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Photostimulated Reduction Processes in a Titania Hybrid Metal-Organic

Framework

Aron Walsh* and C. Richard A. Catlow™

Titanium dioxide is the most widely studied photocatalytic
metal oxide system, owing largely to the facile chemical reduc-
tion of TiV to Ti", which can act as catalytic redox centres,"
and the early demonstration of its ability to dissociate water
into gaseous hydrogen and oxygen under ultraviolet (UV) illu-
mination.>® Tailoring of the electronic properties of TiO, is
generally performed by chemical doping or alloying,*® or
through the absorption of organic moieties on the surface, as
in dye-sensitized solar cells.®” The formation of hybrid inor-
ganic-organic solids, containing metal oxide networks of re-
duced dimensionality, offers a new pathway for material func-
tionalization including chemical engineering of optoelectronic
properties.® "

Synthesis of a photoactive hybrid solid derived from titania
was recently reported by Dan-Hardi et al.:"? the porous struc-
ture is composed of octameric rings of Ti—O polyhedra con-
nected by aromatic dicarboxylate linkers, as shown in Figure 1.
While the large internal surface area (1550 m?g™") offers poten-

Figure 1. The tetragonal crystal structure of titanium carboxylate viewed
along the [001] (left) and [100] (right) directions. The oxygen atoms are col-
oured red, with brown = carbon, pink=oxygen, and blue =titanium; the
three inequivalent oxygen sites are indicated by their Wyckoff positions.

tial for gas storage and steric-selective catalysis, most intrigu-
ing are its properties under illumination, resulting in a reversi-
ble photochromic transition from white to dark blue on irradia-
tion under UV light, which has been assigned to the occur-
rence of new absorption bands at 2.10 and 2.47 eV. Electron
spin resonance spectra indicated the formation of Ti" species,
but the route to their formation is so far unclear. In bulk TiO,,
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localized Ti reductions are generally attributed to a combina-
tion of oxygen vacancy formation and titanium intersti-
tials.'3 ¥

By examining the electronic and defect structure of the
hybrid titania system, using quantum chemical simulations, we
propose the origin of its remarkable photochromic properties:
optical excitations larger than the band gap will result in re-
duced titanium centres, which introduce new states in the
electronic gap; charge compensation can be achieved either
through the loss of oxygen or hydroxyl formation. In contrast
to the parent inorganic system, in the hybrid material, direct
self-compensation of reducing defects can be achieved owing
to the chemical flexibility of the organic framework, and the
spatial separation of electrons and holes is confirmed between
the inorganic and organic sub-networks.

The tetragonal (/42) crystal structure of titanium carboxylate
has been determined by X-ray powder diffraction.'? Electronic
structure calculations were performed on the 240 atom unit
cell (CgeHs405,Tiye) using density functional theory (DFT)>'®
with the semi-local PBE"” exchange-correlation functional. To
account for the DFT electron self-interaction error, additional
calculations were performed using an on-site Coulomb correc-
tion (PBE+ U):"® a typical value of 5 eV was applied to the Ti d
orbitals, which has been optimised to describe the Ti" to (lll)
reaction;"*' the 3d orbitals are formally unoccupied, and
therefore the correction becomes largest when the system is
chemically reduced. A plane wave expansion up to 500 eV was
used to form the well-converged basis set, while k-point sam-
pling was performed at the Brillouin zone centre, with the ex-
ception of the density of states calculations, which were per-
formed using a 3x3x3 Monkhorst-Pack"® k-point mesh.

Relaxation of the cell vectors, angles and internal positions
(to within 0.01 eVA™") at both the PBE and PBE + U levels pro-
duced equilibrium structural parameters within 3% of experi-
mental room temperature values (see Table 1). At the PBE+ U

Table 1. Calculated equilibrium structural parameters and band gap of ti-
tanium dicarboxylate at the PBE and PBE+U levels of DFT. Percentage
errors with respect to room-temperature diffraction data are given in
brackets.
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GGA GGA+U Experiment!'?
alA] 19.08 (+2.31%) 19.21 (+3.00%) 18.65
bIA] 19.08 (+2.31%) 19.21 (+3.00%) 18.65
c[A] 18.13 (—0.01%) 18.19 (+0.28 %) 18.14
Ti-0 [A] 2x2.07 2.09 1.98
2x2.05 2.08 1.94
2x1.85 1.89 1.89
Eq [eV] 2.87 3.14
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level of theory, the titania polyhedra are mildly expanded with
an increase in volume of the Ti—O octahedra from 10.40 to
10.81 A3, The calculated electronic band gap is 2.9-3.1 eV, and
given that the typical band gap underestimation of semi-local
DFT functionals for TiO, is of the order of 1 eV, we expect that
the experimental gap would lie in the UV range at around 4 eV
(neglecting excitonic effects), consistent with its lack of colour-
ation."?

The occupied electronic density of states, in the upper va-
lence band, consist of a mixture of C and O 2p states, with
some lesser contributions from Ti and H, as shown in Figure 2.
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Figure 2. Electronic density of states and the density isosurface associated
with the band edge states of bulk titanium carboxylate calculated using the
PBE density functional. The highest occupied states are localized on the aro-
matic organic group, while the lowest unoccupied states are localized on
the octameric TiO, units.

Importantly, in contrast to bulk TiO,, where the top of the va-
lence band is strongly localized on oxygen, here it is the m or-
bitals of the aromatic linking groups which contribute to the
highest occupied states. The conduction band network is cen-
tred on the octameric TiO, units (Ti d-O p hybridized orbitals),
which indicates that the lowest energy optical excitations
across the band edges will involve transitions between the or-
ganic and inorganic sub-networks.

Two direct routes for chemical reduction could be envisaged
in the hybrid material: oxygen vacancy formation to release
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gaseous oxygen [shown using the standard notation of Kréger
and Vink, see Eq. (1)1

) . g1
2Ty 4+ 0o = V3 +2Tu4i+502 (1)

and hydroxyl formation at the exposed oxygen 16n position in
the octameric TiO, ring centre [Eq. (2)]:

1
5 Hy = (OH)3+Tiy (2)

Tin + 0o + 3

Both reduction mechanisms are considered to be electroni-
cally compensated through localized titanium reduction from
Ti*™ to Ti*™, that is [Eq. (3)]:

T + e/ = Tiy, (3)

For vacancy formation, there are the three inequivalent
oxygen atoms illustrated in Figure 1: the 16n Wyckoff site (an
edge sharing position between two Ti octahedra); the 8h site
(@ corner sharing hydroxyl group); the 16/ site (a bridging car-
boxylate oxygen). For the 16n case, oxygen vacancy formation
results in the occupation of two quasiatomic Ti d,, orbitals
neighbouring the vacancy in a triplet spin configuration; at the
PBE + U level, the states are more localized on the neighbour-
ing Ti ions as shown in Figure 3, and form a distinct split off
state in the band gap, similar to reduced TiO, surfaces®” and
intrinsic defects in bulk TiO,">'¥ The defect reaction energy at
the PBE level of 3.66 eV is reduced to 2.72 eV when the self in-
teraction of the electrons is addressed; this large difference is
due to the significant reduction in energy of the single-particle
defect state at the PBE+ U level. In comparison, the calculated
oxygen vacancy energy in bulk TiO, is 4 eV at the same level of
theory,™ indicating that the process will occur more readily in
the hybrid material system.

Removal of the 8h and 16/ oxygen atoms results in a differ-
ent behaviour with no excess electrons produced: the first va-
cancy is compensated by the remaining hydrogen, which be-
comes anionic [H™, Eq. (4)]:

1
OHoy = Hgy, +5 0; (4)

while the second is compensated by the formation of a direct
C—Ti bond, that is, [(—O—Ti*—[C—Ti". Both defect reactions
maintain the insulating band gap of the host material, and the
reaction energies are significantly higher than the formation of
an oxygen vacancy compensated by titanium reduction, as
listed in Table 2.

Let us now consider Equation (2) and specifically the incor-
poration of an additional H atom to form an hydroxyl group
with the exposed 16n oxygen in the ring centre. The calcula-
tions predict that the reaction is exothermic by as much as
0.6 eV, which is consistent with the strong reducing behaviour
of H,; however, it should be recognized that finite temperature
effects and the activation barrier for dissociation have not
been addressed here. The end result of hydrogen incorpora-
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Figure 3. Electronic density of states and the density isosurface associated
with the 16n oxygen vacancy in titanium carboxylate as calculated using the
PBE and PBE+ U density functionals, with the highest occupied state set to
0 eV. For the latter method, the defect state is more localized, resulting in a
distinct split-off peak in the band gap.

Table 2. Calculated oxygen vacancy and hydroxyl defect reaction ener-
gies [eV] at two levels of DFT.

Defect reaction GGA GGA+U
2Ty + O"=Ver 4+ 27T, 41 0, 3.66 272
[O%*H] ou=H,, +1 O, 3.90 3.88
[C-O'"*T*=[C-Ti*+3 O, 4.66 4.41
Tig 4+ O + 1 H,=[OH], + Til, -033 ~0.64

tion is similar to that of oxygen vacancy formation, with locali-
zation of the excess electron on one of the neighbouring Ti
sites, giving a local magnetic moment of 1 pg. A similar re-
sponse has been identified on hydroxylation of the rutile TiO,
(110) surface.’” Equal distribution of the charge on the two
neighbouring Ti sites results in a metastable configuration
more than 0.5 eV higher in energy.

Due to the low defect reaction energies, optical excitations
larger than the band gap (hv>E,) will have sufficient energy
to drive forward chemical reduction, which explains the facile
photochromic behaviour. Specifically, in the hybrid material
system, absorption of light across the band gap will generate
an electron-hole pair localized in the titania and aromatic sub-
lattices, respectively. The reduced Ti" species are chemically
stable; the appearance of a localized defect state near the
centre of the band gap is consistent with the appearance of
new visible absorption features after UV irradiation, which cor-
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respond to transitions between the defect state and the va-
lence and conduction bands. The generated hole may be
transferred to a sacrificial reagent such as an alcohol group,"?
or may facilitate the oxidation of the inorganic sublattice to re-
lease gaseous oxygen. While a high order theoretical approach,
such as self-consistent GW, would remove the empiricism in
the chosen value of U, we expect that this fundamental con-
clusion would remain unchanged.

In addition to the demonstrated photochromic behaviour,
the spatial separation of electrons and holes is highly desirable
for photovoltaic applications,” and our results demonstrate
that this feature, an intrinsic type-Il heterojunction, can be in-
corporated into hybrid organic-inorganic materials. A key goal
in the future will be to engineer this characteristic into lower
band gap hybrid materials, such as lead chalcogenides,™"
which can then absorb a significant fraction of the terrestrial
solar spectrum for light harvesting applications.

In conclusion, examination of the electronic and defect
structure of a novel hybrid titania material has confirmed the
spatial separation of electrons and holes between the inorgan-
ic and organic sub-networks. Chemical reduction of TiV to Ti"
can be readily achieved through intrinsic defect formation
(oxygen loss) or through extrinsic reductants (e.g. H,). The re-
markably low energy for these processes, which is less than
those in bulk TiO, and below the band gap energy, explains
the facile colour change of this material after irradiation under
UV light: photostimulated chemical reduction. These results
suggest that immense potential exists in tailoring the proper-
ties of hybrid materials for photochemical applications.
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