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An iridium complex PIr(qnx) (iridium(III) bis(2-phenylpyridinato-N,C2)(quinoxaline-2-carboxylate)) is reported for its
unique and fast vapochromic and vapoluminescent behaviors. The emission of PIr(qnx) is governed by the whole
crystal rather than the individual molecule. PIr(qnx) has been found to exist as both black and red forms in the
solid state. The black form can be transformed into the red form upon its exposure to acetonitrile or propiononitrile
vapor, whereas no response was observed when it was exposed to other volatile organic compounds. To understand
the vapochromic and vapoluminescent behaviors, we determined crystal structures of both forms by X-ray diffraction.
In addition, we employed density functional theory in investigating weak intermolecular interactions, such as hydrogen
bonding and π-π interactions in the two forms.

Introduction

Vapochromic and vapoluminescent materials, namely,
those capable of detecting volatile organic compounds
(VOCs) via changes in color and luminescence with fast
response times, are attracting increasing attention because
of their potential practical sensor applications. Until now,
many transition-metal complexes, such as zinc,1,2 gold,3,4

palladium, and platinum,5-14 have been investigated as
vapochromic and vapoluminescent materials. The VOC-

induced responses usually originate from a change in the
metal-metal distances and π-π interactions in the excited
state of the complexes, and most of them simutaneously
respond to many VOCs by demonstrating vapochromic
behavior, vapoluminescent behavior, or both.3,4,10,11

Recently, many cyclometalated heteroleptic iridium com-
plexes Ir(C^N)2(LX) (where C^N stands for cyclometalated
ligand, such as 2-phenylpyridine, and LX stands for ancillary
ligand, such as acetyl acetonate) have been investigated in
order to exploit the high photoluminescence (PL) efficiency
of this type of complex.15-19 Acetyl acetonate (acac) was
most often chosen as LX because of its high triplet energy
level; thus the efficient phosphorescence comes from ligand
centered 3(π-π*) and 3MLCT (triplet metal-to-ligand charge
transfer) excited states.15 However, if the triplet energy level
of the ancillary ligand was adjusted or if hydrogen bonding
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and π-π interactions were introduced with π-conjugated N-
and C-donor ligands, then the emission may be governed
bythewholecrystal rather thanbyanindividualmolecule.15,20,21

In this Article, we report the first example of a cyclom-
etalated heteroleptic iridium complex PIr(qnx) (iridium(III)
bis(2-phenylpyridinato-N,C2)(quinoxaline-2-carboxylate)) that
has unique and fast vapochromic and vapoluminescent
behaviors. PIr(qnx) has been found to exist as both black
and red (visible to the naked eye) forms in the solid state. It
is interesting that the black form changed to the red form
upon its exposure to acetonitrile or propiononitrile vapor
whereas no response was observed when it was exposed to
other VOCs.

Experimental Section

Synthesis. The synthetic procedure that is used to prepare
PIr(qnx) involves two steps (Supporting Information). In the first
step, IrCl3 ·3H2O is reacted with an excess of 2-phenylpyridine (Alfa
Aesar) to produce a [(ppy)2Ir(µ-Cl)]2 dimer.22 We readily converted
the dimer to PIr(qnx) by replacing the bridging chlorides with a
reported quinoxaline-2-carboxylate (qnx) ligand.23

X-ray Crystallography. Single crystals of black PIr(qnx) ·
0.25EtOH ·0.5CHCl3 and red PIr(qnx) ·CH3CN were grown from
ethanol/chloroform and acetonitrile/chloroform solutions, respec-
tively, by slow evaporation at room temperature. The determination
of the unit cell and data collection for the two crystals was
performed on a Bruker SMART 1000 area detector using graphite-
monochromated Mo KR radiation (λ ) 0.71073 Å) at 293(2) K.
Structures were solved by direct methods and by successive Fourier
difference syntheses (SHELXS-97) and were refined by a full-matrix
least-squares procedure on F2 with anisotropic thermal parameters
for all non-hydrogen atoms (SHELXL-97).24,25

Instruments and Measurements. 1H NMR spectra were re-
corded on an ARX-400 NMR spectrometer. Chemical shift data
for each signal were reported in ppm units with tetramethylsilane
(TMS) as an internal reference, where δ (TMS) ) 0. Elemental
analyses were performed on a vario EL instrument. The UV-vis
absorption spectra and the diffuse-reflectance spectra were measured
on a Shimadzu UV-3100 spectrometer. The PL spectra and the
phosphorescence decay lifetime were recorded on an Edinburgh
Analytical Instruments lifetime and steady-state spectrometer
(FLS920). Detailed vapochromic and vapoluminescence experi-
ments were completed as follows. The black form was obtained
by purifying the crude product, which was photographed in both
ambient light and UV light (365 nm) (Figure 4b,d). The emission
spectra and diffuse-reflectance spectra were also measured. The
black form was exposed to acetonitrile vapor at room temperature
(293 K) for 20, 40, 60, and 600 s, and the time evolution of the
luminescence spectra was obtained (Figure 5). In addition, photo-
graphs in ambient light and UV light (365 nm) (Figure 5a,c) and
the diffuse-reflectance spectra (Figure 5) of the fully transformed
red form were recorded.

Computational Details. Theoretical calculations for the qnx
dimers were carried out on with the Gaussian 03 program package.26

The coordinates of the ligands came from the crystal structures, in
which the crystal environment is imprinted in the conformations
of ligands. We performed single point energy calculations by using
the B3LYP hybrid functional and 6-311++G** basis set. To

(20) Braga, D.; Grepioni, F.; Desiraju, G. R. Chem. ReV. 1998, 98, 1375.
(21) Zhang, H. Y.; Zhang, Z. L.; Ye, K. Q.; Zhang, J. Y.; Wang, Y. AdV.

Mater. 2006, 18, 2369.
(22) Nonoyama, M. Bull. Chem. Soc. Jpn. 1974, 47, 767.
(23) Harms, A. E. Org. Process Res. DeV. 2004, 8, 666.
(24) Sheldrick, G. M. SHELXS-97 Program for Solution of Crystal

Structures; University of Göttingen: Göttingen, Germany, 1997.
(25) Sheldrick, G. M. SHELXL-97, Program for Refinement of Crystal

Structures; University of Göttingen: Göttingen, Germany, 1997.

(26) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin,
K. N.; Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone,
V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa,
J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene,
M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.;
Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev,
O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala,
P. Y.; Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.;
Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas,
O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.;
Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.;
Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;
Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.;
Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
W.; Wong, M. W.; Gonzalez, C.; Pople, J. A. Gaussian 03, revision
C.02; Gaussian, Inc.: Wallingford, CT, 2004.

Figure 1. Crystal structure of the black PIr(qnx) ·0.25EtOH ·0.5CHCl3.
The measurement temperature was 294 K, and the thermal ellipsoids for
the image represent 30% probability. The hydrogen atoms and solvents are
omitted for clarity.

Figure 2. Crystal structure of the red PIr(qnx) ·CH3CN. The measurement
temperature was 293 K, and the thermal ellipsoids for the image represent
30% probability. The hydrogen atoms and solvents are omitted for clarity.
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characterize the molecular interactions, we derived the molecular
electrostatic potential (MEP) surfaces from the calculated electron
density. To understand the different intensities in the black form
and the red form, we calculated the electronic coupling matrix
element (V) between the HOMOs of the π-π dimers to estimate
the coupling between two monomers.27 We explicity calculated this
element by using the energy splitting in dimer (ESD) method with
the simplification by applying Koopmans’ theorem.28-32

Results and Discussion

X-ray Crystallographic Study. The crystal structures of
both the black and the red forms have been determined by
X-ray diffraction,33 and the crystal structures of the black
PIr(qnx) ·0.25EtOH ·0.5CHCl3 and the red PIr(qnx) ·CH3CN
are shown in Figures 1 and 2, respectively. The PIr(qnx)
molecule consists of two phenylpyridine fragments as
cyclometalated ligands and one quinoxalinate as an ancillary
ligand ranging in a distorted octahedral geometry around the
iridium atom. Crystallographic data for the black and the
red forms are given in Table 1, and Table 2 lists important
bond lengths and angles for both forms.

The solid-state packing framework of the black
PIr(qnx) ·0.25EtOH ·0.5CHCl3 viewed from the b axis is
shown in Figure 3. For the black crystal, the two qnx ligands
are composed of OFF (offset face-to-face) motifs, and these
OFF dimers form layers along the bc plane. Additionally,

the layers stack along the a direction and form channels of
6.5 × 4.0 Å2 along the b direction. These channels are large
enoughtoallowethanolandchloroformtoresidesimultaneously.

The solid-state packing framework of the red
PIr(qnx) ·CH3CN crystal viewed from the c axis and the layer
viewed from the a axis are shown in Figure 4. For the red
crystal, the packing is considered to be a hexagonal close-
packing arrangement of the molecules in which the hexagonal
layer is along the bc plane. These layers pack along the a
direction in ABAB style, and the adjacent layers are related
to each other by the 2-fold screw axis and form an OFF
stack.

Vapochromic and Vapoluminescent Behaviors. The
black form was found to exhibit weak luminescence under
UV light, with a broadband centered at 692 nm and a decay
lifetime of 43 ns. The black form can immediately translate
into the red form after it exposed to acetonitrile liquor, or it
can translate into the red form over a period of only 1 min
after it is exposed to acetonitrile vapor at room temperature.
After its exposure to acetonitrile vapor, the black crystal not
only changes color but also loses its crystallinity and becomes
a red alveolate form. The red form exhibits an intense
luminescence when it is exposed to UV light, with an
emission peak centered at 654 nm and a decay lifetime of
130 ns. The emission intensity of the red form is much
stronger than that of the black form. This difference in the
emission intensity indicates that the title complex has an
evident sensitivity in detecting the acetonitrile vapor. Pho-
tographic and luminescence images and solid PL spectra of
both the black and the red forms of PIr(qnx) are shown in
Figure 5.

The changes in the vapochromic and vapoluminescence
processes were verified by diffuse reflectance, IR, and 1H
NMR. After absorbing acetonitrile, the black form became
red; the change in color can be evidenced by different
diffuse-reflectance spectra of both forms (Supporting Infor-
mation, Figure S1). The black form exhibits a broadband in
the IR spectrum at ∼3400 cm-1 that is attributed to the O-H
vibration of ethanol, whereas the red form exhibits a band
at 2248 cm-1 that corresponds to acetonitrile and does not
exhibit a band around 3400 cm-1 (Supporting Information,
Figure S2). This difference in the IR indicates that the ethanol
in the black crystal was substituted by acetonitrile. A
chemical shift (δ, 1.99) in the 1H NMR spectroscopy also
indicated that acetonitrile was absorbed.
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Table 1. Crystallographic Data for the Black
PIr(qnx) ·0.25EtOH ·0.5CHCl3 and the Red PIr(qnx) ·CH3CN

PIr(qnx) ·0.25EtOH ·0.5CHCl3 PIr(qnx) ·CH3CN

empirical formula C32H23Cl1.5IrN4O2.25 C33H24IrN5O2

fw 744.92 714.77
cryst syst monoclinic monoclinic
space group P2(1)/n Pc
a (Å) 9.573(2) 18.893(4)
b (Å) 18.982(5) 9.7035(19)
c (Å) 18.032(5) 15.489(3)
R (deg) 90.00 90.00
� (deg) 105.146(5) 102.79(3)
γ (deg) 90.00 90.00
V (Å3) 3163.0(14) 2769.1(10)
Z 4 4
Dcalcd (g/cm3) 1.564 1.714
F (000) 1454 1400
θ range (deg) 2.15-25.02 1.11-27.87
index ranges -11 e h e 9 -24 e h e 19

-22 e k e 22 -12 e k e 12
-21 e l e 20 -20 e l e 19

GOF on F2 1.039 1.070
R (I > 2σ(I)) 0.0404 0.0427
R (all data) 0.0723 0.0524

Table 2. Selected Bond Lengths (Å) and Angles (deg) for the Black
Form and the Red Form

PIr(qnx) ·0.25EtOH ·0.5CHCl3 PIr(qnx) ·CH3CN

Ir(1)-C(31) 2.026(7) 2.030(10)
Ir(1)-C(20) 1.996(8) 1.999(12)
Ir(1)-N(3) 2.049(6) 2.045(9)
Ir(1)-N(4) 2.026(8) 2.004(11)
Ir(1)-N(1) 2.227(6) 2.191(10)
Ir(1)-O(1) 2.162(5) 2.152(7)
N(4)-Ir(1)-C(31) 81.2(3) 80.7(4)
N(3)-Ir(1)-C(20) 80.0(3) 80.4(4)
N(1)-Ir(1)-O(1) 75.8(2) 76.8(3)
N(1)-Ir(1)-N(4) 168.1(3) 167.4(4)
C(31)-Ir(1)-N(3) 173.8(2) 173.5(4)
O(1)-Ir(1)-C(20) 174.5(3) 174.4(4)
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To examine the selectivity of this vapochromic and
vapoluminescent behavior, the black form was exposed to a
series of vapors at room temperature, including ethyl ether,
acetic acid, ethyl acetate, methanol, ethanol, 2-propanol,
acetone, pyridine, tetrahydrofuran, dichloromethane, chlo-
roform, petroleum ether, hexane, benzene, iodomethane, and
propiononitrile. We found that the black form of PIr(qnx)
yielded no response for all of the above VOCs except for
propiononitrile, even after an exposure for several hours;
thus, the observed vapochromic and vapoluminescent be-
haviors of PIr(qnx) are fairly unique compared with those
of other reported complexes.3,4,10,11 Although it is difficult
for the red crystal to revert to the black form, even after
drying in a vacuum oven for a long period of time (days), it
is convenient to translate the red form to the black form by
dissolving PIr(qnx) in chloroform and then vaporizing the
solvent.

To understand the selectivity of PIr(qnx) for acetonitrile,
we investigated the effect of solvent molecules in both
crystals in detail (Supporting Information, Figure S3).
Although the ethanol molecule is surrounded by PIr(qnx)
molecules in the black crystal, the shortest distance between
the oxygen of ethanol and the hydrogen atoms of PIr(qnx)
is 3.27 Å, and thus the potential interaction between the
solvent and the complex is very weak. For the red crystal,
every acetonitrile molecule is involved in several interactions
with its neighbors. These interactions may contain the
N · · ·H-C-type and possible π (CtN) · · ·H-C-type weak
hydrogen bonds, and the corresponding distances vary from
2.98 to 3.14 Å. Although the individual hydrogen bonding
is weak, the total interaction energy may still be large because
of the cooperativity effect among these weak hydrogen
bonds. This may account for the fact that once the acetonitrile
vapor arrived at the black form the ethanol was replaced
and the packing manner was changed.

Offset Face-to-Face Motifs Comparing Two Forms. It
should be noted that both the black PIr(qnx) · 0.25EtOH ·
0.5CHCl3 and the red PIr(qnx) ·CH3CN have the same
photophysical properties when they are dissolved in dichlo-
romethane, and the emission is very weak because the
ancillary ligand qnx is introduced. The DFT calculation of
a single molecule shows that the HOMO consists of a
mixture of Ir-d and phenyl-π ppy orbitals whereas the
LUMO is mainly distributed on qnx orbitals (Supporting
Information, Figure S4). This may be the reason that a strong
MLCT transition similar to that of other iridium complexes
such as iridium(III) bis(2-phenylpyridinato-N,C2)(acetyl-
acetonate) [Ir(ppy)2(acac)], whose LUMO is mainly distrib-
uted on pyridine-π ppy orbitals, is not observed. However,
in the solid state, both the red form and the black form have
stronger emissions than the diluted solution state, and thus
the transition of the solid state may originate from the
aggregation-induced phosphorescence emission.34 Further-
more, the emission intensity of the red form is much stronger
than that of the black form, and an important difference
between the crystal structures of the black and red forms of

PIr(qnx) is the type of π-π stacking in the OFF motifs,
which may be the key in understanding the sharp differences
in the PL properties. Herein, DFT was employed in
investigating the characteristics of the π-π interactions. For
simplicity and computational cost, only the qnx dimers are
considered to be models. For the black form, the coordinated
qnx ligand has a relatively well-defined plane with a
maximum angle of ca. 2.8°, and the π-π stacking exists as
an antiparallel pattern. For the red form, the qnx ligand is a
contorted plane with a maximum angle of ca. 13.7°, and the
π-π stacking shows a parallel pattern (Supporting Informa-
tion, Figure S5). The above observation indicates that the
π-π stacking in the black form favors a dipole-dipole
interaction between the qnx ligands and has a shorter distance
(ca.3.4-3.5Å).Theredformhasanunfavorabledipole-dipole
arrangement so that its π-π distance (ca. 3.5-3.7 Å) is
longer than that of the black form. This coincides with the
calculation results that were obtained from the DFT for the
electrostatic potential (Figure 6).

Usually, a large electronic coupling between the HOMOs
of the π-π dimer may indicate an efficient energy transfer,
which leads to a stronger emission intensity in a dimer

(34) Zhao, Q.; Li, L.; Li, F.; Yu, M.; Liu, Z.; Huang, C. Chem. Commun.
2008, 685.

Figure 3. Solid-state packing of the black PIr(qnx) ·0.25EtOH ·0.5CHCl3

crystal. Some of the hydrogen atoms are omitted for clarity. Iridium,
nitrogen, oxygen, carbon, hydrogen, and chlorine are purple, blue, red, gray,
white, and yellow, respectively.

Figure 4. Solid-state packing of the red PIr(qnx) ·CH3CN crystal. Some
of the hydrogen atoms are omitted for clarity. Iridium, nitrogen, oxygen,
carbon, and hydrogen are purple, blue, red, gray, and white, respectively.
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system.27 Herein, we evaluated the electronic coupling in
both the black form and the red form. For the black form,
the electronic coupling matrix element of the π-π dimer is
found to be trivial (0.0016 eV). On the contrary, the same
quantity in the red form is much larger (0.0632 and 0.1506
eV for different OFF dimers), which suggests an enlarged
overlap between the HOMOs of the π-π dimer. This also
suggests that the efficiency of the energy transfer between
the two qnx ligands in the red form is much higher than that
in the black form. This coincides with the phenomenon that
the emission intensity of the red form is much higher than
that of the black form.27

In addition, the electronic coupling of the LUMOs of
the π-π dimer was also investigated as a factor in
understanding the different photophysical properties be-
tween the black form and the red form. Data show that
the electronic coupling matrix element between the
LUMOs of the two monomers in the black form (0.109
eV) is much larger than that in the red form (0.079 and
0.068 eV for different OFF dimers). On the basis of crystal
structures and the above-mentioned result, a schematic
representation of the red-shifted emission spectrum and
the quenching process in the black form is diagramed in
Figure 7. Because the intermolecular force is stronger in
the black form, the distance between two qnx ligands is

much shorter, the coupling strength between the LUMOs
of the two monomers that locate mainly on the qnx is
much stronger, and the potential curve of the excited state
is greatly changed (Figure 7, right side). As can be seen
from the Figure, the transition energy gap in the black
form is decreased, which coincides with the phenomenon
that the black form has a longer emission wavelength. In
addition, because the potential curves of the excited state
in the black form are lower and are shifted because of
the strong coupling, they will have a larger overlap with
the vibrational levels of the ground state, which shows
that the excited electron of one PIr(qnx) molecule could
easily transfer to the ground state of itself or the other
PIr(qnx) molecule. Because of this quenching process, we
conclude that the black form has a weaker emission
intensity.

Conclusions

A cyclometalated heteroleptic iridium complex PIr(qnx)
has been synthesized and characterized. Density functional
theory studies show that the lowest excited state of the
PIr(qnx) involves the ancillary ligand qnx, which is very
different from its analogous iridium complexes such as
Ir(ppy)2(acac). For this reason, the strong 3MLCT transi-
tion that is usually observed in the iridium complex cannot
be observed here. It is interesting that the novel complex
exhibits vapochromic and vapoluminescent behaviors in

Figure 5. Photographic images of (a) the red form and (b) the black form of PIr(qnx). Luminescence images of (c) the red form and (d) the black form of
PIr(qnx). Photoluminescence spectra of the black form exposed to acetonitrile vapor at different periods of time.

Figure 6. Calculated electrostatic potential on the isodensity surface of
the π-π qnx dimers in (a) the black form and (b) the red form. The
isodensity contours were plotted for 0.02 electron/b3.

Figure 7. Schematic representations of the red-shifted emission spectrum
and the quenching process due to the strong coupling between the LUMOs
of the two monomers in the black form.
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response to acetonitrile or propiononitrile vapor, and the
behaviors are evident and fast. On the basis of crystal-
lographic and DFT studies, we deduce that the black form
first adsorbs acetonitrile vapor because of its porous
packing structure and then the red form is formed with
different color and luminescence properties and is induced
by weak intermolecular interactions such as hydrogen
bonding and π-π interactions.
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