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   Silica gel was prepared from triethoxysilane, HSi(OC2H5)3 (HTES), by the sol-gel method. The 
medium-range (MR) structure was examined on the basis of the X-ray radial distribution analysis. It was 
found that a structure model deduced from hydrosilsesquioxane ladder polymer, (HSiOi.v),,, which is 
composed of 4-fold siloxane rings (or tetra-cyclosiloxane), well simulated MR structure of the HTES-derived 
silica gel. 

   Thermal structure change of the gel in air was traced by the IR spectrometry and X-ray diffraction 
analysis. Above 300°C, =Si—H was oxidized to form =Si—OH, followed by the condensation between 

Si—OH to form =Si—O—Si= bonds. At 300-500°C, the change of MR structure such as probably the 
reconstructive change of 4-fold siloxane rings to 6-fold ones, which was not so abrupt as the tetraethoxysilane 
(TEOS)-derived silica gel, was observed. The MR structure very similar to silica glass was not yet attained 
even at 1,000°C, while it was attained around 600°C in the case of the TEOS-derived silica gel. 

   KEY WODRS : Sol-Gel/ Triethoxysilane/ Medium-range structure/ X-ray diffraction/ IR 
spectra/ 4-fold siloxane ring(s)/ Ladder siloxane polymer(s) 

                           1. INTRODUCTION 

    In the preparation of glasses through the sol-gel method, tetrafunctional alkoxysilanes (or 
silicon alkoxides), e.g. tetramethyl-ortho-silicate, Si(OCH3)4 (TMOS) and tetraethyl-ortho-
silicate, Si(OC2H5)4 (TEOS), have been widely used as sources of silica. The sol-gel reaction 
schema of these alkoxysilanes leading to silica gels and thermal conversion process of the gels to 
silica glass have been investigated by numerous authors using various techniques, and have been 
thoroughly and comprehensively reviewed by Sakkall and Brinker & Scherer.21 

    In addition to such tetrafunctional alkoxysilanes, di- or trifunctional alkoxysilanes such as 
monoalkyl (orphenyl)-tri-alkoxysilane (e.g. CH3Si(OR)3, C5H6Si(OR)3, R=CH3, C2H5, •..) and 
dialkyl-di-alkoxysilane (e.g. (CH3)2Si(OR)2, (C2H5)2Si(OR)2, ...) have been attracting much 
attention as alternative starting materials for making inorganic-organic hybrid materials, so-
called ORMOSIL (organically modified silicates), by the sol-gel method.31 Furthermore, alkyl 

(or phenyl)-alkoxysilanes-derived silica gels lead to carbon-containing silica glass and/or silicon 
oxycarbide glasses when heat-treated in inert atmospheres.4"131 When the CH3Si(OC2H5)3 

(MTES)-derived silica gel was heat-treated in the flow of ammonia gas, the silica glass containing 

* fnA EZ , ek IJ ik , 9J1SW4 5 : Department of Chemistry for Materials, 
  Faculty of Engineering, Mie University, Kamihama-cho, Tsu-shi, Mie-ken 514. 
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nitrogen (silicon oxynitride glass) was resulted.14''5) There are published many papers devoted 

to reaction schema for the conversion process of these gels to oxycarbide and oxynitride 

glasses.6"15) 
   Thus, nowadays, the sol-gel technology makes an important field in the glass-industry, and 

we can notice many sol-gel applications such as fiber-making, functional coating and optics.16'17) 

   On the other hand, it is very recently that sol-gel investigators are interested in using 

trialkoxysilanes, HSi(OR)3 as raw materials for silica glass. Pauthe et al.'s) prepared 

hydrophobic silica aerogel, in which Si—H bonds remain unattacked, from triethoxysilane, 

HSi(OC2H5)3 (HTES). They also prepared silica gel from HTES and converted to the silicon 

oxynitride glass containing 6 wt% nitrogen by heat-treating in the flow of ammonia gas.19) 

   As can be noticed by referring to many review papers and books, a plenty of information on 

the structure of hydrolysis products in the course of the sol-gel reaction of alkoxysilanes are 

available, and it is said that the sol-gel-derived silica glass has properties and structure essentially 

identical with melt-derived silica glass (except for defect structures and defect-dependent 

properties). However, to the present authors, it seems that the structural information, especially 
on the medium-range (MR) structure of the wet and/or dried gels is limited. The authors' 

queries are ; whether the structure (e.g. 4-fold siloxane rings or tetra-cyclosiloxane) which is 
uncommon in the glass but characteristic of the siloxane oligomers formed in the course of 

hydrolysis of alkoxysilane is retained in the gel ? and if so, how the structure of the oligomers does 

change to that of silica glass ? 

   Standing on such queries, the present authors have been carrying out the neutron and X-ray 

diffraction study of the silica gels made from MTES and TEOS. The MTES-derived silica gel 

was well simulated with a methyl-silsesquioxane ladder polymer model consisting of 4-fold 

siloxane rings.20) Furthermore, it was proposed on the basis of neutron and X-ray diffraction 

data that TEOS-derived silica gels are composed mostly of 4-fold siloxane rings,21'22)and such a 

structure unit was considered to change by heat-treating at 400-600°C in air to the 6-fold 

siloxane ring which is a prevailing unit in the silica glass. 

   In the present work, the X-ray diffraction study was extended to the HTES-derived silica 

gel, and thermal evolution of the gel was examined by means of the IR spectrometry and X-ray 
diffraction. The results were compared with the TEOS-derived silica gel. 

                           2. EXPERIMENTAL 

2.1 Sample preparation 
   Triethoxysilane, HSi(OC2H5)3 (HTES, Tokyo Chemicals Industry Co.) was used as a raw 

material. The solutions of which compositions are listed in Table 1 were prepared according to 

a flowchart shown in Fig. 1 (which is essentially the same as that used in the preparation of silica 

gels from TEOS). First, 0.06 mol of HTES was diluted with a half of prescribed amount of 
absolute ethanol in a 50 ml-tall beaker (-2 cm in diameter). Then, the mixture-solution of 

prescribed amount of distilled water, remaining half of absolute ethanol and HC1 was added drop 
by drop to above ethanolic solution of HTES under stirred at ice/water temperature (0°C). The 

molar ratio of water to HTES was varied in the range 0.5-5.0, and that of HC1 was kept constant 

at 0.001. The resultant clear HTES/H2O/C2H5OH/HC1 solutions were warmed up to 60°C in 

open vessels to undergo hydrolysis and condensation reactions. 
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         Table 1. Compositions and properties of HSi  (0C2H5)3 (HTES) solutions. 

             HTES Molar ratio    No.Sol Gelation time (g: mol) 
HTES H2O C2H5OH 

1 9.86 : 0.06 1 0.5 1.0 precipitation — 
      2 9.86:0.06 1 1.0 1.0 clear75 min 

       3 9.86:0.06 1 1.5 1.0 clear25 min' 
      4 9.86:0.06 1 1.5 5.0 clear120 min 
      5 9.86:0.06 1 2.0 1.0 clear20 min 
      6 9.86:0.06 1 3.0 1.0 clear15 min 
      7 9.86:0.06 1 4.0 1.0 clear12 min 
      8 9.86:0.06 1 5.0 1.0 clear6 min 

HCI/HTES=0.001 in all compositions. 

              (C2HSO)3SiHC2H5OH/2 

         C2H5OH/2H2O 
                                  HO 

                               Stirring at 60°C 

Sol 

                                   Gel 

          Fig. 1. Flowchart for the preparation of the silica gel from triethoxysilane 
              (HTES). 

   While in solution 1 white precipitate was resulted, other solutions gave clear sols and set to 

transparent gels at times indicated in Table 1. Owing to high reactivity of HTES toward 

hydrolysis, the gelation time was very short compared to TEOS solutions. 

   Solution 7 with a molar ratio of water to TEOS of 4.0 was spread out on a polystyrene plate 

and set to gel. Gel films 10 to several tens ,um in thickness were obtained. 

   Gel films thus prepared, and particulate gels made from solution 6 were heat-treated at 

various temperatures up to 1,000°C in air, and were subjected to infrared (IR) spectrometry and 

X-ray diffraction measurements. 

2.2 Measurements 

   Infrared (IR) spectra of the gel film and heat-treated films were measured in the 

wavenumber range of 400 to 4,000 cm-1 with an IR spectrometer A202 (Nihon Bunko Co.). 
   DTA/TG analyses of the gel (No. 6) were carried out using a Rigaku TAS-100 type machine 

in air. A heating rate of 1 K•min-1 was adopted. 
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   The 29Si NMR spectrum of the gel was measured with JEOL-EX270 spectometer at 79.42 
MHz using a spin rate of 5,000 Hz. 

    X-ray measurements were carried out using a Rigaku Geigerflex RAD type 0-0 X-ray 

diffractometer. The CuKa and MoKa radiations monochromatized by balanced filters and a 

graphite monochromator were used as X-ray sources, The scattering intensity was measured at 
intervals of 0.5° in the diffraction angle 20 by a scintillation counter equipped with a pulse height 

analyzer, and up to at least 10,000 counts were accumulated at each angle. After correcting the 

intensities for polarization, absorption and back ground, the two scattering intensity curves 

obtained by using CuKa and MoKa radiations were combined to form a single curve. The 

maximum S (=47rsin 0/A) covered in the present work was 14.0 A-1. 

   The corrected scattering intensities were normalized by the method combining Krogh-Moe 

& Norman's method with the high angle method, then were transformed into the atomic radial 

distribution function (RDF) by 

        RDF (r)=IKm47rr2po+cr fomaxS•i(S)•exp (—a2S2)-sin (S•r)•dS 
where Km is the effective number of electron in the specimen, r is the interatomic distance in A, 

exp (—a2S2) is the damping factor, and 

{ 1 {        i(S)[Efm2+~(Zm—~rJmj)]}~je2 
                              L

m 

in which (Zm— Xrf,) is a term for Compton scattering and f is the average scattering factor of 

an electron. 

   The RDF curve was calculated for the structure model on the basis of the pair function 

method, in which a pair function, Py(r), is correlated with observed RDF by 
N. 

                   °  

----- P~=2rRDF/2•r 
             r~ 

where r,j is the distance between atoms i and j, N„; is the number of atom i around atom j in the 

unit chemical composition (uc). The function Py(r) is evaluated from 

        l(r) =(smf    Pa2S2sin•                                     Sr~) •sin•                                          Sr          ~of;2exp (—)'(()'dS 

in which f and f are S-dependent atomic scattering factors of atoms i and j. 

                             3. RESULTS 

3.1 Structure of the HTES-derived silica gel 
   The IR spectrum and 29Si NMR spectrum of the HTES-derived silica gel are shown in Fig. 2 

and Fig. 3, respectively. IR absorption peaks at 450 cm-1 and 1,000-1,200 cm-1, and a part of 

the peak around 850 cm-1 are assignable to the vibrations of Si-0 bonds. An absorption band 

at 3,400-3,700 cm-1 is attributed to OH groups. A sharp peak at 2,250 cm-1 is due to Si—H 

bonds which also contribute to the peak around 880 cm-1.18) A small peak around 550 cm-1 

will be concerned below. The over-all IR spectrum tells us that the HTES-derived silica gel is 

constructed with Si-0 bonds and Si—H bonds remaining unreacted. 

   The 29Si NMR spectrum consists of one strong peak accompanied with small peaks and/or 

shoulders. A strong peak at —85.5 ppm is due to tribranched silicate units, i.e., 03 Si—H 

named T3.23) Small peaks at —111-- —112 ppm, —101.4 ppm and — 77.3 ppm are ascribable 
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                 Fig. 2. IR spectrum of the HTES-derived-silica gel film. 
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                 Fig. 3. 29Si NMR spectrum of the HTES-derived-silica gel. 

to SiO4 (Q4, i.e., Si in an SiO4 tetrahedron in which all the oxygens are connected with the silicon 

atom), 02=Si(OH)H and 03 Si—OH (Q3) units, respectively.23) Assuming the identical 

proportionality between the signal intensity and the content for each species, 90% or more of Si 
atoms in the gel is in T3 units. 

   Eventually, the combination of the IR result and 29Si NMR data may lead to the 

predominance of a structure unit of tetrahedral 03 = Si—H (7'3) in the HTES-derived silica gel. 
   Figure 4 shows the X-ray scattering intensity curves of HTES-derived silica gel and melt-

derived silica glass. The gel exhibits a marked small angle scattering, indicating that the gel is 

porous. In addition, the first sharp diffraction peak (at —1.5 in S, FSDP) shifts toward high S 
value compared to silica glass as the TEOS-derived and MTES-derived silica gels do,2°-22) 
suggesting that the gel has a different medium-range (MR) structure from the silica glass. 

   The differential radial distribution function (d—RDF=RDF(r)— Km42rr2p) curve of the 
HTES-gel and that of silica glass are shown in Fig. 5. The peaks appearing in the d-RDF curve 
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     Fig. 5. Differential RDF curves of the HTES-derived silica gel and melt-derived silica glass. 

of the silica glass which is composed mostly of 6-fold siloxane rings are assigned to respective 

interatomic distances indicated in the figure. All the peaks in d-RDF curve of the gel are smaller 

than those of the silica glass, which is attributed to the facts that the bulk density of the gel is 

smaller than that of silica glass and in the gel hydrogen atoms with a very small X-ray scattering 

factor replace a part of oxygens. 

   The position and peak height ratio for the peaks in d-RDF curve of the gel up to 3A are 

almost identical with those of the silica glass, implying that Si to 1st 0, 0 to 1st 0 interatomic 

distances and intertetrahedral angle (evaluated from the Si to 1st Si distance) in the silica glass 

are almost retained in the gel. On the other hand, some differences in the peak position and 
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peak height ratio are observed above 3A between the gel and the silica glass. That is, the peak 
height ratio of a peak around 4A (4A-peak) to a peak around 5A (5A-peak) is larger than silica 

glass, and the separation between these two peaks is smaller than silica glass, which have been 
noted in the TEOS-derived silica  ge1,22) also indicating the difference of MR structure of the gel 

or the linkage mode of tetrahedra from silica glass. 

   The simulation of RDF curve of the gel on the basis of the pair function method using a 

model structure was carried out for interpreting the MR structure. In modeling the gel 

structure, the 03 tetrahedron should be the smallest structure unit as mentioned above. 

The tetrahedra could be linked with each others to form a network (or polymer) in different ways. 

   The small IR absorption band around 550 cm-1 in Fig. 2 may provide us with a clue for 

establishing the model structure of the HTES-derived silica gel. This IR band is observed in 

R2O—SiO2 (R=alkalis) glasses containing a relatively large amount of R2O24) and in the 

alkoxysilane-derived silica gels.25'26) This band shows the prospery and decline pararrel to an 
absorption peak around 950 cm-1 due to Si-0 bonds. On the basis of this fact, the 550 cm-1 

band has been assigned to =Si-0— bending vibration.24) In addition, this peak is observed in 

the silicate glasses and crystals which exhibit a relatively sharp Raman peak (so-called D1) at 

about 490 cm-1,27) suggesting some relation between the Raman DI and the IR 550 cm-1 band. 

   The explanation or assignment of Raman DI peak is controversial. Many investigators 

stand on the Galeener's result28) which states that DI peak is due to 4-fold siloxane rings in the 

glasses. In contrast, several authors relate D1 peak to =Si-0— bending vibration based on the 
experimentally observed linear relationship between Raman DI peak and the 950 cm-1 peak due 

to =Si—OH stretching vibration,29-31) which may suggest that the IR 550 cm-1 band is also 

related to =Si—OH bonds.32) 

   However, there are several experimental facts which would support close relation of Raman 

D1 peak and IR 550 cm-1 band to 4-fold siloxane rings : Coesite crystal which is composed 

of interconnected 4-fold siloxane rings and has no non-bridging oxygens gives a sharp and strong 
Raman peak at 510 cm-1,33) and IR absorption peaks at 500-600 cm— 1. Anorthite and 

orthoclase crystal which also contain 4-fold siloxane rings (a part of Si is replaced by Al) and no 
=Si-0— bonds show a Raman peak at 503 and 513 cm-1, respectively34) and IR band around 

550 cm-1.25) © Some cyclic siloxane tetrameters (4-fold siloxane rings), [X2SiO]4, where 

X=HC2H5,Hgivea small IR band in the range 510-600cm—I35'36) In these    ~CH3~C25~C5s ...)g'g 

cases, if =Si—X bending vibration is concerned, the absorption peak would appear at much 

different frequencies depending on the species X. 

   Accordingly, it may be reasonable to consider that the HTES-derived silica gel involves 4-

fold siloxane ring units. 

   Next problem is how to connect the 4-fold siloxane rings with each others to form a network. 

It has been known that XSi(OR)3 (X=H, CH3, C2H5, C5H6 ...) produces various kinds of 

siloxane oligomers on hydrolysis.37'38) Roughly speaking, the oligomers are classified into two 

categories. The ladder polymers consisting of 4-fold siloxane rings belong to one category, and 

polyhedral oligomers formed by intramolecular cyclization of 4-fold siloxane rings or ladder type 
oligomers belong to the other. For simplicity, we started with two simplest oligomers ; octa 

(hydrosilsesquioxane), T8 and a linear ladder oligomer shown in Fig. 6a and b. In T8 model, 
only 7'3 (03=Si—H) units are there, and in the ladder type model T3 units are prevailing and a 

fraction of O2=Si(OH)H (Q2) is at the terminals. 
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          Fig. 6. Illustration of (a) octa (hydrosilsesquioxane), 713, and (b) ladder 

polysilsesquioxane.40) 

   The similarity of the corresponding interatomic distances in these two models in the range 

up to -_.6A39'40 makes it difficult to determine the, superiority of one model over the other until 

the connection of respective model units to form a polymer or network is taken into consideration. 

For T8 model, at least two corners have to be bonded through ..Si—O—Si= bonds in order to 

form a network, changing the silicon environment at corners from T3 to Q4 and the fraction of Q4 

of 2/8=25% being resulted. This fraction of Q4 is too large to elucidate the 29Si NMR result of 

the present silica gel (Fig. 3). On the contrary, ladder siloxane oligomers can be polymerized 

through the condensation reaction between =O2Si(H)—OH attached to the terminals, increasing 

Q3 units more and more at the expense of Q2 as illustrated in Fig. 7. In this case, ideally, no. Q4 
environment should be resulted on the formation of polymers or the network. If a part of 

Si—H bonds in the oligomer happens to have been changed to =Si—OH in the course of sol-gel 

reaction of HTES, Q4 environment may be formed in the polymerization through the 

condensation between -.Si—OH. This polymerization scheme of ladder siloxane oligomers can 

explain very small contents of Q2 and Q4 species in the gel. 

n 
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° : Q2 • • T3 (Q3) X : Q4 

           Fig. 7. Schematic presentation of the connection of ladder silsesquioxane 
                  oligomers to form a network, 0: Qzi • : T3, X : Q4. 

   Consequently, it seems that the ladder siloxane prefers to T8 as a structure model of the 

HTES-derived silica gel. Another thing to be mentioned is that the gel has been made in the 

present work from HTES under such a hydrolysis condition that makes the formation of 
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           Table 2. Average structure parameters of ladder type silsesquioxane model 
                   for HTES gel. 

O—Si—O Si—O—SiSi-0 Si—H Interchain 
            angle/degree angle/degree distance/A distance/A distance/A 

         112.0147.01.62 1.46 2.0--2.5 

polyhedral siloxanes (or cage-like siloxanes) more difficult than the ladder type siloxanes37'41'42) 
   The schematic structure model unit and its spacial arrangement (Fig. 8) were made up by 

referring to the structure of phenylsilsesquioxane ladder polymer (Fig. 6b") and MTES-derived 

silica ge1.20) 

   The RDF/r curve calculated using this model having structure parameters given in Table 2 

is shown in Fig. 9 by a solid line, together with observed RDF/r (dotted line). It can be seen that 

there is only a slight difference between observed and calculated RDF/r curves up to 3A, and that 

the peaks in calculated curve above 3A are sited at r values similar to those in observed one. So, 

then, the structure disorder which increases in proportion to r was introduced into the model as a 

statistical distribution of each pair function P~~(r). 
   The final result is shown in Fig. 10, in which a very good fit of the calculated RDF/r with the 

observed one is noted in the r range up to 6A. 
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       Fig. 10. Calculated RDF/r of the HTES-derived silica gel (—), after introduction of 

                 structure disorder. 

3.2 Thermal evolution of the gel 
   In Fig. 11, IR spectra of the HTES-derived silica gel films heat-treated at indicated 

temperatures are shown. The absorption coefficient of respective IR peaks except for the 
saturated one around 1,100 cm-1 is plotted against the heat-treatment temperature in Fig. 12. 
As can be seen from these two figures, no important change of the spectrum or absorption 
coefficients of all the peaks but —3,500 cm-1 band due to OH groups is not observed up to 
250°C. 
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     Fig. 11. IR spectra of the HTES-derived silica gel films heat-treated at various 
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      Fig. 12. The change of absorption coefficients of the respective chemical bond 
               species with heat-treatment temperature for the HTES-derived silica 
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   A drastic change in IR spectrum is observed in the narrow temperature range of 

300-~400°C, where the peak due to Si-H (at 2,250 cm-1) abruptly disappears and, instead, the 

peak due to OH (--3,500 cm-1) develops rapidly, followed by the gradual decrease. The —550 
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              Fig. 13. TG/DTA curves of the HTES-derived silica gel in air. 
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           Fig. 14. X-ray scattering intensity curves of the HTES-derived silica gels heat-
                    treated at various temperatures. 
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 cm-1 band which is ascribable to 4-fold siloxane rings starts to decrease at 300°C, but is still 

present at 800°C. These facts indicate that the decrease of Si—H bonds is closely related to the 
formation of Si—OH bonds, and the decrease of 4-fold siloxane rings is associated with the 

decrease of Si—H and/or Si—OH bonds. 

   Figure 13 shows TG and DTA curves of the HTES-derived silica gel (made from solution 6). 

The gel exhibits once a slight decrease of weight up to about 300°C, and then a drastic increase of 

weight in the heat-treatment temperature range of 300---400°C. A slight decrease in weight up 

to 200-300°C may be attributed to the removal of H2O bonded to H in Si—H through the 

hydrogen bonding.lsl The temperature range where the steep increment of weight occurs 

corresponds to that for the drastic change of IR spectrum, in other words, weight change may be 

associated with the prosperity and decline of Si—H and Si—OH bonds. 

   The change of X-ray scattering intensity curve of the HTES-derived silica gel with the heat-

treatment temperature is shown in Fig. 14. The corresponding differential radial distribution 

function (d-RDF) curves are shown in Fig. 15. Both the scattering curve and d-RDF curve of the 

gel become more and more similar to those of silica glass as the heat-treatment temperature is 
raised, as in the case of the TEOS-derived silica ge1.22) In particular, the peak height ratio of 

4A-peak to 5A-peak in d-RDF curve is decreased with increasing heat-treatment temperature. 

Other two parameters characterizing the silica gel, i.e., the position of FSDP in the X-ray 

scattering intensity curve and the peak to peak separation between 4A and 5A-peaks are shown as 
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           Fig. 15, Differential RDF curves of the HTES-derived sillica gels heat-treated 
                     at various temperatures. 
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a function of temperature in Fig. 16 and Fig. 17. 

   The FSDP shifts gradually toward the position of the silica glass with the increase of heat-

treatment temperature. On the other hand, the peak separation increases abruptly at 

200-400°C, where the occurrence of a remarkable structure change has been pointed out from 
IR and TG/DTA data. The heat-treatment temperature dependence of FSDP and/or the peak 

separation in d-RDF is rather smaller for the HTES-gel than the TEOS-gel. Despite of such a 

difference, as a whole, the 4-fold siloxane rings in the HTES-gel are considered to change by the 

heat-treatment to that of the silica glass, i.e., 6-fold siloxane rings. However, it should be noted 

that the FSDP and peak separation in d-RDF of the HTES-gel are still deviated slightly from 

those of silica glass even at 800--1,000°C, indicating that the conversion of the gel to glass is not 

yet complete. 
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                           4. DISCUSUSSION 

   The ladder siloxane polymer model was found to prefer to  T8-model for interpreting MR 

structure of the HTES-derived silica gel. However, the possibility of using polyhedral siloxanes, 

Tn, with n larger than 8 as structure models has not been completely abandoned. These species 

would be produced by the hydrolysis of HTES, as well as ladder type polysiloxanes37'38). When 

those polyhedral siloxanes are connected with each others at two corners to form a network, the 

fraction of the resultant Q4 species decreases from 25% for T8 with the increase of n, the fraction 

of Q4< 10% being encountered for Tn (n>20). However, in such a large polyhedral cage-like 

siloxanes, the MR structure may become similar to that in the ladder type siloxanes. 

Furthermore, the description of the gel structure as the ladder type siloxane is so simplified, and 

the polyhedral cage-like siloxane with a ladder type siloxane as a side group would still remain as 

one of the candidates for the structure model of HTES-derived silica gel. 

   The ladder siloxane model which could simulate well the HTES-derived silica gel is very 

similar to that of the MTES-derived silica gel, which as a matter of course interprets the shift of 

FSDP toward high S, and provides higher peak height ratio of 4A-peak to 5A-peak in d-RDF 

curve or more compact MR structure than melt-derived silica glass. 

   As has been reported,22'43.46) the feature of the X-ray scattering intensity curve of the TEOS-

derived silica gel and corresponding d-RDF is also very similar to those of the HTES-gel. 

Namely, the shift of FSDP toward high S value and high peak height ratio of the 4A-peak to the 

5A-peak compared to silica glass are observable. Himmel et al.45'46) explained such X-ray data 

using primary particles composed of eight puckered 6-fold siloxane rings (as those in the low-

quartz). On the other hand, the present authors elucidated, in rather a semiquantitative way, 
X-ray data of the TEOS-gel in terms of 4-fold siloxane rings by referring to Yamana's results47) 

on the silica glass heat-treated under high pressure. The result obtained in the present work 

may confirm our structure assumption made for the TEOS-derived silica gel. The 29Si NMR 

data which indicate that (2,3 species are predominant in the silica gel made from TEOS48) are also 

consistent with the ladder type siloxane model consisting of 4-fold siloxane rings. 

   As is seen in Fig. 15 and Fig. 16, the FSDP position and the peak separation between 4A and 

5A-peaks are slightly different from the TEOS-derived silica gel, which may be caused by the 

difference in chemical species terminating 4-fold siloxane rings (m Si—H in the HTES-gel and 

probably =Si—OH in the TEOS-gel). 
   Thermal evolution of the HTES-derived silica gel has been examined by several authors by 

means of TG/DTA analyses combined with gas chromatography and IR spectrometry. Belot et 

al.49) prepared the silica gel consisting of 03=Si—H units from HTES through the hydrolysis 

under the acidic condition and pursued the thermal change under the argon atmosphere. They 
found that the gel was slightly decomposed to SiH4 and H2 above 300°C (weight decrease of 

about 3% was resulted). Pauthe's HTES-silica gel prepared under the neutral condition 

exhibited about 10% weight gain at 300--500°C in air, which suggested the occurrence of 

oxidation of Si—H to Si—OH which was followed by the condensation reaction to 

S1-0-51= network.18) 
   The TG curve of the gel made in the present work is very similar to Pauthe's. A very sharp 

exothermic peak around 300°C and successive somewhat broadened peak centered around 350°C 

in DTA curve indicate that the oxidation of Si—H to Si—OH occurs very abruptly and formed 
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Si—OH are less abruptly condensated to =Si—O—Si= network. 

   The Si—H bonds are scarcely observed in the present gel above 400°C, while in Pauthe's gel 

Si—H species is still discernible at 600°C. The retention of this species at such a high 

temperature in the latter case may be due to the bulkiness of the gel specimen. The gradual 

decrease of weight with the increase of the heat-treatment temperature above 500°C both in 

Pauthe's gel and present gel may imply that the condensation reaction of Si—OH to form the 

siloxane network is continued up to higher temperatures as is suggested from IR spectrometry 
data. 

   The difference of thermal evolution behavior of the HTES-silica gel from the TEOS-silica gel 

is noticed in the heat-treatment temperature dependence of the FSDP position and the peak 

separation between 4A and 5A-peaks in d-RDF curve. Apart from the facts that these two 

parameters of the HTES-gel are nearer those of silica glass than the TEOS-gel, the change of the 

parameters of the HTES-gel on heating is rather gradual than the TEOS-gel, and do not reach 
the values for silica glass even at 1,000°C. Such a difference is considered to be related to the 

content of remaining OH groups. As is evaluated from the absorption coefficient of OH around 

3,500 cm-1 (Fig. 12), the content of OH is as high as a few wt% even at 800°C, being much larger 

than the 800°C-treated TEOS-gel in which the 3,500 cm-1 peak is scarcely observed (Figs. 3 and 

4 in ref. 25). It is considered that the remaining OH plays an important role for stabilizing 4-

fold siloxane rings as other 03 -=" (X: H, CH3, C5H6 ...) do, leading to still a different MR 

structure from the melt-derived silica glass and the TEOS-derived silica gel heat-treated at 

1,000°C. In some cases, highly porous nature of the alkoxy-derived silica gel has been ascribed 

to the retention of such a high content of OH groups in the heated mass,50) because Si—OH 

groups on the surface of big pores are too much separated to be condensated among themselves. 

                           5. CONCLUSION 

   The silica gel was prepared from triethoxysilane, HSi(OC2H5)3 (HTES) by the sol-gel 

method. The medium-range (MR) structure of the gel was examined by the X-ray diffraction 

technique on the basis of the pair function analysis, and thermal evolution of the gel was 

examined and compared with the silica gel made from tetraethoxysilane, Si(OC2H5)4 (TEOS). 

Following results were obtained. 

   (1) The slow hydrolysis of triethoxysilane at 60°C under the acidic condition led to the clear 
and transparent gel within several ten minutes, depending on the amount of added water. 

   (2) The structure model deduced from hydrosilsesquioxane ladder polymer (HSiO1.5)n, 
which is composed of 4-fold siloxane rings, well simulated MR structure of the HTES-derived 

silica gel. 

   (3) The structure model for the HTES-silica gel was very similar to that for the 
monomethyl-tri-ethoxysilane (MTES)-derived silica gel. And it was considered from the close 

comparison of the X-ray scattering intensity curve and differential radial distribution curve 

between the HTES-gel and the TEOS-gel that this ladder siloxane type model is also applicable 

to the TEOS-derived silica gel. 

   (4) On heat-treating in air, Si—H bonds in the HTES-gel was oxidized in the temperature 
range of 300-500°C, followed by the condensation of formed Si—OH bonds to 

network. A drastic change of MR change, i.e., the reconstructive change of 4-fold siloxane rings 
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to 6-fold siloxane rings was observed in this heat-treatment temperature range. 

   (5) The thermal change of MR structure of the HTES-gel was more gradual than the 
TEOS-gel with respect to the heat-treatment temperature. The retention of a small amount of 

4-fold siloxane rings above 800°C was attributed to a relatively large fraction (a few wt%) of 

Si-OH remaining uncondensated. 
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