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ABSTRACT: The polymerization of 1-vinyl-2-pyrrolidone
(VP) mechanochemically initiated by grinding silica was
investigated in a wet stirred media mill. The polymerization
itself proceeds from the silica grinding without any additional
initiator. We have found that the amount of grafted polymer
increases with an increase in total ground silica surface. The
suspension of polymer-modified silica nanoparticles showed
high colloidal stability in water because of the appearance of
grafted hydrophilic PVP on the surface during the reactive

grinding. Because the nanoparticles SiO2-graft-PVP are bio-
compatible, the developed polymer nanocomposite material
can be of particular interest for the performance of mem-
branes and for the fabrication of biocompatible hydrogels
with enhanced mechanical properties and porosity. � 2007
Wiley Periodicals, Inc. J Appl Polym Sci 104: 3708–3714, 2007
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INTRODUCTION

Interest in surface modification of inorganic oxide
substrates with covalently bonded polymers has
grown for various applications as well as for the fun-
damental study of processes at interfaces. Grafted poly-
mers offer good opportunities to manipulate interfa-
cial properties. Applications of polymer-modified
substrates include control of filler properties in com-
posites,1 biocompatible surfaces,2 colloidal stability,3

and inorganic membranes.4 It was shown that sur-
face-radical polymerization is an efficient and con-
trollable method for the creation of a dense grafted
polymer layer.5,6 It is well known that solids with an
activated surface induce various mechanochemical
phenomena.7 The degree of mechanochemical poly-
merization of styrene and methylmethacrylate, initi-
ated by grinding on solid inorganic substrate, was
found to be closely related to the total surface area
of the ground material.8–15 This technique is very
promising because of the new application possibil-
ities developed during grinding of nanomaterials;
for example, the fabrication of nanocomposites.15,16

The freshly formed surface of many inorganic solids
can be activated during grinding. There are two types

of polymerization mechanisms, radical and ionic,
depending on monomer nature.1,9–11,15,16 EPR spec-
troscopy data showed that during mechanical loading
of silica, Si��O��Si bonds break with the formation of
paramagnetic centers (radicals) ¼¼Si��O�.17,18 These
short-lived active centers in the chemically active me-
dium can interact with surrounding molecules and
initiate polymerization on the fresh solid surface.8,12,13

The results showed that the degree of polymer graft-
ing depends linearly on the increase of the activated
solid surface.13,15 The process of mechanochemical
grafting was effectively performed in water disper-
sions as well as in organic media.19 A range of grafted
and crosslinked polymers was prepared with the par-
ticipation of macroradicals initiated at the expense of
the radical reaction of initiation, chain transfer, and
recombination.20–22 However, only mechanochemical
grafting of the vinyl monomers styrene and methyl-
methacrylate had previously been investigated,8,12,14

as well as the mechanical activation of silica in the eth-
ylene atmosphere resulting in a grafting polymeriza-
tion of polyethylene on the silica’s surface.23

These results encouraged our interest in the possi-
bility of mechanochemical polymerization of 1-vinyl-
2-pyrrolidone (VP) onto silica initiated by reactive
grinding. The VP polymerization that has been
found typically proceeds by a radical mechanism.24

This procedure is of particular interest because
poly(1-vinyl-2-pyrrolidone) (PVP) is nontoxic and
has excellent hydrophilic and biocompatible proper-
ties.25,26 Surface-bonded PVP can be useful for
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enhancing the performance of membranes27 and bio-
compatible hydrogels.25,26 To effectively utilize the
mechanical energy in the grinding operations and to
simultaneously modify the surface properties of fine
inorganic silica, we investigated the mechanochemi-
cal radical polymerization of VP initiated by mechan-
ical grinding in water. Additionally, we performed
the grinding polymerization in the presence of a radi-
cal initiating system.

EXPERIMENTAL

Materials and methods

The graft polymerization of VP (Aldrich) onto silica
(quartz powder with X50,3 ¼ 2.65 mm) was carried
out via a one-step process of wet grinding the pow-
der in a stirred media mill, described elsewhere.28

Distilled VP was mixed with millipore water to form
3 mol/L monomer solution. The solution was added
to the milling pot in which grinding balls and the
silica suspension (solid concentration 20%) were
charged. The grinding medium used was Yttria sta-
bilized ZrO2 beads 0.4–0.5 mm in size. The ball load-
ing volume was 75% of the free volume inside the
mill. The reaction mixture was kept under nitrogen
atmosphere, with the reaction temperature controlled
to within 0.18C by a circulating water bath. All the
experiments were conducted in a batch-wise closed
system at 208C. During the reaction, aliquots of the
reaction mixture were withdrawn at various time
intervals and copious amounts of water were added
to each sample to quench the reaction. For certain
experiments, the free-radical polymerization of VP
onto silica was performed in the presence of 0.8% of
a mixture of 3% hydrogen peroxide and 25% ammo-
nium hydroxide (1 : 1 (w/w) and 2 : 1 (w/w)). The
withdrawn samples were centrifuged, thoroughly
washed with water by Soxhlet extraction overnight,
and dried in vacuum at 1108C.

Characterization

The polymer graft yield (milligram of polymer/gram
of silica) was determined by measuring the weight
loss that occurred upon heating the polymer-grafted
nanoparticles from 200 to 9008C in thermogravimetry
measurements at the rate of 108C/min (Q50 Ther-
moanalyser, TA Instruments). For the experiment
without initiating mixture, the amount of grafted
polymer was additionally calculated in milligram
(graft polymer) per meter square (ground silica).
Specific area of ground particles was determined in
BET measurements. Each of the polymer-modified
samples was heated at 3508C during 5 h before sur-
face-area measurements.

The PVP-modified silica’s FTIR spectra in KBr
powder were recorded on a Varian Excalibur Spec-

trometer FTS 3100 with a resolution of 4 cm�1 using
the Easy Diff diffuse reflectance accessory.

The composition of the grafted polymer coating
was examined with a Euro EA 3000 organic elemen-
tal analyzer.

The particle size distribution was determined for
mixtures of a selected amount of modified SiO2 and
5 mL of water. Both particle size distribution and z-
potential of modified silica samples were determined
via light scattering using a Malvern Nano ZS Instru-
ment with a 633-nm ‘‘red’’ laser.

The rate of change of water penetration through
nonmodified ground quartz silica and the selected
samples of ground modified powders were esti-
mated by capillary penetration experiments.

The colloidal stability of the polymer-coated silica
and of the nonmodified ground quartz in water
were monitored by UV-spectral analysis over time
(Cary 100 Scan Spectrophotometer, Varian).

RESULTS AND DISCUSSION

Figure 1(a) shows the change in the silica’s particle
size in time during the reactive grinding. Simultane-
ous graft yield of PVP onto the silica’s freshly formed
particular surface is monitored at the Figure 1(b).
Each group of symbols represents an independent
experiment. A continuous decrease in the silica aver-
age particle size has been observed after 6 h of the re-
active grinding. Similar particle size may be reached
in each of the experiments, regardless of the presence
and concentration of a radical polymerization initiator
in the stirred media mill.

To investigate the effect of an additional initiator
on the graft polymer yield, we ground silica disper-
sion at constant initial VP concentration and (i) with-
out additional initiator, (ii) with the addition of
hydrogen peroxide water solution and ammonium
water (1 : 1) mixture, and (iii) with the addition of
hydrogen peroxide water solution and ammonium
water (2 : 1) mixture. The nongrafted PVP macromo-
lecules were removed from the graft PVP layer by
extraction in Soxhlet with a hot water. The presented
data [Fig. 1(a)] indicate that grinding and surface
modification of silica nanoparticles proceed simulta-
neously in a reactive stirred media mill in each of
the performed experiments.

We observed a continuous decrease in the size of
silica particles in time, as well as the appearance of a
grafted PVP layer with covalently bonded chains on
the particles’ surface in each experiment. The meas-
urements were performed after the extraction of the
samples with a hot water to prevent the influence of
nongrafted polymer chains on the amount of the
attached polymer.

It is worth to note that the monomer conversion
was lower than 3% and the grafted value was close
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to zero after 8 h only in the presence of initiator in
similar conditions without the silica grinding.

The surface area and the volume of one particle
can be calculated in first approximation according to
equations:

Sp ¼ pd2 (1)

Vp ¼ 1=6pd3 (2)

where d is the diameter of particle.
The number of particles formed from unit mass of

silica can be calculated according to equation:

N ¼ 1=ðrVpÞ (3)

where r ¼ 2.65 g/cm3 is the silica density.

Therefore, the overall surface of particles formed
from unit mass of silica equals to:

S ¼ NSp (4)

Figure 2(a) shows the dependence of the grafted
value per 1 g of silica on the surface of particles in 1 g
silica during 7 h of grinding in the presence of VP
and initiator (plots 2,3) as well as in the absence of
the initiator (plot 1). All presented data lie on a
straight line with a correlation coefficient of 0.8825.
Therefore, we may assume that the initiator did not
influence the grafting initiation at the experimental
initiator concentrations.

The tangent of slope angle of the straight line
equals to 1.30 6 0.08 mg/m2 showing that the for-
mation of 1 m2 of fresh silica surface-initiated graft-
ing of 1.3 mg PVP at the silica grinding.

Figure 1 (a) Change in the silica’s particle size in time
during the reactive grinding ((1) grinding without initiator,
(2) initiating mixture 1 : 1, (3) initiating mixture 2 : 1).
(b) Graft values of poly-1-vinyl-2-pyrrolidone onto the silica’s
freshly formed particular surface ((1) grinding without initia-
tor, (2) initiating mixture 1 : 1, (3) initiating mixture 2 : 1).

Figure 2 (a) Dependence of graft values of poly-1-vinyl-
2-pyrrolidone per 1 g of silica on the overall particle sur-
face of 1 g silica during 7 h of grinding. Number of
curves corresponds to number of curves of the Figure 1.
(b) Dependence of the graft values of 1-vinyl-2-pyrroli-
done onto the 1 g of silica (1–3) and overall particle sur-
face of 1 g silica (4–6) on time. The number of curves (1,
4; 2, 5; and 3, 6) corresponds to number of curves (1, 2,
and 3) of Figure 1.
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The kinetics of fresh surface-area formation during
the grinding can be described by equation:

S ¼ So þ k1t
0:5 (5)

where So is the overall surface of 1 g of initial silica
particles and k1 is rate constant of surface-area for-
mation during the grinding.

Experimental data on the surface-area formation
during the silica grinding lie on the straight line
according to eq. (5) [Fig. 2(b), plots 4–6)]. The corre-
lation coefficient is equal to 0.944 and the rate con-
stant of k1 ¼ 0.518 6 0.04 m2 g�1 h�0.5. The rate of
the surface-area formation does not depend on the
presence of the initiator.

Dependence of the amount of grafted polymer on
time during the grinding can be described by eq. (6)
obtained according to eq. (5) if new silica surface ini-
tiates grafting:

Grafting ¼ k2t
0:5 (6)

where k2 is rate constant of grafting.
Figure 2(b) (plots 1–3) shows that experimental

data of the grafted value of VP in time lie on the
straight line running through the origin of coordi-
nates according to eq. (6). Correlation coefficient is
equal to 0.787. The rate constant of k2 ¼ 0.52 6 0.08 mg
m�2 h�0.5. The grafting rate does not depend on the
presence of peroxide initiator.

Therefore, we may assume that the initiator does
not evidently treats with radicals on the silica sur-
face and can be the chain transfer reagent from the
grafted chains onto the monomer in solution.

We confirmed the formation of the polymer cova-
lently attached to the silica’s surface via FTIR spec-
troscopy and elemental analysis. There is an appreci-
able difference between the spectra of bare silica and
silica with grafted PVP (Fig. 3). When compared
with the spectrum of bare silica, in the PVP-modified
silica, spectrum appears in the following new char-
acteristic absorption bands. We observed the bands
at 1660 cm�1 attributed to the valence oscillations of
the C¼¼O bonds in tertiary amides (amide I band) at
1462, 2893, and 2960 cm�1 resulting from deforma-
tion and valence (symmetric and antisymmetric) oscil-
lations of the CH2 groups, respectively, at 1423 cm�1,
which may be ascribed to the deformation oscilla-
tions of the CH2 groups adjacent to the carbonyl
group in pyrrolidone ring. The absence of any
absorption band in the ranges 1725–1700 and 1610–
1550 cm�1 that could be attributed to the valence
oscillations of the C¼¼O bonds in carboxyl groups
and COO� groups in carboxylate anions, respec-
tively, indicates that the hydrolysis of pyrrolidone
ring has not occurred under VP polymerization con-

ditions as well as during the extraction of nongrafted
PVP in a Soxhlet apparatus.

The elemental analysis measurements yielded
nitrogen and carbon values in the ground in the
presence of VP silica nanoparticles (we recorded
0.19% w/w nitrogen and 0.95% w/w carbon after
7 h of reactive grinding as in Experiment 3 as well
as 0.1% w/w nitrogen and 0.55% carbon after 6 h of
reactive grinding as in Experiment 1). The amount
of PVP grafted to the silica surface during grinding
in a stirred-media mill has been estimated with the
aid of equations given below:

Grafted PVP ð%Þ ¼ Nsampleð%Þ
NPVPð%Þ � 100% (7)

Grafted PVP ð%Þ ¼ Csampleð%Þ
CPVPð%Þ � 100% (8)

where Nsample and Csample are the content of nitrogen
and carbon in the analyzed sample (%); NPVP and
CPVP are the theoretical content of nitrogen (12.6%
w/w) and carbon (64.8% w/w) in poly(1-vinyl-2-pir-
rolidone), calculated from the polymer molecular
formula (C6H9NO)n (%).

The calculated according to eqs. (7) and (8) values
are in good agreement (1.51 and 1.47% w/w, respec-
tively, for Experiment 3 and 0.79 and 0.84% w/w,
respectively, for Experiment 1). As it is seen, the
amount of graft PVP calculated from both carbon
and nitrogen content correspond to the TGA analysis
data.

Figure 4 presents the change in surface charge of
SiO2-graft-PVP for each of the performed experi-
ments after the extraction. The z-potential of un-
washed modified silica remains stable regardless of
grinding time, and increases with an increase in the

Figure 3 FTIR spectra of bare silica (1) and SiO2-graft-
poly(1-vinyl-2-pyrrolidone) (2).
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amount of grafted polymer (data are presented at
the inset). However, the surface-charge measure-
ments of washed modified silica samples show the
nonlinear character of the charge’s change over time
(Fig. 4). z-Potential values for the washed silica reach
the maximal value after 1–2 h of mechanochemical
polymerization and then drop over the time during
grinding. It obviously indicates that graft polymer
macromolecules are able to change surface proper-
ties during the reactive grinding.

We assume that with an increase in the amount of
grafted polymer, the macromolecules may change
their orientation from ‘‘flat’’ (obviously, typical in
the earlier stages of the polymerization) to ‘‘dense.’’
Therefore, the orientation change results in a reopen-
ing of initial noncoated silica surface and increases

the surface charge. To confirm this assumption, we
performed capillary penetration rate experiments of
the some selected polymer-grafted silica samples.
The nonlinear change of surface properties was also
observed for the SiO2-graft-PVP in wetting measure-
ments (Fig. 5). With an increase in the amount of
grafted polymer, the penetration rate initially de-
creases indicating the appearance of more hydro-
phobic polymer chains at the surface. When the
amount of grafted polymer reached some certain
value, obviously the polymer chains change the ori-
entation at the surface and reopen the more hydro-
philic silica surface that increases the water penetra-
tion rate.

The effect of graft poly(1-vinyl-2-pyrroldione)
chains on the colloidal stability of modified silica
nanoparticles in water is presented in Figure 6.
Before we start settling kinetics measurements, the
maximum absorption intensity was determined for
each of the experimental silica dispersions. This
value was used for the kinetics measurement that
was performed at the experimental wavelength cor-
responding to the maximum absorption intensity.

The suspension of nonmodified silica in water is
unstable. We observed that the initial silica settles
immediately after the beginning of the experiment.
In turn, each of grafted poly(1-vinyl-2-pyrroldione)
silica suspensions remains stable over time. It is well
known that the PVP macromolecules interact read-
ily with water. Thus, solvated macromolecules of
grafted polymer provide for high colloidal stability
of modified silica nanoparticles as a result of their
steric stabilization in water.29 It confirms once again
that PVP grafts to the silica’s surface by reactive
grinding and forms SiO2-graft-PVP nanocomposite
particles according to Scheme 1.

Figure 4 Change in surface charge of SiO2-graft-poly(1-
vinyl-2-pyrrolidone) water suspensions (washed samples)
over time of reactive grinding ((1) without initiator, (2) ini-
tiating mixture 1 : 1, and (3) initiating mixture 2 : 1). The
surface charge of unwashed SiO2-graft-polymer is pre-
sented at the inset.

Figure 5 Water penetration rates through the coated and
initial ground silica.

Figure 6 Effect of graft poly(1-vinyl-2-pyrroldione) on the
colloidal stability of modified silica nanoparticles in water
((1) nonmodified sample, (2) 7.2 mg/g graft PVP, (3) 9.5 mg/
g graft PVP, and (4) 17.5 mg/g graft PVP).
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Some selected samples of mechanochemically
polymer-modified silica nanoparticles were investi-
gated with scanning electron microscopy measure-
ments. We observed mainly round particles with a

size under 100 nm (Fig. 7) that confirms decrease in
average particle size during reactive grinding
occurred together with a graft polymerization.

CONCLUSIONS

The mechanochemical polymerization of VP was
performed by grinding silica in a water monomer so-
lution. The results show that polymerization of VP
occurs on the mechanically activated solid surface of
the silica during the grinding. FTIR measurements
and elemental analysis confirmed the mechanochemi-
cal polymerization of VP on silica. An increase in the
silica’s total surface area leads to an increase of the
amount of grafted polymer. This confirms that the
polymerization is initiated by mechanical activation
of the solid surface. Polymer-modified silica nanopar-
ticles have essentially improved colloidal stability in
water. It may be explained by the steric stabilization
of coated silica particles with grafted polymer chains
interacting with an aqueous medium. We believe that
reactive grinding is a promising technique to tailor
and manipulate the interfacial properties of solid
materials with a variety of surface-bonded polymers.

Scheme 1 Grafting of PVP onto the silica particles’ surface.

Figure 7 Scanning electron microscopy of mechanochemi-
cally modified silica nanoparticles with graft PVP.
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