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(2-Hydroxyethyl)trimethylammonium  silicate,
SigO,[N(CH 3)3(CoH40OH)]g-nH,0, was allowed
to react with zirconium tetrakis(2,4-pentanedio-
nate) in methanol, resulting in gel formation.
The gels were heat-treated at 650—-100C in air.
The product at 650°C showed a specific surface
area of 500nfg~*, and the average pore
diameter was ca 4.3 nm, indicating the forma-
tion of a thermally stable mesoporous body. Gels
with the same composition were also prepared

by sol-gel processing using tetraethoxysilane as

a silica source. The specific surface area of the
product yielded by heating the gels at 650C was
425nf g ! and the average pore diameter was
ca 2.8 nm, which were lower than those of the
product from the gels prepared with (2-hydro-
xyethyl)trimethylammonium silicate. These dif-
ferences have been attributed to the difference in
nanostructure of the gels, caused by the struc-
ture of the silica sources and their polymeriza-
tion behaviour. Copyright © 1999 John Wiley &
Sons, Ltd.
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INTRODUCTION

Spherical silicate and silsesquioxane compounds
have recently been attracting much attention as raw
materials of silica (Sig)-based polymeric materi-
als. They can be synthesized facilely by controlled
polymerization of silicate anions with organic
quaternary ammonium ioh$ or hydrolytic con-
densation of trifunctional silan€s.By taking
advantage of the unique structures of these
compounds, it would be expected to be possible
to exert rational control over the nanostructures of
the materials.

Some of the main target materials produced from
the spherical compounds are porous. Among them,
those with the cubeoctameric silicate ¢Sj»)
structure have principally been applied for the
synthesis. Since the structure corresponds to one of
the secondary building units of zeolitésp-called
D4R, formation of porous materials from the
compounds is feasible provided that the polymer-
ization of the compounds proceeds without the
breakdown of the structure. As the first example,
Cagleet al®> demonstrated the production of high-
surface-area Sifxerogels by a sol-gel reaction of
Sig012(OCHg)g, the methoxide of cubeoctameric
silicates. Hoebbelet al®’ and Zhanget al®
reported the synthesis of organic—inorganic hybrid
porous materials by hydrosilylation reaction using
hydro- and vinyl-dimethylsilyl-functionalized cu-
beoctameric silicates and silsesquioxanes. We
showed the formation of another type of organic—
inorganic hybrid porous materials by the reaction of
SigO,c2~ with dichlorodimethylsilané™* These
synthesis procedures using this class of compounds
have been named the ‘building block approach’.

On the other hand, preparation of multicompo-
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meric silicate was first reported by Feher and
Weller’? They conducted the reaction of
Sig012(0OSnMe)g with PCk to obtain P-containing
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SiO, orous materials with a surface area of
500m“g~*. The productsare notablein terms of
the presenceof phosphorus(llltherein, since no
such compound can be produced by sol—gel
processingHowever,they areair-sensitive.

Consequentlywe haveattemptedn this studyto
producealternativemulticomponentnorganicpor-
ousmaterlalsby the building block approachjsmg
theSisO,¢¢ silicateanion.In our previouspaper:
we reportedthatthe polymerizationof the S|80208
anion proceedswithout the degradationof its
backbonewhen (2-hydroxyethyl)trimethylamm-
nium Silicate, SigOzo[N(CH3)3(C2H4OH)]8'nH20,
is just allowed to dissolvein methanolat a SiO,
concentrationof 0.5moldm™3. Then, we have
investlggated on the polymerization process of
SigOs~ in, and gel formation form, methanolic
solutions of (2-hydroxyethyl)timethylammonium
silicate by the addition of zirconium tetrakis(2,4-
pentanedionater(CsH-O.)4 (ZTP). Sinceit was
reportedthat the introductionof a zirconia (ZrO,)
componenincreaseghe speuﬂcsurfaceareaand
thermal stability of porous bodies* the zrO,
componentasbeenselectedto combinewith the
SiO, componentin this study. The gels obtained
havebeenheat-treatedo converttheminto porous
materials.In order to comparewith these,tetra-
ethoxysilane[Si(OCHs)4, TEOS] and ZTP were
usedfor a sol-gelreactionto preparegels,with the
sameamountsof the starting materialsas those
employedfor the reactionof (2-hydroxyethyl)ti-
methylammoniunsilicatewith ZTP. Thegelswere
calcined under the same conditions, and the
propertiesof the productsasporousmaterialshave
beencomparedn termsof the differencein the gel
preparatiormethods.

EXPERIMENTAL

Materials

TEOS, a 50wt% aqueoussolution of (2-hydro-
xyethyl)trimethylanmonium hydroxide, ZTP and
methanolwere usedfor preparingsamples.Hex-
amethyldisiloxane2-propanol distilled water,and
conc. hydrochloricacid were usedfor trimethylsi-
lylation of silicate speciespresentin solutions.

Preparation of samples

Solid (2-hydroxyethyl)trmethylammoniunsilicate
was preparedby vigorousstirring of a mixture of

Copyright© 1999JohnWiley & Sons,Ltd.

5cm® of TEOS and 5cm® of a 50wt% aqueous
solution of (2- hydroxyethyl)trmethylammonlum
hydroxide, as was reported previously>*®> The

solid silicateobtainedwaspurified by recrystalliza-
tion, i.e. by twice heatingthe solid over 60°C to

melt it, thencooling.

The purified solid silicate was dissolved in
20cm® of methanol,followed by the addition of
ZTP. The methanolic solution was stirred for
10min at room temperatureand then held at the
temperatureresulting in gelation. The gels thus
obtainedarereferredto hereasgelsformedby the
building block approach.

On the other hand,synthesisof gels by sol—gel
processingwas conducted by mixing simulta-
neouslythe sameamountsof TEOS, the aqueous
solution of (2-hydroxyethyl)timethylammonium
hydroxide, ZTP and methanolas those used for
the synthesisby the building block approachThe
mixtureswere stirredfor 10 min at roomtempera-
tureandthenheldto obtaingels,which arereferred
to hereasgelsformedby sol-gelprocessing.

In orderto removeorganiccomponentsuchas
the solvent and (2-hydroxyethyl)trmethylammo-
niumionsinvolvedin thesegels,theyweredriedat
50°C for over 14 days, and then heat-treatecat
650—1000’C in air. The heating rate was
10°C min~* andholdingtime was1 h. A tempera-
ture of 650°C wasnecessaryor obtainingcarbon-
free productsby heattreatmentfor 1 h in air.

Analytical procedures

In orderto investigatethe structuresand distribu-
tion of silicate speciespresentin the methanolic
solutionsto give gels, atrlmethylsnylatlontechnl-
que by the methodof Lentz® was emPoned .The
procedurewas described previously:’ The tri-
methylsilyl derivativesof silicate speciesobtained
were analyzed with a Shimadzu GC-8A gas
chromatographThe analysisconditionswere the
sameas thosedescribedelsewhere? Quantitative
analysisvasconductedn SigO,[Si(CHz)3]g Using
tetradecan@asan internal standard.

The XRD patterns of powder sampleswere
recordedon a Rigaku RINT 1100 diffractometer
usingNi-filtered Cu K, radiation.

Measurementsfor estimating the Brunauer—
Emmett-Teller(BET) surfaceareaand pore size
distribution of products formed after the heat
treatmentwereconductecat —196°C with a Carlo
Erba SorptomaticSeries 1800 analyzerusing N,
gasasthe adsorbateThe sampleswere pretreated
by evacuatingor ca2 h at 150°C.

Appl. OrganometalChem.13, 549-554(1999)
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Figure 1 Gaschromatogramsf trimethylsilyl derivativesof
silicate speciespresentin the methanolicsolutions, prepared
using(a) (2-hydroxyethyl)trimethylanmoniumsilicate and (b)
TEOS as a SiO, source,at 10min of being held at room
temperaturafter L0 min of stirring. Peaksa, SiO4[Si(CHa)3]4;
b, SibO,[Si(CH3)3ls; €, SigO-[Si(CHs)3]lg; S, tetradecane
(internalstandard).

RESULTS AND DISCUSSION

Up to 1.5g of ZTP could be dissolvedin the
methanolic solution of (2-hydroxyethyl)trimetly-
lammoniumsilicate,giving asingle-phassolution.
When a larger amountof ZTP was added,ZTP
precipitatedout of the solution. Thereforel.5g of
ZTP was usedin this study. The Si-to-Zr atomic
ratio of the solutionsis calculatedas?7.2.

Gelationtook place by holding the methanolic
solution containing ZTP for ca 1h at room
temperatureafter 10min of stirring. The solution
without the addition of ZTP did not undergo
gelationin sucha shortreactiontime,*® suggesting
thatthe addition of ZTP causedhe gelationof the
solution. A solution which was preparedjust by
mixing TEOS, the aqueoussolution of (2-hydro-
xyethyl)triethylammonium hydroxide, ZTP and
methanolgelledat ca 50 min of beingheldat room
temperature.

In order to investigatewhat types of silicate
speciesare presentin thesesolutionspreparedby
the differentmethodsthe solutionsafter 10 min of
being held at room temperaturevere submittedto
the trimethylsilylation, and the products were
analyzedwith the gaschromatographin the gas
chromatogranof the solution preparedby mixing
the four kinds of reagentsat the same tlme
trimethylsilyl denvaﬂvesof monomerlc(S|O4 )
and dimeric (Si,O,°") speciesgaverise to peaks

Copyright© 1999JohnWiley & Sons,Ltd.

[Fig. 1(b)]. On the otherhand,only one peakwas
observedataretentiontime of 15.2min, whichwas
dueto SigO,[Si(CHz)3]g, in the gaschromatogram
of productsobtainedfrom the solution prepared
with (2-hydroxyethyl)trimetlglammoniumsilicate
[Fig. 1 (a)]. No peaksdueto low-molecular-weigpt
silicatespeciesvereobservedn the gaschromato-
gram.

The variationin the amountof SigOs° present
in the solutionasa function of the holding time at
room temperaturewas measuredquantitatively
with thetrimethylsilylation techniqueasillustrated
in Fig. 2. The amountdecreasedvith the holding
time, indicating that polymerizationof SigO%~
proceededwith time. The presenceof low-mole-
cular-weightspeciesvasnot found in the solution
at eachholding time, su%gestinghat the depoly-
merization of the SigO,9" speciesdid not take
placein the processof formation of the gel. By
comparisonwith the variation in a methanolic
solution of (2- hydroxyethyl)trlmetplammonlum
silicate without the addition of ZTP,*® it appears
that the addition of ZTP actually acceleratedhe
polymenzatlonrate of SigO,c2~. Consideringthat
the SigO,%~ speciesin the methanolicsolution,
whereits polymerizationratewasratherslow, gave
polymericsilicate spemesmthout a breakdownof
its structure™® the SigO,,®~ speciesin the ZTP-
addedmethanolicsolution may also have under-
gonepolymerizationwith retentionof its structure

Ontheotherhand theformationof S|8020 was
hardlyfoundin the solutionpreparedy mixing the
four reagentsimultaneouslyalthoughmonomeric
anddimeric silicate specieghat were foundin the
solution as shownin Fig. 1(b) disappearedvith
holding time to give higher-molecular-wight
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Figure 2 The variation with holding time in the amountof
Sig022~ in the methanolic solution prepared using (2-
hydroxyethy)timethylammoniumsilicate as a SiO, source.
0 min indicatesthe time just after the solution hadbeenstirred
for 10min.
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Table 1 BET surface areas of SiO—~ZrO, porous
materials obtained by heating gels, preparedby the
building block approachand sol-gel processing,at
varioustemperature$or 1 h in air

BET surfacearea(m?/g %)

Heating Gelsproduced Gelsproduced
temperature by the building by sol—gel
(°C) block approach processing

650 500 425

800 434 376

900 324 260
1000 188 161

silicate species.This suggestghat silicate species
in the solutionunderwentrandompolymerization.

Briefly, the SigO,o°~ silicate anionin the ZTP-
addedmethanolicsolution of (2-hydroxyethyl)ti-
methylammoniunsilicate polymerizedwithout the
depolymerizationresultingin gel formation.Also,
the polymerizationrate was considerablyacceler-
ated by the addition of ZTP. In the solution
preparedby mixing the four reagentssimulta-
neously hydrolysisproductsof TEOSwereformed
randomly.

The gels thus obtainedwere dried at 50 °C for
over 14 daysto make their weights constantby
removingthe solvententrappedn the gels. Then

0.02
0.018
0.016

——-650°C
-#-800°C
—4—900°C
—-1000° C

0 5 10 15
Pore Radius (nm)

Figure 3 Poresizedistribution of SiO—ZrO, porousbodies
obtainedby heating gels preparedfrom (2-hydroxyethyl)tri-
methylammoniumsilicate as a SiO, sourceat 650 (@), 800
(), 900(A), and1000°C (x) in air for 1h.

Copyright© 1999JohnWiley & Sons,Ltd.

theywereheat-treate@t650-100C°C in air for 1 h,
yielding white powders consisting of SiO, and
ZrO, componentsThe specificsurfaceareaof the
powdersis shownin Table 1.

The SiO—~ZrO, powdersformed by heatingthe
gels preparedby the building block approachat
650°C reveala BET surfaceareaof 500m?g ™.
Their poresizedistributionis shownin Fig. 3. The
porediameterwasover 2 nm andthe averagepore
diametemwasca4.3nm,indicatingtheformationof
mesoporousnaterials.

The gels were also heatedat 650°C for 1 h at
various heatingratesfrom 2 to 10°Cmin™*. The
specificsurfaceareaof the resultingpowderswas
495-527m?g~*. However, no relationship has
been found betweenthe heating rate and the
specificsurfaceareaof the powders.The areasof
powdersbtainedontheotherrunswerealsowithin
this range,suggestinghat sucha differencein the
specific surface area would be inherentin this
synthesigrocedure.

The specific surfaceareaof the porousbodies
decreasedvith increasingheatingtemperatureas
shown in Table 1. Their XRD patterns are
illustratedin Fig. 4. A broadpeakis seencentered
around22° in the patternof the powdersobtained
by calcining at 650°C [Fig. 4 (a)], indicating that
they are amorphous. With increasing heating
temperaturethe other broad peaksare observed
around 30° and 50°. Pirard et al. reportedthat
tetragonalZrO, crystallizes upon heating SiO—
ZrO, aerogelswith a Zr contentof 80 mol% over
400°C.*° Fromthis fact andthe diffraction angles,
theappearancef thetwo broadpeakswould result
from the crystallizationof the ZrO, componentin
the products.Suchstructuralchangesn the porous
bodieswould lead to the decreasén the specific
surfaceareaNeverthelesshepowdersbtainedoy

WWM
MVMM

Intensity / arb. unit
7

5 20 40 60
26/ deg (Cu Ka)

Figure 4 XRD patternsof SiO—ZrO, porousbodiessynthe-
sized by calcining gels preparedfrom (2-hydroxyethyl)tri-
methylammoniunsilicateasa SiO, sourceat (a) 650, (b) 800,
(c) 900and(d) 1000°C in air for 1 h.
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Figure 5 Poresizedistribution of SiO—ZrO, porousbodies
producedby firing gelspreparedrom TEOSasa SiO, sourceat
650 (@), 800 (M), 900 (A), and1000°C (x) in air for 1 h.

the heattreatmeniat 800°C still revealeda surface
areaof 434m?g~*, which was much higher than
thatof SigO.> -derivedsilica gelscalcinedat that
temperature (200m°gY) (. Hasegawaand K.
Hibino, unpublishedresults). This supportsthat
the introductionof the ZrO, componenimproves
the thermal stability of porousbodies,which was
earlierreportedby Lopezetal.**

XRD patternsof the white powders obtained
from thegelspreparedy sol—gelprocessingeveal
the sameprofilesasthoseseenin Fig. 3, indicating
that the products are also amorphousand the
crystallizationof the ZrO, componentakesplace
by firing at higher temperaturesTheir specific
surfaceareasare shownin Table 1 aswell. The
powdersobtainedby the heat treatmentat 650—
900°C show lower surface areas than those
producedby the building block approach,while
there is no significant difference with the gel
preparationmethodsin the areaof the powders
formed at 1000°C. This would be attributed to
structural changesoccurring at such a very high
temperatureasthat being observedwith the XRD
analysis.

Theporesizedistributionof SiO—ZrO, powders
preparedoy sol-gelprocessings shownin Fig. 5.
The porediametersaaremorethan2 nm, indicating
that theseare also mesoporousodies.However,
the averagepore diameterof the powdersformed

Copyright© 1999JohnWiley & Sons,Ltd.

after the heattreatmentat 650 and 800°C is ca
2.8nm, which is smallerthanthat of the powders
preparedoy the building block approach.

The (2-hydroxyethyl)trimetllammonium ion,
which is presentin both of the reactionsystems,
wasdemonstratedo act asan organictemplatein
zeolite synthesis® Therefore,the ion would play
the similar role in the formation of the SiO—~ZrO,
amorphougorousbodies.Neverthelessit is clear
that the surfaceareaof the productsformed by
heating the gels derived by the building block
approachat 650-90C0°C is even higher than that
obtained by sol—gel processing.There is also a
differencein the poresizedistributions.

Whetherthe SigO,o°~ structures fully preserved
duringthe heattreatmenis still obscureConsider-
ing that structural changescausedby the heat
treatmentwould take place to almost the same
degreein the gelsproducedby thesetwo methods,
however thedifferencein thesurfaceareaandpore
sizedistributionof the resultingpowderswould be
attributableto thatin the nanostructuresf thegels.
The formation of the nanostructureswvould be
affected by the structuresof the SiO, source,
Sig0,c%~ and SiO,*", and their polymerization
behaviour. This would suggestthat control over
nanostructuredy the building block approachis
also effective for the synthesisof materialsfor
which heat treatment at high temperaturesis
required.

CONCLUSIONS

SiO—~ZrO, mesoporoubodieswveresynthesizedy

two different methods.SiOz—Zroé gels prepared
from thecompoundwith the SigO»y"~ structureasa
SiO, sourcegave porouspowderswith a specific
surfacearea of 500m?g~* and an averagepore
diameter of ca 4.3nm after heat treatment at
650°C, whereasgels producedusing TEOS as a
SiO, sourcegavepowderswith alower surfacearea
and a smaller averagepore diameterby the heat
treatment. These differenceswere consideredto

resultfrom the differencein nanostructuresf their
precursorgels leading from the structure of the
SiO, sourcesandtheir polymerizationbehaviour.
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