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1. INTRODUCTION

Acid catalysts are extensively used inmany important chemical
transformations, such as alkylation and etherification.1�3 How-
ever traditional liquid acids, such as HCl, H2SO4, and HF,
normally cause severe equipment corrosion and environmental
pollution. Solid acids, such as zeolites, oxides, phosphates,
heteropoly acids, and organic�inorganic composites, have
emerged as green substitutes over the last decades for liquid
acids because of their easy recovery, lower pollution and lack of
corrosiveness.

Generally, the catalytic activity of solid acids is negatively
impacted by aqueous media, with a few exceptions, such as some
organic solid acids. In many important chemical transformations,
water participates as a reactant or product, such as hydrolysis and
esterification reactions. For example, production of biodiesel
typically involves transesterification of triglycerides with short
chain alcohols and esterification of free fatty acids from feed-
stocks with a large amount of water.4,5 Catalytic reactions in
aqueous systems are also very attractive from the perspective of
replacing organic solvents. Compared to the use of organic
solvents, catalytic reactions in aqueous systems have many
advantages including low cost, low toxicity and safety. Thus, it

is desirable to synthesize new “water tolerant” acid catalysts and
develop an understanding of acid catalyst stability in the presence
of water.6

The two most-studied classes of organic solid acids are ion-
exchange resins and inorganic oxide supported sufonic acids.
Polymeric ion-exchange resins, such as the styrene-based sulfonic
acids and perfluorosulfonic acid based polymer catalysts have
been used commercially in many areas.7 Sulfonic acid functio-
nalized inorganic solids prepared via traditional postgrafting or
silane co-condensation methods, such as silica supported alkyl
sulfonic acids or arenesulfonic acids and Nafion/silica nanocom-
posites, have also been studied extensively.8 Recently, surface
initiated controlled polymerization has emerged as a new tech-
nique for material functionalization, endowing oxide surfaces
with polymeric organic species. For example, surface initiated
atom transfer radical polymerization (ATRP) is one of the most
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powerful and commonly used techniques to introduce uniform
polymer layers on solid surfaces.9,10 After immobilizing initiators
onto the surface, the polymer chains are grown from the
initiation position to form “polymer brush” materials, first
described as catalysts in 2008,11,12 that can be used to achieve
high catalyst loadings while allowing good accessibility to the
active sites.11�17 In the recent literature, grafting of poly (sodium
styrene sulfonate) onto SBA-1518 and ultra large pore SBA-1519

via ATRP of sodium styrene sulfonate has been investigated.
However in those two cases, low organic loadings and acidities
were achieved. A poly(vinylsulfonic acid)-grafted poly(styrene)
resin has also been prepared via surface initiated radical polym-
erization of vinylsulfonic acid and used for catalytic esterification
reactions.20,21

Herein, a new polymer brush supported sulfonic acid is
prepared via surface initiated ATRP of styrene followed by
sulfonation of the polymer brush. Cab-O-Sil M5, a nonporous
silica, is used as the support to avoid potential pore clogging
issues associated with polymerization with porous materials as
the supports.22,23 For typical ATRP surface initiators, there is an
ester or amide linkage between the surface and the initiation site
that may be hydrolytically unstable under acidic or basic condi-
tions. To alleviate this problem, an alkyl initiator with only
carbon�carbon bonds between the surface and the grafted
polymer is designed and synthesized (Scheme 1). Hydrolysis
of ethyl lactate is chosen as a model reaction to evaluate the
activity and stability of the new acid catalyst. The product, lactic
acid, is a very useful renewable chemical intermediate.24 Lactic
acid derived from fermentation processes requires extensive
purification. Instead of the conventional sequential approach of
reaction and separation,25 catalytic distillation, whereby a water-
tolerant acid catalyst is employed,26�28 can be applied as a more
efficient technique. In this work, new polymer brush supported

sulfonic acid catalysts are used for the hydrolysis of ethyl lactate,
with an emphasis placed on understanding the catalytic perfor-
mance and stability of this new type of catalyst in the presence of
excess water.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Materials. The following chemicals were
commercially available and used as received unless otherwise noted:
ethyl 2-chloropropionate (Alfa Aesar, 96%), 5-bromo-1-pentene
(Alfa Aesar, 96%), lithium diisopropylamide (LDA, 2 M in THF/
heptane/ethylbenzene, Aldrich), tetrahydrofuran (THF, dried by
passing through columns of activated copper oxide and alumina),
toluene (J.T. Baker, anhydrous), dodecane (anhydrous, Sigma-
Aldrich), hexamethylphosphoramide (HMPA, Aldrich, 99%), tri-
methoxysilane (Aldrich, 95%), Platinum(0)-1,3-divinyl-1,1,3,3,-tet-
ramethyldisiloxane complex solution (Karstedt’s catalyst, Aldrich,
0.1 M in poly(dimethylsiloxane) vinyl terminated), 1,1,4,7,10,10-
hexamethyltriethylenetetramine (HMTETA, Sigma-Aldrich, 97%),
(3-trimethoxysilyl) propyl 2-bromo-2-methyl propionate (Gelest,
95%), fuming sulfuric acid (Mallinckrodt, 20% SO3), copper(I)
bromide (purified by stirring in glacial acetic acid, washed with
ethanol and diethyl ether, dried under vacuum and stored inside
glovebox), Cab-O-Sil M5 fumed silica (Cabot Corporation, Bru-
nauer�Emmett�Teller (BET) surface area ∼200 m2/g), and
styrene (dried over CaH2, and purified by vacuum distillation).
All air and moisture sensitive compounds were handled via Schlenk
techniques or in a nitrogen glovebox.
2.2. Syntheses of New Silane-Functionalized ATRP Initia-

tor. Ethyl 2-Chloro-2-methyl-6-heptenoate (1a). A flask contain-
ing dry THF was cooled to�78 �C, and LDA (48 mL, 96 mmol)
was added into the solvent. Ethyl 2-chloro propionate (10.2 mL,
80 mmol) was then added dropwise. The reaction solution was

Scheme 1. Silica-Supported Poly(Styrene Sulfonic Acid) Brush Materials
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stirred for several minutes, and then HMPA (27.9 mL, 160
mmol) was injected quickly. The color of the solution changed
from deep red to dark brown. Next, 5-bromo-1-pentene (9.5 mL,
80 mmol) was added slowly to the flask. The temperature was
subsequently maintained at �78 �C for 1 h with stirring. Then
the mixture was allowed to warm naturally to room temperature
and stirred overnight. The next day, the reaction was quenched
with 25 mL of 5% HCl and 25 mL of DI H2O. A 100 mL portion
of diethyl ether was added into the mixture for extraction. The
organic layer was washed with 5% HCl (5 times) and brine
(2 times), and then dried over MgSO4. Finally, solvents were
evaporated via rotary evaporation, and the crude oil was purified
by flash chromatography (95:5 hexane-EtOAc) to give 11.5 g
of product (yield: 70%). 1H NMR (400 MHz, CDCl3): δ 1.29
(t, 3H), 1.48 (m, 2H), 1.72 (s, 3H), 2.0 (m, 4H), 4.21 (q, 2H), 5.0
(m, 2H), 5.77 (m, 1H). 13C NMR (400 MHz, CDCl3): δ 14.14,
24.25, 27.82, 33.48, 41.59, 62.17, 69.10, 115.25, 137.98, 171.41.
(1H NMR and 13 C NMR spectra are contained in the Support-
ing Information)
Ethyl 2-Chloro-2-methyl-7-(trimethoxysilyl) Heptanoate (1b).

Ethyl 2-chloro-2-methyl-6-heptenoate (4.0 g, 19.5 mmol) and
trimethoxysilane (3.58 g, 29.3 mmol) were added into the
reaction vessel. Karstedt’s catalyst (390 ul) was added into the
mixture dropwise. The solution was stirred at 80 �C overnight.
The crudemixture was purified with fractional vacuum distillation
to give 3.2 g product (yield: 50%). 1H NMR (400 MHz, CDCl3):
δ 0.63 (m, 2H), 1.30 (t, 3H), 1.37 (m, 6H), 1.72 (s, 3H), 1.98
(m, 2H), 3.57 (s, 9H), 4.22 (q, 2H). 13C NMR (400 MHz,
CDCl3): δ 9.12, 14.10, 22.47, 24.62, 27.71, 32.86, 42.05, 50.56,
62.99, 69.18, 171.44. (1H NMR and 13 C NMR spectra are con-
tained in the Supporting Information)
Silica Supported ATRP Initiators. Cab-O-Sil M5 (2 g) was

dispersed into toluene (86 g) with sonication in a 150 mL
pressure tube.
Ethyl 2-chloro-2-methyl-7-(trimethoxysilyl) heptanoate (4mmol)

was added slowly into the slurry and then the mixture was refluxed
about 40 h. The solid was recovered by filtration through filter paper
and washed repeatedly with toluene, petroleum ether, methanol, and
diethyl ether. The recovered white powder was dried under vacuum
at 100 �C for several hours and then stored in a glovebox for later use.
Thermal gravimetric analysis (TGA) revealed that the organic
loading of the supported chloro heptanoate (SiO2@alkyl initiator)
was 0.53 mmol/g.
(3-Trimethoxysilyl) propyl 2-bromo-2-methyl propionate was

immobilized to the silica surface with the same procedure. The
organic loading of the supported bromo isobutyrate (SiO2@ester
initiator) was 0.23 mmol/g by TGA, which is lower than that of
the SiO2@alkyl initiator. The syntheses of SiO2@alkyl initiator
and SiO2@ester initiator were repeated several times, and the
resulting loadings were consistent.
To obtain a SiO2@ester initiator with higher initiator loading,

the ratio of initiator silane to Cab-O-Sil was increased from 2
mmol silane/g SiO2 to 5 mmol silane/g SiO2. The organic
loading of SiO2@ester initiator_2 was 0.44 mmol/g, as deter-
mined via TGA.
2.3. Preparation of Catalysts. Surface-Initiated ATRP. The

surface-initiated ATRP was performed according to reported
procedures11 with minor modifications. Silica supported initiator
(SiO2@alkyl initiator, 899 mg) was suspended into anhydrous
toluene (19.4 g) to give a slurry of 40mg/mL. Themolar ratios of
reactants were as follows: styrene/SiO2@alkyl initiator/CuBr/
HMTETA = 50:1:1.2:2.4. The mixture was stirred under nitrogen

at 110 �C for 24 h. A small amount of dodecane was added as the
standard to monitor the conversion of the polymerization. At the
end, the polymerization solution was diluted with excess toluene,
and the solid product was recovered by centrifuge (8000 rpm,
30 min). This step was repeated at least three times to wash away
the free polymer (if any formed) during the polymerization.
Then the solid was washed repeatedly with amixture of methanol
and pyridine to remove the copper catalyst residue. The final
recovered powder sample was dried under vacuum at 100 �C for
several hours. For the SiO2@ester initiator, all the experimental
parameters and the synthesis procedure were the same except a
higher ratio of styrene to SiO2@ester initiator was used (80:1).
For SiO2@ester initiator_2, all the experimental parameters and
the synthesis procedures were the same.
Synthesis of Polymer Brush Supported Sulfonic Acids. The

polymer brush materials were sulfonated following a published
literature29 with slight modifications. In a typical sulfonation, the
polymer brush material (1 g) was added into a 50 mL flask.
Fuming sulfuric acid (25 mL, 48 g) was weighed in a small vial
and then transferred into the flask. The slurry was shaken for 10
min, and then was quenched by slowly adding the mixture into
excess DI H2O. The recovered acid catalyst was washed repeat-
edly with DI H2O until the pH of the filtrate was above 6. The
catalyst was dried under vacuum at 100 �C overnight.
2.4. Characterization. 1H and 13C NMR spectra were

acquired with a Varian Mercury Vx 400 (CDCl3 solvent). Tran-
smission electron microscopy (TEM) measurements were per-
formed on a JEOL 100CX-2 and HF 2000. A Netzsch STA 409
was used for TGA under a mixture of air and nitrogen with a
heating rate of 10 �C/min. FT-IR spectra were obtained on a
Bruker Vertex 80 optical bench using KBr Pellets. Surface areas
were assessed via nitrogen physisorption analysis using a Micro-
meritics TristarII. Before measurement, the samples were de-
gassed overnight under vacuum around 100 �C. X-ray Photoelectron
Spectroscopy (XPS) was performed on a Thermo K-Alpha XPS
using Al KR irradiation with a flood gun. The samples were put on a
powder sample holder, evacuated in a load lock, and then transferred
to the analysis chamber (vacuum around E-08 mbar) for measure-
ment. The spectra were referenced to the C1s peak at 284.8 eV. The
reaction conversion was monitored by gas phase chromatography
(GC) on a Shimadzu GC-2010 with a FID detector and a SHRX5
column. Elemental analyses were performed by Columbia Analytical
Services (Tucson, AZ). Titration was used to determine the acid
loading of the catalysts. The polymer brush supported sulfonic acid
(∼ 15 mg) was dispersed into a saturated NaCl aqueous solution
(∼ 5 mL) for several hours under sonication. The solid was filtered
andwashed several times with brine. The collected filtrate (∼20mL)
was titrated with 0.01 M NaOH with phenolphthalein as the
indicator.
2.5. Catalytic Hydrolysis of Ethyl Lactate. Typically, the

catalyst (SiO2@alkyl-PS-SO3H, 48 mg, 1.25 mol % catalyst
relative to the ethyl lactate, equivalent to 0.144 mmol Hþ) was
weighed into a 15mL two-neck flask and was dispersed into 1 g of
DI H2O via sonication (∼ 30 min). 1,4-Dioxane (1.03 g, internal
standard) was added to the dispersed catalyst. The reaction flask
with a condenser was immersed into an oil bath and preheated to
60 �C (∼20 min). Ethyl lactate (1.37 g, 11.6 mmol) and DI H2O
(2.14 g) were mixed together and transferred into the two-neck
flask to start the reaction. Samples (40 ul) were removed
periodically via syringe and analyzed by GC-FID. The hydrolysis
of ethyl lactate with SiO2@ester-PS-SO3H was performed fol-
lowing the same procedures. In all the reactions, 1.25 mol % of
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the catalyst was used, and the reactants and the standard were
scaled according to the amount of catalysts used. At the end of the
reaction, the catalyst was recovered by filtration and washed
repeatedly with DI H2O until the pH of the filtrate was above 6.
The recovered catalysts were dried under vacuum overnight at
100 �C, and then reused in subsequent reactions. Recycle experi-
ments were scaled according to the mass of the recovered catalysts.

3. RESULTS AND DISCUSSION

3.1. Synthesis of the ATRP Initiator Silanes. For preparation
of the polymer brush materials, the synthesis was carried out in
two steps: (1) immobilization of the initiator on the solid
support; (2) surface initiated polymerization. The most com-
monly used silane-functionalized ATRP initiators all have amide
or ester linkages between the silicon atom and the polymeriza-
tion initiation point, and therefore they may be unstable under
acidic or basic aqueous conditions. For example, several reports
from R€uhe et al. describe a system whereby grafted polymers
were detached from the surface by cleaving the ester bond in the
initiator moiety between the surface and the polymer chain under
reflux conditions with p-toluenesulfonic acid as the catalyst.30,31

Since our target catalyst is a polymer brush supported sulfonic
acid, to achieve better catalytic stability, a new initiator was
designed and synthesized (Scheme 2). In this new initiator,
instead of the ester linkage, there are only C�C bonds between
the surface and the initiation position. The initiator precursor
was functionalized by adding a pentene group next to the
initiation position. A trimethoxysilane group was then added to
the olefin via hydrosilylation in the presence of Karstedt’s catalyst
at 80 �C. A small number of samples were taken and checked with
1H NMR during the course of the hydrosilylation to monitor the
reaction. The peaks corresponding to the olefin group disap-
peared gradually. The final product was purified via fractional
vacuum distillation. The distillate at 160 �C under 30 mmtorr
contained the desired product, 1b.
3.2. Preparation of the Supported Initiator. Cab-O-Sil M5

is a fumed, nonporous silica with multiparticle aggregates. The
average aggregate length is 0.2�0.3 μm, and the surface area is
∼200 m2/g. ATRP initiator species were deposited onto the
silica surface by refluxing the initiator silane and silica in toluene.
Unreacted silane was removed by extensive washing with to-
luene, petroleum ether, methanol, and diethyl ether. The organic
loading of the silica supported initiator was estimated by TGA
(Table 1). The immobilization of each initiator silane was
performed following the same procedures and repeated multiple
times. The loadings of the SiO2@alkyl initiator were always
higher than those of the SiO2@ester initiator, which may be due
to the different reactivities of these two initiator silanes. This
results in slightly different initiator loadings on the surface of the

silica support. The densities of the supported initiators were
between 0.7�1.6/nm2, which is lower than the silanol density of
the fumed silica (2�4 OH/nm2).32

FT-IR and XPS were used to further confirm the surface
species in the hybrid materials. In the FT-IR spectra (Supporting
Information, Figure S5), the peaks around 2930 cm�1 were
assigned to aliphatic C�H stretches, and the CdO stretch was
clearly visible at 1720 cm�1. XPS analysis (Supporting Informa-
tion, Figure S6a) of the silica supported alkyl initiator also clearly
revealed the characteristic peak of Cl 2p at 200.4 eV (for
SiO2@ester initiator, the Br 3d peak was evident at 69.6 eV).
3.3. Surface Initiated ATRP of Styrene. The silica supported

initiators were used for ATRP of styrene. Typically, the initiator
functionalized silica was mixed with styrene, copper(I) bromide,
ligand, toluene, and internal standard at 110 �C for 24 h. The
monomer conversion was determined at the end of polymerization
via GC-FID. Since the initiator density and initiation efficiency of
SiO2@alkyl initiator were different from that of SiO2@ester in-
itiator, polymerization under identical conditions yielded signifi-
cantly different polymer loadings and characteristics. To attempt to
yield catalysts that had comparable polymer loadings using the two
initiator-functionalized solids, the [monomer]/[initiator] ratio was
tuned to yield the same ratio of the polymerized monomer to the
supported initiator (= [styrene]/[SiO2@initiator] � conversion).
Although these values were similar for the two materials, the
polymer content of the produced SiO2@alkyl-PS was still higher
than that of the SiO2@ester-PS because the initiator loading of the
SiO2@alkyl initiator was higher. The recovered polymer brush
materials were washed extensively with toluene to remove free
polymer to mitigate its potential effects on the subsequent catalytic
investigations. The organic loadings of the polymer brush materials
were estimated by TGA (Table 2). According to the calculations
(Supporting Information, Table S1), the majority of the polymer-
ized styrenewas growing on the surface. Although a small amount of
free polymer was likely formed, it could be removed by repeated
washing. To ensure that the free polymer was removed, the washing
procedureswere repeated, and it was found that the organic loadings
of the polymer brush materials did not change. This suggests that
the two catalysts, SiO2@alkyl-PS and SiO2@ester-PS, were devoid
of free polymer and all polymers were covalently bound to the oxide
surface. FT-IR confirmed that the structure of the polymer layer in
the solid materials was consistent with poly(styrene) (Supporting
Information, Figure S5c). Aromatic C�H stretches were observed
around 3030 cm�1 and a significant growth of peaks associated with

Scheme 2. Synthesis of Ethyl 2-Chloro-2-methyl-
7-(trimethoxysilyl) Heptanoate

Table 1. Loading and Density of the Supported Initiator

materials

mmol of initiator/

g of sample

no. of initiators/

nm2 of surfacea

SiO2@alkyl initiator 0.53 1.6

SiO2@ester initiator 0.23 0.70
aCalculation shown in Supporting Information.

Table 2. Physical Characteristics of the Polymer Brush Ma-
terials Prepared via Surface Initiated ATRP

materials
[M]/[SiO2@
initiator] conv.

[M]polymerized/
[SiO2@
initiator]

organic
loading

organic loading after
rewashing

SiO2@alkyl-PS 50 64% 32 60.2% 61.7%
SiO2@ester-PS 80 41% 32.8 41.1% 40.7%
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the polymer backbone, assigned to aliphatic C�H stretches around
2930 cm�1, was also observed. In the TEM images, the Cab-O-Sil
supported poly(styrene) material (Supporting Information, Figure
S7) displayed a fractal-like structure with a thin layer of polymer on
the surface.
3.4. Sulfonation of the Poly(styrene) Brushes. After treat-

ment with fuming sulfuric acid,29,33�SO3H groups were introduced
into SiO2@alkyl-PS (Scheme 3) and SiO2@ester-PS (the catalysts
are denoted as SiO2@alkyl-PS-SO3H and SiO2@ester-PS-SO3H).
Since the sulfonation reactions are typically electrophilic substitutions,
the �SO3H group is added to the ortho or para positions in the
aromatic ring, and monosubstitution is preferred.33 The successful
sulfonation was verified by FT-IR, XPS, elemental analysis, and
titration. In the FT-IR spectra (Figure 1), the SdO stretches at
1008 cm�1 and 1037 cm�1 clearly indicated the existence of sulfonic
acids.34,35 In the XPS spectra (Figure 2), the S 2p peak at 169.1 eV
was observed.29 The XPS analysis showed that the S/C ratios of
SiO2@alkyl-PS-SO3H and SiO2@ester-PS-SO3H were 0.146 and
0.140, respectively. The data suggest the SiO2@alkyl-PS-SO3H and
SiO2@ester-PS-SO3H have similar surface sulfonation degrees. This
value is also close to 0.125, which is the theoretical value of the S/C

ratio assuming each aromatic ring bears one sulfonic acid group in the
poly(styrene) polymers. The results from elemental analysis
(Table 3) were consistent with the information interpreted from
the XPS analysis. The compiled data reveal that both of the catalysts
have similar sulfonation degrees and the S/Cmolar ratios were close
to the theoretical ones.
The ion exchange capacity of the catalysts was determined by

acid�base titration.36,37 The acid loadings of SiO2@alkyl-PS-
SO3H and SiO2@ester-PS-SO3H determined by titration were
3.0 mmol/g and 1.3 mmol/g, respectively. The results were
consistent with the values from elemental analysis (Table 3). For
polymer brush supported sulfonic acids prepared by the new
synthesis strategy utilizing the alkyl-linked initiator, a much
higher acid loading could be achieved, compared to other silica
supported sulfonic acids, which usually have acid loadings of less
than 1 mmol/g. Furthermore, it should be noted that the carbon
content of the SiO2@alkyl-PS-SO3H was reduced slightly from
130 mmol C/g SiO2 to 96 mmol C/g SiO2, after sulfonation. In
contrast, the C content of the SiO2@ester-PS-SO3H decreased
dramatically from 51 mmol C/g SiO2 to 19 mmol C/g SiO2 after
sulfonation. This observation suggests the majority of the polymer

Scheme 3. Preparation of SiO2@alkyl-PS-SO3H

Figure 1. FT-IR of Amberlyst 15 (a); SiO2@alkyl-PS-SO3H (b); SiO2@ester-PS-SO3H (c). Amberlyst 15 is sulfonic acid resin based on cross-linked
styrene-divinylbenzene copolymers.
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matrix remained in the SiO2@alkyl-PS-SO3H catalyst after
sulfonation, while a large percentage of polymers detached from
the silica support in SiO2@ester-PS-SO3H during the sulfona-
tion process. These observations show the polymer brush
sulfonic acid catalyst based on the alkyl initiator has better
stability compared to the material made with the ester initiator.
The thermal stability of the catalyst was determined by TGA.

For example, in SiO2@alkyl-PS-SO3H (Supporting Information,
Figure S8), a three step decomposition pattern was observed. A
slight mass loss around 100 �Cwas attributed to removal of water
bound to the hydrophilic sulfonic acid groups. A second mass
loss was observed around 310 �C, which is likely associated with
desulfonation.38 The final mass loss was likely due to decom-
position of polymer matrix at around 560 �C.
3.5. Catalytic Hydrolysis of Ethyl Lactate. The catalytic

activity and recyclability of the polymer brush sulfonic acid
catalysts were demonstrated in the hydrolysis of ethyl lactate.
The polymer brush supported sulfonic acids displayed similar
activity (Figure 3) to their homogeneous analogue, p-toluene-
sulfonic acid, and a much higher reaction rate compared to
Amberlyst 15, which is attributed to the easy accessibility of the
active sites originating from the unique polymer brush architec-
ture. For SiO2@alkyl-PS-SO3H, the catalyst showed good activ-
ity over three runs (Figure 4a), with only a slight decrease in the
reaction rate upon recycle. Titration of the recovered SiO2@
alkyl-PS-SO3H catalyst showed that the acid loading decreased
from 3.0mmol/g to 2.8mmol/g after cycle 1 (7% loss) and then to
2.4 mmol/g after cycle 2 (20% loss). For SiO2@ester-PS-SO3H,
the reaction rate in the first run was similar to that of the
SiO2@alkyl-PS-SO3H (Figure 3). This suggests the two catalysts
have similar accessibility of the active sites under these conditions,

despite the different polymer surface coverage (reactions were run
at the same acid loading). The SiO2@ester-PS-SO3H catalyst
deactivated more quickly (Figure 4b), and the acid loading was
reduced from1.3 mmol/g to 0.87 mmol/g after cycle 2 (33% loss).
The decrease of acid loading may be attributed to desulfonation

or the detachment of the polymer chains from the surface. FT-IR
(Supporting Information, Figure S9 and S10) was used to assess the
functional groups of the recycled catalysts. Compared to the fresh
catalysts, the recycled ones did not have significant differences in the
spectra. The peaks corresponding to the SdO stretches could still
be clearly observed in the spectra of the recycled catalysts. For
further understanding of the deactivation mechanisms, more quan-
titative analysis of the composition of the catalysts was performed by
elemental analysis. It was found that the S/C ratio decreased
gradually in the SiO2@alkyl-PS-SO3H, (Supporting Information,
Table S2), which indicated desulfonation39 occurred during the
ester hydrolysis reactions. The C/Si ratios also decreased slightly
after recycle, which is probably due to the hydrolysis of the
Si�O�Si bonds that connect the initiator group to the silica
surface.40,41 As for the SiO2@ester-PS-SO3H catalyst, it displayed
similar trends (Supporting Information, Table S3) except the
carbon content decreased more quickly (Figure 5).
Since polymer detachment was observed in both of the

catalysts, to shed light on the effects of polymer coverage on
the material stability, SiO2@ester-PS_2 with a similar polymer

Figure 2. XPS spectra of SiO2@alkyl-PS-SO3H (a); SiO2@ester-PS-SO3H (b).

Table 3. Compositions of Solid Polymer Brush Materials
after Sulfonation

catalysts S (mmol/g) C (mmol/g) S/C

sulfonation

degree

SiO2@alkyl-PS-SO3H 3.26 27.6 0.118 ∼94%

SiO2@ester-PS-SO3H 1.51 13.02 0.116 ∼93%

Figure 3. Kinetics of ethyl lactate hydrolysis. (1.25 mol % catalyst
loading, 60 �C).
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loading (Supporting Information, Table S4) to SiO2@alkyl-PS
was prepared. After sulfonation, the C content of the SiO2@
ester-PS-SO3H_2 decreased from 118 mmol C/g SiO2 to 68
mmol C/g SiO2 (43% decrease, compared to 27% decrease in
SiO2@alkyl-PS-SO3H and 65% decrease in SiO2@ester-PS-
SO3H). The acid loading of the fresh catalyst was 2.8 mmol/g.
The activity and stability of SiO2@ester-PS-SO3H_2 catalyst
were tested in the ethyl lactate hydrolysis test reaction. Con-
sistently, the fresh catalyst displayed a similar reaction rate to the
other two polymer brush supported sulfonic acids, but deacti-
vated gradually during recycle, with a slightly higher deactivation
rate than SiO2@alkyl-PS-SO3H (Supporting Information, Figure
S11). The C/Si ratio (Supporting Information, Table S5) was
also reduced in the reused catalysts. The trend of carbon loss
(Figure 5) is faster compared to that of SiO2@alkyl-PS-SO3H,
while slower than that of the original SiO2@ester-PS-SO3H. All
the observations further indicated the polymer brush sulfonic
acid based on the alkyl initiator had better stability compared to
the material made with the ester initiator. The improved stability
of SiO2@ester-PS-SO3H_2 compared to SiO2@ester-PS-SO3H
is suggested to be due to the increased initiator silane coverage on
the surface and higher polymer content in the material, giving a
denser coverage of protecting polymer around the support.

4. CONCLUSIONS

Silica particles functionalized with poly(styrene sulfonic acid)
brushes were prepared via ATRP for use as acid catalysts

containing highly accessible acid sites with high loading. The
polymer brush catalysts were demonstrated in the hydrolysis of
ethyl lactate and shown to be equally active to a homogeneous
analogue, p-toluenesulfonic acid, as well as substantially more
active than a traditional polymer resin catalyst, Amberlyst 15. A
newATRP initiator designed to bemore hydrolytically stable was
prepared, and the resulting polymer brush catalyst, SiO2@alkyl-
PS-SO3H, was shown to have improved stability relative to the
catalysts made with a traditional ATRP initiator containing an
ester group, SiO2@ester-PS-SO3H. Nonetheless, the catalysts
deactivated slightly over several uses because of polymer loss and
desulfonation. The polymer brush architecture is suggested to be
a useful approach to preparation of polymeric catalysts with a
high loading of accessible active sites and the architecture merits
further development.
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