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Experimental methods

‘Anhydrous’ toluene and THF was purchased from Sigma Aldrich, ‘extra-dry’ dichloromethane was
purchased from Fisher Scientific. All air-free solvents were prepared by degassing by three freeze-
pump-thaw cycles or by bubbling with N, for 30 minutes and stored over 4 A molecular sieves. dg-
toluene was dried by stirring over CaH; and vacuum distilled using grease-free trap-to-trap
apparatus, before storing over 4 A molecular sieves under nitrogen. Molecular sieves were activated
before use by heating under vacuum (>150°C) until the head space partial pressure was less than 10
Y mbar. Moisture analysis of prepared solvents was conducted by Karl Fischer spectrometric analysis:
pentane, 3.0 ppm; toluene, 5.6 ppm; THF, 10.7 ppm; MeCN, 8.4 ppm; dichloromethane 4-6 ppm.

[Ti(OMe)a]s was stored in a N; filled glovebox and used directly as supplied by Sigma Aldrich. Liquid
titanium alkoxides [{Ti(OEt)s}] (‘purum’ or ‘for synthesis’, Sigma Aldrich), [Ti(O'Pr)s] (297%, Sigma
Aldrich) and [Ti(O'Bu)s] (98%, Thermo Scientific) respectively. Commercial samples of [{Ti(OEt)s}n]
contained between 2-17% of alkoxides as O'Pr by *H NMR spectroscopy (Fig S3) depending on grade
of purity (‘purum’ 2%, ‘for synthesis’ 17%), however, the UV/vis spectra and DOSY NMR spectra of
different batches were very similar and this was not deemed an important factor. Liquid titanium
tetra-alkoxides ([{Ti(OEt)s}n], [Ti(O'Pr)a], [Ti(O'Bu)s]) were distilled using a grease free trap-to-trap
apparatus and stored in the glovebox prior to collecting UV/vis spectra (Fig. S1).

Note that commercially supplied [Ti(O'Pr)4], often with a pale-yellow colour, likely contains some
larger nuclearity Ti-oxo-alkoxide clusters from trace hydrolysis (even if stored under air-free
conditions) or other impurities such as halides. We have previously reported the energy gap of
commercial grade [Ti(O'Pr)4] (without a distillation purification) as 3.74 + 0.2 eV, however, this is
likely to be an under-estimate due to the presence of these impurities.?



Figure S1. Photograph of [Ti(O'Pr)4] before and after vacuum distillation

[Ti(OAd)s] was prepared following an amended procedure.? Ti(O'Pr)4 (1.04 mL, 3.52 mmol) and 1-
adamantanol (2.14 g, 14.1 mmol) were dissolved in 20 mL of dry toluene under a nitrogen
atmosphere. The reaction was heated to reflux for 2 hours and left to stand for 2 days. Large,
colourless blocks of [Ti(OAd).] were isolated from the side of the flask (470 mg, 21%). The structure
was confirmed by X-ray crystallography — consistent with a previously reported structure.

Tis,? Tiz,* Ti1,” Tis, Tise,® Tizy” and Tiss® were prepared as crystalline solids using literature
procedures and the expected structures confirmed by X-ray crystallography. Solution NMR
spectroscopy was used to determine bulk purity for all except Tis, which is known to form an
equilibrium with larger clusters in solution.

Summary of previously reported Ti-oxo-alkoxide synthesis: Adding a small quantity of water (<0.05
equivalents) to a solution of [Ti(OR)4] promotes formation of [TizO(OR)10] clusters via hydrolysis and
condensation reactions (in equilibrium with [Ti(OR),]).2 By adding MeOH, the compound
[Ti30(O'Pr)s(OMe)] (Tis) can be isolated as a crystalline product, however, forms an equilibrium with
higher nuclearity clusters and [Ti(O'Pr);] when in solution. Addition of further equivalents of water
generates larger clusters (e.g. [Tiz04(OEt)20] (Tis, Fig. 1),° forming a maximum metastable size under
room-temperature hydrolysis conditions in alcohol solvent (e.g. [Ti11013(O'Pr)1g]) (Ti1s, Fig. 1).2°
Introducing heating, can increase cluster size (e.g. [Ti12016(O'Pr)16]),> whilst employing solvothermal
conditions, allows growth of even larger clusters (e.g. [Ti16016(OEt)s2] (Ti1s), [Ti17024(O'Pr)20] (Tiz7) and
[Tilgong(otBU)U]) (Tis) (Fig. 1).6_8

UV-visible spectroscopy

Solution UV-visible spectroscopy was recorded using a Implen NanoPhotometer C40 or a Shimadzu
2600i, using a bespoke Young’s tap cuvette for air free analysis.

Diffuse reflectance (solid-state) UV-visible-NIR spectroscopy (DRS) was carried out on a Shimadzu
2600i fitted with an integrating sphere attachment. Samples were prepared in a quartz window cell
with the sample placed inside a 1 mm deep PTFE washer and the cell sealed with PTFE tape on the
threads. Alternatively, samples were loaded into a 0.5 mm deep quartz cell sealed inside a glovebox
with a quartz plate by vacuum grease to ensure air-tight conditions. Comparison of the two methods
of preparing cells gave similar results, noting that the most air-sensitive compounds such as
[Ti(OAd)4] show a notable change in spectra over the course of hours once removed from the
glovebox but retained within the cell. The Kubelka-Munk function was used to derive absorption
over scattering and subtracted from a background of BaSO, (collected in the same cell as the



experiment). The sample of BaSO, is shared between measurements to minimise variations in the
measurement of the background.

The absorption onset is described by: A = B(hv - Eg)» / hv Where A is absorption, B is the
absorption constant for the transition, Eg is the energy gap in eV and hv is the photon energy. The
exponent n is given a value of 3 for solution data (for a forbidden indirect transition, following
literature precedent!?), 2 for solid-state data (for an indirect transition) and 0.5 for a direct transition
in solution or solid state. A plot of (Ahv)Y" vs hv gives a straight line, and the intercept of this line
with the baseline of the data is attributed to the absorption onset.

Solution concentrations are defined as concentration of Ti atoms, [Ti], to normalise the varying Ti
nuclearities in different species. Solution spectra (in pentane) were analysed at [Ti] = 35 mM and
1.75 mM using an exponent of n = 3, a linear section (R? > 0.97) beginning from absorption = 2
(named straight line in plots) was extrapolated to the fitted baseline (named flat line in plots).> 113
Low concentration data at [Ti] = 0.11 mM were analysed using an exponent of n = 0.5, a linear
section (R? > 0.97) that includes the inflection point of the curve was extrapolated to the fitted
baseline.'

Solid-state (DRS) UV/visible data was analysed using n = 2 and 0.5 exponents, to be consistent with
studies of bulk TiOy, a linear section (R? > 0.97) that includes the inflection point of the curve was
extrapolated to the fitted baseline. The point of absorption onset (in eV) was derived at the x-value
of the intercept of the straight line with a straight line describing the baseline (to avoid any error
from extrapolating through an imperfect baseline).*

Electrochemistry

The electrochemical measurements were conducted using a Metrohm Autolab PGSTAT204
potentiostat using the supplied NOVA software.

Cyclic voltammetry measurements were conducted using extra-dry dichloromethane (DCM), which
was further dried over 4 A molecular sieves. Tetrabutylammonium hexafluorophosphate
(INBu4][PFg]) was used as the supporting electrolyte, at a 0.1 M concentration. The supporting
electrolyte solution was further dried over 4 A molecular sieves and tested by Karl Fisher titration to
verify a low water content of 4-6 ppm.

Electrochemistry was carried out in three-electrode potentiostatic arrangement where boron-doped
diamond (BDD) was the working electrode, Pt wire was used as the counter electrode and polished
Ag wire served as a pseudo-reference electrode. BDD was selected as the working electrode due to
its low background and capacitive currents in addition to its large solvent window allowing for
scanning in >3.5 V potential range.'® All measurements were carried out in air-free conditions inside
a N; filled glovebox. High quality electro-analytical grade BDD (MR14, 3 mm, Element Six Ltd.,
Oxford, UK) was used as the working electrode across all measurements. The negligible sp? diamond
was doped with boron (>10%° B atoms cm™) to allow for conductive metallic-like behaviour. The 3
mm BDD disks were contacted with a brass rod and finally encapsulated using Rigid10k epoxy resin
(PMMA/Glass, FormLabs). An extended electrical connection was made to the made to the BDD
macro electrode by soldering copper wire to the brass rod (the copper wire and soldered connection
were both insulated). This was done to maintain a constant connection between the WE and the
potentiostat.

The BDD electrodes were cleaned electrochemically by both applying a large oxidative potential (3
V vs. Ag/AgCl 3 M NaCl) in pulsed chronoamperometric measurements (5s)inal M



HCIO, electrolyte solution. This was done to remove adsorbed species from the electrode surface.
The electrode was pulsed 10 times, removed from the electrochemical setup. Following
electrochemical cleaning the solvent window of the electrode was explored in degassed 0.1 M KNOs
between -2 and +2 V at a scan rate of at 100 mV-s™" for three consecutive cycles. Following this the
electrode was rinsed with ultrapure water, dried on a lint-free cloth and was stored in an 80 °C oven
until use.

The BDD working electrode surface was prepared by cleaning the electrode on a microfibre polishing
pad in an alumina (Al,0s)/MilliQ water slurry, and cleaned once again on a polishing pad with only
water, after which the BDD surface was thoroughly rinsed with water. The BDD electrodes were
cleaned in this manner before and after every measurement.

Electrochemical measurements in organic media were carried out in a three-electrode potentiostatic
arrangement in a three-necked borosilicate glass cell. A supporting electrolyte of 0.1 M
[NBu4][PFs]/DCM was made up in air-sensitive conditions using a Schlenk line and the resultant
electrolyte was analysed by Karl Fischer titration to determine the water content in the solution
prior to use (4-6 ppm water). The supporting electrolyte (20 mL) was injected into the
electrochemical cell, and the solvent window of the electrode was explored by CV to ensure that
there were no contaminants on the electrode surface and to check the working electrode
capacitance and resistance.

Compounds were dissolved in dry DCM at a 1 mM concentration (treating the formula for all Ti-
alkoxides as [Ti(OR)4]). This solution (5 mL) was injected into the cell containing the supporting
electrolyte. CV measurements were carried out on this solution (0.08 M [NBu4][PFs], 0.2 mM
[compound]), and following investigation, 1 mL of 1 mM ferrocene in DCM was added to the cell to
be able to reference the peaks seen in the electrochemical measurements to the
ferrocene/ferrocenium (Fc/Fc*) redox couple.

Single Crystal X-ray Diffraction

Single crystal X-ray diffraction was carried out on a Rigaku Oxford Diffraction Synergy S
diffractometer equipped with a HyPix-6000HE Hybrid Photon Counting Detector. An Oxford
Cryosystems Cobra Plus system was used to cool the crystals to 100 K under a stream of N2. Single
crystal X-ray diffraction structures were solved using Superflip and refined using Crystals.

Powder X-ray diffraction

PXRD patterns were collected on a Panalytical Empyrean with a Cu anode source in reflection
geometry.

Nuclear Magnetic Resonance Spectroscopy

NMR spectroscopy was carried out on either a Bruker Avance Il 400 MHz spectrometer or a Bruker
Avance NEO 400 MHz spectrometer. All data is reported in ppm and referenced to the position of a
known solvent peak. All DOSY NMR spectra were acquired on a Magritek Spinsolve 80 Carbon
Benchtop NMR spectrometer equipped with a z-axis gradient coil capable of generating a maximum
field gradient of 500 mT/m. DOSY spectra were interpreted using the GNAT, version 1.3.2, developed
by the Manchester NMR Methodology Group.

Elemental analysis

CHN analysis was carried out by Orla McCullough at London Metropolitan University.



Characterisation of compounds
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Figure S2. Absorption spectra of Tiy; in solution at three concentrations and in the solid-state, with
anatase and rutile also shown. The dashed and dotted lines indicate the determined absorption onset
for direct and indirect transitions respectively from Tauc’s analysis of the DRS spectrum or high
concentration (indirect) and low concentration (direct) solution data.

Table S1. Summary of the speciation of titanium tetra-alkoxides.

Liquid-phase Solution-phase
Titanium alkoxide Solid-state structure

structure structure
Ti(OMe), Tetramer n/a Monomer/Dimer/Trimer
Ti(OEt), Tetramer n/a Monomer/Dimer/Trimer
Ti(O'Pr)4 n/a Monomer/Dimer Monomer/Dimer
Ti(O"Bu)s n/a Trimer Monomer/Dimer/Trimer
Ti(O'Bu), n/a Monomer Monomer
Ti(ONp)a Dimer n/a Monomer
Ti(OAd)s Monomer n/a n/a

The solution speciation of the tetra-alkoxides has been explored in the literature using cryoscopy,
NMR spectroscopy and XANES/EXAFS.X28 Ti(OEt),, Ti(OMe); and Ti(O"Bu)s were shown to have an
equilibrium between monomeric, dimeric and trimeric oligomers in a benzene solution, with the
trimeric form being dominant at room temperature at Ti concentrations of 3-66 mM. ¥ The bulkier
alkoxides, Ti(O'Pr)s and Ti(O'Bu)s are mostly monomeric in solution (in range 3-16 mM) but Ti(O'Pr),

has a degree of dimerisation.?”- 12
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Figure S3. 'H NMR of two batches of [{Ti(OEt)s},] in ds-toluene, displaying ~17 and 2% O'Pr impurity

respectively.
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Figure S4. *H NMR spectrum of [Ti(O'Pr)4] in ds-toluene.
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Figure S5. 'H NMR spectrum of [Ti(O'Bu),] in ds-toluene.
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Figure S18. Tauc plots for [Ti(OAd)4] in the solids-state; top, indirect onset; bottom, direct onset. Flat
line is extrapolation of baseline.
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Figure S19. Tauc plots for [Ti(OMe)4]sin the solid-state; top, indirect onset; bottom, direct onset. Flat

line is extrapolation of baseline.
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Figure S20. Diffuse reflectance UV/visible absorption spectrum of [Ti(OAd)4] in a vacuum grease

sealed quartz cuvette over time. Initial spectrum taken immediately after removing from glovebox.
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Figure S21. UV spectra of [Ti(O'Pr),] with 0.05 or 0.2 equivalents of water added. The UV spectra of

[Ti(O'Pr)4] red shifts on introduction of small amounts of moisture, indicating that hydrolysis and
condensation reactions create larger clusters that absorb at higher wavelengths.
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Figure $23. 'H NMR spectrum of Ti1 in ds-toluene. Consistent with the expected 18 O'Pr groups.
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Figure S24. 'H NMR spectrum of Tis; in ds-toluene. Consistent with the expected 16 O'Pr groups.

S~
9~
ST
66—

15—
£'5—

8p-ausn|oL 14—

[

eI

Fooer

S9'01
m:.oﬁ

19'¢1

_

Foocr

oF'L
S04
0L
S6'L
£S'07
mﬁ EBE

6.0 5.5 5.0 45 40 3.5 3.0
f1 (ppm)

6.5

7.0

Figure $25. 'H NMR spectrum of Tise in ds-toluene

22



~7.01

697
5.57

7.09 Toluere-d8
~5.21
~5,15

\

N —4.78

— 182
157

L5

i

1
|
J'l_JWL I
Jl L
lan = e N AN
™~ ™ ay
m° 3 RoOAG
o = 12} m @ @
7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0

f1 (ppm)

Figure $26. 'H NMR spectrum of Tizz in ds-toluene
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Figure S27. DRS UV/vis spectrum of Tis. Note the baseline shift from zero is due to the use of an air-
sensitive sample holder, which results is some light escaping from the sides of the holder.
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Figure $29. UV spectra of crystals of Tis dissolved in pentane at various concentrations
(concentration calculated per Ti). Tiz is known to form an equilibrium in solution between [Ti(OR)4],
Tis and small quantities of larger Ti-oxo clusters such as Tiy;. Indirect onset at [Ti] = 1.75 mM
calculated at 3.68 eV, direct onset calculated at 4.45 eV.
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Figure $30. UV spectra of crystals of Ti; dissolved in pentane at various concentrations
(concentration calculated per Ti).
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Figure S33. Tauc plots for Tiy in the solid-state, top, indirect onset; bottom, direct onset. Flat line is
extrapolation of baseline.
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Figure S35. Tauc plots for Tiy1in solution, top [Ti] = 35 mM n = 3, bottom [Ti] =0.11 mM n = 0.5. Flat
line is extrapolation of baseline.
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Figure S36. Diffuse reflectance UV/visible spectrum of Tiy
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Figure S37. Tauc plots for Tiy1 in the solid-state, top, indirect onset; bottom, direct onset. Flat line is
extrapolation of baseline.
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Figure S38. UV spectra of Tii2 dissolved in pentane at various concentrations (concentration
calculated per Ti).
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Figure S39. Tauc plots for Tiszin solution, top [Ti] =35 mM n = 3, bottom [Ti] =0.11 mM n = 0.5. Flat
line is extrapolation of baseline.
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Figure S41. Tauc plots for Tise in solution; top [Ti] = 35 mM n = 3, bottom [Ti] =0.11 mM n = 0.5. Flat
line is extrapolation of baseline.
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Figure S42. Diffuse reflectance UV/visible spectrum of Tiss
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Figure S43. Tauc plots for Tise in the solid-state; top, indirect onset; bottom, direct onset. Flat line is
extrapolation of baseline.
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Figure S44. UV spectra of Tiiz dissolved in pentane at various concentrations (concentration
calculated per Ti).
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Figure S45. Tauc plots for Tiy7 in solution; top [Ti] = 35 mM n = 3, bottom [Ti] =0.11 mM n = 0.5. Flat
line is extrapolation of baseline.
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Figure S46. Diffuse reflectance UV/visible spectrum of Tiyz
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Figure S47. Tauc plots for Tiy7 in the solid-state; top, indirect onset; bottom, direct onset. Flat line is
extrapolation of baseline.
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Figure S48. UV spectra of Tiigdissolved in pentane at various concentrations (concentration
calculated per Ti).
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Table S2. Summary of absorption onsets of Ti(-oxo)-alkoxides. *In equilibria with other species. #2.25
mM. Values in bold are considered most reliable. »monomer dominant at <10 mM,*® dimer may be
present at 35 mM. ttrimer dominant at 35 mM, dimer and monomer possible at lower
concentrations.

NoTi | UV data DRS DRS [Ti]=35mM | [Ti]=1.75mM | [Ti]=0.1 mM
atoms (direct) | (indirect) | (indirect) (indirect) (direct)
1 [Ti(O'Bu)a] 4.16 4.26 4.93
1/2% | [Ti(O'Pr)4] 3.96% 4.33 4.91

1 [Ti(OAd)s] | 4.14 3.57 4.26 4.79

2 /3t | [Ti(OEt)a]n 3.57t 3.73 4.39

3 Tis 3.61 3.51 3.68* 4.45%*
4 [Ti(OMe)s]a | 3.78 3.4

7 Tiy 3.44 3.23 3.49 3.65 4.51
11 Tina 3.5 3.41 3.55 3.61 4.5

12 Tiwz 3.6 3.75 4.72
16 Tite 3.55 3.17 3.54 3.71 4.46
17 Ti1y 3.5 3.33 3.61 3.62 4.30
18 Tiig 3.64#

Bulk Anatase 3.32 3.14

Bulk Rutile 3.07 2.93

Table S3. Sizes of the Ti — O core of the Ti-oxo-alkoxides used in this work.

Cluster Core Core Size® / nm
[Ti(OAd)4] TiO4 2x Ti-O distance = 0.35
Tis TizO1n1 0.53 (0.24)
[{Ti(OMe)a}4] TisO16 0.87 (0.25)
Tiz Ti7024 0.91 (0.49)
Tiu Ti12031 0.98 (0.80)
Tin Ti1203, 0.98 (0.80)
Tise Ti1604s 1.30(1.11)
Tiyy Ti17044 1.17 (1.06)
Tiss Ti1gOus 1.17 (1.05)

a — Core size is estimated from the single crystal solid-state structures using the largest 0 — O
distance that passes approximately through the centre of the molecule. As these are all pseudo-
spherical structures (Tis and [{Ti(OMe)a}s] closer to planar), the shortest O — O (passing
approximately through the centre of the molecule) distance is also given in brackets.
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Figure S51. Absorption onsets of Ti-alkoxides and Ti-oxo-alkoxides in this study plotted against their
maximum core dimension and in comparison, to the band gap prediction for TiO, particles based

on quantum confinement effects using the effective mass approximation. Values from the

Nosaka equation (similar to Brus equation), with a p’ value of 1.63 m,and Eg(bulk) values derived

from DRS measurements in this study.
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Figure S52. Powder X-ray diffraction patterns of microcrystalline Ti;¢ over time under air.
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Table S4. Benchmarking the molecular orbital energies of the HOMO and LUMO and bandgap with
different density functionals. All values are in atomic units.

Functionals  Clusters HOMO LUMO Gap
Til -0.2205 -0.0575 0.1630
PBE Ti2 -0.2130 -0.0755 0.1375
Ti3 -0.2060 -0.0804 0.1256
Ti7 -0.2060 -0.0873 0.1187
Til -0.2389 -0.0338 0.2050
TPSsh TTZ -0.2339 -0.0527 0.1812
Ti3 -0.2288 -0.0586 0.1702
Ti7 -0.2293 -0.0657 0.1636
Til -0.2718 -0.0158 0.2559
PBEO Ti2 -0.2660 -0.0345 0.2315
Ti3 -0.2611 -0.0416 0.2195
Ti7 -0.2595 -0.0483 0.2112
Til -0.3267 0.0081 0.3348
CAMB3LYP Ti2 -0.3181 -0.0015 0.3166
Ti3 -0.3135 -0.0092 0.3043
Ti7 -0.3113 -0.0172 0.2941

Table S5. Numerical results of HOMO and LUMO orbital energies for different sizes of titanium

clusters calculated using PBE as the density functional in Fig. 5. Units are in atomic unit.

PBE HOMO LUMO Gap

Til -0.2205 -0.0575 0.1630
Ti2 -0.2130 -0.0755 0.1375
Ti3 -0.2060 -0.0804 0.1256
Tid -0.2060 -0.0858 0.1201
Ti7 -0.2060 -0.0873 0.1187
Till -0.2096 -0.0936 0.1160
Ti12 -0.2171 -0.0987 0.1184
Til6 -0.2093 -0.0987 0.1106
Til7 -0.2189 -0.1054 0.1135
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Figure S53. Energy positions (in Hartree) of frontier orbitals in [Ti(O'Pr).], [{Ti(O'Pr)4}.] and Tis
calculated using PBE density functional. Figure shows the emergence of band-like electronic
structure upon the increase of interacting atomic orbitals and the reduction of HOMO-LUMO
energy gap. key d orbital based molecular orbitals highlighted in red and yellow dots, orbitals with
oxo involvement shown with dark blue dots in Tis.
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Figure S54. Calculated LUMO orbitals for Tiss (top) and Tiiz (bottom)
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Supporting note 1. Reported energy gaps of larger Ti-oxo clusters

A band-gap of 3.6 eV (linear extrapolation from DRS) is reported for the large cluster
[Tia2060Hs(O'Pr)s2(0OH)12)], which has a diameter of 1.5 nm, however, this structure adopts a
fullerene-like empty cage, therefore, the cluster could be considered to be akin to a 1-D sheet.?° The
enormous carboxylate-supported cluster Tisy(1-OH)2(u-0)14(p3-0)so(pa-0)s(02CCH,CH3)34(O'Pr)2¢, has
a worm like structure that is 4 nm long but less than 1 nm across, this has a reported energy gap of
3.7 eV (by DRS), and may be considered a 1-D nanomaterial, with spatial confinement in two

dimensions.?V %

Supporting note 2. HOMO pinning experiments by use of phenoxide ligands.

Inspired by the work of Imai et al., who used a dopant phenoxide ligand to ‘pin’ the HOMO (or valence
band) of quantum confined WOs systems,?® we explored the absorption spectra of Ti complexes with
phenoxide ligands. The ‘pinned’ HOMO level is intended to provide a consistent baseline against which
all the LUMO (conduction band) energies can be compared across a series of systems. Equation 1 can
be used to estimate the conduction band energy (LUMO), where Ecg is the conduction band energy,
Enomolphenol) is the HOMO position of phenol (previously determined at 1.73 V vs NHE)?® and Ecr is the
energy of the charge transfer transition of an electron from the phenol HOMO to the LUMO
(determined through the electronic absorption spectrum).

Equation 1 Ecs = EHOMO(phenoI)_ Ecr

To determine the appropriateness of this technique for small Ti(-oxo)-alkoxide systems, DFT
calculations compared the HOMO and LUMO energies of monomeric [Ti(O'Pr)4] and [Ti(O'Pr)s«(OPh)y]
(Fig. S55). The result for a single OPh ligand [Ti(O'Pr)s(OPh)] indicates that introducing phenoxide
significantly effects the HOMO (—0.8 eV), which becomes ligand (1) based, but also stabilises the LUMO
position (+0.3 eV) by mixing of the ligand nt* with the Ti 3d orbitals, similarly to the influence of other
dye ligands.?* Therefore, caution is required when comparing the LUMO position of phenoxide
substituted to phenoxide free clusters, and an estimate of ~0.3 eV stabilisation via m* mixing is used
below. On increasing OPh content the HOMO remains similar but becomes slightly stabilised due to
the electron withdrawing effect of phenoxide (versus isopropoxide), the LUMO is stabilised at a
greater rate, indicating some enhanced mixing of ligand (n*) and 3d orbitals.
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Figure S55. Calculated frontier orbital energies of [Ti(O'Pr)s.n(OPh),], indicating changes to both
HOMO and LUMO upon the introduction of phenoxide ligands.

Alcohol exchange reactions can replace an alkoxide group with a phenoxide, a process driven by the
enhanced acidity of phenol versus aliphatic alcohols. A study by Sanchez et al. demonstrates selective
phenoxide exchange reactions with Tiis.2> Heating Tiis with different ratios of phenol gave species with
4-16 of the 32 ethoxide ligands replaced with phenoxide. Samples with approximate formulas of
[Ti16016(OEt)15(OPh)16] (Ti150ph16), and [Ti15015(0Et)28(0Ph)4] (Ti160Ph4) were prepared:

The synthesis of Ti1s°""® was adapted from a literature procedure.? Tiss (200 mg, 0.08 mmol) was

dissolved in 10 mL of dry toluene under a nitrogen atmosphere. Phenol (0.45 g, 4.9 mmol) was
added, to give an orange solution, and the reaction stirred at 50 °C for 3 days. The solvent was
removed under vacuum and the resulting solids washed with ~5 mL of dry acetonitrile to give an
orange/yellow powder (isolated yield = 50 mg, 19% vyield). Ti1s°"™* was prepared using the same
procedure but with 30 mg (0.32 mmol) of phenol (isolated yield of orange powder = 40 mg, 19%).

Ti16°""6 elemental analysis (predicted): C, 46.31 (47.56); H 4.89 (4.99)
Ti1s°" elemental analysis (predicted): C, 36.02 (36.18); H 4.95 (6.07)

Both products showed a wide variety of *H NMR signals in the expected OEt and OPh regions,
indicating a mixture of species and isomers. Integration of the 'H NMR spectra suggests a OEt:OPh
ratio of 1:1 and ~5:1 respectively. DOSY NMR spectroscopy revealed similar hydrodynamic diameters
for Tis and Ti1e?""® (Tiss, 1.7 nm (as expected from X-ray structure); Tizs®""6, ~1.6 nm), consistent
with the original report which suggests that ligand exchange results in retention of the core Ti1g016
structure.

The high concentration UV/vis spectrum of Tig®""® and Ti1s"™ collected with a consistent

concentration of OPh ligands ([Ti] = 8.75 and 35 mM respectively) appear identical (Fig. S56a), both
significantly red-shifted (indirect onset 2.38 +0.05 eV) compared to Tiis, indicating that the (phenoxide
nt to Ti 3d) LMCT absorption is consistent regardless of the number of phenoxide ligands attached to
Tiie. The low concentration spectra (Fig S56b) reveal the core oxygen to metal charge transfer has the
same absorption onsets across the Tiss species.
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Figure S56. Solution UV/vis absorption spectra of phenoxide coordinated Ti;s complexes compared
to Tise, a) Tize and Ti1e®™ [Ti] = 35 mM; Tize®""2¢ [Ti] = 8.75 mM; b) all, [Ti] = ~0.11 mM

Assuming a HOMO position of ~1.73 eV vs NHE for Ti;s°""¢/4 the LUMO is then estimated at ~—0.65 eV
vs NHE. Factoring in a ~0.3 eV LUMO stabilisation in the phenoxide compounds relative to Tise, the
LUMO energy for Tisgis therefore approximately ~—0.95 eV vs NHE (Fig S57). This result, whilst based
on assumptions, is in good agreement with the estimation using electrochemical methods (-1.0 eV vs

NHE, once converted from vs Fc/Fc+)

Estimated LUMO stabilisation

by phenol t* mixing

LUMO —+ -0.65eV

------ -0.95eV —— LUMO

2.38 eV

Energy vs NHE (eV)
o

HOMO ——1.73 eV

: OPh16
Tiyg
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2.59eV — HOMO
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Figure S57. Diagram to show the predicted frontier energy levels of Tisg

assumptions made in phenol pinning experiments.

OPh16

and Tie following
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