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The controlled synthesis of titanium-oxo clusters (TOCs) completely stabilized by organic dye ligands with
high stability and superior light absorption remains a significant challenge. In this study, we report the
syntheses of three atomically precise catechol (Cat)-functionalized TOCs, [Ti>(Cat),(OEgO),(OEgOH),]
(Ti2), [TigOs(Cat)g(PrO)4(PrOH),] (Ti8), and [TiysOg(OH)g(Cat)sol-H,O-PhMe (Til6), using a solvent-
induced strategy (HOEgOH = ethylene glycol; 'PrOH = isopropanol; PhMe = toluene). Interestingly, the
TiO core of Til6 is almost entirely enveloped by catechol ligands, making it the first all-catechol-
protected high-nuclearity TOC. In contrast, Ti2 and Ti8 have four weakly coordinated ethylene glycol
ligands and six weakly coordinated 'PrOH ligands, respectively, in addition to the catechol ligands. Til6 is
visually evident in its distinctively black appearance, which belongs to black TOCs (B-TOCs) and exhibits
an ultralow optical band gap. Furthermore, Til6 displays exceptional stability in various media/
environments, including exposure to air, solvents, and both acidic and alkaline aqueous solutions due to
its comprehensive protection by catechol ligands and rich intra-cluster supramolecular interactions. Til6

has superior photoelectric response qualities and photothermal conversion capabilities compared to Ti2
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Accepted 3rd January 2024 and Ti8 due to its ultralow optical band gap and remarkable stability. This discovery not only represents

a huge step forward in the creation of all-catecholate-protected B-TOCs with ultralow optical band gaps
DOI: 10.1035/d35c05617a and outstanding stability, but it also gives key valuable mechanistic insights into their photothermal/
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moisture due to the presence of alkoxy groups (-OR) derived
from solvents or Ti(OR), around their TiO cores. These alkoxy
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Titanium-oxo clusters (TOCs) have garnered significant recent
attention owing to their fascinating structures and potential
applications in water splitting,"® solar cells,*” pollutant
degradation,®® and catalysis.’** The investigation of TOCs is
also motivated by their relevance to the structural and reactivity
models of TiO, materials. TOCs are often grown as single
crystals for precise structure determination, which is essential
for establishing structure-property relationships at the molec-
ular level.***® While numerous TOCs with varying nuclearities
and structures®?® have been discovered, including high-
nuclearity Tis,*” and Tis,,”® many suffer from sensitivity to
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groups typically exhibit monodentate or bridging modes and
offer insufficient protection. Research efforts to enhance TOC
stability have been focused on introducing surface organic
ligands, such as carboxylate, calixarene, and phosphonate
ligands.”** However, some TOCs still exhibit insufficient
stability due to the incomplete shielding of the TiO core.
Therefore, there is a pressing need to develop TOCs with
comprehensive protection of the TiO core by ligands to improve
their stability. Nevertheless, only a few cases have been reported
due to challenges in the synthesis process.>* Zhang et al. re-
ported two Ti,, clusters,* which have outstanding hydrolytic
stability compared to other TOCs due to the thorough shielding
of the TiO cores by carboxylates.

In addition to hydrolytic stability, another limitation of TOCs
is their restricted light absorption, mainly in the ultraviolet
region, hindering efficient solar energy utilization.*>*® Many
strategies have been developed to reduce the optical band gaps
of TOCs, including metal doping and ligand modification.*”*
Despite these efforts to create a broad spectrum of colorful
TOCs,*** however, achieving TOCs with an optical band gap
low enough to allow absorption of the entire visible spectrum
remains a significant challenge. It is well known that catechol-

Chem. Sci., 2024, 15, 2655-2664 | 2655


http://crossmark.crossref.org/dialog/?doi=10.1039/d3sc05617a&domain=pdf&date_stamp=2024-02-09
http://orcid.org/0000-0001-8315-3501
http://orcid.org/0000-0003-2237-3951
http://orcid.org/0000-0001-5966-1207
https://doi.org/10.1039/d3sc05617a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc05617a
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC015007

Open Access Article. Published on 03 January 2024. Downloaded on 6/14/2026 6:10:30 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

modified TOCs, which serve as models for dye-sensitized TiO,
in dye-sensitized solar cells (DSSCs), have narrow band gaps due
to ligand-to-metal charge transfer (LMCT) from catechol to the
TiO core.*** Therefore, catechol is a promising candidate for
extending the light absorption of TOCs to the visible light
region. Recently, Zhang et al. reported a series of unusual black
TOCs (B-TOCs) functionalized by 12 and 14 catechol ligands,
{Ti;4Caty,} and {Ti4Catysf, respectively, co-protected by
carboxylate ligands, which exhibit ultralow optical band gaps
and are ultrastable.*” Although co-protection with mixed
ligands enhances the stability and light absorption of TOCs, it
increases structural complexity, making active site identifica-
tion challenging during applications. Therefore, the develop-
ment of all-catechol-ligand-protected TOCs has become
increasingly attractive, particularly for mechanistic research
and rational structural design.

Herein, we design and synthesize three TOCs, [Ti,(Cat),(-
OEgO),(OEgOH),] (Ti2; Cat = catechol and HOEgOH = ethylene
glycol),  [Tig(1s-0)>(113-0)2(p2-O)(Cat)y('PrO)s(PrOH),]  (Ti8;
'PrOH = isopropanol), and [Ti;e(1s-O)4(1t3-OH)g(1t2-0)4(Cat)yo]-
H,0-PhMe (Ti16; PhMe = toluene), by adjusting solvent type.
Notably, the periphery of Ti16 is completely encompassed by
catechol ligands, resulting in all-catechol-protected high-
nuclearity TOCs, a previously unobserved phenomenon in the
field of TOCs. In addition, when the functionalized ligand Cat
was changed to 3-methylcatechol (MeCat) in the synthetic
system of Til6, a Til6 analog, [Ti;e(13-0)a(1t3-OH)s(pyo-
0),(MeCat),,] (Ti16-Me), was isolated, confirming the versatility
of this method. Additionally, Ti16 exhibits a lower band gap and
excellent stability compared to Ti2 and Ti8 because Til6 is
surrounded and stabilized by 20 catechol ligands, which endow
it with superior photoelectric/thermal properties.

Results and discussion
Syntheses and characterization of Ti2, Ti8, and Ti16

Ti2, Ti8, and Ti16 were successfully synthesized in different
solvent systems (Scheme 1). Ti2 was formed by reacting
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Scheme 1 Schematic diagram of the synthesis for Ti2, Ti8, and Til6
(HOEgOH = ethylene glycol; 'PrOH = isopropanol; PhMe = toluene;
FA = formic acid).
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Ti(*PrO), and catechol in ethylene glycol at 100 °C for 72 hours,
yielding yellow crystals. Upon the solvent being changed to
isopropanol, black crystals of octa-nuclear Ti8 were isolated.
Additionally, no crystals formed when toluene was used as the
solvent; a substantial amount of amorphous powder was
generated. However, the introduction of a small amount of
formic acid into toluene led to the isolation of Ti16 as black
crystals (Fig. S1t). Notably, although formic acid does not
participate directly in the coordination, its competitive coordi-
nation with metals and pH regulation are crucial for the
formation of Ti16. Additionally, we replaced formic acid with
acetic acid, propionic acid, and butyric acid in the synthesis,
while keeping all other synthesis parameters unchanged.
However, no crystal was obtained, indicating the indispens-
ability of formic acid.

The synthesis details and X-ray diffraction data for Ti2, Ti8,
and Ti16 are shown in the ESIL.f The powder X-ray diffraction
(PXRD) patterns indicate high crystallinity and phase purity of
Ti2, Ti8, and Ti16 (Fig. S2-S47). The infrared (IR) spectra and
energy-dispersive X-ray spectroscopy (EDS) analyses for Ti2, Ti8,
and Ti16 are presented in Fig. S5 and S6.f To investigate the
valence states of Ti ions in Ti2, Ti8, and Ti16, X-ray photoelec-
tron spectroscopy (XPS) was carried out, indicating the exclusive
presence of Ti*" ions in all of them (Fig. S7-S97). This obser-
vation is consistent with the results obtained from the bond
valence sum (BVS) analysis (Table S17).

Structure analyses of Ti2, Ti8, and Ti16

Single crystal X-ray diffraction (SCXRD) analysis revealed that
Ti2 crystallizes in the monoclinic space group P2,/c (No. 14),
with its asymmetric unit containing half of a cluster. Ti2
consists of two titanium atoms, two catechol ligands, two
double-deprotonated ethylene glycols and two single-
deprotonated ethylene glycols (Fig. 1a and b). All Ti atoms in
Ti2 adopt a distorted octahedral coordination geometry (Fig.
S10at). The outer coordination space of Ti2 is surrounded by
two catechol ligands and four ethylene glycols (Fig. 1c). Both
catechol ligands adopt the same coordination mode (mode II)
(Fig. 1d).

SCXRD reveals that Ti8 crystallizes in a triclinic system with
the space group P1, and its asymmetric unit contains
a complete cluster. Ti8 consists of eight titanium atoms, two 1,
bridging O atoms, two ;3 bridging O atoms, one p, bridging O
atom, nine catechol ligands, and six isopropyl molecules
(Fig. 1e and f). Two isopropanol molecules are not deprotonated
to balance the negative charge of the entire cluster. Signifi-
cantly, the isopropanol molecules adjacent to the catechol
ligands form reasonable hydrogen bonds, ultimately yielding
the molecular formula [Tig(14-0)s(115-0)s(112-0)(Cat)s('PrO),(-
iPrOH),]. Notably, the five titanium atoms (Ti1, Ti2, Ti3, Ti6 and
Ti7) are connected by two ps;-O atoms and one p,-O atom to
form a {Tis} trapezoidal layer. This layer is further connected to
one Ti8 atom beneath it through a p,-O atom, and it is also
bonded to two titanium atoms (Ti4 and Ti5) overhead it through
one W,-O, one p3-O, and one p,-O, forming an octa-nuclear
{TigOs} core. The outer coordination space of {TigOs} is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a and b) Overall structure of Ti2. (c) Distribution of surface ligands on Ti2. (d) Binding modes of catecholate ligands. (e and f) Total

structure of Ti8. (g) Distribution of surface ligands on Ti8. (h and i) Total structure of Til6. (j) Distribution of surface ligands on Til6. (k) The
{Ti1eO16} skeletal structure of Til6 by removing all ligands. Color code: light green, Ti; red, O; gray, C.

surrounded by nine catechol ligands, four ‘PrO~ anions, and
two 'PrOH molecules (Fig. 1g). Intriguingly, the nine catechol
ligands can be classified into three types based on their coor-
dination modes: seven adopt mode II coordination, one adopts
mode III coordination, and one adopts mode IV coordination.
All isopropanol molecules adopt terminal coordination modes.
Moreover, all titanium atoms within Ti8 exhibit slightly dis-
torted octahedral geometry, except for the seven-coordinated
Ti2 atom, which shows a pentagonal bipyramid geometry (Fig.
S10b¥).

SCXRD analysis reveals that Ti16 crystallizes in a triclinic
system with the space group P1, and its asymmetric unit
contains half of a cluster. Ti1l6 comprises 16 titanium atoms, 12
u3-O/OH, 4 p,-O atoms, 20 catechol ligands, and one lattice
water molecule (Fig. 1h and i). All Ti atoms in Ti16 are in an
octahedral coordination geometry (Fig. S10ct). Specifically,
three titanium atoms (Ti2, Ti6, and Ti7) are joined by one j13-O
atom to form a {Ti,} triangle. Similarly, another {Ti,} triangle is
produced by Ti3, Ti5, and Ti8 atoms linked together by one p;-O
atom. Two {Tiz} triangles are connected by one u,-O atom to
generate a {TisOs} triangular prism, which is further connected
to Ti5 and Ti8 atoms through two p;-O atoms and one p,-O
atom, forming the {TigOs} cage. Finally, two {TigOs} cages fuse
together through four p;-O atoms, giving rise to the {Ti;6016}
core. The {Ti 0,6} core is entirely encircled by 20 catechol
ligands (Fig. 1j and k). Interestingly, 20 catechol ligands exhibit
two coordination modes: 8 adopt mode I coordination, while

© 2024 The Author(s). Published by the Royal Society of Chemistry

the others adopt mode II coordination. Interestingly, the
structure exhibits noteworthy interactions, comprising six pairs
of m---m contacts between the phenyl rings, with centroid-
centroid distances calculated to be 3.652, 3.679, and 3.720 A,
respectively. It also features two hydrogen bonding interactions
between H,O and neighboring oxygen atoms of the catechol
ligands (Fig. S11t), contributing to the high-stability feature.
Notably, all the ligands in Ti16 are catechols, which contrasts
with previously reported Ti;e-0x0 clusters that contain alkoxide
groups from the solvents or the hydrolysis of titanium alkox-
ides.”®* To our knowledge, Til6 is the first all-catechol-
protected high-nuclearity TOC.

The universality of this method for synthesizing all-
catecholate-stabilized TOCs was further demonstrated by
replacing the Cat ligand with the MeCat linker. Under identical
conditions, black crystals of Ti16-Me with high crystallinity were
isolated when the Cat ligand was changed to MeCat (Fig. S127).
SCXRD analysis revealed that Til6-Me crystallizes in the
triclinic crystal system with the P1 space group, which is
structurally similar to Ti16.

Solution behavior of Ti2, Ti8, and Til6

ESI-MS is a complementary characterization technique to X-ray
crystallography, providing valuable insights into the chemical
composition and charge state of metal nanoclusters in
solution.’*** To elucidate the solution behavior of Ti8, ESI-MS
was performed in positive ion mode. Single crystals of Ti8

Chem. Sci., 2024, 15, 2655-2664 | 2657
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Fig. 2 (a) Positive-ion mode ESI-MS of Ti8 dissolved in CH,Cl, and
insets show the experimental (light green) and simulated (light coral)
isotopic distribution patterns for species 1a. (b) *H NMR spectrum of
Til6 in DMSO-de.

were dissolved in CH,Cl, and subjected to mass spectrometry
analysis. The most prominent peak, 1a, centered at 1776.8652,
is assigned to [TigO4(Cat)s('PrO)s(CH,ClL,),]" (caled m/z =
1776.8901), corresponding to the loss of one catechol ligand
and one 'PrO~ from Ti8 (Fig. 2a). Additionally, we studied the
solution behavior of Ti16 using ESI-MS. Unfortunately, we did
not achieve the desired results.

As an alternative, NMR is a unique and powerful technique
that provides some dynamic behavior in solution.>*** Hence, "H
NMR experiments of Ti2 and Ti16 were conducted. The "H NMR
spectrum of Ti2 exhibits peaks at 6.10-6.14 ppm and 6.42—
6.46 ppm, corresponding to the H atoms (H,_4) of catechol
ligands adopting the mode II coordination mode, given that
catechol ligands of Ti2 exclusively display the mode II coordi-
nation mode (Fig. S131). Additionally, in the "H NMR spectrum
of Ti16, H, 4 signals are also present, accompanied by two sets
of new peaks at 6.57-6.61 ppm and 6.70-6.74 ppm (Fig. 2b).
Considering the coexistence of mode I and mode II coordina-
tion modes of catechol ligands in Ti16, peaks at 6.57-6.61 ppm
and 6.70-6.74 ppm can be attributed to the H atoms (H',_q) of
catechol ligands adopting the mode I coordination mode.
Furthermore, peak integration reveals a H, 4 : H,_q molar ratio
of approximately 3:2, which matches the theoretical ratio of
catechol ligands in mode II: mode I in Ti16, which is 12:8.
Signals attributed to toluene are observed at 2.30 ppm (H,) and
7.13-7.27 ppm (H;_3), indicating the presence of toluene solvent
in the lattice of Ti16. Consequently, the "H NMR results confirm
the solution stability of Ti16.
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Stability of Ti2, Ti8, and Ti16

The stability of metal nanoclusters is essential for accurately
assessing their catalytic performance and exploring their
potential for industrial applications.”® In general, the surfaces
of many TOCs, such as the well-known Tis, and Tiy,, are
enveloped by alkoxide or a combination of alkoxide and
carboxylate ligands, resulting in poor stability in air or under
hydrolytic conditions.>””*” Unlike many other PTCs, which are
prone to instability, the presented Ti16, entirely shielded by 20
catechol ligands and additionally reinforced by rich intra-
cluster supramolecular interactions, offers exceptional
stability against air exposure, various solvents, and a wide pH
range in acidic or basic aqueous solutions. This exceptional
stability makes Ti16 a promising candidate for heterogeneous
catalysis in aqueous/organic solvent media. Specifically, Til6
remained in its crystalline structure for at least one month
when exposed to air, as evidenced by unchanged PXRD patterns.
It also remains unaffected by common solvents such as
dichloromethane, chloroform, acetonitrile, isopropanol, and
toluene (Fig. 3a). Furthermore, its crystallinity persists in
aqueous environments with pH values ranging from 1 to 11, as
indicated by the consistent PXRD patterns (Fig. 3b). Moreover,
the IR patterns of Til6 soaked in aqueous solution/common
solvents are consistent with those of the original Ti16, further
indicating its excellent stability (Fig. S14 and S157%).

Similar notable improvements in pH stability were also
observed in Ti8 (Fig. S16 and S177). However, Ti8 was unstable
after exposure to the air for one week and in solvent, as
confirmed by the changed PXRD pattern (Fig. S18t). This is
because the surface of Ti8 has 6 weakly coordinated 'PrOH
ligands, resulting in inadequate protection. Similarly, Ti2 also
became unstable after a week of air exposure due to its surface
featuring 4 weakly coordinated ethylene glycol ligands. The
presence of a small amount of monodentate solvent ligands in
Ti2 and Ti8 can easily detach, leaving the Ti sites exposed,
which renders them unstable. In addition, thermogravimetric
analysis (TGA) was performed to evaluate the thermal stability
of Ti2, Ti8, and Ti16 (Fig. S197). The corresponding findings
reveal that their structural integrity can be maintained at
approximately 198 °C, 246 °C, and 349 °C, respectively. Notably,
Ti16 exhibits excellent resistance to high temperatures. There-
fore, the impressive stability of Ti16 should be attributed to the
intensive protective effect of catechol ligands and rich intra-
cluster supramolecular interactions. As shown in Table S2,}
previously reported TOCs functionalized with catecholate
ligands are typically coordinated with the alkoxide groups from
the Ti(OR), precursor or the alcohol solvents. These TOCs
typically exhibit poor stability and rapidly lose their crystallinity
when exposed to air, immersed in water, or even stored in their
mother solutions.

Photoelectric response properties

Analyzing the broader literature, it's noted that TOCs decorated
with catechol-based ligands display a narrowed band gap
compared to those without such functional groups.***” Cop-
pens and Benedict pioneered the preparation of TOCs with

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc05617a

Open Access Article. Published on 03 January 2024. Downloaded on 6/14/2026 6:10:30 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

View Article Online

Chemical Science

a b c
Ti16 Ti16
Exposure to air for one month! PH=11
’3:\ Isopropanol :% PH=9 ;
© o S " -
E A-:ellonltnle ‘? PH=7 5
@ oluene 2 PH=5 §-
g Chioroform 2 h PH=3 3
£ - Q
J Dichloromethane PH=1 <
Exp. Exp.
Sim. Sim
LA L AL L L B B B B T T T T T T T T ™71 ¥ T ' T * T ¢ 01 ' T°
5 10 15 20 25 30 35 40 45 50 5 10 15 20 25 30 35 40 45 50 200 300 400 500 600 700 800 900

2 Theta (degree)

2 Theta (degree)

Wavelength (nm)

d e f
25 Light ON
! o ig
—Ti2 IS Light OFF
Ti8 <° 2.0
< | —Tite S
8 £ 19
P .
E g 104 [ I
f=
: 205~ o
E.=1 L\zz / 8 4 § >)
Mt 0.0 - i
T T T T T T LN DN IR L IR IRNLI WL I 0+ T K T X T T
1 2 3 4 5 400 450 500 550 600 650 700 750 800 0 50 100 150 200
Energy (eV) Time / sec Z' (kohm)

Fig. 3 PXRD pattern of Til6 under different conditions. (a) Exposed to air for a month and soaked in common organic solvents for 48 hours. (b)
Soaked in water solutions with pH ranging from 1 to 11 for 48 hours. (c) Solid-state UV-visible absorption spectra of Ti2, Ti8, and Til6. (d) Tauc

plots of Ti2, Ti8, and Til6. (e) Transient photocurrent responses of Ti2,

spectroscopy (EIS) Nyquist plots of Ti2, Ti8, and Til6.

catechol ligands as photosensitizers, demonstrating that charge
transfer occurs from catechol to the Ti(wv) cluster core, leading
to the deep-red color and narrowed band gap.*® Recently, Zhang
et al. reported a series of unusual B-TOCs with ultralow optical
band gaps employing catechol ligands in the presence of
carboxylate ligands.”” Therefore, we envision that introducing
more catechols into TOCs may effectively alter their light
absorption range to include visible and even infrared light
regions.

To assess the light absorption capacity of Ti2, Ti8, and Ti16,
the solid-state UV-visible absorption spectrum was employed
(Fig. 3c). The spectrum clearly shows that Ti2 and Ti8 exhibit
broad absorption bands with edge wavelengths of 635 nm and
749 nm, respectively. However, Til6 reveals broader absorption
bands with edge wavelengths extending to 872 nm. This means
that the light absorption of Ti16 covers the visible light region
and extends to the infrared light region. It is widely accepted
that the UV-light absorption band is primarily due to the O — Ti
charge transfer in the TiO core.®® It has been shown that
including catechol ligands can significantly alter the light
absorption of TOCs. Furthermore, two reported cases of 16-
nuclei TOCs,**** which are surrounded by alkoxide or a combi-
nation of alkoxide and carboxylate ligands (Fig. S207), exhibit
a colorless appearance, whereas Til6 appears black. This
observation validates the importance of introducing catechol
into TOCs for enhanced light absorption performance. Based
on the Kubelka-Munk function (ahv)® = k(hv — E,) (E, is the
band gap (eV), & is the Planck's constant (J s), v is the light
frequency (s™'), « is the absorption constant and « is the

© 2024 The Author(s). Published by the Royal Society of Chemistry

Ti8, and Til6 under Xe lamp irradiation. (f) Electrochemical impedance

absorption coefficient),* the optical bandgaps were estimated
to be 2.35 (Ti2), 1.90 (Ti8), and 1.74 eV (Ti16), indicating their
potential to exhibit characteristics akin to semiconductors
(Fig. 3d).

The band gaps of the TOCs presented here decrease as the
ratio of catechol to Ti increases. For example, the band gap of
Ti2 is 2.35 eV when the catechol : Ti = 1: 1. Still, it decreases to
1.90 eV for Ti8 with catechol : Ti = 9: 8 and further decreases to
1.74 eV for Ti16 with catechol:Ti = 20:16. This indicates the
significant effect of the number of catechol groups on the band
gap of TOCs.

To assess the efficiency of photo-induced electron transfer
and charge separation, we conducted transient short-circuit
photocurrent measurements for Ti2, Ti8, and Ti16 in a typical
three-electrode system (Fig. 3e). The system consisted of TOC-
modified indium tin oxide (ITO) glass as the working electrode,
Ag/AgCl as the reference electrode, and a platinum wire as the
counter electrode. These measurements were performed in
a 0.20 mol L™ " Na,SO, electrolyte solution under illumination
with a 150 W high-pressure xenon lamp, maintaining a bias
potential of 0.6 V. The photocurrent responses of Ti2, Ti8, and
Ti16 were observed, and they were in the order of Ti16 (1.63 pA
em ) > Ti8 (1.11 uA ecm™2) > Ti2 (0.86 uA cm ™ 2). Ti16 exhibited
a higher photocurrent density than Ti2 and Ti8, demonstrating
that it can capture more photogenerated electrons and suppress
the recombination of photoinduced electrons and holes.* The
stability of the electrode was further confirmed by comparing
the IR spectra. After the photocurrent tests, the IR spectra (Fig.
S21-S237) of the samples were essentially identical to those of

Chem. Sci., 2024, 15, 2655-2664 | 2659
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the original samples. This indicates that these samples did not
undergo decomposition during the photocurrent measure-
ments. We performed electrochemical impedance spectroscopy
(EIS) measurements to further confirm the charge separation
efficiency. As depicted in Fig. 3f, the Nyquist plot for Ti16 is
smaller than that for Ti2 and Ti8, suggesting that the interfacial
charge transfer process in Ti16 is more rapid than in Ti2 and
Ti8.

To better comprehend the disparate optical properties of
these catechol-functionalized TOCs, density functional theory
(DFT) calculations were performed on Ti2, Ti8, and Til6,
respectively. As shown in Fig. 4 and S24,f an analysis of the
atomic orbital (AO) characteristics in the composition of the
frontier orbitals of Ti2, Ti8, and Ti16 was provided. The electron
density of HOMOs of these TOCs is primarily located on the Ti
3d orbitals of the Ti-oxo cores, while LUMOs are predominantly
dominated by contributions from the catechol ligands. The DFT
calculation results suggest that the LUMO — HOMO transition
of these TOCs mainly involves charge transfer from the catechol
groups to the Ti-oxo cores. The electronic structures of Ti2, Ti8,
and Ti1l6 were compared to determine the effect of the metal
and ligand on the TOCs. The computed HOMO-LUMO gap is as
follows: Ti2 (4.0189 eV) > Ti8 (3.0540 eV) > Ti16 (2.9318 V). The
small difference in the HOMO-LUMO gap of Til6 implies
a narrow band gap resulting from the LUMO-HOMO transition.

It is well known that charge transfer from ligands to a metal
in a cluster can lead to a lower band gap. This phenomenon can
be explained by molecular orbital theory. In these TOCs,
molecular orbitals are formed by combining atomic orbitals
from Ti metal and ligands. When charge transfer occurs from
ligands to the Ti metal, the energy levels of the ligand orbitals
can shift closer to the metal orbitals. This can result in new
molecular orbitals with altered energy levels. Specifically,
charge transfer from ligands to the metal can populate the
lower-energy molecular orbitals, reducing the energy gap
between the HOMO and LUMO. A smaller energy gap translates
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Fig. 4 Iso-surface plots (iso-density value = 0.02 a.u.) of molecular
orbitals of Til6 and their corresponding energy levels.
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to a lower band gap, making it easier for electrons to transition
between these levels and absorb lower-energy photons. In Ti16,
additional ligands populate the lower-energy molecular
orbitals, which reduces the energy gap between orbitals. When
we move to the molecular orbital coefficient, Ti16 has a positive
coefficient (0.66170, 0.11074), which indicates the constructive
combination of the atomic orbital, enhancing electron density
in the molecular orbital, whereas Ti2 and Ti8 have a positive as
well as a negative coefficient. Here, the negative coefficient
represents a destructive combination which reduces electron
density in that part of the molecular orbital. Due to this
constructive combination of atomic orbitals the HOMO-LUMO
gap is decreased which ultimately gives a narrow optical band
gap of Ti16.

To verify this, we also compared the frontier molecular
orbital (FMO) properties of the ground (S,) and excited state (S;)
for Ti2, Ti8, and Til6 using time-dependent density functional
theory (TD-DFT). Excitingly, Ti16 (2.44 eV) also has a lower
energy gap between the ground state (S,) and excited states (S,)
than Ti2 (3.24 eV) and Ti8 (2.49 eV). The computational results
show that including catechol ligands can significantly alter the
energy gaps and optical properties of TOCs.

Photothermal conversion studies

Photothermal energy conversion is a key approach to harness-
ing light energy. In this process, materials absorb light energy
and convert it into heat energy for various applications,
including water evaporation, photothermal catalysis, and
biomedicine.®**> Therefore, designing effective light-absorbing
materials is essential for the application of photothermal
energy conversion. Encouraged by the efficient visible absorp-
tion and excellent stability of these TOCs, we further investi-
gated their photothermal conversion properties. Generally,
energy transitions in photophysical processes are primarily
depicted by the Jablonski diagram, which includes the
following procedures: excitation (or absorption), vibrational
relaxation (heat release), radiative emission (fluorescence), and
non-radiative transition (heat release).®*** No fluorescence was
observed for Ti2, Ti8, and Ti16. Therefore, absorption must be
considered as the primary factor influencing photothermal
conversion performance.

The photothermal conversion performance of the three
TOCs was examined in both crystalline and solution states. This
is the first time that the photothermal potential of TOCs has
been demonstrated. Initially, the photothermal performance of
Ti2, Ti8, and Ti16 was assessed by dissolving their crystals in
N,N-dimethylformamide (DMF) (¢ = 0.60 mM) individually and
monitoring the temperature changes of the solutions under
laser irradiation at 450 nm (0.6 W cm™2). The temperature
responses of the solutions and the corresponding thermal
images of the three TOCs were better visualized using real-time
thermal imaging. As illustrated in Fig. 5a, the temperature of
Ti16 rapidly increased to 67.9 °C after 5 minutes of irradiation.
In contrast, the temperatures of both Ti2 and Ti8 solutions
reached the maximum values of 54.4 °C and 60.9 °C under the

same conditions. This result indicates that Til6 exhibits

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 (a) Photothermal conversion of DMF solution of Ti2, Ti8, and Til6. (b) Photothermal cycling measurement of DMF solution of Ti2, Ti8, and
Til6. (c) IR thermal images of DMF and DMF solutions of Ti2, Ti8, and Til6. All measurements were conducted at a concentration of 0.60 mM
upon 450 nm laser irradiation (0.6 W cm™2) for (a)—(c). (d) Photothermal conversion of Ti2, Ti8, and Til6 crystals. Insets: thermal images of Ti16 at
various irradiation times. (e) Photothermal cycling measurement of Ti2, Ti8, and Til6 crystals. All measurements were conducted with 450 nm

laser irradiation (0.6 W cm™2) at a distance of 15 c¢m for (d) and (e).

superior photothermal conversion. The photothermal conver-
sion stability of Ti2, Ti8, and Til6 was assessed through five
heating and cooling cycles, which showed no significant
temperature decay (Fig. 5b). As depicted in Fig. 5c, the thermal
images display the photothermal effect of Ti2, Ti8, and Ti16
solutions dissolved in DMF.

Moreover, the photothermal properties of Ti2, Ti8, and Ti16
crystals were assessed by exposing their crystalline samples to
irradiation with a 450 nm laser (0.6 W cm™>) at a distance of
15 cm. Noteworthily, the temperature of Ti16 crystals reached
253 °C in 2 s. The heating rate (126.5 °C s~ ') was higher than
that of Ti8 (98 °C s~ ') and Ti2 (89 °C s ). It is comparable to the
heating rates of most reported photothermal materials (Table
S3f). The temperature of Ti2, Ti8, and Til6 reached the
maximum values of 249 °C, 319 °C, and 317 °C, respectively,
under the same conditions, demonstrating their excellent
photothermal conversion properties (Fig. 5d). While Ti8 and
Ti16 achieved similar maximum temperatures, the heating rate
of Ti1l6 surpassed that of Ti8. Both also show outstanding
photothermal stability, as seen by the barely changed maximum
temperature after six heating and cooling cycles (Fig. 5e).

Conclusions

In summary, utilizing a solvent-induced approach, we have
successfully synthesized three atomically precise catechol-
functionalized TOCs, Ti2, Ti8, and Til6. Notably, Ti16 stands
out as the first TOC entirely enveloped by catechol ligands,

© 2024 The Author(s). Published by the Royal Society of Chemistry

resulting in its distinctive black appearance, which suggests an
exceptionally low optical band gap. Moreover, Til6 exhibits
outstanding stability in various environments, including expo-
sure to air, solvents, and both acidic and alkaline aqueous
solutions, thanks to its comprehensive protection by catechol
ligands and rich intra-cluster supramolecular interactions.
Furthermore, Til6 demonstrates superior photoelectric
response properties and photothermal conversion capabilities
compared to Ti2 and Ti8. This enhanced performance is
primarily attributed to its narrow band gap and high stability.
This research not only offers a practical approach for producing
high-nuclearity B-TOCs with ultralow band gaps and strength
for exceptional photoelectric/thermal applications, but it also
sheds light on the structure-property correlations of black
titanium oxide materials.
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