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ABSTRACT: TiO, nanoparticles were prepared with
strict control of the size, molecular mass (PDI = 1.02),
and mass density by hydrolyzing a precursor, Ti-
(acac),(biphen), in the presence of a well-defined hollow
Pd,L,, spherical endotemplate. The formation of highly
monodisperse TiO, nanoparticles was confirmed by 'H
NMR spectroscopy, MALDI-TOF mass spectrometry,
transmission electron microscopy, and atomic force
microscopy. The template was easily removed by treating
the sphere with a metal scavenger followed by calcination
to give crystalline TiO, nanoparticles (2.0 + 0.2 nm in
diameter), which showed photocatalytic activity.
T itania (TiO,)" is a well-known photocatalyst with various
applications ranging from water splitting to the
decomposition of pollutants and use in self-cleaning surfaces.”
Controlling the size of TiO, particles on the nanometer scale,
particularly below 3 nm, is an important task in this field
because the band gap of TiO, nanoparticles is highly sensitive
to the size of the nanoparticles because of the quantum size
effect.>*® TiO, particles on a nano-to-micrometer scale are
normally prepared within micelle templates; however, the sizes
of these templates are considerably dispersed.® Recently, strict
size control of TiO, nanoparticles with diameters of ~1 nm was
achieved using a dendrimer template,® but this method required
the tedious synthesis of the template. In this work, we
succeeded in the templated synthesis of <3 nm TiO,
nanoparticles with strict control of the size and molecular
mass by using a self-assembled M,L,, spherical complex’ as a
template (Figure 1). Moreover, the mass density of the TiO,
nanoparticles could also be controlled. Silica nanoparticles were
previously synthesized within the same template, but the
removal of the template without particle fusion was
impossible.8 In contrast, the coordination shell around the
TiO, nanoparticles could be removed easily by treating the
complex with a metal scavenger followed by calcination. After
calcination, the template-free TiO, was shown to exist as size-
defined crystalline nanoparticles (2.0 + 0.2 nm in diameter),
which were active for the photocatalytic degradation of an
organic dye.

Ligand 1 was synthesized according to the reported method®
and assembled into sphere 2 upon complexation with Pd(II).
The sugar pendant of 1 is essential to make the interior of 2
hydrophilic and to trap hydrolyzed TiO, precursors therein.
Thus, ligand 1 (14 pmol) was treated with Pd(NO;), (7.07
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Figure 1. (a) Structures of 1 and 2. Yellow spheres in sphere 2 denote
Pd(II) ions. (b) Schematic representation of the synthesis of TiO,
nanoparticles.

umol) in dimethyl sulfoxide (DMSO) (0.70 mL) at 50 °C for 2
h to give a DMSO solution of Pd;,L,, sphere 2 (0.83 mM). A
portion of the DMSO solution (0.15 mL) was diluted with
chloroform (2.85 mL) to make the outer environment of
sphere 2 hydrophobic.

To this solution, a trace amount of water (0.8 L) was added,
and the most common TiO, precursor, Ti(OPr), (96 equiv),
was added in one portion. The trace water content was essential
to promote the hydrolysis of the precursor. Under the
conditions, however, TiO, was formed not within sphere 2
but in the bulk solvent, resulting in the formation of a TiO,
suspension (Figure SS in the Supporting Information).
Presumably as a result of the high hydrolysis rate of Ti(O'Pr),,
the condensation reaction proceeded outside sphere 2 before
the precursors were trapped in the interior.

This result prompted us to employ other TiO, precursors
with lower hydrolysis rates. After screening several precursors
and condensation conditions, we finally found that the
condensation proceeded only within the sphere, without the
precipitation of bulk TiO,, when Ti(acac),(biphen)® (3) (acac
= acetylacetonate, biphen = 2,2"-biphenoxide) was employed as
a precursor with a trace amount of water. The rate of hydrolysis
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Figure 2. '"H NMR (500 MHz, 300 K, 19:1 CDCl;/DMSO-d;)
observation of the synthesis of TiO, nanoparticles within 2: (top to
bottom) before addition of 3 and 1, 3, 5, and 10 days after beginning
the addition of 3 at an addition rate of 1.0 equiv/h.

—e—c—

of 3 is much lower than that of Ti(O'Pr), because of the
chelation of the biphen and acac ligands on the Ti atom.
Experimentally, very slow addition of 3 to the solution of 2
using a syringe pump was important to suppress completely the
condensation outside the sphere (Figures S6 and S7). Thus,
precursor 3 (108 equiv, dried CDC, solution) was added via a
syringe pump at an addition rate of 1.0 equiv/h to a solution of
2 in 19:1 CDCl;/DMSO-d,, and the reaction was monitored by
"H NMR spectroscopy (Figure 2). The signals from sphere 2
gradually broadened upon addition of precursor 3 and the
solution remained transparent, indicating that the TiO,
particles formed gradually within spherical complex 2.

From diffusion-ordered NMR spectroscopy (DOSY) experi-
ments, the diffusion coefficient of sphere 2 was measured
before and after condensation of precursor 3 (Figure S9).
During the condensation, the diffusion coefficient of 2 was
constant at D = 2.1 X 107 m? s7}, showing that the
condensation reaction of precursor 3 occurred only within
sphere 2 and that no intermolecular cross-linking between
spheres occurred. This was supported by atomic force
microscopy (AFM) (Figure 3a,b), which clearly showed well-
separated particles with a uniform height consistent with the
diameter of the framework of 2 (4.6 nm).

The extremely narrow size and molecular mass distributions
of the TiO, nanoparticles were revealed by transmission
electron microscopy (TEM) and mass spectrometry (MS)
measurements, respectively. The TEM images showed highly
dispersed nanoparticles with a diameter of 2.8 & 0.2 nm (Figure
3c,d). The shell framework of 2 was not observed. In the
MALDI-TOF MS analysis, the Pd;,L,, shell framework of 2
was destroyed under the measurement conditions, and the
molecular mass of the TiO, nanoparticles was directly observed
at m/z ~10000 with a polydispersity index close to unity (M,,/
M, = 1.017; Figure 3e). The molecular mass remained constant
even after 3 months, showing the high stability of the
nanoparticles formed in sphere 2.

The molecular mass and particle size were controlled by
changing the amount of precursor: the condensation of 46 to
108 equiv of 3 showed a gradual increase in the molecular mass
(6174 to 9972 Da, respectively) while maintaining the narrow
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Figure 3. (a) AFM image of TiO,-2 on mica. (b) Height profile of the
AFM image of TiO,2 from (a). Well-separated particles having
heights consistent with the diameter of 2 (4.6 nm) were observed. (c)
TEM image of TiO, nanoparticles within 2 (amount of 3 = 108 equiv,
addition rate = 1.0 equiv/h). (d) Size distribution determined from
TEM images of TiO, nanoparticles within 2. (e) MALDI-TOF MS
spectrum of TiO, nanoparticles (M, = 9972 Da; M,/M, = 1.017)
within 2 (amount of 3 = 108 equiv, addition rate = 1.0 equiv/h, matrix
= DCTB). Under the conditions, the polycationic shell was broken
and only monocharged TiO, nanoparticles were observed.

Table 1. Characteristic Parameters of TiO, Nanoparticles
Synthesized within 2 at Addition Rates of (a) 1.0 and (b)
0.25 equiv/h?

(a) 1.0 equivh (b) 0.25 equiv/h
precursor M, of TIO2 diameter precursor M, of TIO2 diameter
(equiv) (Da) (nm) (equiv) (Da} (nm)
46 6174 22102 45 ~6300 1.8x02
72 7250 2402 70 6961 2002
93 8297 26102 95 8777 21zx0.2
108 9972 28102 107 10386 2202

“M, was determined by MALDI-TOF MS and the diameter by TEM.
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Figure 4. (a) PXRD patterns of the template-free TiO, nanoparticles
before calcination, TiO, nanoparticles after calcination at 500 °C for 3
h, and bulk anatase TiO, powder as a standard sample. (b) UV—vis
absorption spectra monitoring the degradation of methylene blue
using TiO, nanoparticles after calcination at 500 °C for 3 h. (c)
Photodegradation curves for methylene blue.

distribution in particle size (Table 1a). In addition to size and
mass, the mass density could also be controlled simply by
controlling the addition rate of the precursor. Changing the
addition rate from 1.0 to 0.25 equiv/h did not significantly
affect the molecular mass of the nanoparticles formed (Table
1b). However, the diameter of those formed at an addition rate
of 0.25 equiv/h (2.2 + 0.2 nm) was much smaller than that of
the ones formed at 1.0 equiv/h (2.8 + 0.2 nm), indicating the
formation of much denser particles at the lower addition rate.
Presumably, slow particle growth in the sphere at the lower
addition rate enabled the formation of denser particles.

To evaluate the photocatalytic activity of the obtained TiO,
nanoparticles, the Pd,L,, shell was removed and crystalline
TiO, nanoparticles were prepared as follows. TiO, nano-
particles synthesized on a preparative scale at the addition rate
of 0.55 equiv/h with 91 equiv of precursor 3 were treated with
the metal scavenger QuadraPure TU (beads of porous
polystyrene functionalized with thiourea moieties) " to remove
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the Pd(II) ions. Next, the template-free TiO, nanoparticles
were precipitated by the addition of poor solvents (AcOEt and
hexane). TEM observations confirmed the formation of highly
dispersed TiO, nanoparticles. The diameter of the nano-
particles was determined to be 2.3 + 0.2 nm. Subsequently, the
precipitated powder was calcined at 500 °C for 3 h in air.

Powder X-ray diffraction (PXRD) analysis of the calcined
nanoparticles confirmed that the amorphous TiO, nano-
particles were dominantly converted to the anatase phase by
calcination (Figure 4a). Analysis of TEM images showed that
the size of the TiO, nanoparticles was slightly reduced from 2.3
+ 02 to 2.0 = 02 nm. Thus, the extremely narrow size
distribution and the small particle size were maintained without
particle fusion even after calcination.

The photocatalytic activity of the calcined anatase TiO,
nanoparticles for the degradation of methylene blue with a
UV lamp (0.286 mW/cm?, wavelength: 254 nm) was then
investigated.'" The photodegradation was monitored by UV—
vis absorption measurements (Figure 4b), and the methylene
blue gradually decomposed under UV irradiation. As control
experiments, the degradation was carried out without
irradiation or in the presence of the amorphous nanoparticles
before calcination. In both cases, the degradation of methylene
blue was negligible, demonstrating the photocatalytic activity of
the anatase nanoparticles after calcination (Figure 4c).

In summary, we succeeded in controlling the size, mass, and
mass density of TiO, nanoparticles with an extremely narrow
size distribution by using a Pdj,L,, spherical complex as an
endotemplate. Furthermore, after removal of the Pd(II) ions
followed by calcination, crystalline TiO, nanoparticles with an
extremely narrow size distribution were obtained and
subsequently used as a photocatalyst. We note that the precise
control of particle size and density in the region below 3 nm is
difficult using any other synthetic method and that our method
can easily provide high-quality TiO, nanoparticle samples in
this region in which the quantum size effect can be expressed.
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