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Design and syntheses of four red phosphorescent heteroleptic cationic iridium(III) complexes containing two substituted phenylquinoxaline (pqx) or benzo[b]thiophen-2-yl-pyridin (btp) main ligands and one 2,2'-biimidazole
(H2biim) ancillary ligand are reported: [(pqx)2Ir(biim)]Cl (1), [(dmpqx)2Ir(biim)]Cl (2), [(dfpqx)2Ir(biim)]Cl (3),
[(btp)2Ir(biim)]Cl (4). Complex 1 showed a distorted octahedral geometry around the iridium(III) metal ion with cis
metallated carbons and trans nitrogen atoms. The absorption, emission and electrochemical properties were systematically evaluated. The complexes exhibited red phosphorescence in the spectral range of 580 to 620 nm with high quantum efficiencies of 0.58 - 0.78 in both solution and solid-state at room temperature depending on the cyclometalated
main ligands. The cyclic voltammetry of the complexes (1-3) showed a metal-centered irreversible oxidation in the
range of 1.40 to 1.90 V as well as two quasi reversible reduction waves from ‒1.15 to ‒1.45 V attributed to the sequential addition of two electrons to the more electron accepting heterocyclic portion of two distinctive cyclometalated
main ligands, whereas complex 4 showed a reversible oxidation potential at 1.24 V and irreversible reduction waves
at ‒1.80 V.
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Introduction
Organometallic heavy metal complexes, particularly iridium
(III) complexes have attracted widespread interests due to their
1
applications in organic light-emitting diodes (OLEDs), chemo2
3
sensors and luminescent biological-labeling reagents. A recent trend in OLEDs involves the use of ionic transition metal
complexes (iTMCs) as the single-component solid-state electro4
luminescent layer. Unlike neutral metal complexes, iTMCs
contain mobile counter ions that facilitate charge transport
across the film and eliminate the need for electron and holeinjection layers. The iTMCs based single-layer electroluminescent devices may also operate at low voltage with high work
function air-stable electrodes and easy to produce. The iTMCs
2+
+
such as [Ru(2,2'-bipyridine)3] , [Ir(ppy)2(2,2'-bipyridine)]
+
and [Ir(ppy)2(4-ph, 7-ph-1, -1,10-phen)] , where ppy = 2-phenylpridine, based stable single layer light-emitting electroche5
mical cell have emerged as promising chromophoric materials.
These results promoted us to perform a systematic investigation of new class of red phosphorescent heteroleptic ionic iridium(III) complexes, bearing substituted 2-phenylquinoxaline
(pqx) or benzo[b]thiophen-2-yl-pyridine (btp) as cyclometalated main ligands and 2,2'-biimidazole (H2biim) as an ancillary
ligand. The H2biim ligand has a bifunctionality: the imino moieties can coordinate with a Ir(III)-pqx fragment and amino
groups may donate 2-fold hydrogen bonding to an anion. The
coordinated H2biim with a metal fragment would (a) enforce
the syn conformation and therefore pre-organize H2biim opti-

mally for anion binding receptor, (b) enhance the polarization
of the biimidazole N-H bonds, making them better hydrogen
bond donors for cationic metal fragments, and (c) phototriggered
proton-coupled electron transfer (PCET) from a luminescent
6
excited state. Furthermore red-emitting iridium complexes,
which are important for the realization of RGB full-color displays and the creation of white organic light-emitting devices
7
(WOLEDs), are still scarce. Here we describe the synthesis,
characterization, photophysical and electrochemical properties
of a series of novel cationic red iridium(III) complexes. We can
tune the emission wavelengths in the range of red phosphorescence with high quantum efficiencies.
Experimental Section
Materials and synthesis. All reagents and solvents were
commercially obtained from Sigma-Aldrich Chemicals or Acros
Organics and used without further purification with an exception of tetrahydrofuran (THF), which was distilled from sodium/
benzophenone under nitrogen.
Synthesis of 2-phenylquinoxaline (pqx). 2-Chloroquinoxaline (3.00 g, 18.2 mmol), phenylboronic acid (2.44 g, 20.0
mmol) and tetrakis(triphenylphosphine)palladium(0) (0.98 g,
0.85 mmol) were dissolved to 50 mL of THF. After 5 mL of
aqueous 4 M K2CO3 was delivered, reaction mixture was heated
o
at 80 C for 24 h. The cooled crude mixture was poured onto
water and extracted with dichloromethane (50 mL × 3 times),
and dried over anhydrous magnesium sulfate. Silica column
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purification (n-hexane:ethyl acetate = 5:1) gave white solid.
Yield: 84% (3.15 g). mp 77 oC. 1H NMR (300 MHz, CDCl3)
δ 7.55 (m, 3H), 7.73 (m, 2H), 8.09 (m, 4H), 9.34 (s, 1H).
Other ligands 2-(2,4-dimethoxyphenyl)quinoxaline (dmpqx)
and 2-(2,4-difluorophenyl)quinoxaline (dfpqx) were prepared
from 2-chloroquinoxaline with 2,4-dimethoxyphenylboronic
acid and 2,4-difluorophenylboronic acid, respectively, by a
similar procedure described for pqx ligand. The 2-benzo[b]thio8
phen-2-yl-pyridine (btp) main ligand and H2biim ancillary li9
gand was synthesized in accordance with the published procedure.
o
dmpqx: Light yellow solid. Yield: 77% (3.75 g). mp 75 C.
1
H NMR (300 MHz, CDCl3) δ 3.90 (s, 6H), 6.61 (s, 1H), 6.69
(d, 1H), 7.71 (m, 1H), 7.91 (d, 2H), 8.08 (m, 2H), 9.35 (s, 1H).
o
1
dfpqx: White solid. Yield: 87% (3.80 g). mp 90 C. H NMR
(300 MHz, CDCl3) δ 7.13 (m, 1H), 7.17 (m, 2H), 7.91 (m, 2H),
8.27 (m, 2H), 9.45 (s, 1H).
Synthesis of [(pqx)2Ir(µ-Cl)]2. A mixture of pqx (3.50 g,
17.01 mmol) and iridium chloride trihydrate (2.00 g, 5.67 mmol),
water (10 mL) and 2-ethoxyethanol (30 mL) was refluxed at
o
130 C under nitrogen atmosphere for 24 h. The resulting soluo
tion was concentrated at 60 C under vacuum. The reaction
mixture was allowed to cool to room temperature and treated
with water (30 mL) to induce precipitation of a brown solid.
The solid was filtered and washed with water, hexane and diethyl ether. The products were collected and dried in vacuum.
Other dimer complexes [(dmpqx)2Ir(µ-Cl)]2, [(dfpqx)2Ir(µCl)]2 and [(btp)2Ir(µ-Cl)]2 were prepared from iridium chloride
trihydrate with dmpqx, dfpqx and btp, respectively, by a similar
procedure described for the [(pqx)2Ir(µ-Cl)]2 complex.
Synthesis of [(pqx)2Ir(biim)]Cl (1). [(pqx)2Ir(µ-Cl)]2 (0.50 g,
0.39 mmol), sodium carbonate (0.414 g, 3.90 mmol) and 3 equivalent H2biim (0.16 g 1.17 mmol) were dissolved in 30 mL of
2-ethoxyethanol under nitrogen atmosphere. The mixture was
o
heated to 130 C and stirred for 20 h. The resulting dark solution
o
was concentrated under vacuum at 60 C and residues were
eluted through a silica column to afford [(pqx)2Ir(biim)]Cl as
a red solid. Yield: 36% (0.11 g). 1H NMR (300 MHz, CDCl3) δ
6.51 (s, 2H), 6.59 (d, 2H), 6.81 (t, 2H), 6.98 (s, 2H), 7.13 (q, 4H),
7.47 (d, 2H), 7.57 (m, 4H), 8.07 (q, 2H), 9.47 (s, 2H).
[(dmpqx)2Ir(biim)]Cl (2): Dark red solid. Yield: 32% (0.12
1
g). H NMR (300 MHz, CDCl3) δ 3.29 (s, 6H), 4.06 (s, 6H),
5.75 (s, 2H), 6.23 (s, 2H), 6.64 (s, 2H), 6.98 (s, 1H), 7.08 (t,
2H), 7.41 (m, 4H), 7.71 (b, 1H), 7.95 (m, 2H), 7.92 (d, 2H),
10.12 (s, 2H).
[(dfpqx)2Ir(biim)]Cl (3): Orange-red solid. Yield: 40% (0.10
1
g). H NMR (300 MHz, CDCl3) δ 6.02 (d, 2H), 6.55 (m, 2H),
6.71 (m, 1H), 6.98 (d, 1H), 7.52 (s, 1H), 7.96 (d, 1H), 8.11 (d,
2H), 9.83 (d, 2H).
[(btp)2Ir(biim)]Cl (4): Yellow solid. Yield: 41% (0.12 g).
1
H NMR (300 MHz, CDCl3) δ 6.14 (d, 2H), 6.41 (s, 2H), 6.80
(m, 4H), 7.05 (s, 2H), 7.12 (t, 2H), 7.58 (d, 2H), 7.66 (m, 4H),
7.69 (d, 2H).
1
Measurements. The H NMR spectra were recorded on a
Varian Mercury 300 MHz instruments and chemical shifts were
referenced to residual protiated solvent. The UV-visible spectra
were recorded on a Jasco V-570 UV-vis spectrophotometer
and photoluminescence (PL) spectra were recorded at room
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temperature with a Hitachi F-4500 fluorescence spectrophotometer in the range of 400 ~ 800 nm. Quinine sulfate/1.0 N
H2SO4 was used as a reference assuming a quantum yield of
0.56 with 360 nm excitation, to determine luminescence quantum yields of the studied compounds. Solution samples were
degassed by three freeze pump-thaw cycles. The resulting luminescence was acquired by an intensified charge-coupled
detector. Electrochemical measurements were performed with
a Bioanalytical Systems CV-50 W electrochemical analyzer
using three electrode cell assemblies. The electrochemical cell
consists of a glassy carbon working electrode, platinum wire
counter electrode and Ag/AgCl reference electrode. The oxidation and reduction measurements were recorded in a dichloromethane solution containing tetra(n-butyl)ammonium
tetrafluorophosphate as a supporting electrolyte at the scan rate
‒1
of 50 mV s under nitrogen condition. Each oxidation potential
was calibrated with use of ferrocene as a reference. Concentration of iridium(III) complexes and supporting electrolyte were
‒3
‒1
10 M and 10 M, respectively.
X-ray crystallography. X-ray intensity data were collected
on a Bruker SMART APEX-II CCD diffractometer equipped
with graphite monochromated Mo Kα radiation. Initial unit cell
10
parameters were obtained from SMART software. Data integration, correction for Lorentz and polarization effects and final
11
cell refinement were performed by SAINTPLUS. An empirical absorption correction based on the multiple measurement
of equivalent reflections was applied using SADABS pro12
gram. Structure was obtained by a combination of the direct
methods and difference Fourier syntheses and refined by full2
13
matrix least-squares on F using the SHELXTL. All non-hydrogen atoms were refined anisotropically. All hydrogen atoms
were replaced in ideal positions and refined as riding atoms
with relative isotropic displacement parameters.
Results and Discussion
Synthesis and structural characterization. The reaction of pqx
and IrCl3․nH2O in 2-ethoxyethanol afforded chloride-bridged
dimer complex [(pqx)2Ir(µ-Cl)]2. Subsequently, the monomeric
+
complex [(pqx)2Ir(biim)] (1) was obtained by the treatment of
[(pqx)2Ir(µ-Cl)]2 dimer with H2biim ligand in the presence of
Na2CO3. Similarly, the [(dmpqx)2Ir(µ-Cl)]2, [(dfpqx)2Ir(µ-Cl)]2,
and [(btp)2Ir(µ-Cl)]2 dimers and their monomeric iridium(III)
complexes [(dmpqx)2Ir(biim)]+ (2), [(dfpqx)2Ir(biim)]+ (3), and
+
[(btp)2Ir(biim)] (4) were synthesized for the purpose of subtle
tuning of the emission wavelength. Scheme 1 outlines the synthetic protocol for red phosphorescent iridium(III) complexes.
All iridium(III) complexes are soluble in chlorinated solvents.
1
H NMR spectral analyses are consistent with the proposed
structures. The complex [(pqx)2Ir(biim)]Cl (1) was further identified using single-crystal X-ray analysis to establish its threedimensional structure.
A single crystal of [(pqx)2Ir(biim)]Cl (1) was grown by diffusion of hexane into concentrated dichloromethane solution,
and its structure was unambiguously confirmed by X-ray crystallography. The molecular structure is given in Fig. 1. X-ray
crystallographic data are in Table 1 and selected bond lengths
and bond angles are summarized in Table 2. As depicted in
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Scheme 1. Syntheses of iridium(III) complexes
Table 1. Crystallographic data of [(pqx)2Ir(biim)]Cl (1)
Complex

[(pqx)2Ir(biim)]Cl.CH2Cl2

Chemical formula
Formula weight (amu)
Crystal description
Crystal size (mm)
Crystal system
Space group
T (K)
Wavelength (Å)
o
a (Å) & α ( )
o
b (Å) & β ( )
c (Å) & γ (o)
Volume (Å) & Z
3
Dcalc (Mg/m )
‒1
µ (mm )
θ Range (o)
Tmax & Tmin
Index ranges
Reflections collected/unique
Final R indices [I > 2σ(I)]
R indices (all data)
Data/Restraints/parameters
Goodness-of-fit on F2
Largest diff. peak and hole (e Å‒3)

C35H26N8Cl3Ir
857.19
red
0.06 × 0.05 × 0.05
Triclinic
P-1
295(2)
0.71073
9.1471(18) & 89.54(3)
10.473(2) & 83.92(3)
19.027(4) & 66.78(3)
1664.5(7) & 2
1.710
4.291
1.08 to 26.00
0.0805 & 0.770
‒11 ≤ h ≤ 11; ‒12 ≤ k ≤ 12; ‒23 ≤ l ≤ 23
29886/6500 [R(int) = 0.0519]
R1 = 0.0295, wR2 = 0.0537
R1 = 0.0404, wR2 = 0.0600
6500/0/451
1.023
0.614 & ‒0.598

Fig. 1, complex 1 reveals a distorted octahedral geometry around
iridium(III) ion, consisting of two cyclometalated pqx ligands
and a bidentate biimidazole ligand in which biimidazole retains
its two N-H protons, and N-H…Cl hydrogen bond with the
counter anion creates ion pairs. The N-H groups of biimidazole
14
usually form strong hydrogen bonds in crystals. The N…Cl
distances (2.99 Å) are on the short side of the accepted range
15
o
(2.91 ~ 3.53 Å) and the N-H…Cl angles (158.93 ) are close
to linearity. The H2biim arrangement is planar. The bite angles
o
at iridium(III) metal ion are 79.88(17) and 80.50(16) for the

o

cyclometalating ligands and 75.03(14) for Ir-biimidazole which
16
is typical for transition metal biimidazole complexes. The
+
elongated Ir-N bonds in [(pqx)2Ir(biim)] are the result of the
weaker basicity of quinoxaline in comparison with that of qui17
noline and pyridine. The pqx ligands adopt a mutual eclipse
configuration with their coordinated N(1) and N(17) atoms and
C(8) and C(24) atoms being in a trans and cis orientation, respectively, whereas the H2biim is located at an unique position
opposite to the carbon atoms of the pqx ligands. This ligand
arrangement is similar to those of the parent 2-phenylpyridine
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Table 2. Selected bond lengths (Å) and angles (o) of [(pqx)2Ir(biim)]Cl
(1)

1.980(4)
1.997(4)
2.100(4)
2.069(3)
2.159(4)
2.196(3)

C8-Ir-C24
C8-Ir-N1
C24-Ir-N1
C8-Ir-N17
C24-Ir-N17
N1-Ir-N17
C8-Ir-N42
C24-Ir-N42
N1-Ir-N42
N17-Ir-N42
C8-Ir-N33
C24-Ir-N33
N1-Ir-N33
N17-Ir-N33
N42-Ir-N33

89.76(16)
80.50(16)
94.43(16)
96.30(16)
79.88(17)
173.53(14)
93.44(16)
175.88(15)
83.56(13)
102.31(14)
167.53(15)
101.99(14)
102.50(13)
81.83(13)
75.03(14)

ligands in chloride-bridged dimer complex [(ppy)2Ir(µ-Cl)]218
1,19
and diketonate complexes (ppy)2Ir(acac) suggesting that the
H2biim ligand in our case is attached to the metal via a simple
replacement of both chloride ligands. The bond angles in the
o
iridium octahedron vary from 75.03(14) to 102.50(13) and from
o
167.53(15) to 175.88(15) . The Ir-C distances are shorter than
the Ir-N bond lengths. This result implies that a stronger trans
influence of the phenyl ring in comparison to the pyridyl groups
shows a trans N-N' configuration. The solvent molecule located in crystal lattice as a free molecule. In the crystal packing,
+
[(pqx)2Ir(biim)] displays shorter intermolecular distances of
3.65 Å which is typical of aromatic-aromatic face-to-face π-π
stacking. Recently it was reported that intermolecular π-π in20
teractions have a direct influence on luminescent properties.
The influence of this intermolecular interaction on the luminescence of iridium(III) complexes in this work will be discussed
later.
Photophysical properties. The UV-visible and photoluminescence (PL) spectra of iridium(III) complexes (1-4) are shown
in Fig. 2. Table 3 lists the photophysical properties of the complexes. All measurements were made in ambient-temperature
in dichloromethane solution. All the complexes display strong
absorption bands between 280 and 285 nm that can be attributed
to the π-π* ligand-centered transitions. In addition, spin-allowed
1
metal-to-ligand charge transfer ( MLCT) absorption is clearly
21
distinguished in the region of 350 ~ 460 nm. On the other
3
hand, MLCT transitions appear as a lower energy absorption
shoulder in the region 420 ~ 490 nm.
Complexes (1-4) exhibited a broad spectral emission in wavelength region from 580 ~ 620 nm in CH2Cl2, and showed high
phosphorescence quantum efficiencies of 0.58 ~ 0.78. In addition, photoluminescence spectra of these complexes in solid
film were similar to those in CH2Cl2 solution. The emission
maximum can be effectively tuned by varying the nature of sub22
stituent in the cyclometalated ligands. Ge, G. et al. reported
that the emission wavelength was tuned in the heterocyclic
portion by replacement of one CH group by a nitrogen atom at
the pyridyl fragment. In case of our iridium(III) complexes,

Figure 1. The molecular structure of [(pqx)2Ir(biim)]Cl (1) (top), showing the atom-numbering scheme with 30% probability ellipsoides.
Crystal packing diagram (bottom) between two adjacent molecules
showing the π-π stacking interaction.
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Figure 2. Absorption and normalized emission spectra of complexes
(1-4) in CH2Cl2 at room temperature.

further attachment of extra aromatic hexagon into ligand framework, for example, using quinoxaline to replace the hypothetical
pyrazine fragment gave a shift of the emission wavelengths to
red. In comparison of 1 with 3 bearing the 2,4-difluorophenyl
group reveals about 30 nm hypsochromic shift in the emission
peak and can qualitatively be rationalized by a decrease of π*
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Table 3. Photophysical and electrochemical data of iridium(III) complexes 1-4
λem (nm)

Complexes

Absorption λ (nm)
(ε, × 103 M‒1 cm‒1)a

[(pqx)2Ir(biim)]Cl (1)
[(dmpqx)2Ir(biim)]Cl (2)
[(dfpqx)2Ir(biim)]Cl (3)
[(btp)2Ir(biim)]Cl (4)

288 (47.1); 355 (30.0); 371 (31.7); 484 (5.8)
288 (11.8); 303 (12.9); 364 (7.6); 425 (4.6)
288 (35.2); 370 (24.6); 463 (5.8)
289 (42.3); 332 (24.3); 457 (8.7); 472 (4.8)

a

‒5

a

RT/filmb

618/616
614/607
588/587
592/592

Φc

Eox (V)

Ered (V)

Egap (eV)

0.58
0.61
0.78
0.63

1.60
1.43
1.89
1.24

‒1.15; ‒1.34
‒1.13; ‒1.45
‒1.16; ‒1.40
‒1.80

2.01
2.24
2.09
2.50

b

c

All data were monitored in 1 × 10 M solution of iridium(III) complexes in CH2Cl2. PMMA film doped with 5.0 wt % of Ir(III) complexes. Ir(ppy)3
d
(0.40) was used as an external reference. E1/2 refers to [(Epa + Epc)/2] where Epa and Epc are the anodic and cathodic peak potentials referenced to the
+
Fc/Fc couple and the oxidation and reduction experiments were conducted in CH2Cl2 solution.

MO energy level due to stronger electron withdrawing character
23
of the fluorine atom at ortho- and para-positions. Furthermore,
the π-π stacking interaction between phenyl rings with the
shortest separation distance of about 3.65 Å and the hydrogen
bonds between the biimidazole hydrogens and chloride ions
in crystal caused a red-shift in complex 1. In complex 2, the
electron releasing substituent -OCH3 group did not show much
impact in emission wavelength relative to 1, showing a little
blue shift. Similar phenomena were also observed in iridium(III)
complexes containing substituted quinoline, no matter what
the substitutes in 2-phenyl ring of quinoline unit were electron
24
withdrawing or releasing group. We assume that an increase
in the steric hindrance via the introduction of a bulky -OCH3
groups in complex 2 reduces the intermolecular interaction resulting in a blue-shift in emission energy of complex 2 relative
to complex 1. In a similar complex, (dmpqx)2Ir(mprz) (mprz =
3-methylpyrazine carboxylate) does not exhibit π-π stacking in
25
the crystal packing because the sterically hindered methoxy
group in the phosphor molecule leads to a minimum bimolecular interaction.
Electrochemical properties. The electrochemical behaviors
were examined in CH2Cl2 solution using cyclic voltammetry,
and the electrochemical data are reported relative to a ferrocenium/ferrocene redox couple, as shown in Table 3. The complexes (1-3) underwent an irreversible oxidation potential in
the range of 1.40 to 1.90 V and double quasi-reversible reduc1
2
tion waves from E pc = ‒1.13 to ‒1.15 V and from E pc = ‒1.34
to ‒1.45 V. As revealed previously by electrochemistry and
theoretical calculations22,26 of cyclometalated iridium(III) complexes, oxidation processes are linked to metal-centered orbitals
with a contribution from the phenyl part of cyclometalated fragments, which usually lead to a loss of electrochemical reversibility. On the other hand, reduction is generally considered to
occur from an orbital centered mainly on the Ir-biim fragment
with a contribution of electron accepting heterocyclic portion
of the cyclometalated ligands. Consistent with this conclusion,
our complexes have similar LUMO energy levels due to the
same biim and pyridyl based frame, which makes the reduction
potential of these complexes stay in a narrow range. Their
HOMO energy levels systematically change with the structures
of C^N ligands. The oxidation potential of complex 3 with electron withdrawing fluorine atoms on the 2,4-position of phenyl
ring is 1.89 V, which was shifted cathodically by 0.29 V compared to the complex 1, while complex 2 containing electron
releasing -OCH3 groups on the 2,4-position of phenyl ring had

lower value of 0.46 V. It was found that an incorporation of
electron withdrawing fluorine atoms on phenyl ring led to a
marked increase in oxidation potential while the electron releasing -OCH3 group on phenyl ring decreased the oxidation
potential. The [(btp)2Ir(biim)]+ complex (4) underwent a reversible oxidation potential at about 1.24 V and irreversible reduction waves at ‒1.80 V. The electron deficient N atom in
biim ancillary ligand made the iridium(III) more difficult to oxi+
date in [(btp)2Ir(biim)] complex (1.24 V) than in (btp)2Ir(acac)
(0.72 V). These results clearly demonstrate that the introduction
of electron-withdrawing groups on phenyl ring is effective for
lowering the HOMO energy level to show a large blue shift,
and electron releasing group raises the HOMO energy level in
phosphorescence of iridium(III) complexes.
Conclusion
We synthesized four heteroleptic iridium(III) complexes
(1-4) and studied their photophysical and electrochemical properties. These complexes incorporated the utilization of two
subsitituted cyclometalated ligands with extended π system
with fused heteroaromatic rings and one chromophoric ancillary
ligand to counterbalance the energy gap suited to the saturated
red emission. Depending on the substitutes of cyclometalated
ligands, these complexes were found to emit from red-orange to
3
deep red phosphorescence arose dominantly from the MLCT
excited state. These complexes exhibit high emission quantum
yields that are suitable for serving as red-emitting materials
for OLEDs applications. We have successfully elucidated the
color tuning of heteroleptic iridium(III) complexes via relative
energy level control of the main and ancillary ligands.
Supplementary Materials. Crystallographic data for the structural analysis have been deposited with the Cambridge Crystallographic Data Centre, CCDC Nos. 770520 for [(pqx)2Ir
(biim)]Cl (1). Copies of this information may be obtained free
of charge from The Director, CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK (fax: +44-223-336-033; e-mail: deposit@
ccdc.cam.ac.uk or www: http://www.ccdc.cam.ac.uk).
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