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Preparation of Microporous Silica Gel by Sol-Gel Process
in the Presence of Ethylene Glycol Oligomers
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A microporous silica gel was prepared by a sol-gel process in the presence of ethylene glycol (EG) and its oligomers
(oligoEG), and the pore formation process was investigated by using NMR and TG-DTA. The micropore volume changed
with the polymerization degree of oligoEG, and showed a minimum at the trimer of EG. An attractive interaction between
silanol and organic additives plays a key role in micropore formation: the interaction inhibits the bond formation of Si-O-Si
during drying and heating, and heterogeneous domains which convert into micropore are formed after the combustion of
additives. There are two kinds of interaction: one is ester (Si~OR) bond formation of a silanol with an end hydroxy group
of additives; the other is hydrogen bonding between a silanol and an ether oxygen of additives. The former interaction is
significant for EG. With increasing length of oligoEG, however, the former interaction rapidly disappears, while the latter
becomes stronger. Because of a minimum in the combination of these interactions, the minimal volume of the micropore

is observed.

Porous materials with controlled pore structures have
many applications, such as filters, adsorbates, catalysts, and
catalyst supports. Depending on the size, pores are classified
into micropore, mesopore, and macropore, whose pore diam-
eters (d) are in the ranges of d < 2 nm, 2 < d < 50 nm, and
d > 50 nm, respectively. Microporous materials have been
proposed for such applications as gas separation,' molecu-
lar-recognition in catalysis,” ™ and humidity self-control.’
For example, Okada et al. have prepared a powder of y-alu-
mina with pore diameter of ca. 2 nm by a selective leaching
method,® and tested the humidity-control ability of its fired
body.’

Recently, a sol-gel process has attracted much interest as a
method to prepare porous inorganic materials with different
structures. Several research groups have prepared micro-
porous silica membranes by a sol-gel method using silicon
alkoxide modified with an organic functional group for a gas-
separation film at high temperature.”"® Micropore-tailoring
of silica gel in sol—gel process has also been performed by the
addition of organic compounds.'''* In these preparations of
microporous silica gel through the sol-gel route, the organic
ligands and additives have been considered to disperse at
molecular level in the gel matrix, and to work as templates
for pore formation.!®!3 Generally, phase separation occurs
when organic additives which show a repulsive interaction
with the silica-gel network, i.e. make the free energy of mix-
ing positive, are used.'>'® For the purpose of dispersing the
additives homogeneously in the silica-gel matrix to work as
templates, some attractive interactions are needed between
the silica gel and the additives.

Ethylene glycol (EG)'"'* and poly(ethylene glycol)
(PEG)" have been reported to work well as additives for
micropore formation. However, how they work for pore

formation has not yet been clarified. Nakanishi et al. have
reported in an investigation of phase separation in the silica-
poly(ethylene oxide) (PEO) system that a strong attractive
interaction arises between the silica gel and PEQ.'7'® A simi-
lar interaction must arise between silica and the polymer with
a shorter oxyethylene chain, such as oligo(ethylene glycol)
(oligoEG). In this paper, we discuss the interaction between
oligoEG and silica in xerogel, and clarify the mechanism of
pore formation.

Experimental

Sample Preparation. Tetraethyl orthosilicate (TEOS, Shinetsu
Co.) was used as a source of silica. As organic additives, we used
ethylene glycol (EG) and its oligomers, such as diethylene glycol
(DEG), triethylene glycol (TEG) and PEG with average molecular
weights of 300 (HEG) and 3000 (PEG3000). The average poly-
merization degree (n) of HEG and PEG3000 were ca. 6.4 and 68,
respectively. All of the additives were supplied by Wako Chemi-
cal Ltd. Nitric acid and ammonia aqueous solutions were used as
catalysts for hydrolysis and condensation of TEOS.

The sol-gel reaction was carried out by a two-step hydrolysis
method."? In the first step, a | mol dm ™ nitric acid aqueous solution
was added into a mixture of TEOS and ethanol (EtOH), dissolving
each oligoEG under stirring at 20 °C. The molar ratio was ad-
justed to be TEOS: HO:EtOH = 1:1:4. After being stirred for
1 h, additional EtOH and a 1 mol dm™? nitric acid aqueous solu-
tion were added (second step). The final composition was set at
TEOS :H;O:EtOH = 1:R:6, where R was varied from 2 to 12.
The amount of oligoEG (x) was calculated as the weight ratio of
oligoEG to SiOs. The final pH of the solution was ca. 0.2. To clar-
ify the effect of the solution pH, a 1 moldm™* ammonia aqueous
solution and distilled water were used in the second step instead of
a nitric acid aqueous solution. The typical compositions are listed
in Table 1. The solution was kept in an open container at 20 °C
for 2—3 d for gelation, and was dried at 50 °C for 3 d. The dried
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Table 1. Typical Starting Compositions

Parameter TEOS® H,0 EtOH®

PEG/SiO,” Comments

PEG content 1 4 6
H,O content 1 R 6
Oligomer 1 22 6
pH 1 2.2 6

x x =0.37—1.48 for PEG3000
1.48 R =2—12 for PEG3000
1.48 EG, DEG, TEG, HEG, and PEG3000
148 pH =0, 2, 7 for EG, TEG, PEG3000

a) Molar contents. b) Weight ratios.

sample was heated at 500 °C for 2 h with a heating rate of 100
Kh™~" after crushing the sample into powder.

Characterization. Nitrogen-adsorption isotherm for each cal-
cined sample was measured using a volumetric apparatus at —196
°C. Samples were degassed at 300 °C for 60 min under a re-
duced pressure of 1.3 Pa prior to each measurement. Because all
of the isotherms were of the Langmuir type,'? the 7-plot method,?
where adsorbed volume was plotted against average thickness (¢)
of multi-layer adsorption, was used to analyze the isotherm; also,
the pore structure of samples with different preparation conditions
was evaluated in terms of micropore volume. Total pore volume
was also calculated from the volume of N» adsorbed at P/Py = 0.95.
Thermal gravimetry and differential thermal analysis measurements
(TG-DTA; Mac Science Co., WS002) were carried out in air flow at
a heating rate of 10 K min~" for samples dried at 50 °C to observe
the decomposition behavior of the organic components.

To clarify the interaction between silica network and organic
compounds, ?*Si and '*C magic-angle spinning (MAS) NMR spec-
tra for samples dried at 50 °C were measured on a Bruker DPX300
spectrometer operating under a static magnetic field of 7 T. A MAS
speed of 4000 Hz was adopted. The radio frequencies of 59.6 MHz
and 75.4 MHz were used for detecting *Si and '>C resonances, re-
spectively, and 300 MHz for 'H decoupling. Pulse sequences with
high-power 'H decoupling (HPDEC) were used to assure quantita-
tive information; 256 and 128 FID signals were accumulated with
30 and 90° pulse and a recycle time of 100 and 10 s for the 2°Si
and "C NMR measurements, respectively. As a comparison, pulse
sequences of "H-to-13C cross polarization (CP) were also used for
13C detection with a CP contact time of 1 ms. The chemical shifts of
#Si and '3C relative to tetramethylsilane (TMS) were determined
by using peaks at 1.53 ppm of sodium 3-(trimethylsilyl)propane-1-
sulfonate (DSS) and at 176.46 ppm of carboxyl carbon in glycine
as external references, respectively. Small-angle X-ray scattering
(SAXS) measurements were performed to observe the structure
of dried samples. The details of the measurements were reported
elsewhere.”! Because powdering had generated strong scattering
from a fractured surface in the sample, a thin plate of the sample
was used.

Results

Figure 1 shows changes in the N; adsorption isotherm of
silica gel prepared at R = 4 with various PEG3000 amounts
(x). All of the samples showed Langmuir-type isotherms,
suggesting the existence of micropores. Although the spe-
cific surface area of the samples can be mathematically
calculated either by a BET method,” developed to cal-
culate specific surface area for multi-layer adsorption on
non-porous surface, or by a Langmuir plot for mono layer
adsorption'® (for example, 549 m?g~! by BET and 844
m? g~! by Langmuir for sample with x = 1.48), the cal-
culated values have no physical meaning due to micropore
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Fig. 1. N; isotherms for the calcined gel samples with var-
ious PEG3000 amount. The samples were prepared with
composition of “PEG content” in Table 1. Weight ratio of
PEG3000/Si0; were O: 1.48, @: 1.11, A\: 0.74, A: 0.37.

condensation. Furthermore, we could not utilize methods,
such as Barrett—Joyner—Halenda,” Cranston—Inkley,** and
Dollimore—Heal, to obtain the pore-size distribution, be-
cause these methods were proposed for pores larger than 2
nm in diameter, while our samples had pores smaller than
2 nm. To obtain the pore-size distribution in the microp-
ore range, MP?® and Horvath—-Kawazoe?” methods have been
derived. However, we could not obtain a sufficient num-
ber of data points at a lower relative pressure to analyze
the isotherm by these methods, because of a limitation in
the efficiency of our apparatus. Therefore, we analyzed the
isotherms by the #-plot method. Figure 2 shows variations of
the micropore volume as well as the total pore volume with
x, which were calculated from the isotherms in Fig. 1. Both
the micropore volume and total one were 0 cm? g~} for a sil-
ica gel prepared without adding PEG3000. They increased
steeply upon adding a small amount of PEG3000, and then
gradually increased with increasing PEG3000 content. Fig-
ure 3 shows changes in the pore volumes of gels with the
ratio of HO/TEOS (R) at x = 1.48. Although the volumes
increased with an increase in R, the increase in volume was
relatively small.

Figure 4 shows variations in the micropore and the total
pore volumes with an average polymerization degree (n) of
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Fig. 2. Changes in micro (@) and total (O) pore volumes

with PEG3000/SiO; ratio, which were calculated from the
isotherms in Fig. 1.
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Fig. 3. Changes of micro (@) and total (O) pore volumes
with HO/TEOS ratio for the calcined gel samples prepared
with composition of “H,O content” in Table 1.

added oligoEG. No linear correlation was observed between
the pore volume and n. Both micro and total pore volumes
passed minima at n = 3, i.e. at TEG. Figure 5 shows effect
of the pH of the reacting solution on the micropore vol-
ume for the EG-, TEG-, and PEG3000-containing systems.
Langmuir-type isotherms were also obtained when the pH
of the solution was varied. The micropore volume showed a
minimum at ca. pH = 2 for all samples. Especially in the EG
sample, the micropore volume decreased greatly at pH = 2.

Figures 6 and 7 show DTA and TG profiles of dried sam-
ples containing oligoEG, respectively. The weight loss at a
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Fig. 4. Changes in micro (@) and total (O) pore volumes

of calcined gel samples with polymerization degree of in-
corporated EG oligomers. The samples were prepared with
composition of “oligomer” in Table 1.
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Fig. 5. Changes in micropore volume of calcined gel samples

with pH for A: PEG3000, @: TEG, O: EG. The samples
were prepared with composition of “pH” in Table 1.

temperature of < 100 °C, accompanied by an endothermic
peak, which was attributed to elimination of adsorbed wa-
ter, was observed for all samples. The weight loss between
100 and 200 °C was also observed for the EG-, DEG-, and
TEG-silica samples. Because the endothermic weight loss
was shifted to the higher temperature side with an increase
in n (Fig. 7), they would be attributed to the vaporization of
free EG or its oligomers. Exothermic elimination of organic
compounds was observed at the temperature range between
200 and 300 °C. The peak position shifted to the lower tem-
perature side with an increase in s, from 290 °C for EG to
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Fig. 6. DTA profiles of dried silica gels containing EG
oligomers.
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Fig. 7. TG profiles of dried silica gels containing EG oligomers.

210 °C for PEG3000 (Fig. 6), and the amount of additives
eliminated exothermically increased with an increase in n.
The overall weight loss up to 500 °C was 60—70 % for
TEG-, HEG-, and PEG3000-silica, while it was 45% for EG-
and DEG-silica. If we ignore the weight loss at < 100 °C,
the ratio of the weight loss to the retained weight agrees well
with that of additives/SiO; in the starting composition for
HEG- and PEG3000-silica.

Figure 8 shows 2°Si NMR spectra for samples dried at 50
°C. In the spectra, 3 peaks were observed for all samples
at —92, —101, and —111 ppm assigned to Q?, Q*, and Q*,
respectively.”® Here, the symbol Q" corresponds to a Si with

Microporous Silica by Sol-Gel Route Using PEG

T
ppm -80 -100 -120 -140
Fig. 8. 2’Si MAS NMR spectra of dried silica gels prepared

(a) without organic additives, (b) with EG, (c) DEG, (d)
TEG, (e) HEG, (f) PEG3000.

the formula Si(0Si),,(OR)4_,, where R is H or CH,CHj. For
all samples, Q* is highest among these peaks, and propor-
tion of Q? is small. Then, we can see a difference in the
ratio of Q*/Q* among the samples. The proportions of each
peak area in Fig. 8 are summarized in Table 2. The ratio
of Q*/Q? decreased with an increase in r, whereas little dif-
ference was observed between EG-silica and silica prepared
without additives. Namely, the condensation degree of sil-
ica in dried samples decreased with increasing n. Figure 9
shows 2°Si NMR spectra for typical calcined samples. After
calcination, all of the samples had only Q*, and no significant
difference in the spectra was observed among the samples.
Figure 10 shows '3C NMR spectra of dried silica gel con-
taining PEG3000 together with that of pure PEG3000. Pure
PEG3000 showed a broad peak centered around 70—73 ppm

Table 2.  Fractions of Each Si Species in 2Si NMR Spectra
of Dried Samples

Sample Q? Q° Q*

Silica (without additives) 0.06 0.46 048

EG-silica 0.07 047 0.46
DEG-silica 0.07 0.53 04

TEG-silica 0.06 0.55 0.39

HEG-silica 0.06 0.57 0.37

PEG3000-silica 0.06 0.6 0.33
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Fig. 9. %’SiMAS NMR spectra of silica gels heated at 500 °C

prepared (a) without organic additives, (b) with PEG3000.
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Fig. 10. "*C MASNMR spectra for (a) pure PEG3000 by

HPDEC, (b) PEG3000-silica dried at 50 °C by HPDEC, (c)
by CP, (d) dried at 80 °C by HPDEC.
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(a). On the other hand, PEG3000-silica showed a sharper
peak at 70.7 ppm (b). The spectra hardly changed with dif-
ferent pulse programs (b and ¢). At an elevated temperature
of 80 °C, the resonance peak became somewhat broader than
that at 50 °C. Figure 11 shows '*CNMR spectra of dried
silica gel containing EG together with that of pure EG. A
resonance at 63.8 ppm, assigned to methylene carbon, was
observed for pure EG (a). A similar spectrum was obtained
for gel dried at 50 °C when the pulse sequence of HPDEC

Bull. Chem. Soc. Jpn., 73, No. 3 (2000) 769

)

™ T T T T T T T
ppm 100 80 60 40
Fig. 11. “CMASNMR spectra for (a) pure EG by HPDEC,
(b) EG-silica dried at 50 °C by HPDEC, (c) by CP, (d) dried
at 80 °C by HPDEC.

was used (b), while the spectrum measured by using the CP
technique (c) showed quite different features. The peak at
65.6 ppm is assigned to methylene carbon in silicon glycox-
ide (SiO—CH,CH>O0H). The peak at around 63 ppm separated
into two: A peak at 63.8 ppm is for free ethylene glycol, and
that at 63.4 ppm is for an end methylene in silicon glycoxide.
Furthermore, the S/N ratio of the spectra measured by CP be-
came worse than that by HPDEC. Because carbons in elastic
and fluid compounds are not detected by CP, the difference
between spectra (b) and (c) suggests that a large portion of
EG observed by HPDEC exists as a fluid in the gel dried at
50 °C, and that it is not detected by CP. The spectrum of
the sample dried at 80 °C by HPDEC (d) was similar to that
at 50 °C by CP (c), although the peaks became somewhat
broader, because free EG was removed after drying at 80 °C
for 48 h.

Figures 12, 13, and 14 show '*CNMR spectra of dried
gel containing DEG, TEG, and HEG, in turn. The assign-
ments of the resonances in each pure organic compound are
listed in Table 3. The spectra of DEG- and TEG-silica had
essentially the same trend as the EG-silica: the spectra of
gel dried at 50 °C by HPDEC and CP differed from each
other, and that at 80 °C by HPDEC was similar to that at
50 °C by CP, while the peaks of samples dried at 80 °C be-
came somewhat broader. On the contrary, for HEG-silica,
the spectra of 50 °C samples by HPDEC and CP coincided
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Fig. 12. '*C MASNMR spectra for (a) pure DEG by
HPDEC, (b) DEG-silica dried at 50 °C by HPDEC, (c)
by CP, (d) dried at 80 °C by HPDEC.

Table 3.  Assignment of *CNMR Spectra of EG and Its
Oligomers

EG HOCH,CH,OH
63.8

DEG HOCH,CH,-O-CH,CH,OH
61.8 7238

TEG HOCH,CH,-0-CH;CH,-O-CH>CH>-OH
61.8 729 7038

HEG HOCH;CH,~0—(CH,CH,-0),~CH.CH,—OH

617 727 70.7

with each other. Although the peaks became broader than
those of pure HEG, the ratios of the intensities of the 3 peaks
did fot change. Namely, HEG was immobilized in silica
gel unless Si~(OCH;CH,),,OH bonds were formed. A slight
change was observed in the spectrum after being dried at
80 °C. Among these 4 composites from EG- to HEG-silica
dried at 50 °C, the intensity of the peak at 66 ppm due to
Si~OCH,CH, O~ decreased with increasing #, and the peak
almost disappeared for HEG-silica when CP was used in the
measurement.

In the measurement of SAXS, no scattering was detected
from all dried samples.

Microporous Silica by Sol-Gel Route Using PEG
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Fig. 13. '*CMAS NMR spectra for (a) pure TEG by HPDEC,

{(b) TEG-silica dried at 50 °C by HPDEC, (c) by CP, (d)
dried at 80 °C by HPDEC.
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Discussion

Interaction between Silica Network and PEG by Hy-
drogen Bond. Inan investigation of phase separation in sil-
ica sol—gel systems containing organic polymers, Nakanishi
et al. reported that the interaction between the organic poly-
mer and the silica network plays an important role in phase
relation.’”—'® When poly(acrylic acid) (HPAA) is used, the
reacting solution separates into two phases, one rich in silica
and the other rich in HPAA, because of decrease in entropy.
Such a phase relation is commonly observed in a binary or-
ganic polymer solution.?” On the other hand, a PEO-contain-
ing system shows a characteristic phase relation, in which
polymerized silica and PEO become major constituents in
one of the conjugate phases."” To account for the observa-
tion, they have proposed the existence of a strong attractive
interaction between the PEO chain and the silica polymer
due to hydrogen bonding between ether oxygen in PEO and
silanol. Because the hydrogen bonding decreases the sol-
ubility of the PEO in the solvent, phase separation in the
PEO-silica system takes place between solvent and the PEO
associated with silica. One of the authors has shown that the
interaction between PEQ and silica arises before the onset
of phase separation, and affects the polymerization process
of silica species.’® The interaction of PEO and silica also
affects the evolution of the pore structure in xerogel during
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Fig. 14. “C MASNMR spectra for (a) pure HEG by
HPDEC, (b) HEG-silica dried at 50 °C by HPDEC, (c)
by CP, (d) dried at 80 °C by HPDEC.

drying and heating.?' Although phase separation does not
take place at an average molecular weight of PEO less than
8000, Nakanishi et al. have suggested that a similar interac-
tion arises between silica and PEO with a small molecular
weight.'®

Because PEO and PEG are composed of the same oxy-
ethylene unit and differ only in molecular weight, PEG
also interacts with the surface silanol of polycondensed
silica through ether oxygen. In the '3C MASNMR of
PEG3000-silica dried at 50 °C (Figs. 10b and 10c), a large
peak of methylene carbon is observed which is sharper than
that in pure PEG3000 (Fig. 10a). Namely, each methylene
in the composite is in a similar chemical environment. As
speculated in a preceding paper for PEO,* the PEG chain
and the silica gel network would semi-interpenetrate each
other, forming a large number of hydrogen bonds between
silanol and the ether oxygen in PEG. Because the PEG
chain distributes in the gel matrix randomly, the sharp peak
is observed in the 1C NMR spectrum.

Changes in the Interaction with Length of Poly(oxy-
ethylene) Chain. In the HEG-silica, although HEG
hardly interpenetrates with the silica-gel network, because
of a shorter oxyethylene chain of HEG, we can assure from
the '*C NMR results that HEG also forms a hydrogen bond
with silanol. Because pure HEG is fluid at room tempera-
ture, no resonance is observed for it by a CP measurement.
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The spectra of HEG-silica by HPDEC and CP coincide each
other (Figs. 14b and 14c), and are similar to that of pure HEG
by HPDEC (Fig. 14a), although the peaks become some-
what broader. The results suggest that the HEG molecules
are attached onto the silica surface without forming cova-
lent bonds, but probably forming hydrogen bonds. Lesot
et al. have also suggested in an investigation of PEG with
an average molecular weight of 200 in silica gel that part
of PEG in the silica—PEG composite derived from sol-gel
rote are solidified on silica by hydrogen bonds.?’ Among
the >C NMR spectra of composites dried at 50 °C by CP
(Fags. 10, 11, 12, 13, and 14c), the S/N ratio of the spectra
by CP increased with increasing n. Thus, it can be said that
the amount of additives solidified on silica increases with
increasing n. These results also suggest that the strength of
the interaction between silica and each oligoEG molecule
through hydrogen bonds increases with increasing the length
of the poly(oxyethylene) chain.

The interaction between additives and the silica-gel net-
work affects the polymerization degree of silica in dried
gel because the interaction between the PEG and silanol de-
creases the number of silanol available for polycondensation,
and the PEG chain which interpenetrates with the silica-gel
network inhibits the approach of silanol groups by shrink-
age during drying. The decrease in the Q*/Q? ratio with an
increase in n (Table 2) also indicates that the interaction be-
tween PEG and silica and/or its effect on silica gel structure
are enlarged with an increase in the length of the poly(oxy-
ethylene) chain.

Here, we can consider two effects as being the reason
why the strength of the interaction changes: a statistical one,
and one caused by changes in the strength of each hydrogen
bond with n. Although it is difficult to quantify the later
contributions, we can well explain the experimental results
only by a statistical consideration. Each hydrogen bond is
much weaker than the usual covalent bond, and is easily
broken. In DEG and TEG molecules, there are single and
two ether oxygens in a molecule, respectively, while HEG
has five, and PEG3000 has ca. 67 ether oxygens. If we count
the end hydroxy group as a functional group forming hydro-
gen bond with silanol, the numbers are 3, 4, 7, and 69 for
DEG, TEG, HEG, and PEG3000, respectively. Because of
the large number of functional groups, HEG is attached on
the silica-gel surface more strongly than TEG and DEG, and
PEG3000 is attached more strongly than HEG. If we consider
the additives eliminated exothermically in TG-DTA profiles
(Figs. 6 and 7) as additives interacting with the silica-gel
surface, the amount increases with n. The trend well agrees
with the 3*C NMR results.

Esterification Reaction of Silanol with EG Oligomers.
In addition to the hydrogen bond between the ether oxy-
gen in PEG and silanol, an esterification reaction between
silanol and the end OH group in the EG oligomer can not
be ignored, particularly for EG and its oligomers with a
shorter oxyethylene chain. In a pioneer work by Toba et
al., they proposed eight kinds of possible structures in the
bond formation between metal (Si or Al) and diol additives."'
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Among them, however, we can ignore the coordinate bond,
i.e. abond type such as M-O(H)-R, where M is metal and R is
alkyl, because Si can not remain coordination numbers larger
than 4 under the usual sol-gel conditions. In the case of EG,
therefore, the 3 types of bonding with Si shown in Chart 1 are
considerable: Here, the extremely small Q? proportion in the
2Si NMR spectrum (Fig. 8) suggests that the structure (A)
is minor, if present. Furthermore, the '3CNMR spectrum
(Fig. 11c¢), the resonance assigned to SiIOCH;— is a single
peak and the HOCH,— resonance splits into 2 peaks, suggests
that there are two kinds of EG which interact with silica: one
forms glycoxide and the other is probably immobilized by hy-
drogen bonds; also, the major constituent by an esterification
reaction between silanol and EG is (C). Thus, the present
study clearly shows that EG does not act as a bidentate ligand
of Si (A) nor as a bridging ligand of two Si atoms (B), as
long as the sol-gel reaction takes place at room temperature.

In DEG and TEG, similar products to the monoester are
also recognized in the '3C NMR spectra (Figs. 12 and 13).
However, their proportion steeply decreases with increas-
ing n, probably due to a steric-hindrance effect of the long
poly(oxyethylene) chain and/or a decrease in the number
of free silanol sites by hydrogen bonds between the silanol
and the ether oxygen in the poly(oxyethylene) chain. If we
consider the number of additives forming a monoester as
an index of the strength of the interaction between the sil-
ica gel network and the additives, the strength of interaction
between the silica and the additives by ester formation de-
creases steeply with increasing n. Because the interaction
by hydrogen bonding increases with increasing », the overall
strength of the interaction passes a minimum with a change
in n, as illustrated in Fig. 15.

Key Role of PEG in Pore Formation. Because silicas
obtained by the sol-gel method are essentially porous ma-
terials and their structure changes with different preparation
conditions, it is difficult to specify the real effect of addi-
tives. Therefore, in order to clarify the effect of additives
on pore formation, it is preferred that the gel be prepared
under conditions in which xerogel without organic additives
has no pores. In the preparation of microporous silica~zir-
conia using PEG, Yazawa et al. compared the dimension
between PEG aggregates in water and the pore size of cal-
cined gel, and suggested the templating effect of PEG on
the pore structure of the resultant gel based on the similar-
ity of both sizes.!* According to them, the space occupied
by PEG in the PEG-silica composite becomes pores after
calcination. However, they obtained the pore size from the
relation d = 4v/s, where d, v, and s are pore diameter, pore
volume, and BET surface area, respectively. As described
in the chapter of results, the BET surface area has no physi-
cal meaning for microporous materials because of micropore
condensation. In addition, the structure of the PEG chain in-

(A) s/ . THz
I\0—<3t12

(B) Si-OCH,CH,0~Si  (C) SiOCH,CH,0H
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tween silica gel network and EG oligomers with the poly-
merization degree of oligomer.

corporated in silica gel is quite different from that in water
because of the interaction with silanol through the hydro-
gen bond.?' Thus, we must test whether the PEG acts as
a simple template or not by an alternative means. One of
the convenient procedure to test the problem is to compare
the volume of pores in calcined samples with that occupied
by organic compounds in organic—inorganic composites.** In
case of PEG3000-silica in the present study, considering that
the dried gel is composed of Si0; and PEG, and that there is
neither a pore nor other compounds in dried samples, the vol-
ume occupied by PEG is obtained by dividing the PEG/SiO;
weight ratio in the starting composition by the density of
PEG. The volume becomes ca. 5-times larger than the pore
volume in the calcined sample when we postulate the density
of PEG to be 1 gcm~3. Namely, the PEG-silica composites
shrink much during calcination, probably together with the
combustion of PEG. Thus, it is hardly considered that PEG
acts as a simple template. The formation of micropores in
the PEG—silica system is possibly attributed to the effect of
PEG on the shrinkage behavior of silica gel during drying
and heating.

The wet silica gel prepared under acidic conditions
comprised a polymeric network rather than colloidal
aggregates.” Such a polymeric gel shrinks homogeneously
during drying, and any inhomogeneous portion in the net-
work remains as an origin of micropores after sintering by
heating.** In this work, the gel was prepared in an open con-
tainer so that gelation would be accelerated by evaporation of
the solvent, leading to a less crosslinked gel network. Thus,
the dried gel showed no X-ray scattering, regardless of the
addition of PEG or not. Because scattering in a small-angle
range occurs when a sample has a structural correlation in
the nm length scale, the data indicate that the distribution of
Siin the dried gel was perfectly random. Usually, small clus-
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ters, which are considered to link together by a percolation
manner to be a gel, are formed during the initial stage of the
sol—gel process.?® Therefore, a scattering which corresponds
to the structural correlation in these clusters is observed from
the reacting solution, wet gel and xerogel. The observation
that no scattering was recognized in the present dried gel sug-
gests that the structural correlation in clusters formed during
the initial stage of the sol-gel reaction disappeared by a de-
formation of the gel network and/or by additional Si—O-Si
bond formation during the aging and drying. The disappear-
ance of a structural correlation possibly occurs because the
reacting solution turns to gel before the crosslinking density
in cluster increases sufficiently. Thus, the dried gel has a
random distribution of Si. Because of the homogeneity of
dry gel, a gel with no organic additives shrinks uniformly,
and have no pores after calcination at 500 °C.

The addition of PEG possibly changes the structural evolu-
tion manner in drying and heating by restricting the Si—-O-Si
bond formation. When the PEG, which hinders silanol from
polycondensation, is removed at 210 °C by heating, abrupt
Si—O-Si bond formation proceeds together with a collapse of
the space which has been occupied by PEG. Concurrently,
inhomogeneous domains will be formed by such abrupt con-
densation, and micropores remain after calcination. This is
considered to be an origin of micropores in silica prepared
from the PEG-silica system.

Effect of Sol-Gel Conditions on Micropore Formation.
As described above, in addition to the differences in the con-
densation degree and aggregation manner of silica clusters
in the sol-gel reaction, we speculate that the formation of
a heterogeneous domain by abrupt Si—O-Si bonding during
the combustion of PEG plays a key role in micropore forma-
tion. Based on this idea, we can explain the changes in the
micropore volume based on the reaction conditions shown
in Figs. 2 and 3. At a composition of x = 0.37, the molar
ratio of oxyethylene unit (CH;CH,O) to Si is ca. 0.5, and
volume occupied by PEG3000 is ca. 50 vol%. Because the
amount of PEG3000, x = 0.37, is large enough to interact
with the available silanol in dried gel, PEG3000 works well
for micropore formation, even at that amount. An increase in
the PEG3000 amount possibly causes an enhancement of the
formation of inhomogeneous domains and retards thier sin-
tering, because the density of the silica network in PEG3000-
silica composite decreases with increasing it. When chang-
ing the H;O/TEOS amount (R), the difference in the gelation
time may affect the micropore volume. The gelation time in
an open system is prolonged with an increase in the amount
of solvent. This leads to a higher crosslinking density in
silica clusters, so that a greater inhomogeneous portion is
introduced to the silica gel network. Thus, the micropore
volume gradually increases with increasing x (Fig. 2) and R
(Fig. 3).

The polymerization degree of oligoEG (n) changes the
strength of the interaction between the silica network and
any additives. When an additive which shows a smaller in-
teraction with silanol is used, silica gel possibly forms an ad-
ditional Si—O-Si bond with less restriction in the composite,
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leading to less inhomogeneous domain formation after the
combustion of additives. Therefore, the micropore volume
decreases with decreasing n from PEG3000 to TEG (Fig. 4).
In case of the addition of EG, an ester bond formed between
EG and silanol also restricts the Si-O-Si bond formation dur-
ing heating. In a similar manner to the PEG, Si—O-Si bonds
are formed abruptly after removing EG, leading to the for-
mation of micropores. Although the amount of EG bonded
on the surface of silica gel is smaller than that of oligoEG
(Figs. 6 and 7), EG works effectively for pore formation,
because it combusts at a higher temperature. The higher
condensation degree of silica in dry EG-silica than that in
other oligoEG-silica, as shown in Fig. 8, is also considered to
contribute to the formation of heterogeneous domains. Thus,
the strength of interaction between the silanol and additives
plays a key role in micropore formation. The changes in the
micropore and the total pore volumes with n (Fig. 4) suggest
that the minimum in the overall strength of the interaction
between additives and silica locates at n = 3, 1.e. at TEG
(Fig. 15).

The difference in the interaction among organic additives
is also said to result in the dependence of the micropore
volume on pH of the reacting solution (Fig. 5). Since the
esterification reaction is catalyzed by both acid and base,
the number of EG bonded on silica changes with pH of the
solution. Because the isoelectric point of the silica surface
is ca. 2, the esterification reaction minimizes at pH = 2. The
pH dependence of the micropore volume (Fig. 5), where the
micropore volume is minimized at pH = 2 in EG, is accounted
for in terms of the rate of the esterification reaction. In
the TEG~ and PEG3000-silica systems, on the other hand,
because the interaction by hydrogen bonding between silanol
and ether oxygen is dominant, the changes in the micropore
volume with pH of the starting solution are smaller than that
observed in the EG—silica system.

Conclusion

A mechanism for micropore formation in the sol—gel proc-
ess in the presence of EG and its oligomers was investigated.
There are two kinds of interactions between silica gel and
organic additives in dried gel. At n < 3, bond formation
between silanol and additives by esterification reaction is
dominant, while hydrogen bonds between silanol and ether
oxygen in additives are dominant at n > 3. These inter-
actions restrict the condensation reaction forming Si—0O-Si
bonds during the drying and heating steps. When the organic
additives are combusted, inhomogeneous domains, which are
an origin of micropores, are formed by abrupt Si—-O--Si bond
formation. The stronger the interaction is, the larger does
the pore volume of the micropores become. The number of
ester bonds formed decreases, and the strength of the inter-
action due to hydrogen bonding increases with the increase
in n. Because the combination of the interactions minimizes
at an appropriate polymerization degree, a minimum in the
micropore volume is observed at TEG.
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