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a b s t r a c t

Interfacial dynamics of polydimethylsiloxane adsorbed on silica and titania nanoparticles of a wide range
of specific surface area (S, 25e342 m2/g) and size (8e80 nm in diameter for primary particles) was
studied employing differential scanning calorimetry (DSC) and broadband dielectric spectroscopy (BDS).
Both techniques revealed an increase of the interfacial polymer fraction with increasing of surface
roughness S, accompanied with an enhancement of dynamics and cooperativity of the corresponding
segmental relaxation (interfacial relaxation, aint). At the same time, bulk dynamics (glass transition
temperature, Tg, and time scale of a relaxation) was not significantly affected. The results are discussed in
terms of bimodal conformations of polymers adsorbed on solid surfaces and in terms of an increase of
the apparent thickness of the interfacial layer with increasing of surface roughness.

© 2015 Elsevier Ltd. All rights reserved.
The existence of an interfacial polymer fraction in polymer
nanocomposites (PNCs) [1e4], characterized by a modified struc-
ture [5e7], slower dynamics [2,8e11] and increased thermal sta-
bility [12], as compared to the bulk, has been found to affect
significantly or even dominate the properties of PNCs [3,13]. Pissis
and coworkers suggested that the stronger polymereparticle
hydrogen bonding is at the origin of the increased interfacial layer
thickness in polydimethylsiloxane (PDMS)/titania as compared to
PDMS/silica conventional PNCs [2,8]. Kumar and coworkers sug-
gested that the interfacial layer thickness may decrease with cur-
vature of the adsorbing surface [14] and increase with size of
nanoparticles [15].

We have recently demonstrated similarities in the behavior
of linear PDMS adsorbed on fumed silica particles in coree-
shell type PNCs [11] with that of polymers adsorbed on flat
solid surfaces [16e18] and in conventional PNCs [8e10]. The
surface and porosity characteristics of fumed silicas are re-
flected in the specific surface area, S [9,11,19]. An interesting
question, so far not considered in the literature, refers to the
dependence of the characteristics of the interfacial polymer
fraction on S.

In the present study, results by differential scanning
s).
calorimetry (DSC) and broadband dielectric relaxation spectros-
copy (BDS) in systems based on linear PDMS (MW ~ 7960, degree
of polymerization ~105 monomers/chain, eCH3 terminated,
Kremniypolymer, Zaporozhye, Ukraine) (40 wt%) adsorbed (via
hydrogen bonding [2]) on aggregates of fumed metal oxide par-
ticles of a wide range of S, are discussed in terms of dynamics in
the interfacial layer and evaluation of the interfacial polymer
fraction and apparent thickness of the interfacial layer. The metal
oxides used are titania (~70 nm in diameter for primary particles,
~800 nm in size for aggregates, S ~ 25 m2/g) and various silicas
(8e85 nm in diameter for primary particles, 300e600 nm in size
for aggregates, S ~ 55e342 m2/g [11,19]). We refer to previous
work for preparation of initial oxides and measurement of S [20]
and of coreeshell type PNCs [11]. The interfacial polymer frac-
tion (Rigid Amorphous Fraction, RAF) was evaluated in DSC by the
deviation (missing part) of the heat capacity step of the nano-
composites (NCs) at glass transition, DCp, from that of the neat
polymer [1]. In BDS, on the contrary, the segmental dynamics of
the polymer at the interfaces was recorded as a separate relaxa-
tion (aint relaxation) [2,8,11] and RAF was evaluated by comparing
its dielectric strength (Dε) with that of the total segmental
response (interfacial and bulk). Results by the two techniques
show, in close qualitative agreement with each other, that RAF and
the corresponding interfacial layer thickness (apparent) increase
with S.
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Fig. 1. (a) Comparative DSC thermograms for pure amorphous PDMS in the glass transition region. Heat capacity curves for PDMS from the ATHAS databank (Reference 24 in Ref.
[1]) are also shown. (b) Comparative DSC thermograms for nanocomposite samples of 40 wt% PDMS adsorbed on silica and titania particles. The DSC curves are normalized to
sample mass. (c) fractions of rigid amorphous polymer (RAFDSC), mobile amorphous polymer (MAF) and crystalline polymer (CF) against specific surface area, S, of the hosting
particles. The line in (c) is a linear fit to the RAFDSC data.
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Fig. 1a,b presents comparative DSC thermograms in the glass
transition region for PDMS and NCs. The glass transition tempera-
ture, Tg, determined as the midpoint of the heat capacity step, DCp,
increases in the NCs by 1e5 K, comparing to neat amorphous PDMS
(�129 �C). The heat capacity step, normalized to the same amor-
phous PDMS mass, DCp,n (Eq. (3) in Ref. [8]), decreases in the NCs,
due to the growth of the interfacial Rigid Amorphous Fraction,
RAFinterfaces [1]. Because of the semiecrystalline nature of PDMS, an
additional Rigid Amorphous Fraction exists in close proximity to
crystals, RAFcrystal [21]. RAFinterfaces and RAFcrystal do not contribute to
DCp, forming together RAFDSC. Furthermore, we employ Eq. (1) ac-
cording to a ‘3ephase model’ [1,21] and calculate RAFDSC.

RAFDSC ¼ 1� CF �MAF ¼ 1� CF � DCp;nð1� CFÞ
DCPDMS

p;amorphous

(1)

CF in Eq. (1) is the degree of crystallinity (obtained from the
crystallization enthalpy [8] (Fig. 1c), MAF is the mobile amorphous
polymer fraction which contributes to glass transition, and
DCPDMS

p;amorphous is the heat capacity change at glass transition for fully
amorphous PDMS (0.33 J/gK from fast cooling measurements,
Fig. 1a). In Fig. 1c we follow that RAFDSC increases with S almost
linearly, varying between 0.35 wt (titania, S ~25 m2/g) and 0.79 wt
(silica of S ~342 m2/g).

BDS results recorded isothermally (details in Ref. [11]) have been
replotted in Fig. 2a as isochronal imaginary part of dielectric
permittivity ε

00(T) plots to facilitate direct comparison with the DSC
thermograms of Fig. 1a,b. A relative to DSC high frequency of
3.1 kHz was selected to suppress effects of conductivity [22]. Fig. 2b
shows effects imposed by polymer adsorption on the real part of
dielectric permittivity, ε0, of initial oxides at �150 �C (below Tg),
where the dipoles related to polymer segmental dynamics do not
contribute to dielectric response (immobile polymer chains).
Additionally, BDS results were analyzed by fitting the Havri-
liakeNegami (HN) equation [11,22]

ε
*ðf Þ ¼ Dε

ð1þ ðif =f0ÞaHN ÞbHN
(2)

to the experimental data in order to evaluate the time scale
(temperature dependence of the frequency maxima) (Fig. 3a) and
the dielectric strength, Dε, (Fig. 3b) of the various relaxations [22].
In Eq. (2), f0 is a characteristic frequency related to the frequency of
maximumdielectric loss, and aHN and bHN are the shape parameters
of the relaxation. One HN term of the type (2) for each of the re-
laxations (namely abulk, aint, and SOH, the local relaxation of theeOH
groups on the surface of the particles [23]) was fitted to the
experimental data at each temperature and the fitting parameters
were determined, compare Refs. [2,11] for details.

The bulk segmental relaxation (abulk) consists of two contribu-
tions, arising from extended amorphous regions and from polymer
chains restricted between condensed crystalline regions, respec-
tively, more clearly discerned for neat PDMS in Fig. 2a. In the NCs
one of the two contributions dominates depending on the degree of
crystallinity. abulk becomes gradually weaker with the increasing of
S (Fig. 3b). The SOH relaxation dominates the response of initial
nanooxides (not shown) [11] and is present here in the NCs of high
specific surface area (Fig. 3).

The most interesting results come from the slower aint process
(Figs. 2a and 3a), which monitors the segmental dynamics in the
interfacial polymer layer [2,8,11]. With S increasing, aint becomes
faster (Fig. 3a), stronger (Fig. 3b), and more cooperative (higher
fragility index m in Fig. 4, details of calculation in Ref. [11]).

By employing a model analog to the one used previously for DSC
(Eq. (1)) we calculate the interfacial PDMS fraction in the NCs,
RAFinterfaces, according to the following equation.



Fig. 2. (a) Comparative isochronal plots of the imaginary part of dielectric permittivity (dielectric loss), ε00 , at 3.1 kHz for 40 wt% PDMS adsorbed in silica and titania and for pure
PDMS. (b) shows selected results for the real part of dielectric permittivity, ε0 , at �150 �C against frequency for the initial components (titania, silica and PDMS) and the respective
composites.

Fig. 3. (a) Arrhenius plots and (b) dielectric strength vs reciprocal temperature for the segmental relaxations of bulk (abulk) and interfacial polymer (aint) and for the local relaxation
of the eOH groups on the surface of the particles (SOH) for the studied PNCs (description in (b)). The lines in (a) are fittings of the VTFH and Arrhenius equations [2]. The lines (1), (2)
in both (a) and (b) correspond to the interfacial relaxation in conventional (1) PDMS/silica and (2) PDMS/titania nanocomposites [8]. Included in (a) are DSC and TSDC data [11]. The
arrows mark changes imposed by increasing of S.

Fig. 4. (Left axis, cycles) interfacial polymer fraction (RAFinterfaces) and (right axis, tri-
angles) fragility index,m, of the interfacial relaxation (aint) against specific surface area,
S, obtained by BDS at �95 �C. RAFDSC (interfacial and around crystals) at Tg obtained by
DSC is also shown (dashedotted line, values refer to the left axis). The insets show
simplified models for the conformations of polymer chains on the surface of nano-
oxides for the different S.
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RAFinterfaces ¼
Dεa;intð1� CFÞ
Dεa;bulk þ Dεa;int

(3)
From the methodological point of view, Eq. (3) involves the total
dielectric response of the segmental relaxations for each sample.
Thus, we may assume that any systematic errors in the calculations
and the comparison between different samples, arising from
possible differences in polarizability of PDMS chains in the different
fractions [24], are reduced by this calculation method. The suit-
ability of Eq. (3) for calculating interfacial polymer fraction has been
confirmed in NCs based on silica and various polymers of both
amorphous [9,10,25] and semi-crystalline type [8,19]. Results for
RAFinterfaces are shown in Fig. 4, for �95 �C (Dε changes with tem-
perature, Fig. 3b). They reveal that, next to enhanced dynamics and
cooperativity, RAFinterfaces increases systematically with S, in quali-
tative agreement with DSC, despite in principle different methods of
measurement and calculation [5].

In our recent work on similar coreeshell systems [11,19] we have
discussed results for the interfacial aint process in terms of the
formation of two types of segment conformations at interfaces,
namely (a) extended tails with bulkelike density but reduced
mobility, and (b) loopelike chain segments with multiple contact
points with the silica surface resulting in increased density and
cooperativity (schemes in Fig. 4) [17]. Obviously, both types of
segments are characterized by increased orientation (order) and
polarizability, as compared to segments in the bulk, which explains
the increased dielectric response in the NCs beyond additivity
(Fig. 2b). The loops/tails ratio should increase with increasing S as
depicted in Fig. 4. This dependence is also at the origin of an
explanation for the increase/decrease of Dε of aint relaxation with
temperature, for samples of respectively high/low interfacial
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polymer fraction in Fig. 3b, details in Refs. [11,17]. In addition, in-
crease in nanometric surface roughness in the present work leads
to increased number of contact points and, therefore, gradually
denser interfacial layer [17]. This implies reduction of the cooper-
ativity length x, thus, in the frame of AdameGibbs theory [26],
faster and more cooperative segmental dynamics is expected, in
agreement with results for aint here (Figs. 3a and 4). We have
recently showed [19] that surface modification of low specific
surface area fumed silica (58 m2/g) with small zirconia nano-
particles resulted in slightly increased S and in faster and more
cooperative interfacial relaxation, these effects suggesting an in-
crease of PDMSeparticle contact points, in qualitative agreement
with effects obtained here with S and aint of the NCs. Finally, the
adequacy of themodel proposed abovewas examined, additionally,
in our recent work [27] in similar systems of silica/PDMS by means
of (a) surface modification of silica of initially high S (342 m2/g)
with zirconia nanoparticles resulting in strongly suppressed S and
(b) thermal (crystallization) annealing, the results for interfacial
polymer being in qualitative agreement with those obtained in the
present study.

A term often employed for the description of the range [2,10] of
polymerefiller interactions is the distance from the particles' sur-
face, up to which the characteristics of interfacial (modified)
polymer dominate, in other words, the thickness of the interfacial
layer [15]. Assuming (i) constant density of PDMS in the interfacial
layer and in bulk, equal to that of neat PDMS (rPDMS ¼ 1.62 g/cm3)
[8], and (ii) accessibility of the whole oxide surface area to PDMS
(please note, S was determined from nitrogen adsorp-
tionedesorption measurements [20]), we estimate the ‘apparent’
interfacial layer thickness, dint, by the following simple equation.

dint ¼
volumeinterfacial;PDMS

surfaceinterfacial

¼ masssample$XPDMS$RAFinterfacial=rPDMS

masssample$ð1� XPDMSÞ$S
(4)

The results show that dint increases in general with S varying
between 0.37 and 1.10 nm. The relatively low absolute values,
smaller than values obtained in conventional PDMS/silica NCs
(~2 nm) [2,8], also smaller than the Kuhn segment length for PDMS
(1.56 nm [28]) by a factor of 2e4, can be probably understood in
terms of assumption (ii) above (apparent values). Kumar and co-
workers discussed dint values in relation to Kuhn segment length,
which should be at the upper limit of dint [15]. The deviation of dint
from the Kuhn segment length of PDMS may be useful for rational-
izing results by Eq. (4) in the frame of assumption (ii).

In summary, BDS in combination with DSC revealed that the
increase of specific surface area, S, of silicaelike oxide particles
results in increase of polymereparticle contact points, reflected in
increased interfacial polymer fraction and, furthermore, enhanced
mobility and cooperativity. In an attempt to explain the changes on
the overall dielectric response (ε00, ε0, Dε), the characteristics of
interfacial relaxation were interpreted in terms of bimodal con-
formations (taile and loopelike) of PDMS at the oxide surfaces. The
increase of dint (apparent values) with S, surprising at first glance, is
probably related to the reported increase of mean pore size with S
[20], resulting in increased accessibility of the oxide surface to
PDMS, a point worth to be followed in future work.
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