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Titanium oxo-clusters derivatized from the
Tiy0O12(cat)g(py)s complex: structural investigation
and spectroscopic studies of light absorptiont
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A series of deep-red colored nano-sized titanium oxo-clusters bearing catecholato ligands is reported.
These architectures are produced via post-synthetic modification of the Ti;pO;»(cat)g(py)s (cat = catecho-
lato, py = pyridine) complex through quantitative substitution of labile pyridine ligands by three substituted

pyridines (pico, 4-Phpy and pyrald). The crystal structure analysis reveals a common Ti;pO;z(cat)g back-

bone for the three isolated molecular architectures. Partial charge analysis indicates two types of titanium

atoms within these complexes with one resembling titanium(v) found in TiO,. These complexes strongly
absorb visible light in solution (Amax = 411 nm, & = 10 800 for Ti;pO;x(cat)g(pylg in CHClz) and in the solid-
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Introduction

Titanium dioxide (TiO,) is a cheap non-toxic semiconductor,
which elicits a major interest for applications in photocatalytic
water splitting," photocatalytic degradation of pollutants® or
solar energy conversion.> However, TiO, does not absorb the
visible light of solar radiation due to its high band gap
(3.2 eV). Therefore, to develop more practical TiO,-based
photo-active materials, research studies are actually focused on
materials that can absorb light in the visible domain.
Titanium oxo-clusters® are a fascinating class of com-
pounds that are intensively investigated as models of bulk
TiO,. In particular, in the context of visible-light-active TiO,-
based materials, the synthesis and study of the optical pro-
perties of polyoxotitanium complexes absorbing light in the
visible region represent an intensive field of research. Mainly,
two classes of polyoxotitanate architectures are developed. The
broad family of metal-doped polyoxotitanium complexes are
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state. The band gaps estimated from the reflectance spectra are between 1.85 eV and 1.97 eV. The
present work also details the HOMO and LUMO representations obtained via DFT calculation for Ti;oO15(-
cat)g(py)g and a virtual Ti;pO1x(cat)s complex as well as the DOS (density of states) plots calculated for
those structures. This computational study highlights an impact of the pyridine ligand on the DOS plots.

viewed as ligand-stabilized molecular fragments of metal-
doped TiO,, and several metal ions, including Fe(u),> Ga(u),°
Co(u),” Mn(n),® lanthanide ions,” and alkali metal ions,'® have
been incorporated in these structures. The band gap of these
compounds has shown to be reduced in comparison with clas-
sical oxo-titanium clusters. Another class of titanium oxo-clus-
ters concerns nanoclusters decorated with sensitizers."' High
nuclearity clusters bearing catecholato'®'? or 2,2-bipheno-
lato'** ligands have been reported as the Ti-O(phenolato) bond
is known to absorb in the visible domain, due to the charge
transfer between the lone pair of oxygen atoms and the empty
3d-orbitals of the Ti(wv) ions.**

Very recently, we have reported the structural characteriz-
ation of a high nuclearity catecholato-based Ti(v) architecture
bearing pyridine ligands. This complex formulated as Ti;(O;»-
(cat)g(py)s (cat = catecholato, py = pyridine) displays a S, sym-
metry as shown in the crystal structure in Fig. 1."> Importantly,
the unusual behaviour of this complex in solution was studied
by various NMR techniques highlighting the labile behaviour
of the pyridine ligands.

In this manuscript, we report some architectures derived
from the Ti; (O, (cat)s(py)s complex. These nanosized clusters
incorporating various substituted pyridines (py’) were obtained
by exploiting the lability of the pyridine ligands decorating the
Ti;O012(cat)g core of the complex as proposed in eqn (1):

Ti;0012(cat)y(py)s + 8py’ — TiigO1z(cat)s(py')s +8py (1)

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 View of the molecular structure of Ti;oO1z(cat)g(py)s evidencing
the S;-symmetry of the complex. The two inequivalent catecholato
ligands are colored differently (in orange and light purple). The pyridine
ligands are displayed in two colors depending on their localizations in
the complex. The pyridine ligands colored in light green (named as py
(int.)) correspond to ligands sandwiched between a catecholato ligand
(in purple) and a second pyridine ligand colored in dark green (named as
py(ext.)). The titanium atoms and the oxygen atoms are in blue and red
respectively. Hydrogen atoms are omitted for clarity.

H OMe
O
AN = AN
| - |
N N N
pico 4-Phpy pyrald

Fig. 2 Pyridine derivatives (py’) employed in the study.
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The crystalline structures of new Ti;oOq,(cat)g-based com-
plexes bearing substituted pyridines are reported and discussed
related to the initial Ti;O;,(cat)g(py)s complex. The substituted
pyridine ligands incorporated in these new nanosized archi-
tectures are 4-picoline (pico), 4-phenylpyridine (Phpy) and
2-methoxy-5-( pyridin-4-yl)-benzaldehyde (pyrald) (see Fig. 2).

In order to compare these oxo-clusters to TiO, phases, the
partial charge distribution was determined for these species.
In parallel, we present DFT calculations to determine the
HOMO-LUMO gaps for these complexes. These data are corre-
lated with the experimental spectroscopic data recorded for
this series of red-colored polyoxotitanium complexes.

Ti10O12(cat)g(py)s in solution: NMR
investigation

Before studying the substitution of pyridine ligands linked to
the Ti;(Oq,(cat)s core of the complex, full characterization of
the complex in solution is mandatory. At room temperature,
the DOSY experiment run in CDCl; clearly suggests the deco-
ordination of the pyridine ligands."* Furthermore, three large
signals at § = 8.40, 7.53 and 7.10 ppm attributed to pyridine
highlight an exchange process as shown by the Ti;(O4,-
(cat)g(py)s spectrum at room temperature (Fig. 3c). At low temp-
erature (see Fig. 3b), the 'H NMR spectrum changes drastically
since sharp signals are predominant. However, due to the com-
plexity of the spectrum, the distinction between signals
belonging to the catecholato and pyridine ligands is rather
difficult. Thus, the spectrum at low temperature of a new
complex bearing deuterated pyridine ligands was recorded.
This complex formulated as Ti;;O,(cat)s(py-ds)s is prepared
like TiyoO1,(cat)s(py)s. At low temperature, the 'H NMR spec-
trum of Ti; 004, (cat)s(py-ds)s appears to be much simpler than
the nondeuterated complex since only signals attributed to the
catecholato ligands are observed (Fig. 3a). Now, the assignment of

CHCl3

TiioO12(cat)s(py)s, 223 K

HZ(exL +int)

) ~

TioO12(cat)s(py)s, R.T

Ha(ext)

Ha  Hagne)
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—
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Fig. 3 *H NMR spectra of Ti;oOs(cat)g(py)s at room temperature, of Ti;oO1z(cat)g(py)s at 223 K and TiyoOso(cat)s(py-ds)g at 223 K in CDCls (aromatic

region).
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the pyridine ligand signals in spectrum 1b becomes straight-
forward. The presence of two sets of pyridine proton reson-
ances (6 = 7.32 ppm, 6.77 ppm and § = 7.05 ppm, 6.27 ppm)
for protons H; and H, (Fig. 4) is in full accord with the two
types of pyridine ligands observed in the crystal structure
(named py(int.) and py(ext.) in Fig. 1 legend). As in the struc-
ture, four py(int.) ligands are sandwiched between catecholato
and py(ext.) ligands, the assignment of the upfield shifted pyri-
dine proton resonances to py(int.) protons is proposed (§ =
7.05 ppm and 6.27 ppm). Consequently, the signals at § =
7.32 ppm and 6.77 ppm correspond to the NMR signature of
H, and H; of py(ext.) respectively. The COSY spectrum permits
also the partial assignment of the signals of the catecholato
ligands. The signal at § = 6.03 ppm is abnormally upfield
shifted in comparison with the other catecholato proton
signals. A close examination of the Ti;,O;,(cat)s(py)s crystal
structure provides evidence to the environment of the Hgy4
protons (the labels of the catecholato protons are given in
Fig. 4). These protons, belonging to the bridging catecholato
ligands are localized in the shielding cone of a second brid-
ging catecholato ligand. The distance measured between these
protons and the nearest catecholato ring centroids is estimated
to be 3.7 A. This nicely explains the chemical shift observed
for this signal. Next, according to the correlation observed by
COSY, the assignment of the resonances of all protons belong-
ing to the bridging catecholato ligands is made. Finally, the
rest of the catecholato proton resonances (from § = 6.7 to
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Fig. 4 Representation of the ligands of Ti;pOz(cat)s(py)s with labelled
protons. For clarity, the complex is only partially represented. The
protons labelled as H,, Hy, Hc and Hy belong to the catecholato ligands
adopting a singly bridging p?-(0,0’) mode (these ligands are colored in
orange in Fig. 1). The protons labelled as H',, H',, H'c and H'y belong to
the second type of catecholato ligand colored in purple in the structure
(these ligands display a singly bridging chelate p2-(0,0,0") mode
(Fig. 1)). The pyridine protons are labelled as Hs, Hs and Hs ext. or int.
(ext. and int. referring to the localization of these ligands in the
complex). H(int.) concerns the protons of the pyridine ring py(int.)
(colored in light green in the structure (Fig. 1)). H(ext.) refers to the
protons of the pyridine rings, py(ext.) that decorate the external part of
the complex and colored in dark green in the structure (Fig. 1). Titanium
ions in black, red and pink refers to TiOg, TiOsN (bridging) and TiOsN
respectively.
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6.4 ppm) are attributed to protons of the singly bridging cate-
cholato ligands.

Complex synthesis and crystal
structure description

After the Ti;Oq,(cat)s(py)s low-temperature "H NMR spectrum
assignment, the pyridine ligand substitution study was under-
taken as proposed in eqn (1). The post-synthetic modification
of titanium-oxo clusters represents a very challenging task
since a reorganization of the titanium oxo backbone after the
substitution reaction is generally observed.'® Only a few
examples of a post-synthetic cluster modification without any
alteration of the inorganic core of the initial Ti(iv) oxo-cluster
are reported in the literature."”

Many different substituted pyridine compounds have been
tested with very limited success concerning the isolation of the
desired products as crystalline solids. The tested pyridine
derivatives include lutidine derivatives, pyridine rings functio-
nalized with electron donating or withdrawing groups or pyri-
dine rings substituted with sterically hindered groups.
However, when the reactions were conducted with the pico,
4-Phpy and pyrald compounds, after the diffusion of diethyl-
ether, crystals of the targeted compounds were isolated in
quantitative yields. It is worth noticing that the pico and
4-Phpy compounds are commercially available products whereas
the pyrald derivative is a key intermediate for the preparation
of several molecules.'® These new complexes were character-
ized by NMR spectroscopy, infrared spectroscopy and elemen-
tal analysis. The S, symmetry of these titanium oxo-clusters in
solution was confirmed by *C NMR since four resonances
attributed to C-O(catecholato) are observed in the spectra of the
complexes dissolved in CDCl;.

Single crystals of the complexes were obtained by dissolving
the Ti;oOqz(cat)g(py)s complex in chloroform with a slight
excess of the substituted pyridines. Dark red single crystals
suitable for X-ray diffraction analysis were obtained for the
pico, 4-Phpy and pyrald compounds by slow diffusion of di-
ethylether in a few days period. The crystal structure resolution
reveals that compounds obtained with 4-Phpy and pyrald crys-
tallize in the I4,/a space group whereas the third compound
crystallizes in the P1 space group. In each crystalline network,
the complex co-crystallizes with chloroform molecules.
The molecular structures of these complexes are shown in
Fig. 5(a—c).

The three complexes are nanosized objects with molecular
volumes estimated to be 1370 A®) 2110 A® and 2464 A® for
Ti;0O01a(cat)g(pico)s, TiipOia(cat)s(4-Phpy)s and Ti;qO;,(cat)s-
(pyrald)g respectively. The structures reveal that the resulting
complexes display Ti;oO;,(cat)s backbones identical to the one
observed for the Ti;(O;,(cat)g(py)s precursor. The overviews of
the superposed Ti;(O1s(cat)g(py)s structure with the Ti;(Os,-
(cat)g(pico)s, TiigO1z(cat)s(4-Phpy)s and Ti;oO1,(cat)s(pyrald)s
structures respectively highlight these structural similarities

(Fig. 6).

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 (a) Molecular structure of Ti;pO1x(cat)g(pico)s. (b) Molecular structure of TijoOsz(cat)g(4-Phpy)s. (c) Molecular structure of TijpOjx(cat)g-
(pyrald)s. In these structures, the two inequivalent catecholato ligands are differently colored (in orange and light purple). The pyridine ligands are
colored in green. The titanium atoms and the oxygen atoms are in blue and red respectively. This inorganic core is composed of ten titanium atoms,
eight p3-oxo bridges (two inequivalent p-oxo bridges are present), and four p2-oxo bridges; the other oxygen atoms belong to the catecholato

ligands.

Fig. 6

(a) Overlay of the TijpO1a(cat)g(py)s complex (blue) with the TiinO;z(cat)g(pico)s complex (green). (b) Overlay of the TijoO1a(cat)g(py)s

complex (blue) with the Ti;oO;z(cat)g(4-Phpy)s complex (yellow). (c) Overlay of the TijpO1a(cat)g(py)s complex (blue) with the TijpOja(cat)g(pyrald)g

complex (red).

For the new complexes no residual pyridine ligand is found
and eight substituted pyridine ligands (py’) are linked to the
inorganic core of the complexes leading to clusters displaying
the respective Ti;oO;,(cat)s(pico)s, TiipO1a(cat)s(4-Phpy)s and
Ti;1001,(cat)g(pyrald)s formulae. In these structures, as for the
Ti;1001,(cat)s(py)s complex, two types of rarely observed coordi-
nation modes for the catecholato ligands are noticed. The
purple colored catecholato ligands in Fig. 5 represent the four
ligands adopting a singly bridging chelate p*-(0,0’,0') mode,
whereas the singly bridging p*-(0,0") mode involves the four
catecholato ligands colored in orange. The inorganic core of
the complexes is formed by four p*-oxo and eight p*-oxo brid-
ging ligands with two types of inequivalent TiOsN subunits
and one type of TiOg polyhedron. It is worth noticing that
Ti10O01s(cat)g(4-Phpy)s and Ti;0Oq(cat)s(pyrald)s adopt a
perfect S, symmetry whereas Ti;oO;,(cat)g(pico)s displays a
pseudo S, symmetry. The dissymmetry found in Ti;oO;,(cat)s-
(pico)g arises from metrical factors. For instance, the distances
separating two titanium atoms coordinated with the same
catecholato ligand in the bridging p*-(0,0’) mode are different
in Ti;,0;,(cat)g(pico)s (Tis-Ti = 3.513 A, Tis---Tig = 3.504 A).

This journal is © The Royal Society of Chemistry 2016

The S, symmetry of Ti;;O;,(cat)g(pico)s in solution is proved
by >C NMR spectroscopy, as four resonances attributed to
C—O(catecholato) at 6 = 159.4 ppm, 157.5 ppm, 155.9 ppm, and
154.1 ppm are observed. The same observation in solution is
made for the Ti;(Oq,(cat)g(4-Phpy)s complex, whereas NMR
analysis in solution is impossible to handle for Ti;(O;,(cat)s-
(pyrald)g due to the insolubility of the complex.

Concerning the metrical description of the complexes, the
Ti---N bond distances are similar to those found in Ti;;O15-
(cat)s(py)s (the Ti-N bond distances are given in Table SIt).
Clearly, the lengths of the Ti-N bonds are not affected by the
nature of the substituents decorating the pyridine rings.

Partial charge analysis

The partial charge calculation for the four complexes was per-
formed with the PACHA software.'® The charges found in
these complexes for the oxygen atoms are unexceptional.
These charges are listed in Table 1. The charges of the oxygen
atoms belonging to the catecholato ligands range from

Dalton Trans., 2016, 45, 8760-8769 | 8763
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Table 1 Charges computed for the oxygen atoms in Ti;oO1x(cat)g(py)s. TiigO1z(cat)g(4-Phpy)g, TijoO12(cat)g(pico)g and TijnO4x(cat)g(pyrald)g

g(O(cat)) q(n*-O(cat)) q(w>-0) q(w>-0)

Ti;0012(cat)s(py)s 03 =—-0.55 01 =-0.61 07 =-0.77 05 =-0.86
04 = —0.52 06 = —0.85
02 =-0.52

Ti;01,(cat)g(4-Phpy)s 04 =—0.55 07 = -0.61 03=-0.76 01=-0.86
05 = —0.52 02 =-0.85
06 = —0.50

Ti;0012(cat)g( pico)s 028 = —0.55 013 = —0.61 06 = —0.77 08 =-0.87
021 =-0.55 017 = -0.61 02=-0.77 011 = —0.87
019 = —0.54 024 = —0.60 012 = -0.77 04=-0.86
015 = —0.54 025 = —0.60 05=-0.77 01=-0.86
022 =-0.53 09 =-0.86
027 = -0.53 010 = —0.86
020 = —0.52 07 =-0.85
016 = —0.51 03 =-0.85
026 = —0.51
023 = —0.50
014 = —0.50
018 = —0.50

Ti;0O12(cat)g( pyrald)g 04 =-0.55 07 = —0.60 01=-0.76 02 =-0.87
05 = —0.52 03 =-0.85
06 = —0.50

Table 2 Charges computed for the titanium atoms in TijgOx(cat)g(py)s, TizoO12(cat)g(4-Phpy)s, TiioO12(cat)g(pico)g and TijnO1a(cat)s(pyrald)s.
TiOsN(bridging) refers to the titanium atoms coordinated by the catecholato ligands adopting the singly bridging p?-(0,0") mode

TiOsN(bridging) TiOg TiOsN

Ti;0O1a(cat)s(py)s Ti2 = +2.44 Ti3 = +2.05 Til = +1.84
<q(Ti)> =2.11 + 0.33

Ti;(01,(cat)s(4-Phpy)s Til = +2.45 Ti2 = +2.05 Ti3 = +1.85
<q(Ti)>=2.11 + 0.34

Ti;001,(cat)g(pico)s Til = +2.42 Ti8 = +2.04 Tio = +1.86
Ti10 = +2.44 Ti6 = +2.05 Ti4 = +1.86
Ti3 = +2.44 Ti7 = +1.87
Ti5 = +2.45 Ti2 = +1.87
<q(Ti)> = 2.13 £ 0.32

Ti;0012(cat)g( pyrald)g Ti2 = +2.45 Ti3 = +2.08 Til = +1.84

<q(Ti)>=2.12 + 0.33

g = —0.50 to —0.61. Comparatively, the oxygen atoms, p>-O and
p*-0, forming the inorganic core of the complex are more
negatively charged. Interestingly, the charges calculated for p*-O
and p*-O are similar to those found in anatase or rutile TiO,
(¢(Oanatase) = —0.82 and q(Orytie) = —0.81). The differences
between the charges observed for titanium atoms in these
structures are particularly pronounced as shown in Table 2.
The charges for the titanium ions surrounded by 6 oxygens are
around g = +2.06 + 0.02, whereas the titanium ions having a
TiOsN coordination sphere and linked with the catecholato
ligand adopting a bridging p*-(0,0’) mode, display more posi-
tive charges between g = +2.42 and q = +2.45. These values con-
trast strongly with the partial charges computed for the
titanium atoms inscribed in the second TiOsN subunit (these
titanium atoms are coordinated by the catecholato ligands
adopting the singly bridging chelate p>-(0,0’,0") mode). These
titanium atoms have less positive values around g = +1.85 +
0.02. Interestingly, charges of titanium inferior to ¢ = 2 are
rather uncommon for neutral catecholato-based Titanium(iv)
neutral complexes. According to the 13 structures of neutral

8764 | Dalton Trans., 2016, 45, 8760-8769

Ti(v) complexes incorporating the catecholato ligand reported
in the V1.1.1 webCSD release of the Cambridge Crystallo-
graphic Database, the charge of titanium ions are found
superior to g = +2 with a mean value of g = +2.50 + 0.34.
A notable exception concerns a recently reported high nuclearity
complex incorporating 17 titanium(iv) atoms. Here, the g(Ti)
values range from g = +1.00 to +2.10."°

According to the charges calculated from these four struc-
tures, two categories of titanium could be distinguished. For
the titanium atoms with ¢(Ti) > 2, these atoms have charges
compatible with titanium centers found in low nuclearity
molecular complexes. The second category of titanium atoms
(g = +1.85 £ 0.02) resemble more to a titanium atom found in
TiO, (anatase or rutile) g(Ti) = 1.63.

UV-visible spectroscopy

The UV-visible light absorption properties of the titanium oxo-
clusters were studied in solution (CHCl;) and in the solid-

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 UV-visible spectra recorded for Ti;gO1z(cat)g(py)s (blue curve), TijoO12(cat)g(4-Phpy)s (green curve) and TijoO1x(cat)g(pico)g (red curve) in

chloroform (c = 10~° M).

state. The UV-visible absorption spectra of the complexes in
solution were recorded only for Ti;(Oqx(cat)s(py)s,
Tiy0015(cat)g(4-Phpy)s, and Ti;Oqs(cat)s(pico)s (¢ = 107> M)
due to the insolubility of the Ti;(O1,(cat)g(pyrald)s complex.
These spectra are shown in Fig. 7. The spectra for the three
complexes are rather similar. The complexes start to absorb
light around 600 nm with a maximum in the visible region
around 410 nm. In the UV domain, the complex bearing the
4-Phpy ligand absorbs strongly in comparison with its two ana-
logues. Nevertheless, the nature of the pyridine ligands that
substitute the oxo-clusters seems not to really affect the

FR) (a.u)

absorption properties of visible light. These solid-state spectra
are viewed in Fig. 8.

In the solid state, all species incorporating the Ti;,O;,(cat)s
backbone display similar optical properties with a broad
range of absorption in the visible domain between 400 nm
and 650 nm. The band gaps are estimated for the five com-
plexes using direct extrapolation of the absorption edges to
the energy axis (see the ESIf). The E, values found for the
different titanium-based species are compiled in Table 3. The
band gaps for the complexes are rather similar ranging from
1.85 eV to 1.97 eV. Again, the nature of the nitrogen-ligands

Ti10012(cat)s(py)s
— TiioOi2(cat)s(pyrald)s
—— Ti1002(cat)s(pico)s

" Tii10O12(cat)s(4-Phpy)s

N

550 600 650 700 750 800

nm

Fig. 8 Solid-state optical diffuse-reflectance spectra of Ti;pO1x(cat)s(py)s (blue curve), TijpO1x(cat)g(4-Phpy)g (purple curve), TijpO1x(cat)g(pico)s
(green curve), Ti;pO1x(cat)g(pyrald)g (red curve) derived from diffuse reflectance data at room temperature. F(R) is the Kubelka—Munk function.

This journal is © The Royal Society of Chemistry 2016 Dalton Trans., 2016, 45, 8760-8769 | 8765
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Table 3 The E4 values obtained using the analysis of the adsorption
edge

E, values (eV)

Ti;¢012(cat)s(py)s 1.97
Ti;0012(cat)g( pico)s 1.88
Ti;0012(cat)g(4-Phpy)s 1.86
Ti;0O12(cat)g( pyrald)g 1.85

seems not to significantly affect the solid-state electronic pro-
perties of the complexes. It should be noted that these band
gaps estimated for our series of Ti;oOq,(cat)s structures are
much lower compared to those found for TiO,-based materials
or nanoparticles or polyoxotitanate cages that ranges between
2.4 eVand 3.8 eV.”’

Theoretical calculations

Density functional theory (DFT) calculations on the
Ti;0012(cat)s and Ti;o04,(cat)g(py)s have been performed with
the Gaussian09 package,”’ using the hybrid exchange corre-
lation functional B3LYP with a double-{ basis function set
with an ultrafine grid was used in all our calculations. This
approach was chosen to be in line with previous theoretical
studies reported on similar complexes.?* For both complexes,
geometry optimization started from the crystal structure geo-
metry of Ti;oOq,(cat)g(py)s. In the case of Ti;zO5,(cat)g, pyri-
dine fragments were removed before -calculation. The
crystallographic symmetries were maintained in all of the cal-
culations. GaussView was used for visualization of the compu-
tational results,>® while DOS plots have been obtained with the
GaussSum 2.2 software.>* Even though the Kohn-Sham eigen-
states should only be considered as a first approximation to
one-particle energy levels and hence the obtained band gaps
should therefore not be taken too literally, they are often infor-
mative in providing qualitative understanding of the electronic
structures of materials and of the trend in band gaps.®

The HOMO, HOMO-1, HOMO-2 and LUMO, LUMO+1,
LUMO+2 representations determined for Ti;,0;,(cat)s and
Ti; 0015(cat)g( py)s are given in Fig. 9. For both complexes, the
HOMO, HOMO-1 and HOMO-2 orbitals are localized exclu-
sively on the catecholato ligands. Concerning the unoccupied
orbitals (LUMO, LUMO+1, LUMO+2), they are originated
almost exclusively from titanium d orbitals. Therefore, low
energy transitions observed for the Ti;(O;,(cat)g( py)s complex
arise undoubtedly from catecholato-to-titanium charge trans-
fer. Interestingly, the presence of the pyridine influences dras-
tically the energy of the HOMO-LUMO gap. Energies of AE =
—2.94 eV and AE = -3.32 eV are respectively found for
Ti;0012(cat)g and Ti;oOqx(cat)s(py)s (see Table 4). Ti;gOqa(cat)g
has the lowest HOMO-LUMO gap calculated for a neutral cate-
cholato-based titanium complex to date.”” The density of
states (DOS) plots for Ti;(O;,(cat)s and Ti;oOqx(cat)g(py)s are
reproduced in Fig. 10. These DOS plots evidence discrete
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energy levels for both complexes. However, we notice the influ-
ence of the pyridine ligands onto the Ti;,O;,(cat)s(py)s DOS
plots as the occupied levels are less energetically isolated com-
pared to the occupied levels in Ti;(O4,(cat)g.

Conclusions

The post-synthetic modification of a catecholato polyoxotita-
nate nano-sized cluster has been demonstrated by taking
advantage of the labile behavior of the pyridine ligands in
Ti1O1z(cat)s(py)s. Three S -symmetric complexes having an
identical Ti;oOq(cat)s backbone were isolated from Ti;qO;,-
(cat)g(py)s and structurally characterized. These Ti;(O1,(cat)s-
based complexes incorporate two types of titanium atoms
according the charge partial analysis: four Ti atoms in these
structures display charges similar to those found in TiO,
whereas the rest of the Ti atoms within these structures are
related to Ti atoms found in molecular coordination com-
pounds. These species strongly absorb light in the visible
domain. According to DFT calculation, these strong absor-
bances are originated from HOMO-LUMO electronic tran-
sitions where the HOMOs are localized on the catecholato
ligands and the LUMOs are centered on the d orbitals of tita-
nium atoms. The DOS plots of Ti;;O,(cat)g are far from dis-
playing conduction and valence bands. Nevertheless, the
pyridine ligands decorating the Ti;(O;,(cat)s backbone appear to
impact the DOS plots towards the one expected for semiconduc-
tor nanoparticles. Overall, the Ti;(O,(cat)s fragment appears to
be an attractive building unit to generate Ti-O based hybrid
materials absorbing visible light rather than ultraviolet light.>®

Experimental section
General

All chemicals, solvents and reagents were of the best commer-
cially available grade, purchased from Alfa Aesar, Sigma
Aldrich and TCI Europe and used as received. '"H and **C NMR
spectra were recorded with a Bruker Avance 500 (500 MHz)
spectrometer with the use of a deuterated solvent as the lock.
The chemical shifts were expressed in parts per million (ppm,
6) and referenced to residual solvent protons as internal stan-
dards (*H NMR: CDCly: § = 7.26 ppm, CD,Cl,: § = 5.32 ppm,
DMSO: § = 2.50 ppm; *C NMR: CDCly: § = 77.16 ppm, CD,Cl,:
5 = 53.84 ppm, DMSO: § = 39.52 ppm). The description of
signals include: s singlet, and dd doublet of doublets. The
signal abbreviations include: Phenpyr-H (aromatic proton of
4-phenylpyridine), Pico-H (aromatic proton of 4-picoline), and
Cat-H (aromatic proton of catechol). Infrared (IR) spectra were
recorded with a Bruker Alpha FT-IR spectrometer. UV-Vis
spectra were recorded with a BioTek UVIKON XL spectrometer.
Thermogravimetric analyses (TGA) were performed on a
Perkin-Elmer Pyris 6 TGA thermogravimetric analyser. Differ-
ential Scanning Calorimetry (DSC) spectra were obtained with
a Perkin-Elmer Jade DSC calorimeter. Microanalyses were per-
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HOMO -2

LUMO

HOMO -1 HOMO

LUMO +1 LUMO +2

HOMO -2

LUMO

HOMO -1 HOMO

LUMO +1 LUMO +2

Fig. 9 Ti;0O12(cat)g (top) and TiypO1a(cat)g(py)s (bottom): representation of the HOMO, HOMO-1 and HOMO-2 as well as the LUMO, LUMO+1 and
LUMO+2 orbitals for both complexes. Catecholato ligands are represented in yellow, and pyridine ligands in green. Hydrogen atoms are omitted

for clarity.

formed by the Service de Microanalyses de la Fédération de
Recherche de Chimie, Université de Strasbourg, Strasbourg,
France. Crystallography data were collected at 173(2) K with a
Bruker APEX8 CCD diffractometer equipped with an Oxford
Cryosystem liquid N, device, with the use of graphite-mono-
chromated Mo-Ka (4 = 0.71073 A) radiation. For all structures,
diffraction data were corrected for absorption and structural
determination was achieved by using the APEX (1.022) package.
Ti;0012(cat)g( pyr)s was synthesized according to ref. 15.
Ti;0012(cat)g(4-Phpy)s. The reaction was conducted under
air. In a small glass vial, to a solution of Ti;(O4,(cat)s(py)s

This journal is © The Royal Society of Chemistry 2016

(5 mg, 0.0023 mmol) dissolved in 0.750 mL of CHCl; was
added a slight excess of 4-phenylpyridine (4-Phpy, 3 mg,
0.019 mmol) in 0.250 mL of CHCIl;. The reaction mixture was
agitated for few seconds and set aside to crystallize by slow
vapor diffusion of diethyl ether. Small dark red crystals were
recovered by filtration and dried under vacuum during one
night to afford Ti;O1s(cat)s(4-Phpy)s in quantitative yield
(6 mg). "H NMR (500 MHz, CD,Cl,): 8.40 (4-Phpy-H, broad s),
7.30 (4-Phpy-H, broad s), 7.22 (4-Phpy, broad s), 7.10 (Cat-H,
broad, 4 H), 6.66 (Cat-H, complex, 8 H), 6.58 (Cat-H, broad,
8 H), 6.45 (Cat-H, complex, 4 H), 6.34 (Cat-H, complex, 4 H), 5.97
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Table 4 Calculated HOMO-LUMO gaps AE (eV) for TijoO1x(cat)g (top)
and Tiloolz(cat)g(py)g

Ti;0012(cat)g Ti;0012(cat)s(py)s
Symmetry Sa Sa
Erumo -3.26 -1.85
Exomo —-6.20 -5.17
AE —-2.94 -3.32

Ti;gO4o(cat)g(py)g

DoS

TijgOqp(cat)g

Energy [eV]

Fig. 10 DOS plots of the TijpOjx(cat)g (red) and TijpO1z(cat)g(py)s
(green) complexes.

(Cat-H, complex, 4 H) ppm. ">C NMR (125 MHz, CD,Cl,): 159.5
(C-O catecholato), 157.7 (C-O catecholato), 156.1 (C-O cate-
cholato), 154.2 (C-O catecholato), 150.1 (C-H (2,6)phenylpyri-
dine), 149.1 (C (4)phenylpyridine), 137.6 (C (7)phenylpyridine),
129.9 (C-H (10)phenylpyridine), 129.4 (C-H (9,11)phenylpyri-
dine), 127.3 (C-H (8,12)phenylpyridine), 121.8 (C-H (3,5)phe-
nylpyridine), 121.3 (C-H catecholato), 120.9 (C-H catecholato),
120.4 (C-H catecholato), 120.1 (C-H catecholato), 119.9 (C-H
catecholato), 118.0 (C-H catecholato), 115.5 (C-H catecholato),
112.5 (C-H catecholato) ppm. IR: 1614, 1477, 1255, 1212, 1100,
1018, 881, 744, 698, 628, 504, 440 cm ‘. Anal. calcd for
C136H104NgO5Ti;o:CHCL;: C 56.81; H 3.65; N 3.87. Found
C 56.37; H 4.05; N 4.00. X-ray data: empirical formula:
C140H105Cl12N5025Ti1o (C136H104N5O2Tizo, 4(CHCI;)); formula
mass: 3254.74; crystal system: tetragonal; space group: I4,/a;
unit cell dimensions: a = 29.1802(10) A, b = 29.1802(10) A, ¢ =
16.1450(6) A; V =13 747.2(8) A%; Z = 4; density (caled): 1.573 mg
m™>; crystal size: 0.06 x 0.03 x 0.03 mm?; § range for data col-
lection: 1.40-30.05°; reflections collected: 51 412; independent
reflections: 9678 [R(int) = 0.0991]; refinement method: full-
matrix least squares on F*; data/restraints/parameters: 9678/0/
447; goodness-of-fit on F*: 1.005; final R indices [I > 26(I)]: Ry =
0.0829, wR, = 0.1402; R indices (all data): R; = 0.1803, WR, =
0.2206. CCDC 1413510.

Ti O012(cat)g(pyrald)s. A similar procedure as the one
described just above was used by replacing 4-phenylpyridine
with 2-methoxy-5-(pyridin-4-yl)benzaldehyde (pyrald). Small
dark red crystals (7 mg) were recovered in quantitative yield by
filtration and dried under vacuum. IR: 2950, 1734, 1681, 1604,
1579, 1475, 1426, 1389, 1273, 1251, 1212, 1177, 1124, 1100,
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1069, 1053, 1012, 906, 810, 744, 673, 502, 473, 428 cm™*. Anal.
caled for Cys,H,,0Ng0,,Ti;o-3CHCL;: C 51.72; H 3.44; N 3.11.
Found C 51.68; H 3.57; N 3.19. X-ray data: empirical formula:
C156H124Cl12N5044Ti1o (C152H120N5044Tio, 4(CHCL;)); formula
mass: 3719.03; crystal system: tetragonal; space group: I4,/a;
unit cell dimensions: a = 31.272(3) A, b = 31.272(3) A, ¢ =
15.6882(14) A; V = 15 342(2) A®; Z = 4; density (caled): 1.610 mg
m™?; crystal size: 0.05 x 0.04 x 0.04 mm?®; 9 range for data col-
lection: 2.61-27.55°; reflections collected: 33 930; independent
reflections: 8798 [R(int) = 0.0699]; refinement method: full-
matrix least squares on F*; data/restraints/parameters: 8798/0/
521; goodness-of-fit on F*: 1.054; final R indices [I > 26(I)]: R, =
0.1172, wR, = 0.2389; R indices (all data): R, = 0.2592, WR, =
0.3086. CCDC 1413511.

Ti;001x(cat)g(pico)s. A similar procedure as the one
described just above was used by replacing 2-methoxy-5-
(pyridin-4-yl)benzaldehyde with 4-picoline (pico). Small dark
red crystals (5 mg) were quantitatively recovered by filtration
and dried under vacuum. 'H NMR (500 MHz, CD,CL,): 8.11
(Pico-H, broad s), 7.13 (Cat-H, dd, ] = 7.6 Hz, *J = 1.2 Hz, 4 H),
6.63 (Cat-H, complex, 8 H), 6.51 (Cat-H, complex, 4 H), 6.46
(Cat-H, complex, 4 H), 6.41 (Cat-H, complex, 4 H), 6.34 (Cat-H,
complex, 4 H), 6.17 (Pico-H, broad s), 5.94 (Cat-H, dd, ] = 7.6
Hz, ] = 1.1 Hz, 4 H) ppm. *C NMR (125 MHz, CD,Cl,): 159.4
(C-O catecholato), 157.5 (C-O catecholato), 155.9 (C-O cate-
cholato), 154.1 (C-O catecholato), 149.9 (C-H (2,6)picoline),
148.2 (C (4)picoline), 124.5 (C-H (3,5)picoline), 120.3 (C-H
catecholato), 120.2 (C-H catecholato), 120.1 (C-H catecholato),
120.0 (C-H catecholato), 119.8 (C-H catecholato), 117.9 (C-H
catecholato), 115.4 (C-H catecholato), 112.3 (C-H catecholato),
21.0 (CH; picoline) ppm. IR: 3065, 1618, 1575, 1473, 1438,
1291, 1253, 1212, 1100, 1018, 900, 818, 773, 740, 675, 663, 624,
589, 540, 514, 489, 430 cm™'. Anal. caled for CosHggNgOss.
Ti;0-1CHCl3: C 48.55; H 3.74; N 4.67. Found C 48.50; H 3.85;
N 4.66. X-ray data: empirical formula: C;00Ho,Cl;,NgO,4Ti10
(Co6HggNgOsTisg, 4(CHCl3)); formula mass: 2758.22; crystal
system: triclinic; space group: PI; unit cell dimensions: a =
15.6659(9) A, b = 18.9579(11) A, ¢ = 23.2236(13) A; V = 6191.9(6)
A’ Z = 2; density (caled): 1.479 mg m™>; crystal size: 0.07 x
0.06 x 0.05 mm?®; @ range for data collection: 1.16-27.21°;
reflections collected: 26 308; independent reflections: 26 308
[R(int) = 0.0541]; refinement method: full-matrix least squares
on F*; data/restraints/parameters: 26 308/0/1431; goodness-of-
fit on F*: 1.005; final R indices [I > 26(I)]: Ry = 0.0720, WR, =
0.1603; R indices (all data): R; = 0.1540, wR, = 0.1802. CCDC
1413512,
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