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Abstract: Metal-doped polyoxotitanium cages are a developing
class of inorganic compounds which can be regarded as nano-
and sub-nano sized molecular relatives of metal-doped titania
nanoparticles. These species can serve as models for the ways in
which dopant metal ions can be incorporated into metal-doped
titania (TiO,), a technologically important class of photo-
catalytic materials with broad applications in devices and
pollution control. In this study a series of cobalt(Il)-containing
cages in the size range ca. 0.7-1.3 nm have been synthesized
and structurally characterized, allowing a coherent study of the
factors affecting the band gaps in well-defined metal-doped
model systems. Band structure calculations are consistent with
experimental UV/Vis measurements of the TiO, absorption
edges in these species and reveal that molecular dipole moment
can have a profound effect on the band gap. The observation of
a dipole-induced band-gap decrease mechanism provides
a potentially general design strategy for the formation of low
band-gap inorganic cages.

-ritanium dioxide (titania, TiO,) is a technologically impor-
tant, high band-gap semiconductor which is used in a wealth
of green applications, most importantly in photocatalytic
water splitting and the photocatalytic degradation of environ-
mental pollutants."~) However, because of the high band gap
(ca. 3.20 eV) only the ultraviolet region of the solar radiation
(<5% of solar flux on Earth) can be harnessed in photo-
excitation processes. To facilitate real-world applications
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using the full range of ambient sunlight it is therefore
necessary to dope TiO, with non-metal atoms (such as N or
B") or metal ions (lanthanides’®' and transition
metals"*"®l) which extend the absorption by the photocata-
lysts into visible region. Although very few studies have
attempted to elucidate the way in which metal ions are
incorporated into titania, it is well known that the photo-
activity of metal-doped titania depends substantially on both
the metal ion and its concentration** and seems to be closely
related to the structure and binding mode of the dopant metal
ions within titania.

Our interest in this area has focused on the exploration of
a broad family of heterometallic polyoxotitanium (POT) cage
compounds containing transition-metal and lanthanide ions,
[Ti,O,(OR)M,X,,] (M is a dopant metal ion, X an inorganic
anion).'”?* These molecular species can be regarded as
models for the incorporation of metal ions into TiO, and are
useful as organically-soluble single-source precursors for the
stoichiometrically controllable deposition of metal-doped
TiO,.”Y The cages are also of interest as organically soluble
photocatalytic redox systems in organic synthesis. Herein we
address the major issue of what structural and physical factors
influence the band gaps in molecular transition-metal-doped
POT cages. In the current study we pinpoint a new effect in
the area of metal-doped POT cages, that the introduction of
a large molecular dipole can induce a dramatic reduction in
band gap.

The new cobalt(Il)-doped POT cages [Ti,(OEt);sO-
(CoBr)] (1), [Ti(OEt);O05(CoBr)] (2), [Tis(OEt)3Oss-
(CoBr),] (3), and [Tiy(OEt),;;055(Co,1;)(HPO;)] (4) were
obtained by the solvothermal reactions of Ti(OR), with CoX,
(R=Et,X=Brfor1,2and 3;R=iPr,X=1for4)in EtOH or
iPrOH (for 4), by varying the reagent stoichiometries. They
were characterized using a combination of elemental (C, H,
and halogen) analysis, energy dispersive X-ray spectroscopy
(EDS), IR spectroscopy, and positive ion electrospray mass
spectrometry (see Supporting Information, Section 1). The
presence of the [HPO;]*™ ion in 4 was traced to the 95%
purity Col, used in its synthesis, which elemental analysis
suggests contains approximately 1.7-2.0% [PO,]*". Prece-
dents for the reduction of [PO,]*~ to [HPO];*~ have been seen
previously in a variety of transition metal cages, however, 4 is
the first example found for Ti.[*”)

The structural characterization of 1-4 by single-crystal X-
ray diffraction (Figure 1) reveals a series of polyoxotitanium
cages with varied Ti:Co metal compositions, whose sizes span
the sub-nanometer to nanometer range (ca. 0.7-1.3 nm; see
also Supporting Information Section 2). Cages 3 and 4 are the
largest transition-metal-containing POT cages to be reported
to date and can be regarded as nano-sized molecular relatives
of cobalt(IT)-doped TiO, nanoparticles.”®*! The molecular
arrangements in 1 and 2 are similar to those reported for the
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Figure 1. Single-crystal X-ray structures of [Ti,(OEt),;O(CoBr)] (1), [Ti;-
(OEt)1505(CoBr)] (2), [Tizs(OEt)30034(CoBr),] (3), and [Tizo(OEt);30,8-
(Co,l3) (HPO3)] (4). Ti yellow, O red, Co blue, Br or | brown, P purple.
Selected bond lengths and angles can be found in the Supporting
Information (caption to Figure SI-2.1).

Co" chloride analogues,"” and can be viewed as being
composed of [Ti,(OEt);s0]™ and [Ti;(OEt),,O;]” ions which
coordinate [CoBr|* units at the surface of the cages. The
structure of 3 can be regarded in a similar way, in this case
resulting from the ion-pairing of a POT dianion [Tiy-
(OEt);,05,]*~ with two [CoBr]" units which are at opposite
sides of the cage. A related design principle underlies the
structure of 4, but now the two Co" ions are located at one
side of the oxo-titanium core within a [Co,l;]" fragment which
is coordinated by a [Tiy(OEt);05(HPO;)]™ ion, that encap-
sulates a phosphite ion, [HPO,]*", at its center. While all of
the cages have tetrahedrally coordinate Co>" ions, their
individual cage architectures and connectivities vary greatly.
The complexes contain combinations of -, l3-, ly-, and ps-O
oxo ligands, and exclusively six-coordinate Ti" in 1, 2, and 3,
and five- and six-coordinate Ti'V in 4. For comparison the
three common polymorphs of TiO, (rutile, anatase, and
brookite) have exclusively six-coordinate Ti and p;-O cen-
ters.?*=1

Their structural complexity apart, the Co" bromide cages
1-3 provide the first coherent series of transition-metal-doped
cages of this type (containing the same dopant metal and
halide ion), on which factors such as cage size and dopant
concentration might be assessed methodically. Significant to
this assessment, the degrees of condensation (i.e., the ratio of
Ti to oxide ions in the cores) cover almost the entire range
observed in other POT cages, from 0.25in 1, to 0.71 in 2, 1.42
in 3, and 1.40 in 4, signifying a gradual shift in composition
towards that of bulk TiO,.*?

The solution-state UV/Vis spectra of 1-3 in CH,Cl, show
a small but discernable red-shift in the absorption edge
associated with O —Ti charge transfer within their Ti,O, cores
in moving from the smaller cage 1 (onset at ca. 430 nm) to 2
(ca. 450 nm) and 3 (ca. 475 nm; see supporting information
Figure SI-3). These absorption edges can be compared to
undoped polyoxotitanium cages, which appear to be less
sensitive to cage size and molecular structure, for example,
[Ti,70,4(iPrO)4] and [TiO4(0rBu),(OAc);,] (ca. 350 nm
for both).**3¥ It can therefore be concluded that this series of
cobalt(IT)-doped cages exhibits a similar trend in optical
behavior as observed in cobalt(IT)-doped bulk and nano-
particulate TiO,[*182027) and that there is a trend towards
increased red-shift in the absorption edge with increased cage
size. However, there is clearly also a very strong structurally
dependent element to the absorption edge behavior, as seen
in 4 which exhibits a large red-shift in the absorption edge (ca.
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530 nm). The absorption edge found in 4 is of the order of
50 nm higher than in 3, despite the larger size of 3 and the fact
that 3 contains 24 Ti rather than 20 Ti centers. Note that the
observed trend in the absorption edge is roughly inversely
proportional to the Co concentration in the cages, that is,
1(58wt%),2(42wt%),3 (3.6 wt%), and 4 (3.3 wt%). This
trend, and the observed difference in absorption edges of 3
and 4, suggests that complicated factors are at work in
determining the band gaps in these species.

To understand the electronic structures of these POT
cages and their UV/Vis spectra, first principles density
functional theory (DFT) calculations were performed.”
The functional of choice was hybrid B3LYP.®! However,
calculations using the GGA-PBE functional were also under-
taken for comparison (see Supporting Information, Figure SI-
4.1).5" The projected B3LYP density of states (DOS) are
shown in Figure 2. Although the calculated DOS are a first
approximation to one-particle energy levels that correspond
to (inverse) photoemission measurements, while UV/Vis
spectroscopy measurements correspond to two-particle
energy levels, the DOS calculations nonetheless provide
a qualitative tool to understand the relative changes in the
absorption spectra. The most distinct feature of the DOS plots
of 1-4 is the appearance of new states just above the valence-
band maxima (VBM) in the band gaps (labeled i-v in
Figure 2). These new band-gap states can explain the
experimentally observed red-shift of the adsorption edges in
the region 430-530 nm, compared to comparable un-doped
POT cages.

These band-gap states can be understood from the
interplay of the coordination chemistry of Co" complexes
and the electronic band theory of POT cages. Taking cage 1 as
an example, there are five clearly recognizable band-gap
states labeled i—v in Figure 2a. The orbital interaction dia-
gram is illustrated in Figure 3. The high-spin d’ Co" metal ion
is at the center of a tetrahedral ligand field formed by the four
p atomic orbitals (AOs) of O and Br, which leads to the
conventional splitting of the Co d orbitals into bonding and
anti-bonding t, molecular orbitals (MOs) and nonbonding e
MOs. In the spin-up channel (Figure 3, left panel), most of
these MOs merge with the VB of the Ti cage that mainly
consists of the O 2p orbitals. The hybridization between
localized states and the extended band states is often
described by Anderson’s impurity model in semiconductor
physics which predicts that the consequence of such a hybrid-
ization is the creation of a new band-gap state near the band
edges. This is exactly what is seen; a discernible state just
above the VBM is produced due to the interaction between
the localized MOs and the more extended band structure of
the POT host, that is, state iii in Figure 2 a, also illustrated as
the dotted-line state in Figure 3 (left panel).®® The difference
between O and Br ligands breaks the degeneracy of t, MOs
and this pushes an anti-bonding MO (state ii), composed
largely of the Br 4p, AO and a small fraction of Co 3d AO
character, out of the VBM and just below the doubly
degenerate Br 4p,/4p, AOs (statei in Figure 2a). The
situation is different in the spin-down channel (Figure 3,
right panel) because exchange coupling places the Co 3d
orbitals at much higher energy. This leads to two major

www.angewandte.org

1935


http://www.angewandte.org

Angewandte

1936

Communications

(a)

Density of states

-8 -6 -4 -2 0 2 4 6

(c)

Density of states

-2 0 2 4 6
Energy vs Fermi level (eV)

o]

)

& F
ES

(b)

Density of states

(d)

Density of states

Energy vs Fermi level (eV)

Figure 2. Plots of projected density of states calculated using B3LYP density functional, a)—d) correspond to cages 14, respectively. Spin-up and

spin-down channels are distinguished by the positive and negative signs of DOS. The five distinct band-gap states are labeled as i-v in (a). ¢) and
d) are the DOS of the respective ferromagnetic states of cages 3 and 4. The positions of band edges and band-gap states are listed in Table SI-4.1
in the Supporting Information. The DOS plots have also been calculated using GGA-PBE functional, and are shown in Figure SI-4.1 in Supporting

Information.
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Figure 3. Orbital interaction diagram of cage 1 based on B3LYP
calculations. The molecular orbitals of the band-gap states are shown
in (a)—(d); a) and b) correspond to states i and iii in the spin-up
channel, and c) and d) are states iv and v in the spin-down channel.
See text for details.
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consequences: firstly, the anti-bonding t, MOs now lie at
much higher energy, well within the conduction band (CB) of
the POT cage; secondly, the nonbonding e MOs are close to
the Br 4p,/4p, AOs in energy so that they mix to form two sets
of t and 7t* orbitals (states iv and v in Figure 2¢,d).

It is now possible to understand the DOS of the other
POT cages and explain the changes in their adsorption
spectra. In particular, cages 1 and 2 have almost the same
local structures in the region of their Co*" ions (see Figure 1)
except that 2 has an extra Ti; unit at the far end of the cage.
This small structural extension marginally decreases the band
gap from 5.2 to 5.1 eV, as seen in Figure 2b in which states iii
and v start to merge into the VB, while keeping the positions
of the rest of band-gap states essentially intact. Calculations
on the previously reported Cl-substituted counterparts of
1 and 2" show their band gaps are essentially the same as
cages 1 and 2, respectively, while the band-gap states slightly
shift towards the VBM (see supporting information, Fig-
ure SI-4.2(a) and (b) and Table SI-4.1). Despite the difference
in the coordination environment of the Co™ ion in 3 compared
to those in 1 and 2, that is, coordinated by p-O ligands as
opposed to OEt ligands, its DOS (Figure 2c¢) has very similar
characteristics to 1 and 2. The main difference is a further
decrease of the band gap to 4.9 eV. The predicted red shift in
the absorption edge going from 1to 2 to 3is in agreement with
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the experimental UV/Vis data (Supporting Information Fig-
ure SI-3).

In contrast to the Ti,, cage 3 in which the Co" ions are
located on opposite sides of the molecule, in 4 the two Co"
ions are located on one side of the cage within a binuclear
[Co,I5]* fragment (Figure 1). This situation still gives similar
band-gap states just above the VBM as found in 3 (Fig-
ure 2d), but with a significantly smaller calculated band gap
of 4.6eV (despite the lower number of Ti atoms in 4
compared to 3). This agrees with the observed large red-
shift of the UV/Vis adsorption edge of 4 (Figure SI-3). To
understand this, we notice that cage 4 can be partitioned into
two sub-units which are joined by six three-coordinated
O atoms: a bottom section {Tiy(OiPr),,0;} (which contains
three six-coordinated and six five-coordinated Ti centers) and
a top section {Ti;;(OiPr);0,5(Co,I5)(PO;H)} (see Figure 4a).

(a) . (b) 4
5 ]!Z.L n:ii;" CB
I "?;'.f" @
‘o Y Y N 2
Sed < > & O
| - v - :
o : o

Figure 4. a) A polyhedral representation of 4 showing the charge
distribution and direction of the dipole (left), the hypothetical top and
bottom fragments (the six shared O-atoms between these fragments
have been enlarged for clarity), and b) schematic of the dipole-induced
band-gap decrease mechanism (the HOMO and LUMO are shown on
the right). Ti yellow and orange polyhedra, Co blue polyhedra, O red
spheres, P purple polyhedra.

Using a Mulliken population scheme it is found that the
bottom section has a positive partial charge of + 0.7 e and the
top section is negatively charged with the same magnitude.
This charge distribution suggests the existence of an internal
electric dipole pointing from the top to the bottom. This
situation is confirmed by a DFT calculation which shows that
4 has a dipole moment of approximately 22 Debye in the
direction shown in Figure 4a (much higher than in 1, 2 (both
ca. 9 Debye) or 3 (0 Debye)). The presence of this large
dipole could potentially stabilize photo-induced electron
transfer along the vector of the dipole, with a consequent
reduction in the band gap. In support of this hypothesis, the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) in 4 correspond to the
VBM and conduction band minimum (CBM) of the cage,
respectively, and are located at the top section and bottom
section, respectively, that is, so that the HOMO—-LUMO
transition is in the direction of the molecular dipole. This
dipole-induced band-gap reduction mechanism and the MOs
involved are illustrated in Figure 4b. To further validate this
mechanism, a theoretical experiment was carried out in which
a slab of rutile TiO, was placed between a capacitor that was
made up of two planes of point charges. The change in the
band gap of the TiO, was calculated as a function of the
charge of the capacitor. It is indeed found that the band gap
monotonically decreases with increased charge of the capaci-
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tor (or equivalently, increased dipole moment; Figure SI-
4.3).140

Interestingly, in a recent theoretical study of the band
structures of POT cages incorporating of alkali-metal cations
(Li* and Na%) it was observed that a band-gap reduction
occurs in these species even in the absence of mixed states at
the edge of the conduction bands.® This result may be
explainable in terms of dipole-induced decrease of the band
gap, bearing in mind the asymmetric structures of the cages.

In summary, the dipole-induced decrease of the band gap
is a completely novel effect in polyoxometalate or indeed in
any class of inorganic cage, which may have general
implications to the design of low band-gap inorganic cage
molecules. The dipole-induced reduction of the band gap in 4
is in some respects analogous to band bending in semi-
conductor physics,*! although unlike band bending the
dipole-induced effect in 4 operates over a smaller dimension
in a strong electric field rather than over spatially separated
regions in a weak electric field.
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