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ABSTRACT: The first synthesis of poly(styrene-co-styrylethyltrimethoxysilane)[P(ST-
STMS)] –silica hybrid materials has been achieved via the acid-catalyzed sol-gel reac-
tions of P(ST-STMS) with tetraethyl orthosilicate. New sulfonated polystyrene–silica
hybrid materials have been prepared by sulfonation of P(ST-STMS) –silica and poly[-
styrene-co-3-(trimethoxysilyl)propyl methacrylate] –silica hybrids with concentrated
or fuming sulfuric acid. The sulfonated materials exhibit cation exchange capacities
ranging from 0.33 to 1.27 meq/g depending on the composition of the hybrid materials
and on the sulfonation conditions. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 64:
1893–1902, 1997
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INTRODUCTION vitamins, and nucleotides, because of their porous
structures with high surface area and large pore
sizes.Silica and cross-linked polystyrene gels are

In the past decade or so, the preparation ofamong the most widely used stationary phases in
inorganic or organic–inorganic hybrid materialsmodern chromatography. The polymers prepared
via the sol-gel reactions has been exploited exten-from copolymerization of styrene and divinyl ben-
sively.10–16 We have been interested in the synthe-zene followed by sulfonation are commonly known
sis of new polymer–inorganic hybrid sol-gel mate-cation exchange resins in either bead or mem-
rials and their applications in dental restorativebrane form.1 These resins can be employed as re-
materials, coatings, membranes, catalysts or cat-action catalysts2,3 and stationary phase in high-
alyst supports, reaction templates, and lithogra-performance liquid ion chromatography.4–6 Mem-
phy.17–26 A general methodology has been devel-branes of the sulfonated polystyrene can also be
oped for the preparation of vinyl polymer sol-gelapplied as solid polymer electrolyte materials in
precursors containing the sol-gel reactive alkoxy-the fabrication of electronic and electro-optical de-
silyl groups via chain copolymerization of 3-(tri-vices.7 On the other hand, inorganic silica-based
methoxysilyl)propyl methacrylate or other alkox-ion exchangers have been developed by bonding
ysilyl vinyl monomers with conventional vinylionically modified polymers to porous silica micro-
monomers (e.g., methyl methacrylates, acryloni-particles.8,9 This type of ion exchangers have been
trile, styrene, etc.) . The polymer precursors weredemonstrated to be advantageous for the separa-
then chemically or photochemically hydrolyzedtions of large organic ions, such as polypeptides,
and cocondensed with inorganic precursors such
as alkoxides of silicon, titanium, aluminum, and/

Correspondence to: Y. Wei. or zirconium to afford monolithic, transparent hy-
Contract grant sponsors: National Institutes of Health and brid materials without macroscopic phase separa-E. I. DuPont de Nemours & Co., Inc.

tion. We have also demonstrated that the vinylContract grant no: RO1-DE09848.
q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/101893-10 polymer components in the inorganic matrices
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1894 WEI ET AL.

could be modified further to give new hybrid mate- recording each thermogram, the sample powder
was held isothermal at 1207C for 20 min to removerials or nanocomposites, taking advantage of the

microporous nature of the sol-gel silica materials. any volatile compounds. Proton nuclear magnetic
resonance (NMR) spectra of the monomers andFor example, we have successfully transformed

the nitrile groups chemoselectively to amide or copolymers in CDCl3 solutions were taken on an
IBM Bruker WM250 FT-NMR spectrometer op-carboxyl groups in the polyacrylonitrile–silica hy-

brid materials without destroying the covalent erating at 250 MHz. The chemical shifts were ref-
erenced to the proton signal (7.26 ppm) of residualbonding between the polymer chains and silica

network.26 CHCl3 in the solvent.
In this article, we report the synthesis and sul-

fonation of polystyrene–silica hybrid materials
Synthesis of Polymer Precursorsvia the acid-catalyzed sol-gel reactions of poly-

[styrene-co-3-(trimethoxysilyl)propyl methacry- The detailed synthesis and characterization of
P(ST-MSMA) and the P(ST-MSMA) –silica hy-late] [P(ST-MSMA)] or poly(styrene-co-sty-

rylethyltrimethoxysilane) [P(ST-STMS)] with brid sol-gel materials were reported in our previ-
ous article.25 The copolymer P(ST-MSMA) sam-tetraethyl orthosilicate (TEOS) followed by treat-

ment with concentrated sulfuric acid. All the poly- ples contained 90 and 70 mol % ST units as deter-
mined by TGA and 1H NMR spectroscopy.25mer precursors and the hybrid materials before

and after sulfonation have been characterized by Similar to the preparation of P(ST-MSMA), the
synthesis of poly(styrene-co-styrylethyltrimeth-1H NMR, Fourier transform infrared (FTIR), and

thermogravimetric analysis (TGA). It should be oxysilane) [P(ST-STMS)] was carried out by the
free radical copolymerization of styrylethyltri-noted that the synthesis of P(ST-STMS) –silica

hybrid materials has not been reported in the lit- methoxysilane with styrene using benzoyl perox-
ide as initiator in benzene at temperatures of 60–erature. The cation exchange properties of the

new sulfonated polystyrene–silica hybrid materi- 807C under nitrogen for 3 h. The [ST]/[STMS]
molar ratios were 9 : 1, 8 : 2, and 7 : 3 in theals have been investigated.
comonomer feeds. As a typical procedure, 9.36 g
(89.9 mmol) of distilled styrene and 2.67 g (10.6
mmol) of styrylethyltrimethoxysilane were dis-EXPERIMENTAL
solved in 40 mL of dry benzene in a three-necked
100 mL flask, which was equipped with a con-Materials and Instrumentation
denser, thermometer, and nitrogen gas inlet/out-
let. To this solution was added 0.242 g (1.00Styrene (ST, Aldrich) was washed with 5% NaOH

aqueous solution to remove inhibitors, dried over mmol) of BPO. After heating at 60–807C for 3 h
under a nitrogen atmosphere, the reaction mix-anhydrous calcium chloride and distilled under

a reduced pressure. 3-(Trimethoxysilyl)propyl ture was poured dropwise into 200 mL dry n -hex-
ane with stirring. The precipitate was collectedmethacrylate (MSMA, Aldrich) was distilled un-

der vacuum. Benzoyl peroxide (BPO, Fisher) was by filtration and dissolved again in benzene fol-
lowed by another precipitation in n -hexane. Therecrystallized from alcohol twice. Styrylethyltri-

methoxysilane (STMS, United Chemical Technol- final precipitate was filtered and dried in a vac-
uum oven for 24 h to afford 2.6 g of the copolymerogies and Gelest 95%) was purified either by col-

umn chromatography over silica gel or by distil- P(ST-STMS).
lation under a reduced pressure. Tetraethyl
orthosilicate (TEOS, Aldrich), concentrated sul-

Preparation of Hybrid Materialsfuric acid (98%, Fisher), and fuming sulfuric acid
(Fisher) were used as received. All other reagents The alkoxysilyl-containing polymer precursors

were hydrolyzed and cocondensed with tetraethyland reaction media were purified by the standard
procedures. Infrared spectra of the samples in free orthosilicate with aqueous HCl as catalyst to yield

hybrid sol-gel materials, following the previouslystanding film or KBr powder pressed pellet form
were recorded on a Perkin-Elmer 1610 FTIR spec- reported general procedures.17–25 Thus, the poly-

mer precursor P(ST-STMS) or P(ST-MSMA) wastrophotometer. TGA was performed on a DuPont
9900 TA system equipped with 951 TGA module dissolved in a solvent (e.g., THF) to give a solution

denoted as Sol A. A mixture of TEOS, aqueousat a heating rate of 207C/min in a temperature
range of 30–8007C under air atmosphere. Before HCl, and the solvent (THF) was stirred for 10
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SYNTHESIS OF POLYSTYRENE–SILICA HYBRIDS 1895

Scheme 1.

to 30 min at room temperature to yield a clear was allowed to stand at room temperature for
homogeneous solution denoted as Sol B. In some about 20 days without stirring to evaporate the
cases, the solution (Sol B) was further refluxed solvent (i.e., THF) and the low-molecular-weight
for 30 to 120 min to facilitate the sol-gel reactions. products of hydrolysis and condensation (i.e.,
Combination of Sol A and Sol B with stirring re- MeOH, EtOH, and H2O) to afford the polysty-
sulted in a homogeneous solution. This solution rene–silica hybrid gels. Further thermal treat-

ment of the hybrid materials was performed in an
oven under N2 atmosphere at 1007C for 2 h or at
607C for 12 h.

As a typical procedure for the preparation of
P(ST-STMS) (Sample SG4D), 0.05 g (0.1 mmol)
of 2.0M HCl was added to a mixture of 1.77 g
(8.50 mmol) of TEOS, 1.8 g of THF (Aldrich,
HPLC grade), and 0.61 g of H2O. The mixture
was stirred at the ambient temperature for 10
min followed by refluxing for 2 h under nitrogen
to afford a homogeneous solution (Sol B), which
was then combined with a solution (Sol A) of 1.20
g (10.0 mmol based on the repeating units) of the
copolymer P(ST-STMS) containing 90 mol % of
styrene units in 11 g of THF. The resultant mix-
ture was stirred at room temperature for 30 min
to form a homogeneous solution. This solution was
kept at room temperature in a 50 mL beaker cov-
ered with a paraffin film having a number of holes
made with a syringe needle. After drying for about
20 days at room temperature, a transparent, mo-
nolithic disc of the hybrid product was obtained.
The gel product was heated in an oven at 607C for
12 h and was ground into a fine powder for the
subsequent sulfonation process. The silica contentFigure 1 IR spectra of poly(styrene-co-styrylethyltri-
of the product was 34 wt % as determined frommethoxysilane) containing (a) 70 and (b) 90 mol % of

styrene units. TGA measurement.
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1896 WEI ET AL.

ric acid in a 100 mL round bottom flask for 4 h
with stirring at room temperature. The mixture
was poured slowly into a 1-L beaker that con-
tained 250 mL of 50% sulfuric acid precooled in
an ice bath. The solid product was filtered, washed
with water until the filtrate became neutral in
pH, and dried at 1007C for 4 h in an vacuum oven.

Determination of Ion-Exchange Capacity
Figure 2 Proton NMR spectrum of poly(styrene-co- Cation exchange capacity of the sulfonated poly-
styrylethyltrimethoxysilane) containing 90 mol % of styrene–silica hybrid materials was determinedstyrene units.

following the standard procedure for the cross-
linked polystyrene cation exchange resins.30 As a
general procedure, the sulfonated hybrid powderSulfonation of the Hybrid Materials
was treated with an excess amount of aqueous 1N

Preparation of the sulfonated polystyrene–silica HNO3 to ensure that the sulfonate groups in the
hybrid materials was achieved by following the materials were in the free acid form. The materi-
well-established procedures for the sulfonation of als were then washed to neutrality with distilled,
cross-linked polystyrene resins.27–29 As a typical deionized water and dried at 607C for 4 h. An
procedure for the sulfonation of P(ST-STMS) – exactly weighed sample (e.g., 1.000 g) was al-
silica hybrid materials, to 25 mL of concentrated lowed to stand overnight in 250 mL Erlenmeyer
sulfuric acid (98%) in a 100 mL round bottom flask containing 50 to 100.00 mL of standardized
flask was added 0.1 g of the finely ground powder 0.100 N NaOH solution. Of the supernatant solu-
of the hybrid sample (SG4D) with the silica con- tion in the Erlenmeyer flask, 25.00 mL was back-
tent of 34 wt %. The mixture was heated to 907C titrated to a pH of 7.0 with a standardized 0.100
in an oil bath under nitrogen and maintained at N HCl solution using phenolphthalein as indica-
this temperature for 2.5 h with stirring. The mix- tor. An average of four titration results was used.
ture was then carefully added, with stirring, to The cation exchange capacity was reported as mil-
100 mL of 6M sulfuric acid precooled in an ice liequivalent per gram (meq/g) of the dry sample.
bath. Upon cooling to room temperature, the solid
product was filtered through a sintered glass filter
and washed with at least five 20 mL portions of

RESULTS AND DISCUSSIONdistilled water until the filtrate became neutral
as checked with pH paper to ensure a complete
removal of sulfuric acid from the product. The sul- The sol-gel reactive polymer precursors, poly[

styrene-co-3-(trimethoxysilyl)propyl methacry-fonated hybrid product was further rinsed with
two 20 mL portions of methanol, followed by dry- late] and poly(styrene-co-styrylethyltrimethoxy-

silane), were prepared in various copolymer com-ing at 1057C for 2 h in a vacuum oven. In a typical
procedure for the sulfonation of P(ST-MSMA) – positions by a free radical copolymerization of

styrene (ST) with 3-(trimethoxysilyl)propylsilica hybrid materials, 2.0 g of the hybrid sample
(SG3B) was suspended in 50 mL of fuming sulfu- methacrylate (MSMA) and with styrylethyltri-

Scheme 2.
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SYNTHESIS OF POLYSTYRENE–SILICA HYBRIDS 1897

Table I Synthesis of Polystyrene–Silica Hybrid Materials Derived from the Sol-gel Reactions of
Tetraethyl Orthosilicate (TEOS) with Poly[styrene-co-3-(trimethoxysilyl)propyl methacrylate] [P(ST-
MSMA)] or Poly(styrene-co-styrylethyltrimethoxysilane) [P(ST-STMS)]

Sample Code SG1A SG1B SG1C SG3A SG3B SG4A SG4B SG4C SG4D

Sol A composition:
P(ST-MSMA) (g) 7.28 7.00 4.00 3.64 2.10
P(ST-STMS) (g) 4.92 0.50 0.70 1.20
ST content (mol %) 70 70 70 90 90 81 90 90 90
THF (g) 29.1 28.0 16.0 14.6 8.7 19.7 4.5 5.0 10.8

Sol B composition:
TEOS (g) 8.27 22.60 32.36 4.14 6.78 5.50 4.06 2.43 1.77
THF (g) 150% 5.8 15.2 21.8 2.9 4.6 3.7 4.2 2.5 1.8
0.2M HCl (g) 2.00 5.42 7.77 1.00 1.63 1.32 1.00a 0.66b 1.50a

[Copolymer]/[TEOS] 1.24 0.44 0.17 1.55 0.54 1.41 0.22 0.51 0.35
[HCl]/[TEOS] (1102) 1.0 1.0 1.0 1.0 1.0 1.0 0.68 0.86 2.3

SiO2 content (wt %) in the
hybrid materials:

Calcc 37 58 77 30 52 33 73 54 35
Expt (TGA)d 37 59 77 29 49 31 67 51 34

a [HCl] Å 0.13M. b [HCl] Å 0.15M. c The calculated SiO2 contents in the hybrid materials were from the stoichiometry of the
reactants based on 1 mol of TEOS or MSMA or STMS unit yielding 1 mol of SiO2. d The experimental SiO2 contents in the hybrid
materials were determined from the TGA curves at 7507C under air.

methoxysilane (STMS), respectively, with ben- increased from 10 mol % [Fig. 1(b) ] to 30 mol
% [Fig. 1(a) ] in the copolymer, the intensities ofzoyl peroxide as initiator in benzene, as depicted

in scheme (1). the bands at 1086 and 1192 cm01 become higher
relative to those at 1493 and 1451 cm01 . In theThe amount of the sol-gel reactive trimethox-

ysilyl groups in the copolymers was controlled 1H NMR spectrum (Fig. 2) , the singlet at 3.6
ppm is attributed to the trimethoxysilyl protonsby the initial comonomer compositions. Since we

would like to have the properties of the copoly- in the STMS units. The peaks at ca. 2.7 and
0.9 ppm are assigned to the methylene groupsmers as close to those of polystyrene as possible,

the amounts of MSMA and STMS in the copoly- attached to the phenyl and silyl groups, respec-
tively. All the aromatic protons appear as twomers were kept low (e.g., 10 to 30 mol %) . It

should be noted that if the MSMA and STMS groups of signals at ca. 6.5 and 7.0 ppm. Two
broad peaks at ca. 1.4 and 1.8 ppm are assigned,contents are too low (e.g., õ10 mol %) , a macro-

scopic phase separation often occurs during the respectively, to the methylene and methine pro-
tons in the polymer backbone. In addition, thesubsequent sol-gel reactions of the copolymers

with the inorganic precursor TEOS, leading to vinyl proton signals (e.g., 2 doublets at 5.7 and
5.2 ppm for |CH2) for the ST and STMS mono-the formation of translucent products. The co-

polymers were characterized by infrared (IR) mers disappeared. The spectral data are consis-
tent with the proposed copolymer structures.and 1H NMR spectroscopy. The results are con-

sistent with the proposed copolymer structures. The copolymer composition ( i.e., the ratio of ST
to STMS units in the copolymer) was deter-For example, the representative IR and 1H NMR

spectra of the P(ST-STMS) copolymers are mined from the integration ratio of the trimeth-
oxysilyl to the aromatic signals (Fig. 2) to beshown in Figures 1 and 2, respectively. The IR

spectra of the copolymer samples (Fig. 1) ex- approximately 9 : 1, which is about the same as
the comonomer composition.hibit the characteristic absorption bands of both

the styrene units, e.g., 1493 and 1451 cm01 , for To prepare the polystyrene–silica hybrid sol-
gel materials, the polymer precursors P(ST-aromatic ring stretching, and the alkoxysilyl

groups, e.g., 1086 and 1192 cm01 , for Si{O MSMA) and P(ST-STMS) were allowed to un-
dergo the HCl (aq.) catalyzed hydrolysis and poly-stretching.31,32 As the amount of STMS units is
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1898 WEI ET AL.

Figure 3 TGA curves of the poly(styrene-co-styrylethyltrimethoxysilane) –SiO2 hy-
brid materials with the SiO2 content of (a) 67 (SG4B), (b) 51 (SG4C), and (c) 34 wt
% (SG4D); and (d) the TGA curve of precursor polymer containing 90 mol % of styrene
units. All the measurements were done in air at a heating rate of 207C/min.

condensation (i.e., the sol-gel reactions)10–17 in decompose at 300 to 3507C. The onset decomposi-
tion temperature appears to increase with the sil-the presence of various amounts of the inorganic

precursor TEOS at room temperature, as illus- ica content. All the organic components became
completely decomposed at 7507C, leaving only thetrated in scheme (2).

The synthetic parameters and conditions are inorganic silica. The silica contents calculated
from the stoichiometry of the starting materialssummarized in Table I. The polymer precursors

employed were at two copolymer compositions, are very close to those obtained from the TGA
measurements (Table I) .i.e., 70 and 90 mol % of styrene units in P(ST-

MSMA) and 81 and 90 mol % of styrene units in The hybrid materials were further character-
ized by IR spectroscopy. Figure 4 shows represen-P(ST-STMS). The silica contents in the hybrid

materials were designed to be 29 to 77 wt % by tative IR spectra of P(ST-STMS) –silica samples.
All the characteristic bands of the copolymer com-employing appropriate amounts of the starting

materials. Upon gelation and drying at room tem- ponent are in good agreement with those for the
copolymer precursor (Fig. 3). For example, theperature, the hybrid materials with various silica

contents were all monolithic and transparent. The bands at 1493 and 1451 cm01 for the aromatic
ring in the styrene units are present in all thegood transparency to the visible light suggests

there is no macroscopic organic-inorganic phase spectra. In addition, the presence of two strong
and broad absorption bands in the 1000–1200separation in the materials.15–17 The silica con-

tents in the hybrid products were determined by cm01 region in the spectra of the hybrid materials
(Fig. 4), which can be assigned to the stretchingTGA at 7507C performed in air atmosphere. As

shown in Figure 3, the organic components in the vibrations of Si{O bonds,31,32 indicates the for-
mation of the silica network. As expected, the rel-P(ST-STMS) –silica hybrid materials began to

4124/ 8E65$$4124 04-01-97 11:05:02 polaa W: Poly Applied



SYNTHESIS OF POLYSTYRENE–SILICA HYBRIDS 1899

spectively.33 The formation of aryl-sulfone bonds
is further evidenced by the absorption band at
1038 cm01 upon sulfonation.34 In addition, the in-
tensity of the aromatic C{H bending vibration
band at 760 cm01 is decreased because of the sub-
stitution of the aromatic hydrogen atoms by the
sulfonate groups. On the other hand, all the char-
acteristic bands for the hybrid materials (e.g., the
broad Si{O absorption bands at 1050–1200
cm01) before the sulfonation are retained, sug-
gesting that the structure of the materials
changed little during the sulfonation except for
the introduction of the sulfonate groups. Similar
spectral results were obtained for the sulfonated
P(ST-MSMA) –silica hybrid materials, which
were prepared by sulfonation at room tempera-
ture.

The extent of sulfonation could be estimated
from the TGA experiments by comparing the per-
centage of silica contents before and after the sul-
fonation. In all the cases, the percentage silica
content became lower after sulfonation. For exam-Figure 4 IR spectra of the poly(styrene-co-styryleth-
ple, the silica content in the hybrid material con-yltrimethoxysilane) –SiO2 hybrid materials with the

SiO2 content of (a) 67 (SG4B) and (b) 34 wt % (SG4D). taining 29 wt % silica and 62 wt % polystyrene
units before sulfonation (Sample SG3A) de-
creased to 24 wt % after the sulfonation for 24
hours at room temperature. With an assumptionative intensities of the bands at 1000–1200 cm01

to those at 1493 and 1451 cm01 increase when the that the difference (i.e., 5 wt %) resulted solely
from the introduction of the organic sulfonatesilica content in the hybrid materials is increased.

As illustrated in scheme (3), sulfonation of the groups, the extent of sulfonation was found to be
approximately 45% (i.e., approximately everypolystyrene components in the hybrid materials

was achieved by treating the materials with fum- other phenyl ring was sulfonated in the hybrid
materials) . This value is quite close to that ob-ing or concentrated (98%) sulfuric acid following

the similar procedures for the sulfonation of con- tained from elemental analysis (40%). All the
above described results are indicative of theventional polystyrene.27–29 Before the sulfonation,

the polystyrene–silica hybrid samples were achievement of sulfonation of the polystyrene
component in the hybrid materials.heated at 1007C for 2 h or 607C for 12 h in an

inert atmosphere and were ground into a fine pow- Cation exchange capacity of the sulfonated
polystyrene–silica hybrid materials was deter-der. The sulfonation was performed at various

temperatures for 2 to 24 hours. Upon sulfonation, mined by following the standard procedures for
cross-linked polystyrene cation exchangers.30the materials were isolated by filtration as yellow

to brownish powder and were washed thoroughly Thus, the hybrid materials were treated with 1 N
HNO3 to ensure the free sulfonic acid form of thewith water until the filtrate became neutral in pH

value. materials. The acid form was then neutralized
with a standardized base solution (i.e., 0.100 NThe sulfonation of P(ST-STMS) –silica hybrid

materials was performed at about 907C. The sulfo- NaOH) in excess. Upon back-titration with a
standardized acid solution (i.e., 0.100 N HCl), thenated hybrid materials were characterized by IR

spectroscopy and TGA. As shown in Figure 5, cation exchange capacity could be evaluated. Our
preliminary results are summarized in Table II.there are a number of new absorption bands for

the sulfonated hybrid materials [Fig. 5(b)] in In general, the hybrid materials exhibit the cat-
ionic exchange capacity to various extents rang-comparison with those before the sulfonation

[Fig. 5(a)] . The bands at 1010 and 1175 cm01 ing from 0.33 to 1.27 meq/g. The exchange capac-
ity of the hybrid materials was found to increasecan be assigned to the symmetric and asymmetric

stretching vibrations of the sulfonate groups, re- with the polystyrene content in the materials pre-
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1900 WEI ET AL.

Scheme 3.

pared under the same sulfonation conditions. For rene (SG1C). Such a trend could be attributed to
the presence of more sulfonate groups when thereexample, the sample containing 42 wt % of poly-

styrene (SG1A) has a capacity value of 0.86 meq/ are more phenyl rings available for the sulfona-
tion. It was also observed that an increase in theg, which is appreciably higher than that (0.33

meq/g) for the sample containing 15 wt % polysty- reaction time for the sulfonation resulted in a

Figure 5 IR spectra of the poly(styrene-co-styrylethyltrimethoxysilane) –SiO2 hy-
brid materials with the SiO2 content of 34 wt % (a) before and (b) after sulfonation.

4124/ 8E65$$4124 04-01-97 11:05:02 polaa W: Poly Applied



SYNTHESIS OF POLYSTYRENE–SILICA HYBRIDS 1901

Table II Sulfonation of the Polystyrene–Silica Hybrid Sol-gel Materials and The Cation Exchange
Capacity of the Sulfonated Hybrid Materials

ST Content SiO2 Content Sulfonation Cation Exchange Extent (%)
Sample Code (wt %) (wt %) Time (h) [Capacity (meq/g)] of Sulfonationa

SG1A 42 37 4.0 0.86 32
SG1B 27 59 4.0 0.54
SG1C 15 77 4.0 0.33
SG3A 62 29 5.0 0.83 45
SG3A 62 29 24 1.27 50
SG3B 42 49 5.0 0.84
SG3B 42 49 24 1.14 50
SG4A 52 31 24 1.19 40
SG4D 57 34 2.5 — 15

a The mol % of styrene units sulfonated as estimated from the TGA curves at 7507C under air with the assumption that the
difference in weight of the sample before and after sulfonation resulted solely from the introduction of the organic sulfonate
groups.

Wei. We thank Professor A. W. Addison of Drexel Uni-higher ion exchange capacity because of the
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capacity values of sample SG3A were 0.83 and
1.27 meq/g at the sulfonation times of 5.0 and 24
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