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Introduction

Natural dyes can be derived from plants, invertebrates, or min-
erals. Plant-based dyes such as woad, indigo, saffron, and
madder are available commercially and have been important
trade goods in Asia and Europe for millennia." The madder
plant (Rubia) has been used since antiquity as a dye material,
principally for textile fabrics (e.g., Turkey Red), and as a princi-
pal component of paint pigments (e.g., Rose Madder). In
modern times madder has also been used as a staining agent
in biological research, and colour indicator for calcium.

The active dye materials in madder are a series of related
di- and tri-hydroxyl-anthraquinones, two of which are alizarin
and quinizarin (Fig. 1).>™* Recently, both of these materials
have received much attention as low-cost photosensitizing
dyes in semiconductor solar cells, photographic processes,
and in the photo-degradation of pollutants.” Many state-of-the-
art photochemical devices are based on the high band-gap
semiconductor titania (TiO,).*” However, a major problem
faced using TiO, (E; = 3.2 €V) is that the majority of ambient
solar light (ca. 95%) is of too low energy for photoexcitation
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A range of titanium compounds containing the naturally occurring dyes quinizarin (QH,) and alizarin (AH,)
was synthesized and structurally characterized in the solid state. Among these is the first examples of a
discrete metallocyclic arrangement formed exclusively using quinizarin ligands and the first examples of
lanthanide containing titanium compounds of the alizarin family of ligands.

from the valence to the conduction band.®® One option to cir-
cumvent this is to dope TiO, with other metals or non-metals,
which has the result of shifting the absorption edge into the
visible region.'®™® A further way by which this can be achieved
is the incorporation of a visible-light absorbing dye sensitizer
on the semiconductor surface."**° Expensive inorganic com-
pounds such as ruthenium(u) poly-pyridyl complexes have
been commonly used as molecular sensitizers in solar cells
and water-splitting devices.>*”>> However, the use of sustain-
able natural dyes derived from plants to increase the rate and
efficiency of light-capturing is clearly an attractive prospect in
regard to mass production of photochemical devices.” For
example, it is reported that the photoexcitation of alizarin
coupled to the surface of TiO, films leads to ultrafast electron
transfer from the dye to the TiO, conduction band on the sub-
100 fs timescale.”

In the past decade there has been considerable interest in
the development of titanium-oxo- and metal-doped titanium
oxo-cages,”* which have proved to be particularly effective in
the low-temperature, solution deposition of photocatalytic
films of un-doped and metal-doped TiO,.>* A more recent
innovation is the incorporation of dye molecules as supporting
ligands in these species, which can potentially be used to
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(1,2-dihydroxy-anthraquinone) (1,4-dihydroxy-anthraquinone)

Fig. 1 Structures of alizarin (AH,) and quinizarin (QH,).
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deposit dye-sensitized metal-doped titania films in a single
step.® The potential for the use of naturally occurring dye
molecules was recently demonstrated in a study of the use of
titanium compounds containing alizarin ligands in the depo-
sition of dye-sensitized TiO,.>” In the current work, we have
synthesized a series of titanium compounds containing ali-
zarin and quinizarin ligands. Apart from their structural
novelty, the incorporation of lanthanides into this type of
arrangement provides potential precursors for dye sensitized
functional materials.”® As a prelude to future exploration of
their applications, we also demonstrate the hydrolytic depo-
sition of these materials as dye-containing titania and lantha-
nide-doped titania thin films on a range of substrates.

Results and discussion

The new homometallic i metallocycle
[Ti4(Q)4(*PrO)s-2'PrOH] (1) (QH, = quinizarin) and the series of
isostructural heterometallic lanthanide/Ti"V compounds

[Ti,LnCl,(A),("PrOH),(O'Pr)e]-x'PrOH [AH, = alizarin, Ln = Eu
(2), Gd (3), Tb (4), Dy (5), Ho (6), Er (7), Yb (8), x = 0 for com-
pounds 2-5, 8; x = 1 for complexes 6 and 7] can be obtained
via the room-temperature reactions of Ti(O'Pr), with QH, (1:1
equivalents) in 'PrOH (for 1) and the reaction of excess Ti
(O'Pr), with AH, and LnCl;-xH,O in 'PrOH (for 2-8) under
inert N, atmosphere. Dark red crystals of 1 (53%) and deep-
purple crystals of 2-8 (ca. 40%) are obtained by storage of the
reaction solutions at room temperature. All of the compounds
were characterised using a combination of "H NMR, IR and
solution UV-visible spectroscopy, chemical analysis and single-
crystal X-ray diffraction studies. In addition, the experimental
powder X-ray diffraction (PXRD) patterns for 1 and 2-8 are all
in agreement with the patterns derived from their single-
crystal X-ray structures, further confirming the purity of the
bulk materials (ESI, Fig. S6-S87). The paramagnetic nature of
2-8 made NMR investigation of little value. However, the pres-
ence of [Q]*~ ligands in 1 and [A]*~ ligands in 2-8 is shown by
a comparison of the UV-vis spectra of the complexes with
those of the authentic [Q]*~ and [A]*~ anions, which were gen-
erated by double-deprotonation of QH, and AH, (see Fig. 6,
later).

A prominent feature of the solid-state structure of com-
pound 1 (which crystallises as the solvate 1-('PrOH),) is the
presence of an almost square-planar Ti, core which is held
together by k,/k,-bridging [Q]*~ dianions, with two terminal
'PrO groups bonded to each metal centre (Fig. 2a). The [Q]*~
dianions are tilted significantly from the perpendicular to the
metallocyclic Tis-plane and form a cavity measuring ca.
8.2-8.5 A along its edges by 7.3 A deep (Fig. 2b). The cavity is
occupied by an 'PrOH molecule, and additional 'PrOH mole-
cules are present in the crystal lattice. Isolation under vacuum
results in the complete removal of these solvent molecules in
solid samples of 1, as revealed by elemental analysis. While
the same ¥,/k,-metal bridging mode for the [Q]*~ dianion has
been observed in a number of discrete metallocyclic and poly-
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Fig. 2 (a) Molecular structure of metallocycle 1 in the solid state, (b)
space-filling representation in the same orientation as in (a). The iPrOH
molecule in the void is not shown. For bond lengths and angles in 1 see
Fig. S11.§

meric arrangements, such as the polymer [FeQ],, and tetranuc-
lear [{Re(CO)3}4(Q),(bipy),],>° 1 is the first example in which
the assembly of a discrete metallocyclic arrangement is
achieved exclusively using the [Q]*” dianion.** A related,
square Ti, metallocycle has been observed for the structure of
Ti404(C,04)s:4C,N,H;0-4H,0, but here using a mixed ligand
set to accomplish cyclisation.?"

The structure of 1 is maintained in toluene solution at
room-temperature, as indicated by the presence of four
(1:1:1:1) iPr-resonances in the room-temperature "H NMR
spectrum in dg-toluene. This results from the Cs-mirror sym-

538 534 530 526 522 518 514 490 486

510 506 502
1 (ppm)

Fig. 3 'H NMR spectrum of 1 in the 'Pr (CHMe,) region, showing the
four environments resulting from molecular C; symmetry in the solid
state and solution. The inset shows the molecular mirror plane, with the
four environments highlighted (these could not be assigned unambigu-
ously in the spectrum).
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metry of the molecule which leads to the inequivalence of 'Pr-
groups above and below the Ti,-mean plane (Fig. 3). The spec-
trum does not change significantly on raising the temperature
to 60 °C.

Cyclic voltammetry (CV) of 1 in DCM shows a complicated
series of overlapping redox processes at negative potentials
(Fig. 4, ESI, Fig. S28 and S297%) in which the quinizarin ligand
is likely to be involved. The electrochemistry was found to
contain electrochemically irreversible redox processes, and to
change slightly with time over the course of ca. 100 cycles with
a blue solid being deposited on the electrode surface and the
walls of the electrochemical cell. This is distinctly different
from the behaviour of QH, in DCM (Fig. 4, ESI, Fig. S31%),
which shows two reversible one-electron processes in a similar
region to the redox waves in 1, or to QH, in basic aqueous con-
ditions (ESI, Fig. S327), which shows a single reversible two-
electron process. Overall, this suggests that the electronic char-
acter of the ligand is changed significantly by deprotonation
and metal coordination within 1.

Compounds 2-8 all have formula
[Ti,LnCl,(A),("PrOH),(O'Pr);], and differ only in the number of
'PrOH molecules in the crystal lattice. The crystal structures
comprise of two isomorphous sets (2-5, 8, with no lattice
IPrOH; 6-7 with one lattice 'PrOH per formula unit) The struc-
ture of the Eu compound 2 is presented in Fig. 5. Despite the
historical importance of metal-alizarin complexes in ancient
dyes, there are surprisingly few structurally characterized
metal complexes containing alizarin and, to the best of our
knowledge, no examples of lanthanide complexes.*”*® The
closest analogue to 2-8 is the heterometallic Ti""/Ca®>" complex
[Ca,Tis(A)s(13-0),], containing doubly-deprotonated AH,.**

Compounds 2-8 have the same trinuclear arrangement in
which the Ln®" cations are seven coordinate (pentagonal bipyr-
amidal), being bonded to four O atoms of two [A]*~ dianions
as well as one 'PrO O atom and two Cl ions (Fig. 5). The pres-
ence of two neutral 'PrOH groups (which are necessary to
balance the charge with the complexes) is indicated by the
elongation of two of the terminal Ti-O('Pr) bonds in 2-8 by ca.
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Fig. 4 CV of Species 1 and quinizarin at 50 mV s in dry dichloro-

methane with 0.1 M TBAPF¢ and 0.3 mM Ferrocene (at 0.4 V(SHE)).
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Fig. 5 Structure of 2. H-atoms have been omitted for clarity. Colour
codes for atoms: Ti-light grey; Eu-pink; O-red; C-dark grey; Cl-green.
For bond lengths and angles in 2—8 see Table S1 (ESI). T

0.4 A. The OH groups of these molecules form clear hydrogen
bonds to the Cl ions on the Ln** cations. The overall molecular
arrangement is distinctly asymmetrical. Although the two [A]*~
ions adopt the same (unprecedented) w;-pu':p*:p> bonding
mode, the two [A]*~ anions use different combinations of their
C=0 and 1- and 2-O atoms to bridge the Ti" and Ln*" centres,
ie., p' (2-0):p” (1-0):p” (C=O0) for one and p' (C=0):p* (2-0):p*
(1-O) for the other. This results in chemically-distinct environ-
ments for the two Ti'V centres in 2-8, both being six coordi-
nate, but with one bonded to three [A]>~ O-atoms and three
iPro O-atoms and the other bonded to two [A]*~ O-atoms and
four 'PrO O-atoms. Looking across the lanthanide series, there
is a general reduction observed in the framework Ln-O and
Ln-Cl bond lengths (by ca. 0.1 A for both), in line with the
expected lanthanide contraction. Bond valence sum calcu-
lations (ESI, Table 27) are consistent with the oxidation states
of the metal ions concluded from X-ray and spectroscopic ana-
lysis (i.e., Ti" and Ln"™").*”

The UV visible spectra of 1 and 2-8 are shown in Fig. 6. All
of the compounds show significant absorption in the visible
region, arising directly from the presence of the [Q]*~ and
[A]*~ anion transitions. The similarity of the UV-vis spectrum
of the [Q]*~ dianion (generated by deprotonation of QH, with
2 equivalents of "BuLi) and the spectrum of 1 (Fig. 6a) provides
further confirmation for the presence of the [Q]”~ dianion in
1. The [Q]*” dianion in 1 (Amax = 610 nm) is significantly red-
shifted with respect to [QH,] (Amax = 490 nm) and slightly red-
shifted with respect to the [Q]*~ dianion (A = 595 nm). This
is probably due to the presence of charge transfer [ligand n-Ti
(d)] transitions in 1, ¢f. n-n* transitions in QH, and [Q]*". The
observed red shift is also consistent with the colour change
from QH, (yellow) to [Q]*~ and 1 (both violet). The isostruc-
tural compounds 2-8 exhibit very similar spectra in the visible
region, with no obvious correlation between the Z.g of Ln™
ions and Ay (being ca. 510 nm for all) (Fig. 6b). Not surpris-
ingly, the [A]*~ absorptions in 2-8 are red-shifted with respect
to [AH,] (consistent with the colour change from yellow to red)
but are very similar to the spectrum of the [A]*” anion itself
(generated by reaction of AH, with 2 equivalent of "BuLi). One
interesting feature of the optical behaviour of 2-8 is that the
compounds exhibit markedly different molar extinction coeffi-

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 (a) UV-visible absorbance spectra of quinizarin, compound 1
(0.075 g L™) and [Q]*~ (all 0.075 g L™" in dichloromethane) and (b) UV-
visible absorbance spectra of alizarin, compounds 2—8 and [AH]™ (all
solutions ca. 6.1-6.2 x 10~ mol LY.

cients, depending on the Ln*' ion present, with most absorb-
ing more strongly than [A]*". This is likely to be due to the
magnetic anisotropy of the respective Ln*" ions, which influ-
ences the electronic transitions upon light irradiation.?®

PXRD studies of 1 and 2-8 reveal that crystalline samples
are stable in ambient air for at least one hour. The decompo-
sition of 1 and 2 (as an example of the lanthanide series) in
the presence of atmospheric or deliberately added water were
followed in detail by IR (ESI, Fig. S15 and S16%) and UV-visible
spectroscopy (Fig. 7), PXRD (ESI, Fig. S9 and S107), lumine-
scence spectroscopy (ESI, Fig. S25-27%), scanning electron
microscopy (SEM) (ESI, Fig. 41) and EDX (ESI, Fig. S17-247)
studies.

The PXRD patterns of the solid decomposition products of
1 and 2 after stirring in wet CH,Cl, for 16 h indicate that both
are amorphous. In the case of 1, however, low-intensity peaks
for QH, are visible. Although no residual ligand peaks are
found in the PXRD of 2, the solid-state IR spectra of the solid
residues are consistent with the formation of QH, (for 1) and
AH, (for 2). Further support for the conclusion that hydrolysis
results in the protonation of the dianionic ligands comes from
luminescence measurements of 1, which show that the emis-
sion spectrum of the hydrolysed compound is identical to that
of QH, (ESI, Fig. S27%) (but distinctly different to that of 1
itself, ESI Fig. S26%). Not surprisingly, after annealing at
800 °C no traces of the ligands (QH, and AH,) are observed,
with PXRD patterns indicating that the solids are composed of
rutile (in the case of 1) and rutile/E,O; (in the case of 2) (ESI
Fig. S9 and S10f). While SEM-EDX analysis of the annealed
product of 1 is uninformative (showing only Ti and O),

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Solid-state UV-vis spectra of (a) drop-cast films of (hydrolysed) 1
from THF (red trace) and DCM (blue trace), compared to solid powder
samples of 1 and QH,, (b) drop-cast films of (hydrolysed) 2 from THF
(red trace) and DCM (blue trace), compared to solid powder samples of
2 and AH,.

element mapping of the product of 2 shows Eu, Ti and O, with
EDX area analysis indicating inhomogeneous distribution of
these elements (Eu range 20.5-42.3 at%, Ti 4.1-13.2 at% and
O 37.2-54.2 at%) (ESI Fig. S17-217). Overall, the data is con-
sistent with the formation of TiO,/QH, for 1 and Eu-doped
TiO,/Eu,03/AH, for 2 before annealing.

In further studies it was shown that the organically soluble
precursors 1 and 2 can be successfully drop-cast into films
from solution at room temperature (ESI, Fig. S247). The mor-
phologies of the resulting films were found to depend on the
solvent used (THF or CH,Cl,), the substrate (FTO or brass) and
the pH (see ESI, Fig. S247). The solid-state UV-vis spectra of
hydrolytically decomposed films of 1 and 2 from THF or
CH,Cl, without annealing (Fig. 7) both show much lower-
energy absorption onsets than the TiO, or pristine organic
dyes themselves, extending well above 800 nm for 1 (¢f ca.
600 nm for QH,) and ca. 700 nm for 2 (¢f 550 nm for AH,).
This appears to indicate that these TiO,/QH, and Eu-doped
TiO,/Eu,05; composite materials exhibit lower band gaps com-
pared to the separate TiO, and dye components. This supports
the view that there is some integration of the dyes into the
surface or bulk structure of TiO,.

Disappointingly, films prepared by spin-coating 1 and 2 in
CH,Cl, onto BiVO, coated ITO glass followed by air drying at
room temperature exhibited no photocurrent response. This

Dalton Trans., 2021, 50,17202-17207 | 17205
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contrasts with the previous report of the photochemical behav-
iour of alizarin dye-sensitized TiO, films generated using
[Ti,(O'Pr)s(A)(4-X-CH4CO,)] (X = NO,, F, Br), which assumed
that the A>~ ligands survive hydrolysis and showed that the
films generated exhibited a significantly increased photo-
current compared to TiO, or a TiO,/AH, mixture.”” There
could be several reasons for the different behaviour of our
systems. In particular, the absence of the benzoate ligand com-
ponent in precursors may be a significant factor.

In summary, we have prepared a series of new titanium
compounds containing the dianions of the naturally occurring
dye molecules alizarin and quinizarin. Apart from the various
new structural and chemical features observed, we have shown
these can be used as single-source precursors to dye-contain-
ing titania composites. The presence of natural dyes results in
significant visible light absorption and lower bandgap in the
deposited materials. However, our studies indicate that the dye
components (which are present as the neutral dye molecules
themselves) may not have direct bearing on the photocurrent
of titania films.
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