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’ INTRODUCTION

Metal-catalyzed atom transfer radical polymerization (ATRP)
is a versatile “living”/controlled polymerization technique for the
synthesis of tailor-made vinyl polymers with narrow molecular
weight distribution (MWD, Mw/Mn).

1�3 Numerous catalyst
systems based on Cu, Ru, Ni, and Rh have been developed and
applied successfully for the ATRP of styrenic, acrylic, and
methacrylic monomers.2,4�9 The process requires the use of
high concentration of metal catalyst tomaintain a favorable redox
equilibrium, and thus, the postpurification of polymer from the
catalyst contamination is essential. This severely limits the
viability of ATRP for commercial polymer production.10 Several
postpurification methods for the removal of copper catalyst have
been reported.10�16 They include passing the polymer solution
through a column containing adsorbents such as alumina or silica
gel, repeated solvent washing, extraction, and selective pre-
cipitation.10 In addition, ion-exchange and Janda Jel resins have
also been used to remove the catalyst from ATRP solution.16,17

These methods are time-demanding and costly. Therefore, it is
necessary to develop a newmethod which reduces the amount of
catalyst in the ATRP process or can allow the catalyst be
recovered for reuse.

Matyjaszewski and co-workers have developed new initiating
systems such as the activator generated or regenerated electron

transfer (AGET or ARGET) ATRPs mainly focused to reduce
the catalyst concentration.18�23 In a typical AGET system, a
transition metal catalyst in its higher oxidation state such as CuII

complex is used, and the active species of CuI complex is
generated via in situ reduction using reducing agent (SnII

2-ethylhexanoate or ascorbic acid). In the ARGET ATRP
system, an excess of reducing agent is used which allows for a
substantial reduction of the catalyst concentration in the
polymerization. However, an excessive amount can cause con-
tinuous reduction of CuII which leads to an inefficient deactiva-
tion (kact. kdeact) and affects the control of the polymerization
producing polymers with broad MWD.20 Still, the concentra-
tion of residual metal catalyst in the polymer obtained from
these processes is not sufficiently low for it to be directly used in
commercial application.10,24

A potential solution to this problem is to support the catalyst
on a solid support that can be separated easily from the polymer
solution and efficiently recycled. The strategies that have been
employed with limited success include the use of supported
catalyst systems based on silica, ion-exchange resins, cross-linked
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ABSTRACT:Hydrated sodiummontmorillonite (Na-clay) and silica gel
are used as solid supports for atom transfer radical polymerization
(ATRP) of benzyl methacrylate and methyl methacrylate. The catalyst
complexes of CuBr2 and CuBr with N,N,N0,N0,N00-pentamethyldiethy-
lenetriamine, which are physically adsorbed on Na-clay and silica gel, are
efficiently retained by the solid supports via small amounts of hydration.
The supported aqueous-phase catalysis (SAPC) over Na-clay and silica
produces catalyst-free polymers for activator generated electron transfer
ATRP and conventional ATRP processes. The kinetics for the catalyst
supported Na-clay and silica systems show that the polymerization
proceeded only in the presence of hydrated catalyst support and ceased
when the polymerization solution was separated from the hydrated
catalyst support. In the case of Na-clay SAPC, the polymerization follows
a linear first-order time�conversion plot and produces polymers with moderately narrow molecular weight distribution (MWD,
Mw/Mn e 1.30). However, for silica SAPC the first-order time�conversion plot is curved, indicating that the polymerization
proceeds with termination and polymers exhibited broadMWD(Mw/Mn > 1.50). The poor performance of silica SAPC is attributed
to the inefficient mobility of the catalyst and the nature of hydrogen bonding of the water molecules on its surface. The bilogarithmic
plot of apparent rate constant kapp vs [I]0 in SAPC for ATRP indicates a zero order, suggesting that the polymerization is
independent of the bulk initiator concentration, and the propagation is confined to the hydrated interface between the solid support
and the organic phase.
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polystyrene beads, reversible supported and hybrid catalysts, and
soluble biphasic and polymer anchored catalyst systems.16,17,25�32

The supported catalyst systems are broadly classified into three
categories: (a) covalent, (b) physisorbed, and (c) biphasic. The
major problem associated with the covalent strategies is the
limited mobility of the catalyst, thereby making its accessibility to
the diffusing radicals in the solution extremely difficult. Many
research groups, Matyjaszewski, Haddleton, Jones, and Zhu, and
their co-workers, have performed heterogeneous ATRP using
covalently supported silica catalyst systems.25,29,31,33,34 The
polymers exhibited broad MWD with poor initiator efficiency.
Matyjaszewski and Zhu and their co-workers attributed the poor
efficiency to diffusion-controlled deactivation process.25,35 The
problem in the supported heterogeneous ATRP is not entirely
due to thepolymerdiffusion limitation, but an inefficient deactivation
of the radicals due to geographical isolation of the catalyst complexes
at the surface. Moreover, every recycling attempts showed a further
decrease in efficiency and more catalyst leaching. On the other
hand, the physisorption method using silica as a support suffers
from extensive leaching problem.25,26,30,31,36 Although biphasic
and recoverable catalysts are relatively more efficient than the
solid supported catalysts, their complex preparation and recovery
procedures are tedious and limit their applicability.14,37,38

An ideal solid supported catalyst system should have char-
acteristics of both the heterogeneous (for easy recovery/reuse)
and the homogeneous (for effective control of the poly-
merization) systems. In the case of ATRP, the support should
provide an easy accessibility to lower and higher oxidation state
transition metal complexes for activation of dormant and deac-
tivation of radical intermediates in close proximity to circumvent
diffusion-related problems and to maintain a favorable redox
equilibrium. Unfortunately, almost all the catalyst immobiliza-
tion strategies suffer significantly from insufficient catalyst
mobility and produce polymers with a broad MWD due to
uncontrolled chain growth and termination, except the strate-
gies that have some amount of catalyst leaching into the
solution.10,30,35,36 We have recently exploited hydration as a
means to mobilize the catalyst complexes on clay and recycled
the supported catalyst over 21 times efficiently.39�42 Hydration
played a critical role in retaining the catalyst on the support and
provided the control over the polymerization.

In this report, we examine supported aqueous-phase catalysis
(SAPC) of two different inorganic supports such as clay and silica
gel for ATRP. We show that the control of ATRP is primarily
dependent on the surface arrangement of water molecules at the
hydrated interface of the support. We compare the efficiencies of
Na-clay and silica gel SAPC systems for ATRP process via kinetics
and mechanistic studies. Efficacy of SAPC for ATRP of methyl
methacrylate (MMA) and benzylmethacrylate (BnMA) to produce
controlled molecular weight polymers without catalyst contam-
ination using hydrated clay and silica is discussed in terms of catalyst
mobility related to water diffusivity on the support surface.

’EXPERIMENTAL SECTION

Materials. The reagents CuBr, CuBr2, N,N,N0 ,N0 ,N00-pentamethyl-
diethylenetriamine (PMDETA), toluene, BnMA, MMA, silica gel
(230�400 mesh), basic aluminum oxide, sodium ascorbate (NaAsc),
ethyl 2-bromoisobutyrate (EBriB), dry anisole, n-hexane, tetrahydrofur-
an (THF, HPLC grade), calcium hydride, andmethanol were purchased
from Aldrich. PMDETA, toluene, and dry anisole were used after
degassing with ultrapure N2. EBriB was distilled over CaH2 under high

vacuum and stored at �20 �C under a N2 atmosphere. Monomers,
BnMA and MMA, were passed through a basic alumina column in order
to remove the inhibitor and were stored at �20 �C under N2. Sodium
montmorillonite (Closite Na+/Na-clay) was obtained from Southern
Clay Products and used as received. The other reagents were used as
received without any further purification. Deionized (DI) water was
used to prepare an aqueous solution of NaAsc.
Preparation of CuBr2/PMDETA Intercalated Na-Clay. In a

250 mL round-bottom flask containing a magnetic stir bar, 0.55 g (2.46
mmol) of CuIIBr2 was dissolved in 100 mL of methanol. To this, an
equimolar amount of ligand, PMDETA (0.427 g, 2.46mmol), was added
dropwise to form a homogeneous catalyst complex solution. Thereafter,
5.5 g of Na-clay (CuII/Na-clay = 10 wt %, [CuII]/[Na+]clay = 0.5) was
added and stirred for 30 min. The methanol was removed using a rotary
evaporator, and the residue, a blue Na-clay supported catalyst, was dried
under high vacuum for 2�3 h at room temperature. The blue Na-clay
supported catalyst was characterized using X-ray diffraction (XRD)
(Figure 1). XRD d-spacing: Na-clay = 1.2 nm and Na-clay/CuBr2�
PMDETA = 1.5 nm.
Preparation of CuBr2/PMDETA Loaded Silica Supported

Catalyst. In a 250 mL round-bottom flask, 0.550 g of CuIIBr2 (2.46
mmol) was charged with 100 mL of methanol. An equimolar amount of
ligand, PMDETA, (0.427 g, 2.46 mmol), was added to form a homo-
geneous catalyst complex solution. To this, 5.50 g of silica gel (CuII/
silica = 0.1) was added and stirred for 30 min. The methanol was
removed using a rotary evaporator, and the residue, a blue silica
supported catalyst, was dried under high vacuum for 1 h at room
temperature (Figure 2). The intensity of the blue color of the CuBr2/
PMDETA physisorbed silica varied depending on the concentration of
the catalyst loaded on the surface of the support.
Kinetics of AGET ATRP of BnMA Using Na-Clay Supported

CuBr2/PMDETA. The supported catalyst was dried at 60 �C for 1 h
under vacuum prior to use. For a typical kinetics of the BnMA
polymerization 272 mg of clay/CuBr2�PMDETA (CuII/Na-clay =
10 wt %) was taken in a Schlenk tube and degassed using vacuum�
nitrogen cycles twice. Thereafter, anisole (1:1 v/v), BnMA (2.95
mol/L), and NaAsc (2.2 mg, 1.12� 10�5 mol, [NaAsc]0/[I]0 = 0.17)
in 41 μL of DI water (H2O/clay = 15 wt %) were added for the
polymerization in the sequence as described. The blue color of the
clay catalyst slowly changed to bluish-green, indicating the reduction
of CuIIBr2 to Cu

IBr in the hydrated layers of the clay. Polymerization was
initiated using EBriB (4.1� 10�3 mol/L) as an initiator at 40 �C. A small
amount (∼0.2 mL) of supernatant solution was withdrawn at regular
intervals for the determination of monomer conversion using 1HNMR
and number-average molecular weight (Mn) using size exclusion chro-
matography (SEC) coupled with light scattering detectors (SEC-LS).
Conversion = 53%, Mn,LS = 131 000 g/mol, Mw/Mn = 1.26, initiator

Figure 1. XRD of Na-clay and CuBr2/PMDETA intercalated Na-clay.
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efficiency, f (Mn,th/Mn,LS) = 0.52 where Mn,LS is the molecular weight
determined from SEC-LS and Mn.th is the theoretical molecular weight
calculated based on the feed ratio of grams of monomer/moles of initiator.
Split-Kinetics of BnMAPolymerizationUsingNa-Clay Sup-

ported CuBr2/PMDETA Catalyst Complex. The split-kinetics
experiment was performed using a specially designed glass apparatus
(Figure 3). The glass reactor had 0.45 μm frit filter disk to avoid passing
of any supported catalyst while filtering the polymerization solution
containing the supported catalyst.

The experiment was conducted with 272 mg of Na-clay loaded 10 wt %
CuBr2/PMDETA catalyst in the presence of H2O/clay = 15 wt % and
[NaAsc]0/[I]0 = 0.17 in anisole at 40 �C with EBriB as an initiator
(3.3 � 10�3 mol/L). A portion of the solution was filtered through a
0.45 μm frit at an appropriate time into another part of the apparatus,
and aliquots (∼0.2 mL) were withdrawn from both the reaction tubes at
regular intervals for estimation of monomer conversion, molecular weight,
and MWD. The final conversion,Mn,LS, and MWD of the PBnMA were
as follows: conversion = 49%, Mn,LS = 142 300 g/mol, Mw/Mn = 1.24,
f (Mn,th/Mn,LS) = 0.54.

ATRP of MMA and BnMA Using Silica Supported CuBr/
PMDETA Catalyst Complex. ATRP of MMA (4.68 mol/L) was
performed under N2 in a dry Schlenk tube. In a typical polymerization,
0.5 g of silica and CuBr (25 mg, 1.75 � 10�4 mol, CuI/silica = 5 wt %)
was taken in a Schlenk tube and was tightly sealed with a rubber septum.
Oxygen was removed from the tube by applying vacuum and filling
with nitrogen. This procedure was repeated 2�3 times. To this, 5 mL of
dry anisole was added followed by the addition of 36 μL of PMDETA
(1.75 � 10�4 mol). The mixture was stirred for 15 min, and slowly
the solution became faint green in color, indicating a substantial amount
of leached catalyst complex in the solution. Then, 5 mL of MMA
(4.68 mol/L, 1.77 � 10�2 mol) was added under N2, and the reaction
mixturewas stirred for 10min. Thereafter, 150μLofDIH2O(H2O/silica =
30 wt %) was added in a dropwise manner under constant stirring. The
immiscible water droplets slowly disappeared through gradual hydration
of silica. The heterogeneous solution was stirred for 1 h. The green color
of the silica adsorbed catalyst slowly changed to blue, and the super-
natant solution containing monomer became colorless, indicating a
complete localization of the catalyst within the hydrated regions of the
silica. The reactor was placed in an oil bath maintained at 60 �C. Then,
the initiator, BrEiB (1.75 � 10�4 mol, 1.75 � 10�2 mol/L) was added
via a gastight syringe to commence the polymerization. The supernatant
monomer solution remained colorless during the polymerization. After
4 h, the reaction tube was opened to air to quench the reaction. The
polymerization solution was diluted with∼10 mL of toluene and stirred
for 30 min in air. The polymer solution containing silica loaded catalyst
was filtered using 0.45 μm Teflon membrane. The polymer present in
the colorless filtrate was recovered by precipitation in excess of n-hexane.
The polymer was dried under high vacuum conditions at room
temperature for 12 h. The monomer conversion was calculated on the
basis of gravimetric yield. The dried polymer was analyzed using SEC
calibrated against poly(methyl methcarylate) (PMMA) standards for
the determination of molecular weight and MWD. Conversion = 38%,
Mn,SEC = 16 900 g/mol, Mw/Mn = 1.66, f (Mn,th/Mn,SEC) = 0.61.

A typical polymerization of BnMA (2.95 mol/L) was performed in a
similar manner using silica (300 mg) supported CuBr/PMDETA (CuI/
silica = 5 wt %) using H2O (H2O/silica = 23.3 wt %) and EBriB (5.3�
10�3 mol/L) as initiator in anisole (1:1 v/v) at 25 �C. The molecular
weight was calculated using SEC-LS and MWD using SEC based on
polystyrene (PS) standards. Conversion = 24.0%,Mn,LS = 88 000 g/mol,
Mw/Mn = 1.52, f (Mn,th/Mn,LS) = 0.20.

The split-kinetics experiment of BnMA (2.95 mol/L) was conducted
in a custom-built glass apparatus (Figure 3) in a same way as described
previously for Na-clay supported catalyst system using 0.5 g of silica
supported CuBr/PMDETA (CuI/silica = 5 wt %) in anisole at 25 �C
with H2O (H2O/silica = 20 wt %) and EBriB (7.5 � 10�3 mol/L) as
initiator. A small amount of sample (∼0.2 mL) was withdrawn at regular
intervals from the solution with and without catalyst to monitor the
growth of the polymerization in both the reactors. The monomer
conversions were calculated using 1H NMR, and molecular weights
were determined using SEC coupled with light scattering. The filtered
solution was investigated for the presence of residual copper catalyst by
UV�vis spectroscopy. With catalyst: conversion = 59.7%, Mn,LS =
66 500 g/mol, Mw/Mn = 1.61, f (Mn,th/Mn,LS) = 0.62.
AGET ATRP of BnMAUsing Silica Supported CuBr2/PMDE-

TA Catalyst Complex. A typical AGET ATRP of BnMA (2.95 mol/
L) was performed using 600 mg of silica supported CuBr2/PMDETA
(CuII/silica = 5 wt %) in anisole (1:1 v/v) at 25 �C in the presence of
H2O (H2O/silica = 17 wt %) and NaAsc as a reducing agent
([NaAsc]/[I] = 0.2) in a similar manner as described previously for
the Na-clay supported catalyst system. Conversion = 59.7%, Mn,LS =
93 600 g/mol, Mw/Mn = 1.61, f (Mn,th/Mn,LS) = 0.49.
Characterization. 1H NMR spectra were recorded using Bruker

AC250 spectrometer at 250MHz. The samples were prepared in CDCl3

Figure 2. Vials containing catalyst complex (CuBr2/PMDETA) physi-
cally adsorbed on silica gel CuII/silica = 10 and 5 wt %.

Figure 3. Diagram of custom-built glass apparatus for split-kinetics
experiments.
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containing 1% TMS as an internal reference. Monomer conversions were
calculated from the intensity ratio of the�OCH3 signal (δ = 3.76 ppm)
corresponding to anisole and a double-bond proton signal (δ = 6.15 ppm)
of the monomer.

Mn and MWD were determined using SEC equipped with Knauer’s
K-501 HPLC pump, K-2301 RI detector, and K-2501 UV detector.
The columns used were two 60 cm PSS SDV-gel: 1� 10 μm/100 Å, 1�
5 μm/linear: 102�106 Å. THF was used as an eluent at a flow rate of
1.0 mL/min, and the calibration of SEC was performed using PS
standards obtained from Pressure Chemicals (Pittsburgh, PA).

Refractive index increment (dn/dc) was determined using Brice
Phoenix BP-2000-V differential refractometer at the wavelength of
690 nm. The value of dn/dc (0.151 mL/g) was determined using five
different concentrations (1, 5, 10, 15, and 20 mg/mL) of PBnMA in
THF. Absolute molecular weights were measured using light scattering
(Mn,LS) instrument comprising of Wyatt DAWN EOS (enhanced
optical system) multiangle laser light scattering detector (MALLS)
and an Optilab DSP interferometric refractometer. The following PSS
SDV-gel columns were used: guard (8� 50 mm), 106 Å (8� 300 mm),
105 Å (8� 300 mm), 103 Å (8� 300 mm), and 500 Å (8� 300 mm).
THF was used as a solvent at the flow rate of 1.0 mL/min. Linear PSt
standards from Pressure Chemicals (Pittsburgh, PA) were used to
calibrate the instrument.

XRD experiments were performed on Philips X’Pert diffractometer
equipped with copper target and a diffracted beammonochromator (Cu
Kα radiation at λ = 1.5406 Å) at 45 mA and 40 kV. Evolution 600
UV�vis spectrometer was used to determine the amount of copper
present in the polymer solutions and a known concentration of
CuBr2�PMDETA solution in DMSO was used for the calibration
(λmax = 716 nm). The FT-IR spectrum was recorded using Varian
4100 (Excalibur series). The samples were prepared using the KBr pellet
method. Differential scanning calorimetry (DSC) was performed using a
TA Instruments DSC Q1000 under nitrogen with a heating rate of
10 �C/min.

’RESULTS AND DISCUSSION

We have shown previously that the Na-clay supported AGET
ATRP of BnMA proceeds efficiently and produces catalyst-free
polymer in the presence of a small amount of water.39 The
hydration played a key role in retaining the catalyst on the surface
of clay and was attributed for facilitating the catalyst mobility for
rapid deactivation of active radicals. In order to understand the
influence of hydration and to examine the applicability of a
similar mechanism for silica gel support, which has been studied
extensively in the literature, we performed polymerizations of
BnMA and MMA using hydrated Na-clay and silica gel as supports

for comparison (Scheme 1). Several batch polymerizations were
carried out in anisole using hydratedNa-clay and silica supportedwith
CuBr2/PMDETA and CuBr/PMDETA complexes, respectively.
The CuBr2/PMDETA complex was loaded with Na-clay by
kneading for AGET ATRP, and the CuBr/PMDETA complex
was loaded with silica by simply mixing under nitrogen in the
presence of anisole for ATRP. In the case of Na-clay supported
CuII catalyst system, the active CuI complex was generated in situ
via addition of aqueous solution of reducing agent, NaAsc. The
blue color of the catalyst on Na-clay changed to bluish-green
upon addition of a known quantity of aqueous NaAsc solution,
indicating the generation of CuI on the surface of clay. Once the
active catalyst was generated, the initiator (EBriB) was added to
commence the polymerization (Scheme 1).

The optimum conditions of hydration (10 wt % e H2O/
supporte 30 wt %) and reducing agent (0.15e [NaAsc]/[I]e
0.23) were used for the polymerization BnMA. The polymeriza-
tion proceeded smoothly in the presence of hydrated Na-clay
support containing both CuI and CuII catalyst complexes and
produced catalyst-free PBnMA in solution with moderate MWD
(Mw/Mn e 1.31; Table 1, runs 1 and 2, Figure 4a). The super-
natant organic phase (anisole) containing the initiator/dormant
chain and the monomer remained colorless throughout the
polymerization. The supernatant solution taken during the poly-
merization showed insignificant UV�vis absorbance at λmax
760 nm, indicating an absence of copper complexes in the solu-
tion (Figure 6ii).

In the case of silica gel supported catalyst system, ATRP of
MMA and BnMAwas performed using hydrated silica supported
CuBr-PMDETA catalyst in order to overcome the leaching
problem reported in previous studies.36 After the addition of
monomer (BnMA or MMA), solvent, and PMDETA to the solid
mixture consisting of silica gel and CuBr, the color of the silica gel
turned green and the anisole solution became slightly green, too
(Figure 5i). The green color of the anisole indicates the presence
of leached catalyst complexes from the silica. Upon hydration
(H2O/silica gel = 17�30 wt %) the leached catalyst in anisole
slowly got adsorbed onto the silica. Also, the green color of the
catalyst adsorbed silica turned blue and the anisole solution
became colorless (Figure 5ii), indicating a complete retention of
the catalyst complex on the surface of silica via hydration.

ATRP of MMA (4.68 mol/L) using hydrated (H2O/silica =
30wt%) silica supportedCuBr-PMDETA (CuI/silica gel = 5wt%)
at 60 �C was initiated through the addition of EBriB in known
quantity (Table 1, runs 3 and 4). The polymerization was

Scheme 1. AGET ATRP of BnMA Using Hydrated Na-Clay and Hydrated Silica Supported Catalyst Systems in Anisole at
Ambient Temperature
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terminated after 4 h by exposing the reaction mixture to air. The
colorless polymerization solution was filtered and precipitated in
n-hexane to obtain poly(methyl methacrylate) (PMMA)without
any visible traces of residual metal content. The dried PMMAwas
dissolved in DMSO and analyzed using UV�vis spectroscopy.
There was no absorbance at λmax = 716 nm for the PMMA
solution in DMSO, further confirming the absence of residual
catalyst in the polymer (Figure 6iii).

Unlike other reported silica supported ATRP systems, the
hydrated silica support successfully retained the catalyst on the
surface. On the other hand, the polymer obtained from hydrated
silica catalyst system produced broad MWD (Mw/Mn g 1.52),
which contradicts the polymerization behavior observed in the
hydrated Na-clay which gave polymers with narrowMWD (Mw/
Mn e 1.31). More importantly, the experimental molecular
weight obtained based on PMMA standards was higher than

Figure 4. SEC-RI traces of polymers synthesized using hydrated Na-clay and silica supported catalyst systems: (a) PBnMA synthesized using hydrated
Na-clay supported CuBr2/PMDETA (Table 1, run 2); (b) PMMA synthesized using hydrated silica supported CuBr/PMDETA with 0.25 mol %
CuBr2/PMDETA (Table 1, run 4); (c) PBnMAs synthesized using hydrated nanosilica supported CuBr/PMDETA (i) (Table 1, run 7) and using
hydrated silica supported CuBr2/PMDETA (ii) (Table 1, run 8).

Table 1. SAPC for ATRP of BnMA at 25 �C and MMA at 60 �C Using Na-Clay and Silica Supported Copper�PMDETA
Complexes in the Presence of Water Using NaAsc as Reducing Agent and EBriB (I) as Initiatora

run

clay or

silica (mg)

[I] � 103

(mol/L)

M/I/

Cux/Lb
H2O/

support (wt %)c [NaAsc]/[I] convd (%)

Mn,th
e � 10�3

(g/mol)

Mn,SEC
f � 10�3

(g/mol)

Mn,LS
g � 10�3

(g/mol) Mw/Mn
f

clay-CuBr2-L/BnMA

1 344 10.2 289/1/2/2 14.0 0.15 33.6 17.1 42.5 66.3 1.31

2 272 5.5 536/1/2/2 17.0 0.15 55.0 51.7 63.5 99.1 1.26

silica-CuBr-L/MMA

3 500 17.4 269/1/1/1 30.0 0 38.0 10.2 16.9 �k 1.66

4h 500 17.4 269/1/1/1 30.0 0 36.7 9.9 16.1 �k 1.64

silica-CuBr-L/BnMA

5 300 5.3 450/1/1/2 23.3 0 24.0 19.1 56.4 88.0 1.52

6i 500 7.5 393/1/1/2 20.0 0 59.7 41.4 42.6 66.5 1.75

7j 500 7.5 393/1/1/2 17.0 0 40.0 27.7 17.9 279.2 2.20

silica-CuBr2-L/BnMA

8 600 6.8 434/1/2/2 17.0 0.20 59.7 45.6 60.0 93.6 1.61

9 272 6.6 357/1/1/1 18.0 0.23 37.0 23.6 90.7 141.5 1.53
aReaction condition: CuII/Na-clay = 10 wt %, (CuI or CuII)/silica = 5 wt%, [BnMA] = 2.95mol/L in anisole (1:1 v/v), [MMA] = 4.68mol/L in toluene
(1:1 v/v). bMole ratio of M =MMA or BnMA, I = EBriB, Cux = CuBr or CuBr2 where x is the oxidation number, and L = PMDETA. cwt % of hydration
on the support via drop by drop addition of water. dConversion was calculated gravimetrically. e Mn,th = (grams of monomer/mol of initiator)� conv.
fMolecular weights andMw/Mnwere obtained using SEC calibrated against PS standards. gMolecular weights obtained using SEC-MALLS using dn/dc
of 0.151mL/g. h Polymerization performed in the presence of 0.25mol %CuBr2 along with CuBr.

i Split-kinetics experiment. jNanosilica (MCM-41)
supported catalyst was used for the polymerization. kNot determined.
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the theoretical molecular weights calculated from the feed ratio
of MMA and initiator (Table 1, run 3). Even with the addition of
deactivator ([CuII]/[CuI] = 0.25) at the beginning of the
polymerization, no improvement in the Mw/Mn of PMMA was
observed (Table 1, run 4, and Figure 4b).

Similarly, ATRP of BnMA carried out using silica loaded with
5 wt % CuBr-PMDETA in the presence of water at 25 �C also
produced PBnMA with broad MWD (Table 1, runs 5�7). In an
effort to increase the surface area of the silica support, hydrated
nanosilica/mesoporous silica (CuI/nanosilica = 5 wt %) was
used as a support for the polymerization. However, the catalyst
supported on mesoporous silica, which had smaller particle size
(∼3 nm) and greater surface area (∼1000 m2/g) also produced
poorly controlled PBnMA with even broader MWD (Mw/Mn =
2.2; Table 1, run 7, and Figure 4c-i). Obviously, a large surface area
of nanosilica provides enhanced interaction of dormant chains that
increases the concentration of radicals and thereby side reactions.

The broad MWD of polymers indicates that the deactivation
of the radicals is inefficiently occurring at the hydrated silica
surface. In an effort to increase the deactivation efficiency, we
used higher concentration of deactivator by loading the silica gel
with CuBr2/L and attempted AGETATRP. The AGETATRP of
BnMA was performed over hydrated silica supported CuBr2/
PMDETA catalyst (CuII/silica = 5 wt %) using NaAsc as a

reducing agent and EBriB as initiator in anisole at 25 �C
(Scheme 1). Surprisingly, the PBnMAs formed in the presence
of excess CuII on the silica support also exhibited broadMWDs in
the range 1.53�1.61 (Table 1, runs 8 and 9, Figure 4c-ii). This
confirms the availability of catalyst for the deactivation is some-
how restricted in the hydrated silica interface. Nevertheless, we
were able to effectively contain the catalyst on the silica surface
through hydration and prevent catalyst leaching into the organic
phase. It should be mentioned that in the previously reported
silica supported ATRP systems a small amount of catalyst
complex always leaches into the solvent to initiate concurrent
polymerization in solution. In fact, it is widely believed that a
small amount of leached catalyst is a prerequisite to obtain
polymers with narrow MWD in supported ATRP.43 The hy-
drated silica supported system described herein showed that the
polymerization was confined to the hydrated regions in silica gel
similar to Na-clay system. However, the polymers with broad
polydispersity indices (Mw/Mn g 1.52) suggest that even with
excess of deactivator (CuBr2/L), the hydrated silica supported
catalyst system suffers from slow deactivation.

It is important to note that the hydrated clay catalyst system
produced PBnMAs with moderately narrow MWD (Mw/Mn e
1.30) under the similar conditions. It appears that the availability
of the catalyst on the hydrated surface is drastically different in
clay and silica. Thus, the actual site of activation/deactivation and
the overall influence of hydration mediation in SAPC for ATRP
in these supported catalyst systems need to be examined.
Determination of the Location of Catalyst. It was observed

during the polymerization in Na-clay and silica supported
catalyst systems the supernatant solution was colorless with no
UV�vis absorbance at 760 nm, indicating the propagation is
occurring at the surface of the supports. In order to confirm the
location of the catalyst in Na-clay and silica supported polymer-
izations, split-kinetics experiment was performed as described by
Faucher and Zhu.36 A small amount of sample (∼0.2 mL) was
withdrawn at regular intervals for up to 90 min. Thereafter, a
portion of the supernatant polymerization solution was filtered
to remove from the supported catalyst under N2 atmosphere into
an empty reactor through a glass frit. The kinetics of the
polymerization was then followed in both the solutions.
Figure 7a shows the first-order time-conversion plots for the

polymerizations in the presence and absence of hydrated Na-
clay supported catalyst. The polymerization in the presence of
hydrated Na-clay supported catalyst progressed in a linear
manner with a slight curvature at higher conversion. A downward
curvature from the linearity in the first-order time�conversion
plot is generally attributed to a decrease in active center con-
centration due to termination. The presence of termination
would broaden the MWD of PBnMA. However, the PBnMAs
obtained at higher conversions exhibited narrowMWD (Mw/Mn

e 1.30), indicating the curvature could be attributed to an
increase in viscosity, leading to the reduction in the rate of
polymerization. On the other hand, the filtered solution without
supported catalyst had a complete cessation of the polymeriza-
tion from the time it was separated from the catalyst support
(Figure 7a). As previously shown in batch polymerization, the
UV�vis absorption of the filtered solution during the polymer-
ization showed no absorbance at λmax = 716 nm corresponding to
the presence of CuBr2/PMDETA, confirming the absence of
catalyst in the solution (Figure 6-ii). Recently, Faucher and Zhu44

showed such split-kinetics and confirmed the growth of polymer
in the filtered solution as an indication for the presence of leached

Figure 5. Silica gel supported CuBr/PMDETA catalyst in the solution
of monomer and anisole (1:1 v/v): (i) before addition of H2O; (ii) after
addition of H2O (30 wt %).

Figure 6. UV�vis absorbance of (i) standard solution of CuBr2�
PMDETA for comparison (25 ppm in DMSO), (ii) supernatant during
BnMA polymerization over clay supported catalyst, and (iii) PMMA
solution in DMSO synthesized using silica supported catalyst.



8811 dx.doi.org/10.1021/ma201961e |Macromolecules 2011, 44, 8805–8818

Macromolecules ARTICLE

catalyst in silica supported ATRP of MMA. The results of hydrated
Na-clay system suggest that there is no catalyst present in the
anisole, and the polymerization is occurring only at the hydrated
surface.
Similarly, a split-kinetics investigation was performed to evaluate

the behavior of BnMA polymerization using silica supported
CuBr-PMDETA in the presence of water (H2O/silica = 20 wt %).
The rate of polymerization was fast, kapp = 0.009 86 min�1, at the
beginning but decreased gradually during the polymerization.
The ln([M]0/[M]t) versus time plot showed a deviation from
the linearity, indicating a decrease in the rate of the polymeriza-
tion with increasing conversion (Figure 7b). Such a behavior was
attributed to slow diffusion of chains approaching the support
surface, due to high viscosity in the case of Na-clay supported
catalyst system. However, the PBnMAs had broadMWD (∼1.8)
irrespective of the conversion which suggests that the reaction
proceeded with concurrent termination in the hydrated silica
supported system. Thus, the deviation in the first-order time�
conversion plot is attributed to the combination of termination
and slow diffusion dynamics of the chains. TheUV�vis spectrum
of the filtered solution during the polymerization displayed no
absorbance at λmax = 716 nm.Once the solution was filtered from
the hydrated silica, no further conversion was observed in the
solution, indicating the absence of catalysts (Figure 7b).
The growth of PBnMA examined by SEC during the poly-

merization for both the supports showed a progressive increase
in molecular weights and narrowing of MWD with increasing
monomer conversion (Figures 8 and 9a). However, the molec-
ular weights and MWDs of PBnMA aliquots taken at regular
intervals after filtering from the catalyst solution remained nearly
same and did not increase, confirming the absence of propaga-
tion in the filtered solution (Figures 8 and 9b). The absence of
catalyst complexes in anisole and the absence of polymer growth
in the filtered solution confirm that the polymerization is taking
place on the surface of the hydrated regions in both the supports
(clay and silica). The results further confirm that the hydration

helps in retaining the catalysts (CuII and CuI) localized on the
surface of Na-clay and silica supports. The activation and deactiva-
tion occur only at the hydrated regions of the support indepen-
dent of the nature of the supports.
Although both the supports retain the catalyst complexes on

the surface with the help of hydration, they differ significantly in
the deactivation efficiencies of the intermediate radicals at the
interface. This can be observed via a comparative analysis of the
MWDs of the PBnMAs in these supported catalyst systems. The
obtained PBnMAs exhibited narrow MWD (Mw/Mn < 1.30) in

Figure 7. First-order time�conversion plots for the split-kinetics of (a) AGET ATRP of BnMA in anisole (1:1 v/v) at 40 �C in the presence and after
separation from the hydrated Na-clay supported catalyst. Na-clay = 272 mg, CuII/Na-clay = 10 wt %, [BnMA] = 2.95 M, H2O/Na-clay = 15 wt %,
[EBriB] = 4.1� 10�3 M, [NaAsc]/[I] = 0.17 and (b) ATRP of BnMA in anisole (1:1 v/v) at 25 �C in the presence and after separation from hydrated
silica supported CuBr-PMDETA catalyst. Silica = 0.5 g, CuI/silica = 5 wt %, [BnMA] = 2.95M, H2O/silica = 20 wt %, [EBriB] = 7.5� 10�3 M, BnMA/
EBriB/CuI/PMDETA = 393/1/2/2 (Table 1, run 6).

Figure 8. SEC traces of PBnMAs from split-kinetics of AGET ATRP in
the presence of the hydrated Na-clay supported CuBr2/PMDETA
catalyst and after filtration of the hydrated Na-clay supported catalyst.
Reaction conditions same as in Figure 7a.
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the case of hydrated Na-clay system, which suggests that the
deactivation of propagating radicals is rapid at the hydrated
surface of the Na-clay. In contrary, the hydrated silica supported
catalyst system produced PBnMAs with broad MWD (Mw/Mn >
1.52) right from the beginning. This distinct behavior is related to
termination reactions at the hydrated interface; that the catalyst
present at the hydrated silica surface is not efficiently available for
the deactivation of growing radicals. This is supported from the
plot of weight-average molecular weight vs conversion that
showed a gradual increase confirming the presence of radical�
radical coupling (Figure S1).
Critical Role of Water Diffusivity on the Support Surface.

The availability of higher oxidation state catalyst complex in the
vicinity of radicals at the interface is very important for a fast
deactivation process. The lack of control in the polymerization
is attributed to an inefficient deactivation which is related to
the restricted mobility of the catalyst at the hydrated surface. As
the catalyst is held on the surface of the support by water-hydrogen
bonding, the diffusion of water plays an important role in the
mobility of the catalyst. The obtained broadMWDs of the polymers
suggest that the silica surface provides only a limitedmobility for the
catalyst. The limited accessibility of the catalyst on the hydrated
surface can be attributed to a reported low self-diffusion coefficient
(Dwater = 10�12�10�17 cm2/s) of water on the silica surface.45�47

The self-diffusion coefficient of water on the silica surface is
substantially lower than in the Na-clay surface and the bulk water
(D = 2.25 � 10�5 cm2/s) (Table 2).48,49 This will decrease the
mobility of the catalyst suspended in the hydrated layer and will

reduce the deactivation rate of the growing radicals in silica
supported catalyst system. Although, the average particle size of
silica is much bigger than the clay in this study, the polymeriza-
tion results are not influenced by the surface area as the nanosilica
support also produced PBnMA with broad MWD (Table 1,
run 7, Figure 4c).
Another factor associated with the slow diffusion of water on

the silica surface is its high activation energy (ED,water = 68�76 kJ
mol�1)54 which is much higher than the ED,water for Na-clay
(38�43 kJ mol�1) as well as for bulk water (21 kJ/mol).55 The
high ED,water originates from strong hydrogen bonding between
the surface hydroxyl groups and the adsorbed water molecules.
According to high resolution 1HNMR spectra, the water molecules
are arranged in a tetrahedral fashion held together by strong
hydrogen bondswith silica.56On the hydrated silica, watermolecules
are organized in multiple layers exhibiting a low entropy than
that of the bulk water.57,58 Reports have shown using inelastic
neutron-scattering measurements that these layers constituting
of double hydrogen-bonded water molecules are highly ordered
and have negligible freedom of motion.59 In fact, the differential
scanning calorimetric studies of hydrated clay and hydrated silica
with 30 wt % water showed that the desorption enthalpy of water
from the silica surface is much higher (ΔHdesorption = 448 J/g)
compared to the clay surface (ΔHdesorption = 305 J/g) (Figure 10).
This further confirms that the water present on the silica is strongly
held via hydrogen bonding.
Thus, the mobility of water on the silica surface is highly

restricted, rendering an inefficient mobility for the suspended

Figure 9. SEC traces of PBnMAs from split-kinetics of ATRP ATRP: (a) in the presence of the hydrated silica supported CuBr/PMDTEA catalyst and
(b) after filtration of hydrated silica supported CuBr/PMDTEA catalyst. Polymerization conditions were same as in Figure 7b.

Table 2. Surface Area and Water Diffusivity Parameters of Different Inorganic Supports

support surface areaa (m2/g) particle sizeb (μm)

self-diffusion

coeffa,cDwater (cm2/s)

activation energyd

ED,water (kJ mol�1) refs

Na-clay 318�500 ∼9�13 ∼10�5 38�43 49�53

silica 550 ∼40�63 ∼10�12�10�17 68�76 45�47, 54
aValues based on BETN2 adsorption isotherm. bAs per manufactures data-sheet. cCalculated using the BET equation. dBased on quasi-neutron elastic
scattering.
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catalyst and thereby decreasing the deactivation rate of the
propagating radicals (Scheme 2). The failure of hydration
mediation in the silica supported catalysis for ATRP is solely
attributed to strong/ordered (multilayer) hydrogen bonding with
a very lowwater diffusion coefficient. In the case of hydratedNa-clay,
the arrangement of water is disordered due to heterogeneous
electron density on the surface from alternating aluminate and
silicate bonds. Thus, the clay surface provides water molecules to
exist in rapidly interchanging disordered (multilayer) hydrogen

bonding. This is supported by the reported high diffusion coefficient
of water on Na-clay (Dwater ∼ 10�5 cm2/s) which enhances free
mobility of the suspended copper complexes. This favors a rapid
deactivation of radical intermediates at the hydrated Na-clay
interface, leading to polymers with narrow MWD in SAPC of
ATRP. The results confirm that the propagation in SAPC ATRP
is mediated by the hydration, but controlled by the dynamics of
the water present at the surface of the support. The compart-
mentalization of propagation at the hydrated support surface can

Figure 10. DSC endothermic peaks for desorption of water from clay and silica supports with 30 wt % hydration. Heating rate 10 �C/min.

Scheme 2. Arrangement of Water Molecules on the Surface of Silica and Aluminosilicate (Na-Clay): (a) Ordered Multilayer
Hydration on the Surface of Silica; (b) Disordered Multilayer Hydration on the Surface of Aluminosilicate (Na-Clay)a

aThe size of water molecules is exaggerated for a better pictorial understanding.
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be verified through the determination of reaction order as the
surface containment of heterogeneous reactions would follow
zero-order kinetics.
Determination of Reaction Order for Clay Supported

AGET ATRP. The kinetics of heterogeneous hydrated Na-clay
supported polymerization of BnMA was investigated in order to
understand the mechanistic aspects of the system. Accordingly,
AGET ATRP of BnMA (2.95 M) using Na-clay (272 mg)
supported with 10 wt % CuBr2/PMDETA in the presence of
15 wt % H2O relative to the support was performed at different
concentrations of the initiator (EBriB) in anisole (1:1 v/v) at
40 �C (Table 3). The concentration of NaAsc was kept constant
for all the reactions ([NaAsc]/[I] = 0.17). Since an excess
amount of CuBr2/L was used on the support, the kinetics was
analyzed using Matyjaszewski’s equation as given below:60

ln
½M�0
½M�t

¼ kpKeq
½RX�½CuI�
½CuII� t ¼ kappt ð1Þ

The first-order time�conversion plots showed a linear mono-
mer conversion for up to 180 min and then slightly deviated at
later stages of the polymerization. The deviation at higher
conversion is not related to termination but attributed to high
viscosity of the heterogeneous polymerization medium as de-
scribed earlier (Figure 11a). A slight acceleration of the rate is
noticeable at∼300 min, which could result from a slow diffusion
of active chains at the expanded intercalary regions exposed in
the hydrated clay. Hence, the apparent rate constant, kapp, was
determined from the initial slope. An average value of the slope,
kapp,avg, was also calculated using three different maximum
polymerization times (2, 3, and 4 h) to minimize the error
associated with the initial slope determination. Interestingly,
both kapp and kapp,avg values were similar, and more importantly,
they indicated that the rate of the polymerization was indepen-
dent of the initiator concentration (Table 3). The bilogarithmic
plot kapp,avg vs [I] showed a slope of 0.0045( 0.11, indicating the
polymerization follows a zero-order kinetic with respect to the
bulk initiator concentration in anisole (Figure 11b). The reaction
order plot using kapp also gave a slope of 0.04( 0.20 (Figure S2 in
Supporting Information).
Thus, in SAPC of ATRP, a minute concentration of the

initiator that is present at the hydrated interface of Na-clay
determines the apparent rate of the polymerization independent
of the bulk initiator concentration available in anisole. This is
in contrast with the usual first-order rate dependence on the

initiator concentration reported for conventional ATRP as well
as solid supported catalyst systems.25,29,33,34,36,61

Table 3. Kinetics of AGET ATRP of BnMA Using Hydrated Na-Clay Supported CuBr2/PMDETA in the Presence of NaAsc in
Anisolea

run

M/I/CuII/Lb

mole ratio

[I] � 103

(mol/L) temp (�C) convc xp,max

Mn,th
d � 10�3

(g/mol)

Mn,SEC � 10�3 e

(g/mol)

Mn,LS � 10�3 f

(g/mol) f g Mw/Mn
e

kapp
h �

103 min�1

kapp,avg
i �

103 min�1

1 894/1/2/2 3.3 40 0.49 77.5 91.2 142.3 0.54 1.24 2.76 2.69

2 720/1/2/2 4.1 40 0.53 67.8 84.0 131.0 0.52 1.26 2.51 2.46

3 536/1/2/2 5.5 40 0.55 51.7 63.5 99.1 0.52 1.26 2.79 2.82

4 536/1/2/2 5.5 20 0.28 26.2 40.1 62.6 0.42 1.32 1.04 -

5 536/1/2/2 5.5 60 0.66 62.2 73.1 114.0 0.55 1.28 5.42 -
aReaction condition: Na-clay = 272 mg, CuII/clay = 10 wt %, H2O/clay = 15 wt %, [NaAsc]/[I] = 0.17. bCuII = CuBr2, L = PMDETA, I = EBriB, M =
[BnMA] = 2.95 mol/L. cConversion at tmax.

dMn,th = (grams of monomer/mol of I)� xp.
eDetermined by SEC using PS standards. fDetermined using

SEC-MALLS. g Initiator efficiency, f = Mn,th/Mn,LS.
hApparent rate constant, kapp, determined from the initial slope of the first-order

time�conversion plots. i kapp‑avg calculated by taking average of slopes taken at 2, 3, and 4 h.

Figure 11. (a) First-order time�conversion plots for AGET ATRP of
BnMA using hydrated Na-clay supported CuBr2/PMDETA with differ-
ent initiator concentrations. Na-clay = 272 mg, CuII/clay = 10 wt %,
[BnMA] = 2.95 M, H2O/clay = 15 wt %, [NaAsc]/[I] = 0.17. (b)
Bilogarithmic plot of kapp‑avg versus initiator concentration.
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The zero-order reaction is an indication of a true heteroge-
neous nature of the polymerization and supports that the
propagation is contained at the hydrated interface of Na-clay.
Unlike other reported covalent and noncovalent supported
catalyst systems wherein the polymerization proceeds simulta-
neously at the surface as well as in the organic phase due to strong
partitioning or leaching of the immobilized catalyst,36 the
propagation in the Na-clay supported catalyst system is mediated
by the hydration and compartmentalized within the hydrated
layers of the support surface.
The supported catalyst system for ATRP using hydrated Na-

clay is the first one to exhibit zero-order kinetics confirming that
an entire redox equilibrium polymerization is contained at the
surface. An easy availability of both the CuII and CuI complexes
on the surface is essential for a fast deactivation of intermediate
radicals. This is provided by the high diffusion of water at the
hydrated clay surface to produce moderately narrow molecular
weight distributed polymers. In fact, the PBnMAs obtained at
regular internal showed a narrowing of MWD with increasing
conversion and a linear increase of Mn,SEC with conversion also
conforming absence of transfer reaction (Figure 12).
Effect of Temperature. The effect of temperature on the rate

of polymerization was studied in the temperature range from 20
to 60 �C (Table 2, runs 3�5). The kapp determined from the
initial slope of the first-order time�conversion plots increased
with increasing temperature (Figure 13). The kinetic plots of
AGETATRP displayed a deviation at higher conversion owing to
the viscosity phenomenon as was seen in the reactions at different
concentrations of the initiator. The kapp decreased slightly
between 120 and 240 min depending on the reaction tempera-
ture followed by an acceleration of the rate. As previously
discussed, the curvature is not suggestive of the termination as
the PBnMAs obtained at higher conversions exhibit narrow
MWDs (Figure S3, Supporting Information).
The Arrhenius plot, ln(kapp) vs (1/T), for the polymerization

of BnMA using the Na-clay supported ATRP system is presented
in Figure 14. Based on the slope, the apparent activation energy
(ΔEapp

6¼ ) was calculated as 33.5 ( 2.2 kJ mol�1, which is quite a

low value than the values of apparent activation energy reported
for conventional ATRPs of MMA, methyl acrylate, and n-butyl
acrylate.34,58,62 More importantly, the pre-exponential factor was
found to be very low, ln A = 2.85 ( 0.88, much smaller than for
the homogeneous ATRP.63 A known activation energy of the
propagation (ΔEp

6¼) for MMA (22.2 kJ mol�1)63 was used to
calculate an apparent enthalpy of the ATRP equilibrium (ΔHapp

� )
according to the equation

ΔHo
app ¼ ΔE 6¼

app �ΔE 6¼
prop ð2Þ

The estimated enthalpy of the equilibrium was 11.3 kJ mol�1

for the Na-clay surface contained SAPC ATRP. This is quite
lower than the literature value reported for the homogeneous
solution polymerization of MMA (40.6 kJ mol�1).63 Although

Figure 12. (a) Molecular weight distribution as a function of conversion for AGET ATRPs of BnMA using hydrated Na-clay supported CuBr2/
PMDETA with different initiator concentrations. (b) Molecular weight (Mn,SEC) as a function of conversion in the AGET ATRP of BnMA using
hydrated Na-clay supported CuBr2/PMDETA with different concentrations of initiator in anisole at 40 �C (Table 2). Mn,SEC based on PS standards.
Reaction conditions same as in Figure 10.

Figure 13. First-order time�conversion plots for AGET ATRP of
BnMA in anisole (1:1 v/v) using Na-clay loaded with 10 wt %
CuBr2�PMDETA catalyst at different temperatures: Na-clay catalyst =
272mg; [BnMA] = 2.95mol/L; [I]0 = 5.5� 10�3M: 20 �C (2; Table 2,
run 4), 40 �C (b; Table 2, run 3), 60 �C (9; Table 2, run 5).
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the polymerization proceeds at the surface of the hydrated clay,
a huge intercalary expansion in the presence of water (H2O/clay
∼17 wt %) would provide considerable interface area from the
expanded intercalaries and their exposed edges for the polymer-
ization. Activation and deactivation of chains at the edge regions
are confined in between the clay layers. These lower values could
be attributed to the effect of confined propagation at the
intercalary layers of hydrated clay support.
The steady-state concentration of the propagating radicals can

be estimated from the eq 3.

kapp½M� ¼ kp½P•�½M� ð3Þ
The reported rate constant of radical propagation for MMA of
(kp = 1.616 � 103 M�1 s�1 at 90 �C) was combined with the
values of kapp to obtain the concentration of radicals during the
polymerization according to eq 4.

½P•� ¼ kapp
kp

ð4Þ

The obtained radical concentrations for different initiator concen-
trations are listed in Table 3. Since it is a zero-order reaction with
respect to initiator concentration and the kapp values are nearly same,
the steady-state concentration of radicals generated during the
polymerization was found to be constant (∼2.8 � 10�8 mol/L)
irrespective of the initiator concentration (Table 3). The Keq for
conventional ATRP systems is usually determined from the steady-
state concentration of radicals using the equation

Keq ¼ ½P•�½CuIIX2�
½CuIX�½RX� ð5Þ

In typical ATRP systems the concentration of radicals generated
during the polymerization and kapp are proportional to the amount
of initiator used; hence, those terms are required in the estimation of
Keq. However, the rate of hydrated Na-clay supported polymeriza-
tion presented here follows a zero-order dependence on the initiator
concentration ([RX]). Hence, the kapp, and [P

•] are independent of
the [RX]0 (Table 4).
The concentration of active radicals and RX at the interface

remain same in all the polymerizations, and thus, Keq can be

given by eq 6:

Keq ¼ α
½CuIIX2�
½CuIX� where α ¼ ½P•�

½RX� ð6Þ

Therefore, as long as the ratio of CuII/CuI is maintained on
the support for a fixed amount of clay and hydration, the value
of Keq should remain same irrespective of the [I]0. This is a
unique behavior observed for this truly supported ATRP
catalyst system involving equilibrium activation and deactiva-
tion processes at the surface.
Proposed Mechanism. The catalyst containment at the

hydrated layers of the supported surface and its easy accessibility
for a fast deactivation process can be explained on the basis of low
partitioning of the catalyst complexes and their enhanced
mobility over the hydrated surface of the support. Figure 15
depicts the proposed mechanism for the supported aqueous-
phase catalysis for ATRP. The interaction of initiating species
(EBriB) present in the bulk organic solution with CuIBr/L on the
hydrated support generates radicals at the hydrated interface for
initiation of monomer that diffuses into the interface. Upon
initiation, the propagating radicals are rapidly deactivated by a
large amount of CuIIBr2/L readily available at the interface before
diffusing out to the organic solution.
The hydration provides a low partitioning for the catalyst on the

support and enables deactivated-dormant polymer chains diffuse
to the bulk organic solvent. This establishes a contact equilibrium
between the hydrated surface of the support and the dormant
polymer chain in the organic solution. Several factors can affect

Table 4. Steady-State Concentration of Radicals for AGET
ATRP of BnMA in Anisole Using Hydrated Na-Clay Sup-
portedCatalysts at Different Initiator Concentrations at 40 �C

[I] (mol/L)

kapp
a �

105 s�1

[P•] = kapp/kp
b �

108 (mol/L)

[CuII]0/[Cu
I]0 =

Keq/α
c

3.3 4.60 2.85 10

4.1 4.18 2.59 10

5.5 4.65 2.88 10
a kapp was calculated using initial slopes of the plot. b kp of 1.616 � 103

M�1 s�1 was used for the calculation. cα is a constant, [P•]/[RX]0 at
the interface and [CuI]0 = [NaAcs]0.

Figure 14. Arrhenius plot of ln kapp vs (1/T) of AGET ATRP of BnMA
at different temperatures. Reactions conditions were the same as in
Figure 13.

Figure 15. Mechanism of the hydrated Na-clay supported CuBr2/L
catalyst system for AGET ATRP. The size of hydrated layer in the
illustration is exaggerated for visualization purposes.
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this equilibrium such as the polarity of organic phase and the
diffusion characteristics of the halogen terminated dormant
polymer chain in the solution.42 Surface structure also places a
significant role in determining the efficiency of this equilibrium.
In the case of hydrated clay, the polymer chains that interact with
the edge regions of expanded intercalary have an effect of a
confinement that can either decrease or increase the rate of the
activation/deactivation depending on the size of the interacting
polymer chain.
At high conversions, the viscosity of the heterogeneous

polymerization solution becomes high, which would decrease
the rate of diffusion of dormant chains to the surface and reduce
the reaction rate. The rate enhancement due to limited radical
diffusion leading to Trommsdorf effect as in the case of classical
radical polymerization would not occur in the hydration mediated
supported ATRP because only dormant chains are present in the
organic phase. As a result, the propagation reaction is restricted
to the hydrated interface of the support, and no polymerization
occurs in the bulk organic layer of the heterogeneous reaction
medium. This unique hydration mediated SAPC for ATRP can
be performed in a flow-through reactor to 100% monomer
conversion without a significant increase in the viscosity of the
polymerization solution.

’CONCLUSIONS

The supported aqueous phase catalysis using hydratedNa-clay
and silica supports for ATRP of BnMA and MMA in anisole has
been studied at 25 and 60 �C, respectively, using batch and
kinetics experiments. The polymerization in the presence of a
small amount of water on these supports for ATRP and AGET
ATRP using CuBr-L and CuBr2-L, respectively, showed that the
adsorbed catalyst complexes are totally retained on the surface,
and no leaching is observed into the anisole. The polymerization
of BnMA proceeded in a living manner and PBnMAs of narrow
MWD (Mw/Mn < 1.3) were obtained using hydrated Na-clay
catalyst support whereas the polymers obtained from the hy-
drated silica catalyst support produced broad MWD (Mw/Mn >
1.5). Unique hydrogen bonding with a very low diffusion
coefficient of water was attributed to inefficient deactivation of
intermediate radicals due to slow mobility of the suspended catalyst
in the hydrated silica support. The polymerization of BnMA was
found to follow zero reaction order with respect to initiator concen-
tration in hydrated Na-clay supported catalyst system (H2O/Na-clay
≈ 17 wt %) in the presence of sodium ascorbate (0.15 e
[NaAsc]0/[I]0 e 0.23). The polymerization rate increased with
the reaction temperature, and an apparent activation energy,
Eapp
6¼ , and pre-exponential factor were calculated as 33.5 kJ/mol

and 17.3 (ln A = 2.85), respectively. The calculatedΔHapp
� = 11.3

kJ/mol for the polymerization of BnMA using Na-clay supported
ATRP, on the basis of the reported activation of energy for the
propagation of MMA, was quite lower than the reported values
for MMA polymerization in conventional ATRP systems. The
results showed that the hydration is the key in compartmentaliz-
ing the propagation at the surface and played an important role in
promoting activation/deactivation processes at a thin aqueous
interface between the support and the organic phase thus control-
ling the polymerization.

Thus, the SAPC is effective in hydrated Na-clay, which has
high diffusion coefficient and low diffusion activation energy for
water compared to silica gel. This is because of the nonuniform
and disordered layers of weakly hydrogen-bonded water molecules

enabling suspended catalyst complexes to move freely over the
surface for a rapid deactivation of intermediate radicals.
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