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Hydrolysis of mixed Ti(Oipr)4 and Zr(O'~Pr)4 in n-PrOH has conducted to crystals, gels, or precipitates, 
depending on the quantity of acetic acid added for the esterification reaction. A structural model of 
Zr6Ti3(OPr)16(OAc)806 clusters is proposed and shows various coordination numbers for the metallic 
atoms (6, 7, and 8 for Zr and 6 for Ti) and acetate or propyl bridges linking these atoms. A comparative 
study by IR and 13C NMR spectroscopies shows the molecular structure similarity of crystallized 
clusters and polymeric species in the gel. Molecular clusters may be considered as intermediate species 
during gelation. A thermal study of crystals and gel decomposition has been performed. �9 1992 Academic 
Press, Inc. 

Introduction 

The attractive properties of  titanium and 
zirconium oxides coupled with their interest 
in the sol-gel process to obtain fibers, thin 
layers, or submicronic monodispersed pow- 
ders (1-5) have produced much research 
on titanium and zirconium alkoxides. These 
alkoxides are very sensitive to hydrolysis 
and this reaction can be usually performed 
by esterification reaction which is able to 
modify the alkoxide molecules and their re- 
activity (6, 7). A precise control of  the reac- 
tion parameters can lead to a stable sol, 
crystals, a gel, or a precipitate. An accurate 
characterization of  the chemical species 
formed all along the process and particularly 
the structural determination of crystals pro- 
duced a better understanding of the hydroly- 
sis mechanism. 

* To whom correspondence should be addressed, 

With this background, it seemed very in- 
teresting to study the behavior of  a mixture 
of titanium and zirconium alkoxides during 
hydrolysis. As each single alkoxide leads to 
a - M - O - M -  network (with M = Ti or Zr), 
one can hope that a mixture of titanium and 
zirconium alkoxides will lead to a 
- T i - O - Z r -  network. The purpose of this 
work is to study this mixed alkoxide system 
under hydrolysis conditions and to charac- 
terize the resulting products.  The structural 
determination of crystals is followed by a 
comparative study of the structural arrange- 
ment in gel and crystals. 

Experimental 

Product Preparation 

The alkoxides Ti(Oipr)4 and Zr(OnPr)4 in 
n-propanol solutions were always taken in a 
Ti/Zr ratio equal to 1. The concentrat ion of  
each alkoxide is 0.8 mole 1 -~ versus propa- 
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T A B L E  I 

VARIATION OF tg (ge la t ion  t ime)  AND tc ( c rys t a l l i z a t i on  t ime  = appa r i t i on  of  

the  first c rys t a l s )  WITH TEMPERATURE 

h 1 2 3 4 5 

P r o d u c t s  o b t a i n e d  ~ , ~ 

a t  7~ s tab le  sol  c rys t a l s  

D e l a y  (days)  > 5 0 0  >500  200-220  3 2 
P r o d u c t s  o b t a i n e d  ~ ~ ~ 

at  20~ s t ab le  sol c r y s t a l s  

D e l a y  (days)  >500  >500  200-220  3 2 
P r o d u c t s  o b t a i n e d  ~ ~ ~ 

at  40~ 

D e l a y  (days)  

s t ab le  sol ~ ~ t r a n s p a r e n t  

c rys ta l s  gel  

> 5 0 0  >500  200-220  3 90 -110  

nol. The hydrolysis has been performed by 
an esterification reaction by adding acetic 
acid according to the following reaction: 

~PrOH + AcOH ~ AcO"Pr + H20. 

The theoretical hydrolysis ratio h has 
been defined as the number of acetic acid 
molecules over the number of alkoxide mol- 
ecules; the h value varies from 1 to 8 for 
each alkoxide. 

The solutions were maintained with a 
magnetic stirring during I hr at room tem- 
perature and then kept at various tempera- 
tures from 7 to 40~ Depending on these 
parameters, the system can form stable sols, 
crystals, gels, or precipitates. 

Product Characterization 

The products resulting from the mixed 
system have been mainly characterized by 
thermal analysis (TGA Setaram, DTA Per- 
kin-Elmer), FTIR spectroscopy (Nicolet 
ZDX), by 13C Nuclear Magnetic Resonance 
(Bruker AM 300 MHz for solid samples) and 
X-ray diffraction (Siemens diffractometer 
for single crystal and multichannel analyzer 
Inel CPS 120 for powder). 

All the characterizations were performed 
using crystals washed in propanol and gels 
dried at 100~ 

Results 

By varying h and T parameters, different 
products can be obtained, as shown in Table 
I. Compared to single alkoxide systems (7), 
temperature does not act on the behavior of 
the resulting mixed compounds, except for 
h -- 5. In this last case, we observe a crystal- 
lization at 7 and 20~ and a gelation at 40~ 
For h > 5, a precipitate is always obtained. 
The crystals obtained in this study have the 
same crystallographic parameters. When 
the crystallization occurs, there is no gela- 
tion and a very stable solution above the 
crystals is observed. 

Gels are transparent in the case of zirco- 

T A B L E  II  

CRYSTALLOGRAPHIC DATA FOR 

Zr ,Ti f fOPr)  r6(OAc)sO6 

Formula Zr6TisC64H~s6Os8 
molecular 

weight 2203.54 g 

Space group P I  Z 2 
a 14.692(2/A d meas. 1.45 
b 16.359(31 i t  d calc. 1.48 
c 22.986(4) A ,k MoKce 0.71069 fil 
c~ 82.53(11 ~ # 0.904 mm -1 
/3 81.85(1) ~ R 0.12 
y 65.45( 1 )~ 
u 4959( 1 ) A3 
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TABLE III 

ATOMIC POSITION PARAMETERS AND THERMAL AGITATION FACTORS Ueq OF METALLIC ATOMS 
AND OXYGEN (• 103 ) 

395 

Atoms x y z U(f~ 2) Atoms x y z U(~- "~) 

Zrl 4(1) 2 4 6 ( 1 )  240(1) 54(4) 025 - 86(1) 252(2) 3 3 5 ( 1 )  39(17) 
Zr 2 200(1) 2 5 3 ( 1 )  142(1) 65(3) 026 - 19(3) 195(3) 34(1) 260(42) 
Zr 3 168(1) 1 6 5 ( 1 )  347(1) 90(3) 027 146(2) 227(1) 70(1) 80(20) 
Zr 4 225(1) 50(1) 228 (1 )  101(4) 0,  8 187(3) 482(2) 124(1)  297(40) 
Zr 5 141(I) 3 6 9 ( 1 )  261(1 )  210(6) 029 36(2) 486(2) 241(1) 220(3l) 
Zr 6 48(1) 169(1) 103(1)  262(9) 030 448(2) - 174(2) 346 (1 )  413(36) 
Ti 7 944(I) 3 3 0 ( 1 )  3 7 7 ( 1 )  154(8) O3~ 251(2) 247(2) 312(1 )  206(32) 
Ti 8 389(1) 946(I) 327(1) 76(7) 032 - 161(3) 431(2) 327 (1 )  357(47) 
Yi9 320(I) 4 0 3 ( 1 )  171(1)  221(12) 033 384(2) -22(2) 403(3) 63(25) 
O~0 87(1) 3 1 4 ( 1 )  202(I) 76(18) 034 -69(3) 169(5) 2 3 6 ( 1 )  114(34) 
O~ 108(1) 1 4 0 ( 1 )  2 8 2 ( 1 )  38(16) 035 272(2) - 13(1) 136(1)  189(31) 
O~2 124(2) 1 5 9 ( 1 )  1 7 2 ( 1 )  83(20) 036 385(2) 369(2) 101(1)  150(25) 
O~3 336(2) 248(2) 73(1) 70(21) 037 128(2) 376(2) 241(1) 110(25) 
014 54(2) 2 9 7 ( 1 )  3 1 4 ( 1 )  131(23) 038 275(2) 124(2) 419(1) 150(26) 
O15 300(2) 132(2) 1 8 0 ( 1 )  56(20) 039 361(2) -76(2) 2 5 2 ( 2 )  71(21) 
O~6 256(2) 3 1 1 ( 2 )  188(1)  134(30) 040 122(5) 420(2) 347 (1 )  598(85) 
O17 141(2) 384(1) 92(1) 78(20) O41 -26(5) 426(4) 399 (2 )  369(96) 
O~8 287(2) 64(1) 3 0 3 ( 1 )  71(18) 042 162(3) 39(2) 80(1) 343(46) 
O~9 57(2) 2 2 7 ( 2 )  417(1) 146(27) 043 492(3) -40(3) 302(2 )  221(49) 
020 141(2) 48(1) 3 9 7 ( 1 )  94(21) 044 -33(5) 99(2) 151(1)  292(48) 
O2~ 264(2) -78(1) 372 (1 )  133(28) 045 236(3) 443(2) 2 5 1 ( 2 )  184(15) 
022 -46(2) 2 7 5 ( 2 )  146(1 )  100(21) 046 452(3) 328(3) 189(2)  308(54) 
023 154(3) 26(2) 239 (1 )  254(41) 047 372(4) 499(5) 138(3)  275(61) 
024 - 152(3) 3 3 9 ( 2 )  438(1) 339(55) 

Note .  Standard deviations are in brackets. 

nium n-propoxide and opaque for titanium 
isopropoxide. In the mixed system, gels are 
always transparent. The corresponding 
crystals are transparent, colorless plates. 

X-ray Structure Data 

Elementary analysis of crystals leads to 
the following formula: Zr6Ti3C64H136038 
(molecular weight = 2203.54 g). This crys- 
tal was obtained using the following prepa- 
ration parameters: h = 4 and T = 20~ 

The crystalline structure has been deter- 
mined by single crystal X-ray diffraction. 
Dimension of the crystal are 0.30 x 0.20 x 
0.05 mm. Analysis of Weissenberg photo- 
graphs yielded a triclinic unit cell. The space 
group is P1. The corresponding crystallo- 

graphic data are given in Table II. The struc- 
ture was solved by direct methods and all 
refinements were performed by using Shelx 
76 programs (8). Of 9131 reflections that 
have been recorded, only 4864 have been 
used for the structure determination with 
F > 5or(F). Intensities were only corrected 
for Lorentz and polarization factors. Scat- 
tering factors were those of the "Interna- 
tional Tables of X-ray Crystallography" (9). 

During the refinements, it has been impos- 
sible to differentiate/-PRO and n-PrO groups 
because of their strong thermal agitation; 
the propoxy chains show a considerable dis- 
order. Fractional site occupancy was un- 
fruitfully tested during the refinements; a 
collection at lower temperature is necessary 
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FIG. 1. Structural  model  of  Zr6Ti3(OPr)16(OAc)806 : ( 0 : 1  -+  6: Zr;  Q): 7 -+  9: Ti; --~O: o x y g en  a toms  
of  ace ta te  g roups ;  O: oxygen  a toms  of  propyl  g roups  o r /~ -oxygen) ,  

to determine the precise position of carbon 
atoms of the propyl groups. So, in the struc- 
ture description, OPr and propoxy groups 
can mean either n-PrO or/-PRO. 

As the most important aspect was the de- 
termination of the metal atom environ- 
ments, the last refinement was performed 
with the following temperature factors: ani- 
sotropic for Zr, Ti, and O atoms, and iso- 
tropic for C atoms of acetate groups. The C 
atoms of propyl chains were not refined and 
their atomic coordinates were those of the 
Fourier difference. With these conditions, 
the coefficient R was 0.12. 

Atomic coordinates of metal and oxygen 
atoms are reported in Table III. 

Figure 1 shows the structural model; it is 
formed by a cluster of 9 metallic atoms: 6 
zirconium and 3 titanium atoms. There are 
one 8-, four 7-, and one 6-coordinate zirco- 
nium atoms in the structure and three 
6-coordinate titanium atoms. There are 8 
acetate groups, 16 propoxy chains, and 6 
oxygen atoms bond to the metal atoms (2 
/z4-oxo and 4 p~3-oxo). The developed for- 
mula can be written as 

Z r 6 T i 3 ( O P r )  1 6 ( 0 A c ) 8 0 6  �9 

Two types of ligands can be observed: 
bridging (8 acetate and 8 propoxy groups) 
and terminal (8 propoxy groups). 

In Table IV, interatomic distances are re- 
ported. In the square antiprism (coordina- 
tion number 8), the Zr-O distances vary 
from 1.99 to 2.38 fi~; in the monocapped trig- 
onal prism (coordination number 7), the 
Zr-O bonds take values from 1.90 to 2.36 A; 
in the octahedral environment (coordination 
number 6), the Zr-O bond length varies 
from 1.90 to 2.18 A and Ti-O bonds from 
1.80 to 2.15 fi~. 

The environments of metal atoms are not 
equivalent and are reported in Table V. The 
oxygen bridges allow the formation of 
chains of metal atoms like 

T i -Zr -Zr -Ti ,  Ti-Zr-Ti(or  Zr)-Zr-Ti ,  
T i -Zr -T i - (o r  Zr) . . . .  

Infrared Spectroscopy 
Crystal. The IR spectrum of crystals dis- 

persed in KBr, after washing in propanol, is 
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T A B L E  IV 

DISTANCES OF M - O  BONDS IN THE STRUCTURE 

Zr6Ti3(OPr) 16(OAc)806 

Metallic atoms environment 

T A B L E  V 

ENVIRONMENTS OF METALLIC ATOMS 
(b: bridging, t: terminal) 

/.s ~3-OXO (OAc) (OPr) b (OPr) t 

Zrl-Olo 2.00(2) Zr2-Olo 2.01(2) Zrs-OH 2.01(2) Zrl xx xx xx xx 
Zrl-Oll 2.01(2) Zr2-Ot2 2.24(2) Zr3-Ol4 2.24(2) 
Zrl-O12 2.30(2) Zr2-O13 2.35(2) Zr3-Ot8 2.09(2) Zr2-Zr3 x xx xx xx 
Zrl-014 2.30(2) Zr2-Ol5 2.09(2) Zr3-Oi9 2.14(2) Zr4-Zr5 x xx x xx 
Zrl-O22 2.32(2) Zr2-Ot6 1.95(2) Zr3-O20 2.25(2) Zr6-Zr 7 x xx xx x 
Zrt-O25 2.38(2) Zr2-O17 2.18(2) Zr3-O31 2.18(2) Ti8_Ti 9 x xx x xx 
Zrl-O34 1.99(2) Zr2-O27 2.09(2) Zr3-O38 2.29(2) 
Zrl-O37 2.21(2) 

Zr4-O n 2.11(2) 21"5-O10 2.12(2) Zr6-Ot2 2.02(2) 
Zr4-Ot2 2.19(3) Zrs-Oi4 2.21(2) Zr6-O22 1.99(2) 
Zr4-O~5 2.19(2) Zrs-Ot6 2.21(3) Zr6-026 1.90(2) 
Zr4-O18 2.14(2) Zr5-029 1.95(3) Zr6-027 2.09(2) 
Zr4-O23 1.90(2) Zr5-O31 2.29(2) Zr6-O42 2.18(2) 
Zr4-O35 2.36(2) Zrs-O40 2.20(2) Zr6-044 2.10(3) 
Zr4-O39 2.27(2) Zr5-O45 2.16(2) 

Ti7-Oi4 1.97(2) Ti8-Ot8 1.97(2) Ti9-016 2.06(2) 
Ti7-019 2.03(3) Ti8-O21 2.13(2) Ti9-O28 2.19(3) 
Tiv-O24 1.82(2) Ti8-O3o 1.80(3) Ti9-O36 1.79(3) 
Ti7-025 1.93(2) Ti8-O33 1.88(3) Ti9-O45 2.08(2) 
Ti7-O32 2.08(3) Ti8-O39 1.94(4) Ti9-O46 1.89(4) 
Ti7-O41 1.93(2) Ti8-O43 2.05(4) Ti9-047 2.04(3) 

s h o w n  in Fig .  2a. T h e  b r o a d  a b s o r p t i o n  b a n d  
a r o u n d  3400 c m - 1  is c h a r a c t e r i s t i c  o f  Vo_ H 
v i b r a t i o n  o f  f ree  p r o p a n o l .  T h e  c o r r e s p o n d -  
ing l o c a t i o n  o f  the  o the r s  b a n d s  is r e p o r t e d  
in T a b l e  VI .  Th is  s p e c t r u m  s h o w s  in t ense  

b a n d s  (PasCOO = 1560 c m  -1, UsCOO = 1448 
c m -  1 o r  1412 c m -  1) wh ich  a re  c h a r a c t e r i s t i c  
o f  a c e t a t e  g roups  l i nked  to  t i t an ium a t o m s .  

The  s tep  k u b e t w e e n  ua~ coo and  u S coo equa l s  
112 o r  148 c m  -1 , r e s p e c t i v e l y  if  we  c o n s i d e r  
Vscoo at  1448 c m  ~ o r  1412 c m  -1. A l c o c k  et 
al. (10) h a v e  s tud ied  m a n y  a c e t a t e  con-  
ta in ing  c o m p o u n d s  and  gave  Au b e t w e e n  
120 and  200 c m -  1 for  b r idg ing  ace t a t e s .  V o n  
Th ie l e  and  P a n s e  (11) gave  Au = 160 c m  -~ 
as a va lue  for  b r idg ing  a c e t a t e  g roup .  B a s e d  
on  t h e s e  r e su l t s  and  on  the  s t ruc tu ra l  de te r -  
mina t ion ,  w e  p r o p o s e  the  l owes t  e n e r g y  
b a n d  as  V~coo. T h e n ,  the  h ighes t  b a n d  (1448 
c m  /) was  a t t r i b u t e d  t o  8CH 3 . 

T h e  h i g h - e n e r g y  b a n d s  (2964 to 952 c m -  1) 
w e r e  a s s o c i a t e d  wi th  the  a lky l  cha ins  
s t r e t ch ing  and  bend ing .  The  band  at  660 

c m - 1  c o r r e s p o n d s  to VM_ o and  the  b a n d  at  

460 c m - 1  to VM_O_M. 
Gel. Figu re  2b g ives  the  F T I R  s p e c t r u m  

of  the  gel and  T a b l e  VI  the  l o c a t i o n  o f  b a n d s .  
T h e  p r e s e n c e  o f  the  c h a r a c t e r i s t i c  b a n d s  o f  
a ce t a t e  g roups  l inked  to me ta l l i c  a t o m s  
(Pas = 1557 cm -1 and  v~ = 1412 c m  -1) w e r e  
no ted .  The  s tep  Au = 145 c m  -~ i nd i ca t e s  
a b r idg ing  c o o r d i n a t i o n  m o d e .  T h e  o t h e r  
band  a s s i g n m e n t  is as for  the  c ry s t a l s .  T h e  
ex i s t ing  a c e t a t e  and  p r o p o x y  g r o u p s  in 
the  gel  ind ica te  tha t  h y d r o l y s i s  was  no t  
c o m p l e t e .  

TABLE VI 

INFRARED ABSORPTION BANDS (era -1) IN 
CRYSTALS AND GEL 

Crystals Gel 

Acetate groups 
Uasco o 1560 1557 
8cH 3 1448 1454 
vscoo 1412 1412 

Propoxy groups 
uc_ H 2964-2874 2931 

1340 
8c_ H 1345 

1260 
uc_ o 1122-1027 1162-1028 

M-O 
uv_o 660 663 
uM_o_ v 460 480 
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FIG, 2. (a) Infrared spectrum of Zr6Ti3(OPr)I6(OAc)806 crystals in KBr. (b) Infrared spectrum of the 
mixed gel. 

NMR Spectroscopy 

Crystal. 13C NMR spectrum of the crystal 
Zr6Ti3(OnPr)16(OAc)806 in solid state is 
given in Fig. 3a. The corresponding loca- 
tion of  chemical shifts 613C is reported in 
Table VII. 

Two signals were observed in the charac- 
teristic field of carbon atoms CH 2 linked to 
oxygen atom. The first signal at 63.8 ppm 
was attributed to carbon atoms in bridging 
propoxy groups, the second and third at 72.0 
and 73.7 ppm correspond to carbon atoms 
in terminal propoxy or bridging isopropoxy 
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FIG. 3. (a) 13C NMR spectra of  solid state Zr6Ti 3 
(OPr)i6(OAc)806 crystals. (b) 13C NMR spectra of solid 
state mixed gel (* rotation bands). 

groups. The last peak was observed at 78.1 
ppm, which should be representative of car- 
bon atom CH in terminal isopropoxy 
groups. Consequently, the two types of al- 
koxy groups might exist in the crystal net- 
work. Unfortunately, because of the high 
thermal agitation factors of terminal carbon 
atoms, the structural study was not able to 
confirm this result. 

The NMR peak situated at 177.7 ppm cor- 
responds to carbon atoms C-O of acetate 
groups. 

Gel. The 13C NMR spectrum of the dried 
gel is given in Fig. 3b. The corresponding 
813C shifts are reported in Table VII and are 
relative to propoxy and acetate groups. 

The large peak centered at 78.2 ppm is 
not clearly defined and does not permit the 

location of the various carbon atoms of ter- 
minal propoxy and bridging or terminal iso- 
propoxy groups. 

Thermal Analysis 

Crystal. As indicated in Fig. 4, the ther- 
mogravimetric analysis of Zr6Ti3(OPr)16 
(OAc)806 crystals shows a 50% weight loss 
in air. The theoretical weight loss to obtain 
oxide form is 55.6%. The two steps centered 
at 110 and 390~ correspond to the depar- 
ture of organic groups (PrOH and OR with 
R = Pr or Ac). The increasing weight ob- 
served between 470 and 660~ might be due 
to an insertion of oxygen atoms in the lat- 
tice. The weight loss between 660 and 700~ 
is due to residual organic groups departure. 

The differential thermal analysis in air 
(Fig. 4) shows an endothermic stage be- 
tween 70 and 220~ which is followed by 
several exothermic stages. The two first 
exothermic peaks, centered at 380 and 
450~ are corresponding to the combustion 
of organic groups (OPt and OAc). The third 
exothermic peak situated at 640~ is due to 
residual carbonaceous organic groups com- 
bustion. The last exothermic peak observed 
between 680 and 720~ corresponds to the 
oxide crystallization. X-ray diffraction pat- 
tern confirms this crystallization above 
700~ 

TABLE VII 

13C NMR CHEMICAL SHIFTS (ppm) oF SOLID-STATE 
Zr6Ti3(OPr)t6(OAc)806 CRYSTALS AND GEL 

Location Crystals Gel 

C__H~ group propoxy 10.0 10.2 
CH 3 acetate group 23.6 23.6 
CH3-CH 2 propoxy group 26.3 26.7 
CH~-CH2-C_H: bridging propoxy 63.8 64.0 

group 
CH3-CH2-CH 2 terminal propoxy 72.0 

group 
CH briding isopropoxy group 73.7 78.2 
CH terminal isopropoxy group 78.1 
C - O  acetate group 177.7 179.2 
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FIG. 4. TGA (a) and DTA (b) curves of Zr6Ti3(OPr)16(OAc)806 crystal in air. 

In order  to distinguish the peaks linked to 
oxide crystallization and those due to com- 
bustion of  the organic groups, a thermal 
study in an inert a tmosphere (N2) was per- 
formed. DTA curve shows two endothermic 
peaks between 70 and 360~ corresponding 
to the product  decomposit ion without com- 
bustion. No exothermic peak was observed.  
In fact, the oxide forms slowly until 1000~ 
the resulting product  was black, due to an 
oxygen deficiency, and crystallizes as 
shown by powder  X-ray diffraction. 

The decomposit ion of Zr6Ti3(OPr)16 
(OAc)80 6 crystals has been studied by infra- 
red spect roscopy (Table VIII). As organic 

TABLE VIII 
INFRARED SPECTROSCOPY RESULTS 
DURING CRYSTAL DECOMPOSITION 

C-H C-O 

200~ Yes Yes 
450~ Yes Yes 
640~ Yes No 

groups were still observed at 640~ this 
analysis confirms the DTA results. 

Powder  X-ray diffraction of  Zr6Ti3 
(OPr)16(OAc)806 crystals heat t reated at 
640~ revealed an amorphous product  
which became crystalline only above 700~ 
(Fig. 5). The resulting oxide corresponds 
neither to the waited oxide mixtures,  
(ZrTiO 4 + ZrO2)or  (2ZrO 2 + TiO2), nor  to 
any other phase listed in tables. 

Gel. The TGA curve in Fig. 6, shows the 
same peaks as the crystals. The three weight 
losses are relative to the departure of  the 
different organic groups of  the polymeric  
lattice. 

The DTA curve (Fig. 6) shows some simi- 
larities with crystals one. We observe the 
same phenomena: an endothermic peak fol- 
lowed by two exothermic peaks correspond- 
ing to the decomposit ion of organic products  
(OR = OAc, OPr) and an exothermic peak 
centered at 680~ relative to the crystalli- 
zation. 

Powder  X-ray diffraction of  the phase ob- 
tained when gel was treated at 750~ leads 
to zirconium titanate ZrTiO 4 (Fig. 7). This 



HYDROLYSIS OF MIXED Ti AND Zr ALKOXIDES 401 

'~" o P',  

e . i  ~D o �9 u ~  
f ~  

�9 ~ 

, , ;o  3 . 0  2 . s  2 . 0  o 

FI6. 5. X-Ray diffraction pattern of  Zr6Ti3(OPr)16(OAc)806 crystals treated at 700~ 

indicates that s toichiometry is conserved  in 
the gel; in contrast ,  the crystal  lattice is 
formed by 6 Zr  a toms and 3 Ti atoms�9 

Discussion and Conclusion 

The crystal  Zr6Ti3(OPr)16(OAc)806 was 
obtained f rom two alkoxide precursors:  

one was a monomer  Ti(Oipr)4 and the 
other one was an ol igomer Zr(OnPr)4 . The 
structure of  ti tanium and zirconium alkox- 
ides depends on their oxidation state (4) 
and on their tendency to increase their 
coordination number  (6 is the max imum 
for Ti a toms and 8 for Zr  atoms)�9 Alkoxides 
can increase in size by forming a lkoxy 
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FIG. 6. TGA (a) and DTA (b) curves of  mixed gel in air. 
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FIG. 7. X-Ray diffraction pattern of mixed gel treated at 750~ 

(OR) bridges if not blocked by steric hin- 
drance. 

The alkoxide reactivity can be controlled 
by chemical modification of alkoxide mole- 
cules (7). The most common compound 
used in sol-gel modification is acetic acid. 
This allows an increase of the metallic atoms 
coordination by formation of acetate bridges 
(12), and also a control of the alkoxide hy- 
drolysis. The chemical modification of al- 
koxides by AcOH has been studied in sev- 
eral publications (7, 13-15) .  The results 
presented in this paper confirm previous re- 
searches. The different reactions which oc- 
cur when hydrolyzing a mixture of the two 
Ti and Zr alkoxides by esterification reac- 
tion are: 

�9 Modification of Ti(Oipr)4 and Zr(O"Pr) 4 
by acetic acid: 

Ti(O/Pr)4 + Zr(O~Pr)4 + h AcOH--+ 
Ti(Oipr)(4_h,)(OAC)h , + Zr(O"Pr)(4,/~,,/(OAC)h., 
+ ( h - h ' - h ' ) A c O H  + h' ~PrOH + t/' nPrOH. 

�9 Exchange reaction between the two al- 
koxy groups: 

Ti(Oipr)4 + x nPrOH 
= Ti(Oipr)(4_x~(O~Pr)., + x iprOH, 

Zr(O"Pr) 4 + x iprOH 
= Zr(O"Pr)~a_,.)(OiPr).~ + x "PrOH. 

�9 Esterification of  the two alcohols: 

iPrOH + AcOH ~ AcOipr + H20,  

"PrOH + AcOH--~ AcO"Pr + H20. 

�9 Hydrolysis  of isopropoxy and propoxy 
groups and substitution by hydroxo  groups: 

Ti(Oipr)(4.0(OAc)x + y H20--~ 
Ti(OiPr)~4,,vI(OAc),(OH): + y iprOH, 

Zr(O~Pr)~4_~,l(OAc)~, + y 'H20--+  
Zr(O"Pr)(4_~,_y,/(OAc)x,(OH)y, + y '  ~PrOH. 

�9 Condensation by alcoxolation or oxola- 
tion initiated by hydroxo groups and forma- 
tion of /x-oxo bridges: T i - O - Z r ,  Z r - O - Z r ,  
and T i -O-Ti .  

The IR and ~3C NMR spectra demonstrate  
that the ligands surrounding the metal atom 
are identical in crystals and gels. The struc- 
ture described in this paper Zr6Ti3(OPr)16 
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(OAc)806 shows the effect of acetic acid 
which act as bidentate ligand. The coordina- 
tion of metallic elements varies from 6 to 8 
depending on their environment. 

These results allow us to highlight the sim- 
ilarity between gel and crystal structures. 
The structure of molecular clusters deter- 
mined in the crystals may be representative 
of the structure of the intermediate species 
formed during gelation. 
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