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Abstract

Supramolecular assembled nanocomposites were prepared through the solution casting of the complexing mixtures from the side chain
carboxylated poly(dimethylsiloxane) (PDMS) with the 1-(4-methyl)-piperazinylfullerene (MPF). FT-IR and XPS analyses reveal that there
are strong ionic interactions between the two components. Small-angle X-ray scattering study shows the formation of MPF fullerene nanodo-
mains dispersed in the PDMS matrix, but no highly ordered structures, which is confirmed with TEM images. Compared to its polymeric pre-
cursor, the MPF crosslinked composites exhibit superior thermal mechanical stability and dramatic increase in the storage and loss moduli.
Moreover, elastic response exceeds viscous response in the composites due to the formation of crosslinking structures. The increase of the
MPF content in the composites leads to a denser packing of MPF nanodomains, resulting in better thermal, mechanical, and viscoelastic
properties. The decrease in the carboxylic acid groups along the PDMS chains reduces the crosslinking density of the PDMS/MPF composites.

The composites show a combined dielectric property from both PDMS and MPF components.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

One of the efficient ways to improve the processibility of
Cgo is by introducing it into polymers to take advantage of
the excellent processibility of polymers such as good film-
forming ability, tunable compositions and conformations.
Ceo-fullerene based polymeric materials have received great
attention in recent years [1—9]. Among the various methods
to attach Cgo onto polymers [10—20], it is simpler and more
convenient to embed Cgy physically in polymer matrixes.
Functionalization of Cgo and/or polymers is often carried out
to improve the compatibility of Cgy with polymers.

Recently, we have successfully prepared supramolecular
assembled Cgp-containing polymeric materials based on the
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interactions between the functionalized Cgy and polymers
possessing suitable functional groups [21—24]. The Cg, was
either mono-functionalized or multi-functionalized, and the
interactions between complementary functional groups of
Cgo derivatives and polymers enable the Cgo derivatives to
be well dispersed and adhere strongly to the polymer matrixes,
leading to a significant improvement on the storage moduli of
the materials. While the interactions between Cg species and
polymers were mainly hydrogen-bonding or ionic interaction,
the hydrophobic interactions could also play a vital role to
control the morphology and properties of the resulted Cgp-
polymer composites [24]. For example, a three-dimensional
network structure could be constructed through the hydro-
gen-bonding interaction between the hydroxyl groups in
fullerenol and the terminal amine groups of polydimethyl-
siloxane (PDMS) chains. The strong hydrophobic interactions
among Cgy molecules render the formation of Cgy nano-
domains, which could be homogeneously confined in the
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polymer matrix. This unique structure of the fullerenol—
PDMS nanocomposites leads to excellent film-forming ability,
superior thermal and mechanical stability, and advantageous
dielectric property, i.e. increased permittivity and greatly
decreased loss factor at a high content of polyhydroxylated
fullerenol [24].

In the present work, we design side chain functionalized
polymers to interact with the multifunctional 1-(4-methyl)-
piperazinylfullerene (MPF) to form a novel structured Cgp-
polymer composite material. It has been indicated that MPF
can form complexes with the proton-donating polymers such
as poly(styrene-sulfonic acid), poly(vinylphosphonic acid),
poly(acrylic acid) and poly(methacrylic acid) through ionic in-
teractions [25]. On the other hand, PDMS polymer has many
excellent properties such as low glass transition temperature,
very low surface energy, low gas permeability, good thermal
stability, and biocompatibility [26,27]. Furthermore, PDMS
can be modified to attach carboxylic groups on the side chains
and the content of carboxylic groups is tunable [27]. It was en-
visaged that there would be strong ionic interactions between
the amine groups of MPF and the side carboxylic acid groups
on the PDMS chains to achieve good dispersion and tight affin-
ity of Cgp in the PDMS matrix so that the outstanding properties
of both C¢y and PDMS materials can be combined. The interac-
tions between the MPF and the side chain carboxylated PDMS
chains, the ordered structures of the resulted Cgy-PDMS com-
posites as well as their thermal, thermal mechanical, viscoelas-
tic, and dielectric properties were investigated in this paper. The
effects of the MPF contents and the carboxylic acid group den-
sity of PDMS chains on the properties of the PDMS/MPF com-
posites were discussed.

2. Experimental
2.1. Materials and composites preparation

[60]Fullerene (Cgo) (99.5%) was purchased from SES re-
search company, USA. 1-Methylpiperazine (98%), (3-cyano-
propyl)methyldichlorosilane and dichlorodimethylsilane were
supplied by Sigma—Aldrich Company. Both chlorobenzene
and tetrahydrofuran of AR grade were obtained from Fisher
Scientific Company. 1-(4-Methyl)-piperazinylfullerene (MPF)
in brown powders was synthesized and characterized accord-
ing to Ref. [25], which has an average stoichiometry of
[CeoHo(NC4HgNCHj3)o] as determined by X-ray photoelectron
spectroscopy.

MPF

Two random copolymers of dimethylsiloxane and (3-car-
boxypropyl)methylsiloxane with 45.4 mol % and 25.2 mol %

of (3-carboxypropyl)methylsiloxane unit were synthesized
and characterized according to the reported method [28].
The content of (3-carboxypropyl)methylsiloxane unit was de-
termined by "H NMR. These transparent and gel-like copoly-
mers are denoted as PSI45 and PSI25, where the number after
PSI denotes the molar percentage of (3-carboxypropyl)methyl-
siloxane unit. Their molecular weights were estimated by gel
permeation chromatography with THF as eluent (1.0 ml/min)
and polystyrene as standards, which are 3.2 x 10* g/mol for
PSI45 and 4.1 x 10* g/mol for PSI25, respectively, with
polydispersity of about 1.7 for both polymers.

o
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To prepare PSIXMPF composites, an appropriate amount of
MPF suspension in THF after being sonicated for half an hour
was added into the THF solution of PSIX. The PSIX con-
centration in the mixture was kept at 9.2 mg/ml. The mixture
was continuously stirred overnight followed by evaporation
at room temperature. Five composites were prepared for
PSI45MPF system, denoted as PSI45MPF15, PSI45MPF36,
PSI45MPF56, PSI45MPF74, and PSI45MPF116, correspond-
ing to an increase in the content of MPF with the molar ratio
of N/COOH (mol %) at 15, 36, 56, 74, and 116, respectively
(the weight percentage of MPF in the above composites is
5.2, 11.5, 17.1, 21.4 and 27.0%, accordingly). Similarly, five
composites were prepared for PSI2SMPF system, denoted as
PSI25MPF14, PSI25MPF33, PSI25MPF53, PSI25MPF72,
and PSI25MPF106, corresponding to an increase in the con-
tent of MPF with the molar ratio of N/COOH (mol %) at 14,
33, 53, 72, and 106, respectively (the weight percentage of
MPF in the above composites is 3.2, 7.1, 11.7, 15.0 and
20.2%, accordingly). The samples were finally dried in vacuo
at 50 °C for three days to afford films.

2.2. FT-IR characterization

The infrared spectra were recorded on a Nicolet Magna 550
FT-IR spectrometer. The spectra were signal-averaged from 16
scans with a resolution of 4 cm™~'. The THF solutions of PSIX
were sprayed on PTFE film, and the composites were ground
with KBr followed by being compressed into pellets. All
sample pellets were dried in vacuo at 60 °C for 2 h just before
measurement to exclude moisture.

2.3. XPS analysis

X-ray photoelectron spectroscopy (XPS) measurements
were made on a VG ESCALAB MKII spectrometer with an
Mg Ko X-ray source (1253.6 eV photons) and a hemispherical
energy analyzer. Samples were mounted on studs using a
double-sided adhesive tape. The X-ray source was run at
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12kV and 10 mA. A pass energy of 20eV and a rate of
0.05 eV/step were used for all XPS spectra acquisitions with
a binding energy width of 12 eV. The pressure in the analysis
chamber was maintained at 10~% mbar or lower during the
measurements. All spectra were obtained at a take-off angle
of 75° and they were curve-fitted with XPSPEAK3.1. To com-
pensate the surface charging effects, all binding energies were
referenced to the saturated hydrocarbon Cls peak at 285.0 eV.

2.4. Small-angle X-ray scattering (SAXS) measurements

SAXS measurements were performed at the Advanced
Polymers-PRT Beamline (X27C), National Synchrotron Light
Source (NSLS) at Brookhaven National Laboratory (BNL),
using a laser-aided prealigned pinhole collimator. The incident
beam wavelength (1) was tuned at 0.1366 nm. A two-dimen-
sional imaging plate was used in conjunction with an image
scanner as the detection system. The sample to detector
distance for SAXS was 795 mm. The scattering vector ¢ is
expressed as g = (4m/A)sin(6/2) with 6 being the scattering
angle between the incident and the scattered X-rays. The
d-spacing of the ordered structures can be calculated as
d=12tlq.

2.5. Thermal analyses

The measurement of glass transition temperatures (T,s) was
made with a TA Instruments Q100 differential scanning calo-
rimeter (DSC) under a flow of 50 ml min~" purified nitrogen at
a heating rate of 20 °Cmin~'. The abrupt increase of heat
capacity in the DSC trace was taken as T,. Thermal stability
was analyzed under a flow of 60 ml min~' purified nitrogen at
a heating rate of 10 °C min~' using a Hi-Res TGA 2950 ther-
mogravimetric analyzer, TA Instruments. Thermal mechanical
analyses (TMA) were performed in compression mode with
a flat-tipped standard expansion probe using a TA instruments
TMAQ400 under a flow of 50 mlmin~' purified nitrogen.
Samples were cooled in situ to —130 °C or —150 °C with

liquid nitrogen, then heated up at a rate of 5 °C min"'.

2.6. Rheometry

Viscoelastic behaviors of various samples were investigated
using a shear strain-controlled rheometer (ARES RFS rheom-
eter, TA Instruments) with 25 mm parallel plates. The tem-
perature ramp measurements were carried out from —20 °C
to 120°C at 1 Hz. The strain was 10% for PSI45 and
PSI45MPF15, and 1% for PSI4SMPF36 and PSI45MPF56.
The temperature was controlled by the peltier assembly with
an accuracy of 0.01 °C. Both storage and loss moduli were
measured from linear viscoelastic spectra.

2.7. Dielectric analyses
The dielectric analysis was carried out on a TA Instruments

Dielectric Analyzer 2970, covering a frequency range from
1 Hz to 100 kHz and a temperature range from —120 °C to

100 °C. The dielectric spectra were obtained in single surface
mode except for MPF in ceramic parallel plate mode at a
heating rate of 3 °Cmin~" in purified nitrogen.

3. Results and discussion
3.1. Interaction between MPF and PSIX

Fig. 1a shows the carbonyl-stretching region of PSI45 com-
pared with that of PSI45MPF composites. The carbonyl stretch
of PSI45 has a main band centered at 1711 cm ™" as well as
a shoulder band at 1739 cm™'. The 1711 cm™' band is
assigned to the carbonyl groups in self-associated carboxylic
groups (acid dimers), and the 1739 cm™' band belongs to
the free carbonyl groups without association. These charac-
teristic peaks of carboxylic groups are commonly observed
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Fig. 1. FT-IR spectra of the carbonyl region of (a) PSI45 and PSI45MPF

composites, and (b) PSI25 and PSI2SMPF composites, respectively.
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in FT-IR spectra of other carboxylated polymers, such as
poly(acrylic acid) (PAA) and poly(methacrylic acid) (PMAA),
and PSI100 [28,29]. The free carboxylic band at 1739 cm™!
is more distinctive in PSI45 than that in fully carboxylated
PAA, PMAA and PSI100, which are disguised in a broad
band centered at 1710 cm '. After PSI45 was complexed
with MPF, the free carbonyl-stretching band grows in intensity
at the expense of the acid dimers. It is known that the self-
association of the acidic groups must be broken up before
new intermolecular interactions are formed, which is particu-
larly evident with carboxylic acid containing polymers [30].
With the increase in the content of MPF in the composites,
the dimeric band is gradually shifted to a higher frequency.
Eventually, the carbonyl-stretching band is reshaped into a sin-
gle band centered at 1724 cm ™' in composite PSI45MPF116,
which means that all carboxylic groups of PSI45 are reorgan-
ized due to the interaction with amine groups of MPF and
there are no unaffected acid dimers existed. Meanwhile, a clear
band at 1562 cm™' from the asymmetric stretching mode of
COO™ appeared, indicating an ionic interaction formed
between PSI45 and MPF.

Similar changes of carbonyl-stretching region are observed
in PSI25MPF composites as shown in Fig. 1b. The small band
at 1623 cm™' might be originated from impurities in PSI25.
With the increase in the MPF content in the composites, the
intensity of free carbonyl-stretching band increases and the
intensity of dimeric band relatively decreases and shifted to
higher frequency. Finally, the carbonyl-stretching band in
composite PSI25MPF106 is totally reshaped into a single
band centered at 1719cm™' and the COO~ band at
1563 cm ™! is clearly observed, indicating the dominant ionic
interactions between MPF and PSI25.

The interactions between the tertiary amine groups of MPF
and the carboxylic groups of PSI45 are also evident from XPS
studies, as shown in Fig. 2. The N1s spectrum of MPF shows
a symmetrical peak centered at a binding energy (BE) of
399.0 eV. The Nls peak is narrow (FWHM = 1.55¢eV), so
no deconvolution was carried out for this peak. In contrast,
the N1s peak of composite PSI45SMPF116 can be curve-fitted
by two component peaks, with one remaining at 399.0 eV and
the other at 401.3 eV. The appearance of the new high-BE
energy peak clearly shows that some of the amine groups of
MPF interact with the carboxylic acid groups in PSI45. Our
previous studies have shown that when the nitrogen of pyri-
dine, piperidine or imidazole is protonated, the BE value of
Nls is increased by 2.0eV or more, whereas hydrogen-
bonding interaction will increase the BE value by about
1.0 eV [31—35]. The increase in the binding energy of Nls
of MPF by 2.3 eV indicated that the interaction between
MPF and PSI45 is of ionic nature. The protonated nitrogen
atoms are up to 51% according to the fraction of area. Lu
and others carefully characterized the interactions between
MPF and acidic polymers using XPS [25], which demon-
strated that the nitrogen atoms in MPF are readily protonated
and the nitrogen far away from Cg, (nitrogen B) is the much
more preferred site of protonation than that near the cage of
Ceo (nitrogen A). Similarly, it is most likely that the majority
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Fig. 2. XPS Nls spectra of (a) MPF and (b) PSI45SMPF116 composites.

of protonation occurs at the nitrogen B in the PSIXMPF
composites. It is also noted that the N1s peak at 401.3 eV is
broader than the one at 399.0 eV, which indicates that the
chemical environments are more complicated for those nitro-
gen atoms with higher binding energies. One probable reason
could be that the binding energy difference between the two
types of nitrogen atoms is increased when one type of amine
groups (likely nitrogen B) directly interacts with —COOH,
which induces the change of chemical environment of another
type of amine groups (nitrogen A). Although no effort was
made in this paper to deconvolute the two types of nitrogen,
the BE of nitrogen A is 0.4 eV higher than that of nitrogen
B in MPF [25].

3.2. Structures of PSIXIMPF complexes

Fig. 3 shows the SAXS profiles of the PSI45 polymer and
the dried PSI45MPF composites formed at different content
of MPF. While the PSI45 polymer had no scattering peaks
in the experimental ¢ range, the complexation of MPF to the
PDMS matrix produced a single scattering peak, implicating
the homogeneous distributions of the MPF domains in the
PDMS matrix but no highly ordered close packing structure.
The increase of MPF in the composites from 5.2 wt%
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Fig. 3. SAXS profiles of PSI45MPF composites.

(PSI45MPF15) to 11.5 wt% (PSI45MPF36) shifted the peak
position to higher ¢« values significantly, corresponding to
a gradual decrease in the inter-distances of MPF nanodomains.
Howeyver, the further increase of MPF content from 11.5 wt%
to 21.4 wt% only shifted the g,.x position slightly. This result
could be attributed to the saturation of the binding sites along
the PDMS chains, in which all the COOH functional groups
were complexed with the MPF nanodomains when MPF
content was above a certain value. After this saturation, the
continuous addition of MPF will be used to increase the
individual MPF nanodomain size, which will actually increase
the inter-distance of MPF nanodomains slightly. Thus, it is
possible to observe a nearly constant gn.x position when
MPF content is in a certain high range. Interestingly, this
structure is totally different from the structure of composites
formed by multifunctional fullerenes with terminal functional-
ized PDMS [24], where the increase in the multifunctional
fullerene content increases the inter-distances of fullerene
nanodomains continuously. When the terminal functionalized
PDMS chains are used to complex with fullerene derivatives,
the distance between the neighbored fullerene nanodomains is
a constant and equivalent to the PDMS chain length on aver-
age. Therefore, the increase in the fullerene content can only

increase the size of individual fullerene nanodomains. How-
ever, in this work, we chose the side chain functionalized
PDMS chains to complex with fullerene derivatives. Com-
pared with the terminal funtionalized PDMS chains, there
are much more complexing sites available for MPF molecules
to bind along the PDMS chains. Thus, the increase in MPF
content increases the number of MPF nanodomains in the
composites, resulting in a denser packing of fullerene do-
mains. This characteristic structure of PSIXMPF composites
leads to a series of special properties of the PDMS—fullerene
composite materials.

Fig. 4 shows the typical atomic force microscopy (AFM)
topograph images of the composite PSI45MPF15 (A) and
PSI45MPF56 (B) films coated on mica surface. The surface
morphology of the composite films shows that there are
some Cgo MPF nanodomains being assembled into the
PDMS polymer matrix. At low MPF content of 5.2 wt %
(A), the dispersion of MPF nanodomains in the PDMS matrix
is quite inhomogeneous. When the MPF content is increased
to 17.1 wt % (B), the dispersion of the MPF nanodomains
becomes more homogeneous. On average, the MPF nanodo-
mains are relatively closer at the higher MPF content. This
structure information is consistent with SAXS results. While
AFM images only reflect the surface structures of the
composite films, transmission electron microscopy (TEM)
was also applied to image the structures of the nanocompo-
sites. Fig. 4C shows a typical TEM image of the composite
PSI45MPF56 (17.1 wt % MPF) film dried from the solution
casting on a copper grid. The TEM image clearly indicates
that the self-assembled MPF nanodomains are well dispersed
in the PDMS matrix. Due to the random distribution of
COOH functional groups along the PDMS chains, the inter-
distance of MPF nanodomains has also a broad distribution,
which explains the broad scattering peak in the SAXS curves.
The size of the MPF nanodomains is about 10 nm.

3.3. Thermal analyses

Fig. 5 shows the DSC traces of PSI45SMPF composites at
different content of MPF. The PSI45 polymer shows a single
T, at —66 °C. The composites PSI45MPF15 and PSI45MPF36
with low content of MPF also show single T,s at —64 °C and
—66 °C, respectively, indicating the homogeneity of polymer

Fig. 4. AFM images of composite films of PSI4SMPF15 (A) and PSI45SMPF56 (B) and TEM image of composite PSI4SMPF56 (C).
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Fig. 5. DSC traces of PSI45SMPF composites: (1) PSI45; (2) PSI45MPF15; (3)
PSI45MPF36; (4) PSI45MPF56; (5) PSI45MPF74; and (6) PSI45MPF116.

chain segments in terms of flexibility at low content of MPF.
The identical T,s of these two composites with that of PSI45
within the experimental error show that the rigidity of
PDMS chain segments caused by low extent crosslinking of
MPF nanodomains is just comparable to that by the self-
association of carboxylic groups of PSI45. On the other
hand, the glass transition broadness of these two composites
PSI45MPF15 (12°C) and PSI45MPF36 (9 °C) becomes
much narrower in comparison with that of PSI45 (21 °C),
which may be due to the improvement of homogeneity of
chain motion after crosslinking with MPF. The inhomogeneity
in molecular weight and the extent of functionality of the

100 —
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Fig. 6. Thermogravimetric analyses of PSI4SMPF composites: (1) PSI45; (2)
PSI45MPF15; (3) PSI45MPF36; (4) PSI45SMPF56; (5) PSI45SMPF74; (6)
PSI45MPF116; and (7) MPF.

PDMS matrix, which contribute to the broadness of the glass
transition of PSI45, were suppressed by light crosslinking
with MPF. However, when the MPF content was increased
to certain high level in the PSI45MPF composites (e.g., N/
COOH > 56 mol %), no distinctive Tes could be detected
due to the rigidity of the highly crosslinked PDMS chains at
the high content of MPF nanodomains.

Fig. 6 shows the thermogravimetric traces of PSI45SMPF
composites. The traces of all composites are in between those
of MPF and PSI45, indicating that the thermal stability of
PSI45MPF composites makes compromise between their two
components. The results are similar with those of MPF/PAA
and MPF/PMAA complexes [25] but different from those of
fullerenol/end-functionalized PDMS composites [24], where
the composites present better thermal stability than their com-
ponents. This difference could be attributed to the structure
difference of the two types of composites as discussed above.
PSIX are side-functionalized PDMS, whose thermal degrada-
tion process is random depolymerization along the chain,
while the end-functionalized PDMS depolymerizes mainly
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Fig. 7. Thermal mechanical analyses of PSI45MPF composites (a) and
PSI25MPF composites (b), respectively. Curves vertically shifted for clarity.
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from chain ends [36]. In fullerenol/end-functionalized PDMS
composites, the two terminal groups can be effectively an-
chored with fullerenol molecules, therefore, the composites
show improved thermal stability. In PSIXMPF composites,
the PDMS matrix is greatly functionalized in the side chains,
which are unable to be completely anchored and stabilized by
MPF because of the steric hindrance.

Fig. 7a shows the dependence of dimension change with
temperature for PSI45SMPF composites. PSI45 reveals its soft-
ening point at —20 °C, while all the composites show much
higher softening temperatures, which increase with the in-
crease in the content of MPF. For instance, the softening tem-
perature of composite PSI45SMPF74 is as high as 100 °C. The
dramatic increase of softening temperature shows that MPF
has significant effects on the thermal mechanical performance
of PSI45, which is due to the strong interactions between MPF
and PSI45 matrix. It is also observed that there are small soft-
ening regions appearing at lower temperatures for composites,
with the onsets at —50, —20, —30, —10 °C for composites
PSI45MPF15, PSI45MPF36, PSI45MPF56, and PSI45MPF74,
respectively. The inner heterogeneity of the composites may
account for these softening regions at lower temperatures.
The heterogeneity might mainly come from the broad distribu-
tion of side functional carboxylic acid groups along the PDMS
chains.

Fig. 7b shows the TMA curves of PSI25MPF composites.
The softening point of PSI25 locates at —40 °C, which is
20 °C lower than that of PSI45. The lower content of —COOH
in PSI25 causes the smaller percentage of self-crosslink,
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leading to a lower softening temperature. Similarly, the intro-
duction of MPF into PSI25 dramatically increases the softening
temperature of PSI25 due to the crosslinking structures. The
composites only show single softening points, indicating that
inner structures are more homogeneous in PSI25MPF
composites than that of PSI4ASMPF composites.

3.4. Viscoelastic behaviors

Fig. 8 compares storage moduli (G’) and loss moduli (G”)
of PSI45MPF composites with those of the PSI45 precursor
at 1 Hz. The incorporation of MPF into PSI45 dramatically
increases both G’ and G” by orders of magnitude, and G’
and G” increase with increasing the content of MPF. A viscous
behavior is observed with G” > G’ in the PSI45 sample, while
G’ exceeds G” in all the composites, indicating elastic
response dominates after complexing of PSI45 with MPE
The viscoelastic property of composites at higher content of
MPF (e.g., N/COOH > 74 mol %) cannot be measured by
the rheometer of our lab since they are too rigid. It is worthy
to mention that the G’ platform of PSI45 starting from about
40 °C 1is the characteristic for crosslinking structures that
come from the self-association of carboxylic groups in
PSI45. The crosslinking structures begin to rupture from
100 °C as shown by the abruptly decreasing G’ value. While
milder rupture of the crosslinking structures from ~ 110 °C
is observed for composite PSI45MPF15, the rupture of cross-
linking structures disappears in the composites PSI45SMPF36
and PSI45MPF56 within the experimental temperature range
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Fig. 8. Temperature dependence of storage moduli G'(O) and loss moduli G”(A) of PSI45MPF composites at 1 Hz.
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of 120 °C, which may be due to the higher thermal stability of
the interactions of MPF with PSI45 as compared to PSI45 self-
association. It should be mentioned that the complexing
between PSI25 and MPF has similar effects on the viscoelastic
behavior of PSI25MPF composites. While PSI25 shows a vis-
cous behavior with G” > G’, all PSI25MPF composites exhibit
much higher G’ and G” as well as the elastic behaviors with
G’ > G". The G’ and G” values also increase with the increase
in the content of MPF. However, compared to the PSI45SMPF
system, the platform of G’ curves of PSI25MPF composites
starts from ca. 70 °C, which is 30 °C higher than that for
PSI45MPF system, indicating a lower crosslinking density in
PSI25MPF system due to the lower density of carboxylic
groups of PSI25 matrix.
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3.5. Dielectric properties

Fig. 9 shows the temperature dependence of dielectric per-
mittivity ¢’ and loss factor ¢’ of PSI45, MPF, and composite
PSI45MPF36 at various frequencies. For PSI45, ¢ shows
a transition with increased ¢ value and ¢” shows a relaxation
peak from —100 to —64 °C at 1 Hz, corresponding to its glass
transition, at which the great increase of chain mobility causes
the rapid increase of ¢’ and ¢”. The dynamic glass transition
temperature is —79 °C, corresponding to the relaxation peak
at 1 Hz. Both ¢ transition and ¢” peak become broader and
move to high temperatures with increasing frequency. In other
words, the relaxation is getting more uniform and homoge-
nized at lower frequency since there is more time to adjust
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Fig. 9. Temperature dependence of dielectric permittivity ¢ and loss factor ¢” at various frequencies for PSI45, PSI45MPF36 composite, and MPF, respectively.
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to environmental change. The ¢ value of MPF gradually in-
creases with temperature and its ¢’ value is near zero. In
contrast, the dielectric spectra of composite PSI45SMPF36
show a combination of dielectric spectra from the MPF and
PDMS components. Compared to PSI45, the composite
PSI45MPF36 shows a broader ¢ step as well as a broad and
squatter ¢” peak, which is due to the addition of MPF nanodo-
mains with much lower ¢’ and ¢” values and the heterogeneity
caused by crosslinking structures. Moreover, the ¢’ peak of
composite PSI45SMPF36 moves to higher temperatures, which
is ascribed to the restriction of chain mobility arising from
crosslinking. The rapid increases of both ¢ and ¢’ at high
temperature or low frequency for all samples are due to dc
conductivity.

4. Conclusions

Supramolecular assembled poly(dimethylsiloxane)/Fuller-
ene nanocomposites could be prepared through the strong
ionic interactions of amino groups in MPF and the side car-
boxylic acid groups on the PDMS chains. SAXS study shows
that the MPF nanodomains are homogeneously dispersed in
the PDMS matrix without highly ordered close packing struc-
tures, which is confirmed with TEM images. The increase in
the MPF content leads to a denser packing of fullerene nano-
domains in the composites until all COOH functional groups
on the PDMS chains were complexed with MPF molecules.
This structure change is different from the structures of com-
posites formed by end-functionalized PDMS complexing with
multifunctional fullerenes. Compared to its polymeric precur-
sor, the composites exhibit superior thermal mechanical stabil-
ity. The incorporation of MPF nanodomains into the side
carboxylated PDMS matrix dramatically increases the storage
and loss moduli of composite materials. The elastic response
exceeds viscous response in all the composites due to the for-
mation of crosslinking structures. The higher the MPF content
in composites and the carboxylic acid group content on the
PDMS chains, the higher the crosslinking density of the com-
posites. Furthermore, the composite shows a combined dielec-
tric property from both the PDMS and MPF components.
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