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Abstract: Polyoxometalate (POM) cluster anions are shown to
serve as covalently coordinated ligands for anatase-TiO,
nanocrystals, giving isolable assemblies uniquely positioned
between molecular macroanions and traditional colloidal
nanoparticles. Na* salts of the water-soluble polyanionic
structures are obtained by reacting amorphous TiO, with the
1 nm lacunary ion, Na;[a-XW,;05,] (X = P°"), at 170°C, after
which an average of 55 a-PW,;,0;,"" clusters are found as
pentadentate ligands for Ti" ions covalently linked to 6 nm
single-crystal anatase cores. The attached POMs are reversible
electron acceptors, the reduction potentials of which shift in
a predictable fashion by changing the central heteroatom, X,
directly influencing a model catalytic reaction. Just as POM
cluster anions control the reactivities of metal centers in
molecular complexes, directly coordinated POM ligands with
tunable redox potentials now provide new options for ration-
ally controlling the reactions of semiconductor nanocrystals.

P olyoxometalates!!! (POMs) serve as oxygen-donor ligands
for mono-, di-, tri-, and small-nuclearity oxide- and hydrox-
ide-linked fragments of reactive transition (d-block) and
main-group (p-block) metal ions, providing molecular com-
plexes that catalyze a variety of oxidative and other processes.
In many cases, catalytic activity emerges from the unique
properties of the cluster anions, often derivatives of plenary
Keggin or Well-Dawson structures, that serve as ligands for
the reactive metal centers. This is true as well for POM
complexes of Ti'" ions/? some of which catalyze photo-
chemical reductions of CO, to methane®! and selective
oxidations by H,0,.1!
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Structurally, a general feature of oxophilic Ti" centers in
molecular complexes is their natural tendency to form high-
nuclearity oxide-bridged cores. Reported examples include
POM complexes, such as [(a-Ti;SiW,05,0H);(TiO5-
(OH,)3)]"" P and [(0-1,2,3-P,W;sTisOg)4{us-
Ti(OH),},C1]*~,” with cores of 10 and 16 Ti'¥ atoms,
respectively, while up to 34 Ti atoms! are found in molecular
titanium oxide clusters capped by alkoxide and other!”!
organic anions. Notably, ligand-capped titanium oxide clus-
ters are fundamentally important molecular models for TiO,
semiconductors.*”

We now report a conceptually new role for POM cluster
anions as covalently coordinated redox-active ligands in
polyanionic complexes of TiO,-semiconductor nanocrystals
themselves (Scheme 1). Multiple lines of evidence from solid-

Scheme 1. Direct coordination of Ti"V-substituted POM cluster anions
to anatase-TiO, cores. The reaction of amorphous TiO,(s) (upper
right) with the mono-defect Keggin anion, a-PW,,05,"~ (1; white: W"-
centered polyhedra; black: P'-centered tetrahedra), gives a clear solu-
tion of 6 nm anatase-TiO, cores solubilized by covalently attached
POM capping ligands, [0.-PW;,03,Ti-O~ (Ti"-centered polyhedra are in
gray).

and solution-state analytical methods unequivocally demon-
strate that numerous Ti"V-substituted mono-defect Keggin-ion
capping ligands, [a-PW,;05Ti]|-O", are covalently attached
to ca. 6 nm anatase-TiO, cores (each comprised of 1800 + 550
Ti atoms), resulting in isolable, water-soluble nanostructures
uniquely positioned between molecular macroanions?* and
more traditional, electrostatically stabilized, colloidal metal
oxides.®! Moreover, the covalently attached POMs serve as
tunable electron acceptors at the surfaces of the anatase-
semiconductor cores.””!
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Figure 1. Dynamic light scattering (DLS) data (a,c) and *'P NMR
spectra (b,d) before (a,b) and after (c,d) reaction of amorphous
TiO,(s) with Na,[a-PW;,054] (Na,1). Room-temperature hydrolysis of
TTIP (8 mm), in the presence of 1 (4 mm), gives micrometer-sized
particles of TiO,(s) (a and inset) and no change in the *'P NMR
spectrum of 1 (—10.8 ppm; b). Heating for 20 h at 170°C gives a clear
solution of nano-scale particles (c and inset) and [a-PTiW,,0,° (2) is
the only POM observed by *'P NMR spectroscopy (—13.9 ppm; d). The
full *'P NMR spectrum and a balanced equation are provided in the
Supporting Information.

When titanium tetraisopropoxide (TTIP; 8 mm) is added
at room temperature to one-half an equivalent of aqueous
Na,[a-PW,,05] (Na,1; 4 mm, pH 6), rapid hydrolysis of the
TTIP gives a cloudy solution containing micrometer-sized
particles of amorphous TiO,(s) (Figure 1a). The pH remains
unchanged,!'” as does the *'P NMR spectrum of 1 (Figure 1b).
After 20h at 170°C, however, a clear pH 6.5 solution of
nanosized particles is obtained (Figure 1c), and o-
PTiW,,0,,° (2),**"11 a byproduct of the reaction, is the
only POM observed by *'P NMR spectroscopy (Figure 1d).

The nanosized TiO,-based particles differ dramatically
from traditional examples of electrostatically stabilized
colloidal TiO,. They are indefinitely stable in water over
a wide range of pH values (from 2 to 8), giving optically clear
solutions in the complete absence of added organic ligands.?!
Even more remarkable is that, like molecular macroanions,
they are uniquely resistant to aggregation: after isolation as
solids, they can be stored as water-soluble sodium salts.

Isolation and purification were carried out as follows.
First, isopropanol and inorganic byproducts (including 2)
were partially removed from the clear reaction mixture
(10 mL) by extensive dialysis against pure water. The dialyzed
reaction mixture was then made 2M in NaCl, giving a cloudy
solution from which a hydrated white solid was obtained by
centrifugation. When 10 mL of pure water was added, the
white solid readily dissolved, once again giving a clear
solution. The precipitation/redissolution cycle was carried
out four times, reducing the amount of free a-PTiW;;0,,° (2)
to less than 1 pm (based on a dilution factor of ca. 1 x10'").
The final white solid readily dissolved in water, with the
number-weighted average radius having increased by less
than 1 nm (by DLS; Supporting Information, Figure S2), and
no change in zeta potential (particle charge), which remained
constant at —50 mV.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 2. Characterization of anatase-TiO, nanocrystal cores. a) TEM
image of the purified nanoparticles (dried); inset: selected-area
electron diffraction pattern of the particles. b) HRTEM image of

a single anatase core with fringes corresponding to (101) planes of Ti
atoms.

The TiO, cores were characterized by transmission
electron microscopy (TEM) and electron and powder X-ray
diffraction (XRD). TEM images of dried samples (Figure 2a)
revealed an average particle size of 6.9+ 1.4 nm (based on
measurements of 50 particles). Although not morphologically
homogeneous, many particles appear to be approximately
rectangular prismatic in shape (see the Supporting Informa-
tion, Figure S3 for more images). Electron diffraction of the
particles (inset) featured well-defined rings, indicative of
crystalline structure, which when indexed gave a precise
match for anatase.!*'¥

Debye—Scherrer!™ analysis of XRD data (Supporting
Information, Figure S3) gave an anatase-crystallite size of
6.1 0.2 nm, statistically identical to the average particle size
obtained from TEM images. This correspondence between
crystallite size (from XRD) and particle size (from TEM)
shows that, on average, each metal oxide core is a single
nanocrystal of anatase TiO,."*! Finally, high-resolution TEM
(HRTEM) images of the nanocrystals (NCs) revealed
exposed facets with atomic fringes separated by distances
matching the d-spacing of the (101) planes of anatase
(Figure 2b).113

Next, capping ligands on the surfaces of the anatase NCs
were observed by cryogenic TEM (cryo-TEM) and high-angle
annular dark field (HAADF) imaging. Cryo-TEM images
(Figure 3a)/"% revealed numerous circa 1 nm diameter clus-

Figure 3. Tungsten-based capping ligands on individual anatase-TiO,
cores. a) Cryo-TEM image of numerous ca. 1 nm clusters (dark
objects) on the surface of an anatase NC (for comparison, images of
anatase with no surface-attached clusters are provided in the Support-
ing Information, Figure S4). b) High-angle annular dark field (HAADF)
image of the ca. 1 nm clusters on an anatase NC. EDX data (Support-
ing Information, Figure S5), showed that the numerous bright-white
spots (three of which are indicated by arrows) are tungsten based,
while the gray areas are mostly titanium.
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ters at the surfaces of the anatase cores (see the Supporting
Information, Figure S4 for additional images). To our knowl-
edge, this is the first reported image of capping ligands on
a soluble metal oxide nanocrystal. The 1 nm clusters were
further analyzed by HAADF imaging of a dried sample
(Figure 3b), which again revealed numerous circa 1nm
objects, now appearing as white objects on a darker back-
ground. Consistent with heavier elements giving rise to
brighter regions in HAADF images, data from energy-
dispersive X-ray (EDX) spectroscopy (0.4 nm” spot analysis)
showed the 1 nm objects to be tungsten-based (Supporting
Information, Figure S5).

The large abundance of tungsten-based clusters made it
possible to obtain a definitive vibrational spectrum of these
capping ligands (Figure 4). After correcting the background
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Figure 4. Spectroscopic characterization of the heteropolytungstate
capping ligands. FTIR spectra of (—): the heteropolytungstate-
capped anatase (corrected for absorbance by TiO,), and (-----): pure
Nag[c-PTiW;,04] (Nas2).

for absorbance by anatase (Supporting Information, Fig-
ure S6), the solid-state FTIR spectrum of the purified
material (——) was strikingly similar to that of a-
PTi"W,,0,,°" (2, ----- ).

Both featured two P—O stretching bands, at 1066 and
1085 cm ™', which are diagnostic for derivatives of the mono-
defect ion, a-PW ;05" (1), whose central PO, units possess
local C;, symmetry. The 20 cm ™' separation between these
two bands is much smaller however than the circa 40 cm™
separation observed for 1 (1085 and 1041 cm™'), and unam-
biguously signifies in-pocket occupancy of the defect site by
a metal cation, that is, M"* in [a-PM""W,,05,]7™~." In the
present case, M"" can only be Ti". The terminal W=O stretch
(at 970 cm™") is also characteristic of M"*-substituted ions; in
the parent ion, 1, this band occurs at a much lower energy
(950 cm ™). Particularly striking is that in both spectra the
band at 1066 cm™' is more intense than is that at 1085 cm™,
a signature that is characteristic of 2.

The PV heteroatom was quantified by X-ray photoelec-
tron spectroscopy (XPS), which analyzes the particle surfaces
to a depth of several nm. It gave integrated signal intensities
for P2p and W 4d in an atomic ratio of 1 P per 12£2 W,
which is statistically identical to the 1:11 ratio in 2."¥! The
presence of PV was further confirmed by solid-state *'P NMR
spectroscopy (for the complete solid-state NMR analysis, see
the Supporting Information and Figure S7).

The POM capping ligand was independently identified by
electrospray ionization mass spectroscopy (ESI-MS). For this,
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concentrated HCI was used to dissolve the TiO, cores (2 h at
90°C), giving a clear solution of Ti'"¥ ions!"! and liberated
POM-capping ligands.””! Tetrabutylammonium bromide
(TBABr) was then added to selectively precipitate the
POM as the corresponding TBA salt. After collection of the
solid by centrifugation and dissolution in MeCN, ESI-MS
revealed {TBA;H[PTiW,;0,]}", with an envelope centered at
3953.59, which is nearly identical to the simulated value of
3953.61 (Figure 5; see the Supporting Information, Figure S8
for additional MS data).
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Figure 5. ESI mass spectra for the z= +1 ion, {TBA;HP[TiW;,0,]} ",
a mixed TBA/H™ salt of [PTiW,,0,°" (2). The instrument accuracy is
+£0.17 amu.

Extensive coverage of the anatase surfaces by Ti''-
substituted Keggin ions closely related to 2 was supported
by wide-area EDX analysis of the bulk material, which gave
an atom-percent composition of 25+3% W to 75+3% Ti
(Supporting Information, Figure S9). Notably, these values
correspond to the percentages obtained by simple calculation.
If each cluster anion is allocated a reasonable” 1.8 nm?
footprint on the anatase surface, an average of 55+10
undecatungstate-based clusters (600+110 W atoms) are
present on each ca. 6 nm (1800 4550 Ti-atom) anatase core
(Supporting Information, Table S1). The zeta potential of the
NCs, —50 mV, assigns a net charge of 15e for each assem-
bly,??! such that, like POM monolayers on gold nanoparti-
cles,™ most of the (hydrated) Na* countercations must lie
between the closely separated cluster anions.

Although closely related to [o-PTi"VW,;0,]°" (2), the
POM capping ligands (heretofore designated 2') are directly
coordinated to the anatase NCs. This was supported by seven
lines of evidence: 1) No aggregation of the NCs was observed
by DLS after 14 days of dialysis against pure water (Support-
ing Information, Figure S2). The pH was nearly identical to
the isoelectric point of anatase (pH 6.7), at which its colloids
typically precipitate from water.?! If the 2’ cluster anions
were electrostatically associated with the TiO, NCs, the POM
anions would be inherently labile, such that extensive dialysis
would eventually remove them from the NC surface, leaving
unprotected particles that would certainly precipitate at near-
neutral pH. In the present case, however, the solution
remained optically clear. Thus, unlike traditional colloids
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with electrostatically associated stabilizing ions, the 2’ cluster
anions are not labile. 2) After repeated cycles of precipitation
(in 2m NaCl), centrifugation and redissolution, the isolated
NCs readily dissolve in pure water to give clear solutions. This
is in stark contrast to the insoluble solids obtained when
traditional colloids are similarly treated. 3) Upon drying, the
POM ligands remain tightly bound to the TiO, NCs, giving
HAADF images of intact structures (Figure3b), closely
resembling those imaged in their vitrified solution-like state
by cryo-TEM (Figure 3a). 4) The repeated NaCl treatments
had no effect on the net charges of the nanoparticles: zeta-
potential values remained unchanged (—50mV). 5)The
solubility of the NCs in water increased twenty-fold (from 5
to 100 mMm Ti) when the Na* counter cations were replaced by
Li*, while 6) replacement of Na* by organic counter cations,
(nBu,N* and n-Octyl,N"), gave organic-solvent-soluble ana-
logues: After adding (nBu),NBr to precipitate the 2’-capped
NCs from water, the resultant white solid readily dissolved in
MeOH, giving a clear solution (see the Supporting Informa-
tion, Figure S10 for DLS and TEM data). Analogous n-
Octyl,N* salts dissolved in toluene, CH,Cl,, MeCN, and THF.
7) In a final definitive experiment, no anion-exchange was
observed when 2'-capped anatase NCs were reacted with [a-
AIW,,0,0]°" (1 mm; ca. 600 times the concentration of the
NCs, and 10 times that of surface-bound 2’ ligands; Support-
ing Information, Figure S11).”"! None of these findings is
compatible with electrostatic association of POMs to the
anatase NCs; they can only be understood as the result of
a unique situation in which 2’ capping ligands are directly
coordinated (covalently attached) to the anatase surface.

This conclusion goes hand-in-hand with the partial con-
sumption of amorphous TiO,(s) by 1 during synthesis
(Scheme 1), and with the tendency for Ti'"V ions to form
stable oxo-bridged structures. Namely, at 170°C, 1 initially
consumes TiO,(s) by serving as a pentadentate ligand for the
titanyl ion, Ti=O?, giving freely solvated 2 (Figure 1d). At
completion of the reaction, however, numerous POM-ligated
Ti" atoms must remain coordinated to the anatase surface.
Consistent with this, the Ti=O ligand in 2 readily forms p-O
linkages to other Ti'V ions as, for example,'!! in [(a-
PW,,04Ti),-1,-O]*". Based on this, and by analogy to
alkoxide (RO") ligands on molecular TiO, clusters,® 1 nm
[a-PW,,05Ti]-O~ capping groups might be coordinated to
the anatase suface via [a-PW,;O3Ti]-1,-O~ linkages to single
Ti atoms (upper right in Figure 6a), or via [a-PW,;O3Ti]-s-
O~ linkages to two Ti atoms (left in Figure 6a). Further
studies will address this issue, which might only be resolved by
single-crystal X-ray diffraction of molecular analogues with
smaller TiO, cores.!

Meanwhile, unlike simple alkoxide capping ligands, 2’ is
redox active, serving as a well-behaved electron acceptor.?’!
This was demonstrated using a 1.7 pM solution of 2’-capped
anatase NCs in 200mwm LiClIO, (Figure 6b; Supporting
Information, Figure S13). Differential pulse voltammetry
(DPV; a technique much more sensitive than cylic voltam-
metry) gave definitive cathodic currents with maxima at ca.
—565 and —790mV, followed by corresponding anodic
currents, indicating that the capping ligands are cleanly
reduced and re-oxidized on the anatase surface.”
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Figure 6. Coordination modes and redox chemistry of POM capping
ligands on anatase nanocrystals. a) By analogy to alkoxide ligands on
molecular TiO, clusters, 2’ is shown bound via p,-O or p;-O linkages
to a facet perpendicular to (101) planes of anatase (O: red, Ti: yellow,
W: green). b) Forward and reverse differential pulse voltammograms
(versus Ag/AgCl, 3m NaCl) of 2’-capping ligands on anatase nano-
crystals in 0.2m aqueous LiClO,.

Moreover, the redox properties of the POM capping
ligands can be rationally tuned. This was demonstrated by
reacting amorphous TiO,(s) with a-SiW,;05,* (K" salt), thus
increasing the negative charges of the resulting capping
ligands by one unit (characterization data are given in the
Supporting Information, Figure S14). Consistent with estab-
lished correlations between anion charge and reduction
potential,? the first cathodic wave was shifted by ca.
175 mV in the negative direction (Supporting Information,
Figure S14 f).B%

Finally, the reduction potential of the POM ligand has
a profound effect on photocatalytic activity. For example,
under UV irradiation (150 W Xe lamp) in 10 vol % MeOH in
water, H, evolution proceeds at 725 umolg 'h™' for [a-
SiW,,05,Ti]-O-capped NCs (per g of TiO,), and increases to
1500 pmolg™'h™"' for the 2'-capped NCs (Figure 7; see the
Supporting Information for details). These rates are an order
of magnitude larger than the values of 78 and 138 pmolg 'h ™"
obtained under identical conditions for commercial anatase
and pure 2, respectively, revealing dramatically enhanced
reactivity upon covalent attachment of the POMs to the TiO,-
NC cores.

Interestingly, the 2'-capped NCs are much more effective
than the [a-SiW;;03Ti-O -capped NCs. The 2’ ligands
possess more positive reduction potentials than the [o-
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Figure 7. a) Photocatalytic H, evolution in as a function of time per
gram quantity of: 1) commercial anatase, 2) pure [a-PTiW;;0,0° (Na*
salt), 3) TiO, in [a-SiW,,05,Ti-O -capped anatase NCs, and 4) TiO, in
2'-capped anatase NCs. b) Rates of H, production, that is, slopes of
the lines indicated in panel (a) (all with R? values of 0.999), after an
induction period observed for both types of POM-capped NCs.
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SiW,,05,Ti]—O~ ligands, and hence, are more -effective
electron acceptors. In principle, this could facilitate charge
separation under photocatalytic conditions by more effi-
ciently “trapping” photoexcited electrons. While future
studies will address this in detail, the POM ligands could
play an electron-accepting role analogous to that of plati-
num(0) nanoparticles routinely deposited on TiO, for numer-
ous applications.®" Unlike platinum(0), however, the elec-
tron-accepting properties of the POM ligands can be ration-
ally tuned.

In summary, direct coordination of numerous polyoxo-
metalate cluster anions to the surfaces of anatase-TiO,
nanocrystals gives stable macroanion-like assemblies, which
can be isolated as their alkali-metal cation or n-R,N" salts,
and subsequently re-dissolved in water or organic solvents.
And, just as traditional ligands control catalytically active
metal centers in molecular complexes, the tunable redox
chemistry of covalently attached POM capping ligands
provides new options for rationally modifying the reactions
of metal oxide semiconductor cores. More generally, the
covalent attachment of redox-active POM capping ligands to
nanocrystals of titanium and other transition-metal oxides
promises access to a new family of catalytically active
assemblies uniquely situated at the interface between molec-
ular macroanions and traditional colloidal nanoparticles.

Keywords: electron transfer - hybrid materials - nanostructures -
polyoxometalates - titanium dioxide
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