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ABSTRACT

The kinetically inert chromium(IIll) tris-(8-hydroxyquinolinate), Crqs, has been
synthesized, crystallized from 90% methanol-water, and characterized by MALDI-TOF
mass spectrometry, thermogravimetry, FTIR, NMR spectroscopy, and X-ray powder
diffraction. It is formed as a methanol solvate, but solvent can be removed by heating.
Large paramagnetic shifts and spectral broadening in "H NMR spectra indicate electron
delocalization between metal and ligand. DFT calculations show it is present as the
meridional isomer, with the HOMO largely based on one of the metal 3d orbitals and
the LUMO essentially localized on the ligands. Cyclic voltammetry (CV) in acetonitrile
solutions shows four oxidation peaks and two, less intense reduction waves on first
scan. The HOMO energy determined from the first oxidation peak is fairly close to that
obtained by DFT, in agreement with this being mainly metal based. Although the
number of peaks decreases on subsequent CV scans, the complex shows markedly
enhanced electrochemical stability compared with aluminium(IIl) #ris-(8-
hydroxyquinolinate). Solution UV/visible absorption and solid diffuse reflectance
spectra have a weak, long wavelength band, assigned to the metal based d-d transition,
in addition to the normal, ligand based, bands seen in metal quinolates. The energy of
the lowest energy band is identical to the HOMO-LUMO separation obtained by cyclic
voltammetry, in agreement with the above description. The compound is only weakly
luminescent, in contrast to many other metal quinolates, due to the lowest energy
transition being metal rather than ligand based. The potential of this compound as an

electron transporting/hole blocking layer in optoelectronic devices is indicated.
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1. Introduction

Metal complexes of 8-hydroxyquinoline (sometimes termed oxinates) have been known
for over a century.1 Complexes of 8-hydroxyquinoline and its derivatives with metal
ions have found extensive use in analytical chemistry in areas such as optical
(particularly fluorescence) sensing,”> and were, formerly, extensively used in
gravimetric analysis of metals.®” The 8-hydroxyquinolate (8-Hq) ligand is a selective
sorbent of toxic metals.® Metal complexes of 8-Hq have also found biomedical
applications, including tumour growth inhibitors in cancer treatment,”'® and imaging
agents in positron emission tomography (PET).""  Supramolecular coordination
compounds of 8-Hq and its derivatives are particularly promising for some of these
applications.'” However, probably the major use of metal quinolates at present is as
light emitting and/or electron-transport layers in organic light emitting devices
(OLEDs). This stems from the original observation of efficient electroluminescence
from aluminium(IIl) quinolate (Alqgs) by Tang and van Slyke in 1987," and forms the
basis of a multibillion Euro industry in displays for laptops, tablets and televisions. In
addition to these applications, OLEDs are likely to be major candidates for the next
generation of solid-state white 1ighting.14 Electron transporting properties of aluminium

quinolates also find applications in photovoltaic devices."

Device efficiency of a molecule in these organic electronic systems depends on its
highest occupied (HOMO) and lowest unoccupied molecular orbital (LUMO) energy
levels. The development of Alqs as one of the most studied metal chelate for application
in OLEDs stems from its high electron affinity (EA) and ionization potential (/p )
values.'® Cyclic voltammetry (CV) provides a convenient method to determine the
oxidation and reduction potentials and, hence, the HOMO and LUMO levels in
condensed phases. The oxidation process corresponds to the removal of one electron
from the HOMO molecular orbital, so that the potential E,x at which oxidation reaction
occur in CV is directly correlated with the energy required to extract the electron from
the molecule. In a similar way, reduction peak potentials are used to determine the
energy level of LUMO, which is the energy necessary to inject an electron into a
molecule. The determination of HOMO and LUMO energies from CV data is obtained

using the correlations discussed by Bredas et al.,'” and expressed as:

Enomo =-€ [Eox +4.4], (1)
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Erumo =€ [Ered +4.4] (2)

It is known that in an OLED, or other optoelectronic system, the electron affinity (E4)
or Erymo level and the ionization potential (/p) or Exomo level, relative to the cathode
work function and the anode work function, respectively, determine the charge injection
into the diode. Large energy barriers between HOMO and LUMO lead to poor OLED
performance.'® In addition, it has been demonstrated that the molecular orbitals
localized on hydroxyquinolate ligand are those that dictate the electroluminescence of

A1q3.19

However, these excellent electronic characteristics are tempered by the fact that Alq;
degrades upon one-electron oxidation, which limits long term stability of its
optoelectronic devices. 2021 Matrix assisted laser desorption/ionization time-of-flight
mass spectrometry studies on Alqs;, show that ionization (i.e. one electron oxidation or
hole formation) results in ligand loss to form the Alq,” species, which may undergo
dimerization or other processes.”> Although in the thin layers involved in solid state
devices, the ligand cannot readily diffuse through the film layers, allowing the
possibility of its recombination with the AI(III) centre, in the long term, the instability
of the radical cation will lead to degradation and a decrease in the device lifetime. There

is, thus, a strong incentive for developing alternative materials.

Chromium(IIl) and aluminium(IIl) have very similar ionic radii, coordination numbers
(typically six), and their complexes have comparable thermodynamic stabilities.”> There
are, however, two important differences. Firstly, while aluminium only shows a single
stable trivalent oxidation state (Al(II)), the chromium metal ion can exist in a wide
variety of oxidation states, with the one electron oxidized (Cr(IV)) and reduced (Cr(II))
states obtained from chromium(IIl) being stable and readily accessible, in energetic
terms.** In addition, while AI(IIT) complexes fairly rapidly undergo ligand exchange, the
3d° electronic configuration of chromium(IIT) makes its complexes kinetically inert to
substitution, with rates at least a million times slower than those of the corresponding
aluminium(IIl) complexes. 23:23,26

Chromium(IIT) complexes also show interesting electronic spectral properties, involving
metal based quartet and doublet states, together with ligand based m,n states, and,
possibly, charge transfer states, as demonstrated by detailed UV/visible absorption,®’

30,31

luminescence spectral,”®* and photophysical studies. In one case, electrogenerated

4
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chemiluminescence has been observed with a chromium(III) complex.32 The above
characteristics make chromium(Ill) quinolates good candidates for further study for

optoelectronic applications.

Further interest in stable chromium(IIl) complexes stems from their paramagnetic
character. The development of nuclear magnetic resonance image techniques as a
clinical diagnostic modality has prompted the need for a new class of pharmaceuticals
to enhance the image contrast between normal and diseased tissue or indicate the status
of organ function or blood flow. The image intensity in '"H NMR imaging, largely
composed of the NMR signal of water protons, is dependent on nuclear relaxation
times. Complexes of lanthanide ions, e.g. Gd(III), which can decrease the relaxation
times of nearby nuclei via dipolar interactions, have received the most attention as
contrast agents.”>>* The important properties related with the 'H fast relaxation of
nearby nuclei of the Cr(Ill) complexes and their spherical symmetry may also make
them good potential candidates for use as relaxation agents having potential application

in magnetic resonance imaging (MRI).

For the above reasons, we have carried out a detailed structural, spectral and
electrochemical study on chromium(Ill) 8-hydroxyquinolate (Crqs). Although
chromium(IIT) 8-hydroxyquinolate was first reported in 1938,* reliable results on its

synthesis and characterization have been fairly sporadic,®***

and it is only recently that
relatively detailed structural data on this compound has been reported.*” In part, this
stems from the same kinetic inertness that makes this material interesting for device
applications. In addition, Crq; tends to crystallize as a solvate. 4 Following from our
earlier studies on the water soluble derivative 8-hydroxyquinoline-5-sulfonate (8-HqS)

with the trivalent cations AI(III),*"*

we initially studied standard routes to Crqs
synthesis by looking at the reaction of the water soluble 8-HqS with chromium(III) in
aqueous solutions. However, no significant reaction was observed over several weeks,*
in support of the kinetic inertness of the Cr(IIl) ion. Considering the reported routes to
Crqs, the method used by Li et al. involved reacting chromium nitrate and 8-
hydroxyquinoline in the presence of gadolinium(IIl) nitrate.” However, since the
presence of trace quantities of Gd(III) may have adverse effects on the spectral and

magnetic properties of Crqs;, we have opted for adaption of another literature method

involving reaction of chromium(IIl) and 8-hydroxyquinoline in the presence of urea and
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ammonium chloride/acetic acid buffer.*®** The product has been characterized by
elemental analysis, mass spectrometry, thermogravimetry, FTIR, 'H NMR
spectroscopy, and X-ray powder diffraction. Additional information on both geometric
and electronic structure has come from density functional theory (DFT) calculations,
and UV/Visible absorption and diffuse reflectance spectra. Preliminary studies on its
luminescence have also been made. These are complemented by detailed cyclic
voltammetry studies on Crqs, Alqs; and the ligand 8Hq. Comparison of CV and
electronic spectral data with results from DFT calculations provides details on both
structure and electronic properties, which are used as a framework to assess the

potential of this system for optoelectronic applications.

2. Experimental

2.1. Reagents

Chromium nitrate hexahydrate (Cr(NO3);.6-H,O) was purchased from Merck, and 8-
hydroxyquinoline was obtained from Aldrich and used without further purification.
Synthesis of the Alqs sample used has been described elsewhere.’' All solvents were of
the highest purity commercially available and, where appropriate, were further purified

by literature procedures.

2.2. Synthesis of Crqsz by the Urea Method

This is based on a literature procedure.’®® The product was recrystallized in a
water/methanol mixture (10:90 %) by slow evaporation at room temperature. A brown
powder was obtained after one week. Yield: 80% (based on Cr ions). The precipitate
is soluble in common organic solvents such as acetone, benzene, chloroform or
alcohol. Elemental analysis (%): C 65.08 (expected for CrC,;H;sN3Os: 66.94;
expected for CrC,;H;sN305.CH;0H 65.11); H, 4.35 (expected for CrC,;H;sN3;03:
3.75; expected for CrCy7H;sN303.CH3;0H 4.29); N 8.02 (expected for CrCy7H;sN305:
8.67; expected for CrCy7HsN303.CH30H 8.14) is fully consistent with the product

being a methanol solvate of Crqs.

2.3 Equipment and methods
Mass spectra were measured using a MALDI-TOF, Voyager-DE™ PRO Workstation,

with positive reflector mode acquisition.

Page 6 of 33



Page 7 of 33

Dalton Transactions

Carbon, hydrogen and nitrogen elemental analyses were performed in duplicate at the
Servicio de Andlisis Instrumental — Unidad de Andlisis Elemental, CACTI Vigo,
Universidad de Vigo, Spain.

Thermogravimetry was performed using a Netzsch thermal analyzer, TG 209 F3, over
the range 30-900 °C in a dynamic N atmosphere with a heating rate of 10 °C.min™". The
chromium content was determined by igniting a known weight of the dried precipitate

and weighing the chromium(III) oxide.

The Fourier Transform-Infrared Spectroscopy (FTIR) was carried out over the range
4000-400 cm™ with resolution of 1 cm™ on samples in KBr pellets on a Nicolet FT-IR
6700 spectrophotometer, or using an ATR Smart Orbit ATR Diamond Attenuated Total
Reflectance (ATR) accessory with a Thermo Nicolet 380 FTIR spectrometer.

The "H NMR spectra were obtained on a Varian Unity-500 NMR spectrometer (at
499.843 MHz), using sw=41972.72 Hz, tof=67.38 Hz, at=1.5 s, d1=0.2 s. The methyl
signal of tert-butyl alcohol and the signal of DMSO were used as internal references for
'H, in D,O (8 1.3 ppm relative to TMS) and in DMSO (& 2.5 ppm relative to TMS)

solutions, respectively.

X-ray powder diffractograms were obtained using an ENRAF-NONIUS FR590 powder
diffractometer equipped with an INEL120 detector (Debye-Scherrer geometry) using
CuKa radiation. The powder was used to fill a glass capillary, which was slowly
rotating upon data collection. Calibration was performed using silicon as an external

calibrant.

Cyclic voltammetry (CV) measurements were performed on a computer-controlled -
Autolab type I potentiostat-galvanostat with GPES software (Metrohm-Autolab,
Utrecht, Netherlands). The experiments were carried out in acetonitrile (ACN)
containing 0.1 M tetra-n-butylammonium perfluorate (TBAP) as supporting electrolyte.
A three-electrode system was used and consisted of a glassy carbon working electrode
(1 mm diameter), a platinum wire counter electrode, and an Ag/AgCl reference
electrode. Peak currents were measured from extrapolation of the baseline just before

the peaks in the cyclic voltammograms.
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UV-Visible absorption spectra in solution were measured over the range 200—-800 nm
on a Shimadzu UV-2010 double-beam spectrometer, with samples in 1 cm quartz
cuvettes. Diffuse reflectance (DRS-UV-vis) spectra of solid samples were recorded
over the range 300—-800 nm on a Shimadzu UV-2450 double-beam spectrometer with an

integrating sphere, using barium sulfate as reference material.

Photoluminescence (PL) excitation and emission data were collected on samples in
solution in 1 cm quartz cuvettes with a Spex Fluorolog 3-22 spectrophotometer, using a

300 W xenon arc lamp as excitation source.

2.4 DFT Computational Details
The molecular structures of the open shell d® (quartet state) meridional and facial
[Cr(Hq)s] isomers were optimized using the GAMESS-US code™ at the DFT level

using the B3LYP (Becke three-parameter Lee-Yang-Parr)’>*

exchange correlation
functional. The geometries were optimized without symmetry constrains in the case of
the meridional structure (C; point group) and constraining the symmetry to the C; point
group in the case of the facial isomer. The calculations were performed using both the
restricted open-shell (RO-B3LYP) and the unrestricted (U-B3LYP) formalisms. In the
case of the U-B3LYP calculations, spin-contamination was assessed by a comparison of
the expected S(S + 1) for the assigned spin state and the actual value of (S2). The
Stuttgart relativistic small core (RSC) 1997 valence and effective core potential (ECP)
functions™ were used for the metal and the 6-31 1G(d,p) basis sets were used for the
expansion of the Kohn-Sham orbitals of the ligand atoms. The bulk solvent (DMSO or
acetonitrile) effects were taken into account through the polarizable continuum model
(PCM) of Tomasi and co-workers.”®” Default van der Waals radii were used for all
atoms except chromium, for which 2.36 A was used. The Hessian was calculated for the
resultant stationary points, and the geometries were characterized as true minima (i.e.,
no imaginary frequencies). The gradient threshold for geometry optimization was taken
as 10” Hartree Bohr™. The geometries of the cation [Cr(Hq)s;]" (d* configuration, triplet
state) and of the anion [Cr(Hq):]" (4 configuration) of the meridional isomer were also
optimized using the same methods as for the neutral molecules. The ionization energy
(Ip) and the electron affinity (Ea) were calculated as the difference between the ground
state energies of the corresponding charge states and the neutral molecule, Ip = E(+1) —

E(0) and Ea = E(0) — E(—l).58 The calculations on the anion were done assuming a high

8
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spin system (a system in which the additional electron occupies the LUMO orbital,
therefore a quintet state). Additionally, the geometry of the anion and the neutral
meridional isomer were also optimized using the 6-31+G(d) basis sets, which include

diffuse functions to better represent the extra charge in the anion.

3. Results and discussion
3.1 Synthesis and characterization
As indicated in the Experimental Section, the compound was synthesized by adapting a

literature method,38’50

involving reaction between chromium(IIl) (as its nitrate) and 8-
hydroxyquinoline in an acetic acid/ammonium chloride/ammonium acetate buffered
solution. The solid product was recrystallized from a water/methanol mixture (10:90 %)
by slow evaporation at room temperature. Brown crystals appeared after several days
(m.p. > 300 °C). As indicated in the Experimental section, the C, H, N elemental

analysis is consistent with formation of the methanol solvate of Crqs.

Confirmation of the formation of Crq; came from the MALDI-TOF mass spectrum (Fig.
1), where a clear molecular ion peak located at m/z = 484.0408 is observed,
corresponding to er3+ (theoretical value for CrC,7HsN;05" from isotopic masses m/z
= 484.0753).” Additional peaks located at m/z = 507.0490 and 523.0234 were
observed, and may correspond to [M+Na]" and [M+K]", respectively. This
contamination is probably due to the glass in contact with this type of sample, and is

fairly common for organic compounds with an affinity for alkali metal cations.

1004 523.0234
80 1
—
X 60+
- 524.0319
=
2]
c 40
[0}
S
£
484.0408
20 25.0227
507.0490 ]530'7735
| | Ll o

460 480 500 520 540 560 580 600
Mass (m/z)

Fig. 1. MALDI-TOF mass spectrum of Crqs.
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The complex was also analysed by thermogravimetry (Fig. 2), which showed an initial
small weight loss around 200 °C, a second step around 470 °C, and final weight losses

between 500 and 700 °C. Previous studies on Crqs>**

and the corresponding cobalt(III)
derivative® show that they tend to crystallize as alcohol adducts, with the solvent
trapped in a “cage-like” cavity, and that the alcohol can be eliminated upon heating
around 200 °C. From the thermogravimetric data, and C, H, N elemental analysis, we
suggest that with our synthesis, the Crqs recrystallizes from 90% methanol-water with
similarly trapped methanol molecules, and that these are lost in this first stage of
heating. As we will see shortly, support for this comes from both FTIR and 'H NMR
spectra. Results in Table 1 show that the subsequent loss in weight is fully consistent
with a stoichiometry involving three molecules of 8-hydroxyquinolate per atom of
chromium. Ignition at ca. 470 °C for 1 h quantitatively converts the complex to

chromium (III) oxide (Cr,03) (Fig. 2). The residual mass confirms the presence of the

oxide, and the thermal behaviour is similar to that of other metal quinolates.

10
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Fig. 2. (a) Thermogravimetric analysis of Crqs; under nitrogen atmosphere; (b)

differential thermogram.

Table 1-Thermogravimetric characteristics of Cr(III) complex.

Complex Temp. range | Mass loss (%) | Assignment | Residue
) (exp.)
[C,7H;5N305Cr].0.5CH;0H 50-250 3.6 0.5CH;0H
300-800 81.8 Cy7HisN;05 | %4Cr,0s4

11
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Fig. 3. FTIR spectrum of solid recrystallised from 90% methanol-water (Inset shows the
2500 — 4500 cm™ region).

Solid samples of the product were analysed by FTIR spectroscopy, both as KBr disks
and using attenuated total reflectance (ATR). The only significant difference observed
between spectra obtained using these different sampling techniques was in the 3000-
3600 cm™ region, probably due to the presence of trace water in the KBr discs. The
ATR spectrum is shown in Fig.3. All the characteristic bands observed in the IR spectra
of the solid are presented as electronic supplementary information (ESI, Table S1), and
are discussed in relation to the structure Crqs on the basis of literature data on various

376105 The observation of an absorption around 3325 cm™

metal 8-hydroxyquinolates.
and sharp bands at 2959 and 2866 cm™ are attributed to methanol,’® and are in complete
agreement with the TG data of occluded solvent within the solid Crqs. These are
markedly reduced in intensity on heating the sample to 200 °C, in agreement with

methanol loss on heating.
Further information on the structure was obtained by 'H NMR spectroscopy. In this

discussion we will use the numbering of the ring positions of 8-hydroxyquinoline (8-

Hq) indicated below.

12
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Scheme 1. Structure of 8-hydroxyquinoline (8-Hq)

8-Hq is known to form extremely stable bidentate chelate complexes with most
transition and main group metal cations. The "H NMR spectra of 8-Hq as well as the 'H
signals of the water soluble derivative 8-HqS, have previously been assigned in the

. 4,67
literature.™

For the determination of structural features of the complex Cr(IlI)/8-Hq in solution, we
obtained the 'H NMR spectra of both 8-Hq and the synthesized complex Cr(IIl)/8-Hq in
DMSO-dq. Results are illustrated in Fig. 4 for the '"H NMR spectra of 8-Hq and the
complex Cr(II1)/8-Hq. The complete 'H NMR spectral parameters for 8-Hq and its
complexes with Cr(IIT) are shown in Table 2. In addition, the spectrum of Crqs; shows a
broad band at 3.33 ppm attributed to methanol, in agreement with the thermogravimetry

and FTIR results on the presence of this solvent.

The complexes are paramagnetic and, because of the rapid relaxation time caused by the
paramagnetic properties of the Cr(III) metal ion, '"H NMR signals of bound ligands
(inner sphere) are observed to be dramatically broadened and shifted to high frequencies
(Fig. 4 and Table 2). Based on the mass spectral and TG data, this is assumed to be the

species with a 1:3 (metal:ligand) stoichiometry.

13
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38 36 34 32 30 28 26 24 22 20 18 16 14 12 10 8 6
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Fig. 4. '"H NMR spectra (499.824 MHz) obtained from -30 to 50 ppm of DMSO-ds

solutions of (i) 8-Hq 10 mmol dm™, and (ii) Cr(III)/8-Hq complex 10 mmol dm™.

Table 2. '"H NMR parameters “ for 8-Hq and its complexes with Cr(III) (298 K)

Page 14 of 33

H2 | H3 | B4 | HS | H6 | BT | OH | Jy, | Jyy | Sy | Jug | ey | ss
8-Hq ' (8) 8.85| 7.55 | 832 | 739 | 744 | 7.08 [977| 42 | 83 | 17 | 7.5 | 7.5 | 14
Cr(l/8-Hq  complex (3) | 250 / 186 / 176 /144 Sl e e e e

@ § values, in ppm, relative to Me4Si, using the signal of DMSO as internal reference (8 2.5 ppm); J values in Hz.
b Solution of 8-Hq 10 mmol dm™ in DMSO-dj.

¢ complex synthesized accordingly to the experimental procedure.

d not detected.

€ not observed

Fig. 5 shows the comparison of the envelope signals for Crqs; and Alqs, which also
suggest that these complexes are homologous, Although the comparison of the 'H NMR
spectra of the paramagnetic complexes Crqs with the 'H NMR spectra of the
diamagnetic Alqgs (Fig. 5) suggests a rough attribution, the large widths of the bound
ligand resonances (metal ion inner sphere) of the Crq; complex precludes the complete

assignment of the signals. However, the dramatic shifts observed are in accordance with

14
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similar effects observed in previous studies on the acetylacetonate complex of
Cr(111).%%°

® S T

3 32 30 28 | 26 24 22 20 18 16 14 12 1o
TH NMR chemical shift (ppm)

L, ub

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

98 96 92 90 4 82 80 78 7. i 64 62 6.0
1H NMR chemical shlft (ppm

Fig. 5. '"H NMR spectra (499.824 MHz) obtained from -30 to 50 ppm of (i) a D,O
solution of AI(IIT)/8-Hq (Alqgs) 10 mmol dm™, and (ii) a DMSO-ds solution of Cr(III)/8-

Hq complex 10 mmol dm™.

Shifts as a result of ligand binding to paramagnetic metals may come either from
through-space dipolar interactions (pseudo-contact), or from direct delocalization of
unpaired electron spin-density from the metal (contact shift). The Cr(IlI) metal ion in
the complex mainly produces a contact shift, which implies that the electron spin is
partly delocalized between the 3d orbitals of the metal atom and the m orbitals of the
ligand. Comparison with the behavior of chromium(III) acetylacetonate complexes®
suggests that this involves ligand donation to the empty e orbitals of the metal. As we
will see later, this is fully consistent with the DFT description of the electronic structure
of the complex. The potential of Crq; as a paramagnetic NMR relaxation agent is

discussed in the ESI.

15
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Fig. 6. X-ray powder diffractogram of the solid product. Top (in red) experimental
powder diffraction. Bottom (in green) simulated powder diffractogram for Crqs

methanol solvate.

Finally, the structure of the solid product was characterized by X-ray powder diffraction
(Fig. 6). As seen by the great similarity between the experimental powder diffractogram
and the simulated from the data reported by Li ef al.” using PLATON,”" one can state
that the main features of the supramolecular organization are common to both
compounds. Most likely, our compound is a tris(8-quinolinato) chromium(III) methanol
solvate almost isostructural to the already reported ethanol solvate.*® Li ef al. describe
their complexes as having three 8-quinolinate ligands chelating to each Cr(IIl) ion in a
octahedral geometry.”” They observed short distances between the aromatic rings of
neighboring complexes and presumed 7-m interactions as one of the key factors
regulating the supramolecular assembling. The ethanol solvent molecules are H-bonded
to the metal complexes through the quinolate oxygen atom. The solvent molecules (four

in each unit cell) occupy two large voids of 186 A.

3.2 DFT studies
To help elucidate the coordination mode of Cr’" with 8-Hg, the structures of the

meridional and facial isomers of the complex were optimized at the DFT level and their

16
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relative energies were determined. The results from the RO-B3LYP calculation indicate
that the meridional isomer is more stable than the facial isomer by 10.56 kJ mol™ (10.71
kJ mol™ in the U-B3LYP calculation). The equilibrium geometry with minimum energy
of the mer-[Crqs] complex is shown in Fig. 7 and selected geometrical parameters are

given in Table 3.

Fig. 7. Optimized RO-B3LYP geometry of the mer-[Crqs;] complex.

Table 3. Selected bond lengths (A) and angles (degrees) calculated at the RO-B3LYP/6-
311G(d,p) level in PCM (DMSO)* for the mer-[Cr(Hq);] complex.

Bond lengths Angles
Cr-Oy 1.973 O1-Cr-N; 79.76
Cr-Oy 1.986 On-Cr-Np 81.03
Cr-Omy 1.959 Om-Cr-Nyp | 81.19
Cr-N; 2.119 O1-Cr-Oy 170.27

CI‘-NH 2.081 NI-CI‘-OHI 172.45

CI‘—NHI 2.102 NH—CI'—NIH 169.33

2 Polarizable Continuum Model*®>’

As expected due to the trans effect, the longest Cr-N bond is Cr-Nj, which is opposite to
the shortest Cr-O bond (Cr-Oyy).

17
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Fig. 8. Highest occupied (HOMO) and lowest unoccupied (LUMO) molecular orbitals
for the mer-[Crqs] complex calculated at the RO-B3LYP/6-311G(d,p) level of theory.

The LUMO in the complex is essentially localized on the ligands, but still has some
charge on the metal (i.e. on the metal d,” orbital). In contrast, the HOMO corresponds
essentially to one of the t, metal orbitals (with some minor charge localized on the
ligands) (Fig. 8). This has important implications on the oxidation and reduction
processes which are relevant for charge injection in devices, as we will discuss later.
The ionization energy of the complex was estimated using two different approaches.
First, we considered the DFT counterpart of the Koopman’s theorem which states that
the first vertical ionization energy is equal to the negative of the energy of the highest
occupied molecular orbital (HOMO). This is not entirely valid for the restricted open-
shell orbitals; therefore we have considered the unrestricted calculation in this approach.
In a second approach we have calculated the ionization energy as the difference
between the ground state energies of the positive ion and the neutral molecule, I,=

E(+1) — E(0). This was done either keeping the geometry fixed in the neutral ground

18
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state geometry (vertical ionization energy), or at the optimized geometries of both the
charged and neutral species (adiabatic ionization energy). In these calculations, the bulk
effects of the solvent (DMSO or acetonitrile) were taken into account through the
polarizable continuum model. >’ Using the first approach, and considering DMSO as
the solvent, we obtained a value of 5.47 eV for the ionization energy and using the
second approach we obtained 5.63 and 5.95 eV for the adiabatic and vertical ionization
energies, respectively. Changing the solvent from DMSO to acetonitrile had a negligible

effect on the vertical ionization energy, which only increased to 5.96 eV.

The accurate computation of the electron affinity is more difficult because the correct
calculation of the structure and energy of the anion is strongly dependent on the basis
set used. Additionally, the negative of the lowest unoccupied molecular orbital (LUMO)
energy in the neutral system is not a good estimate for the electron affinity.”* A rather
better approximation is to use the negative of the energy of the additional occupied
orbital in the anion. Using this approach we obtained a value of 2.45 eV for the U-
B3LYP calculation of the anion with the 6-311G(d,p) basis set and 2.51 eV using the 6-
31+G(d) basis set. Additional calculations using the E, = E(0) — E(-1) approach gave the
value of 2.23 eV for the adiabatic electron affinity calculated at the U-B3LYP level with
the 6-31+G(d) basis set.

3.3 Cyclic voltammetry

Cyclic voltammetry has been performed on Crqs, Alqs and, for comparison, the free
ligand 8-Hq in acetonitrile solutions using a three-electrode system consisting of a
glassy carbon working electrode, a platinum wire counter electrode, and an Ag/AgCl
reference electrode. The results are shown in Figures 9 and 10. The quinolate solutions
were prepared and stored in the fridge in between use. The same voltammetric profiles
were recorded when using the prepared quinolate solutions during more than 2 months,

which indicates the high stability of the compounds in acetonitrile.

The compound Crqs presents 4 oxidation peaks in the positive region in the first scan,
and two corresponding, less intense reduction waves and in the negative region two
pairs of reversible peaks. The oxidation peaks are located at 0.85, 1.18, 1.42 and 1.60 V
vs. Ag/AgCl with peak currents of 350, 150, 150, and 380 pA cm™ for peaks 1, 2, 3 and

4, respectively. The corresponding reduction waves, which, unlike the oxidation ones,
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are of constant height on cycling the potential, are situated at 0.84 and 1.53 V vs.
Ag/AgCl with very small current densities of 88 and 40 pA cm, respectively.

Oxidation peak 1 merges with peak 2, and shifts towards more positive potentials upon
cycling, from 0.85 to 1.13 V, at which potential it stabilizes. Peaks 3 and 4 merge
during the second scan and form a broader peak with similar current intensity at 1.50 V.
This merged peak decreases drastically in scan 3, and then splits to form peaks 3 and 4
again during further CV scans. After 4 scans, the CV profile contains 3 oxidation peaks
at 1.13, 1.41 and 1.53 V vs. Ag/AgCl, with peak currents of 330, 120 and 150 pA cm™,

respectively.

In the negative region, two pairs of reversible peaks appear with midpoint potentials of
-0.76 and -1.40 V vs Ag/AgCl. The oxidation peaks remain constant with potential
cycling, while the reduction peak current 1' decreases to half the value in scan 2, from
1260 to 580 pA cm?, and then remains constant. Reduction peak 2' becomes better
defined in the second and following CV-s, and the peak current increases from 130 to

230 pA cm™.

The compound Algs, in the first CV scan, presents two irreversible oxidation peaks in
the positive region, which, as in the case of Crqs, then merge into one peak with
considerably reduced currents, and shows one pair of peaks in the negative region,
which remained unchanged during cycling. The oxidation peaks 1 and 2 appear at the
potentials Eox; = 1.11 V and Eoxy = 1.31 V vs. Ag/AgCl, with peak currents j,x; = 550
and jo = 570 pA cm™, respectively. During cycling, these two peaks merge into one at
1.18 V, with a lower current of 50 pA cm™. The fact that, after polishing the electrode
to have a clean electrode surface, the two peaks in scan 1 reappear with similar current
densities, indicates that oxidation products or by-products may cover the electrode,
leading to the decrease in current in second and subsequent cycles. In the negative
region, a quasi-reversible reaction occurs, with midpoint potential of -0.70 V, with jieq;

= 1300 pA cm™ and jox- = 840 pA cm™.

For comparison, studies were carried out on the free ligand, 8-Hq, which presents two
oxidation peaks in the positive region in the first cycle with a small reduction wave, and
one reduction and two oxidation peaks in the negative region. The oxidation peaks in
the positive region are situated at 0.73 and 1.16 V vs Ag/AgCl, with peak currents of
500 and 150 pA cm™. After 5 cycles, these oxidation peaks are shifted towards more
positive potentials of 0.93 and 1.31 V vs Ag/AgCl, with lower constant currents of 350
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and 130 pA cm™. In the negative region, there is one main reduction peak during the
first scan at -0.98 V, height 1470 pA cm? and a small shoulder at -0.77 V. Upon
cycling, the shoulder at -0.77 V becomes bigger, a new small peak appears at -1.42 V,
peak current 120 pA cm™, together with a new, less evident reduction wave at -1.90 V
vs Ag/AgCl. The main reduction peak decreases slightly from 1470 to 1360 pA cm?,

from first to last cycle.

The oxidation peaks 1' and 2' are situated at -0.48 and -0.69 V, with peak currents of
790 and 820 pA cm™, which slightly increase with potential cycling to 900 and 920 pA

-2
cm .
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Fig. 9. Cyclic voltammograms recorded at A) Algs, B) Crqs, and C) 8-Hq in 0.1 M

TBAP in ACN atv=50mVs".

22

Page 22 of 33



Page 23 of 33

Algg
Crqs

Dalton Transactions

0.0

0.5

1.0

1.5

E vs. Ag/AgCI/ V

2.0

Fig. 10. Cyclic voltammograms (first scan) recorded in the positive potential region at

Algs, Crqs, and 8-Hq in 0.1 M TBAP in ACN at v=50 mV s,

Full details are summarized in Tables 4 and 5.

Table 4. Oxidation potentials extracted from the CVs for the compounds Alqs, Crqs,

and 8-Hq
Scan E/Vvs Ag/AgCl j/uAcm?
Compound
n° Ox1 Ox2 Ox3 Ox4 Ox1 Ox2 Ox3 | Ox4
1 1.11 1.31 - - 550 570 - -
A1q3
10 1.18 - - 50 - -
c 1 0.85 1.18 1.42 1.60 350 150 150 380
rq
’ 10 1.13 1.41 1.53 330 120 150
1 0.73 1.16 - - 500 150 - -
8-Hq
10 0.93 1.31 - - 350 130 - -

The first two peaks observed in the CVs of Alqs are related to 8-Hq. Peak number 1 is

irreversible, and is attributed to the formation of -O° radicals,” and the second one,

quasi-reversible, to the formation of a quinoid-like structure, as presented in Scheme 2.

With Alqs, the oxidation potentials are shifted to more positive values those of 8-Hgq,
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since the oxygen atom of the ligand covalently binds the central metal ion, which makes
its oxidation more difficult. As has previously been reported, with Alqs, the oxidations
are irreversible.”* In the case of Crqs, the first peak is at 0.85 V, while further peaks are
seen at 1.18, 1.42 and 1.60 V. The oxidation is more reversible in this case than with
Algs, in agreement with our prediction. With potential cycling, for both complexes,
peaks 1 and 2 merge into one peak, at 1.18 and 1.13 V vs. Ag/AgCl, respectively,
having different current densities, markedly lower for Algs (50 pA cm™) than for Crqs
(330 pA cm™). The decrease in the oxidation peak currents in the positive region after
the first 2 cycles is, in both cases, related to the passivation of the electrode by
decomposition products of the quinolates. Nevertheless, this decrease is significantly
greater in the case of Alqs, which clearly indicates that Crq; does not decompose as

much as Alqs.

The peaks 3 and 4 for Crqs are attributed to formation of higher metal oxidation states.

OH o) o)

Scheme 2. Oxidation mechanism of 8-Hq

Table S. First oxidation/reduction potentials, and corresponding /, and E,, and gap

energy FE, extracted from the CVs for the compounds Alqs and Crqs,

on /V -[p (EHOMO)/ eV Ered /'V —Ea (ELUMO) / eV Eg / eV

Alqgs 1.11 -5.51 >-2.0% >-2.40 >3.11

Crqs 0.85 -5.25 -1.37 -3.03 2.22

*FEreq of AI’" probably occurs at more negative potentials, out of the potential range of

the electrode.

The HOMO and LUMO energies, together with the HOMO-LUMO separation (Ej)
were calculated from the oxidation and reduction potentials using the expressions given

in equations (1) and (2). For Algs, the HOMO energy is in excellent agreement with the
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literature value of -5.65 eV.” The LUMO energy cannot be measured directly because
it is outside the potential range of the GCE in organic media, but is fully consistent with

literature values of -2.90 V'° and -3.0 V.'°

For Crqs, the HOMO energy is close to the value -5.47 eV, calculated considering the
DFT counterpart of Koopman’s theorem, with solvent included. The value is also in
reasonable agreement with that calculated for the adiabatic ionization energy from the
difference in ground state energies between the positive form and the neutral molecule,
at their optimized geometries (-5.63 eV). This provides strong support to the idea from
the DFT calculations that the HOMO is mainly localized on one of the metal d orbitals.
The agreement between the LUMO energy obtained by CV (-3.03 eV) and that obtained
by DFT (for example, -2.51 eV using the 6-31+G(d) basis set) was less good. However,
we discussed earlier the difficulties in the accurate calculation of electron affinity in
these systems. Similar underestimation of LUMO energies in DFT calculations have

previously been reported for Alqs.”

3.3 UV/Visible absorption and luminescence spectral studies

The UV/Visible absorption spectra for complex Crqs in two solvents, dichloromethane
and dimethylsulfoxide, are essentially identical, and are shown in Fig. 11. Two intense
absorption bands at approximately 270 and 420 nm dominate the spectrum. These are
reminiscent of the corresponding bands in the mer isomer of Alqs’® and, based on this
can be assigned to the ligand centred electronic transitions. In addition to these intense
bands, there is a weak absorption band at 324 nm, which may be part of a vibronic
progression associated with the deformation mode.”® In the region between 500—700
nm, there is a broad, low intensity shoulder at ca. 558 nm. Although not observed in a
recent report on this compund,*” probably because the solutions used were too dilute,
this band was seen in early studies on Crqs,*® and can be attributed to a d—d transition
of the chromium ion. These bands have low molar absorption coefficients, €, because
they are Laporte “forbidden” transitions. The observation of this band is in complete
agreement with the DFT results indicating that the HOMO is mainly localized on the
metal t, orbital. Based on literature data on related chromium(III) complexes27 the 558
nm band is attributed to the 4A2 — 4T2 transition. We note the absence of any n — w*
band, in agreement with the formation of the metal-nitrogen bond, with the quinolate
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complex stabilizing the electron pair on the nitrogen atom.’’ The energy of this shoulder
(2.22 eV), which corresponds to the HOMO-LUMO gap, is identical to that determined
by CV. Whilst the perfect agreement is, possibly, fortuitous, it fully supports the
assignment of the HOMO to a metal based level in this system. An earlier report™ of a
band gap of 2.54 eV for Crqs in films corresponds to the m—7 transition from the

HOMO-1 level localized on one of the quinolate rings to the LUMO.

Absorbance

300 400 500 600 700
Wavelength (nm)

Fig. 11. UV/Visible absorption spectra of Crqs; in (a) dichloromethane and (b)
dimethylsulfoxide. (Insert: region between 500-700 nm).

The solid-state diffuse reflectance spectrum for the complex (Fig. 12), presents similar
bands to those observed in solution, albeit with a small blue shift. The lowest energy
band may be slightly shifted from 558 to 543 nm. The diffuse reflectance UV-Visible
spectrum of the starting chromium(IIl) salt, Cr(NO;);.6H,O, was also run for
comparison. There is a blue shift in the *A, — *T, transition of 34 nm (about 1085 cm'l)
on going from the hydrated chromium nitrate salt to Crqs, indicating a stronger ligand

field due to the 8-hydroxyquinolate in the latter case.
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Fig. 12. Diffuse Reflectance UV/Visible spectra of (a) Crqs and (b) Cr(NOs3);.6H,0, in
pressed BaSO, disks.

Attempts were made to obtain the emission spectrum of this complex in both solution
and the solid state. Upon excitation at 430 nm, a very weak emission was observed
around 670 nm (quantum yield < 0.008). The spectrum is given in the ESI. The
behaviour contrasts with the intense green, ligand-based emission in Alq; (Aemission 535

nm, quantum yield 0.116 in dimethylformamide) ,"*’®

and related compounds of
A, Ga(IIN)*®  and Zn(ID),* again supporting differences in the nature of the
lowest energy excited state. With the compound formed between 8-hydroxyquinoline-5-
sulfonate and vanadium(V) oxoion, the ligand based green emission is weaker than with
the free ligand. This is suggested to be due to the presence of low-lying ligand-to-metal
charge-transfer state(s).** However, the weakness of the emission with Crqs, is attributed

to it involving a metal based transition. Further studies are in progress to fully

characterize this at room temperature and low temperature.
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4. Conclusions

In summary, we have synthesized a mer-tris(8-hydroxyquinolinato)-chromium(III)
complex, and have fully characterized it by elemental analysis, mass spectrometry,
thermogravimetry, FTIR, '"H NMR spectroscopy, X-ray powder diffraction and DFT
calculations. The compound forms as a methanol solvate. However, methanol can be
removed by heating. Cyclic voltammetry, DFT calculations and UV/Visible absorption
and diffuse reflectance spectra allow determination of HOMO and LUMO energies, and
are fully consistent with the HOMO being localized on the metal atom. The
significantly higher and constant oxidation currents recorded for Crq; upon repeated
cycling, compared with the commonly used Alqs, suggests the potential of this system
as an electron transport/hole blocking layer in optoelectronic devices. Future

experiments are planned to test this.
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Synthesis, structure, spectral and electrochemical properties of

chromium(IIl) #ris-(8-hydroxyquinolinate)

Ana R. Freitas, Moénica Silva, M. Luisa Ramos, Licinia L. G. Justino, Sofia M. Fonseca,

Madalina M. Barsan, Christopher M. A. Brett, M. Ramos Silva, Hugh D. Burrows*

NMR spectra and DFT calculations show the chromium(III) #7is-(8-hydroxyquinolinate)
HOMO predominantly involves metal 3d orbitals while the LUMO is mainly ligand
based. This increases electrochemical stability of the metal quinolate.



