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1H and Sn NMR results indicate that, when Ph3;SnOH is dissolved in CD,Cl,, it dehydrates to
(Ph3Sn),0, only a small amount of Ph3SnOH remaining in equilibrium at room temperature. As
a result, the reaction of TiCly; with Ph3SnOH in CH,Cl, proceeds via hydrolysis of the halide to
precipitate amorphous TiO, that contains adsorbed organotin species. Calcination of the amorphous
precursor to 723 K yields nanoparticles of tin-doped TiO, photocatalysts, that contain anatase and
rutile phases, and may also contain a segregated SnO; phase. The reaction conditions that lead to the
formation of a SnO; phase have been studied and we have found that itis formed when the amorphous
precipitate is not thoroughly washed with CH,Cl, or when non-recrystallized commercial Ph3SnOH
is used as a starting material. The catalysts obtained have a high activity for the photooxidation
of toluene in the gas phase. In particular, a material obtained from non-recrystallized Ph3SnOH is
particularly promising because the toluene photooxidation rate is more than twice as high as when
using Degussa P25. Copyright © 2005 John Wiley & Sons, Ltd.
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INTRODUCTION

Trimethyltin fluoride has been widely used by Roesky’s
group for the preparation of metallic and organometallic
fluorides by means of halide metathesis reactions.! Bearing
in mind that triorganotin hydroxides are isoelectronic
with the corresponding fluorides, they could give rise
to similar nucleophilic substitution reactions leading to
metallic hydroxides. Indeed, three decades ago, Zuckerman
prepared Sn(OH), by reaction of SnCl, with triphenyl-
and trimethyl-tin hydroxide,4 and later DuMont used a
similar reaction to transform M(CO);SnCl, - THF (M = Cr,
W) into M(CO);Sn(OH),.> Hydroxide exchange has also been
observed in the reaction between Me;Al and Ph3SnOH.®
Because of the high polarizing power of cations in high
oxidation state, their hydroxides are expected to dehydrate
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spontaneously to the corresponding oxides, and the reaction
of TiCly with Ph;SnOH in organic solvents was expected to
proceed according to the following equation:

TiCly + 4 Ph3SnOH —— TiO; + 2H,0 +4 Ph;SnCl (1)

It is known that Ph;SnCl adsorbs on the TiO, surface,”
and adsorption should be enhanced for small amorphous
TiO, particles precipitating from an organic solution with
a high content of triphenyltin compounds. Accordingly,
reaction (1)in CH,Cl, leads to amorphous TiO, with
adsorbed organotin compounds which give rise to nanosized
Ti;_+Sn,O, crystalline materials by thermal or hydrothermal
treatments.®?

Heterogeneous photocatalysis is an efficient technique
for the elimination of organic pollutants, both in aqueous
solution and in the gas phase, and titanium dioxide is the
most widely used photocatalyst because of its relatively high
photoactivity, its stability under operation conditions and
its low cost and toxicity.'®!! The anatase phase generally
has much higher photocatalytic activity than rutile, but
anatase/rutile contacts may increase the activity, as in
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the case of P25 (Degussa) which is often considered
as a benchmark in photocatalysis.”> Among the different
approaches to improve the photoactivity of TiO,, there is
current interest in the SnO,-TiO, system!?"*' and in tin-
doped TiO, materials.®*?-2* The nanocrystalline samples
obtained by calcination of the amorphous precipitate obtained
in reaction (1) contain the anatase and rutile TiO, phases
and show a high activity for the photocatalytic oxidation of
methylcyclohexane in the gas phase.® Nevertheless, some of
the prepared samples contained an SnO, (cassiterite) phase,
in addition to anatase and rutile, and showed a reduced
activity for the photocatalytic degradation of chlorsulfuron, a
sulfonylurea herbicide, in aqueous solution.? Therefore, it is
important to control the factors that lead to the appearance
of a SnO, phase in the Ti;_.5n,O, photocatalysts obtained by
means of reaction (1).

Another factor concerning the mechanism of reaction (1) is
the integrity of PhsSnOH in CH,Cl, solution, because tri-
organotin hydroxides and oxides may exist in equilibrium.”
Although reports on the solution "Sn NMR spectra of
Ph3SnOH do not talk about dehydration, the reported chemi-
cal shift data in non-coordinating solvents (between —82.5and
—86 ppm)*?¥ are very close to those reported for (Ph3Sn),O
(between —83.1 and —85.5 ppm).8~% In this work, we have
studied the °Sn NMR spectra of Ph3SnOH in CD,Cl, solu-
tion at different temperatures and gained insight into the
mechanism of reaction (1). In addition, we have checked
the factors that influence the segregation of a SnO, phase
in the obtained Ti;_Sn,O, crystalline materials and stud-
ied their catalytic activity for the photocatalytic oxidation of
toluene into CO, and water in the gas phase. Toluene was
selected because it is thought to be an important constituent
of emissions in urban atmospheres and the photocatalytic
oxidation of aromatic compounds is slow in comparison to
other organic compounds, so that better catalysts are required
for the degradation of this kind of pollutants.3!-3?

EXPERIMENTAL

Synthesis of the photocatalysts

Triphenyltin hydroxide (Aldrich) was recrystallized from
distilled 96% ethanol and the crystalline colorless needles
were characterized by IR spectroscopy.®®* The insoluble
residue of the recrystallization was washed several times with
ethanol and characterized essentially as Ph,SnO by Raman
spectroscopy and elemental analysis. For the synthesis of
the tin doped TiO, photocatalysts, both recrystallized and
non-recrystallized Ph;SnOH samples were used. In a typical
preparation, a solution containing 120 mmol of Ph;SnOH
in 380 ml of dry CH,Cl, was prepared by refluxing the
mixture under an argon atmosphere (while clear solutions
were obtained for recrystallized Ph3;SnOH, some turbidity
was observed for the non-recrystallized samples). After
cooling to room temperature, a solution of 27.3 mmols of
TiCly (Aldrich) in 10 ml of dry CH,Cl, was added drop by
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drop, under argon, to the stirred organotin solution, and a
white precipitate appeared immediately. The mixture was
stirred at room temperature for 16 h and the solid was
filtered off, washed with six portions of CH,Cl,, dried in
air and ground in an agate mortar. The white amorphous
powder was calcined in air at 723 K for 3 h, yielding the
nanocrystalline materials. Evaporation of the CH,Cl, filtrate
yielded almost the theoretical amount of triphenyltin chloride
that was characterized by IR spectroscopy.®®* TiSnT1 and
TiSnAl are representative samples when recrystallized and
non-recrystallized PhsSnOH, respectively, are used in the
above-described procedure. The sample of TiSnBl was
obtained when recrystallized Ph;SnOH was used, but the
amorphous white precipitate was not thoroughly washed
with CH,Cl,.

Analytical methods and physical techniques
%Sn NMR spectra were obtained with saturated CD,Cl
solutions of Ph3SnOH (ca 0.35 M at room temperature) with a
Bruker DRX-500 (at 298 and 223 K) and a Bruker AMX-300 (at
198 K), operating at 186.48 and 111.91 MHz, respectively. 'H
NMR spectra were recorded at room temperature in CD,Cl,
solution on a Bruker AMX-300 spectrometer operated at
300.14 MHz. Chemical shifts are referenced to SnMe, for 1'°Sn
and SiMe, for 'H. Infrared spectra were recorded on a Perkin-
Elmer 1650 FT-IR instrument, using KBr pellets. Raman
spectra were measured at room temperature on a Bruker
RFS-100 FT-Raman instrument, usingan Nd-Y—-Ag laser (A =
1064 nm), or a Renishaw Ramascope 2000 microspectrometer
with an Ar laser (A = 514.5 nm). The microanalyses (C, H
and N) were carried out with a Perkin-Elmer 2400 CHN
elemental analyzer. The tin content was determined by
X-ray fluorescence, using a TXRF Extra-II Rich & Seifert
instrument, or by ICP spectroscopy, in a Perkin-Elmer
Optima 3300 DV equipment, selecting A = 189.297 nm. The
phase composition and particle size of the materials were
characterized by powder X-ray diffraction using a Seifert XRD
3000P diffractometer and nickel-filtered Cu K, radiation. The
primary particle size was estimated from line-broadening by
means of the Scherrer equation. The surface area (BET) of the
materials was measured by nitrogen physisorption at 77 K in
a Micromeritics 2100 apparatus.

Photocatalytic activity tests

The photocatalytic activity for the gas-phase oxidation of
toluene was tested in a continuous flow annular photoreactor
that has been described elsewhere.’! The photoreactor was
made of two concentric Pyrex tubes, and a slurry of the
catalysts powder in ethanol was spread on the external surface
of the inner glass tube, and dried at room temperature to
form a relatively uniform coating. The reactant mixture was
prepared by injecting ca. 700 ppmv of toluene (Panreac,
99%) with a syringe into a wet oxygen flow (ca. 75% relative
humidity) that passed between the two tubes. The reactor was
illuminated by four external UV lamps (Sylvania 6WBLB-T5,
6 W). Regular analyses of the outlet gas flow were carried
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out by means of a Hewlett Packard GC-MS, using a HP-5
(0.25 mm x 30 m) capillary column and the SIM mode of the
detector.

RESULTS AND DISCUSSION

Solution of Ph3SnOH in CH,Cl; and reaction
with TiCly

The Sn NMR data for saturated solutions of Ph;SnOH
in CD,Cl, are shown in Table 1. At 298 K most of the tin-
containing molecules (integral area 92%) are (Ph3Sn),0,
as demonstrated by the observation of '7Sn satellites. The
2J("9Sn-1"Sn) coupling constant (423.4 Hz) is in the range
reported for (Ph3Sn),O in other non-coordinating solvents
(410.8-440.2 Hz),#-* and very close to that reported in
the solid state (421 Hz).*® The small signal at —87.1 ppm
(integral area 8%) must correspond to Ph3SnOH with a
monomeric tetrahedral structure, in contrast to the polymeric
penta-coordinated solid state structure, with bridging OH
groups,’®¥ that give rise to 8o = —298 ppm in the solid-
state 1°Sn NMR spectrum.®® The chemical shift of the
molecules in equilibrium with Ph;SnOH (—84.4 ppm) is in
the range reported for (Ph3;Sn),0 in other non-coordinating
solvents (between —83.1 and —85.5 ppm),?~* while solid-
state spectra show two different tin signals, at 8;s, ca. —76 and
—81 ppm,*¥ in agreement with the two crystallographically
independent tetra-coordinated tin atoms found in the crystal
structure determination.®” When the temperature is lowered
to 223 and 198K (see Table 1), the signal corresponding
to PhsSnOH disappears, while the signal corresponding to
(Ph3Sn),O shifts downfield and 2J(**Sn—1"Sn) decreases.
This is consistent with a small decrease in the Sn—O-Sn angle
as the temperature is lowered, according to the published
correlation with 2J(11°Sn-11Sn) %

The 'H NMR spectrum of CD,Cl, (Aldrich) shows a small
singlet at 1.52 ppm corresponding to dissolved water. When
Ph3SnOH is dissolved, the peak appears at 1.54 ppm and its
intensity increases in ca. 1 H in relation to the 15 phenyl
protons. In connection with the Sn NMR results, it can
be interpreted in terms of dehydration of Ph3SnOH and
fast exchange of the water protons with the OH of the

Table 1. "°Sn NMR spectra of PhgSnOH in CD,Cl, solution

T (°K) Species 8 (ppm) 2J(1Sn-119Gn) (Hz)?

298 Ph;SnOH —87.1° —
(Ph3Sn),O¢ —84.4 423.4

223 (Ph3Sn),O° —-80.9 389.7

198 (Ph3Sn),0O° -79.3 378.1

2 Obtained by multiplying 2J(11°Sn-117Sn) with y (*1Sn)/y (}'Sn) =
1.0462.

b Integral area 8%.

cl ] (1195n-13C) (ca. 626 Hz) does not show any significant tempera-
ture dependence.
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small amount of Ph;SnOH in equilibrium with (Ph3;Sn),0.
Therefore, the 'H and '°Sn NMR results indicate that, when
Ph3SnOH is dissolved in CD,Cl,, it dehydrates according to
equation (2), only a small amount of Ph;SnOH remaining in
equilibrium at room temperature.

4 Ph;SnOH = 2 Ph;SnOSnPh; + 2H,0 )

At 223 and 198 K, the water in the solvent freezes out so the
equilibrium is completely shifted to the right. Old reports on
the IR spectrum of Ph;SnOH solutions in anhydrous CS, or
CCly also point to dehydration,?#! and equilibrium between
the hydroxide and the oxide has also been detected for other
triaryltin species.*** Consistently with the dehydration of
Ph3;SnOH when dissolved in CH,Cl,, we have found that
the solid obtained by evaporation of Ph3SnOH solutions in
CH,Cl, has an IR spectrum corresponding to (Ph;Sn),0.%
Therefore, reaction (1) does not proceed by direct hydroxide
exchange but is the result of reactions (2)—(4), the hydrolysis
of TiCly [reaction (3)] being the origin of TiO,:

TiCly 4+ 2H,O —— TiO, + 4 HC1 3)
2 Ph3SnOSnPh; 4+ 4 HCl —— 4 Ph3SnCl 4+ 2H,O  (4)

The organotin compounds adsorbed on the surface of
amorphous TiO, may be changing as the reactions proceed
because initially there is a large amount of (Ph3Sn),O that
later reacts with HCl according to equation (4), while at the
end of the reaction, there is a large amount of Ph;SnCl.

Structural characteristics of the photocatalysts

The powder X-ray diffraction (XRD) patterns of the obtained
photocatalysts are shown in Fig. 1 with those corresponding
to the reference materials TiO, P25 and SnO,. All three
catalysts contain anatase and rutile, but TiSnAl and
TiSnB1 also contain a segregated SnO, phase. When non-
recrystallized Ph3SnOH was used as starting material, the
XRD pattern of the final photocatalyst (TiSnAl) also shows
small peaks corresponding to the (2 0 0) and (2 2 0)
reflections of NaCl. This impurity comes from the commercial
Ph;SnOH, suggesting that is was prepared from Ph;SnCl and
NaOH, but not completely washed with water. The Raman
spectra displayed in Fig.2 show the peaks corresponding
to anatase,** while the presence of rutile is hardly seen in
the small shoulder at 609 cm™ and the weak broad band
at 443 em~1,* and SnO, is not observed at all because its
main features* are overlapped with stronger anatase peaks.
The main structural characteristics of the prepared materials
are summarized in Table 2. When we considered the factors
contributing to the formation of a separate SnO, phase, we
found that, every time that the reaction was carried out using
recrystallized Ph;SnOH and the amorphous white precipitate
was thoroughly washed with CH,Cl, as detailed in the
experimental section, we obtained a material (represented
by TiSnT1) that contained anatase and rutile but not a SnO,
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Figure 1. Powder X-ray diffraction patterns of P25 (Degussa), SnO. (Probus) and the obtained tin doped photocatalysts (A, anatase;
R, rutile). Peaks due to NaCl, that appear when commercial non-recrystallized PhzSnOH is used (see text) are marked with an

asterisk.
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400

Raman shift (cm™)

Figure 2. Raman spectra of the studied materials: TiSnT1 (a), TiSnA1 (b) and TiSnB1 (c) (A, anatase; R, rutile).

(cassiterite) phase. This phase appears when the amorphous
solid is not thoroughly washed with CH,Cl, (as in sample
TiSnB1) or when non-recrystallized Ph3SnOH is used in
the reaction (as in TiSnAl). The adsorption of organotin
compounds on the surface of precipitating amorphous TiO,
particles in reaction (1) leads to nanocrystalline Ti;_Sn,O,
materials, with anatase and rutile phases, after calcination

Copyright © 2005 John Wiley & Sons, Ltd.

in air.3 When the amorphous solid is not well washed with
CH,Cl,, additional Ph3SnCl is deposited on the solid when
the solvent is evaporated, and calcination gives rise to the
SnO; phase. Indeed, we have calcined Ph3SnCl in air at 723 K
and obtained SnO,.

In order to determine the origin of the SnO, phase
in TiSnAl, we attempted to identify the nature of the
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Table 2. Structural characteristics of the photocatalysts

Sn content SBET Crystalline Particle
Sample  (mass %) (m? g™ phases size (nm)
TiSnT1 11 36 Anatase 29
Rutile 6
TiSnA1l 20 41 Anatase 26
Rutile 6
SnO, 5
TiSnB1 23 36 Anatase 18
Rutile 9
Sl’l02 9
P25 — 44 Anatase 23
Rutile 34
SnO, 79 4 Rutile type 84

insoluble impurity in commercial Ph3SnOH that gives rise
to some turbidity when it is dissolved in CH,Cl,. For that
reason, we washed with ethanol the insoluble residue of
the recrystallization until no more solid was dissolved.
After drying in air at room temperature, the impurity was
characterized as essentially Ph,SnO by Raman spectroscopy
and elemental analysis. Indeed, Ph,SnO had been previously
reported as an impurity of PhySnOH.*® Therefore, when non-
recrystallized Ph;SnOH is used in reaction (1), Ph,SnO is
co-deposited with the precipitating amorphous TiO, particles
and organotin compounds are adsorbed on the surface of
both solids. Calcination of Ph,SnO gives rise to the SnO,
phase, while calcination of the TiO, particles, with adsorbed
organotin compounds, gives rise to the anatase and rutile
phases of Ti;_,Sn,O,. In short, an SnO, phase appears by
calcination of a bulk organotin compound, Ph35SnCl in the

Main Group Metal Compounds m

case of a poor washing with CH,Cl, (sample TiSnB1) or
Ph,SnO in the case of non-recrystallized Ph;SnOH (sample
TiSnA1l), while calcination of organotin compounds adsorbed
on the surface of amorphous TiO, particles does not give rise
to SnO,, but to tin-doped TiO,.

Photocatalytic activity for the oxidation of
toluene

Figure 3 plots the toluene conversion rates per unit of cat-
alyst surface (measured after reaching the steady state) for
the different catalysts reported in Table 2. As expected, SnO,
shows no measurable activity because of the inability of the
photogenerated electrons to reduce oxygen,'®!#?? and it has
not been included in the figure. Among the tin-containing
TiO,-based catalysts, TiSnB1 (with a SnO, phase) and TiSnT1
(without SnO,) display a high catalytic activity that is similar
to that found for P25, the material that is often considered
as a benchmark in photocatalysis. Nevertheless, TiSnA1 (also
containing an SnO, phase) has an outstanding catalytic activ-
ity for the photooxidation of toluene in the gas phase with
an oxidation rate more than twice as high as that correspond-
ing to P25. It is interesting to note the different behaviour
of samples TiSnAl and TiSnB1, reflecting the importance of
the method used to incorporate a SnO, phase into the final
material. Bearing in mind that the photocatalytic oxidation of
aromatic compounds is slow in comparison to other organic
compounds, and better catalysts are required for the degra-
dation of this kind of pollutants, TiSnAl is a very promising
material and further studies are currently under way.

CONCLUSIONS

The reaction of TiCly with Ph3SnOH in CH,Cl, proceeds to
the formation of tin-doped TiO, photocatalysts by means of

reaction rate (mol s 'm”~ x 10%

0.0

TiSnA1 TisSnT1

TisnB1 Tio2 P23

Figure 3. Gas phase toluene degradation rate after reaching the steady state for the studied photocatalysts.
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dehydration of Ph;SnOH and hydrolysis of TiCly to amor-
phous TiO; that contains adsorbed organotin compounds and
gives rise to the final materials by calcination in air at 723 K.
The tin-doped photocatalysts contain the anatase and rutile
phases, but not a segregated SnO, phase, unless the amor-
phous precipitate is not thoroughly washed with CH,Cl, or
non-recrystallized PhsSnOH is used in the reaction. A mate-
rial that contains a SnO, phase, in addition to anatase and
rutile, and displays a surprisingly high catalytic activity for
the photooxidation of toluene in the gas phase is obtained
from non-recrystallized Ph;SnOH that contains Ph,SnO.
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