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Structural and Single Crystal EPR Studies of the Complex Copper
L-Glutamine: A Weakly Exchange-Coupled System with syn-anti
Carboxylate Bridges
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Layered compounds

We report the molecular structure and a single crystal EPR
study at 9.8 and 33.9 GHz of a new copper(i1) compound with
the amino acid L-Glutamine, Cu[NH,CO,CH(CH,),-
CONHyg],. The Cu''ion is in an elongated octahedral environ-
ment equatorially trans-coordinated by two glutamine mole-
cules acting as bidentate ligands through the nitrogen atom
and one oxygen atom of each amino acid group, and axially
by two carboxylate oxygen atoms of two neighboring gluta-
mine molecules. Copper ions are arranged in layers con-
nected by syn-anti carboxylate bridges that provide equator-
ial and apical ligands to the copper ions. Neighboring layers
are connected by long chemical paths, which include two
amino acid side chains connected by H bonds. Single crystal
EPR spectra show a single exchange-collapsed resonance at
both microwave frequencies for any magnetic field orienta-
tion. The evaluation of the molecular g-tensor from the angu-

lar variation of the EPR line position yielded g, = 2.051 and
g = 2.248, which indicates a d,2_,2 ground orbital for the Cu
ions. The angular variation of the EPR line width displays a
contribution that is typical of a 2-D magnetic system, and
another contribution depending on the microwave fre-
quency, which is attributed to the incomplete collapse of the
resonances corresponding to magnetically nonequivalent
copper ions. A quantitative analysis of the line width data
allowed us to estimate a mean exchange coupling constant
IJ7kl = 0.42(2) K, which is assigned to the syn-anti carboxylate
chemical path that connects neighboring copper ions within
a layer. The results are discussed and compared with those
observed in similar systems.

(© Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

Introduction

Copper complexes with amino acids are appropriate
compounds for the study of magnetic properties of weakly
exchange-coupled systems. They are also of biological inter-
est as amino acids provide ligands to the metal ions in
metalloproteins.[!l Additional biological interest arises be-
cause chemical paths for superexchange interactions, such
as carboxylate bridges, saturated and nonsaturated sigma
bonds, hydrogen bonds, stacking of aromatic rings, or
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mixed paths integrated by fragments of the previous ones,
have been identified as possible pathways for electron trans-
fer in several biological systems.[?! These paths are respons-
ible for the transmission of weak exchange interactions
(0.0005 K = |J/k| = 2 K) that have been related to the mat-
rix element for electron transfer between redox centers in
metalloproteins.®) Small exchange interactions are difficult
to evaluate by standard magnetic susceptibility measure-
ments, but they can be accurately and selectively measured
employing EPR spectroscopy.i* ¢l

Most solid copper compounds with a-amino acids have
the Cu'! ions coordinated to the nitrogen and one of the
carboxylate oxygen atoms of the amino acid group of two
amino acid molecules, while the remaining carboxylate oxy-
gen atoms are bonded to copper ions of neighboring molec-
ules. This gives rise to copper ion networks having 1-, 2-,
or 3-D structures, connected by carboxylate bridges of the
syn-anti type that provide equatorial and apical ligands to
the copper ions.’” 12 A different situation occurs in the
copper complexes with aspartic acid,['>!'¥  glutamic
acid,'>'% and asparagine.l'’! In these compounds, the cop-
per ions are coordinated to one amino acid molecule as
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in the compounds described above, and, in addition, are
coordinated to the side chain carboxylate group of the
other amino acid molecule in the case of aspartic and
glutamic acids, and by the side chain amide in the case of
asparagine. This coordination gives rise to polymeric
chains, where the sigma skeleton of the amino acid molec-
ule connects two neighboring copper ions.

We report herein the crystal and molecular structure and
a single-crystal EPR study of the copper complex with the
amino acid L-glutamine. According to the information
given above, this compound was expected to exhibit a poly-
meric structure. However, our results indicate that this com-
plex has a molecular structure and a magnetic behaviour
different from that observed in polymeric compounds.

Results and Discussion

Molecular Structure

X-ray structural characterizations of the title compound
reveal that it crystallizes in the monoclinic space group C2.
The copper ion has an elongated octahedral coordination,
trans coordinated by two glutamine molecules with a nearly
square planar equatorial N,O, ligand group. Figure 1 is an
ORTEP!'®! drawing of the complex showing the coordina-
tion around the Cu' ion, hereafter called Cu(gln),. Selected
bond lengths and angles are given in Table 1. The axial li-
gands are the carboxylate oxygen atoms O22 and O12, each
belonging to one of two symmetry related neighboring glut-
amine molecules.

Ni12

Figure 1. Drawing of the Cu(gln), molecule showing the coordina-
tion around Cu', the labeling scheme of the non-H atoms and their
displacement ellipsoids at 50% probability level; full lines indicate
copper-ligand bonds

The four symmetry related copper ions in the unit cell of
Cu(gln), lie in two layers parallel to the cb plane 14.1 A
apart . One of them, shown in Figure 2, contains the copper
atoms in the general positions (x,y,z) and (—x + 1/2, y +
1/2, —z) (positions I and IV, respectively, of the crystallo-
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Table 1. Selected bond lengths (A) and angles (deg) around
copper(1r) for Cu(gln),; symmetry code: (i) 3/2—x, y—1/2, 2—z; (ii)
32=x,y + 1/2, 1—=z.

Bond lengths Bond angles

Cu—0(11) 19412)  OQ1)—Cu—0(11) 179.10(7)
Cu—0(21) 1951(2)  O(11)—~Cu—N(11) 84.39(7)
Cu—N(11) 1985(2)  O(11)-Cu—N(21) 95.62(8)
Cu—N(21) 1.984(2)  O(1)—-Cu—N(21) 84.11(7)
Cu—0(12)) 2.848(3)  N(11)-Cu—N(21) 175.44(9)
Cu—0(22%)  2.7783)  O(12)—Cu- O(22') 176.11(13)

graphic space group C2). The other one contains the copper
atoms in positions (—x, y, —z) and (x + 1/2, y + 1/2, 2)
(positions II and III, respectively).['*]

Two different types of chemical paths connect copper
ions within each layer. Cu' and Cu'v are connected by
two similar carboxylate bridges of the syn-anti type
(—Cu—0,,—=C—0O¢q—Cu—), which gives rise to a 2-D net-
work of copper ions (see Figure 2). The same situation oc-
curs for Cu'l and Cu' in the other layer (not shown). A
similar equatorial-apical copper interaction in the layered
compounds has been observed in the copper complexes
with the amino acids phenylalanine,’ methionine,™® leu-
cine,”! alanine,'%!'!] and o-aminobutyric acid.['?! The se-
cond path is provided by double hydrogen bonds N—H--O
that connect the copper ions with identical spatial orienta-
tion (Figure 2). This connection, which involves equatorial
ligands to the copper ions, gives rise to infinite polymeric
chains along the b crystal axis. Copper ions having the same
spatial orientation, but in neighboring layers, are connected
by chemical paths that involve the skeleton of two amino
acid molecules and double N—H--O hydrogen bonds (see
Figure 3).

Crystal and Molecular g-Factor

The room temperature EPR spectra of Cu(gln), display
a single Lorentzian-shaped resonance line for any magnetic
field orientation at the microwave frequencies of 9.8 and
33.9 GHz. Figure 4 shows the angular variation of the
squared g-factor [g%(0,¢)] observed at 9.8 GHz. A similar
result is obtained at 33.9 GHz (data not shown). Since Cu!
and Cu'" sites [as well as Cu'! and Cu'V] are related by a
[1/2, 172, 0] translation, they have identical spatial orienta-
tion and consequently give rise to identical EPR spectra for
any magnetic field orientation. Within each layer Cu' and
Cu'V sites [as well Cu'! and Cu'™] are related by a C,}, rota-
tion, and consequently the angular variation of their EPR
spectra will also be related by the same symmetry opera-
tion. Therefore, two-symmetry related EPR spectra associ-
ated with copper ion pairs I—IIT and II-IV are expected
for any magnetic field orientation except in the ca plane and
along the b crystal axis, in which the four copper ions are
magnetically equivalent. These resonance lines should be
split by hyperfine interactions with the copper nuclear spin
(I = 3/2) and the nitrogen ligands (/ = 1). The fact that a
single Lorentzian-shaped resonance line is observed for the
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Figure 2. Orthogonal projection of Cu(gln), along a* = bXc¢ crystal axis showing a copper atom and its six nearest copper neighbors
within a layer; only the layer containing copper ions at symmetry positions I and IV is shown
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Figure 3. Orthogonal projection of Cu(gln), along the b crystal axis
showing the copper atom layers and the chemical paths con-
necting them

measured crystal planes, even at 33.9 GHz, indicates that
the exchange interaction between the Cu'' ions is large
enough to collapse both the expected hyperfine splitting
and the resonance lines due to magnetically nonequivalent
Cu'! ions.

For a magnetic system showing a single exchange-col-
lapsed resonance line, the position of the observed reson-
ance lines is described by the Zeeman Hamiltonian in
Equation (1) where pp is the Bohr magneton, S is the effect-
ive spin operator (S = 1/2), g is the crystal g-tensor defined
as the average of the molecular g;-tensors (i = I,---IV), and
B is the applied magnetic field.

Eur. J. Inorg. Chem. 2002, 2913—2919
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Figure 4. Angular variation of the squared g-factor measured at
298 K and 9.8 GHz in three orthogonal crystalline planes of
Cu(gln),; the solid lines were obtained by fitting a symmetric g2
second-order tensor to the data; the parameters of the fit are in-
cluded in Table 2; the inset schematizes the orientation of the
sample for the EPR experiment

H=ppgS-g*B )]

The components of the crystal g-tensor defined in Equa-
tion (1) were obtained by least-squares fitting the function
2%(0,d) = h-g>h to the experimental data, where h = B/
|B| = (sinf cosd, sinf sind, cosh) is the direction of the
applied magnetic field B. The components of g> at both
microwave frequencies, its eigenvalues and eigenvectors, are
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given in Table 2. They were employed to calculate the solid
lines shown in Figure 4.

Table 2. Values of the components of the g> tensor obtained by
least-squares analyses of the data at both microwave frequencies.
()1, (g%)> and (g%); and @, 6, and a3 are the eigenvalues and
eigenvectors of the g2 tensor in the xyz = a*bc coordinates system
(a* = bXc); the values of g, and g, the polar and azimuthal angles
0,, and ¢,, of the normal to the square of ligands to copper ion in
site I, and the angle 20 between the normals to copper ions in sites
I and IV (identical to those of sites II and III) were calculated like
in ref.20]

33.9 GHz

9.8 GHz

(&%)xx = 4.616(1)
(&), = 4.366(1)
(87)-- = 4.460(1)
(&%) = 0.33(5)

(& =(g)y =0

(&1 = 4.197(1)

(£, = 4.884(1)

(g%); = 4.366(1)

a, = [0.625(1), 0, 0.7808(1)]

(89)xr = 4.6036(5)

(@), = 4.3918(5)

(g9).. = 4.4865(5)

(8- = 0.3255(5)

(g = (@), =0

(&5 = 4.2143(5)

(&%), = 4.8758(5)

(g%); = 4.3918(5)

o, = [0.6415(3), 0, 0.7672(3)]

a> = [0.7808(1), 0, —0.625(1)] @ = [0.7672(3), 0, —0.6415(3)]
a =0, 1,0] a =0, 1,0]

g, = 2.049 g, = 2.053

20 = 127.3° 20 = 125.2°

0,, = 124.1 0, = 1247

b = 323 &y = 34.0

The components and principal directions of the copper
molecular gi-tensor shown in Table 2 were evaluated follow-
ing the procedure described elsewhere assuming axial sym-
metry.?% 0,, and ¢,, are, respectively, the polar and azi-
muthal angles of the symmetry axis of the Cu! site [identical
to Cu' site] referred as to the a*bc crystal system, and 2a
is the angle between the normals to the Cu! and Cu'V sites
[identical to Cu'—Cu™"]. The values for 0,,, ¢,, and 2a are
in a good agreement with the crystallographic ones (0, =
120.4°, ¢. = 29.0°, and 20, = 130.4°), supporting the as-
sumption of axial symmetry for this copper complex. The
result obtained for the molecular g-tensor (Table 2) indic-
ates a d,>_,» ground state orbital situated in the equatorial
ligand plane of the Cu'! ion.?!

EPR Line Width and Superexchange Paths

Figure 5 shows the angular variation of the peak-to-peak
line width [AB,(0,¢)] at 9.8 and 33.3 GHz. To analyze the
variation of the line width with the magnetic field orienta-
tion, the data shown in Figure 5 were least-squares fitted
with the function presented in Equation (2), where 0, is the
angle between the applied external magnetic field and the
normal to the layers (cos, = sinf cosd). The q; coefficients,
given in Table 3, were used to obtain the solid lines shown
in Figure 5.
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Figure 5. Angular variation of the peak-to-peak line width meas-
ured at 9.8 GHz and 33.9 GHz and 298 K in three orthogonal crys-
talline planes of Cu(gln),; the solid lines were obtained by fitting
the dg}a with Equation (2); the parameters of the fit are included
in Table 3

Table 3. Values of the coefficients ¢; (in Gauss) obtained at each
microwave frequency by least-squares analyses of the line width
data to Equation (2)

9.8 GHz 33.9 GHz
a 75(1) 63(1)
a 66(1) 38(1)
as 52(1) 34(1)
a 7(1) 17(2)
as 11.7(1) 13.2(5)
ag n.d.l 1801(81)

[al n.d. not detectable

AB,y(0,4) = a; sin®0 cos’d + a sin0 sin’p + a3 cos?0 + ay o)
sind cos0 cosd + as (1—3 cos?0,)> + ag [g1 (0,d) — grv (0,d)]

Several mechanisms, such as dipolar interactions and in-
complete collapse of the hyperfine splitting and/or the res-
onances corresponding to nonequivalent copper ions, con-
tribute to the EPR line width in copper amino acid
complexes.??~ 2% The terms a;_, in Equation (2) consider
the contributions to the EPR line width of interactions hav-
ing a second order angular variation, like the crystal g-ten-
sor, such as the incomplete collapse of the hyperfine struc-
ture, as well as other smaller interactions (e.g. anisotropic
and antisymetric exchange).[*! They are not important in
our study, and therefore will not be analyzed further.

The term as describes the dipolar contribution for a 2-D
magnetic system.?®! The typical angular variation originat-

Eur. J. Inorg. Chem. 2002, 2913—-2919
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ing from this interaction can be visualized at the X-band in
Figure 5. At the Q-band, the contribution of the dipolar
interaction in both a*b and ¢b planes is masked by the con-
tribution described by the term a4, which is negligible at the
X-band but not at the Q-band (see below).

The term ag in Equation (2) takes into account the con-
tribution to the line width arising from the presence of two
magnetically nonequivalent copper sites in the crystal lattice
of Cu(gln),. As discussed elsewhere,?”-2%! this interaction
depends on both the microwave frequency and the number
of neighboring nonequivalent Cu' ions connected by the
bridge. Its contribution can be identified at the Q-band in
the ¢b and, though less noticeable, a*b crystal planes (see
Figure 5 and Table 3). On the contrary, in the ca* crystal
plane, where the four copper ions are magnetically equiva-
lent, the line width does not show significant differences at
both frequencies, except for a small constant shift. This
shift is attributed to nonsecular terms of the Zeeman inter-
action that only make a contribution at the X-band.>!

For a system having two magnetically nonequivalent cop-
per ions per unit cell, the coefficient a4 in Equation (2) is
given by Equation (3),[?%3% where g = 1/3 tr(g) is the iso-
tropic g-factor, ®, is the Larmor frequency, and o, is the
exchange frequency.

ag = (213m)'> w2 h/4 g* o, ug (3)

Using Equation (3) and the a4 value obtained from the
fitting (Table 3 and Figure 5) we calculated ®, = 1.089 X
10'" s71, which is related to the exchange parameters
through Equation (4)[8] where J;’s are the exchange para-
meters associated with the chemical paths connecting mag-
netically nonequivalent copper ion pairs and z; is the num-
ber of the nearest neighboring copper ions connected by
the ith chemical path.

ho, = (Z:'ZiJiz)”2 4)

As shown in Figures 2 and 3, each copper ion is con-
nected to only four nonequivalent neighboring copper ions
through two similar syn-anti carboxylate bridges. Further,
since line-width data indicate a 2-D magnetic behaviour, it
is reasonable to assume J; = J,, where J; and J, are the
exchange parameters associated with each carboxylate
bridge. Then, from Equation (4) we obtain a mean ex-
change parameter |J|/k = 0.42(2) K for the intralayer bridge
connecting magnetically nonequivalent copper ions (Fig-
ure 2).3! This value is supported by the lowest limit |J|/k =
0.13 K estimated from the collapse condition J = Ag ug B
at Q-band. The model employed to analyze the EPR data
does not allow for the measurement of exchange couplings
between magnetically equivalent copper ions associated
with intra- or interlayer bridges (Figures 2 and 3). However,
the observed 2-D spin dynamic indicates that the interlayer
exchange couplings are negligible (Figure 3). Thermo-
dynamic measurements at very low temperatures (< 1K)
performed on the copper compounds with the amino acids

Eur. J. Inorg. Chem. 2002, 2913—2919

L-alaninel>33 and a-aminobutyric acid®* indicate that syn-
anti carboxylate bridges involving equatorial and apical li-
gands to the copper ions transmit antiferromagnetic inter-
actions. Therefore, a similar magnetic behaviour is expected
for all copper amino acid compounds that show this char-
acteristic.

Levstein and Calvo observed that the magnitude of J de-
creases linearly with an increase in the Cu—O,,, bond length
for three Cu'l amino acid complexes.**! According to their
results, the J value for Cu(gln), should be smaller than
0.1 K. A similar discrepancy was obtained for the copper
complexes with L-alaninel*? and L-o-aminobutyric acid.['?]
Thus, the length of the Cu—O,,, bond is not the only factor
that determines the magnitude of the magnetic interactions,
but other structural factors should also be considered.
Table 4 shows the J values, the Cu—O,, distances and the
dihedral angles between the plane of the carboxylate bridge
and the planes (eq and eq’) of the equatorial ligands of the
two magnetically nonequivalent Cu'" ions connected by the
bridge for six layered Cu'® L-amino acid complexes. As seen
in Table 4, the compounds studied in ref.[*] have similar
dihedral angles, deviating by about two degrees from the
mean value. Meanwhile, the compounds that do not follow
the proposed dependence of the magnitude of J with the
Cu—0O,, length have smaller dihedral angles when the
longer Cu—0O,, bond is taken into account. For the shorter
Cu—0O,,, bond, there is a dual behaviour: on the one hand
no significant changes are observed for the higher angles
(< eq—OCO in Table 4); on the other hand, a slight in-
crease of the angle value is observed for the lower angles
(< eq'—0CO in Table4). Consequently, the results in
Table 4 suggest that the values of the angles between the
magnetic orbitals of the Cu'" ion and the OCO plane, play
a key role regarding the J value. They indicate that the
higher the planarity of the Cu—OCO—Cu bridge, the larger
the magnitude of the exchange interaction. This is in line
with previous observations for some copper dimers, which
yielded the same conclusion.!

Table 4. J-values, copper-apical ligand bond lengths, and angles
between the carboxylate group bridging equatorial ligand planes of
two nearest magnetically nonequivalent Cu' ions (eq and eq’) in
six layered Cu'l-L-amino acid complexes

Com- |[JIk|  d Cu—0,, <eq—OCO <eq'—=OCO  Ref

pound  [K]  [A] [°] [°]

Cu(met), 0.10(1)  2.675 75.2 17.7 [8.33]
2.751 67.8 10.8

Cu(leu), 0.23(1) 2.628 79.2 18.1 [9:35]
2.749 72.2 12.0

Cu(phe), 0.38(2) 2.578 77.4 16.4 [7.35]
2.690 71.0 10.9

Cu(ala), 0.33(1) 2.698 75.9 21.8 [10.11.32]
2.904 58.5 6.6

Cu(but), 0.36(3) 2.676 73.1 16.3 12
2.783 64.9 9.1

Cu(gln), 0.42(2) 2.778 72.4 19.7 This work
2.848 59.9 7.7
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Conclusion

This work demonstrates that Cu(gln), belongs to the
family of copper amino acid complexes in which the amino
acid R group is not involved in the Cu'' coordination re-
sulting in a layered structure of copper ions connected by
equatorial-apical syn-anti carboxylate bridges. Cu" com-
plexes of amino acids are among the few examples of equat-
orial-apical syn-anti carboxylate-bridged compounds mag-
netically characterized so far.*”] In this work we show that
the magnitude of the exchange interaction depends on both
the Cu—0,,, distance and the angles between the equatorial
ligand plane and the bridging ligand plane. The larger the
co-planarity between the Cu'' equatorial ligand plane and
the OCO plane, the larger the J value.

Experimental Section

Sample Preparation: All commercially available chemicals were re-
agent grade and used without further purification. Single crystals
of Cu(gln),, Cu[NH,CO,CH(CH,),CONH,],, were obtained by
dissolving L-glutamine (730.5 mg, 5 mmol) and basic copper car-
bonate (276.4 mg, 2.5 mmol) in ion-exchanged water (40 mL). This
solution was stirred for a few minutes until a light-blue colour de-
veloped, and the solid was filtered out, using a 0.22 pm Millipore
filter. The pH of the resulting solution was adjusted to 9 and left
to evaporate at room temperature. Thin blue plates were obtained
after one week. The crystals are elongated along the b direction
and show well defined bc lateral faces.

X-ray Structural Determination. Data Collection, Solution, and Re-
finement of the Structure. X-ray data were collected at 120 and
293 K on an Enraf—Nonius KappaCCD diffractometer with Mo-
K, (. = 0.71073 A) graphite monochromated radiation. Diffrac-
tion data were reduced and corrected using the DENZO and
SCALEPACK Programs.’8! Structures were solved by direct
methods with the help of the SHELXS-97 program!®*¥! and refined
on reflection intensities (#2) using the SHELXL-97 program.[4°]

Table 5. Summary of the crystal data, intensity collection, and
structure refinement parameters for Cu(gln),.

Formula C10H18CUN40()
Crystal size (mm) 0.08 X 0.06 X 0.02
Molecular mass 353.82

Space group 2

Crystal system monoclinic

a (A) 28.0610(5)

b (A) 5.0756(1)

c(A) 9.3719(2)

B (deg) 99.5139(8)

Z 4

dcalch (g/Cm3) 1.785

Absorption coefficient (mm™!) 1.695

0 range for data collection (deg) 2.20 to 25.77
Reflections collected/unique 12752/2288 [R(int) = 0.092]
Data/restraints/parameters 2288/5/206
Goodness-of-fit on F? 1.069

Final R indices [/ > 2c(])] R1 = 0.0214, wR2 = 0.0559

[l R indices defined as: RI = X||Fo| — |Fc||/Z|Fo|, wR, = [Zw(Fo?
— FA)Ew(Fo?)?V 2.
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Crystal data, structure determination methods and refinement re-
sults at 120 K are summarized in Table 5. All H atoms were located
among the first 18 peaks of a difference Fourier map. As expected,
the terminal amine H atoms were found close to the OCN plane.
These hydrogen atoms were therefore positioned stereochemically
on the corresponding planes and refined with the riding model.
The hydrogen atoms of the amine group coordinated to the cop-
per(1) ion were refined isotropically with N—H bond lengths re-
strained to a target value of 0.89(1) A. The remaining glutamine H
atoms were also positioned on a stereochemical basis and refined
with the riding model. The room temperature solid is isomorphous
to that of the low temperature one.

CCDC-179785 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge at
www.ccde.cam.ac.uk/conts/retrieving.html [or from the Cambridge
Crystallographic Data Centre, 12, Union Road, Cambridge
CB2 1EZ, UK; Fax: (internat.) +44-1223/336-033; E-mail:
deposit@ccdc.cam.ac.uk].

EPR Measurements: EPR spectra at 9.8 GHz (X-band) and
33.9 GHz (Q-band) were acquired on Bruker ER-200 and Bruker
ESP300 spectrometers, respectively, using a Bruker rectangular cav-
ity ER4102ST (X-band) and a cylindrical cavity ER5101Q (Q-
band). The field modulation was 100 kHz in both cases. All the
experiments were carried out at room temperature.

The samples were oriented by gluing the single crystal bc face to a
cleaved KCl cubic holder, which defines a set of x,y,z orthogonal
axes with the x axis along the a* = hX¢ direction, and the y and
z directions along the b and ¢ crystal axes, respectively. For the
X-band measurements, the sample holder was positioned on the
horizontal plane at the top of a pedestal, which was introduced
into a 4 mm OD Quartz tube (see inset on Figure 4). For the Q-
band measurements, the samples were mounted only on the pedes-
tal. Both devices were introduced into the cavity, and the EPR spec-
tra were taken with the magnetic field along several directions of
the crystal planes a*b, ca* and c¢b of the sample. Positions and
peak-to-peak line widths (AB,,) of the resonance lines were ob-
tained by least-squares fitting of the spectra to a Lorentzian deriv-
ative line.
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