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ABSTRACT: An unusual and unique conformation of a paddle wheel
type binuclear copper(II) complex containing acetate and acetamido
ligands, {Cu,(y,-O,CCH;),}(OCNH,CH,) (1), was obtained by
solvothermal synthesis. The structural characterization of this compound
shows that the apical (acetamido) ligands are disposed at a 62° dihedral
angle, generating a special conformation as a consequence of the
synthetic method used. This conformation has not been reported in
other paddle wheel copper(Il) tetraacetate compounds. Electron
paramagnetic resonance (EPR) spectra of powder samples of (1) were
obtained at 9.5 and 33.8 GHz, while single crystal spectra were obtained
at 33.8 GHz with a By, applied in three orthogonal planes. The fit of the
single crystal experimental data allowed gave g = 2.345 + 0.003, and g,
=2.057 + 0.00S. The angular variation of the EPR line allows evaluation

of the fine structure of (1), giving D = —0.337 + 0.002 cm™" and E = —0.00S + 0.001 cm™". The line width angular dependence,
used together with the Anderson model and Kubo—Tomita theory, permitted the interdimer interaction to be evaluated as [J'| =
(0.051 + 0.002) cm™". Using the powder spectral temperature dependence it was possible to evaluate the intradinuclear exchange
coupling constan J, as —101 + 2 cm ™", which is considerably lower than that reported for other analogous copper(Il) tetraacetate
paddle wheel compounds (Cu"—PW), showing the remarkable effect of the conformation of the terminal ligands on the

magnetic interaction.

B INTRODUCTION

In the past decades, thermal reactions in organic solvents
(solvothermal syntheses) have been considered a good
synthetic route to obtain new coordination compounds
exhibiting intriguing structural diversity and properties. This
synthetic technique can be carried out under relatively mild
conditions at 120—200 °C, and with pressure generated
exclusively by the organic medium. Although, the in situ
metal/ligand reaction allows the synthesis of new products
which are inaccessible or not easily obtainable by direct
preparation from the ligands via conventional methods, many
other new coordination compounds have been prepared taking
advantage of the reactions that some of the starting materials
can undergo under solvothermal conditions."” Such reactions
may be, for example, the hydrolysis of carboxylate esters,
organic nitriles, and amides to the corresponding carboxylates
as well as decarboxylation of carboxylates among others.”

On the other hand, using different synthetic strategies it is
also possible to obtain new and stable coordination comspounds
based on binuclear paddle-wheel (PW) compounds,* which

-4 ACS Publications  © 2013 American Chemical Society

8369

have been of great interest in studying the metal—metal bond.®
The best known PW systems contain carboxylate groups
combined with other ligands coordinated to metal ions to give
dimers of the type [M(RCOO),L,],.” The interest of the PW
motif is that both structural and functional changes can be
achieved simply by varying the metal cores, the bridging
moieties, or the ligands (L).® This functional versatility of the
dinuclear PW motifs makes them particularly attractive for the
design and synthesis of many crystalline materials ranging from
zero-dimensional (0D) species to three-dimensional (3D)
coordination polymers with interesting properties in areas
such as magnetism,9 catalysis,lo and gas storage.11

From the magnetic point of view, since Bleaney—Bowers,
Guha"® and Doedens'* reported the magnetic characterization
of copper acetates, dinuclear compounds with polyatomic
bridging ligands have been studied uninterruptedly. Electron
Paramagnetic Resonance (EPR) spectroscopy has also been
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used as a powerful technique to investigate binuclear units,">~"

because it allows the magnitude of small exchange interactions
(J') between neighboring binuclear units, and the isotropic
exchange coupling (J,) between two unpaired spins within the
binuclear unit, to be selectively measured even at high
temperatures or weak magnetic fields. Furthermore, single
crystal EPR characterization of binuclear copper(Il) systems is
also interesting because it is possible to observe and
characterize the abrupt transition from a phase where the
spectra are clearly resolved and dominated by the anisotropic
spin—spin interactions to a phase where this interaction is
collapsed. In this work we present the structural and single
crystal electron paramagnetic resonance characterization of a
Cu"-PW compound of the type {Cu,(u,-O,CCH,),}-
(OCNH,CH,;),, which exhibits an unusual conformation of
the axial ligands. This Cu"~PW compound was obtained by
solvothermal synthesis and contains important hydrogen
bonds, both intra- and intermolecular, which give it special
structural features. To the best of our knowledge the synthesis
and structural characteristics of this dinuclear copper(1l)
complex have not been previously reported.

B EXPERIMENTAL DETAILS

Synthesis and Crystallization of {Cu,(x,-0,CCH;),}-
(OCNH,CHs), (1). All reagents and solvents were of p.a. quality,
and used without any previous purification process. Compound 1 was
obtained by the solvothermal method from vr-phenylalanine and
Cu(NO,),-4H,0 which were used in a 2:3 molar ratio, in a mixture of
CH,;CN/CH;CH,0H/H,0 (3:5:7) as solvent. All components were
placed in a 23 mL Teflon-lined stainless steel autoclave vessel, and the
reaction mixture was heated at 130 °C for 24 h under self-generated
pressure. After slow cooling (0.05 °C/min) to room temperature, the
reaction mixture was left approximately for one month at room
temperature, depositing greenish blue rhombohedral single crystals of
{Cu,(p,-0,CCH,;),} (OCNH,CHj,),. X-ray diffraction quality crystals
(Supporting Information, Figure 1S) were directly separated from the
bulk material. This reaction was performed many times, and the same
crystalline product was always obtained. Yield 78%. Anal. Calcd. for
C;,H,2N,0,,Cu,: C: 29.94; H: 4,57; N: §,82. Found: C: 29.91; H:
4.39; N: 5.93%.

Single-Crystal X-ray Diffraction. The crystal structure of 1 was
determined at 150 K by X-ray diffraction measurements on a prismatic
0.54 X 0.28 X 0.14 mm® single crystal. Data collection was run on a
SMART CCD diffractometer, using w-scans. Data reduction was done
with SAINT,*® while the structure solution by direct methods;
completion and refinement was conducted with SHELXL.>! Multiscan
absorption corrections were applied using SADABS.*> The hydrogen
atom positions were calculated after each cycle of refinement with
SHELXL, using a riding model for each structure, with a C—H
distance of 0.98 A and N—H distance of 0.88 A. U, (H) values were
set equal to 1.2 U, of the parent carbon atom (1.9 U,, for methyl).
Additional data collection and refinement details are given in Table 1.

EPR Spectra. EPR spectra of finely powdered samples of 1 were
collected at temperatures between 4 and 300 K with an ELEXSYS E-
580 spectrometer working at ~9.47 GHz (X-band), while EPR
experiments at the Q-band (~33.8 GHz) were performed with a
Bruker ESP-300E spectrometer at room temperature, using powder
and single crystal samples. EPR spectra of a single crystal sample were
obtained with the applied magnetic field oriented in all three
orthogonal planes, using intervals of 5° and covering a range of
180°. In the zone of the ac* and bc* planes, close to the magic angles,
the interval used was 0.5°. The magnetic field at the position of the
sample was calibrated using 2,2-diphenyl-1-picrylhydrazyl (dpph, g =
2.0036) as the field marker. The positions of the axes in the crystalline
planes were determined within 1° from the symmetry properties of the
crystal axes. The positions of the g, b, and ¢* axes in the ac* and bc*
planes were accurately determined considering the C2/c symmetry of
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Table 1. Crystal Data and Structure Refinement Details for
{Cu,(-0,CCHj,),}(OCNH,CH;), (1)

FW/uma 481.42

crystal system monoclinic

space group C2/c

a/A 15.466(2)

b/A 9.667(1)

c/A 14.675(2)

P/deg 119.874(2)

V/A3 1902.5(4)

Z(Z) 4(4)

5/g em™ 1.681

u/mm™! 2.29

F(000) 984.0

0 range 2.6 to 25.0

hkl range h: =18 =18
k: —11-11
I: =17—-17

Ny Nuwig 5677, 1676

(Ri), N (0.071), 1578

refinement parameters 121

GOF 1.15

R1, wR2 (obs) 3.92,11.52

R1, wR2 (all) 4.06,11.58

max. and min Ap 1.22 and —0.62

the spectra around the b-axis. The positions of the ¢* and a axes in the
ac* plane were determined by comparison with results in the other
planes. The EasySpin package,” which works under the Matlab
platform,* was used for spectral simulations.

B RESULTS AND DISCUSSION

Synthesis. Compound {Cu,(u,-O,CCH;),}-
(OCNH,CHj;),, which contains acetate and acetamide as
ligands, was obtaining from L-phenylalanine and Cu-
(NO;),-4H,0. No source of acetate or acetamide was used
in the solvothermal synthesis. Therefore, the presence of these
ligands in the reported product should be explained by the
decomposition of some initial component. Similar evidence of
this decomposition was given in 5previous work, where
compounds Na;[Mn;(HCOO),]** and cis-[Ni(u-ox)-
(H,0),]>® were obtained under similar experimental
conditions and with similar starting materials. In these previous
papers, although no source of formate or oxalate was used,
these anions appear in the final reported compounds. In both
cases, the use of the amino acid during the synthesis is crucial,
as no Na;[Mn,;(HCOO),] or cis-[Ni(u-ox)(H,0),],, were
obtained without its use. The same is true for compound
{Cu,(u,-0,CCH;),}(OCNH,CH,),: if r-phenylalanine was
not used as a starting reagent, no crystalline product was
obtained. Furthermore, using similar experimental conditions
but with acetamide as reagent, {Cu,(y,-O,CCH;),}-
(OCNH,CH,;), is not obtained.

The evidence obtained for the previously reported
compounds Na;[Mn;(HCOO),] and cis-[Ni(u-ox)-
(H,0),]e,>>*® suggests that the presence of formate and
oxalate in these complexes should be due to the decomposition
of the amino acid serine. Depending on the nature of the metal
ion different ligand species were obtained. However, for the
compound reported in this work, the amino acid L-serine was
replaced by L-phenylalanine, and the solvent DMF was replaced
by a mixture of CH;CN/CH;CH,OH/H,0O. Under these
different synthetic conditions the final product also contains a
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ligand which was not used as an initial reagent. This fact can be
explained using the mechanism reported in the literature, in
which nitriles in aqueous medium can be converted, by two
successive hydration reactions, to amides and then to ammonia
and carboxylate (Scheme 1).>’

Scheme 1. Hydrolysis Reactions of Nitrile Groups

0 0
+H,0 / +H,0 /
R—C=N === R—C/ == R— /
-H,0 \ -H0 \

NH, 0" NH,*

Therefore, the presence of acetate and acetamido ligands in
{Cu,(u,-0,CCH;),}(OCNH,CH;), can be attributed to the
hydrolysis reaction of acetonitrile, which can be converted into
the acetamido and acetate ligands. Moreover, this reported
synthetic procedure can be considered as an alternative route to
generate new Cu"—PW compounds based on different
carboxylate and amide ligands, depending of the chemical
characteristic of the nitriles used as starting materials. It is
important to remark, again, that the use of the amino acid is
crucial, as no crystalline product is obtained in its absence. The
experimental evidence allows to infer a key role for the amino
acid, probably forming a “precursor complex species” which
undergoes the subsequent transformations.

Structural Description. The title compound {Cu,(u-
0,CCH;),}(OCNH,CHj;), has the typical structure of the
widely known copper carboxylates, with a central Cu,(-0,0'—
O,CR), core. This arrangement displays each cupric center
surrounded by four oxygen atoms from four different
carboxylate molecules, allowing a rather short intermetallic
distance, typically around 2.6 A (2.6092(9) A for 1), and
leaving two axial positions available for terminal ligands, as
depicted in Scheme 2. These axial positions can be chemically

Scheme 2. Arrangement of {Cu,(u-

0,CCHj;),}(OCNH,CH;,),
(l:Ha
c H
or” el \o”___H\N/
c/rHs \
0——Cx|~ c
HSC\CéO\Cu/ - Cu/.; / \CH3
,N—H ---- O/\' _-----O/ O
H I/C
HsQ
0% /,o
5
H3C

substituted, leading to an entire family of compounds of the
type {Cu,(u-O,CCH;),}L,. For the case when L is a
multidentate ligand, different molecular and multidimensional
structures can be obtained.”®

It is usually seen in the crystal structures of these compounds
that L tends to adopt a staggered conformation between the
copper oxygen bonds. That conformation is easily explained in
terms of the steric interaction between both fragments in the
complex. An exception occurs when L is able to form a
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hydrogen bond with the carboxylate oxygen atoms, leading to
an eclipsed conformation.”® The structure of {Cu,(u-
0,CCH;),}(OCNH,CHj;), (Scheme 2 and Figure 1) falls
within this last kind of complexes.

Figure 1. Molecular structure diagram for {Cu,(u-O,CCH,),}-
(OCNH,CHj;), showing a partial numbering scheme, and intra-
molecular hydrogen bonds. Hydrogen atoms are drawn as spheres of
arbitrary radius. Symmetry label: ' —x, y, —z + 3/2.

An intramolecular hydrogen bond between one of the amide
hydrogen atoms (Hla) and an acetate oxygen atom (O3)
defines an interaction with an N---O distance equal to 2.969(5)
A (See Figure 1). This is reflected in the low value measured for
the Cul—OS—C3-N1 torsion angle, 5.8(6)° (Table 2).
Contrarily to what is observed for the derivatives where L is
urea or acetic acid, the planes which contain both apical
molecules form a dihedral angle between the least-squares
planes defined by OS5, C3, C4, and N1 and 0§, C3%, C4, and
N1 of 61.9(2)° (i: —«, y, —z + 3/2). The molecule has a C, as
symmetry point group. This makes this structure a conformer
of that previously reported by Trivedi et al,*® {Cu,(u-
0,CCH,),}(OCNH,CHj;),, where the acetamide molecules
adopt an anti conformation, defining a dihedral angle of 180°
and making the molecule centrosymmetric. To the best of our
knowledge no other similar situation has been previously
reported for {Cu,(u-O,CCHj;),}L, complexes. The hydrogen
atom not involved in the intramolecular interaction, Hlb,
interacts with a carboxylate oxygen atom (O6) of a neighboring
molecule (—x, y, —z + 3/2), as shown in Figure 2, defining an
intermolecular hydrogen bond with N---O equal to 3.002(5) A
(Table 3). Although both the intramolecular and the
intermolecular hydrogen bonds are also present in the
conformer reported by Trivedi et al,>® with N---O equal to
2.946(S) A and 3.066(2) A, respectively, the different mutual
orientations of the acetamide molecules lead to very different
packing patterns. Figure 2 presents the possible Cu(II)—Cu(II)
superexchange paths, connecting neighboring copper ions from
dinuclear units, spatially separated by 7.0448(9) A. These paths
are formed by equatorial—apical carboxylate bonds of the syn—
anti type, —Cul—OSap—C3—N1-HI1B---—06"eq—Cul"— (ii:
—x+1/2, y+1/2, —z+3/2), resulting in zigzag infinite chains
along the a axis. Considering all bonds, the total length of this
path is 9.663 A.

EPR Spectra of Powder Samples at 300 K. The powder
EPR spectra of 1 recorded at 300 K for the Q- and X-bands are
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Table 2. Selected Bond and Interatomic Distances (A), Bond and Torsion Angles (deg) for {Cu,(#-0,CCH;),}(OCNH,CH,;),”

01—Cl1 1.262 (5)
Cul—O03 1.960 (3)
Cul—O06' 1.963 (3)
Cul—04 1.988 (3)
Cul---Cul! 2.6092(9)
03—Cul—O1! 89.73 (13)
03—Cul—04 89.58 (13)
01'—Cul—04 165.56 (11)
06'—Cul—05 89.52 (11)
04—Cul—O05 94.40 (11)
Cul—05—C3—N1 5.8(6)

“Symmetry label: ' —x, y, —z + 3/2.

01—Cul' 1.985 (3)
06—Caul! 1.963 (3)
Cul—O1* 1.985 (3)
Cul—O05 2.134 (3)
06'—Cul—O1! 89.18 (12)
06'—Cul—O04 89.49 (13)
03—Cul—O05 98.48 (12)
01i—Cul—05 99.96 (11)
Cul—05—C3—C4 —175.5(3)

Figure 2. Packing diagram for {Cuz(ﬂ-OzCCH3)4}(OCNHZCH_3)2 showing the intermolecular hydrogen bonds. Hydrogen atoms are drawn as
spheres of arbitrary radius. Symmetry labels: ' —x, y, —z + 3/2; " —x + 1/2, y + 1/2, =z + 3/2; " —x — 1/2, y + 1/2, —z + 3/2.

Table 3. Hydrogen-Bond Geometry (A, deg)®

D—H-A —H A DA D—H-A
N1—Hla--03 0.88 0.17 2.969(5) 150
NI1—HI1B--06" 0.88 0.14 3.002(5) 166

“Symmetry label: " x + 1/2, y + 1/2, z.

shown in Figures 3a and 3b, respectively. The spectra are
typical spectra for isolated dinuclear units with the B, B,;,,,
B,y and B, peaks labeled according to the standard
notation.” * In the Q-band spectrum (Figure 3a) peak B,
is superimposed on the stronger peak B,,,, and the signal at
~519 mT corresponds to the forbidden transition S, = +1 <
—1 (AM = + 2), that in the X-band overlaps the B, transition.
At low T (Figure 3b) peak B,; at 22 mT should display a
hyperfine structure, which is produced by the interaction of the
unpaired electron with two copper nuclei within the dinuclear
unit,'#3%3* However, in the studied case these signals are not
obvious because of the poor resolution of the transitions. The
large B, signal at 472 mT (Figure 3b), is narrow and splits
into two components, B,, (453 mT) and By, (486 mT), when
the temperature is lowered. The origin of this behavior has
been attributed to the rhombic deviation of the structure from
axial symmetry. Similar results were also reported by Kozlevcar
et al,*** for copper dinuclear compounds. No signals of
dinuclear units are observed below 25 K as a consequence of

the depopulation of the S = 1 magnetic state in the copper
dinuclear units.

The narrow peaks at 1203 mT (Q-band) and 338 mT (X-
band) arise from the dpph marker. In addition, the powder
spectra display, at both frequencies, intense and wide central
peaks at 1102 and 317 mT (heretofore called “U” peaks) which
are not expected for a dinuclear unit. Moreover, these peaks are
too strong to be attributed to contamination with paramagnetic
mononuclear spins, and their intensities decrease with the
lowering of temperature, as is to be expected for dinuclear
components. At lower temperatures (T < 150 K), the intensity
of the U peak decreases allowing the signals designated as M to
be observed in the range of 250 to 330 mT, which are
attributed to mononuclear Cu ions.*® The M signals show a
characteristic powder spectrum of monomeric Cu' ions, where
the well resolved hyperfine lines originate by the interaction of
the electron spin (S = 1/2) with the nuclear spin (I = 3/2).
Furthermore, as expected for mononuclear Cu" ions, the
intensity increases with decreasing temperature (see Figure 3b).
The fit of the experimental EPR spectra for the uncoupled
dinuclear compound was done using the following spin
Hamiltonian (eq 1)*’

Hy=~J,[S(S+1)/2 — 3/4] + ($:D-S — s:Ds)
+ uy(S-g, + 5:G) B, 1)

dx.doi.org/10.1021/ic3027804 | Inorg. Chem. 2013, 52, 8369—8377
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Figure 3. EPR powder spectra of (1) recorded at (a) Q-band at room
temperature and (b) X-band at different temperatures. Black lines are
experimental results, and red lines correspond to simulated spectra
(10, 70, and 300 K). The rms deviations for calculated spectra in (b)
are 0.5%, 1.0%, and 5.0% for 10 K, 70 K, and 300 K, respectively.

where
g, = (g,+8,)/2

Sy =S, = 1/2 for copper(1l) ions, ], is the isotropic Heisenberg
exchange interaction, and D is the symmetric matrix
considering the dipole—dipole anisotropic exchange contribu-
tion to the zero field splitting. In the case when the spin
coupling between neighboring units is neglected, the following
spin Hamiltonian can be used,

Hy = S'D-S + py(S-g,-By)

S=8+S,, D=D,/2

@)

The best fits of the powder spectra lead to values of g =
2.345 + 0.004, g, = 2.057 + 0.003 with axial and rhombic zero
field splitting parameters D = (—0.334 + 0.003) cm™' and E =
(0.010 + 0.002) cm™, respectively. The sign of D could not be
obtained from the EPR experiments, but was taken from the
results obtained for other reported tetracarboxylate Cu''—PW.*®
The simulations obtained with the values given above are
shown as dashed lines in Figure 3b, and are in good agreement
with the experimental spectra (except in the U or M peak field
ranges, where the fit was not attempted). The obtained
parameters are similar to those reported for analogous Cu"
dimers.***>> The M peaks were also fitted using the EasySpin
program,”® and the experimental data can be fitted using the
spin Hamiltonian:

Hg = pu;S-g'By + S-A1 3)

where iy is the Bohr magneton, S = 1/2 is the effective
electronic spin operator, g is the crystal g-matrix, considering
that the principal directions of the g-matrix and those of the
angular variation of the line width are the same, A is the
hyperfine coupling, and I = 3/2 is the nuclear spin operator for
Cu'. The principal components of the g- and A-matrices,
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obtained from the fittings of the powder spectra at 10 K, are 8
=2.369 + 0.002, g, =2.073 + 0.001, A = (154 +£2) x 10”
em™, A; # 0 cm™, and the calculated spectra are in good
agreement with the experimental spectra.

From the temperature variation experiments we calculated a
normalized intensity ratio R(T) between the integrated area of
the signal B, and that of the signal corresponding to the dpph
marker, as a function of T, and the result is displayed as T X
R(T) vs T in Figure 4. Following the procedure described by

80 — T T T " T T T " T T T " T
©  I%R(B, /dpph)
xR o (3+exp(~J k1))
60 i
£l
S0l 4
S+
X
e~
20 - e
-1
J,= (=101 £ 2) cm
0 ke I T T T SR
0 20 40 60 80 100 120 140 160
I'[K]

Figure 4. Temperature variation of the ratio (R) between the
integrated areas of the spectra at the X-band of the dinuclear peak B,
and the dpph marker multiplied by T. The solid line is the best fit to
the data, using the Bleaney—Bowers equation, as explained in the text.

Napolitano et al,,'” it was possible to calculate the exchange
parameter ], using the Bleaney—Bowers equation, which
considered the exchange coupling between Cu" ions with
spins S; and S, defined as H ,, = —J, §;-S,,'>'>'**

1
3+ exp(—]o/kBT) 4)

where kg is the Boltzmann constant and T is the temperature. A
least-squares fit of the experimental data using eq 4, gives ], =
—101 + 2 cm™), with statistical coefficient r = 0.9984.

The powder EPR results are typical of isolated dinuclear
species, in which a classical triplet state of Cu" can be observed.
Compound 1 is also characterized by a large tetragonal zero-
field parameter, and by presenting a well resolved Cu"
monomer signal at T < 150 K. The intradinuclear exchange
coupling J, of =101 + 2 cm™" can be compared with the values
found for other reported dinuclear compounds, which are given
in Table 4.'”'°7*" The obtained J, value for (1) is significantly
lower compared with the reported intradinuclear exchange
values for Cu”"—PW with different —O—C—O— bridges (Table
4, compounds (6)—(12)).*™* The antiferromagnetic ex-
change coupling observed for (1) is also greater than the
value measured for dinuclear compounds with two carboxylate
groups (Table 4, compounds (2)—=(5))," %o corroborating
that decreasing antiferromagnetic interactions can be related to
the decrease of the number of the carboxylates bridging copper
ions.** The Cu—O—C—O-Cu bridge (@peq), the oxygen
ligand at the axial positions, the dihedral angle between Cu—
O—0—Cu and the carbonyl moiety, are parameters which can
contribute to a decrease of the exchange parameter because of
the poor overlap of the Cu dz_, orbital with the 2p,
carboxylate oxygen orbital.'%

T x R(T) =

dx.doi.org/10.1021/ic3027804 | Inorg. Chem. 2013, 52, 8369—8377
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Table 4. Magnetic Parameters for 1 and for Other Dinuclear Cu" Compounds®

compound Cu--Cu (A) gl
1 2.609(2) 2.153(3)
Cu,[TzTs], (2) 2.786(2) 2.112(2)
Cujac,phen, (3) 3.063(3) 2.136(5S)
Cu(Sal:N-p-tol)C,HCO, (4) 3.122(1) 2.14
Cu,fo,phen, (5) 3.103(2) 2.18
Cu,(dpda)(dpdo) (6) 2.7797(4) 2.13(0)
[Cuy(Indo),(DMF),] (7) 2.630(1) 216
[Cu,(flu),(dmf),] (8) 2.619 2.17
Cu,(GAA),(NO,), (9) 2.65
[Cu(2-butenoate), ], (10) 2.5765(8) 2.217(S)
Cu(C1oHg00) (H,0) 1.66H,0 (11) 2.6212(3) 2 0.16 (0.01)
Cu,(CH,C00),(H,0), (12) 2.09

IDI (cm™) Jo (em™) J (em™) ref.
0.333(3) —101(2) 0.051(2) tw.
0.198(3) —113(1) 0.060(15) 19
0.128(3) —74(3) 0.04(1) 39, 40

—-50.5 41
0.156(2) —62.5 40

—120.2439(7) 42
0.341(1) —152.5(1) 43
0.334(1) —294(5) 0.005 44
0.3(0.01) —134.5(2) 7k
0.329(3) —330.6(1) 45
0.337 (0.001) —167(4) 46

—296 17, 47

“Cu,[T2zTs], = [N-thiazol-2-yltoluenesulfonamidatecopper(I1)]; Cu,ac,phen, = [(CH;COO)(1,10-phenanthroline) (H,0)],-(NO;),-4H,0;
Cu,(Sal-N-p-tol)C,H;CO, = di-u-propionato-O,0’-bis[ N-p-tolylsalicylideaminatocopper(II)]; Cu,fo,phen, = [Cu(HCOO)(1,10-phenanthroline)
(H,0)],(NO,),-4H,0; Cu,(dpda)(dpdo) = [Cu,(2,2'-biphenyldicarboxylate),(H,0),(4,4'-dipyridine-N,N’-dioxide)0.5],; [Cu,(Indo)4(DMF),] =

Bis(N,N’-dimethylformamide)tetrakis-u-(0,0’-indo)dicopper-(II)1.6-N,N’-Dimethylformamide; [Cu,(flu)4(dmf),]

tetrakis (y4,-N-3-trifluoro-

methyl phenylanthranilato-O,0’)-bis(dimethylformamide)-di-copper(II); Cu,(GAA),(NO;), = tetrakis(l-guanidinoacetic acid) bis[(nitrato) copper-
(11);[Cu(2-butenoate),],; Cu(C,,HsO¢)(H,0) 1.66H,0 = (1,3,5-benzenetricarboxylate) (H,0); Cu,(CH;COO0),(H,0),. bgiso = (g + 2¢1)/3.

Single Crystal EPR Spectra. Spectra of single crystals of 1,
measured at room temperature with the Q-band in the bc*
plane, and for selected angles (near the magic angle at 57° with
the c* axis), are displayed in Figure S. Similar spectra are

v=33.8 GHz

_____j;__v’
M,/\/M_wﬁo_‘
bc* plane 45°

1
900

pph 65°

62°

5 N\ 61°

= 60°

% magic angle 580
=
=
o

L 1 1 1
1000 1100 1200 1300

Magnetic Field B, [mT]

800 1400

Figure S. Selected EPR spectra of compound 1 measured in the bc*
plane, showing the collapse of the lines at the magic angle at room
temperature.

obtained for the ac* plane. Depending on the magnetic field
orientation the spectra show one or two peaks which
correspond to the allowed S, = 0 & =+ 1 transitions. The
sharpness and sudden collapse of the resonances observed in
the single crystal EPR spectra arise from the anisotropic spin—
spin coupling between the neighboring dinuclear units, which
can also be interpreted as a dimensional quantum phase
transition between a 0-dimensional binuclear unit and a 1D
spin chain.*® A third resonance line at ~524 mT (g ~ 4.6), was
observed for most angles, and should correspond to the
forbidden transition S, = + 1 <> F1,* but is outside of the field
of these figures. In the ab plane, the two resonances
corresponding to the allowed transitions do not change with
the angle. In all planes and for any orientation of the magnetic
field, no hyperfine splitting is resolved. The B, positions and I"
widths were obtained fitting the line derivative shapes of the
experimental spectra with one or two Lorentzian functions.
Figure 6 shows the fitting results for By, which correspond to
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Figure 6. Angular dependence of the allowed S, = 0 <> & 1 transitions
observed with B, in the (a) ac*, (b) bc*, and (c) ab planes. Symbols
and the solid lines are experimental and fitting data, respectively.

typical coupled copper(II) centers with spin S = 1, displaying a
dipolar type angular variation described by f(6) ~ 1/2 (3 cos* 8
—1), where 6 = 0 corresponds to the axial direction of the
dinuclear units.*® It is possible to observe that when B, is
parallel to the ¢* axis in the ac* and bc* planes the maximum
splitting occurs between the allowed transitions. The angular
variation of the positions was obtained from eq 2, as results of
the fit of the experimental data and based on the procedure
described by Napolitano et al."” and Calvo et al.*” The best fit
was obtained with the following parameters g, = 2.345 + 0.003,
g1 = 2.057 £ 0.005, D = —0.337 + 0.002 cm™", and E = —0.005
+ 0.001 cm ™" (Figure 6). In the fit the angular regions near the
magic angles (where the fine structure peaks are collapsed) were
not considered, and a good agreement factor between
theoretical and experimental data was obtained (¢ = 2.5). As
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expected, the additional U-peak which appears in the powder
spectra is not reproduced in the calculated data.

The peak-to-peak widths of the S, = 0 < + 1 transitions
observed in the bc* plane are displayed in Supporting
Information, Figure 2S. The plots show a significant narrowing
in the regions where the lines collapse (magic angles). The
angular variation widths obtained in the ac* plane are similar to
those obtained in the cb* plane. Since the widths obtained in
the ab plane do not give any relevant information, these are not
presented here. A very interesting experimental fact was
obtained from the collapse region (black symbols in Supporting
Information, Figure 2S). A significantly lesser narrowing is
observed for (1) as compared to the results obtained by single
crystal EPR experiments for other recently reported dinuclear
compounds (see refs 19 and 42). From the collapsed resonance
width (I, as a function of the magnetic field orientation (see
Supporting Information, Figure 3S) it was possible to evaluate
the exchange coupling between neighboring binuclear units
from the equation

_ gﬂB(ABgalc)Z N
ha,

ex

obs l—‘0

©)

based on the Anderson and Weiss theory,>" giving a mean
value of Aw,, = (0.088 + 0.004) cm™'. ABZ* in eq S is the
splitting of the collapsing resonances calculated in the absence
of exchange interactions which can be extracted from the solid
lines plotted in Figure 6. Iy is a residual contribution to the line
width arising from other broadening sources, considered here
as a constant. This approach has been successfully used to study
the collapse of EPR signals arising from mononuclear and
dinuclear units.'*?”>>

The plot of the ratio R, between the experimental and
calculated splittings of the fine structure (R = AB,™?/AB,“) as
a function of the inverse of the calculated splitting is shown in
Figure 7. When (ABy™)™" is large, close to the magic angles,
the signals are collapsed and R = 0. Far from the magic angles,
(AB,™)™" is small and R & + 1. The collapse is abrupt and
occurs when gug[ABy™] e = fiw,, a condition which
allows the exchange frequency w,, to be obtained. From the fit
of the experimental data using eq 6, it is possible to calculate
the average value of fiw,, , = (0.056 + 0.002) cm™.

collapse
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Figure 7. Plot of the R (R = AB,®®/AB,™) ratio as a function of
(AB,¥)7™!, where the AB,™ and AB,™ are the observed and
calculated splittings of the fine structure peaks calculated in the
neighborhood of the magic angles in the ac* and bc* planes. The
symbols and solid lines correspond to the experimental results and the
fitting values, respectively.
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From the two methods described above, an average of the
values of the exchange frequencies is Aw,, = (0.072 + 0.003)
cm ™. Napolitano et al.'” and Passeggi et al.>* have pointed that
when 7w, is obtained at room temperature, where kzT >> ],
the relationship 2IJ'I* & #’w,,” can be used to obtain IJ'l, the
value being 0.051 + 0.002 cm™" between neighboring dinuclear
units for the studied system. The internuclear coupling was
calculated from the single crystal EPR experiments, based on
the general theories of magnetic resonance, and Anderson’s and
Kubo’s models for exchange narrowing.>*>"%*

The internuclear coupling IJ'l = (0.051 + 0.002) cm™
evaluated here is supported by the type of chemical paths
between the dinuclear units, with five diamagnetic atoms (9.663
A) and one O--H—N hydrogen bond (see the crystallographic
section). Our result is of the same order of magnitude, within
experimental error, as that found for the dinuclear compound
Cu,[TzTs],,"” where the path contains the same number of
diamagnetic atoms and a weak hydrogen bond, and those
reported for Cu,ac,pheny,*® and [Cu,(flu),(dmf),].** The sign
of J' cannot be obtained from the EPR results.

The principal values of the g-tensor, where the g > g,
pattern indicates a d,> _ > ground state orbital, and the values of
the axial, D = —0.337 + 0.002 cm ™', and rhombic, E = 0.005 +
0.001 cm™, zero-field splitting parameters of the S = 1 triplet
state were evaluated. The D-term arises from intradinuclear
dipole—dipole and anisotropic exchange (D = Dy, + Deyp)-
The dipole—dipole contribution to the zero-field splitting is
related to the Cu---Cu distance, and can be estimated by the
relationship: Dy, = —0.65/R*{(g;)*> + 0.5(g,)*},*® where R is
the Cu--Cu separation (2.609 A in the studied system),
resulting in Dg, = —0.279 em™), and D,y = —0.054 cm™.
These results compare well with those found for dinuclear
copper(I) complexes with carboxylate bridges and axial
symmetry reported in the literature for other dinuclear
compounds.**>*>7>7 An inspection of Table 4 reveals that
for compounds with double carboxylate bridges'”*>*! the D
parameter is significantly lower than that obtained for
tetracarboxylate compounds.

Finally, with respect to the U peak that was observed in the
powder spectra of (1), the origin of this peak was attributed to
the collapse of the fine structure around the magic angles,
because of the interactions between the binuclear units and the
simultaneous narrowing of the collapsed line in the single
crystal spectra.*®** Supporting Information, Figure 4S displays
the powder spectra and the observed angular variation of the
positions of the resonances taken at the same frequencies and
T, corroborating the above hypothesis.

(6)

B CONCLUSIONS

Through the solvothermal conditions, and in the presence of an
amino acid as precursor, it was possible to obtain an
unexpected and unusual conformation of the Cu—PW
dinuclear compound based on acetate and acetamido ligands,
{Cu,y(u,-0,CCH;),}(OCNH,CHy). This special conformation
is not a random product, because it was obtained as the major
crystalline product from different batches. Furthermore, to the
best of our knowledge this conformation has not been
previously reported for Cu"~PW binuclear compounds.
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{Cu,(y,-0,CCH;),}(OCNH,CH,3) was structurally and
magnetically characterized using EPR spectroscopy. Through
the powder and single crystal EPR measurements it was
possible to evaluate the magnetic exchange couplings and the
fine structure parameters. The intradinuclear exchange coupling
of —101 cm™" is smaller than that observed in other Cu"—PW
binuclear units, probably because of the poor overlap of the Cu
d _ > orbital with the 2p, carboxylate oxygen orbitals. Thus
not only the nature of the ligands (L) but also the molecular
conformation are important factors that determine the J value.
The interdinuclear coupling (IJ'l = (0.051 + 0.002) cm™)
between the dinuclear units is consistent with the number of
diamagnetic atoms and hydrogen bonds participating in the
chemical paths bridging the dinuclear units. The very small
value obtained for the interdinuclear interaction shows clearly
how powerful the EPR technique can be for the character-
ization of extremely small J values contributing, for example, to
an understanding of the most efficient pathways for these small
magnetic interactions in biological systems.
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Crystallographic data in CIF format. Further details are given in
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