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We wish to present here an extension of the non- 
hydrolytic sol-gel process we described elsewhere for the 
preparation of monolithic metal oxide gels’ to the prepa- 
ration of binary oxide gels. This reaction corresponds to 
the condensation between metal halides and metal alk- 
oxides (eq 1) under anhydrous conditions. 

(1) 
By using different metals, binary oxide gels may be 

prepared according to eq 2. Such a cross-condensation 
mMX, + nM’(OR), - M,M’,O,,+ nmRX (2) 

reaction has already been used by Gerrard et a1.2 for the 
preparation of non-metal oxides, but it has never been 
reported before with metal components. 

The main advantage of the sol-gel route3 to multicom- 
ponent oxides over conventional mixed powder methods 
resides in the improved homogeneity e~pec ted .~  Indeed 
molecular precursors (salts or metal alkoxides) are allowed 
to react in solution at  room temperature, thus avoiding 
phase separation, crystallization, and chemical decompo- 
sition. Two types of chemical reaction are involved. First, 
the hydroxylation of precursors is achieved either by 
varying the pH in an aqueous solution for salts (nitrates, 

(1) Corriu, R. J. P.; Leclercq, D.; Lefivre, P.; Mutin, P. H.; Vioux, A. 

MX, + M(OR), - 2MOnI2 + nRX 

J. Mater. Chem. 1992,2, 673. 
(2) (a) Gerrard, W.; Griffey, P. F. Chem. Ind. 1959, 55. (b) Gerrard, 

W.: Jeacocke. G .  J. Zbid. 1959. 704. (c) Gerrard, W.; Moonev, E. F.; 
Rothenbury, R. A. J. Appl. Chem. 1962, 12, 373. 

(3) For a recent comprehensive resource see: Brinker, C. J.; Scherer, 
G. W. Sol-gel science: the physics and chemistry of sol-gel processing; 
Academic Press: San Diego, 1990. 

(4) Dielich, H. Angew. Chem., Znt. Ed. Engl. 1971, 10, 363. 
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chlorides, etc.) or by hydrolyzing metal alkoxides in an 
organic solvent. Second, the condensation of the hydroxyl 
groups leads to an oxide network. Equations 3-7 sum- 
marize some of the reactions involved during the hydrol- 
ysis-condensation of two mixed alkoxides. 

M(OR), + H2O - HO-M(OR),-i + ROH 
M’(OR’),t + H2O - HO-M’(OR’),t-i + R’OH 

(3) 
(4) 

HO-M(OR),-i + HO-M(OR’),,-i 4 

(RO),_1M-O-M(OR’),,_1 + HzO ( 5 )  
HO-M’(OR),-i + 

HO-M’(OR’),,-1+ (RO),-1M’-O-M’(OR’),,-l + HZO 
(6) 

HO-M(OR),-i + HO-M’(OR’),,-i - 
(RO),-1M-O-M’(OR’),,_1 + HzO (7) 

However some difficulties arise with controlling stoi- 
chiometrf and homogeneity. It appears that the actual 
homogeneity depends on the relative rate of homocon- 
densation (M-O-M and M ’ U M ’  bridges) toward heter- 
ocondensation (M-O-M’ bridges). A possible response is 
to subject the less reactive alkoxide precursor (e.g., Si- 
(0R)J to partial hydrolysis before adding the more reactive 
one.6 Another interesting approach is the use of hetero- 
metallic alkoxides’ (yet containing M-O-M’ linkage). 
Nonetheless the reversibility of the reactions in eqs 3-7 
(particularly the hydrolysis of M U M ’  bridges) can lead 
to the formation of the individual components, especially 
if they are the equilibrium phases. 

The nonhydrolytic condensation reaction which leads 
to the formation of M-O-M’ bridges by releasing alkyl 
halide, as described in eq 8, would imply a perfect alter- 
nation of the metal centers M and M’. 
M(OR), + M’X,, - (RO),-1M-O-M’Xn!-1 + RX (8) 

However, rapid ligand-exchange reactions are well- 
known between metal alkoxides and metal halides? 
M(OR), + M’X, - M(OR),-Jx + M’(OR)&-, (9) 

(5) Kamiya, K.; Sakka, S.; Tatemichi, Y. J. Mater. Sci. 1980,15,1765. 
(6) Yoldas, B. E. J. Mater. Sci. 1977, 12, 1203; 1979, 14, 1843. 
(7) Gaulton, K. G.; Hubert-Pfalzgraf, L. G. Chem. Rev. 1990,90,969. 
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Table I. Binary Oxide NHG Conditions and Time for Gelling, Weight Loss, Oxide Yield, Specific Surface Area Based on the 
BET Method, and Crystalline Phase after Calcination in Air (i-Pr = Isopropyl; n = Pr = n -Propyl) 

SiC1, 4/3A1C13 SiCl, TiC1, SiC1, 4/.3@r3 
M(OR), 4/3Al(OiPr)3 Si(OiPr), Ti(OiPr), Si(OiPr),, Zr(OnPr),, Ti(OiPr), 
MX" 

solvent CCld(3M) CCl,/EhO 0.64 M CH2Brz 0.77 M 
t,? (T, 'C) 2 days (40) 3 days (20) 5 days (40) 15 h (40) <7 days (llO°C)a <7 days (llO°C)a 
A m / m ;  % 54 43 10 22 19 48 
yield: % 100 84 100 100 99 75 
surface: m2/g (T, 'C) 364 (750) 160 (600) 590 (500) 386 (600) 255 (650) 
X-ray' amorphous amorphous anatase amorphous anatase' 

In sealed tube. Time a t  which no flow of the gel was observed by tipping the container. Measured by thermal gravimetric analysis to 
Final vield baaed on the theoretical oxide formula. e Determined after oxidation of the residual organic groups (5-h heat treat- 1200 'C. 

ment a t  the temperature given in parentheses). 'Broad lines. 

Therefore homogeneity depends on the relative rates of 
condensation of the halogenoalkoxides formed. However 
the process appears simpler to control than the conven- 
tional hydrolysis-condensation double process. Homoge- 
neity, that is, the quasi-random mixture of bonding M- 
0-M, M'-0-M' and M-0-M', will be achieved in the 
nonhydrolytic gel (NHG) if all the condensation rates are 
of the same order. 

This work deals with the preparation of oxide gels in the 
bicomponent systems Si-A1, Si-Ti, Si-Zr, and AI-Ti by 
mixing metal halides with metal &oxides. Reactions were 
carried out in solution when one component (the halide 
or the alkoxide) was solid, and without solvent when the 
two components were liquid. The molar ratio of compo- 
nents was based on the stoichiometry of the reaction (eq 
2). Monolithic gels (Le., gels extending throughout the 
initial volume of the liquid) were obtained, a t  room tem- 
perature or by heating in sealed vials (Table I). 

In the binary system Si-AI the gel time did not depend 
on the metal precursor (aluminum alkoxide or aluminum 
halide). Conversely in the system Si-Ti the gel time was 
shorter for the couple titanium chloridetetraisopropoxy- 
silane than for the system titanium isopropoxide-tetra- 
chlorosilane (which is not consistent with a complete re- 
distribution of the ligands around Si and Ti atoms before 
condensation reactions). 

The liquid expelled from the gel by spontaneous 
shrinkage (syneresis process) was analyzed by 'H NMR 
and gas chromatography (GC). No alcohol related to hy- 
drolysis was detected; the only byproduct was alkyl halide. 
Thus, gelation originated from the nonhydrolytic con- 
densation reaction. It is noteworthy that a significant 
amount (around 75%) of isopropyl halide was identified 
besides the expected n-propyl halide in the case of 
SiC14-Zr(OnPr)4 system. This is consistent with the in- 
termediate formation of a carbocation (typical of a first- 
order nucleophilic substitution SN1, eq 10) which partly 
rearranges into the more stable secondary (isopropyl) 
carbocation. 

L - - (RO),Zr-O-SiX, + R' + X (ROhfi-O-SiX3 + RX 

The overall yields in binary oxide were determined after 
calcination in air and appeared satisfactory (from 75 to 

(8) (a) Moedritzer, K. In Organometallic Reaction; Becker, E. I., 
Tsutsui, M., Eds.; Wiley: New York, 1971; Vol. 2, pp 1-115. (b) Bradley, 
D. C.; Hill, D. A. J. Chem. SOC. 1963, 2101. (c) Weingarten, H.; Van 
Wazer, J. R. J. Am. Chem. SOC. 1965,87,724. 

(9) Campaniello, J.; Rabinovich, E. M.; Berthet, P.; Revcolevchi, A.; 
Kopylov Nonna, A. In Better Ceramics through Chemistry IV; Mat. Res. 
Symp. Proc. Vol. 180, Zelinski, B. J. J., Brinker, C. J., Clark, D. E., Ulrich, 
D. R., Eds.; M.R.S.: Pithburg, 1990; p 541. 

Table 11. ComDositions of the Binary Oxide NHG. 
elem anal. MXn/ 

M'(OR), T'C %M %M' %X %C %H M/M'ratio 
4/3A1C13/ 550 22.95 18.01 0.15 0.43 1.14 M/Si = 1.32 

Si(0iPrL 
SiC14/ 500 18.70 31.35 0.58 0.46 0.56 Si/Ti = 0.98 

4/3A1Br3/ 600 22.40 29.94 0.20 0.17 0.47 Al/Ti = 1.33 

100%). X-ray diffraction (Table I) indicated the formation 
of crystallites of anatase Ti02 in Si-Ti (Figure la) and 
AI-Ti systems, after calcination in the range 500-700 OC. 
Table I1 displays the elemental analysis of some of the gels 
after calcination a t  the mentioned temperature. The bi- 
nary oxides are practically carbon-free. The metal content 
of the binary oxides is very close to the composition of the 
starting solution (as expected from the yields found). The 
microchemical analytical study of the Si-Ti sample in 
Table I1 (and of the Si-Zr sample in Table I) by means 
of an electron-probe microanalyzer'O indicated a constant 
Ti /& (Zr/Si) ratio (close to 1, based on 10-point mea- 
surements) which is consistent with homogeneity a t  the 
micrometer level. 

Homogeneity on an atomic scale would lead to bicom- 
ponent oxide (if it exists) on crystallization, instead of 
mixtures of single oxides4 However the compositions of 
our Si-A1 and Ti-A1 systems (Table 11) are far from the 
compositions of mullite (3A1203, 2Si02) and aluminum 
titanate (A1203, TiOJ, respectively. The nonformation of 
zircon ZrSiO, (TiSiO, does not exist) as the first crystalline 
phase in the Zx-Si system in the 50/50% composition has 
been previously discussed? It is interesting to note that 
our sample just started to crystallize (tetragonal Zr02) a t  
1000 "C (Figure lb). 

29Si solid-state MAS (magic angle spinning) NMR 
spectrometry gives more direct information on the extent 
of M4-M' bonding. The spectra of Si-Ti and Si-& NHG 
(Figure 2) indicated a large chemical shift distribution 
centered at  -102 ppm. The spectra were similar to those 
obtained for particular hydrolytic gels Ti02/Si0;l in 
which the presence of Si-0-Ti bonding was inferred from 
the large contribution of Q2 sites (two next-adjacent Ti 
atoms) and Q3 sites (one next-adjacent Ti atom), near -91 
and -102 ppm, respectively. Compositions with smaller 
Ti (or Zr) content are currently investigated as being less 
favorable to phase separation.12J3 

In conclusion the nonhydrolytic sol-gel method de- 
scribed here appears simple and general to prepare mon- 

(10) Energy-dispersive spectroscopy, 25-kV acceleration potential, 
33.0' takeoff angle, 7.5-mm-thick Be window. 

(11) Gels prepared by addition of the titanium alkoxide at a stage 
where the silicon alkoxide hydrolysis has only proceeded to about 5070, 
on average. Walther, K. L.; Wokaun, A.; Handy, B. E.; Baiker, A. J. 
Non-Cryst. Solids 1991, 134, 47. 

Ti(OiPr), 

Ti(OiPr), 

(12) Evans, D. L. J. Non-Cryst. Solids 1982,52, 115. 
(13) Terry, K. W.; Tilley, T. D. Chem. Mater. 1991, 3, 1001. 



Chem. Mater. 1992,4,963-965 963 

100 

80 - 

IO 20 30 40 50 60 70 

2 theta 

A 100 1 
t I /  I 

IO 20 30 40 50 60 70 
2 theta 

Figure 1. X-ray diffraction patterns for calcined NHG (a, top) 
anatase (NHG prepared from SiCl,-Ti(OiPr), system then cal- 
cined at 500 "C for 5 h in air); (b, bottom) tetragonal zirconia 
(NHG prepared from SiC14-Zr(OnPr)4 system then calcined at 
lo00 "C for 5 h in air). 

0' 0' o4 4 -60 -80 -100 -120 -140 

a (PPm) 
Figure 2. 29Si solid-state MAS NMR spectra (on a BRUKER 
AM 300 apparatus, 30" flip angle, 20-s recycle delay time, chemical 
shifts referenced to TMS) for calcined NHG (a) SiO2-Zro2 (NHG 
prepared from SiC4-Zr(OnPr), system then calcined at 600 "C); 
(b) Si02-Ti02 (NHG prepared from SiCl,-Ti(OiPr), system then 
calcined at  500 "C). 

olithic gels either in silica-based or in mixed-metal oxides; 
it allows controlling the composition of binary oxides. 
Further investigations are in progress to improve the 
comparison of NHG with conventional hydrolytic gels. 

Registry No. AI-Si oxide, 1335-30-4; Si-Ti oxide, 52337-09-4; 
Si-Zr oxide, 110771-71-6; AI-Ti oxide, 37220-25-0. 
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Appending high-8 chromophores to glassy macromole- 
cules represents an advance in NLO materials1 design in 
that chromophore number densities are greatly enhanced 
and structural disorientation/physical aging processes 
subsequent to cessation of electric field poling are im- 
~ e d e d . ~ . ~  Further enhancements in the SHG (second 
harmonic generation) temporal stability of such materials 
can be achieved by effecting thermal cross-linking/vitri- 
fication of the matrix in concert with the poling pn>cess.a43 
Nevertheless, optimum architectural strategies for such 
cross-linking processes, either chemical or hydrogen hy- 
drogen-bonding, have not been systematically addressed. 
We report here modifications of OUT previously investigated 

(1) (a) Materials for Nonlinear Optics: Chemical Perspectives; 
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narian, G., Ed.; SPIE Proc. 1991,1337. (e) Nonlinear Optical Properties 
of Organic Materials II ,  Khanarian, G.,  Ed.; SPIE Proc. 1991,1147. (0 
Nonlinear Optical Effects in Organic Polymers; Messier, J., Kajar, F., 
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D., Eds.; Royal Society of Chemistry: London, 1988. 

(2) (a) Dai, D.-R.; Hubbard, M. A,; Li, D.; Park, J.; Ratner, J. A.; 
Marks, T. J.; Yang, J.; Wong, G. K. In ref la, pp 226-249 and references 
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M.; Yu, L.; Dalton, L. R.; Shi, Y.; Steier, W. H. SPIE Proc. 1991,1409, 
202-213. (c)  Eich, M.; Sen, A.; Looser, H.; Bjorklund, G. C.; Swalen, J. 
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