M) Checs tor upaates View Article Online
View Journal

INORGANIC
CHEMISTRY

FRONTIERS

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: T.J. Barnes, B.
Wang, E. Sokalu, F. De Proft and S. D. Pike, Inorg. Chem. Front., 2026, DOI: 10.1039/D5Q102443A.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been accepted
for publication.

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the

|NORGAN|C Information for Authors.

CHEMISTRY Please note that technical editing may introduce minor changes to the
FRONTIERS text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
shall the Royal Society of Chemistry be held responsible for any errors
rsclfontiers inorganic or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

CCS CHINESE

CHEMICAL ROYAL SOCIETY

P SOCIETY n OF CHEMISTRY rsc.li/frontiers-inorganic



http://rsc.li/frontiers-inorganic
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d5qi02443a
https://pubs.rsc.org/en/journals/journal/QI
http://crossmark.crossref.org/dialog/?doi=10.1039/D5QI02443A&domain=pdf&date_stamp=2026-02-18

Page 1 of 11

Open Access Article. Published on 18 February 2026. Downloaded on 2/25/2026 3:26:41 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Inorganic Chemistry:Frontiers

View Article Online
DOI: 10.1039/D5Q102443A

Size-Dependent Electronic Structure of Titanium-Oxo-Alkoxides:
Exploring Quantum Confinement at the Smallest Sizes

Thomas J. Barnes,? Bin WangP®, Eniola Sokalu?, Frank De Proft®* and Sebastian D. Pike ®*

The electronic structures of titanium-(oxo-)alkoxides with 1-18 Ti atoms are studied by UV spectroscopy, revealing size
effects. These precise molecular systems act as the smallest titanium-oxygen systems for comparison with bulk and
nanoparticulate TiO,. The results show that at these ultrasmall sizes, with Ti/O cores of less than 1.5 nm, the energy gap is
larger than bulk TiO, and increases significantly in the smallest systems. Electrochemical studies supported by DFT
calculations show that the greatest changes in electronic structure occur when moving from a complex with a single Ti atom
to a dimeric species with two Ti sites. Constructive interaction of d-orbitals, combined with changes in coordination
geometry, result in significantly different Ti-based LUMO energies in monomers, dimers and larger clusters, whilst the O-
based HOMO energy level remains similar throughout. Size appears to be the dominating factor for LUMO position and
energy gap despite the different connectivities, shapes and surface chemistries in these molecular clusters, which differ from
bulk TiO,. These results link materials chemistry with small inorganic molecules and show that (quantum) size effects remain
applicable to the smallest systems. This understanding is important for the rational design of semiconductor materials with

optimised properties.

Introduction

Semiconducting metal oxides, such as titanium dioxide
(TiOy), are important photoactive functional materials used in
photocatalytic processes including as self-cleaning or
antibacterial surfaces.'> Thin films of TiO; are also important as
protective layers and electron transport layers in electronic
devices.® 7 The electronic structure of bulk TiO, comprises of a
filled (O 2p-based) valence band and an empty (Ti 3d (t2g) based)
conduction band. The electronic structure of metal oxides
becomes modified as particle sizes become very small due to
the quantum confinement effect. At small sizes the electronic
structure, built from overlap of the constituent atomic orbitals,
ceases to be a continuum of energy states, and discrete energy
levels are instead found. As the radius of a crystalline particle
drops below that of the material’s exciton Bohr radius the
valence and conduction bands become narrower resulting in an
increase in the ‘band gap’. Ultimately, on reaching molecular
sizes these discrete energy levels represent the various
molecular orbitals delocalised over the structure.

Quantum confinement is best known in quantum dot
materials such as CdSe nanoparticles which exhibit size-
dependent luminescence wavelengths, and the importance of
this effect is recognised by the 2023 Nobel Prize in Chemistry
for Bawendi, Brus and Ekimov.819 TiO, has a wide band gap
(reported; rutile, 3.00-3.03 (3.20) eV; anatase, 3.15-3.20 (3.42)
eV, by measurement of the indirect (or direct) optical gap*® 12
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(note that exact values may vary depending on experimental
measurement method),’?2 and a small exciton Bohr radius,
estimated to be ~0.8 nm for anatase.!* Quantum size effects in
TiO; are only predicted for particle sizes with diameters <2 nm
(Fig. 1a).2%17 Even the band gaps of ultrasmall (1.5 nm — 3 nm)
anatase nanoparticles were shown to have negligible deviation
from bulk values.'® 18 |n contrast, 3.6 nm rutile nanoparticles
have been reported to show a small blue shift compared to the
bulk energy gap (3.38 eV vs 3.2 eV, by direct transition).1t
Extended (NHa/H)axTi(1-¢O2 nanosheets (0.7 nm thick) are also
reported to have energy gaps of ~3.8 eV,!° whilst nanofilaments
(0.6x1.0 nm cross section) have even higher energy gaps of ~4.0
eV (indirect transition).2° The band-gap of sub-monolayer TiOy
deposited on silica is shown to increase with decreasing
coverage, as smaller TiOx species become dominant.> Ultrasmall
TiO, particles produced using dendrimer templates, are
reported to show size dependent band-gaps ranging from 3.35-
3.79 eV as the particle diameter decreased from 1.7 nm to
around 1 nm in size.'* It is important to note that at these sizes
(<100 Ti atoms), the species may be better described as a
molecule, in which the surface plays a significant role. Structural
distortion may occur due to the tiny size and influence of
(bridging) surface ligands. This distortion may lead to changes
in coordination geometry, covalency and/or Ti---Ti distances
that may compete with intrinsic size effects.

In the related semiconductor ZnO, studies of quantum size
effects reveal that the main change in electronic structure is an
elevation of the conduction band minimum (CBM), with the
valence band maximum (VBM) less effected. In ZnO the
conduction band is constructed from diffuse 4s orbitals with
good overlap and is, therefore, a wide band, highly susceptible
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to quantum size effects (Fig 1b).21-23 In contrast, in CeO,, the
contracted 4f orbitals are the frontier unoccupied electronic
states, and create a narrow set of energy states which are barely
effected by size effects.?* The 3d orbitals of TiO; sit between
these extremes,?® and therefore, some change in CBM position
is expected for TiO,, but only at very small particles sizes.

Molecular chemistry reveals that at <2 nm Ti/O structures
adopt different shapes and Ti—O coordination arrangements,
showing structural distortion relative to bulk structures.
Molecular titanium-oxo clusters, which have a surface stabilised
by organic ligands, fall in this size range, and many have been
reported with Ti/O cores ranging from 0.5-1.5 nm in size.17, 26-28
However, in these cluster molecules the repeating structure
found in rutile or anatase is not typically observed, as at these
very small sizes the surface environment dictates coordination
geometries and overall structure. Despite changes in structure,
<1 nm Ti-oxo clusters are capable of photoexcited charge
separation under UV light, and can perform photocatalysis,?°-32
and these clusters are closely related to the secondary building
blocks in (photoactive) titanium-based MOFs.33-37 This report
investigates to what extent the quantum confinement effect
can be extended to understand and predict the electronic
structures of a range of Ti-(oxo-)alkoxides with Ti/O core sizes
from 0.3-1.3 nm, even if the Ti-O connectivity differs from the
parent structure.38

Titanium tetra-alkoxides (e.g. [{Ti(O'Pr)s}n]) are commonly
used precursors for a wide range of compounds and materials,
including the formation of TiO,. Bulky titanium alkoxides such
as [Ti(OAd)4] (Ad =1-adamantoxide) (Fig. 2) are mononuclear
tetrahedral complexes in the solid-state, as confirmed by X-ray
crystallography.3®#1 Less bulky alkoxides may crystallise as
dimers (neopentoxide, ONp) or tetramers (ethoxide,
methoxide), with five or six coordinate Ti centres respectively.*>
43 However, in solution lower degrees of oligomerisation are
expected, with the monomeric form dominant for titanium
tetra-neopentoxide, isopropoxide and tert-butoxide, and the
trimeric form dominant for titanium ethoxide (Table S1).4% 44
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The partial hydrolysis of titanium-alkoxides to form titanium-

oxo-alkoxide clusters was extensively studied by, Mosset.
Klemperer, Day and Sanchez during thePf990s.06HaRgiIRg thé
degree of hydrolysis, temperature and reaction pressure can
generate Ti-oxo-alkoxides of different sizes, which can be
isolated by crystallisation (Fig. 2).4>>! It is important to note that
the smallest clusters such as [TizO(O'Pr)s(OMe)] (Tis) form an
equilibrium with higher nuclearity clusters and [Ti(O'Pr)4] when
in solution.*>

A host of different structures, including a large Tis; cluster,
can also be prepared by also introducing extra organic ligands
such as carboxylates or sulphates.'?> 26 27, 52 These additional
ligands may have a significant influence upon electronic
structure and can be used for ‘band-gap engineering’,
significant changes are noted for cases in which a dye ligand
inserts energy levels within the Ti/O based HOMO-LUMO gap.>%
54 Therefore, the simple set of Ti-oxo-alkoxides, without extra
surface ligands, are of particular interest for a systematic study
of energy gaps versus size/nucleation.

The energy gaps of some Ti-oxo-alkoxide clusters have been
previously reported using UV/visible spectroscopy to determine
absorption onset, for example, [Ti17024(O'Pr)20] (Tizz) hasa Ti/O
spherical core diameter of 1.2 nm and a HOMO-LUMO gap
reported as 3.36 (4.26) eV using Tauc’s method to analyse the
solution UV spectrum (in CH,Cl;) with a forbidden indirect
transition (exponent n=3, [Ti] = 9 mM) (or allowed direct
transition (exponent n=1/2, [Ti] = 0.04 mM) respectively),>>
however, a different value of 3.8 eV was reported using linear
extrapolation of the absorption edge from diffuse reflectance
UV spectroscopy (DRS) of a powder. %657 Both methods indicate
a blue-shift of the energy gap from that of bulk TiO,.

It can be challenging to make direct comparisons between
studies due to the different spectroscopic methodologies and
analyses conducted across different studies (supporting note
1).%8 In this paper we compare the absorption spectra of a range
of differently sized Ti-(oxo-)alkoxides using consistent
experimental techniques, to qualitatively show size-related
absorption shifts.
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Figure 1. a) Band gap prediction for TiO, particles based on quantum confinement effects using the effective mass approximation (EMA). Values from the Nosaka equation

(similar to Brus equation), with a W’ value of 1.63 m,.1* Note that a single TiOs octahedron has a size of ~0.4 nm. N.B. the EMA is considered to overestimate energy gap at
very small sizes. b) Depiction of the density of states of the conduction bands of wide band gap oxide semiconductors that are constructed from different types of orbitals,

and the response of the CBM with quantum confinement effects.

2| J. Name., 2012, 00, 1-3

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 11


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5qi02443a

Page 3 of 11

Open Access Article. Published on 18 February 2026. Downloaded on 2/25/2026 3:26:41 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Inerganic Chemistry, Frontiers

View Article Online
DOI' 10.1039/D5Q102443A

o
12%(

s
LT

Figure 2. Crystal structures of [Ti(OAd)4] and Ti-oxo-alkoxide clusters displayed to scale. Ellipsoids at 50% probability, C atoms displayed as capped sticks and hydrogen atoms

omitted for clarity. Ti = lilac, O = red, C = grey.

Results & Discussion
Electronic Absorption Spectroscopy

Solution phase UV spectroscopy was conducted on Ti-alkoxides
and Ti-oxo-alkoxides at (consistent) high concentrations ([Ti] =
35 mM) in pentane solvent to most accurately determine
changes in indirect absorption onset. Solid-state DRS spectra
were also collected for comparison.

To benchmark our data against the literature, the solid-state
UV spectrum of bulk anatase and rutile was collected, Tauc’s
analysis was conducted using n = 2 (or %) for indirect (and
direct) transitions (note direct values given in italics throughout
discussion). In our hands, the band-gap is calculated as 3.1 (3.3)
eV for anatase and 2.9 (3.1) eV for rutile (Fig. 3c, S2). The
absorption spectrum of Ti;z was collected in solution (in
duplicate) and in the solid-state and analysed by Tauc’s method.
To compare different methodologies of determining absorption
onset from the data methods to estimate indirect and direct
transitions were both used (see experimental methods).
Indirect absorption of solution data ([Ti] = 35 mM, exponent n =
3)°> gave an onset value of 3.6 +0.1 eV (literature 3.4 eV)>>,
whilst DRS data gave a lower value of ~3.2 eV. The direct
absorption value from low concentration solution data ([Ti] =
0.11 mM, exponent n=1/2) was 4.3 #0.1 eV (literature 4.3 eV)>®
but from solid-state data gave 3.5 +0.1 eV. The difference
between solution and solid-state data is greater than observed
for some other Ti-oxo clusters, e.g. only a minor red-shift (<0.1
eV) was previously determined by our research team when
comparing solid-state and concentrated solution data, for
[Ti404(O'Pr)4(0O2PPh3)e].31 However differences between the
solid-state and solution spectra of other metal alkoxide species
have been previously reported,?* and perhaps represents the

ability of these structures to adjust to surrounding

This journal is © The Royal Society of Chemistry 20xx

environment. To ensure that the red-shift in the solid spectrum
was not due to trace hydrolysis under air, the measurement was
repeated in a quartz cuvette sealed within the glovebox with
vacuum grease, and this gave a very similar spectrum (which did
not change over several days). Comparison of absorption onset
values is difficult due to the different ways of calculating them,
and differences between solution and solid-state data (Fig. S2),
noting the linear absorption scale for solution data, but closer
to logarithmic scale for diffuse reflectance data (which
emphasizes low intensity features). Therefore, best
comparisons are made by collecting absorption spectra under
consistent conditions and comparing the spectra themselves.
Titanium alkoxides [{Ti(OR)4}n] with differing structures (e.g.
monomers, trimers, tetramers, Table S1, Figs S3-6)%% >° were
examined to consider the smallest possible Ti/O systems. H
DOSY NMR spectroscopy was used to investigate the degree of
oligomerisation in the soluble compounds in d&-toluene (Figs
S$7-9). Both [Ti(O*Bu)s] (29 mM) and [Ti(O'Pr)4] (35 mM or 1.8
mM) diffuse at similar rates to the solvent, indicating small
monomeric molecules dominate with predicted hydrodynamic
diameters of 0.67 nm and 0.60 nm respectively (comparable to
~0.75 nm estimated from crystal structure of [Ti(OAd)4]).4%>° In
contrast, samples of [{Ti(OEt)a}n] ([Ti] = 35 mM) diffuse more
slowly through solution with an estimated diameter of 0.93 nm
(N.B. the trimer is expected to be dominant at this
concentration, with an expected diameter of ~0.9 nm).*3 44
Despite the similar aliphatic groups on these titanium alkoxides
(R = Et, O'Pr, 'Bu, Ad), significant changes are observed in the
absorption spectra, which track with the degree of
oligomerisation (Fig. 3). Upon oligomerisation, an increasing
number of Ti and O atoms contribute to the electronic structure
of the molecule, and, the coordination geometry at Ti also
changes from tetrahedral, to trigonal bipyramidal (on
dimerization) and then to octahedral in larger oligomers.
Monomeric [Ti(OAd)4] and [Ti(O'Bu)4] absorb only from deep in
the UV at 4.3 (4.8) and 4.2 (4.9) eV (Figs. 3a, b, S10-13, [Ti] = 35-

J. Name., 2013, 00, 1-3 | 3
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1.75 mM (0.1 mM)). The initial absorbance maxima for
[Ti(O'Bu)a] at 228 nm is consistent with studies of isolated
tetrahedrally coordinated Ti sites in mesoporous silica.®% %1 A 35
mM solution of [{Ti(O'Pr)s}.], which may contain dimers,
absorbs from slightly lower energy of 4.0 eV, however, reducing
the concentration to within the range at which monomers are
expected to dominate (1.75-0.11 mM) gives values of 4.3 (4.9)
eV consistent with the other monomers (Figs. 3a, b, S14-15).
[Ti(OEt)4ln, which is expected to be mainly trimeric in solution,**
53 absorbs from 3.6 eV (Figs. 3a, b, $16-17, [Ti] = 35 mM), with a
significantly lower onset energy than the other alkoxides at the
same [Ti] concentration (Table S2, N.B. identical spectra are also
recorded in THF or EtOH solution).
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Figure 3. Solution (a, 35 mM; b, 0.11 mM) and solid-state DRS (c) absorption spectra of
titanium tetra-alkoxides.

4| J. Name., 2012, 00, 1-3

Monomeric [Ti(OAd)s] and tetrameric [{Ti(OMe)alalcWere
also studied in the solid-state by DRS (Pigs18¢0¥18-20)247Ré
absorption onset of tetrameric [{Ti(OMe)as}4], at 3.4 (3.8) eV, is
red shifted relative to [Ti(OAd)4] which absorbs from 3.6 (4.1)
eV consistent with the degree of oligomerisation in the
structure. It is again worth noting the difference between solid-
state and solution methods for [Ti(OAd)s]. This compound is
highly air sensitive and, even in a vacuum grease sealed quartz
cell, the spectrum of [Ti(OAd)4] develops a shoulder over time
(after three days the onset becomes shifted to 3.5 (3.7), Fig
S20), indicating some hydrolysis of the structure and formation
of extended multinuclear species.

Immediate red-shifts in the absorption onset of [Ti(O'Pr)4]
are observed in solution upon adding trace water or exposing to
air, as species such as [TisO(O'Pr)0] are generated (Fig. $21).%°
Ti-oxo-alkoxides ([TisO(O'Pr)s(OMe)], (Tis);*> [Ti;O4(OEt)20],
(Tiz);%%  [Ti12013(O'Pr)1g], (Ti11);*®  [Ti12016(0O'Pr)is], (Ti12);*®
[Tilsols(OEt)32], (Ti15);50 Ti17,49 [Ti13023H(OtBU)17], (Ti1s),51 see
Table S3 for sizes) were prepared as crystalline solids by
hydrolysis and condensation reactions, and purity was
confirmed by solution 'H NMR spectroscopy (Figs. S22-26). Note
that as Tis is susceptible to forming equilibria in solution, the
structure was confirmed by single crystal X-ray diffraction, and
the most reliable absorption spectrum was measured in the
solid state. The solution spectra for all other compounds (Figs 4,
S$27-50), dissolved in pentane, display Beer-Lambert behaviour
across a wide concentration range.*>

Tiz shows an onset of 3.5 (3.6) eV in the solid-state, similar
to that of similarly sized [{Ti(OMe)a}4] (Fig 4d, S27-28), and an
approximate value of 3.7 (4.5) eV in solution (noting possible
equilibria) which is similar to trimeric [Ti(OEt)a]n (Fig S29). The
absorption onsets of the larger Ti-oxo-alkoxide clusters have
similar onsets to each other (Table S2), with minor shifts that do
not correlate with nuclearity (Tiz, Tii1, Tii2, Tiis, Tizz: solution
(indirect) data range, 3.5-3.6 eV; solid state (direct) data range,
3.4-3.6 eV). Across this size range (maximum core dimension
0.9-1.3 nm, Table S3) small increases in nuclearity have a minor
effect, and other factors such as coordination geometry and
structural distortion may be influential in determining their
exact absorption onsets, masking any size effects (N.B. due to
differing shapes Tiig has a larger maximum dimension than Tis).
All clusters do remain blue-shifted relative to bulk TiO: hinting
that to reach bulk values, further order-of-magnitude increases
in nuclearity are required.®* When compared to the effective
mass approximation prediction (Fig 1a, S51), the data collected
in this study shows a slower change in energy gap with
decreasing size. Of course, the structures at this size no longer
resemble bulk anatase or rutile and, therefore, the theoretical
model (designed for larger nanomaterials with consistent
structure and properties) becomes less valid. Nevertheless, it is
clear that energy gap continually increases with decreasing size.

It is noteworthy that after partial hydrolysis, these larger Ti-
oxo-alkoxide clusters are more stable to onward hydrolysis than
the previously discussed Ti-alkoxides. The powder X-ray
diffraction pattern of microcrystalline Tiie was collected after
various times under air, and these results show that crystallinity
is retained for over 24 hours but is lost after 1 week (Fig S52).

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 11


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5qi02443a

Open Access Article. Published on 18 February 2026. Downloaded on 2/25/2026 3:26:41 AM.

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Journal Name

a)
2 |
I‘ Tiy
Ju | —Tiy,
5 l, | ' Tisz
E —Tfm
3 ’ —Tiy;
c 14
3
c
@
o
S
73]
Qo
<C
0_
250 300 350 400 450 500
Wavelength / nm
b)
£
Q
. 25000+ 5 Ti,
'_ .
= —Tiyy
E 20000+ Tiy,
8 —
€ 15000 —Tiy,
8
S 10000
g
=
2
2 5000
=
3
o 0+ T — T T T
E 200 250 300 350 400 450 500
Wavelength / nm
c)
2.0
——Ti,

1.5+
1.0

0.5

Absorbance / arbitrary units

0.0

360 3.’;0 460 450

Wavelength / nm

200 250 500

Figure 4. Solution (a) [Ti] = 35 mM; (b) [Ti] = 0.11 mM (for [Ti] = 1.75 mM see Fig S50))
and (c) solid-state DRS absorption spectra of titanium-oxo-alkoxides.

Electrochemistry

Cyclic voltammetry measurements were performed on
monomeric [Ti(O*Bu)a], oligomeric [{Ti(OEt)4}n] (n ~3) and larger
Tiie and Tiiz to estimate reduction potential and, therefore,
LUMO energy (which corresponds to CBM in a molecular
species). Electrochemistry was performed inside a glovebox,
using a boron-doped diamond working electrode,®® dry
supporting electrolyte (0.1 M [*BusN][PFs] in dichloromethane;
5-6 ppm water), and 100 mVs scan rate in order to successfully
observe peaks at significantly reducing voltages. All species
show irreversible redox processes and, therefore, Ep_cathodic
(maximum peak current of the reductive peak) is extracted as

This journal is © The Royal Society of Chemistry 20xx

ARTICLE

an approximation for redox potential.®* The data ¢learly.shows
a significant shift in reduction potenti@Pt&’ HoTESREgHtive
energies with decreasing size. Tiig and Tiyz, with 1.2 nm cores,
give similar values of —1.72 and —1.71 V vs Fc/Fc*. These can be
compared to the flatband position of rutile in MeCN (10 ppm
water), reported at -1.54 vs Fc/Fc+, noting that, in this study,
the CBM is estimated ~0.01-0.1 eV more negative than the
flatband value.®® This positions the LUMO of 1.2-nm Ti-oxo
clusters slightly higher than Rutile (which is, in turn, generally
considered more negative than Anatase by ~0.16 eV).%®
[{Ti(OEt)4}n] gives a value of —1.92 V, requiring a more reducing
voltage to accept an electron, whilst the smallest species
[Ti(O'Bu)a] requires a remarkable —2.56 V to become reduced.
The changes in reduction potential (steps of 0.2 & 0.64 V for the
sequence Tiw, [{Ti(OEt)a}n], [Ti(O'Bu)s]), are similar to the
changes in solution absorption onset (steps of 0.03 & 0.61 eV),
which suggests that the major changes in electronic structure
are due to a changing LUMO position, and that, if at all, the
HOMO may be shifted to slightly more negative values, likely
due to different oxygen environments in the smallest species
(Fig 5b). To explore frontier orbital energies further, some
ethoxide ligands on Tiig were exchanged with phenoxide. The
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Figure 5. a) Cyclic voltammograms of Ti(-oxo)-alkoxides. b) Approximate energy
position of the HOMO-LUMO gap/band gap for selected Ti(-oxo)-alkoxides and TiO,
polymorphs vs Fc/Fct. The LUMO of Ti-(oxo-)alkoxides is approximated at the recorded
E,_cathodic values. Anatase and Rutile frontier energies taken from Kavan et al,
estimating CBM at —0.06 eV more negative than flatband energy.%
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high lying 1 orbitals of the phenoxide ligands provide an
approximately ‘pinned’ HOMO level, allowing for analysis of the
LUMO energy in this system by the energy gap derived from
absorption spectroscopy. The findings, discussed in supporting
note 2, give a similar result to the electrochemistry studies.

Computational Studies

DFT calculations were conducted using Gaussian 16 version AO3
on [Ti(O'Pr)4] (monomer), [{Ti(O'Pr)s}2] (dimeric form with two
bridging OPr groups and trigonal bipyramidal coordination
geometry at Ti), Tis, [{Ti(OMe)4}s], Tiy, Tiz1, Tizz, Tize and Tiz7.56
69 Density functional approximations (PBE, TPSSh, PBEO, CAM-
B3LYP) with different percentage of Hartree-Fock exchange
were employed to scrutinize the magnitude of the band gap.
The geometry optimizations were performed using the Def2SVP
basis set and the associated single point calculations are
performed based on the optimized structure under Def2TZVP
basis set for organic atoms with Stuttgart-Dresden effective
core potential SDD for the titanium atoms.”® 71 A benchmark
study of different functionals for computing the HOMO-LUMO
gap is presented in Table S4. Four commonly used density
functional approximations (DFAs) for both organic and
inorganic systems, PBE, TPSSh, PBEO, and CAM-B3LYP, were
applied. Because the Ti cluster is composed of multiple
transition metal atoms, the static correlation effect is
significant. As shown in Table S4, hybrid and range-separated
DFAs overestimate the HOMO-LUMO gap, whereas the pure
functional PBE shows the best agreement with the
experimental data. Consequently, in the following discussion,
only results obtained using the PBE method are presented.
However, we expect the trends for different cluster sizes to
remain the same with other density functional approximations.
The calculations (Table S5) indicate that the LUMO position is
the most affected by nuclearity (-1.31 eV change from smallest
to largest), with the HOMO remaining similar throughout (all
within a 0.39 eV range), consistent with the experimental
results (Fig 6).
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Figure 6. Calculated HOMO and LUMO energy positions for Ti(-oxo)-alkoxides. The
(maximum) coordination number of the Ti atoms is highlighted, note that in larger
clusters mixtures of coordination geometries are possible.
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The DFT calculations reveal the most significant differences,in
the electronic structures occur in the smaltestsysiemspaadsad
by changing coordination geometry at Ti (tetrahedral to trigonal
bipyramidal to octahedral on increasing nuclearity from one to
three) and/or significant mixing of the additional atomic orbitals
upon oligomerisation. Monomeric [Ti(O'Pr)s] shows the
expected (e + tz) LUMO energy levels for d orbitals in a
tetrahedral geometry (Fig S53), while the HOMO is constructed
from the 2p orbitals of four interacting O atoms. Overlap of the
3d orbitals on the two Ti centres in the dimeric form,
[{Ti(O'Pr)4},], creates bonding and antibonding energy d-levels,
generating a lower lying LUMO state (0.5 eV more stable than
in the monomer). The O based HOMO (already built from a
combination of O atomic orbitals) is destabilised by a smaller
value of 0.2 eV during dimerization. On extending to Tis, now
with an oxo ligand, the LUMO is further stabilised by enhanced
3d interactions (—0.13 eV), but with a significantly smaller jump
than from monomer to dimer. The HOMO is also raised by +0.19
eV, with the influence of the oxo ligand observed in the
HOMO-1 orbital (Fig S53). Beyond this size the HOMO remains
similarly positioned, with slight deviations across the series,
whilst the LUMO steadily drops, with the LUMO of Tiy7 stabilised
by 0.7 eV compared to Tiz, presumably due to increasing mixing
of d-orbitals with size.

The HOMO and LUMO orbitals of the largest clusters Tiig
and Tiy7 are shown in Figs. 7 and S54, in these cases the HOMO
is predominantly located on surface oxygens (noting that most
oxygens are surface in these small structures). This is consistent
with the concept that low coordinate or strained O sites
contribute to the highest energy filled electronic states.2* 72 73
The LUMOs are located on Ti 3d orbitals; for Tiye all Ti are six-
coordinate, but the LUMO is mainly located on the most
enclosed (core like) sites surrounded by oxo ligands, with much
smaller contributions from titaniums with multiple connections
to surface alkoxides. In Tiyz, six-coordinate Ti sites dominate the
LUMO with no contribution from the five and four coordinate
sites. Interestingly the central TiO4 unit in the centre of Tiiz does
not strongly contribute to HOMO or LUMO.

This journal is © The Royal Society of Chemistry 20xx
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Figure 7. Calculated HOMO orbitals for Tiss (top) and Tizz (bottom)

Conclusions

Electronic size effects are explored in the smallest Ti/O based
systems ranging from a single Ti atom to Ti-oxo-alkoxide
clusters with ~1.2 nm Ti/O cores. The predominant trend clearly
shows that the energy gaps in these systems is related to their
size, with energy gap increasing at smallest sizes mostly due to
an increase in (Ti-based) LUMO energy. Stabilisation of the
LUMO with increasing size is caused by cooperative interactions
of the Ti 3d orbitals. The greatest changes are observed at the
very smallest sizes (e.g. comparing monomer to dimer). More
subtle changes in HOMO position are also observed across the
series. Changes in coordination geometry at Ti, and surface
structure, may also influence electronic structure across these
size scales. Clusters with 7-18 Ti atoms appear to have similar
energy gaps, with some showing minor red-shifts relative to Tis,

This journal is © The Royal Society of Chemistry 20xx
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but all remain blue shifted relative to bulk TiQa.,To,tealise
further notable changes in electronic sEUttGrIHESPAIEIES
must become significantly bigger, e.g. approaching 100 Ti
atoms.!8

These results demonstrate that size effects in Ti/O systems
are similar to other semiconducting oxides like ZnO, but that
they occur only at very small (<2 nm) sizes at which point the
structures have adapted from that of bulk TiO; and, therefore,
other structural effects are also important. Understanding of
these properties are crucial for the application of Ti/O based
semiconducting materials constructed from ultrasmall Ti/O
units, such as those found in Ti-based MOFs. The fundamental
understanding of size effects at the smallest scales is also
important for developing other metal oxide materials, enabling
band-gap engineering and frontier orbital positioning for
photocatalyst materials and charge transport layers in
electronic devices.
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