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Structural, magnetic, and powder and single-crystal electron paramagnetic resonance (EPR) studies were performed on
[{Cu(bipy)(en)}{Cu(bipy)(H,0)}{VOs},], (bipy = 2,2"-bipyridine, en = ethylenediamine), which is a new copper—vanadium
hybrid organic—inorganic compound containing Cu"" and V" centers. The oxovanadium units provide an anionic scaffolding to the
structure, where two types of Cu"' coordination modes, octahedral (Cul) and square pyramidal (Cu2), contribute to the magnetic
properties. The crystal structure contains layers including Cul and Cu2 ions, separated by stacked arrangements of 2,2’-bipyridine
molecules. Each type of Cu' ion in these layers forms parallel spin chains described by exchange coupling parameters J; and J, for
Cul and Cu2, respectively (exchange couplings defined as .77 o (i, ]) =—Jj S,-S]-), which, for necessity, are assumed to be equal to J.
These chains are coupled by much weaker Cul —Cu2 exchange interactions J5 connecting neighbor Cul and Cu2 ions within a layer,
through paths acting as rungs of a ladder chain structure. The average coupling J, which is antiferromagnetic (J < 0), according to the
susceptibility data, is estimated with similar results with a mean field approximation (J = —1.4 cm™ '), and with a uniform chain
model (J=—1.7 cm™'). The EPR spectra of powdered samples and oriented single crystals are shown to be independent of J; and J,,
but are dependent on the weak coupling J5, and the data allow a lower limit to be established: |J5| > 0.04 cm ™ ". The spectra are also
strongly sensitive to extremely weak coupling interactions with average magnitude J, between copper atoms in neighboring layers,
separated by ~10 A, using the stacked 2,2'-bipyridine molecules, which produce a 2D-to-3D quantum phase transition. This is
observed in single-crystal samples when the energy levels are changed with the orientation of the magnetic field. From the
characteristics of these transitions, we estimate a value of |J4| = 0.0034 £ 0.0004 cm™ " between Cu' ions in neighboring layers. This
work emphasizes the important possibilities of EPR to evaluate extremely small exchange couplings between metal ions in a solid
material, even in the presence of other much larger couplings.
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B INTRODUCTION

Vanadium oxides, which represent a subset of inorganic
oxides, have been investigated in recent decades with respect
to their structural diversity, forming various types of structures,
such as clusters, infinite chains, layers, and multidimensional
frameworks. Complex oxovanadates contain anionic partial
structures {V,0,}"" ranging from monomeric [VO,]*™ units,
to oligomers and clusters ([V,0,1*, [V401.]*, [V6O15]°,
[V10025]°7), to [VO3]," chains, and [V.O,]"” networks.' ™3
An organic component, such as a nitrogen donor ligand, may be
introduced to a secondary metal site, which, in turn, influences
the range of binding interactions with the oxide skeleton.*””
Many recent papers and reviews have highlighted the rich and
subtle chemistry found in hybrid polyoxovanadate-based com-
pounds prepared using hydrothermal techniques.* '* Several
reports found in the literature involve vanadate compounds
functionalized with Cu" complexes.'' ~'* The rapid progress
of exploring copper-containing organic—inorganic hybrid
materials® """ is driven by their interesting structures and
properties, with applications to ion exchange, sorption, catalysis,
electrical conductivity, photochemistry, and magnetism.

This paper reports the hydrothermal synthesis, and the
structural, magnetic and electron paramagnetic resonance
(EPR) spectra characterization of a new hybrid organic—inor-
ganic compound [{Cu(bipy)(en)}{Cu(bipy)(H,0)}{VO3}4],
(1), where bipy is 2,2'-bipyridine, and en is ethylenediamine.
Two different Cu" coordination compounds functionalizing the
vanadate framework are arranged in layers, separated by bipy
rings (distance of ca. 10 A). Since the V" ions do not carry
unpaired electronic spins, the magnetic properties of 1 are mainly
a consequence of the Cu' ions, with the V" ions within the
diamagnetic chemical paths supporting the super exchange
interactions between copper atoms. Susceptibility and magneti-
zation data allow estimation of the average exchange interactions
between neighboring copper ions within the layers. Powder and
single-crystal EPR measurements display a remarkable low-
dimensional magnetic behavior with much weaker interactions
between Cu' spins in neighboring layers, transmitted by the
71—t stacking of the bipy moieties. These interactions lead to a
stochastic distribution of dynamical local fields, producing a
temperature-independent quantum phase transition, which is
observed as sudden changes in the EPR spectra when the level
scheme is varied with the magnetic field orientation.”” >" This
transition provides a way to estimate the weak exchange inter-
actions between the Cu' centers in adjacent layers supported by
the stacking of the bipy rings. Aromatic ring stacking is important
in chemistry and biology®*** and may support extremely weak
exchange interactions between unpaired spins. The characteriza-
tion of these interactions is difficult, because they normally
coexist with other stronger ones. Measuring weak exchange
couplings through biologically relevant noncovalent bonds, such
as ring stacking, may be helpful to estimate matrix elements for
electron transfer in proteins and model systems.** Estimations of
exchange couplings supported by aromatic ring stacking have
been reported in the past.**>7*” Most of these calculations
evaluate the exchange parameters from susceptibility data using
the molecular field approximation, offering only modest possi-
bilities to separate the effects of interactions of different types and
magnitudes, contributing to the bulk magnetic properties.
As presented in this work, EPR studies are much more appropriate
for this purpose. The single-crystal EPR experiments analyzed

considering the space symmetry properties of the compound, allow
evaluation of the interlayer exchange interactions from quantum
effects observed in the spectra, as a consequence of the weak
coupling interactions between copper atoms in neighboring layers
supported by the stacking of the bipy rings. To the best of our
knowledge, this is the first EPR study performed on a single crystal
of an oxovanadium-based organo-inorganic hybrid material func-
tionalized with Cu'" complexes.

B EXPERIMENTAL SECTION

Synthesis of [{Cu(bipy)(en)}{Cu(bipy)(H,0)}{VOs}4l, (1).
The reaction mixture of NH,VO; (1.85 x 107> mol, 0.217 ),
Na,B,0,-10H,0 (494 x 107> mol, 1.890 g), Cu(NO3),-3H,0
(1.85 x 10> mol, 0.448 g), ethylenediamine (1.24 x 10 > mol,
80 uL), 2,2'-bipyridine (1.85 x 10> mol, 0.290 g), and 1.5 mL H,O
was heated in a 23-mL Teflon-lined Parr reactor at 120 °C for 72 h. After
the reactor was cooled to room temperature, blue crystals of the product
were isolated, washed with water, and dried at room temperature (yield:
90%, 0.382 g).

The infrared spectrum of 1 shows the bands of the 2,2’-bipyridine
ligand between 1598(s) and 1243(s) cm ™', and the bands associated
with the ethylenediamine ligand at 1624(m), 1158(m), 1116(s), and
1028(m) cm ™. Four additional bands, at 924(vs), 825(m), 784(vs),
645(sh) cm ™", are assigned to asymmetric and symmetric (V—0—V)
stretching modes.

Single-Crystal X-ray Diffraction. The crystal structure of 1 was
determined at 298 K by X-ray diffraction on a needle-shaped single
crystal with dimensions of 0.43 mm X 0.08 mm X 0.07 mm. Data
collection was done on a SMART CCD diffractometer, using w-scans.
Data reduction was done with SAINT,*® while the structure was solved
by direct methods; completion and refinement was conducted with
SHELXL.** Empirical absorption corrections were applied using
SADABS.* The positions of the hydrogen atoms were calculated after
each cycle of refinement with SHELXL using a riding model for each
structure, with bond distances of C,;—H = 0.97 A, Crom—H=0934,
N—H=0.90A,and O—H = 0.92 A. U;;,(H) values were set to 1.2Uq of
the parent carbon or nitrogen atom and 1.5U, of the parent oxygen. One
of the two aqua hydrogen atoms was located in the difference Fourier map
and refined with constraints, while the second one was not confidently
located. During the final stages of refinement, disorder of the position of
oxygen atoms O2 and O3 was noticed. It was modeled proposing two
positions p and ¢ for both atoms, with the occupancies being subsequently
refined and subjected to the condition to sum up to one. This procedure
converged to occupancies of 0.79 and 0.21, which were held constant
during the last stages of refinement. Crystallographic data, as well as details
on data collection and refinement, are given in Table 1.

Magnetic Measurements. The magnetization of the samples was
measured with a SQUID magnetometer (MPMS XL7, Quantum
Design) at magnetic fields of By = 0.04, 0.2, and 1 T (B, = uoH, where
Uo is the permeability of the vacuum) and at temperatures between
T'=1.8and T =300 K. In addition, an isothermal magnetization curve up
to By =7 T was measured at 1.8 K. The magnetic susceptibility data were
corrected for diamagnetism and TIP, estimated at each field from the
vs 1/T plots and giving values of 6.92, 4.70, and 3.64 X 10 * emu, at
By =0.04,0.2, and 1 T, respectively. These values agree with that expected
according to the current literature.*' The contribution from the sample
holder was measured independently and subtracted from the data.

EPR Measurements. EPR spectra from powdered samples, ob-
tained by grinding single crystals, were collected at room temperature
using a Bruker Model ESP-300 spectrometer working at 33.78 and 9.60
GHz with a rotating magnet, and a Bruker Model EMX-1572 spectro-
meter operating at 9.8 GHz, both using microwave cavities operating
with a magnetic field modulation of 100 kHz. At 33.92 GHz, we also
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collected the spectra of a single crystal, as a function of the orientation of
the magnetic field. The single crystal was oriented by gluing an ac
([010]) growth face to a cleaved cubic KBr single crystal holder, with the
a-axis in parallel orientation to one of the sides of the holder, which
defined a system xyz of orthogonal axes, with x//a, y//b, z//c* where
¢ =a x b.* The spectra of the single crystals were recorded at ~5°
orientation intervals of the applied field By = By[sin 6 cos ¢, sin 6 sin ¢,
cos 0] (where 6 and ¢ are, respectively, the polar and azimuthal angles of
the magnetic field direction), in a range of 180° of the crystal planes ab,
¢*b, and c*a. The amplitude of the 100 kHz field modulation was chosen
to be between 0.05 mT and 0.1 mT, and the microwave power was 33
and 10 mW at 33.92 and 9.60 GHz, respectively. The magnetic field at
the position of the sample was calibrated using DPPH (g = 2.0036) as a
field marker. The orientations of the a-, b-, and c*-axes in the ab and ¢*b
crystal planes were located within 1°, considering the symmetry proper-
ties of the b-axis. The a- and c™axes in the c*a plane were located,
considering the values obtained within the three planes. For EPR spectra
simulations and fittings, the EasySpin* program package, working
under Matlab, was used.**

Table 1. Crystal Data and Structure Refinement for
[{Cu(bipy)(en)}{Cu(bipy) (H,0)}{VOs}4],

parameter value

formula weight, FW 912.34 amu

crystal system monoclinic

space group P2,/n

a 7.2700(2) A

b 39.8343(11) A

c 10.5923(3) A

B () 97.9510(10)

volume, V 3037.99(13) A’

Z(Z) 4

o 1.995 g cm ™

u 2.629 mm~ "

F(000) 1812.0

0 range 2.01°—25.00°

hkl range —8=h=38
—47 <k =< 46
—12=1=12

Nioo Nunig 12348, 5359

(Rine), Nope (0.0382), 4542

refine parameters 443

goodness of fit, GOF 1.062

R1, wR2 (obs) 0.036, 0.083

R1, wR2 (all) 0.045, 0.088

Max. min Ap 0.515-0.388 e A3

B RESULTS

Structural Description of [{Cu(bipy)(en)}{Cu(bipy)(H,0)}
{VO3}4], (1). The crystal structure of 1 contains infinite chains of
{(VO3) "}, runmng along the c-cell axis ([001]) (see Flgure 1).
These contain VY, and formally alternate VO, and u,— 0% oxo
units, with torsion angles of O —V—O —V within the chain, which
are summarized in Table 2. The chains are connected to {Cul

(bipy) (H,0)}** and {Cu2(bipy)(en)}*" units (distance of ca.

Table 2. Selected Bond and Interatomic Distances, Bond
Angles, and Torsion Angles for Compound 1°

Bond Distances (A)

Cul—N1 2.006(3) Cul—N4 2.013(3)
Cul—N2 2.023(3) Cul—-O0l1 2.309(3)
Cul—N3 2.030(3) Cul—03P 2.374(13)
Cu2—08 2.235(2) Cu2—NS 1.999(3)
Cu2—012 1.949(2) Cu2—N6 2.041(3)
Cu2—Olw 1.994(3)

Interatomic Distances (A)

Cul:--Cu2 6.796(1) Cul---Cul” 7.270(1)
Cu2---Cu2” 7.270(1) Cul---Cul® 10.592(1)
Cul---Cul® 10.592(1)

Bond Angles (deg)

N1—Cul—N2 80.94(12) N1-Cul—01 88.21(12)
N1—-Cul—N3 96.03(12) N2—Cul-O01 93.69(12)
N1—Cul—N4 174.95(12) N3—Cul-01 93.32(12)
N2—Cul—N3 172.27(12) N4—Cul—01 86.77(12)
N4—Cul—N2 98.81(12) N1—Cul—O3P 88.0(6)

N4—Cul—N3 84.84(12) N2—Cul—03P" 89.3(8)

N3—Cul—03P' 83.5(8) N4—Cul—03P' 97.0(6)

N5—Cu2—N6 80.23(11) 012—Cu2—N5 90.78(11)
N5—Cu2—08 92.98(10) 012—Cu2—N6 155.17(12)
N6—Cu2—08 97.07(10) 012—Cu2—-08 106.54(11)
01—Cul—O3B’ 174.8(6) 012—Cu2—Olw 88.64(13)
Olw—Cu2-N5 175.77(13) Olw—Cu2—N6 98.63(13)

Torsion Angles (deg)

06-V2—04-V1 77.8(3) 02p—V1—04—V2 166.5(3)
09-V3—06-V2 39.4(2) 06—V3—09—V4 147.02(19)
“Symmetry codes: i=1+x,9,zii=—1+xyz andiii=x,y 1+z

o10 07

Figure 1. Infinite {(VO;) }, chains running along the [001] direction; displacement ellipsoids are at the 50% probability level. Symmetry labels:
itx,y,z— ljiiix, y,z+ 1
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Cul- - -Cu2 = 6.796 A), acting as covalent linkers. Coordina-
tion spheres around Cul and Cu2 are completed by two oxygen
atoms from the chain (see Figure 2), leading to a trans-octahedral
environment for Cul, and to a distorted square base pyramid for
Cu2 (7 = 0.34). The vanadyl oxygen atoms occupy the apical
position (O8) and one of the basal positions (012) of Cu2.

The unit cell contains four rotated Cul plus Cu2 units,
positioned in four consecutive “rugous” layers parallel to the ac
plane, aty = 1/gb, 3 /b, 3 /b, and 7/gb, labeled A, B, C and D, as
depicted in Figure 3 (interlayer distances = b/4 ~ 10 A).
Bipyridine molecules from both cupric sites are approximately
perpendicular to the CuVO layers, separating them.

The heterometallic oxide network displays two distinct cyclic
submotifs, shown in Figure 4: a 14-membered {Cu,VO,} ring
(labeled I in Figure 4) and a 18-membered {Cu,V,O,} ring
(labeled 1I in Figure 4) with dimensions of ca. 82 X 7.8 A
and ca. 8.5 X 9.9 A, respectively. In contrast to the bipy
molecules, which are almost perpendicular to the layer, the
ethylenediamine ligands lie inside the layers. The minimum
distance between copper centers of the same geometry (1—1
and 2—2) in the same layer is ca.7.270 A (equal to the a-cell
parameter) (see Figure 4).

Figure 2. Octahedral {Cu(bipy)(en)}** and square pyramidal
{Cu(en)(H,0)}*" cupric units connected to the infinite {(VO3)™},,
chains via common oxygen sites. Symmetry labels: i = x, y,z — 1;ii = x, y,
z+ 1. Dashed bonds are used for disordered positions p and g for oxygen
atoms O2 and O3.

The 71— interactions between adjacent bipy rings promote
the interconnection of neighbor parallel layers, generating
a three-dimensional structure. There are two types of m—m
stacking, that of the bipy rings associated to hexacoordinated
copper atoms (Cul); and that of the bipy rings of pentacoordi-
nated copper atoms (Cu2). Checking the values of the inter-
planar and centroid to centroid distances, 3.580 and 3.696 A for
the first type, and 3.362 and 3.631 A for the second, it is possible
to assume that the second interaction is more intense in
magnitude than the first. Moreover, just one pair of pyridine
rings is implied in the first interaction, while the complete bipy
ligand is implied in the second one. Also, the overlap of the
pyridine rings along the [100] for the first interaction is almost
complete, while it is partial for the second one, as reflected by
the slippage angles (14.4° and 22.2°, respectively; see Figure S).
This is reflected by the C—H- - - O oxo group, which further
contributes to the interlayer stabilization. Table 3 summarizes
the most relevant noncovalent interactions: H-bonds and 77—
stacking.

«— 7270 A —

Figure 4. View of the layered structure of 1, displaying the two distinct
cyclic submotives connecting Cul and Cu2 neighboring ions in a layer: a
14-membered {Cu,VsO-} ring (I), and an 18-membered {Cu,V,O}
ring (II). Only copper (light blue), vanadium (magenta), and oxygen
atoms (red) are shown.

A(y = 0.125)

B (y = 0.375)

D (y = 0.875)

C (y = 0.625)

Figure 3. The eight sites in the unit cell of [{ Cu(bipy)(en) } { Cu(bipy) (H,0)}{(VO3)4,} ], (1), belonging to four consecutive 2-D layers, labeled A, B,

C, and D.
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Figure S. Overlap between the bipyridine rings for stacking interac-
tions: (a) octahedral Cul, Cgl cee ng (I+x,1—y,1+z)and (b) square
pyramidal Cu2, Cg3~ .. Cg4 (—x,—y, 1 —2). Cgl: N1, C1, C2, C3, C4,
Cs; Cg*: N2, C6, C7, C8, €9, C10; Cg*: N, C18, C19, C20, C21, C22;
and Cg*: N6, C13, C14, C15, C16, C17.

Superexchange Pathways. The magnetic network of 1 can
be described as two different spin chain arrangements along the
a-axis [100], forming a 2D magnetic structure. The first chain
contains octahedrally coordinated Cul, with ca. 7.270 A between
adjacent spin carriers. The second chain contains pentacoordi-
nated Cu2, at the same distance. Neighboring copper atoms in
each type of chain are coupled by exchange interactions with
magnitudes J; and ], respectively. In the case of Cul chains, the
path for J; involves four covalent bonds between the two metal
centers (Cul—O—V—0O—Cul), while for ], six covalent bonds
connect Cu2 neighboring ions in the chains, (Cu2—O—V—
O—V—0—Cu2) (see Figure 4). Even when the linear distances
between Cul and Cu2 type ions are the same, the distance
through the bond (d;,) is longer for the path between the Cu2
ions. The closest Cul and Cu2 neighboring ions are at ca. 6.796 A
and the chemical path involves eight bonds and three V ions, and
the corresponding interaction will be called J5. In summary, the

Table 3. Hydrogen Bonds and 77— Contacts for Compound
1 (A and deg)”

D—H. . .A d(D- - -A)
O1IW—HI1AW. - -09' 3.066(4)
N3—H3A- - -O2P' 3.216(6)
N3—H3B. . -010" 3.120(5)
N4—H4A. - .06 3.175(4)
N4—H4B. . .08 3.072(4)
C1-Hl1- - -O7" 3.135(5)
C3—H3- - -01% 3.222(5)
C3—H3- - -03P" 3.246(13)
C7—-H7- - -06" 3.453(5)
C11—H11B- - -O4' 3.438(5)
CI2—HI2A- - -O8 3.356(5)
C12—H12B. - .04 3.488(5)
C19—H19. . - 08" 3.447(5)
C20—H20. - - 011" 3.330(5)
C21—-H21. - .O1" 3.383(5)
C22—H22. - -012 2.973(4)

 Symmetry codes: i =1 +x,, z; ii:x,y,z+l;iii:1/2—x, 1/7_—)/,3/2+z;
w=—x,—yl—zv=x+lyl+z

coupling interactions and the relevant chemical paths connecting
neighboring copper ions within a layer and between neighboring
layers are given as

e J; — Cul—Cul connected by axial—axial bridges
Cul—0—V—0—Cul (identical, nonrotated Cul), with
dy, ca. 7.943 A.

e J, = Cu2—Cu2 connected by axial—equatorial bridges
Cu2—O0—V—0—-V—0—Cu2 (identical, nonrotated
Cu2), with dy, ca. 11.124 A.

e J; — Cul—Cu2 connected by axial—axial bridges
Cul—O0—V—0—-V-O—V—0—Cu2 with d, ca. 15.107 A.

e J,— Cuions in neighboring layers at ca. 10 A connected
by complex, noncovalent arrays of bipyridine molecules.

The topology of the intrachain bridges between Cul and Cu2
ions having similar lengths, suggests that the magnitude |J;| is
similar to |J,], since the larger number of bonds and bond length
dy, of the Cu2 chains is compensated by its equatorial—apical
character, compared with the apical—apical character for Cul
chains. However, the magnitude of |J3| should be smaller than |, |
and |J,|, because of the longer length and complexity of the
corresponding paths. Since no covalent bonds are involved, the
magnitude |J4| of the interlayer coupling interactions should
be much weaker than |J;|, |J2|, and [J3].

While the chemical paths supporting Jy, J,, and J; are well-
defined, this is not the case for J,. For the latter interaction, a Cu !
ion in one layer interacts with many Cu" ions in the neighboring
layer, through paths having similar lengths but a distribution of
complexities. With regard to the effects of these interactions on
the EPR spectra, the distribution of couplings around an average
value is equivalent to a simple coupling. Our experiments allow
evaluation of this average or “effective” value. As described
previously and displayed in Figures S and 6, it should be
emphasized that there are two types of ring stacking alternating
in the structure, that could support the superexchange interac-
tions between Cu ions in neighboring layers. The EPR measure-
ments cannot discern between one and the other as being
responsible for J,, because both produce the same effect. In view

11465 dx.doi.org/10.1021/ic201278a |Inorg. Chem. 2011, 50, 11461-11471
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a
L»b

Figure 6. Two different types of 77— stacking alternating in the structure, between octahedral copper atoms (Cul, light blue) and between
pentacoordinated copper atoms (Cu2, dark blue). Vanadium(V) is shown as green tetrahedra.
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of the scarce information that exists regarding the problem, it is
difficult to argue about their relative role in supporting exchange
coupling interactions. Therefore, in the discussion that follows,
and to evaluate |J;| from the EPR results, it will be assumed
without strong arguments, equal contributions of both stacking
interactions.

Magnetic Results. The susceptibility data related to 1 are
displayed as y,T in Figure 7a, for By = 1 T and two copper ions
per molecular unit. In the temperature range of 100—300 K, T
remains constant and is equal to 0.85 emu mol ' K, and the
effective moment is 1.85 up per copper center, indicating a
g-factor of g = 2.14. yT decreases abruptly for T below ca. 20 K,
and at 1.82 K, it is 0T = 041 emu mol ™' K, indicating
predominant antiferromagnetic interactions at low temperatures.
The observed isothermal magnetization curve at 1.8 K displayed
in Figure 7b as a function of the magnetic field tends to a value

11466

of 2 up at high fields, as expected for two copper ions per
molecular unit.

According to the previous analysis of the exchange pathways,
we assume that the magnitude of the exchange interaction J; for
the chains of Cul spins is similar to J, for the Cu2 spins, and that
the effect on the magnetic susceptibility of J5 and ], between Cul
and Cu2 ions is negligible. In the high-temperature range, we use
the Curie—Weiss law:*"

O Ngw3s(s+1) C
1) = 3k<T_z]s(s ¥ 1)) “T_9
3k

where the exchange coupling parameter ] is defined by*'
A ex (i, ]) = J;SiS; and, in the molecular, field approximation,
the Curie and Weiss constants:*' ¢ = Y455+ g Z]S(Salj b,
Linear regression of the susceptibility data in the range of
100—300 K allowed calculation of the values 6 = —2 K (see
Figure 7a) and C = 0.9 (two coppers per molecule), indicating a
g-value of 2.19. Assuming that the coupling interactions of a copper
ion with its four nearest Cu neighbors (z = 4) are similar, and usin%
the molecular field approximation,* one obtains J = —1.4 cm ™~
for the average antiferromagnetic interaction with copper neigh-
bors in the layer. With the same assumptions, and considering now
the susceptibility data in the low-temperature range (1.8—50 K),
a regular spin chain model was used to estimate the mean J-value.
The polynomial approximation of Hatfield,* obtained from
the predictions of the model of Bonner and Fisher* for finite
chains of 11 spins '/,, as reformulated by Kahn,*' was used to fit
the susceptibility data.*”** Following this procedure, we obtained
J=—1.7cm” " and an average g-factor equal to 2.19 from the low-
temperature susceptibility data; these values are similar to the
results from the molecular field approximation. The experimental
values of yoT (T) at T < 50 K and those calculated with the chain
model with J = —1.7 cm ™" and g = 2.19 are shown in Figure 8.
Using susceptibility data in the low-temperature range to fit
the linear chain model eliminates problems with calculations
of temperature-independent corrections that are important and
difficult to evaluate with the necessary accuracy. In summary, these
arguments support that the mean field approximation and the
infinite chain model give similar results and reduce the system to a
one-dimensional (1D) magnetic structure.
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Figure 8. Experimental values of y,T (T) below S0 K (represented by
circles) and values calculated with the method of Bonner and Fisher,* as
used by Hatfield*® (represented by the line), described in the text.
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Figure 9. EPR spectra of a powder sample of 1 obtained at 300 K at (a)
33.78 and (b) 9.60 GHz. Solid and dotted lines are, respectively, the
experimental results, and the simulations obtained using the parameters
given in Table 4a.

EPR Results. Spectra of a Powder Sample. EPR spectra of a
powder sample of 1 obtained at 33.78 and 9.60 GHz are
displayed as solid lines in Figures 9a and 9b, respectively. As it
occurs in cases where the copper ions are exchange-coupled, the
hyperfine coupling is absent, averaged out by these interac-
tions.*” The spectrum corresponds to an S = '/ spin in an axial
coordination with a rhombic distortion, response of the crystal to
the rf excitation. Global fitting of a spin-Hamiltonian for a single
species of spin '/, with an anisotropic g-matrix,

A s = 1pSgBo (1)

to these spectra provides the principal values of this “crystal”
g-matrix and the line widths collected in Table 4a. The spectra
calculated with these parameters, shown in dashed lines in
Figure 9a and 9b, assume a single resonance where the
g-matrix, which is an average of those corresponding to Cul and
Cu2 in the lattice of compound 1,*" and the line width anisotropy

Table 4. (a) Components of the g-matrix Obtained by
Global Fitting eq 1 to the EPR Spectra of Powder Samples
Observed at 33.78 and 9.60 GHz, Assuming a Single Species
of Cu Ions in the Lattice, and (b) Components of the Crystal
& Matrix Obtained by a Least-Squares Fit of eq 2 to the
Data Taken in Single Crystals at 33.92 GHz Displayed in
Figure 10*

(a) Parameters Obtained from Spectra of Powder Sample

v = 33.78 GHz v =9.60 GHz
I 2.044(1) 2.058(1)
o 2.079(1) 2.082(1)
o 2231(1) 2.227(1)
Zico 2.123(1) 2.124(1)
o 2.6% 0.8%

(b) Parameters Obtained from the Single-Crystal Spectra (v = 33.92 GHz)

(@) 49598(7) (&)  F0.1433(3)
@)y 433233) (&) —00197(1)
(&) 42483(9) (¢,  +0.0520(6)

[0.9757(6), F0.2151(9), —0.0409(8)]
(@), 42201(3) a, [0.0729(9), = 0.4950(9), —0.8658(9)]
(g)s  43280(3) as [0.2065(9), & 0.8418(9), 0.4987(9)]

? (gz)l s (gz)z, ( gz) 3 and ay, a,, az are the eigenvalues and eigenvectors of

the g*-matrix. In this fitting, we assume two symmetry-related species of

Cuions in the lattice, and we do not consider the spectra observed in the

angular ranges of the ab and ¢*b planes, where the two resonances merge.

0 is the root-mean-square (rms) deviation of the calculated spectra from

the experimental result.

(@)1 499233) a4

have the same principal axes. This simplification in the simulation
may contribute to the discrepancies between observed and
simulated spectra around By ~1.17 T, at 33.78 GHz when the
resolution is highest (Figure 9a). Other contributions to the
discrepancies are discussed later. The g-values calculated from
the data (Table 4a) are in good agreement with those calculated
from the susceptibility data and reveal the rhombic distortion of
the g-matrix previously mentioned.

Single-Crystal EPR Spectra. The angular variation of the EPR
spectra observed at 33.92 GHz displays a rich and interesting
behavior. A single EPR line was observed for any orientation of
By in the c*a plane, while one or two resonances were observed
for different orientation ranges of By in the ab and ¢*b planes.
In fact, the two peaks observed in these planes merge into one
near the axes. No hyperfine structure due to the nuclear spin of
copper was observed at any magnetic field orientation. Positions
and peak-to-peak line widths (AB,) of the resonance lines were
obtained by least-squares fits of one or two Lorentzian derivative
lines of the spectra, according to the observed result. Smaller
angular intervals (1°) were used in the angular ranges of the ab
and ¢*b planes, where the collapse of two resonances to a single
line occurs. Figures 10a—c and 1la—c, respectively, display
the angular variations of the squared g-factor and the line widths
of the resonances, observed for By in the three studied
planes. Considering the data in the ab and c¢*b planes for
orientations where two resonances are observed, and the data
in the c*a plane, where one line is observed for any orientation of
B, for symmetry conditions (see later), we used a least-squares
method to obtain the matrix elements of g2 for each resonance
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Figure 10. Experimental values of the g*-factor at 33.92 GHz and 300 K
for By applied in the three crystal c*a, ab, and c*b planes. Symbols are the
experimental values. The solid lines were obtained with the components
of g* given in Table 4b.
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Figure 11. Angular variation of the peak-to-peak line width (AB,) of

the resonance observed at 33.92 GHz and 300 K for 1 and By applied in

the three crystal planes. The solid parabolic lines included in the ab and

c*b planes in the angular ranges, where a single line is observed, are
obtained with the model described in the text.

in Figure 10. We used
£(6,6) = (@), s 005 ¢ + (g), sin® Osin’ ¢
+(g),, cos* 0 + Z(gz)xy sin® @ sin ¢ cos ¢
+2(g?),. sin 6 cos 6 cos ¢
+ Z(gz)yZ sin 0 cos 0 sin ¢ (2)

and the values of the parameters obtained are given in Table 4b,
which also contains eigenvalues and eigenvectors of these
matrices. The predictions of the global fit, indicated as solid lines

in Figure 10, are in good agreement with the observed angular
variation (except in the angular regions near the axes, where the
two peaks merge) and it is important to note that the compo-
nents of the g*-matrices evaluated from single-crystal measure-
ments are slightly different from those obtained from simulations
of powder spectra, where we proposed a single resonance for all
field orientations. This first analysis of the single-crystal data does
not consider the collapse of the two peaks near the axes in the ab
and ¢*b planes that are treated in the next section.

EPR Spectra and Dimensional Phase Transition. Here, we
fully interpret the EPR data in single crystals in terms of the
structure of the Cu'" ions in the compound and of the exchange
interactions network that couples them, which was described
previously. The EPR signals observed in 1 are the response to the
microwave field of the copper ions. Each asymmetric cell of 1
contains two chemically different copper atoms, Cul and Cu2,
and repeats four times in the unit cell at positions A = (x, y, z),
B = (_x + 1/2)3/ + 1/21 —z + 1/2)7 C= (_xl - —Z); D=
(x — /5 —y — '/5,2 — '/,), related by C, rotation operations
and by inversions, plus a displacement. In the absence of exchange
couplings between Cu ions, and because of the space symmetry
of 1, one should observe four EPR signals for a general orienta-
tion of the field By, two corresponding to Cul and Cu2 ions at
layers type A, and other two corresponding to these ions at layers
type B, differing from layer A by a rotation of 180° around the
b-axis. Copper spins related by inversion operations at layers A and
C, and B and D, give rise to signals identical to those previously
described.

The exchange coupling interactions between copper ions
change this view, adding new interesting features to the EPR data.
According to the stochastic theory of narrowing and collapse of
magnetic resonance lines introduced by Anderson,’>*" when the
magnitude of the exchange coupling ] between two different spin
species is larger than the distance between their individual
resonances, the two resonances merge into a single one, with
behavior described by the theory. Only the magnitudes |J| of these
couplings are relevant in this phenomenon, and no information on
the sign of the interactions can be obtained. The main hypothesis
of this theory is that the interaction J of a spin with its environment
has a stochastic distribution, as occurs in an infinitely sized material
(an infinite-body problem). These ideas have been used to
estimate very weak exchange interactions between metal ions in
solids of the order of ~0.001 cm ™", even when much larger
interactions exist simultaneouslzf in the system, as discussed in
previous publications.””>*%*>

The exchange couplings J; and ], defined above between Cul
neighbors, and between Cu2 neighbors in a chain, respectively,
do not change this view, and are irrelevant to the EPR spectra,
because they couple identical spins and the isotropic exchange
coupling commutes with the Zeeman coupling. In such a case,
one should observe a spectrum corresponding to Cul and
another corresponding to Cu2. However, if the exchange cou-
pling |J3| between Cul and Cu2 neighbors within a layer is large
enough, the signals from these two ions collapse into one signal,
and only one peak is observed for each layer: one for Cul + Cu2
in layers A + C and the other for Cul + Cu2 in layers B + D.*”**
In that case, the wave function of the unpaired spin is delocalized
over the layer with a g-matrix equal to the crystal g-matrix
introduced in eq 1. This delocalization is also caused by the fact
that the hyperfine structure is washed out,*® as it is observed for 1.
If, in addition, the interaction |J;| between copper atoms in
neighboring layers is large enough, only one exchange collapsed
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signal is observed. This is the model that we present below, and is
used to evaluate the interactions |J5| and |J4|. The single-crystal
EPR data displayed in Figures 10 and 11 gives information about
these two smallest couplings between neighboring copper atoms
of different types in the lattice. The two signals observed in the
planes ab and ¢*b correspond to layers A and C, and B and D,
respectively. A merging into one of the resonances correspond-
ing to the different layers occurs near the axes when the interlayer
coupling becomes larger than the energy difference involved in
the transition. The coupling |J,| is fixed, but we sweep through
this condition, changing the positions of the peaks with magnetic
field orientation. For the range of orientations of By where two
signals are observed, compound 1 behaves as a two-dimensional
(2D) magnetic system and each signal is assigned to a copper
layer. In the range of field orientations where only one resonance
is observed, the behavior is three-dimensional (3D); i.e., accord-
ing the EPR measurement, the interlayer coupling is large
enough (compared with the energy splittings) to change the
magnetic dimensionality of the system to three dimensions.
The merging of two signals into a single one, as a consequence
of the exchange interactions previously described, is a quantum
phase transition that occurs when the magnitude of the root-
mean-square (rms) interaction between neighbor spins in dif-
ferent environments becomes larger than the energy splitting
of the EPR transitions involved. This phenomenon occurs as
a transition between two well-defined quantum states and
also occurs for materials with weakly interacting dinuclear
units.>"*”*® Wave functions, which, for a small interaction 5|
would be localized in one of the two copper atoms (Cul or Cu2),
in the presence of a sufficiently strong interaction, delocalize to
an extended wave function with a finite amplitude on each ion
and with properties that are the average of the individual values.
In our experiments at 33.92 GHz, the peaks of Cul and Cu2 are
merged for any field orientation. To break this condition, it
would be necessary to perform measurements at higher micro-
wave frequencies. Our experiments only allow obtaining a lower
limit for |J3|. Similar reasoning can be made for |J,|; when it is
smaller than the line splitting, each copper layer gives its own
signal. However, in that case, we can sweep through the merging
condition with magnetic field orientation and the position of the
transition allows one to obtain a well-defined value for |J4].
Figure 12 shows the ratio Age,,/Ageac in the ab and ¢*b planes
plotted against the quantity (,uBAgcachO)71 in units of cm

1.0F T T T =
axis plane
e ) ab

0.5+ o b c*b |
o
< oo0f
¥

05 ¢ 4

-1.0 b_ma® ! L 1 ! L 4
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(g, B)" [em]

Figure 12. Collapse of the resonances as a function of the inverse of the
line splitting around the b-axis in the ab and ¢*b planes. The collapse of
the signals is a function of the root-mean-square (rms) average of the
exchange coupling between Cu ions in neighboring layers.

(inverse energy units, cm '), with g being the Bohr magneton.
Agexp and Agyc are calculated from the distances in magnetic
field between the two observed lines, and from the calculated
distances of the positions obtained from the fits with eq 2,
respectively. A value for the exchange frequencgr hw., =
0.0045 cm ™' was obtained by fitting the function® >°

2
A €X] h ex
Agcalc Ug AgcachO

to the data in Figure 12. The solid line in this figure, which has
been obtained from this fitting, is in good agreement with the
experimental data. The exchange frequency (w.,) in eq 3 was
introduced by Kubo>® and is related to the time correlation
function of the spin dynamics produced by exchange coupling.
Each contribution to the exchange is associated to a particular
exchange frequency w., (here, we deal with only one value).
Below, we show the relationship between w,, and the exchange
couplings, giving rise to the spin dynamics.

The parabolic dependence of the line width that is observed
in the angular regions, where the peaks corresponding to the
different layers merge (collapsed regions), provides another way
to calculate w.,. Figures 11a—c display the angular dependence
of the EPR peak-to-peak linewidth ABy(6,¢) observed for B in
the crystal planes ab and ¢*b. It has been shown that>*

+ AB,(0) (4)

where G is defined by Passeggi et al.>* and accounts for the
difference between the average g-factors corresponding to the
different layers, ABj is the residual line width along the crystal
axes, @y is the Larmor frequency, A is Planck’s constant, and py is
the Bohr magneton. A least-squares fitting of eq 4 to the
linewidth data in the collapsed regions around the b-axis in the
ab and c*b planes was performed; the results are shown as
solid lines in Figures 1la—c and allow one to obtain Aw,, =
0.0065 cm ™', similar within the expectancies for the value
obtained from Figure 12. The components of the molecular
g-matrix evaluated above (Table 4), average of the g-matrices for
Cul and Cu2, were used to obtain the exchange frequency whose
value is related to the exchange parameter ] by the following
equation:w’zg’30

hoe = Y (z)2)" (s)

i

where z; is the number of the nearest neighboring Cu ions
connected by the ith chemical path and J; are the exchange
parameters associated with each chemical path connecting pairs
of copper atoms. Using eq S, we obtain |J,| = 0.0034 =+
0.0004 cm ™" for the coupling between Cu ions in neighboring
layers, using the average w., values, from the collapse of the
resonances (Figure 12) and from the linewidth data around the
axes in the ab and c*b planes (Figure 11). More details about
these calculations can be found in previous papers.”’ '
Exchange coupling interactions between metal ions supported
by the stacking of the rings of pyridine and 1,10-phenanthroline
have been estimated in the past from mean field approximation
analysis of susceptibility data. Using this methodology, it is difficult
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to separate the contribution from different sources of exchange
couplings, and the results are crude approximations.®*® In a recent
publication, Neuman et al.*” studied by EPR the weak ferromag-
netic dinuclear copper compound [Cu(tda)(phen)], - Hytda (tda=
thiodiacetate, phen =1,10-phenanthroline). They analyzed the data
using a method discussed by Anderson® and by Weil et al,*
where the exchange frequency is calculated from fits of this method
to the resonances observed in the angular region where two peaks
are observed. They reported J' = 0.0070 cm™ ' for the coupling
between units, which they claim to be supported by the stacking of
phenanthroline rings. This value is very close to our result, even
though the characteristics of the reported compound®” introduce
higher restrictions to separate the effect of the interactions present
in the system in the analysis of the EPR data. In our work,
Figures 11 and 12 allow a much more direct way to evaluate the
coupling. Comparison of the results indicate that the stacking of
phenanthroline and bipyridine molecules produces similar cou-
pling interactions.

Il CONCLUSIONS

This work provides a new example of oxovanadium—copper
bipyridine hybrid organic—inorganic compound, which presents
two different Cu" centers, in penta- and hexa-coordination
modes. The compound shows two different 77— stacking
interactions in the crystal lattice.

Similar results were obtained by modeling the magnetic
measurements with the mean field Curie—Weiss approximation
and with a quantum model considering spin chains arranged in
layers, supporting the idea of isolated spin chains, with an average
antiferromagnetic coupling between nearest-neighboring copper
jons J= —1.6 cm ™.

Cul and Cu2 ions in neighboring chains are coupled by
weaker exchange interactions with [J5| > 0.04 cm ™', which are
important to describe the behavior of the EPR spectra in oriented
single crystals. The most relevant electron paramagnetic reso-
nance (EPR) results refer to the layered structure of the copper
ions and the role of the stacked structures of bipy molecules,
acting as path for superexchange interactions (J;) between
copper atoms in neighboring layers at ca. 10 A.

The coupling interactions described by J; and ], produce a
quantum phase transition where the wave functions of the Cu
ions, localized principally on the individual Cu centers, change to
be localized in layers containing Cul and Cu2 ions due to J3, and
to be delocalized in 3D due to the interlayer coupling J4. This last
transition allows one to estimate an average value |J,| = 0.0034 &
0.0004 cm ™ ". These transitions are observed as the merging of
the EPR peaks of the single-crystal spectra of 1 produced by the
different exchange interactions between copper atoms.

In the case of Jy, ], and J3, the exchange pathways involve one
or more * + +O—V—0O- + + covalent units; however, J, is a
consequence of the coupling through the stacking of the bipy
rings that separate the copper layers at ca. 10 A in the compound.

In conclusion, EPR provides a very sensitive tool to evaluate
very weak interactions between metal ions, even in the presence
of much-larger exchange couplings.
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