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ABSTRACT

Core—shell structured nanocomposites of polydimethylsiloxane (PDMS) adsorbed onto low specific
surface area fumed silica nanoparticles were studied employing structure (nitrogen adsorption
—desorption, IPSD), morphology (SEM), thermal (DSC) and dielectric (BDS) techniques. The study focuses
on the effects of porosity characteristics on polymer structure and dynamics at the filler interface. To that
aim, roughness and porosity characteristics of silica were modified, prior to polymer adsorption, with
nanozirconia grafting. The initial particles (15—150 nm in diameter) were found to aggregate and
disperse well in the volume of nanocomposites, while nanozirconia grafting resulted in increased volume
of the voids. PDMS was adsorbed both in the inner space of the voids and onto external surfaces of the
aggregates. According to BDS and DSC the fraction of polymer chains at interfaces increases with
nanozirconia modification and the respective dynamics («jn relaxation) and cooperativity are enhanced.
The results were interpreted in terms of increasing of the number of polymer—particle contact points on
the modified surfaces, as compared to the unmodified ones. Finally, the characteristics of interfacial
polymer (fraction, dynamics, polarizability) were interpreted employing models which involve bimodal

chain conformations and increased order (orientation) of the polymer chains at the interfaces.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Polymer nanocomposites (PNCs) have attracted much interest
over the last 2—3 decades for improving material properties [1].
Historically, the initial effort was on the improvement of specific
properties (e.g. mechanical, thermal and chemical stability) of a
polymer matrix in PNCs by introducing and well dispersing inor-
ganic nanoparticles [1,2]. Such materials may be considered as
conventional PNCs. Improvement of properties in PNCs is widely
thought to arise from the large surface to volume ratio of nano-
fillers, so that a great fraction of polymer is located at interfaces
with nanoparticles (the so called ‘interfacial polymer fraction’)
[3—5]. It is now commonly accepted that the interfacial polymer
fraction [4,6] is characterized by modified structure [7,8], slower
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dynamics [9-12], and increased thermal stability [13], as compared
to the bulk. Core—shell nanocomposites (NCs) is a new class of NCs
[14] prepared by layer—by—layer [15] polymer adsorption (shells)
onto the surface of nanoparticles (cores) [16,17]. Next to mostly
biomedical applications [18], these systems offer the possibility for
an in—depth study of interfacial interactions and polymer confor-
mations in the interfacial layer [19]: by controlling the fraction of
adsorbed polymer, the interfacial polymer fraction may become the
main polymer fraction in the system and, thus, more easily acces-
sible to measurements.

Measurements in PNCs with silica [9] and titania [10] particles in
situ generated by sol—gel techniques in the presence of poly-
dimethylsiloxane (PDMS), the polymer of interest in the present
work, revealed the existence of an interfacial polymer fraction that
is characterized by reduced mobility [10] in the case of titania as
compared to silica. This has been explained in terms of stronger
hydrogen bonds between PDMS and titania rather than silica
(Ti—OH more acidic than Si—OH) [20]. The dimensions of primary
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particles affecting the surface curvature have also been considered
significant for interfacial interactions [21]. More recently, mea-
surements in core—shell NCs based on high specific surface area
(~350 m?/g, high roughness) silica revealed that the structure of the
adsorption complexes of PDMS depends on the adsorption condi-
tions and the subsequent thermal treatment [19], similarly to
polymer adsorption on flat solid surfaces [6,22—24].

The present work focuses on the effects of surface and structure
properties of silica nanoparticles (in the form of aggregates) on the
characteristics of interfacial polymer in NCs of the core—shell type,
based on low specific surface area (~58 m?/g) fumed silica
(~15—100 nm in size for primary particles) and physically adsorbed
linear PDMS. Before polymer adsorption, the initial silica particle
surfaces were partly modified by the chemical development of
amorphous zirconia nanoparticles. The porosity properties of initial
and modified silica and silica/PDMS NCs were investigated using
low temperature nitrogen adsorption/desorption and Incremental
Pore Size Distribution (IPSD) analysis. The morphology was
examined employing scanning electron microscopy (SEM), while
phase transitions of PDMS in the NCs were studied using differ-
ential scanning calorimetry (DSC). Finally, PDMS segmental
dynamics (dynamic glass transition) at interfaces and in bulk was
studied in detail using broadband dielectric relaxation spectros-
copy (BDS). Results are critically discussed and compared with
similar results obtained with other core—shell and conventional
PDMS—based NCs.

2. Experimental
2.1. Materials and code names

Fumed silica OX—50 (Degussa, ~15—100 nm in diameter, amor-
phous) was used as substrate, neat and modified with zirconia.
Zirconium acetylacetonate (Aldrich, >98% Zr(acac)4) was used as a
reactant to develop zirconia onto silica. The reactions and pro-
cedures of preparation have been previously discussed [25]. Vari-
ation in the amount of grafted zirconia was provided by reiteration
of all the reaction cycles from 1 to 4. The amorphous nature and
content of zirconia (2.6 wt.% and 8.4 wt% ZrO, for the 1st and 4th
reaction cycles, respectively, Table 1) were determined employing
X—ray diffraction [25]. In the present work we present results for
the unmodified silica and for silica modified with 4 cycles of zir-
conia reaction. Specific surface area, Sger, for initial and modified
oxides was measured in previous work using low temperature
desorption of nitrogen [25], and values are given in Table 1. Addi-
tional measurements of Sger were performed in the present work
for PNCs. Polydimethylsiloxane (PDMS, Kremniypolymer, Zapor-
ozhye, Ukraine, molecular weight MW = 7960, degree of poly-
merization dp~105) was adsorbed onto dried oxide samples in the
amounts of 40 and 80 wt.%. Different amounts of a hexane solution
of PDMS at a constant concentration (1 wt.% PDMS) were added to
fixed amount of dry silica—zirconia powder, up to the wanted
polymer content. The suspension was mechanically stirred and
finally dried at room temperature for 15—17 h and, subsequently, at

Table 1

120 °C for 1.5 h [25]. Low PDMS content (40 wt.%) samples are
powders similar to initial OX—50 powder, while at higher PDMS
contents of 80 wt.% and 100 wt.% samples are liquid—like and
liquid, respectively. Such materials are characterized by good
hydrophilicity and porosity properties, which are easily controlled
by surface grafting of hydrophobic polymers (PDMS here) and
degree of particles aggregation [26,27], and are exploited for
several biomedical and biochemical applications.

Five polymer nanocomposite compositions were prepared and
studied in the present work, the initial PDMS, silica/PDMS with 40
and 80 wt.% PDMS and silica/zirconia/PDMS, containing modified
silica with 4 cycles of zirconia, again with 40 and 80 wt.% PDMS.
Based on previous work on similar systems [19], two PDMS load-
ings have been selected, 40 wt.% where interfacial effects dominate
the behavior, and 80 wt.% where bulk behavior dominates, similarly
to conventional NCs. Throughout the text and in the figures and
tables, representative code names that describe the samples are
used. For instance (i) 0X50Z4P40 corresponds to the sample in
which PDMS at 40 wt.% is adsorbed onto OX—50 that had previ-
ously suffered 4 cycles of zirconia reaction (8.4 wt.% Zr0-), and (ii)
0X50P80 corresponds to the sample in which PDMS at 80 wt.% is
adsorbed onto OX—50 that has not suffered any zirconia reaction
(unmodified).

2.2. Surface and porosity characterization

To analyze the textural characteristics of nanooxides (Table 1),
low—temperature (77.4 K) nitrogen adsorption—desorption iso-
therms were recorded using a Sorptometer KELVIN 1042 (COSTECH
Instruments) adsorption analyzer. Samples were previously out-
gassed at 473 K for several hours. The specific surface area (Sggr)
was calculated according to the standard BET method [28] (details
of calculations in Supplementary material SM.1).

2.3. Scanning electron microscopy (SEM)

Morphology was examined by field emission Scanning Electron
Microscopy employing a FEI NovaSEM 230 apparatus at room
temperature. SEM chamber operated at room temperature under
high vacuum mode using a Helix detector at a voltage of 30 kV.

2.4. Differential scanning calorimetry (DSC)

Thermal properties of the materials were investigated in helium
atmosphere in the temperature range from —170 to 20 °C using a TA
Q200 series DSC instrument, calibrated with indium (for temper-
ature and enthalpy) and sapphire (for heat capacity). Samples of
~8 mg in mass were closed in standard T—zero aluminum pans (for
powders) or Tzero hermetic aluminum pans (for liquids). Samples
were equilibrated in ambient conditions before measurements.
Cooling and heating rates were constant at 10 K/min. PDMS crystals
are melted at room temperature; therefore, a first heating scan to
erase thermal history was not necessary here.

Textural characteristics of initial oxides and oxide/PDMS composites: Specific surface area in total, Sger, of micropores, Spicro, MESOPOreS, Syeso, MACTOPOTES, Spacro, aNd
respective specific pore volume, Vp, Viicror Vineso» Vimacro- Rv and Rs represent the average pore radii determined from the differential PSD with respect to pore volume and

specific surface area, respectively.

Oxide Czro2 (Wt.%)  Sper (mz/g) Shano (mZ/g) Smeso (mzlg) Smacro (mz/g) Vb (CmB/g) Vhano (cm3/g) Vimeso (cm3/g) Vimacro (cm3/g) <Ry> (nm) <Rs> (nm)
0X50 0 58 5 52 1 0.096 0.002 0.081 0.013 133 43
0X50P40 0 18 0 17 1 0.023 0.0 0.016 0.007 235 43
0X50Z4 8.4 52 7 33 12 0.311 0.003 0.046 0.262 48.7 14.1
0X50Z4P40 8.4 18 0 17 1 0.022 0.0 0.015 0.007 26.8 4.5
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2.5. Broadband dielectric spectroscopy (BDS)

Broadband dielectric spectroscopy (BDS) [29] measurements
were carried out on samples of ~1 mm thickness for powders
(compressed pellets) and ~50 pm 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. The
sample was inserted between brass plates forming an electrical
capacitor. An alternate voltage was applied to the capacitor in a
Novocontrol sample cell and the complex dielectric permittivity
e*=¢'—ie”” was recorded isothermally as a function of frequency in
the broad range from 10-1—108 Hz, at temperatures from —150 to
30 °C on heating (in nitrogen atmosphere) at steps of 2.5 K, 5 K 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.

3. Results and discussion
3.1. Surface and porosity characterization (IPSD)

Nitrogen adsorption—desorption isotherms for neat oxides
(0X50, 0X50Z4) (Fig. 1, Table 1) [25] and after adsorption of PDMS
at 40 wt.% (0OX50P40, 0X50Z4P40) demonstrate sigmoidal—shaped
behavior with narrow hysteresis loops of the H3 type (Fig. 1a and ¢)
[30,31]. This behavior indicates the formation of aggregates with
initially non—porous particles that are characterized by textural
porosity. With respect to IUPAC classification of pores, the nitrogen
adsorption—desorption isotherms correspond to type II [30]. The
distributions of voids between particles in aggregates (Fig. 1b) show
that the textural characteristics of OX—50 change after modifica-
tion. Although the values of the specific surface area Sger (58 and
52 m?/g for 0X50 and 0X50Z4, respectively, Table 1) do not show
significant changes with nanozirconia modification, the gas
adsorption modes changed (Table 1), suggesting certain differences
in meso— and macroporosity. Furthermore, the shape of the
adsorption—desorption isotherms of the NCs (Fig. 1c) and the
analysis of the results suggest that nitrogen effectively fills

mesopores in aggregates of initial 0X—50 and mainly macropores
of modified OX—50. We observe in Table 1 and Fig. 1b that the
volume of mesopores (1 nm < R < 25 nm) of initial OX—50
(0.081 cm?/g) decreases by a factor of about 2 after zirconia
modification. Macroporosity (25 nm < R < 100 nm), on the contrary,
increases by ~20 times for modified sample (OX50Z4). In general,
the average pore radii (<Ry>, <Rs> in Table 1) are by 3—4 times
larger in 0X50Z4, as compared to unmodified OX—50.

The textural characteristics of the oxides were modified on
adsorption of PDMS (Table 1 and Fig. 1d). The value of Sggr de-
creases by 69% and 65% (in comparison to the initial oxides) for
0OX50P40 and 0X50Z4P40, respectively, after PDMS adsorption in
the amount of 40 wt.% (Table 1). Polymer adsorption leads to
suppression of pore volume (Vj,) as well as of Vipeso and Vipgcro.
After addition of PDMS, the average pore radii (Table 1, <Ry> and
<Rs>) decrease sharply. The adsorbed macromolecules can merge
both the oxide nanoparticles and their aggregates into more
compact structures, leading to decrease in the volume of voids
between particles. This is a general effect in polymer/nanooxide
composites [27].

3.2. Morphology (SEM)

Fig. 2 shows SEM images of the aggregates of 0X—50 dispersed
in OX50P80. One can clearly observe in Fig. 2a bunch—like struc-
tures varying between 250 nm and 1.5 pm in size. At higher
magnification for the same sample in Fig. 2b the initial particles of
0X—50 (~15—100 nm in diameter) structuring the larger aggregates
can be recognized. Similar images were obtained for the zirconia
modified nanocomposite samples. Micrographs of the developed
zirconia nanoparticles onto the surfaces of silica have been shown
in a previous study on initial oxides [25].

3.3. Thermal transitions (DSC)

3.3.1. Polymer crystallization

During cooling of 0X—50/PDMS core—shell based NCs in DSC at
10 K/min from 20 °C to —170 °C single crystallization peaks were
observed between —95 and —76 °C for all samples (Table 2, raw
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Fig. 1. Nitrogen adsorption—desorption isotherms (a,c) and incremental pore size distributions (b,d) of oxides before (a,b) and after adsorption of PDMS (c,d).
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Fig. 2. SEM micrographs of OX50P80 composite.

Table 2

Quantities of interest from DSC measurements: crystallization temperature, T, degree of crystallinity, X, glass transition temperature, T, normalized heat capacity step at glass
transition, AG, ,, interfacial and amorphous polymer fraction (at Ty), RAFpsc and MAFpsc, respectively, temperature maxima of melting peaks, Tpi,2.

Sample T(°C) (£0.2)  X.(Wt) (£5%) T (°C) (£0.5)  Acpn (J/gK) (£0.02)  RAFpsc (Wt) (£10%)  MAFpsc (WE) (£10%) Ty (°C) (£0.2)  Tpnz (°C) (0.2)
0X50P40 _81 053 - 0.00 047 0.00 _48 —40
0X50Z4P40 -84 0.46 - 0.00 0.54 0.00 _48 —a
0X50P80 ~80 0.57 ~126 0.15 023 0.20 _48 —40
OX50Z4P80  —95 023 —129 0.04 0.68 0.09 _50 _39
PDMS ~76 0.65 127 022 0.12 023 _47 —40

data in Supplementary material SM.2). During the subsequent
heating in Fig. 3 the endothermic step of glass transition (—129
to —127 °C, Table 2) and cold crystallization exothermic peaks
(=110 to —90 °C) are observed for neat PDMS and NCs with 80 wt.%
PDMS. Finally, complex endothermic peaks during melting of PDMS
were recorded for all samples between —55 and —35 °C (Table 2,
measurement results in Supplementary material SM.2). The
measured and calculated quantities of interest are shown in Table 2.
By normalizing the recorded crystallization enthalpy values,
AH., to the same polymer content, Xppys, for each sample, the
degree of crystallinity, X, was calculated according to Eq. (1)

(1)

where AHjggy is the enthalpy of fusion of neat PDMS taken as
3743 J/g [32].

Neat PDMS crystallizes at —76 °C and X, is 0.65 wt (Table 2).
Both crystallization temperature, T, and degree of crystallinity, X,
are suppressed in all OX—50/PDMS samples. Suppression gets

Xc = AHc/(Xppms-AH100%)

stronger with zirconia modification for both polymer loadings
(Table 2). Crystallization during cooling at 10 K/min is very weak for
0X50Z4P80 (Table 3), thus PDMS in this sample crystallizes
partially during heating (cold crystallization [33], Fig. 3b). The re-
sults suggest that silica particles do not act as crystallization nuclei
[33]). Results are similar to those presented here have been ob-
tained in previous work on silica/PDMS NCs [32,34,35], as well as
on polymers confined between solid surfaces [24].

At higher temperatures, complex endothermic melting peaks
are observed between —50 and —39 °C (Tyy, Tz in Table 2). The
temperature difference between these two peaks varies between 7
and 11 K (Table 2). T;7 is lower in the case of NCs as compared to
neat PDMS, suggesting lower density (worse lamellae packing
[33,36]) of PDMS spherulites in OX—50/PDMS core—shell NCs.
Complex and double melting peaks have been observed before in
PDMS systems [10,19,32], probably related also with events of
recrystallization and subsequent melting of metastable crystals
[32,33,37]. Thus, X, was not estimated from the melting enthalpy in
the present work.
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Fig. 3. Comparative DSC thermograms in the glass transition region of OX—50/PDMS, 0X—50/Z4/PDMS and neat PDMS during heating at 10 K/min. (a) and (b) correspond to
samples with 40 and 80 wt.% PDMS, respectively. The curves are normalized to sample mass. The lines represent the baselines of the thermograms before and after glass transition.
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Table 3

Values of interest from BDS results: Shape parameters, ayy and fuy, and fragility index, m, for the recorded dielectric relaxations, interfacial polymer fraction, Xin:gps, and
mobile amorphous fraction, MAFgps, at ~ —95 °C. (*) corresponds to relaxations which do not obey VTFH equation.

Process parameter o O Oint XintBDS MAFgps
Sample (vt) (vt)
OHN Bun m AHN Brn m OHN Bun m

0X50P40 - - - 0.23 1.0 72 0.47 1.0 * 0.05 0.42
0X50Z4P40 - - - 0.29 1.0 96 0.40 1.0 35 0.10 0.44
0X50P80 - - - 0.31 1.0 88 0.49 1.0 * 0.01 0.42
0X50Z4P80 - - - 0.27 1.0 82 0.30 1.0 49 0.11 0.67
PDMS 0.35 0.9 106 0.30 1.0 96 - - - 0.00 0.25

3.3.2. Polymer glass transition

Coming now to glass transition (Fig. 3), the corresponding
exothermic step was recorded during heating for the high polymer
content samples (i.e. 80 wt.%) and initial PDMS (Fig. 3b). The glass
transition step is absent (or extremely weak) for samples of 40 wt.%
PDMS (Fig. 3a). The characteristic temperature Tg, determined as
the midpoint of the heat capacity step at glass transition, is —127 °C
in neat PDMS and varies in the NCs between —126 (OX50P80)
and —129 °C (0X50Z4P80) (Table 2). Ty and the change in heat
capacity, AG,psc, are ruled by spatial and physical constraints
imposed by, both, the presence of oxide nanoparticles (strong
interfacial interactions) and condensed polymer crystal regions
[10,19]. Thus, T, should increase in the NCs, as compared to neat
PDMS, due to PDMS—silica interactions and decrease due to
lowering of crystallinity X. (Table 2). The results in Table 2, in
particular the decrease of Ty in 0X50Z4P80, suggest that changes in
crystallinity dominate over the effects of PDMS—silica interactions.

In addition to T, the temperature range of glass transition, Ty-
ser—Tend, i worth discussing. In previous works [10,37] we have
demonstrated the close dependence of Tyusei—Teng 0N the degree of
crystallinity X. of PDMS. Looking now at Fig. 3b, we suggest that the
smooth shaped glass transition steps (large Tonser—Teng) for initial
PDMS and OX50P80 with higher Ty values correspond to highly
crystallized polymer. The sharp shaped glass transition (small Tg-
set—Tena) Of OX50Z4P80 with lower T, on the other hand, corre-
sponds to a sample of highly suppressed degree of crystallinity
(Table 2).

We recall at this point that the physical adsorption of PDMS onto
silica is accompanied by the formation of hydrogen bonds between
surface hydroxyls and the O atoms of the PDMS backbone [20,40].
The intensity of FTIR spectra in the region of O—H vibrations de-
creases with polymer adsorption (Supplementary material SM.3),
the decrease being stronger in the NCs of modified oxides. The
decrease suggests that a significant amount of free surface hy-
droxyls [40] are disturbed by PDMS chains. The disturbance is
stronger for the zirconia modified oxides, suggesting that the
number of contact points between silica and polymer chains in-
creases with zirconia. Further support for that will be provided in
the following DSC and BDS results.

The above discussion suggests that the particles—polymer in-
teractions should be responsible for the formation of a rigid
amorphous polymer fraction [4] in the interfacial layer, similarly to
previous works in PDMS [9,10,19]. We proceed now with calcu-
lation of the various polymer fractions from the glass transition
data, in particular the heat capacity step, ACp,DSC. According to
Schick and coworkers [36,41], a ‘3—phase model’ can be applied
for the quantitative estimation of the various polymer fractions
from DSC results. The three polymer fractions in this model are the
crystalline fraction, CF (~X;), the rigid (immobile) amorphous,
RAFpsc, which does not contribute to the glass transition, and
the mobile amorphous, MAFpsc, which undergoes glass transition.
In the case that X = 0, RAFpsc represents the immobilized polymer
at the particle—polymer interfaces (i.e. RAFpsc = RAFintpsc),

whereas for X, #= 0 RAFpsc should also include the rigid amor-
phous polymer part immobilized within polymer crystals
(i.e. RAFpsc = RAFintpsc + RAFcrystpsc) [36,42]. It has been suggested
that RAFys does not relax during glass transition [36] or that its
relaxation may occur at temperatures close to melting, Ty, i.e.
significantly higher than T; of the bulk [42].

Thus, in terms of AC,; recorded by DSC and normalized to the
same amorphous polymer fraction (Table 2) according to Eq. (2), we
may calculate MAFpsc and RAFpsc using Egs. (3) and (4),
respectively.

AC,
_ p.DSC
AGn = (1 — Xc)Xppms )
AC
MAFpsc = AC”D+ (1-Xc) (3)
p,amorphous
AGn

RAFpsc =1 — CF — MAFpsc =1 — X — (1-X¢)

PDMS
p,amorphous
(4)
where Xppys is the mass fraction of the polymer, and ACPMS is

p,amorphous

the heat capacity step of fully amorphous unaffected PDMS, found
equal to 0.33 J/gK from fast cooling measurements (quenching,
Supplementary material SM.4). According to the widely used
ATHAS Database [43] and Ref. 2 therein, AC, of amorphous PDMS
(in general over the various types) is equal to 0.37 J/gK, quite similar
to our result. Bearing in mind that molecular dynamics of a polymer
is related to its structure (e.g. chain—end groups, crosslinking
density etc.) [33], we will use our experimental value (0.33 J/gK) for
further calculations related to glass transition. Please note that
according to the above equations, both mass fractions refer to the
whole polymer mass in the NCs. For referring to the whole nano-
composite mass, RAFpsc and MAFpsc should be multiplied with
Xppums. According to work in NCs based on semicrystalline polymers,
the RAFyspsc to Xc and RAFys;psc to RAFipsc ratios may not be
constant [4,41]. Moreover, the interfacial polymer fraction can be
temperature dependent according to BDS [19]. Thus, we will not
attempt to calculate separately these fraction and we will consider
results by Eqgs. (3) and (4) as simplified approximations for MAFpsc
and RAFpsc at temperatures close to Ty.

The calculated values are listed in Table 2. RAFpsc varies between
0.47 and 0.54 wt for the samples of low polymer loading and be-
tween 0.23 and 0.68 wt for the samples of high polymer loading.
For neat PDMS, the respective value is 0.12 wt and it corresponds to
RAFrystpsc, while CF is 0.65 wt. Considering that X is in general
lower for the NCs with modified oxides for both polymer loadings
while, at the same time, RAFpsc is higher (changes are systematic
for 80 wt.% PDMS), we conclude that the increase on RAFpsc origi-
nates from an increase of RAFin;psc.
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In agreement with the values of Vj, in Table 1, the increase of
RAFin: psc reflects the increasing of accessible volume for polymer
chains in the macro—pores. According to DSC results (and BDS
later) the calculated V), distributions (Table 1) seem to describe
better the adsorption of PDMS chains in the voids of OX—50 ag-
gregates, rather than Sger. Finally, by comparing the DSC results
between unmodified and modified 0X—50, we can follow in Table 2
that with formation of nanozirconia (8.4 wt.%, Table 1) polymer
adsorption is enhanced (RAFpsc increases) at the expenses of bulk
mobility and crystallization (the sum MAF + X. decreases in
Table 2).

3.4. Segmental dynamics (BDS)

BDS results are comparatively presented in the form of fre-
quency dependence of the imaginary part of dielectric permittivity
(dielectric loss), ¢” (Fig. 4, isothermal plots) for selected tempera-
tures. Results for the same initial PDMS sample have been pre-
sented also in a previous study of ours [19]. We focus on segmental
dynamics, i.e. on the dielectric relaxations «, ac and aj,r [10,19]
corresponding to the calorimetric glass transition in Fig. 3 ab.
The origin of these relaxations (see below) has been described in
our previous works on PDMS systems [9,10,19].

3.4.1. Raw data and analysis

In Fig. 4 a,b « relaxation at around 10° Hz at —110 °C is associated
with the glass transition of the bulk amorphous unaffected polymer
fraction [10,19,37]. This relaxation corresponds to the lower tem-
perature sharp—shaped glass transition step in DSC for the amor-
phous part of the polymer (Fig. 3b). Next to «, at around 10> Hz
at —110 °Cin Fig. 4 a,b, a. relaxation originates from polymer chains
restricted either between condensed crystal regions [10,38,39]
(which is the case of neat and 80 wt.% PDMS, Fig. 4b) or in the
voids between nanoparticles in their aggregates (which is the case
of core—shell NCs at low polymer loading, Fig. 4a) [19]. Finally, «jn;
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relaxation in the broad range from 5-10°—10% Hz at —80 °C (Fig. 4
c,d) represents the dynamics of semi—bound polymer chains in the
interfacial layer, with strongly reduced mobility due to interactions
with the surface hydroxyls of 0X—50 [9,19].

BDS results were analyzed by fitting model functions to the
experimental data [44] in order to evaluate the time scale (tem-
perature dependence of the frequency of maximum ¢”), the
dielectric strength (representative of populations of the relaxing
molecular groups), and the shape parameters of the recorded re-
laxations. To that aim we employed the Havriliak—Negami (HN)
equation [45].

Ae
(1 + (if /o) m )P

A sum of up to three HN terms of the type (5), one for each of the
three relaxations «, o, and ajpe, was fitted to the experimental data
at each temperature and the fitting parameters were determined.
The number of terms needed was different for different composi-
tions and temperatures, depending on the number of relaxations
present and the extent of their overlapping. In Eq. (5), Ae is the
dielectric strength, fp is a characteristic frequency related to the
frequency of maximum loss (¢”), and ayy and (py are the shape
parameters of the relaxation. We recall that the deviation of fyyN
from 1 describes the asymmetry of the relaxation, whereas the
deviation of ayy from 1 the broadening of the relaxation. Thus, the
symmetric Debye relaxation with a single relaxation time is char-
acterized by ayn = 1, fun = 1 [45].

Values of the fitting parameters for the shape of the relaxations
(mean values over the temperature range of measurements) are
listed in Table 3. By plotting the frequency of maximum of ¢” from
Eq. (5) against reciprocal temperature for the three segmental re-
laxations, the Arrhenius plots of Fig. 5a were constructed. Included
in the Arrhenius plots of Fig. 5a are the respective peak tempera-
tures at the equivalent frequencies of DSC and TSDC [19] (i.e.

£(f) = (5)
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Fig. 4. Isothermal BDS plots of the imaginary part of dielectric permittivity (dielectric loss), ¢”, vs frequency for PDMS and for composites with (a,c) 40 wt% adsorbed PDMS and (b,d)
80 wt.% PDMS, at —110 °C (a,b) and —80 °C (c,d). The arrows mark the frequency of ¢/ maximum for each relaxation.
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Fig. 5. (a) Arrhenius plots and (b) dielectric strength vs reciprocal temperature of the segmental relaxations: bulk polymer («), restricted in voids and crystal regions («.) and
interfacial polymer (ajn) for OX—50/Zr/PDMS composites and neat PDMS. The blue triangles correspond to 40 wt.% adsorbed PDMS, while the red cycles correspond to 80 wt.%
adsorbed PDMS. Included in (a) are the respective DSC and TSDC points. The lines in (a) are fittings of the VTFH and Arrhenius equations [46] to the data for the recorded relaxations.
The inset in (b) shows in more detail the region of «;,. relaxation. The arrows in (a) mark changes on «;,; between unmodified and modified OX—50. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

20 mHz and 1.6 mHz, respectively [9]). TSDC (Thermally Stimulated
Depolarization Currents) is a special dielectric technique in the
temperature domain which was employed here to determine peak
temperatures at the equivalent frequency of the technique. We
refer to previous work on similar systems [19,34] for details of TSDC
measurements. The Vogel-Tammann—Fulcher—Hesse (VTFH)
equation (Eq. (7) in Ref. [10]), characteristic of cooperative pro-
cesses [46] has been fitted to the data of Fig. 5a (lines) and the
fragility index m was determined (Table 3). m is a measure of
cooperativity (deviation from linear behavior) [19,46]. VTFH could
not be fitted to the data for aj,; in OX50P40 and OX50P80, which are
described by the Arrhenius equation (Eq. (6) in Refs. [10], straight
lines in Fig. 5a). Finally, we present in Fig. 5b the reciprocal tem-
perature dependence of Ae from Eq. (5) for the relaxations of all
measured samples.

3.4.2. Bulk dynamics («a and o, relaxations)

We discuss separately bulk dynamics (« and «, relaxations) in
this section and interfacial dynamics («jn;) in the next section. The
dual character of a relaxation (characterized by shape parameters
ayn~0.25, Byn = 1, mean values over the temperature range of the
relaxation), concerning the type of spatial restriction of PDMS
chains (between PDMS crystals [10,38] and in voids of OX—50 ag-
gregates), is better revealed by dividing the discussion into low
(40 wt.%) and higher polymer contents (80—100 wt.%). For the low
PDMS content, «. originates from the reduced segmental mobility
of PDMS chains inside the voids in the layers above the interfacial
layer. In Fig. 4a and Fig. 5 a,b we follow that in theses samples
time—scale and strength of «. are suppressed with zirconia. This
result is consistent with the simultaneous increase of the interfacial
layer in the voids of OX—50 (Table 2), which increases the con-
straints imposed on polymer bulk—like mobility. Recalling DSC
results, it is worth to point out the absence of glass transition for the
40 wt.% PDMS NCs (Fig. 3a). On the other hand, owing to the higher
resolving power of BDS, both the interfacial («;j;; in Fig. 4c) and the
bulk—like segmental dynamics («c in Fig. 4a) are recorded by BDS in
these NCs.

For the high polymer loading, «, relaxation seems to dominate
the segmental response of PDMS in Fig. 4b. In addition, the fre-
quency—temperature position of «. in Fig. 5a is almost identical
for these samples, contrary to «, for low polymer loading which
slows down with nanozirconia modification. We recall that the
DSC results for 80 wt.% PDMS samples and neat PDMS (Fig. 3 and
supplementary material SM.2) show crystallization events (either

at cooling or at heating, at 10 K/min). Considering that during
BDS measurements the samples stay at each temperature of
measurements for about 10 min (isothermals), this procedure of
measurements could be considered as a type of multi-
—temperature crystallization annealing, which leads to increased
degree of crystallinity, most probably higher than in DSC mea-
surements. That is the reason for the same pattern of «, relaxa-
tion in neat PDMS and the composites of 80 wt.% PDMS (Fig. 4b),
despite different degrees of crystallinity by DSC (Table 2).

Bulk unaffected PDMS mobility is recorded via « relaxation only
for the initial PDMS in Fig. 4a (ayzn~0.35, By = 0.9, Table 3). The
absence of unaffected polymer mobility (bulk) in the NCs reveals
the high degree of constraints imposed on polymer mobility in
these highly complex systems.

3.4.3. Interfacial dynamics (aj; relaxation)

The relaxation process of PDMS in the interfacial layer («int,
characterized by mean values of the shape parameters over the
temperature range of the relaxation ayn~0.30—0.49, ;N = 1) on
the surfaces of OX—50 (inner walls in the voids and external walls
of the aggregates) is the slowest of the three segmental relaxations.
The assignment of this process to PDMS in the interfacial layer is
supported by the following observations are: (i) aj,; is absent in
neat PDMS, (ii) its time—scale trace extrapolated to the respective
DSC equivalent frequency (~10~2 Hz [9]) approaches the region of
T, and (iii) its fmex(T) dependence is, in general, of the VTFH type
[10,19] revealing its cooperative character. Similar results have been
obtained recently by employing BDS in NCs of various polymers
[11,12,47].

For both polymer loadings in Fig. 5a ;¢ is slower for unmodi-
fied OX—50 than for zirconia modified samples. a;,; immigrates
towards higher frequencies/lower temperatures and its coopera-
tivity increases (increased m, Table 3) with surface modification
(zirconia content 8.4 wt.%, Table 1), suggesting enhancing of
polymer dynamics at the 0OX—50/PDMS interface. At the same time,
Ae for ajy: in Fig. 5b exhibits higher values for the lower PDMS
loading NCs. The same is true for dielectric permittivity (¢') and AC
conductivity (gac) (Supplementary material SM.5), which are,
however, higher than additivity values [48]. These results can be
rationalized in terms of increased orientational polarization in the
interfacial layer, at the lower PDMS content (to be further dis-
cussed below), in agreement with results reported recently for
similar systems [19].



P. Klonos et al. / Polymer 68 (2015) 158—167 165

The fraction of polymer in the interfacial layer (the reduced
mobility polymer fraction) Xi,:gps was calculated by the following
equation [10],

A“~‘¢1,int(1 - Xc)
Aggy int + Aatac

(6)

XintBDs =

where Ae is the dielectric strength of each relaxation and X_ is the
degree of crystallinity for each sample (obtained by DSC, Table 2).
Bearing in mind that the dielectric strength changes with temper-
ature, we employed BDS results at a temperature (—95 °C) where all
relaxations were simultaneously recorded. The use of Eq. (6) im-
plies the assumption of equal polarizability of PDMS chains inde-
pendently of their location at the interface or in the bulk. Evidence
against this assumption will be provided later in this section [49].
Nevertheless, we keep Eq. (6) as first approximation for calculating
Xintpps and comparing with RAFpsc. Equation (6) is analog to Eq. (4)
(used for DSC calculation of RAFpsc), as both employ the whole
polymer response and refer to the whole polymer amount. It
should be pointed out that the contribution of interfacial polymer
fraction is additive in BDS measurements (addition of ajn; relaxa-
tion), whereas in DSC measurements RAFpsc was estimated more
indirectly, through the missing of the corresponding contribution
to the heat capacity jump at the glass transition (reduction of AGy ).
Results of Xiypps are listed in Table 3 and are shown in Fig. 6a
comparatively with those of DSC.

Similar to RAFpsc (Table 2), Xintpps calculated by BDS increases
with surface modification of OX—50. We recall that, in addition to
Xintpps increase (Fig. 6a), the dynamics at the interface is also
accelerated (Fig. 5a). These effects on interfacial polymer fraction
and dynamics are systematic (although weak) with the amount of
surface modification in the samples containing silica modified with
1 and 4 cycles of zirconia reaction (data shown in supplementary
material SM.6). We suggest that the increase of the concentration
of contact points at the interfaces accessible to PDMS is at the origin
of both these results (inset to Fig. 6a).

The insets to Fig. 6a show the simplified model employed for
the interpretation of our results. According to this model and
previous experimental findings obtained with silica/PDMS cor-
e—shell systems with high surface area fumed silica [19], it is
suggested that adsorption of PDMS proceeds via two chain con-
formations, which can be considered responsible for the molec-
ular mobility recorded by BDS as interfacial «j,; relaxation
process: (a) extended tails forming the outer region, with
bulk—like density but reduced mobility and (b) flattened chain
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segments which form the inner quite dense region due to mul-
tiple contact points (loops) with the silica surface (insets to
Fig. 6a) [22]. It has been also suggested that for low polymer
contents the tails are mobile enough to cooperate with each other,
but being sparsely distributed on the surfaces of the nanoparticles
their cooperativity length (§) [46] is relatively large [19]. The
extended (orientated) tails imply high polarizability and, this way,
increase ¢, ¢’ and Ae, in agreement with experimental results
obtained with PDMS adsorbed on high surface area silica [19].
Similar results have been obtained here for the 40 wt.% PDMS
systems. In addition, surface modification of 0X—50 by zirconia in
the present work leads to increased number of contact points and,
therefore, more dense interfacial layer. This implies reduction of
the cooperativity length £ and, thus, in the frame of Adam—Gibbs
theory [50], faster and more cooperative segmental dynamics, in
agreement with results for «j,; in the present work (Fig. 5a,
Table 3). The additional polymer chains that connect to the
additional contact points (in agreement to FTIR, discussion in
section 3.3.2) can form both extra tails and loops. This implies
serious obstacles to the orientation of the tails, resulting in
reduction of dielectric response (Ae and ¢, in Fig. 5b and
Supplementary material SM.5, respectively).

So far the discussion was limited to the 40 wt.% PDMS NCs.
Xintgps for samples of 80 wt.% adsorbed PDMS are again in close
qualitative agreement with DSC (Fig. 6a). Also, interfacial dynamics
accelerates systematically with zirconia in Fig. 5a. In addition, MAF
follows opposite trends with zirconia modification for DSC and BDS
in Fig. 6b (and Supplementary material SM.6) for the high PDMS
loading, while MAF for the low polymer loading is almost constant
for both DSC and BDS. These results reflect, on the one hand, the
suppression of interfacial polarizability at high polymer loading
(¢ in Supplementary material SM.5) and, on the other hand, the
significance of the degree of crystallinity in the determination of
MAF (MAF = 1 — X — RAF). Kumar and coworkers pointed to the
primary role of crystallization in semicrystalline PNCs, affecting
also filler distribution and aggregation [51].

Increased orientational polarizability in the interfacial layer as
compared to bulk is also at the origin of differences in the ab-
solute values of Xi,:gps and RAFpsc and in their dependence on
surface modification in Fig. 6a. It is interesting to note in this
connection the significantly lower dielectric response of the NCs
of the present study, as compared to similar NCs based on high
surface area silica in a previous study [19]. Please note also that
the two procedures of determining Xin, based on different
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Fig. 6. Estimated (a) modified polymer fractions (RAFpsc, Xintps), and (b) bulk mobile amorphous polymer fraction, MAF, against surface modification of initial OX—50 particles with
nanozirconia, for systems loaded with 40 wt.% PDMS (blue triangles) and 80 wt.% PDMS (red cycles). Results for RAFpsc are shown comparatively at T, (solid symbols) and for Xin.,sps
at —95 °C (empty symbols) (details in text). The lines are used as guides to the eyes. The insets to (a) show simplified models for the conformations of polymer chains during the first
stages of adsorption on the surface of silica at 40 wt.% PDMS loading for the different surface modifications of OX—50. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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mentioned previously, Xinrpps was determined through the
contribution of interfacial polymer fraction to total polarization
(Eq. (6)), while RAFpsc (Eq. (4)) through the missing of the cor-
responding contribution to the heat capacity jump at the glass
transition.

In Fig. 7 we compare time scale of interfacial dynamics in the
present and in previous works in (a) conventional PDMS/silica and
PDMS/titania NCs, i.e. spherical nanoparticles in situ generated and
dispersed in a matrix of crosslinked PDMS [9,10], and (b) in cor-
e—shell systems based on high specific surface area silica and linear
PDMS [19].

The traces of the recorded «;,; in the present study (Fig. 7) are,
in general, similar to those of conventional [10] and core—shell
based [19] silica/PDMS from previous work. Differences for
different types of filler, i.e. slower for conventional titania/PDMS
than for silica/PDMS, grey dash—dotted lines (2) and (1), respec-
tively, in Fig. 7 [10], have been previously ascribed to stronger
hydrogen bonding between PDMS and the —OH of titania [20] as
compared to silica [10,34]. Evidence against this interpretation
was provided in a previous study of PDMS adsorbed on fumed
silica and silica gel (with high Sggr for both) [19], where the traces
of ajyr in the Arrhenius plot at 40 wt.% and 80 wt.% polymer
loadings were found to coincide with those of titania/PDMS and
silica/PDMS [10], respectively. Moreover, thermal annealing of the
systems at the temperature of PDMS crystallization was found to
suppress significantly both dynamics and strength of aj,; relaxa-
tion, especially in the case where PDMS crystallization was absent
(i.e. for NCs with 40 wt% PDMS, red dotted lines (3) and (4) in Fig. 7
[19]).

Combining all the above observations we suggest that the
strength of polymer—particle hydrogen bond is not the main factor
dominating interfacial dynamics. Our results provide evidence that
interfacial dynamics is mainly ruled by: (a) the number and
accessibility of contact points (surface properties of the particles)
and (b) structure and flexibility of polymer chain (polymer topol-
ogy at the interfaces). The results of the present study could be
explained by employing models proposed previously involving
different conformations of polymers adsorbed onto a solid surface
[22,23]. However, further work is needed to shed more light on
these issues, such as by variation of type and size of the initial
particles [19] along with changes in the interfacial hydration level
[26,52].
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Fig. 7. Comparative Arrhenius plots of interfacial dynamics (i) in core—shell and
conventional oxide/PDMS nanocomposites. Open and solid triangles correspond to
0X50P40 and 0X50Z4P40 core—shell systems, respectively (present work). Lines (1)
and (2) correspond to the interfacial relaxation in conventional (sol—gel) PDMS/silica
and PDMS/titania nanocomposites, respectively [10]. Line (3) corresponds to core—-
shell system based on fumed silica of high surface area (A380, Sgzr~342 m?/g) on which
40 wt% of PDMS has been adsorbed [19]. Line (4) corresponds to the interfacial
relaxation of the same system after thermal (crystallization) annealing [19].

4. Conclusions

Structure, porosity and interfacial characteristics of low specific
surface area (Sger~58 m?/g) fumed silica nanoparticles
(~15—100 nm in average diameter), partly modified via nano-
zirconia grafting, along with polymer organization during polymer
adsorption and preparation of core—shell based nanocomposites
(NGs), were in the center of interest for this study. To that aim
adsorption—desorption nitrogen isotherms, morphology (SEM),
thermal (DSC) and dielectric (BDS) techniques were employed.
From the fundamental point of view, this work provides additional
evidence that the core—shell type NCs present an alternative model
system for the investigation of interfacial dynamics: by controlling
polymer content, the recorded DSC and BDS responses may be
dominated by the interfacial polymer layer, being the majority
among other polymer fractions.

Amorphous silica nanoparticles were found to aggregate with
each other in the 10? nm scale, forming interparticle voids of the
meso (1 nm < Rypig < 25 nm) and macro (Rypig > 25 nm) scale.
Nanozirconia modification increased the macroporosity and
simultaneously suppressed the mesoporosity in the aggregates.
Results indicate that during the initial stages of polymer adsorp-
tion strong hydrogen bonding develops between the surface hy-
droxyls of silica and the oxygens on PDMS backbone, resulting in
high coverage of both the inner and external surfaces of silica
aggregates. Results by DSC and BDS, in agreement with each other,
reveal higher degree of initial PDMS adsorption in the case of
modified surfaces. This last result was obtained by monitoring the
fraction and dynamics of polymer chains at the interface («jn
process), and interpreted in terms of increased density of contact
points of silica (accessible hydroxyl groups) with PDMS chains.
The increase of concentration of polymer chains at the interface is
accompanied by faster dynamics and increased cooperativity.
According to a previously proposed model [19], we suggest that
during the initial adsorption of PDMS the chains are strongly
attached (although sparsely distributed) and highly orientated
(tails) over the surfaces, characterized by lower cooperativity.
Nanozirconia modification increases the concentration of acces-
sible to PDMS contact points and, thus, the number of tails.
Further polymer adsorption proceeds via loop—like conformations,
probably in more dense packing onto the surfaces, resulting in
increase of the degree of cooperativity of polymer chains in the
interfacial layer and in faster interfacial dynamics [19]. Thus,
number and accessibility of contact points (surface properties of
the particles) and structure and flexibility of polymer chain
(polymer topology at the interfaces) dominate interfacial in-
teractions. Further work along the lines of the present investiga-
tion by varying type and size of filler [19], surface modification
and annealing procedure, partly in progress, is expected to provide
further insight into polymer structure and dynamics in close
proximity to solid surfaces.
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