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a b s t r a c t
The synthesis, photophysical and electrochemical characteristics of new iridium complexes
with electron-withdrawing dicyanovinyl group bound to phenylpyridine ligands are
reported. The emission energy of these materials strongly depends on the position and substituent nature. A 154 nm wide tuning range of photoluminescence from the green
(k ¼ 522 nm) of iridium (III) bis(5-dicyanovinylphenylpyridinato)picolinate to the deep
red emission (k ¼ 676 nm) of iridium (III) bis(4-dicyanovinyl phenylpyridinato)picolinate
has been achieved in solution. An unusually strong absorption capacity from 350 to
510 nm has been observed for the complex, iridium (III) bis(5-dicyanovinyl phenylpyridinato)picolinate, which also shows signiﬁcantly different emission energy in solution and
solid ﬁlm. The performed DFT/TD-DFT calculations elucidated the substituent effects.
Ó 2013 Elsevier B.V. All rights reserved.

1. Introduction
Photochemistry and photophysics of the cyclometalated iridium complexes continue to attract intensive interest
because of their practical application ranging from biolabeling agents [1], photocatalytic hydrogen production [2],
and light-harvesting materials [3]. The iridium complexes
are considered to having great potential as sensitizer for
dyes-sensitized solar cells (DSSCs) due to their several
advantages such as higher stability, less accessible MC
(metal-centered) state and having the possibility for dual
sensitization through LLCT (ligand to ligand charge-trans-
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fer) and MLCT (metal to ligand charge-transfer) compared
to ruthenium complexes although a strong absorption in
visible light range are still pursued at present [4]. Perhaps
the true strength of the iridium complexes is found as
phosphorescent materials in organic light-emitting diodes
(OLEDs), which are crucial for the achievement of highly
efﬁcient device performances because of high photoluminescence quantum yields, relatively short excited state
lifetime and excellent color tunability [5].
The tunability of emission color is particularly interesting for application in OLEDs and other photonics device. In
this context, the best well-known and understandable
example is Ir(ppy)3 (Ir(III) trisphenylpyridinate) with green
emission (512 nm) and it had been found that the HOMO
(highest occupied molecular orbital) of Ir(ppy)3 mainly
comprises the Ir d-orbitals and p-orbitals of phenyl unit
on phenylpyridines and the LUMO (lowest unoccupied
molecular orbital) is mainly comprised of the p⁄-orbitals
of pyridines [6]. Thus, functionalisation of phenylpyridine
ligands with electron-donating or withdrawing groups
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results in signiﬁcant changes in the HOMO–LUMO energy
gap and as a result, the emission energy of iridium complexes can be ﬁne-tuned. In particular, much effort has
been devoted to developing of blue-emitting, especially
deep blue-emitting phosphors with high quantum yields
and stability. The introduction of electron-withdrawing
substituent to phenyl segment of phenylpyridine (ppy) ligand represents a convenient structural modiﬁcation that
leads to iridium complexes with blue-shifted emission.
The well-known example is FIrpic (Ir(III) bis(4,6-difluorophenylpyridinato-N,C20 ) picolinate) [7] and FIr6
(iridium(III)bis(40 ,60 -diﬂuorophenylpyridinato)tetrakis(1pyrazolyl)borate) [8], which are manufactured by replacing 4,6-position hydrogen atom of the phenyl ring in
Ir(ppy)3 with the electron-withdrawing ﬂuoro group and
employing picolinic acid and tetrakis(1-pyrazolyl)borate)
as auxiliary ligand, respectively. Subsequently, cyano
group was further introduced to the phenyl unit of FIrpic
and a deeper blue dopant, FCNIr (tris(3,5-diﬂuoro-4-cyanophenyl)pyridine)Iridium) [9] was developed. Yet this
tuning effect of emission color with electron-withdrawing substituent was found position-dependent on phenyl
ring. For instance, the manufactured complexes
(45f2pmpy)2Ir(pic)
(iridium(III)
bis(2-(4,5-diﬂuorophenyl)-4-methylpyridinato-N,C20 )picolate, 501 nm) and
(35f2pmpy)2Ir(pic)(iridium(III)
bis(2-(3,5-diﬂuoro-phenyl)-4-methylpyridinato-N,C20 ) picolinate, 492 nm) based
on diﬂuoro substitution of 2-phenyl-4-methylpyridine
as ligand would not present desired blue emission as
(46f2pmpy)2Ir(pic)
(iridium(III)
bis(2-(4,6-diﬂuorophenyl)-4-methylpyridinato-N,C20 )picolinate, 463 nm) [10].
The substitution of the phenyl C4-position (para position
relative to pyridine ring) of Ir(ppy)2pic (Ir(2-phenylpyridine)2(picolinate)) with one cyano group also failed to
present desired blue-shift emission (ca 522 nm) but its
C5-position (meta position relative to pyridine ring) substitution gave lightly blue-shifted emission (480 nm) [11].
Thus, for Ir(ppy)2(pic)-type complexes, the tuning of emis-

sion color through substituent on C^N ligands still relies on
certain serendipitous discoveries, and the relationship between emission color or other photophysical properties
and type of substituent/substituent position has not yet
been elucidated.
In this work, the meta vs para substituent effect of
Ir(ppy)2(pic)-type complexes is addressed according to
photophysical properties and the performed DFT/TDDFT
calculations using dicyanovinyl group as electron-withdrawing substituent. We found that the emission energy
of these iridium complexes strongly depends on both the
position and substituent and this resulted in a wide tuning
of photoluminescence from blue–green (522 nm for the
dicyanovinyl meta-modiﬁed complex 3a, shown in
Scheme 1) to deep red (676 nm for the dicyanovinyl
para-modiﬁed complex 3b). In particular, the meta substitution of dicyanodivinyl group exhibit strong absorption
capacity from 350 to 510 nm with a peak value of
462 nm, suggesting a promising sensitizer for DSSCs if
introducing a classic acid anchoring group. The performed
DFT/TDDFT calculations provide valuable information
about this signiﬁcant different substituent effect.
To the best of our knowledge, such wide shift in emission energy that is attributed to the position of the electron-withdrawing dicyanodivinyl group on ppy ligand
has never been observed before. The functionalization of
ppy with other substituents such as ﬂuorine atoms, triﬂuoromethyl, cyano group or benzylsulfonyl substituent [12]
in different position have been reported to tune emission
energy, but only to a lesser extent.
2. Results and discussion
2.1. Synthesis of complexes
The general procedure for the synthesis of iridium complexes is shown in Scheme 2. The cyclometalated ligands
1a–1c was obtained by the previously published procedure

Scheme 1. Schematic structure of the synthesized iridium complexes.
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Scheme 2. General procedure of the synthesis of iridium complexes 3a
and 3b.

using Suzuki coupling reaction [13] and the iridium
complexes 2a–2c are prepared in usual two-step synthesis
[14], typically the mixture of the IrCl33H2O and 2.1 equiv
of cyclometalated ligand 1a–1c in 2-ethoxy-ethanol/water
were reﬂuxed for 20 h to form corresponding chlorobridged iridium(III) dimmer, then the dimmers reacted
with 1.2 equiv picolinic acid dissolved in the 1,2-dichloroethane to provide the desired complexes 2a–2c. Finally,
Konevenagel condensation of the complexes 2a and 2b
with malononitrile gave expected ﬁnal product 3a and 3b
in the presence of piperidine [15].
2.2. Optical properties
The electronic absorption spectrum of all the iridium
complexes in CH2Cl2 show intense absorption bands ca.
250–350 nm as shown in Fig. 1a, assigned to (p–p) transitions of the cyclometalated ligand [16]. In addition, the
broad and low-energy bands from 350 to 550 nm with
weak intensity is observed. According to previous report
on the related iridium complexes [17], this can be attributed to electronic transition occurring from metal central
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to the cyclometalated ligands (MLCT). It is particularly
notable that the complex 3a exhibit signiﬁcant intense
absorption in visible light spectrum with two peaks of
406 (e  3:45  104 M1 cm1 ) and 462 (e  3:9  104
M1 cm1 ), which is highly sought for iridium-based sensitizer in DSSCs because iridium complexes are not usually
considered as a strong absorber [4]. The unusually absorption capacity at 462 nm could be understood as that the
introduction of the strong electron-withdrawing dicyanovinyl group changes the orderings of the molecule orbital
(MO), as well as location of their MO energy, and thus,
the transitions with a low energy occurring among the
orbitals become spin allowed and have signiﬁcant oscillator strength, then showing considerable absorption capacity at a low energy band. As a similar case, the electronwithdrawing ﬂuorine and triﬂuoromethyl substituents
had been demonstrated that they could modulate the
orderings of the MO in previous report [18]. The complex
3b, however, presents a weak absorption band with a peak
of 510 nm (e  0:51  104 M1 cm1 ) in the visible light
range in addition to a strong absorption band of 355 nm
(e  7:25  104 M1 cm1 ).
Under photoexcitation, these iridium complexes show
notable dependence of the emission wavelength on substituent position as shown in Fig. 1b. The complex 3b shows a
deep red emission with a peak value of 676 nm and
667 nm in CH2Cl2 solution and doped PMMA (polymethylmethacrylate) ﬁlm, respectively, as shown in Fig. 5, respectively. However, the complex 3a shows a green emission of
522 nm in solution while in the doped ﬁlm, it presents a
red emission with a wavelength of 581 nm. Moreover, it
also shows a red emission (604 nm) in OLEDs below. One
possible reason for the different emission in solution and
solid ﬁlm is that there is a poor conjugated effect between
the dicyanovinyl group and the benzene ring in solution
due to the free rotation of dicyanovinyl group and nodeposition substitution as mentioned below and as a result,
the substituent has a little effect on the emission properties of the iridium complex in solution. While in the ﬁlm,
the rotation is limited and higher conjugation degree are
formed between them, leading to a bathochromic-shift
emission observed. Similarly, the para-position substitution of the phenyl with formyl group 2b shows orange
emission with a wavelength of 579 nm while its meta-po-

Fig. 1. The absorption and photoluminescence spectra of the iridium complexes 2a–2c, 3a and 3b (the absorption spectrum of all the iridium complexes
below 400 nm were ampliﬁed by 5 times except for 3a below 500 nm).
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Table 1
The photophysical properties of the iridium complexes.

2a
2b
2c
3a
3b

Absorptiona k (nm),e ð104 cm1 M1 

Emission kmax ðnmÞ

262(9.0)
280(6.26),
274(5.24),
262(4.44),
355(7.25),

487/478.9
579/571.8
563/559.5
522/519.8
676/699.7

480(0.45)
471(0.43)
298(4.43), 406(3.45), 462(3.9)
510(0.51)

b

s; ls= c knr ; s1 d

U e/f

HOMOg /LUMOh

1.1/6.4  105
0.92/1.0  106

0.40/0.295
0.09/0.070
0.18/
3.9  104/0.0055
0.012/0.0049

5.64/3.01
5.57/3.20
5.52/3.13
5.73/3.25
5.60/3.47

0.25/4.0  106
0.35/2.8  106

a

Measured in CH2Cl2 at 1  106M.
The measured maximum emission peak in 1  10–5 M CH2Cl2/calculated emission wavelength.
c
Lifetime measured in 5% iridium complex doped PMMA ﬁlm.
d
knr ¼ ð1  UÞ=s; U donating quantum yields in solid ﬁlm.
e
Measured in 1  105 M degassed CH2Cl2 solution relative to Ir(piq)2acac (U ¼ 0:20) with 450 nm excitation.
f
The absolute quantum yields measured in 5% doped PMMA ﬁlm using integrated sphere, for complex 2a and 2b excited at 400 nm and for 3a and 3b
excited at 450 and 470 nm respectively.
g
Determined using the oxidation potentials relative to FeCp0/+.
h
Determined using the oxidation potential and optical energy gap.
b

sition moieties 2a presents a slight blue-shift emission
(487 nm) compared to the prototype complex Ir(ppy)2(pic)
(505 nm) [19].
The phosphorescent quantum yields measured in CH2
Cl2 solution and the doped ﬁlm at room temperature are
presented in Table 1 and among all the iridium complexes,
the complex 2a shows the highest quantum yields in both
solution (0.40) and solid ﬁlm (0.295). It was found the
quantum yields of the complex 3a (3.9  104) was a quiet
lower than that of 3b (0.012) in solution, but in the solid
ﬁlms, they present a comparable efﬁciency (see Table 1).
The phenomenon observed in solution could also be attributed to the free rotation of the dicyanovinyl substituent in
solution, which causes additional nonradictive path of energy lose. It is also noted that introduction of malononotrile in complexes 3a and 3b results in a signiﬁcant decrease
of the phosphorescence quantum yield compared with
their parent complex 2a and 2b. We speculate that the
phosphorescence quantum yield decrease observed in iridium complexes 3a and 3b may be caused by the intramolecular charge-transfer quenching of the excited state by
the strong electron-withdrawing dicyanovinyl unit. The
similar phenomenon was also observed in NMe2-substituted iridium complex [20]. To get more insight into the
inﬂuence of dicyanovinyl moieties on PL quantum efﬁciency, lifetimes in the solid ﬁlm were measured at room
temperature. Assuming unitary intersystem crossing quantum yield, it is possible to calculate nonradiative (knr) decay rates from phosphorescence quantum yields and
lifetimes in the solid ﬁlm. The knr for complexes 3a and
3b are 4.0  106 s1 and 2.8  106 s1, signiﬁcantly greater
than that of complex 2a (6.4  105 s1) and 2b
(1.0  105 s1). This means that introduction of the dicyanovinyl units modulates the emission energy and also
causes other undesired nonradiative decay process. The
further research should be focused on inhibiting the nonradiative decay process so as to improve quantum efﬁciency
of the iridium complexes by structure modiﬁcation.

nitrile solution containing 0.1 M TABPF6 and the CV curves
are shown in Fig. 2. These complexes 2a–3b all undergo a
single reversible oxidation wave because of the oxidation
of the iridium center during an anodic scan and have oxidation potentials 0.84, 0.77, 0.72, 0.93 and 0.80 V vs ferrocence, more positive than corresponding to prototype
complex Ir(ppy)2(pic) (0.58 V) [19], demonstrating a significant enhancement in the electron-accepting abilities due
to the introduction of the substituent [19]. This shows that
the HOMOs are stabilized as expected because of the
replacement of H with stronger electron acceptor formyl
and dicyanovinyl substituents. Thus, their HOMO energy
levels can be roughly estimated with regard to the energy
level of the ferrocene (4.80 V below the vacuum) based on
the oxidation potentials (Table 1). While all the complexes
exhibit irreversible reduction processes during the cathodic sweep. This makes the direct comparison of the LUMOs
energies based on electrochemistry measurements poorly
reliable. Therefore, we calculated the optical LUMOs energy as shown in Table 1.
Based on these experimental HOMOs and LUMOs energy level, we discuss the observed red shift of the emission maximum for para substitution in comparison with
meta substitution. As shown in Table 1, the HOMO energy
levels of the para substitution 2b and 3b is higher than that
of the meta substitution 2a and 3a, respectively, and corre-

2.3. Electrochemistry
The oxidation potentials of these iridium complexes
have been measured by cyclic voltammetry (CV) in aceto-

Fig. 2. The cyclic voltammograms of the iridium complexes.
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spondingly, their LUMO energy levels is signiﬁcantly lower
than that of the 2a and 3a. As a result, the para substitutions have more narrow bandgap energies than meta substitutions, which show observed red shift of the emission
maximum for the complexes 2b and 3b in comparison
with the complexes 2a and 3a, respectively. It should be
noted that, experimentally, the position of substituent is
critical for the tuning of the HOMO and LUMO energy level.

2.4. DFT calculations
To further gain insight into the remarkable color tuning
of these iridium complexes, HOMOs and LUMOs orbitals of
electronic ground states for the iridium complexes are depicted in Fig. 3 and other orbitals are presented in Figs. S2–
S6 (see Supplementary Information), orbital contours of
Ir(ppy)2(pic) reveal that the HOMO is basically comprised
of a mixture of metal orbitals and phenyl ring of one 2phenylpyridine ligand and the LUMO is mainly located
on the picolinate acid ligand, which is well agreement with

HOMO

LUMO

Ir(ppy)2pic

2a

2b

3a

3b

Fig. 3. The calculated contours of the HOMOs and LUMOs orbitals of the
iridium complexes 2a, 2b, 3a and 3b.
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previous published literatures [19,21] and demonstrates
the reliability of our computations.
From the contours plots of the prototype complex
Ir(ppy)2pic, the C5-position (meta-position) of the phenyl
ring possesses signiﬁcant more electron density in HOMO
orbital due to the presence of a node plane between the
C3 and C4 (para-position) of the phenyl ring, while the
phenyl C4- and C6-position make relative more contribution on LUMO orbital although overall electron density distributed on phenyl ring is rare. Thus, a substituent on the
phenyl C5-position will inﬂuence the HOMO more than
the LUMO; a substituent on the phenyl C4-position will
inﬂuence LUMO more than the HOMO. It can be seen from
Fig. 3 that the additional formyl or dicyanovinyl substituent have much contribution to their HOMOs in 2a and
3a, while have little contribution to their HOMOs in 2b
and 3b. The substituent effects on LUMOs, however, obviously differ from those on HOMOs. In the case of 3a, the
LUMO orbital is almost completely located on one phenyl
segment of ppy ligand and dicyanovinyl unit, while in
the case of the C4-position substitution of the phenyl ring,
whether formyl (2b) or dicyanovinyl unit (3b) substituent,
the LUMO is mainly located on one cyclometalated ppy ligand and another phenyl segment of ppy ligand. Thus, the
signiﬁcant dependence of the emission energy on substituent position of phenyl ring can be ascribed to the change of
the electronic structure of iridium complexes imposed by
the introduction of the substituent.
To study the absorption spectra of these iridium complexes, the ﬁrst vertical singlet excitations have been computed to reproduce the experimental spectra. The main
contribution of different theoretical peaks with signiﬁcant
oscillator strength are listed in Table S1 (see Supplementary Information) and the calculated absorption spectra
are shown in Fig. 4. From Fig. 4, the agreement between
the theory and experiment is generally good. The experimental bands with low energy (350–550 nm for the complexes 2a, 2b and 3a, 400–550 nm for 3b) were assigned
to MLCT transition, which is in good agreement with the
theory predictions (Table S1 in Supportting Information).
The common ﬁrst transition (toward to S1) of HOMO–
LUMO type for the iridium complexes 2a, 2b, 3a and 3b,
where the HOMO generally owns considerable 5d (Ir) orbital and the LUMOs is mainly a p orbitals localized on one
ppy ligand, is 388.9 nm, 448.4 nm, 429.3 nm, and
520.6 nm. Other transitions with MLCT character are obtained at higher energies in all the iridium complexes.
Interestingly, the transitions of the complex 3a to the second (S2, 419.8 nm) and fourth singlet excited state (S4,
389.7) with MLCT character show signiﬁcantly stronger
oscillator strength in comparison with other iridium complexes, which generally show very weak oscillator
strength. This suggests that the absorption band range
from 360 to 500 nm with considerable absorption capacity
is assigned to MLCT transition. As observed experimentally, the transitions show in the UV region of the spectra
is a result from p–p contributions of the cyclometalated
ligand. The computed band at 357.6 nm for complex 3b
is attributed to a transition to the tenth singlet excited
state (S10), which involves ppy-based orbital (HOMO3)
and a p orbital mainly localized on the ppy ligand
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Fig. 4. Absorption spectra of iridium complexes 2a, 2b, 3a and 3b. Experimental spectra (black lines) are superimposed on TDDFT/M06 simulated
absorption spectra (blue lines). Singlet vertical excitation energies are represented by black bars. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)

(LUMO+1). This transition can be assigned to the experimentally observed peak at 355 nm. The experimentally observed peak at 298 nm for complex 3a can be assigned to
the transition to the twenty-second singlet excited state
(S22, 296.9 nm), which involves orbitals (HOMO5) and
(LUMO+1), both mainly localized on dicyanovinyl group
and phenyl ring of the ppy ligand.
To gain some information about emission process of
these iridium complexes, emission energies in CH2Cl2 from
T1 to singlet ground state (S0) based on the optimized
structures of the ﬁrst triplet state (T1) using the UM052X method are calculated and as shown in Table 1, the calculated T1  S0 energy gaps correlate well with the phosphorescent peak wavelengths of the experimental data.
The complex 2a shows a theoretical band at 478.9 nm
(exp: 487 nm), 2b at 571.8 nm (exp: 579 nm), 3a at
519.8 nm (exp: 522 nm) and 3b at 699.7 nm (exp:
676 nm). The experimentally observed red shift along the
formyl to dicyanovinyl is also captured by the calculations.
The spin density on the ﬁrst triplet state and differences of
spin density between the T1 and S0 are presented in Fig. S7
of Supplementary Information.
2.5. Electroluminescence devices
The iridium complexes described here posses signiﬁcantly red-shifted emission in both solution and solid ﬁlm,

so their electroluminescence (EL) characteristics were
investigated although they show the low quantum efﬁciency in solid ﬁlm. The purpose for this is to ﬁnd every
possible routes for further improving quantum yields of
these iridium complexes. Two types of EL devices of the
conﬁgurations ITO/NPB (20 nm)/TCTA (10 nm)/5% 2a or
2b: CBP (30 nm)/TPBi (60 nm)/Cs2CO3 (3 nm)/Al (100 nm)
(device I) and ITO/NPB (40 nm)/5% 3a or 3b: Bebq2
(30 nm)/Bebq2 (20 nm)/Cs2CO3 (3 nm)/Al (100 nm) (device
II) were fabricated. The device structure we used have been
proven earlier to achieve excellent performance for the
iridium complexes with green and red emission [22] and
little modiﬁed by us. In these devices, NPB (N,N0 -Bis(naphthalene-1-yl)-N,N0 -bis(phenyl)-benzidine) acts as holetransporting layer, TCTA (4,40 ,400 -tris(N-carbazolyl)) as
electron-blocking materials, CBP (4,40 -N,N0 -dicarbazolebiphenyl) as the host material, TPBi (1,3,5-tris[N(phenyl)benzimidazole]benzene) as an electron-transporting and hole-blocking materials and in device II, Bebq2
(bis(10-hydroxybenzo[h] quinolinato)beryllium) as a host
and electron-transporting materials.
For all the devices, the doping concentration of the iridium complexes were varied from 5% to 10% and weak
dependence of doping concentration on EL characteristics
was observed in this range, so the device performances
with 5% dopants were presented here. The EL spectra, the
dependence of luminance and current efﬁciency on current
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Fig. 5. (a) PL spectra of the complex 2a, 2b, 3a and 3b in 5% doped PMMA ﬁlm; (b) EL spectra of the OLEDs based on the iridium complexes 2a, 2b, 3a and 3b
as dopant (5%); (c) luminance–current density and (d) current efﬁciency–current density characteristics of device I and II based on iridium complexes 2a,
2b, 3a and 3b as dopant (5%).

density are shown in Fig. 5. It can be seen from Fig. 5, the
EL emission spectra of the devices are similar to the PL
spectra of the complexes in solid ﬁlm. The little difference
between the emission peak observed in the complex 3a
doped device and PL spectra indicates the identical excited
stat are formed in both process, which is different from
that of the solution. Due to relatively higher quantum
yields of the complex 2a and 2b, their devices present a
current efﬁciency of 27.3 and 9.1 cd/A (at 60 cd/m2)
respectively. For the complex 3a and 3b, applying to the
device I, it was found that the emission of the CBP could
not be quenched by the iridium complex even if the doping
concentration is up to 20%. So, we switched to fabricating
the device II using them as dopants. We observed that
the 5% complex 3a doped device presents a red emission
of 604 nm exclusively while 10% 3b doped device shows
a deep red emission (668 nm) with a little residual green
emission of the host Bebq2. Unfortunately, both device
show poor luminance (less than 1000 cd/m2) and current
efﬁciency (less than 1 cd/A) as shown in Fig. 5.

Edinburgh (FS920) ﬂuorometers, respectively. Luminescent quantum yields (PLQY,) in solution were determined
according to the approach described by Demas and Crosby
using Ir(piq)2acac in CH2Cl2 (Uem ¼ 0:20) as standard. Lifetime studied of the iridium complex doped PMMA ﬁlm
(5%) were performed by an Edinburgh FL900 photon counting system using LED lamp as the excitation source. The
emission decays were analyzed by the sum of exponential
functions, which allows partial removal of the instrument
time broadening. An integrating sphere combined with
PTI Fluorescence lifetimes spectrometers was applied to
measure the quantum yield in the solid state, in which
the solid ﬁlm was prepared via the spin-coating method
and was excited by He–Cd laser source. The excited wavelength were 400, 400, 450 and 470 nm for iridium complexes 2a, 2b, 3a and 3b. The resulting luminescence was
acquired by an intensiﬁed charge-coupled detector for subsequent quantum yield analyses.

3.2. CV studies
3. Experimental section
3.1. Spectroscopy
The steady-state absorption and emission spectra were
recorded with Hitachi (U-3310) spectrophotometers and

Cyclic voltammetry (CV) measurements were performed on a Princeton Applied Research model 273 A electrochemical workstation. The oxidation and reduction
measurements were recorded using a glassy carbon as
working electrode, Pt-sheet and Pt-wire as counter electrode and reference electrode, respectively, in anhydrous
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CH3CN containing 0.1 M TBAPF6 as supporting electrolyte,
at the scan rate of 100 mV s1. The potential were measured against Pt-wire reference electrode with ferrocenium/ferrocene (Fc/Fc+) as internal standard.
3.3. The synthesis of the iridium complexes
All the reactions were carried under an argon atomosphere. Reagents were used without further puriﬁcation.
Thin ﬁlm layer and ﬂash chromatography were performed
on silica gel. 1H and 13CNMR spectra were recorded on Bruker Avance 400 MHz spectrometers. HRMS experiments
were carried out on a Thermo Scientiﬁc LTQ Orbitrap Discovery (Bremen, Germany). The linear ion trap (LTQ) part
of the hybrid MS system was equipped with electrospray
ionization (ESI) probe and operated in both positive and
negative ion modes. The HRMS experiments were operated
in the FTMS mode at a resolution of 60,000. The scan range
of each full MS scan was from 300 to 2000 Da. The obtained
data were processed using XCalibur v.2.0 software.
3.3.1. Typical procedure for synthesizing complexes 2a, 2b and
2c
A mixture of the ligands 1a (1.375 g, 7.5 mmol), 1b
(1.375 g, 7.5 mmol) or 1c (1.478 g, 7.5 mmol), IrCl33H2O
(1.1 g, 3.5 mmol), 2-ethoxyethanol (150 mL)/distilled H2O
(50 mL) was reﬂuxed under argon for 24 h. After cooling
to room temperature, distilled H2O (150 mL) was added
and the resulting precipitate was collected by ﬁlteration
and washed with water, ethanol and hexane successively.
After drying, the crude product was directly used for next
step without further purifying. A solution of the dimer
(0.5 mmol) and picolinic acid (0.15 g, 1.25 mmol) in 1,2dichloroethane (50 mL) was reﬂuxed under argon for
20 h, then 1,2-dichloroethane was evaporated and the
resulting precipitate was directly dissolved in CH2Cl2 and
subjected to ﬂash chromatography on silica gel using CH2Cl2 and methanol as eluent to afford the desired Iridium
complexes.
2a: (1.49 g, Yield 63%) 1H NMR (400 MHz, DMSO-d6, d):
9.86 (s, 1H, CHO), 9.84 (s, 1H, CHO), 8.55 (d, J = 5.6 Hz, 1H),
8.42–8.47 (m, 2H), 8.35–8.37 (m, 2H), 8.03–8.14 (m, 4H),
7.62–7.63 (m, 3H), 7.50–7.54 (t, 1H), 7.34–7.37 (t, 1H),
7.28 (d, J = 6.8 Hz, 1H), 7.21 (d, J = 6.8 Hz, 1H), 6.50 (d,
J = 8 Hz, 1H), 6.30 (d, J = 8 Hz, 1H); 13C NMR (400 MHz,
DMSO-d6, d): 120.70, 120.75, 124.68, 125.02, 125.70,
126.39, 128.26, 129.60, 129.92, 130.22, 131.41, 131.73,
133.05, 139.58, 139.85, 145.81, 146.26, 148.20, 148.76,
149.21, 150.89, 161.02, 162.72, 165.81, 166.57, 171.99,
192.38, 192.47; HRMS (ESI): calc. for C30H20IrN3O4,
678.11325; found: 678.11157, elemental analysis calc. (%)
for C30H20IrN3O4: C: 53.09, H: 2.97, N: 6.19; found C:
52.052, H: 2.709, N: 6.112.
2b: (1.54 g, Yield 65%) 1H NMR (400 MHz, DMSO-d6, d):
9.70 (s, 1H, CHO), 9.65 (s, 1H, CHO), 8.60 (d, J = 5.2 Hz, 1H),
8.41–8.46 (m, 2H), 8.06–8.13 (m, 6H), 7.60–7.69 (m, 3H),
7.45–7.54 (t, 1H), 7.37–7.47 (m, 3H), 6.75 (s, 1H), 6.55 (s,
1H); 13C NMR (400 MHz, DMSO-d6, d): 121.58, 121.63,
124.45, 124.89, 125.01, 125.56, 125.66, 128.22, 129.76,
131.89, 132.01, 135.93, 136.44, 139.31, 139.57, 147.47,
148.52, 148.79, 149.47, 149.90, 151.07, 151.22, 151.51,

165.57, 166.44, 172.17, 193.68, 206.93; HRMS (ESI): calc.
for C30H20IrN3O4, 678.11325; found: 678.11169; elemental
analysis calc. (%) for C30H20IrN3O4: C: 53.09, H: 2.97, N:
6.19; found C: 52.742, H: 2.664, N: 6.101.
2c: (1.63 g, Yield 66%) 1H NMR (400 MHz, DMSO-d6, d):
8.59 (s, 1H), 8.39 (t, 2H), 7.95–8.13 (m, 6H), 7.60–7.69 (m,
3H), 7.51–7.55 (m, 2H), 7.46 (d, J = 8.0 Hz, 1H), 7.35–7.38
(t, 1H), 6.78 (s, 1H), 6.59 (s, 1H), 2.32(s, 3H, CH3), 2.27(s,
3H, CH3); 13C NMR (400 MHz, DMSO-d6, d): 31.05, 80.30,
80.63, 113.71, 114.94, 121.91124.81, 125.42, 125.64,
125.89, 126.34, 128.30129.30, 131.69, 132.11, 133.39,
133.48, 139.27, 139.70, 147.23, 148.39, 148.66, 149.29,
149.66, 151.53, 152.03, 161.81, 161.99, 164.85, 165.77,
172.16, 200.98; HRMS (ESI): calc. for C32H24IrN3O4,
706.14455; found: 706.14276; elemental analysis calc.
(%) for C30H20IrN3O4: C: 54.38, H: 3.42, N: 5.95; found C:
50.247, H: 3.112, N: 5.142.
3.3.2. The general procedure functionalized with
malononitriles
To malononitrile (0.236 g, 3.6 mmol) dissolved in ethanol (50 mL) was added the iridium complexes 2a or 2b
(1.02 g, 1.5 mmol) followed by 3 drops piperidine. This
reaction mixture was reﬂuxed for 12 h and then allowed
to cool room temperature, upon which an suspension
was obtained. The crude product was collected by ﬁlteration and the extra-pure product was achieved by chromatography with silica gel (CH2Cl2/methanol).
3a: (0.9 g, Yield 78%) 1H NMR (400 MHz, DMSO-d6, d):
8.56 (d, J = 5.2 Hz, 1H), 8.36–8.39 (d, 2H), 8.30(d,
J = 6.8 Hz, 2H), 8.13–8.18 (m, 6H), 7.66 (m, 3H), 7.56–7.57
(m, 1H), 7.35–7.45 (m, 3H), 6.55 (d, J = 8 Hz, 1H), 6.31 (d,
J = 8 Hz, 1H); 13C NMR (400 MHz, DMSO-d6, d): 76.40,
76.80, 114.73, 114.35, 115.61, 115.75120.36, 125.19,
125.52, 125.81, 126.16126.56, 127.21, 128.36, 130.00,
130.10, 130.67, 133.58, 133.77, 140.07, 146.50, 145.85,
148.52, 148.92, 149.55, 150.63, 161.61, 161.83, 163.58,
165.05, 165.76, 171.92; HRMS (ESI): calc. for C36H20IrN7O2,
774.13572; found: 774.13275; elemental analysis calc. (%)
for C36H20IrN7O2: C: 55.81, H: 2.60, N: 12.65; found C:
55.339, H: 2.463, N: 11.813.
3b: (0.87 g, Yield 75%) 1H NMR (400 MHz, DMSO-d6, d):
8.54 (d, J = 5.6 Hz, 1H), 8.34–8.39 (t, 2H), 8.25 (s, 1H), 8.19
(s, 1H), 7.98–8.13 (m, 6H), 7.63–7.66 (m, 2H), 7.59 (d,
J = 5.6 Hz, 1H), 7.46–7.50 (m, 2H), 7.41 (d, J = 8.0 Hz, 1H),
7.31–7.35(t, 1H), 7.02(s, 1H), 6.84(s, 1H); 13C NMR
(400 MHz, DMSO-d6, d): 82.01, 83.24, 112.63, 112.69,
113.92, 114.25, 120.79, 121.11, 124.21, 124.60, 124.76,
124.88, 125.74, 126.44, 128.47, 128.74, 131.22, 131.69,
133.17, 133.48, 138.29, 138.46, 147.19, 148.25, 148.49,
148.62, 149.13, 151.24, 151.41, 151.77, 160.01, 160.20,
164.98, 166.33, 172.71; Positive ion HRMS (ESI): calc. for
C36H20IrN7O2, 774.13572; found: 774.13409; elemental
analysis calc. (%) for C36H20IrN7O2: C: 55.81, H: 2.60, N:
12.65; found C: 55.705, H: 2.369, N: 12.039.
3.4. Computational details of theoretical calculations
Singlet ground state (S0) geometries of all relevant iridium compounds were fully optimized by using M06 method of density functional theory (DFT). The standard
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6-311G(d,p) basis set on non-metal atoms and the relativistic effective core potential (ECP) LANL2DZ on Ir atom
were taken in our calculations. The solvent effects were
evaluated with the self-consistent reaction ﬁeld (SCRF)
based on the integral equation formalism of the polarizable
continuum model (IEFPCM) in CH2Cl2 solvent (e = 8.93).
The vertical excitation calculations in CH2Cl2 for the simulation of absorption spectra were used by the time-dependent (TD) DFT method. To gain the features of
phosphorescence emission processes of the iridium compounds, the ﬁrst triplet state (T1) geometries were located
by the M05-2x functional combined with the same basis
set as mentioned above. The suitability of M05-2x functional for the emission spectra of a series of iridium compounds has been well-documented.s1,s2 Based on T1
optimized structures, the single-point energy calculations
were conducted at their S0 states. In this way, the positions
of the ﬁrst phosphorescence bands of all iridium compounds were estimated by the S0  T1 gap of electronic
energies including solvent effects. All calculations were
carried out with the Gaussian 09 program package.s3
3.5. OLED fabrication and measurements
The fabricating and measuring procedure of the OLED
are similar to that we have reported previously [23]. The
ITO-coated glass substrates were loaded into a vacuum
chamber to have the hole-transporting layer, light-emitting layer, electron-transporting layer and the cathode,
Cs2CO3 (3 nm)/Al (100 nm) in turn by thermal evaporation.
The light-emitting layer was deposited by coevaporating
technology, with both deposition rates being controlled
with two independent quartz crystal oscillators. The EL
spectra and CIE coordinates of the devices were measured
by a spectrometer (PR650) and the current–voltage–luminescence characteristics of devices were analyzed by
Keithley 2602 source meter.
4. Conclusion
In summary, we have synthesized and characterized a
new series of iridium complexes with formyl and dicyanovinyl substituents on the phenylpyridine ligands. We have
demonstrated that functionalisation with electron-withdrawing moieties, formyl and dicyanovinyl groups, leads
to the ability to widely tune the photoluminescence from
blue–green to deeply red, depending on the position in
which these substituents are bound to the phenylpyridines. Surprisingly, the meta-substitution of dicyanovinyl
group 3a shows signiﬁcantly enhanced absorption capacity
in the visible light range from 350 to 500 nm, which make
it a good candidate for use in DSSCs, photocatalytic hydrogen production and other ﬁelds of light-harvesting application. Our theoretical results highlight that substituent with
strong electron-withdrawing characteristics can induce
redistribution of the electron-density distributed on ligand
units of the iridium complexes and as a result, inﬂuence
the emission and absorption energy of the iridium complexes. Interestingly, our results give our enlightenment
to tune absorption band of iridium-based sensitizer to vis-
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ible light range, which is the focus of our further research
in the future.
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