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Polyimide (PI) nanocomposites prepared by the in situ generation of crosslinked organosilicon
nanophase (ON) through the sol-gel process were characterized by densities, thermally stimulated
depolarization currents and dielectric relaxation spectroscopy.

Both a looser molecular packing of PI chain fragments adjacent to the ON and a loose inner struc-
ture of the spatial aggregates of ON were assumed to be responsible for a non-additive decrease of
the experimental values of dielectric permittivity for the nanocomposites. The pattern of composi-
tion dependence of the apparent dielectric permittivity of the ON suggested a probability of a mor-
phological change around the composition PAAS/MTS =100/16 (presumably, a sort of percolation
transition from small-size, individual clusters into large-size, infinite clusters). Thus, PI reinforced
with the sol-gel derived nanophase may have a reasonably good potential as low dielectric permit-
tivity materials. Copyright © 2004 John Wiley & Sons, Ltd.
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INTRODUCTION

Sol-gel technology has become an attractive route for synth-
esis of polymer nanocomposites (PNs) with improved
mechanical performance due to a homogeneous distribution
of stiff inorganic nanoparticles (mostly, silica and its deriva-
tives) throughout a continuous polymer matrix.'™
Obviously, further improvement of mechanical properties
was not the major issue for the PN prepared from high-
modulus, rigid-chain polymers like polymides (PIs); how-
ever, PI reinforced with the sol-gel derived nanoparticles
proved competitive to commercial PI packaging materials
due to their better gas permeation properties, higher heat
resistance and flame retardance, etc.*~® So far, the potential
of Pl-based PNs as low dielectric permittivity materials,
another traditional area of PI use,”!° remained uncertain,
mainly due to a higher intrinsic dielectric permittivity of
bulk silica (¢' =3.8-4.0 at room temperature'''?) compared
to that for neat PI (¢ =2.6-3.2).”'° Somewhat unexpectedly,
the values of ¢ =2.5-2.8 were reported for several series of
Pl-based PNs at relatively high contents of the sol-gel
derived, silica-like nanoparticles.">™'> These results com-
bined with the relevant morphological data were interpreted
as evidence for striking differences between the inner
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structures of bulk silica and of the aggregates of sol-gel
derived nanoparticles.

According to our previous studies of a series of PI-based
PNs by a variety of experimental techniques,lf"17 the
crosslinked organosilicon nanophase formed by the sol-gel
procedure possessed a rather loose inner structure charac-
terized by the mean-square electron density fluctuations
and by the dynamic elasticity moduli comparable to those
of the pristine, glassy PIs. Thus, it seemed interesting to
gain a further insight into the structure—property relation-
ships for these PNs through measurements of densities,
thermally stimulated depolarization currents and dielectric
properties.

EXPERIMENTAL

Materials

Synthesis of PI-based nanocomposites has been described
in detail elsewhere;'® 7 therefore, only essentials need to
be outlined here. In the first step, polyamic acid of molar
mass 5000 with ethoxysilane end-groups (PAAS) was pre-
pared by dissolution of 0.01044 mol of 4,4’-diaminodiphe-
nyl ether and 0.025mol of 3-aminopropyl triethoxysilane
in 17.4 g of N,N-dimethyl acetamide, step-wise addition of
0.01169 mol of pyromellitic dianhydride to the solution
and stirring at room temperature (r.t.) for 2 hr. Next, the
precursors of nanocomposites (NCP) were obtained by
addition of the required amount S (=8, 20, ..., 120%) of
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methyl triethoxysilane (MTS) to the solution, and stirring
at r.t. for 10 hr. The homogeneous solutions were then cast
on glass slides and stored atr.t. for atleast 1 hr under humid
conditions to ensure water absorption and MTS hydrolysis.
Finally, the PAAS was imidized to the corresponding poly-
imide (PI) by step-wise heating and subsequent storage of
the thin films of NCP for 2 hr at each of the following tem-
peratures: 60, 100, 120, 150, 200, 250°C, and by post-cure for
5hrat300-315°C. The anticipated structure of the final pro-
duct can be schematized as:
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Techniques

Thermally stimulated depolarization currents (TSDC) were
measured in the temperature interval 100-300 K as described
in detail elsewhere.'®*° A disk-like specimen (diameter:
13 mm) placed between brass plates of a parallel capacitor
was polarized by a d.c. electric field (field strength: 10kV/
cm) and cooled down (cooling rate: ~7 deg/min) to the liquid
nitrogen temperature; then the field was switched off,
the sample short-circuited and the TSDC were recorded (at
the estimated equivalent frequency of 1.6x10 > Hz) by an
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Taking due account of the quantities of water involved in
the hydrolysis and condensation reactions, it can be readily
shown that each 100g of the precursor (PAAS) will yield
85.56¢g of PI and 2.08 g of organosilicon nanophase (ON),
while further addition of the MTS will result in the regular
change of PI/ON mass ratios for different nanocomposites
(Table 1).

electrometer during heating to room temperature at a
constant rate (~3 deg/min).

Complex dielectric permittivity, e* = ¢’ —ie”, of disc-like
specimens (diameter: 20mm) sandwiched between gold-
coated brass electrodes was measured over the frequency
window 10'-10°Hz in the temperature interval 173-293 K

using several experimental setups,'® ™’ including the

Table 1. Experimental and calculated densities of nanocomposites with different PAAS/MTS mass ratios

PAAS/MTS PI/ON Experimental PI/ON volume Calculated density® Calculated ON
mass ratio mass ratio density (g/ cm®) ratio® (1—¢)/ ¢ (g/ cm?®) densityb (g/ cm?®)
100/0 100/0 1.3882 100/0 1.3882 —

100/3 96.4/3.6 1.3866 97.4/2.6 1.4039 1.3259
100/8 94.4/5.6 1.3828 96.0/4.0 1.4127 1.2531
100/16 91.4/8.6 1.3825 93.8/6.2 1.4261 1.2962
100/40 83.3/16.7 1.3905 87.8/12.2 1.4631 1.4070
100/60 77.6/22.4 1.3668 83.3/16.7 1.4904 1.2601
100/100 68.3/31.7 1.3574 75.6/24.4 1.5375 1.2620
100/120 64.4/35.6 1.3393 72.3/27.7 1.5579 1.2119

“Assuming pon =28/ cm?®, ppr=1.3882 g/ cm?.

P Assuming pp; = 1.3882 g/cm”.

Copyright © 2004 John Wiley & Sons, Ltd.
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Table 2. Parameters of the ~-relaxation
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PAAS/MTS

mass ratio T, (K) Ae, Ae,=Ae, /(1 - @) lO’sAEvk’l (K) log fy (Hz)
100/0 146 0.169 0.169 5.7 14.1
100/3 141 0.277 0.284 — —
100/8 141 0.273 0.288 — —
100/16 140 0.262 0.284 5.3 13.6
100/40 139 — — — —
100/60 133 0.225 0.281 49 13.4
100/100 135 0.228 0.318 47 12.2
100/120 123 0.234 0.344 4.2 12.2

Schlumberger frequency response analyzer (FRA 1260) sup-
plemented by a buffer amplifier of variable gain (Chelsea
dielectric interface) and the Hewlett— Packard 4284A Preci-
sion LCR meter.

Room temperature densities p were measured by a
hydrostatic weighing technique in doubly-distilled water.

RESULTS AND DISCUSSION

Densities

As can be seen from Table 1, the experimental densities of the
PN remained approximately composition-invariant up to
PAAS/MTS=100/40, and started to decrease at higher MTS
volume contents (¢). Judged by the glaring discrepancies
between these experimental data and the densities calculated
by the simple additivity rule (penultimate column in Table 1),
the assumption on the identical densities (2.0 g/cm®) for both
the ON and silica'? is not valid. The expected values of pon
which were derived assuming composition-invariant ppr
(last column in Table 1), also look much too low. These results
imply composition-dependent values of either pon;, or ppr, or

both; the experimental evidence relevant to this preliminary
conclusion will be discussed later.

Thermally stimulated depolarization currents

A single maximum on the TSDC traces in the limited tem-
perature interval of our measurements for all studied sam-
ples, presumably, refers to the sub-glass (y-) relaxation by
the mechanism of non-cooperative, localized motions of an
imide cycle.”’® As can be seen from Table 2, the ~-peak
temperatures T., in the PN tended to decrease, while the
relaxation strengths Ae, (estimated from the peak areas)
increased, the higher the MTS volume content . Moreover,
~-relaxations could be also detected as maxima on the dielec-
tric loss ¢” v. temperature diagrams at different frequencies
(not shown); the corresponding Arrhenius plots for studied
samples (Fig. 1) proved to be reasonably linear (in construct-
ing these plots, the TSDC data from Table 2 at the equivalent
frequency of 1.6x10 > Hz were also used). As can be seen from
Table 2, both apparent activation energies for y-relaxation
(AE, /k) and pre-exponential factors (fp) tended to decrease
with the MTS content.
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Figure 1. Arrhenius plots (numbers refer to the MTS contents, S).
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Figure 2. Frequency dependencies of the r.t. dielectric permittivities for the PNs with
PAAS/m s ratios from 100/0 (uppermost curve) to 100/120 (lowermost curve).

The above data are clear evidence for the facilitated loca-
lized mobility of imide cycles in the PI matrix of PNs, which
can be explained by looser molecular packing of PI chain
fragments adjacent to the ON. Evidently, this effect (i.e. the
apparent density deficitin the Pl matrix) should become stron-
ger, the higher the MTS content; however, the reliable estimate
of its magnitude remains the issue of further studies.

Dielectric permittivity

As could be expected for dielectric materials in the tempera-
ture and frequency domains well outside the eventual struc-
tural relaxations,?! the r.t. dielectric permittivity €' for all
studied samples is nearly constant over a reasonably broad
interval of the driving frequency f, whereas on the approach
to the y-relaxation at f > 1kHz it tended to decrease (Fig. 2).
Moreover, the values of ¢ (at a fixed frequency of f=1kHz)
for the PNs decreased, the higher the MTS content (Table 3).
This latter result is consistent with other relevant data'>~'°
and can be regarded as further evidence for invalidity of a
common-sense expectation of the increase of dielectric per-
mittivity from ¢ ~3.18 for the precursor (PAAS) to
¢/ =3.8-4.0 for the bulk silica.

More quantitative assessment of the above data will be
attempted within the frame of several theoretical treatments
of dielectric permittivity—composition relationships for
composite materials,”* such as Looyenga model,

P =P (1 - )+, (1a)
Lichtenecker model,
Ing’ =Ine (1—¢)+Ine e, (1b)
and Stoltze et al.’s model,
e =en(1—¢) +e o (1c)

Copyright © 2004 John Wiley & Sons, Ltd.

Implicit in Eqns (1a), (1b) and (1c) is the assumption that the
dielectric permittivities of a matrix and of spherical inclu-
sions (g, and &/, respectively) remain composition-invariant,
so that the volume fraction of inclusions and the fitting para-
meter « are the only factors responsible for the composition
dependence of the dielectric permittivity of a composite (¢').
Therefore, although our data suggest that both a looser mole-
cular packing of PI chain fragments adjacent to the ON (see
the preceding paragraph) and a loose inner structure of the
spatial aggregates of ON'®!” may be responsible for a non-
additive decrease of the experimental values of dielectric per-
mittivity for the PN (Table 3), the values of ¢’ will be treated by
Eqns (1a), (1b) and (1c) to derive the apparent values of ¢/ for
the ON (assuming ¢/, = const ~ 3.18 for the PI).

As can be seen from Table 3, the apparent values of &
estimated by different theoretical models exhibited a simi-
lar dependence on PN composition, remaining throughout
considerably smaller than the dielectric permittivity of the
bulk silica. Pragmatically, this result can be rationalized
assuming that the ON is made up of nanoparticles of silica

Table 3. Experimental and calculated dielectric permittivities
of nanocomposites

& (derived from Eqn)

PAAS/MTS

mass ratio ¢ (at 1kHz) (1a) (1b) (1c) «
100/0 3.18 — — — —
100/3 3.16 2.45 2.47 2.24 2.05
100/16 3.07 1.68 1.81 1.78 0.01
100/40 3.01 1.96 1.95 1.90 0.57
100/60 2.94 1.93 1.93 1.89 0.49
100/100 2.94 2.27 2.15 2.11 1.54
100/120 291 2.27 2.15 2.11 1.58
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(e,,=3.8-4.0) fused together into loose spatial aggregates
with a considerable fraction . of empty inner pockets
(gl ~ 1). As an illustrative example, the apparent values of
@. estimated by the Looyenga model Eqn (la) increased
from ~0.40 for PAAS/MTS=100/3 to ~0.65 for PAAS/
MTS=100/16 and then decreased approximately linearly
to ~0.45 for PAAS/MTS=100/120. There is little doubt
that the absolute values of ¢, derived in this fashion may
be in serious error; nevertheless, the pattern of their compo-
sition dependence suggests a probability of a morphologi-
cal change in the ON around the composition PAAS/
MTS=100/16 (presumably, a sort of percolation transition
from small-size, individual clusters into large-size, infinite
clusters). Work is in progress to check this suggestion by
electron microscopy experiments.

CONCLUSIONS

(1) Both a looser molecular packing of PI chain fragments
adjacent to the ON and a loose inner structure of the spa-
tial aggregates of ON is believed to be responsible for a
non-additive decrease of the experimental values of
dielectric permittivity for the PNs.

(2) The pattern of composition dependence of the apparent
dielectric permittivity of the ON suggests a probability
of a morphological change around the composition
PAAS/MTS=100/16 (presumably, a sort of percolation
transition from small-size, individual clusters into
large-size, infinite clusters).

(3) PIreinforced with the sol-gel derived nanoparticles may
have areasonably good potential aslow dielectric permit-
tivity materials.
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