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ABSTRACT: In this paper, we have designed and synthesized a series of
neutral liquid-crystalline iridium(III) complexes based on polycatenar 2,5-
diphenylpyridine and pyridyltetrazolate derivatives. Iridium(III) complexes all
display highly emissive behavior with photoluminescence quantum yields in
the range of 0.45−0.66 and a maximum emission wavelength at ∼563 nm.
Hexagonal columnar mesophases of iridium(III) complexes can be obtained
by changing the number and length of peripheral alkoxyl chains attached to a
2,5-diphenylpyridine ligand (main ligand) and a pyridyltetrazolate ligand
(auxiliary ligand). Moreover, experimental results of the charge transport
properties for these iridium(III) complexes, which were measured by the
space charge limited-current method, exhibit ambipolar carrier mobility
behavior. In particular, the liquid-crystalline iridium(III) complexes can self-
organize into one-dimensional (1D) nanostructure after thermal annealing
treatment in their liquid-crystalline phase. The devices based on liquid crystal
film display improved charge transport behavior compared with that of the devices based on polycrystalline film, indicating 1D
nanostructure is beneficial to charge carrier injection and transportation.

■ INTRODUCTION

In recent decades, iridium and platinum transition elements
have been widely used in the synthesis of highly efficient
luminescence materials.1−4 Because of the electron spin−orbit
coupling and fast intersystem crossing, these heavy metal
complexes can capture electrogenerated singlet and triplet
excitons in the emitting layer of organic light-emitting diodes
(OLEDs) and theoretically make their internal quantum
efficiency ≤100%.1,3 Iridium(III) complexes have attracted a
great deal of attention due to their many advantages, such as
their high quantum efficiency, chemical stability, and flexibility
in color tuning. Therefore, many related applications came into
being, for example, OLEDs,4−9 light-emitting electrochemical
cells (LECs),6,10,11 sensors,12,13 and biological imaging.14−17

Metal-containing liquid crystals (metallomesogens) have
also received a great deal of attention because of the improved
carrier transportation and polarized emission in the liquid
crystal phase.18−37 Compared with iridium(III) complexes,
platinum(II) complexes have a square planar geometry and
tend to become a class of mesogenic materials by connecting
several flexible chains at the periphery of the molecules.
However, the device based on platinum(II) complexes as an
emitter often shows deteriorated device performance, showing
a lower device efficiency and red-shifted luminescence, which
result from strong intermolecular interactions of planar
platinum(II) complexes.38,39 Although the devices fabricated
by phosphorescent iridium(III) complexes can avoid these
disadvantages, it is difficult to obtain liquid-crystalline

iridium(III) complexes because of their octahedral structure.
Until now, a few iridium(III) metallomesogens have been
reported.40−43

Very recently, we reported the new lamellar platinum(II)
metallomesogens consisting of rodlike 2-phenylpyridine and
pyridyltetrazolate. These platinum(II) metallomesogens were
found to have ambipolar charge transporting behavior upon
the introduction of the pyridyltetrazolate unit with an electron
affinity.44 The results encouraged us to explore the possibility
of obtaining iridium(III) metallomesogens with ambipolar
charge transporting behavior by connecting polycatenar 2,5-
diphenylpyridine with pyridyltetrazolate (Figure 1). The
neutral iridium(III) complexes were obtained from the
iridium(III) chloro-bridged dimers and pyridyltetrazolate
derivatives. The iridium(III) chloro-bridged dimers were
prepared according to a literature procedure,41 and pyridylte-
trazolate derivatives were easily obtained by “click chem-
istry”.45

■ EXPERIMENTAL SECTION
Materials and Methods. All commercially available starting

materials were used directly without further purification. The solvents
were carefully dried prior to use. 1H nuclear magnetic resonance
(NMR) and 13C NMR spectra were recorded on a Varian INOVA
400 MHz spectrometer. Elemental analyses were performed with a
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Euro Vector EA300 element analyzer. Polarized optical microscopy
(POM) was performed on an Olympus BX41 instrument. Differential
scanning calorimetry (DSC) experiments were performed on a TA
Discovery DSC instrument at a scan rate of 10 °C/min under the
protection of nitrogen. X-ray diffraction (XRD) was measured on a
Rigaku SmartLab (Cu Kα). Ultraviolet−visible absorption spectra
were measured at room temperature on a PerkinElmer Lambda 950
spectrophotometer. The photoluminescence (PL) spectra at 298 and
77 K were measured on a Horiba Fluorolog-4 spectrophotometer.
Dichloromethane (CH2Cl2) solutions (M = 1.0 × 10−5 mol/L) of
samples were degassed by more than three freeze−pump−thaw cycles
prior to measurement. Quantum efficiency measurements were taken
at room temperature in CH2Cl2 solutions, and [Ru(bpy)3]Cl2 in a
degassed aqueous solution (excitation wavelength of 436 nm; Φlum =
0.042) was used as a reference.46 The equation Φs = Φr(Ar/As)(ns/
nr)

2(Is/Ir) was used to calculate the quantum yields, where Φs is the
quantum yield of the sample, Φr is the quantum yield of the reference,
As and Ar are the absorbance of the sample and the reference,
respectively, at the wavelength of excitation, Is and Ir are the
integrated areas of emission bands, and n is the refractive index of the
solvent (at 298 K, ns = 1.4244 and nr = 1.3325). The time-resolved
measurements were taken on a Horiba Fluorolog-4 spectrophotom-
eter to measure the excited state lifetime. Nano LED 370 (λ = 370
nm) was used as the excitation source, and the time-correlated single-
photo count (TCSPC) method was uesd to collect photos.
X-ray Crystallographic Analysis. A New Gemini (Dual, Cu at

zero) EosS2 diffractometer was used to collect single-crystal data at
150 K. The structure was determined by Olex2 with the Super-
flipprogram and refined with the ShelXL package (least-squares
minimization).47−49

Electrochemical Tests. Electrochemical measurements were
taken on an autolab PGSTAT302 voltammetric analyzer at room
temperature in an anhydrous CH2Cl2 solution (the concentration of
the samples was 1.0 × 10−3 mol/L) containing 0.1 mol/L
tetrabutylammonium hexafluorophosphate (Bu4NPF6) as a support-
ing electrolyte at a scan rate of 100 mV s−1. The solutions were
carefully deaerated by high-purity argon bubbing before the scans.

Cyclic voltammograms were measured using the single-compartment
three-electrode cell. A glassy carbon electrode was used for the
working electrode. A Pt wire and a Ag/AgNO3 (0.1 mol/L in dry
acetonitrile) electrode were used as the counter electrode and the
reference electrode, respectively. Bu4NPF6 was purified by recrystal-
lization before being used. The glassy carbon electrode was polished
with 0.5 μm diamond powder prior to use. All of the electrochemical
data reported here were measured relative to an external ferrocene/
ferrocenium reference (Fc/Fc+).

Device Fabrication and Measurements. Hole-only devices
were fabricated with an ITO/PEDOT:PSS (35 nm)/Ir−B3 or Ir−C3
(100 nm)/MoO3 (10 nm)/Au (100 nm) structure.50,51 First, glass
substrates with prepatterned indium tin oxide (ITO, sheet resistance
of 15 Ω sq−1) were first ultrasonicated in a detergent, deionized water,
acetone, and isopropanol and then modified by an ultraviolet−ozone
treatment for 20 min. Second, poly(3,4-ethylenedioxythiophene):po-
lystyrenesulfonate (PEDOT:PSS) was first filtered through a 0.45 μm
nylon filter and then spin coated on the cleaned ITO substrates with a
spin speed of 5000 rpm for 60 s to form a thin layer (35 nm). The
substrates were baked on a hot plate at 140 °C for 15 min and
transferred into the glovebox. Third, a film of Ir−B3 or Ir−C3 was
prepared by the spin coating method from a solvent of CH2Cl2 with a
concentration of 20 mg mL−1 at 1700 rpm for 60 s. Finally, a 10 nm
MoO3 layer was first evaporated onto the surface of the active blend
before the evaporation of the Au (100 nm) electrode. Electron-only
devices were fabricated with a glass/Al (100 nm)/Ir−B3 or Ir−C3
(100 nm)/Al (100 nm) structure; 100 nm of the Al electrode was
evaporated before and after the active layer spin coating. The
thickness of the films was measured using a Dektak 6 M surface
profilometer. The active layers were heated to 150 °C for 5 min and
then cooled slowly (5 °C/min) to room temperature. The device area
was 0.04 cm2. The current density−voltage (I−V) characteristics were
measured with a computer-controlled Keithley 2400 Source Measure-
ment system. For the devices, the space charge limited current
(SCLC) is described by the formula J = (9/8)εoεrμ(V

2/d3),50 where J
is the current density, εo is the permittivity under vacuum (εo = 8.85
× 10−12 F/m), εr is the dielectric constant (εr = 3), μ is the charge
mobility, and d is the thickness of the sample (100 nm).

■ RESULTS AND DISCUSSION

Crystal Structure of Ir−A3. Single crystals of Ir−A3 with
methoxy chains, an analogue of polycatenar iridium(III)
complexes, were obtained by slow evaporation of a chloro-
form/n-hexane solution of the complex at room temperature.
The molecular structure is shown in Figure 2 (CCDC
1588649). The detailed crystallographic data and selected
bond lengths and angles are summarized in Tables S1 and S2.
Ir−A3 crystallizes in triclinic space group P1̅. As shown in
Figure 2, two cyclometalated 2,5-bis(3,4,5-trimethoxyphenyl)
pyridine ligands and one 2-(1H-tetrazol-5-yl)-5-(3,4,5-
trimethoxyphenyl)pyridine ligand coordinate with the central
iridium(III) ion, forming a distorted octahedral structure
around the central iridium atom, which is similar to the
reported iridium(III) tetrazolate complexes reported previ-
ously.52,53 The aryl ring fragments of three ligands overlap
partly in the steric configuration because of their anisotropic
structures. Two carbon atoms and two nitrogen atoms of
cyclometalated ligands exhibit cis-C−C and trans-N−N chelate
dispositions, respectively. Ir−C bonds [2.039(4) and 2.049(4)
Å] are slightly longer than those of similar iridium(III)
tetrazolate complexes [1.991(19)−2.029(8) Å], and Ir−N
bond lengths in the cyclometalated ligands and in the
tetrazolate ligand are in the range of those of similar
iridium(III) tetrazolate complexes [2.033(15)−2.064(7) and
2.096(7)−2.196(14) Å].52,53 The Ir−N distances in the
auxiliary ligands {Ir01−N00M [2.183(3) Å] and Ir01−N00L

Figure 1. Chemical structures of all iridium(III) complexes.
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[2.125(3) Å]} are longer than those in cyclometalated ligands
{Ir01−N00H [2.056(3) Å] and Ir01−N00N [2.064(3) Å]}.
To minimize the steric effect and stabilize the crytal structure,
three peripheral 3,4,5-trimethoxybenzene rings attached to two
phenylpyridines and a pyridyltetrazolate moiety adopt the
distorted configuration. The angles between two peripheral
3,4,5-trimethoxyphenyl and pyridyl groups of the main ligands
are 42.58° and 30.54°, respectively, and the angle between the
3,4,5-trimethoxyphenyl and pyridyl group of the pyridylte-
trazolate moiety is 30.48°. The shortest distance between the
two iridium centers is 8.5331(5) Å in the crystal packing of Ir−
A3.
Photophysical Properties. The ultraviolet−visible ab-

sorption and photoluminescence (PL) spectra of all iridium-
(III) complexes in degassed CH2Cl2 (M = 1.0 × 10−5 mol/L)
are shown in Figure 3, and the corresponding photophysical
data of all iridium(III) complexes are summarized in Table 1.
The strong absorption bands in the ultraviolet region at
approximately 220−350 nm, with molar extinction coefficients
in the range of 18000−47000 M−1 cm−1, are assigned to the
spin-allowed ligand-centered π−π* transitions (1LC). In
addition, because of the similar iridium(III) complexes
previously reported5,8,53 and the results of time-dependent
density functional theory calculations for Ir−A3 (vide infra),
the weaker absorption bands centered at ∼430 nm with molar
extinction coefficients in the range of 3500−6900 M−1 cm−1

are tentatively attributed to the metal-to-ligand charge-transfer
transitions (MLCT), with some mixture of ligand-centered
π−π* transitions (LC). All iridium(III) complexes are highly
luminescent in degassed CH2Cl2 solutions with a maximum
emission wavelength at ∼563 nm, accompanied by a shoulder
peak at ∼600 nm. These iridium(III) complexes exhibit nearly
identical emission spectra with variation of only a few
nanometers, indicating that the number and length of
peripheral alkoxy chains have an only weak influence on the
luminescence of molecules. Compared with similar liquid-
crystalline iridium(III) complexes based on acac (Hacac is
acetyl acetone) derivatives,41 these complexes exhibit lumines-
cence that is blue-shifted by ∼19 nm, showing that
pyridyltetrazolate groups as auxiliary ligands have a certain
effect on luminescence. Compared with PL spectra at room

temperature, PL spectra of the the iridium(III) complexes
show a blue-shift of 13 nm due to a rigidochromic effect at 77
K. The shoulder peak at ∼600 nm becomes apparent, and the
PL spectra show some structural characteristics at 77 K. In a
degassed CH2Cl2 solution at room temperature, the PL
quantum yields (Φ) of these iridium(III) complexes are in
the range of 0.45−0.66 and higher than those of similar
iridium(III) metallomesogens.40,52 The excited state lifetimes
(τ) of all complexes are in the range of 0.21−0.27 μs (Figure
S1). Some structured PL spectra at 77 K and microsecond
radiative lifetimes indicate the emission originates mainly from
the excited state of MLCT with a certain contribution from the
excited state of 3π−π* transitions (3LC).53−57

Moreover, the PL spectra of Ir−C1 and Ir−C3 complexes, in
the liquid-crystalline phase (see below) and in the amorphous
state, are very similar with peaks at ∼578 nm (Figure S2 and
Table S3) and displayed red-shifts of 15 nm from the CH2Cl2
solution to condensed phases, suggesting weaker intermolec-
ular interactions in aggregation states.
Chirality is involved at different levels, such as subatomic,

molecular, supramolecular, and macroscopic levels. Among
these different levels, chirality at a molecular and supra-
molecular level is vitally important because it is strongly related
to chemistry, physics, biology, materials, and nanoscience,
which treat the matter on scales from atomic to molecular and
supramolecular.58 It has been known that nearly all the neutral
iridium(III) complexes are racemic mixtures in solution,59 but
we would like to know whether Ir−C1 and Ir−C3 complexes

Figure 2. Perspective diagram of Ir−A3 with thermal ellipsoids shown
at the 50% probability level. The hydrogen atoms have been omitted
for the sake of clarity.

Figure 3. Photophysical spectra of iridium(III) complexes in degassed
CH2Cl2 at room temperature (top) and 77 K (bottom) (λex = 425
nm; M = 1.0 × 10−5 mol/L).
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with liquid crystal properties (vide infra) can self-organize into
a helical supramolecular structure. The chirality of the Ir−C3
complex was measured by circular dichroism (CD) in a
CH2Cl2 solution and liquid-crystalline states. CD signals of the
Ir−C3 complex are silent in both CH2Cl2 solution and liquid-
crystalline phase (Figure S3), indicating that the Ir−C3
complex is a racemic mixture both in solution and in the
liquid-crystalline phase.
Electrochemical Properties. To research the charge

carrier injection behavior, the electrochemical properties of
complexes, taking Ir−B3 and Ir−C3 as representative
examples, were measured by cyclic voltammetry (CV) in a
0.1 M Bu4NPF6/CH2Cl2 solution (Figure S4 and Figure 4).

Ir−B3 and Ir−C3 complexes undergo an irreversible oxidation
process with peak potentials at 0.51 and 0.50 V (vs Fc/Fc+) for
Ir−C3 and Ir−B3, respectively. As reported for the cyclo-
metalated iridium(III) complexes,8,53 the oxidation processes
are assigned to metal-centered oxidation. The irreversible
oxidation characteristic of these complexes suggests that the
cyclometalated ligand is greatly involved in the oxidation
processes,60−63 which is also supported by the results of time-
dependent density functional theory (TD-DFT) calculations
for Ir−A3 (see below). Meanwhile, Ir−B3 and Ir−C3 also
exhibit irreversible reduction waves with reduction waves at
−1.44 and −1.40 V (vs Fc/Fc+), respectively. The reduction
occurs mainly on the ligands, which is attributed to the
reduction of ligands via the pyridyltetrazolate moiety.53

Computational Investigation. To further investigate the
influence of electronic energy levels and electronic transition
characters on the electrochemical and photophysical proper-
ties, density function theory (DFT) calculations for a
representative complex (Ir−A3) were performed in CH2Cl2
solution. The ground state geometry of Ir−A3 was optimized
by means of DFT employing the exchange correlation hybrid
functional B3LYP-D3, using the 6-311G(d,p) basis set for all
nonmetallic elements and the Stuttgart−Dresden (SDD)
effective core potential for iridium. The excited states of Ir−
A3 were calculated by TD-DFT with the optimized ground
state structure. The optimized molecular structure and relevant
frontier orbitals for Ir−A3 are shown in Figure 5. The relevant

transitions involved along with their energy, oscillator
strengths, and character computed in CH2Cl2 solutions are
listed in Table S4. Compared to those of theory calculations
with X-ray diffractometric data, the differences in bond lengths
are on the order of picometers (Table S2), indicating that the
calculated molecular structure is quite consistent with the
geometry obtained by single-crystal X-ray diffractometric
analysis. The electrons in the highest occupied molecular
orbital (HOMO) are distributed over coordinated phenyl-
pyridine fragments of the main ligands, with a considerable
contribution from the d orbital of the central iridium atom,
which results in an irreversible oxidation process during
electrochemical testing (see above). In contrast, the electrons
in the lowest unoccupied orbital (LUMO) are mainly
delocalized on the pyridyltetrazolate fragment of the auxiliary
ligand with a small contribution of the phenyl ring attached to
the pyridine moiety. The delocalized LUMO orbital causes
lower LUMO energy level, resulting in red-shifted absorption

Table 1. Photophysical Data of Iridium(III) Complexes in Degassed CH2Cl2 (λex = 425 nm)

complex absorption (nm) [ε (×10−3 M−1 cm−1)] λem (nm), room temperature λem (nm), 77 K ΦPL (%) τ (μs) kr
a (μs−1) knr

a (μs−1)

Ir−A3 230 (34) 305 (41) 326 (40) 425 (5.9) 558, 598 548, 594 45 0.25 1.80 2.20
Ir−B 240 (18) 298 (25) 336 (20) 429 (3.5) 563, 600 551, 601 50 0.23 2.17 2.17
Ir−B1 233 (34) 306 (47) 333 (43) 430 (6.9) 563, 600 555, 595 66 0.21 3.14 1.62
Ir−B3 236 (27) 304 (32) 332 (33) 429 (4.9) 563, 600 553, 595 48 0.26 1.85 2.00
Ir−C 234 (25) 297 (34) 334 (26) 429 (4.8) 563, 600 549, 592 47 0.24 1.96 2.21
Ir−C1 234 (31) 307 (43) 330 (40) 428 (6.2) 563, 600 550, 594 52 0.24 2.17 2.00
Ir−C3 234 (35) 305 (40) 332 (42) 427 (6.5) 563, 600 553, 596 66 0.27 2.44 1.26

aRadiative (kr) and nonradiative (knr) decay constants estimated from the measured quantum yields and lifetimes, assuming that the emissive state
is formed with unitary efficiency upon excitation.

Figure 4. Cyclic voltammetry (CV) of the Ir−C3 complex. CV data
were measured in a degassed CH2Cl2 solution (M = 1.0 × 10−3 mol/
L) with a Pt wire, a Ag/AgNO3 electrode, and glassy carbon as the
counter, reference, and working electrodes, respectively. The scan rate
was 100 mV s−1, and ferrocene was used as a reference.

Figure 5. Partial molecular orbital diagram for the Ir−A3 complex
with some selected isodensity frontier molecular orbital mainly
involved in the electronic transitions. All the DFT energy values are
given in electronvolts. The arrows are intended to highlight the
HOMO−LUMO energy gaps.
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and emission spectra for the present iridium(III) complexes
compared to those of the analogous pyridyltetrazolate
iridium(III) complexes.53

Liquid Crystal Properties. The liquid crystal behavior of
these iridium(III) complexes was preliminarily detected by
POM and DSC. All complexes show glassy or crystalline states
during heating and cooling processes except the Ir−C1 and
Ir−C3 complexes; they have 2,5-diphenylpyridine with six
alkoxyl chains (n = 12) and pyridyltetrazolate with alkoxyl
chains (n = 12). For Ir−C1 and Ir−C3 complexes, the typically
fan-shaped textures of the hexagonal columnar phase were
observed by POM during slow (2 °C/min) heating and
cooling processes (Figure S5 and Figure 6). DSC data (Figure

7, Figure S6, and Table S5) indicate that both Ir−C1 and Ir−
C3 complexes exhibit enantiotropic room-temperature liquid-
crystalline behavior. The Ir−C1 complex with one alkoxyl
chain on pyridyltetrazolate has a lower melting point (−21
°C), a higher clearing point (121 °C), and a wider mesophase
range (142 °C) compared to those of the Ir−C3 complex with
three alkoxyl chains connected to pyridyltetrazolate for which
the melting point, clearing point, and mesophase range are −9,
97, and 106 °C, respectively. On the contrary, the Ir−C
complex, with six long alkoxyl chains (n = 12) on the main
ligand and no alkoxyl chain on the auxiliary ligand, was cooled

directly from the isotropic phase to the crystal phase, indicating
that having fewer alkoxyl chains is not conducive to the
formation of the liquid crystal. The complexes, Ir−B, Ir−B1,
and Ir−B3, with shorter alkoxyl chains (n = 6) on the main
ligand and no alkoxyl chain, one alkoxyl chain, or three alkoxyl
chains on the auxiliary ligand, reached crystal or glass phases
when these complexes cooled, suggesting that overly strong
intermolecular interactions (forming a crystal, such as Ir−B3)
or overly weak intermolecular interactions (forming a glass,
such as Ir−B or Ir−B1) do not favor mesogenic phases. There
seems to be a subtle balance between the number and length of
alkoxyl chains for the formation of liquid crystals.
XRD measurements for Ir−C1 and Ir−C3 further confirm

their phase structures clearly. XRD patterns of Ir−C1 and Ir−
C3 at 25 °C are shown in Figure S7 and Figure 8, respectively.

For Ir−C1, there are one intense peak at 2θ = 3.5° and two
weak peaks at 2θ = 6.14° and 7.03° in the small-angle region
(2θ = 2−12°); the corresponding d spacing values are 25.22,
14.60, and 12.60 Å, respectively, which are indexed as d10, d11,
and d20 reflections, respectively. The ratio of their d spacing in
reflection peaks is approximately 1:1/√3:

1/2, which is consistent
with the d spacing value ratio of the hexagonal columnar phase.
The distinct halo (h2) at 2θ = 21.25° (d = 4.18 Å) is assigned
to liquid-like order between the peripheral alkoxyl chains.
Moreover, there is an obscure diffuse peak (h1) at 2θ = 11.55°
(d = 7.66 Å), which is tentatively attributed to weaker Ir−Ir
intermolecular interactions in each column. We note that there
is no obvious diffuse peak at ∼3.5 Å, indicating that there are
weaker π−π intermolecular interactions in the columns. Very
weak Ir−Ir and π−π intermolecular interactions suggest that
the organization within the each column is rather disordered.
According to the formula reported in the literature,21 the
calculated lattice paramente (a) for the hexagonal columnar
phase is 29.12 Å. Analogously, for Ir−C3, in the small-angle
region three reflection peaks were observed at 2θ = 3.63°
(24.25 Å), 6.20° (14.25 Å), and 7.11° (12.43 Å), with a d
spacing ratio of 1:1/√3:

1/2, and an obscure diffuse peak (h1) at
2θ = 11.52° (d = 7.68 Å) and a distinct diffuse scattering halo
(h2) at 2θ = 21.20° (4.20 Å) also appeared. The calculated
lattice paramente (a) for the hexagonal columnar phase is
28.01 Å. XRD measurements indicate that Ir−C1 and Ir−C3
self-organize into the hexagonal columnar phase, and the

Figure 6. Polarized optical micrographs (on cooling) of the Ir−C3
complex (90 °C).

Figure 7. Differential scanning calorimetry curves of the Ir−C3
complex at a scan rate of 10 °C/min under the protection of nitrogen.

Figure 8. Powder XRD patterns of the Ir−C3 complex at room
temperature.
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complexes are loosely packed within the columns due to
weaker Ir−Ir and π−π intermolecular interactions.
Ambipolar Carrier Transport Properties. During the

application of organic semiconductors, such as OLEDs, organic
field-effect transistors (OFETs), and organic photovoltaic
devices (OPVs), the charge carrier mobility, especially the
well-balanced ambipolar mobility, is considered to be crucial to
achieving high device performances.18,64−67 To achieve
ambipolar transporting properties in a molecular structure,
the molecule would be composed of electron-transporting
chromophores (electron acceptor groups) and hole-trans-
porting chromophores (electron donor groups). However, the
carrier mobilities of the material depend not only on the
molecules themselves but also on the modes of molecular
packing. For example, in the polycrystalline phase, well-ordered
packing facilitates the charge transport between neighboring
molecules, but grain boundaries interrupt the carrier trans-
porting process. On the other hand, because of poor local
order and weak π-orbital overlap between molecules,
amorphous films display an unsatisfactory charge-transfer
property.68 Compared to polycrystalline and amorphous states,
the lower level of positional order in liquid crystal systems
makes liquid crystal molecules have a weaker tendency to form
structural defects and multidomains with the grain boundaries
so that liquid crystal molecules tend to self-organize into the

homogeneously ordered domains with large areas, resulting in
improved charge mobility.69

Electron mobilities (μe) and hole mobilities (μh) of
complexes Ir−B3 and Ir−C3 were measured at room
temperature using the space charge limited-current (SCLC)
method. The hole-only devices were fabricated with a glass/
ITO/PEDOT:PSS/Ir−B3 (or Ir−C3)/MoO3/Au structure,
and the electron mobility devices were fabricated with a glass/
Al/Ir−B3 (or Ir−C3)/Al structure. Devices were fabricated by
a conventional method, except that when the active layer of
Ir−B3 or Ir−C3 was spin coated on the substrate, the substrate
was heated to 150 °C for 5 min and then cooled slowly (5 °C/
min) to room temperature to obtain homogeneous films. The
current−voltage (I−V) curves and the detailed mobility data
are shown in Figure 9. As expected, the devices based on a
polycrystalline film of Ir−B3 display very low hole and electron
mobilities of 1.29 × 10−7 and 9.58 × 10−8 cm−2 V−1 s−1,
respectively. On the contrary, the devices, based on liquid
crystal films of Ir−C3 that are assumed to form one-
dimensional (1D) columnar structures, display improved
hole and electron mobilities of 1.29 × 10−4 and 7.25 × 10−5

cm−2 V−1 s−1, respectively. In addition, the hole mobility of Ir−
C3 is higher than that of the relevant platinum(II) complex
(6.30 × 10−5 cm−2 V−1 s−1),44 indicating that the 1D columnar
structure is beneficial to the transmission of holes. Conversely,
the electron mobility of Ir−C3 is lower than that of the

Figure 9. I−V curves of the hole and electron for Ir−B3 (left) and Ir−C3 (right).

Figure 10. Model structure of the Ir−C3 complex and its self-organization into nanostructure for ambipolar conductive columnar materials.
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relevant platinum(II) complex (3.30 × 10−4 cm−2 V−1 s−1),
which should be attributed to the very weak π−π interactions
of Ir−C3 in 1D columnar structures. The μh/μe value for Ir−
C3 is 1.71, indicating that Ir−C3 exhibits ambipolar carrier
transport behavior. We suppose that hole transport is related to
the central metal ions of the complexes, because of their
multiple oxidation states and low kinetic barriers for self-
exchange reactions,70−73 and peripheral pyridyltetrazolate co-
ligands with a strong electron affinity that act as an electron
acceptor are responsible for electron transport. Moreover, the
ambipolar charge mobilities are greatly improved in the
hexagonal columnar phase because of the 1D columnar
structure. On the other hand, the carrier mobilities in the
columnar mesogenic phase are even lower than that reported
in some columnar liquid crystals,18,20,21 which indicates that
the somewhat disordered molecular organization in the
columns (as discussed above) is not conducive to carrier
transport. For these iridium(III) liquid crystal complexes with
the distorted octahedral structure, it is very difficult to
represent an accurate mode for their molecular self-
organization, considering the many possibilities of their
arrangement into columnar phases.59,74,75 Here, we present
the hypothetical self-organization model (Figure 10). In the
mesogenic phase, an individual molecule can self-organize into
1D columnar structures driven by weaker intermolecular
interactions. In the columnar phase, the iridium center and
peripheral ligands form a rather ordered 1D hole and electron
channel, which is beneficial for the transportation of the
carrier. The outermost long alkoxyl chains separate the
columnar units and act as an insulator.

■ CONCLUSION
In conclusion, we demonstrate that 1D columnar structures of
iridium(III) metallomesogens with ambipolar charge mobility
behavior can be formed by introducing polycatenar 2,5-
diphenylpyridine and pyridyltetrazolate derivatives. With a
higher PL quantum yield and ambipolar mobility and liquid-
crystalline property, these iridium(III) metallomesogens may
be used as multifunctional semiconductor materials.
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Crystalline Ordering and Charge Transport in Semiconducting
Materials. Macromol. Rapid Commun. 2009, 30, 1179−1202.
(70) Ren, X.; Alleyne, B. D.; Djurovich, P. I.; Adachi, C.; Tsyba, I.;
Bau, R.; Thompson, M. E. Organometallic Complexes as Hole-
Transporting Materials in Organic Light-Emitting Diodes. Inorg.
Chem. 2004, 43, 1697−1707.
(71) Marcus, R. A. Generalization of Activated-Complex Theory. III.
Vibrational Adiabaticity, Separation of Variables, and a Connection
with Analytical Mechanics. J. Chem. Phys. 1965, 43, 1598−1605.
(72) Newton, M. D.; Sutin, N. Electron Transfer Reactions in
Condensed Phases. Annu. Rev. Phys. Chem. 1984, 35, 437−480.
(73) Marcus, R. A.; Sutin, N. Electron transfers in chemistry and
biology. Biochim. Biophys. Acta, Rev. Bioenerg. 1985, 811, 265−322.
(74) Crassous, J. Chiral transfer in coordination complexes: towards
molecular materials. Chem. Soc. Rev. 2009, 38, 830−845.
(75) Barbera,́ J.; Cavero, E.; Lehmann, M.; Serrano, J.-L.; Sierra, T.;
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