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Photolytic water oxidation catalyzed by a molecular carbene iridium
complex
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The complex IrCly(Cp*)(trz) (trz = triazolylidene), 2, was prepared from readily available 1,3-dimethyl-4-
phenyl-1,2 3-triazolium salt. Under basic conditions, the C-bound phenyl group readily cyclometalates,
while under acidic conditions, cyclometalation is reversed. The sensitivity of the C,—Ir bond but not the
Cy.—Ir bond towards acidolysis provided a basis for using 2 as catalyst in CeV-mediated water oxidation.
The catalytic activity is characterized by a robust catalytic cycle, affording excellent turnover numbers
(TON > 20,000). Under cerium-free conditions and in the presence of hematite as photoelectrode, light-
induced activity was observed. The photoelectrochemical reaction is strongly pH-dependent which
requires pH adjustments when running multiple cycle experiments to regenerate the catalytic activity.
Analogous chelating complexes display better stability and higher catalytic activity than the monodentate
complex 2.

PCET). Specifically, IrCp*-containing systems afforded a class

Introduction of catalyst precursors that showed excellent performance in water
oxidation mediated by a sacrificial oxidant, typically cerium
s ammonium nitrate (CAN),' although the mode of action of these
IrCp* complexes (Cp* = pentamethylcyclopentadienyl, CsMes")
has been discussed controversially.'""'> A heterogenization has
been put forward in parts because of similar performance of these
complexes, IrCl;, and iridium nanoparticles, and also because of

s complex degradation observed after water oxidation.!" Kinetic
and quartz microbalance measurements on specific complexes
support, however, homogeneous water oxidation.''*'> Our
investigations using chelating triazolylidene IrCp* complexes'
(where triazolylidene is the mesoionic carbene derived from a
o 1,2,3-triazolium salt)13 have been concurring thus far with
homogeneous water oxidation. The high activity of these
complexes has been rationalized in parts by the mesoionic
character of the ligand and its tendency to transiently absorb a
proton,'* thus providing access to a PCET process. These
os triazolylidene iridium complexes are highly robust in the
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putative watef spllttlpg process,” largely dl.le t(? the hlgh.uphlll presence of CAN as sacrificial oxidant (TONs > 40,000), which
thermodynamic barrier and the complexity involved in the

microscopic steps of the O—O bond forming process,” recent work
on artificial photosynthesis targeted predominantly the
development of efficient catalysts for water oxidation.® Inspired
by the MnyCa cluster of the oxygen-evolving complex (OEC) in
photosystem II, significant progress has been accomplished by
using di- and tetrametallic complexes,” in which metal-metal
cooperativity lowers the redox demand of each metal center.
More recently, single site catalysts emerged as a powerful class
of catalyst precursors,® most of which are comprised of a ligand
that is non-innocent and that assists the oxidation process through
concomitant proton transfer (proton-coupled electron transfer,

The pursuit of sustainable energy sources has gained increasing
importance in the last years due to concerns related to global
warming and growing demands in energy supplies. One obvious
target is the use of energy from the sun, since it provides 1.2 x
10° TW of radiation to the surface of the Earth, far in excess of
global energy needs.' Recent efforts to harness this transient
energy concentrated on the storage of solar energy into chemical
bonding energy. This concept is strongly inspired by biological
systems such as photosystem I1,> which effectively utilizes light
to split water into O, and H' ions that power ATP synthase to
replenish  biological energy reservoirs. While natural
photosynthesis is fast and efficient, the complex sequence of
cascade reactions involved in photosynthetic water splitting
requires artificial mimicry to render the process technologically
exploitable.®

Because of the challenges of the water oxidation half cycle in a

"
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suggests this type of complex as promising active site for
sustainable applications. We were therefore interested to probe
whether photoelectrochemical methods are feasible to substitute

1 CAN as sacrificial oxidant.”*'* To this end, we report here on the
CAN-mediated and the photoelectrode-assisted catalytic activity
of a simple triazolylidene iridium complex in water oxidation.
We have evaluated various set-ups using o-Fe,O; as
photoabsorber'® and focused in particular on the relevance of the

75 pH and on the effect of NaCl on the water oxidation capacity.
Appropriate engineering of the conditions provided a system that
remains photoelectrochemically active after >20 cycles.

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 1



Results and discussion
Synthesis of the complexes

Complex 2 featuring a monodentate bonding mesoionic
triazolylidene represents a simpler congener of the chelating
s complexes reported earlier."® This complex is readily available
from the corresponding triazolium salt 1 via Ag,O-mediated
proton abstraction and in-situ metallation with [Ir(Cp*)Cl,], in a
one-pot procedure (Scheme 1). Complex 2 is air-stable both in
the solid state and in solution over extended periods of time (>
10 months). It is well soluble in chlorinated solvents and MeCN,
though only sparingly soluble in H,O. Ultrasonication increases
the solubility in aqueous media. In the NMR spectrum (CDCl;
solution), 2 is characterized by a symmetric phenyl group,
suggesting fast rotation about the C,,—Cp, bond. The iridium-

15 bound carbene appears at 8¢ 144.9 ppm.
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Scheme 1 Synthesis of complexes 2 and its reversible cyclometalation.

Unambigous confirmation of the structure of complex 2 was
obtained by X-ray diffraction analysis of single crystals. The
2 molecular structure (Fig. 1) displays the expected piano-stool
arrangement. The unsupported Ir-C11 bond in 2 is significantly
longer than the analogous bond in chelating species (2.052(1) A
vs 2.00-2.02 A).'” As observed in other triazolylidene metal
complexes,**'” the heterocyclic C=C bond is considerably
25 stretched upon metal coordination. In complex 2, this bond is
1.408(2) A (¢f 1.36 A in triazolium salts similar to 1)."**'® The
heterocyclic and the phenyl ring planes are mutually twisted by
about 60°.

30 Fig. 1 ORTEP plot of complex 2 (50% probability, hydrogen atoms and
co-crystallized CH,Cl, molecule omitted for clarity). Selected bond
lengths (A) and angles (°): Ir-C11 2.0521(14), Ir-CI1 2.4164(3), Ir-CI2
2.4335(3), Ir—Cp(centroid) 1.801(1), C11-Ir-Cl1 92.97(4), C11-Ir-CI2
93.86(4), Cl1-Ir-CI2 84.471(12).

35 When treated with a base (NaOAc), cyclometalation and
formation of complex 3 is induced. At room temperature, this
process is slow and requires several days to go to completion. At
higher temperatures, cyclometalation is considerably accelerated
(12 h at 60 °C in C,H4Cl,). Formation of the iridacycle is most
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diagnostically identified by the desymmetrization of the aryl
substituents and by the loss of one proton in the integral. Whereas
in 2, the phenyl protons appear as two multiplets, four distinct
resonance patterns are observed for complex 3 comprised of two
doublets and two triplets. In addition, one of the N-bound methyl
groups shifts from 0y 3.7 in 2 to 8y 4.2 in 3, presumably as a
direct consequence of the coplanar arrangement of the
heterocycle and the aryl group in 3. In the *C NMR spectrum,
the carbene resonance is shifted about 10 ppm to lower field and
appears at 154 ppm.

In the presence of acid (HCl, 1 M), the cyclometalation is
reverted and complex 2 is cleanly regenerated.'® Acidolysis in the
presence of DCI in D,O afforded the monodeuterated species 2—
D, exclusively, implying that the C-Ir bond cleavage is
irreversible at pH 1. Under these conditions, no traces of

s triazolium salt 1 was observed. Hence, the C,y—Ir bond is

substantially less stable than the C,,—Ir bond. Despite the lack of
support through chelation, the C.—Ir bond resists cleavage. This
stability is particularly relevant for application of complex 2
under acidic conditions (see below). The lability of complex 2
towards pH (and presumably oxidation-state) dependent
cyclometalation is of potential interest for redox catalysis, as
transient formation of a metallacycle akin to 3 may provide a
powerful proton acceptor site and thus assist metal-centered
oxidation processes, enabling proton-coupled electron transfer.”

s Ce'V-mediated water oxidation

Complex 2 was evaluated in water oxidation catalysis in the
presence of sacrificial cerium ammonium nitrate (CAN). Due to
substantially lower solubility of 2 in water, measurements were

a) O, evolution (mmol) TON
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70 Fig. 2 a) O, evolution (measured by manometry and calibrated by GC and

TONSs over 250 h using complex 2 (50 nmol) and mmol CAN (10 mmol)
in water (10 mL); b) time-dependence of observed O, evolution rate.
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Fig. 3 Time-dependent absorbance at 580 nm (1.4 mM catalyst, 20
molequiv CAN in 2.0 mL H,0); inset shows the correlation of the inverse
absorbance vs time (blue dots) and the linear fit (red line), indicating
second order kinetics.

performed at low complex concentration (ratio 2/CAN ca.
1:200,000). Under these conditions, O, evolution was observed to
be almost constant for about a week (Fig. 2a). Longer reaction
times led to a gradual decrease of O, evolution, reaching a total
TON of 22,800 after 10 days (with respect to CAN). Detailed
analysis of the O, evolution rate indicates that O, production is
essentially constant over the first 60 h (Fig. 2b). The initial
turnover frequency (120 h') is substantially lower when
compared with the activity of chelating species, indicating a
beneficial role of the chelate on the catalytic performance.m’7
After 60 h, the O, evolution rate gradually decreases. After 10
days, only approximately 25% of the initial rate was observed,
despite the availability of plentiful CAN (ca. 50% not consumed
at this stage). This loss of activity points to a limited longevity of
the catalytically active species,”® which contrasts the long-term
activity observed for iridium complexes with chelating
triazolylidene ligands.'””'? Nonetheless, the productivity of
complex 2 is remarkable and is one of the highest reported thus
far for non-electrochemical O, evolution.

When water oxidation was carried with a small excess CAN
only (10-100 molequiv.), a blue color appeared. While this color
has often been associated with the formation of nanoparticles,'" it
is worth noting that in catalytic runs using 2, the blue color is not
persistent and gradually disappears (Fig. 3, S2). The
disappearance occurs over two stages, though only the first
process is correlated with O, evolution.'? The time required to re-
establish the original yellow color of the solution depends on the
number of equivalents of CAN added. With 10 molequiv, it took
approximately 2 h, while addition of 80 molequiv resulted in a

s longer persistence of the blue color (ca. 2 d, Fig. S1). The first

decay of the absorption of this blue intermediate (at Ay, = 580
nm) is second order, as the plot of the inverse absorbance vs time
is linear (inset Fig. 3). Although heterogeneous water oxidation
cannot be confidently discarded, these data support the presence
of'a molecular catalyst as active species, and the observed second
order transformation likely involves two iridium centers. This
hypothesis agrees well with preceding studies, which concluded
that the rate-limiting step in molecular water oxidation is
associated either with O—O bond formation, e.g. via interaction of
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Fig. 4 Photocurrent generated in the presence of complex 2 (27 uM) and
hematite (solid lines) and by hematite only (dashed lines, un-catalyzed
background) at different pH (blue: pH 13.6, green: pH 7; red: pH 3.3;
3.5% NaCl used as electrolyte).

two metal-oxo species, or with the generation of a springloaded
M=0 species, e.g. via disproportionation.’

Photoelectrochemical activity

A photoelectrochemical cell was used in an attempt to substitute
the sacrificial oxidant CAN ultimately by sunlight. The cell was

s comprised of a custom-made three-electrode setup, with hematite

thin film on fluorine-doped tin oxide (FTO) coated glass as
working electrode and photoabsorber. A xenon lamp was used to
mimic sunlight illumination and the photocurrent density, which
is proportional to the water splitting activity,”' was measured by a
potential scan from —1 to +1 V (vs. SCE; Fig. 4).

Initial measurements at pH 7 using a homogeneous solution of
2 in water containing 3.5% NaCl as electrolyte revealed an
increase of the photocurrent density from 172 to 245 uA cm?,
monitored at 1.23 V vs reversible hydrogen electrode (RHE).”*

s When considering that the electron transfer between the

homogeneously dissolved iridium centers and the hematite
photoelectrode is far from ideal, appropriate engineering of the
cell is expected to improve this 40% increase substantially. Light
is pivotal for inducing catalytic activity, as the corresponding
dark current was a mere 8 uA cm’ at the same potential even in
the presence of 2 (Fig. S3).

Variation of the pH had a distinct effect (¢f Fig. 4). In a basic
environment (pH 13.6, adjusted by NaOH), the photoelectrode on
its own produced a markedly higher photocurrent. Addition of 2,

s however, quenched some of this activity and actually lowered the

photoelectrochemical response to about 30%. This detrimental
effect may hint to a low stability of 2 under basic conditions,
inducing decomposition of inactive material on the
photoelectrode. Separate NMR spectroscopic measurements of 2
in ag. NaOH (1 M) revealed a high stability and no traces of
complex degradation were detected. Even though instability of
complex 2 cannot be discarded completely, such degradation
processes would not be expected to lower the activity of the
photoelectrode. It is thus more likely that oxidized forms of 2 or
3, generated as intermediates in the water oxidation cycle, are
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Fig. 5 Effect of different concentrations of complex 2 (0 = dotted grey,
dark black dashed, 5.4 uM bright blue, 13 uM dark blue, 27 uM red, 51
uM purple, 140 uM mauve) on the photocurrent of the hematite
photoelectrode.

more susceptible towards deprotonation and base-induced
decomposition than the parent iridium(III) species.

A low pH (3.3, adjusted by H,SO,) increased the activity of
both the photoelectrode and complex 2, providing a photocurrent
density around 400 uA cm?® (¢f 11.2 uA cm® in the dark with 2
and hematite). The light-induced activity was highest when the
concentration of 2 was in the 5-30 uM range (Fig. 5). The best
performance at pH 3.3 was obtained with a 13 uM concentration
of 2, which generated a 33% increase of the photocurrent density
as compared to the activity of the bare photoelectrode. Catalyst
concentrations of 100 uM and beyond had a detrimental effect
and actually lowered the activity of the photoelectrode. Possibly,
complexes or more presumably catalytic intermediates are
deposited on the electrode during water splitting >

Based on the long-term stability of the catalytically active
species in CAN-mediated water oxidation, repetitive
photoelectrochemical measurements were carried out with
complex 2 under acidic conditions. When using HCI instead of
H,SO, for pH adjustment, the increase of the photocurrent
density with respect to the non-catalyzed hematite was lower
(1545% rather than 25+5%), though ambiguities with regards to
the source of oxygen are reduced. A first scan resulted in a lower
photocurrent, but in subsequent cycles, the photocurrent was
considerably higher in the presence of complex 2 (Fig. 6). The
first scan likely involves a catalyst activation, which is also
reflected by the substantial increase of the pH. Subsequent cycles
do not modify the pH and thus support a catalyst activation rather
than a catalytic process that induces the initial pH leveling. In
these subsequent cycles, the iridium-induced photocurrent
gradually decreased, unless the pH is influenced. A strong
influence of the pH on the catalytic activity is demonstrated by
the immediate increase of the photocurrent density upon addition
of HCI after cycles 16, 21, and 22.2* Deactivation rather than
degradation of the catalytically active species is further supported
by the high turnover numbers that were observed with complex 2
(vide supra). As a plausible rationale for the strongly pH
dependent behavior of the photoelectrochemical cell,
intermediates of the iridium-catalyzed water oxidation cycle may
be electro-deposited on the photoelectrode during scans, thus
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Fig. 6 Photocurrent density generated over multiple photoelectrochemical
cycles, and concomitant change of pH. After cycles 16, 21, and 22, HCI
was added to re-adjust the pH, leading to an immediate increase in
photocurrent response.

impeding the electron transfer from dissolved iridium species to
the photoabsorber. According to this model, variation of the pH
will affect the stability of the electro-deposited species and results
in dissociation of these intermediate species, thus restoring the
activity of the photoelectrode and the iridium species. For
technical applications, such deactivation issues may be resolved
by pH oscillation rather than by a continuous increase of the
acidity as illustrated in Fig. 6. While extensive testing is still
pending, these multiple cycle experiments confirmed that the
catalytic activity is lowered, yet not lost. This conclusion is in
agreement with the longevity observed for complex 2 and related
Ir(Cp*) complexes containing a triazolylidene ligand.'®?

The enhanced photocurrent produced with complex 2 when
using 3.5% NaCl as supporting electrolyte suggested that sea
water rather than purified fresh water may be utilizable in the
photoelectrochemical cell. Measurements using authentic samples
of crudely filtered samples from the Irish Sea were impeded by
an unstable photocurrent when using the photoelectrode solely,
i.e. without addition of complex 2. Apparently, contaminations in
sea water are incompatible with the hematite-functionalized
electrode. Parallel work investigated the CAN-mediated
oxidation of sea water with complex 2. While O, evolution was
qualitative not substantially different in sea water and in pure
H,O0, formation of hypochlorite as a product of CI" oxidation was
noted. Hypochlorite production may also rationalize the lower
photocurrent increase when HCl was used rather than H,SO,.
Even though complex 2 seems to provide a robust catalytically
active species that is compatible with sea water, the highly
oxidizing microscopic environment at iridium combined with the
large chloride concentration of the solute appears to intrinsically
prevent a direct use of sea water for water splitting.

Conclusions

An iridium complex derived from an easily accessible
triazolylidene ligand displays high potential as water oxidation
catalyst. In CAN-mediated oxidation, high turnover numbers are
achieved, even though catalytic performance gradually ceases
over extended periods of time (several days). The complex is also
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active in a photoelectrochemical cell and enhances the
photocurrent density. Depositon of intermediate species on the
photoelectrode has been observed, which is in parts resolved by
modification of the pH of the solution. These studies identified a
number of critical factors which may provide guidelines for
further engineering of photo(electro)chemical cells: (i) chelation
is beneficial, both for the activity and the longevity of the
catalytically active water-oxidizing species; (ii) chlorides are
prone to be oxidized, thus absorbing some oxygen and reducing
the amount of O, produced, though neither chloride nor its
oxidized congeners are poisoning the catalytic activity of the
iridium complex; (iii) hematite photoelectrodes may be more
sensitive, when sea water is used; (iv) the electron transfer from
the iridium center to the hematite is poor in the current set-up.
Physi- or chemisorption of the complex on the photoelectrode
may improve the electron transfer and thus the photocatalytic
performance substantially. Current work is ongoing to verify
these conclusions and to further improve the catalytic cell.

Experimental procedures
General

All syntheses were carried out under an inert atmosphere of N,
using Schlenk techniques and dry solvents. The 1,3-dimethyl-4-
(phenyl)triazolium iodide 1 was synthesized according to
literature procedures,”® all other reagents were commercially
available and used as received. All 'H and *C{'H} NMR spectra
were recorded at room temperature on Varian spectrometers and
chemical shift were referenced to SiMe, (6 in ppm, J in Hz).
Assignments are based on homo- and heteronuclear shift
correlation spectroscopy. Elemental analyses were performed by
the Microanalytical Laboratory at University College Dublin,
Ireland, using a Exter Analytical CE-440 Elemental Analyzer.

Synthesis of 2

A suspension of 1,3-dimethyl-4-(phenyl)triazolium iodide (200
mg, 0.67 mmol), Ag,O (155 mg, 0.67 mmol) and [Cp*IrCl,],
(266 mg, 0.34 mmol) in CH,Cl, (20 mL) was stirred under N, for
14 h. The resulting mixture was filtered trough Celite and the
filtrate was concentrated under vacuum and layered with MeOH
(1:1 ratio). Orange crystals of 2 formed upon slow evaporation
and were isolated and dried. Yield: 274 mg (73%). 'H NMR (400
MHz, CDCl;, 30 °C): & 7.68 (m, 2H, Hpy), 7.44 (m, 3H, Hpp),
4.44,3.73 (2 x s, 3H, N-CH;) 1.43 (s, 15H, Cc,~CH3). "C{'H}
NMR (100 MHz, CDCl;, 30 °C): 8 149.4 (Cy,—Ph), 144.9 (Cyi
Ir), 132.5, 129.8, 127.8 (3 x Cpy—H), 127.6 (Cpp—Cy,), 87.9 (Ccp),
41.7, 36.8 (2 x N-CHj3), 8.9 (Ccp—CHj). Elem Anal caled for
CpoH6CLIrN; (571.56): C 42.03, H 4.59, N 7.35; found: C 41.78,
H,4.36,N, 6.71.

Synthesis of 3

Complex 2 (46 mg, 80 umol) and sodium acetate (13 mg, 0.16
mmol) were stirred in CICH,CH,ClI (4 mL) under N, for 12 h at
s0 60 °C. The resulting mixture was filtered through celite and the
solvent removed under vacuum, yielding 3 as a yellow solid (40
mg, 93%). 'H NMR (500 MHz, CDCls, 30 °C): § 7.87 (dd, 1H,
*Jun = 7.3 Hz, *Jyn = 1.3 Hz, Hy,), 7.33 (dd, 1H, *Jyy = 7.3 Hz,
*Jun = 1.3 Hz, Hy,), 7.02 (td, 1H, *Juy = 7.3 Hz, *Juy = 1.3 Hz,
ss Hap), 6.96 (td, 1H, *Juy = 7.3 Hz, “Juy = 1.3 Hz, Ha,), 4.23, 4.21
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(2 x s, 3H, N-CH3) 1.78 (s, 15H, C¢,~CHs). "C{'H} NMR (125
MHz, CDCls, 30 °C): & 158.9 (Ca~Ir), 157.2 (Cup=Ar), 154.0
(CyIr) 137.8 (Ca—H), 136.4 (Car—Cu), 128.7, 121.6, 120.3 (3 x
CarH), 89.8 (Ccp), 382, 36.2 (2 x N-CH3), 9.8 (Cc,~CHs). Elem
Anal caled for CooH,sIfN5Cl (535.14): C 44.89, H 4.71, N 7.85;
found: C, 45.13; H, 4.82; N, 7.56.

Photoelectrode preparation

Fluorine-doped tin oxide (FTO) coated glasses were utilized as
the substrates for the hematite coating deposition. The substrates
were ultrasonically cleaned in acetone followed by methanol,
each for 5 min prior to coating deposition and then dried using
compressed air to prevent water stains on the surface. The
deposition study was performed using a solution-based technique
called chemical bath deposition (CBD).'*”* The substrate was
immersed in an aqueous solution of FeCl;.6H,O (0.15 M) and
NaNO; (1 M) at 95 °C for 2 h, with the conductive layer facing
outwards. The pH of the solution was adjusted to 1.5 using HCI
solution with constant stirring. The FTO glasses were removed
after 2 h and washed with distilled water and dried. The films
prepared are yellowish and well adherent to the substrates. The
dried coated samples were then thermally treated in air in a box
furnace at 800 °C for 20 min with heating and cooling rates of 20
°C min" and 50 °C min", respectively.

Photoelectrochemical measurements

The photocurrent density was measured with a custom-made
Gamry G300 potentiostat and a Newport 450W solar simulator as
photoelectrochemical cell (PEC). The PEC was comprised of
hematite thin film as working electrode, a platinum wire (counter
electrode), and a saturated calomel electrode (SCE) as reference
electrode immersed in solution. The solution (160 mL) was pH-
adjusted by NaOH, H,SO,, or HCIl, and NaCl (3.5 wt%) was
added to neutral or acidic solutions. An aqueous solution of
complex 2 (0.87 mM) was added (see Fig. 5). Scans were
performed at 50 mV s between —1.0 and +1.0 V vs SCE, both in
the presence and absence of complex 2 and with or without
illumination. Simulated sunlight (AM 1.5) from a filtered 450 W
xenon lamp was supplied through a fused quartz glass window
onto the front side of the photoelectrode surface at a measured
intensity of 870 W m2. The area of light illumination was 0.95

s cm” and was defined by the plastic holder used to mount the

working electrode. All potentials are corrected for starting pH of
the electrolyte and reported against the reversible hydrogen
electrode (RHE). A pH meter (OMRON E5C2, EUTECH
INSTRUMENTS pH 200 Series) was used to constantly monitor
the pH of the solution during measurements.

Crystallographic details

Crystal data were collected using an Oxford Diffraction
SuperNova A diffractometer fitted with an Atlas detector (Mo—
Ko radiation, 0.71073 A). At five-fold redundant dataset was
collected, assuming that the Friedel pairs are not equivalent. An
analytical absorption correction based on the shape of the crystal
was performed.?® The structure was solved by direct methods
using the program SHELXS-97 and refined by full matrix least
squares on F? with SHELXL-97." The hydrogen atoms were

1o included in calculated positions and treated as riding atoms using

SHELXL-97 default parameters. All non-hydrogen atoms were
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refined anisotropically. Further details on data collection and
refinement are summarised in Table S1. Crystallographic data
(excluding structure factors) have been deposited with the
Cambridge Crystallographic Centre as supplementary publication
no. CCDC 867256. Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road, Cambridge CB2
1EZ, UK [fax: +44-1223-336-033; e-mail:
deposit@ccdc.cam.ac.uk].
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