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Structures and Electronic Properties of Titanium Oxo Clusters with Tartrate
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Titanium oxo clusters are considered a model for nanotitanium dioxide and have gradually become a new field of
functional materials in solar cells. In this work, the precise structural information of two types of tartrate-based titanium-
oxo clusters was investigated by quantum chemical approaches. Density functional theory (DFT) and time-dependent
density functional theory (TDDFT) calculations provided the precise structural parameters of Tis(C4H206)(AS)2(O™Pr)10
and Tis(C4H206)(ATS)2(OPr)10. Our work provided reliable results in agreement with the experimental results. In both
molecules, the Ti-O bonds were mainly divided into three categories: the bonds in the first category were the coordination
bonds between the central skeleton Ti atom and the tartaric acid group, whose bond lengths were 2.000—2.080 A; the
bonds in the second category were the coordination bond formed by the Ti atom and the oxygen on the AS ligand sulphonic
acid group, whose bond lengths were 2.148—2.310 A; the bonds in the third category were the Ti-O bonds with shorter
bond lengths, which were the coordination bond formed by the Ti atom and the oxygen on the isopropylalkoxy group with
their bond lengths in the value range from 1.777 A to 1.795 A. These kinds of Ti-O bonds also can be found in other Ti4
titanium-oxo clusters. Molecular orbitals showed that electron transfer from the AS/ATS ligand to the {Tis} central
skeleton was induced by sunlight with maximum UV-Vis absorption of 605/629 nm. Our calculation results provide strong

guidance for the discovery of new efficient titanium oxo in solar cells.
Keywords: titanium-oxo clusters, density functional theory, tartrate-based molecule, Ti-O bond.

1. INTRODUCTION

With the rapid progress of industrial production and the
sudden advances of the past hundred years, human life has
been radically changed and the quality of people's lives has
improved. However, along with progress have come many
problems. Today, the development and use of green energy
have become an important issue in scientific research due to
the over-exploitation of resources, new depletion of global
fossil energy sources, threats to natural ecosystems, and
increasing environmental pollution [1]. Research and
development of clean technologies and environmentally
friendly materials are urgently needed to solve energy and
environmental problems [2 — 5]. Among the many candidate
materials, solar energy is inexhaustible; moreover, at the
current level of technological development, solar energy
utilisation is not only possible and feasible, but also a purely
renewable energy source [6—9]. Therefore, photocatalytic
materials could utilise clean solar energy to solve related
energy and environmental problems and have become a
highly attractive research direction.

Among many titanium-based materials, titanium
dioxide (TiO;) has been widely used in various fields as an
n-type semiconductor photocatalytic material with
outstanding properties such as low cost, safety and non-
toxicity, abundant resources, chemical stability and high
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photocatalytic  activity = [10—14].  Especially  in
environmental photocatalysis, TiO, plays an outstanding
role and can be used for the photolysis of pollutants, air and
water purification, and self-cleaning and anti-fogging films
[15]. In solar energy harvesting, TiO, can be used in new
energy fields such as hydrogen production from photolysed
water and dye-sensitised photovoltaic cells [16, 17].
Titanium dioxide is also an important support for many
efficient metal catalysts, which can be loaded with different
types of metals involved in different chemical reactions,
such as TiO2-loaded Au catalysts for CO oxidation
reactions [18]. However, TiO2 itself still had defects, such
as a complex surface structure, which made it difficult to
establish the relationship between structure and properties,
while TiO; as a broadband n-type semiconductor material
had disadvantages, such as a high band gap value and easy
compounding of photogenerated electron holes, as well as
the nature that it only received UV light stimulation, which
limited its efficiency in the use of sunlight [19—-21]. The
common approach to solve this problem was to
functionalise and dope this material to better harness solar
energy while maintaining its high efficiency and stability,
which would be an important advance in titanium-based
photocatalysts [22—-24]. As a model compound for the
structure and reaction of titanium dioxide materials,



crystalline titanium oxo clusters (TOCs) with well-defined
structural information have become the focus of attention
[25]. With the development of recent single crystal X-ray
diffraction. With the advent of technology and structural
resolution software, a growing number of researchers have
turned their attention to the emerging field of crystalline
titanium-oxygen clusters, and a series of advances have
been made [26—30]. The precise atomic position
information, well-defined ligand cluster nucleus linkage,
tunable nucleus size and good solubility of titanium-oxygen
clusters provided the opportunity to understand their
conformational relationships and expand their functional
applications and provided an excellent platform for
molecular simulations and theoretical calculations of related
titanium dioxide surface modifications [31].

Titanium-oxo  clusters (TOCs) were usually
heteropolymetallic oxides of the type [TixOy(OR),],
[TixOy(OR)AL)m], [TixOy(OR),M;] or [TixOy(OR)AL)mMa]
(or OR = alcohol salt, L = functional ligand, M = transition
metal or lanthanide ion) [3,32]. The precise structural
information and the solubility in solvents would have the
residence patterns of the further application of titanium oxo
clusters [3, 32]. In this work, a density functional approach
was used to investigate the geometry and -electronic
structure of two titanium oxo clusters. Two molecules were
considered here, Tis(CsH206)(AS)2(O'Pr)1o (molecule 1)
and  Tig(C4H,06)(ATS)2(O'Pr)1o  (molecule 2)  where
(C4H,0¢) represents the tartaric acid root, AS means aniline-
2-sulfonate, and ATS is 4-aminotoluene-3-sulfonate.

2. METHODS

2.1. Conformation optimisation

Gaussian 09 software [33] was used to optimise the
geometric configuration of selected molecules. The
geometric configuration optimisation process was carried
out using the B3LYP [34] heterogeneous density functional
theory, which consists of the LYP function, the VWN

equation and the Hartree-Fock equation. Previous studies
have shown that the B3LYP approaches can provide reliable
results for geometric optimisation and quantum calculations
of the electronic structure of titanium cluster compounds.
More accurate Sddall basis groups and Sddall
pseudopotentials were used for Tiatoms, and all-electron
6-31G(d,p) basis groups for the rest of the atoms. The initial
structure of molecule 1 was obtained from the Cambridge
Crystallographic Data Centre (CCDC) with crystal number
2046547 [32] and the modification of the AS ligand to the
ATS ligand resulted in the structure of molecule 2.

2.2. Electron transfer analysis

TDDFT method was used to study the distribution of
photoexcitation processes in two titanium oxo clusters. The
generalised cam-B3LYP [35] function, combined with
B3LYP and Tawada's long-range correction[36], was used
for the excited state calculations in the B3LYP-optimised
geometries, taking into account the excitation of 20 states.
The Sddall basis group and Sddall pseudopotential were
used for the Ti atoms, and the all-electron 6-311G++(d,p)
basis group was used for the rest of the atoms.

3. RESULTS AND DISCUSSION
3.1. Geometric structure optimisation
3.1.1. Tis(C4sH206)(AS)2(O'Pr)10 cluster

The optimised geometric configuration of the
Tis(C4sH206)(AS)2(O'Pr) 1o molecule is shown in Fig. 1. The
overall spatial arrangement of the molecule is shown in
Fig. 1 a. The molecule consisted of four Ti atoms ligated
with tartaric acid ligands to form a central framework plane,
with each Ti atom having a six-coordinated structure. The
six isopropyl oxygens were coordinated to the remaining
coordination site on the Ti atom of the central skeleton. For
the skeleton centre consisting of Ti atoms and tartaric acid
ligands (as shown in Fig. 1 b), the transverse span was
5.962 A and the longitudinal span was 3.249 A.

Fig. 1. Optimised geometry of the Tia(CaH206)(AS)2(O'Pr)i0 cluster: a—overall coordination; b—{Tis} central skeleton; c¢— central

skeleton (bond lengths in A in the figure)
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The Ti-Ti longitudinal span obtained from the
experimental X-ray crystallographic analysis was 3.2194 A
[32]. The theoretical calculation was in good agreement
with the experiment. The Ti-O bonds in the structure of
molecule 1 were mainly divided into three types: The first
type of Ti-O bond was the coordination bond between the
central skeletal Ti atom and the tartaric acid group, with a
bond length of 2.000—2.080 A (as shown in Fig. 1 b); The
second type was the coordination bond formed by the Ti
atom and the oxygen on the sulphonic acid group of the AS
ligand, whose bond length was 2.148 ~2.310 A. The third
type had the short Ti-O atom and a stronger coordination
bond, which was the coordination bond formed by the Ti
atom and the oxygen on the isopropylalkoxy group with a
bond length of 1.777 ~ 1.795 A (as shown in Fig. 1 b and
Fig. 1 ¢). Similar three types of Ti-O bonds can be also
found in other titanium-oxo clusters, such as Tis(O™Pr)4(L1)s
(H2L1 = salicylaldoxime)  [3],  Tis(ns-O)(OMe)s(L1)4
(HoL1 = salicylaldoxime) [37] and TisO»(OPr)s(ON=CMe-
CH,-CMe=NO), [38].

3.1.2. Tis(C4H206)(ATS)2(OPr)10 molecule

The optimised geometric configuration of the
Tisa(C4H206)(ATS)2(OPr)1o molecule is shown in Fig. 2.
The overall spatial arrangement of the molecule is shown in
Fig.2a. Similar to the Tis(CsH206)(ATS)2(OPr)io
molecule, the central backbone structure of the
Tia(C4H206)(ATS)2(O'Pr) 10 molecule also consists of four
Ti atoms ligated with tartaric acid ligands, each Ti atom
being a hexa-coordinated structure. Two 4-aminotoluene-3-
sulphonic acid (ATS) groups were distributed on opposite
sides of the central backbone plane, with two oxygen atoms
on each ATS sulphonic acid group coordinated to the Ti
atom on the central backbone and the other oxygen atom of
the sulphonic acid group forming a hydrogen bond with the
nitrogen atom on the ATS ligand.

The six isopropyl oxygens were coordinated to the
remaining coordination sites on the Ti atom of the central
skeleton. Due to the greater spatial site resistance of the ATS
group than the AS group, the Ti-Ti transverse and

longitudinal spans of the central backbone of molecule 2
were larger than those of molecule 1. For the molecule 2
central backbone, the Ti-Ti transverse span was 5.943 A and
the longitudinal span was 3.258 A. The Ti-Ti longitudinal
span obtained from the experimental X-ray crystal structure
analysis was 3.2323 A [32]. The theoretical calculation
results were in good agreement with the experiment. The
Ti-O bond of the molecule 2 structure was 1.777—2.220 A.
The Ti-O bond of Ti with tartaric acid was 2.019 ~ 2.068 A,
the Ti-O bond of Ti with ATS group was 2.182 ~2.220 A,
and the Ti-O bond of Ti with ATS group was
1.777 ~ 1.801 A coordinated to the Ti atom on the central
backbone and the other oxygen atom of the sulphonic acid
group forming a hydrogen bond with the nitrogen atom on
the ATS ligand. The six isopropyl oxygens were
coordinated to the remaining coordination sites on the Ti
atom of the central skeleton. Due to the greater spatial site
resistance of the ATS group than the AS group, the Ti-Ti
transverse and longitudinal spans of the central backbone of
molecule 2 were larger than those of molecule 1. For the
molecule 2 central backbone, the Ti-Ti transverse span was
5.943 A and the longitudinal span was 3.258 A. The Ti-Ti
longitudinal span obtained from the experimental X-ray
crystal structure analysis was 3.2323 A [32], indicating that
our calculation was reasonable and the application of the
B3LYP method to tartrate-based titanium oxo clusters was
reliable. The Ti-O bond of the molecule 2 structure was
1.777-2.220 A. The Ti-O bond of Ti with tartaric acid was
2.019 ~2.068 A, the Ti-O bond of Ti with ATS group was
2.182~2.220 A, and the Ti-O bond of Ti with ATS group
was 1.777 ~ 1.801 A.

3.2. Electronic structure analysis

3.2.1. Molecular orbitals of the
Tis(CsH206)(AS)2(O'Pr)10 molecule

The frontier molecular orbitals
Tia(C4H206)(AS)2(O'Pr)y are shown in Fig. 3.

of

Fig. 2. Optimised geometry of the Tis(C4H206)(ATS)2(O'Pr)10 molecule: a—overall coordination; b— {Tis} central framework; ¢ —central

skeleton (bond lengths in A in the figure)
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LUMO+1 (-0.05eV)

LUMO (-0.06eV)

Fig. 3. The TDDFT calculated frontier molecular orbitals of
Tis(C4H206)(AS)2(O™Pr)10 molecule

HOMO was the lowest occupied orbital, and LUMO
was the highest unoccupied orbital. The HOMO and
HOMO-1 orbitals were the simplicial orbitals with very
similar electron cloud shapes, and the electron cloud was
concentrated on the benzene ring group on the AS ligand,
which was the electron transfer donor. In contrast, the
electron cloud of the LUMO and LUMO+1 orbitals was
concentrated on the {Tis} central skeleton, which was
mainly composed of a combination of Ti atoms and their
coordinated oxygen atoms and tartaric acid ligands. Under
photoexcitation, electron leaping from the HOMO (or
HOMO-1) to the LUMO (or LUMO+1) can cause the
electron cloud to transfer from the benzene ring on AS to
the {Tis} central skeleton. In addition, the intramolecular
isopropyl group contributes to the HOMO-1, HOMO,
LUMO and LUMO+1 orbitals, as shown in Fig. 3.

3.2.2. Molecular orbitals of the
Tis(C4H206)(ATS)2(O'Pr)10 molecule

The frontier orbitals of Tis(C4H206)(ATS)2(OPr)i0
are shown in Fig. 4. Similar to Tis(CsH206)(ATS)2(OPr)10,
the HOMO and HOMO-1 orbitals were the simple merger
orbitals, the electron cloud was concentrated on the benzene
ring group on the ATS ligand, and the ATS ligand was the
electron transfer donor. The electron clouds of the LUMO
and LUMO+1 orbitals were concentrated on the central
skeleton, and the photoexcitation of electrons from the
HOMO to LUMO can be regarded as electron transfer from
the benzene ring of the ATS ligand to the central skeleton.

3.2.3. Excitation analysis

The TDDFT calculated UV-Vis spectroscopy is shown
in Fig.5. The maximum wavelengths absorbed by
molecule 1 and molecule 2 were 605 nm and 629 nm
respectively. The absorption wavelengths of the two
molecules covered most of the wavelength band of sunlight,
in the range of 550 nm to 650 nm for molecule 1 and
600 nm to 700 nm for molecule 2, indicating that these two
tartrate-based titanium oxo materials can serve as efficient
devices in the solar cell. In addition, the main orbital
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contribution was derived from the H—L, H-1—L and
H-1—L+1 orbitals as shown in Table 1.
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Fig. 4. The TDDEFT calculated frontier molecular orbitals of
Tis(C4H206)(ATS)2(OPr)10 molecule

In Table 1, the H—L contribution accounted for only
~20 % due to the presence of a degenerate energy level
between the HOMO and HOMO-1 orbitals.
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Fig. 5. TDDFT Calculated UV-Vis Spectroscopy

Table 1. The main contribution of the orbitals to the electronic
transitions at maximum absorption

Molecules Orbital contribution
molecule 1 H—L 20.2% H-1-L 31.6% H-1—»L+1
28.3%
molecule 2 H—L 19.8% H-1—-L 26.7% H-1-L+1
42.5%
4. CONCLUSIONS

In this work, the structure and excitation of two tartrate-
based titanium oxo clusters have been investigated by
density functional theory. The functionals used in this
calculation were reliable, as the optimised geometries of
Ti4(C4H206)(AS)2(OiPr)10 and Ti4(C4H206)(ATS)2(OiPI‘)10
were in good agreement with the experimental results.



Molecular orbital analysis indicated that the benzene ring
group on the AS/ATS ligand was the electron donor and the
{Tis} central skeleton was the electron acceptor. The
electrons in the AS/ATS ligand were induced by solar
energy, followed by electron transfer from the AS/ATS
ligand to the {Tis} central skeleton. Furthermore, the
excitation analysis showed that these two titanium oxo
materials could be applied in the solar cell as their
absorption wavelengths covered most of the wavelength
band of sunlight. Our theoretical investigation would be
beneficial for the further development of titanium oxo
materials in solar cells.
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