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Abstract: A combined spectroscopic and computational approach has been used to study in detail
the complexation between Ga(Ill) and ARS in solution. The NMR results revealed the formation
of four Ga(IlI)/ ARS complexes, at pH 4, differing in their metal:ligand stoichiometries or configu-
ration, and point to a coordination mode through the ligand positions C-1 and C-9. For equimolar
metal:ligand solutions, a 1:1 [Ga(ARS)(H,0)4]* complex was formed, while for 1:2 molar ratio so-
lutions, a [Ga(ARS)(H,0),2]™ complex, in which the two ligands are magnetically equivalent, is
proposed. Based on DFT calculations, it was determined that this is a centrosymmetric structure with
the ligands in an anti configuration. For solutions with a 1:3 molar ratio, two isomeric [Ga(ARS)3]*~
complexes were detected by NMR, in which the ligands have a mer and a fac configuration around
the metal centre. The DFT calculations provided structural details on the complexes and support
the proposal of a 1,9 coordination mode. The infrared spectroscopy results, together with the calcu-
lation of the infrared spectra for the theoretically proposed structures, give further support to the
conclusions above. Changes in the UV /vis absorption and fluorescence spectra of the ligand upon
complexation revealed that ARS is a highly sensitive fluorescent probe for the detection of Ga(III).

Keywords: Gad*; alizarin sulfonate; ARS; NMR; ATR-FTIR; DFT; UV /vis; fluorescent probe

1. Introduction

Gallium is widely distributed in the earth’s crust and has a variety of applications in
industry, such as in semiconductor materials for red, orange, and yellow light-emitting
diodes (LEDs) [1], and in the production of low melting point alloys [2]. The antineoplastic
potential of compounds of gallium, in particular of some simple salts such as Ga(Ill) nitrate,
was also recognized soon after the discovery of the antitumor properties of cisplatin. Ga(IlI)
shows coordination properties similar to other group Illa metal ions, such as Al(III) and
In(IlI), and it also shares some properties with Fe(III) in terms of ligand affinity, coordina-
tion geometry, ionic radius, electronegativity, etc. This is thought to enable its ability to
interfere with the cellular iron metabolism and seems to be crucial for its antineoplastic
effects [3-5]. Although gallium has gained relevance in the biomedical area by presenting
anti-proliferative activity in some malignant tumours in humans, its presence in water
for human consumption can cause immune system diseases and reduced blood leukocyte
counts [6]. Its use in industry may lead to contamination of groundwater and its possible
impact on human health and the environment makes it important to develop methods
capable of detecting and quantifying the distribution of gallium in view of its remediation.

The use of molecular chemosensors that show fluorescence responses modulated
by the interaction with metal ions has numerous advantages, such as high sensitivity
and specificity, low cost, simplicity of operation, as well as the possibility of monitoring
biological samples in real time with fast responses [7], and has application in many diverse
areas, from analytical chemistry, medicinal chemistry, and biochemistry, to clinical and
environmental sciences.
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Anthraquinones and their derivatives are organic compounds that are highly relevant
due to their enormous versatility in many diverse applications, such as in industry as
dyes [8-10], in medicine as pharmaceutical drugs [11,12], and in chemistry as analytical
reagents [13,14]. Hydroxyanthraquinones are particularly important for applications based
on chromatic properties, since their lowest excited singlet state, with 7t,7* character, enables
them to absorb visible light and have bright colours, contrary to anthraquinone which
has a n,m* lowest excited singlet state [15,16]. The optical properties of the substituted
anthraquinones depend on factors such as the nature and position of the substituents and
the establishment of hydrogen bonds and other intermolecular interactions [15]. Alizarin,
(1,2-di-hydroxyanthraquinone, 1,2-HAQ) is one of the most stable natural pigments and
the main colouring component (together with purpurin, 1,2,4-HAQ) of the natural pigment
madder, extracted from Rubia tinctorum L., and is widely used to dye textiles. Nowadays,
alizarin is usually obtained from synthesis. Alizarin has also been investigated as a photo-
sensitizer in dye-sensitized solar cells, showing high incident photon-to-current conversion
efficiencies [17-19]. By introducing a sulfonate group into the alizarin structure, a deriva-
tive with greater water solubility is obtained (1,2-dihydroxyanthraquinone-3-sulfonate,
or alizarin red S (ARS)), whose photophysics and photochemistry has been extensively
studied due to its chromatic and fluorescence properties. ARS also shows interesting elec-
trochemical behaviour and its performance as a negolyte in redox flow batteries has been
investigated recently [20]. Its complexation behaviour with various metal ions has also
been the subject of intense investigation, since its phenolic and carbonyl groups (Scheme 1)
offer the possibility for metal-ligand complexation.

Scheme 1. Monoanionic form of alizarin sulfonate (ARS) and numbering scheme used in the discus-
sion of results.

For a bidentate chelation with ARS, two coordination modes are possible: (i) via
the (deprotonated) hydroxyl groups in positions 1 and 2 or (ii) via the (deprotonated)
hydroxyl group in position 1 and the adjacent carbonyl group in position 9. Both modes
of coordination have been proposed, depending on the metal ion, and in some cases
related with the solution’s pH. Coordination through positions 1,9 has been proposed
to be favoured in aqueous acidic solution, while coordination through positions 1,2 has
been associated with alkaline media. With AI(III), in acidic solution, it was suggested
that ARS forms 1:1 and 1:2 (AI(IIT):ARS) complexes [21-23] coordinating to the metal
through positions 1 and 2 [22,23] or through positions 1 and 9 [24]; a 1:3 complex, with
1,9-chelation, has also been suggested for the Al(III)/alizarin system in alkaline water
suspensions [25]. Fewer studies are found concerning the In(Ill) and Ga(Ill) alizarinate
complexes. The kinetic and thermodynamic parameters were studied for the 1:1 In(III):ARS
complex in highly acidic aqueous solution, and a 1,2-chelation mode was proposed [26].
An early spectrophotometric study [27] showed that Ga(Ill) can bind to ARS forming a
reddish chelate in the pH range of 3.0-5.0 in water. A 1:2 stoichiometry was proposed for
the Ga(III)/ ARS complex, and a tentative suggestion that ARS may bind Ga(Ill) ina 1,2
coordination mode was made.

Taking into account the importance of understanding the coordination chemistry of
ARS, from both an analytical and fundamental point of view, and the relevance of study-
ing Ga(Ill) compounds, we have carried out a speciation and structural characterization
study of the complexes formed in the Ga(Ill) / ARS system in a water:methanol (1:1, v/v)
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solution. We have used a variety of spectroscopic and computational methods that can
bring additional insight on the number, type, and structure of the complexes formed in this
system. The structural characterization studies were carried out both in solution, using
nuclear magnetic resonance spectroscopy (NMR), and in the solid state, using infrared
spectroscopy. These studies were complemented with density functional theory (DFT) and
time-dependent DFT quantum chemical calculations which allowed a detailed structural
characterization of the ligand and complexes and the interpretation of their spectroscopic
properties. Additionally, the absorption and fluorescence properties of the system were also
studied, with the purpose of evaluating the potential of ARS as a sensor for Ga(IIl) ions.

2. Materials and Methods
2.1. Starting Materials and Preparation of Samples

Analytical grade gallium nitrate and commercially available 1,2-Dihydroxy-9,10-
anthraquinone-3-sulfonate (Alizarin Red S, ARS) were used as received. For the NMR
experiments, as the ligand and the mixtures of the ligand with metal have low solubility in
H,0 and consequently in D,O, the solutions were tentatively prepared in other solvents as
well as in mixtures of solvents. Although the mixture D,O/CD3;0D (50%:50%) was found
to be the most appropriate for this study, additional experiments were also carried out in
DMSO. For solutions in D,O/CD3;0D, the pH was adjusted by the addition of DCI and
NaOD; the pH* values quoted are the direct pH meter readings (at room temperature) after
standardization with aqueous (H,O) buffers. The solvents from the samples used in the
NMR experiments were subsequently evaporated at room temperature and the resulting
red powder was used in the ATR-FTIR experiments. For the UV /vis experiments, a sodium
alizarin sulfonate solution of concentration 4.67 x 10> mol/dm? and a gallium(III) nitrate
solution (2.46 x 107 mol/dm3) were prepared in CH30H:H,O 1:1 (v/v). The pH of the
solutions was adjusted to pH 4 by the addition of HCIO4 and NaOH. The samples were
stored in the dark until used.

2.2. Instrumentation

The 'H and '3C NMR spectra were obtained on a Bruker Avance 500 NMR spectrome-
ter. The '3C spectra were recorded using proton decoupling techniques (Waltz-16) taking
advantage of the nuclear Overhauser effect. The methyl signal of tert-butyl alcohol was
used as the internal reference for 'H (5 1.20) and '3C (5 31.20) for the spectra of solutions in
D,0/CD3s0D, and the residual signals of the solvent were used for 1H (5 2.50) and 13C (5
39.51), relative to TMS, for the spectra of solutions in DMSO. The ATR-FTIR spectra were
obtained using a Thermoscientific Fourier Transform Infrared Spectrometer—Nicolet iS5
iD7 ATR (resolution 1 cm 1), with the aid of the OMNIC program for spectral visualization.
The vibrational modes were assigned with the help of visualization with the animation
module of the GaussView program. The ultraviolet/visible absorption spectra were ob-
tained using a Shimadzu spectrometer UV-2100 and the fluorescence spectra were obtained
using a Horiba-Jobin-Yvon Fluorolog 3.2.2 spectrometer. The fluorescence emission spectra
were recorded with excitation at 447 nm.

2.3. Computational Details

The geometries of the conformers and tautomers of ARS were optimized at the density
functional (DFT) level of theory, using the B3LYP [28-31] hybrid exchange and correla-
tion functional and the extended split-valence triple-( plus polarization 6-311++G(2d,2p)
basis set. The geometries considered for the complexes were optimized with the same
functional and also with the B3PW91 [29,32-36] hybrid functional, the CAM-B3LYP [37]
long-range corrected hybrid functional, and the wB97X-D [38] long-range corrected hybrid
functional which includes dispersion corrections, and the split-valence triple-C plus po-
larization 6-311G(d,p) basis set. All the structures were optimized considering the bulk
solvent effects of water through the IEFPCM (“integral equation formalism variant of the
polarizable continuum model”) [39,40]. The vibrational frequencies were calculated for all
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the optimized geometries to verify the nature of the stationary points and ensure that they
are energy minima. The structures proposed for the complexes were then reoptimized at
the B3LYP/6-311++G(d,p) level and their harmonic vibrational frequencies were calculated
and scaled with a factor of 0.978. This is the standard scale factor used for this calculation
method, and aims to correct limitations introduced by the incomplete basis set used, the
incomplete treatment of electronic correlation, and vibrational anharmonicity [41]. The
theoretical infrared spectra presented were simulated using Lorentzian functions with
a full-width-at-half-maximum (FWHM) of 6 or 4 cm ™!, centred at the scaled calculated
frequencies. The B3LYP/GIAO (“gauge-including atomic orbital”) method was used for
the calculation of the 'H and '3C nuclear magnetic shielding constants (o) of the lowest
energy conformer of the ligand, using the 6-311++G(d,p) basis set. The nuclear magnetic
shielding constants of tetramethylsilane (TMS) were calculated at the same theoretical level
and the NMR chemical shifts were obtained relative to TMS from the equation 0 = o1ys — 0.
Time-dependent DFT (TD-DFT) was used to calculate the UV /vis absorption spectra of the
ligand and complexes using the CAM-B3LYP functional [37]. This long-range corrected hy-
brid functional, in which the amount of Hartree-Fock exchange interaction increases with
the interelectronic distance, provides values of the vertical excitation energies which are in
good agreement with the experimental ones for a wide variety of organic molecules [42].
The 6-311++G(d,p) basis set was used in these calculations. DFT and TD-DFT calculations
were carried out with the Gaussian16 [43] quantum chemistry program and the GaussView
6.0 program was used to visualize the structures and molecular orbitals.

3. Results and Discussion
3.1. Structure and Energetics of Alizarin Red S

1,2-dihydroxyanthraquinone-3-sulfonate (ARS) is a polycyclic aromatic compound
composed of three fused six-member rings, with two carbonyl groups in the central ring at
the C-9 and C-10 positions. Additionally, one of outer rings bears two hydroxyl groups
at the C-1 and C-2 positions and a sulfonate group at position C-3 (Scheme 1). Tak-
ing into account the pKa values reported for the two phenolic protons (pK,, = 5.8 and
pKas = 10.8) [44] and that the sulfonate group ionizes at very low pH, the monoanionic
form of ARS (Scheme 1) is the dominant form in the pH region explored in this work
(pH~4). Its structure, in addition to presenting several conformers formed by rotation of
the CC-OH coordinates, may also present tautomerism involving the transfer of hydrogen
atoms between the carbonyl and hydroxyl groups (keto—enol tautomerism). The structures
and relative zero-point-corrected electronic energies of the different forms of ARS in water
were previously studied by Joo et al. using DFT calculations (6-311+G(d,p) and TZVP basis
sets and several different functionals) [45]. In our work, we have carried out additional
studies on the structures and energetics of these species to determine their relative Gibbs
energies (which include thermal corrections) which enable us to calculate their populations
in water solutions at room temperature. These are essential for our theoretical studies of the
spectroscopic properties of the ligand and Ga(Ill) complexes of ARS. Additionally, analysis
of the structural details of the intramolecular hydrogen bonding in the most stable forms
was also carried out.

In order to determine the most stable forms of ARS in aqueous solution, we have
optimized the structures of the possible conformers and tautomers of the monoanionic
form by DFT at the B3LYP/6-311++G(2d,2p) level of theory, considering the bulk solvent
effects of water. The optimized structures of the most stable forms of ARS in water, and
a summary of their relative electronic energies, zero-point corrected electronic energies,
Gibbs energies, symmetries, and equilibrium populations at 298.15 K are given in Figure 1
and Table 1, respectively. The equilibrium populations were estimated from the Boltzmann
equation and calculated relative Gibbs energies.
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Figure 1. DFT/B3LYP/6-311++G(2d,2p) optimized geometries of the most stable conformers and
tautomers of the monoanionic structure of ARS, considering the bulk effects of the water solvent.

Table 1. Relative electronic energies (AE.) (KJ mol 1), zero-point-corrected electronic energies
(AEota1), Gibbs energies at 298.15 K (AGyggk ), and equilibrium populations (%) estimated from the
relative Gibbs energies (Py9g), calculated for the lowest energies conformers and tautomers of the
monoanionic structure of ARS (B3LYP/6-311++G(2d,2p), considering the bulk effects of the H,O
solvent.

Structure 1 I 111 v Vv VI
Symmetry Cy Cy Cs C1 Cs Cs
AE 0.0 18.8 26.0 40.7 71.8 73.6
A(Etotal) 0.0 18.1 24.8 38.1 70.4 71.0
AGoggk 0.0 15.9 19.3 36.9 60.3 62.0
P(%)29s 99.8 0.2 0.0 0.0 0.0 0.0

Besides conformers I, IT and III, an additional conformer, in which the two hydroxyl
hydrogen atoms point to each other, was also optimized, but it converged to structure
III. The additional tautomers calculated, with higher energies, are presented in the sup-
plementary material (Figure S1). Structure I is stabilized by two strong intramolecular
hydrogen bonds, with O-H - O distances of 1.639 and 1.652 A. The strongest hydrogen
bond involves the hydroxyl group in position 2 as the H-donor and the oxygen atom of the
sulfonate group lying in the plane of the rings as the acceptor, and the second hydrogen
bond is established between the oxygen atom of the carbonyl group in position 9 and the
hydrogen atom of the hydroxyl group in position 1. The structure is very close to planar,
however the corresponding structure with Cs symmetry is not a minimum. Therefore, the
lowest energy conformer belongs to the C; point group. Structures II, III, and IV also
present two intramolecular hydrogen bonds; however, in these conformers (II, III) and
tautomer (IV), one of the bonds is relatively weaker, with OH --- O bond lengths close to
2A, making these structures significantly less stable, with AG values of 15.9, 19.3, and
36.9 k] /mol, respectively, relative to conformer I. Tautomers V and VI present only one
intramolecular hydrogen bond and, consequently, have very high energies. These results
allow the conclusion that the dominant conformer of ARS in solution, with an estimated
population of 99.8% at 298.15 K, is conformer I. The ordering of stabilities of the different
structures in Figure 1 is in agreement with the results obtained by Joo et al. [45] at the
B3LYP/TZVP level of theory. The structure of conformer I will be considered for the
calculation of the spectroscopic properties of the free ligand in solution presented in the
following sections in this work.
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3.2. Complexation between Ga(Ill) and 1,2-Dihydroxy-9,10-anthraquinone-3-sulfonate (ARS)
3.2.1. NMR Studies on the Ga(IlI)/ ARS System

Clear indications of metal-ligand binding are seen from broadening or coordination-
induced shifts of the 'H and !3C signals of the ligand in the presence of the metal ion,
compared with those of the free ligand, as well as, in favourable cases of slow exchange
rate, from conformational changes after ligand complexation as indicated from the proton—
proton coupling constants (Jy-pr). This, together with the metal ion NMR when NMR
active metallic isotopes are present, can provide valuable structural information, including
the type of metal centre present in the complexes, as widely exemplified in our previous
work on the complexation of metal ions, such as aluminium, gallium, and metal oxoions
of vanadate, molybdate, and tungstate with relevant ligands [46-56]. Furthermore, the
valuable structural information obtained from NMR and other spectroscopic techniques in
this study, combined with the structural details accessible through DFT calculations, allow
the complete structural understanding of the complexation [57,58].

For a complete structural characterization of the interaction of Ga(Ill) ions with ARS
in aqueous solution, we have obtained 'H NMR spectra for solutions having an ARS
concentration of 5 mmol dm 2 and Ga(III) concentrations ranging from 0 to 5 mmol dm~3,
giving metal:ligand molar ratios from 1:1 to 1:3 at pH* 4. As the 'H signals observed appear
to be very broadened, probably due to exchange processes dependent on the temperature,
the NMR spectra were obtained both at room and low temperature. Although it is more
difficult to have a reasonable signal/noise ratio due to its lower abundance, we have
also obtained '3C spectra for the same solutions at 298.15 K. The results are shown in
Figures 2 and 3 for the 'H and '3C NMR spectra of ARS alone and in the presence of
gallium(III) nitrate, respectively. The 'H and '*C NMR experimental and calculated (DFT)
spectral parameters for ARS are shown in Table S1.
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Figure 2. 'H NMR spectra of the solutions (50% D,0/50% CD3OD) of (a) ARS 5 mmol dm3,
pH* = 3.96, temp. 298.15 K; (b) Ga/ARS 5:5 mmol dm3, pH* =3.95, temp. 280.15 K; (c) Ga/ARS
5:5 mmol dm~3, pH* = 3.95, temp. 298.15 K; (d) Ga/ARS 2.5:5 mmol dm~3, pH* = 4.06, temp.
280.15 K; (e) Ga/ARS 2.5:5 mmol dm 3, pH* = 4.06, temp. 298.15 K; (f) Ga/ARS 1.67:5.0 mmol dm~3,
pH* = 3.94, temp. 280.15 K; (g) Ga/ARS 1.67:5.0 mmol dm 3, pH* = 3.94, temp. 298.15 K.
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pH* =3.96; (b) Ga/ARS 5:5 mmol dm~3, pH* = 3.95, temp. 298.15 K.

The '"H NMR spectrum of the free ligand (ARS) in D,O/CD3;OD (1:1, v/v) at pH 3.96
showed a set of four signals (Figure 2a). The singlet at 5 = 7.98 ppm was assigned to the
H-4 proton. The multiplet centred at 7.82 ppm was assigned to protons 6 and 7, and the
doublets (with low resolution) centred at 8.08 and 8.15 ppm were assigned to protons 5
and 8. The assignment of the *C signals is shown in Figure 3a. The assignment of the
'H and '3C NMR signals of ARS was completed with the help of the calculation of the
nuclear magnetic shielding constants for the lowest energy conformer of ARS (conformer
I, Figure 1) in aqueous solution that were subsequently converted into chemical shifts by
subtraction from those calculated at the same theoretical level for TMS (Table S1).

As seen in Figure 2, upon addition of the Ga(III) metal ion, very broadened 'H NMR
signals were observed, particularly in 1:1 and 1:2 solutions, at both temperatures, suggesting
the formation of 1:1 and/or 1:2 complexes strongly affected by the exchange processes (on
the NMR time scale) between the free and complexed ligands. The corresponding spectra
of the 1:3 molar ratio solutions showed, on the other hand, individual and distinct signals,
even though they appeared to be slightly broadened (suggesting also some exchange on
the NMR time scale). Although the signals in the 1:1 and 1:2 solutions became narrower
with the decreasing temperature, it was not possible to detect distinct signals for the
free and complexed ligands, probably due to the low concentration of the complexes
and exchange, on the NMR time scale, between them and/or with the free ligand (more
evident in solutions with 1:2 metal:ligand molar ratio). The corresponding spectra of the
1:3 (metal:ligand) molar ratio solutions showed, at 298.15 K, (besides the single signal at
5 =7.95, corresponding to proton H-4 of the free ligand) three additional single signals
with similar intensities at 4 values of 8.04, 8.05, and 8.10 ppm, suggesting the formation
of one complex of 1:3 stoichiometry (complex ¢;), in which the three ligands present a
mer configuration (Figure 2g). It is proposed that this complex is in equilibrium with
another isomer possessing fac configuration (complex ¢;), according with the additional
single signal detected (5 value of 8.14 ppm). The 'H NMR spectra obtained at the lower
temperature (280.15 K) showed narrower signals, the effect being visible in the spectrum
of Figure 2f, suggesting a decrease of the exchange rate between the species present,
allowing the detection of more separated individual signals. This observation gives further
consistency to the suggestion that in solutions having a 1:3 (metal:ligand) molar ratio
composition, two dominant 1:3 complexes (c; and c¢z) having 1:3 stoichiometry were
detected, in which the three coordinated ligands display mer and fac configurations around
the metal centre, respectively. Complex c¢; (1mer) was shown to be more stable than ¢; (fac) in
the mixture of 50% D,0/50% CD3;0D solvents, and in the temperature range from 280.15 K
to 298.15 K, although the concentrations of ¢; and ¢, decreased and increased, respectively,
with increasing temperature, as indicated by the intensities of the 'H NMR signals of the
H-4 protons of the spectra obtained at 280.15 K and 298.15 K (Table 2).
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Table 2. 'H NMR chemical shifts (5/ppm) of the H-4 proton for the free ligand ARS and isomers ¢q
and ¢y, and relative concentrations (in D,O/CD3OD, pH* 3,96) (the numbering is in accordance with
Scheme 1).

5 '"H RMN Relative § '"H RMN Relative
(exp.) 2 Concentration (exp.) 2 Concentration
(H4) (%) (H4) (%)
Temp. 280.15 K Temp. 298.15 K
1 8.07 (I) 57.5 1 8.04 (I) 51.4
8.08 (II) 8.05 (II)
8.11 (II) 8.10 (III)
) 8.14 17.2 V) 8.14 (broad) 24.0
Free lig. 7.96 25.3 Free lig. 7.96 24.6

2 The numbering is based on the carbon atom to which the H atom is attached.

We have also obtained '3C spectra for the same solutions and the spectrum of the
1:1 solution is shown for illustration in Figure 3. It was not possible to achieve for this
solution (1:1) a signal/noise ratio adequate to easily detect all the signals and increased
difficulties were also found for the 1:2 and 1:3 solutions, due to the low abundance of the
13C isotope, the low concentration of the complexed species and the associated exchange
processes between them. The 13C NMR spectrum of the solution of Ga(IlI)/ARS 5.0:5.0
mmol dm~3 (1:1) (Figure 3b) showed that, relative to the free ligand (Figure 3a), intensity
changes in the signals corresponding to the 3C nuclei of C-1, C-9, and C-13, suggesting
the presence of one or more complexes in which the ligand was coordinated to the metal
through the OH-1 and C(9)=0 groups, with the intensity of C-13 also being affected as it is
adjacent to both the C-1 and the C-9 atoms. Further support comes from the 'H spectra
of Ga®** / ARS 5:5 mmol dm 2 solutions at temp. 298.15 K in DMSO, as shown in Figure 4,
taking into account the intense broadening of the OH-1 signal in comparison with the slight
broadening of OH-2, in the presence of the metal, suggesting that the coordination of the
ligand through the OH-2 group will be unlikely at low pH, in accordance with the pK,
values of the two phenolic protons (pK,2 = 5.8 and pK,3 = 10.8) [44].
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Figure 4. '"H NMR spectra of the solutions of (a) ARS 5 mmol dm3, pH* = 3.96; (b) Ga/ARS 5:5
mmol dm~3 in DMSO, temp. 298.15 K.

Considering now the geometrical details, one, two, and three molecules of ARS
coordinated one mononuclear Ga** metal centre through the deprotonated OH-1 and
carbonyl (C(9)=0) groups, forming six coordinated near-octahedral complexes with the
minor species a and b and the dominant species, the isomers ¢; and cp, respectively,
as will be discussed in the DFT calculations section. One and two molecules of ARS
coordinated the Ga®* metal ion in complexes a and b, respectively, with the remaining
positions occupied by coordinated water molecules. For complex a, [Ga(ARS)(H,0)4]",
a single set of 'H signals was observed as expected, taking into account that a single
molecule of ARS was coordinated. Complex b is expected to be a 1:2 (metal:ligand)
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species, [Ga(ARS),(H;0),]~. The observation of only one set of H signals, although very
broadened, means that the two complexed ligand moieties are magnetically equivalent (i.e.,
they have the same 'H and 3C chemical shifts), and indicates a symmetrical 1:2 complex.
Several different structures can be proposed for complex b (different arrangements of cis
or trans structures). However, it is not straightforward to definitively assign its structure
from the NMR data. To determine which of the forms is the most stable, the structures
of the 1:2 isomers were optimized at the DFT level, as will be discussed in detail below.
With 1:3 (metal:ligand) complexes, although the two isomers detected, complexes ¢y and
¢z, have a 1:3 (metal:ligand) stoichiometry [Ga(ARS)3]?~, the dominant isomer ¢; shows
a mer geometry of the three coordinated ligands around the metal centre, while the fac
geometry was observed for the minor complex ¢z, as will be discussed in detail in the
DFT calculations section. The coexistence of fac and mer isomers, with the mer isomer
being more stable than the fac, was found in previous studies on the complexation of the
Ga(Ill) metal ion with maltolate and hydroxythiopyrone [59,60]. For 1:3 (metal:ligand)
Ga(III) metal ion complexes, the mer isomers were found to be generally more stable than
their respective fac congeners and the relative stabilities have been found to be associated
with the balance between bonding and steric factors. The mer isomer reduces intra-ligand
repulsions, while the fac isomer is favoured where stronger covalent M-ligand bonds can be
formed due to more extensive through-ligand conjugation mediated by metal 4 orbitals [61].
While previous studies on the complexation of Ga’* with 8-HQS [47] and 8-HQ [61,62]
in solution are consistent with only mer-isomers being present in significant amounts at
room temperature for 8-HQ and, for Ga3*/8-HQS, over the whole temperature range up to
353.15 K [47], a mixture of mer and fac isomers has been identified, at room temperature, for
the system Ga(IlI) /maltolate, both in solution and in the solid state (showing in the solid
state the proportion of 0.67 for mer and 0.33 for fac) [59]. A mixture of mer and fac isomers
has also been found for Ga(Ill) /hydroxythiopyrone, whose complexes can undergo fast
isomerization in aqueous solution resulting in the coexistence of the fac and mer isomers, in
spite of the fac geometry present in the solid state [60].

3.2.2. DFT Structural Characterization of the Ga(IIl)/ ARS Complexes

Taking into account the structural information provided by the NMR results, which
suggests the formation of complexes with 1:1, 1:2, and 1:3 Ga(IIl):ARS stoichiometries, DFT
studies were carried out to obtain additional details on their geometries. To determine
the lowest energy structures, several isomers were considered for each stoichiometry
and, for the 1:2 complex, the requirement of a symmetrical structure in which the two
ligands are magnetically equivalent was also taken into account. Additionally, since our
NMR results suggest a 1,9 coordination mode, which is in contrast with the previous
proposal [27] of coordination though positions 1 and 2, in order to bring additional insight
on this question, the two potential modes of coordination for alizarinate complexes were
investigated in these calculations: (i) chelation through the carbonyl in position C-9 and
the adjacent hydroxyl group in position C-1 (labelled hc), or (ii) chelation through the
hydroxyl groups in positions C-1 and C-2 (labelled hh). Given that the literature value for
the pKaz of ARS is 10.8 [44], and considering the pH range in which our experiments were
carried out, the hydroxyl group in position C-2 was set as protonated in these calculations.
Whenever relevant, structures involving tautomerization of the ligand were also optimized.
Several functionals were used in these calculations, in order to benchmark their ability
to reproduce the experimental NMR results. The calculations were carried out with the
B3LYP [28-31] and B3PW91 [29,32-36] hybrid functionals and with the long-range corrected
CAM-B3LYP [37] and wB97X-D [38] functionals (wWB97X-D includes additional dispersion
corrections). The bulk solvent effects of water were taken into account in all cases; however,
for the B3PW91 and wB97X-D calculations in water, the 1:3 fac-hc structures did not
converge to a minimum in the potential energy surface, and therefore, for these two
functionals, the relative Gibbs energies (AG) given in Table 3 for the 1:3 structures were
obtained from gas phase calculations. Table 3 summarizes the relative Gibbs energies and
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populations of the isomers at 298.15 K, and their point group symmetries. The comparison
of the predicted populations of complexes with the NMR results revealed that, in general,
the B3LYP functional allows a better reproduction of the experimental data, as it correctly
predicted the formation of a dominant 1:1 complex, a dominant 1:2 complex, and significant
amounts of both the fac and mer 1:3 isomers, as detected by NMR. In contrast, functionals
CAM-B3LYP, B3PW91, and w-B97X-D predicted significant amounts of the hh 1:1 complex
(not detected by NMR). Concerning the 1:2 stoichiometry, all functionals correctly predict
the formation of one dominant complex, as found by NMR. For the 1:3 stoichiometry, and
considering the calculations in water, both B3LYP and CAM-B3LYP overestimated the
amount of the fac-hc isomer relatively to the mer-hc isomer; however, the error was smaller
with B3LYP. The gas phase results obtained with functionals B3SPW91 and w-B97X-D will
be discussed and compared with those obtained with B3LYP later in this section. Taking
into account these conclusions, the following discussion of the structures of complexes
will be based on the B3LYP results. The optimized geometries obtained with the B3LYP
functional are depicted in Figures 5-7.

Table 3. Relative Gibbs energies between isomers at 298.15 K (AGogg /kJ] mol~!) and corresponding
equilibrium populations (Py9g, %) estimated from the relative Gibbs energies calculated using different
functionals and the 6-311G(d,p) basis set (symmetries of structures are also indicated).

M:L Structure 2 Sym B3LYP CAM-B3LYP B3PW91 w-B97X-D
AGagg Pjog AGaog Paos AGgog  Paog AGaog  Paog
hc (a) G 0.0 86.8 0.0 69.8 0.0 77.6 0.0 52.2
11 hh Cq 4.7 13.1 2.1 30.2 3.1 224 0.2 47.8
: hh-T1 G 21.4 0.0 21.7 0.0 18.3 0.0 23.7 0.0
hh-T2 G 51.2 0.0 58.8 0.0 51.0 0.0 58.1 0.0
anti-hc (b) G 0.0 98.8 0.0 96.7 0.0 97.5 0.0 87.3
syn-hc Csb 10.9 1.2 8.3 3.3 9.1 25 4.8 12.7
1:2 anti-hh G 26.0 0.0 27.1 0.0 24.3 0.0 23.0 0.0
: syn-hh Csb 32.3 0.0 30.5 0.0 28.9 0.0 36.9 0.0
anti-hh-T G 44.0 0.0 53.5 0.0 40.2 0.0 51.8 0.0
syn-hh-T Csb 48.4 0.0 58.1 0.0 441 0.0 58.0 0.0
fac-he (cp) CsP 0.0 6144 0.0 76.7 122¢ 07 298¢ 0.0
mer-he (¢1) C 11 3864 3.0 23.3 0.0¢ 99.3 0.0¢ 100
1:3 mer-hh G 72.1 0.0 63.9 0.0 73.4°¢ 0.0 1394 ¢ 0.0
mer-hh-T G 69.1 0.0 92.0 0.0 256.3¢ 0.0 316.6 € 0.0
fac-hh C3b 72.9 0.0 67.2 0.0 785 ¢ 0.0 144.5¢ 0.0
fac-hh-T C3b 71.8 0.0 92.2 0.0 285.9 ¢ 0.0 204.7 € 0.0

2 The label “hc” indicates coordination through the carbonyl and the adjacent hydroxyl group; the label “hh”
indicates coordination through both hydroxyl groups. ® The symmetry in these structures is approximately Cs
and C3, respectively. © For the BSPW91 and wB97X-D functionals, the 1:3 fac-hc structure did not converge to a
minimum; therefore, for the 1:3 structures, the AG values presented were obtained from gas phase calculations. d
The corresponding gas phase populations are 3.6% and 96.4% for the fac and mer isomers, respectively.
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Figure 5. [Ga(ARS)(H,0)4]* isomeric structures considered to determine the structure of the 1:1
Ga(IlI)/ ARS complex (optimized at the B3LYP/6-311G(d,p) in water).
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Figure 6. [Ga(ARS),;(H,0O),] ™ isomeric structures considered to determine the structure of the 1:2
Ga(IlI)/ ARS complex (optimized at the B3LYP/6-311G(d,p) in water).
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Figure 7. [Ga(ARS)3]3~ isomeric structures considered to determine the structure of the 1:3
Ga(IlI)/ ARS complexes (optimized at the B3LYP/6-311G(d,p) in water).

The relative Gibbs energies of the structures considered for the 1:1 stoichiometry
(Figure 5) indicate that, in this case, the structure involving coordination through the
carbonyl in position C-9 and the adjacent hydroxyl group in position 1 (structure a, hc)
is the most stable, with a population of 86.8% at the B3LYP/6-311G(d,p) level. Structure
hh, in which there is coordination to the metal through both hydroxyl groups in positions
1 and 2 is 4.7 k] /mol higher in energy and has a population of 13.1%. In structure hh,
the hydrogen atom of the hydroxyl group in C-2 is involved in weak interactions with
both the coordinated oxygen atom in C-2 and one of the oxygen atoms from the sulfonate
group. Due to the lability of these interactions, we have also optimized the geometries of
the tautomers hh-T1 and hh-T2; however, these were found to be much higher in energy
and not relevant from an experimental point of view. On the other hand, it is not expected
that the oxygen atom in position C-2 remains protonated after binding to the metal. It is
possible, therefore, that in acidic solution a weak interaction between H* and the O~ in
position C-2 persists in structure hh, as suggested by these calculations. Therefore, we
propose structure a for the complex of 1:1 stoichiometry observed in the NMR spectra.
According to its relative Gibbs energy, the hh structure may also be present in very low
concentration. Its population is, however, too low to allow its detection in a mixture where
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complex a is dominant and there are exchange processes (on the NMR time scale) between
the free and complexed ligand molecules.

To determine the geometry of the 1:2 (metal:ligand) complex we have considered six
possible structures (Figure 6), with C; or Cs symmetry, in accordance with the NMR data
which points to a structure in which the two ligands are magnetically equivalent. Besides
the two possible modes of coordination (hc or hh), the anti (ligands pointing in opposite
directions) or syn (ligands pointing in the same direction) relative arrangements of the
ligands were also analysed. The tautomers of the hh isomers were considered, as before for
the 1:1 structures.

From the analysis of the relative energies of the isomers, we can conclude that the
anti-hc (b) structure is the most stable one, with a population of 98.8% (B3LYP/6-311G(d,p).
This suggests that in acidic solutions of 1:2 (metal:ligand) molar ratio, one dominant
complex, coordinating to the metal through positions C-1 and C-9, should be present, in
total accordance with the NMR findings for the 1:2 solutions at 298.15 and 280.15 K.

Finally, for the 1:3 stoichiometry complexes, six possible structures were optimized, in
which mer (C; symmetry) and fac (C3 symmetry) configuration structures with hh or hc
coordination were considered. Additionally, tautomers of the hh-type structures were also
calculated (Figure 7). The results obtained for the relative Gibbs energies and populations
in water at 298.15 K indicate that it is possible that the fac-hc and mer-hc structures coexist
in solution, with populations of 61.4 and 38.6% (B3LYP/6-311G(d,p), respectively. Again,
the DFT results are consistent with the NMR data which shows that the fac and mer isomers
of Ga(III) / ARS coexist in solutions of molar ratio 1:3. The calculated mer/fac ratio does
not, however, reproduce the experimental ratio estimated from the NMR spectra, which
favours the mer isomer instead. Nonetheless, the B3LYP calculations correctly predicted
significant amounts of both complexes in equilibrium. This discrepancy is most likely due
to the limitations of the solvation model used in the DFT calculations, which does not
treat specific interactions (such as H-bonding) between the solvent and complexes and
can easily change the relative thermodynamic stability between structures. Furthermore,
also due to restrictions of the computational methods, we have considered water as the
only solvent, not taking into account the less polar mixture of CH;0OH/H,O (1:1) used in
the solution studies. Support for this conjecture comes from additional calculations at the
B3LYP/6-311G(d,p) level in gas phase, for which the population of the mer isomer is 96,4%
and that of the fac isomer is 3,6% (the B3APW91 and the w-B97X-D functionals gave similar
results), reversing the stability predicted for water solutions, and suggesting that the mer
isomer is favoured in less polar media. This seems to suggest that the solvent polarity is an
important factor in the stabilization of these two isomers.

3.2.3. ATR-FTIR Studies on the Ga(IlI)/ ARS System

The Ga(IlI)/ARS 1:1, 1:2, and 1:3 molar ratio samples used in the NMR experiments
(solutions in CD30D/D,0) were left at room temperature until the solvents were com-
pletely evaporated and, in all cases, a red powder was obtained. These solids were then
studied using ATR-FTIR and the spectra of the solid reagents, ARS and Ga(NOj3)3, were
also obtained for comparison.

Figure 8 shows the ATR-FTIR spectrum in the 1800 to 400 cm ™! region of the 1:2
molar ratio solid sample (top spectrum), in comparison with the spectra of solid ARS
and solid gallium nitrate. The top spectrum shows evidence of complexation between
Ga(Ill) and the ligand, as demonstrated by the presence of the new bands at 1527.3 (band
2),1482.1 (band 3), and 796.2 cm ™! (band 9) and the changes in the intensity or shape of
the bands at 1660.6 (band 1), 1445.7 (band 4), 1019.9 (band 8), and 680.1 cm ™! (band 10).
Moreover, the shape and intensity of band 5 at 1348.8 cm ™! is probably also an indication
of complexation, since it is much stronger than the free ligand band at this wavelength and
much narrower than the metal salt band with a maximum at 1327.9 cm~!. Additionally,
bands 6 (1250.5 cm™!) and 7 (1175.7 cm™~!) are slightly shifted relative to the ligand bands
(1241.2 and 1164.5 cm™1). All these changes are a clear indication of the formation of one



Photochem 2023, 3

73

or more complexes between Ga(Ill) and ARS. The assignment of these bands based on
DEFT calculations will be discussed in the following sections. The spectra obtained for the
powder samples of the solutions with 1:1 and 1:3 Ga(III)/ ARS molar ratios (Figure S2)
showed the same type of features described above for the 1:2 powder sample, with slight
changes relative to the latter. The band profile was similar in all these samples (Figure
S2), with three bands in the region between 1700 and 1500 cm !, followed by a region of
intense bands between 1500 and 1000 cm ™!, and less intense bands in the region between
900 and 500 cm~!. The spectra of the ligand and complexes in the 2500-3700 cm ! region
(Figure S3) were dominated by wide and intense bands that are due to the symmetrical
and anti-symmetrical stretching vibrations of the OH groups of ARS, of coordinated H,O
molecules in complexes, and of the hygroscopic H,O present in the samples. The CH
vibrations were observed close to 3000 cm~!. To provide a detailed analysis of the FTIR-
ATR spectra of the samples, the vibrational frequencies and intensities were calculated by
DEFT at the B3LYP/6-311++G(d,p) theory level for the ARS ligand (conformer I) and for
the optimized structures of the complexes. The calculated spectra for the ligand and for
the 1:3 mer complex are shown in Figure 9 (the full spectrum can be seen in Figure S4)
in comparison with the experimental spectra. The spectra calculated for the remaining
complexes are given in Figure S5.
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Figure 8. ATR-FTIR spectra (1800-400 cm™) of solid Ga(NO3)3 (bottom), solid ARS (middle), and the
solid sample obtained from a 2.5:5 mmol dm 3 Ga(III):ARS solution at pH =4 (top); (*solid obtained
after evaporation of the solvents from the Ga(IlI):ARS sample).

The vibrational spectrum calculated for the most stable conformer of ARS, conformer
I, reproduced the main bands of the experimental spectrum of the solid ARS reason-
ably well, particularly in the spectral region above 1200 cm~!. In the 1700-1500 cm !
spectral range, three bands were observed in the experimental spectrum at 1660, 1635,
and 1584 cm ™!, which were predicted at 1653, 1621, and 1582 cm 1, respectively, at the
B3LYP/6-311++G(d,p) level of theory. The good agreement between the calculated and
the experimental frequencies allowed the assignment of these bands with a good degree
of confidence. According to the calculations, the band observed at 1660 cm ! in the ex-
perimental spectrum (predicted at 1653 cm~1!) has a predominant contribution from the
vC10=0 stretching mode, while the band observed at 1635 cm—1 (predicted at 1621 cm’l)
is due to the VC9=0 stretching mode combined with the bending of the C-OH groups. The
lower frequency observed for the vC9=0 stretching (relative to the vC10=0 stretching) is
reasoned by the fact that the C9=0 group is involved in an intramolecular H-bond. The
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band predicted at 1582 cm ! and observed at 1584 cm~! has a major contribution from
the bending of the C-OH groups. Regarding the changes observed in the experimental
spectrum of the solid Ga(IlI):ARS 1:3 sample in comparison with the experimental spec-
trum for ARS (Figure 9), the most significant differences are the presence of the two new
bands observed at 1533 cm ™! (band 2) and 1480 cm ™! (band 3) in the spectrum of the solid
Ga(III):ARS 1:3 sample, which are absent from the ARS experimental spectrum. Accord-
ingly, these bands, being absent from the theoretical spectrum of ARS, are predicted for the
complex at 1543 cm ! and 1486 cm ™!, respectively, and correspond to the most important
differences between the theoretical spectra of the complex and ligand. Band 2, predicted at
1543 cm ™!, is due to the vVC9=0 and vC1-O stretching modes, combined with ring vVCC
stretching. Band 3, predicted at 1486 cm !, involves contributions from these three modes,
together with an additional contribution from the vVC2-O stretching mode. These results
are particularly relevant since they confirm the involvement of the C9=0 group in the
coordination to the metal, in complete agreement with the NMR and DFT findings. The
shift of the VC9=0 stretching mode to a lower wavelength upon complexation is expected,
taking into account the weakening of the C9=0 bond occurring with the ligand-metal
electron donation and has also been reported for related complexes, such as the In(III)/ ARS
complex [26].
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Figure 9. ATR-FTIR spectra (1800400 cm™) of the solid powder samples of ARS and of the 1:3
Ga(IIl) / ARS sample (bottom and top spectra, respectively), compared with the B3LYP/6-311++G(d,p)
calculated spectra for conformer I of ARS (middle bottom) and for the 1:3 mer structure (middle top).
The calculated spectra were simulated using Lorentzian functions with a full-width-at-half-maximum
(FWHM) of 6 cm~!, centred at the scaled calculated frequencies.

The bands in the region below 1200 cm ! in the spectra of the ligand and complex were
somewhat more difficult to assign, due to some differences between the theoretical and the
experimental spectra. These differences are ascribable to intermolecular interactions, such
as H-bonding, involving the polar groups of the ligand and also, possibly, hygroscopic water.
Nonetheless, a tentative assignment of the bands of the complex can be made based on the
calculations. Thus, the experimental broad bands with maxima at 1445 cm ! and 1249 cm ™!
correspond most likely to the bands predicted at 1401 cm ! and 1244 cm !, respectively,
which have major contributions from ring vCC stretching vibrations. Additionally, the
bands observed at 1070, 1042, and 1019 cm~! were assigned to the vibrational modes of the
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sulfonate group based on the calculated wavelengths for the anti-symmetrical stretching
(1126 cm™ 1), anti-symmetrical stretching combined with ring vibrations (1070 cm~1), and
symmetrical stretching combined with ring vibrations (945 cm ™).

3.2.4. UV-Visible Absorption and Fluorescence Studies on the Ga(IlI)/ ARS System

An early spectrophotometric study of the Ga(IlI)/ ARS system in water [27] has sug-
gested the formation of a 1:2 complex between the metal and ARS, with Amax at 490 nm, for
pH values between 3 and 5. In the present work, UV-vis absorption spectra were obtained
for a solution of ARS in water:methanol (1:1, v/v) at pH 4, with increasing concentrations
of Ga(III) (Figure 10a). The absorption spectrum of ARS at pH 4 showed a maximum in
the visible region at 424 nm. With the addition of Ga(Ill), a decrease in the intensity of the
424 nm band and the appearance of a new band with maximum at 482 nm were observed
(Figure 10b), suggesting the formation of one or more Ga(III)/ ARS complexes. The red shift
observed upon complexation is probably due to the decrease of the frontier orbitals energy
gap involved in the ligand-based transition (this will be analysed in detail in the following
section based on TD-DFT calculations). A relatively well-defined isosbestic point can be
identified at 447 nm, suggesting that under the conditions of our study, there is a dominant
complex in equilibrium with the remaining species and the free ligand. Looking at the
metal:ligand molar ratio range covered in our UV /vis study, the mer and fac complexes
will be favoured at the beginning of the titration, when the ligand is in excess relatively to
the metal; the 1:1 complex may be favoured at latter stages in conditions of excess of metal,
and the dominant species will probably be the 1:2 complex, previously proposed to form in
water [27].
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Figure 10. (a) Absorption spectra of ARS (4.67 x 10~% mol/dm?) in H,O:CH;0H 1:1 (v/v) in the
presence of increasing concentrations of Ga(IIT) (0-2.36 x 10~* mol/dm?3; steps of 9.84 x 10~°
mol/dm?) at pH 4; (b) absorbance intensity at 424 nm (black squares) and 482 nm (red circles) as a
function of Ga(IIl) concentration at pH 4.

The fluorescence behaviour of ARS upon complexation with Ga(IIl) was studied with
excitation at the absorption isosbestic point, 447 nm. Upon complexation with Ga(III),
a decrease in the vibrational structure of the characteristic ARS emission band and an
increase in the fluorescence at 625 nm were observed (Figure 11a). With the addition of an
amount of Ga(III) as small as 9.84 x 10~° mol/dm?, an increase of the fluorescence could
already be observed (Figure 11b), indicating that ARS has high sensitivity for the detection
of Ga(III) ions.
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Figure 11. (a) Fluorescence emission spectra of ARS (4.67 x 107> mol/dm?) in H,O:CH3OH 1:1 (v/v)
at pH 4, collected with Aexc = 447 nm in the presence of increasing concentrations of Ga(III) (0-2.36 x
10~* mol/dm3; steps of 9.84 x 10~% mol/dm3); (b) fluorescence intensity at 625 nm as a function of
Ga(III) concentration at pH 4.

3.2.5. TD-DFT Studies on the Ga(IlI)/ ARS System

The UV-visible absorption and fluorescence results can be analysed using TD-DFT
calculations, which can help understand the underlying mechanism leading to the observed
increase in fluorescence upon complexation. Calculations have been carried out for ARS
(conformer I) and for the structures a, b, ¢1, and c; (Figures 5-7) and will be discussed in
detail for the free ligand and the 1:2 anti-hc complex. Table 4 presents the vertical excitation
energies, oscillator strengths, wavelengths, and major contributions to the first excited state
of the free ligand and to some of the lowest energy excited states of the complexes. The
calculations predicted an absorption band at 377 nm for the ligand, which corresponds to
the experimental band observed at 424 nm. This band is due to excitation from the highest
occupied molecular orbital, HOMO (H), to the lowest unoccupied molecular orbital, LUMO
(L), of the ligand and has m — 7* character (Figure 12). On the other hand, the S; excited
state of the centrosymmetric 1:2 anti-hc complex involves parity-forbidden transitions (the
H-1,L+1, Hand L orbitals can be seen in Figure 12, in the description of the S, excited state),
and has an oscillator strength of zero. For this complex, an intense band was predicted
at 426 nm (S, excited state), which corresponds to the experimental band observed at 482
nm, and involves electronic excitation from the H and H-1 orbitals, with 7t character, to
the L+1 and L orbitals, with 7* character (Figure 12). These calculations predict a red
shift of approximately 49 nm of the absorption maximum upon complexation, which is in
good agreement with the experimental red shift of 58 nm observed when comparing the
experimental absorption maxima for the ligand and complexes. It is also significant that
the absorption maxima calculated for the 1:2 anti-hc and the fac and mer complexes have
very similar values (a strong band at 426 /427 nm, with a smaller contribution at 435/436
nm) indicating that it is possible that a mixture of these complexes in solution give rise to
similar spectra in this region.
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Table 4. Vertical excitation energies, oscillator strengths (f), wavelengths (A), and major contributions
calculated for ARS and the Ga(III)/ ARS complexes (TD-DFT CAM-B3LYP/6-311++G(d,p), IEFPCM
(H20)).

Excited Energy A Aexp.

State V) @m)  (am) f Major Contributions (%) Character
ARS
s, 329 377 424 02267 H-L (100%) Tt
1:1 hc complex (a)
s, 278 446 482 0.1901 H—L (100%) Tt
1:2 anti-hc complex (b)

s, 284 436 00000  H-1-L+1 (41%) + HoL (59%) 7 —s ot

S, 201 426 B2 04307 H-1oL (52%) + HoL+1 (48%)  m— 7t
1:3 mer (cq)

s, 285 436 02675  H-1—L (26%) + H-1L42 (20%) 7t — 7t

S5 200 427 2 04348 Ho L (24%) + H-1—L (21%) s 7t
1:3 fac (cp)

s, 285 435 01532 H-2-L (34%) + HoL+1 (22%)  m—

S, 285 435 480 01548  H-1-L (33%)+ HoL+2 (23%)  mw— 7t

S; 201 426 04244  HoL (46%) + H-15142 (28%) 7t

Figure 12. Dominant contributions to the S; excited state of the ligand (experimental band observed
at 424 nm) and the S; excited state of the 1:2 anti-hc complex (experimental band observed at 482
nm) (TD-DFT CAM-B3LYP/6-311++G(d,p), IEFPCM, H,0).

The 1 — 7* character of the transitions involved in the S; excited state of the 1:2 anti-
hc complex (and in the 1:1 and 1:3 complexes) also reveals that the observed increase in
fluorescence with complexation to the metal is possibly related, among other factors, with
the decrease in non-radiative relaxation processes associated with the increased flexibility
of the uncomplexed ligand.

4. Conclusions

A detailed study of the complexation between Ga(Ill) and alizarine red S was carried
out using both spectroscopic and computational methods. The behaviour of the system
was analysed at pH 4 in a water:methanol (1:1, v/v) solution for a variety of ligand:metal
molar ratios, as well as in the solid state. This allowed to us to understand that, besides the
previously 1:2 (metal:ligand) complex [27] reported for pH values between 3 and 5 in water,
an additional 1:1 and two 1:3 complexes were formed in the conditions of our study. The
structures of all the complexes were characterized in detail. The 1:1 complex was proposed
to be a near-octahedral species with the formula [Ga(ARS)(H;0)4]*. The 1:2 complex is a
centrosymmetric species with two magnetically equivalent ARS ligands in an anti relative
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arrangement. The two 1:3 complexes have, respectively, mer and fac configurations of
the ligands around the metal centres. A 1,9 coordination mode between alizarine red S
and Ga(IIl) was proposed for all the complexes. This conclusion obtains support from
the different techniques used, namely from the NMR results, which showed significant
effects on the intensity of the C-9 and C-1 carbon atoms and the C-1 hydroxyl proton; from
the DFT calculations, which indicate that, irrespective of the stoichiometry, the structures
with a 1,9 coordination mode were more stable than the analogous structures with a 1,2
coordination mode; and from the comparison of the infrared spectra calculated for the
proposed structures with a 1,9 coordination mode with the experimental spectra with a good
agreement between them. Our proposal is, however, in contrast with the previous tentative
suggestion of a 1,2 coordination mode for the 1:2 Ga(Ill)/ ARS complex in water [27].
Although our experimental studies have been carried out in water:methanol, the DFT
relative energies calculated for the 1,2 and 1,9 structures in water (assuming a monoanionic
ARS ligand in acidic medium) point to an increased stability of the Ga(IlI)/ ARS complexes
with a 1,9 coordination mode. Therefore, we believe this is the also most probable mode
of coordination in these systems in water. Marked changes were observed in the UV /vis
absorption spectra of ARS upon the addition of Ga(lIl), as well as in its fluorescence
emission spectra, which shows a strong increase in the fluorescence intensity. These results
support the use of ARS as a potential sensor for the detection of Ga(IlI).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /photochem3010005/s1, Figure S1: B3LYP/6-311++G(2d,2p)-
optimized geometries of additional tautomers of ARS; Figure S2: ATR-FTIR spectra (1800-400
cm™) of the solid powder samples obtained from the Ga(IIl):ARS 1:3, 1:2, and 1:1 molar ratio
solutions; Figure S3: ATR-FTIR spectra (4000-400 cm™) of the solid powder samples obtained from
the Ga(IlI):ARS 1:3, 1:2, and 1:1 molar ratio solutions; Figure S4: ATR-FTIR spectra (4400400 cm‘l) of
the solid powder samples of ARS and of the 1:3 Ga(Ill)/ ARS sample compared with the B3LYP/6-
311++G(d,p) calculated spectra for the same compounds; Figure S5: ATR-FTIR spectra (4400-400
cm™) calculated at the B3LYP/ 6-311++G(d,p) level of theory for the 1:3 fac-hc, 1:2-hc, 1:1-hc, and
1:1-hh structures; Table S1: Experimental (D,O/CD3OD, pH* 3,96) and calculated (B3LYP/GIAO/6-
311++G(d,p) level in water) 1H and 13C NMR chemical shifts (5/ ppm) for the free ligand ARS.
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