
European Polymer Journal 70 (2015) 342–359
Contents lists available at ScienceDirect

European Polymer Journal

journal homepage: www.elsevier .com/locate /europol j
Macromolecular Nanotechnology
Effects of surface modification and thermal annealing on the
interfacial dynamics in core–shell nanocomposites based on
silica and adsorbed PDMS
http://dx.doi.org/10.1016/j.eurpolymj.2015.07.038
0014-3057/� 2015 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: pklonos@central.ntua.gr (P. Klonos).
Panagiotis Klonos ⇑, Apostolos Kyritsis, Polycarpos Pissis
Department of Physics, National Technical University of Athens, Zografou Campus, 15780 Athens, Greece

a r t i c l e i n f o
Article history:
Received 14 May 2015
Received in revised form 16 July 2015
Accepted 20 July 2015
Available online 21 July 2015

Keywords:
Silica polydimethylsiloxane composites
Core–shell
Rigid amorphous fraction
Interfacial dynamics
Dielectric spectroscopy
a b s t r a c t

Core–shell structured nanocomposites of polydimethylsiloxane (PDMS) adsorbed onto
high specific surface area (342 m2/g) fumed silica nanoparticles (initially �8 nm in size)
were studied employing differential scanning calorimetry (DSC) and broadband dielectric
spectroscopy (BDS). PDMS was adsorbed mainly onto the surfaces and voids of silica aggre-
gates (�300 nm). Nanozirconia grafting on initial silica resulted in smoothening of external
surfaces and in weaker polymer adsorption. The latter could be monitored by BDS via
recording directly the relaxation mechanism (aint) of polymer at the silica–PDMS interface.
Surface modification led to suppression of interfacial dynamics (slower and weaker aint).
Spatial constraints (e.g. in voids and between crystal regions) were found to dominate
mobility not close to the interfaces. In addition, thermal annealing of samples of enhanced
interfacial mobility (unmodified surfaces) resulted in the suppression of aint, similarly to
the results of surface modification. In agreement to previous findings on similar systems,
the characteristics of interfacial dynamics could be interpreted in terms of density of poly-
mer–silica contact points at the interfaces (reduced for modified surfaces), in combination
with models which involve bimodal conformations of polymer chains (loop- and tail-like)
adsorbed on solid surfaces.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Polymer nanocomposites [1] are well known systems which combine, in general, mild processing and improved physical
properties, as compared to their initial components and conventional composites [2]. Due to the low volume of each
nanoparticle the polymer may potentially interact with the filler at higher surface areas in nanocomposites, as compared
to macroscopic particles at the same loadings in conventional composites [2]. Thus, the most widely adopted concept for
rationalizing improvements of materials properties involves the existence of a fraction of polymer at interfaces between par-
ticles and polymer, characterized by modified structure [3–7], dynamics [8–11] and thermal stability [12,13], as compared to
the bulk. The properties of interfacial polymer may affect significantly or even dominate the behavior of the whole system
[14]. Kumar and coworkers have demonstrated that the interfacial layer thickness in the case of strongly adsorbing polymers
may increase with particle size [15] and decrease with curvature of the nanoparticles (Ref. 7 in [15]). In general, the polymer
in the interfacial layer is thought completely immobile, as it does not demonstrate any additive contribution to segmental
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mobility (e.g. to glass transition). On the other hand, Pissis and coworkers have suggested that the interfacial polymer is not
completely immobile, since it demonstrates retarded dynamics, as recorded via an additional relaxation process, as com-
pared to the bulk [8,9,16,17]. Moreover, they proposed that the increased interfacial layer thickness in polydimethylsiloxa
ne(PDMS)/titania as compared to PDMS/silica nanocomposites [8,9,18] originates from the stronger particle–polymer hydro-
gen bonding. Furthermore, we have recently demonstrated that the structure of adsorbed complexes of linear PDMS onto
high specific surface area fumed silica particles (aerosils) depends strongly on the adsorption conditions and the subsequent
thermal treatment [17], similarly to polymers adsorbed on solid surfaces [19–21].

Parallel to the study of the interfacial layer in polymer nanocomposites, various studies of polymers adsorbed thermally
or/and chemically on solid surfaces [19,20,22,23], as well as of thin polymer films [24], have demonstrated similarities
between polymer nanocomposites and thin polymer films in thermal stability, polymer chain conformations and dynamics.
Core–shell based nanocomposites [25,26] form a next class of interest in the same direction, where the polymer is adsorbed
in multiple layers (shells) onto the nanoparticles (core). By controlling the amount of polymer adsorbed, next to the size of
nanoparticles and the strength of polymer–particle interaction, the interfacial polymer fraction can be easily varied over
wide ranges, practically up to 100% of the total polymer fraction. Thus, core–shell systems offer additional advantages for
in–depth study of the interfacial polymer [11,17,27,28].

Computer simulations in polymers adsorbed on solid surfaces [7,29,30] have predicted increased density of the interfacial
polymer, accompanied by slower dynamics, as compared to the bulk. The prolonged relaxation time of polymer in the sur-
face region originates from the strong segment-surface attraction [29]. However, Borodin et al. [30] demonstrated that
slower dynamics of poly(ethylene oxide) (PEO) at the interface with TiO2 is better determined by the surface structure
and electrostatic PEO–TiO2 interactions, rather than the increased interfacial polymer density. Adoption of various confor-
mations by polymer chains (tails, loops, trains [31]) at the interfaces with solid surfaces were found also of importance
for predicting interfacial polymer properties [3,32–34]. Theodorou and coworkers [3,29] showed that polymer chains close
to an attractive solid surface are pronouncedly flattened, or else more parallel to the surface, as compared to those away from
the surface, this result coming in agreement with respective experimental studies [20,35]. Finally, Bitsanis and Brinke [32]
and Harmandaris and coworkers [3,33,34] pointed to the polymer chain length as a crucial parameter for adoption of differ-
ent conformations of polymers adsorbed on solid surfaces and of polymer confined between solid surfaces, respectively.

In the present work we study the dynamics and evaluate the fractions of interfacial polymer (polymer in the interfacial
layer in close proximity to a solid surface) and of bulk and bulk-like polymer, all coexisting in the same silica/PDMS systems.
Materials under investigation consist of linear polydimethylsiloxane (PDMS) adsorbed in amorphous fumed silica (SiO2)
aggregates, in systems of the core–shell type [36]. The adsorption is thought mainly physical (hydrogen bonding) [37]. In
our 2 recent publications [17,27] on PDMS adsorbed on the same and similar initial (unmodified) silica [17], results have
indicated that during the first stages of polymer adsorption (low polymer loading) PDMS adsorbed on the external surfaces
of silica aggregates (high roughness) was ruled by slower dynamics (interfacial, aint relaxation), as compared to the bulk (a
relaxation, i.e. the fastest segmental relaxation which represents the unaffected amorphous polymer mobility). In the case of
nanocomposites the segmental mobility of the polymer not close to the interface was observed only in samples of high PDMS
loading, demonstrating however slower dynamics (ac relaxation, bulk-like dynamics) as compared to the bulk (a), affiliated
to spatial constraints in the voids of silica aggregates [17]. Additionally, we showed [27] that zirconia modification on fumed
silica of low specific surface area, SBET, (�58 m2/g) resulted in slightly increased SBET and in faster, stronger and more coop-
erative interfacial relaxation. In order to study in more depth the above effects, we manipulate here the surface character-
istics of the initial silica of high SBET (�342 m2/g) by generating crystalline zirconia nanoparticles (same as in our recent study
[27]) on the initial silica particles (smoothened surfaces), before adsorption of the polymer [36]. The investigation involves
differential scanning calorimetry (DSC) for thermal transitions and broadband dielectric spectroscopy (BDS) for polymer
dynamics. In addition to severe restriction of polymer crystallization, the results reveal significant effects of the silica par-
ticles on the segmental dynamics (related to glass transition), originating mainly from the strong reduction of molecular
mobility at the interfaces. Surface effects were further studied by employing different thermal treatments (annealing of crys-
tallization), which had been proved quite revealing in our previous study on similar core–shell based nanocomposites [17].
2. Experimental

2.1. Materials and code names

Preparation and morphological characterization of initial oxides have been previously described [36], therefore we repeat
here briefly the preparation procedure. Fumed silica A-380 (pilot plant of the Institute of Surface Chemistry, Kalush, Ukraine)
was used as initial substrate for the development of zirconia nanoparticles at various amounts by reiteration of the respec-
tive reaction cycle from 1 to 4 (resulted in �6 and �16 wt% zirconia, respectively [36]). Linear polydimethylsiloxane
(Kremniypolymer, Zaporozhye, Ukraine, MW �7960, degree of polymerization 105, viscosity �1000 cPS) was adsorbed onto
dry silica and modified silica at the amounts of 40 and 80 wt% from a hexane solution of PDMS (1 wt% PDMS). The suspen-
sions were mechanically stirred and finally dried to remove solvents. Samples at PDMS content of 40 wt% are in the form of
powder similar to initial A-380 powder, while at higher PDMS contents of 80 wt% and 100 wt%, the samples are liquid-like
and liquid, respectively. In the finally produced materials silica (primary particle size �8 nm) was found to form aggregates,
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varying in size between 100 and 500 nm as observed previously by SEM [17]. Materials prepared and studied here and the
specific surface modification by zirconia are interesting also in the perspective of biomedical applications, on the basis of
biocompatibility of the components and control of hydrophilicity of initial silica [38,39].

Seven polymer nanocomposite compositions were prepared and studied in the present work, i.e. the initial PDMS,
silica/PDMS with 40 and 80 wt% PDMS, and silica/zirconia/PDMS containing silica modified with 1 and 4 cycles of zirconia,
again with 40 and 80 wt% PDMS. Throughout the text and in the figures and tables, representative code names that describe
the samples are used. For instance (i) A380P80 corresponds to the sample in which PDMS at 80 wt% is adsorbed onto initial
unmodified A-380, (ii) A380Z1P40 corresponds to the sample in which PDMS at 40 wt% is adsorbed onto A-380 that previ-
ously suffered 1 cycle of zirconia reaction, and (iii) A380Z4P80 corresponds to the sample in which PDMS at 80 wt% is
adsorbed onto A-380 that previously suffered 4 cycles of zirconia reaction.

2.2. Differential scanning calorimetry (DSC)

Thermal transitions of the materials were investigated in helium atmosphere in the temperature range from �180 to
40 �C using a TA Q200 series DSC instrument, calibrated with Indium (for temperature and enthalpy) and Sapphires (for heat
capacity). Samples of �8 mg in mass were closed in standard Tzero aluminum pans (for powders) and Tzero hermetic alu-
minum pans (for liquids). Cooling and heating rates were fixed to 10 K/min for typical measurements (Protocol A). PDMS
crystals melt at subzero temperatures, so a first heating scan for erasing thermal history was not necessary here. In order
to enhance crystallization (during cooling), suppressed due to the presence of nanoparticles [9,17,40], measurements were
carried out also after a 20 min isothermal stay (annealing) of the sample at a temperature between the onset and the peak
(Tc) temperature of crystallization (Protocol AC). This annealing procedure resulted in maximum and stabilized degree of
crystallinity, Xc. Finally, for initial PDMS we also performed fast cooling measurements (at �90 K/min on average over the
temperature region of crystallization, i.e. quenching) in order to evaluate the change in heat capacity at glass transition of
the fully amorphous neat polymer during subsequent heating at 10 K/min.

Using the measured enthalpy of crystallization, DHc,DSC, and normalizing to the same polymer content, XPDMS, according to
Eq. (1)
DHc;n ¼ DHc;DSC=XPDMS ð1Þ
we have calculated the degree of crystallinity Xc employing Eq. (2),
Xc ¼ DHc;n=DH100% ð2Þ
in which DH100% is the enthalpy of fusion of fully crystallized PDMS, taken as 37.43 J/g [41].
As far as glass transition is concerned, the characteristic temperature Tg was determined as the midpoint of the heat

capacity step during the transition. As in previous works [8,18], changes of DCp between the neat polymer and nanocompos-
ites based on the same polymer should be quantitatively compared, after the measured DCDSC

p has been normalized to the
same amorphous (not crystallized) polymer content, i.e. XPDMS(1 � Xc). Therefore, we normalized our results according to
Eq. (3)
DCp;n ¼
DCDSC

p

XPDMSð1� XcÞ
ð3Þ
2.3. Broadband dielectric spectroscopy (BDS)

Broadband dielectric spectroscopy (BDS) [42] measurements were carried out on samples of �1 mm thickness for
powders (compressed pellets, using a Perkin Elmer manual hydraulic press operating at �10 tons) and �50 lm thickness
for liquids (employing thin silica spacers, to keep distance between the brass electrodes constant and ensure good electrical
contacts). Samples were equilibrated under ambient conditions before measurements. Each sample was inserted between
finely polished brass plates of a capacitor. This sandwich-like capacitor was inserted between the parallel electrodes of a
Novocontrol BDS1200 sample cell and was mechanically griped in the mounting mechanism of the cell by hand force.
Then, an alternate voltage was applied and the complex dielectric permittivity, e⁄ = e0–ie00, was recorded isothermally (in
nitrogen atmosphere) as a function of frequency in the range from 10�1 to 106 Hz at temperatures from �150 to 60 �C,
on heating in steps of 2.5, 5 and 10 K (depending on the process under investigation) using a Novocontrol Alpha analyzer.
The temperature was controlled to better than 0.5 K with a Novocontrol Quatro cryosystem. Again, this measurement
protocol will be referred to as Protocol A. In order to investigate effects of crystallinity on the segmental dynamics, measure-
ments were carried out also following the Protocol AC, i.e. after a 20 min isothermal stay (annealing) of the sample at a tem-
perature between the onset and the peak of crystallization, as it was defined from DSC measurements. The sample was
cooled down to �150 �C and the isothermal steps started. This annealing procedure led to a maximum degree of crystallinity,
Xc, and, thus, no further changes of crystallinity during the subsequent measurements were observed. BDS measurements
were carried out also isochronally at 125 Hz during heating in the temperature range between �150 and 60 �C, at a rate
of 2 K/min, in order to directly compare DSC and BDS responses in the temperature domain. Finally, BDS measurements were
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performed on selected samples during isothermal crystallization at temperatures in the region of crystallization, depending
on the relaxation process under investigation. Continuous frequency isothermal scans taken every �10 min provided an
almost online view of changes in the dielectric response related to segmental dynamics during the evolution of the crystal-
lization process [43–46].

BDS results were analyzed by fitting model functions [47] to the experimental data employing a proper software, in order
to evaluate the time scale (temperature dependence of the frequency maxima of dielectric loss), the dielectric strength and
the shape parameters of the recorded relaxations [42]. To that aim we employed the asymmetric Havriliak–Negami (HN)
equation [47].
Table 1
Textura
reaction
isotherm

Oxid

A380
A380
A380
e�ðf Þ ¼ e1 þ
De

1þ if=f 0ð ÞaHN
� �bHN

ð4Þ
A sum of up to five HN terms of the type (4), one for each of the relaxations recorded (namely b, S, a, ac, and aint, details
later in text), was critically fitted to the experimental data at each temperature and the fitting parameters were determined.
The number of terms needed was different for different compositions and temperatures, depending on the number of relax-
ations present and the extent of their overlapping. In Eq. (4), De is the dielectric strength, f0 is a characteristic frequency
related to the frequency of maximum dielectric loss (e00), e1 describes the value of the real part of dielectric permittivity,
e0, for f� f0, and aHN and bHN are the shape parameters of the relaxation.
3. Results

3.1. Characteristics of materials under investigation

Results concerning the modification of silica A-380, before polymer adsorption have already been published [36] and they
will be only briefly summarized here. A-380 consists of tightly packed spherical nanoparticles (�8 nm in diameter) forming
aggregates of 100–500 nm [17]. The initiator of the zirconia synthesis (Zi(acac)3) reacts with the free silanol („SiAOH)
groups of silica (both in the inner and external surfaces) forming „SiAZi(acac)3 groups, upon which the zirconia nanopar-
ticles were subsequently generated. According to FTIR, coverage of free silanols was not complete. It has been reported that
zirconia suppresses, in general, the concentration of free hydroxyl groups in the modified A-380 particles [48].

According to XRD measurements [36], the 13–32 nm in diameter zirconia was found to be in the crystalline state, while
its content was found equal to 5.9 wt% and 15.5 wt%, for 1 and 4 cycles of zirconia reaction, respectively (Table 1). The
specific surface area, SBET, of initial A-380, representative for the silica–polymer interaction area, was measured employing
nitrogen adsorption–desorption isotherms [48] to 342 m2/g. SBET decreased to 262 m2/g and, further, to 237 m2/g after the
1st and 4th zirconia reaction cycle, respectively (Table 1) [36]. Mesopores (2 nm < diameter < 50 nm) and macropores
(diameter P 50 nm) at the surfaces and voids of aggregates contribute mainly to the relatively high SBET values. High SBET

for nanosilicas with mainly textural porosity (e.g. fumed silicas A-240, A-300, A-380 [28,39,48]) has been previously shown
to describe well high degree of accessibility for both the gas molecules and the PDMS chains [12,13,17]. The decrease of SBET

after modification with zirconia was suggested to originate from the development of zirconia nanoparticles mainly onto the
external silica surfaces, reducing this way their roughness.

3.2. Differential scanning calorimetry (DSC)

3.2.1. Protocol A
Fig. 1 presents comparative DSC thermograms in the glass transition region for silica/PDMS core–shell based nanocom-

posites and for neat PDMS, for measurements under protocol A (Fig. 1a and b) and for neat PDMS previously quenched
(Fig. 1c). The overall cooling and subsequent heating DSC scans can be found in supplementary material SM.1. The crystal-
lization of neat PDMS occurs during cooling at �76 �C and Xc �0.65 wt (Table 2). Crystallization is almost absent during cool-
ing for A380P40 and A380Z1P40, whereas Xc increases to �0.13 for A380Z4P40 (Table 2). Xc increases significantly at the
higher polymer loading (80 wt%, Table 2).

During the heating in measurements of Protocol A, in Fig. 1, all samples demonstrated single glass transition steps in the
region between �140 �C and �115 �C, with Tg values between �135 �C (A380Z4P40) and �127 �C (neat PDMS) (Table 2). The
l and porosity characteristics of unmodified A-380 and modified A-380/ZrO2 oxides as taken from previous study [36]. Z1 and Z4 correspond to 1 and 4
cycles of zirconia grafting, respectively. Zirconia content according to XRD, CZrO2, specific surface area as recorded by Nitrogen adsorption–desorption
s, SBET, average volume of pores, Vp, of mesopores (details in text), Vmeso, and of macropores, Vmacro.

e CZrO2 (wt.%) SBET (m2/g) Vp (cm3/g) Vmeso (cm3/g) Vmacro (cm3/g)

unmodified 0 342 1.160 0.311 0.849
Z1 5.9 262 1.996 0.142 1.854
Z4 15.5 237 1.186 0.390 0.796



Fig. 1. Comparative DSC thermograms in the glass transition region of samples of (a) 40 wt% and (b) 80 wt% PDMS adsorbed onto unmodified and modified
A-380, and for comparison for neat PDMS in (b), for measurements of Protocol A. The curves of DSC heat flow are normalized to amorphous polymer mass
and to heating rate and, thus, are presented in specific heat capacity, Cp, units. The added lines represent the baselines of the thermograms before and after
glass transition. The distance between these two baselines at the glass transition temperature, Tg, is taken as the absolute value of change in heat capacity,
DCp,n (Table 2) for each sample. (c) shows the DSC thermograms in the glass transition region of initial amorphous PDMS during heating at 10 K/min of a
sample previously cooled at �90 K/min (quenched, solid line). Results for Cp of PDMS against temperature taken from ATHAS databank [49] are
comparatively shown in (c) (dashed lines).

Table 2
Quantities of interest from DSC measurements of Protocols A and AC: crystallization temperature, Tc, glass transition temperature, Tg, normalized heat capacity
step of glass transition, DCp,n, temperature maxima of melting, Tm1,2, normalized melting enthalpy DHm,n, degree of crystallinity, Xc, rigid and mobile
amorphous polymer fractions, RAF and MAF, respectively. Note: Xc, RAF and MAF refer to whole polymer mass (i.e. Xc + RAF + MAF = 1).
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value for neat PDMS is in agreement with previous studies of PDMS [9,12,41,44]. Interestingly, Tg of the core–shell systems is
by 2 K lower than that of neat PDMS and it is further reduced on addition of nanozirconia by 1–8 K. DCp,n for nanocomposites
of 40 wt% PDMS is smaller than for neat PDMS. A slight increase is observed in nanocomposites with zirconia modification.
On the other hand, for A380P80 DCp,n value is larger as compared to neat PDMS.

As temperature increases above Tg during heating, an exothermic event was observed in the case of A380Z1P40,
A380Z4P40 and all nanocomposites of 80 wt% PDMS loading (Fig. 1), representing cold crystallization, a phenomenon which
follows uncompleted crystallization during cooling [50,51].

At higher temperatures, complex endothermic melting peaks are observed between �48 and �39 �C (Tm1, Tm2 in Table 2,
supplementary material SM.1). In consistency with cooling thermograms, melting is absent for A380P40 and quite weak for
A380Z1P40 and A380Z4P40. Strong double melting peaks are observed for all nanocomposites of 80 wt% PDMS. As discussed
in previous work [18,41] events of recrystallization and melting contribute in the temperature region of melting. For that
reason, in measurements of Protocol A the degree of crystallinity was not calculated from the melting enthalpy.
Nevertheless, the melting enthalpy normalized to the same polymer fraction, DHm,n, is lower in the nanocomposites than
in neat PDMS (Table 2).
3.2.2. Protocol AC
Fig. 2 shows DSC thermograms in the glass transition region during heating after a 20 min annealing of crystallization

(Protocol AC, details in Section 2.2). We should note that the annealing temperature was different for different samples, aim-
ing at maximum degree of crystallinity. Obviously, this affects the evolution of crystallization and the structure of polymer



Fig. 2. Comparative DSC thermograms in the glass transition region of (a) 40 wt% PDMS and (b) 80 wt% PDMS adsorbed in unmodified and modified A-380,
and for comparison of neat PDMS. Results are shown for measurements of Protocol AC (i.e. annealed samples) during heating. The curves of DSC heat flow
are normalized to amorphous polymer mass and to heating rate and, thus, are presented in specific heat capacity, Cp, units. The added lines represent the
baselines of the thermograms before and after glass transition. The distance between these two baselines at the glass transition temperature, Tg, is taken as
the absolute value of change in heat capacity, DCp,n (Table 2) for each sample.
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crystals [50,51]. In the case of annealed samples Xc was estimated employing the normalized melting enthalpy, DHm,n, in
Eq. (2). Results were analyzed and evaluated and the respective values of interest are shown in Table 2.

Crystallization was again absent for A380P40, while Tg remained the same as in Protocol A. Interestingly, DCp,n was slightly
increased from 0.07 to 0.09 J/gK (Table 2). With the exception of A380P40, crystallization annealing resulted in increased
degree of crystallinity for all samples, significantly higher for samples of 80 wt% PDMS loading. Tg increased slightly on
annealing for 40 wt% PDMS samples, still remaining lower than that of neat PDMS (Fig. 2a, Table 2). On the other hand,
Tg for nanocomposites of 80 wt% PDMS increased strongly to values higher than in neat PDMS (Fig. 2b, Table 2).

Summarizing the findings from DSC, the interaction between A-380 and the polymer in the core–shell systems suppresses
highly the crystallization ability of PDMS, which is in general extremely weak for the 40 wt% PDMS content, while glass tran-
sition is enhanced (Tg decreases, DCp,n increases). Annealing procedure increases either DCp,n or Xc (Table 2). In the case of
high polymer content, zirconia modification suppresses glass transition (Tg increases, DCp,n decreases) and enhances simul-
taneously crystallization. Similar effects are caused by thermal annealing. Effects imposed here by annealing and surface
modification on the thermal transitions of the polymer, resemble those imposed on polymer melts adsorbed on solid sur-
faces [32,35] or confined to spatial dimension of the nanometric scale [33,34] and discussed in terms of recorded changes
in adopted conformations by polymer chains at interfaces [3,29,33,35]. Such a relation [17,27] will be employed also in this
work, later in the discussion section.

3.2.3. Evaluation of polymer fractions according to calorimetric response
In many previous studies on various polymer nanocomposites, including polymer–silica nanocomposites, DSC results

have often showed no significant variation of Tg with filler fraction along with the reduction DCp [8]. The results have been
interpreted in terms of a Rigid Amorphous Fraction, RAF [52], being immobilized on the surface of the well-dispersed
nano-inclusions thus making no contribution to the glass transition [53] and references therein. Furthermore, the deviation
of DCp of nanocomposites from that of the neat polymer proved a good measure of the degree of polymer–filler interaction
[52,53]. On the other hand, the fraction of polymer which contributes to glass transition makes the Mobile Amorphous
Fraction, MAF [52]. Thus, a ‘2-phase model’ (MAF + RAF) has been previously employed for nanocomposites based on amor-
phous polymers [53], while an additional Crystalline Fraction, CF (�Xc), coexists in the ‘3-phase model’ (i.e. CF + MAF + RAF)
for semi-crystalline neat polymers [52]. For nanocomposites based on semicrystalline polymers the situation is more com-
plex, as for Xc = 0, RAF represents the immobilized polymer at the particles–polymer interfaces (i.e. RAF = RAFint), whereas for
Xc – 0, RAF should also include the rigid amorphous polymer part immobilized in close proximity to polymer crystals [52,54]
(i.e. RAF = RAFint + RAFcryst). It has been suggested that RAFcryst does not relax during glass transition [52,55] or that its
relaxation may occur at temperatures close to melting, Tm, i.e. significantly higher than Tg of the bulk [54].

In the present study we categorize and evaluate the different polymer phases with respect to the type of their contribu-
tion to glass transition. Thus, we first estimated the amount of polymer which contributes to amorphous mobility, MAF,
according to Eq. (5),
MAF ¼ DCp;n

DCPDMS
p;amorphous

ð1� XcÞ ¼
DCp;n

0:33ðJ=gKÞ ð1� XcÞ ð5Þ
where DCPDMS
p;amorphous is the DCp,n of fully amorphous unaffected PDMS, found equal to 0.33 J/gK via fast cooling measurements

(quenching, Fig. 1c). According to the widely used ATHAS Database [49], DCp of amorphous PDMS (in general over the var-
ious types) is equal to 0.37 J/gK (Fig. 1c), quite similar to our result. Bearing in mind that molecular dynamics of a polymer is
related to its physical properties (e.g. chain-end groups, crosslinking density etc.) [50], we will use our experimental value
(0.33 J/gK) for further calculations related to glass transition.
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According to our calculations (Table 2), the sum of mobile amorphous and crystallized polymer fractions (MAF + Xc) is
lower than 1 in the nanocomposites, suggesting that, in the frame of the ‘3-phase model’, one part of the response is missing
from the calculated fractions. This deviation is thought to represent RAF, which can be easily calculated by Eq. (6).
RAF ¼ 1� Xc �MAF ð6Þ
The calculated fractions of various polymer phases are included in Table 2, for measurements under both protocols. We
should remind that all fractions refer to whole polymer mass according to the above equations employed for DSC. According
to Schick and coworkers [53,55] in nanocomposites based on semicrystalline polymers, the RAFcryst to Xc and RAFcryst to RAFint

ratios may not be constant in DSC. Additionally, we have demonstrated that the interfacial polymer fraction can be temper-
ature dependent according to BDS [17]. Therefore, we will not attempt to calculate separately these fractions and we will
consider results by Eqs. (5) and (6) as simplified approximations for MAF and RAF at temperatures close to Tg.

The sum of Xc and MAF is higher for 80 wt% PDMS, while, as expected, RAF is higher for samples of 40 wt% PDMS. In addi-
tion, from a first glance in Table 2, the above fractions change systematically with zirconia modification (Xc + MAF increases
and RAF decreases), while, changes of RAF for low polymer adsorption (no significant interference of crystallinity) seem to
follow the respective changes of SBET (Table 1). These effects will be discussed later in comparison with respective BDS
results.

3.3. Broadband dielectric spectroscopy (BDS)

3.3.1. Raw data and analysis
BDS results will be comparatively presented here in the form of frequency dependence of the imaginary part of dielectric

permittivity, e00 (Fig. 3, isothermal plots). The main focus is on segmental dynamics, i.e. on the dielectric relaxations corre-
sponding to the DSC response in the region of glass transition in Figs. 1 and 2 (namely a, ac and aint). The dielectric response
was found significantly higher for the samples containing 40 wt% PDMS as compared to 80 wt% PDMS (Fig. 3). This difference
is confirmed also by the results for the real part of dielectric permittivity, e0, and AC conductivity, rAC, (not shown).

After analysis of the complex BDS spectra (details in Section 2.3), the plots of Figs. 4 and 5 were constructed, by plotting
fmax and De of the three segmental and the two local (b and S) relaxations against reciprocal temperature. Included in the
Arrhenius plots of Figs. 4a and 5a are results by DSC and TSDC (raw data not presented here), namely glass transition tem-
peratures and peak temperatures, respectively, at the equivalent frequencies of the techniques, 20 mHz and 1.6 mHz, respec-
tively [8]. TSDC (Thermally Stimulated Depolarization Currents) [56] is a special dielectric technique in the temperature
domain [8,17,40]. Selected BDS results will be shown here also in the form of temperature dependence of e00 (Fig. 6, isochro-
nal plots).

3.3.2. Interfacial relaxation
aint relaxation in Fig. 3a and b, located in the broad range from 10 to 2 � 102 Hz at �80 �C, represents the dynamics of poly-

mer chains in the interfacial layer, with strongly reduced mobility due to interactions with the surface hydroxyls of A-380
[9,17]. Over the last years we studied in detail interfacial dynamics in polymer nanocomposites based on poly(dimethylsilox-
ane) (PDMS) and natural rubber (NR) as matrices and silica or titania as fillers, prepared by sol–gel techniques in the pres-
ence of the cross-linked polymer matrix [8,9,40]. More recently, this work has been extended to nanocomposites, where
PDMS has been physically adsorbed from a solution onto nano-oxides in powder form [17,27], such as in the present work.
A methodology based on DSC and dielectric techniques to study segmental dynamics in nanocomposites revealed the pres-
ence of a slower segmental relaxation (i.e. aint here) in the interfacial layer, next to the bulk segmental relaxation. This slower
dynamics has been attributed to the polymer–filler interaction, namely the formation of hydrogen bonding [57,58] between
the oxygens on the polymer backbone of PDMS and the hydroxyls on the nanoparticles surface [9,17]. Except for the pres-
ence of aint only in the nanocomposites, we have recorded that its magnitude increases in general with filler content
[8,18,40], and with specific surface area of initial particles [17,27], while its time scale behavior resembles that of segmental
(cooperative) polymer dynamics.

The temperature dependence of segmental dynamics is typically described by Vogel–Tammann–Fulcher–Hesse (VTFH)
equation [59],
f ¼ f 0 exp � DT0

T � T0

� �
ð7Þ
where f0 is a frequency constant, D is the strength parameter, and T0 is the Vogel temperature. After fitting Eq. (7) to our
experimental data and fixing the f0 parameter to the phonon value 1013 Hz [42,60], we obtained values for T0 and D. D is
related to the steepness or fragility index m according to the following equation [61]
m ¼ 16þ 590=D ð8Þ
The fragility (cooperativity) index values for all segmental relaxations (aint, ac and a) were calculated and are listed in
Table 3.

From a first glance at the Arrhenius plots (Figs. 4a and 5a), the time scale of aint relaxations seems to tend to more
linear-like (Arrhenius, constant activation energy) behavior as compared to a and ac, especially as zirconia grafting increases.



Fig. 3. Isothermal BDS plots of the imaginary part of dielectric permittivity, e00 , vs frequency for PDMS and the composites with (a, c, e) 40 and (b, d, f)
80 wt% adsorbed PDMS, at �80, �110 and �130 �C. Results are shown for measurements of thermal Protocol A. Indicated are the dielectric relaxations
related to segmental and local dynamics. Results for initial A-380 (S relaxation) at �110 �C have been included in (d).
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Additionally, aint becomes slower, while its strength (Figs. 4b and 5b) and cooperativity (m in Table 3) are reduced with
zirconia modification (addition of �6 and �16 wt% zirconia, Table 1). The strength of aint is smaller for composites with
80 wt% PDMS (Fig. 5b), as compared to 40 wt% PDMS (Fig. 4b). The respective changes with zirconia modification are more
pronounced for the samples of the low polymer loading.
3.3.3. Bulk-like relaxations
a relaxation in Fig. 3c and d at around 105 Hz at �110 �C is associated with the glass transition of the amorphous unaf-

fected (bulk) polymer fraction [9,17,40], observed only in neat PDMS and A380Z1P80. This relaxation corresponds to the
lower temperature sharp-shaped glass transition step in DSC (Fig. 1b and c). Next to a, at around (103 Hz, �110 �C), ac relax-
ation originates from polymer chains restricted either between condensed crystal regions [9,44] (i.e. case of neat and 80 wt%
PDMS, Fig. 3d) or in the voids between nanoparticles in their aggregates (i.e. case of core–shell nanocomposites at low poly-
mer loading, Fig. 3c) [17,62]. The dynamics of each of these relaxations is almost identical in the nanocomposites and in neat
PDMS in Figs. 4a and 5a.

Additional support about the origin of ac and a relaxations is provided by isochronal measurements. Data recorded
isothermally were comparatively replotted in Fig. 6 as isochronal e00(T) plots to facilitate direct comparison with the DSC
thermograms of Figs. 1 and 2. The frequency of 121 Hz was selected as representative for this comparison. Despite the fact
that these diagrams are not real isochronal measurements but replottings of isothermals, the results are not far from reality,



Fig. 4. (a) Arrhenius plots and (b) dielectric strength vs reciprocal temperature of the local (b, S) and segmental bulk (a), constrained in voids or/and
between polymer crystals (ac) and interfacial (aint) dynamics for initial A-380, neat PDMS, A380P40 [17], A380Z1P40 and A380Z4P40 recorded in isothermal
BDS measurements under thermal Protocol A. Respective DSC and TSDC data have been added in (a). The lines in (a) are fittings of the Arrhenius and the
VTFH equations (details in text). The arrows mark changes in aint relaxation imposed by zirconia modification of grafting on the initial A-380 particles. Lines
(1) and (2) in (a) correspond to the interfacial relaxation in conventional PDMS/silica and PDMS/titania nanocomposites, respectively [9].

Fig. 5. (a) Arrhenius plots and (b) dielectric strength vs reciprocal temperature, of the local (b, S) and segmental bulk (a), constrained in voids or/and
between polymer crystals (ac) and interfacial (aint) dynamics for initial A-380, neat PDMS, A380P80 [17], A380Z1P80 and A380Z4P80 recorded in isothermal
BDS measurements under thermal Protocol A. Respective DSC and TSDC data have been added in (a). The lines in (a) are fittings of the Arrhenius and the
VTFH equations (details in text). The arrows mark the changes in aint relaxation imposed by zirconia modification on the initial A-380 particles. Lines (1) and
(2) in (a) correspond to the interfacial relaxation in conventional PDMS/silica and PDMS/titania nanocomposites, respectively [9].

Fig. 6. Comparative isochronal plots of the imaginary part of dielectric permittivity, e00 , replotted from BDS isothermal measurements at 121 Hz (black
pointed curves) and directly measured at 125 Hz (red solid curves), for (a) neat PDMS and (b) A380P80. Indicated are the recorded relaxations. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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as confirmed by comparison with real isochronal DRS measurements at 125 Hz for pure PDMS (Fig. 6a) and A380P80
(Fig. 6b). The results are consistent with those of DSC regarding Tg, the shifts of a and ac relaxations to higher temperatures
in Fig. 6, as compared to Figs. 1 and 2, arising from the higher frequency of presentation [8].



Table 3
Shape parameters of the fitted HN equation (Section 2.3, Eq. (4)) aHN and bHN (average over temperature), fragility index, m, for the recorded dielectric
segmental relaxations, and interfacial polymer fraction at �95 �C, RAFint (Eq. (10)). (⁄) corresponds to relaxations that do not obey VTFH equation.
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A further comment refers to the different recordings of ac relaxation Fig. 6b. In the case of A380P80, we recall from the
DSC data (Table 2) that the presence of silica in A380P80 suppresses strongly the degree of crystallinity, Xc (0.08), and Tc

(�98 �C) in Table 2. Thus, we expect that ac relaxation should be absent in a continuous heating measurement at
2 K/min. This is true in fact in the real isochronal measurements of Fig. 6b. In the case of the isochronal replottings, the
�10 min isothermal annealing of the sample at each temperature of measurement, including the Tc region, necessary for sta-
bilizing the temperature and for scanning the frequency range of measurements, led to the arising of ac relaxation. Thus, the
sample is more amorphous in the real isochronal measurements in Fig. 6 as compared to the isochronal replottings of the
BDS measurements. The situation is different for neat PDMS in Fig. 6a, due to the higher crystallization temperature of
the neat polymer (�76 �C in Table 2) and the already high degree of crystallization (�0.65 in Table 2).

Effects of nanozirconia and filler content on the bulk-like relaxations (mainly on their strength in Figs. 4b and 5b, and
cooperativity, m, in Table 3) are indirect and mainly expressed via the changes induced on the degree of crystallinity
(Table 2), in agreement to previous studies of PDMS [17,18,44].

3.3.4. Local relaxation of AOH groups on silica surface
S relaxation [63] located at around (103 Hz, �110 �C) in Fig. 3d, is related with motions of the silanol surface groups of

silica (SiAOH) with attached water molecules [63,64]. We observe in Fig. 3d that the S relaxation dominates the response
for initial silica A-380 (with ambient hydration of about 10 wt%). After careful analysis of the results, S shows exactly the
same time scale with the S relaxation measured in A380P40 and all nanocomposites of 80 wt% PDMS loading. As expected,
De of S is lower in the nanocomposites than in neat A-380 (Figs. 4a and 5a). In our previous studies on similar core–shell
systems, it has been demonstrated that S relaxation becomes weaker as the degree of polymer adsorption (surface coverage
of the particles) increases [12,13,17]. In work in progress on nanocomposites based on PDMS (the same and similar with
those in the present study) we obtain similar results imposed by water content, in particular, an increase in the dielectric
strength of S relaxation with increasing hydration level.

3.3.5. Secondary (local) polymer relaxation
A faster but relatively weak relaxation is located at around 100 Hz at �130 �C in Fig. 3e. The relaxation named here ‘b’, has

not been reported in previous work in PDMS, focusing however on segmental dynamics [8,44,65]. Analysis of the results
shows that b (aHN � 0.23, bHN = 1.0): (i) obeys Arrhenius equation [66] (i.e. linear trace in Fig. 4a, activation energy
�0.26 eV), (ii) is weaker by one order of e00 magnitude as compared to segmental relaxations in Fig. 4b, and (iii) slightly
increases in dielectric strength with temperature (Fig. 4b). According to Ngai [67] these characteristics suggest that b is a
local (secondary) relaxation of the polymer. In consistency with that, b relaxation shows quite similar behavior in the
nanocomposites (whenever recorded, depending on the availability and the quality of low temperature measurement) as
in the case of initial PDMS. The limited information available at present (only a few points in Figs. 4 and 5) precludes at this
stage a more detailed study of the relaxation in terms of Johari–Goldstein type [68] or local relaxation [67]. More work is
need to further clarify the molecular origin of the relaxation, for example by studying PDMS of (i) different structure (linear,
crosslinked) and (ii) various molecular weights in order to conclude as to whether the relaxation recorded here is related to
the concentration of chain ends of PDMS or not. In addition, employing a comparison with polymers similar to PDMS (ACH3

side groups) but of modified chemical structure, such as poly(methylphenylsiloxane) (PMPS, AC6H5 side groups), could be
also illuminating regarding local relaxation matters.

3.3.6. Evaluation of polymer phases according to dielectric response
The results reported in the previous sections provide clear evidence about the origin of the various segmental relaxations.

Thus, we may calculate the various fractions of polymer by evaluating the respective dielectric responses (i.e. De). To that
aim we employ a model analogue to the one used previously for DSC (i.e. Eqs. (5) and (6)) and we calculate the mobile bulk,
MAF, and the interfacial, RAFint, polymer fractions according to the following equations
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MAF ¼ Deaþac

Dea þ Deac þ Dea int
ð1� XcÞ ð9Þ

RAFint ¼
Dea int

Dea þ Deac þ Dea int
ð1� XcÞ ð10Þ
where De is the dielectric strength [42] of each relaxation and Xc is the degree of crystallinity for each sample (obtained from
DSC, Table 2). Bearing in mind that the dielectric strength changes with temperature, we employed BDS results at the same
temperature �95 �C for MAF and RAFint. Results of RAFint are shown in Table 3. They show that RAFint is reduced with surface
modification from 0.86 to 0.23 wt for samples of 40 wt% PDMS. RAFint is weaker, as expected, for higher polymer adsorption
(80 wt%) and changes with surface modification are not systematic. The results will be discussed later comparatively with
those obtained by DSC (Table 2).

From the methodological point of view, Eqs. (9) and (10) involve 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 [22], are reduced by this
calculation method. As mentioned above, the lower dielectric response of the 80 wt% PDMS nanocomposites as compared to
the 40 wt% nanocomposites (Fig. 3) can explain the lower values of RAFint for the samples of 80 wt% PDMS (Table 3). On the
other hand, we recall that the respective equations employed for DSC compare the response of nanocomposites with that of
initial polymer, the two methods being different in principle. The suitability of Eqs. (9) and (10) for calculating the different
polymer fractions has been confirmed in NCs based on silica and various polymers [10,11,16,27].

3.3.7. Effects of thermal (crystallization) treatment
We turn now attention to the effects of crystallization annealing on aint relaxation. To that aim, we compare in Fig. 7

results of measurements under standard treatment (Protocol A) and annealing of crystallization before the BDS measure-
ments (Protocol AC) for samples of low polymer loading. Similar results were obtained also for samples at high polymer load-
ing (not shown here). We recall that previously in Fig. 4 we showed effects on molecular dynamics imposed by zirconia
modification on the nanocomposites of low polymer loading. Thus, now in Fig. 7 effects induced by annealing and the com-
bination of annealing and surface modification of silica are comparatively shown. In addition, we show and evaluate in Fig. 8
online measurements during isothermal annealing.

It becomes clear that annealing of crystallization leads in general to slower aint relaxation (Fig. 7a), with lower dielectric
strength (Fig. 7b), suppressed fragility (m) and RAFint (Table 3) for both polymer loadings. The effects imposed by annealing
on aint become gradually weaker with increasing of surface modification. Paralell to changes imposed on aint by annealing, ac

relaxation tends also to become slower (Fig. 7a), whereas its strength increases (Fig. 7b).
In Fig. 8 we demonstrate an online time-monitoring of the effects imposed by isothermal annealing on segmental dynam-

ics in neat PDMS at �114 �C (Fig. 8a) and in A380P80 at �85 �C (Fig. 8b). The response of the initially highly crystallized neat
PDMS (Xc � 0.65 wt at the beginning and �0.75 wt at the end) was expressed via both a and ac relaxations in Fig. 8a, while
during isothermal annealing ac becomes stronger and a weaker. The recordings are similar to those in previous studies of
PDMS [9,44]. Analysis showed that the total dielectric strength (Dea+ac) decreased with annealing time (inset to Fig. 8a).
Moreover, Dea+ac was decreased by a factor of about 2 at the end of annealing, while the degree of crystallinity increased
by only �15 wt%. This would suggest that the growth and interference of a rigid amorphous fraction due to the polymer
Comparative (a) Arrhenius plots and (b) dielectric strength vs reciprocal temperature of the local (S), segmental bulk-like (ac), and interfacial
r dynamics (aint) for A380P40 (cycles) [17] and A380Z4P40 (triangles) composites, recorded in isothermal BDS measurements under thermal
ls A (open symbols) and AC (solid symbols). Respective DSC and TSDC data have been added in (a). The lines in (a) are fittings of the Arrhenius and the
quations. The arrows mark changes induced by annealing.
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crystallites, RAFcryst, [52,55] is significant also in the nanocomposites, especially in the case of high PDMS loading. In the case
of A380P80, Xc was increased from 0.08 to 0.61 during the annealing at �85 �C (Table 2) and at the same time ac remained
almost unchanged (weakly suppressed) in Fig. 8b. Interestingly, aint relaxation became weaker during annealing (inset to
Fig. 8b) and shifted to lower frequencies, in agreement also to the results in Fig. 7. Taken together the results for neat
PDMS and A380P80 in Fig. 8 provide additional evidence that aint does not represent the relaxation of RAFcryst, but is directly
related to RAFint.

4. Discussion

4.1. Polymer crystallization

Independently of surface modification and thermal treatment, the presence of A-380 results in reduction of crystallization
temperature, Tc, and degree of crystallinity, Xc, as compared to neat PDMS (Table 2). These results suggest that the parti-
cles/aggregates do not act as crystallization nuclei [50]. Crystallization during cooling is absent in the cases of composites
with 40 wt% PDMS, due to the strong polymer–filler interaction (hydrogen bonding) which gives birth to significant amount
of interfacial polymer fraction [8] close to the nanoparticles according to both DSC and BDS. Interfacial polymer affects neg-
atively the ability of bulk polymer to form crystals, due to suppression of chain mobility/diffusion [9] and/or of the available
(free) volume in the nanocomposites [21,23]. It has been pointed out that the crystallization process can be the driving force
for rearrangement of nanoparticles distribution in a polymer matrix [69]. This is compatible with our findings for the 80 wt%
PDMS samples, as the polymer matrix consists of linear polymer of low viscosity (�1000 cPS) and high crystallization ability
(Xc � 0.5–0.8 wt [9,41]) and the distribution of the quite large A-380 aggregates (�300 nm [17]) could change during the
growing of the even larger PDMS spherulites (�102 lm in size [70]).

4.2. Glass transition

Glass transition of the bulk was recorded extremely weak for samples of low polymer adsorption (40 wt% PDMS). Tg was
lower in all cases of nanocomposites, dominated by: (a) spatial confinement effects [65,71] in case of lower PDMS loading
and (b) suppressed Xc in case of higher PDMS loading. For samples of high PDMS adsorption (80 wt%), Tg increases due to
higher Xc in Table 2, since physical and spatial constraints imposed by the spherulites [70] hinder the diffusion of polymer
chains [44,50,62]. Annealing of crystallization of the composite samples results in further suppression of bulk dynamics,
increasing Xc and Tg (Table 2).

Independently of the changes in Tg, the presence of a rigid amorphous polymer fraction (immobile according to DSC [53]),
most probably located at the interfaces with A-380, is manifested by the suppression of DCp,n in the nanocomposites
(Table 2). According to commonly employed equations (Eqs. (5) and (6)), this fraction (RAF) was estimated around 0.8 wt
of the whole polymer mass in A380P40 (Table 2). RAF decreases with surface modification down to �0.6 wt (Fig. 9a). As
expected, this decrease of interfacial polymer results in an increase of bulk-like polymer (i.e. CF + MAF, Fig. 9a). RAF calcula-
tions in samples of Xc – 0 on the basis of DSC include also the rigid amorphous polymer due to crystallites (RAFcryst) [52,54],
with the effect that the results of thermal annealing on RAF are controversial in Fig. 9a. Thermal annealing imposes an inter-
play between CF + MAF + RAFcryst, on the one hand, and RAFint, on the other hand. The situation becomes more clear in BDS
results which follow (Fig. 9b, next section).

4.3. Bulk-like dynamics (a and ac relaxations)

Exploiting the high resolving power of BDS technique, the dielectrically active polymer phases (i.e. bulk-like and interfa-
cial) could be evaluated in the nanocomposites (Fig. 9b).
Fig. 8. Time evolution of the dielectric relaxation mechanisms associated to segmental dynamics during the isothermal crystallization annealing, for (a)
neat PDMS at �114 �C and (b) A380P80 at �85 �C. Indicated in (a and b) are the estimated degree of crystallinity values, Xc, according to DSC, at the
beginning, t0, and at the end, tend, of the annealing procedure. The insets show the respective time evolution of De for the relaxations under investigation.



Fig. 9. Effects of surface modifications and thermal annealing (open/solid symbols) on (a, b) the various polymer fractions, i.e. rigid amorphous (RAF),
mobile amorphous (MAF) and crystalline polymer (CF), and on (c) the apparent thickness of the interfacial layer, dint (Eq. (11)), for samples of 40 wt%
adsorbed PDMS. Results are shown comparatively as estimated from (a) DSC and (b, c) BDS measurements (details in text). The lines that connect the
experimental data have no physical meaning and are used as guides for the eyes. The arrows mark changes imposed by thermal annealing.
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Bulk-unaffected mobility of PDMS is monitored by a relaxation, characterized by an almost universal time scale in the
Arrhenius diagram (Fig. 4a), as compared to different types of PDMS [9,17]. The relaxation is present in A380Z1P40 and neat
PDMS. a is the only asymmetric in shape (bHN < 1) relaxation recorded in the present work (Table 3), while its strength, De,
decreases with temperature (Fig. 4b), as expected for bulk-unconstrained segmental dynamics [42,66].

Quite standard is also the time scale of ac relaxation (Figs. 4a and 5a), which describes the retarded dynamics of polymer
chains restricted inside A-380 voids or/and between the PDMS crystals [9,17], and is recorded in all samples. De of ac

increases with temperature (Figs. 4b and 5b), as the constraints imposed by the crystals are gradually loosened [44,50].
In the case of measurements after crystallization annealing, ac and S relaxations, whenever recorded, are enhanced
(Fig. 7) at the expenses of bulk and interfacial polymer (a and aint, respectively), without significant changes in fragility
and shape parameters.

Any effects of zirconia modification on the evolution of a and ac relaxations are again indirect, depending on the changes
in Xc [9,17].

4.4. Interfacial dynamics (aint relaxation)

We suggest that aint monitors directly the dynamics of semi-bound polymer chains in the interfacial layer (RAFint)
[8,9,16,27]. Its dielectric strength in Figs. 4b and 5b is higher for unmodified A-380, for both amounts of adsorbed PDMS.
The relaxation tends to become slower, weaker and less fragile (cooperative [66]) with zirconia modification (Figs. 4 and
5, Table 3). The changes recorded by BDS follow very nicely the respective changes in specific surface area, SBET, in
Table 1. From the methodological point of view, these results may suggest that the adsorption of gas molecules (Nitrogen
in our case) on surfaces of nanometric roughness is representative also for polymer chains adsorption [17].

Another point of interest is the temperature dependence of De for aint relaxation. We follow in Figs. 4b and 5b that for the
strong aint relaxations of A380P40 and A380P80 (i.e. unmodified samples) De increases with temperature. Simultaneously
with the weakening of aint relaxation with zirconia modification, De tends to decrease with temperature
(Figs. 4b and 5b). This behavior resembles that of conventional nanocomposites of crosslinked PDMS [8] and natural rubber
[16] filled with in situ generated silica particles (�5 nm in diameter), where De of aint relaxation was lower than that of a and
decreased with increasing temperature.

4.5. Interpretation in terms of models

In a recent study concerning interfacial phenomena in the same unmodified core–shell systems we have proposed that the
characteristics of aint relaxation are determined by PDMS chain conformations and polarizability at interfaces [17]. More
specifically, according to recent studies on adsorbed polymers [6,20,21] there may exist two populations of chain segments
at interfaces which can be considered responsible for the molecular mobility recorded in BDS as the interfacial aint process,
i.e. (a) extended tails with bulk-like density but reduced mobility and cooperativity (Scheme 1a), and (b) flattened chain seg-
ments which form the inner quite dense region due to multiple contact points with the silica surface (loops, Scheme 1a). We
assume that in our core–shell nanocomposites, the relatively high SBET values of A-380 particles are responsible for the suc-
cessful adsorption of PDMS chains with a high ratio of loops/tails (Scheme 1a), due to the high number of potential particle–
polymer contact points.

Additionally, for samples of respectively high/low interfacial polymer fraction (RAFint) we may interpret the respective
increase/decrease of De of aint relaxation with temperature (Figs. 4b and 5b) as follows. According to the models described
above, the loop-like conformed chains are weakly attached [20,21] on the surfaces and their concentration can increase as
temperature increases, without change in interfacial polymer density, e.g. by simultaneous decrease of loops’ maximum dis-
tance (height) from the adsorbing surface [21], similarly to polymers adsorbed onto solid surfaces during chemical [19] and



Scheme 1. Proposed 2-D schematic simplified models for describing interfacial polymer dynamics for (a) unmodified A-380 particles, (b) surface modified
A-380 and (c) thermally annealed systems.
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thermal [20] annealing. On the other hand, in the case of higher tail/loop ratio (Schemes 1b and c, i.e. case of lower RAFint and,
respectively, lower De of aint) the mobility of the tails (bulk-like density) can gradually increase, drifted by the increasing of
bulk-like polymer mobility. Thus, the degree of ‘immobilization’ and ‘orientation’ of the tails at the interfaces is suppressed,
leading to lowering of De for aint with temperature (thinner interfacial layer [8,16]).

The adequacy of the model proposed above was examined also in our recent works in similar systems of silica/PDMS by
means of (a) surface modification of initially low SBET silica with zirconia nanoparticles [27] and (b) thermal (crystallization)
annealing [17], the results being in qualitative agreement with those obtained in the present study. It should be noted that
the existence of multi-conformational segments [31] in polymer melts adsorbed on solid surfaces has been studied by com-
puter simulations and the effects of the polymer chain length [3,32,33] and of the range of attraction of the solid surface
[29,30] on interfacial polymer structure and dynamics have been predicted. Furthermore, in work in progress we follow
the above model employing PDMS of different molecular weights (namely, different chain lengths) as a crucial parameter
for polymer adsorption and adoption of bimodal conformations in the interfacial layer with nanooxides (silica and titania).

Finally, we recall that in previous studies on PDMS filled with in situ generated and finely dispersed silica (�5 nm) and
titania (�30 nm) nanoparticles, the thickness of the interfacial layer, dint, was �2 nm for silica and �4 nm for titania [8,9].
Similar values can be compatible with our results and the above models about polymer chain conformations (Scheme 1)
of the bound polymer layer(s), taking into consideration that the length of Kuhn segment for a PDMS in melt is �1.56 nm
[72]. However, the geometrical models employed previously for the estimation of interfacial layer thickness [8,9,15] cannot
not be employed here, due to the high degree of initial particles aggregation [17], the not well defined shape of aggregates
(SEM images in [17]), and the significant intraparticle porosity [36]. Nevertheless, we may calculate the ‘apparent’ interfacial
layer thickness in our core–shell nanocomposites from the fraction of interfacial polymer, estimated above, and the specific
surface area of the oxide sample before polymer adsorption, SBET, determined by nitrogen adsorption–desorption measure-
ments (Table 1). Assuming (i) constant density of PDMS in the interfacial layer and in bulk, equal to that of neat PDMS
(qPDMS = 1.62 g/m3 [9]) and (ii) accessibility of the whole oxide surface area corresponding to SBET to PDMS, we estimate
the apparent interfacial layer thickness, dint, by the following equation
dint ¼
volumeinterfacial;PDMS

surfaceinterfacial
¼ masssample � XPDMS � RAFint=qPDMS

masssample � ð1� XPDMSÞ � SBET
ð11Þ
Please note that because of assumption (ii) the calculated values represent a lower bound of the interfacial layer thick-
ness. The results of dint calculation are shown in Fig. 9c comparatively for modified (0.40–0.53 nm)/unmodified (1.00 nm)
and annealed (0.28–0.66 nm)/not annealed (0.40–1.00 nm) samples. Thus, dint decreases on surface modification by zirconia
and on annealing. Absolute values of dint in our core–shell nanocomposites (0.28–1.00 nm) are smaller than values obtained
in conventional PDMS/silica nanocomposites (�2 nm) [8,9] and also smaller than the Kuhn segment length for PDMS
(�1.56 nm, Fig. 9c, [72]). Please compare [15] with respect to the discussion of dint in relation to Kuhn segment length. The
relatively low absolute values can be probably understood in terms of assumption (ii) above. Results could be rationalized
in future work by recording changes in density of the interfacial polymer, which has been found higher than that in bulk in
previous work on polystyrene (PS) [4,21].
4.5.1. Effects of surface modification
The suppression of textural pore volume, Vp in Table 1, and of RAFint (Fig. 9) with surface modification and, at the same

time, of interfacial dynamics (Figs. 4 and 5) and cooperativity (Table 3), suggest strongly that, according to the model
described above, the loops/tails ratio on A-380 is lower for modified samples (Scheme 1b). This assumption can be rational-
ized in terms of decreasing of the number of polymer–silica contact points due to the smoothening of interfacial area [36], in
general. Additionally, this decrease in contact-points concentration implies an increase of the cooperativity length n and,
thus, in the frame of Adam-Gibbs theory [73], slower and less cooperative segmental dynamics, in agreement with results
for aint in the present work. Similar effects were previously reported on the interfacial PDMS fraction in conventional
nanocomposites, which was suppressed at the smoothed surfaces of titania (relatively low surface area, SBET), as compared
to the rather diffused surfaces of silica (relatively high surface area) [9] and Ref. 23 therein. Finally, we have recently showed
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that similar zirconia modification on low specific surface area fumed silica (58 m2/g) [27] resulted in slightly increased SBET

and in faster and more cooperative interfacial relaxation, these effects suggesting an increase of PDMS–particle contact
points, in qualitative agreement with effects obtained here with SBET and aint of A-380 based nanocomposites.

4.5.2. Effects of thermal (crystallization) annealing
In the nanocomposites of both modified and unmodified A-380 which have suffered thermal annealing (a) aint relaxation

has immigrated toward higher temperatures/lower frequencies (Fig. 7a) and (b) De of aint has been suppressed
(Figs. 7b and 8b). The changes are less pronounced for the samples of modified A-380, where aint was already weaker and
slower as compared to the unmodified A-380. Thus, the effects imposed by annealing seem to be in the same direction with
those of surface modification, as far as interfacial dynamics and fraction is concerned. The changes can be interpreted, again,
in terms of reorganization of chain distribution in the interfacial layer. More specifically, some of the chains could be
detached during annealing, resulting in the restriction of concentration and mobility of the loops (Scheme 1c), which are
probably more loosely attached onto the surfaces as compared to the tails [21]. Additional support to this explanation is
given by (a) DSC in Table 2 (Fig. 9a) for A380P40, for which we follow increasing of DCp,n (MAF) after annealing, without
simultaneous increase in Xc (CF), and (b) BDS in Fig. 7 where we observed an increase of S relaxation, assigned to increase
of the concentration of free surface hydroxyls. Similar results were reported recently for core–shell systems based on fumed
silicas and PDMS, same as in the present work [17]. Other models proposed for explaining the effects of annealing in these
and similar systems involve the diffusion of free volume holes at the interfaces between polymer and nanoparticles [74] or
redistribution of interfacial free polymer volume [75], and, also, possible changes in interfacial polymer density [4].
5. Conclusions

Effects of surface modification and subsequent thermal treatment on molecular dynamics in silica/PDMS nanocomposites
of core–shell type were studied in this work. The strong hydrogen bonding developed between the surface hydroxyls of silica
and the oxygens of the backbone of PDMS resulted to successive adsorption of the polymer, in particular to the formation of
an interfacial polymer layer on the surfaces of the particles in the silica aggregates. The amount of interfacial polymer was
estimated by both calorimetric and dielectric methods to employ quite high fraction of the whole polymer (up to 90% at the
low polymer loading of 40 wt% PDMS). This amount decreased for high polymer loadings, as expected. The interaction
between particles and polymer was suppressed after the grafting of zirconia particles onto the surfaces of silica, by suppres-
sion of the surface available for polymer–filler interaction. The changes were reflected both in the thermal transitions
(e.g. enhanced crystallization and glass transition) and the evolution of segmental dynamics, as recorded through specific
dielectric relaxations.

BDS was found able to record the segmental dynamics of PDMS in the polymer–particle interfacial layer (aint relaxation).
Surface modification and thermal annealing were found to impose similar effects on interfacial dynamics, both resulting in a
reduction of the number of polymer–particle contact points on the surfaces of silica. As a result, interfacial polymer fraction,
dynamics and cooperativity were suppressed. Furthermore, changes in specific characteristics of the interfacial relaxation
could be interpreted in terms of bimodal conformations (tail- and loop-like) of the adsorbed PDMS chains at interfaces,
the concentration of which seems to decrease, especially that of loops, with the reduction of the number of contact points
accessible to polymer on the modified surfaces. By employing a combination of DSC and BDS results we were able to monitor
the additional lowering of interfacial polymer density after thermal annealing (related also with enhanced crystallization) of
the samples. In agreement to recently presented findings [17,27], this result suggests that the loop-like interfacial polymer
conformations are more weakly attached than tail-like chains [21]. In addition, the results obtained in the present work
enabled to reconsider previous results on conventional PDMS/silica and PDMS/titania nanocomposites [8,9], now from a dif-
ferent perspective. Thus, we concluded that the reported shift of interfacial dynamics to lower frequencies/higher temper-
atures in the titania as compared to the silica nanocomposites may not originate exclusively from the higher strength of
PDMS–titania hydrogen bonding (type of particle) [9] or from the size of oxide particles [15], but determined also by the
concentration of contact points on the surfaces of aggregates/nanoparticles available for polymer adsorption, the latter being
quantitatively well described by the surface roughness (SBET) of the aggregates/particles [17]. With respect to dynamics, con-
formations and density of polymer in the interfacial layer, new challenging questions arose from the present study and could
be further followed, in future work, by properly designed experiments on PDMS adsorbed at various amounts on fumed silica
and silica-like (e.g. titania, zirconia) particles of a broad range of specific surface area (surface roughness).
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