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ABSTRACT: The microscopic structure of orgasnimorganic hybrid membranes containing heteropolyacid has
been investigated by atomic force microscopy (AFM), small-angle X-ray scattering (SAXS), and Fourier transform
infrared spectroscopy (FT-IR). The hybrids were prepared by hydrolysis and condensation reactions, the so-
called sot-gel reaction of 1,8-bis(triethoxysilyl)octane (TES-Oct) in the presence of phosphotungstic acid (PWA)
with hydrated water. The characteristic lengths evaluated by using AFM and SAXS revealed the evolution of the
domain structures upon increasing PWA concentration. Thermogravimetric analysis (TGA) indicated that increasing
PWA concentration led to remarkable increase in the characteristic temperature for a weight loss. By combination
of analysis using TGA and FT-IR, it was found that highly condensed domains were disintegrated, leading to the
formation of loose networks with defect structures in the vicinity of the characteristic temperature. Correspondingly,
the organic bridge was further broken. Variation of the characteristic temperature with the PWA concentration
was strongly correlated to the evolution of the interdomain distance and the surface characteristic length scales,
which were respectively observed by SAXS and AFM. Such a well-developed ionic domain structure offered
fairly good performance of the proton conductivity in rangel® 1072 (S/cm) in spite of the rigid matrix of

the sot-gel network.

Introduction considered to be a good candidate for fuel cell membranes

The sol-gel method is a suitable technique to synthesize taNks to the high conductivity of PWA. N
polymeric materials such as fibers, membranes, ceramics, and 1atsumisago et al. prepared PWA-dispersed silica membranes
gels! The sol-gel process involves two principal reactions €xhibiting the proton conductivity on the order of ¥o 10°2
consisting of (1) hydrolysis of alkoxides groups to form silanol S/cm? Although the PWA-dispersed silica materials have great
groups and (2) subsequent condensation of silanol groups to@dvantages su.ch' as therm.ostabmty ano! dimensional stability
produce siloxane bonds in alcohol/water solutions. The reaction Pecause the limit of the intake capacity of PWA for the
is accelerated when acid or base catalysts are empmyed_conventlonal sotgel netwo_rk oftetraethoxysnane (TEOS)_stlll_
Electrophilic characteristics, which are rapid hydrolysis and remains at 47%, exploration of more suitable host which is
subsequent condensation, lead to a less-branched structure fgf@pable of incorporating a larger amount of PWA without
acidic systems. On the other hand, highly branched silica Ségregation is strongly demanded. To achieve this requirement,
colloids are obtained by slow hydrolysis and fast condensation, 2/koxysilanes were organically modified with various organic
the characteristic of nucleophilic reaction for base-catalyzed SPacers such as alkylene, alkyleneoxide, and isocyanato-
system&?3 In either case, the simple procedure and the low alkyleneoxide’"2% Among them, a new class of precursors
operation temperature of the sajel process have fascinated COnsisting of both organic and inorganic parts was prop&séd.
the materials science community. Because of the capability of SUCh materials have the following advantages: (1) Organic
polymer networks to trap small molecules, -sgkl- inorganic products can be o.btalned by one-step polymerization
derived materials open a route of applications for catalyst P€cause each component is connected at monomer level. (2)

support, molecular sieves, proton conducting membranes, and'N€ cyclization reaction of monomers between neighboring
SO on. alkoxide groups can be fairly circumvented owing to the

Phosphotungstic acid (PWA) belongs to a large group of moderate separation distgnce determin'ed by the length (')f.o'rganic
heteropolyacids, which are strong inorganic aditlsPWA spacef® (3) The organic part provides better flexibility,
involves the Keggin structure consisting of a central P atom in diSSipating energy concentrated at the rigid inorganic backbone.
tetrahedral coordination surrounded by 12 edge-sharing tungstic General reaction schemes for bridged silsesquioxanes with
acid with the lattice cell parameter of 11.76ATo neutralize ~ Various organic spacers are illustrated in Figure 1 (proton
the huge anion, PWA bears a large amount of hydrated waterconductor is not drawn here). Provided that hydrolysis and
depending on the temperature and humidity. This particular condensation reactions for bridged-alkoxysilanes effectively
structure exhibits exceptionally high proton conductivity because Proceed without any cyclization reaction, the resulting structure
of the high mobility of hydrated water that is close to pure S characterized by a highly condensed cagelike structure (cubic
water” Thus sot-gel-derived networks containing PWA are Silsesquioxanes) with defect structdfe?! The fraction of the

cagelike structure is considered to be dependent on the catalysts,
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Figure 1. Schematic models for bridged silsesquioxanes with various organic spacers.

leading to an immobile solid with nano- or micrometer voids not small, the remaining PWA provides sufficient pathway for the
after removing diluents. proton conduction as demonstrated below. Further noticeable

Because the better conduction takes place by effective leaking was not observed on repetitive washing. TES-Oct mem-
exchange of protons, the concentration and degree of dissociaPranes catalyzed with 1N of hydrochloric acid was also prepared
tion of PWA as well as the number of hydrated water are the 25 @ reference. Typical thickness of the sample was.200The

crucial factors for designing proton-conducting membranes membranes contains 30 wt % of water in the swollen state
. gning p 9 " irrespective of the PWA concentration according to a separate water-
However, even if we succeed to prepare an electrolyte mem-

/€l : M-" yptake measurement.
brane containing a large amount of conducto.rs, disconnection Characterization. Fourier Transform Infrared Spectroscopy
of the transport channels caused by segregation and/or crystal{eT.|R). FT-IR measurements were carried out on a Perkin-Elmer
lization of conductors would lower the potential proton con- Spectrum GX system equipped with an attenuated total reflection
ductivity. On the contrary, water-containing clusters should be (ATR) attachment. The ATR spectra were collected from 650 to
kept large enough to fulfill the percolation condition for the 4000 cnr! with a resolution of 4 cmt. The background spectra
conductive phase. This means nanodispersed/homogeneouicluding the absorption of vapor and carbon dioxide were obtained
structures are not always an acceptable structure for maximizingby measuring the absorption of an empty ATR crystal used as
functionalities of fuel membranes. In that sense, optimization reference. .
of the hierarchical structure is necessary, and this demand can Small-Angle X-ray Scattering (SAXSAXS measurements were
be satisfied by investigating the correlations among reactions, Performed on an X-ray diffraction instrument (Mac Science Co.
microscopic structure, and conducting properties. Therefore, we -9~ M18XHF22) equipped with a two-dimensional imaging plate
focused on investigation of microscopic structure for PWA- detector, a high-flux HuxleyHolmes camera, and a nickel-filtered

. . . o Cu Ko X-ray (24 mA, 50 kV,1 = 0.154 nm) at room temperature.
dispersed membranes with organically modified precursors by the scattering intensities were accumulated for 1 h. The 1-D
taking account of the role of both PWA and the hydrated water scattering functions were obtained by radial averaging of two-
in the reaction and the structure of the membranes. dimensional data after correction for the scattering volume and
transmission.

Experimental Section Static Light Scattering (SLS$LS experiments were carried out

Samples.1,8-Bis(triethoxysilyl)octane (TES-Oct, Gelest), (&C
Hs)3-Si-(CH,)s-Si-(OGHs)s, phosphotungstic acid (PWA, Aldrich),
H3PW;,040, and isopropyl alcohol (IPA, Wako pure chemical

by a DYNA-3000 polymer dynamics analyzer (Otsuka Electronics
Co., Japan) equipped with a light source (5 mW-Hie Laser)
and an area detector (CCD) of 52512 pixels. When the detector

industries) were used in this study. The reaction batch was preparedangle was set to zero, an isotropic scattering profile was obtained

by adding the mixture (PWA+ water + IPA) into the mixture
(TES-Oct+ IPA) to initiate the reaction. After vigorous stirring,
the solution was filtered through a Teflon membrane with the pore
size 0.25um and poured into a plastic petri dish, followed by an
aging period for 24 h at 28C. After solidification, the obtained

on the two-dimensional detector with the scattering angle range
+ 20°. In this case, the 1-D scattering functions were obtained by
radial averaging of two-dimensional data similar to the SAXS
analysis. It is noted that one can acquire the higher scattering angle
data (maximum 130 by rotating the detector, although improve-

membranes were further aged under saturation vapor pressure afent of the data quality by the radial averaging is not allowed in

60 °C for another 24 h. All of the samples were transparent,

this specific case.

suggesting that no macroscopic phase separation (the scattering of Atomic Force Microscopy (AFMAFM was operated in tapping

visible light) occurs under our experimental conditions. The dried

mode using a Digital Instruments Multimode AFM, controlled by

membranes were then carefully washed with and stored in distilled a Nanoscope llla scanning probe microscope controller with an
water prior to measurements. PWA concentrations were varied in extender module. A commercially available silicon tip with a spring

the range [PWAJ/[TES-Oct{ 0.01-0.25, while the concentration

of TES-Oct was kept at 18.67%. For the higher PWA concentration,
gelation took place so quickly that injection of the solution into a
petri dish was not allowed within the limited mixing time. To
estimate the amount of leaking PWA, the residual solution was
titrated by a sodium hydroxide solution with a calibrated curve
prepared by titration of the known amount of PWA. As a result, it
was found that around #BO wt % of PWA remained in the
membrane after washing. Although the leaked amount of PWA is

constant of 36-40 N/m, single beam cantilevers of 12& long,

and a typical radius of curvature in the rangel® nm was used

at resonance frequencies ranging from 310 to 340 kHz depending
on cantilever. Both topography and phase images with various scan
sizes 500, 1000, 2000, and 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 second-order background
subtraction, fast Fourier transform (FFT), and radial averaging by
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homemade software. Because the thickness of the sample is more v (OH) : H,0 5(OH) : H,0 W-Oc-W
than 80um, the AFM results are free from the substrate surface. a0 )50 70780
Thermograimetric Analysis (TGA)Thermogravimetric analysis |V (OH): 1,0,
; {918 s0H):HO,"
(TGA) was conducted using a TGA2950 (TA Instruments thermo- \ 700> 2

gravimetric analyzer) with high-resolution mode. Sample weight
was in the range of 59 mg. Nitrogen was used as a purge gas.
The heating rate was dynamically varied in response to the changes
in the decomposition rate of the sample so as to improve the
resolutions of the weight change. Maximum ramp heating rate was
set at 20°C/min.

Conductvity MeasurementProton conductivity measurements
were performed on a Hioki 353280 impedance analyzer coupled
with two platinum electrodes placed in a thermostat chamber (Espec a
Co. Ltd, LHL-113) at 80°C/95% RH. The conductivity was
determined from ColeCole plot by an AC impedance method in 4000”3000 2090 1490.7200.1000 800"
the range 10 Hz to 1 MHz. The measurements were iteratively wavenumber / cm’”
carried out until the impedance reached the plateau value. .

Data Analysis. AFM. To obtain the spatial correlation length ~ Figure 2. FT-IR spectrum for PWA.
from AFM topography images, power spectral density (PSD)

absorbance (a.u.)

T T T T T T T
functions were calculated by two-dimensional Fourier transforma- . @
tions of topography images as
1|t pL _ ) 2 [ (CHy
1@t) = 5| fy o @x) — 2 expl-ilax + gy dxay R =
(1) I T et = N
s r V4 o---X=107 &
o g @
wherelL is the image sizeg, andqy, are the wave vector along the = e =
x andy axes, andz is the mean height. The 2D-PSD is further 1L 1 £
transformed into polar coordinates by averaging over azimuthal & AR 2
angle¢ b -
gle¢ by
1 27 B 7
@) =5= [0 120(6Gy9) do )
, . , . ey ey A A A
Note thatl(q) is equivalent to the Fourier transformation of the 3000 2950 2900 2850 2800 1200 1100 1000 900 800
real space heightheight correlation functionG(r).32 As explained wavenumber / cm” wavenumber / e’

in the Appendix,l(q) exhibits the following asymptotic behavior: Figure 3. (a) FT-IR spectra for the selgel derived hybrids with

21+ 20) different organic spacer lengths and (b) FT-IR spectra for pure PWA,
I(Q) = kod forgq>¢ 3) the TES-Oct membranes catalyzed by HCI, and by PWA with [PWA)/
P kg for q< £ [TES-Oct]= 0.01 and 0.25.

peak intensity increased with increasing length of the organic

bridges in organieinorganic precursors. The absorbance peaks

Q) = 1 4 associated with the organic bridge were used as internal

@= 21+20) 4 | (Eq)f @ reference to compare a series of FTIR data because they were
Ko(&a)) 1(£0) . . :

free from the interaction with PWA.

This equation exhibits the asymptotic power law behavior with the ~ The absorption peaks that appeared in the range of-1400

In this study, the following form is used to estimdte

exponents—2(1 + 2a) for the largeq and —p for the smallerq 650 cn1! are related to StO—Si linkage. The asymmetric
regions, respectively. This enables us to deterndin®y a non- stretching band of #O would be the best to confirm the
least-squares fitting procedure. existence of PWA in the hybrid membranes because the signal

from heteroatom P is shielded by 12 tungstic acid units in its
neighbors and is free from the interaction unlike the outer W

FT-IR is a powerful tool to observe the specific chemical O groups. However, the absorption band unfortunately over-
structure of PWA and the interaction between PWA and lapped with that of S-O—Si linkage. Similar overlap was also
hydrated water. Figure 2 shows the absorption spectra of PWA found for the symmetric stretching band of-¥@,—W, which
in the solid state. The spectra exhibit absorption peaks in the appeared from 970 to 980 crh In contrast, the specific band
region of 3806-1200 and 1156650 cnt?, which correspond  for PWA was found at 820 cr. Figure 3b shows representative
to the vibration modes of water and PWA, respectively. Those absorption spectra with different PWA concentrations. Although
absorption bands\OH—H,0 (3400-3500 cnt), yOH—H,05" the characteristic band for YWO.—W shifted from 780 to 820
(3180 cnTl), SOH— HOs" (1720 cntl), 6OH—H,0 (1620 cm~1, noticeable increase in the intensity with the PWA
cm1), vP—O (1078 cnrl), vYW=0 (970-980 cntl), vW— concentration was found when the spectra for [PWA]/[TES-
Op,—W (880—-910 cntl), YW—0O,—~W (770-780 cnTl), have Oct] = 0.01 and 0.25 were compared as indicated by the solid
already been assigned in the literatén the following, those arrows. The conclusion can be led by performing a nonlinear
are used to confirm that PWA preserving the native Keggin least-squares fit to a multi-Gaussian function with a polynomial
structure is successfully incorporated in the membranes. background (not shown here).

Figure 3 represents the FT-IR spectra for the TES-Oct/PWA  Figure 4a shows the scattering functions obtained by SAXS
membranes, where the strong peaks appeared at 2926 and 2850r a series of the TES-Oct/PWA membranes as a function of the
cm~! were assigned to the absorption of the methylene groups PWA concentration, where the signals behind the beam stopper
of the organic bridges (Figure 3a). It was confirmed that the were masked on the analysis. The scattering profiles were

Results and Discussion
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Figure 4. (a) SAXS and (b) SLS profiles for the TES-Oct membranes
with different PWA concentrations.

characterized by an appearance of a peak, which shifts to lowe
gwhen increasing the PWA concentration. The solid lines were
drawn for clarity. Because a similar scattering function was
observed for a HCl-catalyzed membrane without PWA, it can

be deduced that inverse of the peak position corresponds to the

intervoid distance (or the interdomain distance of the hybrid
clusters containing PWA) rather than the spatial correlation
between the PWA-rich and -poor phases without voids. Note
that PWA plays an additional factor for amplification of the

r
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microscopic structure of the hybrid membranes. Thus, a light-
scattering experiment was carried out to investigate the micro-
scopic structure on the length scale of visible light. The double-
logarithmic plot of the scattering functions obtained by a two-
dimensional scattering setup was shown in Figure 4b. Only the
scattered intensities with the zero detector angle could result in
sufficient quality after radial averaging of the two-dimensional
data. Nevertheless, the slope of the scattering functions at the
high-g region was—2, indicating the system was in one-phase
regime and PWA was randomly dispersed in the network.
Figure 5 shows the surface topography of the TES-Oct/PWA
membranes obtained by tapping-mode AFM with a scan size
of 500 nm, where the obtained images were three-dimensionally
reconstructed by homemade software to achieve better visual-
ization. In our previous study, we reported that the TES-Oct
cluster evolution for the PWA (strong acid) system was similar
to that of base-catalyzed systems. Typical acid-catalyzed gels
grew by extending the chain with less branching, whereas base-
catalyzed gels were constructed from highly branched particles.
Those topographies indicated that the membrane structure
consisted of a large particle domain structure. Although the
information was limited to the surface, more quantitative
analysis based on the spatial correlation function was performed
in order to compare the results with SAXS data in the following.
Figure 6 shows the power spectra of the AFM topography
as a function of the PWA concentration. The spectra were
obtained by 2-D FFT of the AFM topographies and subsequent
radial average, followed by the superposition of the averaged
spectra obtained with scanning sizes of 500, 1000, 2000, and
4000 nm. It was found that the spectra were characterized by
two distinct power laws intercepting at a certain wave vector,
&1, as indicated by the arrows in the figure. Curve fitting using
eq 4 was satisfactory for all the spectra as indicated by the solid
lines, leading to a quantitative evaluation §fThe deviation
from the power law in the higheg regions is due to the limit
of image resolution and the quantization on FFT. As a result,
the inverse of the reciprocal correlation length seems to shift to
a lower wave vector with increasing the PWA concentration.
Figure 7 shows the first-order derivativaydT of the weight
loss as a function of the PWA concentration obtained by using
high-resolution TGA for the TES-Oct/PWA membranes. In the
high-resolution mode of TGA, the initial heating rate of 20/
min was varied in response to the changes in the decomposition

total intensities for the PWA/silica system because the scattering'at€ Of the sample. As shown in the figure, the dramatic weight
contrast for SAXS increases with atomic number. The interdo- 0SS Was found around 518C, which corresponds to the

main distancesisaxs, defined by
gSAXS = 27l qpeak (5)

as a function of the PWA concentration is shown below, where
Opeakindicates the peak position of the scattering intensity. While
SAXS provides the intervoids structure, the distribution of PWA
in the hybrid membranes is an important factor to study the

[PWA] / [TES-Oct]=0.05

Figure 5.

' [PWA] / [TES-Oct]=0.10 ||

characteristic temperatur€rca, for thermal decomposition of
the organic bridge.Ttca increased with increasing PWA
concentration, suggesting a systematic increase in the thermo-
stability associated with the specific structure of the TES-Oct/
PWA membranes.

To disclose the relation between the thermostability and the
microscopic structure, FT-IR measurements were subsequently
carried out under various destination temperatures. The absorp-

[PWA] / [TES-Oct]=0.20
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” tion band around 1130 cm, which was assigned as the
[PWAJ{TES-Oct]

characteristic vibration of the cubic hydrogen-silsesquioxanes
by Liu et al.2° disappeared upon thermal curing, whereas a new
absorption peak in 1070 crhassociated to SiO—Si network
structure emerged simultaneously. In the case of methyl-
silsesquioxanes, the - SD—Si network absorption band shifted
from 1130 to 1030 cmt, indicating effects of the side groups
surrounding the cube. Figure 8 represents the FT-IR spectra of
the TES-Oct membranes catalyzed by (a) HCI and (b) PWA.
In the former case, the intensities for the-&i—Si linkage
associated with the cagelike structure decreased with increasing
temperature. The stretching mode of the organic bridge disap-
peared correspondingly. It is speculated from this combination
analysis that the cagelike structure is necessary to maintain the
thermostability of the organieinorganic hybrids. Decomposi-
tion of the organic bridge associated with disintegration of the
cagelike structure was also found for the TES-Oct membranes
Figure 6. Power spectra obtained by 2-D FFT for the TES-Oct containing PWA, as shown in Figure 8b. For the PWA-dispersed

membranes with different PWA concentrations. The solid lines were Membranes, the thermostability is significantly improved owing

1015 .
10"

1011

Inem (@) / count

obtained by fitting with eq 4. to the presence of larger domains with highly condensed
cagelike structure. Note that the “presence” of PWA in hybrid
O [PwA) / [TES-Oct—] matrix as a filler played a minor role on the thermostability
e because it was confirmed that the characteristic temperature did
W not correspond to incorporated amount of PWA in the mem-
0.2 " 0100 . brane, which will be reported in the forthcoming paper.

As shown above, the cagelike structure in the TES-Oct
membranes is disintegrated into the network structure with

-0‘4\&1%# defects upon increasing temperature. Figure 9 shows the FT-

>
S IR spectra for the PWA-containing seyel-derived membranes
z prepared by tetraethoxysilane (TEOS) and TES-Oct observed
3 os6f 0200 at room temperature, where the TES-Oct membrane was tested
after a thermal treatment at 760G, which is located well above
the characteristic temperature for the cage disintegration. As
.08k 4 found from the figure, the FT-IR spectra for the TEOS
membranes are quite similar to that for the TES-Oct aged at
700 °C in the range 10081300 cntl. Because the TEOS
10 ) 020 membranes have no organic spacer, the structure more likely
400 500 600 involves intra-cross-linking structure, leading to a predominant
T/°C network with defect rather than a cagelike structure.
Figure 7. First-order derivatives of weight losswtT, as a function The results of AFM characteristic lengfary, the interdo-

of the observation temperaturg, for the TES-Oct membranes. main distance&saxs, and the characteristic temperatifsa,

T T T T | — T T T M T AT T
(a) (b) 1000 °C /\JW
hrm——— A~
350 °C \/k» 600 °C _/\\,\
A~ AN 550 °C "/\/\
S = M
S 300°C 8 b 500°C
8 [o]
g g 450 °C
Kol Q
© @©
300 °C N
250 °C
| 200 °C
-(CHy)g-
25 °C Si-O-Sicage
_/\L)V Ao} i >_H/\‘\/‘/\
1 A R ; . AN
4000 3000 2000 1400 1200 1000 800 4000 3000 2000 1400 1200 1000 800
wavenumber / cm’™ wavenumber / cm’’

Figure 8. FT-IR spectra for the TES-Oct membranes catalyzed by (a) HCI and (b) PWA. The spectra were acquired after TGA experiments under
different destination temperatures.
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. . Figure 11. Proton conductivity of the TES-Oct membranes as a
Figure 9. Comparison of the FT-IR spectra between the TEOS and fynction of the PWA concentration. The inset shows the change in
TES-Oct membranes where the TES-Oct membrane was tested after &4nqyctivities with storage time.

thermal treatment at 70TC.

wavenumber / cm’

Y may be generated by additional contribution from the larger-

T
—e— PWA catalyzed
(a) —o- HCl catalyzed

scale structure, indicating the multifractal surface as described

experimental range. The inset of the figure shows the change
o) ST A R PR W in conductivities with storage time. As a result, it was found
that the hybrid membranes were fairly stable over 24 h in the
experimental condition.

20k 3 in the previous section.
E 3 Finally, Figure 11 shows the proton conductivityor a series
E 5% 3 of the TES-Oct/PWA membranes obtained by an AC impedance
N ] method at 8C°C. Despite the fact that those membranes were
wF 10 E glassy and tightly cross-linked via the sgel method,o
sk X exhibited fairly high values of 1 to 1072 (S/cm) in our

Conclusions

Generating and controlling hierarchal structure is one of the
most important strategies to optimizing the functionality of
advanced materials. In the case of proton-conducting mem-
branes, the ionic domain structure should be maintained
continuously and be large enough to achieve the percolation

S —— condition indispensable for high proton conduction. In general,
520 B '(;:)I N macroscopic phase separation must be circur_nvent.ed. Isolgtion
of the proton conductor can be prevented by inducing gelation
s10L ] earlier than macroscopic phase separation because cross-linking
o has an important role in suppressing the concentration fluctua-
\é 500 | tioqs and to.fix the re.q.uired structure. In.that. sense-gel- .
[y derived hybrids containing phosphotungstic acid (PWA) studied
here is a promising candidate.
490 P . .
Organic-inorganic polymer hybrids were prepared by-sol
480 L gel reaction of 1,8-bis(triethoxysilyl)octane (TES-Oct) in the

' I ITET T AR
0 005 010 0.15 020 025 presence of PWA. The surface characteristic lerfgg, the
[PWA] / [TES-Oct] interdomain distancésaxs, and the characteristic temperature

Figure 10. Earw, Esaxs and Trea as a function of the PWA for the weight lossTtca Were evaluated respectively by using

concentration for the TES-Oct membranes. The open symbol exhibited 2tomic force microscopy .(AFI\/.I), small—gngle X-ray scattering
the results of the HCI-catalyzed membranes as a reference. (SAXS), and thermogravimetric analysis (TGA), and a strong

correlation was found among them. The characteristic param-
were summarized as a function of the PWA concentration, eters,&arm, &saxs, and Trga for the PWA-containing hybrid
[PWA)/[TES-Oct], in Figure 10&ac. Earm, Esaxs, and Trea membranes increased with the PWA concentration, suggesting
systematically increased with increasing [PWA]/[TES-Oct]. the systematic evolution of the domain structure without
Because the amount of water also increased with the PWA macrophase separation. Combining analysis using both FT-IR
concentrationéagm for the HCl-catalyzed membranes were also and TGA disclosed that the thermostability of the organic
exhibited in the figure. As a result, the structural evolution was inorganic hybrids was determined by the amount of the cage
found only in the PWA-catalyzed membrane, suggesting the formed within the network, which was produced by effective
unique performance of PWA as a strong acid catalyst. While reaction with a moderate organic spacer.
systematic variations were found in those data, the AFM data It was found that the potential of PWA as a catalyst was
did not perfectly appear to track the SAXS data. This uncertainty unleashed when PWA contains a sufficient amount of hydrated
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water for the reaction,
However, when HCI with the corresponding amount of water

i.e., PWA were used as received.

Sol—Gel Derived Nanohybrids Containing Heteropolyacidi171

unexpected periodical cycles &(r) known as an artifact. To
increase accuracy of the data, we directly performed a 2-D

was employed as a catalyst, systematic evolution of the domainFourier transform of AFM topographies for isotropic images
size was not observed, suggesting that the concentration of waterather than averaging of correlation functions. The power spectra

plays a minor role, particularly for our experimental conditions.
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Appendix

To characterize the surface structure, the heiteight
correlation functior??

G(r) = [z(r) — Z(0))’C= 2(r)*0— 2[2(r)z(0)D (A1)

is calculated where(x) is the nominal height at positiox r

corresponds to the distance between two arbitrary poB{ts.
may be calculated by averaging 1-D heigheight correlation
functions along the fast-scamaxis of AFM 34

1 N N —r/d
G(r) = N izl z [(r + jd,id) — z(jd,id)]?

j=1
whereN, L, andd are the number of pixels along thxeaxis,
the scan size, and the unit length givenlldid, respectively. If
there is no correlation on the surface, eq Al becomes,

N—r/d (A2)

G(r) = 2[(r)*C— Z(r)] = 2w? = const  (A3)
wherew is the root-mean-square (rms) defined by,
W = [z(r) — ()0 (A4)

By applying a Gaussian mod®.eq A1l may be expressed by
G(r) = 2[W* — g(n)] = 2\/\/2[1 - ex;{—(é)za” (A5)

whereg(r) is the pair correlation function defined by,

g(r) = 4(r) — ZnN3{Z0) — HNBO

Hereo is an exponent representing the self-affinity of the rough
surface with O<a. <134 Eq A5 has the following asymptotic
behavior,

(AB)

_jawA(rey <&
G(r) = [ i rwe (A7)
A Fourier transform of eq A7 gives,
B koq—(Hza) q> &
Auel) = {AlD(O) gt "o

For g much larger tharE™2, the spectra exhibit a power law
decay with an exponent(1 + 2a). As the length scale becomes
larger (i.e.,q decreases), the intensities level off at a certpin
corresponding to the inverse of the characteristic length,
Therefore £ may be evaluated by an intersection of the power
law and the level-off line a¥%

F{In ko — In{AlD(O)}]
1+ 2a

E=ex (A9)

However, as pointed out in the literati@dack of the sampling

with various scanning size were then calculated by radially

averaging the 2-D FFT images, and the results were superim-
posed on each other without using any shift factor. It was found

that the intensities obey the following scaling law.

koq—2(1+ 2a) q> &
1,5(0) q<é

In our case, however, due to the presence of the larger-scale
structures in AFM topography, indispensable contribution from
the lowq intensity was observed as a finite slope. Such a
behavior is known as “multifractal”, which is discussed in the
literaturé®2 and may be expressed by an additional power law
function with an exponeng < 2(1 + 20):

[0(Q) = Apx(G)Ap (D) ~ [ (A10)

koq—2(1+ 20) for q > g

ALl
kg™’ for q < & (AL

(@) = [

Again, & may be estimated from the intersection of the two lines
corresponding ta > & andq < & in the double-logarithmic
plot of eq All, where can be expressed by,

£ = ex _In{koka}
2(1+20) — B

Because some uncertainties are associated with the analysis
using eqgs A1l and A12, the following equation may be used to
estimate with greater quantification.

(A12)

1
ko(E0)* 2 + ky(Ea)’
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