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ABSTRACT: A series of cyclometalated iridium(III) com-
plexes has been designed and synthesized, and their
photophysical, photochromic, and electrochemical properties
have been studied. The X-ray crystal structure of complex 2
has been determined. The emission properties of the
complexes have been shown to be readily perturbed through
the modification of the electronic properties of the phenyl-
pyridine ligand. With different substituents at the phenyl-
pyridine ligand of iridium(III) complexes of 1 (−H), 2
(−OMe), 3 (−CHO), and 4 (−CF3), they can display intense
3MLCT [dπ(Ir) → π*(diimine)] luminescence from 530 to
640 nm to span across the green to orange region. The spectral assignment is also in agreement with the electrochemical studies
and DFT calculations. In addition, the photochromic behavior can be easily modulated by varying the substituents on the C∧N
ligand without the need for tedious modification of the spirooxazine framework. By analyzing the kinetic profiles of backward
bleaching reactions, less electron-rich iridium(III) complexes can stabilize the merocyanine form with a higher activation
barrier. The studies have provided not only fundamental understanding on structure−property relationships that govern the
versatile luminescence behavior of these Ir(III) complexes but also the guiding principles in the molecular design for the future
developments of visible light-driven photoswitches.

■ INTRODUCTION

Due to the potential applications in the development of optical
data storage, molecular switching and various other applica-
tions, the exploration of photochromic materials has attracted
tremendous interests in many research areas.1−9 Photochromic
spirooxazines are one of the most popular families among
photochromic compounds due to their reversible chemical
transformations and clean interconversion between two
different molecular states simply triggered by light and
heat.10,11 In general, spirooxazines undergo a photoinduced
ring-opening reaction to form a merocyanine (MC) structure
under UV light excitation, and most researches have focused
on the organic system. It was only until 1998 that there has
been a growing trend in the studies of integrating spirooxazine
moiety as ligand into different metal centers to give interesting
classes of metal complexes with novel and distinctive
properties.12−21 In particular, one important strategy that has
been demonstrated in these spirooxazine metal complex
systems is the achievement of intramolecular photosensitiza-
tion.13,17,20 One way to achieve photosensitization of the
spirooxazine moiety is by intramolecular triplet energy transfer

from the visible light-absorbing metal-to-ligand charge transfer
(MLCT) excited state using a less destructive and less harmful
excitation source. For example, we have reported the
photosensitization of spirooxazine moiety by 3MLCT excited
state of rhenium(I) tricarbonyl diimine complex system.13 The
strategy has also been adopted in other metal complex systems,
for instance, Zn19 and Pt,21 as an important approach to fine-
tune their photophysical and photochromic properties.
Cyclometalated iridium(III) complexes have been demon-

strated to display intense phosphorescence at room temper-
ature. They are widely explored in the field of organic light-
emitting diodes (OLEDs) and molecular sensors as lumino-
phores,22−29 while their utilizations in photochromic reaction
or sensitization are relatively less explored. Moreover, the
energy of the 3MLCT excited state of the Ir(III) complexes can
be easily modulated by introducing different substituent groups
on the cyclometalating C∧N ligand to adjust the energy of the
highest occupied molecular orbital (HOMO) as well as the
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overall optical bandgap. Therefore, it is envisaged that the
combination of the rich excited state properties of Ir(III)
complexes with the photochromic spirooxazine-containing
ligand may provide attractive features for the development of
multifunctional photoswitchable materials. Herein are de-
scribed the design and synthesis of a series of spirooxazine-

containing cyclometalated Ir(III) complexes. Complexes 1−4
with the photochromic spirooxazine-containing diimine ligand,
together with the phenylpyridine (ppy) ligands of different
electronic properties, 1 (−H), 2 (−OMe), 3 (−CHO), and 4
(−CF3) have been prepared to provide an in-depth
investigation into fine-tuning their optical features (Scheme

Scheme 1. Synthetic Routes to Spirooxazine-Containing Bipyridine Ligand and Cyclometalated Iridium(III) Complexes

Figure 1. Structure of complex 2 with atomic numbering. Hydrogen atoms have been omitted for clarity. Thermal ellipsoids are shown at the 30%
probability level.
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1). The crystal structure and photophysical, photochromic, and
electrochemical properties of these complexes have been
investigated in detail to rationalize the molecular design
strategy in coupling the tunable optical and excited state
properties of the iridium(III) complexes for their application as
photochromic materials.

■ RESULTS AND DISCUSSION
Synthesis. The synthetic routes of spirooxazine-containing

bipyridine ligand (bpy-SO) and four iridium(III) complexes
[Ir(C∧N)2(bpy-SO)]

+PF6
− (complexes 1−4) are shown in

Scheme 1. The free ligand of bpy-SO was synthesized by
modification of a literature method.17 The cyclometalated
chloride-bridged Ir(III) dimers, [Ir(C∧N)2(μ-Cl)]2, were
obtained by the Nonoyama reaction.30 Substitution of
[Ir(C∧N)2(μ-Cl)]2 with the diimine ligands in anhydrous
dichloromethane at 50 °C, followed by metathesis with KPF6,
afforded pure forms of complexes 1−4 after purification by
column chromatography on silica gel and subsequent
recrystallization from dichloromethane/hexane. The identities
of iridium(III) complexes 1−4 have been confirmed by 1H
NMR spectroscopy, MALDI-TOF mass spectrometry, and
satisfactory elemental analyses. Complex 2 has also been
structurally characterized by X-ray crystallography.
X-ray Crystal Structure Determination. Single crystals

of complex 2 have been obtained by slow diffusion of hexane
into a concentrated dichloromethane solution of the complex.
A perspective drawing of complex 2 is depicted in Figure 1,
and the selected bond lengths and angles are summarized in
Table 1. Complex 2 adopts a distorted octahedral geometry at

the iridium(III) atom, and the C−Ir−N and N−Ir−N bond
angles are between 174.3 and 174.7°, deviating from the ideal
180° due to the steric demand exerted by the bite angles of the
ppy-OMe and diimine ligands. The two ppy-OMe ligands are
coordinated to the iridium(III) center in a cis configuration.
The trans influence of the carbon donors renders slightly
longer Ir−N bond lengths for the diimine ligand (2.139 and
2.151 Å) than that in the ppy-OMe ligand (2.038 and 2.042
Å). The bite angles of C−Ir−N in the ppy-OMe ligand (80.4
and 80.5°) are slightly larger than the N−Ir−N angle of the
diimine ligand (76.3°). Similar observations have been
reported in the related cyclometalated iridium(III) polypyr-
idine systems, [Ir(C∧N)2(N

∧N)]+.31−35 The bond length of
the spiro C−O moiety in complex 2 is 1.461 Å, which is
slightly longer than the common bond length of a C−O bond
(1.43 Å) in other oxazine systems.36−39 This indicates that the
spiro carbon−oxygen bond may be more readily cleaved when
compared to the ordinary C−O bond, a phenomenon that is
commonly found in the spirooxazine system.36−39 In addition,
the interplanar angle between the indoline and naphthoxazine
planes of 2 is 87.98°, which suggests an essentially orthogonal
arrangement among these π-conjugated rings, possibly to
minimize the steric repulsion between the spirooxazine system
of neighboring molecules.19,37,38

Photophysical Properties. The electronic absorption
spectra of the free ligand, bpy-SO, in CH2Cl2 shows very
intense intraligand (IL) π−π* absorption bands of the
bipyridine and indoline moieties at about 280 and 300 nm,
as well as moderately intense IL π−π* absorption of the
naphthoxazine moiety observed at 318, 348, and 365 nm as
reported in the literature.17,40 Complexes 1−4 in dichloro-
methane exhibit very intense absorptions at 280−360 nm and
moderately intense bands at about 380−500 nm in their
electronic absorption spectra (Figure S1). With reference to
previous studies on iridium(III) bipyridine complexes and
related spironaphthoxazine-containing transition metal com-
plexes, the intense absorption bands at 280−360 nm are
assigned to the IL π−π* transitions of spirooxazine-containing
bipyridine ligand and C∧N ligands, whereas the relatively low-
energy bands are assigned as a mixture of spin-allowed and
spin-forbidden metal-to-ligand and ligand-to-ligand charge
transfer (MLCT/LLCT) transitions.13,17,21,41−46 The photo-

Table 1. Selected Bond Lengths [Å] and Bond Angles [deg]
with Estimated Standard Deviations (esds) in Parentheses
for Complex 2

C(11)−Ir(1) 2.023(6) Ir(1)−N(2) 2.042(5)
C(12)−Ir(1) 2.009(6) Ir(1)−N(3) 2.151(5)
Ir(1)−N(1) 2.038(5) Ir(1)−N(4) 2.139(5)
C(45)−O(7) 1.461(10)
C(11)−Ir(1)−N(1) 80.5(2) C(11)−Ir(1)−N(3) 174.4(2)
C(12)−Ir(1)−N(2) 80.4(2) C(12)−Ir(1)−N(4) 174.3(2)
N(3)−Ir(1)−N(4) 76.25(19) N(1)−Ir(1)−N(2) 174.72(19)

Table 2. Photophysical Data for the Complexes

emission

compound absorption λmax [nm] (εmax [dm
3 mol−1 cm−1])a

medium
(T [K])

λem [nm]
(τ0 [ns])

b φem kr [s
−1]e

1 294 (45000), 368 (14120), 404 sh (9230), 494 (1600) CH2Cl2 (298) 625 (44.8) 4.3 × 10−2 9.59 × 105

glass (77)c 540
1 (PMC)d glass (77)c 677
2 278 (51550), 294 sh (43740), 347 (29560), 390 sh (11370), 512 (1230) CH2Cl2 (298) 640 (38.8) 3.5 × 10−2 9.02 × 105

glass (77)c 550
2 (PMC) glass (77)c 679
3 273 (67000), 292 (61850), 363 (20150), 384 sh (13020), 423 (6810),

478 (2880)
CH2Cl2 (298) 600 (4.4) 2.43 × 10−2 5.54 × 106

glass (77)c 521, 563, 608
3 (PMC) glass (77)c 685
4 322 (22930), 348 (16390), 420 sh (4650), 478 sh (1640) CH2Cl2 (298) 530 (18.4) 6.19 × 10−2 3.36 × 106

glass (77)c 489, 526, 560
4 (PMC) glass (77)c 675

aIn dichloromethane at 298 K. bExcitation wavelength at ca. 420 nm. cEtOH−MeOH (4:1, v/v). dPMC: photomerocyanine form. eRadiative rate
constant is calculated by kr = Φ/τ, where Φ is the luminescence quantum yield and τ is the luminescence lifetime.
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physical data for the ligand and the complexes are summarized
in Table 2.
Upon excitation at λ = 366 nm, the free bpy-SO ligand

exhibits two emission bands at 440 and 530 nm in CH2Cl2 at
room temperature (Figure S2), attributed to the ligand-
centered π−π* excited state.12,13,17 Excitation of complexes 1−
4 in dichloromethane at λ > 400 nm at room temperature
shows tunable luminescence properties (Figure 2). Intense

structureless emission has been observed, and the emission
energy maxima are between 530 and 640 nm, which are
dependent on the electronic properties of the C∧N ligands.
These structureless emission bands are assigned to be
originated from the 3MLCT [dπ(Ir) → π*(diimine)] excited
state, probably mixed with some 3LC character for complexes
1−4. The increasing electron-deficiency of the aryl moiety on
the C∧N ligands from 2 (−OMe) to 1 (−H), to 3 (−CHO),
and to 4 (−CF3) would give a lower-lying dπ(Ir)/π(Ar)
HOMO energy, leading to a gradual hypsochromic shift of the
emission band, with emission energy in the order of 2 (640
nm) < 1 (625 nm) < 3 (600 nm) < 4 (530 nm), which is
consistent with the 3MLCT/3LLCT(Ar → py) origin. This has
also been supported by the TD-DFT calculations.
Complexes 1−4 also exhibit luminescence in EtOH−MeOH

(4:1 v/v) glass from 489 to 608 nm at 77 K (Figure S3). The
emissions are also tentatively assigned as 3MLCT phosphor-
escence, probably mixed with some 3LC character for 1−4.
Upon excitation at 365 nm, the free ligand and complexes 1−4
in dry-ice−acetone baths at 195 K can also be transformed
from the closed forms to the corresponding open forms with
reduced thermal bleaching reaction rates. The open forms of
complexes 1−4 and the free ligand show emission bands at
675−685 nm in EtOH−MeOH (4:1 v/v) glass at 77 K (Figure
S4). The emission profiles and energies of the open
merocyanine forms of the complexes and the free ligand are
similar and insensitive to the change in the C∧N ligands.
Therefore, the emissions are assigned as 3LC phosphorescence
of the merocyanine form of the spironaphthoxazine moi-
ety.17,19,47

Bleaching Reaction Kinetics. Complexes 1−4 have been
found to display a drastic color change in degassed
tetrahydrofuran solution upon excitation at 365 nm, attributed
to the photochromic reaction. The mechanism of photo-
chromic reaction of the spirooxazine is suggested to go through
the photocleavage of the relatively weak spiro carbon−oxygen
bond, resulting in the formation of the photomerocyanine form
with an increased extent of π-conjugation at the photosta-

tionary state (PSS). However, the open form is thermally
unstable and quickly undergoes bleaching reaction back to the
closed form. The kinetics for the bleaching reactions of the
merocyanine open forms of complexes 1−4, after excitation at
365 nm, have been investigated in tetrahydrofuran solution by
UV−vis absorption spectroscopy at various temperatures. By
monitoring the absorbance at 600 nm for complexes 1−4, the
kinetic properties for the thermal backward bleaching reactions
are measured and the activation parameters are determined
using the Eying and Arrhenius equations. The UV−vis spectral
changes of the open forms of complexes 1−4 with time, along
with the decay traces for the absorbance at 600 nm are shown
in Figures S5−S12, and Figure S13 shows the difference in
UV−vis spectra between the close form and open form in the
Supporting Information. The Eyring and Arrhenius plots have
also been constructed accordingly to obtain the thermody-
namic activation parameters (Table 3). The positive values for

the activation enthalpies indicate that the bleaching reaction is
a thermally activated process.17,19 The activation entropy of
the complexes are determined to be in the range from +11.36
to +37.81 J mol−1K−1, which follow the same trend as their
corresponding ΔH⧧ values. With the increase in electron
deficiency of the C∧N ligands (−OMe < −H < −CHO <
−CF3), the rates of the bleaching reaction decrease (2 > 1 > 3
> 4) at the same temperature with the ascending value of their
ΔH⧧ and the free energy of activation ΔG298K

⧧ as well as the
activation energy Ea. This may be due to the electron-deficient
nature of the C∧N ligands, which can stabilize the merocyanine
form. Similar findings have also been reported on the
stabilization of 6-nitro-merocyanine (6-nitro-BIPS) against
thermal backward reaction to the spirooxazine form compared
to the unsubstituted and more π-conjugated analogue,48,49

given the electron-deficient nature of the nitro-substituent
which can inductively stabilize the dipolar resonance forms of
merocyanine to increase the activation barrier for the thermal
backward reaction.48,49 A careful investigation of the variation
between ΔH⧧ and ΔS⧧ in complexes 1−4 has been performed
and an isokinetic relationship has been observed (Figure 3).
This shows a common bleaching reaction mechanism for the
complexes. From the slope of the plot, an isokinetic
temperature of 344 K for the bleaching reaction is obtained.
Besides, it is interesting to note that with the attachment of

−CF3 substituents to aryl ring of the C∧N ligand, the 3MLCT
excited energy of the current spirooxazine-containing cyclo-
metalated iridium(III) system can be shifted to a higher energy
of about 225 kJ mol−1 (530 nm), which is higher or
comparable to the triplet excited state energies of spirooxazines
(210−225 kJ mol−1).17 Moderately intense MLCT absorption
in the range of 400−500 nm in the visible region have also
been observed in the current iridium(III) system. As a result,
by further modifying their structure and electronic properties,
it is possible to employ less destructive visible light to sensitize

Figure 2. Normalized emission spectra of complexes 1−4 in degassed
dichloromethane at room temperature.

Table 3. Activation Parameters for the Bleaching Reaction
of the Complexes in Tetrahydrofuran Solution

ΔH⧧

(kJ mol−1)
ΔS⧧

(J mol−1 K−1)
ΔG298K

⧧

(kJ mol−1) Ea (kJ mol−1)

1 79.1 ± 1.59 19.86 ± 5.3 73.18 ± 3.17 81.59 ± 1.58
2 75.86 ± 1.09 11.36 ± 3.64 72.47 ± 2.17 78.35 ± 1.08
3 84.21 ± 1.32 35.39 ± 4.39 73.66 ± 2.63 86.71 ± 1.31
4 85.07 ± 1.73 37.81 ± 5.77 73.80 ± 3.45 87.56 ± 1.72
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the photochromic ring-opening reaction via the MLCT excited
state. This further indicates the vital role in the structure−
property correlation of the cyclometalated iridium(III)
complexes and how this provides the tunability and functions
as a unique class of photochromic materials. Therefore, with
the appropriate molecular design strategy, it is possible to build
versatile molecular materials with switchable and desirable
functions.
Electrochemical Studies. The electrochemical properties

of the cyclometalated iridium(III) diimine complexes are
studied by cyclic voltammetry in acetonitrile (0.1 mol
dm−3 nBu4NPF6). The electrochemical data are summarized
in Table 4. Generally, complexes 1−4 show an irreversible

oxidation wave at ca. +1.11 V and a quasi-reversible oxidation
couple at potentials between ca. +1.31 and +1.87 V versus SCE
(Figures S14−S17). The first irreversible oxidative wave is
assigned to the oxidation of the spirooxazine moiety, which is
analogous to that observed for the related [Re(CO)3(bpy-
SO)Cl]17 and platinum(II) bipyridine complexes.21 With
reference to the electrochemical studies on related classes of
cyclometalated iridium(III) diimine complexes,50−56 the
second quasi-reversible oxidation couples are assigned to
metal-centered Ir(IV/III) oxidation process with significant
contribution from the C∧N ligands. The potential for the
oxidation is found to be in the order 4 (+1.87 V) > 3 (+1.60
V) > 1 (+1.40 V) > 2 (+1.31 V), in line with the electron-
deficient nature of the C∧N ligands: −CF3 > −CHO > −H >
−OMe. The electron-deficient C∧N ligand can stabilize the
dπ(Ir) orbital, rendering more positive potential required for
the oxidation process.
In contrast, complexes 1−4 exhibit the first quasi-reversible

reduction couples at ca. −0.88 to −0.92 V versus SCE, which is
tentatively assigned to reduction of the diimine ligands
(Figures S14−S17). The second quasi-reversible reduction
couples at ca. −1.40 to −1.49 V versus SCE are tentatively

associated with the reduction of the C∧N ligands, as they are
commonly observed in related system.57−63 Even though the
changes are small, the reduction potential can still be
correlated to the electron-deficient nature of the C∧N ligands,
with 4 being most electron-deficient and having the least
negative reduction potential (−1.40 V). the others follow the
order 3 (−1.46 V) > 1 (−1.47 V) > 2 (−1.49 V), arising from
the larger stabilization of the π*(C∧N) orbital with the most
electron-deficient C∧N ligands. It is also noted that the trend
of the HOMO−LUMO energies determined from the
electrochemical studies is in accordance with their lumines-
cence energies, suggesting the rational design strategy in fine-
tuning the spectroscopic properties of the iridium(III)
complexes by variation of their electronic features. This may
provide the opportunity in coupling the spectroscopic
properties to their functional applications.

Computational Study. To investigate the electronic
structures and the nature of the absorption and emission
origins of these iridium(III) complexes, density functional
theory (DFT) and time-dependent DFT (TDDFT) calcu-
lations have been performed on complexes 1−4. Given in
Figure S26 are the ground-state geometries of 1−4 optimized
in dichloromethane with the hybrid B3LYP functional using
the Coulomb-attenuating method (CAM-B3LYP),64 which
combines the hybrid qualities of B3LYP and the long-range
correction. In 1−4, the Ir−C bonds are ca. 2.0 Å while the Ir−
N bonds are ca. 2.1 Å, and the angles of the trans ligands at the
metal center are ca. 173°, indicating that complexes 1−4 have
similar structures. Moreover, the optimized structure of 2 is
consistent with the experimental X-ray crystal structure shown
in Figure 1, as their bond lengths and bond angles are close to
each other. The simulated absorption spectra of 1−4 are
shown in Figures S27−S30. The first 15 singlet−singlet
transitions of 1−4 computed by the TDDFT/CPCM
(CH2Cl2) method are summarized in Table S2, and selected
molecular orbitals involved in the transitions are shown in
Figures S31−S34. It should be noted that the singlet−triplet
transitions have zero oscillator strengths as spin−orbit
coupling is neglected in the TDDFT calculations. For the
sake of the comparison of the low-energy singlet−triplet
transitions in the experimental and simulated absorption
spectra, the regions from 300 to 600 nm showing the
singlet−triplet transitions with arbitrary oscillator strengths
are included in the insets in Figures S27−S30. From Table S2
and Figures S31−S34, the S0 → S1 transitions of 1−4 have
negligibly small oscillator strengths (0.001), so the S0 → S2
transition is considered. For 1, 3, and 4, the S0 → S2 transitions
are attributed to the excitations from the dπ orbital of the
metal center with mixing of the π orbital on the C∧N ligands to
the π* orbital on the C∧N ligands. Therefore, their low-energy
absorption bands can be assigned as 1MLCT [dπ(Ir) →
π*(C∧N)] transition. For 2, the S0 → S2 transition is attributed
to the excitation from the dπ orbital of the metal center with
some mixing of the π orbital on the C∧N ligands to the π*
orbital on the two pyridine moieties of the diimine ligand. As a
result, the low-energy absorption band of 2 can be assigned as
predominantly 1MLCT [dπ(Ir) → π*(diimine)]/1LLCT
[π(C∧N) → π*(diimine)] transition. Due to the large spin−
orbit coupling associated with the heavy Ir atom, it is possible
for the spin-forbidden singlet-to-triplet MLCT transition
computed at 430−480 nm to also have some contribution to
the low-energy absorption band.

Figure 3. Plot of activation enthalpy against activation entropy for the
bleaching reactions of the open forms of complexes 1−4.

Table 4. Electrochemical Data for the Complexes in
Acetonitrile Solutiona

compound
oxidation Epa[V] vs SCE

(ΔEp [mV])b
reduction E1/2 [V] vs SCE

(ΔEp [mV])c

1 [+1.11], +1.40 (80) −0.91 (89), −1.47 (69)
2 [+1.11], +1.31 (81) −0.92 (95), −1.49 (76)
3 [+1.11], +1.60 (70) −0.88 (87), −1.46 (65)
4 [+1.12], +1.87 (84) −0.88 (86), −1.40 (76)

aUsing 0.1 mol dm−3 nBu4NPF6 at 298 K. Working electrode, glassy
carbon; scan rate, 100 mV s−1. bΔEp = (Epa − Epc).

cE1/2 = (Epa +
Epc)/2; Epa and Epc are peak anodic and peak cathodic potentials,
respectively.
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Given in Figure 4a is the orbital energy level diagram, which
shows the energies of the frontier molecular orbitals of 1−4.

Consistent with the results of the electrochemical studies, the
HOMOs of 1−4 are of similar energies, which range from
−7.08 to −7.05 eV. For all complexes except 2, the HOMOs
are the π orbitals localized on the indoline moiety of the
diimine ligand and, therefore, are less affected by the
substituents on the two C∧N ligands. For 2, the HOMO is
the dπ orbital on the metal center mixed with the π orbital on
the C∧N ligands, which is degenerate with the HOMO−1,
where the π orbital is localized on the indoline moiety of the
diimine ligand. The LUMO of 2 (−1.74 eV) is less negative
than that of 1 (−1.78 eV), whereas those of 3 (−1.84 eV) and
4 (−1.91 eV) are more negative than that of 1. Since the
LUMOs of 1−4 are predominantly localized on the two
pyridine moieties of the diimine ligand, the LUMO would be
destabilized upon the introduction of the electron-donating
−OMe group to the C∧N ligands in 2 and stabilized upon the
introduction of the electron-deficient −CHO and −CF3
groups to the C∧N ligands in 3 and 4. The above trends are
consistent with the results in the electrochemical studies, in
which the potentials of the irreversible oxidation wave of the
four complexes are more or less the same. In comparison to 1,
complexes 3 and 4 have less negative reduction potentials, and
2 has more negative reduction potential. As a result, 3 (5.23
eV) and 4 (5.17 eV) have a narrower HOMO−LUMO energy
gap, while the energy gap of 2 (5.31 eV) is larger with respect
to 1 (5.29 eV).

To further investigate the nature of the emissive states,
geometry optimizations on the lowest-lying triplet excited state
(T1) of 1−4 have been performed with the unrestricted
formalism, namely, UCAM-B3LYP/CPCM (CH2Cl2). Shown
in Figure 4b are the plots of spin density of the T1 states of 1−
4. The spin density is mainly localized on the metal center and
the C∧N ligands in all complexes and on the two pyridine
moieties of the diimine ligand in 1, 2, and 4, supporting the
3MLCT [dπ(Ir) → π*(C∧N or diimine)] character of the T1

states of 1−4, with some mixing of 3LLCT [π(C∧N) →
π*(diimine)] character in 1, 2, and 4. The emission
wavelengths of 1−4, which are approximated by the energy
difference between the S0 and T1 states at their corresponding
optimized geometries, are summarized in Table S3. The
emission wavelength shows a red shift in energy upon going
from 4 (472 nm) to 2 (479 nm), to 3 (484 nm), and to 1 (552
nm). In general, this trend is in fair agreement with that
observed in the experiment, except that the emission energy of
2 is overestimated, as observed in other theoretical studies in
which the CAM-B3LYP functional usually overestimates
transition energies.65−67

■ CONCLUSION

A new class of spironaphthoxazine-containing cyclometalated
Ir(III) complexes has been designed, synthesized, and
characterized. Their photophysical, photochromic, and electro-
chemical properties have been studied. Readily tunable
luminescence colors and excited state properties can be
achieved by rational ligand design with respect to their
chemical intuition. It is interesting to note that the excited
energy state can be gradually tuned across the visible spectrum
with respect to the 3MLCT [dπ(Ir) → π*(diimine)] excited
state by a simple modification of the substituent at the C∧N
ligand. The electrochemical data are also found to be in
accordance with their luminescence bandgap energies. The
nature of the absorption and emission origins of these
iridium(III) complexes have also been confirmed by DFT
and TDDFT calculations. More importantly, the photo-
chromic behavior can be easily and complementarily
modulated by changing the substituents on the C∧N ligand
without the need for tedious modification of the spirooxazine
framework. By analyzing the kinetic profiles of backward
bleaching reactions, more electron-deficient iridium(III)
complexes can stabilize the merocyanine open form with a
higher activation barrier. Additionally, by further optimizing
the molecular design, it is possible to employ less destructive
visible light to drive the photochromic ring-opening reaction
via the MLCT sensitization. This work may provide important
value and guiding principle, especially in the structure−
property correlation for the future developments of visible
light-driven photoswitches, which is less destructive for
potential applications of photoresponsive materials.

■ EXPERIMENTAL SECTION
Materials and Reagents. 4′-Methyl-2,2′-bipyridine-4-carboxylic

acid,57 1,3,3-trimethyl-9′-hydroxy-spiroindolinenaphthoxazine
(SO),58 2-(2,4-bis-trifluoromethyl-phenyl)-pyridine,59 and 2-(2,4-
dimethoxy-phenyl)-pyridine60 were synthesized as described pre-
viously. 1,3,3-Trimethyls-piroindolinenaphth-oxazine-9′-yl4′-methyl-
2,2′-bipyridyl-4-carboxylate (bpy-SO) was synthesized by modifica-
tion of a reported procedure.17 Dichloromethane was distilled over
calcium hydride before use for synthesis. All other reagents were
analytical-grade and were used as received.

Figure 4. (a) Orbital energy level diagram of the frontier molecular
orbitals (H = HOMO and L = LUMO) and (b) plots of spin density
(isovalue = 0.002) of the T1 states of 1−4 optimized at the CAM-
B3LYP level.
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Syntheses. [(ppy)2Ir(μ-Cl)]2 (Di-μ-chlorotetrakis[2-(2-pyridinyl-
κN)phenyl-κC]di-iridium). IrCl3·xH2O (263 mg, 0.88 mmol) and 2-
phenylpyridine (300 mg, 1.94 mmol) were dissolved in ethoxyethanol
(15 mL) and water (5 mL). The mixture was refluxed under N2 for 24
h. After cooling down to room temperature, the system was filtered
and washed by ethanol. The product was isolated as a yellow solid.
Yield: 262 mg, 56%. 1H NMR (500 MHz, CDCl3, 298 K, relative to
Me4Si): δ = 9.27 (d, J = 6.5 Hz, 4H), 7.89 (d, J = 7.8 Hz, 4H), 7.76 (t,
J = 7.2 Hz, 4H), 7.51 (d, J = 7.8 Hz, 4H), 6.82−6.74 (m, 8H), 6.58 (t,
J = 7.2 Hz, 4H), 5.95 (d, J = 6.5 Hz, 4H).
[(dOMeppy)2Ir(μ-Cl)]2 (Di-μ-chlorotetrakis[2-(2-pyridinyl-κN)-3,5-

bis(methoxyl)phenyl-κC]di-iridium). The procedure was similar to
that described for the synthesis of [(ppy)2Ir(μ-Cl)]2 except 2-(2,4-
dimethoxy-phenyl)-pyridine (417 mg, 1.94 mmol) was used in place
of 2-phenylpyridine. Yield: 317 mg, 55%. 1H NMR (500 MHz,
CDCl3, 298 K, relative to Me4Si): δ = 9.22 (d, J = 5.2 Hz, 4H), 8.58
(d, J = 9.8 Hz, 4H), 7.64 (dd, J = 9.8, 5.2 Hz, 4H), 6.63 (t, J = 5.2 Hz,
4H), 5.94 (d, J = 2.2 Hz, 4H), 5.10 (d, J = 2.2 Hz, 4H), 3.86 (s, 12H),
3.35 (s, 12H).
[(pba)2Ir(μ-Cl)]2 (Di-μ-chlorotetrakis[5-formyl-2-(2-pyridinyl-κN)-

phenyl-κC]di-iridium). The procedure was similar to that described
for the synthesis of [(ppy)2Ir(μ-Cl)]2 except 4-(2-pyridinyl)-
benzaldehyde (355 mg, 1.94 mmol) was used in place of 2-
phenylpyridine. Yield: 281 mg, 54%. 1H NMR (500 MHz, CDCl3,
298 K, relative to Me4Si): δ = 9.52 (s, 4H), 9.27 (d, J = 5.8 Hz, 4H),
8.05 (d, J = 8.1 Hz, 4H), 7.93 (t, J = 7.8 Hz, 4H), 7.67 (d, J = 8.1 Hz,
4H), 7.30 (dd, J = 7.8, 1.4 Hz, 4H), 6.98 (t, J = 5.8 Hz, 4H), 6.36 (d, J
= 1.4 Hz, 4H).
[(dCF3 ppy)2Ir(μ-Cl)]2 (Di-μ-chlorotetrakis[2-(2-pyridinyl-κN)-3,5-

bis(trifluoromethyl)-phenyl-κC]di-iridium). The procedure was sim-
ilar to that described for the synthesis of [(ppy)2Ir(μ-Cl)]2 except 2-
(2,4-bis-trifluoromethyl-phenyl)-pyridine (566 mg, 1.94 mmol) was
used in place of 2-phenylpyridine. Yield: 400 mg, 56%. 1H NMR (500
MHz, CDCl3, 298 K, relative to Me4Si): δ = 9.24 (d, J = 5.2 Hz, 4H),
8.47 (d, J = 8.2 Hz, 4H), 8.00 (t, J = 8.2 Hz, 4H), 7.49 (s, 4H), 7.04
(t, J = 6.5 Hz, 4H), 6.02 (s, 4H)
Complex 1. The complex was prepared by a modification of

literature method used for the related IrIII diimine complexes.61,62

[(ppy)2Ir(μ-Cl)]2(246 mg, 0.23 mmol) and bpy-SO (270 mg, 0.5
mmol) were refluxed in degassed dichloromethane under nitrogen for
3 days. After cooling down to room temperature, KPF6 (418 mg, 2.3
mmol) was added, and the mixture was stirred for 2 h. After removal
of the solvent under reduced pressure, the residue was purified by
column chromatography with dichloromethane-ethyl acetate (60:1 v/
v) as eluent. Subsequent recrystallization of the product from
dichloromethane/hexane afforded the pure product. Yield: 354 mg,
65%. 1H NMR (500 MHz, CDCl3, 298 K, relative to Me4Si): δ = 9.13
(s, 1H), 8.39 (d, J = 9.4 Hz, 2H), 8.18 (d, J = 5.6 Hz, 1H), 8.07 (dd, J
= 5.6, 1.2 Hz, 1H), 7.90 (d, J = 8.1 Hz, 2H), 7.80 (d, J = 5.6 Hz, 1H),
7.75 (dd, J = 15.0, 7.5 Hz, 2H), 7.69 (d, J = 8.9 Hz, 3H), 7.65 (d, J =
5.7 Hz, 1H), 7.57 (dd, J = 9.3, 5.2 Hz, 3H), 7.29 (dt, J = 8.8, 2.4 Hz,
1H), 7.22 (t, J = 7.7 Hz, 1H), 7.18 (s, 1H), 7.15 (t, J = 6.6 Hz, 1H),
7.10 (dd, J = 12.9, 6.8 Hz, 2H), 7.03 (td, J = 7.5, 2.4 Hz, 2H), 6.99 (d,
J = 8.9 Hz, 1H), 6.91 (dt, J = 14.4, 7.1 Hz, 3H), 6.57 (d, J = 7.8 Hz,
1H), 6.32 (dd, J = 22.6, 7.4 Hz, 2H), 2.73 (d, J = 3.9 Hz, 3H), 2.52
(d, J = 1.6 Hz, 3H), 1.38−1.29 (m, 6H). 13C NMR (125 MHz,
CDCl3, 298 K): δ = 167.54, 167.33, 162.20, 157.25, 154.42, 152.33,
151.35, 151.02, 150.99, 149.92, 149.79, 149.46, 149.08, 148.89,
147.50, 144.86, 143.61, 143.48, 139.48, 138.37, 138.32, 135.76,
131.86, 131.66, 131.61, 130.88, 130.76, 130.06, 129.68, 129.56,
128.06, 127.75, 127.52, 126.19, 124.79, 124.69, 124.29, 123.91,
123.78, 122.95, 122.82, 122.75, 121.49, 119.94, 119.64, 119.54,
119.07, 116.96, 112.84, 107.17, 98.84, 98.82, 51.89, 51.88, 29.62,
25.43, 21.50, 20.77. MALDI-TOF MS: m/z = 1040.9835. Elemental
analyses calcd (%) for C56H44F6IrN6O3P: C 56.70, H 3.74, N 7.09.
Found: C 56.93, H 3.89, N 6.91.
Complex 2. The procedure was similar to that described for the

synthesis of complex 1 except [(dOMeppy)2Ir(μ-Cl)]2(301 mg, 0.23
mmol) was used in place of [(ppy)2Ir(μ-Cl)]2. Yield: 324 mg, 54%.
1H NMR (500 MHz, CDCl3, 298 K, relative to Me4Si): δ = 9.12 (s,

1H), 8.59 (d, J = 8.5 Hz, 2H), 8.40 (d, J = 19.2 Hz, 2H), 8.21 (d, J =
5.7 Hz, 1H), 8.12 (d, J = 5.4 Hz, 1H), 7.85 (d, J = 5.6 Hz, 1H), 7.81
(d, J = 8.8 Hz, 1H), 7.68 (dd, J = 18.3, 9.1 Hz, 4H), 7.54 (t, J = 5.1
Hz, 2H), 7.38 (d, J = 8.5 Hz, 1H), 7.30 (d, J = 5.6 Hz, 1H), 7.21 (d, J
= 7.5 Hz, 1H), 7.09 (d, J = 7.3 Hz, 1H), 7.02 (d, J = 8.8 Hz, 1H), 6.91
(dd, J = 14.2, 6.7 Hz, 3H), 6.58 (d, J = 7.7 Hz, 1H), 6.19 (s, 2H), 5.43
(dd, J = 16.5, 1.9 Hz, 2H), 3.96 (s, 6H), 3.53 (t, J = 14.2 Hz, 6H),
2.76 (s, 3H), 2.64 (s, 3H), 1.35 (d, J = 2.7 Hz, 6H). 13C NMR (125
MHz, CDCl3, 298 K): δ = 166.72, 166.57, 162.26, 162.00, 161.89,
160.20, 160.14, 157.15, 155.01, 154.90, 154.26, 152.24, 151.34,
150.94, 149.85, 149.46, 148.38, 148.32, 147.53, 144.85, 139.38,
137.85, 137.80, 135.81, 131.62, 130.11, 129.83, 129.58, 128.04,
127.71, 127.60, 126.10, 124.63, 124.52, 124.13, 123.43, 123.38,
122.97, 121.50, 121.39, 121.33, 119.92, 119.06, 116.95, 112.82,
108.36, 108.25, 107.16, 98.82, 93.18, 93.11, 55.12, 54.77, 51.88, 29.64,
25.43, 21.55, 20.77. MALDI-TOF MS: m/z = 1160.5867. Elemental
analyses calcd (%) for C60H52F6IrN6O7P: C 55.17, H 4.01, N 6.43.
Found: C 55.58, H 4.27, N 6.09.

Complex 3. The procedure was similar to that described for the
synthesis of complex 1 except [(pba)2Ir(μ-Cl)]2(272 mg, 0.23 mmol)
was used in place of [(ppy)2Ir(μ-Cl)]2 and dichloromethane/ethyl
acetate (10:1 v/v) was used as eluent in the column chromatography.
Yield: 262 mg, 46%. 1H NMR (500 MHz, CDCl3, 298 K, relative to
Me4Si): δ = 9.75 (d, J = 4.8 Hz, 2H), 9.18 (s, 1H), 8.48 (s, 1H), 8.37
(s, 1H), 8.16−8.11 (m, 2H), 8.10−8.05 (m, 2H), 7.89 (ddd, J = 11.0,
10.0, 5.0 Hz, 4H), 7.78 (dd, J = 9.6, 4.6 Hz, 3H), 7.74 (d, J = 5.6 Hz,
1H), 7.71−7.65 (m, 2H), 7.58 (t, J = 7.3 Hz, 2H), 7.38−7.27 (m,
4H), 7.22 (t, J = 7.4 Hz, 1H), 7.09 (d, J = 7.1 Hz, 1H), 7.02 (d, J = 8.8
Hz, 1H), 6.90 (t, J = 7.5 Hz, 1H), 6.74 (d, J = 17.0 Hz, 2H), 6.58 (d, J
= 7.7 Hz, 1H), 2.75 (s, 3H), 2.64 (s, 3H), 1.35 (d, J = 2.9 Hz, 6H).
13C NMR (125 MHz, CDCl3, 298 K): δ = 192.60, 165.74, 165.51,
161.99, 157.23, 154.38, 152.99, 151.29, 151.06, 149.74, 149.62,
149.56, 149.41, 149.23, 147.48, 144.91, 140.03, 139.14, 139.08,
137.00, 136.92, 135.74, 132.85, 132.55, 131.61, 130.07, 129.80,
129.73, 128.07, 127.99, 127.54, 126.62, 125.72, 125.61, 125.11,
125.02, 124.81, 124.71, 122.96, 121.50, 121.29, 121.21, 119.97,
118.97, 117.05, 112.85, 107.19, 98.83, 51.88, 31.60, 29.62, 25.41,
22.67, 21.55, 20.76, 14.14. MALDI-TOF MS: m/z = 1096.6238.
Elemental analyses calcd (%) for C58H44F6IrN6O5P: C 56.08, H 3.57,
N 6.77. Found: C 56.36, H 3.68, N 6.53.

Complex 4. The procedure was similar to that described for the
synthesis of complex 1 except [(dCF3 ppy)2Ir(μ-Cl)]2(371 mg, 0.23
mmol) was used in place of [(ppy)2Ir(μ-Cl)]2. Yield: 268 mg, 40%.
1H NMR (500 MHz, CDCl3, 298 K, relative to Me4Si): δ = 9.24 (s,
1H), 8.54 (s, 1H), 8.49−8.44 (m, 2H), 8.37 (d, J = 2.2 Hz, 1H), 8.19
(dd, J = 5.6, 1.4 Hz, 1H), 7.97 (dd, J = 10.0, 4.4 Hz, 3H), 7.91 (d, J =
5.8 Hz, 1H), 7.86 (d, J = 5.6 Hz, 1H), 7.75−7.68 (m, 4H), 7.65 (d, J
= 8.9 Hz, 1H), 7.59 (d, J = 4.6 Hz, 1H), 7.42 (t, J = 6.3 Hz, 1H),
7.38−7.35 (m, 1H), 7.34−7.28 (m, 2H), 7.22 (t, J = 7.6 Hz, 1H),
7.09 (d, J = 7.1 Hz, 1H), 7.02 (d, J = 8.9 Hz, 1H), 6.90 (t, J = 7.4 Hz,
1H), 6.58 (d, J = 7.7 Hz, 1H), 6.47 (d, J = 17.1 Hz, 2H), 2.76 (d, J =
4.0 Hz, 3H), 2.64 (d, J = 1.6 Hz, 3H), 1.35 (d, J = 3.7 Hz, 6H). 13C
NMR (125 MHz, CDCl3, 298 K): δ = 163.06, 162.77, 161.80, 157.06,
154.23, 153.68, 153.29, 153.09, 151.11, 151.01, 150.57, 150.50,
150.18, 149.36, 148.88, 147.50, 144.91, 144.45, 140.71, 139.39,
135.74, 131.59, 131.21, 130.97, 130.79, 129.97, 129.85, 129.57,
128.34, 128.20, 128.07, 127.96, 127.83, 127.52, 126.75, 126.46,
125.59, 124.50, 123.83, 122.95, 122.34, 121.65, 121.50, 119.97,
118.95, 117.09, 112.83, 107.18, 98.89, 98.82, 53.80, 51.92, 51.88,
29.71, 29.62, 29.28, 25.43, 25.39, 21.61, 20.75. MALDI-TOF MS: m/
z = 1312.3337. Elemental analyses calcd (%) for C60H40F18IrN6O3P:
C 49.42, H 2.76, N 5.76. Found: C 49.57, H 3.06, N 5.51.

Physical Measurements and Instrumentation. 1H NMR and
13C{1H} NMR spectra were obtained on a Bruker DRX 500 (500
MHz) spectrometer at 298 K with chemical shifts reported relative to
tetramethylsilane (Me4Si). All MALDI-TOF mass spectra were
recorded on a Autoflex speed TOF/TOF mass spectra. Elemental
analysis was carried out on a Vario micro cube analyzer from
Elementar. The single-crystal structure was obtained on a R-AXIS
RAPID X-ray single crystal diffractometer.
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UV−vis absorption spectra were recorded using a Varian Cary 50
UV−vis spectrophotometer. Steady-state excitation and emission
spectra at room temperature and at 77 K were obtained on an
Edinburgh Instruments FS5 spectrofluorometer. Measurements of the
glass state in ethano/methanol (4:1 v/v) at 77 K were similarly
conducted with liquid nitrogen filled in the optical Dewar flask. All of
the solutions for the photophysical studies were degassed on a high-
vacuum line in a two-compartment cell consisting of a 10 mL Pyrex
bulb and a 1 cm path length quartz cuvette that was sealed from the
atmosphere by a Bibby Rotaflo HP6 Teflon stopper. The solutions
were rigorously degassed with at least four successive freeze−pump−
thaw cycles. Luminescence quantum yields were measured by the
optical dilute method and a degassed solution of [Ru(bpy)3]Cl2 in
acetonitrile (φ = 0.062, excitation wavelength at 436 nm) was used as
the reference. Emission lifetime of solution samples were measured on
Edinburgh Instrument FLS 920 spectrometer. The excitation source is
Edinburgh Instrument picosecond-pulsed diode laser (Model EPL-
405) with 405 nm output. The emission decay signals were captured
by a Hamamatsu R928 PMT which was connected to a board (Becker
and Hickel SPC-130) and analyzed using the exponential fit (tail-fit
data analysis) with the model I(t) = I0 exp(−t/τ), where I(t) and I0
stand for the luminescence intensities at times t and 0.
The thermal bleaching reaction of spirooxazines is known to follow

first-order kinetics at various temperatures. The kinetics for the
bleaching reaction were determined by measurement of the UV−vis
spectral changes at various temperatures by use of a Varian Cary 50
UV−vis spectrophotometer, with temperature controlled by a Lauda
RM6 compact low-temperature thermostat. The first-order rate
constants were obtained by taking the negative value of the slope of
a linear least-squares fit of ln[(A − A∞)/(A0 − A∞)] against time
according to eq 1:

[ − − ] = −∞ ∞A A A A ktln ( )/( )0 (1)

where A, A0, and A∞ are the absorbances at the absorption wavelength
maximum of the photomerocyanine at times t, 0, and infinity,
respectively, and k is the rate constant of the reaction. The kinetics
parameters were obtained by a linear least-squares fitting of ln (k/T)
aginst 1/T according to the linear expression of the Eying equation
(eq 2), ln k against 1/T according to the Arrhenius equation (eq 3),
and the change in Gibbs free energy of activation (ΔG⧧) at 298 K
were determined according to eq 4:

= − Δ + + Δ⧧ − ≠k T H R T k h S Rln( / ) ( / )(1/ ) ln( ) ( / )B
1 (2)

= − +k E RT Aln( ) / lna (3)

Δ = Δ − Δ⧧ ⧧ ⧧G H T S (4)

where ΔH⧧ and ΔS⧧ are the changes in activation enthalpy and
entropy, respectively, T is the temperature, and kB, R, h, and A are
Boltzmann’s constant, the universal gas constant and the Planck
constant, and the frequency factor, respectively.
Cyclic voltammetric measurements were performed by using a CH

Instruments, Inc. model CHI 660C electrochemical analyzer.
Electrochemical measurements were performed in acetonitrile
solution with 0.1 M nBu4NPF6 as supporting electrolyte at room
temperature. The reference electrode was an Ag/AgNO3 (0.1 mol
dm−3 in acetonitrile) electrode, and the working electrode was a glassy
carbon electrode (CH Instruments, Inc.) with a platinum wire as the
counter electrode. The working electrode surface was first polished
with a 1 μm alumina slurry. It was then rinsed with ultrapure
deionized water and sonicated in a beaker containing ultrapure water
for 5 min. The polishing and sonication steps were repeated twice,
and the working electrode was finally rinsed under a stream of
ultrapure deionized water. The ferrocenium-ferrocene couple
(FeCp2

+/0) was used as the internal reference.63 All solutions for
electrochemical studies were deaerated with prepurified argon gas
before measurement.
Computational Methodology. All calculations in this study

were performed with the Gaussian 09 program suite.68 The ground-
state (S0) geometries of complexes 1−4 were fully optimized in

dichloromethane by density functional theory (DFT) with the hybrid
B3LYP functional using the Coulomb-attenuating method (CAM-
B3LYP),64 in conjunction with the conductor-like polarizable
continuum model (CPCM).69,70 To compute the singlet−singlet
transitions of the four complexes, TDDFT71−73 calculations have
been performed on the optimized S0 geometries at the same level of
theory. To gain more insight into the emissive states, the geometries
of the lowest-lying triplet excited states (T1) were optimized with the
unrestricted formalism, namely, UCAM-B3LYP/CPCM (CH2Cl2).
Vibrational frequencies of all the stationary points have been
computed to verify that each was a minimum (NIMAG = 0) on
the potential energy surface. The Cartesian coordinates of the
optimized S0 and T1 geometries of 1−4 are given in the Supporting
Information. For all calculations, the LanL2DZ basis set with effective
core potential (ECP)74−76 was applied to describe Ir with f-type
polarization functions (ζ = 0.938),77 whereas the 6-31G(d,p) basis
set78−80 was utilized to describe all other atoms. All the DFT and
TDDFT calculations were performed with a pruned (99,590) grid for
numerical integration.
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