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ABSTRACT: Silica nanoparticles functionalizedwith poly-
vinylpyrrolidone (PVP) were obtained by the grinding/
mechanical activation of quartz or nonfunctionalized silica
nanoparticles in a stirred media mill in the presence of 1-
vinyl-2-pyrrolidone, as proven by Fourier transform infra-
red spectroscopy. The polymer layer thickness formed on
the silica nanoparticles after 8 h of mechanical activation
in the absence of polymerization initiators amounted to
about 10 nm, as derived from shear rheology. The silica
nanoparticles functionalized with the hydrophilic PVP by
mechanochemical polymerization reaction were used as
fillers for hydrogels based on poly(hydroxyethyl methac-
rylate) (polyHEMA). The water absorption, release proper-
ties, and mechanical properties of the polyHEMA–silica
composites were measured as functions of the filler con-
tent and particle size of the filler. PolyHEMA samples
containing 20 wt % of the functionalized silica particles

exhibited a higher maximum water absorption than the
unfilled polymer; this showed that the hydrophilic inter-
face between the filler and the matrix improved the water
absorption. The release of methylene blue from the poly-
HEMA–silica composites was governed by diffusion and
was almost unaffected by the silica particles. The values
for the storage modulus and loss modulus of the poly-
HEMA–silica composites increased with growing filler
content. For constant filler content, the storage modulus
increased with decreasing particle diameter of the filler;
this showed that the reinforcing effect increased with the
interface between the filler particles and the matrix poly-
mer. VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci 120: 799–
807, 2011

Key words: composites; hydrophilic polymers; silicas;
swelling

INTRODUCTION

The mechanical activation of silica particles can result
in the formation of free radicals at the surface of the
particles.1–5 The reactive free radicals may initiate
covalent grafting of functional components onto the
surface of the silica particles.6–9 Mechanochemical po-
lymerization reactions are promising both for particle
functionalization and the formation of polymer nano-
composites. The grinding of quartz particles in a
stirred media mill in the presence of styrene, methyl
methacrylate, or acrylonitrile indeed leads to the for-
mation of polystyrene, poly(methyl methacrylate), or
polyacrylonitrile on the quartz particles, even in the
absence of polymerization initiators.10–12 If quartz is
ground in a mixture of styrene and methyl methacry-
late, a poly(styrene–methyl methacrylate) copolymer
will be formed on the quartz particles.13 The mono-

mer conversion and radical formation have been
found to increase with growing total surface area of
the quartz particles; this showed that the monomer
conversion correlates with the amount of mechano-
chemically formed free radicals.10,13

The mechanochemical polymerization initiation of
hydrophilic monomers during the wet grinding of
inorganic materials is promising because it offers a
new method for the preparation of nanoparticles
functionalized with hydrophilic polymers. In previ-
ous studies, it has been shown that the grinding of
quartz in aqueous solutions of 1-vinyl-2-pyrrolidone
(VP) or various acryl amides yields quartz particles
functionalized with polyvinylpyrrolidone (PVP) or
poly(acryl amides).11,14–16 These materials are inter-
esting for the preparation of hydrogels.
Hydrogels are crosslinked polymers that are not

soluble but highly swellable in water. These materi-
als are useful for applications in biomedicine, such
as drug-delivery devices or scaffolds for tissue engi-
neering.17 These applications require a high water
absorption by the hydrogels in combination with
suitable release and mechanical properties.
Most hydrogels are too fragile to be used as

replacements for load-bearing tissues.17 Thus, many
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strategies have been developed to improve the me-
chanical strength of hydrogels: a high crosslink den-
sity, copolymerization, or the formation of double
networks.17,18 Modifications of the hydrogel network
that lead to advanced mechanical properties are of-
ten detrimental for the hydrophilicity, release prop-
erties, or transparency of the hydrogel material.17

Frequently, hydrogels are reinforced by filler particles,
in particular, by fibers or layered silicates.17,19–21 The
filler particles, however, must be well distributed in
the hydrogel matrix to achieve the maximum rein-
forcing effect. This requires good compatibility
between the surface of the filler particles and the
hydrogel matrix. Inert inorganic filler particles func-
tionalized with hydrophilic polymers are promising
fillers for hydrogels because the interactions
between the hydrophilic polymer chains on the par-
ticles with the chains of matrix polymer should
facilitate a proper distribution of the fillers. Sarves-
tani et al.22 showed that enhanced interactions
between the filler surface and the hydrogel matrix
by suitable functionalization of the fillers indeed
improved the reinforcing effect of filler particles.

In this article, we present a new approach for the
functionalization of silica nanoparticles with PVP by
mechanochemical polymerization initiation. The
functionalized silica particles were used as fillers for
hydrogels based on poly(hydroxyethyl methacrylate)
(polyHEMA). The water absorption, release behav-
ior, and mechanical properties of the polyHEMA–
silica composites were investigated as functions of
the filler concentration and particle size of the filler.
We demonstrated that our filler particles yielded re-
inforced polyHEMA samples without any detrimen-
tal effect on the maximum water absorption and
release properties.

EXPERIMENTAL

Materials

Quartz powder was purchased from Carl Roth
GmbH (Karlsruhe, Germany). It contained 0.3 wt %
alumina, 0.3 wt % iron(III) oxide, 0.1 wt % calcium
and magnesium oxides, and 0.2 wt % sodium and
potassium oxides as impurities (specifications from
the supplier). According to our own analysis, the
specific surface area of this commercial quartz pow-
der amounted to 0.5 m2/g. Aqueous suspensions of
the spherical silica nanoparticles Ludox TM50 (parti-
cle diameter � 30 nm, silica content ¼ 50 wt %) and
Ludox PW30 (particle diameter � 70 nm, silica con-
tent ¼ 30 wt %) were supplied by Grace Davison
(Columbia, MD). The silica nanoparticles were stabi-
lized electrostatically and did not contain any or-
ganic additive. VP, hydroxyethyl methacrylate
(HEMA), potassium persulfate, triethanol amine, and

methylene blue were supplied by Sigma Aldrich
(Taufkirchen, Germany). The inhibitors present in VP
and in the HEMA were removed by adsorption to
alumina immediately before use. All of the other
materials were used as supplied. Millipore water
(specific resistivity ¼ 18 MX cm) was used for the
preparation of all of the solutions.

Mechanochemical polymerization experiments
using a stirred media mill

A laboratory stirred media mill PE075 (Netzsch,
Selb, Germany) was used to functionalize the silica
nanoparticles with PVP by mechanochemical poly-
merization initiation. The grinding chamber (volume
¼ 650 mL) was loaded with 250 mL of a 3M aque-
ous solution of VP containing 20 wt % silica par-
ticles. The pH of the suspension was about 7. 400
mL of yttria stabilized zirconia beads (diameter ¼
0.5–0.63 mm) were used as grinding media. The stir-
rer tip speed was 4 m/s. The grinding experiments
were carried out at 15�C. Quartz powder was
ground under the same conditions as the Ludox par-
ticles to demonstrate that nanoparticles functional-
ized with PVP could be prepared by the breakage of
coarser particles.
Normally, no polymerization initiator was used in

the grinding experiments. For comparison, one poly-
merization experiment using Ludox TM50 particles
was performed in the presence of potassium persul-
fate as the polymerization initiator. The concentra-
tion of potassium persulfate was 1 mol % in relation
to the monomer VP.

Characterization of the ground particles

The particle size distribution of the suspensions was
measured by dynamic light scattering (DLS) with a
Zeta-Sizer Nano (Malvern Instruments, Herrenberg,
Germany). For DLS measurements, the silica suspen-
sions were diluted with the dispersing medium by a
factor of 100.
The flow curves of the purified silica suspensions

were measured for shear rates in the range 0.1–2000
s�1 with a double-gap shear rheometer (Physica
UDS200, Paar Physica, Ostfildern, Germany).
The specific surface area of the powders was

measured by nitrogen adsorption at 77 K [Brunauer–
Emmett–Teller (BET) method] with a BET analyzer
(Nova 2000, Quantachrome, Odelzhausen, Ger-
many). Before BET analysis, the powders were
heated to 300�C in air for 2 h to remove the polymer
from the particle surface.
PVP on the silica particles was detected qualita-

tively by Fourier transform infrared (FTIR) spectros-
copy in diffuse reflection mode (diffuse reflectance
IR Fourier transform) with an FTIR spectrometer
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(Digilab Excalibur HE series, Varian, Darmstadt,
Germany).

The amount of PVP grafted onto the silica par-
ticles was measured by thermogravimetric analysis
(TGA; TGA Q50, TA instruments, Eschborn, Ger-
many; nitrogen atmosphere, heating rate ¼ 10 K/
min). Before FTIR spectroscopy and TGA, the par-
ticles were separated by centrifugation (14,000 rpm,
10 min), washed five times with Millipore water,
and dried in vacuo at 60�C. A scanning electron
microscope (Gemini Ultra 55, Zeiss, Oberkochen,
Germany) was used to visualize the morphology of
the ground quartz particles. For the preparation of
samples for scanning electron microscopy (SEM)
investigation, one droplet of a diluted aqueous
quartz suspension was deposited onto a silicon
wafer. The coated wafers were dried at ambient
temperature.

Preparation of the polyHEMA–silica composites

After milling, we purified the suspensions of the
silica particles functionalized with PVP by centrifug-
ing, washing, and redispersing the particles in Milli-
pore water before using them as fillers to remove
nongrafted PVP and nonreacted VP. HEMA (2 mL)
and the purified silica suspension (2 mL) were
mixed, and triethanol amine (100 lL) was added as
an accelerator. Finally, 10 mg of potassium persul-
fate was added as a polymerization initiator. The

mixture was cast into a mold immediately after mix-
ing and cured at room temperature for 12 h.
According to the supplier, HEMA contained about

2% ethylene glycol dimethacrylate (EGDMA), which
acted as a crosslinker because it was a bifunctional
monomer:

Thus, curing of the HEMA silica mixtures resulted
in the formation of filled crosslinked hydrogel net-
works. The principle of the network formation is
shown in Scheme 1.
The silica content of the polyHEMA–silica compo-

sites was varied by dilution of the purified original
silica suspension with Millipore water before it was
mixed with HEMA and the initiators. The poly-
HEMA samples were dried at room temperature in
a desiccator over molecular sieves until their weight
remained constant before further investigation.

Scheme 1 Principle of the formation of a filled hydrogel network through the polymerization of HEMA containing
EDGMA in the presence of silica particles functionalized with PVP.
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Characterization of the polyHEMA–silica
composites

To investigate the water absorption, the dried poly-
HEMA–silica composite samples were weighed and
then immersed in water. The weight of the samples
was recorded as a function of the immersion time
until the weight remained constant. Methylene blue
was used to investigate the release properties of the
polyHEMA–silica composites. To prepare samples
for the investigation of the release properties, poly-
HEMA–silica composites containing 1 wt % methyl-
ene blue were prepared as described in the Prepara-
tion of the PolyHEMA–Silica Composites section.

A rectangular polymer specimen with the dimen-
sions 3 � 2 � 0.2 cm3 containing 1 wt % methylene
blue was immersed in 20 mL of Millipore water at
293 K to investigate the release properties. The ab-
sorbance of the immersion liquid was recorded in
the range 300–800 nm as a function of the immersion
time with an ultraviolet–visible spectrophotometer
(Cary 100 Scan, Varian). The released methylene

blue concentration was calculated from the absorb-
ance of the immersion liquid at 660 nm.
The mechanical properties of the polyHEMA–

silica composites were measured by dynamic me-
chanical analyses (DMA; instrument supplied by TA
Instruments) with rectangular samples having the
dimensions 2.0 � 1.1 � 0.2 cm3. For DMA, three-
point-bending experiments with a frequency of the
mechanical load of 1 Hz and a maximum sample de-
formation of 0.5% were performed in the tempera-
ture range 35–100�C.

RESULTS AND DISCUSSION

Mechanochemical polymerization initiation of VP

Figure 1 shows the evolution of the volume-average
median particle size of the silica particles with the
time of stressing in the stirred media mill in the
presence of a 3M aqueous solution of VP.
The median size of the quartz particles decreased

with increasing grinding time because of the break-
age and deagglomeration of the particles. After 24 h
of grinding, the quartz particles reached a median
size of about 250 nm. The SEM micrograph of the
ground quartz particles (Fig. 2), however, showed
that in addition to the coarse particles having diame-
ters in the submicrometer range, a fraction of very
fine particles was also present.
DLS was not able to detect small particles in the

presence of coarse ones because the coarse particles
contributed much more to the light scattering than
the fine ones. Thus, the suspension was centrifuged
to remove the coarse fraction and analyzed again by
DLS. The volume-based particle size distributions q3
obtained before and after centrifugation are shown in
Figure 3.
The modal value for the particle size decreased

from about 200 to about 55 nm because of the cen-
trifugation; this proved that the grinding of quartz

Figure 1 Median particle diameter of the silica particles
(x50.3) as a function of the stressing time in a stirred media
mill in the presence of a 3M aqueous solution of VP. The
dispersing medium had a pH value of 7, and the silica
concentration was 20 wt % in all cases.

Figure 2 SEM micrograph of quartz particles ground for
24 h in a 3M aqueous solution of VP in a stirred media
mill.

802 DAMM ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



particles in the presence of VP indeed yielded nano-
particles. From the results mentioned previously, we
concluded that the grinding of the quartz led to sus-
pensions with broad particle size distributions. When
this suspension was used as a filler for the hydrogels,
an investigation of the influence of the filler particle
size on the properties of the polymer was not possi-
ble. For such investigations, suspensions of function-
alized silica particles with well-defined shapes and
sizes are necessary. Thus, Ludox silica particles were
stressed in a stirred media mill in the presence of the
monomer VP. When the Ludox silica nanoparticles
were stressed in the absence of any polymerization
initiator, the median particle size did not change
markedly with dispersion time; this showed that nei-
ther particle breakage nor agglomeration occurred. In
comparison to the size of the original Ludox particles,
the diameter of the stressed ones was about 15%
larger; this hinted at the formation of a thin polymer
layer around the particles. When the 30-nm silica par-
ticles were stressed in the presence of the polymeriza-
tion initiator potassium persulfate (1 mol % in relation
to VP), the size of the particles increased with stress-
ing time; this indicated agglomeration (see Fig. 1). Af-
ter washing and redispersion of these particles in
water, again, particle sizes around 30 nm were
observed; this showed that in the presence of poly-
merization initiators, depletion flocculation of the par-
ticles occurred because a large amount of polymer
was formed in the free solution.

After they were stressed in the mill, the particles
were separated from the dispersion medium, puri-
fied, dried, and investigated by FTIR spectroscopy to
prove the formation of PVP on the particles. In Fig-
ure 4, the results found for the ground quartz par-
ticles are shown as an example. The FTIR spectra of
the stressed Ludox silica nanoparticles (not shown)
exhibited the same IR absorption peaks as the
ground quartz particles.

The upper diagram in Figure 4 shows the well-
known FTIR spectrum of PVP. This spectrum exhib-
ited one characteristic peak at 1670 cm�1, which
could be assigned to the C¼¼O valence vibration. In
contrast, the FTIR spectrum of the monomer VP
(Fig. 4, diagram in the middle) exhibited two
absorption peaks in this spectral range: one at 1630
cm�1, which was assigned to the C¼¼O valence
vibration, and another one at 1700 cm�1, which was
assigned to the C¼¼C valence vibration. The spec-
trum of the ground quartz particles (lower diagram
in Fig. 4) exhibited one IR absorption peak at
1670 cm�1 (C¼¼O valence vibration).
From these results, we concluded that mechanical

stressing of silica particles in a stirred media mill in
the presence of VP indeed led to the formation of
PVP on the particles, even when no polymerization
initiator was added to the suspension. The grafted
amount of PVP on the stressed particles was meas-
ured by TGA and measurements of the specific sur-
face area. After 24 h of grinding, the PVP content of
the quartz particles amounted to 0.39 mg/m2. On
the 30 and 70-nm silica nanoparticles, PVP contents
of 0.36 and 0.31 mg/m2, respectively, were formed
after 8 h of mechanical activation in the absence of a
polymerization initiator. When the 30-nm silica par-
ticles were stressed for 8 h in the presence of 1 mol
% of the initiator potassium persulfate (in relation
to VP) under the same conditions as mentioned pre-
viously, the grafted amount of PVP increased to
0.95 mg/m2.
For the steric stabilization of the silica particles

and their interaction with the polyHEMA matrix, the
thickness of the hydrophilic PVP layer on the silica
particles was important. According to Ponton
et al.,23 the thickness of a polymer layer on monodis-
perse spherical particles can be determined from the
dependence of the relative shear viscosity (grel; the

Figure 4 FTIR spectra of PVP, VP, quartz particles
ground for 24 h in a 3M aqueous solution of VP, and
quartz feed particles.

Figure 3 q3 particle size distribution of quartz particles
ground for 24 h in a 3M aqueous solution of VP before
and after centrifugation (5 min at 14,000 rpm).
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ratio of suspension and solvent viscosity) on the vol-
ume concentration (cv) of the particles in the suspen-
sion according to eq. (1):

g�1=2
rel ¼ 1� cv 1� d

a

� �3
Um

(1)

where Um is the maximum random packing density
(0.64), a is the radius of the core particles (15 and
35 nm for the silica nanoparticles used), and d is the
thickness of the polymer layer. As an example, in
Figure 5, the data for the relative viscosity at a shear
rate of 50 s�1 obtained for the 30-nm silica particles
stressed for 8 h in the presence of VP are shown, as
evaluated according to eq. (1).

The plotting of grel
�1/2 versus cv of the silica par-

ticles indeed led to straight lines (see Fig. 5); this
proved that Ponton’s model was valid for the spheri-
cal silica nanoparticles used in this study. From the

slopes of the straight lines, a polymer layer thick-
nesses of 10 nm on the silica particles was calculated
for both the 30- and 70-nm silica particles stressed in
the mill for 8 h in the absence of a polymerization
initiator. The mechanical activation of the 30-nm
silica particles in the stirred media mill in the 3M
VP solution in the presence of 1 mol % (in relation
to VP) of the polymerization initiator potassium per-
sulfate for 8 h led to the formation of a 17 nm thick
PVP layer. The model of Ponton did not yield reli-
able values for the thickness of the PVP layer on the
ground quartz particles because the ground particles
were irregularly shaped and not monodisperse (see
Fig. 2), whereas the Ludox silica nanoparticles were
spherical and quite narrowly distributed in size (par-
ticle size ¼ 23 6 7 and 65 6 21 nm; see Fig. 6).
Accordingly, the thickness of the PVP layer on the

quartz particles ground for 24 h in 3M aqueous VP
solution in the absence of any polymerization initia-
tor should also have been around 10 nm because the
surface concentration of PVP was almost the same
as in the case of the silica nanoparticles stressed for
8 h in the absence of the polymerization initiator.
That means, on the LUDOX silica nanoparticles, the
polymer layer seemed to grow faster than on the
quartz particles.

Properties of the polyHEMA–silica composites

The silica particles functionalized with PVP men-
tioned in the Mechanochemical Polymerization Initia-
tion of VP section were incorporated in polyHEMA
according to the procedure described in the Prepara-
tion of the PolyHEMA–Silica Composites section. The
water absorption, release of methylene blue dye, and
mechanical properties of the polyHEMA–silica

Figure 6 SEM micrograph of the 30-nm silica nanopar-
ticles (Ludox TM50).

Figure 7 Maximum water absorption of the polyHEMA–
silica composites as a function of the filler content. The
silica particles used as fillers were functionalized with
PVP.

Figure 5 Evaluation of the grel data for aqueous suspen-
sions of spherical silica nanoparticles functionalized with
PVP according to the model suggested by Ponton et al.23

Shear viscosity data recorded at a shear rate of 50 s�1

were used.
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composites were investigated as functions of the filler
content and size of the silica particles used as filler.
The results of these investigations are discussed later.

Water absorption

The maximum water absorption of the polyHEMA
samples decreased slightly with growing silica con-
tent when the weight increase of the samples due to
swelling was related to the initial weight of the
whole composite (see Fig. 7, solid symbols). With
increasing filler content, an increasing amount of
swellable polymer was replaced by inert silica
particles.

Taking this into account by relating the weight
increase of the samples due to swelling to the initial
weight of the polymer (see Fig. 7, hollow symbols),
for the samples filled with the 70-nm silica particles,
we observed a slight increase in the maximum water
absorption at high filler content. This result was
explained by an improved water uptake due to the
hydrophilic PVP layer between the silica particles
and the polyHEMA matrix. Comparing the results
obtained for the polyHEMA samples filled with
ground quartz particles (broad size distribution,
irregular shape) and for the samples filled with 70-
nm silica particles, we observed that the samples
filled with the small silica particles exhibited a
higher maximum water absorption than the poly-
HEMA samples filled with the same amount of
ground quartz particles (see Fig. 7). This result was
explained by the total area of the hydrophilic inter-
face between the filler particles and the polyHEMA:
The surface concentration of PVP was nearly the
same for all of the silica particles functionalized in
the absence of polymerization initiators, see the
Mechanochemical Polymerization Initiation of VP
section. The specific surface area of the 70-nm silica
particles (59 m2/g), however, was larger by a factor
of 1.4 than that of the ground quartz particles (42
m2/g). Thus, the total area of the PVP-containing
interface was larger when the same amount of 70-
nm silica particles instead of ground quartz particles
was used as filler.

According to Serra et al.,24 the diffusion coefficient
of water in a polymer can be determined from the
early time kinetics of the water absorption with eq.
(2):

Dmt

Dm1
¼ 4

l

ffiffiffiffiffiffi
Dt

p

r
(2)

where Dmt is the weight increase of the sample at
the time t, Dm1 is the weight increase of the sample
in equilibrium state, l is the thickness of the polymer
sample, D is the diffusion coefficient of water in the

polymer, and t is the immersion time. From the val-
ues for the diffusion coefficient of water in the poly-
HEMA samples obtained by evaluation of the data
for the water absorption according to eq. (2), the tor-
tuosity (s) could be calculated by eq. (3) with the dif-
fusion coefficient of water in the polyHEMA–silica
composite samples (Dfilled) and the diffusion coeffi-
cient of water in the neat polyHEMA sample (Dneat):

s ¼ Dfilled

Dneat

(3)

where s is a measure for the prolongation of the dif-
fusion pathway due to the filler particles.
s decreased with growing filler content (see Fig.

8). The filler particles prolonged the diffusion path-
way of the water molecules and acted as diffusion
barriers. Moreover, polymer chains could be immo-
bilized by the filler particles. The reduced chain mo-
bility also resulted in a decrease of the diffusion
coefficient of the permeate in the polymer.
In comparison to the 70-nm silica particles, the

ground quartz particles caused a stronger decrease
of s (see Fig. 8). Because of their larger diameter and
anisotropic shape in comparison to the LUDOX
silica nanoparticles (see Figs. 2 and 6), the quartz
particles acted as a more effective diffusion barrier.

Release of methylene blue

In Figure 9, the cumulative release of methylene
blue from a neat polyHEMA sample and from poly-
HEMA–silica composites containing the 70-nm silica
particles is plotted versus the square root of the
immersion time. For the neat polyHEMA sample
and for all of the polyHEMA–silica composite

Figure 8 s for the diffusion of water in the polyHEMA–
silica composites as a function of the filler content. The
silica particles were functionalized with PVP.
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samples investigated in this study, this plot led to
straight lines; this proved that the release of the dye
was governed by diffusion.24

The 70-nm filler particles and the ground quartz par-
ticles (not shown) did not have a remarkable influence
on the dye release from the polyHEMA samples (see
Fig. 9). Thus, the effect of the filler particles on the water
diffusion was not reflected in the diffusion of the dye,
although the release of the dye was triggered by the
absorption of water. From these results, we concluded
that the diffusion rate of water molecules did not govern
the release of the dye. Thus, the diffusion rate of the dye
molecules through the polymer must have been much
slower than the diffusion rate of water molecules. The
values for the diffusion coefficients confirmed this hy-
pothesis: The diffusion coefficient of methylene blue in
the polyHEMA samples was about 7 � 10�9 cm2/s, as
derived from the slopes of the straight lines in Figure
9 with eq. (2). This value was about two orders of
magnitude lower than the diffusion coefficient of water
in the polymer samples, which amounted to about 2 �
10�7 cm2/s for the neat polyHEMA sample. This result
was in agreement with our expectations because the
diffusion coefficient and, therefore, the diffusion rate
of a solute in the polymer matrix decreased with
increasing molecular weight of the solute and with
increasing interactions between the solute molecules
and the polymer chains.24

Thermomechanical properties

The storage moduli of the neat polyHEMA samples
and the polyHEMA–silica composites measured by
DMA with a frequency of the mechanical load
of 1 Hz decreased with growing temperature (see

Fig. 10). Generally, the polyHEMA–silica composites
exhibited larger values for the storage modulus than
the neat polyHEMA. This reinforcing effect of the fil-
ler particles became more pronounced at lower tem-
peratures (see Fig. 10).
In the following, the values for the storage modu-

lus and loss modulus measured at a temperature of
40�C are compared to investigate the effects of size
and concentration of the filler particles on the me-
chanical properties of the polyHEMA samples.
The storage modulus and loss modulus of the

polyHEMA–silica composites increased with grow-
ing filler content, as Figure 11 shows for the ground

Figure 10 Storage moduli of a neat polyHEMA sample
and polyHEMA–silica composites containing silica par-
ticles of different sizes as a function of the temperature.
The silica concentration of the composite samples was
20 wt %. The silica particles were functionalized with
PVP. The storage modulus was measured by DMA in a
three-point-bending mode at a mechanical-load frequency
of 1 Hz.

Figure 11 Storage and loss moduli of polyHEMA–silica
composites as functions of the filler concentration. Ground
quartz particles were used as fillers. The storage and loss
moduli were measured at 40�C.

Figure 9 Cumulative release of methylene blue from a
neat polyHEMA sample and from polyHEMA–silica com-
posites as a function of the square root of the immersion
time for different filler concentrations. The 70-nm silica
particles functionalized with PVP were used as fillers.
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quartz particles. At high filler contents, both moduli
seemed to reach a saturation value. When the filler
content was kept constant, the storage modulus and
loss modulus of the polyHEMA–silica composites
increased with decreasing diameter of the filler par-
ticles (see Fig. 12).

Thus, the reinforcing effect and the increase in the
viscosity due to the silica particles increased with
decreasing particle diameter. From the results shown
in Figures 11 and 12, we concluded that the storage
modulus and loss modulus of the polyHEMA–silica
composites increased with the total area of the
hydrophilic interface of the filler particles.

In all cases, the value for the storage modulus was
larger than the value for the loss modulus; this showed
that the polyHEMA–silica composites and the neat pol-
yHEMA sample behaved in a solidlike manner.

CONCLUSIONS

The mechanochemical polymerization initiation of
VP due to stressing of silica particles in a stirred
media mill was shown to be a suitable tool for func-
tionalizing silica nanoparticles with PVP without the
use of polymerization initiators. The silica nanopar-
ticles did not agglomerate during stressing in the
mill. The thickness of the PVP layer on the silica
nanoparticles was about 10 nm, as derived from
shear rheological investigations with the model sug-
gested by Ponton et al.23

The silica particles functionalized with PVP were
used as fillers for polyHEMA. The filler particles
allowed the preparation of reinforced polyHEMA
samples with improved water absorption properties
because the hydrophilic PVP-containing interface

between the filler particles and the polyHEMA ma-
trix facilitated the water uptake. The reinforcing
properties of the functionalized silica particles
increased with decreasing particle diameter.
The size and shape of the filler particles affected both

the mass transfer into and out of the hydrogel and their
thermomechanical properties. The results given in this
article may serve as a design guideline for generating
the best hydrogel for a specific application.

Many thanks go to Amit Agrawal for his support with the
grinding experiments and the preparation of the filled poly-
mer samples. The authors are grateful to the German Science
Foundation (DFG) for the financial support of this work.
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Figure 12 Storage and loss moduli of a neat polyHEMA
sample and polyHEMA–silica composites containing silica
particles of different diameters. The silica concentration of
the composites was 20 wt %. The storage and loss moduli
were measured at 40�C.
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