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ABSTRACT: Effects of silica and silica/titania nanoparticles on glass transition and segmental dynamics of poly(dimethylsiloxane)
(PDMS) were studied for composites of a core—shell type using differential scanning calorimetry, thermally stimulated depolarization
current, and dielectric relaxation spectroscopy techniques. Strong interactions between the filler and the polymer suppress crystallinity
(T, X,) and affect significantly the evolution of the glass transition in the nanocomposites. The segmental relaxation associated with
the glass transition consists of three contributions, arising, in the order of decreasing mobility, from the bulk (unaffected) amorphous
polymer fraction (o relaxation), from polymer chains restricted between condensed crystal regions («, relaxation), and from the semi-
bound polymers in an interfacial layer with strongly reduced mobility due to interactions with surface hydroxyls of silica and silica/
titania nanoparticles (o' relaxation). The evolution of surface affected CH; groups, as well as the degree of interaction of PDMS mole-
cules with surface hydroxyl groups as a function of treatment temperature, was assessed by Fourier transform infrared spectroscopy,
thermogravimetry and differential thermal analysis. The effectiveness of silica/PDMS and silica/titania/PDMS nanocomposites as
hydrophobic coatings was investigated by static contact angle measurements. It was shown that the presence of titania nanoparticles
and adsorbed PDMS promotes the hydrophobic properties of the PDMS coating after treatment in the 80-650°C range. © 2014 Wiley

Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 41154.
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INTRODUCTION

In recent years, polymer nanocomposites have attracted signifi-
cant interest due to their synergistic and hybrid properties
derived from several components. These materials offer unique
mechanical,' electrical,” optical,” thermal,>* and bioactive prop-
erties, especially suitable for their applications as sensors, non-
linear optical materials, selective membranes, catalysts, and pro-
tective coating.>®

Silica—poly(dimethylsiloxane) (PDMS) composite is one of
important systems among hybrid materials.”” PDMS is the most
important and widely used siloxane polymer.'™"° It is well known
as a high-performance material because of its extremely low glass
transition temperature (—125°C) and high thermal stability com-
pared with those of other elastomers. The helix shape of PDMS
with six O—Si—O bonds in a cycle'” restricts the number of seg-
ments which can directly interact with a matrix surface to form
hydrogen bonds =SiO—H:--O(Si(CH;),—), or bonding due to
dispersion interactions. However, the PDMS conformation can
be changed in the adsorption layer depending on the PDMS
content.

© 2014 Wiley Periodicals, Inc.
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It is commonly accepted that the improvement of properties of
polymer nanocomposites is linked to modified polymer dynam-
ics in the interfacial layer.'"'* A variation in the PDMS content
in composites can affect many properties of the whole material.
Very often the presence of various nanofillers, such as silica,
titania, and so forth, leads to a restriction of polymer mobility
and thermal transition ability manifested in an increase in glass
transition temperature and a decrease in the degree of crystal-
linity and the crystallization temperature in semi-crystalline
polymer matrices."?

Effects of silica interlayer distance on the polymer T, values of
nanocomposites made from doubly supported films were previ-
ously studied.'® It was found that interfacial interactions, which
yield significant increases in T, in nanocomposites, may yield
much more significant effects on other glassy behavior such as
physical ageing. The similar results were obtained by Torkelson
et al."” It was shown that both real and model nanocomposites
demonstrate strong suppressions of physical aging relative to bulk
polymer. This suggests that nanocomposites may have important
technological applications related to the production of glassy-state
polymeric materials with properties that are much less subject to
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physical aging than neat polymers. This provides the possibility to
conduct studies that will allow understanding how the separation
distance between nanofiller interfaces impacts the glass transition
and physical aging of the polymer.

Thus, understanding interfacial chemistry is important for ulti-
mate engineering of the mechanical, electrical or chemical prop-
erties. Generally, the improved properties of polymer-containing
nanocomposites are related to the modification of the structure
and dynamics of a polymer phase due to interactions with a fil-
ler surface. So, in-depth studies of interfacial interactions
between a filler surface and associated polymer chains are war-
ranted. Notice that PDMS is frequently used in different appli-
cations including bioengineering and other bioapplications.'***
Nanocomposites can be more effective materials than individual
polymers for these applications.

In our previous works,”>?® it has been shown that many prop-

erties (such as structural characteristics of the composites, reac-
tions during heating in air and vacuum, interfacial relaxation
phenomena, hydrophobicity as a function of treatment tempera-
ture, etc.) of PDMS/zirconia/silica strongly differ from those of
PDMS/silica. Broadening of the o relaxation of PDMS at the
interfaces of disperse oxides suggests both weakening of the
PDMS-PDMS interactions and strengthening of the PDMS-—
oxide interactions.”® Notice that the interfacial behavior of
PDMS depends strongly on the morphology and texture of
oxides in the oxide/PDMS composites.*"**

Despite numerous investigations of polysiloxane materials
(notice that most of them are related to linear poly(R,-siloxane)
such as PDMS),"*"**! deeper understanding of the behavior of
interfacial layers of PDMS adsorbed onto chemically different
highly disperse oxides with different textural porosity needs
additional investigations.

Therefore, in the present work the effects of silica and silica/tita-
nia nanoparticles on glass transition and segmental dynamics of
PDMS have been studied. Differential scanning calorimetry
(DSC), thermally stimulated depolarization currents (TSDC)
and dielectric relaxation spectroscopy (DRS) techniques, cover-
ing together a broad frequency range from 10~ to 10° Hz, are
used here. Infrared spectroscopy technique is used to obtain
information on surface affected groups and the degree of inter-
action of PDMS molecules with surface hydroxyls. Thermal
destruction of PDMS adsorbed on a surface of initial fumed
silica and SiO,/TiO, has been also studied using thermogravim-
etry (TG) and differential thermal analysis. The hydrophilic/
hydrophobic properties of the composites are characterized by
the values of the contact angle of settled water drops.

EXPERIMENTAL

Materials

Pyrogenic (fumed) silica PS300 (pilot plant of the Chuiko Insti-
tute of Surface Chemistry, Kalush, Ukraine, specific surface area
S=290 mZ/g) and binary oxide SiO,/TiO, (ST) (S=174 mz/g)
were used as substrates for adsorption modification by PDMS.
Silica/titania was synthesized through the interaction of nanosil-
ica PS175 (pilot plant of the Chuiko Institute of Surface Chem-
istry, S=185 m?®/g) with TiCl, (Merck) at T=200°C,
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subsequent treatment with water vapor,”>* and calcination at

relatively low temperature (400°C) to prevent titania nanopar-
ticle consolidation. The concentration of TiO, was 2.7 wt %
and according to XRD measurements titanium dioxide is amor-
phous, because any crystalline phase is not observed.

Liquid PDMS-1000 (“Kremniypolimer,” Zaporozhye, Ukraine;
molecular weight W,, ~ 7960, degree of polymerization
d, =105, kinematic viscosity 1036 mm®s at 20°C) was
adsorbed onto initial silica and silica/titania to prepare samples
containing 40 wt % of the polymer. Before the adsorption,
oxide samples were dried at 110°C for 1 h, and then a solution
of PDMS (1 wt %.) in hexane was added and the suspension
was stirred. The suspension was dried at room temperature for
24 h and then at 80°C for 3 h.

The hydrophobicity of the samples was estimated from the con-
tact angle values of water drops measured using the sessile drop
method with an USB digital microscope (Sigeta, China, magni-
fication from 20X to 200X). A drop of distilled water was
seated onto a pressed pellet with oxide/PDMS preheated at 80—
700°C for 0.5 h and cooled to room temperature. This treat-
ment results in temperature-dependent degradation of the
PDMS layer differently affected by silica and silica/titania surfa-
ces. Measurements were carried out in air at room temperature
(18°C). The calculations were made according to standard pro-
cedures described in the literature.”

Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) spectra of pow-
dered samples (grinded with KBr at the mass ratio 1 : 9) over the
4000—400 cm ' range were recorded in a diffuse reflectance mode
using a ThermoNicolet FTIR spectrometer. For quantitative analy-
sis, some IR spectra were normalized using the intensity of the
Si—O vibration overtone at 1865 cm™ ' as an inner standard.

Specific Surface Area

The specific surface area (S) was calculated using adsorption of
argon (from an Ar/He mixture) at 77.4 K using a LKhM-72 (Rus-
sia) chromatograph and Silochrome-80 as a reference material.

TG

TG analysis of PDMS adsorbed on oxide samples (weight ~
200 mg) was carried out in air at a heating rate of 10°C/min in
the 20-1000°C range using a Derivatograph Q-1500D (Paulik,
Paulik and Erdey, MOM, Budapest) with TG-DTA (differential
thermal analysis).

DSC

Thermal properties of the materials were investigated in helium
atmosphere in the temperature range from —175°C to 0°C using
a TA Q200 series DSC instrument, calibrated with indium (for
temperature and enthalpy) and sapphire (for heat capacity). The
samples of ~8 mg in mass were closed in standard aluminum
pans. Cooling and heating rates were fixed to 10°C/min. Notice
that PDMS crystals are melted at room temperature, so a first
heating scan for erasing thermal history’® was not necessary here.

TSDC
TSDC is a special dielectric technique in the temperature
domain, characterized by high sensitivity and high resolving
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Table 1. Characteristics of Silica/PDMS and Silica/Titania/PDMS
Nanocomposites

Sample Treatment temperature (°°C) S (m?/g)
PS300/PDMS 80 265
PS300/PDMS 300 256
PS300/PDMS 400 293
PS300/PDMS 450 307
PS300/PDMS 500 294
PS300/PDMS 600 299
ST/PDMS 80 27
ST/PDMS 300 29
ST/PDMS 400 30
ST/PDMS 450 74
ST/PDMS 500 172
ST/PDMS 600 178

power. The latter arises from a low equivalent frequency
(107*=1077 Hz).”” By this technique, a sample (powder com-
pressed to form a cylindrical pellet of 12 mm in diameter and 1-
2 mm in thickness) was inserted between the brass plates of a
capacitor, placed in a Novocontrol TSDC sample cell and polar-
ized by an electrostatic field E, (~10* V/m) with a home-made
voltage source at polarization temperature T, = 20°C for 5 min.
With the field still applied, the sample was cooled down to
—150°C (cooling rate 10°C/min, under nitrogen flow), suffi-
ciently low to prevent depolarization by thermal energy, then
short-circuited and reheated up to 50°C at a constant heating
rate b= 3°C/min. Temperature control was achieved by means of
a Novocontrol Quatro cryosystem. A discharge current was gen-
erated during heating and measured as a function of temperature
with a sensitive programmable Keithley 617 electrometer.

DRS

For DRS* measurements, the samples (the same used in TSDC
measurements) were placed between the plates of a capacitor
and an alternate voltage was applied in a Novocontrol sample
cell. The complex dielectric permittivity, ¥ = &'-i¢”, was
recorded isothermally as a function of frequency in the range
from 107" to 10° Hz at temperatures from —150 to 60°C (in
nitrogen atmosphere) in steps of 2.5, 5 and 10°C (depending
on the process to be studied) using a Novocontrol Alpha ana-
lyzer. The temperature was controlled to better than *=0.5°C
with a Novocontrol Quatro cryosystem.

RESULTS AND DISCUSSION

Temperature Behavior of Bound PDMS

According to chromatographic measurements (Silochrome at
S=80 m’/g as a reference material) the S value decreases by
9% for PS300 and 83% for ST after PDMS adsorption in
amount of 40 wt % (Table 1). This result can be explained by
larger sizes of the ST particles more strongly agglutinated by the
same amount of PDMS in comparison with PDMS/nanosilica
with a thinner polymer shell of smaller silica nanoparticles. Oxi-
dizing destruction of the PDMS shell during heating of samples
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in air up to 600°C leads to an increase in the specific surface
area (Table 1), which is similar to that of individual oxides.

PDMS macromolecules can form a helix structure due to the
corresponding rotations of neighboring Si(CH3), groups around
the Si—O bonds.'” Therefore, only a portion of the segments of
adsorbed PDMS molecules can interact with a silica or ST sur-
face, for example, by formation of the hydrogen bonds
=M,0—H---O(Si(CH3),—), (where M=Si or Ti, i=1 or 2)
and due to dispersion interactions. The dimethylsilyl groups
non-interacting with the oxide surface can interact with other
PDMS molecules. This effect is stronger for ST/PDMS because
of a thicker layer of the polymer located on ST nanoparticles
larger than PS300 nanoparticles.

FTIR spectroscopy was used to study the thermal behavior of
the PDMS shells on the nanooxide cores at different tempera-
tures (Figure 1). The PDMS adsorption can be analyzed due to
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Figure 1. FTIR spectra of PS300 (a, curve 1) and (a) PS300/PDMS and (b

and c) ST/PDMS after heating at 80 (2), 300 (3), 400 (4), 450 (5), 500

(6), 600 (7), and 650°C (8) in air for 0.5 h. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 2. Integral intensity of the bands of (a) the O—H and (b) C—H

stretching vibrations of free silanols and CHj groups, respectively, as a

function of treatment temperature for PS300/PDMS and ST/PDMS at

Cppms = 40 wt % in air. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

changes in integral intensity of bands of the O—H (Ip—y at
3749 cm™ ') and C—H (Ic—y at 2969 cm™ ) stretching vibra-
tions depending on pretreatment temperature (Figure 2). It was
found that the maximal integral intensity of the C—H stretching
vibrations (pretreatment at 80°C) decreases by a factor of 3.2 at
calcination of PDMS/PS300 at 300°C [Figure 2(b)]. The band
of the CH—stretching vibrations of CHj groups is absent after
sample treatment at 400°C [Figure 1(a), curve 4].

A different picture is observed for PDMS/TS composite demon-
strating resistance of dimethylsilyl groups of PDMS up to 400°C.
Even after preheating at 600°C, the integral intensity of the C—H
stretching vibration band has about 35% of its intensity after pre-
heating at 80°C. Calcination of the sample to 650°C does not
lead to complete oxidation of dimethylsilyl groups [Figure 1(b,c)
curve 8]. It should be noted that the absorption band of free sila-
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Figure 3. Dependence of the contact angle of water drops located at a
surface of pre-heated and pressed nanocomposites on the calcination tem-
perature. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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nols appears in the FTIR spectra only at 650°C [Figure 1(b)].
There is a certain shift of the vcyy band peak from 2962 cm™! for
ST/PDMS preheated at 80°C toward 2978 and 2983 cm ™' after
heating at 600 and 650°C, respectively [Figure 1(c)]. This is due
to a small residual amount of bound PDMS (free of intermolecu-
lar interactions) and its fragments (products of depolymerization)
reacted with the surface to form Si—O—Si(OH)(CHj), groups.
Temperature delay of PDMS decomposition at the ST surface in
comparison with PS300/PDMS can be explained by thicker poly-
mer structures at a surface of larger nanoparticles. For instance,
removal of PDMS fragments at m/z 207 from bulk PDMS has a
maximum at 550°C and strongly decreases at 650°C.* This is in
agreement with the temperature behavior of PDMS bound to ST.

The influence of hydrophilic nanooxides on thermal destruction
of the polymer can be estimated by measuring of the composite
hydrophobicity caused by PDMS. The contact angle values [Fig-
ure 3] show that both composites demonstrate the hydrophobic
properties after preheating at 80°C. Moreover ST/PDMS com-
posites are characterized by larger contact angle values of a
water drop than PS300/PDMS. Silica/PDMS composite becomes
hydrophilic after heating at 450°C, while ST/PDMS demon-
strates the thermal stability of the PDMS coating up to 650°C
[Figure 3]. These results are in agreement with FTIR spectros-
copy data [Figures 1 and 2] and previous investigations.”” Thus,
the presence of TiO, nanoparticles in ST can be considered as a
promoter of the hydrophobic properties of the polymeric coat-
ing in ST/PDMS. However, this is rather effect of the changes
in the particulate morphology and agglutination of PDMS and
ST particles into the composite with much lower porosity and
surface area than PS300/PDMS.

In air, the thermal decomposition of PDMS adsorbed on the
surfaces of PS300 and ST is accompanied by exothermal effects
[Figure 4]. The exo-effects at T,,.x = 340-590°C corresponded
to oxidation of dimethylsilyl groups and removal of volatile
cyclic siloxanes.”” The TG/DTG graphs for PS300/PDMS and
ST/PDMS samples exhibit two well-defined regions of the
weight loss at 300-600°C coinciding with the temperature range
of exothermal effects [Figure 4]. At the same polymer content

DTA - DTG (arb. units)
Weight loss (wt. %)

T T a T T T . T X T T x T 30
100 200 300 400 500 600 700 800 900 1000

Temperature (°C)

Figure 4. Thermogravimetric (TG), DTA-DTG data for (1) PS300/PDMS
and (2) ST/PDMS samples at Cppys =40 wt %. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 5. DSC thermograms for initial PDMS, PS300/PDMS and ST/
PDMS samples during cooling (a) and subsequent heating (b). The glass
transition temperature region during heating is shown in more detail
in (c). [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

(40 wt %), the values of the weight loss for PS300/PDMS and
ST/PDMS composites are 12.5 and 27.5%, respectively, in this
temperature range. Previously,” it was shown that practically
complete oxidation of dimethylsilyl groups occurred at these
temperatures in the case of silica/PDMS. The presence of tita-
nium dioxide on silica surface promotes depolymerization of
adsorbed PDMS and increasing weight loss. Therefore, one can
assume that enhanced stability of the ST coating can be due to
effects: (i) thicker PDMS layer on ST than on PS300 nanopar-
ticles; (ii) stronger interactions of the PDMS depolymerization
products with the ST surface than with the PS300 surface.
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DSC Measurements

DSC measurement results for neat PDMS and nanocomposites
are shown for both cooling [Figure 5(a)] and heating [Figure
5(b)] scans. On the basis of these thermograms, the following
changes in the thermal transitions of the polymer in the nano-
composites can be analyzed comparing to the neat polymer, as
well as effects of the treatment temperature on these transitions.
Next to crystallization and melting, we focus here mostly on the
glass transition [Figure 5(c)] to analyze the corresponding DSC
data in terms of glass transition temperature T, and heat
capacity jump AC, at T, which is related to a fraction of poly-
mer participating in the glass transition. All the respective
recorded and calculated values of interest are shown in Table 2.

Upon cooling scans [Figure 5(a)] a single exothermic peak is
observed around —99 to —78°C (T,), representing the crystalliza-
tion event, and an endothermic step in the baseline around
—129 to —124°C, representing the glass transition of PDMS."
The results show that the crystallization temperature decreases
significantly in the nanocomposites, from —78°C for neat PDMS
to —99 and —88°C for PS300/PDMS and ST/PDMS, respectively.

During heating the glass transition is recorded for all samples and
the characteristic temperature T, is determined as the midpoint of
the heat capacity step at glass transition [Figure 5(c), Table 2]. For
both oxides, T, decreases by 3-5°C in the nanocomposites, as com-
pared to neat PDMS, and this decrease is stronger for silica due to a
thinner PDMS layer. At higher temperatures, —110 to —80°C, cold
crystallization effects are observed. The endothermic melting peaks
of PDMS crystals are between —60 and —40°C [Figure 5(b)]. The
position and the shape of the melting peak(s) depend on the type
of the nanocomposite, oxide content and thermal history. The melt-
ing temperature (7T,,;) decreases slightly for PS300/PDMS (—49°C)
and ST/PDMS (—50°C) as compared to neat PDMS (—48°C), and
the melting peak broadens toward lower temperatures. The second-
ary weaker melting peak precedes the main one by 5—8°C. The
results may be discussed in terms of size and quality of crystals and
of primary/secondary crystals affected by both interactions with the
oxide surface and certain confined space effects for macromolecules
located between adjacent oxide nanoparticles.'">'>?%°

Using the crystallization, cold crystallization and melting enthal-
pies, AH, AH.. and AH,,, respectively, recorded by DSC (Table
2) and, for comparison, normalized to the same polymer frac-
tion Xppms for each sample, the degrees of crystallinity X rys
and X, Were calculated, according to egs. (1) and (2) given
below, as it was carried out previously.'"'? AH,g, in these
equations is the enthalpy of PDMS fusion, taken as 37.43 J/g.*’
The heat capacity change recorded by DSC, AC,,psc, was nor-
malized to the same amorphous polymer fraction according to
eq. (3)."" 2 The results of calculations are presented in Table 2.

Xeeryt =AHc/(Xppms - AH,g004) (1)
Xc,melt = (AHm_AHCC)/(XPDMS : AI—IIOOO/O) (2)
ACp,norm =ACp,DSC /(XPDMS (1 _Xc)) (3)

A main result shown in Table 2 is that the heat capacity jump
at T, normalized to the same fraction of amorphous polymer,
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Table 2. Comparison of the Effects of Heating Temperature on the Thermal Characteristics of PDMS (C =40 wt. %) Adsorbed onto Initial Silica and

Silica/Titania Oxides

AH, ACpr  AHe
Te (J/g) Xeeryst T C) (lg~C) (g AHm Ulg) Xemerr  Tgiel (°C)
(C)  (+05) (+5%) (+0.5) (+0.02) (+0.5) Tpy (C) TpolC) (+0.5) (+5%) (+0.2)
PDMS initial  -78 30 080  -124 081 30 —48 - 30 - —124/-129
PS300/PDMS -99 3 020 -129 025 5 —49 44 9 027  -128
(80°C)
PS300/PDMS - O 000 - 000 O = = 0 000  —130
(300°C)
PS300/PDMS - O 000 - 000 0 - - 0 000 -
(500°C)
ST/PDMS -88 10 067 -124 023 O -50  -42 12 078  -127
(80°C)
ST/PDMS -83 10 067 -126 015 0 —49  -43 12 080  —129
(300°C)
ST/PDMS - 0 000 - 000 O — — 0 000 -
(500°C)

Notes: DSC values as recorded from (i) cooling scan: crystallization temperature T, crystallization enthalpy AH. and degree of crystallinity as calcu-
lated from the crystallization peak X oryst, (ii) heating scan: temperature and normalized heat capacity change of glass transition Ty and AC, », respec-
tively, cold crystallization enthalpy AH,., melting peak temperatures T,,1 and T,,2, melting enthalpy AH,,,, and degree of crystallinity calculated from the
melting peak Xcmeir. DRS value of dielectric glass transition Tggie for the samples in which /o, relaxation mechanism was recorded. For the initial

PDMS both o and « relaxations where recorded.

AC,,,, decreases significantly in the nanocomposites as com-
pared to the neat PDMS. This result suggests that a significant
fraction of an amorphous part of the polymer matrix does not
contribute to the glass transition. In a simple model, this poly-
mer fraction may be considered as immobilized or interfacial
polymer at polymer-filler interfaces relatively strongly interact-
ing with the oxide surface. The interfacial polymer or, at least, a
part of it is supposed not to contribute the glass transition in
DSC according to Schick and co-workers** employing such nor-
malization on the measured AC,. Similar results have been
obtained in previous work for PDMS/silica and PDMS/titania
nanocomposites, where the nanoparticles were generated by sol—
gel method in the presence of crosslinked PDMS.""'? Following
that work, we calculate this fraction of immobilized polymer
from the relative reduction of AC,,, (Table 2) and get values of
0.69 and 0.72 for PS300/PDMS and ST/PDMS (preheating at
80°C), respectively.

The second main result (Table 2) refers to the effects of nanoox-
ides on the crystallization behavior of PDMS. Next to the
reduction of the crystallization temperature in the nanocompo-
sites (from —78°C for neat PDMS to —99 and —88°C for
PS300/PDMS and ST/PDMS, respectively), we observe (Table 2)
a reduction of the degree of crystallinity from 0.8 for neat
PDMS to 0.2 and 0.67 for PS300/PDMS and ST/PDMS (pre-
heated at 80°C), respectively, and the Xy values are slightly
higher than values of X, 1. Thus, by comparing each other the
two types of nanocomposites (Table 2) we can conclude that
silica/titania is less effective than silica in suppressing X, and
reducing T, due to a smaller fraction of the interfacial PDMS in
ST/PDMS. Notice that employing similar study of core/shell sys-
tem with fumed silica (S=290 mz/g) / PDMS-1000, in which
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silica particles were also modified by 4 wt % of iron oxide
(Fe,O3), similar effects were revealed on both the suppression
of X.and ACP.41

TSDC Measurements

The TSDC thermograms [Figure 6] are compared for neat
PDMS and composites with PS300/PDMS and ST/PDMS. The
depolarization currents are normalized by dividing by the
applied electric field (giving units A m~' V~').*” These fields
were varied for different samples due to the geometrical charac-
teristics of the capacitor (i.e. thickness and diameter). After nor-
malization, TSDC results for different samples can be compared
to each other not only with respect to the temperature position
of peaks (time scale of the corresponding relaxation) but also
with respect to the magnitude of peaks (dielectric strength of
the corresponding relaxation, Ag).*®

In the temperature range from —140 to —80°C, complex spec-
tra consisting of three peaks are well discerned [Figure 6(b)].
Bearing in mind the similar range of equivalent frequencies of
TSDC and DRS measurements,”” we suggest at this stage that
the three peaks (relaxations), called o, o, and o in the order of
increasing temperature, are related to cooperative PDMS chain
motions in the glass transition region.

For pure PDMS-1000, a single peak is observed at —129°C,
which corresponds to the primary o relaxation associated with
the glass transition of the amorphous phase of PDMS [Figure
6(b), curve 1]. The temperature T, of the peak maximum,
which is, in general, a good measure of T,,> is in good agree-
ment with the DSC data (Table 2). In addition, a shoulder
appears on the high-temperature side of the main peak extend-
ing up to approximately 15°C higher, its intensity being rather
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weak. The shoulder in the TSDC thermograms of initial PDMS
is assigned to the o, relaxation that corresponds to the mobility
(dynamics) of amorphous polymer which is constrained-
confined within the polymer crystals.'"'> The main relaxation
at —129°C in the nanocomposites is assigned to the o relaxation
of the PDMS chains that are sufficiently far from the filler sur-
face as to exhibit quasi-bulk behavior. For PS300/PDMS [Figure
6(b), curve 2] and ST/PDMS [Figure 6(b), curves 3 and 4]
nanocomposites, the o relaxation is observed at approximately
the same temperature but with a lower intensity.

The third peak in the TSDC thermograms of the composites is
assigned to the o relaxation of PDMS chains in an interfacial
layer close to a surface of silica (or silica/titania) particles, where
the chain mobility is constrained due to PDMS interactions
with several adjacent nanoparticles (hydrogen bonding between
the O atoms in the polymer backbone and the hydroxyls on the
nanoparticle surface and van-der-Waals interactions between
macromolecules and oxide surface).*? Opposite to DSC, in
which the interfacial polymer does not contribute in glass tran-
sition (decreasing AC,),'***™** in TSDC, the interfacial polymer
mobility is recorded as an extra relaxation mechanism with
slower dynamics (at higher temperatures) as compared to bulk
mobility (i.e.,  and o, relaxations).' >

Results in Figure 6(b) suggest that the o relaxation is stronger
in the case of the PS300/PDMS sample as compared to others.
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This would suggest a higher amount of polymer in the filler-
polymer interfacial layer, with reduced mobility, for this sample.
In the case of ST/PDMS sample, the o relaxation, although
being weaker, is shifted toward higher temperatures (up to
—88°C), suggesting higher suppression of interfacial mobility
than that of PDMS bound to unmodified silica.'* Both results
with respect to temperature position and relative magnitude of
the o peak will be quantified and discussed in the next section
in relation to DRS results.

It is interesting to note that as the calcination temperature of
the samples increases (above 300°C) the overall dielectric
response of the samples is suppressed in the glass transition
region (i.e., —140 to —80°C). In the extreme case of ST/PDMS,
which was preheated at 600°C [Figure 6(b), curve 5], no relaxa-
tions are recorded in that region, suggesting practically total
decomposition of the polymer. This result confirms suggestion
that a portion of the products of PDMS depolymerization can
modify the ST surface since the C—H stretching vibrations are
observed in the FTIR spectra after similar treatment of the com-
posites [Figure 1(b,c)].

Events recorded in the temperature range between —100 and
—80°C seem to be related to cold crystallization.’® The reason
for recording cold crystallization by TSDC is the low heating
rate used in this technique (3°C/min against 10°C/min in DSC
measurements), by which it is given more time, comparing to
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library.com.]

DSC, for the further development of crystallization, while pass-
ing through the T, region [Figure 6].

At temperatures higher than those of the o and o' TSDC peaks,
a sharp low-intensity peak is observed in the thermograms [Fig-
ure 6] for all the samples between —60 and —40°C and a broad
peak between —60 and 40°C. The sharp low-intensity peak is
located in the temperature region of melting, which in combi-

0.10 - 3 kHz
1 {—-— neat PDMS
= PDMS (40 wt.%)
S 0.08 4 adsorbed onto
m 2——PS300 (80 °C)
? 3—:—ST (80 °C)
] i
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a1\ N\
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-150 -100 -50 0 50

Temperature (°C)
Figure 8. Comparative isochronal DRS plots of the imaginary part of
dielectric permittivity ¢’ versus temperature at 3 kHz for initial PDMS
(1), PS300/PDMS (80°C) (2), ST/PDMS (80°C) (3), ST/PDMS (300°C)
(4). [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Mah\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

41154 (8 of 11)

Applied Polymer

IENCE

nation with its small width makes it reasonable to associate it
with melting in the crystalline regions of PDMS. The strong
peak [Figure 6(a)], which increases in magnitude for PS300/
PDMS sample [Figure 6(a), curve 2] and shifts toward higher
temperatures in the presence of silica/titania nanoparticles [Fig-
ure 6(a), curves 3-5] in comparison with neat PDMS, is
assigned to interfacial Maxwell-Wagner—Sillars polarization/
relaxation. This mechanism corresponds to trapping of charge
carriers (ions) at the interfaces between regions of different con-
ductivity during the polarization step and their release during
the depolarization step.**

DRS

DRS was used to investigate the molecular dynamics in the bulk
and interfacial layers of PDMS by following the temperature
dependence of the corresponding dielectric relaxation. Note that
DRS and TSDC are complementary to each other in the sense
that the frequency range of TSDC corresponds to 10 2—10"*
Hz,"® which is a frequency region where DRS measurements are
very difficult to be performed.’”

DRS results will be comparatively presented here in the form of
frequency (Figure 7, isothermal plots) or temperature dependence
of the imaginary part of dielectric permittivity (dielectric loss) &”
(Figure 8, isochronal plots). Data have been recorded isother-
mally and have been re-plotted in Figure 8 to facilitate compari-
son with the TSDC thermograms (Figure 6). A higher frequency
of 3 kHz has been selected for the plots to suppress effects of
conductivity.’® The results agree well with those of TSDC, the
slight shift toward higher temperatures in Figure 8, as compared
to Figure 6, arising from the higher frequency of presentation.*”
Finally, the DRS results are analyzed by fitting model functions
to the experimental data,”® to evaluate the time scale (tempera-
ture dependence of the frequency maxima), the dielectric strength
and the shape parameters of the recorded relaxations. To that
aim we employed Havriliak-Negami (HN) equation®®:

)

(LG /o)™ )™
one term for each of three relaxations «, o, and o/, was fitted
to the experimental data at each temperature and the fitting
parameters (0N, Pun) were determined. In this equation Ae¢ is
the dielectric strength, f, is a characteristic frequency related to
the frequency of maximum loss (¢”) and oy and Sy are the
parameters of the relaxation shape. By plotting the frequency of
maximum of ¢” against reciprocal temperature for the three seg-
mental relaxations, the Arrhenius plot (activation diagram) was
constructed (Figure 9). In Figure 10, we present the temperature
dependence of Ae¢ for selected samples.

(4)

We focus here on the segmental dynamics, that is, on the dielec-
tric relaxations o, o, and o (Figure 7) corresponding to the
TSDC response in the temperature range from —140 to —80°C
(Figure 6). Isothermal plots (Figure 7) are shown at two tem-
peratures, —110 and —40°C, properly selected for following
three segmental relaxations o, o, and o. The origin of these
relaxations has been described in the previous section related to
the TSDC results. The additional relaxation S [Figure 7(a),
curve 2] was proposed to be attributed to motions of the silanol
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Figure 9. Arrhenius plots (activation diagram) of the segmental and inter-
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for the eyes. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

groups of silica (Si—OH) with attached water mole-
cules.”>*"*>¢ The strength of the S relaxation should be related
to the relative water content [(water molecules)/(number of
Si—OH)] in the sample. The significant reduction of the magni-
tude of the S relaxation in the nanocomposites can be explained
considering that most of the silanol groups must be engaged:
(i) by the O atoms of water molecules in the case of initial
oxide and (ii) by the O atoms in the PDMS backbone'? or CH,
groups of PDMS in nanocomposites.

The time scale of three relaxations can be discussed using the
Arrhenius plot (frequency of maximum of ¢’ vs. reciprocal tem-
perature) shown for selected samples in Figure 9. The tempera-
ture dependence of its time scale of o and o, are described by
Vogel-Tammann—Fulcher—Hesse (VIFH) law®” describing their
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4 067 \ 3——ST (80°C)
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Figure 10. Dielectric strength, Ae, versus temperature of the recorded
dielectric relaxations for initial PDMS (1), PS300/PDMS (80°C) (2), ST/
PDMS (80°C) (3), ST/PDMS (300°C) (4). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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cooperative character. After fitting VIFH equation to our exper-
imental data we obtained values for the respective dielectric
glass transition temperature values, Tgqicl, for the equivalent fre-
quency of DSC (f= 1/tpsc, where tpgc ~ 100 $).1>* The values
are listed in Table 2.

DSC and TSDC data are included into the plot (Figure 9) at the
equivalent frequencies of 10 and 1.6 mHz.*>*® The time scale of
all relaxations for the various samples can be discussed using
such plots. A main observation (Figure 9) is that the « and o,
relaxations have very similar frequency—temperature traces for
neat PDMS. On the other hand, o tends to be strongly separated
from o and o, and its time scale is practically described by a
straight line (Arrhenius behavior)'® characterized by relatively
lower activation energy (~0.52 and ~0.50 eV for silica and silica/
titania, respectively), as compared to o and o, This change in the
temperature dependence of the time scale from the Vogel-Tam-
mann—Fulcher behavior for o and o, characteristic for coopera-
tive processes, similar to the glass transition (more Arrhenius
behavior for o) characteristic for local processes,”” can be under-
stood in terms of a thin interfacial layer with a thickness compa-
rable to the cooperativity length of the glass transition.*>*’

In Figure 10, the o' relaxation recorded is stronger for PS300/
PDMS as compared to ST/PDMS, possibly reflecting the higher
interaction polymer-particles in the first system. Conversely, in
ST/PDMS the strength of o’ was suppressed for the sample pre-
heated at 80°C, comparing with the one calcined at 300°C, sug-
gesting partial decomposition of the interfacial polymer layer of
the first sample.

The results in Ag could be evaluated better employing a simple
model of an interfacial layer with reduced mobility (giving rise
to the o relaxation),*® depicted in the inset in Figure 11. We
were able to estimate the reduced mobility polymer fraction,
that is, the fraction of polymer in the interfacial layer, X, by
the following equation:

Ab‘a/

Aey+Ae,’ (5)

Xint =

where Ae is the dielectric strength of each relaxation.'>*' In the
simple model (Figure 11) in eq. (5), o represents the whole
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bulk behavior, that is, it includes also the o, relaxation. It is
good to note again, at this point that in DRS measurements
Xine Was estimated through the direct and additive contribution
of the nanoparticles to the segmental dynamics (o' relaxation),
whereas in DSC measurements we estimate the immobilization
of the interfacial polymer more indirectly through the missing
of the corresponding contribution to the heat capacity jump at
the glass transition (reduction of the AC, step). In addition to
DRS, X;, is calculated from the TSDC data, by taking the sur-
face area under the loss peak as a measure of the dielectric
strength of the corresponding relaxation.*>*®

Results for X, are shown in Figure 11. As A¢ determined by
DRS is temperature dependent (Figure 10), a representative
temperature of —95°C was considered for the calculations
shown in Figure 11. Results by the two techniques are in rather
good agreement to each other, bearing in mind the last com-
ment about temperature dependence of A¢ and, thus, of X,
determined by DRS, the simplicity of the employed model, and
experimental and calculation uncertainties. The maximum inter-
facial polymer fraction is 0.63 for the PS300/PDMS (calcination
temperature 80°C), calculated by DRS, whereas for the ST/
PDMS X, decreases with increasing calcination temperature. It
is interesting to compare results with those of a previous work
on PDM§/silica nanocomposites, where silica was generated by
sol-gel method in the presence of crosslinked PDMS.**** Silica
fraction was much lower there, compared to 60 wt % in the
present work, and X;,, were around 0.30 for a filler fraction of
25 wt %.

A final comment refers to comparison between DSC and dielec-
tric results (DRS and TSDC) and apparent contradiction:
immobilization of a fraction of polymer in the interfacial layer
(no contribution to the glass transition) by DSC against
reduced mobility in the interfacial layer (o relaxation) by DRS
and TSDC. Notice that the good agreement between values
determined by DSC for the fraction of immobilized polymer in
the interfacial layer and values determined by DRS and TSDC
for the fraction of polymer with reduced mobility. Similar
results were obtained in a previous work mentioned above on
PDMS/silica nanocomposites, where silica was generated by sol—
gel in the presence of crosslinked PDMS,***®
ral rubber/silica nanocomposites.”® These results were rational-
ized by considering that in the interfacial layer configurational
entropy is reduced due to restrictions imposed by the filler sur-
face.”® The changes in chain conformation in the nanocompo-
sites may be also at the origin of the slight reduction of T, in
the nanocomposites, as compared to neat PDMS, reported in
section “TSDC Measurements”.

as well as in natu-

CONCLUSION

It was found that ST/PDMS composites are characterized by
larger values of the contact angle of a water drop than PS300/
PDMS. Analysis of the FTIR data demonstrated that for the
PS300/PDMS pretreated at 400°C the band of the CH-
stretching vibrations of CHj; groups is absent in the FTIR spec-
tra, while for the ST/PDMS, calcinations even to 650°C does
not lead to a complete disappearance of this band. This differ-
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ence can be explained by PDMS depolymerization at a ST sur-
face at lower temperatures than that for PS300/PDMS that
provides reactions of the depolymerization products with the
oxide surface. The Si—O—Si(—)(CHj3), groups can be cross-
linked at the surface that increase their thermal stability. This
leads to the mentioned observation of the C—H stretching
vibrations for ST/PDMS samples preheated at T>500°C in
contrast to PS300/PDMS. Additionally, the PDMS layer is
thicker at the ST particle surface than that at PS300. Therefore,
certain features of PDMS bound to ST can be close to bulk
PDMS than that bound to PS300.

Molecular dynamics in a series of silica/PDMS and silica/titania/
PDMS nanocomposites differently preheated were studied using
DSC and dielectric techniques. The two dielectric techniques
employed, DRS and TSDC, are complementary to each other,
covering together a large frequency range, thus allowing the
observation of the segmental dynamics of the polymer in a large
range of time scales. Three discrete relaxations in the region of
the glass transition were identified and studied, arising from the
segmental mobility of the bulk (unaffected) polymer (o relaxa-
tion), the mobility of polymer chains restricted between con-
densed crystalline regions (o, relaxation), and the segmental
dynamics in the interfacial polymer layer (o relaxation). Analy-
sis of these relaxations in terms of time scale and dielectric
strength reveals distinct differences between the two types of
oxides, which may be understood in terms of different particle
size, specific surface area, interfacial interaction strength, and
different temperature behavior of the adsorbed PDMS layer.
The results obtained by the three techniques employed agree
with each other in the overall picture of reduction of molecular
mobility in the nanocomposites. There exist, however, distinct
differences between the results obtained by DSC, on the one
hand, and by the two dielectric techniques (DRS, TSDC), on
the other hand, which may be rationalized in terms of chain
conformations in the interfacial layer and should be further fol-
lowed in future work.
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