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The metal oxide ~lk~xid~ ~~Q=(OR)~~_~~~J~, where M is a metal of fleecy 
and R is an alkyl~~~~, are int~r~ting ~lyrn~~c c~rn~un~ which brid 

tween the olig~~~c metal alkoxid Gus and the m 
Structural aspects f the metal ~ika~d~ 

by the author” wflils~ the metal oxides are 11 d~scu~~~d in Well’s text- 
Similarly the metal oxide r~Q~(GSiR~)~- ax& may 

ed as intermediate between the metal t~al~~ilyIoxid~ 
and the mineral silicate macro 

Both the metal alkoxides and the metal trialky~ilylo~d~ are coordination 
rs by v~ue of the tendons of the etal M to ex d 
its primary valen,cy y coupled with 

two of more metal atoms 0, 
size of a metal ~~o~d~ rdjn~t~on polymer musl 

related $0 the ster~ch~mist~ of the metal in its er site of predation 



tb~r~ is still arch to 
situation is further ca 

tion due to brid 

ps will ‘~cras$*l~n~’ 

in ~~~~ cold. la the metal oxide ~l~o~i~~~ 
y the fact that in addition to coordination p 

omit orbit&s of 
y the s-orbital is 
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valencies of vanadium, chromium, man , niobium, molyhde~um, tungsten, 
t~hnetium, rb~~i~rn, rut some of the act&d 
cIear that many interesti prob~~ms ~~uld arise in the metal oxide 
aikoxid~ and metal oxid 

Except for chro and uranium hexat e 
U(OBu’), the metal alk t aliphstic alkyl grou Y 

ily hYdro~ys~d to gi 

~(O~)~+~~~O J ~~=(OR)~~_~~,~2~RO (1) 

Tbc metal t~aikylsilylo~~d~ appear ta bydr~lyse rather more slowly but there ate 
no major difficulties in preparing the metal oxide trialkylsilyloxide. Earlier work 
in the metal oxide alkaxide and metal axide tri~tkyl~itylo~de fields was reviewed 
by the authors and the pr nt article will deal ex~i~ively with the tits of the 
author and his eowo s, The reasou for so doing is that few if any other com- 

made under such irefully ~nt~oll~ and standardized 
conditions. 

Most work has en carried out with Group IV and Group V metal derivat- 
ives with some studies an ~rium(~V), uraniums) and a~uminium de~vativ~. The 
results were obtained by controlled hydrolysis of tbe metal alkoxide in a boiiin 
~o!utio~ of the appropri a~~hol in an ~buLliometer. This enabled tbe de 

tion n in [MO,(OR),,_,,), to btained for a large num 

which the degree of hydralysi was increased from zera to a value 
which caused precip ion of insolubly products. A~~l~is and infrared spcctro- 
scopy was also carri out on soluble products to check that no M-OH bonds 

ling with i~d~yidua~ it is ~ns~ctive to c~~ider the 
ncral ~~~cl~io~ wbic~ have devclo from the int~~r~tatjon of mol~nlar 

weight data an a number of metal oxide tide polymer systems’-“. The results 

showed, as expected, that an increase in e degree of hydrolysis x was accom- 
panied by an increase in the Turner a~~~ degree of ~lyrn~r~tio~ n. However, 
the variation of n with x sb~wed a cbaracte~t~c patter which was i~t~~reted in 
terms of structures for the individual fuund that 
each alkoxide @@OR),], xides which 

was determined by the value of q the number of M-O-M links between adjacent 
MpOq units in the st~~ture. It was $how~ by Bradley and Hol~~way’~ that in 
such a ~oiyrn~~ series a simple linear rel betwefzn the rtipro=i 
of n and the vague of x: 

*-r -_ p-‘-_4-‘x (2) 

Cmmfitt. Clirem. Rev., 2 (1967) 299-313 



An interesting fca&ure of the structural series was the fact that the number ave 
degree of polymeri dent of polymer distribution provided that 
all ~lyrn~~ unformed ta the stru ral series. Thus the vaIue of n was dete~i~ 

n’s and x’s, In ~riRci~le, 

cule then by inspection it should be possible to dcduee a 
kencc the ~trucrur~ of the derived m I oxide alkoxides. 

view will deal with results ~b&~ined t on metal oxide 

num 
this section will be sub~ivi~e~ accordin to the oxidation 
valved. 

0) uadrivalent metals 

Studies have nmadeonthehydrslysisoftheall;raxidcsof~itanium~IV)“~~~“, 
~ifc~nium~~9.* *, ti~(I~)13 and ce~i~~~(~V)13_ 

(a) Titanium axicie alkosides. Since titanium tetramcthoxide is practically 
insoluble in mcthnnol this system could not bc studied. Bradley, Gaze and Ward- 

law’ found that titanium tctr~etb~~id~ was almost t~isneric (a, =z 2.91 at a ean- 
of 0.767 m~le/ks) and that the titanium oxide etboxide system 

er series. Thus the ex ve a straight line 

n - Lp. -a. 0.346-0.260.~ which may be compared with the theoretical n-’ = 0,333- 
0.250 x. Caughlan 91 al.‘% propased two possible structures for Ti,(OEt), z based 

on ac~~ed~fly c~~~din (Fig. 3) was adopted by 

Bradley el al.’ as a basis for the pJq, polymer scri _ Inspection of the trimer 
staple sbo~ that tb re two ob~o~ ways ia which bowling 
to a ~~lyrn~r series (Fi In 4(a) cresslinkin 
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finking for 

(cl) 

ttac p pdymer scri . 

from each trimer would lead to a p,q3 poiymer seri whereas cr~ssli~kjng 
he tri-octahedral e (4b) would give the observed 3q4 series. The paqa 

r series corresponds to a family of titanium oxide ethoxid haviog 
neral fo~~uIa ~~~~~(OEt)~~~ +Jjlr i.e. Ti~(~~t~~ z ; Ti 

. . . . . . ~i~~~(O~t~~]*. In fact th 
Ti~O~(O~t)~~ (Fig. 5) r=~d~~ ~~stalIi~~ from u~coho~ic solution when ap- 

proximateIy 0.5 ale Ti(O~t)~ and its molecular 
weight in herue ith the calculated value. The 
next member of the series Ti,,O,(OE was; not isolated but the compound 
Ti~~O~~(O~t)~~ was obtained and recrysta d with faculty. Further evidence 

for the p3q4 palymx seri s studios on Ti~O~(O~t~~~. 
ng to 2Q4.Y &r uacuo aged d~propo~i~~~tian i he volatile Ti(OEt), and 
non-volat.iIe residue which was insoluble and r nably near in ~~~iysis to 

infinite polymer ~i~O~(O~t)~]~. 

16 + Ti~O~(O~t)~ + 3 Ti(OEt), (3) 

The infinite slyer would achy be ex ted to be no~-~oIati~~ and i~lub~~. 
An inte g feature pL1qd polymer series is the stereoche 

oxide Iigands h arc at-r apicaily in tetragooal p~arni~ with 
nium atoms and this has led to scepticism concerning 

is’_ Martin aud Winter” su ted 
iz would be based on a tri 

CoctrrNn, C&VTC Rev., 2 (I 967) -318 
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(OR) 

\ 

/i” =fQR) mifc===== rip 
(QU) XT1 /o,\,,// \ 
xi -m?) H 
/---- 

‘01 \(O+___ Ti2 
\ 

(OR) 0 

5. o = Ti; in ROTi (R daubs gritted) with td 

7, Postulated structure for Ti.O~(~~t)~*. 

6) and that Ti~~~(~~t)~~ w~uid have a str~~t~e (E 
inal Ti = 0 grou owever, infrared spectra on Ti,O 

and Ti~~O~*(O~t)** conclusively ru 
a subs~~~e~t X-ray structural ~~~ly~is of c 

ed that it is tetr~meri~ with oct~hed~l tit 

Fig. 8(a) Ti4(O(OIEt)k. 0 
Fi& (I(b) Ti,O, 0 = Ti; 

have claimed that si Scant concentrations of tetramer are present in solution. 
Extremely careful c~~~~~ic studi by Bradley and ~olloway21b neverthet 
refried the trimeric beba~~ur of the t~t~etboxide in solution over a wide 

~tration range and it seems that the structure of ti~~ium tet~etboxid~ 

depends on its envi it would 
of crystalline T&O, nt from th 
In fact it would be predicted that tbe tetramerie ethoxidc would give a p4q4 
polymer series ~i~~~~~O~(~Et) = 0.25-0.25 x which clearly does 
not accord with results in solu r, it is possible tbat the p3qd species 
Ti~O*(O~t)~~ might ~r~s~~lli~~ into the p4q4 

this point can only be settled by an X-ray di on analysis of the crystalline 

derivative, Watenpaugh and Cau anZS have determined the structure of a pto- 

duct ~1~~1~ to be Ti,O,(OEt molecular unit ( 

obesely related to the Ti401b unit found by lbers for the tet~etboxide. 
Bradley, Gaze and W~dl~w~ found that in more dilute ~~a~oli~ solutians 

titanium tetraetboxide 1 signScantly less polymeric (p = 2.40 at O.lSSg mole/kg; 
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Fig. 9. Ti2(OR&, 2ROH. 

Fig. 10. plqt Polymer. 

p = 2.30 at 0.0425 g mole/kg) and it was suggested that this was due to solvation 
giving a dimeric species Ti,(OEt)s, (EtOH), (Fig. 9). This could lead to a p2q3 
polymer _ series ~i2~=tI~03Z(OEt)2~z+4), (EtOH)2,Z+,,] with n-l = OS-O.33 X. 
Bradley and Holloway l3 have shown that if two polymer series paqr and pbqS are 
simultaneously present with the proportion of metal atoms in the paqr series equal 
to a and the proportion in the &,qS series equal to (1 -a), then: 

n -l = [ap~-l+(l-a)pb-‘]-[~q,-‘+(l-a)qS-lI~ 

Thus if CL remains constant over the hydrolysis range studied the n-l CS. x relation- 
ship will still be linear and the intercept n-l at x = o can be used to evaluate CL. 
The validity of the model can then be checked by using the value of CL to calculate 
the slope. Applying this method to the experimental data r~-~,._,_ = 0.346-0.260x 
obtained at the highest concentration and solving for a mixture of p3q4 with p2q3 
polymer series gives the result that 92.4% of the titanium (cc = 0.924) is in the 
p3q4 series. This value of a leads to a calculated slope of -0.257 in good agreement 
with the experimental value of -0.260. For the lower initial concentrations of 
titanium tetraethoxide the line n-‘,,,_ = 0.41-0.30x is obtained corresponding 
to a = 0.55 and a calculated slope of -0.29. Thus a very good correlation with 
the molecular weight studies is obtained in terms of two structural series for the 
titanium oxide ethoxides in boiling ethanolic solution. 

Although titanium tetra rz-propoxide is trimeric in solution in freezing ben- 
zene’ ’ it was found by Bradley, Gaze and Wardlaw’ that in boiling n-propanol 
the degree of polymerization was 1.64. The latter could be due to depolymerization 
at the higher temperature or to extensive salvation involving both a dimerTi,(OPf) 8, 
(PI”OH)~ and the octahedral monomer Ti(Opr”),, (Pr”OH),. Hydrolysis of the 
solvated dimer should give the p2q3 polymer series and the solvated monomer 
might be expected to give a plq2 polymer series (Fig. 10). From the degree of 
polymerization of the “unhydrolysed” tetra rz-propoxide it may be calculated that 

78 % of the titanium is present as the dimer and 22% as monomer and therefore 
a mixture of 78 oA p2q3 and 22 % prq2 series would .require n-l = 0.61-0.37x. The 
experimental data gave a reasonable straight line with n-l = 0.61-0.42x. The 
data obtained with other titanium a&oxides in their corresponding alcohols Was 
less accurate and less extensive than for the ethoxide and is not amenable to 

Coo/din. Chem. Rev., 2 (1967) 299-318 
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structural analysis. ~~w~v~r, the ~buIliom~tric $tudi~ in the bi her boiling &w 

se condj~io~~. 

for the titanium oxide alko 

2.24 n-l =; 0.37~-0.2 73.8 26.2 0 -6.272 --0.266 
0 -~.2~ -0.3~2 

n-" *cl O.430-0.3 0 -0.29 -0.30J 
rrl w 0.403--0.24x -0.28 -0.24 

1.77 n-" m 0.564- -0.3 & -0.355 -0.323 
1.91 rr""." -= 0.466 -0.2 0 -0.316 -oo,272 
1.94 0 -0.32f -a.333 

varied slightly wi nccntration and at n the points for 
definitely debiting 

= 0.2 to - 
t the “* values for 

These ano 
but they were only able to s 
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The linear portions of the t1-l uIJrsuE x curves (Table 2) reasonable con&ma- 
tion that the ~r~~urn oxide ~thoxid~ were p ent as ~~ of the p3q+ and 
p1q3 polymer series and it thus appears that zirconium is dedraUy ti-caordin- 

ated in these compounds. Less data were obtained on the hydrolysis of Zr(OW), 
and Zr(OBu”), but in both cases a reasonably linear relationship between n-I 
and x was obtained. The agreement between observed and calculated slopes 

ts that zirconium oxide n-propoxides exist as a mixture of p3qI and p2qs 
cr series whilst zirconium oxide n-butoxides exist as a mixture of p2q3 md 

pLqa polymer series. Even more interestiog were the results for Zr(OBul), which 
actually forms a crystalline solvate Zr(OBu’)&, Bu’OH and lends credence to the 
solvatioo hypothesis. The value of n, = 1.52 suggested the presence of both 
Zr2(OBu’)8, ~~~0~)~ and Zr(OSu’),, (Bu’OH)* in boiiin is~but3nol s~l~ti~~ 
but the plot of n-’ W~SU.S x was curved in the sense that incr in x caused an 
increase in the proportion of the p1q2 series. Therefore the a could 
interpreted in terms of the polymer series. 

Another solvatcd alkoxide was the tctra isopropoxidc which exists 
dimeric species Zr,(OPr’),, (Pr’OH), co~~~~~~g to the postulated structure in 

9. Hydrolysis of ~rconium ~opro~xid~!O ave a Iinear variation of n- ’ 
x and reasonable agrcemeut between the o rvcd and calcuI:~ted slop 

a mixture of predominantly the p2q3 polymer series with some of ttle p3q4 series. 
Slightly better results along the same lines were also obtained with zirconium see- 
butoxide which also forms a soivate. The behaviour of Zr,(OPr*)s, (Pr’OH), and 
Zr2(O13”),, (Bu~O~)~ ~~tit~t~d the stron evident for t solvated pelter 
seriespZqJ_ It was therefore of added interes haviour of stannic 
isopropoxide which also forms a dimeric solvate Sn,(OPr’)8, (Pr’OH),. 

(c) Stunntc oxide isopropoxides. The hydrolysis of stannic isopropoxide in 
boiiing isopropanol wz~ investi ted by Bradley and Hol10way’~ who had devel- 

d a more accurate ebulIio c method than bad been used for the work on 
titanium or zirconium alkoxides, The results are presented in Table 3 and it is 
clear that the stannic oxide isoyropoxides come very close in behaviour to the 
predictions of a pzq3 poiymer series with a small but significant proportion of the 
p1q2 polymer series, In fact the resuIts definitely show that the monomeric species 

%PAs %P,9. Slope of Ljlutztion 

Cole. Exptl. 

S~*~~~~),, (Pr’OW),a 1.85 Fi-1 = QS!w5--0.3751x 89.9 10.1 -0.350 --Q.175 
~~~~r*~*, fer’OHhb 1.86 tt-’ = 0.~358-0.3~~ 92.8 7.2 -3.346 -0.361 

* No m Initial degree of polymcrivtion of M(OPr’), in boiling Pr’OH. 
A&oxide canctntrotioas: a - 0.264 and 0.310; b = 0.109; 0.127; 0.173 acxi 0.205 g-mol./k 

Cow&z. Gem. Rev., 2 (t967) 299-3 18 
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conform to the pzq2 seri rather than an ~lte~ativ~ plq3 which woufd 
require a slope of -0.333. Not only did this work give strong support to the 
solvated p2q3 polymer series but it showed that the theory applied to a non- 
transition metal too. 

(d) Ceric oxide isopropoxidcs. The other metal alkoxide known to form a 
solvated dimer was cerium(IV) isopropoxide and its hydrolysis in boiling isopro- 
pan01 was studied by Bradley and Holloway 13. From the results in Table 3 it is 
evident that the ceric oxide-isopropoxides also behave predominantly as p2q3 
polymers with 8 small mixture of the p,q2 series. Accordingly it 
is also ~~cd~lly ~~oo~dinatcd in the czric oxide ~o~r~po~ 
known tendency for cerium to exhibit the coordination number of 8. However, 
two important points must be borne in mind in interpreting these data. Firstly, 
it is possible that the structures of the metal oxide alkoxidcs may be de 
on en~~onrne~t and th ~x~rim~nts were carried out in solutions of th 
alcohols. It could well that in the solid products the structures are 

ht involve higher coordination numbers. Secondly, the deduction of the 
ordination number for species in boiling alcoholic solutions is much less 

sure than deductions based on the degree of polyme~~tion of a metal ~~o~ide 
in a hydrocarbon (non-donor) solvent. For example, if Ce(OPr’),, Pr’OH is dimeric 
in cyclohexane it is very reasonable to assume that the c&urn is act 
~ordi~~ted and that the complex has the same structure as shown in 
X2(0&, (ROW),. In boiling isopropanol we do not know that the sam 
will occur because there is always the possibility that in the presence of the vast 
excess of alcohol donor molecules a higher coordination could be attained as for 
example in Ce,(OPr*),, (PK!OH)~ w~ch would fit an $~~ordina~d structure. 

In the cast cf titanium oxide ethoxidcs there is less room for doubt for the 
following reasons. 

To date there has no example of S~ordi~at~ ti~nium involving 
titaniurn-oxygea bonds a e structure of solid titanium tetraethoxide is defin- 
itely known to contain octahedrally coordinated titanium. In addition, the degree 
of polymerization of titanium tetraethoxide is practically the same in hydrocarbon 
solvents as it is in boilin ethanol and two of the ti~~urn oxide ethoxid 
examined in benzene solution and found to have practically the same molecular 
weights as in boiling ethanol. We cannot be so sure of the zirconium oxide cthox- 
ides. The structure of zirconium te~~e~o~d~ has not yet been determined but in 
benzene it has a slightly higher de of placation than titanium tetra- 
ethoxide and this could be due either to Zr(OEt), containing octahcdraily co- 
ordinated tetramers (uiz. Fig. 8) in addition to trimers or possibly to the presence 
of higher polymers ~n~i~ng 8~r~ted upturn. It is certainly most odd 
that in boiling ethanol solution the titanium tetraethoxide has a higher degree of 
polymerization than has zirconium tetraethoxide at a comparable concentration. 



It could be that the more 
zirconium although this s 

M\,~M brid 

y ~al~f~ zirconiu 
to imply that the greater stability of 

“i” 

M P\ Et 

COOf ation 
i~~prop~xide we are on s~r~r 

dim~ri~ in hoiiing is 

as the degree of hydrolysis 
from zero (at x = 
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aq4 polymers rapidly 

. in the oxid 

with increase in de 

y smalier propor- 
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the accompanying loss of Ta-OBu’ groups the steric hindrance to coordination 
polymerization is lessened leading to an increase in proportion of the tantalum 
species in the p2q3 polymer series. Summarizing the results on the tantalum oxide 
al&oxides there appears to be strong supper t for the existence of the p2q, polymer 
scrims together with somcplq2 polymers. The. cvidcnce forptqs polymers in the tanta- 
lum oxide ethoxide system instead ofp,q, is not overwhelming because of the high 
percentage of thcp,q, series which dominates the equation and renders discrimina- 
tion between the alternative p1q2 and p,q, series difficult. Therefore it is possible 
that all of the tantalum oxide alkoxides give a mixture of the p2qJ and p1q2 

polymer series. 

(6) Niobium oxide alkoxides. Since niobium penta alkoxides arc also dimeric 

with the structure shownz3 in Fig. 11 it was expected that the niobium oxide 
alkoxides would resemble the corresponding tantalum derivatives. However, since 
it is known that niobium has a slightly greater tendency to form M = 0 bonds 
than tantalum there was also the possibility that different behaviour would be 
found. Bradley and Hollo~ay~~ have studied the hydrolysis of niobium penta 
alkoxides but the work is not yet complete. For niobium oxide methoxides the 
bchaviour was indeed very similar to that of the tantalum compounds in giving a 
mixture of the pzq3 and p1q2 polymer series. For the higher homologucs the bcha- 
viour was a littlc different and work is still in progress to check whether this is 
due to to the formation of Nb=O bonds. It is relevant to mention at this point 
that vanadium forms a series of monomeric vanadyl trialkoxides 0=V(OK)3 
which can be distilled in UQCIKL 

(c) Uranium(V) oxide etftoxides. Uranium penta ethoxide is another exam- 
plc of a dimeric structure UZ(OEt)ro and it was of interest to compare the uranium- 
oxide ethoxides with the tantalum oxide cthoxides. The results of Bradley and 
Hollowayr3 are summatised in Table 4. It is especially noteworthy that U,(OEt),, 
has a lower degree of polymerization in boiling ethanol than has Ta,(OEt),, 
suggesting greater solvation of the uranium compound. This calls to mind the 

difference between Ti(OEt), and Zr(OEt), in boiling ethanol. The uranium oxide 
cthoxides gave a very good linear correlation h,‘tween n-r and x over the whole 
range of x = 0 to 1.5 and left no doubt that a mixture of the pzq, (64.9 %) and 
p,qz (35.1%) polymer series was present. With the relatively low percentage of 
the p2q3 polymer series prcscnt it was much easier to distinguish between the p,qt 

and p,q3 series as candidates for the monomer series and the results came out 
clearly in favour of the p1q2 series. Therefore it seems that uranium also prefers 
octahedral coordination in its oxide cthoxides although it is known to exhibit 
8-coordination with some oxygen containing ti8ands. Unfortunately, uranium 
penta methoxide is sparingly soluble in boiling methanol and this precluded a 
study of its hydrolytic polymerization. This was particularly disappointing because 

Coordin. Chcm. Rev., 2 (1967) 299-3 18 
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I;9 in ~rime~c in 

= ~.5-~.2~ x, but 



found. However, more work is fore the par~eter~ of the 
related to st~ctu~l models. Adams et found that hydro- 

leads to a decrease in the param~ sus~pti~~ty but 
s were no& determined on the pr~uc~. 

The hydrolysis of metal tr~alkylsiiylo~d [~(~Si~~)~]~ forms com~und~ 
[MOX(OSiRs)0,_2xJ, known as metal o e ~alky~ilylo~d~ or polyorgaaosila- 

ome~~axa~~. Fzarly work in this d was tried out by Andriaaov and 
co-workers2’ who obtained interesting polym~~c on aluminium and 
ti~nium de~vativ~. ~~fo~u~ately their work did very deeply into the 
structural as of this class of compound and the remainder oft 
deal excl~~iv with the systema~cstudi~ of 

A major distinction be 
involves their different susceptibilities to hydrolysis. Most of the metal alkoxides 
are prone to rapid hydrol~i~ where~ the hy~olysis of metal t~alkyls~~Io~d~ is 

M(OSiRJ),,+xH,O %$T MQ,(OSiR3)(p_-21)f2xR,SiOW: (5) 

01 produced by ~ydroiys tend to con- 
dense to the he xane and water (eqn. 6). ebulliometric 

use the hyd~oiysis could not control&i. There- 
fore the technique employs 

2 R,SiOH -+ RjSiOSiRs+H,O (6) 

so suasfully in studies on the metal oxide bonds was not avaitable for the 
st on the metal oxide tri ilyloxid~. The hydrolys~ of the metal trialkyl- 
~~l~~oxid~ was ~erefore usu carried out in dioxan solution and after the 
removal of solvent and other volatile products the residual metal oxide trialkyl- 
silyloxide was cbara db and eoular weight det~ned 
~~s~opi~lly in cyc ne. theP was iaborious and some- 
times less accurate than the ebulhomettic method used for the metal oxide bonds 
it had the adva~~~e that the mol~ular wei 
hyd~o~r~n solution. bower Freud 

een the ~~~~~yl- 
late group R&O. It 

that the trialk drance to coordina- 
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would be expected to have some bearing on the structural aspects of the metal 
oxide triaI~~~yloxides_ 

(i) Titanium oxide trimethyIsiiyZoxides 

Studies on the hydrolysis of titanium tetra trimethylsiIyloxide14 in dioxan 
at room temperature gave some interesting results. It was found that the hydro- 
lysis was slow (incomplete after one hour of reaction) and that the initially formed 
products disproportionated, slowly at room temperature, and rapidly at 160 “C, 
to give the volatile starting material and a non-volatile residue Ti0,(OSiMe&4_ 2X) 
corresponding to a higbly hydroIysed product (X > 1.5). Although the initial 
molecular ratio of water to Ti(OSiMe3)4 was varied from 0.1 to 2.5 the degree 
of hydrolysis (x) of the non-voiatile residue onIy changed from 1.505 to 1.69. 
Products with x = 1.505- 1.645 were soluble in cyclohexane and their molecular 
weights were determined and the number average degree of polymerization (n) 
was calc@ated. A linear relationship between n-l and x was found: n-l = 1.028 - 
0.604 x. Since the lowest polymer isolated was the octamer TisOIz(OSiMeJ)s it 
was suggested that this had a special stability and the highly compact structure 
shown in Fig. 14 was considered to account for it. Further condensation by cross- 
linking between octamer units would lead to a polymer series A corresponding to 
,-l = 0.125~(x-1.5) = 1.625-x. This was obviously at variance with the ex- 
perimentally determined equation and it was considered that some condensation 
between octamers by double Ti-O-Ti bridges might have occurred giving a second 
polymer series B_ This would require a line given by IZ” = OJ25-0,5(x- 1.5) = 
0.875-0.5x which also did not agree with experiment. However, a mixture of 
79.6% of the polymer series B with 20.4% of A gave excellent agreement with 
observed data. Actually quite reasonable agreement is rtlso given for a mixture of 
53.8 % of the octamer series A and 46.2 % of thep,q, polymer series (n-l = 0.333 - 
0.25xj which was devised for titanium oxide ethoxides. The cakulated slope of 
the n-’ versus x equation would be -0.65 compared with the observed value of 
-0.604 and although this discrepancy is extremely large it must be considered in 
the light of the coefficient of variation (a = z!z 6 %) for the data which cover a very 
restricted range of X. However, a reason for doubting the presence of the p3q4 
polymer series is that it should produce an infinite polymer at x = 1.33. This 
infinite polymer would surely be insoluble in cyclohexane whereas the products 
only became sparingly soluble when x exceeded 1.65 and the octamer series A 
predicts an infinite polymer at x = 1.625. On the other hand the octamer series B 
predicts an infinite polymer at x = 1.75 so the proposed mixture of octamer series 
A and B could give soluble products for x = 1.5 to 1.65. Whether or not any of 
the p3q4 polymer series is present it is clearly necessary to include the octamer 
series A in order to approach the parameters of the experimentally determined 
line. The interesting feature of the octamer (Fig. 14) is that it contains clcoordii- 
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initial products (X =z 0 to 0.948) was not s~P~sing in view of the po~yme~c 
nature of Zr(OSiMe& which had a degree of polymerization of 2.05. Presumably 
steric hindrance by the ~imet~yls~ylo~de groups prevents trimer~tion and the 
observed degree of po~yrner~tic~ may be due either to the presence of a dime& 
compound or to eq~moIe~u]ar promotions of monomers and trimers. The latter 
would correspond to 75% of zirconium in the trimeric state Zrs~~Si~e~)~~ com- 
pared .with 88.7% of zirconium in the p3q4 polymer series ZrJCr+I)04X(OSi- 
Me3)4CXf3j. The higher proportion in the p3q4 polymer series of zirconium oxide 
~~rn~hylsi~ylo~d~ is not surprising because the stedc hindrance to coordination 

tion shoufd be Iess in thk zirconium oxide ~~rneth~~si~y~o~d~s due to 

portion of MesSi groups per zirconium compared with Zr(OSiMe& 
When the initial polymers fx = 0 to 0.948) were heated at 150 *C in lfclcuo 

disproportionation occurred with formation of the volatile Zr(OSiMe& and resi- 
dual non-vo~at~e polymers [ZrO,(oSiMe,),,_,,J. (X = 1.486 to 1.63). For vafues 
of x c 1.62 the polymers were soluble in cyclohexane and inolecular weights were 
d&e ned. The soluble residual polymers with x in the range 1.486-1.541 gave a 
linear r~a~o~s~p b n n-l and X, viz: n-l = 1.025-Oo.64~. From the inter- 
cept n-” = 1.025 at x = 0 it was calculated that 46.5% of the zircouium was in 
the p3q4 polymer series and 53.5% in the octamer A series. Such a mixture of 
polymer series would require a slope of -0.65 in excellent agreement with the 
observed slope of -0.64. In fact this eq~tion is very simiiar to that found for 
the ticks oxide t~rne~y~ylo~de polymers (Table 5) and it lends support for 

TABLE 5 
raTAL OWfE ~~ Yroxnxs 

+zxa&yi- nr,* Ekprl. ~~~~~0~ % ~ff~y~~~ series Sfo~e of ~~uti~~ 
sityloxtde CC&?- Exptl, 

Ti(i(oSiMe& f’2f 
(i) 20.4% Octames A; ‘E&6% Octamer B 

‘-I = 1’o28-o*6wx ) (ii) 53.8 Octamer A; 46.2 % pa& 
-0.602 -0.604 
-0.653 

Ti(OSiEtJ), 1.00 I.-’ = 0.996-0.993x 100% P&4& - 1.000 -0.993 
Zr(OSiMe&* 2.05 r’ = 0.480-0.381x -0.335 -0.38t 
Zr(OSiMe$ab 

11.3 % Oetamer A; 88.7% P,& 
It-’ = 1.025-0.64x 53.5 % Octamer A: 45.5 % pda -0.65 -0.64 

Ta(OSiMe& 1.09 n-1 = O.~l8-~.5S~x 63.6% ~r~.s; 36.4% ~2% --0.545 -0.588 

N,* =i fnitial degree of ~ol~~~tion of M{~SiR~~~ in benzene. 
* =t) Initial ZzO,(OSiMe$ (,_.,I polymers; b =r Residual polymers 

the view that the tita~um compounds consist of p3ga and octamer A polymer 
series. The interest& ture of the ~rconi~ oxide ~rne~yIs~y~o~de is the 
dramatic decrease in proportion of the p3q4 polymer s&a caused by thermal dis- 
proportio~at~on. This is in fact quite ~~o~ab~e from the structural ~e~oint be- 
cause the p3q4 structure alone is capable of facile formation of the volatile zirco- 
nium tetra ~ethy~i~ylo~de. This can be seen by reference to the Sicily 
similar titauium oxide ethoxide Ti~O~(O~t)~~ shown in Fig. 5, The “corner” metal 



MkTAL OXiDE TRIALKYLSILYLDXIDE POLYMERS 3I7 

atoms arc each bonded to two terminal and two bridging ethoxide (or trimcthyl- 
silyloxide) groups and it is clear that these metals could be detached with all four 
ethoxide (or t~mcthy~~ylo~dc) groups by a slight electronic rearrangement in- 
vol-ving dissociation of two coordinate bonds. The remaining portion of the poly- 
mer would link up with another fragment to produce a more highly hydrolysed 
species. In the case of the octamer A polymer which is based on ZrsO,,(OSiMe,)s 
which is analogous to the structure shown in Fig. 14 it is difficult t&see how this 
species could eliminate a Zr(OSiMe,)* molecule because no zirconium atom in 
the octamer unit has more than one trimethy~iIyloxide group attached to it. 
Therefore it should be very difficult if not impossible for the octamer A polymer 
series to undergo disproportionation. Thus the action of heat on the initial poly- 
mers causes disproportionation of pJq4 polymers which leads to an increase in the 
relative amount of octamer A polymers left in the residual polymers. 

(iv] Tantalum oxide tri~er~yZ~ity~oxi~es 

When tantalum penta trimcthylsilyloxide Ta(OSiMeJ), was hydrolyscd in a 
mixed solvent of dioxan-cyclohexane the products were found to contain coordi- 
nated dioxan and trimethylsiianol . I6 When heated at 120” in vacua these initiat 
polymers disproportionated leaving non-volatile residual polymers paOX- 

(OSiMe& - 2rJn t-r = 0.469 to 1.202) which wcrc soluble in cyclohexanc. A Linear 
plot of n-’ = 0.818-0.588x was obtained and the intercept tt-’ = 0.818 at 
.’ = 0 suggested that a mixture of p, and p2 polymer series was present in the 
pro; rtions of 63.6% tantalum in p, and 36.4% tantalum in pz. Assuming that 
monomeric Ta(OSiMe& has the trigonal bipyramida~ structure there are various 
ways in which condensation polymers could arise giving citherprqr or plqz polymer 
series. The dimeric species Ta,(OSiMe,),,, which accounts for 16.5% of the 
tantalum in the “unhydrolysed” pcnta trimcthylsilyloxidc, would be expected to 
give the pzq3 polymer series analogous to the tantalum oxide alkoxides. CalcuIa- 
tions showed that mixtures of plql +pzq3 or p1q2 +p2q3 could not account for the 
parameters in the equation and it was necessary to assume that the p2q3 SC&S 
was accompanied by approximately equal proportions of the plql and p1q2 series 
to give reasonable agreement. It was thcreforc suggested that the pi polymers 
might be present as a hybridp,q,_, p 01 y mer series in which each tantalum has one 
Ta-O-Ta bridge with one neighbour and two Ta-O-Ta bridges with its other 

neighbour. An exampie of thep,q,,, polymer series is shown in Fig. 15. A mixture 

Fig. 15. Ta,Oa(OR), potymcr series. 8 - Ta; 0 - Oxygen in TaOTa; o = Oxygen in OR group. 

Cow&t. Chmt. Rev., 2 (1967) 2-318 
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of polymer series containing 63.6% of t~n~lurn in the pIql.s s&s and 36.4% in 

the P3q4 * would require a slope of -0.545 pared with the exams 
detcrmk ue af --O-588. Best agreemat is YCU by 36.4% pzq3 with 33.9 % 

plql and 29.7% p1q2 polymer series. It is noteworthy that taptalum peeta tri- 
methylsilyloxide has a degree of polymerizat.ion of 1.09 corresponding to only 
12.9 % tantalum in the dimeric form compared with 36.4% calculated to be present 

in the tantalum oxide trimethylsilyloxides. Once again this points to the operation 
of strong steric hindrance to the coordination polymerization of Ta(OSiMe& 
compared with the small steric effects in the tantahtm oxide ~rnethy~~~yl~~d~ 
which contain 8 smaller ratio of ~methyls~yloxy groups per tantalum atom. 
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