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Gold Liquid Crystals Displaying Luminescence in the Mesophase and Short
F--F Interactions in the Solid State

Rocio Bayon, Silverio Coco, and Pablo Espinet*!!

Abstract: Rodlike gold() complexes,
[Au(C4F,OC, H,,, ) (C=NCH,CH,O-
CH,,.1)] (m=2, n=4, 10; m=6, n=
10; m=10, n=6, 10), display interest-
ing features. They are liquid crystals

coordination around the gold atom,
and reveals the absence of any Au--Au
interactions (such interactions are
often present in luminescent gold com-
plexes). Well-defined, intermolecular

F,. 0 "Fne interactions, with remarka-
bly short intermolecular F-F distances
(2.66 A), are observed; these interac-
tions seem to be responsible for the
crystal packing, which consists of an

and show photoluminescence in the
mesophase, as well as in the solid state
and in solution. The single-crystal, X-
ray diffraction structure of [Au(Cs.
F,OC,H;)(C=NCH,CH,OC,Hy)] con-
firms its rodlike structure, with a linear

Keywords:

nide ligands
luminescence

Introduction

Technologies based on luminescence require new materials
integrating other physical properties. A representative case
is luminescent liquid crystals, in which emission properties
are combined with supramolecular organization and fluidity
in the mesophase. A number of organic mesogenic deriva-
tives have been reported to display intrinsic (that is, in the
absence of other additives) luminescent properties in so-
lution, in the microcrystalline solid state, or in thin glass
films obtained by cooling the corresponding mesophase.!]
However, organic liquid crystals that display intrinsic lumi-
nescence in the mesogenic state are very scarce.”! On the
other hand, many metal complexes are strongly luminescent,
but the metallomesogens reported to display photolumines-
cence in the solid state or in solution are just a few lantha-
nide derivatives and palladium complexes.'! Only recently
have lanthanide-based metallomesogens luminescent in the
mesophase been reported.

Gold(1) complexes frequently possess luminescence, espe-
cially in condensed phases at low temperatures; this lumi-
nescence is often attributed to the existence of Au--Au in-
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antiparallel arrangement of molecules.
Experiments under different conditions
support the explanation that the photo-
luminescence has an intramolecular
origin.

gold - isocya-

teractions.”! Some of these complexes are halogold(1) isocya-
nide derivatives,*” and mesomorphic gold(1) isocyanide
complexes [AuX(C=NR)] (X=anionic ligand) have also
been reported.'*"? It has been suggested (but not proven)
that the formation of liquid-crystalline phases in the latter
group of complexes is also helped by the presence of weak
intermolecular Au--Au interactions,'” which might be partly
responsible for the higher stability of mesophases in gold
mesogens, relative to other metals of the group.¥ Lumines-
cent gold complexes containing the perfluorophenyl group
are also reported to produce organometallic gold complexes
with higher than average thermal stability.™ On these
grounds, we decided to synthesize and study tetrafluoro-
phenyl gold(1) isocyanide complexes, [Au(C:F,OC, H,, .1)-
(C=NC¢H,CH,0C,H,,,,)], hoping that they would be
mesogens, which would enable the study of the type of inter-
molecular interactions present in the system and the possi-
ble influence of these interactions on the complex proper-
ties. Fortunately, this family of complexes afforded examples
of metallomesogens displaying good mesophase stabilization
and strong photoluminescence in the mesophase, as well as
in the solid state and in solution. These properties are not
associated with gold—gold interactions, which are absent. Re-
markably short intermolecular F--F interactions are ob-
served for the complex studied by X-ray diffraction in the
solid state.
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Results and Discussion

Synthesis and characterization: The gold(1) isocyanide com-
plexes were prepared according to Scheme 1>l and isolat-
ed as white solids, which were fully characterized. Elemental

FF
Horm1CrrO Au—tht
FF
CNCgH4CeH4OC Hon4 1
FF

H2m+1CmO

Au—CN OCnH2n+1

F F
Scheme 1. Preparation of gold(r) isocyanide complexes (tht=tetrahydro-
thiophene).

analyses, yields, and relevant IR data of the complexes are
given in the Experimental Section. All of the IR spectra are
similar and show one v(C=N) absorption for the isocyanide
group at wavenumbers about 90 cm™' higher than for the
corresponding free isocyanide.'”!

The 'HNMR (300 MHz)
spectra of the gold(1) isocyanide
complexes prepared are also
very similar, showing four
somewhat distorted “doublets”
for the biphenyl group (strictly ]
two AA'’XX' spin systems), as F Fi4)
reported for similar gold(1) iso-
cyanide complexes.'"'? In addi-
tion, two triplets (quartets for
the ethoxy groups) are ob-
served at around J0=4.1 and
3.9 ppm, corresponding to the
first methylene group of
the C¢F,OC,H,,, 41 and
CH,CH,OC,H,,,; groups, re-
spectively. The remaining chain
hydrogen atoms appear in the
range 0.8-1.8 ppm. The
F NMR spectra of these com-
plexes show two somewhat dis-
torted “doublets” flanked by
two pseudotriplets, correspond-
ing to an AA’XX’ spin system
with Jya~Jxx. The signals as-
signed to F,,, and F,,, (reference CFCl;) appear at about
—118 and —157 ppm, respectively, with values of N (N=
Jax+Jax) in the range 18-19.7 Hz.

The electronic spectra of the free isocyanides and their

corresponding tetrafluorophenylgold(r) isocyanide com-
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plexes are summarized in Table 1. They show two strong
UV absorptions assigned to phenyl-localized m—mt* transi-
tions. The stronger absorption, assigned to a s—m* transition
in the biphenyl system (K band), undergoes a noticeable
bathochromic shift upon complexation of the isocyanide

Table 1. UV/Vis data for the free ligands and the complexes [Au-
(CeF4OC, Hy 1) (CoHLCH,OC, Hy, 1.1)]

m n A [nm] (¢ [dm*mol'em™])

40 229 (11392) 288 (23119)
6l 231 (8508) 283 (19950)
10 229 (7243) 289 (14870)

2l 230 (1043) 262 (456)

6l 230 (1265) 262 (601)

101 232 (952) 262 (609)
2 4 231 (28436) 311 (38528)
2 10 236 (11839) 305 (16191)
6 10 235 (29500) 308 (43043)
10 6 236 (20571) 310 (29160)
10 10 234 (17025) 311 (22899)

[a] In CH,CL. [b] Free isocyanide ligand. [c] HC,F,OC,H,,,,, group.

ligand to the gold atom. A similar effect was observed for
[AuX(C=NCH,C.H,0C,(H,)] (X=Cl, Br, I).1

The molecular structure of [Au(CF,CqH,OC,H;s)(C=
NCH,C,H,0C,H,)] was determined by single-crystal X-ray
diffraction methods (Figure 1). The data collection and re-
finement parameters are detailed in the Experimental Sec-

c(16)  ¢(15)

Y

c2) ce)

Figure 1. The crystal structure of [Au(C.F,C,H,OC,H;)(C=NCH,C,H,OC,H,)] (top) and a crystal-packing
representation (bottom) showing some of its intermolecular features.

tion. The compound crystallizes in the triclinic space group
P1, with two formula units per unit cell. The gold atom is
linearly coordinated by the isocyanide and tetrafluorophenyl
groups. The bond angle C(1)-Au-C(31) is 176.4°, and the
bond lengths fall within normal ranges. The dihedral angle
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between the two phenyl rings of the biphenylisocyanide
system is 38.2°. The butoxy chain is extended, and the mole-
cule takes a rodlike shape. The crystal packing of the com-
plex shows an arrangement of molecules in pairs of antipar-
allel corrugated layers (Figure 1bottom and Figure 2).

Figure 2. Two schematic views of the crystal packing in [Au(C¢F,-
C¢H,0OC,H;)(C=NC¢H,C(H,0C,Hy)]. a) View parallel to the director
(long axis) of the molecules, showing the F-F contacts (short dashes),
which define the corrugated layers, and the Au-Au distances (long
dashes) between gold atoms in neighboring layers. b) View perpendicular
to the director of the molecules again showing the F-F contacts and the
Au-Au distances.

Within each layer, the molecules are parallel to each
other and connected by short F,,,;,F,,.., intermolecular dis-
tances (2.66 A) to their neighbors. Each molecule uses one
F,,., and one F,,,, atom for these connections. If we consid-
ered these connections as giving rise to a polymer, each
layer could be described as a zig-zag perfluoroaryl comb
“polymer”, with the entire length of each gold complex
hanging from the zig-zag chain and lying parallel to each
other (Figure 2b). The shortest Au-Au intermolecular dis-
tance observed is 4.30 A. This safely excludes the existence
of any Au--Au interactions and corresponds to gold atoms
in neighboring layers, not in the same layer."® Thus, the
short intermolecular F--F distances are consistent with inter-
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molecular F-F interactions and appear to be an influencing
factor on the packing motif observed. Although the nature
and the exact structural role of F---F interactions is not well
understood yet, recent literature has provided evidence that
these fluorine-based interactions, in the absence of any
other significant intermolecular interactions, provide the sta-
bility to form molecular assemblies.'”*¥ A search in the
Cambridge Crystallographic Database for intermolecular
F, .0 Fonew distances below 30A in fluoroaryl metal com-
plexes yielded 147 matches. Out of these, 26 corresponded
to gold complexes, the shortest distance being 2.76 A."* The
influence of these fluorine-based interactions has passed un-
noticed in the original literature, in which these structures
were reported, but it seems to be a relevant, noncasual
phenomenon to be taken into account in crystal engineering.
The structure reported here possesses the shortest
F, 0 Foew distance observed so far (2.66 A), and this
interaction seems to make an important contribution to the
intermolecular arrangement observed in the solid.

Mesomorphic behavior: All the compounds reported here
are mesomorphic. Their optical, thermal, and thermodynam-
ic data are presented in Table 2. The increase in total chain

Table 2. Optical, thermal, and thermodynamic data of the complexes
[Au(C4F,OC, H,,,+1)(CNCH,CH,O0C, Hy, 11)].-

m n Transition*! Temperature™ [°C] AH® [kImol™']
2 4 C—-C 751 1.5
C'—-SmA 108.3 20.9
SmA—N 177t
N—-I 233.5 1.5
2 10 C—-C 65.7 1.1
C'—-SmA 81.7 30.4
SmA —I 207.8 4.9
6 10 C—SmC 49.9 22.8
SmC—I1 209.3 59
10 6 C—-SmC 554 23.5
SmC—SmA 1141
SmA —1 205.3 55
10 10 C—SmC 53.4 322
SmC—SmA 168.3 0.1
SmA —1 196.3 5.8

[a] C=crystal; SmA, SmC=smectic-A, -C; I=isotropic liquid. [b] Data
refers to the second DSC cycle starting from the crystal. Temperature
data measured as peak onset. [c] Microscopic data.

length (m+n) initially causes a decrease in the range of
nematic phase as well as an increase in the range of smectic-
A (SmA) phase, but for longer alkoxy chain lengths a de-
crease in SmA range is produced, together with an increase
in smectic-C (SmC) range.

The SmA mesophases, with their typical focal-conic fan
textures on cooling from the nematic or isotropic phases,
were identified by means of optical microscopy (Figure 3a).
The nematic phases display the schlieren texture, showing
singularities with two and four associated brushes (Fig-
ure 3b). The SmC mesophases show the typical broken
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Figure 3. Polarized optical microscopic textural images (x100) observed
for Au complexes. a) [Au(C¢F,OC,H,,)(C=NC¢H,CCH,0OC,(H,)]: the
picture shows the fan-shape texture of the SmA phase at 186°C, on cool-
ing from the isotropic liquid. b) [Au(C¢F,OC,H;)(C=NCH,C{H,O0C,Hy)]:
the picture shows the schlieren texture of the N phase at 188°C, on cool-
ing from the isotropic liquid. c¢) [Au(CsF,OC,H,;)(C=NC:H,-
C¢H,OC,H,,)] at 140°C: the picture displays the broken fan-shape tex-
ture of the SmC phase, formed on cooling from the fan-shape focal-conic
area of the SmA phase.

focal-conic fan texture on cooling from the SmA phase (Fig-
ure 3c).["2!

Photoluminescence studies: All of the complexes are lumi-
nescent at room temperature, both in solution and in the
solid state (Table 3). In the solid state they exhibit a yellow—
green luminescence under UV irradiation (365 nm). All of
the emission spectra are similar and consist of three broad
emissions above 370 nm (for example, 384, 490, and 524 nm
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Table 3. Emission and excitation maxima [nm] for the free ligands and
for [Au(C4F,OC,H,,,,)(CNCH,CsH,OC, H,,, )] at 298 K.

KBr CH,Cl,
m n Aex Aem Aex Aem
4l 327 354 259,310 341
ol 321 360 258,309 355
108 282 367 282 355
2 4 358 371, 475, 506 285 345
2 10 344 375, 487, 521 274 364
6 10 348 402, 489, 523 274 363
10 6 344 384, 490, 524 276 387
10 10 343 392, 486, 520 278 362

[a] Free isocyanide ligand.

for m=10, n=6), whereas the free isocyanides (white
solids) are luminescent and give one strong emission band
with a maximum at about 360 nm. In dichloromethane, both
the free isocyanides and their gold complexes are lumines-
cent, but only one intense emission is observed for the com-
plexes in the range 345-387 nm (Figure 4).

500

400

300

200

100

ey

350 ) 450 ’ 550 ) 650
A/nm

Figure 4. Emission spectra at 298K of [Au(C¢F,OC,H,)(CNC.H,.

C¢H,OC4H ;)] (Aeye =344 nm) in the solid state (solid line) and in CH,Cl,

(dashed line).

The lifetimes in the solid state have been measured for
the complex with m=10 and n=6."" The emission at
384 nm has a lifetime shorter than 10 ps, the measurement
limit of our spectrometer, whereas a lifetime value of 39 us
is found for both luminescence emissions at 490 and 524 nm.
The lifetime values, together with the Stokes shift between
the absorption and the emission bands, indicate a different
nature for the last two emissions than that for the emission
at 384 nm. The emission at 384 nm must be a fluorescence,
involving intraligand-localized m and w* orbitals, with practi-
cally no Au contribution, as calculated for [AuCICNPh].*!
In contrast, the longer lifetimes of the emissions at 490 and
524 nm support a phosphorescence nature.

It is known that aromatic organic molecules can display
relatively intense phosphorescence, arising from a triplet
state that gets populated by intersystem crossing from an ex-
cited singlet state, which forms on absorption. These inter-
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system crossings are helped by the presence of heavy atoms.
Thus, the emissions at 490 and 524 nm would result from
phosphorescent emission involving intraligand-localized
states. These emissions disappear in solution, whereas that
at 384 nm remains, but shifts to 387 nm. This observation
can be explained by considering that, due to their long radi-
ative lifetimes, the quenching of phosphorescent emissions is
especially important in fluid media (solution), in which colli-
sions are frequent.pz] However, as the X-ray structure of
[Au(C(F,C¢H,OC,H;)(C=NC¢H,C(H,OC,H,)] shows inter-
molecular F---F interactions, the question arises whether the
490 and 524 nm emissions could be due to the molecular
self-association observed in the solid, which disappears in
solution? This possibility can be discarded, however, be-
cause the phosphorescent bands are recovered when diluted
solutions of the complex in dichloromethane are frozen at
78 K. As, under these conditions, the F--F interactions
cannot exist, the phosphorescence emissions must result
mainly from intramolecular intraligand transitions.

The luminescent behavior of [Au(C¢F,OC,,H,;)(CNCH,-
C¢H,OC¢H,;)] is shown in Figure 5 as a function of tempera-
ture. When the sample melts to the smectic-C mesophase

a)

500

400 24.6 °C (crystal)
44.0 °C (crystal)
63.2 °C (SmC)

300 92.8 °C (SmC)
119.5 °C (SmC)
140.7 °C (SmC)

200

100

b)

500

400
22..5 °C (crystal)
26.4 °C (SmC)

300 63.4 °C (SmC)
81.2 °C (SmC)
119.5 °C (SmC)

200 140.7 °C (SmC)

100

350 » 650

A/nm

Figure 5. Emission spectra of [Au(C4F,OC,;H,;)(CNC:H,C,H,OCH,;)]
(Aexe =344 nm) at different temperatures. The spectra and the tempera-
ture list follow the same top to bottom order. The corresponding phase is
given in parenthesis. a) Heating from the crystal, and b) cooling from the
SmC mesophase. Peaks marked with * are due to scattering.

Chem. Eur. J. 2005, 11, 1079-1085 www.chemeurj.org

FULL PAPER

(at 55.4°C), the luminescence is not lost, but its intensity de-
creases noticeably and continues decreasing upon further
temperature increase. The emission practically disappears at
about 130°C. This process is reversible, and the intensity of
the emission is gradually recovered upon cooling. Moreover,
it is important to note that the bands associated with phos-
phorescence seem to decay with temperature more rapidly
than the fluorescent emission. This behavior would be relat-
ed to an increasingly efficient quenching process by colli-
sions, as the higher temperature (and the lower viscosity) in-
creases the molecular mobility in the mesophase. These
complexes display important supercooling of the mesophase,
and, as a consequence, the fluid mesophase survives at room
temperature for several hours until crystallization occurs.
The intensity of the emission is fully recovered at the very
instant that crystallization occurs.

Conclusions

These stable mesomorphic tetrafluorophenylgold(i) biphenyl-
isocyanide complexes show good mesophase stabilization
without gold-gold interactions in the solid state, and, conse-
quently, probably without gold—-gold interactions in the mes-
ophase. They display remarkably short intermolecular F--F
interactions (the shortest of its kind, thus far), which seem
to be the driving force of the structural arrangement in the
solid. Moreover, these complexes represent the first exam-
ple of intrinsic luminescent metallomesogens based on orga-
nometallic complexes and display strong luminescence in
the mesophase, the solid state, and in solution.

Experimental Section

Combustion analyses were carried out with a Perkin—Elmer 2400 micro-
analyzer. IR spectra (cm™') were recorded on a Perkin-Elmer FT 1720X
instrument. 'H and ""F NMR spectra were recorded in CDCl; on Bruker
AC300 or ARX300 instruments. Microscopy studies were carried out on
a Leica DMRB microscope, equipped with a Mettler FPS82HT hot stage
(heating rate of 10 Kmin™") and a Mettler FP90 central processor. Differ-
ential scanning calorimetry (DSC) was carried out with a Perkin—Elmer
DSC7 instrument, which was calibrated with water and indium. The scan-
ning rate was 10 Kmin™', the samples were sealed in aluminum capsules
in air, and the holder atmosphere was dry nitrogen. UV/Vis absorption
spectra were obtained by means of a Shimadzu UV-1603 spectrophotom-
eter, in dichloromethane (~1 x107*M). Luminescent data was recorded
with a Perkin-Elmer LS-55 luminescence spectrometer.

Literature methods were used to prepare HC¢F,0C,H,, 1,"”! C=N-
C¢H,C¢H,0C,H,,,1,"" and [AuCl(tht)] (tht=tetrahydrothiophene).?"
Only example procedures are described here, as the syntheses were simi-
lar for the rest of the compounds. Yields, IR, and analytical data are
given for all the gold complexes.

Preparation of [Au(CF,0C,H,, )(C=NCH,CH,0CH,, ,)]: A so-
lution of nBuLi in hexane (0.194 mL, 0.312 mmol) was added to a so-
lution of HC(F,0C,H,,,,, (0.312 mmol) in dried diethyl ether (25 mL) at
—78°C under nitrogen. After stirring for one hour at —50°C, solid
[AuClI(tht)] (0.96 g, 0.312 mmol) was added at —78°C, and the reaction
mixture was slowly brought to room temperature (3 h). A few drops of
water were then added, and the solution was filtered in air through anhy-
drous MgSO,. C=NC(H,CH,OC,H,,,, (0.312 mmol) was added to the
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solution obtained. After stirring for 15 min, the solvent was removed on
a rotary evaporator, and the white solid obtained was recrystallized from
dichloromethane/hexane at —15°C.

m=2, n=4: Yield: 56 %; IR (CH,Cl,): #=2214 cm™' (C=N); IR (KBr):
7=2211cm™" (C=N); elemental analysis (%) calcd for C,sH,,AuF,NO,:
C 46.82, H 3.46, N 2.18; found: C 46.75, H 3.47, N 1.91.

m=2, n=10: Yield: 56 %; IR (CH,Cl,): #=2214 cm™! (C=N); IR (KBr):
#=2209 cm™' (C=N); elemental analysis (%) calcd for CsHsAuF,NO,:
C51.32, H 4.72, N 1.93; found: C 51.31, H 4.65, N 1.66.

m=6, n=10: Yield: 34%; IR (CH,Cl,): "=2214 cm™' (C=N); IR (KBr):
7#=2214 cm™' (C=N); elemental analysis (%) calcd for CysH,,AuF,NO,:
C 53.78, H 5.42, N 1.79; found: C 53.85, H 5.38, N 1.68.

m=10, n=6: Yield: 41%; IR (CH,CL,): #=2214 cm™' (C=N); IR (KBr):
#=2209 cm~' (C=N); elemental analysis (%) calcd for CisH,,AuF,NO,:
C53.78, H 5.42, N 1.79; found: C 53.66, H 5.27, N 1.68.

m=10, n=10: Yield: 40%; IR (CH,Cl): #=2214cm ' (C=N); IR
(KBr): #=2210cm™" (C=N); elemental analysis (%) caled for
CyH;5AuF,NO,: C 55.91, H 6.02, N 1.67; found: C 55.73, H 5.85, N 1.60.

Experimental procedure for X-ray crystallography: Crystals of [Au-
(C¢F,OC,H;)(C=NCH,CH,OC,H,)| were obtained by direct diffusion
of hexane into a solution of the complex in dichloromethane. A suitable
single crystal was mounted in a glass fiber, and diffraction measurements
were taken with a Bruker SMART CCD area-detector diffractometer
with Moy, radiation (1=0.71073 A).” Intensities were integrated from
several series of exposures, each exposure covering 0.3° in w, the total
data set being a hemisphere.”® Absorption corrections were applied
based on multiple and symmetry-equivalent measurements.””’ The struc-
ture was solved by direct methods (SIR 97)® and refined by least-
squares methods on weighted F* values for all reflections. Hydrogen
atoms were taken into account at calculated positions, and their position-
al parameters were refined. Table 4 gives the data collection and refine-
ment parameters. Refinement proceeded smoothly to give R,=0.04267

Table 4. X-ray data, data collection, and refinement parameters for
[Au(C¢F,OC,H;)(C=NCH,CH,OC,Hy)].

formula C,sH,, AuF,NO,

M, 641.40

crystal system triclinic

space group P1 (no. 2)

a[A] 7.141(3)

b [A] 10.184(5)

c[A] 17.713(9)

BI°] 84.715(9)

VA7 1181.7(10)

Z 2

Pealed [gCITliZ] 1.803

u [mm™) 6.278

F(000) 620

crystal size [mm] 0.25x0.10x0.05

T[K] 293(2)

0 range [°] 1.20-23.28

2 [A] 0.71073

index ranges —-7<h<7
—11<k<10
-19<1<19

reflections collected 5271

independent reflections 3349 [R;,=0.0275]

observed reflections [/>20(/)] 2642

completeness to 6 [°] 23.28 (98.4%)

absorption corrections SADABS

max/min transmission 1.000000/0.520264

data/restraints/parameters 3349/0/300

goodness-of-fit on F* 0.986

final R indices [/>20(])]
R indices (all data)
largest diffraction peak/hole [e A%

R1=0.0427, wR2=0.0995
R1=0.0588, wR2=0.1141
1.712/-1.628
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on the basis of the reflections with />20o(J). Complex neutral-atom scat-
tering factors were used.’” CCDC-246954 contains the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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