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The electronic properties of the cyclometalated (C∧N) complexes of iridium and platinum metals with a catechol
ligand have been studied experimentally and computationally. The synthesis and characterization of (p-tolylpyridine)-
Ir(3,5-di-tert-butylcatechol) (abbreviated Ir-sq) and (2,4-diflorophenylpyridine)Pt(3,5-di-tert-butylcatechol) (abbreviated
Pt-sq) are reported along with their structural, spectral, and electrochemical properties. Reaction of the 3,5-di-tert-
butylcatechol (DTBCat) ligand with the prepared cyclometalated metal complex was carried out in air in the presence
of a base. The resulting complexes are air stable and are paramagnetic with the unpaired electron residing mainly
on the catechol ligand. The bond lengths obtained from X-ray structure analysis and the theoretical results suggest
the semiquinone form of the catechol ligand. Low-energy, intense (∼103 M-1 cm-1) transitions are observed in the
visible to near-infrared region (600−700 nm) of the absorption spectra of the metal complexes. Electrochemically,
the complexes exhibit a reversible reduction of the semiquinone form to the catechol form of the ligand and an
irreversible oxidation to the unstable quinone form of the ligand. The noninnocent catechol ligand plays a significant
role in the electronic properties of the metal complexes. Density functional theory (DFT) and time-dependent density
functional theory (TD-DFT) calculations on the two open-shell molecules provide the ground-state and excited-
state energies of the molecular orbitals involved in the observed low-energy transitions. The spin density in the two
complexes resides mainly on the catechol ligand. The intense transition arises from excitation of the â electron
from a HOMO-n (n ) 1 or 2 here) to the LUMO, rather than from the excitation of the unpaired R electron.

Introduction

Coordination chemistry of transition metal complexes of
the redox active 1,2-dioxolene ligands has been extensively
studied in the last 25 years.1-6 Part of the interest in these
complexes stems from the fact that the transition-metal
orbitals and ligand frontier orbitals are close in energy
resulting in strong mixing between these orbitals, such that

the assignment of oxidation states to individual metal and
ligand components is difficult. Such ligands are termed as
“noninnocent” ligands.1-6 The redox isomers of the ligands,
shown in Scheme 1, exhibit potential for forming complexes
that may exist in a number of electronic states because of
the combined electrochemical activity of the metal and the
ligand. The metal complexes show low-energy charge-
transfer transitions that are fully allowed and thereby intense.
They are also redox switchable, because the ligand can be
readily interconverted between the different forms electro-
chemically.

A number of applications have been described, stemming
from fundamental studies on noninnocent ligands and their
metal complexes. Redox-switchable electrochromic dyes, for
modulation of optical signals and smart windows, which
selectively filter out infrared radiation from sunlight, are
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examples.7-9 These materials could be useful in organic solar
cells as near-IR sensitizers because of their strong absorption
extending into the 700-900 nm region.10,11The spectroelec-
trochemical properties of ruthenium and osmium complexes
with dioxolene ligands have been reported in detail.12-15

Many of these complexes show intense, low-energy transi-
tions that are redox switchable. The molecule with the low-
energy transition has the semiquinone form of the dioxolene
ligand coordinated to the metal center.

There are fewer reports on the electronic structures of
open-shell platinum and iridium complexes of dioxolene
ligands than there are on their Ru and Os counterparts. In
the previous reports of Pt and Ir complexes of the dioxolene
ligand, triarylphosphines or cyclooctadienes were used to fill
out the metal coordination sphere.16-18 The semiquinone form
of the ligand was formed by chemical oxidation of the
catecholate, and the complex was found to be unstable at
room temperature, in some cases.19,20 A stable platinum
complex16 formed by electrochemical oxidation of catecho-
late (diamagnetic) to the semiquinone (paramagnetic) form
showed a red shift in absorbance. A square-planar bis-
(semiquinone) complex21 of platinum(II) has also been
studied that is diamagnetic and shows intense absorption
bands in the near-infrared region. Platinum(II) com-
plexes containing 2,2′-bipyridine as the chelating ligand
and a chelated dithiolene/dioxolene ligand were reported as
efficient and stable photosensitizers for singlet molecular
oxygen production.22,23 These complexes are neutral and
diamagnetic. The catecholate form of a five-coordinate
triphos-iridium(III) compound24-26 has been studied for

the uptake of dioxygen, both experimentally and theoreti-
cally. The electrochemical oxidation of this complex results
in the semiquinone form of the ligand. A bis(catechol)-
iridium(IV) complex27 with a 1,5-cyclooctadiene ligand was
characterized with an intense absorption band at very low
energy.

Recently, a wide variety of iridium28-38 and platinum39-46

complexes with cyclometalated ligands have been reported
as emissive materials in organic light-emitting diodes
(OLEDs).47,48 With the use of different cyclometalating
ligands on the metal, we could possibly be able to optimize
the electronic properties of the metal-dioxolene complex,
giving materials that absorb at long wavelengths with high
oscillator strengths.

We report here the synthesis and characterization of
cyclometalated (C∧N) complexes of iridium and platinum
with 3,5-di-tert-butylcatechol (Figure 1). The electronic
transitions and the electrochemical behavior of these open-
shell molecules are presented here both from experimental
observations and theoretical calculations.
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Experimental Details

Materials and Synthesis. Iridium(III) chloride, IrCl3, and
potassium tetrachloroplatinate(II), K2PtCl4, were used as purchased
from Next Chimica. 3,5-Di-tert-butylcatechol (DTBCat),p-tolylpy-
ridine (tpy), and tetramethylammonium hydroxide (25 wt % solution
in methanol) were purchased from Aldrich Chemical Co. and used
without further purification. 2,4-difluorophenylpyridine (dfppy) was
synthesized by a Suzuki coupling reaction of commercially available
di-fluoroboronic acid with bromopyridine. The reference dyes, IR-
27 and IR-140, for near-infrared emission studies were also
purchased from Aldrich Chemical Co.

(Ir-sq). The iridium(III) µ-dichloro-bridged dimer, [Ir(C∧N)2-
(µ-Cl)]2, was made by thermal coupling of Ir(III) chloride (IrCl3‚
nH2O) salt with a slight excess of 2 equiv ofp-tolyl pyridine (tpy)
in a 3:1 mixture of ethoxyethanol and water at 80°C. The mixture
was refluxed overnight, and the yellow precipitate of the product
was filtered, washed, and dried.

3,5-Di-tert-butylcatechol (3,5-DTBCat) was coupled to the
chloro-bridged iridium dimer in the presence of the base, tetramethyl
ammonium hydroxide. To a solution of the dimer and a slight excess
of 3,5-DTBCat in dichloroethane/ethanol (5:1), the base was added
dropwise while purging with nitrogen. The color changed gradually
from yellow to olive green. The mixture was stirred at room
temperature and exposed to air for about 1 h. The stirring was
stopped after 3 days, and the solvent was evaporated. The product
was purified by silica gel column chromatography using dichlo-
romethane as solvent.

The pure complex was isolated as an olive-green solid in about
90% yield. FAB+-MS (m/z): 749.27. Elemental analysis: C 61.18,
H 5.46, N 3.66 (found); C 60.94, H 5.38, N 3.74 (calcd).1H NMR
(250 MHz, in d-CHCl3): broad signals in aromatic and aliphatic
regions. Some of it was sublimed at about 220°C in vacuum.

(Pt-sq).Platinum(II) monochloro complex [Pt(C∧N)(HC∧N)(Cl)]
was made as above by thermal coupling of potassium tetrachloro-
platinate (K2PtCl4) salt with 2,4-diflorophenylpyridine (dfppy).49

The light-yellow precipitate of the product was filtered, washed,
and dried.

3,5-Di-tert-butylcatechol was coupled to the above complex in
the presence of the base, tetramethyl ammonium hydroxide. To a
solution of the monochloro complex and a slight excess of the
catechol ligand in a 5:1 mixture of 1,2-dichloroethane and ethanol,
the base was added dropwise while purging with nitrogen. The color
changed gradually from yellow to olive green. The mixture was
stirred at room temperature and exposed to air for about 1 h. The
stirring was stopped after 3 days, and the solvent was evaporated.
The product was purified by silica gel column chromatography
using dichloromethane as solvent.

The pure complex was isolated as a green-brown solid in about
90% yield. EIMSm/z: 605. Elemental analysis: C 49.37, H 3.98,
N 2.33 (found); C 49.59, H 4.33, N 2.31 (calcd).1H NMR (250
MHz, in d-CHCl3): broad signals in aromatic and aliphatic regions.

Spectroscopic Measurements.1H NMR spectra were recorded
on a Bruker AC 250 MHz instrument. The elemental analysis was
done at the Microanalysis Laboratory at the University of Illinois,
Urbana-Champaign. The mass spectrometry for the Ir-sq complex
in the FAB ionization mode was performed at California Institute
of Technology, Pasadena, on a JEOL machine using nitrooctophenyl
ether as the matrix. The solid-probe mass spectrum for the Pt-sq
complex was taken with a Hewlett-Packard GC/MS instrument with
electron impact ionization and a model 5973 mass-selective detector.

EPR spectra were recorded using an X-band Bruker EMX
spectrometer (controlled by Bruker Win EPR Software, version 3.0)
equipped with a rectangular cavity working in the TE102mode. Low-
temperature measurements at 80 K were conducted with an Oxford
continuous-flow helium cryostat (temperature range 3.6-300 K).
All of the spectra were acquired in toluene solution.

The UV-visible absorption spectra were recorded at room
temperature in dichloromethane solution on a Hewlett-Packard 4853
diode array spectrophotometer. The near-infrared absorption spectra
were recorded at room temperature in dichloromethane solution
on a Nicolet 860 Magna Series FTIR using a quartz beam splitter
and a DTGS-KBr detector. Steady-state emission spectra were
measured using a Photon Technology International QuantaMaster
C-60 spectrofluorimeter. The room-temperature measurements in
solution were recorded in dichloromethane and in 2-methyltetrahy-
drofuran that was freshly distilled over sodium. The low-temperature
(77 K) measurements were taken only in the 2-methyltetrahydro-
furan solutions. The solutions were degassed under nitrogen before
measurement. Solutions of IR-27 and IR-140 in dichloromethane
were used as a reference in the near-infrared region.

X-ray Diffraction Methods. Diffraction data for the iridium
complex (Ir-sq) were collected on a Bruker SMART APEX CCD
diffractometer with graphite-monochromated Mo KR radiation (λ
) 0.71073 Å). The cell parameters were obtained from the least-
squares refinement of the spots (from 60 collected frames) using
the SMART program. A hemisphere of the crystal was collected
at a resolution up to 0.75 Å, and the intensity data were processed
using the SAINT-Plus program. All of the calculations for structure
determination were carried out using the SHELXTL package
(version 5.1). Initial atomic positions were located by Patterson
methods using XS, and the structures were refined by least-squares
methods using SHELX 93 with 7149 independent reflections within
the range ofφ ) 1.60 to 27.49 (completeness 93.7%). Empirical
absorptions were applied using SADABS. Calculated hydrogen
positions were input and refined in a riding manner along with the
attached carbons. A summary of the refinement details and the
resulting factors are given in the Supporting Information.

Diffraction data for the platinum complex (Pt-sq) were collected
on a Bruker Kappa/ApexII system equipped with graphite mono-
chromated Mo radiation. The data crystal was mounted using oil
(Paratone-N, Exxon) to a 0.3 mm cryoloop (Hampton Research)
with the (0, 1,-1) scattering planes roughly normal to the spindle
axis. All of the crystals examined exhibited non-merohedral
twinning (roughly imposing a pseudo 2-fold along thea axis). Two
distinct cells were identified using APEX2 (Bruker, 2004) and
Cell_Now (Sheldrick, 2004). Four frame series were integrated and
filtered for statistical outliers using SAINT (Bruker, 2001) and then
corrected for absorption by integration using SHELXTL/XPREP
(Bruker, 2001) before using SAINT/TWINABS (Bruker, 2001) to
sort, merge, and scale the combined data. Combined unit-cell
parameters were determined from both components using SAINT
(Bruker, 2001). The twin law by rows was (1, 0, 0.296), (0,-1,
0), (0, 0, -1). Non-overlapping reflections from the primary
orientation were used for phasing. Combined data with complete
or no overlap were used for refinement. No decay correction was
applied.

The structure was phased by dual space methods (Schneider,
2002). Systematic conditions suggested an ambiguous space group.
The space-group choice was confirmed by successful convergence
of the full-matrix least-squares refinement on F∧2∧. The highest
peaks in the final difference Fourier map were in the vicinity of
atoms C21_1, C1_3, and C6_2; the final map had no other
significant features. A final analysis of variance between observed
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and calculated structure factors showed little dependence on
amplitude or resolution; however, reflections in the h1l planes were
sensitive to minor changes in the proposed model. A summary of
the refinement details and the resulting factors are given in the
Supporting Information.

Electrochemical Methods.Cyclic voltammetry and differential-
pulsed voltammetry were performed using an EG&G potentiostat/
galvanostat 283. Anhydrous acetonitrile (Aldrich) was used as
solvent under a nitrogen atmosphere, and 0.1 M tetra(n-butyl)-
ammonium hexafluorophosphate (Aldrich) was used as the sup-
porting electrolyte. A glassy carbon rod was used as the working
electrode, a platinum wire was used as the counter electrode, and
a silver/silver chloride microelectrode was used as the reference
electrode.

Theoretical Methods.Geometry optimizations were performed
using the hybrid DFT functional B3LYP as implemented by the
Jaguar 6.0 program package.50 This DFT functional utilizes the
Becke three-parameter functional51 (B3) combined with the cor-
relation functional of Lee, Yang, and Par52 (LYP), and is known
to produce good descriptions of reaction profiles for transition-
metal-containing compounds.53,54The metals were described by the
Wadt and Hay55-57 core-valence (relativistic) effective core potential
(treating the valence electrons explicitly) using the LACVP basis
set with the valence double-ú contraction of the basis functions,
LACVP**. All of the electrons were used for all of the other
elements using a modified variant of Pople’s58,59 6-31G** basis
set, where the six d functions have been reduced to five. All of the
DFT calculations were calculated as unrestricted doublets.

Excited states were investigated theoretically using time depend-
ent DFT (TD-DFT) calculations with the Gaussian 03 program.60

To investigate the low-energy excitations in the Pt and Ir complexes,
TD-DFT calculations were performed using the B3LYP hybrid
functional51,52 together with the standard LanL2DZ basis set and
ECP specification, which uses the D95V valence double-ú basis
set61 for the light elements and the Los Alamos ECP plus DZ55 on
the metals.

Results and Discussion

Synthesis and Characterization. The C∧N chloride
complexes of Ir and Pt were treated with a base and 3,5-di-
tert-butylcatechol (3,5-dtbcat) to form the dark-colored
complexes of the dioxolene ligand. The reaction was carried
out under nitrogen to avoid oxidation of the deprotonated
catechol species. The organic base tetramethyl ammonium
hydroxide [N(Me)4OH] has good solubility in methanol and
is thereby miscible with the catechol in solution. This avoids
the use of thallium acetate that has previously been used for
the synthesis of ruthenium-dioxolene complexes.15 The
dark-green to black metal complexes of both platinum and
iridium were worked up and purified in ambient conditions
and are found to be stable. The iridium complex is sublimable
under vacuum at about 220°C.

The crystals for both of the compounds were grown
at room temperature over a period of one week by diffusion
of hexane into a dichloromethane solution. The Ir-sq
crystals are olive green in color and prismatic in shape,
whereas the Pt-sq crystals are green and brown and platelike
in appearance.

The structures of both Ir-sq and Pt-sq were determined
by X-ray crystallography. The thermal ellipsoid views of the
metal complexes are shown in Figure 2. The C-O bond
lengths in the semiquinone ligand of the two complexes are
1.28-1.30 Å (C1-O1 ) 1.295(5) and 1.285(7) Å, C2-O2
) 1.291(5) and 1.296(7) Å for Ir-sq and Pt-sq, respectively).
This bond distance is consistent with the C-O length found
in the semiquinone ligand in a large number of quinone
complexes.6 The six-carbon ring (C1 through C6) has
nonaromatic character with bond distances consistent with
other metal complexes of the same semiquinone ligand.21,62

The C1-C2 bond length within the chelate ring is 1.447(6)
Å for Ir-sq and 1.444(7) Å for the Pt-sq complex. This bond
distance corresponds to the semiquinone form of the ligand
in comparison to the 1.40 Å bond length for the same two
carbons in a catecholate ligand.6

In the Pt-sq complex, mirror symmetry was imposed on
two independent molecules separated by one half of a unit-
cell length along the uniqueb axis (Figure 2). The stacked
dimers have an interplanar spacing of 3.4 Å, whereas the
closest Pt-Pt distance is 3.47 Å. The metal-metal interac-
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Figure 1. Chemical structures of iridium and platinum complexes. The
structural isomer of Pt-sq, where the catechol ligand is rotated 180°, is
referred to as Pt-sq2.
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tion in the crystal is very weak; however, similar structures
in related Pt(II) complexes lead to dimer or excimer
structures in their excited state.63-71

EPR Spectra. Previous reports of metal complexes of
platinum and iridium with the dioxolene ligand show that
they are EPR active, withg values close to that of a free
electron.22-25 Both of the compounds, Ir-sq and Pt-sq, as
isolated in ambient conditions, appear as a sharp radical
signal centered atg ) 1.987 and 2.003, respectively, in the
room-temperature EPR spectra in toluene. This leads us to
conclude that the compounds are paramagnetic in nature and
that the catechol ligand is in the semiquinone form as a
radical anion. Theg values are comparable to those observed
for other platinum- and iridium-dioxolene complexes.

The heavy-metal complexes of platinum, iridium, ruthe-
nium, and osmium exhibit anisotropy that is observed at low
temperatures. The reported line width from peak to peak is
less than 10 G.19 Most of them do not show any coupling
features expected from hyperfine splitting caused by the
interaction of the unpaired electron with the metal nucleus.

(63) Ma, B.; Li, J.; Djurovich, P.; Yousufuddin, M.; Bau, R.; Thompson,
M. E. J. Am. Chem. Soc.2005, 127, 28-29.

(64) Yam, V. W.-W.; Wong, K. M.-C.; Zhu, N.J. Am. Chem. Soc.2002,
124, 6506-6507.

(65) Lai, S.-W.; Lam, H.-W.; Lu, W.; Cheung, K.-K.; Che, C.-M.
Organometallics2002, 21, 226-234.

(66) Yersin, H.; Dinges, D.; Humbs, W.; Strasser, J.; Sitters, R.; Glasbeek,
M. Inorg. Chem.2002, 41, 4915.

(67) Miskowski, V. M.; Houlding, V. H.Inorg. Chem.1989, 28, 1529-
1533.

(68) Connick, W. B.; Marsh, R. E.; Schaefer, W. P.; Gray, H. B.Inorg.
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(69) Bailey, J. A.; Hill, M. G.; Marsh, R. E.; Miskowski, V. M.; Schaefer,
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Figure 2. Thermal ellipsiodal views of (a) the Ir-sq complex and (b) the Pt-sq complex. Also shown is the packing diagram (c) of Pt-sq in a unit cell.
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There is no detectable coupling even to phosphorus atoms
in compounds of platinum and iridium with triphenylphos-
phines and 1,2-dioxolene type ligands,16,24 consistent with
preferential localization of the unpaired electron on the
semiquinone ligand. The ruthenium complex14 (bpy)2Ru-
(dtbsq) shows axially symmetric EPR at 77 K that lead the
authors to conclude that the molecular orbital containing the
unpaired electron is partially localized on the metal. In the
related osmium complex13 (bpy)2Os(dtbsq), rhombic structure
associated with low-spin d5 Os(III) in an octahedral environ-
ment is reported from the EPR spectrum at 77 K. Two
components atg1 ) 2.448 andg2 ) 1.71 are seen, butg3,
the third component at high field, is reported unobserved.
Hyperfine coupling is not observed for these ruthenium or
osmium complexes.

At 80 K, in glassy toluene, a rhombic spectrum (Figure
3) is obtained for Ir-sq withg1 ) 2.035,g2 ) 1.987, andg3

) 1.935 with peak-to-peak separation of about 10 G. The
parameters for Pt-sq (Figure 3) areg1 ) 2.042,g2 ) 2.006,
andg3 ) 1.958. The anisotropy reflects lower symmetry of
the electronic environment around the metal centers. Theg
value and the smallg spread indicate that the p orbital
contribution from the ligand is greater than that of the d
orbital from the metal, and thus, the unpaired electron is
localized mainly on the ligand. Low-spin d5 metal complexes
exhibit larger anisotropy, with a largeg spread, than the

values observed here.72 The line width corresponds to that
observed for other iridium(III) and platinum(II) complexes19

of dioxolene-type ligands.
No resolvable hyperfine features are observed. The hy-

perfine splitting is not seen, neither from the proton at C-4
of theo-semiquinone ligand nor from the metal nuclei (191Ir
or 193Ir, I ) 3/2; 195Pt, I ) 1/2). This agrees with the previously
reported absence of coupling features in similar metal
complexes.

The symmetry observations from EPR spectra suggest that
the ground-state electronic structures of both Ru and Os
complexes have a contribution from the metal orbitals, but
it is greater in the Os complex than in the Ru complex.
Similarly, we can say that mixing metal and ligand orbitals
in both the iridium and the platinum complexes results in
delocalization of the unpaired electron that gives them a
mixed ground-state electronic structure but with the unpaired
electron being localized mainly on the ligand.

(72) Hudson, A.; Kennedy, M. J.J. Chem. Soc. A1969, 1116.

Figure 3. Low-temperature EPR spectra of the iridium and platinum
complexes measured at 80 K in glassy toluene.

Table 1. Electronic Spectra and Electrochemical Data of Ir-sq and
Pt-sq

sample electronic spectraa electrochemical potentials

λmax/nm (ε/10-3 M-1cm-1) (V vs Fc+/Fc)b

Ir-sq 267 (36.7), 313 (21.2),
408 (4.27), 594 (3.07)

-2.68,-0.88,+0.08qr,
+0.90c, ir

Pt-sq 248 (30.2), 281 (15.2),
442 (6.00), 522 (3.05), 648 (3.08)

-2.34,-0.46,+0.34qr

a Dichloromethane solution, the molar absorption coefficients (ε) are
given in parentheses, and the measurements were made at room temperature.
b The potential reported here is the average of anodic and cathodic peak
potentials for a reversible process or the peak potential for an irreversible
process. Unless otherwise noted, the redox process is reversible. qr: quasi-
reversible; ir: irreversible.c Oxidation potential for the disolvento complex
of iridium.

Figure 4. Electronic spectra of (a) Ir-sq and (b) Pt-sq complexes measured
in dichloromethane at room temperature. The molar absorbance is in units
of M-1cm-1. The calculated transition energies (from TD-DFT) are shown
as bars.
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Electronic Spectra. The absorption spectra of both the
iridium and the platinum complexes show intense bands in
the ultraviolet region between 250 and 350 nm. These high-
energy bands can be assigned primarily to the allowed
1(π-π*) transitions of the C∧N cyclometalating ligand.47 The
molar absorptivity (Table 1) is higher for the iridium complex
than for the platinum complex because of the presence of
twice the number of C∧N ligands in the iridium complex.
The lower-energy transitions in the visible to near-infrared
region of the spectra are about an order of magnitude less
intense than the higher-energy ones,∼103 M-1 cm-1. The
visible to near-infrared region can be assigned as consisting
of the MLCT (metal-to-ligand charge transfer) transition
bands. The low-energy transition peaked between 600 and
650 nm is intense and broad. A weak, broad band also
extends to 1200 nm in the near-infrared region. The
semiquinone ligand (3,5-dtbsq) itself gives a similar spec-
trum. A broad low-energy transition centered at 650 nm (εmax

of about 500 M-1 cm-1) is observed in the spectrum of 3,5-
di-tert-butyl-o-benzosemiquinone in a basic DMF solution.73

The coupling of the ligand to the metal complex increases
the intensity of absorption in this region because of greater
charge transfer caused by the mixing of metal and ligand
orbitals (molecular modeling study below).

Both of the semiquinone complexes reported here were
examined for photoluminescence at room temperature and
at 77 K in 2-methyltetrahydrofuran. No visible emission is
observed in the visible or near-infrared region at any
temperature.

Electrochemistry. The electrochemical properties of the
complexes were examined using cyclic voltammetry and
differential-pulse voltammetry, and the data are summarized
in Table 1. The potentials that are reported here were
measured relative to a standard Ag/AgCl reference electrode
and are adjusted to internal ferrocene reference (Fc+/Fc
measured 0.436 V versus Ag/AgCl) for reporting in literature.

The Ir-sq complex shows four redox couples in the range
of -2.5 to +1.5 V (versus the Fc+/Fc couple). Part of the
cyclic voltammogram is shown in Figure 5. The dioxolene
ligand is in the semiquinone oxidation state at the beginning
of the experiment. The most-negative couple at-2.68 V (not
shown in Figure 5) has been observed from our studies of
related complexes with the same C∧N ligands28,47 and has
been assigned as the reduction potential for the metal bound
tpy ligand. The other negative redox peak at-0.88 V is a
fully reversible one-electron process. It is attributed to the
catechol/semiquinone couple. The analogous ruthenium
complex Ru(bpy)2(dtbcat) shows this couple at-0.91 V
versus Fc+/Fc in dichloroethane.14 The semiquinone/catechol
couple for the ligand, 3,5-di-tert-butylcatechol in the same
solvent, acetonitrile is observed at-1.75 V (vs Fc+/Fc).73

The positive potential process at+0.08 V for Ir-sq is quasi-
reversible. This implies that the oxidation of the semiquinone
form of the ligand to the quinone form leaves it unstable in
the medium and leads to the formation of some other species.
This new species grows in on repeated cycling. The ligand-
based redox couples are observed even on multiple cycles.
This kind of slow decomposition pathway has been observed
at room temperature in metal-catecholate complexes.24-26

The unstable quinone form results in the formation of a
disolvento complex of acetonitrile and a free quinone (Q).
The chemical process responsible for this decomposition in
[(triphos)MIII (DTBCat)]3+, where M) Ir, Rh, Co, acceler-
ated with an increase in temperature and was not observed
at low temperatures.

The most-positive couple observed at a potential of+0.90
V is reversible in Ir-sq. It relates to the oxidation of the bis-
acetonitrile-iridium moiety in the solvent-coordinated cat-
ionic species. It could correspond to the Ir(III)/Ir(IV) couple.

(73) Stallings, M. D.; Morrison, M. M.; Sawyer, D. T.Inorg. Chem.1981,
20, 2655.

Figure 5. Cyclic voltammograms of Ir-sq and Pt-sq complexes measured
in acetonitrile at room temperature. The potentials are shown relative to
the internal reference couple Fc+/Fc. TBAP (0.1 M) was used as the
supporting electrolyte.

Figure 6. Spin densities calculated from the density functional theory
method for the Ir-sq (left) and Pt-sq (right) complexes. The substituents
are not shown, for easier visualization. About 5% of the spin density resides
on the metal center with the rest almost exclusively on the semiquinone
ligand. Full spin density distributions can be found in the Supporting
Information.

Scheme 2

[(typ)2Ir
III (dtbq)]98

MeCN
[(tpy)2Ir

III (NCMe)2]
+ + Q
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Similar data is observed for cyclic voltammetry on the
Pt-sq complex. The separation in the two ligand-based
couples is about 0.8 V for the Pt complex versus 0.96 V for
the Ir complex. This separation is about 0.8 V in the
electrochemical process of the ligand 3,5-di-tert-butylcatechol
(3,5-DTBCat).73 Because the oxidation of complexes is
irreversible, this difference is not a clear measure of the
HOMO-LUMO energy gap. In contrast to the Ir complex,
Pt-sq does not appear to form a new species on oxidation,
or one that does not have observable electrochemistry. The
square-planar Pt(III) metal center is highly susceptible to
nucleophilic attack by solvent, making the Pt(II/III) couple
irreversible. Both the Pt(II/III) and the sq/q oxidations could
be occurring under our conditions, both of which are
expected to lead to rapid ligand substitution and complex
degradation. The most-negative reduction potential (-2.34
V) involves reduction of the cyclometalating ligand and falls
at a less-negative potential than the same reduction for Ir-
sq. This is due to the presence of two electron-withdrawing
fluorine atoms on the C∧N ligand of Pt-sq, facilitating its
reduction.

The addition of ferrocene (as an internal reference) to the
solution for electrochemistry of Ir-sq results in a visible
change in color, suggesting the formation of a charge-transfer
complex. Cyclic voltammetry on this solution results in
gradual disappearance of the previously observed redox
peaks. Similar behavior is observed for Pt-sq.

DFT Calculations. Calculations were carried out on Ir-
sq and on both isomers of Pt-sq (referred to as Pt-sq1 and
Pt-sq2, Scheme 2). The results of the Pt-sq calculations
showed very little difference between the two isomers, with
an energy difference of only 0.1 kcal/mol. Thus, they should
be considered isoenergetic within the margin of error of the
calculations. The change in spin density was insignificant
(root-mean-square of change) 0.01 electrons), whereas the
change in orbital energies was about 1 kcal/mol on
average.

Calculations were also done on the model compounds of
the two complexes that use simplified (less-substituted)
analogs of the metal complexes for the calculations, where
the methyl or fluoro groups on the phenylpyridine moieties
and thetert-butyl groups on the semiquinone moieties are
replaced with hydrogens. This significantly reduces the size

and, consequently, the computational cost of the systems.
There is no significant difference in the spin density in the
model systems.

The spin densities in the calculated complexes are shown
in Figure 6. For both metal complexes, the spin density is
centered mainly on the semiquinone ligand, only a small
metal contribution. The calculated mulliken spin populations
show the presence of 0.95 electrons on the semiquinone in
the Ir complex and 0.94 electrons in the Pt complex. In both
cases,∼0.04 electrons reside on the metal, with the rest on
the other ligands. This indicates that the metals should be
considered PtII and IrIII complexes with an open-shell
semiquinone ligand, which supports our observations
from the EPR spectra. Furthermore, the spin density is in
agreement with the spin density calculated for the isolated
ligand 3,5-dtbsq, located mostly on the oxygen atoms of the
ligand.74

Molecular orbital pictures, for the Ir-sq (Figure 8) and Pt-
sq (Figure 9) complexes, of the different energy levels mainly
involved in the redox and excitation processes obtained by
the calculations, are shown for theâ electron. The difference
in energy levels for theR andâ electrons75 (Figure 7) are
listed in Table 2. It should be noted that the HOMO (highest
occupied molecular orbital) of theR electron (theR HOMO)
does not necessarily have the same symmetry as the LUMO
of theâ electron (theâ LUMO) because of orbital reordering.
Though the symmetry of theR HOMO matches that of the
â LUMO in the platinum complex, this is not true in the
iridium complex. In the iridium complex, the two highest-
occupiedR molecular orbitals (R HOMO andR HOMO-1)
are nearly degenerate (the energy difference is less than 2
kcal/mol). TheR HOMO corresponds in symmetry to theâ
HOMO, whereas theR HOMO-1 corresponds to theâ
LUMO.

TD-DFT Calculations. We also performed time-depend-
ent density functional (TD-DFT) calculations on the Ir-sq
and Pt-sq complexes to explain the experimentally observed
electronic behavior of the two metal complexes. The transi-

(74) Wheeler, D. E.; Rodriguez, J. H.; McCusker, J. K.J. Phys. Chem. A
1999, 103, 4101.

(75) By convention, then spin-up electrons are referred to as theR electrons,
whereas the (n - 1) spin-down electrons are referred to as theâ
electrons.

Figure 7. Naming scheme used in this work for open-shell molecules.

Hirani et al.

3872 Inorganic Chemistry, Vol. 46, No. 10, 2007



tion energies obtained from calculations on both open-shell
complexes are shown in Figure 4. The calculated absorption-
peak positions are in good agreement with those in the
measured spectrum for each complex. The difference in the
two systems is discussed later in the section.

The calculations provide a list of the electronic transitions
that contribute to each of the excited states, the oscillator
strength of the transition to an excited state, and the
expansion coefficient that relates to the percent contribution
of the different excitations to the particular excited state

(Table 3). The results show that the lowest-energy excitations
come from theâ molecular orbitals, in accordance with the
orbital energy differences discussed above.

In the iridium complex in dichloromethane solvent, the
transition at a wavelength of 571 nm is the most favorable
low-energy transition with oscillator strength of about 0.09.
This corresponds to the measured molar absorption maximum
at 594 nm for the analogous experimental complex. The
calculations show that this transition comes mainly from the
â-HOMO-2 to theâ-LUMO excitation. The orbital pictures

Figure 8. â molecular orbitals of Ir-sq complex obtained from TD-DFT calculations. The model (simplified) system is shown on the right.
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(Figure 8) show a good degree of overlap in the iridium metal
d orbitals of the two molecular orbitals. Both theâ HOMO
and theâ HOMO-1 have very poor orbital overlap with the
â LUMO, and thus the excited state has almost no contribu-
tion from these excitations. This leads us to conclude that
the electronic transition in the red to near-infrared region is
primarily a HOMO-2f LUMO excitation of theâ electron
of the iridium complex.

Theoretical calculations were done on the two structural
isomers of the platinum complex in dichloromethane solvent,
that is, Pt-sq1 and Pt-sq2. In the platinum complex, the

electronic transition from theâ-HOMO-1 molecular orbital
to theâ-LUMO molecular orbital contributes most signifi-
cantly to the absorption at a wavelength of 592 nm for Pt-
sq1 and theâ-HOMO-2 molecular orbital to theâ-LUMO
molecular orbital at 604 nm for Pt-sq2. The â-HOMO-1
molecular orbital of Pt-sq1 identifies with theâ-HOMO-2
molecular orbital of Pt-sq2. This excitation results from a
good orbital overlap (Figure 9). Most of the electron density
is centered on the semiquinone ligand, and some is centered
on the metal center. For both isomers, theâ HOMO has
poorer orbital overlap with theâ LUMO, which results in a
very small percent contribution to the excited states (less
than 10%). Similarly, theâ HOMO-2 has almost no overlap
with theâ LUMO because the metal d orbitals are orthogonal
to each other in the two orbitals of Pt-sq. The molecular
orbital pictures that correspond to the excitation energy of
transitions clearly indicate that the lowest-energy transition
is aâ-HOMO-1 f â-LUMO excitation or aâ-HOMO-2 f
â-LUMO excitation and not a HOMOf LUMO excitation
(of either spin).

Another excited-state transition of significant oscillator
strength was calculated at wavelengths of 494 nm (f ) 0.10)
in Pt-sq1 and 526 nm (f ) 0.21) in Pt-sq2. The major
contribution to this state comes from theâ-HOMO-3 f
â-LUMO excitation. Yet another excited-state transition (at
476 nm in Pt-sq1 and at 445 nm in Pt-sq2) that is of significant

Figure 9. â molecular orbitals of Pt-sq complex obtained from TD-DFT calculations.

Table 2. Molecular Orbital Energy Differences (in kcal/mol) in the
Ground State of the Ir-sq and Pt-sq1 Complexesa

molecular orbitals of Ir-sq

∆E for the
R electron
(kcal/mol)

∆E for the
â electron
(kcal/mol)

E(HOMO) - E(LUMO) 77.50 48.28
E(HOMO-1) - E(HOMO) 3.81 15.17
E(HOMO-2) - E(HOMO-1) 18.88 4.13

molecular orbitals of Pt-sq

∆E for the
R electron
(kcal/mol)

∆E for the
â electron
(kcal/mol)

E(HOMO) - E(LUMO) 75.56 58.52
E(HOMO-1) - E(HOMO) 18.11 8.35
E(HOMO-2) - E(HOMO-1) 9.89 4.28
E(HOMO-3) - E(HOMO-2) 0.32 1.28

a The molecular orbitals that are involved in low-energy charge-transfer
transitions (TD-DFT) are listed.

Hirani et al.

3874 Inorganic Chemistry, Vol. 46, No. 10, 2007



strength (0.1 and 0.06) results mainly from anR-HOMO to
R-LUMO excitation. The calculations show a weak low-
energy transition in the near-infrared region for both Ir-sq
(758 nm, 0.0045 oscillator strength) and Pt-sq (840 and 877
nm, 0.003 oscillator strength) complexes (Figure 4). This
transition involves theâ HOMO-1 andâ LUMO of Ir-sq
and primarily theâ HOMO andâ LUMO of Pt-sq. The poor
orbital overlap explains the lower oscillator strength. The
calculated low-energy transition corresponds to the tail of
the absorption band observed in the electronic spectra of the
two complexes.

It should be noted that despite minor discrepancies the
calculations suggest that two isomers in the Pt-sq complex
are not significantly different in their low-energy electronic
excitations. Also, the model system works to a certain extent
in our theoretical understanding of the electronic structure
of compounds. A comparative analysis of the simplified
model system with the full system suggests that the molecular
orbitals that contribute significantly to the excited states are
of the same density for both systems. There is a clear
difference in the two systems in their calculated excitation
energies in the low-energy region of the spectra. In our results
on both complexes, the model system is lower in absolute
energy than the full system. Nevertheless, the interpretation
of the electronic structure of the complexes is the same for
either system.

Thus, the theoretical calculations show that the low-energy
electronic transitions observed in the open-shell iridium and
platinum complexes are a result of excitations ofâ electrons
from a HOMO-n (n is an integer,n g 1) to the LUMO.
This suggests that the relaxation of the excitedâ electron
from the LUMO into the filled molecular orbitals could occur
through a series of rapid internal conversion processes,
leading to no observable emission in the red to near-infrared
region of the electromagnetic spectrum. Transient absorption
spectroscopy of the complexes in the picosecond to femto-
second range could support the above argument.

Conclusions

A combination of experimental and theoretical approaches
is used to investigate the electronic properties of iridium and
platinum dioxolene complexes. The synthesis of Ir-sq and
Pt-sq neutral complexes was achieved by coupling the

catechol ligand to the cyclometalated complex in the presence
of a base under ambient conditions. The two third-row
transition-metal complexes are characterized by crystal-
lography. The bond lengths of the catechol ligand indicate
that it is in the semiquinone form in the two complexes. This
observation is also supported by the electronic configuration
as determined by density functional theory calculations. The
low-energy transitions and the rhombic EPR spectra suggest
that the unpaired electron resides mainly on the semiquinone
ligand with Ir(III) and Pt(II) as the metal oxidation states.
The reversible redox couple of semiquinone and catechol
and the density functional theory calculations support the
localization of charge on the ligand. The electrochemical
oxidation results in solvent-coordinated complexes, implying
the poor stability of the quinone complexes. The low-energy
metal-to-ligand charge-transfer transitions calculated from
time-dependent density functional theory calculations overlap
fairly well with the observed absorptions of the two open-
shell molecules. The calculations provide a good picture of
the molecular orbitals and of the difference in orbital energies
showing that theâ-electron excitation is favored over the
unpairedR electron in both of the complexes. This vertical
excitation and a possible internal relaxation help us under-
stand the lack of luminescence in the visible to near-infrared
region of the spectrum. The rapid internal conversion
observed for these complexes suggests that they will not be
useful as light absorbing or sensitizing materials in solar cells
because internal conversion will likely deactivate the excited
state faster than charge separation.
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Table 3. Excitations in the Ir-sq and Pt-sq Complexes that Contribute to the Charge-Transfer Transition in the Red to Near-Infrared Region along with
Their Relative Contributions Given by the Expansion Coefficientsa

excitation
wavelength

(nm)

excitation
energy
(eV)

oscillator
strength,f

excited state
(major contribution)

expansion
coefficient

Ir-sq 571.54 2.1693 0.0918 HOMO-2f LUMO, 0.76590
HOMO-3 f LUMO 0.51939

Ir-sq, model system 625.61 1.9818 0.0980 HOMO-2f LUMO, 0.86547
HOMO-3 f LUMO 0.39865

Pt-sq1 591.77 2.0951 0.0409 HOMO-1f LUMO 0.92845
Pt-sq2 604.31 2.0517 0.0272 HOMO-2f LUMO 0.90972
Pt-sq, model
system

667.46 1.8576 0.0578 HOMO-1f LUMO 0.89196

a The oscillator strength indicates the strqength of absorption at that wavelength.
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