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Thermal transitions and dynamics in nanocomposite hydrogels
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Abstract Hydrogels based on nanocomposites of statis-
tical poly(hydroxyethyl acrylate-co-ethyl acrylate) and
silica, prepared by simultaneous copolymerization and
generation of silica nanoparticles by sol-gel process at
various copolymer compositions and silica contents, char-
acterized by a fine dispersion of filler, were investigated
with respect to glass transition and polymer dynamics by
dielectric techniques. These include thermally stimulated
depolarization currents and dielectric relaxation spectros-
copy, covering together broad ranges of frequency and
temperature. In addition, equilibrium water sorption iso-
therms were recorded at room temperature (25 °C). Special
attention was paid to the investigation of effects of silica on
glass transition, polymer dynamics (secondary y and f,,
relaxations and segmental o relaxation), and electrical
conductivity in the dry systems (xerogels) and in the
hydrogels at various levels of relative humidity/water
content. An overall reduction of molecular mobility is
observed in the nanocomposite xerogels, in particular at
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high silica contents. Analysis of the results and comparison
with previous work on similar systems enable to discuss
this reduction of molecular mobility in terms of constraints
to polymeric motion imposed by interfacial polymer—filler
interactions and by the formation of a continuous silica
network interpenetrated with the polymer network at filler
contents higher than about 15 wt%.
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Introduction

Polymer hydrogels absorb large amounts of water, owing
to the presence of hydrophilic groups in their structure, and
preserve at the same time their integrity, because of being
cross-linked. Good biocompatibility and water permeation
properties, in addition to several other good properties
arising from their polymeric nature, form the basis for
several applications [1, 2]. For many of these applications
reduced mechanical stability at high water contents is a
severe drawback. Mechanical stability can be improved by
combination with a second hydrophobic polymer, often in
the form of interpenetrating polymer networks (IPNs) or
copolymers. For given choice of the two polymers, prop-
erties depend then sensitively on the phase morphology,
which, in its turn, can be controlled by composition and
preparation/processing conditions.

In previous work we employ a variety of partly com-
plementary experimental techniques to study morphology,
water sorption/diffusion, thermal transitions, dynamics and
properties of biocompatible hydrogels based on poly
(hydroxyethyl acrylate), PHEA, both homopolymers and
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copolymers and IPNs with a hydrophobic acrylate or
methacrylate [3-7]. In recent papers we focused on
homogeneous statistical copolymers of PHEA and poly(-
ethyl acrylate), PEA, P(HEA-co-EA), as candidate mate-
rials for scaffold applications [8, 9].

Next to the concept of reinforcement of the hydrogel by
a hydrophobic polymer, the nanocomposite hydrogel con-
cept is particularly attractive. In this case, the hydrogel
matrix is reinforced by nanoparticles, such as clays [10—12]
or silica [12], taking advantage of the well-established
significant improvement of mechanical properties of
polymer nanocomposites already at low filler factors. In
previous work some of us reported on the preparation of
PHEA/silica nanocomposite hydrogels by simultaneous
polymerization and generation of silica nanoparticles by
sol-gel techniques and on their structural, thermal, and
mechanical characterization. The results by the various
techniques indicated, in agreement to each other, strong
polymer—filler interactions. The silica phase consists of
elementary particles, 30-80 nm size, which form larger
aggregates up to about 400 nm in size [15]. The silica
nanoparticles form a continuous network interpenetrated
with the organic network at filler factors higher than about
15 wt% [13, 14]. Water sorption/diffusion measurements in
the same materials, both from the vapor and from the liquid
phase, show, similar to other properties [13, 14], significant
changes of water uptake and of water diffusion coefficient
at the percolation threshold of about 15 wt% silica [15].

In the present paper we continue work along the lines
described above. We focus on nanocomposites of statistical
copolymers P(HEA-co-EA) and silica, prepared by simul-
taneous copolymerization and sol-gel processes, i.e., we
combine in the same materials both concepts of rein-
forcement, by copolymerization and by nanoparticle addi-
tion. We employ two dielectric techniques, one in the
temperature domain, thermally stimulated depolarization
currents (TSDC), and the second in the frequency domain,
the classical dielectric relaxation spectroscopy (DRS), to
follow dielectric relaxations, both the segmental (primary)
o relaxation associated with the glass transition and sec-
ondary relaxations, in the dry nanocomposites (xerogels),
and to conclude on effects of silica on polymer dynamics
and on polymer—filler interactions. In doing that we take
advantage of the broad frequency and temperature ranges
of DRS measurements and of the high peak resolving
power of TSDC measurements. In the second part of the
paper we focus on effects of water on polymer dynamics in
the nanocomposites. To that aim, dielectric measurements
are performed at several levels of water activity (relative
humidity)/water contents at each xerogel composition, to
systematically follow the evolution of dynamics and of
electrical conductivity with hydration. By comparing with
each other results obtained at various levels of silica
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content, we seek at gaining information on effects of silica
on the organization of water in the hydrogels. Additional
information on that point is obtained by equilibrium water
sorption isotherm (ESI) measurements. Preliminary results
on water sorption and molecular mobility in selected
compositions, obtained by ESI and TSDC, have been
reported recently [16].

Experimental
Materials

The P(HEA-co-EA)/silica nanocomposites were prepared
by simultaneous copolymerization of 2-hydroxyethyl
acrylate (HEA, 96%, Aldrich) and ethyl acrylate (EA, 99%),
Aldrich), in the appropriate proportion, and generation of
silica nanoparticles by sol-gel process. Benzoyl peroxide
(BPO, 97%, Fluka) was used as initiator for the polymer-
ization reaction. Tetracthoxysilane (TEOS, 98%, Aldrich)
was used as silica precursor. Details of the preparation have
been given elsewhere [16]. The copolymer composition
was systematically varied from pure PHEA to 10/90
PHEA/PEA, whereas, for each copolymer composition, the
content of silica was varied between 0 and 20 wt% in steps
of 5%. The materials were prepared in the form of sheets
with a thickness between 0.5 and 1.0 mm. The following
code will be used throughout the paper for describing the
composition of the samples and the condition of mea-
surements: (Wt% of PHEA)/(wt% of PEA)s(wt% of sil-
ica)rh(relative humidity). Results reported in this paper
refer to the copolymer compositions 100/0, 90/10, 70/30,
and 10/90.

Methods

For ESI measurements, samples were allowed to equili-
brate to constant mass over saturated salt solutions in
sealed jars at controlled relative humidity rh (water activity
o) at room temperature (25 °C). rh was adjusted by using
saturated aqueous salt solutions [5, 7]. The water content £,
defined as the ratio of the mass of water in the hydrogel to
the mass of the dry sample (dry basis), was determined by
weighing [5]. A Bosch SAE 200 balance with 107 g
sensitivity was employed for these measurements. Dry
masses were determined by drying to constant weight in
vacuum (5 x 1072 Torr) for at least 24 h at 80 °C.
TSDC is a special dielectric technique in the tempera-
ture domain, which consists of measuring the thermally
activated release of stored dielectric polarization. The
method corresponds to measuring dielectric loss as a
function of temperature at a fixed low frequency in the
range 1072-10~* Hz (equivalent frequency of TSDC



Thermal transitions and dynamics in nanocomposite hydrogels

1069

measurements [4]). The technique provides means for a
quick characterization of the overall dielectric behavior of
the material under investigation and is characterized by
high sensitivity and high peak resolving power. A Novo-
control sample cell in combination with a Novocontrol
Quatro Cryosystem and a 617 programmable Keithley
electrometer were used for TSDC measurements in the
temperature range from —150 to 30 °C. Measurements
were performed on samples at various levels of water
content A. To that aim, the sample was equilibrated to
constant mass in a closed jar with varying relative humidity
rh prior to dielectric measurement and the mass of the
sample was measured before and after the measurement.
The relative humidity of equilibrating the sample or the
mean value of water content (average value before and
after the measurement) will be used throughout the paper
for characterizing the hydration state of the sample at each
dielectric measurement. Details of the TSDC method and
of the measuring procedure have been given elsewhere
[4, 6, 16].

For DRS measurements [17] the complex dielectric
function (also known as dielectric permittivity or dielectric
constant), &¢*(w) = ¢ (w) — i¢’(w), was determined as a
function of frequency (10~'=10° Hz) at constant tempera-
ture (—150 to 80 °C in small steps, depending on the
process under investigation), controlled to better than
£0.1 °C, using a Novocontrol Alpha Analyzer in combi-
nation with a Novocontrol Quatro Cryosystem. Similar to
TSDC, measurements were performed on samples at vari-
ous levels of rh/h. Samples for TSDC and DRS measure-
ments were circular sheets with 15 mm diameter and
thickness between 0.5 and 1.0 mm.

Results
Xerogels

DRS and TSDC measurements in P(HEA-co-EA) in pre-
vious work [9] showed that the dielectric response is
dominated by PHEA. The results in the dry copolymers
(xerogels) show the presence of a secondary y relaxation at
low temperatures, arising from the motion of the polar
group —CH,—CH,—OH in the side chain of the HEA
monomer [5], and the primary (segmental) o relaxation
associated with the glass transition at higher temperatures.
With the first traces of water the f,, relaxation appears,
assigned to the association of one water molecule with the
polar groups of two adjacent side chains [4-7]. The results
obtained with the dry copolymers showed that these are
homogeneous at nanometer level, the characteristic length
of the glass transition [18], except for PEA-rich composi-
tions, which are microphase-separated. In this section we

follow dielectric relaxations in the nanocomposite xerogels
with silica content as a variable to conclude on effects of
silica on polymer dynamics and on polymer—filler
interactions.

Figure 1 shows DRS results at the example of the 70/30
copolymer, real and imaginary part of the dielectric func-
tion against frequency, &'(f) and &"(f), respectively, to fol-
low effects of silica on the segmental o relaxation (dynamic
glass transition [18]). These and similar results were ana-
lyzed by fitting the Havriliak-Negami (HN) model func-
tion [19]

Ag

[+ o7 v

() — e =
to the experimental data. In this expression Ag is the
dielectric strength, Ae = ¢, — &,,, where ¢ and ¢, are
the low- and high-frequency limits of ¢, respectively, 7 is
the relaxation time, v = 1/27fyy, where fyy is a charac-
teristic frequency closely related to the loss peak frequency
Sfmax, and o, f§ are shape parameters describing the shape of
the &’(w) curve, 0 <a <1 and 0 < § <I. Depending on the
shape of the data at each temperature and relative humidity
of measurements, a more complex expression was used,
such as a sum of one HN term for o and a term for con-
ductivity in Fig. 1. Analysis provides information on the
time scale, the strength and the shape of each relaxation
process [4, 19]. We make repeatedly use of this type of
analysis in the following. Where possible, however, we
extract information directly from the raw data for a more
unbiased discussion.

We observe in Fig. 1 that the loss peak in &’(f) and the
corresponding step in &(f) shift slightly to lower frequen-
cies and become broader with increasing silica content, i.e.,
segmental dynamics becomes slower and more distributed
in the nanocomposites, which was confirmed and quanti-
fied by analysis. Similar results were obtained also with the
other copolymer compositions. The slowing down of the «
relaxation in the nanocomposites was confirmed also by
TSDC [16]. These results agree well with those of differ-
ential scanning calorimetry (DSC) measurements in
PHEA-silica nanocomposites [13]. Moreover, they show
that the slight slowing down of the o relaxation and the
corresponding increase of the glass transition temperature
T, in the nanocomposites, observed so far for the PHEA-
silica nanocomposites [13], is true also for the copolymer
nanocomposites. The DSC results showed also a decrease
of the heat capacity step at the glass transition AC,
(normalized to the same polymer fraction) in the PHEA—
silica nanocomposites, as compared to neat PHEA, which
was interpreted in terms of a fraction of polymer being
immobilized, i.e., making no contribution to the glass
transition. The counterpart of AC, in dielectric measure-
ments is the dielectric strength A¢ of a relaxation, obtained
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by analysis, as described above. A representative value of
A¢ is given by the difference of ¢ at lower and higher
frequencies with respect to the frequency region of the
relaxation [20]. The data in Fig. 1 for the 70/30 copolymer
and similar data for the other copolymer compositions, not
shown here, suggest that Ae¢ decreases in the nanocom-
posites. This is an interesting observation in the frame of an
ongoing discussion on the effects of the filler on structure
and dynamics of the polymer matrix in polymer nano-
composites, as revealed by various techniques. We will
come back to this point later in the “Discussion” section.
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Fig. 1 Real (a) and imaginary (b) part of the dielectric function
against frequency, &(f) and &’(f), respectively, for the samples
indicated on the plot at 50 °C
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Figure 2 shows results similar to Fig. 1, now at the
example of the 90/10 copolymer and at a lower tempera-
ture, —80 °C, to follow effects of silica on the secondary y
relaxation. We observe that the relaxation becomes slightly
faster with increasing silica content, whereas its magnitude
(dielectric strength Ag) decreases. To further quantify and
generalize this observation we show in Fig. 3 results for Ae
of the 7y relaxation, obtained by analysis, against silica
content for three matrix compositions. Ae decreases with
increasing silica fraction by far more than it would be
expected by normalization to the same polymer matrix, in
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Fig. 2 Real (a) and imaginary (b) part of the dielectric function
against frequency, &(f) and &’(f), respectively, for the samples
indicated on the plot at —80 °C
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particular at the highest silica fraction of 20 wt%. To fur-
ther follow this point we compare in the inset to Fig. 3
experimental and calculated results for A¢ of the y relax-
ation for neat PHEA at —100 °C. The experimental results
were obtained by the HN analysis described above (Eq. 1).
The calculated results were obtained by using the Maxwell-
Garnett effective medium model [21]. By assuming that the
dielectric function of the silica particles has a real and
constant value &, (=2.2), whereas the polymer matrix shows
a relaxation with dielectric strength Ag,, and a high fre-
quency value of the dielectric function ¢, (=3.3 and 2.9,
respectively, obtained by HN analysis), the dielectric
strength Ae.gr of the relaxation can be calculated within this
model to

3-8p-En0

Aty + &0 — &p + > 2)

o+ 24+f) - Aen

ASeff :A8m~ 1-3 f

In this equation, f is the volume fraction of the particles

1
S ®)

pm X

where p, (=2.2 g/cm3 [14]) is the density of the silica
particles, p,, the density of the matrix (=1.3 g/cm’ [14]),
x the mass fraction of silica and o= (24f)
& + (1 —f) - &. Results similar to those shown in the
inset to Fig. 3 have been obtained also with the other
copolymer compositions: experimental Ae¢ values of the y
relaxation are smaller than calculated Ae. values at high
silica content. Several reasons can be at the origin of this
observation: (1) The Maxwell-Garnett model, similar to
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Fig. 3 Dielectric strength A¢ of the y relaxation obtained by fitting
analysis against silica fraction for three matrix compositions indicated
on the plot. The inset compares experimental and calculated results
for Ae of the y relaxation using the Maxwell-Garnett model (Eq. 1) at
the example of neat PHEA at —100 °C

other effective medium models, is valid only at low filling
factors; the model assumes a dispersion of isolated silica
particles and, thus, it fails to describe data at high filling
factors, where silica particles have been shown to
agglomerate forming a continuous, percolating network, as
described in “Introduction” section [13-15]. (2) The
reduction of Ag is related to the immobilization of a frac-
tion of polymer close to the nanoparticles, as suggested by
DSC measurements in PHEA-silica nanocomposites [13]
and also by the DRS data for the o relaxation in Fig. 1
(although it is difficult to imagine that immobilization
affects also local relaxations). (3) Finally, Ae of the
y relaxation is reduced in the nanocomposites due to a
specific hydrogen or covalent bonding interaction of the
polar group responsible for this relaxation, -CH,—~CH,—OH
in the side chain of the HEA monomer, with hydroxyls on
the silica surface (although the effect should be then less
pronounced at high silica fractions where agglomeration
occurs). We will continue this discussion later on the basis
of additional results to be reported below.

As indicated by the results above, effects of silica on the
time scale of the o and 7y relaxations are weak (in contrast
to effects on the dielectric strength, Fig. 3). This observa-
tion is summarized at the example of neat PHEA in the
Arrhenius plot of Fig. 4. The (nominally) dry samples were
allowed to absorb traces of water during installation in the
measuring equipment (compare “Experimental” section),
so that, next to « and y, a weak [, relaxation was recorded
and analyzed. TSDC data, included to the plot at the
equivalent frequency of 1.6 mHz, corresponding to a
relaxation time of 100 s [3], for the « and the p,
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Fig. 4 Arrhenius plot of the dielectric relaxations for the composi-
tions indicated on the plot. Included are also TSDC data at the
equivalent frequency of 1.6 mHz
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relaxations (the y relaxation being out of the temperature
range of our TSDC equipment) are in good agreement to
the DRS data, enabling to practically extend the range of
measurements to lower frequencies. We observe in Fig. 4
that o becomes slightly slower and y slightly faster in the
nanocomposites. We will comment on the behavior of the
Psw relaxation in the next section. We will not discuss here
the temperature dependence of the time scale of the
relaxations (obviously Arrhenius for the local y and f,,
relaxations and Vogel-Tammann—Fulcher (VTF) for the
cooperative o relaxation [18]).

As suggested by the results in Fig. 1b, electrical con-
ductivity of the xerogels decreases with increasing silica
content. To further follow and quantify this point, ac
conductivity o,. (actually real part of the complex con-
ductivity) was calculated from the measured dielectric loss
&'(w) by [17, 22]

Gac () = gowe’ () (4)

where ¢, is the permittivity of free space. At temperatures
higher than T, the 0,.(w), or 6,.(f), plots (not shown here)
exhibit at low frequencies plateau (frequency independent)
values, which give dc conductivity o, followed by an
increase with increasing frequency [22]. In the following
we focus on the dependence of ¢ on silica content and
temperature. Figure 5 shows T,-scaled Arrhenius plots of
conductivity in neat PHEA xerogels at different silica
contents. Conductivity decreases in the nanocomposites, in
particular at high silica contents. Although no fittings are
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Fig. 5 Ty-scaled Arrhenius plot of dc conductivity, o, in the
nanocomposite xerogels indicated on the plot. The inset compares
experimental and calculated results for ¢ using the Maxwell-Garnett
model (Eq. 5) at 80 °C
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shown in Fig. 5, it is clear that, at each composition, the
points follow a concave VTF behavior, indicating that the
proton conductivity mechanism giving rise to the results
shown in Fig. 5 is governed by the motion of the polymeric
chains [22]. It is interesting that conductivity becomes
more Arrhenius-like at the highest silica fraction of 20
wt%. Similar results were obtained also with the various
copolymer compositions. For the construction of these
plots, T, values determined by TSDC were employed.

The T,-scaled presentation was used in Fig. 5, as it
enables to distinguish between effects on conductivity
arising from charge carrier concentration and effects aris-
ing from chain mobility. There should be, however, also an
effect, even if small, arising from the reduction of the
(conducting) polymer fraction with increasing silica con-
tent. To properly consider this point, the inset to Fig. 5
shows experimental and calculated results for ¢ in PHEA
xerogels against silica content at 80 °C, well above T,. The
calculated results were obtained by using again the Max-
well-Garnett effective medium model [21]. By assuming
isolated, non-conducting nanoparticles (g, = 0), the
effective conductivity o.p can be calculated within this
model to

Jeff6m<l—32"j_f) =2

For the conductivity of the matrix, 6, we used the
experimentally determined value of 4.85 x 107° S/m.
Similar results were obtained also for the various copoly-
mer compositions. The reduction of conductivity in the
nanocomposites is much larger than predicted by the
Maxwell-Garnett (and other similar effective medium
models, not discussed here). Agglomeration and formation
of a continuous silica network, cutting more paths for
charge carrier motion than finely dispersed nanoparticles, is
a possible explanation for this behavior. Reduction of
molecular mobility of the polymer matrix/immobilization
of a polymer fraction, as suggested by results reported
above, is another reasonable explanation. We will take up
this point again in the “Discussion” section.

1-f
'Gmm (5)

Hydrogels

Results for ESI measurements at three copolymer compo-
sitions and two silica contents for each of them are shown
in Fig. 6. They extend results obtained in previous work
with P(HEA-co-EA) copolymers [9], PHEA/silica nano-
composites [15], and selected compositions of the present
work [16]. In Ref. [15] results in PHEA/silica nanocom-
posites were extensively analyzed in terms of sorption by
PHEA and by silica. The data in Fig. 6 were fitted by the
Guggenheim—Anderson—-DeBoer (GAB) equation [5, 7]
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Fig. 6 Water content /& against relative humidity rh for the samples
indicated on the plot at 25 °C. The lines are fittings of Eq. 6 to the
experimental data

h(o) cf oy, (6)
B (1 = fo)[L + (c = Df o]

In this equation ay, is the water activity (relative humidity
rh), h,, is the first monolayer sorption capacity, c¢ is the
activity of the water molecules in the first monolayer referred
to the activity of the molecules in the second and successive
adsorbed layers, and f is the activity of the molecules in
the second and successive adsorbed layers referred to the
activity of condensed liquid water, at the same temperature
and pressure. At each copolymer composition and low
values of rh, water uptake is larger in the corresponding
nanocomposite, reflecting the high sorption capacity of silica
at low rh values (sorption isotherm of type I in the Brunauer
classification [15]). The combination of water clustering in
the polymer matrix at high rh values, leading to an upward
swing of the isotherm, with constraints imposed to swelling
by the formation of a continuous silica network [13-15],
may result in a reversal of this behavior at higher rh values,
depending on the hydrophilicity of the copolymer matrix.
This reversal occurs at about 35% rh in neat PHEA and at
about 80% rh in 70/30, whereas it is absent in the more
hydrophobic 10/90 composition. These results are also of
practical significance in designing materials with predicted
water uptake behavior. In is interesting to note with respect
to effects of silica on water clustering that detailed analysis
of the sorption data in PHEA/silica nanocomposites revealed
that, for the same relative humidity, the mean size of water
clusters decreases at high silica contents [15].

Effects of water on glass transition and polymer
dynamics in the nanocomposite hydrogels were followed

by DRS and TSDC measurements at various levels of
relative humidity (corresponding to various levels of water
content). We recall that the TSDC peak temperature of the
o relaxation, T, is a good measure of the calorimetric glass
transition temperature T, [3, 5, 6]. An example of mea-
surements is shown in Fig. 7, where we can follow effects
of water on the secondary y and f,, relaxations (a) and on
the segmental o relaxation (b) in the 70/30s20 composition.
We observe in Fig. 7a how the fi,, process, at lower fre-
quencies than y, emerges with the first traces of water and
becomes significant in magnitude already at low water
contents (comparable to y already at rh=11%) and also
faster. The y process is less sensitive to water content. At
high hydrations the two processes merge and we observe

(a) ) R AL B AL I AL B AL B AL B
%
101 O 70/30s20rh0
] i 0 70/30s20rh11 ]
W A 70/30s20rh33
mf & 70/30s20rh39
o O 70/30s20rh69
10-7 10° 10" 102 10% 10* 105 106
Frequency/Hz
(b) A B G U B B RALL AL B AL B
A 0
g o o 45 °C
14 i
0

101 102 108 104 10° 108
Frequency/Hz

Fig. 7 Dielectric loss against frequency, &’(f), for 70/30s20 at

—80 °C (a) and at 45 °C (b), at several values of relative humidity
indicated on the plot
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only the f,, process, because of its higher strength. The
shift of the o relaxation to higher frequencies with
increasing rh in Fig. 7b is much faster than for the sec-
ondary relaxations in Fig. 7a. However, conductivity,
which gives rise to the steep wing at low frequencies,
increases significantly with increasing level of hydration
and, as a result, the o relaxation can be resolved only at low
levels of rh. This limitation does not hold in the case of
TSDC measurements, probably because of the separation
of the stimulus (polarization) and the response (depolar-
ization) steps in this kind of measurements. As a result, the
o process can be followed also at high levels of rh and &
[3, 5, 6]. Please note that this is true for the time scale
(temperature position) of the relaxation, whereas its mag-
nitude (dielectric strength) increases significantly due to
conductivity contributions, as clearly shown for PHEA
hydrogels in a previous work [3].

Results similar to those shown in Fig. 7 were recorded
on samples with different copolymer composition and sil-
ica content. Results can be compared to each other with
respect to the effects of silica content in the form of raw
data, such as in Fig. 7, or after Havriliak—-Negami analysis
(Eq. 1). Comparison becomes unambiguous with respect to
the magnitude of the y and « relaxations already at rela-
tively low rh values, for different reasons: the y relaxation
disappears then practically in the growing f, relaxation
(Fig. 7), whereas conductivity contributes significantly to
the TSDC o response (without, however, any significant
effect on the time scale of the response, as mentioned
above). Comparison shows that the time scale of the three
relaxations, y, fsw, and o, is not significantly affected by
silica content, in the sense that, for the same level of rh, the
relaxations are plasticized by water to approximately the
same degree independently of silica content. Small differ-
ences are due to the fact that for a given copolymer com-
position at a given rh, water content . depends on silica
content, in particular at high levels of rh, as demonstrated
in Fig. 6. Please note, however, that the first water (at
primary hydration sites) is a more effective plasticizer than
clustered water [5].

In contrast to the time scale of dipolar relaxations, dc
conductivity ¢ depends sensitively on silica content at each
level of rh/h. This is demonstrated in Fig. 8 at the example
of the 70/30 copolymer. For both silica contents, 0 and the
highest one of 20%, o increases significantly with rh,
whereas at each rh, ¢ is by about two orders of magnitude
smaller in the nanocomposite hydrogel. This large devia-
tion cannot be due to the small differences in the corre-
sponding water sorption isotherms (Fig. 6), as it is observed
also in the xerogels. Moreover, in the rh values of Fig. 8,
h is slightly larger in 70/30s20, the composition with lower
g, as compared to 70/30s0. As observed also for the PHEA
xerogels in Fig. 5, ¢ becomes more Arrhenius-like at high
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Fig. 8 Arrhenius plot of dc conductivity, ¢, in the nanocomposite
hydrogels and the rh indicated on the plot

silica contents. It is interesting that this behavior changes
back to VTF-like (concave temperature dependence) with
increasing rh. This point should be further followed and
quantified in future work, by analyzing the data in Fig. 8
and similar data in other copolymer compositions in terms
of fragility [23]. The different behavior of conductivity, on
the one hand, and of dipolar relaxations, on the other hand,
with respect to effects of silica, can be explained by con-
sidering the different spatial scale of the two types of
processes (macroscopic against local), as will be discussed
in the next section. Characteristic values of ¢, measured on
70/30s0 and 70/30s20 samples, together with the corre-
sponding values of & and ¢ (at f = 1 MHz) obtained at
various rh are given in Table 1.

Discussion

Figure 9 summarizes some of the results on the effects of
silica on polymer dynamics in the xerogels presented above
and helps to further clarify some points. It shows iso-
chronal (constant frequency) plots of the temperature
dependence of ¢ at the example of the 70/30 xerogel at
three silica contents. A high frequency has been selected
for the presentation to get rid of conductivity effects.
Temperature trends are significant in Fig. 9 and represen-
tative also for other copolymers, whereas absolute values
depend on copolymer composition. The increase of & (T) at
low (subzero) temperatures originates from the y relaxa-
tion, as confirmed also by the corresponding &”(T) plot, not
shown here, and is clearly smaller for the xerogel with 20%
silica, in agreement with results reported above (Figs. 2, 3).
The most striking result in Fig. 9 is the significantly
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Table 1 Characteristic values of water content, 4, dc conductivity, ¢, and dielectric permittivity, & (measured at 10° Hz) obtained on samples
7030S0 and 7030520 at 25 °C (room temperature) with varying relative humidity, th

th 7030S0 7030520
h o/Sm™! ¢ (f=1 MHz) h o/Sm™! ¢ (f= 1 MHz)

0 0.000 4.1 x 1071 7.40 0.000 21 x 1071 6.55

11 0.007 2.8 x 1071° 8.35 0.012 45 x 10713 7.30

33 0.022 24 x 107 9.05 0.027 52 x 107! 9.15

69 0.054 6.5 %x 1078 14.92 0.063 35 %x 107 10.63

smaller increase of & (7T) in this xerogel at higher temper-
atures, corresponding to the segmental « relaxation
(dynamic glass transition), even after normalization to the
same polymer fraction. This means that molecular motions
in the nanocomposite xerogels remain frozen at tempera-
tures higher than 7, and become gradually unfrozen at
higher temperatures [20, 24]. The results may suggest a
levelling off of &'(T) at the highest temperature of mea-
surements in Fig. 9 in 70/30s0 and 70/30s10 against a
steady increase in 70/30s20, supporting the concept of
constraints imposed to the motion of polymeric chains by
the silica nanoparticles and release of these constraints at
higher temperatures, similar to results obtained previously
with rubbery epoxy networks/POSS nanocomposites [25].
This point should be further followed by extending mea-
surements to higher temperatures in future work.

Most of the results obtained with the P(HEA-co-EA)/
silica nanocomposite hydrogels in the present paper (as
well as with some of these materials in [16] and with
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Fig. 9 Isochronal plots of the real part of the dielectric function
against temperature, &'(7), for the samples indicated on the plot at
1 MHz

PHEA/silica nanocomposite xerogels [13, 14] and hydro-
gels [15]) can be explained using (1) the concept of con-
straints imposed to the motion of polymeric chains by the
presence of and interactions with the silica nanoparticles;
(2) the concept of silica nanoparticle aggregation and for-
mation of a continuous network at high filler content
[13-15]. It has been shown in previous work by systemat-
ically comparing systems with different quality of filler
dispersion and different strength of polymer—filler interac-
tions that the reduction of molecular mobility of the polymer
matrix becomes more pronounced with increasing quality of
filler dispersion and increasing strength of polymer—filler
interactions [24, 26, 27]. Polymer—filler interactions are
expected to arise here from hydrogen bonding between the
carbonyls and the hydroxyls in the polymer side chains and
silanols on the silica surface. FTIR measurements failed to
reveal heterogeneous condensation reactions between the
HEA monomers and the silanols in PHEA/silica nanocom-
posites, since the characteristic peaks for the expected
Si—O-C bond in that case overlap the absorption interval of
the Si—O-Si bond [14]. In addition to the rather general
concept of reduction of molecular mobility due to con-
straints imposed to the motion of the polymeric chains by
interfacial polymer—filler interactions described above, the
formation of a continuous silica network interpenetrated
with the polymer network at silica contents higher than
about 15 wt% is a specific feature of the PHEA-silica
nanocomposites [13—15]. An interesting question is which
of the results need for explanation (and, thus, provide con-
firmation for) the first or the second or both concepts.

The slight slowing down and broadening of the seg-
mental o relaxation observed by DRS and the corre-
sponding increase of T, observed by TSDC, also in [16],
can be explained by constraints to the motion of the
polymeric chains arising from interfacial interactions.
Results are similar to those observed in PHEA/silica
nanocomposites by DSC [13]. The reduction of the strength
of the o relaxation in the nanocomposites, corresponding to
the reduction of ACP at the glass transition, observed in
PHEA/silica nanocomposites by DSC [13], would suggest
that a fraction of polymer is immobilized in the interfacial
layer, making no contribution to the « relaxation and the
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glass transition. Similar results, with respect to the DSC—
DRS comparison, have been obtained in polyurethane/clay
nanocomposites [20]. Contrary to that, DSC results in
poly(dimethylsiloxane)/silica [24] and natural rubber/silica
nanocomposites [26] show a systematic reduction of AC,, at
the glass transition without any reduction of the magnitude
of the corresponding DRS response (which consists then of
two o relaxations, one characteristic of the bulk polymer
and a slower one arising from the interfacial polymer), and
this apparent contradiction has been explained in terms of
the Adam—Gibbs model for the glass transition [26]. This
point should be further followed in future work, also in
relation to results reported recently on the impact of
annealing on the dynamic glass transition in thin polymer
layers [28]. The DSC results for the silica content depen-
dence of AC, in PHEA/silica nanocomposites showed a
change of the behavior at the percolation threshold for the
formation of a continuous silica network [13]. This point
could not be followed by dielectric techniques in the
copolymer-based nanocomposites investigated here.

In contrast to o relaxation, effects of silica on the time
scale and the strength of the local y relaxation (Figs. 2, 3)
cannot be described in terms of the general concept of
reduction of polymer mobility in the nanocomposites
described above, but are rather due to specific covalent or
hydrogen bonding interaction of the polar group responsi-
ble for the relaxation, -CH,—~CH,—OH in the side chain of
the HEA monomer, with silanol groups (compare the
comment on the relevant FTIR results [14] above). This is
consistent with the reduction of the strength, shown in
Fig. 3, and the concomitant slight acceleration of the
relaxation. Support for this explanation comes from water
sorption measurements in PHEA/silica nanocomposites,
which show that less water is sorbed in the nanocomposites
than it would follow from additivity already at low rh
values, suggesting that a fraction of sorption sites is lost
(Fig. 3 in [15]).

Effects of silica on electrical conductivity (Figs. 5, 9)
are strong, in particular at high silica contents above the
percolation threshold for the formation of a continuous
silica network (Fig. 5). This would favor formation of the
silica network as their origin rather than immobilization of
the polymer in an interfacial layer around the nanoparticles
alone. It is also rather difficult to imagine, in terms of
Maxwell-Garnett (inset to Fig. 5) or any other effective
medium theory, how a drop of conductivity by two orders
of magnitude would result solely from such immobiliza-
tion. On the other hand, conductivity changes in the
xerogels from VTF-like to Arrhenius-like at high silica
content (Fig. 5) and then, in the hydrogel based on that
nanocomposite, back to VTF-like with increasing water
content (Fig. 8). This behavior reflects the stiffening of the
polymer matrix imposed by the interpenetrated silica
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network in the xerogels and then the relaxation of the
structure in the hydrogels. The VTF behavior suggests that
conductivity is governed by the motion of the polymeric
chains [22]. In addition, the significant drop of conductivity
at 20% silica content in the Ty-scaled presentation of Fig. 5
suggests that this drop is related to reduction of segmental
mobility rather than of charge carrier concentration [22].
So far it seems that there is a contradiction between the
significant effect of silica on conductivity (Figs. 5, 8), as
compared to the only slight one on the time scale of the «
relaxation (Fig. 4), on the one hand, and the experimental
evidence that conductivity is governed by the motion of the
polymeric chains, on the other hand. These two apparently
inconsistent pictures can be reconciled, if we consider that
the o relaxation in Fig. 4 refers solely to the mobile
polymer phase, whereas conductivity is affected by
mobility of the whole polymer matrix. So, there is also an
effect of immobilization of a polymer fraction on con-
ductivity, in addition to the main one of formation of a
continuous silica network, in the sense that diffusion of
charge carriers through the immobilized polymer fraction
is much slower that through the mobile one. The reduction
of conductivity at high silica content resembles the
reduction of water diffusion coefficient in PHEA/silica
nanocomposites at high silica contents (Fig. 12 in [15]), in
terms of silica content dependence, although to a smaller
degree there. Both processes, electrical conductivity and
water diffusion, are characterized by macroscopic spatial
scales, in contrast to the dipolar 7y, f, and o relaxations,
and, in a sense, the moving ions, respectively, water mol-
ecules probe the local morphology. Finally, we should
mention in this connection that also other observations in
the PHEA/silica nanocomposites can be better explained
by the formation of a continuous silica network rather than
immobilization in an interfacial polymer layer around the
nanoparticles, namely suppression of swelling in [15] and
significant increase of elasticity modulus in [14].

Conclusions

Two dielectric techniques, TSDC and DRS, covering
together broad ranges of frequency and temperature, were
employed to study glass transition and polymer dynamics
in hydrogels based on nanocomposites of statistical
poly(HEA-co-EA) and silica. The nanocomposites were
prepared by simultaneous copolymerization and generation
of silica nanoparticles by sol-gel process at various
copolymer compositions and silica contents and they were
characterized by a fine dispersion of filler. In the dry
nanocomposites (xerogels), the segmental (primary) o
relaxation associated with the glass transition, secondary
relaxations and electrical conductivity were followed and
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the results were analyzed and discussed in terms of effects
of silica on polymer dynamics and on polymer—filler
interactions. In the hydrogels, dielectric measurements
were performed at several levels of water activity (relative
humidity)/water contents at each copolymer composition
and silica content, to systematically follow the evolution of
dynamics and of electrical conductivity with hydration. In
addition, equilibrium water sorption isotherms were
recorded at room temperature (25 °C).

The following conclusions can be drawn from the results
for the xerogels.

1. The segmental dynamics becomes slightly slower and
more distributed with increasing silica content. At the
same time the dielectric strength A¢ of the relaxation
decreases. These results can be understood in terms of
a fraction of polymer being immobilized around the
silica nanoparticles, due to polymer—filler interactions,
in agreement with DSC results.

2. The secondary 7y relaxation becomes slightly faster with
increasing silica content, whereas its magnitude (dielec-
tric strength A¢) decreases. Acceleration is explained in
terms of increase of free volume due to looser molecular
packing of the chains, whereas the reduction of Ag arises
from a specific hydrogen or covalent bonding interac-
tion of the polar group responsible for this relaxation,
—CH,—CH,—OH in the side chain of the HEA monomer,
with hydroxyls on the silica surface. Support for the
latter is provided by water uptake measurements in
PHEA/silica nanocomposites, which suggest that a
fraction of sorption sites is lost [15].

3. Conductivity is governed by the motion of the
polymeric chains. It decreases with increasing silica
content and, at the same time, becomes more Arrhe-
nius-like. Effects of silica on conductivity are strong,
in particular above the percolation threshold for the
formation of a continuous silica network. This would
favor formation of the silica network as their origin
rather than immobilization of the polymer in an
interfacial layer around the nanoparticles alone.

The main results for the hydrogels can be summarized as
follows.

1. At each copolymer composition and low values of rh,
water uptake is larger in the nanocomposites, as
compared to the neat matrix, reflecting the high
sorption capacity of silica at low rh values. A reversal
of this behavior may be observed at higher rh values,
depending on the hydrophilicity of the copolymer
matrix, due to constraints to swelling imposed by the
silica nanoparticles. These results are also of practical
significance in designing materials with predicted
water uptake behavior.

2. At each composition, both segmental and local
dynamics become faster with increasing rh and
conductivity increases. It is interesting that conductiv-
ity becomes again VTF-like, a point which should be
further followed and quantified in future work by
analyzing data in terms of fragility.
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