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ABSTRACT: The kinetics of aqueous free-radical graft polymerization of 1-vinyl-2-pyr-
rolidone onto silica activated with vinyltrimethoxysilane was studied with a mechanis-
tic polymerization model and experimental data for a temperature range of 70–90 °C.
The polymerization was initiated with hydrogen peroxide with initial monomer con-
centrations ranging from 10 to 40 vol %. The kinetic model, which incorporates the
hybrid cage–complex initiation mechanism, describes the experimental polymerization
data for which the kinetic order, with respect to the monomer concentration, varies
from 1 to 3

2
. Surface chain growth occurs by both monomer addition and homopolymer

grafting, although the latter contribution to the total polymer graft yield is less signif-
icant. Increasing the initial monomer concentration enhances both surface polymer
density and average grafted chain length. Increasing reaction temperature, however,
produces a denser surface layer of shorter polymer chains. © 2001 John Wiley & Sons, Inc.
J Polym Sci Part A: Polym Chem 40: 26–42, 2002
Keywords: poly(vinylpyrrolidone) (PVP); 1-vinyl-2-pyrrolidone; silicas; surface mod-
ification; vinylsilane; kinetics; free radical; graft polymerization; cage–complex model;
polymer grafting

INTRODUCTION

In recent years, there has been a growing interest
in the surface modification of inorganic oxide sub-
strates with covalently bonded polymer phases
for a variety of practical applications and for fun-
damental studies of interfacial phenomena. Ap-
plications with polymer-modified substrates in-
clude filler–polymer control in polymer compos-
ites,1 support packing for liquid and gas
chromatography,2–7 biocompatible surfaces,8 col-
loid stability,9,10 and modified inorganic mem-
branes.11–16 Grafted polymers offer unique oppor-
tunities to tailor and manipulate interfacial prop-

erties while retaining the basic mechanical strength
and geometry of the supporting solid substrate.
For example, a substrate can be modified with a
polymer, which is completely miscible with the
surrounding fluid medium, yet polymer detach-
ment is prevented by the covalent attachment of
the polymer chains to the substrate.

Two popular methods for graft polymerization
onto inorganic oxide supports are free-radical po-
lymerization6,7,9,11,13,15–32 and anionically initi-
ated polymerization.2,3,33,34 Previous studies have
shown that the free-radical graft polymerization
of vinyl monomers is an efficient and controllable
method for creating a dense grafted polymer lay-
er.11,13,16,17,26,31,34–37 Free-radical graft polymer-
ization typically involves the formation of both
free polymer chains (in the solution) and grafted
polymer chains (on the substrate). In this ap-
proach, sequential monomer addition to the sur-
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face occurs through propagation growth of termi-
nally anchored surface chains (surface propaga-
tion) and coupling termination reactions between
free polymer chains and growing surface chains
(polymer grafting). In polymer grafting, ho-
mopolymer radicals must diffuse toward the solid
surface to react with grafted polymer radicals. As
a result, diffusion limitations of macromolecules
may reduce the contribution of polymer grafting
to the overall polymer graft yield. In contrast, in
surface propagation, diffusion and steric limita-
tions are diminished because of the smaller size of
the monomer molecules.11,13,16,17,26,31,34–37

In this study, the free-radical graft polymer-
ization of 1-vinyl-2-pyrrolidone (VP) onto silica
is of particular interest because poly(vinylpyr-
rolidone) (PVP) is nontoxic and has superior
hydrophilic and biocompatible properties.8,38,39

Surface-bonded PVP can enhance the perfor-
mance of size exclusion chromatography res-
ins,4 membranes,11,13,15,16 and biocompatible
hydrogels.38 Studies of VP free-radical graft poly-
merization onto nonporous silica substrates re-
ported polymer graft yields in excess of 3.5 mg/m2,
with a number-average molecular weight as high
as 20,000 g/mol for the grafted polymer.17–19,31

These earlier studies recognized the need for dis-
tinguishing the contributions of polymer grafting
and surface propagation to the total polymer graft
yield. To date, however, a quantitative evaluation
of these two competing processes has not been
reported. It has also been shown that the free-
radical homopolymerization of VP with hydrogen
peroxide as an initiator follows an apparent
overall polymerization rate order that can reach
3
2 with respect to the monomer concentra-
tion.17–19,31,40,61 In earlier studies of the VP sys-
tem, this kinetic order was incorporated into a
kinetic scheme by the empirical setting of the
initiation efficiency proportional to the monomer
concentration. Although such an empirical model
did provide a reasonable fit to experimental
monomer conversion data, it did not provide
mechanistic insights into the initiation process.

In this study, the free-radical graft polymeriza-
tion of VP onto vinyltrimethoxysilane (VTMS)-
modified silica is analyzed using new and pub-
lished experimental data with the objective of
interpreting the kinetics of the process via a
model that incorporates the hybrid cage–complex
initiation mechanism.43 It is shown that the pro-
posed mechanistic model can explain the experi-
mentally observed 3

2 kinetic rate order without
resorting to an empirical adjustment of the initi-

ation efficiency. In addition, the behavior of the
system is demonstrated via kinetic model simula-
tions of the relative contributions of polymer
grafting and surface propagation to the overall
polymer graft yield, polymer graft efficiency, mo-
lecular weights, and molecular weight distribu-
tions of both homopolymers and grafted polymers.

EXPERIMENTAL

The graft polymerization of VP onto silica was
carried out via a two-step process previously de-
scribed by Chaimberg and Cohen.17,18 The graft-
ing procedure consisted of the surface activation
of silica particles with VTMS, followed by surface
polymerization with the VP monomer (Fig. 1).
The average surface VTMS concentration and
PVP graft yield were determined by thermogravi-
metric analysis (TGA). The monomer concentra-
tion in the solution, and therefore, the conversion
of monomer into polymer, were determined via
UV spectral analysis.

Materials

Nonporous silica particles (Novacite L207-A),
with an average diameter of 5 mm, were obtained
from Malvern Minerals Co. (Hot Springs, AK).
The silica surface area, measured by Brunauer–
Emmett–Teller nitrogen adsorption (Autosorb-1,
Quantachrome Corp., Syosset, NY), was approxi-
mately 2.2 m2/g. VP monomer, supplied by Al-
drich Chemical Co. (Milwaukee, WI), was used as
received. VTMS was obtained from Aldrich
Chemical. Certified ACS-graded xylene and po-
tassium hydroxide, obtained from Fisher Scien-
tific (Tustin, CA), were used in the silylation pro-
cess. A 58% aqueous solution of ammonium hy-
droxide (Mallinckrodt, Inc., Paris, KY) was used
as a buffer for the graft polymerization reaction
mixture and served as an inhibitor for the forma-
tion of undesirable acetaldehyde under acidic con-
ditions. In addition, ammonium hydroxide had a
strong activation effect on the polymerization re-
action, shortening the latent period and increas-
ing the rate of reaction.17,18 Finally, reagent-
grade hydrogen peroxide, available as a 30 wt %
solution in water (Aldrich Chemical), was used as
the initiator.

Silylation

Before the silylation reaction, the silica particles
were cleaned with a 1% HCl solution; this was
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followed by immersion in water (for hydrolysis of
surface siloxanes) and subsequent filtration. The
hydroxylated particles were then silylated by an
anhydrous solution of 10% VTMS in xylene. The
silylation reaction was performed at 137 °C in a
slurry batch reactor equipped with a reflux con-
denser kept at 70 °C, which was above the boiling
point of the methanol condensation product yet
below the boiling point of the silane solution. The
silylated particles were then immersed in an
aqueous KOH solution (pH 9.5) to hydrolyze un-
reacted methoxy groups, thereby partially restor-
ing the hydrophilicity of the surface to improve
dispersion of the particles in the aqueous poly-
merization mixture.7 VTMS surface coverage was
determined by TGA (TGS-2, PerkinElmer, Nor-
walk, CT).

Graft Polymerization

The free-radical graft polymerization of VP onto
VTMS-modified silica particles, initiated by a
mixture of hydrogen peroxide and ammonium hy-
droxide as a cocatalyst, was carried out in a wa-
ter-jacketed slurry batch reactor. The reaction
mixture was kept under a nitrogen atmosphere,
with the reaction temperature controlled to
within 0.1 °C by a circulating water bath (Neslab
Instruments, Inc., Portsmouth, NH). During the

reaction, 2-mL aliquots of the reaction mixture
were withdrawn at various time intervals, and a
copious amount of water was added to each sam-
ple to quench the reaction. Withdrawn samples
were filtered through a 1.0-mm polyester mem-
brane (Nuclepore Corp., Pleasanton, CA) and
thoroughly washed with deionized water to re-
move physically adsorbed monomer and ho-
mopolymer. The samples were then dried in a
vacuum oven at 110 °C. The polymer graft yield
(mg of polymer/g of silica) was determined by
measurement of the weight loss upon heating of
the polymer-grafted particles from 100 to 700 °C
at a rate of 25 °C/min.

The conversion of monomer to polymer was
determined by UV spectral analysis (HP 8452A
diode array spectrophotometer, Hewlett–Pack-
ard, Palo Alto, CA). Calibration curves verified
that Beer’s law was obeyed for PVP concentra-
tions of up to 8 mg/g at l 5 196 nm [« 5 0.13 (cm
mg/g)21] and for VP concentrations of up to 20
mg/g at l 5 233 nm [« 5 0.51 (cm mg/g)21].17–19

The carbonyl group, displaying an absorption
peak at 196 nm, is found in both the VP monomer
and PVP. However, the vinyl group, which re-
veals an UV absorption peak at 233 nm, only is
found in the VP monomer.45–48 Therefore, with
the carbonyl group as an internal standard, the
ratio of absorbances at 233 and 196 nm is related

Figure 1. Two-step graft polymerization of VP onto surface-bonded vinyltrialkoxysi-
lane: surface silylation and free-radical graft polymerization.
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to the ratio of monomer concentration to polymer
concentration in the reaction mixture. Accord-
ingly, the monomer conversion can be calculated
from17–19

Conversiont 5 1 2
@M#t

@M#t0

5 1 2 SA233nm

A196nm
D

t
SA196nm

A233nm
D

t0

(1)

where subscript t denotes time, [M] is the mono-
mer concentration, and A is absorbance.

MODEL DEVELOPMENT

It has been well established that the rate of free-
radical homopolymerization, for certain vinyl
monomers, can have a greater than first-order
dependence on the monomer concentration. In
particular, two mechanisms have been proposed
to account for these high rate orders: the cage-
effect theory49 and the cage-complex theory.50,51

The cage-effect theory assumes that the initiator
and solvent molecules can form a cage structure
in which the two initiator fragments can recom-
bine several times before diffusing out of the
cage.49 The cage-complex theory assumes a re-
versible formation of an association complex be-
tween the monomer and initiator pair.50,51 This
complex decomposes to produce a primary initia-
tor radical and a monomer radical. Noyes52 pro-
posed a broader cage-effect model based on a hi-
erarchal cage structure in which primary, second-
ary, and tertiary recombination between two
initiator fragments was introduced. In a later
study, Hunkeler43 combined the cage–complex
and hierarchical cage mechanisms into a hybrid
cage–complex model, which was illustrated for
persulfate-initiated acrylamide homopolymeriza-
tion. In this latter model, the initiator is assumed
to exist in a compact-cage structure, in which the
two radical fragments are less than one molecular
diameter apart, or in a diffuse-cage structure, in
which the two radical fragments have diffused
further apart. It has been further argued that
only the latter structure is susceptible to mono-
mer attack. The monomer-enhanced decomposi-
tion competes with the initiator thermal bond
rupture in initiating new chain radicals and
thus in controlling the overall rate of polymer-
ization.

In this study, the hybrid cage–complex initia-
tion is adopted to account for the observed kinetic

order for the VP system. Monomer-enhanced ini-
tiation is feasible in this system, in which hydro-
gen-bonding association between the VP mono-
mer and hydrogen peroxide as an initiator is pos-
sible. Indeed, hydrogen-bonding association
between surface-bonded VTMS and hydrogen per-
oxide should also be possible. However, because of
the limited mobility of surface active sites (com-
pared with that of monomer molecules), sensitiv-
ity studies for this system have indicated that the
kinetic rate coefficient for surface–initiator asso-
ciation is 3 orders of magnitude smaller than the
kinetic rate coefficient for monomer–initiator as-
sociation. Therefore, it is reasonable to neglect
the association between the surface VTMS and
initiator pair. Furthermore, previous studies on
VP homopolymerization with hydrogen peroxide
as an initiator have indicated that, for the range
of reaction conditions employed in this study,
chain-transfer reactions with water, hydrogen
peroxide, and terminated polymer molecules are
negligible.40,53,54 Therefore, only chain-transfer
reactions with monomer and surface VTMS are
considered in this work. An additional simplifica-
tion is made in which the long-chain hypothesis
(invariance of rate coefficients with respect to
chain length) is invoked for propagation, chain-
transfer, and termination reactions for both ho-
mopolymer and grafted polymer chains.

With these simplifications, the polymerization
mechanism for the homopolymer and grafted
polymer formation can be described, as given in
Table I, by the customary initiation, propagation,
chain-transfer, and termination steps. In this re-
action scheme, I2, (I2), and (I*2) designate the un-
dissociated, compact-cage, and diffuse-cage initi-
ators, respectively; I•, M, and S are the initiator
radical, monomer, and surface active site, respec-
tively; Mn• and Sn• denote the growing ho-
mopolymers and grafted polymers, respectively;
and Hn and Gn designate the terminated ho-
mopolymers and grafted polymers, respectively.
The forward and reverse rate coefficients for the
compact-cage initiator and diffuse-cage initiator
(eq 2) are given by k1 and k21 and k2 and k22,
respectively. The reaction rate coefficient for the
thermal decomposition of the diffuse-cage initia-
tor is given by kd (eq 2) with an efficiency of fd; the
formation and dissociation rate coefficients of the
monomer–initiator associate (eqs 3 and 4) are
denoted by kfimi and kdimi, respectively, with the
efficiency for the monomer–initiator associate dis-
sociation specified by fdimi. The initiation rate co-
efficients of the free and grafted polymer radicals
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by the initiator radical are given by kim and kis
(eqs 5 and 6). The homopolymer propagation rate
coefficient is given by kpmm (eq 7), and the prop-
agation rate coefficient kpsm is for the reaction
between a growing grafted polymer and a monomer
(eq 8). The rate coefficients for chain-transfer reac-
tions of a growing homopolymer and a growing
grafted polymer with a monomer are denoted by
ktrmm and ktrsm, respectively (eqs 9 and 10). Simi-
larly, the reaction rate coefficients for chain-trans-
fer reactions of a growing homopolymer and a grow-
ing grafted polymer with a surface site are given by
ktrms and ktrss (eqs 11 and 12). The combination and
disproportionation rate coefficients are specified by
ktcmm and ktdmm for termination reactions between
two growing homopolymer chains (eqs 13 and 14),
ktcms and ktdms are the rate coefficients for termina-

tion reactions between a growing homopolymer
chain and a growing grafted chain (eqs 15 and 16),
and ktcss and ktdss are the rate coefficients for ter-
mination reactions between two growing grafted
chains (eqs 17 and 18).

The rate expressions for the various species in
the reaction mixture are obtained, according to
the proposed kinetic mechanism (Table I), with
the mass balance equations listed in Table II. In
writing the model equations, we have intro-
duced a set of lumped rate coefficients defined
as follows: ktmm [ ktcmm 1 ktdmm, ktsm [ ktcsm
1 ktdsm, and ktss [ ktcss 1 ktdss. The set of
kinetic expressions given in Table II form the
basis for this kinetic model, which can be fur-
ther simplified subject to the following approx-
imations:

Table I. Proposed Reaction Scheme for the Free-Radical Graft Polymerization of VP onto VTMS-Modified Silica
with Hydrogen Peroxide as an Initiator

Initiation Chain Transfer

I2 -|0
k1

k21

~I2! -|0
k2

k22

~I*2! O¡
kd

2I• (2)

~I*2!1MO¡
kfimi

IMI (3)

IMIO¡
kdimi

I•1M1•1H2O (4)

I•1MO¡
kim

M1• (5)

I•1SO¡
kis

S1• (6)

Propagation

Mn•1MO¡
kpmm

Mn11• (7)

Sn•1MO¡
kpsm

Sn11• (8)

Mn•1MO¡
ktrmm

Hn1M1• (9)

Sn•1MO¡
ktrsm

Gn1M1• (10)

Mn•1SO¡
ktrms

Hn1S1• (11)

Sn•1SO¡
ktrss

Gn1S1• (12)

Termination

Mm•1Mn•O¡
ktcmm

Hm1n (13)

Mm•1Mn•O¡
ktdmm

Hm1Hn (14)

Sm•1Mn•O¡
ktcsm

Gn1m (15)

Sm•1Mn•O¡
ktdsm

Gm1Hn (16)

Sm•1Sn•O¡
ktcss

Gm1n (17)

Sm•1Sn•O¡
ktdss

Gm1Gn (18)
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1. The pseudo-steady-state hypothesis is in-
voked for intermediate and radical species:
IMI, I•, Mn•, and Sn•.

2. The fractions of monomer consumed in the
initiation and chain-transfer reactions are
negligible compared with that consumed in
the propagation step.

3. In this study, as in most typical graft poly-
merization processes, the initial monomer
concentration is significantly higher than
the initial surface active site concentration
(on a volume basis). Therefore, the growing
homopolymer should be more abundant
than the growing grafted polymer through-
out the grafting process ([Mn•]
@ [Sn•]).17–19,31

4. The long-chain hypothesis is invoked for
both homopolymer and grafted polymer
chains, thereby introducing the following
simplifications: kpsm ' kpmm [ kp, ktrsm
' ktrmm [ ktrm, ktrss ' ktrms [ ktrs, ktcss
' ktcsm ' ktcmm [ ktc, and ktdss ' ktdsm
' ktdmm [ ktd.55,56

The rate expressions for the monomer and sur-
face active site can be simplified, given the above
approximations, to yield for the monomer

RM 5 2
d@M#

dt 5 kp@Mn•#@M# 1 kp@Sn•#@M# (30)

and for the surface active site

RS 5 2
d@S#

dt 5 kis@I•#@S# 1 ktrs@Mn•#@S# (31)

The concentrations of radicals and intermediate
species, appearing in eqs 22–25, can be expressed
by simple algebraic expressions (given the ap-
proximations 1–4).

For the monomer–initiator associate,

@IMI# 5
k9fimi

fdimikdimi
@It#@M# (32)

For the initiator radical,

@I•# 5
2k9d 1 k9fimi@M#

kim@M# 1 kis@S#
@It# (33)

For the growing homopolymer,

Table II. Rate Expressions Corresponding to the Proposed Reaction Scheme (Table I)

d@I2#

dt 52k1@I2#1k21@~I2!# (19)

d@~I2!#

dt 5k1@I2#2k21@~I2!#2k2@~I2!#1k22@~I*2!# (20)

d@~I*2!#
dt 5k2@~I2!#2k22@~I*2!#2fdkd@~I*2!#2kfimi@~I*2!#@M# (21)

d@I•#

dt 52kd@~I*2!#1fdimikdimi@IMI#2kim@I•#@M#2kis@I•#@S# (22)

d@IMI#
dt 5kfimi@~I*2!#@M#2fdimikdimi@IMI# (23)

d@Mn•#

dt 5fdimikdimi@IMI#1kim@I•#@M#1ktrsm@Sn•#@M#2ktrms@Mn•#@S#22ktmm@Mn•#22ktsm@Sn•#@Mn•# (24)

d@Sn•#

dt 5kis@I•#@S#2ktrsm@Sn•#@M#1ktrms@Mn•#@S#2ktsm@Sn•#@Mn•#22ktss@Sn•#2 (25)

d@Hn#

dt 5ktrmm@Mn•#@M#1ktrms@Mn•#@S#1~ktcmm12ktdmm!@Mn•#21ktdsm@Sn•#@Mn•# (26)

d@Gn#

dt 5ktrsm@Sn•#@M#1ktrss@Sn•#@S#1ktsm@Sn•#@Mn•#1~ktcss12ktdss!@Sn•#2 (27)

RM52
d@M#

dt 5kfimi@~I*2!#@M#1kim@I•#@M#1kpmm@Mn•#@M#1kpsm@Sn•#@M#1ktrmm@Mn•#@M#1ktrsm@Sn•#@M# (28)

RS52
d@S#

dt 5kis@I•#@S#1ktrms@Mn•#@S#1ktrss@Sn•#@S# (29)
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@Mn•# 5 Sk9d 1 k9fimi@M#

kt
D1/2

@It#
1/2 (34)

For the growing grafted polymer,

@Sn•# 5
kis@I•# 1 ktrs@Mn•#

ktrm@M# 1 kt@Mn•#
@S# (35)

in which the total initiator concentration, [It], in
eqs 32–34 is defined by43

@It# 5 @I2# 1 @~I2!# 1 @~I*2!# (36)

where [I2], [(I2)], and [(I*2)] can be expressed as [I2]
5 w0[It], [(I2)] 5 w1[It], and [(I*2)] 5 w2[It]. w0, w1,
and w2 designate the molar fractions of undisso-
ciated, compact-cage, and diffuse-cage initiators,
respectively, such that w0 1 w1 1 w2 5 1.43 The
kinetic rate equation for the total initiator con-
centration, obtained from eqs 19–21 and 36, is
given by

d@It#

dt 5 2~k9d 1 k9fimi@M#!@It# (37)

where the lumped rate coefficients are defined by
k9d [ w2fdkd and k9fimi [ w2kfimi.

43 We note that
the first and second terms in the numerator of eq
33 represent the generation of initiator radicals
by thermal bond rupture and monomer-enhanced
decomposition of the diffuse-cage initiator, re-
spectively. Similarly, the concentration of grow-
ing homopolymer chains is also governed by ther-
mal bond rupture and monomer-enhanced decom-
position of the diffuse-cage initiator (eq 34).
Finally, the concentration of surface macroradi-
cals is dictated by surface initiation by initiator
radicals and growing polymer chains, as repre-
sented by the first and second terms in the nu-
merator of eq 35, respectively.

The overall kinetic rate order for homopoly-
merization can be elucidated by a simplification of
eq 30 with the approximation (3) and eq 34. Ac-
cordingly, the rate of homopolymerization can be
written as

RM 5 kpSk9d 1 k9fimi@M#

kt
D1/2

@It#
1/2@M# (38)

When thermal decomposition dominates (i.e., k9d
@ k9fimi[M]), [It] is independent of the monomer
concentration (see eq 37), and so the overall rate

of monomer polymerization (eq 38) is linearly pro-
portional to the monomer concentration. When
monomer-enhanced decomposition dominates
(i.e., k9fimi[M] @ k9d), one may observe a 3

2 overall
polymerization order, with respect to the mono-
mer, if the change in [It] over the course of the
reaction is negligible. The assumption of constant
[It] was made, either explicitly or implicitly, in
previous kinetic studies in which the cage–com-
plex model was used. In the general case, how-
ever, when monomer-enhanced initiation is dom-
inant and the variation of [It] with the monomer
concentration is considered (eq 37), one can de-
duce, by dividing eq 37 by 38 and integrating the
resulting equation, that the total initiator concen-
tration can be expressed as [It] 5 (a[M]1/2 1 b)2,
in which a 5 (kt

1/2/kp)(k9fimi)
1/2 and b 5 [I0]1/2

2 a[M0]1/2. Accordingly, when a[M]1/2 @ b $ 0,
the polymerization rate order varies as [M]2, and
when b @ a[M]1/2 $ 0, the polymerization rate
order varies as [M]3/2.

Graft Fraction and Polymer Graft Yield

To calculate the molecular weights of homopoly-
mer and grafted polymer, polymer graft yields,
and graft efficiency, it is convenient to first define
the instantaneous graft fraction (GF) as the prob-
ability that when a monomer molecule is con-
sumed it will be incorporated into a grafted chain,
rather than into a free chain in solution. The
parameter GF is the ratio of the sum of the con-
tribution of surface propagation (eq 8) and poly-
mer grafting (eq 15) to the total rate of monomer
polymerized (eq 30):

GF 5
kp@Sn•#@M# 1 DPhjkt@Sn•#@Mn•#

RM
(39)

where DPh denotes the instantaneous number-
average degree of polymerization for the ho-
mopolymer (presented in the subsequent section).
We note that the second term of the numerator of
eq 39 represents the average number of monomer
units added to the surface with each homopoly-

mer radical. Finally, the term j[
ktc

kt
can be re-

garded as the probability that a chain radical will
terminate via a combination reaction, rather than
in a disproportionation reaction, and kt [ ktc
1 ktd. The cumulative graft fraction, ^GF&, ob-
tained over the course of the reaction for the re-
sulting grafted polymer phase is given by
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^GF& 5

E
0

t

~kp@Sn•#@M# 1 DPhjkt@Sn•#@Mn•#!dt

@M0# 2 @M#

(40)

in which the numerator in eq 40 represents the
amount of monomer (mol/L) that has been incor-
porated into the grafted polymer phase, the de-
nominator in eq 40 is the total monomer con-
sumed up to the reaction time t, and [M0] desig-
nates the initial monomer concentration.

The total monomer mass that has been added
to the substrate (g of surface-grafted monomer/m2

of silica surface) over the course of the reaction is
the experimentally measured polymer graft yield
^GY&. This parameter is related to the cumulative
graft fraction (eq 40) by

^GY& 5
~^GF&!~@M0# 2 @M#!~Mm!

~@sp#!~«!
(41)

where Mm is the monomer molecular weight, [sp]
is the initial amount of substrate introduced into
the reaction mixture (g of silica/L of solution), and
« is the specific area of the substrate (m2 of silica
surface/g of silica).

The effectiveness of the grafting process can be
quantified in terms of the polymer grafting effi-
ciency, ^GE&, which is defined as the fraction of
initial surface sites onto which polymer chains
are grafted:

^GE& 5
~^GF&!~@M0# 2 @M#!/~^DPg&!

@S0#
(42)

where [S0] denotes the initial surface active site
concentration (mol/L) and ^DPg& is the cumulative
number-average degree of polymerization of the
grafted polymer (presented in the subsequent sec-
tion). We note that the surface chain density
(number of grafted chains/substrate area) is sim-
ply the product of the grafting efficiency and the
initial concentration of surface active sites.

Instantaneous and Cumulative Number-Average
Degrees of Polymerization

The instantaneous number-average degree of po-
lymerization for the homopolymer (DPh), which is
required in eq 39, is the ratio of the net rate at
which monomer is added to free chains to the

total rate of formation of all free chains. The net
rate at which monomer is incorporated into the
homopolymer is (1 2 GF) RM, and so DPh can be
written as

DPh

5
~1 2 GF!RM

ktrm@Mn•#@M# 1 ktrs@Mn•#@S# 1 ~2 2 j!kt@Mn•#2

(43)

The number-average degree of polymerization for
the grafted polymer (DPg) can be similarly deter-
mined as the net rate of monomer addition per
grafted chain. Accordingly, DPg is given by

DPg 5
~GF!RM

ktrm@Sn•#@M# 1 ktrs@Sn•#@S# 1 kt@Mn•#@Sn•#

(44)

It is evident from eqs 39 and 44 that DPg is
governed by two competing processes: polymer
grafting (which depends on DPh) and surface
propagation (which is independent of DPh).

The cumulative average degree of graft poly-
merization, ^DPg&, can be calculated from

^DPg& 5
~^GF&!~@M0# 2 @M#!

Ng
(45)

where Ng denotes the molar concentration of
grafted polymer chains (mol/L) at monomer con-
centration [M]. This parameter can be deter-
mined from the following mass balance:

DPg dNg 5 2~GF!dM (46)

in which the left-hand side of eq 46 designates the
average number of surface monomers (mol/L) in
an incremental dNg number of formed grafted
chains and the right-hand side of eq 46 represents
the incremental number of monomers (mol/L)
added to the surface. Equation 46 can be inte-
grated and combined with eq 45 to yield the fol-
lowing expression for ^DPg&:

^DPg& 5
~^GF&!~@M0# 2 @M#!

2 E
@M0#

@M# ~GF!

DPg
dM

5
~^GF&!~@M0# 2 @M#!

E
0

t ~GF!RM

DPg
dt

(47)

KINETICS OF FREE-RADICAL GRAFT POLYMERIZATION 33



where t is the reaction time at which the mono-
mer concentration has reached the value [M]. Fi-
nally, the cumulative number-average degree of
homopolymerization, ^DPh&, can be obtained in an
analogous manner, leading to

^DPh& 5
~1 2 ^GF&!~@M0# 2 @M#!

2 E
@M0#

@M# ~1 2 GF!

DPh
dM

5
~1 2 ^GF&!~@M0# 2 @M#!

E
0

t ~1 2 GF!RM

DPh
dt

(48)

Instantaneous Molecular Weight Distributions

The homopolymer chain size distribution is af-
fected by the cross-termination reactions between
homopolymer and grafted polymer radicals. How-
ever, for systems in which the amount of mono-
mer consumed by the grafting reaction is much
smaller than that consumed by the homopolymer-
ization, the homopolymer chain size distribution
should reduce to the Flory–Schulz equation.57–59

Accordingly, the number fraction of homopolymer
molecules containing x monomer units, nh

( x), can
be estimated from

nh
~x! 5 ~1 2 Ah!~1 2 ph!ph

x21 1 Ah~x 2 1!~1 2 ph!
2ph

x22

(49)

where Ah is the number fraction of terminated
homopolymer molecules formed via the combina-
tion reaction and ph is the probability for a grow-
ing homopolymer chain to propagate. In the con-
text of the present model, Ah and ph are given by

Ah 5
jkt@Mn•#2

ktrm@Mn•#@M# 1 ktrs@Mn•#@S# 1 kt@Mn•#2

(50)

ph 5
kp@M#@Mn•#

kp@Mn•#@M# 1 ktrm@Mn•#@M#
1 ktrs@Mn•#@S# 1 2kt@Mn•#2

(51)

For the grafted polymer phase, it is reasonable
to assume that the termination rates between two
grafted chain radicals are significantly lower than
the corresponding cross-termination rates be-

tween a free chain radical and a grafted chain
radical. The approximation should be valid for
this system because the growing homopolymer is
much more abundant and mobile relative to the
growing grafted polymer chains. Therefore, we
can obtain the number fraction of grafted polymer
molecules containing x monomer units, ng

( x), in an
analogous manner:

ng
~x! 5 ~1 2 Ag!~1 2 pg!pg

x21

1 Ag~1 2 ph!~1 2 pg! O
y51

x21

ph
y21pg

x2y21 (52)

in which ph is given by eq 51. The number fraction
of grafted polymer molecules formed via the com-
bination reaction, Ag, and the probability for a
growing grafted chain to propagate, pg, are given
by

Ag 5
jkt@Sn•#@Mn•#

ktrm@Sn•#@M# 1 ktrs@Sn•#@S# 1 kt@Sn•#@Mn•#

(53)

pg 5
kp@Sn•#@M#

kp@Sn•#@M# 1 ktrm@Sn•#@M#
1 ktrs@Sn•#@S# 1 kt@Sn•#@Mn•#

(54)

Numerical Analysis

The key parameters in this model are k9d, k9fimi,
kp, ktrm, ktrs, kt, (kis/kim), and j. In this work, the
propagation (kp) and termination (kt) rate coeffi-
cients were obtained from the experimental study
of Agasandyan et al.60 The rate coefficient for
chain transfer with monomer (ktrm) and the prob-
ability of termination by coupling (j) were evalu-
ated by Chaimberg and Cohen17,18 on the basis of
experimental homopolymer molecular weight
data for the VP/hydrogen peroxide system. The
apparent rate coefficients for thermal bond rup-
ture (k9d) and monomer association (k9fimi) were
calculated by eqs 37 and 38 fitting to the experi-
mental monomer conversion data. Kinetic param-
eters involved in surface initiation, kis/kim and
ktrs, were obtained by the fitting of the model (eqs
37–41 and 43) to the experimental polymer graft
yield data. At each given temperature, the fitting
was performed with the simplex optimization
method (Scientist software, Micromath Inc., UT)
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with all the available experimental data at vari-
ous initial monomer, initiator, and surface con-
centrations.

RESULTS AND DISCUSSION

Monomer Conversion

The kinetic model provides excellent fits to the
experimental monomer conversion data, as
shown in Figure 2. The increasing rate of mono-
mer conversion with increasing temperature
and initial monomer concentration is consistent
with previous studies on aqueous VP homopo-
lymerization with hydrogen peroxide as an ini-
tiator.40,61 For this system, model calculations
revealed that, for the range of reaction condi-
tions used, the total initiator concentration de-
creases by less than 1% over the course of the
reaction, with the maximum ratio k9fimi[M]/k9d

(see eq 38) being as high as 35. Accordingly,
under the reaction conditions of this study, the
apparent kinetic order of polymerization (see eq
38), with respect to the monomer concentration,
ranges from unity at a temperature above about
80 °C and approaches 3

2 at lower temperatures
and low conversions. For the latter regime, new
polymer chains are initiated primarily by mono-
mer-enhanced dissociation. However, as mono-
mer concentration decreases and reaction tem-
perature rises, initiation is dominated by ther-
mal bond rupture, and the kinetic rate order
approaches unity. Clearly, the excellent fits to
the experimental data (over a wide range of
conditions) suggest that the proposed initiation
mechanism provides an adequate description of
the polymerization kinetics without resorting to
an empirical adjustment of the initiation effi-
ciency as in previous studies.17–19,31,40 – 42

The temperature dependence of the homopoly-
merization rate coefficients obtained from previ-
ous studies (i.e., kp, kt, ktrm, and j) along with
those extracted in this work (i.e., k9d, k9fimi, kis/kim,
and ktrs) is illustrated in Table III. The rate coef-
ficients for propagation (kp), chain transfer with
monomer (ktrm), and termination (kt) increase
with temperature according to an Arrhenius de-
pendence, with kt being about 4 orders of magni-
tude larger than kp. The rate coefficient for ther-
mal bond rupture (k9d) also increases with temper-
ature according to the Arrhenius relationship,
whereas that for monomer association (k9fimi) de-
creases exponentially over the temperature range
of 70–90 °C. The aforementioned temperature-
dependent trends can be rationalized by the real-
ization that at a higher reaction temperature, the
thermal energy possessed by fragments of the
diffuse-cage initiator will increase, producing a
higher displacement frequency away from their
equilibrium bond distance. This increasing dis-
placement frequency along with a higher concen-
tration of the diffuse-cage initiator w2 will result
in a higher apparent rate coefficient for the ther-
mal bond rupture.43 However, the apparent rate
coefficient for monomer association will decrease
with rising reaction temperature despite the ris-
ing concentration of the diffuse-cage initiator,
which is apparently insufficient to reverse the
temperature-dependent trend.

Polymer Graft Yield

The experimental polymer graft yield (mg of sur-
face monomer/m2 of silica surface) is reasonably

Figure 2. Experimental and model-calculated mono-
mer conversions for vinyl pyrrolidone polymerization:
(a) [M0] 5 0.936M and Sa 5 15 mmol of vinylsilane/m2

of surface, (b) [M0] 5 2.81M and Sa 5 31 mmol of
vinylsilane/m2 of surface, and (c) [M0] 5 4.68M and Sa

5 46 mmol of vinylsilane/m2 of surface. All data are for
[I0] 5 0.043M.
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well described by the kinetic model, as illustrated
in Figure 3. The polymer graft yield increases
with both temperature and initial monomer con-
centration in agreement with a higher rate of
monomer polymerized. The scatter in the experi-
mental data is largely due to the sensitivity limit
of the thermogravimetric analysis at this low
level of polymer graft yield.

The temperature dependence of the extracted
rate coefficient ratio (kis/kim) and the rate coeffi-
cient for surface chain transfer (ktrs) are given in
Table III. kis/kim decreases with temperature in
accordance with a greater increase of monomer
mobility relative to the surface VTMS (i.e., a
faster rise in kim compared with kis). The rise of
the rate coefficient for surface chain transfer (ktrs)
with temperature is consistent with the increas-
ing mobility of polymer radicals. Furthermore,
the rate coefficient for surface chain transfer (ktrs)
is smaller (by a factor of 2) than the rate coeffi-
cient for chain transfer with monomer (ktrm), also
consistent with the expected lower mobility of
surface active sites.

Species Concentrations

To elucidate the significance of various species in
the reaction mixture, their relative concentra-
tions are illustrated in Figures 4 and 5 for a
reaction time of 150 min, initial monomer and
initiator (hydrogen peroxide) concentrations of
4.61 and 0.043M, and a surface VTMS concentra-
tion of 31 mmol/m2. The monomer concentration,

Table III. Reaction Rate Coefficients for the Free-Radical Graft Polymerization of VP onto VTMS-Modified
Silica with Hydrogen Peroxide as an Initiator

Rate Coefficienta

ln k 5
E
T 1 A E (K) A Reference

k9d 22.033 3 104 46.72 This work
k9fimi 5.7775 3 103 227.39 This work
kp 23.575 3 103 23.14 Agasandyan et al.60

ktrm 23.575 3 103 17.84 Agasandyan et al.60

ktrs 25.647 3 103 23.01 This work
kt 28.057 3 102 24.82 Chaimberg and Cohen31

ktc 28.057 3 102 24.125 Chaimberg and Cohen31

Rate Coefficient Ratioa

kis/kim 5 BT 1 C B (K21) C Reference

kis/kim 22.034 3 1022 7.379 This work

a Except for k9d, which is in min21, all rate coefficients are in L/mol min.

Figure 3. Experimental and model-calculated graft
yield data: (a) [M0] 5 0.936M and Sa 5 15 mmol of
vinylsilane/m2 of surface and (b) [M0] 5 4.68M and Sa

5 46 mmol of vinylsilane/m2 of surface. All data are
from [I0] 5 0.043M.
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which is about 3 orders of magnitude higher than
the concentration of surface-bonded VTMS (on a
volume basis), decreases significantly with rising
temperature. In contrast, the total initiator con-
centration decreases slightly with temperature. A
similar trend is also observed for the concentra-
tion of surface-bonded VTMS.

The concentrations of polymer species (Mn•,
Sn•, Hn, and Gn) increase with temperature,
which is consistent with a higher rate of monomer
consumption due to the formation of both ho-
mopolymer and grafted polymer. In addition, the
concentration of growing homopolymer in solu-
tion (Fig. 5) is about 3 orders of magnitude higher
than the concentration of growing grafted poly-
mer. This trend is expected because of the rela-
tively low initial concentration of surface VTMS
(on a volume basis). Correspondingly, the concen-
tration of terminated homopolymer is also about 3
orders of magnitude higher than the concentra-
tion of terminated grafted polymer.

Instantaneous Number-Average Degrees of
Polymerization and Molecular-Weight
Distributions

The temperature dependence of the instanta-
neous number-average degree of graft polymer-
ization (DPg) and the ratio of degrees of homopo-
lymerization to graft polymerization (DPh/DPg)
are illustrated in Figure 6. As evident from this
example, the degree of polymerization for the
grafted polymer decreases sharply at a higher
temperature. As the temperature increases, the
rates of surface chain termination and chain
transfer increase more significantly than the in-
crease in the rate of surface chain propagation
(Figs. 4 and 5), thereby resulting in a decreasing
grafted polymer molecular weight. However, al-
though the rates of both surface chain termina-
tion and chain transfer increase with initial
monomer concentration, they increase at rela-
tively slower rates compared with the rate of sur-

Figure 5. Calculated concentrations for the growing
homopolymer ([Mn•]), growing grafted polymer
([Sn•]), terminated homopolymer ([Hn]), and termi-
nated grafted polymer ([Gn]). Results are for the con-
ditions given in Figure 4.

Figure 4. Calculated concentrations of VP monomer
([M]), surface-bonded VTMS ([S]), and total initiator
([It]). Data are at the 150-min reaction time, with ini-
tial monomer, VTMS, and initiator concentrations of
[M0] 5 4.68M, Sa 5 31 mmol of vinylsilane/m2 of sur-
face, and [I0] 5 0.043M, respectively.
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face propagation (Figs. 4 and 5). A higher mono-
mer concentration (at a given temperature) pro-
vides a net enhancement of the rate of monomer
addition to the grafted polymer phase, leading to
a longer average grafted chain length. With in-
creasing conversion, however, the molecular
weight of the grafted polymer decreases because
of bimolecular termination between polymer rad-
icals.

The homopolymer molecular weight decreases
with temperature and/or conversion and also in-
creases with initial monomer concentration. Al-
though monomer consumption occurs primarily
because of homopolymer propagation (given the
low concentrations of surface-bonded VTMS and
hydrogen peroxide as an initiator), the rates of
chain transfer and termination associated with

the homopolymer are also significantly higher
than those associated with the grafted polymer.
Conceivably, depending on the reaction condi-
tions and relative magnitude of the reaction rate
coefficients, the homopolymer molecular weight
can be smaller or larger than the grafted polymer
molecular weight. For this VP/silica/hydrogen
peroxide system, for example, the homopolymer
molecular weight is about 3–45% lower than that
of the grafted polymer.

The size distributions of the homopolymers and
grafted polymers are similar, as illustrated in
Figure 7 at a temperature of 80 °C with the initial
VP monomer, surface VTMS, and hydrogen per-
oxide initiator concentrations of 4.68M, 31 mmol/
m2, and 0.043M, respectively. The polydispersity
indices are about 1.94 and 2 for the homopolymer
and grafted polymer, respectively. Because the
propagation probability for a homopolymer radi-
cal (eq 51) is slightly smaller than the correspond-
ing probability for a grafted polymer radical (eq
54), the size distribution of the grafted polymer
should be slightly broader. However, because of
the significantly lower homopolymer radical con-
centration, relative to the monomer (Figs. 4 and
5), the distinction between the two distributions
for this system is insignificant (although the dif-

Figure 7. Calculated instantaneous molecular
weight distributions at 80 °C and for reaction times of
150 and 300 min. The initial VP monomer, surface-
bonded VTMS, and hydrogen peroxide initiator concen-
trations are [M0] 5 2.81M, Sa 5 31 mmol of vinylsi-
lane/m2 of surface, and [I0] 5 0.043M, respectively.

Figure 6. Calculated instantaneous number-average
degrees of graft polymerization (DPg) and molecular-
weight ratios between the homopolymers and grafted
polymers (DPg/DPh). The first and second numbers in
parentheses denote the initial monomer concentration
(vol %) and reaction time (min), respectively. The ini-
tial surface density and initiator concentration are Sa

5 31 mmol of vinylsilane/m2 of surface and [I0]
5 0.043M.
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ference is somewhat more visible at a higher con-
version).

Percentage of Polymer Grafting

Practical applications in which a tethered poly-
mer phase is prepared by the present graft poly-
merization method require a priori estimation of
the contribution of polymer grafting (relative to
surface propagation) to the overall graft yield.
Such information is crucial to better control of the
resulting surface chain size distribution and den-
sity.5,6,19 As an illustration, the calculated per-
cent contributions of polymer grafting for three
different initial monomer concentrations are plot-
ted in Figure 8. The contribution of polymer graft-
ing increases with temperature because the con-
centration ratio of homopolymer radical to mono-
mer increases significantly with increasing
temperature, as evident in Figures 4 and 5. The
same argument holds with respect to monomer
conversion. The relatively lower monomer concen-
tration, combined with the increase in the concen-
tration of polymer radicals at higher conversions,
should increase the contribution of polymer graft-
ing to the overall graft yield. Ultimately, surface
chain propagation is still the dominant process
for surface chain growth. However, its contribu-
tion, relative to polymer grafting, declines with
rising reaction temperature. In addition, because
the rate of chain propagation increases more rap-

idly with monomer concentration, the percent
contribution from polymer grafting decreases
with initial monomer concentration.

Graft Efficiency

The graft efficiency, defined as the fraction of
initial surface active sites onto which polymer
chains are grafted, is directly proportional to sur-
face chain density. As illustrated in Figure 9, the
graft efficiency increases significantly with tem-
perature and/or monomer conversion and to a
lesser extent with rising initial monomer concen-
tration. The potential of activating new surface
sites by free polymer radicals will increase as
these radicals become more abundant in the re-
action mixture and as the reaction temperature
increases. Although at higher temperatures more
monomer molecules are added to the grafted poly-
mer phase, they are distributed among a larger
number of surface chains, thereby producing a
denser grafted layer of shorter chains. With re-
spect to the monomer conversion, similar obser-
vations also hold regarding the density and mo-
lecular weight of the grafted polymer because the
polymer radicals become more abundant at a
higher conversion. This notwithstanding, the
fraction of initial surface sites onto which polymer
chains are grafted remains small (,1.2%), sug-
gesting the possibility of shielding of reactive sur-
face sites.

At a higher initial monomer concentration,
more monomer molecules are incorporated into

Figure 8. Contributions of polymer grafting (%) to
the overall graft yield. Data are for the conditions given
in Figure 6.

Figure 9. Calculated graft efficiencies. Results are
for the conditions given in Figure 6. The first and
second numbers in parentheses denote the initial
monomer concentration (vol %) and reaction time
(min), respectively.
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the grafted phase (a higher polymer graft yield),
enhancing both the grafted chain length (Fig. 6)
and surface chain density (Fig. 9). However, the
increase in the number of surface chains is rather
modest. At a higher initial monomer concentra-
tion, increasing radical scavenging by monomer
molecules reduces the number of initiator free
radicals available for initiating new surface
chains. In other words, if the initiator radicals
were the primary mean of surface initiation,
surface chain density would decline with initial
monomer concentration. However, since the
number of homopolymer radicals increases con-
siderably with initial monomer concentration,
an initiation process dominated by growing ho-
mopolymer would produce a higher surface
chain density for a higher initial monomer con-
centration. Because these two opposing mecha-
nisms are concurrent, they reduce the observed
impact of the initial monomer concentration on
the graft efficiency. Indeed, for the particular
system studied, more than 87% of the surface
chains are initiated by the homopolymer radi-
cals (Fig. 10), resulting in a slight increase in
polymer graft efficiency with initial monomer
concentration.

Finally, although the efficiency of PVP graft-
ing as obtained in this work is seemingly low, if
the distance between neighboring anchored
chains is smaller than their radius of gyration,
the grafted polymer chains will extend away
from the surface to maximize their entropy in a
conformation analogous to the bristles of a

brush.13,16 –19,31,32 This situation would lead to
a so-called dense brush regime when the follow-
ing criterion (which assumes a uniform segment
distribution) is met62:

s 5 S a
DD 2

. ~DPg!
26/5 (55)

in which s is the fractional surface coverage of the
grafted polymer, a is the size of a monomer unit,
and D is the distance between two neighboring
anchoring points on the surface. D between two
neighboring chains can be calculated from the
graft efficiency (^GE&) and initial surface active
site density (Sa) as follows13,16,19:

D 5 ~^GE&SaNA!21/2 (56)

where NA denotes Avogadro’s number. Equation
56 is based on the approximation of evenly spaced
square grids of anchoring sites on a flat surface. It
can be easily verified that, with a size of 6.4 Å for
a VP monomer unit, calculated with the Spartan
molecular modeling program (Spartan 4.1, Wave-
Function, Inc., CA), eq 55 is satisfied for all the
grafting conditions employed in this work (i.e., for
the 150-min reaction time, D ranges from 21 to 88
Å, and DPg ranges from 147 to 196), indicating
the achievement of a dense brush regime of the
grafted polymer phase.13,16,19

CONCLUSIONS

The aqueous free-radical graft polymerization of
2-vinyl-1-pyrrolidone onto nonporous silica has
been investigated. The proposed kinetic model,
which incorporates the hybrid cage–complex ini-
tiation model, describes the experimental poly-
merization data, which reveal an overall polymer-
ization kinetic order ranging from 1 to about 3

2
with respect to the monomer concentration. The
grafting of chains onto the substrate is attributed
to both polymer grafting and surface chain prop-
agation. Kinetic model simulations suggest that
the contribution of polymer grafting to the total
polymer graft yield is more important at high
reaction temperatures and/or low monomer con-
centrations. Ultimately, however, surface chain
propagation is the dominant grafting process.
Calculations of the polymer graft efficiency and
molecular weight have demonstrated that a

Figure 10. Calculated percentage of surface initia-
tion by the initiator radical. Results are for the condi-
tions given in Figure 6. The first and second numbers in
parentheses denote the initial monomer concentration
(vol %) and reaction time (min), respectively.
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higher reaction temperature promotes the forma-
tion of a denser layer of shorter grafted chains,
whereas a higher initial monomer concentration
enhances both graft density and average grafted
chain length.
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