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Abstract

We report the structure and single crystal EPR studies at 9.8 and 33.3 GHz of the title compound, [Cu(C,HgNO;),]-H,0. The
Cu(ll) ion is in an elongated octahedral environment equatorially trans-coordinated by two oxygen atoms and two nitrogen atoms
of threonine molecules which act as bidentate ligands (mean d(Cu-O)=1.95(1) and d(Cu-N)=1.98(1) A). It is axially
coordinated by carboxylic oxygen atoms belonging to a pair of molecules translated in +b (Cu-O distances of 2.478(8) and
2.972(3) A). This axial O---Cu---O interaction gives rise to infinite copper ion chains along the b crystal axis. Neighboring chains
are coupled through complex chemical paths including H-bonds and the amino acid side chain. Single crystal EPR spectra show
a single, exchange-collapsed resonance at both microwave frequencies for any magnetic field orientation. We evaluated the crystal
and the molecular g-tensors from the angular variation of the EPR line position. The results (g, = 2.060(2) and g = 2.240(3))
indicate that the electronic ground orbital of the Cu ions is mainly of the 3dx27y2 type. The analysis of the angular variation of
the EPR linewidth allows us to estimate a mean exchange coupling constant |J/k| = 1.45(5) K for the inter-chain chemical paths.

© 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

The study of exchange-coupled molecular systems
has been a multidisciplinary field of continuous interest
during the past few years. Major efforts have been
directed to the study of systems where the magnetic
interactions are transmitted through short chemical
paths [1]. These studies made it possible to design
molecular systems with predictable magnetic properties
[2]. However, there are not many studies of magnetic
interactions transmitted through long distances. Both
theoretical and experimental work is clearly necessary
to clarify this problem. In addition, it may also be
relevant to understand biological systems, which show
magnetically coupled redox centers connected by long
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chemical paths, which are supposed to be involved in
electronic transfer processes [3].

Copper—amino acid complexes are appropriated sys-
tems to study these problems. In these systems, elec-
tronic paths, such as H-bonds, carboxylate bridges,
saturated and non-saturated hydrocarbon chains, and
stacking of aromatic rings connect the metal ions and
are involved in the transmission of weak super-ex-
change interactions between the paramagnetic centers
[4-7]. The exchange coupling constants (J) associated
with these paths are in the range 0.0005 < [J/k| <2 K,
and therefore, are difficult to evaluate by standard
magnetic susceptibility measurements. It has been
shown, however, that they can be accurately and selec-
tively measured employing EPR, by monitoring the
changes in the spectrum due to exchange narrowing,
collapse of the hyperfine structure, merging effect, etc.
[8,9].
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Here we report EPR studies of single crystals of
bis(L-threonine)  copper(ll) monohydrate, Cu(L-
threon),-H,O. This compound shows carboxylate
bridged copper ion chains, which are linked through
mixed chemical paths involving the amino acid side
chain and hydrogen bonds. Amirthalingam and Mu-
ralidharan solved the structure of the compound several

Table 1
Crystal data and summary of intensity data collection and structure
refinement for Cu(L-threon),-H,O

Formula CgH,5CuN,O,
Color deep blue-violet
Shape parallelepiped
Formula weight 317.78
Space group P2,
Temperature (°C) 22
Unit cell dimensions 2

a (A) 11.104(3)

b (A) 4.890(2)

¢ (A) 11.210(3)

B.() 94.35(2)
V (A% 606.9(3)
Formula units per unit cell 2
Dcalc (g Cm73) 1.739
Healc (Cmil) 18.3
Diffractometer Enraf-Nonius CAD-4
Scan w-20

Mo Ko, (1 =0.71069 A)
0.02x0.07 x 0.22

Radiation, graphite monochromator
Crystal size (mm)

Scan width 0.8+0.35tan 0

Standard reflection —402

Decay of standard (%) +15

Reflections measured 1707

20 Range (°) 2<20<50

Range of h, k, | +13, —1to5 —1to 13

No. observed reflections [F,>6a(F,)] ° 1031

Computer programs © SHELX, SDP

Structure solution ¢ SHELX

No. parameters varied 163

Minimized function Iw(|Fo|—|Fd)?

Weights, w [o(Fo)?>+0.003F 2]~

GOF 0.9

R = Z||Fo|—|F|l/Z|Fo| 0.045

Ry = [EW(|Fo| — |Fo))2/Zw|Fo[21%° 0.046

Largest difference peak and hole 0.68 and —0.88
€A

a Least-squares refinement of [(sin 0)/4]? values for 21 reflections in
the range 15.8 <26 <36.0°.

b Corrections: Lorentz, polarization and absorption.

¢ Neutral scattering factors and anomalous dispersion corrections.

d Structure solved by Patterson and Fourier methods and the final
molecular model obtained by anisotropic full-matrix least-squares
refinement for the non-H atoms. The hydrogen atoms of the oxydryl
groups, of one amino terminal and of one alpha carbon were located
in a difference Fourier map that also showed one of the water
hydrogen atoms. The other, non-water, hydrogen atoms were posi-
tioned stereochemically. All were included fixed in the molecular
model and their common isotropic thermal parameter converged to
U=0.061 A? in the final refinement. A test of chirality was per-
formed to determine the absolute molecular conformation; upon
changing to the other stereoisomer, the R factor increased from 0.045
to 0.052.

years ago [10]. The final R factor was 10%. In order to
analyze the magnitudes of the super-exchange interac-
tions between metal ions, a more accurate crystal struc-
ture re-determination was performed and is also
reported here.

2. Experimental

2.1. Sample preparation

All commercially available chemicals were reagent
grade and used as received. L-Threonine (2 mmol) was
dissolved in 10 ml of ion-exchanged water. The solu-
tion, into which 0.5 mmol of basic copper carbonate
was added, was stirred for a few minutes until an
intense blue color developed, and then filtered using a
0.22 um Millipore filter. The filtrate was left to evapo-
rate slowly at room temperature (r.t.). After 1 week
thin blue single crystals were obtained. They grow as
thin plates parallel to the ab plane, with a well-defined
b direction, a fact that simplifies the orientation of the
samples.

2.2. Diffraction data and structure solution and
refinement

Crystal data, data collection procedures, structural
determination methods, and refinement results for
Cu(L-threon),-H,O are summarized in Table 1 [11-13].

2.3. EPR measurements

The EPR data at 9.8 GHz (X-band) were obtained
with a Bruker ER-200 EPR spectrometer, using a 12-
inch rotating magnet, and a Bruker cylindrical cavity
working in the TEO11 mode and 100 kHz field modula-
tion. A Varian E-line spectrometer and a cylindrical
cavity were used for the 33.3 GHz (Q-band) measure-
ments. All experiments were carried out at r.t.

Single crystal samples were oriented by gluing the
(001) face to a cleaved KCI cubic holder: a set X, y, z of
orthogonal axes was defined, with the x and y direc-
tions along the a and b crystal axes, respectively, and
the z axis along the ¢c* =a x b direction. The sample
holder was positioned in a horizontal plane at the top
of a pedestal in the center of the microwave cavity, so
that the applied magnetic field could be accurately
rotated in the ab, c*a or c*b planes of the sample.

3. Results and discussion
3.1. Structural results

Fig. 1 is an orTeEP drawing of a molecule of the
compound showing the coordination around the Cu(ll)
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Fig. 1. orTEP projection along a of Cu(L-threon),-H,O showing the
coordination sphere around the Cu(ll) ion and part of a polymeric
chain along the b axis. The water molecule is not included. Symmetry
code: (i) X, y—1, z; (i) x, y+1, z

ion, the labeling of the non-H atoms, and their dis-
placement ellipsoids [14]. Selected bond distances and
angles are in Table 2, including the hydrogen bonding
parameters corresponding to the superexchange paths,

Table 2

which will be discussed later. Fractional coordinates
and equivalent isotropic temperature parameters [15]
for Cu(L-threon),-H,O are available as supplementary
material (see Section 5).

The copper ion is in an elongated octahedral coordi-
nation. Trans coordination by two threonine molecules
produces a practically square planar (within + 0.05(1)
A) equatorial N,O, ligand group (mean Cu-O,, and
Cu-N,, bond distances are 1.95(1) and 1.98(1) A, re-
spectively). The Cu(ll) ion is 0.079(1) A out-of-plane,
towards the closest axial oxygen ligands (O,,). The
axial ligands are carboxylate oxygen atoms of a pair of
symmetry related molecules obtained through +b
translations (Cu-O,, distances of 2.478(8) and 2.972(3)
A, respectively). This axial interaction gives place to
polymeric infinite -Cu-0,,~C-O,,~Cu- chains along
the b axis (see Fig. 1), similar to those found in
trans-bis(L-2-aminobutyrato) copper(ll) [16] (Cu(L-
but),, where the Cu-O,, distances are 2.679(5) and
2.787(5) A), and in the closely related trans-bis(p,L-2-
aminobutyrato) copper(ll) (Cu(p,L-but),, where the
Cu-0,, distances are 2.758(3) A and the Cu(ll) ion is
on a center of symmetry) [17]. The copper ions in a
chain are also connected by a hydrogen bond between
N, and the hydroxyl O of the amino acid side chain.
As reported for these compounds, it is expected that the

Selected interatomic bond distances (A) and angles (°) for Cu(L-threon),-H,0, including hydrogen bonds 24

Bond lengths

Cu-O(11) 1.941(7) Cu-N(21) 1.982(8)

Cu-N(11) 1.968(8) Cu-0(22)) 2.478(8)

Cu-0(21) 1.957(7) Cu-0O(12' 2.972(9)

Bond angles

0O(11)-Cu-N(11) 83.6(3) N(11)-Cu-0(22%) 93.2(3)

0O(11)-Cu-0(21) 177.5(3) N(11)-Cu-0(12') 86.5(3)

0O(11)-Cu-N(21) 96.2(3) 0(21)-Cu-0(227) 92.8(3)

N(11)-Cu-0O(21) 96.4(3) 0(21)-Cu-0(12") 87.1(3)

N(11)-Cu-N(21) 172.1(3) N(21)-Cu-0(227) 94.7(3)

0(21)-Cu-N(21) 83.4(3) N(21)-Cu-0(12') 85.6(3)

0(11)-Cu-0(22)) 89.7(3) 0(22)-Cu-0(12") 179.6(2)

0O(11)-Cu-0(12") 90.4(3)

Hydrogen bond distances and angles

D H A DA H-Ad L D-H-A¢ D-Hd

0(23) H(023) ow) 2.72(1) 1.66(1) 173.3(5) 1.061(8)
O(w) H(Ow) O(23i 2.91(2) 1.928(7) 155.9(6) 1.038(6)
o(w) ¢ o(12V) 2.90(1) c ¢ c

0o(13) H(O13) 0(22Y) 2.75(1) 1.89(1) 159.7(5) 0.91(1)

N(11) H(N11) 0(137) 2.84(1) 1.99(1) 161.4(6) 0.89(1)

aSymmetry code: (i) X, y—1, z; (i) X, y+1, z; (iii) —%, y+1/2, —z—1, (iv) —X, y+3/2, —z; (v) 1—X, y—3/2, —z. .
b Donor and acceptor atoms are indicated by D and A, respectively. All hydrogen bond distances with D---A distance up to 3 A are included.
¢ Presumed H-bonds as the corresponding hydrogen atom of the water molecule could not be located in the final difference Fourier map (see

text).

d Standard deviations of distances and angles involving hydrogen atoms are only estimative as in the refinement these atoms were kept at a fixed
distance from the atom to which they are bonded (see footnote to Table 1).
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Fig. 2. Angular variation of the squared g-factor measured at 298 K
and 9.8 GHz in three orthogonal planes of Cu(L-threon),-H,O single
crystal. The solid lines were obtained by fitting the data with a
symmetric g2 second-order tensor. The parameters of the fit are

included in Table 3.

Table 3

Values of the components of the g2 tensor obtained by least-squares

analyses of the data at each microwave frequency @

9.8 GHz

33.3 GHz

(92), = 4.3072(4)
(9),y = 4.4882(4)
(9%), = 4.6968(4)
(9%)x = 0.1784(5)
(g 2)xy = (gz)zy =0
(9?), = 4.2378(5)
(9?), = 4.7661(5)
(9?); = 4.4882(4)

a, =[0.9321(3), 0, —0.3623(8)]
a, = [0.3623(8), 0, 0.9321(3)]
a;=[0, 1, 0]

g, = 2.060(2)

g) = 2.240(3)

20 =110.9°

0,, = 140.2°

bm=117.8°

(92), = 4.2762(7)
(92)yy = 4.4942(7)
(9?),, = 4.7202(7)
(9%)x = 0.1506(8)
(g 2)xy = (gz)zy =0
(g?), = 4.2299(8)
(9?), = 4.7664(8)
(9?); = 4.4942(6)

a, = [0.9559(4), 0, —0.2940(1)]
a, = [0.2940(1), 0, 0.9559(4)]
a;=10, 1, 0]

g, =2.057(2)

g) = 2.243(4)

20 =109.9°

0, = 141.5°
bm=112.7°

2(9?., (9%, and (g?); and a,, a, and a; are the eigenvalues and
eigenvectors of the g2 tensor in the xyz = abc* coordinate system.
The values of g, and g, the polar and azimuthal angles 6, and ¢,
of the normal to the square of ligands to copper ions and the angle
20 between the normals to copper ions in sites A and B are also
included.

O.,—Cu-0O,, interaction of adjacent Cu(L-threon),
molecules in a chain provides the main path for the
transmission of the super-exchange coupling between
copper unpaired electrons [16,18]. Neighboring chains
in the crystal are coupled through complex chemical
paths, including bonds of different type, which produce
a 3D magnetic network of copper ions. These paths will
be discussed below.

3.2. EPR data

3.2.1. The g-factor

A single Lorentzian-shaped EPR line was observed in
Cu(L-threon),-H,O at 9.8 and 33.3 GHz for any mag-
netic-field orientation. Fig. 2 shows the angular varia-
tion of the experimental values for the squared g-factor
(9%(0, ¢)) obtained at 9.8 GHz. The experimental data
of g%(0, ¢) at 33.3 GHz are similar to those at 9.8 GHz
(data not shown). There are two copper ion sites with
different spatial orientation, called sites A and B, in the
crystal structure of the compound, related by a C,
rotation around b. Thus, in the absence of exchange, we
should expect two EPR resonance lines in the ab and cb
planes. On the contrary, the copper ions are magneti-
cally equivalent in the ac plane, and, therefore their
resonance lines cannot be distinguished. The fact that a
single resonance line is observed in the three crystallo-
graphic planes, even at 33.3 GHz, indicates that the
exchange interaction is large enough to collapse the
hyperfine interaction with the copper nucleus (I = 3/2)
and the nitrogen ligands (I = 1), and the resonance lines
of the magnetically non-equivalent copper ions.

The angular variation of the position of the single
exchange-collapsed resonance line observed at both mi-
crowave frequencies was evaluated assuming a Zeeman
Hamiltonian of the type

H = 1sSgB )

where ug is the Bohr magneton, S is the effective spin
operator (S =1/2), g is the crystal g-tensor defined as
the average of the molecular g; tensors (i = A, B), and B
is the applied magnetic field. The components of the
crystal g-tensor defined in Eq. (1) were obtained by
fitting the function g2(0, ¢) = hg?h to the experimental
data, where h = B/|B| =sin @ cos ¢, sin 0 sin ¢, cos 0 is
the direction of the applied magnetic field B (see Fig.
2). The components of g2 at each microwave frequency,
its eigenvalues and eigenvectors, are given in Table 3.
They were used to obtain the solid lines in Fig. 2.

To evaluate the molecular g;-tensors of the copper
ions in Cu(L-threon),-H,0, we followed the procedure
reported in Ref. [19] assuming axially symmetric molec-
ular g-tensors. We define 6, and ¢,, as the polar and
azimuthal angles corresponding to the direction along
which g; is measured for copper ions in sites A, and 2«
as the angle between the normals to the sites A and B.
We calculated g, g, 0, and ¢, using the values of the
four non-zero components of the crystal g-tensor (see
Table 3). The values of the angles 6,, and ¢,, are in a
good agreement with the crystallographic results (6,, =
139.3°, ¢, =119.5° and 2« =110.9°) and support the
assumption of axial symmetry for the copper site. The
results obtained for the molecular g-factors indicate
that the ground state orbital of the Cu ions is d_.
[20].

—y2
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3.2.2. The linewidth

Several contributions to the EPR linewidth origi-
nated by interactions such as dipolar, hyperfine, and
residual Zeeman have been identified in copper—-amino
acid complexes [21-25]. In most cases these different
contributions to the angular variation of the linewidth
have a strong cross-correlation, making difficult their
identification and individual analysis. Exceptions are
the frequency-dependent contribution arising from the
existence of magnetically non-equivalent copper ions in
the crystal lattice [4,26] and that observed in low-di-
mensional magnetic systems [21,27].

The linewidth data in Cu(L-threon),-H,O at both
microwave frequencies do not show significant differ-
ences in the ab and c*a planes (data not shown). On the
other hand, a small but detectable frequency-dependent
contribution was observed in the c*b plane (see Fig.
3(a)), the plane where the difference between the g-fac-
tors of the magnetically non-equivalent copper ions is
largest. Although the crystal structure of Cu(L-
threon),-H,O is composed of copper chains along the
crystallographic b axis, the angular variation of the
linewidth data does not correspond to a 1D magnetic
behavior. This fact suggests that the exchange parame-
ters associated with the chemical paths connecting the
copper ions of different chains are large enough to
produce 3D spin dynamics, instead of that expected for
a chain compound.

In order to evaluate the frequency-dependent contri-
bution observed in the c*b plane, the experimental
linewidth data were least squares fitted to a Fourier
series to obtain the difference between the linewidths at
9.8 and 33.3 GHz (see Fig. 3(b)). This difference was
least squares fitted with the function

80 ) ” gEPR % ¢*b plane
X T=293K

£

=

& 70r -

&

3 o0 L o 9.8 GHz i

o 333GHz
} { } } }

"'

|

S

&

(e}

e

=4

0 30 60 90 120 150 180

6 [degrees]

Fig. 3. (a) Angular variation of the EPR peak-to-peak linewidth at
the Q- and X-bands. The solid lines correspond to a fitting of the
data to Fourier series. (b) Linewidth difference. The solid line is a
least-squares fit of the data with Eq. (2) in the text.

ABL(Q) — AB,,(X)
/?n[wé(Q) — wg(X)Ih

e pammll A GRORS-NORD) G

which takes into account the frequency-dependent con-
tribution to the linewidth for a system with two mag-
netically non-equivalent copper ions per unit cell [26].
In Eq. (2), AB,,(Q) and AB,,(X) are the peak-to-peak
linewidths at the Q- and X-bands, respectively,
wo(Q) =27 x 33.3 GHz and w,(X) =27 x 9.8 GHz are
the Larmor frequencies, w, is the exchange frequency, h
is the Planck’s constant, and g is the isotropic crystal
g-factor in the c*b plane. As shown in Fig. 3(b), a good
agreement was obtained between the values corre-
sponding to the linewidth difference and the proposed
function. The small discrepancies observed may be
attributed to non-secular contributions to the linewidth
which are relevant only at X-band [28,29]. From this
fitting we obtained w, = 4.65 x 10'* s—* which, in turn,
is associated with the exchange parameter through the
relation [26]

4 2
0i="- Y7, 3 ®

where the J; values are the exchange parameters associ-
ated with the chemical paths linking magnetically non-
equivalent copper ions pairs. Z; is the number of
nearest copper neighbors connected by the ith chemical
path. In Eq. (2), an exchange Hamiltonian of the form
He = JS;S; was assumed.

3.2.3. Super-exchange paths

Fig. 4 shows three of the possible chemical paths for
transmitting super-exchange interaction that involve
only equatorial ligands of the copper ions. These paths
connect pairs of magnetically non-equivalent copper
ions at the distances of 9.07, 9.39 and 12.34 A and are
associated with the exchange constants J,, J, and J,
respectively. For clarity, only half of the molecules
surrounding a copper ion at the general position xyz
(Cu,) have been included. As seen in this figure, the
ions are connected through chemical paths having a
variable number of diamagnetic atoms and bonds of
different type, forming a complex 3D network. These
paths involve a carboxylate bridge, the amino acid side
chain, and one or two hydrogen bonds depending on
the case. In two of them (J, and J;), a non-coordinated
water molecule is involved. This suggests a role of the
hydrogen bonds provided by these lattice water
molecules in the transmission of the super-exchange
interaction between the metal centers.

There are also four remaining non-equivalent neigh-
boring copper ions at 5.87 and 6.36 A, respectively (not
shown in Fig. 4), which are connected by chemical
paths similar to the paths described above, and might
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Fig. 4. Chemical paths mediating super-exchange interactions between the Cu(ll) ion at the lower center complex and copper ions on neighboring,
magnetically non-equivalent, complexes. These have been labeled after the coupling constants J,—-J; describing their interaction with the central
complex. For simplicity, only half of the molecules surrounding this complex have been included in the plot. The other half is related to the one
represented through translations along b. Dashed lines indicate H-bond interactions. Symmetry code: (i) —1—X, 3/2+y, —z; (i) —X, 3/2+Y,

—z; (iii) —x, 124y, —1—1z

also be considered as possible super-exchange paths.
However, they involve an equatorial—apical interaction
with one of the copper ions, and hence their strength
can be neglected when compared to the other paths [2].

The absence of a low dimensional behavior in the
linewidth data suggests that J,, J,, and J; have the
same order of magnitude. Assuming Z = 6 nearest cop-
per neighbors and J, ~J,~J;, a parameter |J|/k=
1.45(5) K is estimated from Eq. (3). This result is in
agreement with the value |J|/k > 130 mK obtained from
the collapse condition J > AgugB at the Q-band.

As shown in Fig. 1, Cu(L-threonine),-H,O has a
chain structure with three diamagnetic atoms bridging
neighboring, magnetically equivalent Cu(ll) ions in a
chain. Magneto structural correlations performed on
copper amino acid complexes, having this carboxylate
bridge topology as the main super-exchange path, sug-
gest that the intra-chain exchange parameter in Cu(L-
threon),-H,O should be smaller than 0.1 K [30]. This
value represents less than 10% of the value obtained for
|3|/k in this work and explains why the angular varia-
tion of the linewidth data in this system does not
correspond to that observed in a 1D system.

4. Conclusion

The present EPR data for Cu(L-threon),-H,O re-
ported here indicate inter-chain super-exchange interac-

tion with a magnitude of about 1.5 K between the
closest, magnetically non-equivalent copper d,, ., or-
bitals. To our knowledge, there are few studies dealing
with compounds having long super-exchange chemical
paths composed by H-bonds and saturated and non-
saturated hydrocarbon chains. Balagopalakrishna and
Rajasekharan [31] evaluated an exchange parameter
|J|/k >0.084 K (0.168 K for our notation for H,,) for a
chemical path similar to that found in Cu(L-
threon),-H,0, involving also two H-bonds but includ-
ing 13 diamagnetic atoms. On the other hand, in
previous studies performed on Cu(asp)phen, an ex-
change parameter |J|/k = 1.44(2) K, similar to that ob-
served in Cu(L-threon),-H,O, was obtained, but for a
chemical path formed by a carboxylate bridge and a
hydrogen bond [6]. Compared with these previous re-
sults, we may conclude that the exchange parameter
obtained in Cu(L-threon),-H,O is appreciably large for
an electronic path achieving their connectivity through
H-bonds and saturated and non-saturated sigma bonds.
This fact would indicate a favorable orientation of both
molecular o-skeleton bridged by H-bonds within each
super-exchange path (see Fig. 4). Intra-chain Cu-Cu
coupling is, on one hand, enhanced by a shorter path
but, on the other hand, reduced by longer apical
O:--Cu--O bonds and small overlap of Cu(ll) 3d,, .
orbital with unfavorably oriented oxygen lone pair
orbitals.
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5. Supplementary material

X-ray crystallographic files are deposited in the Cam-
bridge Crystallographic Data Centre under CCDC No.
140474. Copies of this information may be obtained
free of charge from: The Director, CCDC, 12 Union
Road, Cambridge, CB2 1EZ, UK (fax: + 44-1223-336-
033; e-mail: deposit@ccdc.cam.ac.uk or www: http://
www.ccdc.cam.ac.uk).
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