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Photochromic Reactions of Diaryl ACHTUNGTRENNUNGethenes in Single Crystals with
Inter ACHTUNGTRENNUNGmolecular O�H···N Hydrogen-Bonding Networks
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Introduction

Photochromism is defined as a photoinduced reversible
transformation between two isomers that have different ab-
sorption spectra.[1] Photochromic compounds have attracted
much attention because of their potential applicability to
opto-electronic or photonic devices, such as optical-memory
media and optical switches.[2] Several compounds that show
photochromic reactivities in the crystalline phase have also
been reported.[3–11] However, in most of these compounds,
photogenerated colored isomers in the crystals are thermally
unstable, and the colored crystals return to their initial col-
orless forms in the dark. This thermal instability is a serious
drawback for practical applications.
Recently, we developed diarylethene single crystals that

undergo thermally stable and fatigue-resistant photochromic
reactions.[12–21] Upon irradiation with UV light, the diaryle-
thene molecules in the single crystals undergo photocycliza-
tion to yield corresponding closed-ring isomers, and the col-
orless crystals turn yellow, red, blue, or green, depending on
the chemical structures of the molecules. These colors are

thermally stable and do not fade in the dark. Upon irradia-
tion with visible light, the colored crystals return to their ini-
tial colorless forms. Coloration/decoloration cycles can be
repeated many times by alternate irradiation with UV and
visible light.[13b] In addition, the photochromic diarylethene
crystals exhibit characteristic properties that reflect both
their crystal and molecular structures. The photogenerated
colored crystals exhibit dichroism under polarized light,
which originates from the regular alignment of molecules
within the crystals.[13] The accumulation of molecular struc-
tural changes accompanying the reactions induces photore-
versible, nanoscale morphological changes in the crystal sur-
faces.[18] Photocyclization and photocycloreversion quantum
yields strongly depend on the molecular conformations in
the crystals.[19] Photochromic diarylethene crystals have po-
tential for applications to photoactive devices, such as three-
dimensional optical-memory media,[17,22] optical switches,[23]

color displays,[20] and photodriven nanoactuators.[18] For
these applications, however, rational strategies for the pre-
cise control of crystal structures and photochromic proper-
ties of diarylethene crystals must be established.
In crystal engineering,[24] the essential tools to design and

construct desired structures are intermolecular noncovalent
bonds, such as hydrogen bonds,[25] metal-coordinating
bonds,[26] and aromatic–aromatic interactions.[27] The hydro-
gen-bonding interaction has been recognized as one of the
most useful tools to construct various types of supramolecu-
lar architectures of organic molecules, because of its compa-
rative robustness, directional-specific character, and diversi-
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ty. Here, we report the development of a crystal-engineering
strategy for photochromic diarylethenes based on intermo-
lecular hydrogen-bonding interactions. A diarylethene deriv-
ative 1 possessing two carboxyl groups at the 5-positions of
thiophene rings was synthesized (Scheme 1). This diaryle-

thene is anticipated to form hydrogen bonds between the
carboxyl groups in the homocrystal and to cocrystallize with
compounds that possess pyridyl groups by intermolecular
O�H···N-type hydrogen-bonding interactions.[28] Such inter-
actions are useful for the hybridization of different types of
functional molecules into a crystal. We prepared a single
crystal of 1a and cocrystals of 1a with 4,4’-, 2,4’-, and 2,2’-bi-
pyridines (4,4’-bpy, 2,4’-bpy, and 2,2’-bpy; Scheme 1), and
examined their crystal structures and photochromic per-
formance.

Results and Discussion

Photochromism of 1 in solution : Figure 1 shows absorption
spectral changes of 1 in acetonitrile. The acetonitrile solu-
tion of the open-ring isomer 1a
was colorless; 1a has no ab-
sorption in the visible region.
Upon irradiation with UV light,
the colorless solution turned
violet. This color change indi-
cates that 1a underwent a pho-
tocyclization reaction to form
the closed-ring isomer 1b by
UV irradiation. The colored
isomer 1b was isolated by
HPLC, and its molecular struc-
ture was characterized by NMR
spectroscopy, mass spectrome-
try, and absorption-spectral
measurement. Isomer 1b has an
absorption maximum at 586 nm
in the visible region and this
compound was thermally stable

in the dark (see Supporting Information). Upon irradiation
with visible light (l>450 nm), the violet solution of 1b was
completely bleached, and the absorption spectrum returned
to that of 1a. The coloration/decoloration cycles could be
repeated many times by alternate irradiation with UV and
visible light. The conversion ratio from 1a to 1b by irradia-
tion with 300 nm light was 90%, as determined from the ab-
sorption spectral change shown in Figure 1. Thus, the diary-
lethene 1 underwent the thermally irreversible and photo-
chemically reversible photochromic reactions.

Single crystal of 1a : Upon slow evaporation of an acetoni-
trile solution of 1a, colorless single crystals were obtained.
The X-ray analysis of the crystal was performed to deter-
mine the crystal structure. The crystallographic data are
listed in Table 1. The crystal has a triclinic crystal system,
and the space group is P1̄. The crystal contains not only 1a
molecules, but also acetonitrile molecules, which were used
as the crystallization solvent. Two 1a molecules and one
acetonitrile molecule are crystallographically independent,
and four 1a molecules and two acetonitrile molecules are in-
cluded in a unit cell. Figure 2a shows the ORTEP drawing

Scheme 1. Diarylethene 1 (1a : open-ring isomer, 1b : closed-ring isomer)
and bipyridines 4,4’-bpy, 2,4’-bpy, and 2,2’-bpy.

Figure 1. Absorption spectra of diarylethene 1 in acetonitrile (3.5M
10�5m): 1a (g), 1b (c), and 1 in the photostationary state under
ACHTUNGTRENNUNGirradiation with 300 nm light (b).

Table 1. Crystal data for crystals 1a, 1a·4,4’-bpy, 1a·2,4’-bpy, and 1a·2,2’-bpy.

1a 1a·4,4’-bpy 1a·2,4’-bpy 1a·2,2’-bpy

formula (C17H10F6O4S2)2·
ACHTUNGTRENNUNG(C2H3N)

(C17H10F6O4S2)2·
ACHTUNGTRENNUNG(C10H8N2)2· ACHTUNGTRENNUNG(CHCl3)

(C17H10F6O4S2)·
ACHTUNGTRENNUNG(C10H8N2)· ACHTUNGTRENNUNG(H2O)

(C17H10F6O4S2)2·
ACHTUNGTRENNUNG(C10H8N2)· ACHTUNGTRENNUNG(C2H3N)3

formula weight 953.79 1344.48 630.57 1192.09
T [K] 123(2) 123(2) 123(2) 173(2)
crystal system triclinic monoclinic monoclinic triclinic
space group P1̄ C2/c P21/c P1̄
a [N] 8.6813(16) 32.497(12) 13.837(6) 13.757(5)
b [N] 15.432(3) 6.560(3) 17.399(8) 14.835(5)
c [N] 16.190(3) 27.587(10) 11.553(5) 15.571(5)
a [8] 67.980(3) 90 90 65.960(4)
b [8] 85.426(3) 101.033(6) 108.329(7) 77.956(5)
g [8] 77.874(3) 90 90 64.847(5)
V [N3] 1965.9(6) 5772(4) 2640(2) 2624.7(15)
Z 2 4 4 2
1calcd [gcm

�3] 1.611 1.547 1.586 1.508
goodness-of-fit on F2 1.043 1.087 1.041 1.029
data/restraints/parameters 7851/0/559 5944/9/430 5914/0/391 10232/1/723
R1 [I>2s(I)] 0.0350 0.0739 0.0340 0.0678
wR2 (all data) 0.0985 0.1881 0.0948 0.1933

www.chemeurj.org F 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 4275 – 42824276

www.chemeurj.org


of the crystallographically asymmetric unit. In the crystal,
two different types of conformers of 1a exist. The one (con-
former A) is fixed in a photoreactive antiparallel conforma-
tion, and the other (conformer B) is fixed in a photoinactive
parallel conformation.[29] It has been proved that the photo-
chromic reactivity of diarylethene derivatives in the single-
crystalline phase is controlled by the molecular conforma-
tions in the crystals.[19] If the molecule is fixed in an antipar-
allel mode and the distance between reacting carbon atoms
on the aryl rings is less than 4.2 N, the molecule undergoes
the photocyclization reaction.[19c] The photocyclization reac-
tion does not proceed from the parallel conformation.[13b]

Figure 2b and c show detailed views of the conformers A
and B, respectively. The conformer A has an antiparallel
conformation, and the distance between reactive carbon
atoms, C1 and C10, is 3.56 N, which is short enough for the
photocyclization reaction to take place in the crystalline
phase.[19c] On the other hand, the conformer B has a photoi-
nactive parallel conformation, and the distance between re-
active carbon atoms, C18 and C27, is 4.52 N. The ratio of
the conformers A to B is 1:1, therefore, only 50% of the di-
arylethene molecules in the crystal can undergo photochro-
mic reactions.

In addition, a unique molecu-
lar assembly was observed in
crystal 1a, as shown in Figure 3.
Four 1a molecules are linked
by hydrogen-bonding interac-
tions between the carboxyl
groups to form a discrete mac-
rocyclic structure. Two of the
participating molecules are the
photoreactive antiparallel con-
former A, and the other two
are the photoinactive parallel
conformer B. The interaction
motif of the carboxyl groups is
the same as that observed in
the benzoic acid dimer.[30]

Cocrystals of 1a with bipyri-
dines : Diarylethene 1a possess-
ing two carboxyl acid groups is
anticipated to form stoichio-
metric cocrystals with bipyri-
dine derivatives through inter-
molecular O�H···N-type hydro-
gen-bonding interactions.[28]

Cocrystallization with different
molecules may change the mo-
lecular conformation, the mo-
lecular packing structure, and
the photochromic performance
of the diarylethene. We at-
tempted to prepare cocrystals
of 1a with 4,4’-, 2,4’-, and 2,2’-
bipyridines (4,4’-bpy, 2,4’-bpy,

and 2,2’-bpy) and examined the crystal structures and photo-
chromic performance of the crystals.
A 1:1 (molar ratio) mixture of 1a and 4,4’-bpy was dis-

solved in chloroform, and the solution was recrystallized by
slow evaporation of the solvent. Colorless crystals with a

Figure 2. ORTEP drawings for crystal 1a : 1a and acetonitrile molecules in the asymmetric unit (a), detailed
views of the photoreactive antiparallel conformer A (b) and the photoinactive parallel conformer B (c) of 1a.
The ellipsoids are drawn at 50% probability level.

Figure 3. Hydrogen-bonding network in crystal 1a. Red dotted lines indi-
cate O�H···O hydrogen-bonding interactions.
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platelike shape were obtained. The X-ray crystallographic
data of the crystal are listed in Table 1. The unit cell is mon-
oclinic C2/c, which is different from that of crystal 1a. One
1a molecule, one 4,4’-bpy molecule, and one half of a
chloroform molecule (crystallization solvent) are crystallo-
graphically independent, and the unit cell includes eight 1a
molecules, eight 4,4’-bpy molecules, and four chloroform
molecules. The crystal is composed of 1a, 4,4’-bpy, and
chloroform in the molar ratio of 2:2:1. Figure 4 shows the
ORTEP drawing of the asymmetric unit in the crystal. The
1a molecule has a photoreactive antiparallel conforma-
tion,[29] and the distance between reactive carbon atoms, C1
and C10, is 3.51 N, which is short enough for the photocycli-
zation reaction to take place in the crystalline phase.[19c]

Figure 5 shows a hydrogen-bonding network in cocrystal
1a·4,4’-bpy. An infinite linear-chain structure is observed, in

which 1a and 4,4’-bpy molecules are linked alternately
through O�H···N-type hydrogen bonds between the carbox-
yl groups of 1a and the nitrogen atoms of 4,4’-bpy. Notably,
all 1a molecules in this cocrystal are fixed in a photoreactive
antiparallel conformation.
An acetonitrile solution containing 1a and 2,4’-bpy in the

molar ratio of 1:1 afforded, upon slow evaporation of the
solvent over a period of several days, colorless single crystals
with a platelike shape. The crystallographic data of the crys-
tal are shown in Table 1. The crystal has a unit cell of mono-
clinic P21/c. One 1a molecule, one 2,4’-bpy molecule, and
one water molecule are crystallographically independent.
Acetonitrile molecules are not incorporated in this crystal.
The unit cell includes four molecules of each component in
the molar ratio of 1:1:1. The ORTEP drawing of the asym-
metric unit is shown in Figure 6. The 1a molecule adopts a

photoreactive antiparallel conformation,[29] and the distance
between reactive carbon atoms, C1 and C10, is 3.44 N. The
molecule meets the requirements for the photocyclization
reaction to take place in the crystalline phase.[19c]

Figure 7 shows a hydrogen-bonding network in the cocrys-
tal 1a·2,4’-bpy. Unlike cocrystal 1a·4,4’-bpy, a two-dimen-
sional hydrogen-bonding sheet, in which 1a, 2,4’-bpy, and
water molecules are involved, is observed. In this sheet, 1a
and water molecules are linked alternately through O�
H···O-type hydrogen bonds to form one-dimensional chain
structures. Furthermore, these linear chains are connected
by O�H···N-type hydrogen bonds between 2,4’-bpy and 1a
or water to form the two-dimensional sheet. The 4-position
nitrogen of the pyridyl ring is an acceptor for the carboxyl
group of the 1a molecule, whereas the 2-position nitrogen
accepts the hydroxyl group of the water molecule. In this
hydrogen-bonding sheet, all 1a molecules are fixed in a pho-
toreactive antiparallel conformation.
A cocrystal of 1a and 2,2’-bpy was prepared by recrystalli-

zation of a 1:1 (molar ratio) mixture of the components
from acetonitrile. Colorless crystals with a platelike shape

Figure 4. ORTEP drawing for cocrystal 1a·4,4’-bpy. The ellipsoids are
drawn at 50% probability level.

Figure 5. Hydrogen-bonding network in cocrystal 1a·4,4’-bpy. Blue dotted
lines indicate O�H···N hydrogen-bonding interactions.

Figure 6. ORTEP drawing for cocrystal 1a·2,4’-bpy. The ellipsoids are
drawn at 50% probability level.

Figure 7. Hydrogen-bonding network in cocrystal 1a·2,4’-bpy. Red and
blue dotted lines indicate O�H···O and O�H···N hydrogen-bonding inter-
actions, respectively.
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were obtained. The X-ray crystallographic data of the crys-
tal are listed in Table 1. The unit cell of the crystal is triclinic
P1̄. Two 1a molecules, one 2,2’-bpy molecule, and three ace-
tonitrile molecules are crystallographically independent. The
crystal comprises 1a, 2,2’-bpy, and acetonitrile in the molar
ratio of 2:1:3. Figure 8 shows the ORTEP drawing of the
asymmetric unit in the crystal. Both of the 1a molecules in
the asymmetric unit are fixed in the photoreactive antiparal-
lel conformation,[29] and the distances between reactive
carbon atoms are 3.57 N (C1 and C10) and 3.56 N (C18 and
C27), which are short enough for the molecules to undergo
photocyclization reactions.[19c]

Figure 9 shows a hydrogen-bonding network in cocrystal
1a·2,2’-bpy. The 1a molecules are linked through S-figured
O�H···O-type hydrogen-bonding interactions between the
carboxyl groups to form a parallel double-chain structure.
The 2,2’-bpy molecules bind to the double chain through O�
H···N-type hydrogen-bonding interactions. The 2-position ni-
trogen atoms on the 2,2’-bpy molecule are fixed in a syn
conformation, and they face in the same direction. One of
the nitrogen atoms acts as a hydrogen acceptor, but the
other is not involved in the hydrogen bond. The bipyridine
molecules break the hydrogen-bonding network in this crys-
tal. It seems that the steric crowding around the nitrogen

atoms hinders the formation of infinite hydrogen-bonding
networks. All 1a molecules in the cocrystal are fixed in a
photoreactive antiparallel conformation, as observed in coc-
rystals 1a·4,4’-bpy and 1a·2,4’-bpy. Cocrystallization with the
bipyridine derivatives increased the proportion of photo-
reactive conformers in the crystals to 100%.

Photochromism of single crystal 1a and cocrystals with bi-
pyridines : The single crystal of 1a and the cocrystals of
1a·4,4’-bpy, 1a·2,4’-bpy, and 1a·2,2’-bpy underwent photo-
chromic reactions. Upon irradiation with 370 nm light, crys-
tals 1a, 1a·4,4’-bpy, and 1a·2,2’-bpy turned bluish violet, on
the other hand, crystal 1a·2,4’-bpy turned cyan. The absorp-
tion spectra of the colored crystals are shown in Figure 10.

The absorption maxima of crystals 1a, 1a·4,4’-bpy, and
1a·2,2’-bpy are located at 600 nm, whereas that of crystal
1a·2,4’-bpy is shifted by as much as 30 nm to a longer wave-
length of 630 nm. The photogenerated colors were thermally
stable in the dark (see Supporting Information), and com-
pletely bleached by irradiation with visible light (l>
450 nm).
To analyze the origin of the shift in absorption spectra,

the photogenerated colored crystals were dissolved in aceto-
nitrile, and absorption spectra of the solutions were com-
pared. All solutions gave maximum at 586 nm, which is
identical to that of the closed-ring isomer 1b. This indicates
that the color of the crystals is ascribed to 1b. The color var-
iation is attributed to the difference in molecular conforma-
tion of the diarylethene in the crystals.[19d] The absorption
spectrum is considered to reflect the p-conjugation length of
the photogenerated closed-ring isomer 1b in the crystals.
Figure 11 shows the molecular structures of 1a in crystals
1a, 1a·4,4’-bpy, 1a·2,4’-bpy, and 1a·2,2’-bpy. Parts a, b, and d
of this figure (especially side views) show that the carbonyl
groups of 1a in crystals 1a, 1a·4,4’-bpy, and 1a·2,2’-bpy, re-
spectively, tilt against the molecular planes. On the other
hand, in crystal 1a·2,4’-bpy (Figure 11c), one of the carbonyl

Figure 8. ORTEP drawing for cocrystal 1a·2,2’-bpy. The ellipsoids are
drawn at 50% probability level.

Figure 9. Hydrogen-bonding network in cocrystal 1a·2,2’-bpy. Red and
blue dotted lines indicate O�H···O and O�H···N hydrogen-bonding inter-
actions, respectively.

Figure 10. Absorption spectra of photogenerated colored crystals of 1a
(a), 1a·4,4’-bpy (b), 1a·2,4’-bpy (c), and 1a·2,2’-bpy (d).
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groups (C17=O3) has a coplanar conformation with respect
to the molecular plane, and the other (C16=O2) tilts.
During photocyclization reactions of dithienylethenes, the
thiophene rings rotate, whereas the carboxyl groups at the
5-positions of the thiophene rings do not rotate.[19b,d] There-
fore, the photogenerated closed-ring isomers in crystal
1a·2,4’-bpy have a planar structure and more extended p-
conjugation than those in crystals 1a, 1a·4,4’-bpy, and
1a·2,2’-bpy. This difference in molecular conformation and
p-conjugation length explains why the absorption band of
the former crystal was at longer wavelengths than those ex-
hibited by the latter crystals.

Conclusion

The single crystal of diarylethene 1a possessing two carbox-
yl groups and the cocrystals with three kinds of bipyridine
derivatives, 4,4’-bpy, 2,4’-bpy, and 2,2’-bpy, were prepared
and their crystal structures and photochromic performance
were investigated. In crystal 1a, a discrete macrocyclic as-
sembly was observed, in which four 1a molecules are linked
through hydrogen bonds between the carboxyl groups. The
crystal includes both photoreactive and photoinactive con-
formers of 1a in the ratio of 1:1. In the cocrystals of 1a with
the bipyridines, O�H···N hydrogen-bonding interactions be-
tween the carboxyl groups of 1a and the pyridyl groups of

the bipyridines were observed.
Self-assembled structures of a
linear single chain, a two-di-
mensional sheet, and a parallel
double chain were prepared.
Cocrystallization with the bipyr-
idines increased the proportion
of photoreactive conformers to
100%. All crystals showed pho-
tochromism. The absorption
spectra of UV-irradiated crys-
tals reflected the molecular
conformations of the diaryle-
thene molecules in the crystals.

Experimental Section

General : Solvents used were of spec-
troscopic grade and were purified by
distillation before use. The 4,4’-, 2,4’-,
and 2,2’-bipyridines were purchased
from Tokyo Kasei Kogyo and were pu-
rified by recrystallization from aceto-
nitrile before use. 1H NMR spectra
were recorded by using a Bruker
Avance 400 spectrometer (400 MHz).
Tetramethylsilane (TMS) was used as
an internal standard. Mass spectra
were recorded by using a JEOL JMS-
GCmate II GCMS system. Absorption
spectra in solution were measured by

using a Hitachi U-3410 absorption spectrophotometer. Photoirradiation
was carried out by using an Ushio 500 W super high-pressure mercury
lamp. Monochromic light was obtained by passing the light through a
monochrometer (Ritsu MV-10N). Absorption spectra in the single-crys-
talline phase were measured by using a Leica DMLP polarizing micro-
scope connected to a Hamamatsu PMA-11 photodetector (see Support-
ing Information). Polarizer and analyzer were set in parallel to each
other. Photoirradiation was carried out by using a 75 W xenon lamp or a
100 W halogen lamp. The wavelength of the light was selected by passing
the light through band-pass filters or cut-off filters.

1,2-Bis(5-carboxyl-2-methyl-3-thienyl)perfluorocyclopentene (1a): 15%
nBuLi hexane solution (3.2 mL, 5.2 mmol) was added to a dry THF solu-
tion (20 mL) containing 1,2-bis(5-bromo-2-methyl-3-thienyl)perfluorocy-
clopentene[31] (1.3 g, 2.5 mmol) at �78 8C under argon atmosphere, and
the reaction mixture was stirred for 2 h at this low temperature. An
excess amount of solid CO2 was added to the reaction mixture at �78 8C,
and the mixture was stirred for 2 h at this temperature. A small amount
of water was added to the mixture. The mixture was neutralized with
HCl, and then was extracted with diethyl ether. The organic layer was
dried over MgSO4, filtrated, and concentrated. The residue was purified
by silica gel column chromatography using hexane/ethylacetate (80:20
v/v) as the eluent to give 1a (0.63 g, 56%) as crystals. 1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d=2.06 (s, 6H; CH3), 7.79 ppm (s, 2H;
thienyl proton); FAB-MS: m/z : 455.9 [M+]; elemental analysis calcd (%)
for C17H10F6O4S2 (455.99): C 44.74, H 2.21; found: C 45.10, H 2.26.

Closed-ring isomer of 1a (1b): Compound 1b was isolated by subjecting
a photostationary solution containing 1a and 1b to HPLC (Hitachi L-
7100 pump system equipped with Hitachi L-7400 detector, silica gel
column (Kanto, MightySil Si 60), hexane/ethyl acetate (70:30) as the
eluent). Retention times for 1a and 1b were 42 and 29 min, respectively.
1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=2.24 (s, 6H; CH3), 6.97 ppm
(s, 2H; olefinic proton); FAB-MS: m/z : 455.9 [M+]; UV/Vis (acetoni-
trile): lmax (e)=586 (6.5M10

3), 374 nm (5.9M103m�1 cm�1).

Figure 11. Molecular structures of diarylethene 1a in crystals of 1a (a), 1a·4,4’-bpy (b), 1a·2,4’-bpy (c), and
1a·2,2’-bpy (d). In (a), only the photoreactive conformer A is shown. In (d), the two diarylethene molecules
are crystallographically independent in the unit cell.
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X-ray crystallographic analysis : X-ray crystallographic analysis was per-
formed by using a Bruker SMART1000 CCD-based diffractometer
(50 kV, 40 mA) with MoKa radiation. The crystals were cooled by cryostat
(Rigaku GN2). The data were collected as a series of w-scan frames,
each with a width of 0.38 per frame. The crystal-to-detector distance was
5.340 cm. Crystal decay was monitored by repeating the 50 initial frames
at the end data collection and analyzing the duplicate reflections. Data
reduction was performed by using SAINT software, which corrects for
Lorentz and polarization effects, and decay. The cell constants were de-
termined by the global refinement. The structures were solved by direct
methods using SHELXS-86[32] and refined by full least-squares on F2

using SHELXL-97.[33] The positions of all hydrogen atoms were calculat-
ed geometrically and refined by the riding model. CCDC-283550 (1a),
CCDC-283551 (1a·4,4’-bpy), CCDC-283552 (1a·2,4’-bpy), and CCDC-
283553 (1a·2,2’-bpy) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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