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ABSTRACT: Thin poly(4-vinylpyridine) films terminally
anchored onto nonporous inorganic oxide substrates were
synthesized by aqueous phase reverse atom transfer radi-
cal graft polymerization (ATRGP). Surface initiators were
immobilized on the inorganic substrate surface by chemi-
cally attaching glycidoxytrimethoxy silane onto the sub-
strates followed by conversion of the glycidoxy silane into
azobis silane by a reaction with 4,40-azobis(4-cyanovaleric
acid). Reverse ATRGP of 4-vinylpyridine onto the active
surface azo sites was carried out in a 1-methyl-2-pyrroli-
done/water solvent mixture using CuCl2/2,2

0-bipyridine
as the catalyst-ligand complex with initial monomer con-
centration [M]0 ¼ 2.32M at 90�C. Controlled radical poly-
merization was achieved at catalyst to initiator molar
ratios of 2 : 1 and 3 : 1, with a catalyst to ligand molar ra-
tio of 1 : 2. Controlled polymerization was indicated by a
first-order rate of polymerization kinetics, with respect to
monomer conversion at the surface and in solution, the
linear increase of the P4VP graft yield with time, and a

low polydispersity index (PDI < 1.40). The highest graft
yield of 8 mg/m2 was achieved at a 3 : 1 catalyst to initia-
tor molar ratio which corresponded to a number-average
molecular weight of 11,500 g/mol, surface density of 0.69
lmol/m2, and a polydispersity index of 1.28. AFM surface
analysis of the grafted polymer films, prepared by reverse
ATRGP of 4VP, revealed a decrease in the RMS surface
roughness (RRMS ¼ 1.04 nm) and feature size (feature di-
ameter ¼ 20–45 nm), relative to uncontrolled free radical
graft polymerization (RRMS ¼ 1.42 nm; feature diameter ¼
60–145 nm), thereby providing an additional indication
that a denser and controlled reaction was achieved via
reverse ATRGP. VVC 2009 Wiley Periodicals, Inc. J Appl Polym Sci
113: 437–449, 2009
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INTRODUCTION

Surface graft polymerization has evolved as a pro-
ven technology for modifying the surface properties
of inorganic solid substrates so as to impart chemical
selectivity of functional polymers in applications
that include, for example, gas and liquid chromatog-
raphy,1–4 biocompatible materials,5,6 colloidal stabil-
ity,7 and modified inorganic membranes.8–12 Various
methods of polymer surface modification have been
proposed,13,14 with free radical graft polymerization
(FRGP) often being the method of choice given its
simplicity for creating a dense polymer brush layer
on a variety of substrate materials.15–19 FRGP
requires surface activation by a suitable initiator in
the presence of a vinyl monomer for grafting. The
properties of the graft polymerized chains, such as
polymer graft yield (mg/m2), number-average mo-
lecular weight (g/mol) and surface density (mol/
m2), can be controlled by adjusting synthesis param-

eters (e.g., temperature, reaction time, initial mono-
mer concentration, initiator concentration and/or
substrate loading).18,19 However, despite efforts to
control various aspects of the process, FRGP gener-
ally results in a broad grafted chain size
distribution.18,19

In recent years, there has been a growing interest
in atom transfer radical polymerization (ATRP)20–33

and its application to graft polymerization in order
to synthesize grafted polymers with narrow size dis-
tributions (i.e., polydispersity index in the range of
1.0–1.5).34–42 Successful polymerization by both for-
ward and reverse ATRP have been demonstrated for
a number of monomers, including styrene, methyl
methacrylate, acrylonitrile, acrylamide, acrylic acid,
vinyl pyridine and some of their derivatives, with
reported number-average degree of polymerization,
DP, and polydispersity index, PDI, in the range of
100–1,500 and 1.0–1.5, respectively.20–33 Atom trans-
fer radical graft polymerization (ATRGP), the adap-
tation of ATRP for surface graft polymerization, has
achieved similar success in creating dense and rela-
tively uniform polymer layers on gold,43,44 silica,45–47

silicon,48–51 latex,52,53 and polymeric substrates.42,54,55

ATRGP, similar to ATRP, enables the control of radi-
cal graft polymerization by establishing a rapid
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equilibration between active surface chain radicals
and those capped with a suitable control agent (e.g.,
halide).20–33 Reversible capping of growing chains by
the halide reduces the concentration of active
(‘‘live’’) chains, thereby lowering the rate of mono-
mer addition and chain termination and allowing
for enhanced control of the polymer chain size as
well as polymer synthesis of a narrower molecular
weight distribution, relative to ‘‘uncontrolled’’ FRGP.
As halide exchange is reversible, graft polymeriza-
tion by ATRP can be conducted in either the for-
ward phase or the reverse phase. Forward ATRGP
relies on a transition metal catalyst complex Mn

t /L
(with metal Mt in the n oxidation state complexed
with ligand L) that reversibly abstracts the halide
from the organic-halide macroinitiator to form the
higher oxidation state catalyst X-Mnþ1

t /L (with ha-
lide X) and an alkyl radical intiator.21,23 Reverse
ATRGP is initiated directly by an azo or peroxide
radical initiator and either proceeds via monomer
addition or by reversible deactivation by halide spe-
cies donated from the catalyst complex X-Mnþ1

t /
L.20,30 Reverse ATRGP is generally preferred for
commercial application as the catalyst is less expen-
sive, more oxidatively stable in air, and less sensitive
to water than the catalyst used for forward
ATRGP.56 Also, the macroinitiator used in forward
ATRGP has disadvantages, relative to conventional
initiators, because of its potential toxicity, higher
cost, and lower initiator efficiency.56–58

4-Vinylpyridine (4VP), which is the focus of this
study, has been of particular interest because of its
extensive applications in areas such as molecular
imprinting polymers,59,60 ion-exchange resins,61–64

and microfiltration membranes.65,66 Recently, it has
been shown that free radical polymerization of 4VP,
in a 50 vol % 1-methyl-2-pyrolidone/water mixture,
can be controlled via reverse ATRP67 where 2,20-azo-
bis(2,4-dimethylpentanitrile) and CuCl2/dipyridyl
were the initiator and catalyst-ligand complex,
respectively. At a 1.6 : 1 molar ratio of CuCl2 cata-
lyst to azonitrile initiator, reverse ATRP of 4-vinyl-
pyridine (initial concentration of 3.24M) was first-
order with respect to monomer concentration and
displayed linear chain growth with conversion,
reaching a number-average molecular weight Mn

¼ 26,000 g/mol and a polydispersity index PDI
¼ 1.29.67 Graft polymerization by forward ATRGP of
4VP has also been reported,68–72 with successful con-
trolled polymerization onto gold particles using a
CuBr catalyst (Mn � 39,000 g/mol, PDI ¼ 1.33).73

However, reverse ATRGP of 4VP in an aqueous sol-
vent mixture has yet to be demonstrated.

In this work, we demonstrate that controlled radi-
cal graft polymerization of 4VP onto silica in an
aqueous solvent mixture can be accomplished by
reverse ATRGP. Surface graft polymerization studies

using nonporous silica particles served to identify
the reaction conditions that enabled controlled graft
polymerization. Local surface topography was as-
sessed using tapping mode Atomic Force Micros-
copy on modified silicon wafers. Analysis of the
polymerization data via standard reaction kinetic
models served to evaluate the efficiency of surface
grafting and the properties of the grafted polymer
phase (e.g., average chain size, polydispersity index,
surface chain density and chain spacing).

ANALYSIS OF POLYMERIZATION KINETICS

The reaction mechanism of reverse ATRGP involves
initiation, propagation, and termination reactions,
which also take place in FRGP (Table I). However,
in reverse ATRGP, the number of active macroradi-
cals (and thus the rate of termination of macroradi-
cals) is significantly reduced because of reversible
halide exchange. The kinetic mass balance equations
for FRGP18,19,74 and reverse ATRP21–24 have been
well described in the literature. As shown in Table I,
in the reaction scheme involving surface-bound ini-
tiator SI2, decomposition of the initiator produces a
surface-immobilized initiator radical SI� and a mo-
bile free initiator radical I� in solution, with initiator
efficiencies of fs and fb, respectively. The initiator ef-
ficiency (i.e., grafting efficiency) in solution (fs) is
expected to be greater than the initiator efficiency at
the surface (fb), primarily due to monomer-initiator
cage effects, which restrict diffusion of monomer to
surface initiation sites, steric effects, and diffusion
limitations near the solid surface due to the limited
degrees of freedom of the surface anchored initiator
species.18 Subsequent to initiation, the initiator radi-
cals SI� and I� can reversibly bind to Cl from the cat-
alyst/ligand complex (CuCl2/L), resulting in a
chloride-capped initiator I-Cl. The initiator radicals
SI� and I� can also activate a monomer molecule M
to form monomer radicals on the surface (SIM�) or
in the bulk (IM�), respectively, which, similar to
FRGP, can grow (or propagate) and terminate.

Free radical graft polymerization

The kinetic expressions for both free radical graft po-
lymerization (FRGP) and reverse ATRGP may be
derived from the general expressions for the rate of
surface and bulk polymerization, Rsp : kp [SIM

�][M]
and Rbp : kp [IM

� ][M], respectively (Table I). In the
absence of reactions involving the catalyst-ligand
complex, the classical expression for the rate of
FRGP is obtained by invoking the standard pseudo-
steady-state hypothesis (PSSH) and the long-chain
hypothesis for radical species in solution,18 assuming
that monomer addition is the dominant path of
chain growth. The resulting expression for the rate
of free radical polymerization at the surface is
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Rsp � kp½SIM��½M� ¼ kp
fs
fb

� �
fbkd
2kt

� �1=2
½SI2�1=2½M� (6a)

with a similar expression for the rate of monomer
consumption in the bulk solution

Rbp � kp½IM��½M� ¼ kp
fbkd
2kt

� �1=2
½SI2�1=2½M� (6b)

where kp, kd, and kt are the rate coefficients for mono-
mer propagation, initiator decomposition, and poly-
mer chain termination (i.e., combination and
disproportionation, kt ¼ ktc þ ktd), respectively. It is

assumed that the propagation rate coefficient for Rsp

[eq. (6a)] and Rbp [eq. (6b)] are of the same magnitude
for both surface chains and chains formed in solu-
tion.18 The total rate of monomer consumption (or
total rate of polymerization), which is the sum of the
above two polymerization rates [eqs. 6(a,b)], is then

RM � Rsp þ Rbp ¼ kp
fs
fb
þ 1

� �
fbkd
2kt

� �1=2
½SI2�1=2½M� (7)

and the temporal evolution of monomer concentra-
tion as a result of both surface and bulk polymeriza-
tion can be obtained by integrating eq. (7) to obtain
the following expression

ln
½M�0
½M�

� �
¼ � lnð1� uÞ

¼ 2
kp

kd

fs
fb
þ 1

� �
fbkd
2kt

� �1=2
½SI2�1=20 1� e�fkdt=2

� �
ð8Þ

where monomer conversion is defined as u ¼ ([M]0
� [M])/[M]0), the initiator decomposition (i.e., [SI2]
¼ [SI2]0e

�fkdt) follows first-order kinetics and [SI2]0
and [M]0 are the initial concentrations of initiator
and monomer in solution, respectively.

Reverse atom transfer radical graft polymerization

The rapid equilibrium approximation is appropriate
for the reversible halide exchange that takes place in
reverse atom transfer radical graft polymerization
(ATRGP).22,23 Accordingly, the following expressions
for the concentrations of surface-bound initiated
chains and solution initiated chains have been pro-
posed28,40:

kdeact½SIM���½CuCl2=L�� ¼ kact½SIM� Cl��½CuCl=L��
(9a)

kdeact½IM���½CuCl2=L�� ¼ kact½IM� Cl��½CuCl=L�� (9b)

where kdeact and kact are the deactivation and activa-
tion rate constants for the controlled polymerization
reaction; the superscript * indicates steady-state con-
centrations; and [SIM�]* and [IM�]* which can be
expressed as28,40

½SIM��� ¼ kact
kdeact

½SIM� Cl��½CuCl=L��
½CuCl2=L��

¼ K
½SIM� Cl��½CuCl=L��

½CuCl2=L�� ð10aÞ

½IM��� ¼ kact
kdeact

½IM� Cl��½CuCl=L��
½CuCl2=L��

¼ K
½IM� Cl��½CuCl=L��

½CuCl2=L�� ð10bÞ

TABLE I
Reaction Scheme for Reverse ATRGP

Chain initiation

SI2 �!kd SI� þ I� (1a)

SI� þ M�!ki SIM�
1 (1b)

I� þ M�!ki IM�
1 (1c)

Chain propagation

SIM�
n þ M�!kp SIM�

nþ1 (2a)

IM�
n þ M�!kp IM�

nþ1 (2b)

SIM�
n þ CuCl2=L �

kdeact

kact
SIMn � Clþ CuCl=L (3a)

IM�
n þ CuCl2=L �

kdeact

kact
IMn � Clþ CuCl=L (3b)

Chain transfer

SIM�
n þ X�!ktrX SIMn þ X� (4a)

IM�
n þ X�!ktrX IMn þ X� (4b)

Chain termination

SIM�
m þ SIM�

n �!
ktc

SIMm þ SIMn (5a)

SIM�
m þ IM�

n �!
ktc

SIMm þ IMn (5b)

IM�
m þ IM�

n �!
ktc

IMm þ IMn (5c)

SIM�
m þ SIM�

n �!
ktd

SIMm � SIMn (5d)

SIM�
m þ IM�

n �!
ktd

SIMm � IMn (5e)

IM�
m þ IM�

n �!
ktd

IMm � IMn (5f)
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The rates of polymerization (or monomer consump-
tion) by reverse ATRP for surface-graft polymeriza-
tion and monomer consumption in solution is
obtained by the combination of eq. 6(a,b) with eqs.
10(a,b) to give the following expressions:

Rsp � kp½SIM���½M� ¼ kpK
½SIM� Cl��½CuCl��

½CuCl2�� ½M�

¼ Kapp;s½M� ð11aÞ

Rbp � kp½IM���½M� ¼ kpK
½IM� Cl��½CuCl��

½CuCl2�� ½M�

¼ Kapp;b½M� ð11bÞ
where Kapp,s : kp K[SIM � Cl]*[CuCl]*/[CuCl2]* is
the apparent kinetic rate coefficient for surface poly-
merization and Kapp,b: kp K[IM � Cl]*[CuCl]*/
[CuCl2]* is the corresponding apparent kinetic rate
coefficient for bulk solution polymerization. The
overall rate of polymerization (or monomer con-
sumption) by surface and bulk polymerization is
given as the sum of eqs. 11(a,b):

RM � Rsp þ Rbp ¼ ðKapp;s þ Kapp;bÞ½M� (12)

with the temporal change of monomer concentration
(and thus monomer conversion), due to surface and
bulk polymerization obtained from the integration of
eq. (12):

ln
½M�0
½M�

� �
¼ � lnð1� XÞ ¼

�
Kapp;s þ Kapp;b

�
t (13)

The growth of the grafted polymer layer, as eval-
uated based on the experimental surface polymer
graft yield (Gp, mg of surface grafted monomer/m2

silica surface), is the combination of the rate of
monomer addition to surface chains (Rsp) and the
rate of grafting of bulk chains formed in solution
onto the surface (Rst), as expressed by18

ðSLÞðeÞ
Mm

dGp

dt
¼ Rsp þ RstDPb

¼ kp½SIM�
n�½M� þDPbn½SIM�

n�½IM�
n� ð14Þ

in which SL is the initial amount of substrate loading
(g of silica/L of solution), e is the specific surface
area of the substrate (m2 of silica surface/g of silica),
Mm is the molar mass of the monomer unit, DPb is
the number-average degree of polymerization of the
chains formed in the bulk solution, and n is the prob-
ability that a chain will terminate by a combination
reaction rather than by disproportionation. For
FRGP, it is apparent from eq. (14) that the temporal
evolution of Gp would be nonlinear with respect to
time. In contrast, for reverse ATRGP, the rate of ter-
mination is negligible, relative to the rate of propaga-
tion, because of the small fraction of uncapped active

radical chains that are present in solution. Therefore,
for reverse ATRGP, when [SIM�

n] and [IM�
n] are low

(given the low concentration of surface grafted initia-
tor and for low substrate loading), the second term
on the right hand side of eq. (14) should be negligible
and, as a result, the graft yield Gp would be expected
to increase linearly with time. It is also noted that the
fraction of bulk monomer which has been consumed
by surface graft polymerization or contained in poly-
mer chains that are grafted to the surface from solu-
tion, fms , can be evaluated from the measured surface
polymer graft yield as

f ms ¼ ½M�0 �
Z t

0

ðSLÞðeÞ
Mm

dGp

dt
dt

� �,
½M�0 (15)

Under reverse ATRGP,ln (1/fms ) would increase line-
arly with time, consistent with the expectation of the
first order dependence of Rsp [eq. (11a)] on solution
monomer concentration and the dependence of dGp/
dt on Rsp [eq. (14)].

EXPERIMENTAL SECTION

Materials

Nonporous silica particles (Novacite L207-A),
obtained from Malvern Minerals (Hot Springs, AK),
were 5 lm in size with a specific surface area, meas-
ured by BET nitrogen adsorption,18,19 of 2.2 m2/g. De-
ionized (DI) water was produced using a Millipore
(Bedford, MA) Milli-Q filtration system. 3-Glycidoxy-
propyltrimethoxysilane (98%) and anhydrous toluene
(99.8%) used in the silylation reaction, 4,40-azobis(4-
cyanovaleric acid) (75þ%), ACS-grade dimethylsulf-
oxide (99.9%) solvent for the conversion of glycidoxy
silane into azo silane, CuCl2 (99þ%) that served as a
catalyst in the reverse ATRGP reactions, 2,20-bipyri-
dine (99þ%) used as the ligand in the reverse ATRGP
reactions, and HPLC-grade acetonitrile (99.93þ%)
used in size exclusion chromatography (SEC) were
obtained from Sigma-Aldrich (Milwaukee, WI). 2-Pic-
oline (98þ%) used as the catalyst for the conversion of
glycidoxy silane into azo silane, 1-methyl-2-pyrroli-
done (99%þ) used as a solvent component for the
reverse ATRGP reactions, 4-vinylpyridine (96%þ)
monomer, and sodium nitrate (99%þ) used in the SEC
mobile phase were obtained from Lancaster Synthesis
(Windham, NH). Narrow molecular-weight standards
of sodium polystyrene sulfonate (PDI ¼ 1.08-1.10),
employed in calibrations of the SEC column, were
purchased from Polysciences (Warrington, PA).

Grafting of azo Initiators onto silica particles

Graft polymerization reactions were performed
using nonporous silica particles. Prior to radical
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graft polymerization of 4VP, the silica particles were
chemically modified with the azo initiator using a
two-step process, following the method of Tsubo-
kawa et al.15,16 In the first step, the particles, which
had been washed with DI water and dried/equili-
brated at room conditions, were silylated with 5
vol% of 3-glycidoxypropyltrimethoxysilane in anhy-
drous toluene (� 0.1 g silica/ml toluene) in a well-
capped glass jar for 24 h at room temperature
[Fig. 1]. A typical reaction involved 20 g of silica
particles and 200 mL of the 3-glycidoxypropyltrime-
thoxysilane/toluene mixture. Subsequently, the par-
ticles were washed with excess toluene to remove
any unreacted silane and were vacuum dried at
100�C. In the second step, surface glycidoxy groups
were converted into azo groups through a reaction
with 4,40-azobis(4-cyanovaleric acid) [Fig. 1]. A typi-
cal reaction was conducted at 50�C in 50 mL of
dimethylsulfoxide (DMSO), 0.5 g of 4,40-azobis(4-cya-
novaleric acid) and 0.5 ml of 2-picoline catalyst. The
glycidoxy-grafted particles were then added to the
mixture and the reaction was allowed to proceed. At
the termination of the reaction period (� 24 h), the
reaction mixture was filtered using a Teflon mem-
brane (1 lm pore size), washed extensively with
ethanol and dried at room temperature for 12 h.

Graft polymerization of P4VP onto silica particles

The effect of CuCl2 catalyst to initiator molar ratio
for reverse ATRGP of 4VP onto azo-grafted particles
was evaluated at a reaction temperature of 90�C and
an initial monomer concentration [M]0 ¼ 2.32M in a
50 vol % 1-methyl-2-pyrrolidone/water solvent mix-
ture. The aforementioned reaction condition was pre-
viously shown to enable controlled reverse ATRP
homopolymerization in solution.67 At these condi-
tions, reasonable conversion (up to about 60%) was

achieved over a 24 h reaction period without exces-
sive increase in the viscosity of the solution, thereby
enabling good mixing to be maintained. Graft poly-
merization reactions were conducted at four different
CuCl2 to initiator molar ratios of 0 : 1, 1 : 1, 2 : 1, and
3 : 1 and at a 2,20-bipyridine ligand to CuCl2 catalyst
molar ratio of 2 : 1. The CuCl2 and 2,20-bipyridine
ligand were added to each reaction tube, followed by
the additions of 7.5 mL of the 50 vol % 1-methyl-2-
pyrrolidone/water mixture and 2.5 mL of 4VP ([M]0
¼ 2.32M). Subsequently, the liquid mixture in the
septum-capped tubes was degassed by bubbling
nitrogen (via feed and vent tubes inserted through
the septum). Graft polymerization was initiated by
transferring the liquid mixture into a Pyrex glass
tube (previously nitrogen purged) containing the
desired amount of the initiator-grafted particles (� 5
g). At various intervals, small aliquots of the reaction
slurry were withdrawn and centrifuged (� 5,000 rpm
for 5 minutes to sediment the silica particles). The su-
pernatant liquid solution was then dosed with 5 mL
of 0.05M NaNO3 and 50 vol % HPLC grade acetoni-
trile in DI water for subsequent SEC analysis. SEC
analysis was used to determine the total monomer
conversion, number-average degree of polymeriza-
tion (DPb), and polydispersity index (PDI). The graft
polymerized silica particles were dispersed in 5 mL
of denatured ethanol and the mixture was centri-
fuged for 10 min and then decanted; this step was
repeated five times. Subsequently, the particles were
vacuum-dried at 50�C and stored in a sealed vial for
FTIR and TGA surface analyzes.

Graft polymerization of P4VP onto
silicon oxide wafers

Silicon wafers were used as test surfaces to enable
Atomic Force Microscopy (AFM) analysis of the

Figure 1 Reaction scheme for graft polymerization of 4-vinylpyridine onto silica.
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surface topography of the glycidoxy-grafted, azo-
grafted and P4VP graft polymerized surfaces.
Unmodified samples (2.5 � 2.5 cm2) of prime-grade
silicon wafers (Wafernet, San Jose, CA) were first
soaked in acetone for 1 h and immersed for 3 h in a
mixture of 70 : 30 sulfuric acid to hydrogen peroxide
at 25�C (caution: this solution reacts violently with
many organic materials and should be handled with
extreme care). The wafer samples were then rinsed
extensively with DI water and vacuum dried at
110�C. Surface modification of the cleaned wafer
samples with 3-glycidoxypropyltrimethoxysilane
was performed in a solution of 5 vol % 3-glycidoxy-
propyltrimethoxysilane in anhydrous toluene (� 40
mL solution in a 100 mL reaction vessel). Glycidoxy-
grafted surfaces were then reacted with 4,40-azo-
bis(4-cyanovaleric acid) in a mixture that also con-
tained 2-picoline in DMSO. The initiator-grafted
wafers were then graft polymerized with 4VP fol-
lowing the same procedure used for the silica par-
ticles. At the termination of the graft polymerization
step, the wafer samples were washed extensively
with ethanol, vacuum-dried at 50�C and stored in
sealed containers for AFM analyzes.

Analysis

Surface functional groups for the modified silica par-
ticles were identified by Diffuse Reflectance Infrared
Fourier Transform (DRIFT) spectroscopy using a
BioRad FTS-40 FTIR equipped with a BioRad diffuse
reflectance accessory (BioRad Digilab Division, Cam-
bridge, MA). DRIFT IR spectra for glycidoxy-grafted,
azo-grafted, and P4VP-grafted surfaces were
obtained and further processed by subtraction of the
DRIFT spectra from the unmodified native silica par-
ticles. All spectra are reported in terms of Kubelka-
Munk absorbance units.75

The graft yields (mg/m2) for the various surface
modifiers (i.e., glycidoxy, azo and P4VP) grafted
onto the particles were determined by thermogravi-
metric analysis18,19 using a TGS-2 Perkin-Elmer ther-
mogravimetric analyzer (Norwalk, CT). Analysis
were carried out with the particle samples (� 10
mg) first held at 110�C for 10 min (to remove
adsorbed water) and then heated at a rate of 30�C/
min up to 700�C, with the sample held at the final
temperature for 10 min. Monomer concentration,
number-average degree of polymerization and the
polydispersity index were determined by size exclu-
sion chromatography (SEC). The SEC system con-
sisted of dual Waters 590 pumps (Milipore, Milford,
MA), a Rheodyne 750 injection valve (Rheodyne,
Rohnert Park, CA), a Tosohaas G6000PW column
(Tosohaas, Montgomeryville, PA) and a Bio-Rad
1750 refractive index detector (Bio-Rad Laboratories,
Richmond, CA). SEC measurements were carried

out with a mobile phase consisting of 0.05M NaNO3

with 50 vol % HPLC grade acetonitrile in DI water
at a flow rate of 1.0 mL/min. The mobile phase
selected was based on recommendations by the SEC
column manufacturer (Tosohaas, Montgomeryville,
PA) for P4VP analysis with a Tosohaas G6000PW
column (packed with crosslinked hydroxylated poly-
ether SEC resin beads). SEC chromatograms were
recorded using a PSS 246 data acquisition unit and
analyzed using the PSS WinGPC 6 software (Poly-
mer Standards Service GmbH, Silver Spring, MD)
for the number-average degree of polymerization
and polydispersity index of poly(4-vinylpyridine)
chains formed in solution. The column was cali-
brated using narrow molecular weight standards of
sodium polystyrene sulfonate.
Monomer concentration was determined by utiliz-

ing 1-methyl-2-pyrrolidone (MP) as an internal
standard given that this component was not con-
sumed in the polymerization reaction. Accordingly,
the ratio of monomer concentration to its initial
value was obtained from:

½M�t>0

½M�t¼0

¼ ð½A4VP�=½AMP�Þt>0

ð½A4VP�=½AMP�Þt¼0

(16)

where A4VP and AMP denote the areas under the
4VP peak and the MP peak, respectively, and t is
the reaction time.
Surface topography of the native and modified

wafers were obtained via AFM imaging (MultiMode
III, Veeco Instruments, Santa Barbara, CA) operated
in the tapping mode. AFM images were obtained for
0.5 � 0.5 lm2 areas at a scan rate of 1 Hz. To
exclude image artifacts, trace and retrace scans were
performed from left to right and right to left, respec-
tively. Surface imaging at 90� rotation of the scan
direction was also carried out for each sample to
detect possible directionally dependent features or
artifacts and to optimize scan parameters.19 The sur-
face topography was analyzed to obtain the feature
height histograms, surface material volume and rela-
tive change in feature elevations upon modification.
The surface topography was also characterized in
terms of the root mean squared (RMS) surface
roughness, RRMS, and skewness, Sskew, of the height
histograms:

RRMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPðZi � ZavgÞ2

N

s
(17)

Sskew ¼
PðZi � ZavgÞ3
ðN � 1Þ 	 r3

(18)

where N is the sample sizes in the x and y directions
(on the substrate), Zavg is the mean height, and r is
the standard deviation.
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RESULTS AND DISCUSSION

Chemical grafting of glycidoxy and azo
functional groups

Azo initiators were chemically grafted onto silica
using a two-step process [Fig. 1] involving: (1) surface
silylation with 3-glycidoxypropyltrimethoxysilane,
and (2) subsequent conversion of glycidoxy-silylated
functional groups to azo silane using 4,40-azobis(4-
cyanovaleric acid). Chemical grafting of glycidoxy,
azo, and P4VP onto silica was confirmed by DRIFT
spectra [Fig. 2]. The IR spectrum of glycidoxy-grafted
silica particles [Fig. 2(a)] revealed CAH bond stretch-
ing (near 3000 cm�1), as well as bond stretching asso-
ciated with the glycidoxy ring (at 1354 cm�1).
Modification of glycidoxy-grafted silica to form azo-
grafted particles [Fig. 2(b)] resulted in an IR spectrum
with peaks corresponding to bond stretching of CAH
(near 3000 cm�1), CBN (at 2359 cm�1), C¼¼O (at 1734
cm�1) and CAO (at 1275 cm�1). IR spectrum of P4VP-
grafted silica particles [Fig. 2(c)] revealed broader
peaks associated with CAH bonds in the polymer
backbone (near 3000 cm�1), CAH bonds present in
the pyridine ring (at 1411 cm�1), and bond stretching

of CAN (at 1294 cm�1). The graft mass density of gly-
cidoxy silylated onto the silica particles was 7.6 mg/
m2 � (32.3 lmol/m2 or 19.4 molecules/nm2) and the
graft mass density of the azo was 3.5 mg/m2 (12.3
lmol/m2 or 7.4 molecules/nm2). The conversion effi-
ciency of glycidoxy silane to azo silane was about 38%

 4%. Thus, the surface number density of azo groups
grafted on glycidoxy-modified silica was equivalent
to about 7.4 surface initiators/nm2. The native silanol
(or hydroxyl groups) on hydroxylated silica is � 7.6
lmol/m2 (4.6 molecules/nm2).76 Therefore, 1.6 azo
initiator groups were grafted for each native surface
silanol and were at a higher surface azo grafting den-
sity relative to earlier studies.16,17,77

Total and surface polymerization by FRGP
and reverse ATRGP

The impact of catalyst to surface initiator ratio on the
control of homopolymerization in solution [Fig. 3] and

Figure 2 Diffuse reflectance IR spectra of (a) glycidoxy-
grafted silica, (b) azo-grafted silica and (c) P4VP-grafted
silica by reverse ATRGP.

Figure 3 Data of (a) total conversion for reverse ATRGP
of 4VP onto silica. [M]0 ¼ 2.32 M, [I2]0 ¼ 13.6 mM, and T
¼ 90�C. Catalyst concentrations are given in the legends.

Figure 4 Polymer graft yield for reverse ATRGP of 4-
vinylpyridine onto silicon as a function of reaction time.
[M]0 ¼ 2.32M, [I2]0 ¼ 13.6 mM, and T ¼ 90�C. Catalyst
concentrations are given in the legend.
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surface graft polymerization [Fig. 4] indicated that
reverse ATRGP of 4VP may be achieved for a 2 : 1
catalyst to surface initiator ratio. Graft polymeriza-
tion of 4VP onto azo-grafted particles was carried
out at 90�C, an initial monomer concentration [M]0
¼ 2.32M, and an initial surface initiator density of 3.5
mg/m2. Control of the graft polymerization reaction
was assessed by verifying that the rate of monomer
consumption was linear with respect to monomer
concentration, the number-average degree of poly-
merization increased linearly with monomer conver-
sion, and the polydispersity index was independent
of conversion and was significantly below the poly-
dispersity index expected for FRGP. Homopolymeri-
zation and surface graft polymerization of 4VP was
initiated by the decomposition of the surface grafted
azo, creating initiators at the surface and in the bulk
solution. As a result, homopolymerization in solution
occurred simultaneously with surface graft polymer-
ization. The addition of the CuCl2/2,2

0-bipyridine
catalyst complex to the reaction mixture resulted in
control of both solution and surface graft polymer-
ization reactions. The change in monomer concentra-
tion in the reaction mixture, depicted in terms of
ln([M]0/[M]) or the equivalent�ln(1�u) (where u
denotes monomer conversion), approached first-
order kinetics with respect to monomer concentration
as the catalyst to initiator ratio was increased above
unity [Fig. 3]. As implied by eq. (13), a linear evolu-
tion of ln([M]0/[M]) with time attained for a 2 : 1 cat-
alyst to surface initiator ratio suggests that controlled
polymerization was achieved. On the other hand, for
FRGP in the absence of catalyst (i.e., 0 : 1 catalyst to
initiator ratio), the rate of monomer consumption
deviated from first-order kinetics over the course of
the reaction period [Fig. 3]. This behavior may be
attributed to uncontrolled chain transfer [eqs. 4(a,b),
where X denotes a chain transfer agent, which could
also be the monomer itself], and chain termination
reactions [eqs. 5(a–f)] which are characteristic of
FRGP reactions. For the reverse ATRGP system, a
total monomer conversion in solution of 43%, 58%,
62% was achieved for catalyst to initiator ratios of 1 :
1, 2 : 1, and 3 : 1, respectively, over the 24 h reaction
period. In contrast, FRGP of 4VP (i.e., 0 : 1 catalyst to
initiator ratio) resulted in a significantly lower total
monomer concentration of about 29% for the 24 h
reaction period. The lower conversion achieved with
FRGP, relative to reverse ATRGP, was not surprising,
given that reverse ATRGP reduces termination reac-
tions and favors the progressive addition of mono-
mer to chains both in solution and those tethered to
the surface [eq. 3(a,b)].

Control of surface graft polymerization was dem-
onstrated in the linear increase in polymer graft
yield with reaction time [eq. (14)] for the catalyst
to initiator ratios of 2 : 1 and 3 : 1, as shown in

Figure 4. As the catalyst to surface initiator ratio was
increased from 1 : 1 to 3 : 1, the polymer graft yield
after 24 h increased by 60% from 5.1 to 8.2 mg/m2.
The linear increase in graft yield is consistent with
eq. (14) when the contribution from polymer graft-
ing, chain transfer and termination reactions are neg-
ligible. In contrast, for FRGP reaction conditions
whereby surface graft polymerization occurs in the
absence of the copper catalyst complex, the polymer
graft yield after 24 h was only 2.94 mg/m2. The
decrease in polymer graft yield was due to the early
termination reactions associated with chain transfer,
surface-surface chain combination [eqs. 5(a,d)], and
solution-surface chain combination [eqs. 5(b,e)]
which may occur in free radical graft polymeriza-
tion. Analogous to the methodology used to control
homopolymerization reactions in solution, the graft
yield may be increased by using the copper catalyst
complex to reversible cap the growing polymer
chains at the surface. The increase of the polymer
graft yield with the molar ratio of catalyst to surface
initiator [Fig. 4] suggests that the grafted chains
were more efficiently and effectively protected from
early termination, and thus a linear increase of poly-
mer grafted yield was obtained.
The linear increase in the number-averaged degree

of polymerization [DP, Fig. 5(a)] with monomer con-
centration and the low polydispersity index [PDI,
Table II, Fig. 5(b)] of 1.3 and 1.28 after a 24 h reac-
tion period at catalyst to initiator ratios of 2 : 1 and
3 : 1, respectively, confirmed that controlled reverse
ATRGP of P4VP was achieved. For controlled
reverse ATRGP of 4VP, the P4VP chain size
increased linearly with conversion [Fig. 5(a)] and
reached a DP of 115 and 110 for a reaction time of
24 h at catalyst to initiator ratios of 2 : 1 and 3 : 1,
respectively. The dependence of DP on monomer
concentration [eq. (14)], for solution formed chains,
was expected to be linear, as indeed was the case for
successful reverse ATRGP [Fig. 5(a)]. Also, the PDI
was independent of monomer conversion [Fig. 5(b)]
and, for a catalyst to initiator ratio of 2 : 1,
approached a PDI of 1.3, which is demonstrative of
a reasonably controlled polymerization reaction. In
contrast, for FRGP reaction conditions (i.e., catalyst
to surface initiator ratio of 0 : 1), little or no control
of chain growth was observed, as indicated by the
increase in the PDI (PDI ¼ 1.72). It is noted that for
FRGP, the DP was significantly higher (DP ¼ 288)
than for reverse ATRGP (Table II). The higher DP
for FRGP is consistent with uncontrolled radical po-
lymerization, where higher molecular weight macro-
molecular chains are formed in relatively short time
periods at low monomer conversion.18,74 It is noted
that, although direct determination of the molecular
weight of surface-grafted polymer chains (e.g., SEC)
was not feasible, demonstration of polymer control
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for solution polymerization and the linear growth of
the grafted polymer are convincing indicators that a
reasonable level of reverse ATRGP control was
attained over the course of the reaction.

The calculated polymer graft densities exhibited a
sixfold increase from 0.11 lmol/m2 to 0.69 lmol/m2

after a reaction period of 24 h as the catalyst to ini-
tiator ratio was increased from 0 : 1 to 3 : 1, respec-
tively, demonstrating that chain protection from
early termination by reverse ATRGP enabled higher
grafting efficiency. The average molar density of
grafted chains (GD, mmol/m2) was estimated from
the following relation:18

GD ¼ GY

DP 	Mm

(19)

where GY is the graft yield (mg/m2), DP is approxi-
mated by the degrees of polymerization of the poly-
mer formed in solution (attained by SEC), and Mm is
the monomer (4VP) molar mass. The average chain
spacing, D, corresponding to the previous surface
polymer chain density, was estimated based on the

approximation of evenly spaced square grids of
anchoring sites on a flat surface:18

D ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
GD 	NA

p (20)

where NA denotes the Avogadro number. For the
present range of reaction conditions (Table II), aver-
age chain spacing ranged from 39.6 Å to 15.5 Å for
the initiator to catalyst ratio range of 0 : 1 to 3 : 1,
respectively. The average chain spacing decreased
sharply with increased catalyst concentration, con-
sistent with the observed increase in the polymer
graft density. The aforementioned trend suggests
that a higher efficiency of monomer addition is
obtained with reverse ATRGP relative to FRGP. The
graft fraction (GF), which is defined as the ratio of
grafted polymer monomer conversion (usurf) to total
monomer conversion (utot), similarly increased with
catalyst to surface initiator ratios for the controlled
reverse ATRGP reaction. The grafted polymer mono-
mer conversion (usurf) can be determined based on
the experimental polymer graft yield

usurf ¼
GY 	 SA 	mo

Mm 	 ½M�0

� �
(21)

where SA ¼ 2.2 m2/g is the specific area of the par-
ticles, and mo is the particle mass concentration in
the reaction mixture. The total monomer conversion
to polymer (utot) can be evaluated from utot ¼ 1
� [M]/[M]0. For the case in which the ratio of initia-
tor efficiency for SI2 azo initiators at the surface and
in solution was unity (fs ¼ fb), and when chain trans-
fer to monomer or solvent is negligible (in the case
of controlled reverse ATRGP), the ratio of the rates
of polymerization at the surface [Rsp, eq. (6a)] and in
solution [Rbp, eq. (6b)] would likewise be unity and
the maximum graft fraction would be 50%. How-
ever, for controlled reverse ATRGP, capped polymer
chains in solution have a lower probability of

Figure 5 Controlled reverse ATRGP of 4-vinylpyridine:
(a) number-average degree of polymerization (DP) and (b)
polydispersity index (PDI). [M]0 ¼ 2.32M, [I2]0 ¼ 13.6 mM,
and T ¼ 90�C. Catalyst concentrations are given in the
legends.

TABLE II
Number-Average Degree of Polymerization (DP) and
Poiydispersity Index (PDI) for FRGP and Controlled
Reverse ATRGP for a Range of Catalyst to Initiator
Molar Ratios at [M]0 5 2.32 M, [I2]0 5 13.6 mM,

and T 5 90�C

[CuCl2] :
[I2]0 DPa PDIb

Average chain
spacing, D (Å)

FRGP 0 : 1 288 1.88 39.6
1 : 1 270 1.72 30.4

Reverse ATRGP 2 : 1 115 1.30 16.2
3 : 1 110 1.28 15.5

a Represents the maximum DP achieved under the pres-
ent reaction conditions.

b Represents the maximum PDI achieved under the
present reaction conditions.
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grafting to the surface, and therefore, usurf for con-
trolled polymerization reactions represents only the
contribution of monomer addition to the surface.
Notwithstanding, the graft fraction for the controlled
reaction, at a catalyst to initiator ratio of 2 : 1, was
greater than for the uncontrolled reaction (i.e., cata-
lyst to initiator ratio of 0 : 1), with a range of 4.5% to
5.6% relative to 3.6% to 4.8%, respectively. An
increase in graft fraction for the controlled reaction
was expected, given the higher graft yield which
was achieved by reversible capping of the growing
surface chains by reverse ATRGP. However, the low
graft fraction achieved with both FRGP and reverse
ATRGP suggests that the initiation efficiency was
greater in solution than at the surface (fb >> fs), pos-
sibly due to hindered monomer diffusion into the
polymer surface layer and initiator cage effects
which favor solution-phase initiation.18

The surface topography of the graft polymerized
surface was evaluated by tapping mode Atomic
Force Microscopy (AFM) for silicon wafers that were
modified by the same reaction conditions as for the
silica particles. Comparison of the AFM images of
native silicon [Fig. 6(a)], glycidoxy-grafted silicon
[Fig. 6(b)], and azo-glycidoxy-grafted silicon [Fig.
6(c)] demonstrated the relatively spatially uniform

coverage achieved by self-assembled glycidoxy
chemistry on the silicon substrate. The layer thick-
ness, defined as the z-height distance measured by
AFM from the highest to lowest elevation on the
surface (DZt ¼ Zmax � Zmin), RMS surface roughness
[RRMS, eq. (17)], skewness [Sskew, eq. (18)], and mate-
rial volume (i.e., layer thickness integrated over the
x-y plane) are provided in Table III. The glycidoxy-
grafted silicon substrates exhibited a 70% increase in
layer thickness, a threefold increase in surface
roughness, and a 50% increase in grafted material
volume, compared to the native silicon substrate
(Table III). Similarly, the azo modified surface had a
40% increase in layer thickness (Z ¼ 4.33 nm) and a
33% increase in surface roughness (RRMS ¼ 0.64 nm),
relative to the glycidoxy-grafted surface (Table III).
The feature height profile [Fig. 6(d)] illustrated an
increase in the skewness of the height distribution
for the glycidoxy-silane (Sskew ¼ 0.22) and azo initia-
tor layers (Sskew ¼ 0.26), compared to the native sili-
con surface (Sskew ¼ 0.01). However, the increase in
the skewness of the distribution would be expected
for monolayer self-assembly on a substrate surface.
It was interesting to note, though, that only an 18%
increase in skewness was observed during the azo
conversion of the glycidoxy-silane layer.

Figure 6 Tapping mode AFM images (0.5 � 0.5 lm2) of (a) native silicon, (b) glycidoxy-grafted silicon, and (c) azo-glyci-
doxy-grafted silicon with the corresponding (d) polymer surface feature height distributions.
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Surface topography, as imaged by AFM, of the
P4VP modified substrate prepared by reverse
ATRGP (catalyst to initiator molar ratio of 3 : 1) after
a 24 h reaction period [Fig. 7(b)] exhibited a more
uniform surface feature height distribution, com-
pared to the surface modified by FRGP (catalyst to
initiator molar ratio of 0 : 1) [Fig. 7(a)]. The surface
roughness of the reverse ATRGP modified surface
increased by only 63% (RRMS ¼ 1.04 nm), relative to
the azo initiator monolayer (RRMS ¼ 0.64 nm). In
contrast, the surface modified by FRGP exhibited
more than a 120% increase in surface roughness
(RRMS ¼ 1.42 nm), relative to the azo initiator sur-

face. The higher surface roughness for FRGP modi-
fied surfaces was the result of a broad feature height
profile distribution [Fig. 7(c)], which revealed a dis-
tinct tail of high surface features, consistent with the
broad molecular weight distribution expected for
FRGP. The AFM images revealed the presence of
large surface features on the FRGP modified surfaces
with feature size (i.e., average diameter) in the range
of 60–140 nm [Fig. 7(a)]. In contrast, a more uniform
feature height distribution was observed for the
reverse ATRGP modified surfaces [Fig. 7(c)], for
which a 60% decrease in skewness (Sskew ¼ 1.08) of
the feature height profile was observed, presumably

TABLE III
Polymer Layer Thickness (nm), Surface Roughness (RRMS), Surface Skewness (Sskew),
and Material Volume for the Silicon Substrate Modified by Surface Immobilized

Initiators and Grafted by FRGP and Reverse ATRGP

Layer
Layer

thickness (nm)
RRMS

(nm) Sskew

Material volume
(nm3/lm2)

Native silicon 1.77 0.16 0.01 1.4 � 105

Glycidoxy-silicon 3.09 0.48 0.22 2.1 � 105

Azo-glycidoxy-silicon 4.33 0.64 0.26 1.0 � 105

FRGPa 15.30 1.42 2.85 1.1 � 106

Reverse ATRGPa 6.95 1.04 1.08 7.9 � 105

a Graft polymerization from azo-glycidoxy-silicon macro initiator surface.

Figure 7 Tapping mode AFM images (0.5 � 0.5 lm2) of poly(4-vinylpyridine) modified silicon surfaces by (a) free radical
graft polymerization and (b) reverse atom transfer radical graft polymerization with the corresponding height histograms
of surface elevations. [M]0 ¼ 2.32M, [I2]0 ¼ 13.6 mM, T ¼ 90�C, and catalyst to initiator ratio of 0 : 1 and 3 : 1 for FRGP
and reverse ATRGP, respectively.
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due to the presence of smaller surface feature sizes
(i.e., average diameter) in the range of 20–45 nm
[Fig. 7(b)]. The lower surface roughness and
increased uniformity in surface feature height, linear
increase in the number-average degree of polymer-
ization with monomer conversion, and lower poly-
dispersity attained in the present reverse ATRGP
approach confirm that controlled graft polymeriza-
tion of 4VP was successfully achieved.

SUMMARY

Controlled radical graft polymerization of 4-vinyl-
pyridine (4VP) onto silica and silicon was demon-
strated via reverse atom transfer radical graft
polymerization (ATRGP) in an aqueous solvent com-
posed of a 50 vol % mixture of 1-methyl-2-pyrroli-
done using azo active site initiators and a CuCl2/
2,20-bipyridine catalyst-ligand complex. Azo surface
initiators were immobilized on the silica by conver-
sion of surface-immobilized glycidoxytrimethoxy sil-
ane to azobis silane by a reaction with 4,40-azobis(4-
cyanovaleric acid). Controlled reverse ATRGP was
demonstrated by first order kinetics with respect to
monomer concentration and degree of polymeriza-
tion that progressed linearly with conversion to
yield a DP of 115 and 110 for a catalyst to initiator
molar ratio of 2 : 1 and 3 : 1, respectively, after a
24 h reaction period. The lowest polydispersity index
(PDI) values of 1.30 and 1.28 were also achieved at
2 : 1 and 3 : 1 catalyst to initiator molar ratios, respec-
tively. The polymer graft yield exhibited a linear
increase with respect to time for controlled radical po-
lymerization, reaching a graft yield of 8 mg/m2, a
polymer graft density of 0.69 lmol/m2 (polymer
chain spacing of 15.5 Å) and a molecular weight
exceeding 12,000 g/mol for a 3 : 1 catalyst to initiator
molar ratio. AFM surface analysis confirmed that a
more uniform surface feature height distribution was
achieved by controlled reverse ATRGP, as demon-
strated by a lower RMS surface roughness (RRMS ¼
1.04 nm) and skewness (Sskew ¼ 1.08) of the height
profile, relative to the grafted polymer surface pre-
pared by FRGP (RRMS ¼ 1.42 nm; Sskew ¼ 2.85).

This work was funded in part, by the USEPA, the California
Department ofWater Resources, and the USDOE.
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