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The formate anion, HCO, ", has been used infrequently as a building block in molecular magnetic materials. We have
synthesized and structurally and magnetically characterized two new Cu(HCO,),L compounds, where L represents
pyrazine (pyz) and 4,4'-bipyridine (bipy). The single crystal structure of Cu(HCO,),(pyz), 1, has been established

by both X-ray (295 K) and neutron diffraction (20 K). The compound consists of tetragonally-elongated CuN,O,
octahedra made up of four bridging formate anions and two neutral pyz ligands. The 3D polymeric network is
comprised of 2D Cu(HCQO,), layers that are fused together by the linear pyz spacers, which form Cu—pyz-Cu chains.
Cu(HCO,),(bipy), 2, is chiral and has a more complex framework than 1. The CuO,N, octahedra align in two unique
orientations relative to one another, owing to the 4, and 2, screw axes that lie along the « and b-axes. The octahedra
are connected via four bridging HCO, ™ anions and two bridging bipy ligands, resulting in a unique 3D scaffold
structure. The magnetic behavior of 1 and 2 indicates antiferro- and ferromagnetic interactions, respectively, and the

exchange couplings in both 1 and 2 are well reproduced by a 1D spin Hamiltonian. Spin dimer analysis was carried
out to evaluate the relative strengths of the various spin exchange paths. It is found that the interaction through
HCO,™ is comparatively weak, and the strong Cu®** spin exchange interactions are mediated by the pyz and bipy
ligands via the c-pathway. A possible reason as to why 2 displays ferromagnetic coupling is proposed.

1 Introduction

A rich variety of coordination polymers with interesting mag-
netic behavior have been obtained by combining paramagnetic
transition metal ions and small molecular subunits such as
CN,' N,7,2 ox* (ox = oxalate),® and many others. Strikingly,
the formate anion, HCO, , which is also the simplest
carboxylate, has been used very infrequently as a build-
ing block, although acetate, CH;CO,", and several others have
been.* While each of these anions possesses potentially bis-
coordinating oxygen atoms, CH;CO,™ tends to favor formation
of transition metal-dimer motifs, ie. M,(CH;CO,), solvent,
which hampers the construction of multidimensional magnetic
solids. Moreover, the unpaired electrons are typically restricted
to the dimeric unit, affording very strong intramolecular
antiferromagnetic coupling.’

Simple metal-formate hydrates have long been known.®
Cu(HCO,),(H,0),°2H,0 has received the most research inter-
est, even very recently, owing to its quantum spin state and
relationship to high-T', cuprate superconductors.” The crystal
structures of these simple salts consist of two-dimensional
polymeric networks that involve bridging p-HCO,  formate
anions and hydrogen bonding between coordinated and non-
coordinated water molecules.® Antiferromagnetic exchange
interactions, which are mediated by the formate ligand, lead to
pronounced 2D magnetic behavior while weaker interlayer
interaction via H,O molecules affords a Néel temperature of
17 K.* Quantum-spin magnetic systems, especially confined to

T Electronic supplementary information (ESI) available: Table SI,
Exponents and valence shell ionization potentials. See http://
www.rsc.org/suppdata/dt/b3/b302631k/
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This journal is © The Royal Society of Chemistry 2003

one- or two-dimensions, have been an active area of investi-
gation for many years. Thus, systems such as copper(i1) formate
tetrahydrate, Cu(HCO,),(H,0),:2H,0, are particularly attract-
ive and have been studied with a number of physical tools so
that a fundamental understanding of the correlation between
lattice and spin dimensionality may be gained. The purpose of
the current work was to modify the structure of the parent
Cu(HCO,),(H,0),°2H,0 by replacing the H,0 molecules with
bridging organic ligands in an effort to assemble 3D networks,
as well as to systematically modulate the magnetic exchange
coupling.

In this paper, we report the successful chemical modification,
crystal structures, magnetic behavior and electronic structure
calculations for two new Cu?* formate derivatives, Cu(HCO,),-
(pyz) {pyz = pyrazine}, 1, and Cu(HCO,),(bipy) {bipy = 4,4’-
bipyridine}, 2. The two compounds demonstrate strong 1D
magnetic exchange, which is propogated via the pyz and bipy
bridging ligands.

2 Experimental
2.1 Synthesis

Cu(HCO,),(pyz), 1. To a vigorously stirring 10 mL aqueous
solution of Cu(HCO,),:yH,0 (3.26 mmol, 0.500 g) was added a
5 mL ethanolic solution containing pyz (7.5 mmol, 0.600 g). A
blue solid precipitated immediately from solution that was
allowed to stir an additional 1 h at room temperature. The blue
microcrystalline solid was collected by suction filtration and
dried in vacuo for ~8 h, yielding 0.454 g of 1 (60% yield). The
additional product in the form of large single crystals may be
obtained by allowing the filtrate solution to stand undisturbed
at room temperature for ~3 months. The powder and single
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crystal samples were determined to be identical as shown by
IR spectroscopy and a comparison between calculated and
observed X-ray powder diffraction patterns.

Cu(HCO,),(bipy), 2. To a 10 mL aqueous solution containing
NaHCO, (0.75 mmol, 0.051 g) and Cu(HCO,),"yH,O (1.50
mmol, 0.339 g) was added a 5 mL acetone solution of 4,4'-bipy
(3.00 mmol, 0.469 g). While stirring, a blue precipitate formed
quickly which was allowed to stir an additional 1 h at room
temperature. The obtained blue powder was collected by
suction filtration and dried in vacuo for ~5 h, yielding 0.390 g of
2 (84% yield). Single crystals of 2 in the form of deep blue cubes
were obtained by slow solvent evaporation of the filtrate over a
2 week period. From IR spectroscopy and comparative analysis
of X-ray powder diffraction data, we concluded that both the
powder and single crystal samples of 2 were of identical
composition.

2.2 Single crystal structure determinations

X-ray diffraction. For 1 and 2, respectively, blue blocks meas-
uring 0.3 X 0.2 X 0.2 and 0.15 X 0.15 x 0.15 mm were adhered
to glass fibers and mounted on a Bruker AXS X-ray diffract-
ometer equipped with a SMART CCD area detector. Mono-
chromated MoKa radiation (A = 0.71073 A) was used in the
data collection. Approximately a hemisphere of data was meas-
ured to a resolution of 0.75 A at room temperature. The area
detector frames were integrated by use of the program SMART,
and the resulting intensities absorption corrected by gaussian
integration (SHELXTL program suite). The SHELXTL pro-
gram package was employed in the structure solution using
direct methods, full matrix least-squares refinement on F2
(using all data) and some graphics. Positions of aromatic H
atoms were calculated by employing a ‘riding’ model with an
isotropic displacement parameter 20% larger than the equiv-
alent isotropic displacement parameter of the atom to which
the H atom is attached. No correction for extinction was
required.

Neutron diffraction. Neutron diffraction data were collected
on a large single crystal of Cu(HCO,),(pyz), 1, at the Intense
Pulsed Neutron Source (IPNS), Argonne National Laboratory.
The single-crystal diffractometer, SCD, is a time-of-flight
(TOF) instrument with time- and position-sensitive detectors.
Neutrons are produced by the pulsed (30 Hz) spallation source
at IPNS, and the SCD instrument uses the entire thermal spec-
trum of neutrons from each pulse. The SCD position-sensitive
neutron detector contains a ®Li-glass scintillator with dimen-
sions of 30 x 30 cm?. For a given crystal setting, data are stored
in a three-dimensional histogram in which each point has co-
ordinates x, y, and ¢, which are the horizontal and vertical
detector positions and the TOF, respectively. ¢ is related to the
neutron wavelength A by the de Broglie equation 4 = (h/m)(t/]),
in which / is Planck’s constant, m is the neutron mass, and / is
the path length traversed in time z. There are 120 time-of-flight
channels in each histogram, constructed in such a way that
At/t has a constant value of 0.015. Each histogram comprises
measurements of a three-dimensional block of reciprocal space,
from neutrons in the wavelength range of 0.71-4.2 A. A
detailed description of the SCD instrument and data collection
and analysis procedures has been given in the literature.”!® The
sample temperature was controlled using an Air Products and
Chemicals, Inc. model CS-202 closed-cycle helium refrigerator.

The initial orientation matrix was obtained using an autoin-
dexing algorithm ! of peaks in a single histogram. The occur-
rence of the C-centered phase at the temperature of the experi-
ment was verified. For intensity data collection, 17 histograms
were measured, each for a different crystal setting, in order to
cover a unique quartet of reciprocal space. Bragg peaks were
integrated in three dimensions about their predicted locations
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and were corrected for the incident neutron spectrum, detector
efficiency, and deadtime loss. Lorentz and absorption correc-
tions were also applied. The structure was refined with the pro-
gram SHELXL97." In the final least-squares cycle, all atoms
including hydrogen were refined with anisotropic temperature
factors. A summary of parameters related to the neutron
diffraction experiment is presented in Table 1. Selected bond
distances and angles of 1 and 2 are listed in Tables 2 and 3,
respectively.

CCDC reference numbers 205743, 204744 and 211672.

See http://www.rsc.org/suppdata/dt/b3/b302631k/ for crystal-
lographic data in CIF or other electronic format.

2.3 Magnetic measurements

Low temperature ac susceptibility measurements (7 < 4.5 K)
were performed on a Lakeshore model ACS 7000 suscepto-
meter equipped with a 5 T superconducting magnet. Powder
samples weighing ~50-100 mg were loaded in Delrin holders
and mounted to the end of the sample rod. Measurements
entailed cooing of the sample in zero-field to the lowest desired
temperature, generally 1.6 K, and data collected upon warming.
A 1 Oe drive field oscillating at 125 Hz was employed during the
measurements. Dc magnetization data were limited to 7' >
4.5 K and collected using a Quantum Design MPMS-7 SQUID
magnetometer. Smaller samples, typically weighing 30-50 mg,
were loaded into gelatin capsules, mounted in a plastic straw
and attached to the end of the sample rod. A 6 cm scan length
was used as it provided sufficient sensitivity for these measure-
ments. The samples were zero-field cooled to 4.5 K, the dc field
charged to 1 kOe, and data taken upon warming to 300 K. Plots
of yT shown here were made by merging our low-7T ac
and higher-7' magnetic susceptibility data. Field-dependent
M(H) experiments up to 7 T were made at 4.5 K using the
SQUID. All magnetic data were corrected for core diamagnet-
ism that was —162 x 107® and —221 x 10~° emu mol ™' for 1 and
2, respectively, as determined from Pascal’s constants.

3 Crystal structures of Cu(HCO,),(pyz), 1, and
Cu(HCO,),(bipy), 2

The present X-ray and neutron diffraction studies show that
compound 1 crystallizes in the monoclinic space group C2/c at
295 and 20 K. The neutron diffraction measurement was made
to search for any possible structural phase transitions between
the two temperature extremes but none were detected. The dif-
ference between the unit cell volumes at 20 and 295 K is ~5%
which is attributed to the usual lattice contraction upon cooling
and the f-angle decreases from 92.78(2) to 90.235(2)°. An
ORTEP diagram showing the Cu®* coordination sphere and the
atom-labeling scheme are given in Fig. 1. The CuO,N, chromo-
phore is Jahn-Teller distorted along the @ + b direction, with
two short Cu-O(1), two long Cu-O(2) and two intermediate

Fig. 1
(py2), 1.

ORTEP diagram and atom labeling scheme for Cu(HCO,),-



Table 1 Crystallographic data for Cu(HCO,),(pyz), 1, and Cu(HCO,),(bipy), 2

Compound Cu(HCO,),(pyz), 1 Cu(HCO,),(pyz), 1 Cu(HCO,),(bipy), 2
Radiation type X-Ray Neutron X-Ray
Formula CuCyO,N,H, CuC,O,N,H¢ CuC,,0,N,H,,
Formula weight 233.67 233.67 309.76

Space group C2/c C2le P4.2,2

alA 11.5799(11) 11.405(3) 7.8534(2)

blA 7.6759(7) 7.510(1) 7.8534(2)

c/A 8.5592(8) 8.435(2) 18.4799(8)

pre 90.235(5) 92.78(2) 90

VIA3 760.8(1) 721.6(3) 1139.8(1)

VA 4 4 4

T/IK 295 20 295

MA 0.71073 TOF, 0.71-4.2 0.71073
w/mm™! 2.851 1.135 + 0.6611 1.93

R(F)“ 0.0312 0.067 0.0228

R(F)" 0.0921 0.164 0.0631

GOF 1.180 1.003 1.084

“R=X[|F| = |FIVZIF,|. " Ry = [EwllF,| — |FIP/EwF ™.

Table 2 Selected bond distances (A) and bond angles (°) for

Cu(HCO,),(py2), 1

X-Ray (298 K) Neutron (20 K)
Cu-0O(1) 1.954(2) 1.940(3)
Cu-0(2) 2.371(2) 2.314(2)
Cu-N(1) 2.083(2) 2.039(2)
C(1)-N(1) 1.336(4) 1.327(3)
C(2)-N(1) 1.3334) 1.325(2)
C(1)-C(2) 1.385(4) 1.377(3)
C(3)-0(1) 1.258(4) 1.257(3)
C(3)-0(2) 1.233(4) 1.230(4)
O(1)-Cu-0(2) 88.85(9) 89.02(10)
O(1)-Cu-0O(1) 180 180
O(1)-Cu-N(1) 89.19(11) 88.88(10)
0O(2)-Cu-N(1) 88.85(9) 88.66(7)
Cu-O(1)-C(3) 128.6(2) 127.9(2)
O(1)-C(3)-0(2) 125.2(3) 124.2(2)

Table 3 Selected bond distances (A) and bond angles (°) for

Cu(HCO,),(bipy), 2

Fig. 2 Perspective view of the crystal structure of 1 viewed normal to
the pyz rings.

Cu-0(1) 1.977(1) O(1)-Cu-0(1) 176.70(9)
Cu-0(2) 2.528(2) O(1)-Cu-0(2) 85.13(7)
Cu-N(1) 2.031(2) O(1)-Cu-N(1) 88.35(5)
Cu-N(2) 2.015(2) O(1)-Cu-N(2) 91.65(5)
O(1)-C(7) 1.243(3) N(1)-Cu-N(2) 180
C(1)-N(1) 1.337(2) Cu-O(1)-C(7) 129.7(2)

Cu-N(1) bond lengths of 1.954 (2), 2.371 (2) and 2.083 (2) A
(X-ray diffraction) and 1.940 (3), 2.314 (2) and 2.039 (2) A
(neutron diffraction), respectively. As shown by both X-ray
and neutron diffraction, the bond angles within the Cu?*
octahedron, namely O(1)-Cu-0O(2), O(1)-Cu-N(1) and O(2)—
Cu-N(1), deviate slightly from 90° and range from 88.9 (1) to
91.1 (1)° and, as required by symmetry, O(1)-Cu-O(1A), O(2)—
Cu-O(2A) and N(1)-Cu-N(1A) are 180°. Weak hydrogen
bonding between H(3A) and O(2) [2.315 (9) A] may act to
further stabilize the structure. The bond distances and angles
within the HCO, and pyz moieties are typical for these
species.*'3 The four equatorial formate anions and two axially-
coordinated pyz ligands form bridges to six other CuO,N,
octahedra, affording a 3D framework structure, Fig. 2 and 3.
Infinite 2D square Cu(HCO,), layers reside in the bc-plane that
adopt a similar structural arrangement to that observed
in Cu(HCO,),(H,0),2H,0. The pyz spacer ligands bridge
the layers together with Cu -+ Cu distances of 6.946 A.
The closest Cu --- Cu separation via HCO, is 5.748 A.
A similar 2D-layered structure has recently been reported for
Co(HCO,),(HCONH,),, where hydrogen bonds between

Fig. 3 Alternative view of the scaffold structure of 1 viewed parallel to
the (010) direction.

HCONH, molecules and HCO,  fuse the sheets together to
yield a weakly held 3D structure.'*

The single crystal X-ray structure of 2 was determined at
room temperature. It crystallizes in the tetragonal space group
P4,2,2 with a = 7.8534 (2), ¢ = 18.4799 (8) A and V' = 1139.75
(13) A®. The Cu** cation resides at the center of a 4 + 2 tetra-
gonally-elongated octahedron, with Cu-O(1), Cu-O(2), Cu—
N(1) and Cu-N(2) bond distances of 1.977 (1), 2.528 (2), 2.031
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Fig. 4 ORTEP diagram and atom labeling scheme for Cu(HCO,),-
(bipy), 2. Hydrogen atoms have been omitted for clarity.

(2) and 2.015 (2) A, respectively, Fig. 4. Bond angles within the
coordination sphere deviate appreciably from the expected 90°
angles which range from 85.13 (7) to 94.70 (7)°. The N(1)-Cu-—
N(2) bond angle is 180° while O(1A)-Cu-O(1) and O(2A)-Cu-—
O(2) are, respectively, 176.70 (9) and 173.91 (8)°. The sp*
hybridized oxygen atoms, O(1) and O(2), of the coordinated
formate anions make Cu-O(1)-C(7) and Cu-O(2)-C(7) bond
angles of 129.7 (2) and 117.2 (2)°, respectively. The aryl rings of
the bipy ligand are not coplanar and are twisted relative to one
another by 50.5 (2)°. All other bond distances and angles of the
HCO2- and bipy ligands agree with those observed in other
systems.>*?#13 The extended structure is a 3D coordination
polymer but it differs from that of 1, Fig. 5. For 2, each HCO,~
anion and 4,4'-bipy bridge two Cu?" centers and thus each
CuO,N, octahedron is vertex connected to six other octahedra.
Neighboring 1D linear Cu-bipy-Cu chains are alternately
rotated by 90° and propogate parallel to the (110) and (—110)
directions. In contrast to 1 and the parent Cu(HCO,),(H,0),*
2H,0 compound, the square layers are not retained: see Fig. 6,
which shows only the formate connectivity of the Cu cations
within 2. Note the edge-sharing chair-cyclohexane type con-
formation adopted by the Cu ions and the relationship to the
diamond lattice. As a result, a chiral 3D framework is formed
which is reminiscent to the Mn-azide complex, Mn(Nj),-
(bipy).” The shortest metal-metal separation is 6.067 A via Cu—
OC(H)O-Cu bonds, which is 0.319 A (5.4%) longer than those
inl.

Fig. 5 Crystal structure of 2 viewed along the (100) direction.
Hydrogen atoms have been omitted for clarity.

The four short bonds of each CuO,N, octahedron (i.e., two
Cu-O and two Cu-N bonds) in 1 and 2 forms a CuO,N,
“square”. The CuO,N, “squares” are arranged in a 3D pattern
such that the N-Cu-N units form linear N-Cu—N - -+ N-Cu-—
N:-+ N-Cu-N --+ N-Cu-N --- chains (ie, ZCu-N ---
N = 180°) where N - -+ N refers to the end two nitrogen atoms
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Fig. 6 Connectivity of the Cu** cations within the framework of 2
illustrating the diamond-like topology. The bipy ligands have been
omitted for clarity.

of the spacer ligands pyz or bipy. These linear chains are further
connected by the O-Cu-O :-- O-Cu-O -+- O-Cu-O --- O
Cu-O --- linkages, where O --- O represents the oxygen
atoms of (HCO,) . It is noted that the Cu-O -+ O and Cu—
O --- O linkages are strongly bent (i.e., £ZCu-O(1) --+ O(2) =
128.5° and 2£0(1) -+ O(2)-Cu = 120.5° in 1, and £Cu-
O(1) --- 0(2)=129.7°and £0(1) - -+ O(2)-Cu=117.1°in 2).

4 Magnetic properties
T-dependent behavior

The variable-temperature magnetic behavior of polycrystalline
samples of 1 and 2 were measured between 1.6 and 300 K using
complimentary ac susceptibility and dc magnetization tech-
niques. The magnetic data for 1 and 2 are shown in Fig. 7 and 8§,
respectively.
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Fig.7 Plot of yT and 1/y for Cu(HCO,),(pyz), 1, collected between 1.6

and 300 K. The solid line is the best fit to the Bonner—Fisher 1D chain
model as described in the text.

At ambient temperature, the y7-value for 1 is 0.42 emu K
mol~!, which is only slightly larger than the expected value of
0.375 emu K mol™! (for g = 2) owing to g-value anisotropy of
the Cu** ion. Upon cooling, y7(T) remains fairly constant
until ~45 K where it decreases abruptly and continuously down
to 1.6 K, where a value of 0.074 emu K mol ™" is reached. The
rapid decrease in y7 is a result of moderate antiferromagnetic
exchange interactions between nearest-neighbor S = 1/2 Cu**
sites. Subsequently, the y7(7T") data were fitted to a Curie—Weiss
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Fig. 8 Plot of T for Cu(HCO,),(bipy), 2, obtained between 1.6 and
300 K. The solid line is the fit to Baker expression for 1D S = 1/2
ferromagnetic chains.

expression between 10 and 300 K, which yielded g =2.12(1) and
0=—3.24(1) K. As an initial test, the y7(T') and y(T') data were
individually fit to the Bonner—Fisher 1D antiferromagnetic
chain model."® Excellent agreement was obtained in either case,
giving g = 2.14(1), Jlkg = —3.94(1) K and TIP = —60 X 10~ emu
mol~". The expression, eqn. (1), which relates the J-value of a
low-dimensional magnetic system to the temperature at which
point y(7T') reaches a maximum, 7 ,,, gave a comparable result
(—4.14 K) and further supports the 1D formalism for 1.'6 The
exchange constant, J/ky, is comparable to values observed in
other magnetic Cu(i)-pyz systems.” Furthermore, a broad
maximum in y(7") was observed at 3.9 K that signifies short-
range and not long-range magnetic ordering. It will be shown in
Section 5 that the magnetic behavior is indeed 1D and arises
from the Cu—pyz—Cu spin—spin interaction.

kpT T = 1.12S(S + 1) + 0.10 (1)

The T-dependent magnetic behavior of 2 differs markedly
from that of 1. At 300 K, xT has a value of 0.40 emu K mol™'
and, owing to g-value anisotropy, this value exceeds the
expected value of 0.375 emu K mol™!' for isotropic and
uncoupled spin 1/2 ions. Upon cooling to low temperature,
xT(T) is nearly flat until ~50 K, increases below ~50 K, and
then rapidly increases below ~20 K owing to ferromagnetic cor-
relations (Fig. 8). A final value of 1.87 emu K mol ™' is reached
at 2 K, at which point, no maximum is observed. A Curie—Weiss
analysis of the 1/y data over the full 7-range yields g = 2.03(1)
and 0 =3.94(1) K. To determine the magnitude of the exchange
interaction between the Cu ions, the y7(7T") data were also fitted
to the Baker expression for ferromagnetically coupled 1D
chains.'® This yielded satisfactory agreement for g = 2.02(1) and
Jlhey =2.87(7) K.

H-dependent behavior

The field-dependent magnetization, M(H ) was acquired at 4.5
K, which is above Ty, for both 1 and 2, Fig. 9. M(H) rises
linearly for 1 up to 7 T which attests to the antiferromagnetic
correlations of the system. For the sake of argument, assuming
M(H) continuously increases with linear slope, the saturation
magnetization, M, would occur near 6000 emu Oe mol ™' (~90
kOe) based on the g-value obtained from the Curie—Weiss fit. In
contrast, 2 shows a nonlinear field-dependent behavior and is
continually curving with decreasing slope upon steadily increas-
ing the applied field. A saturation magnetization does not occur
over the measured field range, although a value of 5450 emu Oe
mol ' is obtained at 7 T that is 95% of the predicted value. The
Brillioun magnetization for S = 1/2 and g = 2.025 is shown for
comparison in Fig. 9.

5 Discussion

For the simplicity of our discussion, let us choose the local
coordinate of the CuO,N, “square” of a distorted CuO,N,

6000 T T T T
5000
S 4000 ,
£
S
3 3000 b
€
e
= 2000 1
Cu(HCO,),(pyz)
° 22
1000 ..o‘ O CuHCO,),(bipy)
S = 1/2 Brillioun M(H)

0 10 20 30 40 50 60 70 80
H (kOe)

Fig. 9 Isothermal M(H) for 1 and 2 taken at 4.5 K. The Brillioun
magnetization calculated at 7' = 4.5 K for g =2.025 is shown as a heavy
line.

octahedron such that the x- and y-axes run along the Cu—N and
Cu-O bonds, respectively. Then the magnetic orbital of each
CuOyN, distorted octahedron is given by the d.. . orbital of
Cu that has sigma antibonding contributions of the ligand
atom p-orbitals (Fig. 10a)."**° The extent of antiferromagnetic
interaction through a Cu-L-Cu path, where L refers to a
ligand, is strongest when the path is linear.?! In the previous
section it was noted that in both 1 and 2, the CuO,N, “squares”
form linear N-Cu-N --+ N-Cu-N --- chains and the Cu-
O --- O linkages between these linear chains are strongly bent.
In addition, as depicted in Fig. 10b and 10c, the spacer ligand
N -+ N (ie, pyzin 1 and bipy in 2) has the sigma “lone-pair”
orbital that can interact strongly with the d,. » orbital of Cu.
Consequently, it is reasonable to expect that spin exchange
interactions are strong only along each linear N-Cu-N - -+ N—
Cu-N --- chainin both 1 and 2. This expectation is consistent
with the finding that 1 exhibits 1D antiferromagnetism at low
temperatures, but is in contradiction to the observation that 2
exhibits 1D ferromagnetism at low temperatures. To under-
stand the difference between 1 and 2, we need to carry out a
more quantitative analysis to see if the antiferromagnetic inter-
action in the Cu-N - - - N—Cu path is weak in 2.

The strengths of spin exchange interactions (i.e., spin
exchange parameters J) can be determined on the basis of

y

(@ T_> X

(b) w@@

Fig. 10 (a) Schematic representation of the magnetic orbital of a
CuO,N, “square”. (b) Sigma “lone-pair” orbital of pyz that interacts
strongly with the Cu d.. . orbital. (c) Sigma “lone-pair” orbital of
bipy that interacts strongly with the d.. . orbital of Cu.
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first-principles electronic structure calculations in two ways,
namely, electronic structure calculations for the high- and low-
spin states of spin dimers (i.e., structural units consisting of two
spin sites)?>?* and electronic band structure calculations for
various ordered spin arrangements of a magnetic solid.* For
magnetic solids with large and complex unit cell structures the
quantitative methods become difficult to apply. In under-
standing physical properties of magnetic solids, however, it is
sufficient to estimate the relative magnitudes of their J
values.'®??%?° In general, a spin exchange parameter J can be
written as J = Jp + J,g, where the ferromagnetic term Jg (> 0) is
small so that the spin exchange becomes ferromagnetic (i.e., J >
0) when the antiferromagnetic term J,p (< 0) is negligibly small
in magnitude. Spin exchange interactions of magnetic solids are
mostly antiferromagnetic (i.e., J < 0), and can be discussed by
focusing on the antiferromagnetic terms J,z.'*****?° When all
the spin sites of a magnetic solid are equivalent and have one
unpaired spin per site, the J, term of a spin dimer is given by *

Jar=—(Ae) Uy @

where Ae is the spin orbital interaction energy, i.e., the energy
separation between the two singly occupied orbitals of a spin
dimer (Fig. 11) and U, is the effective on-site repulsion. For a
set of closely related magnetic solids, the U, value should be
nearly constant.’®***? Trends in the antiferromagnetic spin
exchange parameters J values (i.e., J < 0) of various magnetic
solids are well reproduced by the —(Ae)? values calculated for
their spin dimers on the basis of extended Hiickel tight binding
(EHTB) electronic structure calculations.'*2**2?* In these calcu-
lations, it is found necessary to employ double-{ Slater type
orbitals (DZ STOs)*! for both the 3d orbitals of the transition
metal and the o/ orbitals of the surrounding ligand atoms.

Ae

Fig. 11 Orbital interaction diagram between two magnetic sites in a
spin dimer, where the spin orbital interaction energy, Ae, is defined as
the energy difference of the two singly filled orbitals of the spin dimer.

We now evaluate the relative strengths of the various spin
exchange interactions of 1 and 2 by calculating the Ae values
for their spin dimers. In 1 and 2 each Cu** ion is surrounded by
four (HCO,)™ anions and two neutral ligands L (i.e., pyz in 1
and bipy in 2). Thus the L-bridged spin dimer is given by the
[Cu(HCO,)4(L);]*" cluster anion, and the (HCO,) -bridged
spin dimer by the [Cu,(HCO,),(L),]*" cluster anion. The atomic
orbital parameters of Cu, C, N, O and H employed for our
extended Hiickel tight-binding calculations are listed in the ESI
(Table S1).+ Our calculations show that the Ae values are prac-
tically zero for the (HCO,) -bridged spin dimers, but are large
for the L-bridged spin dimers [i.e., 570 meV for L = pyz, and 420
meV for L = bipy]. One should not infer from this finding that
spin exchange interactions through a HCO, bridge are always
weak. For example, consider Cu(HCO,),(H,0),:2H,0 in which
each Cu?* site has four short Cu-O bonds with HCO, ligands
and two long Cu-O bonds with H,0, and each Cu®" site is
bridged to four neighboring Cu** sites by HCO, to form a layer.
Our calculations for Cu(HCO,),(H,0),:2H,0 indicate that the
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spin exchange interaction between adjacent Cu" sites via
HCO, would be substantially antiferromagnetic (i.e., Ae =
186 meV). Specifically, the magnitude of a spin exchange inter-
action via a certain bridging ligand depends on the nature of
the ligand as well as on the geometrical arrangement of the
ligand.

According to the Ae values and eqn. (2), the antiferro-
magnetic spin exchange interaction is stronger in 1 than in 2 by
a factor of 2. This is important because it clearly indicates that
the antiferromagnetic interaction in the Cu—N - -+ N-Cu path
of 2 is not negligible. At this stage it is necessary to speculate
why 2 shows ferromagnetic behavior at low temperatures. In
order to induce ferromagnetic coupling between adjacent Cu?**
sites along the linear N-Cu-N - -+ N-Cu-N --- chain, it is
necessary to cut off the antiferromagnetic interaction in the
Cu-N -+ N-Cu path. The latter can be achieved if 2 under-
goes a structural phase transition at a low temperature such
that the Cu-O bonds become shorter while the Cu—N bonds
become longer in each CuO,N, distorted octahedron. If such a
switch of the Jahn-Teller axes occurs, the plane of the magnetic
orbital would lie in the CuO, “square” so that the anti-
ferromagnetic interaction in the Cu—N - -+ N-Cu path would
vanish. Work is in progress to test this possibility.

6 Concluding remarks

The formate anion, HCO,, is a suitable ligand to assemble
various molecular architectures. However in the two examples
described in this paper, the anion does not significantly contri-
bute to the magnetic behavior as demonstrated by electronic
structure calculations. It is interesting to point out that 2D
magnetism is presented by the parent Cu(HCO,),(H,0),:2H,0
compound but not by 1 or 2, which exemplifies the spin direc-
tionality imparted by the organic pyz and 4.,4’-bipy moities. We
are extending this work to include the other first row transition
metals in addition to other organic spacer ligands. Additionally,
the microscopic aspects of the magnetic behavior are being
investigated using polarized neutron diffraction and inelastic
neutron scattering methods.
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