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Last year, more than 10000 publications were devoted
to titanium dioxide (TiO,), and among them, more than
500 dealt with nanoparticles and nanostructure aspects of
this material. Owing to its unique properties, TiO, has
attracted tremendous interest for environmental and en-
ergy applications,' including photocatalysis,> water-split-
ting® and photovoltaic conversion.**Accordingly, much
effort has been devoted to finding new synthetic routes to
TiO, nanoparticles. Since the first report by Colvin’s group
on the nonhydrolytic synthesis of titania anatase nanocryst-
als by reaction of titanium(IV) isopropoxide (Ti(O'Pr),)
with titanium(IV) chloride (TiCly) in the presence of trioc-
tylphosphine oxide,” nonhydrolytic (or nonaqueous) sol—
gel routes® have been found to provide particularly versatile
and cost-effective methods for the synthesis of metal oxide
nanoparticles with various structures, sizes and shapes. Sev-
eral reviews have been recently dedicated to this topic.” !
Nonhydrolytic routes have been found particularly useful
to address several drawbacks of hydrolytic sol—gel, such as
high and different hydrolysis—condensation rates of metal
alkoxides, particle agglomeration and poor crystallinity of
the crude precipitates.

Thus, TiO, nanoparticles have been prepared by different
nonhydrolytic routes involving the reaction of titanium(I'V)
chloride or alkoxide precursors with various oxygen
donors."' ™! In most cases, these syntheses were carried
out in the presence of surfactants (e.g., trioctylphosphine
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oxide, oleic acid or octylamine) in order to prevent the
aggregation of the nanoparticles. These routes offer an
excellent control over size and shape, but adsorbed surfac-
tant may influence the toxicity of the nanoparticles and
decrease both the accessibility to the nanoparticle surface
and also its reactivity, which is a major drawback for appli-
cations in sensors or catalysis.">~!7 In 2002, Niederberger
et al. reported an elegant synthesis to TiO, nanoparticles in
which benzyl alcohol is used as an oxygen donor, a solvent
and a stabilizing agent."® This “solvent-controlled” route
was later extended to the synthesis of a large variety of metal
oxide nanoparticles.'!

In this work we report the synthesis of TiO, anatase
nanocrystals by reaction at 80—150 °C of TiCl, with a
stoichiometric amount of diisopropyl ether (‘Pr,O) in
dichloromethane (eq 1), in the absence of surfactant or
coordinating solvent. This nonhydrolytic route (the so-called
“ether route”) has recently proven successful for the pre-
paration of mesoporous mixed oxide catalysts,'”*° and
silica-based nanoparticles.”’ We have previously reported
the synthesis of TiO, powders by this route,>** but it has not
been used so far to prepare titania nanoparticles. The novel
results presented here show that heating dilute solutions of
TiCl, and "Pr,O in CH,Cl, leads in high yields (> 80%) to
phase-pure, unaggregated anatase nanoparticles, as sols
or redispersible powders. In addition, the average size of
the nanoparticles can be adjusted from about 4 to 15 nm
depending on the reaction temperature. Interestingly, the
surface of these nanoparticles present residual chloride and
isopropoxide groups instead of hydroxyl groups. This un-
ique surface chemistry accounts for the observed absence of
aggregation and for the reactivity of the particles, for
instance toward surface silanols or phosphonic acids, afford-
ing simple ways to form nanoparticles monolayers or to
modify the surface of the particles with organic groups.

80 — 150°C
CH,Cl,

TiCly +2'Pr,0 TiO, +4PrCl (1)
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Figure 1. TEM images (400 x 400 nm) of nanoparticles of (a) TiO,80,
(b) TiO,110, and (c)TiO,150 and corresponding size distributions.

In a typical synthesis, TiCl; and ‘Pr,O in CH,Cl, were
reacted in a sealed Pyrex tube for 60 hat 80 °C, 110 or 150 °C
(see Supporting Information). The sealed tube was then
opened in a glovebox and the resulting white precipitates
were centrifuged and washed with CH,Cl,. The samples
are denoted TiO,X, where X is the reaction temperature
(°C). The yield of the syntheses (based on the weight of
oxide after calcination of the precipitates) was excellent,
>80% in all cases.

The precipitates obtained after washing and gentle
drying at room temperature could be redispersed in
anhydrous THF even after several weeks of storage in
inert atmosphere. Moisture or drying at high temperature
must be avoided, as they may trigger condensation reac-
tions leading to irreversible aggregation. TEM images of
diluted sols deposited on a grid (Figure 1) revealed in all
cases the presence of perfectly dispersed spherical nano-
particles. The size of the particles and also the width of the
particle size distribution increased with the reaction
temperature. The specific surface area of particles is given
in Table 1. The value found for TiO,80 (440 m? g™ ) is
among the highest reported for TiO, powders.'3?*?° The
XRD patterns of the crude samples (Figure 2) exhibited
reflections corresponding to anatase, no trace of rutile or
brookite being detected. The crystallite sizes estimated
from the broadening of the (101) reflection using the
Debye—Scherrer’s equation were close to the particle
sizes derived from the specific surface area calculation,
confirming that the particles are nonporous anatase
nanocrystals with sizes ranging from about 5 to 15 nm
depending on the reaction temperature (Table 1).

The excellent dispersibility of the nanoparticles in
organic medium is remarkable, particularly for a synth-
esis in the absence of surfactant or coordinating solvent,
and allows to prepared solution of nanoparticles in THF
(0.3% by weight). As previously reported for nonhydro-
lytic silica-based nanoparticles,*' this has to be related to
the surface chemistry of the particles resulting from the
reactions involved in the synthesis. Here, this implies
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Table 1. Specific Surface Area of the Nanoparticles Deduced from
Porosimetry Measurements and Sizes Estimated from the Specific Surface
Area and XRD Patterns

Sample SgeT” (m2 gil) DBETb (nm) Dxgrp‘ (nm)
TiO,80 430 3.6 3.8
TiO,110 170 9.1 9.5
TiO,150 105 14.7 16.3

@ Specific surface area. ® Particle size derived from the specific surface
area, according to Dggr = 6000/(pSggt) Where p is the anatase density
(3.9). “Crystallite size estimated from the broadening of the (101)
reflection using the Debye—Scherrer’s equation.
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Figure 2. Powder XRD patterns of the nanoparticles.
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Figure 3. Transmission FTIR spectra of the nanoparticles of TiO, and
of TiO,80 sample after exposure to ambient humidity for 30 min.
The vibrations indicated by arrows are discussed in the text.

organophilic residual Ti—Cl and Ti—O'Pr groups instead
of hydrophilic Ti—OH groups (eqs 2 and 3):

Ti— Cl 4 'Pr,O — Ti— O'Pr + 'PrCl (2)

Ti— Cl+Ti— O'Pr — Ti— O—Ti+'PrCl  (3)

Indeed, the FTIR spectra of the nanoparticles (Figure 3)
demonstrated the absence of hydroxyl groups (broad band
between 3700 and 3200 cm ). In the case of TiO,80, vibra-
tions at 1106—1010, 1375—1385 cm™', and 2975 cm™'
(C—0, Ti—O0, and CHj3 deformations and C—H stretch-
ings) indicate the presence of O'Pr groups.?® These bands
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Table 2. Composition and thermal analysis of the nanoparticles

sample ~ Ti—Cl* C” TGA weight loss® average formula’
Ti0,80 3.4 7.9 18.0 TiO; 75('Pr)9 2:Clo 34
TiO,110 22 4.7 14.0 TiO 54('Pr)o.12Clo 20
T1021 50 1.0 3.7 13.2 Tiolvgl(lpr)oﬂogcloyog

“Hydrolyzable Ti—Cl content measured by acid—base titration
(mmol g !). ?C content measured by ICP-MS (wt%). ¢ Weight loss
(%) between 20 and 800 °C measured by thermogravimetric analysis in
dry air flow (heating rate 10 °C min~") (%).  Composition derived from
the Cl and C contents assuming the presence of Ti—Cl and Ti—O'Pr
groups.

are almost not detected on the samples prepared at higher
temperature, possibly due to their lower surface area and/
or to side reactions. The UV—vis spectra of the particles
redispersed in THF (see Supporting Information) showed
the expected strong absorption due to anatase below ca.
350 nm. In addition, the spectrum of TiO,150 displays less
intense bands in the visible region, which also suggests the
occurrence at high temperature of side reactions leading to
unsaturated organic compounds.

Exposure of the nanoparticles sols to ambient humidity
leads after few hours to the irreversible formation of a soft
gel. Similarly, exposure of the dried nanoparticules for
30 min lead to the evolution of HCI (confirming the
presence of hydrolyzable Ti—CI groups) and to the forma-
tion an insoluble solid. FTIR spectroscopy of the resulting
solid showed the presence of hydroxyl groups (Figure 3)
and to the disappearance of the bands related to O'Pr
groups. The amount of Ti—CI groups (determined by
acid—base titration), the carbon content of the nanopar-
ticles and the weight losses found by thermogravimetric
analysis (Table 2) demonstrate that the amount of residual
groups increased with the surface area of the particles.

The presence of Ti—Cl and Ti—O'Pr surface groups
instead of hydroxyl groups makes the surface organophi-
lic, and the negligible rate of nonhydrolytic condensation
at room temperature prevents the aggregation of the
particles (in the absence of water).

Furthermore, this surface chemistry and the absence of
surfactant or bulky stabilizing groups make these TiO,
nanoparticles very reactive. For instance, the *'P MAS
NMR spectrum of TiO,80 nanoparticles reacted with
octadecylphosphonic acid (ODPA) in THF (see Support-
ing Information) showed a signal centered at 30 ppm, as
expected for the surface modification of anatase with
an alkylphosphonic acid.?” This spectrum indicates that
octadecylphosphonate groups are linked to the surface by
Ti—O—P bonds, most likely resulting from the condensa-
tion of P—OH groups with surface Ti—Cl and T-OPr
groups.

The chloride and alkoxide groups at the surface of the
particles can also condense with silanol groups allowing
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Figure 4. (a) AFM image of the surface of a silicon wafer after dipping
for 2 hin a TiO,80 sol in THF and (b) corresponding height distribution.

the grafting of the nanoparticles at the surface of an
hydroxylated substrate. Thus, the AFM image of an
oxidized silicon wafer immersed in a sol of TiO,80 nano-
particles in THF (0.3 wt % TiO,) for 2 h at 25 °C reveals
that a single monolayer of nanoparticles was irreversibly
grafted onto the wafer surface (Figure 4).

The self-limiting aspect of this grafting can be ascribed
to the absence of Ti—Cl/Ti-O'Pr condensation (at room
temperature and in the absence of water) which prevents
the formation of multilayers by reaction of nanoparticles
with the first layer. Finally, the resulting TiO, coating can
be further modified with ODPA, leading to an hydro-
phobic surface with a water contact angle of ® = 102°.

As a conclusion, the results reported here demonstrate
that the reaction of TiCl, with a stoichiometric amount of
"Pr,0 in the absence of surfactant or coordinating solvent
offers a convenient route to single-phase anatase nano-
particles. The average size of the nanoparticles can be
easily adjusted between about 4 to 15 nm by playing on
the reaction temperature. The nanoparticles are not
hydroxylated but appear covered with TiO'Pr and/or
TiCl groups. This surface chemistry accounts for three
important points: the lack of aggregation, their dispersi-
bility in organic medium, and their reactivity toward
water, phosphonic acids, or silanol groups. The absence
of nonhydrolytic condensation at room temperature pre-
vents the aggregation of the particles and allows the self-
limiting grafting of nanoparticle monolayers. The excel-
lent yield and the simplicity of the synthesis, which can be
easily scaled to prepare multigram quantities of TiO,
nanoparticles, is also worth noticing.
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