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Preparation of free-standing films with sulfonyl group
from 3-mercaptopropyl(trimethoxy)silane/1,2-
bis(triethoxysilyl)ethane copolymer

Takahiro Gunji1, Yasunobu Shigematsu1, Takashi Kajiwara1 and Yoshimoto Abe1,2

3-Mercaptopropyl(trimethoxy)silane (MTMS)/1,2-bis(triethoxysilyl)ethane copolymer was synthesized by the hydrolytic

polycondensation of the two alkoxysilanes in the presence of hydrochloric acid as a catalyst under nitrogen flow. Free-standing

films were prepared by heating the copolymer at 80 1C for 4 days. The films were dipped in a 30% hydrogen peroxide solution

at room temperature for 4 days. The sulfonated films were stable against hydrolysis and maintained their form at 150 1C. The

sulfonyl group content of the film at 150 1C was 1.20mmol g�1 when the composition of MTMS/1,2-bis(trimethoxysilyl)ethane

was 1:2.
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INTRODUCTION

Polysilsesquioxanes are defined as polysiloxanes, with the average
formula (RSiO3/2)n, and they are categorized as random, ladder or
cage structures.1 Ladder and cage silsesquioxanes are known to be
good target compounds in the fields of synthetic chemistry and
materials chemistry because they have highly regulated structures.
On the other hand, the isolation of random polysilsesquioxanes is
difficult because these polymers are unstable against condensation and
form gels easily.
The sol-gel process is often applied to the synthesis of polysilses-

quioxanes.2 Linear polysiloxanes with alkoxy groups as a side chain are
produced when alkoxysilanes are subjected to hydrolysis and con-
densation in the presence of an acid catalyst in a stepwise hydrolysis
and condensation process. Silica gels with a three-dimensional struc-
ture are formed by the hydrolysis and condensation of alkoxysilanes in
the presence of a basic catalyst by the random condensation of
orthosilicic acid. In both cases, polysiloxanes with a wide molecular
weight distribution are formed because the hydrolysis and polycon-
densation reactions occur in parallel.
The isolatable polysilsesquioxanes are synthesized by the hydrolytic

polycondensation of alkoxysilanes under a nitrogen flow in the
following systems: trimethoxy(methyl)silane,3,4 trimethoxy(vinyl)
silane,3 3-methacryloyloxypropyl(trimethoxy)silane5,6 and tetraethox-
ysilane.7 Because these polysilsesquioxanes have high molecular
weights and show high stability against gelation, bulk bodies, coating
films and free-standing films can be prepared by a simple procedure.

For example, free-standing films with high flexibility were prepared by
heating these polysilsesquioxanes gently.3 Because polysilsesquioxanes
are composed of a siloxane unit RSiO3/2, polysilsesquioxanes are easily
modified by introducing functional groups on the side chain. In
addition, polysilsesquioxanes can be converted into organic/inorganic
hybrid materials, which have various characteristics because of the
functional groups on the side chain.
We have reported the preparation of 3-mercaptopropylpolysilses-

quioxanes by the hydrolytic polycondensation of 3-mercaptopropyl
(trimethoxy)silane (MTMS) and their transformation to free-standing
films,8 which were expected to show ion conductivity by oxidation
of mercapto groups.9–11 However, these oxidized free-standing
films showed low water resistivity. One simple and easy technique
to improve water resistance is the introduction of alkyl chains
to the main chain of polysilsesquioxanes by the copolymerization
of MTMS and 1,2-bis(triethoxysilyl)ethane (BTESE). In this
paper, therefore, we report the preparation of MTMS/BTESE copoly-
mers and their transformation to free-standing films according
to Scheme 1.

EXPERIMENTAL PROCEDURE

Reagents
MTMS (Shin-Etsu Chemical Industry, Tokyo, Japan), BTESE (Gelest, Morris-

ville, PA, USA), methanol (Kanto Chemical, Tokyo, Japan), tetrahydrofuran

(THF) (Wako Pure Chemical, Osaka, Japan), hydrochloric acid (Wako Pure

Chemical), 10% dibutyltin dilaurate solution (Tokyo Kasei, Tokyo, Japan), 30%
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hydrogen peroxide solution (Kanto Chemical), 10% sodium chloride solution

(Wako Pure Chemical) and sodium hydroxide (Kanto Chemical) were used as

purchased.

Preparation of MTMS/BTESE copolymer
Into a 200-ml four-necked flask equipped with nitrogen inlet and outlet tubes,

4.90 g (0.025mol) MTMS and 8.85 g (0.025mol) BTESE were charged and

cooled in an ice bath for 10min. Nitrogen was introduced at a rate of

360mlmin�1, and 3.32 g (0.10mol) methanol, 0.125 g water and 0.967 g of

6mol l�1 hydrochloric acid were then added in a dropwise manner, followed by

stirring for 10min at 150 r.p.m. After stirring for 10min at room temperature,

stirring was continued for 3 h at 70 1C to obtain MTMS/BTESE copolymer

(No. 1) as a colorless highly viscous liquid.

Other MTMS/BTESE copolymers were prepared by changing the weights

of MTMS and BTESE as follows: 3.33 g (0.017mol) MTMS and 12.04 g

(0.033mol) BTESE for MTMS/BTESE copolymer No. 2; 1.96 g (0.010mol)

MTMS and 14.16 g (0.040mol) BTESE for MTMS/BTESE copolymer No. 3;

and 0.98 g (0.005mol) MTMS and 15.93 g (0.045mol) BTESE for MTMS/

BTESE copolymer No. 4. The amount of water was changed to maintain the

molar ratio of water to silicon at 1:1.

Preparation of MTMS/BTESE free-standing films
A volume of 1 g of MTMS/BPESE copolymer was charged into a 20-ml vial.

A volume of 4 g of tetrahydrofuran was added to prepare a 20wt% solution.

After the addition of 0.4 g of 10% dibutyltin dilaurate solution, this solution

was poured into a sharle made from polytetrafluoroethane and then allowed to

rest at 80 1C for 4 days.

Sulfonation of MTMS/BTESE free-standing films
MTMS/BTESE free-standing films were charged into a 200-ml beaker. There-

after, 30ml of 30% hydrogen peroxide solution was added and allowed to rest

at room temperature for 3 days. At this point, these films were taken out of the

solution and subjected to drying at room temperature.

Heat treatment of MTMS/BTESE free-standing films
MTMS/BTESE free-standing films were set in a glass sharle and heated with an

electrical furnace for 1 day in air.

Measurement and analysis
1H, 13C and 29Si Fourier-transformed nuclear magnetic resonance (NMR)

spectra were obtained with a JEOL ECP-300 (JEOL, Tokyo, Japan). Chloro-

form-d was used as a solvent.

Gel permeation chromatography was performed by a Shimadzu high-

performance liquid chromatography system (Shimadzu, Kyoto, Japan) com-

posed of an LD-10AD pump, two Polymer Laboratories (Church Stretton, UK)

Mixed-D 250mm�20mm columns and a refractive index detector. Tetrahy-

drofuran was used as the eluent (1mlmin�1). Molecular weight was calculated

on the basis of standard polystyrenes.

The sulfonyl group content was determined by the following procedure: The

sulfonated film was ground with an agate mortar. In a beaker, 50mg of powder

was weighed and mixed with 50ml of 10wt% sodium chloride solution.

Stirring was continued gently overnight at room temperature. The solution was

neutralized with 0.05mol l�1 sodium hydroxide solution.

RESULTS AND DISCUSSION

Results of the synthesis of MTMS/BTESE copolymers
The synthesis of MTMS/BTESE copolymers was performed by the
cohydrolytic polycondensation of MTMS and BTESE. Because MTMS
and BTESE were hydrolyzed in the presence of an acid catalyst, silanols
were stabilized to allow the condensation process to proceed. The
sequence of MTMS/BTESE copolymers was simply controlled by the
stability of the hydrolyzate and/or the silanols, which was affected by
the steric hindrance around the silicon atoms. The steric hindrance
around the silicon atom in MTMS was the same as that of BTESE
because the ratio of methoxy and ethoxy groups in MTMS and BTESE
was set to be equal by the transesterification reaction during the
hydrolysis at 0 1C, with condensation not being favored in this process.
The MTMS/BTESE copolymers were, therefore, random copolymers
consisting of MTMS and BTESE units. In addition, the hydrolytic
polycondensation of alkoxysilanes was performed in the nitrogen flow
to synthesize polysiloxanes with good reproducibility and to prevent
gel formation during the formation and condensation of silanols.12–14

The results for MTMS/BTESE copolymers are summarized in
Table 1. Before performing the syntheses shown in Table 1, a mixture
of MTMS and BTESE was hydrolyzed with the molar ratio of water to
silicon of 1.1:1 to yield a silica gel when the composition of MTMS/
BTESE was varied. In this work, therefore, the molar ratio of water to
silicon was set to be 1:1 to synthesize polysilsesquioxane, with the
molecular weight as large as possible. The molar ratio of MTMS/
BTESE was varied as 0.50:0.50 (No. 1), 0.34:0.66 (No. 2), 0.20:0.80
(No. 3) and 0.10:0.90 (No. 4). The yield was almost constant at
5.1�5.2 g because the amount of silicon atoms was set at 0.05mol,
which resulted in the formation of the same amount of silanols. The
weight-average molecular weight increased with increasing BTESE
because BTESE functions as a hexafunctional monomer to form a
siloxane network easily. In addition, the weight-average molecular
weight and polydispersity increased drastically with increasing
BTESE because more highly crosslinked copolymers were synthesized
under conditions close to that of gel formation with increasing
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Scheme 1 Scheme for the preparation of sulfonated free-standing film.
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amounts of hexafunctional monomer. MTMS/BTESE copolymers
(Nos. 1–4) were soluble in acetone, tetrahydrofuran, chloroform
and carbon tetrachloride, slightly soluble in hexane and insoluble in
methanol and water.
The 1H NMR spectra of MTMS/BTESE copolymers (Nos. 1–4)

are shown in Figure 1. In the spectra of MTMS/BTESE copolymers,
signals were observed at 0.72 (Si–CH2–CH2–Si), 0.78
(Si–CH2CH2CH2SH), 1.25 (–OCH2CH3), 1.40 (–CH2SH), 1.73
(–CH2CH2CH2–), 2.55 (–CH2CH2SH), 3.56 (–OCH3) and 3.84
(–OCH2CH3) p.p.m. The composition of MTMS and BTESE units
in MTMS/BTESE copolymers was calculated on the basis of the
proton integral ratio of the signals at 2.55 and 0.78 p.p.m., which
showed good agreement with the compositions of MTMS and BTESE
in the feed.
The 29Si NMR spectra of MTMS/BTESE copolymers (Nos. 1–4) are

shown in Figure 2. The signals ascribed to T0 disappeared, whereas
signals for T1 and T2 were observed at �48.2 to �53.9 and �55.1 to
�62.2 p.p.m., respectively. The signals due to T3 were not observed
(Tn denotes the structure Si(OSi)n(OMe)3�n (n¼0–3).) The ratio of
siloxane units is summarized in Table 2. The ratios of T1:T2 were
calculated as 39:61 (No. 2), 43:57 (No. 3), 44:56 (No. 3) and 42:58
(No. 4). The percentages of siloxane bonding were calculated as 54
(No. 1), 52 (No. 2), 52 (No. 3) and 53% (No. 4), according to the
equation

P0�3
n ðn�Tn=3Þð%Þ, where Tn denotes the percentages of Tn

units in the 29Si NMR spectrum. These data indicate that MTMS/
BTESE copolymers are mainly composed of T2 units, and the
composition was almost constant. Because the molar ratio of water
to silicon atoms was maintained at 1:1, the degree of hydrolysis for
each silicon atom was almost constant. The molecular weight of the
MTMS/BTESE copolymer did increase, however, because BTESE is a
hexafunctional alkoxysilane that forms a siloxane network more easily
than MTMS.

Results of the preparation of self-standing films from MTMS/
BTESE copolymers and their sulfonation
Self-standing films were successfully prepared by aging MTMS/BTESE
copolymers (Nos. 1–4) in a sharle made from polytetrafluoroethane in
the presence of dibutyltin dilaurate. When the solution of MTMS/
BTESE copolymers was heated at 80 1C, solvents were evaporated after
1 day to yield a viscous liquid. After heating for 4 days, MTMS/BTESE
copolymers solidified to form transparent and flexible free-standing
films that peeled from the polytetrafluoroethane sharle. Because
dibutyltin dilaurate is known as a catalyst to accelerate the formation
of siloxane networks,15,16 the formation of free-standing films was
carried out by the further hydrolytic condensation of methoxy groups

in MTMS/BTESE copolymers. Indeed, no gelation was observed when
MTMS/BTESE copolymers were heated in the absence of dibutyltin
dilaurate.
Self-standing films were immersed in a 30% hydrogen peroxide

solution to produce sulfonated films. Before the oxidation of self-
standing films, we tried the oxidation of mercapto groups by hydrogen
peroxide to show the oxidation of mercapto groups to sulfonyl groups
and no formation of other intermediates such as sulfenyl and sulfinyl
groups. Therefore, we used hydrogen peroxide in this process. The
results of the preparation of sulfonated free-standing films are
summarized in Table 3. The sulfonyl group contents of free-standing
films prepared from MTMS/BTMSE copolymer No. 2 were 0.85
(1 day), 1.10 (2 days), 1.23 (3 days) and 1.23mmol g�1 (4 days),
which showed that sulfonation proceeded by 3 days. As a result, the
reaction time and/or immersing time was set to be 3 days.
A photograph of sulfonated free-standing film prepared from

Figure 1 1H NMR spectra of MTMS/BTESE copolymers.

Table 1 Results for the synthesis of MTMS/BTESE copolymera

Ratios of MTMS:BTESE Molecular weight by GPCb

No Mole Weight per g Yield per g Mw�10�3 Mw/Mn

1 0.50:0.50 4.90:8.85 5.2 3.3 2.4

2 0.34:0.66 3.33:11.68 5.1 4.4 2.9

3 0.20:0.80 1.96:14.16 5.1 5.1 4.1

4 0.10:0.90 0.98:15.93 5.1 14.1 8.6

Abbreviations: BTESE, 1,2-bis(triethoxysilyl)ethane; GPC, gel permeation chromatography;
MTMS, 3-mercaptopropyl(trimethoxy)silane.
Molar ratio: HCl/Si¼0.105. Reagents: MeOH 3.32 g. H2O: 0.125g; 6 mol l�1 HCl aqueous
0.967 g. Temperature: 70 1C. Time: 3 h. N2 flow rate: 360 mlmin�1.
aScale in operation: sum of the amount of substance for MTMS and BTESE: 0.05mol.
bCalculated by GPC based on standard polystyrene.
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MTMS/BTESE copolymer No. 2 is shown in Figure 3. A transparent
and flexible film with some cracks was prepared. A laboratory-made
apparatus found the electron conductivity of this film in water at
25 1C to be 0.0067 S cm�1.
The transparent and flexible film broke into pieces with MTMS/

BTESE copolymer No. 1, whereas continuous films were prepared
from MTMS/BTESE copolymers Nos. 2�4, as shown in Figure 3.

These films were stable against humidity and retained their forms
because of the low water-uptake ability and/or hydrophilicity. The
sulfonyl group contents were 1.35 (No. 1), 1.23 (No. 2), 0.83 (No. 3)
and 0.44mmol g�1 (No. 4), which decreased with the decreasing
content of MTMS in the copolymer. On the other hand, the
percentages of sulfonation, which were calculated as the ratio of
observed and calculated sulfonyl group contents, were 38.4 (No. 1),
47.9 (No. 2), 50.9 (No. 3) and 50.6% (No. 4), which suggests that half
of the mercapto groups were sulfonated. In the sulfonation of
mercapto groups, the mercapto groups on the surface of the film
would be sulfonated first because the self-standing film is hydro-
phobic. The cracks would be formed by the increasing volume due to
the sulfonation of mercapto groups and the degradation of the
siloxane network catalyzed by sulfonic acid. The content of sulfonyl
groups was varied by the composition of MTMS in the copolymer.
The sulfonyl group contents after heating for 1 day are summarized

in Table 4. Sulfonated films were heated at 80, 100, 120 and 150 1C for
1 day, and the sulfonyl group content was determined. The color of
the film changed from colorless to pale yellow and then to yellow by
increasing the heating temperature, which was due to the oxidation of
organic groups in the films. The sulfonyl group contents were 1.23
(80 1C), 1.20 (100 1C), 1.20 (120 1C) and 1.20mmol g�1 (150 1C),
which were almost constant in comparison with the value at room
temperature (1.23mmol g�1). These data show that these sulfonated
self-standing films would work at 150 1C as a proton conductive film.

CONCLUSION

MTMS/BTESE copolymer was synthesized by the hydrolytic poly-
condensation of the two alkoxysilanes in the presence of hydrochloric
acid as a catalyst under nitrogen flow. The molar ratio of
MTMS:BTESE varied, and was 0.50:0.50, 0.34:0.66, 0.20:0.80 and
0.10:0.90. Free-standing films were prepared by heating copolymers
at 80 1C for 4 days. The films were dipped in a 30% hydrogen peroxide
solution at room temperature for 4 days. The sulfonated films were
stable against hydrolysis and maintained their form at 150 1C. The
sulfonyl group content of the films at 150 1C was 1.20mmol g�1 when
the composition of MTMS:BTESE was 0.34:0.66.

Figure 2 29Si NMR spectra of MTMS/BTESE copolymers.

Table 2 Ratio of siloxane units of MTMS/BTESE copolymer

Peak ratio of T unit

No. T0 T1 T2 T3 DC a

1 0 39 61 0 54

2 0 43 57 0 52

3 0 44 56 0 52

4 0 42 58 0 53

Abbreviations: BTESE, 1,2-bis(triethoxysilyl)ethane; MTMS, 3-mercaptopropyl(trimethoxy)silane.
DC (%)¼

P
(Tn(%)�n/3).

aDegree of crosslinking of siloxane bonding.

Table 3 Results for the sulfonationa of MTMS/BTESE films

Sulfonyl group content per mmol per g

No. State Observed Calculated

1 Broken into pieces 1.35 (38.4%) 3.51

2 Film was a few cracking 1.23 (47.9%) 2.57

3 Free-standing film 0.83 (50.9%) 1.63

4 Free-standing film 0.44 (50.6%) 0.87

Abbreviations: BTESE, 1,2-bis(triethoxysilyl)ethane; MTMS, 3-mercaptopropyl(trimethoxy)silane.
aTemperature: room temperature Time: 3 days. Reagent: 30wt% H2O2 aqueous.

Figure 3 Photograph of sulfonated MTMS/BTESE copolymer (No. 2) film.

Table 4 Temperature change of sulfonated MTMS/BTESE filma

Temperature (1C) Color

Sulfonyl group content

per mmol per g

Room temperature Colorless 1.23

80 Colorless 1.20

100 Pale yellow 1.20

120 Yellow 1.20

150 Yellow 1.20

Abbreviations: BTESE, 1,2-bis(triethoxysilyl)ethane; MTMS, 3-mercaptopropyl(trimethoxy)silane.
aSample: No.2 (sulfonyl group content: 1.23 mmol g�1).
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