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A combination of 29S1 and 170 MAS NMR, EXAFS and FTIR spectroscopy have been used to study the atomic
structure of (Ti0,),(8i0,); - (x=0.18, 0.30 and 0.41) xerogels prepared using an acetylacétone stabilised
Ti(OPr'), precursor. In the as-prepared materials, Ti is present in a distorted octahedral coordmatlon with a
significant proportion still complexed by acetylacetone. For the first time in such’ an amorphous solid, 2,170 NMR
resonance has been observed at llO ppth which 1§ attributed to (Os )TI—O—SI groups. Heat treatment of these’
xerogels tends to convert TiOg info TiO, where the Ti is substituted into the silica network. Our results are in accord
with previous work which suggests that the uppeér limit for solubility of TiO, in SiO, is ca. 15 mol%. Clear evidence
of someé phasé separation in the (TiO,)g .41 (SiO2)s.59 sample after heat treatment to 750 °C is presented, although the
170 MAS NMR results show that the use of acetylacetone significantly increases the amount of Ti-O-Si bondmg at

this composmon compared to samples prepared w1thout 1t

Introductlon

Titania—silica rmxed ox1de materlals (TlOZ)x(Sloz)l —x, are of
s1gnn'icant technological imiportance. Silica glasses with a few
mol%: TiO; exhibit ultra-low thefthal expansion’ and mixed
silicon-titaninm oxides are important as catalysts and-catalytic
support matenals ? In the ‘optical industry, they can be pro-
duced :4s' anti-reflective - thin' films with tailored refractive
indices.> The properties of ‘titania-silica binaries are strongly
dependent on’ their chemical composmon homogeneity, and
textiire " which : in turn depend on synthesis * conditions.
Homogenelty at the atomic level”is especially’ 1mportant
Sol-gel synthesis, based on"the hydrolysis and subsequent
condensation of metal alkoxide- precursors, provides a low
temperature route to materials with a high level of atomic
mixing and a high degree of porosity.' When the sol—gel route
is- used to prepare (TiO,),(SiO,);-, materials, the different
rates of hydrolysis of the silicon and tltamum alkoxides can
cause, phase separation, producmg Ti- and . Sl-nch Tegions,
which reduces the. usefulness of the material. -

.In our previous work, the above problem has been
circumvented by using the method of Yoldas?* which involves
partially hydrolysing the Si alkoxide prior to mixing it with
the. Ti-alkoxide: Solid state.2’O and ?°Si magic angle spinning
(MAS) NMR spectroscopy has been applied to the study of
the atomic level structure of two mixed Ti-Si oxides prepared
this way.’ The- 70 NMR revealed directly phase separation
in high titanium samples, (TiO,)o.41(Si0;)o.50 calcined at
various temperatures, through the presence of signals for OTis
and OTi, sites. This phase separation became more apparent
with.increasing temperature of the heat treatment. The results
for .a much lower titanium sample, (Ti0;)g.07(Si02).03, indi-
cated -atomic mixing-of titania and silica by the presence of a
signal for Ti~O-Si linkages and the absence of Ti—O-Ti bonds.
This sample remained atomically homogeneous after heating
to -600°C. An-extended X-ray absorption fine- structure
(EXAFS) study on samples prepared the same way produced
similar tesults.® The Ti~O distances of ca. 1.82 A and coordi-
nation” numbers of :ca. four derived. from this. study for
(Ti0,)0.08(810,)g.02- samples, preheated to various tempera-
tures; were consistent with titanium occupying tetrahedral sites
within the silica network and showed the samples to be

atomically mixed. These structural results are consistent with
those from the industrial catalyst TS-1 (a zeolite from the
pentasﬂ family containing a few mol% Ti) in which titanium
is known to directly substitute for Si atoms in tetrahedral
sites.” The EXAFS derived structural parameters from
(Ti03)0.41(8i03)0.50 samples were very different. 5 The Ti-O
bond distances of ca. 1.90 A and coordination numbers of ca.
5.5 were significantly higher than for the low. titanium sample.
These parameters wereg much closer to those expeoted for pure
TiO, (anatase or rutile), which has an average Ti~O distance
of 1.95 A and. coordination number of six,® and. indicated, a
h1gh degree of phase separation in sa_rnples of this composition.
Samples of composition (Ti0;)e.18(S102)0.s2 Were also studied.
Interestingly, the unheated xerogel of this composition con-
tained mostly, octahedrally coordinated Ti which, with heat
treatment up to 750 °C, converted to predominantly tetrahedral
coordination.

In, this study, the effect of modlfymg the Ti alkox1de used
in the synthesis of. the (T102),(5102)1 — matenals is investi-
gated. Titanium isopropoxide is reacted with acetylacetone in
order to produce a less reactive precursor which is in turn
reacted with a prehydrolysed solution of tetraethyl orthosilic-
ate (TEOS) 9 The resulting samples are heat treated and
studied using ?°Si and 70 MAS NMR, EXAFS -and Fourier
transform infrared spectroscopy (FTIR).

Experimental
Sample preparation

Samples were prepared using the following PTeCUrsors:
tetraethyl orthosilicate (TEOS Aldrich, 98%),  titanium(rv)
isopropoxide -(Ti(OPr'),, Aldrich, 97%) and acetylacetone
(acac, Fluka, 99.5%). HCI was used as a catalyst to promote
the hydrolysis and condensation reactions and isopropyl
alcohol (IPA; Fluka, 99.5%) was used as'a mutual solvent.
All reagents were loaded in a dry box and transferred using
syringes to avoid absorption of moisture from the atimosphere.
The dry box used: was a single port type, connected fo a
vacuum pump-and a cylinder of dry nitrogen. The alkoxide
precursors. . were checked for hydrolysis using - FTIR
spectroscopy. . Co
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TEOS: IPA H,0 in a 1:1:1 molar ratio in the presence of
HCI (pH l) stirring for 2 h. The resulting sol was stirred for

a few min before water was added slowly such that the overall

water : alkoxide molar ratio (R) was 2. Stirring was continued
until the sol had gelled which typically took a few days
depending on composition. Samples for O MAS NMR were
prepared using 20 mol% 17O water (D-chem) in the hydrolysis.

All samples were air-dried for several days, finely ground

and then pumped under vacuum for 24 h to remove any excess.., ‘

solvent. Heat treatments were performed at a heating rate of | .
5°C min~! and each temperature maintained for 2 h. Samples .

were prepared with nominal compositions of ('1‘102),:(_81_02)l e .

(%=0.18, 0.30 and 0.41). Each sample was heated to 750 °C.

Samples enriched with 1’0 were prepared for the composmons _ -

x=0.18 and 0.41.

FTIR spectroscopy -

IR spectra were recorded in diffuse reflectance mode on a

Biorad FTS175C spectrometer controlled by Win-IR software.
Samples were diluted (1:10 by weight) in dry KBr and scanned
in the range 4000-400 cm ~* with a resolution of 4 cm™*. Each
spectrum was the result of summmg 64 scans.

MASNMR

The MAS NMR spectra were acquired on a Chemagnetics
CMX300 Infinity spectrometer. The 2°Si spectra were collected
at'59.6 MHz using MAS 3t typically 6 kHz with a 2.0 ps (ca.
30 .tip angle) pulse and a 20s recycle delay. A 7.5mm
Cliemagnetics double-bearing probe was used. The pulse delay
was-sufficient to prevent’ saturation. The spectra were refer-
enced externally to Zeolite A (—89.7 ppm). Each spectrum
was- the restilt of summing ca. 3000 scans.

"The 70 NMR spectra were collected at 40.7 MHz under
MAS at typically 15 kHz with a recycle delay of 1-2.5 s using
a Chémagretics 4 mm-double-bearing probe. The delay was
sufficient to prevent saturation. A 90°-1-180° echo sequence
was’ applied- with a short ¢ -delay of 71.4 ps to overcome
problems of probe ringing, thereby allowing the spectra to be
phased correctly. The spectra were referenced - externally- to
H,0O (0 ppm). Typically each spectrum was the result of
50 000—100 000 co- addcd scans and took ca. 24 h to collect.

EXAFS spectroscopy

Ti K-edge EXAFS data were collected in transmission mode
on station 8.1 at the Daresbury Laboratory SRS using a
Si[111] crystal monochromator and 50% harmonic rejection.
Ionisation chambers, filled with a mixture of Ar—He or Kr-He
at appropriate partial pressures to optimise detector sensitivit-
ies, were placed in the beam path before and after the sample
Finely ground samples were diluted in boron nitride to give a
satlsfactory edge junip and absorptlon Typically, each EXAFS
spectrum Was the sum of three 45 min scans. .

Results and data analysis
FTIR spectroscopy

Flg l(a) and (b) show the lR spectra of the (Ti0,),(Si05); -
xerogels unheated and after-heating to 750°C, respectively.
Thé peaks in these spectra have been assigned according to
the literature. The broad band in the region 36003000 cm™*
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,Flg 1 (a) FTIR spectra of unheated xerogels [x refers to
- (T102)x(8102)1 -] and (b) FTIR spectra of xerogels heated to 750 °C.

corresponds to the fundamental stretching vibfatwns of differ-
ent hydroxy groups.!! The band at 3590 cm™* is mainly due
to stretching vibrations involving Si~OH groups ‘and the band
at 3350 cm ™' corresponds to adsorbed. water. The band at
1610 cm™? is ass1gned to.the H~-O-H bending.vibration of
water. The peaks,at 1160, 1070 and 800 cm T * are characteristic
of a silica. network; -the bands at. 1160, and 1070 cm™* are
ascribed to- the LO and- TO_ components ‘of the asymmetric
stretch. of the SiO, unit, respectively, and the feature at
800 cm ™, is due. to-the, Symmetric stretch of the SiO, unit.*?
The shoulder.at 980 em” L is, made up .of contributions- from
Si-(OH) stretches and a Si~O-Ti yibration. 13 The sharp bands
at 2970, 2930 1580,, 1430,, 1360,,1280, 1190, 1020, 930 and

. 660 cm ™! in the room temperature spectra are due to acetyl-

acetone. hgands remalmng in the samples

MASNlV[R

The 2Si MAS NMR spectra wete deconvolved by Gaussian
fitting "using Spirisight 3.02 software; three"signals could be
distinguished “at "—92, —101 and —110 ppii with varying
intensities. Each resonance’ represents a- specxﬁc degree of

Si-0-Si polymensa‘uon ‘The "—92'ppm signal arises from Si
sites ifi & Q? configuration; and the 101 and —110 ppm
signal arise from Q* and'Q* configirations, respectively (Q"
denotes a 8i0, unit with # bridging oxygens'#). The résults of
the Gaussian fittihg are siimmarised in Tablé 1. Fig. 2 shows
the: 2°Si NMR~ ddata and péak deconvolutionr for the
(TiO,),. 18(5102)0 82 sa.mple and clearly”illustrates a shJ.ft to
higher average Q species with heat tréatment. -

‘The 170 MAS NMR spectra of enriched (TiO;)g.18(Si02)0.52
and (Ti03)y 41(Si0,)s.50- samples are shown in Fig. 3 and 4,
respectively. The spectra are dominated by a-resonance which
peaks at-0 ppm and shows structure at: negative shift due to
the - quadrupole - interaction:*> This- resonance has spinning
sidebands from the MAS process:at —325 and 350 ppm: There
is:a second distinct-resonance at-250 ppm -and. at the lower
temperatures. there is clearly -intensity - between the 0 and
250 ppm- peaks: In the unheated samples this shows up as a
clear peak at 110 ppm..These signals at-110 and 250 ppm
represent oxygens located in Ti-O-Si bridges.*® By comparison
with. the 170 signal from Ti-O-Si linkages at 190 ppm in the
mineral fresnoite.-(Ba,TiSi,0;)° and ‘at. 160 ppm in. titanite
(CaTiSi,05);!" the signals at. 110 and;250 ppm have been



















