. The star-like PAA-b-
PVDFE can be readily dissolved in pure DMF, forming
unimolecular micellar structure (ie., fully expanded chain
conformation) as DMF is a good solvent for both PAA and
PVDF blocks. The addition of BA triggers the outer PVDF
blocks to contract owing to unfavorable interaction between BA
and PVDF as BA a good solvent for PAA yet a nonsolvent for
PVDF, while the inner PAA blocks maintain a coil-like
conformation. Interestingly, BaTiO; nanoparticles had rela-
tively irregular shapes when the volume ratio of DMF to BA
was Vpyp:Vpa = 9:1 (Figure S2a) as well as Vpyp:Vga = 3:7
(Figure S2c). However, at Vpyp:Vga = S:S, BaTiO; nano-
particles with the best uniformity were produced (Figure S2b).
This can be rationalized as follows. At the high volume ratio of
DMF to BA (9:1), the outer PVDF blocks contract slightly.
Thus, the star-like PAA-b-PVDF diblock copolymer adopts a
spherical macromolecular structure with loosely collapsed
PVDF chains outside. On the other hand, at the low DMF to
BA volume ratio (3:7), the outer PVDF chains contract
significantly, producing densely collapsed PVDF chains outside.
The incorporation of precursors in both cases is limited,
thereby yielding relatively nonuniform BaTiO; nanoparticles. In
contrast, the Vpyp:Vga = 5:5 imparts the formation of a well-
defined spherical macromolecule composed of outer more
compact PVDF chains and inner coil-like PAA chains, which
promote the optimal loading of precursors and thus yield
uniform BaTiO; nanoparticles. The energy dispersive spectros-
copy (EDS) measurement revealed the existence of PVDF
chains and BaTiOj; nanoparticles as the F element, and high Ba
and Ti contents were detected (Figure S3).

Raman spectroscopy is well-suited for detecting the ferro-
electric (tetragonal) phase of BaTiO; as some bands that are
active in the tetragonal BaTiO; become inactive in the cubic
BaTiO;.* Figure 3 shows the Raman spectra of PVDF-BaTiO;
nanocomposites containing different sizes of BaTiO; nano-

—— PVDF-BaTiO, (10 nm)
—— PVDF-BaTiO, (16 nm)

T T T T T T T
200 300 400 500 600 700 800 900 1000

-1
Wavenumber (cm )

Figure 3. Raman spectra from PVDF-BaTiO; nanocomposites of two
different sizes (i.e, 10.2 and 16.1 nm). The sharp band at 305 cm™
and the broad band at 720 cm™' signified the tetragonal phase of
BaTiO,.
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particles. Notably, the presence of the sharp band at 305 cm™

and the broad band at 720 cm™' was indicative of the
ferroelectric (tetragonal) phase of BaTiO;.*”

Figure 4 depicts the X-ray diffraction (XRD) pattern from
PVDF-BaTiO; nanocomposites (D = 10.2 + 0.6 nm). The inset
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Figure 4. Powder X-ray diffraction pattern of PVDF-BaTiO;
nanocomposites (D = 10.2 & 0.6 nm). The inset shows the splitting
of (200) peak into two peaks, signifying the formation of tetragonal
BaTiO; nanoparticles. The peaks at around 20° assignable to PVDF
chains were very weak and not clearly evident.

shows the splitting of the (200) peak at 20 = 45° into two
peaks, corresponding to the (002) and (200) planes.** The
emergence of these two diffraction peaks in this region can be
attributed to the distortion of unit cell, suggesting that BaTiO;
nanoparticles possessed the tetragonal structure (ie., ferro-
electric behavior), which correlated well with the Raman results
discussed above.** Notably, the diffraction peaks at around 20°
from semicrystalline PVDF chains were very weak and not
clearly evident, due largely to the presence of high crystallinity
and strong diffraction peaks of BaTiO; nanoparticles. The XRD
pattern for PVDF-BaTiO; nanocomposites with D = 16.1 + 0.8
nm showed similar results (Figure S4).

We note that, among the five crystalline phases of PVDF, the
P phase contains the largest spontaneous polarization which
can be attributed to the closer packing of polymer chains in a
unit cell.”® Fourier transform infrared spectroscopy (FTIR) has
been widely utilized to detect the existence of B phase
PVDE.”**! Figure S5 shows the FTIR spectra of star-like PAA-
b-PVDF diblock copolymers. Clearly, the peaks corresponding
to both @ phase [i.e., the absorption bands at 530 cm™ (CF,
bending), 615 and 765 cm™' (CF, bending and skeletal
bending), and 795 cm™' (CF, rocking)26] and f phase [i.e,, the
absorption bands at 510 cm™' (CF, bending) and 840 cm™
(CH, rocking)26] were seen, suggesting the coexistence of both
a phase and S phase in the resulting star-like PAA-b-PVDF
diblock copolymers.

The dielectric properties of PVDF-BaTiO; nanocomposites
were obtained by measuring the capacitance and dissipation
factor of parallel-plate capacitors prepared by hot-pressing the
nanocomposites powder under high temperature (T = 150 °C,
below the melting temperature of PVDF, T,, = 177 °C) and
high pressure (16.71 N/cm?) (Figure S5). Thin layers of Au
were evaporated on both surfaces of hot-pressed film as
electrodes. The volume fractions of BaTiO; nanoparticles in
nanocompsites can be calculated on the basis of the density of
BaTiO; and PVDF from the thermogravimetric analysis (TGA)

measurements (Figure S6), which are 74% for 10.2 + 0.6 nm
and 84.7% for 16.1 + 0.8 nm nanoparticles, respectively. Figure
S compares the dielectric properties of two different nano-
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Figure S. Dielectric constants and loss tangents of PVDF and PVDEF-
BaTiO; nanocomposites with different diameters of BaTiO; nano-
particles (i.e, D = 102 + 0.6 nm and D = 16.1 + 0.8 nm).

composites (i.e, D = 10.2 + 0.6 nm and D = 16.1 + 0.8 nm)
and pure PVDF over a frequency range from 100 Hz to 2 MHz.
Obviously, the dielectric constant of PVDF-BaTiO; nano-
composites decreased with the increase of frequency (Figure
Sa). This can be ascribed to the dipole relaxation of
nanocomposites as the dipole movement of nanocomposites
fell behind the applied electric field.*” In addition, the loss
tangent of nanocomposites, tan 6§ = £” /¢’ (where &’ and &” are
the real and imaginary parts of permittivity, respectively), also
known as the dissipation factor, first decreased and then
gradually increased at high frequency. More importantly,
compared to pure PVDF, PVDF-BaTiO; nanocomposites
exhibited a lower tan §, and this reduction was much more
significant in the high-frequency region (Figure Sb). This can
be ascribed to the large interfacial areas in the PVDF-BaTiO;
nanocomposites which promote the interfacial exchange
coupling through a dipolar interface layer, thereby leading to
the enhanced polarization, dielectric response and breakdown
strength.é’43 In addition, the tethered multiarm PVDF chains
can contribute even higher breakdown strength than the bulk
counterpart by avoiding avalanche effects.*”** The rapid
increase in tan & of pure PVDF in the high-frequency range
resulted from the « relaxation, which was associated with the
glass transition of PVDE."** 1t is clear that, in comparison to
pure PVDF at 2 X 10° Hz, the tan & was 0.020 for PVDE-
BaTiO; nanocomposites (D = 10.2 + 0.6 nm), and 0.028 for
PVDF-BaTiO; nanocomposites (D = 16.1 = 0.8 nm),
respectively, implying that the loss of PVDEFE-functionalized
BaTiO; nanoparticles was relatively low (Figure Sb). The
nanocomposite plates prepared for dielectric properties
measurements described above are microscopically homoge-
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neous, as clearly evidenced by SEM imaging on the freeze-
fractured cross sections of nanocomposite plates (Figure S8).
There was no observable porosity, and the nanocomposites
possessed good homogeneity, signifying that PVDE-BaTiO;
nanocompsites afforded favorable structure for achieving
uniform morphology.

The effective dielectric constant of BaTiO; nanoparticle
solely can be extracted from the dielectric properties measure-
ments of PVDF-BaTiO; nanocomposites. As the PVDF chains
directly cover the BaTiO; nanoparticles,” the Landauer—
Bruggeman effective approximation is appropriate and
employed for calculation, and is given by"’

EBTO — Ceff

& —¢
1—7) PVDF off 0
€gro T 264

+(

epypr + 2.4 (1)
where 7 is the volume ratio of the BaTiO; nanoparticle, which
can be calculated on the basis of the TGA measurement, and
€ofy Epatios and pypr (€pypr = 10) are the dielectric constants
of PVDF-BaTiO; nanocomposites, BaTiO; nanoparticle, and
PVDF, respectively. Figure S9 shows the calculated dielectric
constants of BaTiO; nanoparticles with two different sizes,
suggesting that larger nanoparticles had a higher dielectric
constant.

The physical properties of nanocomposites are fundamen-
tally related to the chemical compositions, size, crystal
structure, and surface chemistry of organic and inorganic
constituents. Thus, piezoresponse force microscopy (PFM)
measurements were performed on single PVDF-functionalized
BaTiO; nanoparticle as well as thin films of PVDF-BaTiO;
nanocomposites prepared by spin coating to further substan-
tiate the ferroelectric property of the synthesized PVDEF-
BaTiO; nanocomposites. The vertical PFM mode was used in
the study as described in Figure S10. The tip is engaged with
the sample, and ac and dc voltages are applied between the tip
and sample during the scanning. The sample expands and
contracts in response to the applied ac electric field due to its
inverse piezoelectric effect. In this work, the applied ac bias had
a 2 V peak-to-peak amplitude and a frequency of 15 kHz. The
piezoresponse hysteresis loops of a single PVDF-functionalized
BaTiOj nanoparticle (D = 10.2 + 0.6 nm) were collected by
imposing a dc bias from —10 to 10 V, while the piezoresponse
amplitude (A) and phase (@) of the induced piezoresponse
were simultaneously monitored (Figure 6). The piezoresponse
amplitude (4, in nm) was calculated by dividing the measured
amplitude (A; in mV) with the cantilever sensitivity (0.00853
V/nm for the tip). The emergence of the square-shaped
hysteresis of the phase loop corresponding to a 180° switching
of the permanent polarization (Figure 6a) and a classic
butterfly-shaped amplitude loop (Figure 6b) signified the
existence of well-defined spontaneous polarization, suggesting a
switching (i.e, ferroelectric) behavior even with the nano-
particle size as small as 10.2 + 0.6 nm (Figure 6¢).*® The single
PVDF-functionalized BaTiO; nanoparticle with D = 16.1 + 0.8
nm showed a similar piezoresponse. We note that the lateral
size of a single BaTiO; nanoparticle measured by PFM is much
larger than 10.2 & 0.6 nm obtained by TEM. This is due to the
PFM tip artifact (the radius of curvature of PFM tip used is 20
nm), while the height (approximately 12.5 nm, including the
PVDF chains situated on the surface of 102 + 0.6 nm
nanoparticle) is in good agreement with the TEM measure-
ment. The PEM results of PVDF-BaTiO; nanocomposites films
exhibited the similar switchable behaviors (Figure S11).
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Figure 6. Piezoresponse of a single PVDF-functionalized BaTiO;
nanoparticle (D = 10.2 # 0.6 nm) on the TEM grid: (a) phase and (b)
amplitude of the first harmonic signal as a function of V. to the tip
while a 2 V peak-to-peak ac voltage is applied to the bottom electrode.
(c) AFM height image of a single PVDF-functionalized BaTiO,
nanoparticle and its corresponding profile.

B CONCLUSIONS

In summary, we have developed, for the first time, a viable and
robust in situ synthesis of homogeneous and stable ferroelectric
organic—inorganic nanocomposites with well-controlled di-
mensions and compositions by exploiting both the ability to
synthesizing amphiphilic star-like PAA-b-PVDF diblock co-
polymers with well-defined molecular weight of each block as
nanoreactors, and the strong coordination interaction between
the precursors and hydrophilic PAA blocks. The PAA-b-PVDF
nanoreactors were prepared by a combination of ATRP and
click reaction, followed by hydrolysis. The PVDF-BaTiO,
nanocomposites are composed of uniform ferroelectric
BaTiO; nanoparticles stably connected with ferroelectric
PVDF. By judicious tuning of the molecular weight of inner
PAA blocks, BaTiO; nanoparticles with different sizes directly
and permanently linked with PVDF chains via pre-existing
covalent bonding between inner PAA and outer PVDF blocks
can be created. Notably, the unimolecular nanoreactor strategy
we have described renders the crafting of functional nano-
composites with well-defined size and shape, precisely control-
lable PVDF/BaTiO; ratio, and superior long-term stability.
PVDF-BaTiO; nanocomposites displayed high dielectric
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constant and low dielectric loss. As such, they offer promising
potential for applications in energy storage, such as high energy
capacitors. In addition, these PVDEF-functionalized BaTiO,
nanoparticles exhibited the ferroelectric tetragonal structure,
and the ferroelectricity is further substantiated by the PFM
study. By extension, this amphiphilic star-like diblock
copolymer nanoreactor strategy has the capacity to yield a
myriad of homogeneous and stable organic—inorganic nano-
composites with functional organic and inorganic constituents
for complex nanoscale materials and devices. For example, by
utilizing amphiphilic star-like PAA-b-PVDEF diblock copolymers
as templates to react with the corresponding precursors, a
family of attractive metal oxide nanoparticles (e.g., Fe;O,,
Fe,0;, Sn0O,, Co;0, MnO,, etc.), which are widely used in
lithium ion batteries, can be prepared. The surface of these
functional metal oxide nanoparticles is tethered with PVDF
chains, which may offer a promising binder-free electrode with
superior electrochemical performance.

B EXPERIMENTAL SECTION

Materials. 2-Bromoisobutyryl bromide (98%), N,N,N’,N",N’-
pentamethyldiethylene triamine (PMDETA, 99%), anhydrous 1-
methyl-2-pyrrolidinone (99.5%), sodium azide (>99.5%), S-cyclo-
dextrin (B-CD), and trifluoroacetic acid (TFA, 99.9%) were purchased
from Sigma-Aldrich, and used as received. CuBr (98%, Sigma-Aldrich)
was stirred overnight in acetic acid, filtrated, washed with ethanol and
diethyl ether successively, and dried in vacuum. tert-Butyl acrylate
(tBA, Sigma-Aldrich 98%), methyl ethyl ketone (MEK) (Fisher
Scientific, 99.9%), and N,N-dimethylformamide (DMF, Fisher
Scientic, 99.9%) were distilled over CaH, under reduced pressure
prior to use. PVDF functionalized with hydroxyl groups was directly
purchased from Polymer Source. Benzyl alcohol, barium chloride
dihydrate (BaCl,-2H,0, 99.0%), titanium(IV) chloride (TiCl,, 99.0%),
and sodium hydroxide (NaOH, 98%) were purchased from Sigma-
Aldrich, and used as received.

Preparation of Star-like PtBA with Azide End Groups (Star-
like PtBA-Ns). First, heptakis[2,3,6-tri-O-(2-bromo-2-methylpropion-
yl]-p-cyclodextrin) (denoted 21Br-f-CD) was prepared according to
previous work.>*"*® Subsequently, multiarm, star-like poly(tert-butyl
acrylate) (PfBA) with bromine end groups (PtBA-Br) was synthesized
by atom transfer radical polymerization (ATRP) of tert-butyl acrylate
(tBA) in methyl ethyl ketone (MEK), using 21Br-f-CD with as the
macroinitiator and CuBr/PMDETA as the cocatalyst. Typically, an
ampule charged with CuBr (0.0707 g), PMDETA (0.1707 g), 21Br-f3-
CD (0.1 g), tBA (4S mL), and 45 mL of MEK was vacuumed by three
freeze—thaw cycles in liquid nitrogen, then sealed, and placed in an oil
bath at 60 °C. The ampule was taken out from the oil bath and dipped
in an ice bath at different desired times to terminate the
polymerization. The solution was then diluted with acetone, passed
through a neutral alumina column to remove the catalyst, and
precipitated in the mixed solvents of methanol/water (v/v = 1/1).
After filtration, the product was purified by dissolution/precipitation
twice with acetone and methanol/water and dried at 40 °C in vacuum
for 2 days. "H NMR in CDCl;: § = 2.05—1.30 (CH,CH and —(CO)—
OCH(CH,;)5, repeat unit of PtBA), § = 2.56—2.06 (CH,CH, repeat
units of PtBA), and 1.21 (—(CO)—C(CHj;),—).

The purified star-like PtBA-Br (4.0 g) was dissolved in DMF (15
mL), and sodium azide (Br in star-like PtBA:sodium azide = 1:10;
molar ratio) was added to the solution. The reaction mixture was
stirred for 24 h at room temperature. Dichloromethane (30 mL) was
added to the mixture. The mixture was then washed with distilled
water three times. The organic layer was dried with anhydrous MgSO,,
and the solvent was removed by vacuum. The final product, multiarm,
star-like PtBA capped with azide end group (star-like PtBA-N;) was
collected and dried at 40 °C in vacuum oven for 24 h.

Synthesis of Linear Alkyne-Terminated PVDF (PVDF-Prop-
argyl). Diphenylmethyl sodium (DPMNa) (c = 0.5 M) was prepared
according to the literature.”’ Alkyne-terminated PVDF (ie., PVDF-

propargyl; PVDF—=) was obtained by nucleophilic substitution of
the hydroxyl group on PVDF into the alkyne group. Typically, PVDE-
OH (5.0 g) and THF (100 mL) were added into a 250 mL dried
ampule. The system was then purged with argon. The DPMNa
solution was introduced until the solution turned reddish-brown. After
the ampule was placed in ice bath, propargyl bromide (5.0 mmol) was
added dropwise within 2 h, and the reaction continued for 24 h at
room temperature. The PVDF—= was obtained by the separation of
the formed salts and the precipitation in diethyl ether twice, and dried
under vacuum at 40 °C until constant weight. 'H NMR (DMF-d,) 5
ppm: 2.44 (t, 1H, —OCH,C=CH), 4.20 (d, 2H, —OCH,C=CH).

Synthesis of 21-Arm, Star-like PtBA-b-PVDF by Click
Reaction. The star-like PtBA-b-PVDF diblock copolymers were
then produced by click reaction between star-like PtBA-N; and linear

PVDF—=. Star-like PtBA—N; and PVDF—= were dissolved in
DMF (10 mL) in a dry ampule. CuBr and PMDETA were added, and
the reaction mixture (PVDF—=:star-like PfBA—Nj:copper bromi-

de:PMDETA = 1.5:1:10:10; molar ratio) was degassed by three
freeze—pump—thaw cycles in liquid nitrogen. The ampule was first
immersed in an oil bath at 90 °C for 24 h, and then taken out of the oil
bath and placed in liquid nitrogen to terminate the polymerization.
The mixture was diluted with DMF and passed through the alumina
column to remove the copper salt. The product was precipitated in
cold methanol and dried in vacuum oven at 40 °C for 4 h, yielding
multiarm, star-like PtBA-b-PVDF diblock copolymer.

Formation of Star-like PAA-b-PVDF by the Hydrolysis of
tert-Butyl Ester Groups of PtBA Blocks in PtBA-b-PVDF Diblock
Copolymer. Amphiphilic star-like PAA-b-PVDF diblock copolymers
were yielded by the hydrolysis of tert-butyl ester groups of PtBA block
in PtBA-b-PVDF diblock copolymers. Briefly, star-like PtBA-b-PVDF
(0.5 g) was dissolved in S0 mL of THF, and 10 mL of trifluoroacetic
acid (TFA) was then added. The reaction mixture was stirred at room
temperature for 24 h. After the hydrolysis, the resulting star-like PAA-
b-PVDF diblock copolymer was gradually precipitated in THF. The
final product star-like PAA-b-PVDF diblock copolymer was purified,
washed with THF, and thoroughly dried under vacuum at 40 °C
overnight.

Synthesis of PVDF-Functionalized BaTiO; Nanoparticles.
PVDE-BaTiO; nanocomposites were synthesized via a wet chemistry
approach by capitalizing on PAA-b-PVDF diblock copolymers as
nanoreactors. In a typical process, 10 mg of star-like PAA-b-PVDF was
dissolved in the mixed solvents containing N,N-dimethylformamide
(DMF) and benzyl alcohol (BA) at DMF:BA = S:5 by volume at room
temperature, followed by the addition of an appropriate amount of
precursors (0.244 g BaCl,-2H,0 + 0.24 g NaOH + 0.11 mL TiCl,)
that were selectively incorporated into the space occupied by the inner
PAA blocks through the strong coordination bonding between the
carboxyl groups of PAA and the metal ions of precursors; there were
no active functional groups in the outer PVDF blocks to coordinate
with the precursors. The solution was then refluxed at 180 °C under
argon for 2 h, yielding ferroelectric BaTiO; nanoparticles directly and
stably capped with ferroelectric PVDF. The solution was then purified
by ultracentrifugation with MEK as solvent and ethonal as precipitant
for several times to remove unreacted precursors and mixed solvents.
The final product was dissolved in MEK for the transmission electron
microscopy (TEM) sample preparation as well as storage.

Characterizations. The molecular weight of polymers was
measured by gel permeation chromatography (GPC), equipped with
an Agilent1100 with a G1310A pump, a G1362A refractive detector,
and a G1314A variable wavelength detector. THF was used as eluent
at 35 °C at 1.0 mL/min. One S um LP gel column (500 A, molecular
range: 500—2 X 10* g/mol) and two S ym LP gel mixed bed columns
(molecular range: 200—3 X 10° g/mol) were calibrated with PS
standard samples. "H NMR spectra were obtained by a Varian VXR-
300 spectroscope, in which CDCy; and DMF-d, were used as solvents.
The size and morphology of PVDF-BaTiO; nanocomposites were
examined by TEM (JEOL 100; operated at 100 kV). Raman
measurements were performed using the 785 nm exciting line of a
Nd:YAG laser (Renishaw, U.K.). FTIR studies were conducted in the
wavenumber range 400—1000 cm™' (Shimadzu, Japan). TEM samples
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were prepared by applying a drop of dilute solution onto a carbon-
coated copper TEM grid (300 mesh) and allowing MEK to evaporate
under ambient conditions.

The crystalline structures of nanocomposites were measured by X-
ray diffraction (XRD; SCINTAGXDS-2000, Cu Ka radiation (1 =
0.154 nm)). Energy dispersive X-ray spectroscopy (EDS) analysis of
nanocomposites was performed using a field-emission scanning
electron microscope (FESEM; FEI Quanta2S0 operating at 10 kV in
high vacuum).

Parallel-plate capacitors with a diameter of 2.54 cm and a thickness
of approximately 1 mm were fabricated by hot-pressing nano-
composite powders and PVDF powders at 150 °C under the pressure
of 16.71 N/cm?® The thicknesses for the nanocomposites capacitors
and the PVDF-only capacitor were kept the same. A thin layer of Au
film was then sputtered on both flat surfaces as electrodes. The
frequency dependent capacitance and loss tangent based on a parallel
equivalent circuit were measured using an Agilent E4980A LCR meter
in the frequency range 100 Hz to 2 MHz at 1 V,( (root-mean-square
voltage) in open/short-circuit-correction mode to eliminate the
residual capacitance from the cables connected between the meter
and the probe station. The permittivity values were calculated on the
basis of ¢, = ((CP X t)/(A X €)), where capacitance, C,y can be
measured experimentally, and the thickness, t, and the area, A, of each
capacitor are known from the geometry of parallel-plate capacitors as
noted above.

The morphology of PVDF-BaTiO; nanocomposites was inves-
tigated using scanning electron microscopy (SEM) to evaluate for the
presence of any voids. The weight fraction of PVDF in nano-
composites was determined by thermogravimetric analysis (TGA; TA
Instrument TGA Q_50).

Ferroelectricity of a single PVDF-functionalized BaTiO; nano-
particle as well as PVDF-BaTiO; nanocomposites films was measured
by atomic force microscopy (Bruker Dimension Icon) in piezoelectric
force microscopy (PFM) mode. The dc bias was applied through the
AFM tip, and the ac bias was applied to the bottom electrode. The Pt/
Ti-coated conductive AFM probes have a nominal force constant of
0.4 N/m. The applied ac bias had 2 V peak-to-peak amplitude and a
frequency of 15 kHz. The nanocomposite films were prepared by spin
coating the solution on the ITO glass. Well-dispersed single PVDF-
functionalized BaTiO; nanoparticle was obtained by simply drop-
casting the solution onto the carbon-coated copper TEM grid as the
TEM grid is conductive and can thus serve as the substrate for the
PFM measurement.
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