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Sol-gel processing and structural study of a 
vitreous polysiloxane doped with titanium 
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Monolithic crack-free condensates have been synthesized by hydrolysis and polycondensation 
of tetraethoxytitanium(IV) and ~,-glycidoxypropyltrimethoxysilane. The local order in these 
materials has been studied by large angle X-ray scattering (LAXS) as well as the influence of 
Ti4+-Ti 3+ transition induced by UV irradiation. The polysiloxane is characterized by a quasi- 
regular arrangement of the side-chains similar to the proposed models for liquid-crystalline 
polysiloxane. Titanium atoms, in an octahedral environment, are coordinated to the diol func- 
tions. If the metal percentage is higher than 20%, the titanium atoms are distributed on several 
sites. 

1. Introduction 
The sol-gel process is generally used to produce purely 
inorganic glasses, glass-ceramics or ceramics, such as 
silica glasses or alumina powders. These materials can 
be obtained as monolithic solids, thin coatings or 
powders with a controlled morphology. In order to 
remove the organic residues, the organic group in the 
starting products are generally hydrolysable. 

The use of unhydrolysable =- Si-C-= bonded ligands 
leads to organically modified silicates and offers the 
possibility of combining "inorganic" and "organic" 
networks [1]. Philipp and Schmidt [2] distinguish two 
basic types of organically modified silicates: an inor- 
ganic network containing a RnSiO(4_,)/2 (n = 0,3) 
organic network modifier or an organic network 
covalently bound to an inorganic one. 

Such hybrids, which incorporate polydimethyl- 
siloxane with tetraethoxysilane, have been prepared 
and studied for mechanical properties [3, 4]. The 
recent development, by Schmidt and coworkers [5, 6] 
of new materials for hard contact lenses has fully 
demonstrated the potentialities of this new route. 

The mixture of a commercial epoxysilane, 7- 
glycidoxypropyltrimethoxysilane, and 5 to 20 tool % 
tetraethoxytitanium(IV) yields monolithic conden- 
sates with remarkable wettability and oxygen- 
permeability characteristics. The incorporation of 
crosslinking elements such as polymethacrylates 
greatly improves the mechanical properties whereas 
the above-mentioned properties remain unchanged. 

The study of the binary system, epoxysilane- 
titanium alkoxyde; is reported hereafter. In a first 
part, a systematic survey of the preparation conditions 
leads to an optimized synthesis. The second part of the 
paper is a tentative modelling of the local order in the 
amorphous solid from LAXS (large angle X-ray scat- 
tering), EXAFS, EPR and FT-NIR results. 
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2. Experimental 
2.1. Materials preparation 
Tetraethoxyfitanium(IV) and 7-glycidoxypropyl- 
trimethoxysilane (abbreviated glymo in the text) 

(CHaO)aSi(CH2)3OCH2CH-CH 2 are the precursor 
\ /  

O 
compounds. 

It is well known that under acidic conditions 
epoxides react with water to give glycols [2] 

n(CHsO)3Si(CH2)3OCH2CH- CH2 
\ /  

O 

O OH OH ] 
+,3o+ I \ \ J -cH3-5-~ - O -  Si(CH2)3OCH2CH- CH 2 

I 
O 

Epoxide polymerization is catalysed by Ti(OR)4. Due 
to differences in the hydrolysis kinetics of Ti(OR)4 and 
R'Si(OR)3, however, the condensation may generate 
Si-O-Si and Si-O-Ti bonds but also, through the 
glycol function, Si-R'-O-Si and Si-R'-O-Ti bonds. 
So, hydrolysis and condensation have to be carried 
out very carefully. 

Three preparation procedures have been explored 
and are summarized in Fig. 1. 

The first one uses a large quantity of solvent 
(ethanol). In this dilute solution, the hydrolysis of 
Ti(OR)4 leads to the precipitation of TiO2 which can- 
not be completely redissolved by addition of chlorhy- 
dric acid. Thus, it is difficult to control the titanium 
percentage in the solid. Moreover, the so-obtained 
material is brittle because of trapped solvent. 

The second procedure, without solvent, allows 
to redissolve the precipitated TiO2 and to obtain 

3739 



T A B L E  I Heat treatment 

Temperature (~ C) 60 75 85 95 105 115 125 130 
Heating time (h) 16 4 4 16 4 4 4 4 

monoliths with a titanium percentage up to 30% 
molar. In the third one, a prehydrolysis of the glymo 
is realized adding 1 / 16 of the stoichiometric quantity of 
HC1. This addition is followed by a vigorous stirring 
of the solution during 16 hours. In these conditions, 
TiO2 does not precipitate; this indicates that titanium 
atoms are already coordinated to the polymer. 

The third synthesis procedure results in monoliths 
up to 35% molar in titanium. 

2.2. Heat t reatment  
The solidification of the materials is realized between 
85 and 95 ~ C. The complete heat treatment is indicated 
in Table I. Transparent monolithic condensates (4 to 
7 cm in length and 1.5 cm in diameter) are obtained, 
free of cracks. The colour varies from colourless to 
light yellow depending on the titanium percentage. 

2.3. Elemental analysis 
The results are given in Table II. The monolithic 
samples only have been analysed. The theoretical 
percentages are calculated in the case of complete 
hydrolysis reactions. The experimental molar percen- 
tages in titanium are also given. They show a better 
control of the titanium content in the material with the 
second and third procedures. 

2.4. FT- N I R spec t roscopy 
This spectroscopy has been used as a quantitative 
method to evaluate the percentage of free diol func- 
tions. Spectra were recorded on a NICOLET 60 SX 
FT-NIR spectrometer between 3700 and 6000cm -]. 
The samples were shaped as thin (0.3 mm) slices of the 
monoliths. 

Diol function presents a characteristic peak at 
4800 cm-I (Fig 2). The percentage of free functions 
can be calculated from the area of this peak 

c = 

gtymo 

,,oo.,.,-,I ,,I I 1 
Ti(OEt)4 (60 mmot l: add 
do~'ly under coMtent ~irrinQ 

I icebuthduringtbealkliflon ] ] Md 15116HC1 
of acid 

I 
0.01 I"I (20.8mi) } 

! 

3 g ofdryihg h"~__~ ~ked vith ( 
1.35mi ~ 0.II*I I 

2 hsfirring t 

~k12 70 ml HCl 0 1H I I ~'Irrlno for 30rain Reflux st ?0 ~ C for 30rain 
( vista solution) 

Retire< .t 70aC during I / 
30 minforthe highest I , /  

( s.,. .t . . , , , . . .o. ] 
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Figure 1 Scheme of the three synthesis procedures. 

where E is the extinction obtained from the peak area, 
d is the sample thickness and ~ the extinction coef- 
ficient, equal to 1.42 x 105cmmol -] (this value is 
calculated using ethoxy-1 propane diol 2-3 as a refer- 
ence compound). Moreover, if every epoxy group is 

T A B L E  I I  Elemental analysis 

Molar % Theoretical % First method 

Glymo-Ti (complete hydrolysis) Ti Si  C H 

Ti Si C H 

Second method Third method 

Ti Si C H Ti Si C H 

100-0 

90-10 

80-20 

75-25 

70-30 

65-35 

0 15.41 39.54 7.19 

2.69 14.21 36.45 7.36 2.23 13.90 39.51 6.86 
%Ti = 8.45 AC = 6 

5,62 13.17 33.80 6.15 4.96 13.40 38.45 6.66 
%Ti = 17.4 AC = 5.5 

7.17 12.62 32.38 5.89 

8.80 12.04 30.90 5.62 

10.51 11.44 29.35 5.34 

2.16 13.50 38.25 6.74 
%Ti = 8.45 AC = 5.5 

5.27 13.15 32.82 6.51 
%Ti = 18.8 AC = 0 

6.78 12.40 35.5 6.14 
%Ti = 24 AC = 5 

8.25 12.20 34.15 6.18 
%Ti = 27.74 AC = 4.3 

0 14.7 38.31 6.98 
AC = 0 

2.46 13.45 37.94 6.80 
%Ti = 9.6 AC = 5.5 

5.10 13.20 36.48 6,53 
%Ti = 18.1 AC = 3.7 

6.35 12.15 35.55 6,32 
%Ti = 23 AC = 6 

8.32 12.25 34,71 6.14 
%Ti = 27.9 AC = 4.3 

10.16 11.75 33.12 5.92 
%Ti = 33 AC = 3.8 
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C-OH 

C-I-I 

' ! I I f 

6000 5/,20 58l,0 1,260 3680 
crn-1 

C - H  

C-OH 

6000 5l,20 ' 1'13t,0 ' z,2'60 3680 
era-1 

Figure 2 F T - N I R  spectra of  (a) the reference compound  
(E = 30.27, d = 0.5 on ,  C = 0.425 mole -  1 ) and (b) a polysiloxane 
with "10% molar  t i tanium (E = 12.61, d = 0.0275cm, 
e = 1.42 x 105cmmol-1).  

and polarization and normalized following the 
Krogh-Moe method [9]. Atomic scattering factors 
were taken from [10], Compton scattering factors 
from [11]. Treatment of the experimental data led 
to the radial distribution function (RDF): F(r) = 
D(r) - 4npo r~. The experimental RDF was obtained 
using the reiation 

O(r) = 4npo r2 - 2r f si(s)M(s) sin (rs) ds 
R 

where Po is the average electron density, s = 4n sin 0/2 
(20 is the scattering angle),/(s) is the reduced intensity 
and M(s) a modification function used to down- 
weight inaccurately known high-angle data and to 
reduce ripples resulting from termination effects due 
to th e integration. Theoretical intensities were cal- 
culated according to Debye's formula [12] 

i(S)th = Z ~.f(s)fj(s)(sin (rus)/ro.s) exp (-bo.s 2) 

where i r j, f(s)  is the atomic scattering factor cor- 
rected for anomalous scattering, ro is the distance 
between two atoms and bu a temperature-related 
factor influencing the i-j interaction. The curve 
F(r)th is obtained as the Fourier transform 

F(r) = _2r f si(s)thM(s) sin (rs) ds 

2.6. EPR measurements 
EPR spectroscopy has been used to test the presence 
of Ti(III) and to study the behaviour of the materials 
under UV irradiation. 

Spectra were recorded in Q band, on solid samples, 
at room temperature, using a BRUKER 200 TT spec- 
trometer equipped with a BRUKER NMR gaussmeter. 

hydrolysed, this concentration should be: C ' =  
(p[M) �9 n �9 103 where p is the specific weight. M, the 
molecular weight and n, the ratio of epoxyde group in 
one mole of the compound (n = 0.9 in the example 
shown in Fig. 2b). Thus, the percentage of free diol 
functions is IO0(C/C'). The so-obtained percentages 
are equal to 25 to 30% for the first synthesis procedure 
and 30 to 45% for the second and third ones. 

2.5. Large angle X-ray scattering (LAXS) 
studies 

Data were collected using the LASIP co-0 diffrac- 
tometer equipped with a position-sensitive detector 
for the MoKe wavelength [7, 8]. The measurements 
were carried out at room temperature in the trans- 
mission mode. Some 2200 equidistant points were 
measured within 24h in the range 1.5 ~ ~< 0 ~< 66 ~ 
Measuring was performed in an integrative way to 
minimize the parallax and non-linearity problems of 
the straight linear position-sensitive detector. All 20 
points were successively run through all the detector 
channels. At each angular displacement of the detec- 
tor, an equivalent offset of the channels in the memory 
is emulated to compensate this movement. This leads 
to the effect that, at a given 20 angle, the scattered 
intensity is always integrated in the same channel. 
These data were corrected for background, absorption 

2.7. EXAFS measurements 
The experiments were realized on the EXAFS I station 
at LURE-CNRS** (Orsay), using a Si(400) channel- 
cut monochromator. 

Spectra were recorded, for the Ti K edge, on slices 
(thickness: 1 ram) of the monoliths. TiO2 anatase were 
used as a model compound to calculate experimental 
tables. 

The radial distribution curves show only one intense 
peak corresponding to the titanium-oxygen bonds. 
The best results of the refinement process are given in 
Table III where N is the number of Ti-O bonds, R the 
interatomic distance and p a reliability coefficient. It 
can be seen that there is no significant variation of the 
Ti-O bond length with the titanium percentage. 

3. Results and discussion 
3.1. Titanium environment 
The modification of the local order has been studied 

T A B  L E I I I Results of  EXAFS experiments 

Ti(%) U R(nm) p(%) 

10 6 0.186(3) 0.022 
20 6 0.185(4) 0.053 
25 6 0,188(4) 0.020 
30 6 0.188(4) 0.009 
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Figure 3 Experimental RDF 
curves. 0% Ti ( ); 10% Ti 
( - - - ) ;  20% Ti (----);  25% Ti 
( - - - - ) ;  30% Ti ( . . . . . . .  ). 

by the LAXS technique as a function of titanium 
content. Fig. 3 shows the radial distribution curves 
(RDF) obtained with the materials prepared by the 
second procedure up to 30% molar titanium. Several 
comments can be made 

(i) The first peak shifts from 0.170nm for the 
titanium-free polysiloxane to 0.180nm for the 30% 
titanium material and the peak intensity increases. 
This modification corresponds to the formation of 
titanium-oxygen bonds. 

(ii) The intensity of the second peak, at 0.310nm, 
only increases when the titanium percentage is higher 
than 20%. This peak corresponds to the Si-O-Si and 
Si-O-Ti interactions. 

(iii) The intensity of the broad peak between 0.400 

t 

i �9 i ! I ! 1 i T I 

0 0.2 0.4 0.6 0.8 1.0 
r(nm} 

' o'2 ' .  . . . .  o18 ' ' 0.4 0.6 1.0 
r{nm~ 

Figure 4 Evolution of experimental RDF curves with UV irradiation. 
(a) titanium-free compound; (b) 20% molar Ti compound. Before 
irradiation ( ); after 6h  of irradiation ( - - - ) ;  after one week of 
relaxation ( . . . .  ). 
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and 0.550nm regularly increases with the titanium 
content. However, it is quite impossible to derive any 
information about the metal surrounding as a great 
amount of different interactions are superimposed in 
this peak. 

(iv) The most relevaiat point in these RDF curves is 
the evolution of the peak at 0.640 nm, the intensity of 
which considerably increases. This implies that this 
distance corresponds to a particular interaction 
between titanium and other atoms. 

This hypothesis can be checked by the following 
experiments. It is to be seen that the monoliths turn 
slightly blue when exposed to solar light. This suggests 
a reduction of Ti(IV) to Ti(III). So, LAXS measure- 
ments were done under UV irradiation on titanium 
free and 20% titanium samples. The corresponding 
RDF curves are given in Figs 4a and 4b. 

The titanium-free material remains colourless 
during irradiation and there is no change in the local 
order. On the contrary, the titanium-doped material is 
ligh t yellow and turns deep blue very quickly. The 
complete disappearance of this colour is very slow (at 
least 24 h).The RDF curves show great changes in the 
0.4 to 0.7 nm domain. The most remarkable point is, 
of course, the increase of the peak at 0.640 rim. Its 
evolution confirms unambiguous!y that this peak is 
due to interactions based on titanium atoms. 

The behaviour of the materials under UV light has 
also been studied by EPR spectroscopy. Fig. 5a shows 
the study of the titanium-free sample. The signal is very 
weak, whatever the irradiation time, the intensity is 
constant and the relaxation time very short. The 20% 
titanium material gives the spectrum shown on Fig. 5b. 
The signal is much more intense and increases regu- 
larly even after 3 h irradiation. The relaxation time is 
rather long: 55 h to get back the initial spectrum. A 
thorough study of irradiated titanium containing sili- 
cate glasses, by Iwamoto et al. [13], suggests that 
Ti 3+ ions are in tetragonally distorted octahedral 
environments. 

Thus, the key point to determine the titanium sur- 
rounding in the materials is the peak at 0.640 nm in the 
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Figure 5 EPR study under UV irradiation of (a) titanium- 
free compound. (Relaxation time: 7, 3 min; 6, 2 min; 5, I 
min; irradiation time: 4, 15 min; 3, 7 min; 2, 5 min; 1, 30 
sec) and (b) 20% molar titanium compound. (Irradiation 
time: 4, 10 min; 3, 6 min; 2, I min). 
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RDF curves. The very high intensity of  this peak, 
higher than the coordination peak, suggests the exist- 
ence of T i . . .  Si interactions. The examination of bond 
distances and angles in the side chain of the siloxane 
shows that the coordination of  titanium atoms to the 
diol function leads to the correct Ti . . . Si distance 
(Fig. 6). This hypothesis is strengthened by the evol- 
ution of  the peak intensity at 0.310 nm. Indeed, if such 
T i . . .  Si distances come from a polymeric chain like 
, . . Si-O-Si-O-Ti  . . . .  the peak intensity should 
increase with the titanium content due to the forma- 
tion of  Ti-O-Si  bonds. It can, however, be noticed 
that this intensity increases only when the titanium 
percentage is higher than 20%. Moreover, the F T - N I R  
measurements indicate that around 40% of  the diol 
functions are free in the materials. So, a maximum of 
30% metallic atoms could be coordinated to two diol 
functions (or 20% coordinated to three functions). 

This discussion leads to the following conclusion: 
titanium atoms are in an octahedral environment and 
are preferably coordinated to the diol functions. If  the 
titanium percentage is higher than 20%, the metallic 
atoms are distributed on several sites with formation 
of Ti - O -  Si bonds. 

Figure 6 Coordination of the titanium atoms to the diol function. 
(e Silicon, e oxygen, O carbon). 

3.2. Model l ing of the si loxane polymer 
The scientific literature on polysiloxanes gives very 
few starting points to build a model, as the structural 
studies on single crystals are very scarce. Three struc- 
tural types can be distinguished and checked: 

(i) oligomers based on cyclo tri- or tetrasiloxanes 
[14-171 

(ii) more extended oligomers based on "bowl" 
models with the side chains expanding outside the 
bowl. The prototype of these models is the complex 
anion {[(PhSi)70,3Co]3 SiPh} 6- [18]. 

(iii) polymers based on the models proposed 
for liquid crystalline polysiloxanes [19, 20]. These 
macromolecules are built up on polymeric chains 
(-Si-O-Si-) ,  with a quasi-parallel arrangement of  the 
aliphatic side chains, giving a comb-like model (Fig. 
7). 

The first two structural types have been abandoned 
because of  the bad agreement between experimental 
and calculated RDFs. Particularly, the broad peak 
between 0.45 and 0.70 nm is not explained. 

The third type gives much better results. The model 
1 is built up from a (-Si-O-)8 chain with the eight side 
chains extending perpendicularly to the main chain 
(Fig. 8). The S i . . .  Si distances are equal to 0.310nm 
for the consecutive silicon atoms and to 0.50 to 
0.55 nm for atoms like Si~ . . . Si 3 or S i 2 . . .  Sis. The 
calculated RDF curve, compared to the experimental 
one, reproduces the structural features (0.44-0.51- 
0.59 nm) in the main peak. Obviously, however, the 
intensity is too weak. 

The fit can be considerably improved if this first 
model is expanded through the lengthening of the 
(-Si-O), chain and the stacking of two units like 
model 1. The "sandwich" model 2 (Fig. 9) is built in 
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Figure 7 Schematic drawing of  the comb-like models proposed for liquid crystalline polysiloxanes (from [19]). 
1 

this way with twelve silicon atoms in the main chain. 
The corresponding calculated RDF curve shows an 
acceptable agreement with the experimental one but 
the relative intensities in the main peak are not properly 
reproduced. 

The only way to get a better fit is to build a model 
based on a stack of models 2. The so-obtained model 
3 gives a rather satisfactory fit, particularly for the 
broad peak. 

Of course, this fit is not perfect and critical com- 
ments can be afforded against the proposed model: 

(i) The model is paracrystalline. The main chain 
(-Si-O-), is too regular with the silicon and oxygen 
atoms in the same plane. 

(ii) The relative positions of the side chains have not 
been optimized. 

(iii) The stacking periodicity is also too regular. It is 
possible to change slightly the intensities and positions 
of the peaks at 0.44, 0.51 and 0.59nm by adjustment 
of the relative positions of the layers in the stack. It 
means that a more random stack would broaden these 
peaks and lead to a continuous distribution as in the 
experimental RDF curve. 

Si Si 

(iv) Our model is based on a layered structure; there 
is no chemical bond between the layers, only Van der 
Waals contacts. This is again an oversimplified view. 
The layers are probably connected through Si-O-Si 
bonds or, presumably, through titanium atoms. 

However, despite these reservations, the agreement 
between experimental and calculated data, agreement 
resulting from a systematic examination and elimin- 
ation of the different models proposed in the litera- 
ture, allows to assign a high reliability index to our 
model. 

4. Conclusion 
The LAXS investigation is sensitive enough to follow 
structural distorsions induced by UV irradiation of the 
sample, distorsions corresponding to a Tia+-Ti 3+ 
transition. 

The local order proposed for these materials is 
characterized by a layered structure. The skeleton 
consists in (-Si(R)-O-), chains where R is the ali- 
phatic side chain. These side chains are ordered in a 
quasi-parallel arrangement as in liquid crystalline 
polysiloxanes. 

If  the titanium percentage is less than 20%, the 
metal atoms are preferably coordinated to the diol 
functions, in an octahedral surrounding. If  the titanium 
percentage is higher, the metal atoms are distributed 
on several sites with formation of Ti-O-Si bonds. 

' o'.2 ' ' ' o r6  ' ' ' 1'.o 0 0.4 0.8 
r (nml 

Figure 8 Model 1 and comparison of  the experimental RDF curve 
( - - )  for the 20% Ti compound and the calculated one ( . . . .  ). 
(o  silicon, ~ oxygen, o carbon). 

S 

! v' 

' ' ' 014 0 0.2 ' 016 ' 0.8' ' 
r ( n m )  

Figure 9 Model 2 and comparison of the experimental RDF curve 
( ) and the calculated one ( . . . .  ). 
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Figure 10 Model 3 and comparison of  the experimental R D F  curve 
( ) and the calculated one ( . . . .  ). 
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