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The syntheses, structures, and magnetic properties of a series of tetranuclear cyanide-bridged compounds are
reported. This family of molecular squares, [{MIICl2}2{CoII(triphos)(CN)2}2] (M ) Mn ([CoMn]), Fe ([CoFe]), Co
([CoCo]), Ni ([CoNi]), and Zn ([CoZn]), triphos ) 1,1,1-tris(diphenylphosphinomethyl)ethane), has been synthesized
by the reaction of CoII(triphos)(CN)2 and MCl2 (M ) Mn, Co, Ni, Zn) or Fe4Cl8(THF)6 in a CH2Cl2/EtOH mixture.
These complexes are isostructural and consist of two pentacoordinate Co(II) and two tetrahedral M(II) centers. The
resulting molecular squares are characterized by antiferromagnetic coupling between metal centers that generally
follows the spin-coupling model Stotal ) SM(II)1 - SCo1 + SM(II)2 - SCo2. Magnetic parameters for all the complexes
were measured using SQUID magnetometry. Additionally, [CoZn] and [CoMn] were studied by both conventional
and high-frequency and high-field electron paramagnetic resonance.

Introduction

Polynuclear metal complexes are widely studied due to
their fascinating catalytic, photophysical, electronic, and
magnetic properties.1 Among these complexes, molecular
squares represent one of the simplest types of molecular
architectures. Because of their structural simplicity, the
physical properties of molecular squares can often be
interpreted, provided that one is armed with a basic knowl-
edge of the behavior of the parent mononuclear building
blocks. Research in our group and in other laboratories has

focused on the chemistry of magnetic molecular squares that
form readily under thermodynamic control with a careful
choice of MLn precursors.2–21 One category of molecular
square or grid molecule makes use of nitrogen heterocyclic
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ligands as the linker groups. For example, the bptz ligand
(bptz ) 3,6-bis(2-pyridyl)-1,2,4,5-tetrazine) gives rise to
molecular squares and pentagons when octahedral metal ions
are used as building blocks.24–26

Another important bridging group in the chemistry of
molecular squares is the cyanide ion, which has been widely
used as a linker to prepare magnetic molecules and materials
since the cyanide linkage provides a short (∼5.0 Å), efficient
pathway for superexchange between metal ions.27 Metal-cyanide
squares composed of paramagnetic ions can yield molecules
with high-spin ground states, which hold potential for the
development of new molecules that exhibit interesting magnetic
properties such as single-molecule magnetism.2–21

One reason for the interesting magnetic properties of
molecular squares is the fact that all four metal ions of a
molecular square reside approximately in the same plane,
which reduces the cancelation of the local magnetic anisotro-
pies of the metal ions and results in higher global anisotropy
of the cluster.22,23 In addition to the geometry of the entire
cluster and of the linking group, another important parameter
defining the magnetic behavior of the cluster is the coordina-
tion geometry at each metal center. Therefore, control and
variation of the coordination environment around the metal
centers represents an interesting avenue to explore. Provided
that there are capping ligands present that exert a dominant
influence on the geometry at the metal center, it is possible
to realize a number of different clusters on the basis of a
convergent building block approach.2–21 The first reported
tetranuclear cyanide-bridged cluster, to our knowledge, is
the [Cp2TiIII(CN)]4 square, which was prepared by Schin-
nerling and Thewalt, with cyclopentadienyl (Cp) capping
ligands.10 The cyclopentadienyl ligand was also used by other
groups to yield Cp-capped molecular squares based on Rh4

7

and Fe2Cu2
4 units. Complexes of bpy (2,2′-bipyridine) and

phen (1,10-phenanthroline) have also been used by our
group28 and by Vahrenkamp et al.11 and Oshio et al.3,4,9

The triphos ligand (triphos: 1,1,1-tris(diphenylphosphi-
nomethyl)ethane) has been employed in our laboratory to
prepare a family of cubic clusters based on the [(triphos)
Re(CN)3]- building block.22,29,30 Given this success, we

searched for convenient triphos-containing metal-cyanide
compounds that could be used to prepare a series of magnetic
molecular squares. A perusal of the literature revealed that
there exists a five-coordinate paramagnetic complex (S )
1/2) with a square-pyramidal metal center, [CoII(triph-
os)(CN)2], synthesized by Rupp et al.,31,32 with a C-Co-C
bond angle of approximately 90°. Combination of this
convergent precursor with divergent metal dichlorides led
to a series of cyanide-linked molecular squares.33 Herein,
we report the synthesis and characterization of a homologous
series of molecular squares based on the distorted square-
pyramidal Co(II) complex and tetrahedral 3d metal ions.

Experimental Section

Syntheses. Starting Materials. Co(triphos)(CN)2
31 and Fe4Cl8-

(THF)6
34 were prepared according to the published procedures. The

anhydrous starting materials MnCl2, CoCl2, NiCl2, and ZnCl2 were
purchased from Aldrich and used as received.

{[Co(triphos)(CN)2]2[MCl2]2} ·xCH2Cl2 (M ) Mn, Co, Ni,
and Zn; abbreviated throughout as [CoMn], [CoCo], [CoNi],
and [CoZn], respectively; x ) 3 or 4). In the case of [CoMn], a
claret solution of Co(triphos)(CN)2 (100 mg, 0.136 mmol) in 30
mL of dichloromethane was slowly layered with a solution of MnCl2
(34 mg, 0.270 mmol) in 30 mL of ethanol. The mixture was left to
stand undisturbed for 3-4 days. Dark red crystals of [CoMn] that
formed after 3 days were collected by filtration and washed with
copious amounts of ethanol. Yield ) 42 mg (40%). Elem anal.
calcd for [CoMn], Co2Mn2C86H78N4Cl4: C 63.37, H 3.36, N 3.44,
Cl 8.70. Found: C 62.52, H 3.64, N 3.20, Cl 8.27%. IR (Nujol),
ν(C≡N), cm-1: 2119(s), 2101(w). Single crystals of [CoMn] were
grown over a 1 week period in a closed, thin tube by slow diffusion
of an EtOH solution of MnCl2 into a CH2Cl2 solution of Co(triph-
os)(CN)2. Compounds [CoNi] and [CoZn] were prepared in an
analogous fashion to that described above for compound [CoMn].
Compound [CoCo] was washed with a CH2Cl2/EtOH (1:1) mixture
several times, and the solution was decanted under N2 without
filtering. The yields were 65 mg (62%), 54 mg (52%), and 59 mg
(56%), respectively. Elem anal. calcd for [CoCo], Co4C86H78N4Cl4:
C 63.06, H 4.80, N 3.42, Cl 8.66. Found: C 62.81, H 4.53, N 3.24,
Cl 8.20%. Elem anal. calcd for [CoNi], Co2Ni2C86H78N4Cl4: C
63.10, H 4.80, N 3.42, Cl 8.66. Found: C 62.77, H 4.60, N 3.06,
Cl 8.12%. Elem anal. calcd for [CoZn], Co2Zn2C86H78N4Cl4: C
62.57, H 4.76, N 3.39, Cl 8.59. Found: C 62.28, H 4.68, N 3.19,
Cl 8.31%. IR (Nujol), ν(C≡N), cm-1: 2132(s), 2101(w) for [CoCo];
2133(s), 2102(w) for [CoNi]; 2140(s), 2104(w) for [CoZn].
The single crystals of [CoCo] ·3CH2Cl2, [CoNi] ·4CH2Cl2, and
[CoZn] ·4CH2Cl2 were obtained in a similar manner to that
described for compound [CoMn].

{[Co(triphos)(CN)2]2[FeCl2]2} ·3CH2Cl2 [CoFe]. A claret solu-
tion of Co(triphos)(CN)2 (200 mg, 0.272 mmol) in 30 mL of
dichloromethane was slowly layered with a solution of
Fe4Cl8(THF)6 (130 mg, 0.139 mmol) in 30 mL of ethanol under
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N2. The mixture was left to stand undisturbed for 2–3 days. Blue-
red crystals of [CoFe] that formed over the course of 3 days were
collected by filtration and washed with copious amounts of ethanol.
Yield ) 38 mg (36%). Elem anal. calcd for [CoFe], Co2Fe2C86-
H78N4Cl4: C 63.30, H 4.82, N 3.43, Cl 8.69. Found: C 62.82, H
4.62, N 3.28, Cl 8.33%. IR (Nujol), ν(C≡N), cm-1: 2120(s),
2101(w). Single crystals of compound [CoFe] were grown over a
1 week period in a closed thin tube by slow diffusion of an EtOH
solution of Fe4Cl8(THF)6 into a CH2Cl2 solution of Co(triphos)-
(CN)2.

Physical Measurements. Elemental analyses were performed
by Atlantic Microlab, Inc. IR spectra were measured as Nujol mulls
placed between KBr plates on a Nicolet 740 FT-IR spectrometer.
Magnetic measurements were performed on freshly prepared
crushed polycrystalline samples with a Quantum Design SQUID
MPMS-XL magnetometer. DC magnetic susceptibility measure-
ments were carried out in an applied field of 1000 Oe in the 2–300
K range. Magnetization data were collected at 1.8 K with the
magnetic field varying from 0 to 70 kOe. The reduced magnetization
data were collected in the 1.8–3.9 K temperature range with the
field varying from 10 to 70 kOe. AC magnetic susceptibility
measurements were performed with a 3 Oe AC driving field in an
operating frequency range of 1–1000 Hz. The data were corrected
for the diamagnetic contributions calculated from Pascal’s constants.

X-Ray Crystallography. In a typical experiment, a crystal
selected for study was suspended in polybutene oil (Aldrich) and
mounted on a cryoloop which was placed in a N2 cold stream.
Single-crystal X-ray data for all the compounds were collected on
a Bruker APEX diffractometer at 110 K. The data sets were
recorded as three ω scans of 606 frames each, at a 0.3° stepwidth,
and integrated with the Bruker SAINT35 software package. For each
compound, the data set was indexed in a monoclinic unit cell and
systematic extinctions indicated the space group to be P21/n. The
absorption correction (SADABS36) was based on fitting a function
to the empirical transmission surface as sampled by multiple
equivalent measurements. Solution and refinement of the crystal
structures was carried out using the SHELX37 suite of programs
and X-SEED,38 a graphical interface. Structure solution by direct

methods resolved positions of all metal atoms and most of the
lighter atoms. The remaining nonhydrogen atoms were located by
alternating cycles of least-squares refinements and difference Fourier
maps. The option SQUEEZE in PLATON39 was used to eliminate
the contribution of the electron density in the solvent region from
the intensity data. The use of SQUEEZE produced better refinement
results, and the solvent-free model was employed for the final
refinement. Hydrogen atoms were placed at calculated positions
and refined with displacement parameters 1.2 or 1.5 times that of
the heavy atoms to which they were bonded. The final refinement
was performed with anisotropic thermal parameters for all nonhy-
drogen atoms. A summary of pertinent information relating to unit
cell parameters, data collection, and refinements are provided in
Table 1. Selected metal–ligand bond distances are provided in Table
2. Complete listings of atomic and thermal parameters, bond
distances, and bond angles are available as Supporting Information.

High-Frequency and -Field Electron Paramagnetic Reso-
nance (HFEPR). All of the [CoM] molecular square complexes
were investigated by HFEPR using either the Millimeter and Sub-
mm Wave Facility40 or the EMR Facility41 at the National High
Magnetic Field Laboratory. The former experimental setup employs
tunable frequencies in the 150–700 GHz range generated by
backward wave oscillators and the resistive “Keck” magnet enabling
0–25 T field sweeps. The latter spectrometer is based on a 17 T
superconducting magnet and uses a 13 ( 1 GHz base frequency
source (Virginia Diodes Inc., Charlottesville, VA) followed by an
amplifier and a series of frequency multipliers, thus providing EPR
spectra at intermediate frequencies, for example, V-band (48 – 56
GHz), as well as at high frequencies. Detection was effected with
an InSb hot-electron bolometer (QMC Ltd., Cardiff, U.K.). Modula-
tion for detection purposes was provided alternatively by chopping
the sub-THz wave beam (“optical modulation”) or by modulating
the magnetic field. A Stanford Research Systems SR830 lock-in
amplifier converted the modulated signal to DC voltage. Typically,
30–50 mg of polycrystalline sample was used in either experiment.
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Table 1. Crystal Data and Details of the Structure Determination for [CoM] Square Compounds

Formula
Co2Mn2C86H78N4Cl4

([CoMn] ·3CH2Cl2)
Co2Fe2C86H78N4Cl4

([CoFe] ·3CH2Cl2)
Co4C86H78N4Cl4

([CoCo] ·3CH2Cl2)
Co2Ni2C86H78N4Cl4

([CoNi] ·4CH2Cl2)
Co2Zn2C86H78N4Cl4

([CoZn] ·4CH2Cl2)

space group P21/n (No. 14) P21/n (No. 14) P21/n (No. 14) P21/n (No. 14) P21/n (No. 14)
unit cell a ) 14.079(3) Å a ) 13.998(3) Å a ) 14.193(5) Å a ) 14.085(3) Å a ) 13.930(2) Å
monoclinic b ) 16.444(4) Å b ) 16.412(4) Å b ) 16.481(6) Å b ) 16.365(3) Å b ) 49.141(8) Å

c ) 19.995(5) Å c ) 19.929(5) Å c ) 19.750(7) Å c ) 19.875(4) Å c ) 19.890(3) Å
� ) 90.129(4)° � ) 90.166(7)° � ) 90.366(7)° � ) 90.10(3)° � ) 90.004(3)°

unit cell volume, V 4629(8) Å3 4578.2(19) Å3 4620(3) Å3 4581.5(16) Å3 13616(4) Å3

Z 2 2 2 2 6
density, Fcalc 1.480 g/cm3 1.436 g/cm3 1.489 g/cm3 1.254 g/cm3 1.276 g/cm3

abs. coeff., µ 1.116 mm-1 1.109 mm-1 1.204 mm-1 1.024 mm-1 1.147 mm-1

cryst color and habit dark-red plate blue plate green-blue plate blue plate brown plate
cryst size 0.30 × 0.30 × 0.03 mm 0.39 × 0.27 × 0.21 mm 0.32 × 0.22 × 0.19 mm 0.34 × 0.32 × 0.26 mm 0.27 × 0.18 × 0.11 mm
temperature 110(2) K 110(2) K 100(2) K 110(2) K 100(2) K
radiation, λ Mo KR, 0.71073 Å Mo KR, 0.71073 Å Mo KR, 0.71073 Å Mo KR, 0.71073 Å Mo KR, 0.71073 Å
min. and max. θ 2.48-27.48° 1.02-27.48° 2.06-28.41° 2.17-27.62° 1.10-28.35°
reflns collected 45463 [Rint ) 0.1465] 21456 [Rint ) 0.0688] 38562 [Rint ) 0.0656] 27965 [Rint ) 0.0654] 139897 [Rint ) 0.1004]
independent reflns 10446 9596 10853 10853 10853
data/parameters/restraints 10446/502/12 9596/565/70 10853/563/8 9799/496/12 33158/1408/0
R [Fo > 4σ(Fo)] R1 ) 0.0697 R1 ) 0.0721 R1 ) 0.0653 R1 ) 0.0554 R1 ) 0.1015

wR2 ) 0.1566 wR2 ) 0.1778 wR2 ) 0.1502 wR2 ) 0.1368 wR2 ) 0.2592
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Additional X-band measurements were performed on [CoZn] using
a commercial Bruker E680X spectrometer.

Results and Discussion

Syntheses. The Co(II) center exhibits a square-pyramidal
geometry, which is typical for most phosphine complexes
of Co(II), including those with chelating and monodentate
phosphine ligands.42 The presence of a capping triphos ligand
and two cyanide ligands positioned at a C-Co-C angle of
87.6° renders this compound a convenient precursor for the
assembly of molecular squares. The C-Co-C angle is
smaller than C-Co-C angles in a homoleptic square-
pyramidal anion [Co(CN)5]3- (88.6–99.6°).43 This decrease
is attributed to the steric effect of the bulky triphos ligand
in the Co(triphos)(CN)2 complex.

A claret solution of Co(triphos)(CN)2 in dichloromethane
was reacted with solutions of MCl2 (M ) Mn, Co, Ni, and
Zn) or Fe4Cl8(THF)6 in ethanol to form the title compounds.
In the case of [CoFe], Fe4Cl8(THF)6 was used instead of
FeCl2, since the THF solvate is a purer form of ferrous
chloride and thus is an excellent source of Fe(II) for
substitution chemistry. The compounds are stable both in
solution and in the solid phase, except for [CoFe], which is
air-sensitive. Also, [CoCo] shows a degree of decomposition
during the drying process, which is described in the
magnetism section. The complexes are nearly insoluble in
common solvents such as CH2Cl2, MeOH, hexane, and
MeCN. They are soluble only in DMF and slightly soluble
in propylene carbonate.

Single Crystal X-Ray Structures. Single crystals of the
products were prepared by slow diffusion of an EtOH

solution of MCl2 into a CH2Cl2 solution of Co(triphos)(CN)2.
The molecular squares are composed of alternating
Co(triphos)(CN)2 and MCl2 units (Figure 1). The molecule
crystallizes on an inversion center, so that the asymmetric
unit is composed of one-half of the square. The Co(II) sites
remain pentacoordinate, with only slight changes to the
metal–ligand coordination sphere as compared to the starting
material. The C-Co-C angle is similar in all of the
structures (∼85°, Table 2). The coordination geometry
around the M(II) sites is distorted tetrahedral and consists
of two N atoms of the cyanide groups and two Cl- ions.
The distorted tetrahedral environment of the M(II) sites is
primarily related to the steric demand of the triphos ligand.
The N-M-N angles vary between 101.5(2)° and 105.2(1)°.

(42) Rigo, P.; Turco, A. Coord. Chem. ReV. 1974, 13, 133–172.
(43) Brown, L. D.; Raymond, K. N. Inorg. Chem. 1975, 14, 2590–2594.

Table 2. Selected Bond Distances (Å) and Angles for [CoM] Square Compounds

parameters [CoMn] [CoFe] [CoCo] [CoNi] [CoZn]

Co1-C1 1.875(5) 1.894(5) 1.887(4) 1.883(4) 1.890(7)
Co1-C2 1.894(5) 1.894(5) 1.886(4) 1.885(4) 1.882(7)
Co1-P1 2.215(2) 2.2281(15) 2.2173(13) 2.3156(13) 2.2364(18)
Co1-P2 2.2875(19) 2.2436(16) 2.2955(12) 2.2424(11) 2.2978(19)
Co1-P3 2.239(2) 2.2855(17) 2.2368(12) 2.2115(11) 2.2324(18)
M1-N1 2.083(5) 2.028(4) 1.983(3) 1.981(3) 2.009(5)
M1-N2 2.077(4) 2.029(4) 1.989(4) 1.992(3) 1.995(6)
M1-Cl1 2.308(2) 2.2597(18) 2.2346(14) 2.2343(13) 2.2525(19)
M1-Cl2 2.336(2) 2.2691(18) 2.2569(13) 2.2407(14) 2.230(2)
C1-Co1-C2 84.87(17) 85.18(19) 84.98(15) 84.47(14) 84.8(3)
C1-Co1-P1 160.52(15) 161.24(17) 160.89(12) 157.88(12) 161.9(2)
C2-Co1-P1 89.41(14) 89.48(14) 89.56(12) 89.44(11) 89.0(2)
C1-Co1-P3 91.65(13) 91.46(15) 91.81(11) 91.47(10) 91.65(19)
C2-Co1-P3 167.75(15) 168.00(17) 167.94(12) 166.96(13) 167.4(2)
P1-Co1-P3 90.02(5) 90.07(6) 89.74(4) 89.72(4) 90.93(7)
C1-Co1-P2 107.77(16) 107.73(17) 107.82(12) 110.26(12) 106.36(19)
C2-Co1-P2 101.76(16) 101.97(16) 102.11(12) 102.91(12) 102.2(2)
P1-Co1-P2 91.62(8) 90.96(6) 91.23(5) 91.83(4) 91.65(19)
P3-Co1-P2 90.48(7) 90.03(6) 89.95(4) 90.12(4) 90.67(7)
N2-M1-N1 103.16(14) 101.49(16) 105.15(13) 104.39(12) 102.3(2)
N2-M1-Cl1 116.22(12) 115.07(13) 115.51(10) 115.24(10) 114.99(17)
N1-M1-Cl1 104.72(12) 104.56(14) 106.21(10) 105.41(10) 106.35(18)
N2-M1-Cl2 107.52(14) 107.02(13) 107.13(10) 107.36(10) 108.27(17)
N1-M1-Cl2 106.49(13) 107.13(14) 106.39(10) 107.28(10) 107.27(17)
Cl1-M1-Cl2 117.29(6) 119.70(6) 115.58(5) 116.24(5) 116.44(8)
C1-N1-M1 172.6(4) 173.5(5) 175.3(3) 175.2(3) 173.3(5)
N1-C1-Co1 176.0(4) 173.8(5) 173.0(3) 174.6(3) 174.8(6)
C2-N2-M1 173.2(4) 173.9(4) 173.0(3) 173.8(3) 173.0(5)
N2-C2-Co1 175.4(4) 175.8(4) 175.2(4) 175.7(3) 176.2(6)

Figure 1. Structure of [CoM] squares where M ) Mn, Fe, Co, Ni, Zn.
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The combination of square-pyramidal and tetrahedral metal
centers results in a more distorted molecular square as
compared to those based on octahedrally coordinated metal
ions. For example, the previously reported FeIIINiII square,
[Tp*FeIII(CN)3NiII(DMF)4]2[OTf]2,12 exhibits C-FeIII-C and
N-NiII-N angles of 86.8(2)° and 92.3(1)°, respectively, and
the FeIICoII square, [FeIICoII(µ-CN)(bpy)8](PF6)4,4 has
C-FeII-C and N-CoII-N angles equal to 91.9(1)° and
91.2(2)°, respectively. Also, space-filling diagrams of the
squares clearly indicate that the chloride atoms attached to
M(II) are still readily accessible for further substitution
reactions with cyanide precursors, although the bulk of the
triphos ligand distorts the structure (Figure 2).

In all of the [CoM] complexes, the crystal structures
indicate that there are no obvious pathways for intermolecular
magnetic communication among metal centers, as there is
neither H bonding nor any apparent strong dipolar interaction
since the shortest intermolecular M · · ·M distance in, for
example, [CoCo] is 7.950 Å (Figure 3).

Infrared Spectroscopy. Infrared spectroscopy performed
on polycrystalline samples of the products reveals two νC≡N

stretches, located at 2119(s) and 2101 cm-1 in compound
[CoMn], 2120(s) and 2101(w) cm-1 in [CoFe], 2132(s) and
2101(w) cm-1 in [CoCo], 2133(s) and 2100(w) cm-1 in
[CoNi], and 2140(s) and 2104(w) cm-1 in [CoZn]. There is
a positive shift of 23, 24, 36, 37, and 44 cm-1, respectively,

as compared to the starting material, for which the νC≡N

stretches are located at 2096(s) and 2101(w) cm-1. A shift
to higher frequencies is a clear indication of the formation
of a bridging cyanide mode.32 Most of the reported molecular
squares exhibit similar C≡N modes, with either one or two
bands depending on the symmetry of the molecule. For
example, the FeIICuI square, [CpFe(CO)(µ-CN)2Cu(PMe-
Ph2)2]2,8 exhibits two νC≡N stretches, located at 2110 and
2095 cm-1.

Magnetic Studies. DC magnetic susceptibility measure-
ments for the molecular square compounds and the mono-
nuclear building block, Co(triphos)(CN)2, were performed
on freshly prepared crushed polycrystalline samples in the
temperature range of 2–300 K at an applied magnetic field
of 1 kOe. The �T versus T plots are depicted in Figure 4.
For the mononuclear starting material, Co(triphos)(CN)2, the
value of �T at 300 K is 0.41 emu ·mol-1 ·K and remains
constant over the entire temperature range, typical of a simple
paramagnet with an S ) 1/2 spin ground-state and g ) 2.10.
This is comparable to the magnetic properties of other square-
pyramidal Co(II) phosphine complexes such as Co(PPh2Et)3-
(CN)2, Co(PPh2Me)3(CN)2, Co(dpe)2(CN)2, and Co(HPPh2)3-
(CN)2.42

For the square compounds, we first consider [CoZn], in
which the presence of diamagnetic Zn(II) results in a simple
paramagnet composed of two mononuclear Co(triphos)(CN)2

Figure 2. Space-filling diagrams of the squares depicted from the top and the side.

Figure 3. Packing diagrams for compound [CoCo]. The intermolecular Co · · ·Co distances are labeled in both figures. The left figure lists the Co · · ·Co
distances between the layers, while the right figure indicates the distances within the layer.
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units per cluster. The value of �T at 300 K is 1.05
emu ·mol-1 ·K and remains constant over the whole tem-
perature interval for this cluster. A plot of �T versus T obeys
the Curie law (Figure 4). Field-dependent magnetization data
are fit to a Brillouin function for two isolated centers with S
) 1/2 (Figure 5). The calculated values are listed in Table
3. The data indicate an absence of magnetic interaction
between the two low-spin Co(II) ions in the molecular square,
which allows us to make the assumption that the magnetic
interaction between the two Co(II) centers in the diagonally
opposite corners of the square can be neglected. This
assumption will be used when treating magnetic data for the
other square compounds in this work. Magnetic measure-
ments on the other compounds, in which all four metal ions
are paramagnetic, gave evidence of strong magnetic interac-
tions between adjacent ions.

In the case of the [CoMn] compound, the DC susceptibil-
ity studies revealed a value of �T ) 8.7 emu ·mol-1 ·K at
300 K, which is considerably lower than the spin-only value

of 9.5 emu ·mol-1 ·K expected for two Co(triphos)(CN)2 units
(S ) 1/2, �T ) 0.41) and two Mn(II) ions (S ) 5/2) in the
absence of magnetic coupling. The value of �T decreases
upon cooling until T ∼ 65 K, below which �T abruptly
increases to reach a maximum of 9.96 emu ·mol-1 ·K at 6
K. The decrease of �T between 300 and 65 K indicates the
presence of antiferromagnetic (AF) interactions between
the two S ) 1/2 Co(II) and the two S ) 5/2 Mn(II) ions.
The observed maximum for the �mT product at 6 K is
indicative of the stabilization of an S ) 4 ground state,
whereas the decrease at lower temperatures (2–6 K) is
attributed to zero-field splitting (zfs) effects. An examination
of the ground spin state for [CoMn] was carried out by
performing the magnetization measurements at different
temperatures in order to determine the zfs parameters more
accurately. The data were fit using the program ANISOFIT,44

where the best fit was obtained by applying the following
Hamiltonian with the parameters Stotal ) 4, g ) 1.95, and D
) -0.24 cm-1 (where D is the axial zfs parameter; Figure
S1, Supporting Information).

H ) µBH · g · Ŝ+D[Ŝz
2 - (1/3)S(S+1)] (1)

Field-dependent magnetization measured at 1.8 K in the
field range of 0–70 kOe approaches a value of 7.86 µB, which
is also in good agreement with the expected ground-state
spin value from AF coupling; Stotal ) SMn1 - SCo1 + SMn2 -
SCo2 ) 4 (8 µB) (Figure 5). An acceptable model for the
magnetization of [CoMn] was achieved using MAG-
PACK,45,46 by applying the above Hamiltonian for the low-
temperature behavior using the same values for the magnetic
parameters obtained from the DC susceptibility measurement.
Simulations of the �T versus T data using MAGPACK also
allowed for estimations of g(Mn) and exchange parameter
J. A spin-Hamiltonian was constructed in the limit of an
isotropic exchange interaction, and contains only one J value,
taking advantage of the molecular symmetry (eq 2).

H ) 2µBH · (gCoCo · ŜCo + gMM · ŜM) - 2J(ŜCo1 + ŜCo2)

(ŜM1 + ŜM2) + DM1[Ŝz,M1 - (1/3)SM1(SM1 + 1)] +

DM2[Ŝz,M2
2 - (1/3)SM2(SM2 + 1)] (2)

All the terms given in eq 2 have their usual meanings; Ŝ
refers to the spin operator of the appropriate metal ion, where
index Co refers to (CoIItriphos) and indexes M1 and M2 refer
to the tetrahedral Mn(II) ions, in this case Mn(II). The zero-
field-splitting parameters of M1 and M2 were set equal to
each other based on the molecular symmetry. The calculated
values are listed in Table 3. Each low-spin Co(II) center is
assigned the parameters S ) 1/2 and g ) 2.10 on the basis
of magnetometry measurements.

For the [CoFe] compound, the value of �T at 300 K is
7.3 emu ·mol-1 ·K and decreases upon cooling, which
indicates the presence of an antiferromagnetic interaction

(44) Shores, M. P.; Sokol, J. J.; Long, J. R. J. Am. Chem. Soc. 2002, 124,
2279–2292.

(45) Borras-Almenar, J. J.; Clemente-Juan, J. M.; Coronado, E.; Tsukerblat,
B. S. J. Comput. Chem. 2001, 22, 985–991.

(46) Borras-Almenar, J. J.; Clemente-Juan, J. M.; Kou, H.-Z.; Gao, S.; Jin,
X. Inorg. Chem. 2001, 40, 6295.

Figure 4. Temperature dependence of the �T product for compounds
[CoMn] (0), [CoFe] (∆), [CoCo] ()), [CoNi] (O), and [CoZn] (*). The
solid lines correspond to the simulation with the use of the MAGPACK
program according to eq 2 (see text).

Figure 5. Field-dependent magnetization curves for compounds [CoMn]
(0), [CoFe] (∆), [CoCo] ()), [CoNi] (O), and [CoZn] (*) measured at 1.8
K. The solid lines correspond to the simulation with the use of the
MAGPACK program according to eq 1 (see text).
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between the Co(II) and Fe(II) (S ) 2) ions. Below 30 K, the
value increases to reach a maximum of 5.5 emu ·mol-1 ·K
at 9 K and then decreases at lower temperatures. An
examination of the ground state for [CoFe] by ANISOFIT
yielded the parameters Stotal ) 3, g ) 2.04, and D ) -2.98
cm-1 (Figure S2, Supporting Information). Field-dependent
magnetization data and simulation using eq 1 are shown in
Figure 5. Plots of the �T versus T and simulation using eq
2 are depicted in Figure 4. The calculated values are listed
in Table 3. The total cluster spin value, Stotal ) 3 for [CoFe],
arises in the same way as that found for [CoMn]. The spins
of the Co(II) ions are antiferromagnetically coupled to those
of the M(II) ions: Stotal ) SFe1 - SCo1 + SFe2 - SCo2.

For the [CoCo] compound, the value of �T at 300 K is
6.8 emu ·mol-1 ·K and decreases upon cooling, an indication
of antiferromagnetic coupling between the low-spin (S )
1/2) and high-spin (S ) 3/2) Co(II) ions. Below 20 K, the
�T value increases to reach a maximum of 5.2 emu ·mol-1 ·K,
which indicates the stabilization of the Stotal ) 2 ground state,
and finally decreases below 7 K. An examination of the
ground state by ANISOFIT yielded the parameters Stotal )
2, g ) 2.37, and D ) - 2.74 cm-1 (Figure S3, Supporting
Information). Field-dependent magnetization data and simu-
lation using eq 1 are shown in Figure 6. Plots of �T versus
T and simulation using eq 2 are shown in Figure 4. The
calculated values are listed in Table 3.

The [CoCo] complex, as measured by AC susceptibility
in its mother liquor, shows no indication of relaxation

phenomena, as expected for isolated paramagnets. The
[CoCo] complex that has been thoroughly dried in the air,
however, exhibits a weak, frequency-dependent out-of-phase
signal. The dried compound also exhibits a narrow hysteresis
loop at 1.8 K, with a coercivity of ∼300 Oe and remnant
magnetization of 0.1 µB, These results indicate that decom-
position of some, or all, of the sample occurs during the
drying process. The decomposition product of [CoCo] is
unknown but must involve intermolecular interactions.

For the [CoNi] compound, the value of �T at 300 K is
4.8 emu ·mol-1 ·K and continuously decreases upon cooling,
which indicates the presence of an antiferromagnetic interac-
tion between the Co(II) and Ni(II) ions. Analysis of the
ground state for [CoNi] by ANISOFIT failed to give
satisfactory results (Figure S4, Supporting Information). The
best fit to 1.8 K field-dependent magnetization data was
obtained with MAGPACK using parameters S ) 1, g ) 2.57,
and D ) -6 cm-1 (Figure 5), although the quality of the fit
is not very good. The reason for the poor fit could be the
presence of low-lying excited states, which arise due to
single-ion zfs and spin–orbit coupling effects. Plots of the
�T versus T and the simulation using eq 2 are shown in
Figure 4. The calculated values are listed in Table 3. A g
value of approximately 2.8 for the Ni(II) ion is obtained when
the data are fit assuming antiferromagnetic coupling between
the Co(II) and Ni(II) centers. This g value is rather high for
a tetrahedral Ni(II) ion (g ≈ 2.2 is typical),47 which also
can be explained by the presence of low-lying excited states,
leading to the higher effective g value. That the J and D
parameters are of the same magnitude could contribute to
the difficulty encountered in fitting the data.

EPR Studies. Low-temperature EPR spectra of [CoZn]
are depicted in Figure 6, recorded at conventional, X-band
(9.4 GHz), and intermediate-frequency, V-band (52.8 GHz),
conditions. While the X-band spectrum consists of a single
unresolved line, V-band EPR offers a vastly increased
spectral resolution. The V-band spectrum can be adequately
simulated assuming a powder distribution of crystallites and
using S ) 1/2, gx ) 2.15, gy ) 2.12, and gz ) 2.01. The
average g value is 2.10, which agrees well with magnetic
measurements that gave an isotropic g ) 2.10. These g
matrix values are characteristic for mononuclear low-spin
Co(II) complexes, confirming the lack of significant magnetic
exchange between the Co(II) moieties in the complex (The

(47) Abragam, A.; Bleaney, B. Electron Paramagnetic Resonance of
Transition Ions; Dover Publications, Inc.: New York, 1986.

Table 3. Magnetic Properties of [CoM] Square Compounds

Compd M(II) SM(II) gM(II) J (cm-1)a spin ground state, Stotal D (cm-1) (magnetometry)b D (cm-1) (HFEPR) E (cm-1) (HFEPR)

[CoMn] Mn 5/2 2.02 -10 4 -0.24 -0.22c -0.009c

[CoFe] Fe 2 2.12 -9 3 -2.98 d d
[CoCo] Co 3/2 2.40e -8.0 2 -2.74 d d
[CoNi] Ni 1 2.8f -6 1 -6 d d
[CoZn]g Zn 0 0 ∼ 0 2 × (S ) 1/2) 0 0 0

a The -2J formalism is employed. b Determined by fitting of DC susceptibility and field-dependent magnetization data, except for [CoNi], where only
magnetization fits were successful. c Determined by fits of single-frequency HFEPR spectra. d HFEPR results for [CoCo], [CoNi], and [CoFe] complexes
were inconclusive. Studies of [CoFe] were further complicated by its being very air-sensitive. e This g value is reasonable for tetrahedral Co(II). For
example, g ) 2.248 for Co(II) in ZnS(�) (see ref 47, p 470); g ) 2.23 for [Co(NCS)4]2-, and g ) 2.48 for [CoBr4]2- (see ref 52, p 218). f This g value is
unusually high and is likely related to the fact that fits for this compound were problematic, as described in the text. g The compound [CoZn] exhibited
magnetic behavior of two isolated S ) 1/2 systems. Low- and intermediate-frequency EPR (9.4 and 52.8 GHz, respectively) was used in this case.

Figure 6. X-band (9.40 GHz, black trace) and V-band (52.8 GHz, blue
trace) EPR spectra of [CoZn] at 4.2 K normalized with respect to the g
value. The red trace is a powder simulation of the V-band spectrum using
the following spin Hamiltonian parameters: S ) 1/2, gx ) 2.15, gy ) 2.12,
gz ) 2.01.
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X- and V-band EPR spectra of the mononuclear complex
Co(triphos)(CN)2 were measured as well, and the spectra are
shown in Figure S5, Supporting Information). Given that the
g values of low-spin Co(II) are very sensitive to the
coordination environment42 and the geometry of the tripodal
Co(triphos) complex is not identical to that in the [CoZn]
square, there can easily be a shift in the g values, in this
case producing less rhombicity in [CoZn] than in the starting
complex.

The other molecular square complexes, containing exclu-
sively paramagnetic single ions and exhibiting net integer
spin ground states, were investigated by HFEPR at low
temperatures (generally 5 K, and in some cases up to 40 K).
Of these, only the [CoMn] complex gave informative results.
A possible reason for this will be given below.

An exemplary spectrum for [CoMn] recorded at 310 GHz
and 40 K is shown in Figure 7 together with its simulation
assuming a powder distribution of crystallites in the sample.
The spectrum was analyzed and simulated using the standard
spin Hamiltonian given in eq 3, which is the same as in eq
1 but includes the transverse anisotropy parameter E of the
cluster:48

H ) µBH · g · Ŝ+D[Ŝz - (1/3)S(S + 1)] + E[Ŝx
2 - Ŝy

2]

(3)

The simulation unequivocally confirmed the Stotal ) 4
ground state of the complex and determined its spin
Hamiltonian parameters. The obtained value of the zfs
parameter D ) -0.22 cm-1 (the negative sign being
established through simulations, see Figure 7) is within 10%
of the D value obtained from magnetometry. Magnetometry
is generally insensitive to E, in contrast to HFEPR, a

magnetic resonance technique.49 Thus, a small rhombicity
of the zfs tensor was also found by HFEPR: E ) 0.009 cm-1,
since the agreement between experiment and simulation was
much worse if E was assumed to be zero. The g-matrix
values are very close to 2.00, with g⊥ ) 1.995 and g| )
2.000.

The [CoCo] and [CoNi] complexes gave no HFEPR
signals over the entire magnetic field range, despite use of
multiple frequencies. The [CoFe] complex is very air-
sensitive, and the sample handling/loading procedures for
HFEPR inevitably led to formation of a modest amount
(qualitatively, based on other studies) of an unknown
decomposition product with S ) 1/2, which was easily seen
by HFEPR, but no signals were attributable to the Stotal ) 3
ground state found by magnetometry measurements.

EPR simulations using the spin-Hamiltonian parameters
obtained by magnetometry for [CoCo], [CoNi], and [CoFe]
indicate that a wealth of HFEPR signals should in principle
be observed for these integer spin complexes at the micro-
wave frequencies available to us. The question then arises
as to why no such signals were observed, although the
[CoMn] complex was fully amenable to study by HFEPR.

A qualitative reason for this difference is attributed to the
nature of the M single ions in [CoM] complexes. For M )
Mn(II), the single ion has an orbitally spherically symmetric,
half-integer spin electronic ground state (6A1 in Td) and
generally smaller zfs and longer electron spin relaxation
times, so that conventional EPR spectra are readily observed
for Mn(II).50 However, for the other M single ions, there
are significant orbital contributions to the ground state,
resulting in larger zfs and faster electronic relaxation times.
For both Fe(II) and Ni(II), the electronic ground states are
orbitally degenerate and with integer spin, in Td symmetry,
respectively 5E and 3T1, and both are fraught with severe
difficulties in observation of conventional EPR spectra. For
Co(II), the ground state is orbitally nondegenerate and with
half-integer spin, 4A2 in Td, but zfs can be quite significant
for Co(II), and observation of conventional EPR can be
problematic.51

These effects that are manifest in the EPR behavior of
the Fe(II), Ni(II), and Co(II) single ions are likely carried
over into the molecular square complexes, where there is
the added complication that magnetic exchange interactions
lead to complicated “ladders” of spin states, providing
further, efficient relaxation pathways. For example, a calcula-
tion of energy levels for a four-spin system with S1 ) S3 )
1/2 with g ) 2.10 (i.e., Co(triphos)) and with S2 ) S4 ) 1
with g ) 2.20 and D ) -10 cm-1 (reasonable for Ni(II))
and J12 ) J34 ) -10 cm-1 (all other Jij ) 0) gives 36 spin
states in six levels (either 4- or 8-fold degenerate in the zero
field), each separated from the next highest levels by ∼ 3–5

(48) Krzystek, J.; Zvyagin, S. A.; Ozarowski, A.; Trofimenko, S.; Telser,
J. J. Magn. Reson. 2006, 178, 174–183.

(49) Krzystek, J.; Park, J.-H.; Meisel, M. W.; Hitchman, M. A.; Stratemeier,
H.; Brunel, L.-C.; Telser, J. Inorg. Chem. 2002, 41, 4478–4487.

(50) Drago, R. S. Physical Methods in Chemistry; Saunders: Philadelphia,
1992; Chapter 13.

(51) Krzystek, J.; Zvyagin, S. A.; Ozarowski, A.; Fiedler, A. T.; Brunold,
T. C.; Telser, J. J. Am. Chem. Soc. 2004, 126, 2148–2155.

(52) Boudreaux, E. A.; Mulay, L. N. Theory and Application of Molecular
Paramagnetism; Wiley: New York, 1976.

Figure 7. Representative HFEPR spectrum of [CoMn] at 309.6 GHz and
40 K. Black trace: experiment. Red trace: simulation using parameters S )
4, D ) -0.22 cm-1, E ) -0.009 cm-1, g⊥ ) 1.995, g| ) 2.000. Blue
trace: simulation using positive zfs parameters of the same magnitude. The
experimental spectrum contains an extra resonance at g ) 2.00 possibly
originating from free (i.e., uncoupled to other metal ions) Mn(II), indicated
by the arrow, which is not reproduced in the simulation.
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cm-1. Such a system is not conducive to long electronic spin
relaxation times, which would lead to homogeneous broad-
ening of EPR transitions, necessitating a low temperature
for their observation. Low temperatures were employed, yet
no signals were observed. We thus suspect that, for the
[CoNi], [CoFe], and [CoCo] molecular square complexes,
in addition to faster electronic relaxation than in [CoMn],
which leads to homogeneous broadening of EPR lines, there
is a distribution of molecular conformations, not manifest
by the thermal parameters in the X-ray crystal structures. If
present, such small structural irregularities would lead to a
distribution of spin Hamiltonian parameters (“D-strain” and
“g-strain”) and severe inhomogeneous broadening, with the
result that EPR transitions are broadened beyond observation.

Conclusions

This work represents the first time that a paramagnetic
metal center with a square-pyramidal geometry has been
introduced into a molecular square motif. The successful
building block for assembly of these molecular squares is
Co(triphos)(CN)2, which contains a square-pyramidal low-
spin (S ) 1/2) Co(II) ion. Five complexes of the general
formula {[Co(triphos)(CN)2]2[MCl2]2} (M ) Mn, Fe, Co,
Ni, Zn; abbreviated as [CoM]) were prepared by reaction
of Co(triphos)(CN)2 with the corresponding MCl2 compound
(or Fe4Cl8(THF)6). These [CoM] complexes can be described
as molecular squares in which the square-pyramidal Co(II)
ions are linked by tetrahedral M(II) ions. Magnetic and EPR
measurements of the [CoZn] complex (SZn ) 0) supported
the conclusion that there is no magnetic interaction between
the low-spin Co(II) ions. However, in the case of paramag-
netic M(II) centers, there is significant antiferromagnetic
coupling between the Co(II) and M(II) ions. This interaction
generally follows the spin-coupling model: Stotal ) SM1 -
SCo1 + SM2 - SCo2 ) 2SM - 1 . Thus, for [CoMn], Stotal )
4; for [CoFe], Stotal ) 3; for [CoCo], Stotal ) 2; for [CoNi],
Stotal ) 1.

An important outcome of this study is that the building-
block approach yields a family of cyanide clusters with a

predicted geometry. These results hold promise for the area
of molecular magnetism because, in addition to the single-
ion anisotropy, cluster geometry is a major factor that
produces shape anisotropy. A square geometry is one of the
most desirable shapes to increase shape anisotropy because
of its planarity. By taking advantage of this geometry, we
have achieved the preparation of high-spin clusters, which
have appreciable D values, as determined by magnetometry
and, in the case of [CoMn], by HFEPR measurements.
Moreover, these square compounds have negative D values,
which increase the interest in this family of compounds, since
a negative D value is a prerequisite for single-molecule and
single-chain magnetism. In considering the applications for
these compounds, it is important to note that the [CoM]
clusters could be used to prepare larger assemblies and
extended clusters. Despite the presence of the bulky triphos
ligands, space-filling diagrams of the squares (Figure 2)
clearly indicate that the chloride ligands of the tetrahedral
M(II) ions could be replaced by bridging ligands for the
purpose of linking the squares into higher-nuclearity molecule-
based architectures.

Acknowledgment. This research was supported by NSF
(PI grant CHE-0610019), in part, DOE (DE-FG03-
02ER45999) and the Robert A. Welch Foundation (KRD).
Funding of the CCD diffractometer (CHE-9807975) at Texas
A&M University and the SQUID magnetometer (NSF
9974899) by NSF is also gratefully acknowledged. EPR
studies were supported by the National High Magnetic Field
Laboratory, which is funded by NSF through Cooperative
Agreement DMR 0084173, the State of Florida, and the
DOE. The 25-T resistive magnet was funded by the W. M.
Keck Foundation.

Supporting Information Available: Plots of M vs H/T for the
various study compounds, X-band and V-band spectra of Co(triphos)-
(CN)2, and CIF files for the various study compounds. This material
is available free of charge via the Internet at http://pubs.acs.org.

IC702084E

Karadas et al.

2082 Inorganic Chemistry, Vol. 47, No. 6, 2008




