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Abstract

Effects of solvent on the microscopic structure and proton conductivity of organic—inorganic hybrids containing heteropolyacid are reported.
The organic—inorganic hybrids were prepared by sol—gel synthesis of 1,8-bis(triethoxysilyl)octane (TES-Oct) in the presence of phosphotungs-
tic acid (PWA). The proton conductivity of the membranes prepared under different solvents exhibited greater values in the order methanol
< 1-butanol < 2-propanol < ethanol < 1-propanol < 2-butanol. The conductivity strongly correlated to the amount of incorporated PWA in
the membranes, which was determined by titration of the solutions containing PWA leaked from the membrane. Small-angle X-ray scattering
(SAXS), atomic force microscopy (AFM) and thermogravimetric analysis (TGA) were employed to reveal the relationship between the proton
conductivity and microscopic structure of the TES-Oct/PWA membranes. It was found that there is an optimal condition for the formation of the
condensed domain structure, indicating the important role of the structures in the membrane conductivity.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The sol—gel method has become a standard procedure to
fabricate a wide variety of materials, such as porous glasses
and homogeneous particles with controllable sizes [1,2]. The
principal reactions of this method, i.e., hydrolysis and conden-
sation of alkoxysilanes, are generally controlled by an acid or
a base catalyst to obtain a branched network structure or
particles. Although the reaction can be fairly accelerated by
addition of such catalysts, the sol—gel reaction can be cru-
cially terminated by the cyclization of the adjacent alkoxyl
groups due to the nature of multifunctional monomers [3—5].
The problem can be circumvented by a chemical modification
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of alkoxysilanes, e.g., introducing a molecular bridge into
alkoxysilanes to maintain a moderate separation between
the functional groups of the precursor [4,6]. This also opens
a route to fabricate advanced materials with a well-defined
architecture at the molecular level. For example, when the
reaction is initiated by an alkoxysilane containing an organic
segment as a starting compound, one can obtain an organic—
inorganic hybrid with a certain organic/inorganic sequence
in one step.

In our previous works [7], sol—gel reaction of 1,8-bis-
(triethoxysilyl)octane (TES-Oct) in the presence of phospho-
tungstic acid (PWA) was carried out in order to obtain
organic—inorganic hybrids containing a polyacid as proton
conductive membranes. Here, PWA had an important role
not only as a proton conductor but also as a unique catalyst
with the super strong acidity [8,9]. The reaction process
was characterized by in situ dynamic light scattering, where
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anomalous time evolution of the correlation functions was ob-
served. While sol—gel process of a basic system is character-
ized by particle growth, the primary particles of acidic systems
are fairly small, leading to a chain extension growth to form
a weakly branched network structure [10]. However, the
PWA system exhibited significantly larger cluster size
throughout the gelation process, which was characteristic of
the basic rather than the acidic systems. Once the reaction pro-
cess of the TES-Oct/PWA systems was found to resemble to
that of the basic system, one has to consider how to produce
the clusters containing a larger amount of PWA, which is an
important element for the better proton conduction.

Alcohols are the commonly used solvents for the sol—gel
reaction to perform a homogenous reaction. The reactivity of
monomers depends on the type of alcohols and in principle de-
creases with increasing molecular weight because the acidity
of catalyst depends on the solvent polarity. Therefore, metha-
nol or ethanol may be one of the most popular solvents to
carry out the sol—gel synthesis in practice. So far, there are
only a few papers dealing the solvent effects in sol—gel pro-
cess [11,12]. Since the acidity of the catalyst and nucleophilic-
ity of the precursor are expected to be dependent on (1) the
type of solvent and (2) the incorporated amount of PWA, the
proton conductivity of the membranes will be affected by
those factors as well. In this paper, we investigated the effects
of alcohol on the microscopic structure and the proton conduc-
tivity of the organic—inorganic hybrid membranes.

2. Experimental section
2.1. Samples

1,8-Bis(triethoxysilyl)octane (TES-Oct; Gelest), (OC,Hs);—
Si—(CH,)3—Si—(0OC,Hs); and phosphotungstic acid (PWA;
Aldrich), H;PW,04-nH,0, were used in this study, where
n is the number of hydrated water. Monohydric alcohols
such as methanol, ethanol, 1-propanol, 2-propanol, 1-butanol
and 2-butanol (Wako, Japan) were used as a diluent. The
boiling point and viscosity at 30 °C taken from Ref. [13]
are summarized in Table 1. TES-Oct was used after purifica-
tion by distillation under reduced pressure at least three times.
The reaction batch was prepared by adding the mixture
PWA + water + IPA into the mixture TES-Oct + IPA to initi-
ate the reaction. After vigorous stirring, the solution was
filtered through a Teflon membrane with the pore size of
0.20 pm and was poured into a plastic Petri dish, followed

Table 1
The boiling point and viscosity data for various alcohols

Boiling point (°C) Viscosity (cp at 30 °C)

Methanol 64.5 0.51
Ethanol 78.3 0.99
1-Propanol 97.2 1.73
2-Propanol 82.2 1.77
1-Butanol 117.7 2.27
2-Butanol 99.5 2.50

The data were taken from Ref. [13].

by an aging period for 24 h at 30 °C. After solidification, the
resulting membranes were further aged under saturated vapor
pressure at 60 °C for another 24 h. The dried membranes were
then carefully washed with and stored in distilled water prior
to measurements. TES-Oct and PWA concentrations were kept
at 18.67 wt% and [PWA]/[TES-Oct] = 0.10, respectively.

2.2. Characterization

2.2.1. Small-angle X-ray scattering (SAXS)

SAXS measurements were performed on a X-ray diffrac-
tion instrument (Mac Science Co. Ltd., M18XHF22) equipped
with two-dimensional imaging plate detector, a high flux Hux-
ley-Holmes camera, and nickel filtered Cu Ko X-ray (24 mA,
50kV, A=0.154 nm) at room temperature. The scattering
intensities were accumulated for 3 h. The one-dimensional
scattering functions were obtained by radially averaging the
two-dimensional data after correction for the sample thick-
ness, scattering volume and transmission.

2.2.2. Atomic force microscopy (AFM)

AFM was operated in tapping mode using a Digital Instru-
ments Multimode AFM, controlled by a Nanoscope Illa scan-
ning probe microscope controller with an extender module.
Commercially available silicon tip with a spring constant of
30—40 N/m, single beam cantilevers of 125 pum long and a typ-
ical radius of curvature in the range 5—10 nm was used at the
resonance frequencies ranging from 310 to 340 kHz depending
on cantilever. Both topography and phase images with various
scan sizes 500, 1000, 2000, 4000 nm were collected using
tapping mode with a scan rate of 1 Hz in ambient atmosphere
at room temperature. These images were transformed into
a single master curve of the power-spectrum after a second
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Fig. 1. The proton conductivity, ¢, for the TES-Oct/PWA membranes prepared
under different types of alcohol.
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order background subtraction, fast Fourier transform (FFT)
and radial averaging by homemade software [7].

2.2.3. Thermogravimetric analysis (TGA)
Thermogravimetric analysis (TGA) was conducted using
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Fig. 3. (a) SAXS profile for the TES-Oct/PWA membranes synthesized in

different solvents. The inset shows the SAXS profile for the HCl-catalyzed
membrane. (b) £saxs for various types of solvent.

Fig. 2. (a) NaOH concentration required to neutralize PWA; (b) incorporated
amount of PWA in the membranes for various types of solvent.
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Fig. 4. AFM surface topographies for the TES-Oct/PWA membranes prepared under various types of alcohol.

2.2.4. Conductivity measurement

Proton conductivity measurements were performed on
a Hioki 3532-80 impedance analyzer couple with two plat-
inum electrodes placed in a thermostat chamber (Espec Co.
Ltd., LHL-113) at 60 °C/95%RH. The conductivity was
determined from Cole—Cole plot by an AC impedance
method in the range 10 Hz—1 MHz. The measurements
were iteratively carried out until the impedance reached
the plateau value.

3. Results and discussion

Fig. 1 shows the proton conductivity, o, for the TES-Oct/
PWA membranes prepared under different kinds of alcohol.
While the most of the data reached sufficient level applicable
for proton conductive membranes, that are prepared in metha-
nol resulted in o~10"° (S/cm), which was three decades
lower than others. Methanol, which has been considered to
be suitable to maximize the functionality of the PWA anion
as a catalyst, is widely used as polar solvent for sol—gel syn-
thesis. However, it may not be applicable for the present sys-
tem consisting of an organically modified alkoxide with PWA
because phase separation takes place before reaching the gel
point. Such a phenomenon might occur due to the fact that
one of the alkoxide group is replaced by an alkyl bridge,
that leads to the formation of less condensed structure by rapid
chain growth rather than hyper branching. In addition to such
an inductive effect of the alkyl group [1], the fast evaporation

of the solvent could lead to the phase instability upon increas-
ing concentration. Note that if the hydrogen bond has an addi-
tional role to the reaction [11], e.g., prohibiting the reaction
front of the silanol groups, the alkoxide may form further
less branched structure by extending its chain ends. In any
case, most of the PWA could leak during the structural forma-
tion if phase separation takes place before stabilizing the
network structure.

In order to understand the variation of the proton conductiv-
ity for the hybrid membranes prepared under different kinds
of solvents, the amount of PWA successfully incorporated in
the membrane was investigated by titration. In general, the
hydrated water in PWA depends on the temperature and the
relative humidity. Their role is to compensate for the charge
potential of the huge PWA anion [14]. Since the amount of
base required to neutralize the strong acid was unknown, the
known amount of PWA was titrated by using sodium hydrox-
ide as shown in Fig. 2(a). Thus the amount of PWA success-
fully introduced into the membrane, Wpwa, was estimated
from the amount of leaked PWA using a calibration curve.
Fig. 2(b) shows Wpwas obtained for different types of solvents.
Wpwa increased in the order methanol < 1-butanol < 2-prop-
anol < ethanol < 1-propanol < 2-butanol which was reminis-
cent of the proton conductivity as demonstrated in Fig. 1.
While the conductivity was almost dependent on the amount
of PWA, it is interesting to examine the network structure
by SAXS, AFM and TGA to consider their effects on the
proton conductivity.
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Fig. 3(a) shows the SAXS profile for the TES-Oct/PWA
membranes observed at room temperature, where /(g) is the
intensity observed at the magnitude of the wave vector q.
The inset shows the result for the HCl-catalyzed membrane
as a control. Since the scattering peak appeared in the absence
of PWA, this peak can be attributed to the inter-domain (or
inter-void) distance of the TES-Oct/PWA clusters rather than
the aggregated structure of PWA itself although tungsten can
be a good contrast agent due to the high electron density.
A SAXS correlation length, £s5axs, was estimated from the
peak location, ¢,.x, by the following equation:

(1)

Fig. 3(b) shows £saxss for different types of alcohol. Note
that the TES-Oct/PWA membrane prepared in methanol is
opaque, indicating a very strong light scattering. Therefore
the scattering peak of the methanol membrane was not
detectable in this experiment range of the wave vector. £gaxs
decreased with the number of carbons of alcohol as a
general trend and those for isoform solvent exhibited the larger
value.

In order to ensure that the SAXS analysis provided a valid
correlation length, an alternative approach was taken. Fig. 4
shows the surface morphologies for the TES-Oct/PWA mem-
branes observed by AFM. Except that the methanol membrane
exhibits obviously large structure, it is quite difficult to envis-
age how the solvent affects the structure with quantitative
understanding solely from the surface images. Thus, those
images were further analyzed by an FFT analysis to evaluate
a characteristic length below.

Fig. 5(a) shows the power spectra of the AFM images for
the TES-Oct/PWA membranes prepared in different solvents
obtained by radially averaging the two-dimensional FFT
images with the different scanning sizes, where the solid lines
indicate the fitting results with the following equation [7,15,16]:

Esaxs = 270/ qmax

1

)2(1+2a

I(q) = (2)

ko (G arm )Jfkl (qEAFM)ﬁ

where £ Apn, @ and @ are the characteristic length for AFM, the
self-affine exponent and another exponent to represent the
higher order structure. ky and k; are relative strength for
each contribution. The arrows indicated the characteristic
wave vector ¢ corresponding to the reciprocal of &apm.
Fig. 5(b) shows &ary for different types of alcohol, where
the inset shows the relation between two correlation functions
obtained by SAXS and AFM. Since £5py is proportional to
£saxs, this result suggests that the structural information is
successfully extracted to discuss the effect of solvent upon
microscopic structure for a series of the TES-Oct/PWA
membranes. It is noted that £,gy for methanol solvent is

Fig. 5. (a) Power spectra obtained from the two-dimensional FFT of the AFM
images for the TES-Oct/PWA membranes prepared under various types of
alcohol. (b) £ arm evaluated from the FFT analysis. The inset shows the linear
relation between & gy and Egaxs. (¢) Plot of ¢ as a function of & zgym.
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analyzable, suggesting AFM can be a complementary tool of
SAXS for quantitative structure analysis. While the structural
parameters were successfully evaluated from SAXS and AFM,
those data exhibited a rather monotonic dependence. Fig. 5(c)
shows the correlation between the proton conductivity and
microstructure. The proton conductivity, ¢, increased with
£ apMm for the smaller domain structure (£app < 15 nm), fol-
lowed by a decrease in ¢ as the domain size became larger.
The figure indicates that the better proton conduction requires
a well-developed domain structure, which can be induced by
incorporation of the larger amount of PWA as we reported
earlier [7]. However, further increase in £spy led significant
reduction of ¢. This is probably due to a coarse network struc-
ture attributed to the unstable structural formation. Thus
further structural investigation is required to elucidate how
the solvents affect the functionality and internal structure of
the materials.

Besides SAXS and AFM indicated the characteristic size of
the microscopic structure, TGA measurements may provide us
useful insight into the average degree of cross-linking or the
microscopic structure inside the domains. As reported earlier
[7], the weight loss from the TES-Oct/PWA membranes,
which are directly related to the rigidity or branching degree
of the network structure, can be attributed to the disintegration
of the organic bridge. The analysis was applied to the series of
TES-Oct/PWA membranes prepared under different alcohols.
Fig. 6(a) shows the weight derivative with respect to the tem-
perature for a series of the TES-Oct/PWA membranes. The char-
acteristic temperature increased in the order methanol
< 1-butanol < 2-butanol < 1-propanol<ethanol < 2-propanol.
Although the characteristic temperature for TGA decreased
with the number of carbon atoms of alcohol the methanol system
exhibited exceptionally low value compared with any other
samples. When the sol—gel reaction was carried out in the pres-
ence of methanol as a solvent, the resultant membrane was opa-
que, suggesting that the network was in the phase separated and
loosely cross-linked states. The reactor batch became opaque
from the beginning of the reaction when the gelling test was per-
formed by using the test tube inversion method. Thus, the fast
evaporation of solvent is not the main reason for this result. It
is well known, that sol—gel reaction is accelerated when one
of the four alkoxide groups is replaced by alkyl group as the
so-called induction effect [1]. If the chain extension proceeds
preferentially compared with the branching (cross-linking) re-
action, the system becomes unstable with respect to the concen-
tration fluctuations, where the cross-linking has an important
role in stabilizing the concentration fluctuations. Therefore,
the TES-Oct/PWA membrane prepared by methanol may form
coarse and low cross-linking domains as indicated, respectively,
by the results obtained by AFM and TGA. In this case, it is rea-
sonable to consider that most of the PWA could leak out from the
membrane during the course of sample preparation. From the

Fig. 6. (a) Weight derivative with respect to the temperature in different
solvents. (b) Trga for various types of solvent. (c) Plot of Wpwa as a function
of TTGA~
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TGA experiments, it was found that there is an optimal condition
for the amount of PWA in the membranes. In this study, it was
found that 2-butanol is the best solvent to prepare the proton
conductive membrane consisting of the organic—inorganic
components. The high viscosity or the boiling temperature of
the solvent would be necessary to produce a well-developed
domain containing a sufficient amount of PWA without macro-
scopic segregation.

4. Conclusions

Methanol is a commonly used solvent to prepare mem-
branes via the sol—gel synthesis of tetraalkoxide. Since the cy-
clization or intra-domain cross-linking dominates the reaction
rate of the alkoxide, it could be one of the best solvents to
maximize the performance of acid or base catalyst in the
sol—gel processing. However, in the case of sol—gel derived
organic—inorganic hybrids, because of the presence of the or-
ganic bridge, the TES-Oct/PWA membrane in the presence of
methanol resulted in highly phase separated state, leading to
serious leaking of the proton conductor, PWA. The incorpo-
rated amount of PWA seemed to have an optimum value
with respect to the TGA characteristic temperature. This sug-
gests that the cross-linking degree or the structure should be
moderate, i.e., not too loose nor too tight to produce the better
proton conductive membrane via the sol—gel reaction. SAXS
and AFM can provide structural insight whereas the titration
technique gives the concentration of PWA in the membrane.
Therefore, all the techniques are required to understand the
functionality of the membrane. An AFM accompanied by
Fourier analysis can be a powerful tool to quantitatively eval-
uate the microscopic structure complementary to the scattering
techniques.
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