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ABSTRACT: The 1:2 mixtures of Co(p-tolsal)2, p-tolsal = N-p-tolylsalicylideniminato,
and diazo-pyridine ligands, DXpy; X = 1, 2, 3l, 3b, and 4, in MTHF solutions were
irradiated at cryogenic temperature to form the corresponding 1:2 cobalt−carbene
complexes Co(p-tolsal)2(CXpy)2, with Stotal = 5/2, 9/2, 13/2, 13/2, and 17/2,
respectively. The resulting Co(p-tolsal)2(CXpy)2, X = 1, 2, 3l, 3b, and 4, showed
magnetic behaviors characteristic of heterospin single-molecule magnets with effective
activation barriers, Ueff/kB, of 40, 65, 73, 72, and 74 K, for reorientation of the magnetic
moment and temperature-dependent hysteresis loops with a coercive force, Hc, of ∼0,
6.2, 10, 6.5, and 9.0 kOe at 1.9 K, respectively. The relaxation times, τQ, due to a
quantum tunneling of magnetization (QTM) were estimated to be 1.6 s for Co(p-
tolsal)2(C1py)2, ∼2.0 × 103 s for Co(p-tolsal)2(C2py)2, and >105 s for Co(p-
tolsal)2(CXpy)2; X = 3b, 3l, and 4. In heterospin complexes, organic spins, carbenes
interacted with the cobalt ion to suppress the QTM pathway, and the τQ value increased with increasing the Stotal values.

■ INTRODUCTION

Single-molecule magnets (SMMs)1−6 exhibiting hysteresis
loops of magnetization similar to bulk magnets and the spin
quantum tunneling effect at low temperatures have been
attracting the interest of many chemists in the fields of both
new functional materials and fundamental chemistry. In an
SMM, the characteristic slow magnetic relaxation for
reorientation of the magnetic moment takes place via various
pathways due to the direct,1a,7 Orbach,1a,7 Raman,1a,7 and
quantum tunneling of the magnetization (QTM)2−6 process.
The thermodynamic activation barrier, U/kB, corresponds to |
D|S2 and |D|(S2 − 1/4) for integer spin and noninteger spin,
respectively, where |D| (D < 0) is a uniaxial anisotropic
parameter and S is a spin quantum number. Therefore, the
effective activation barriers (Ueff/kB: Ueff/kB < U/kB) depend on
the U/kB value and the relaxation pathways, especially QTM
relaxation time, τQ. To obtain a large Ueff/kB in SMMs, an
increasing U/kB value and/or a suppressing QTM pathway
would be required.
For the construction of SMMs, we used a heterospin

system8,9 consisting of the 3d spins of the anisotropic metal
ions and the 2p spins of the organic spins. In our heterospin
systems, carbene9b,d−f and a stable aminoxyl9a,c were used as
organic spins, and they magnetically interacted with 3d metal
ions through aromatic ligands by the large delocalization of π-
spin of organic unpaired electrons. Recently, other groups also

reported heterospin SMMs taking advantage of the magnetic
coupling between the anisotropic metal ion and organic
radicals.10 In our heterospin systems, the combination of a
high-spin cobalt(II) ion and the pyridine-carbene11 and
-aminoxyl11e,12 ligands provided unique heterospin SMMs
having slow magnetic relaxation with a large Ueff/kB and
showing the hysteresis loop of magnetization, M, with a large
coercive force (Hc) above 1.9 K. The values of Ueff/kB and Hc at
1.9 K for heterospin SMMs, especially cobalt−carbene
complexes, were considerably large compared with those for
metal clusters containing 3d metals reported as SMMs up to
now. The schematic structures designed according to the
strategy of our heterospin SMM are shown in Scheme 1.
Notably, the monometallic 1:4 cobalt complexes Co-
(NCO)2(C1py)4

11a,b,e−g and the cyclic 2:2 cobalt complex-
es11c,d [Co(I-hfpip)2(C2py2)]2, I-hfpip = 1,1,1,5,5,5-hexafluoro-
4-(4-iodophenylimino)-2-pentanonate, showed SMM behaviors
with extra large values of Ueff/kB = 130 and 139 K and Hc = 20
and 26 kOe at 1.9 K, respectively, in addition to the
temperature-independent QTM relaxation times (τQ) of 1.0
× 105 and 1.1 × 105 s, respectively.
The cobalt complexes for heterospin SMMs had similar

compressed or elongated octahedral structures.11a,b In those
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complexes, the z axis of the axial ligands might be anisotropic
axes, and the organic spins were located in the x−y plane of the
cobalt complex. To understand heterospin SMMs, the effects of
an axial ligand and organic spin (Y and S, respectively, in
Scheme 1) in the cobalt complexes on the heterospin SMM
property were systematically investigated in frozen solution. In
the 1:4 cobalt−aminoxyl and −carbene complexes,11b,12b,c

Co(Y)2(4NOpy)4 and Co(Y)2(C1py)4, Y = NCS−, Cl− (Br−

for 4NOpy complex), and NCO−, respectively, the axial ligand
(ion) was revealed to strongly affect the Ueff/kB (or U/kB) for
SMMs, and the Ueff/kB values increased in the order Y = NCS−,
Cl− (Br−), and NCO−. This result might be due to the increase
of the |D| value caused by the change of axial ligand. In the
heterospin SMM, on the other hand, the role of organic spin
located in the x−y plane of the cobalt complex has not yet been
sufficiently clarified. However, according to the experimental
facts before irradiation, the diazo-Co complex showed no SMM
behavior, while after irradiation, the carbene-Co complexes
generated by photolysis of the diazo moieties showed SMM
behavior, obviously indicating that the carbenes affected the
SMM properties of carbene−Co complexes. Furthermore, since
the U/kB value of cobalt complexes corresponded to |D|(S2 −
1/4) for noninteger spin, the increase of the S value in the
ground state by using triplet carbene spins would be expected
to lead to a large U/kB value. Recently, the 1:4 complexes of
CoCl2 and DXpy, X = 1, 2, 3l, 3b, and 4, which were precursors
of high-spin carbene−pyridine ligands with spin multiplicities,
Scar, of 2/2, 4/2, 6/2, 6/2, and 8/2, respectively, were employed
to change the Scar of carbenes systematically, and the influence
of the carbenes on heterospin SMM properties11a was
investigated. In the experimental results, all 1:4 cobalt
complexes showed similar SMM properties with a constant
Ueff/kB of ca. 90 K, and no dependence of Ueff/kB on the Stotal
value was observed. Furthermore, the τQ values were suggested
to increase with increasing the Stotal value. In a series of 1:4
complexes CoCl2(DXpy)4, the complex with the smallest Stotal
value of 9/2, CoCl2(C1py)4, already had a τQ value long
enough not to affect the activation barrier, U/kB.
To reduce the spin multiplicities of the cobalt complexes, this

time, bidentate cobalt complex Co(p-tolsal)2, p-tolsal = N-p-
tolylsalicylideniminato, was used as the heterospin complex
with an Stotal value smaller than 1:4 complexes, and the
magnetic properties before and after irradiation of the 1:2
complexes of Co(p-tolsal)2 and DXpy in frozen solution were
investigated. The 1:2 complexes Co(p-tolsal)2(CXpy)2, X = 1,
2, 3l, 3b, and 4, were expected to produce the high-spin ground
state with Stotal = 5/2, 9/2, 13/2, 13/2, and 17/2, respectively.
The 1:2 complex Co(p-tolsal)2(cC5py)2 formed after irradi-

ation of the mixed solution of Co(p-tolsal)2 and cyclic
pentadiazopyridine, cD5py, has already been reported to
function as an SMM with Stotal = 21/2, Ueff/kB = 72 K, and
Hc = 7.1 kOe in frozen solution.11f

We report here the relationship between the SMM magnetic
properties and the ground-state spin multiplicity in a series of
Co(p-tolsal)2(CXpy)2, X = 1, 2, 3l, 3b, and 4, together with
Co(p-tolsal)2(cC5py)2. In addition, the magnetic properties of
Co(p-tolsal)2(py)2 having no carbene in the absence and
presence of a dc field were also reported. In the 1:4 complex
CoCl2(py)4,

11a the dynamic magnetic behavior showing slow
magnetic relaxation with Ueff/kB = 16 K in the presence of a 3
kOe dc field was observed.

■ RESULTS AND DISCUSSION
Preparations of DXpy, X = 1, 2, 3l, 3b, and 4, and

Their Complexes with Co(p-tolsal)2. Monodiazo-, didiazo-,
tridiazo-, and tetradiazopyridine ligands, DXpy, X = 1, 2, 3l, 3b,
and 4, were prepared by the procedure reported previously.11a

D2py and D3bpy were obtained as single crystals and
characterized by X-ray crystallography (S2). The photo-
products after irradiation of DXpy were confirmed to be
high-spin polycarbene in the ground state by the field
dependence of the magnetization in frozen solution.11a,b For
the preparation of the 1:2 cobalt complexes, solutions of Co(p-
tolsal)2 and DXpy in degassed CH2Cl2 were mixed in a ratio of
1:2 at 4 °C under a nitrogen atmosphere. No single crystals
amenable to X-ray structural analysis were obtained with any
combination of Co(p-tolsal)2 and DXpy at the present stage.
The solutions of Co(p-tolsal)2(DXpy)2 were relatively unstable
in solution, and therefore the solutions were used as samples
for the magnetic measurements immediately after mixing Co(p-

Scheme 1. Schematic Structures of Heterospin SMMs

Inorganic Chemistry Article

dx.doi.org/10.1021/ic403074d | Inorg. Chem. 2014, 53, 5447−54575448



tolsal)2 and DXpy in a ratio of 1:2. In contrast, the 1:2 cobalt
complexes [Co(p-tolsal)2(py)2] and [Co(Phsal)2(py)2] were
obtained as single crystals by mixing the solutions of Co(p-
tolsal)2 (or Co(Phsal)2) and pyridine.
X-ray Crystallography. Single crystals of [Co(p-tol-

sal)2(py)2] and [Co(Phsal)2(py)2] were analyzed by X-ray
crystallography. The complexes were crystallized in space
groups P21/c and P1 ̅ with Z = 4 for [Co(p-tolsal)2(py)2] and
[Co(Phsal)2(py)2], respectively. In the molecular structures of
[Co(p-tolsal)2(py)2] and [Co(Phsal)2(py)2], the oxygen atoms
of phenoxide in Schiff-base ligands are located at the apical
position and two pyridines are coordinated to the cobalt ion in
cis and trans configurations, respectively. Both complexes
formed compressed octahedral structures, in which the bond
lengths between the cobalt ion and the phenoxide oxygen
atoms were shorter by 0.15−0.23 Å than those between the
cobalt ion and the imine and pyridine nitrogen atoms. The
bond angles of O−Co−O were 179° and 178° for [Co(p-
tolsal)2(py)2] and [Co(Phsal)2(py)2], respectively. Dihedral
angles between the pyridine rings and the x−y plane defined by
the nitrogen atoms of Schiff-base and pyridine ligands were
53−71° and 72−84° for [Co(p-tolsal)2(py)2] and [Co-
(Phsal)2(py)2], respectively. The observed molecular structures
were distorted octahedral, similar to those reported previ-
ously.11,12 In the crystal packings, the shortest intermolecular
distances between the cobalt ions were 8.38 and 8.80 Å for
[Co(p-tolsal)2(py)2] and [Co(Phsal)2(py)2], respectively.
ORTEP drawings of molecular structures for [Co(p-
tolsal)2(py)2], [Co(Phsal)2(py)2], D2py, and D3bpy are
shown in Figure S1, and their selected bond lengths, bond
angles, and dihedral angles are summarized in Tables S1−S3.
Formation of Co(p-tolsal)2(DXpy)2 Complexes in

Solution. To confirm the formation of Co(p-tolsal)2(DXpy)2
in solution, the spectra of vis−NIR and CSI mass for the
solution samples were measured.
A. Vis−NIR Spectra of Co(p-tolsal)2(DXpy)2 Complexes.

The vis−NIR spectrum of the 1:2 mixture (10 mM) of Co(p-
tolsal) and DXpy in MTHF at room temperature showed a set
of weak absorptions at 900 and 1300 nm. On cooling from 288
to 140 K, these absorptions gradually decreased and a new
absorption at 950 nm appeared below 190 K. The absorptions
at rt and 140 K are characteristic of the d−d transitions of the
cobalt(II) ion in the tetrahedral and octahedral coordination
structure, respectively,13,14 indicating that Co(p-tolsal)2 and
DXpy are mostly dissociated at rt but associate to form the 1:2
complex Co(p-tolsal)2(DXpy)2 at temperatures lower than 140
K. The spectral changes for Co(p-tolsal)2(D3lpy)2 in the
temperature range 288−140 K are shown in Figure S2. The
other combination of Co(p-tolsal)2 and DXpy showed similar
spectral changes under similar conditions.
B. Cold-Spray Ionization Mass Spectra. Cold-spray

ionization mass spectra15 for the solution samples were
measured at −10 °C using positive mode. The 1:2 mixtures
of Co(p-tolsal)2 with pyridine and DXpy in CH3CN were used
as solution samples. The spectra showed the positive molecular
ion peaks with isotope patterns, which were in accordance with
the corresponding molecular weight, M+. The CSI mass spectra
for the 1:2 mixtures of Co(p-tolsal)2 and DXpy are shown in
Figure S3 together with the simulation values.
From the results of vis−NIR and CSI mass spectrometry, the

complexes formed from the 1:2 mixture of Co(p-tolsal)2 and
DXpy at cryogenic temperature studying the magnetic
properties were safely considered to be octahedral, in which

DXpy coordinated to the cobalt ion as the fifth and the sixth
ligand.

Magnetic Properties in Frozen Solution. The solutions
(15, 10, 10, 5, and 5 mM, 50 μL) of the 1:2 mixture of Co(p-
tolsal)2 and DXpy, X = 1, 2, 3l, 3b, and 4, respectively, in
MTHF were employed as samples of Co(p-tolsal)2(DXpy)2 for
dc and ac magnetic susceptibility measurements. A solution (50
mM, 50 μL) of [Co(p-tolsal)2(py)2] dissolved in MTHF was
used as the solution sample.

Photolysis of Co(p-tolsal)2(DXpy)2, X = 1, 2, 3l, 3b, and
4, in Frozen Solution. Photolysis of the sample was
performed by the procedures reported previously.11a,b The M
vs irradiation time plot for the sample of 1:2 mixture of Co(p-
tolsal)2(D3lpy)2 in MTHF is shown in Figure S4. Quantitative
photolysis of the sample was confirmed by the disappearance of
the absorption at 2055 cm−1 due to the diazo moiety in the IR
spectra after SQUID measurements.

A. Static Magnetic Properties in Frozen Solution. A-
1. Temperature Dependence of dc Magnetic Susceptibility.
The values of dc molar magnetic susceptibility, χmol, before and
after irradiation of Co(p-tolsal)2(DXpy)2, X = 1, 2, 3l, 3b, and
4, in frozen solution were collected at a constant field of 5 kOe
below 20 K. The obtained χmol values were plotted as a function
of temperature. The plots of χmolT vs T before and after
irradiation of Co(p-tolsal)2(DXpy)2, X = 1, 2, 3l, 3b, and 4, are
shown in Figure 1 together with Co(p-tolsal)2(py)2.

The χmolT values before irradiation of Co(p-tolsal)2(DXpy)2
were nearly constant (1.5 cm3 K mol−1) in the temperature
range 1.9−10 K and were close to those for Co(p-tolsal)2(py)2.
After irradiation, the χmolT values for Co(p-tolsal)2(CXpy)2
were nearly constant depending on the multiplicity of the
complexes in the range 5−20 K and gradually decreased below
it. The constant χmolT values were 6.2, 12.8, 23.8, 24.2, and 32.1
for Co(p-tolsal)2(CXpy)2, X = 1, 2, 3l, 3b, and 4, respectively,
and were much larger than the theoretical values (3.5, 7.5, 13.5,
13.5, and 21.5 cm3 kmol−1 for Co(p-tolsal)2(CXpy)2, X = 1, 2,
3l, 3b, and 4, respectively) calculated by a spin-only equation
with two isolated high-spin carbenes (1.0, 3.0, 6.0, 6.0, and 10.0
cm3 K mol−1 × 2) and one high-spin cobalt(II) ion with
effective spin S′eff = 1/216,17 (χmolT value of 1.5 cm3 K mol−1

before irradiation). These results suggested that the carbenes
and the cobalt ions in the complex interacted ferromagnetically
to form a high-spin ground state with Stotal = 5/2, 9/2, 13/2,
13/2, and 17/2 for Co(p-tolsal)2(CXpy)2, X = 1, 2, 3l, 3b, and
4, respectively. The decrease in the χmolT values below 10 K

Figure 1. χmolT vs T plots of Co(p-tolsal)2(D1py)2 (black ×), Co(p-
tolsal)2(CXpy)2, X = 1 (purple ▽), 2 (green △), 3l (blue □), 3b
(pink ◇), and 4 (red circle), and Co(p-tolsal)2(py)2 (red #) below 20
K in frozen solution.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic403074d | Inorg. Chem. 2014, 53, 5447−54575449



might be due to the effect of the zero-field splitting caused by
spin−orbit coupling in the cobalt ion.
A-2. Hysteresis Loops below 3.0 K. The dc magnetization

for Co(p-tolsal)2(CXpy)2, X = 1, 2, 3l, 3b, and 4, was measured
in the range −50 to 50 kOe with a field-sweep rate of 0.35
kOe/s at various temperatures in the range 1.9−3.5 K. The
Mmol values gradually increased on applying the field and kept
on increasing even at 50 kOe, for which the Mmol values were
2.0 × 104, 3.8 × 104, 5.2 × 104, 5.6 × 104, and 6.8 × 104 cm3 Oe
mol−1 for Co(p-tolsal)2(CXpy)2, X = 1, 2, 3l, 3b, and 4,
respectively. These values at 50 kOe were lower than those for
the values of saturation magnetization, Ms, suggesting that the
effect of large spin−orbit coupling operated. In all complexes,
hysteresis loops relating to the field appeared below ca. 3.0 K,
and the width of the loop increased upon cooling. The
hysteresis loops at 1.9 K for Co(p-tolsal)2(CXpy)2, X = 1, 2, 3l,
3b, and 4, are summarized in Figure 2, and those at given
temperatures together with the Hc vs T plots are shown in
Figure S5.

In Co(p-tolsal)2(CXpy)2, X = 2, 3l, 3b, and 4, the coercive
force (Hc) and the remnant magnetization (Mr) depended on
the temperature. On cooling from 3.0 K, both values gradually
increased until 1.9 K. The observed thermal behaviors of Hc
andMr were characteristic of an SMM. The values of Hc andMr
at 1.9 K were ∼0, 6.0, 10, 6.2, and 9.0 kOe and 0, 1.6 × 104, 2.6
× 104, 1.7 × 104, and 2.9 × 104 cm3 Oe mol−1 for Co(p-
tolsal)2(CXpy)2, X = 1, 2, 3l, 3b, and 4, respectively. The Hc
values at 1.9 K increased in the order Co(p-tolsal)2(CXpy)2, X
= 1, 2, 3b, 3l, and 4, in which those for Co(p-tolsal)2(CXpy)2,
X = 3l and 4, were close. It was noted that the Hc value for
Co(p-tolsal)2(3bpy)2, having a branched structure, was differ-
ent from that for the linear isomer, and the value of 6.2 kOe
was rather close to that for Co(p-tolsal)2(C2py)2 and that (7.1
kOe) for Co(p-tolsal)2(cC5py)2, which had a partial structure
of Co(p-tolsal)2(3bpy)2.
To estimate the D and E values for Co(p-tolsal)2(py)2 and

Co(p-tolsal)2(C1py)2, which showed no hysteresis and an
extremely weak hysteresis loop at 1.9 K, respectively, the
reduced magnetization data in the Mmol vs H/T plots were
analyzed by using the program ANISOFT 2.0.18 The best
fitting results for Co(p-tolsal)2(py)2 and Co(p-tolsal)2(C1py)2
were −108 and −18 K for D and −0.0008 and −0.0001 K for E
values, respectively (Figure S6). The negative D values were
obtained, and the large reduction of the |D| value from Co(p-
tolsal)2(py)2 to Co(p-tolsal)2(C1py)2 was observed. However,

the U/kB values calculated from |D|(S2 − 1/4) by using the
obtained D values were 216 and 108 K for Co(p-tolsal)2(py)2
and Co(p-tolsal)2(C1py)2, respectively, which were largely
different from the following experimental Ueff/kB value. The
observed discrepancy was not clear at the present stage.

B. Dynamic Magnetic Properties in Frozen Solution. The
dynamic magnetic properties for Co(p-tolsal)2(CXpy)2, X = 1,
2, 3l, 3b, and 4, together with a parent complex, Co(p-
tolsal)2(py)2, were investigated by ac and dc magnetic
susceptibility measurements in frozen solution. The ac
magnetic susceptibility data were collected with 3.9 or 5.0 Oe
ac fields at various frequencies in the temperature range 10−1.9
K. The dc magnetization decays for Co(p-tolsal)2(CXpy)2, X =
2, 3l, 3b, and 4, were also measured in the range 3.0−1.9 K.

B-1. The ac Magnetic Susceptibility Measurements.
i. Co(p-tolsal)2(py)2 and Co(p-tolsal)2(C1py)2. The ac
magnetic susceptibilities for parent complex Co(p-tolsal)2(py)2
were measured with a 3.9 Oe ac field at various frequencies in
the temperature range 1.9−10 K. Although both nonzero
signals of χ′mol and χ″mol (in-phase and out-of-phase
components of ac magnetic susceptibilities, respectively) were
observed, no maxima of the signals in the χ′mol and χ″mol vs T
plots were observed above 1.9 K (Figure S7-1). By applying the
dc field, the maxima of the signals dependent on the frequency
appeared in the χ′mol and χ″mol vs T plots. To optimize the
applied dc field, the temperature dependencies of χ″mol signals
with the frequency of 1.0 Hz were investigated in the presence
of dc fields of 1.0, 3.0, and 5.0 kOe. In the χ″mol vs T plots, the
dc field of 1.0 kOe showing the maximum intensity of the χ″mol
signal was determined as the optimized dc field (Figure S7-2).
In the presence of a dc field of 1.0 kOe, the peak-top
temperature of χ″mol signals shifted to lower temperature with
decreasing frequency (Figure 3a, left) and were below 1.9 K for
frequencies lower than 10 Hz. This observation in the absence
and presence of a dc field was typical of SMM (or single-ion
magnet; SIM) behaviors affected by the QTM pathway. In the
absence of a dc field, the QTM relaxation counteracted the slow
magnetic relaxation for SMM (SIM), while in the presence of a
dc field for suppression of QTM relaxation, the SMM (SIM)
behavior was observable. In Co(p-tolsal)2(C1py)2, in contrast,
both χ′mol and χ″mol signals were clearly observed in the absence
of a dc field and showed frequency dependence (Figure S8-1
and Figure 3a, right, respectively). As observed in the χ″mol vs T
plot, the peak of χ″mol signals had a shoulder below 2.5 K. The
χ″mol values at 1.9 K increased with decreasing frequency and
eventually were dominant at frequencies less than 1.0 Hz.
When the dc field of 1 kOe was applied, the shoulder for the
peak of χ″mol signals disappeared (Figure S8-2b), suggesting
that the χ″mol signals below 2.5 K might be affected by the
relaxation due to the QTM pathway.
The observed thermal profile of the χ″mol signals for Co(p-

tolsal)2(py)2 and Co(p-tolsal)2(C1py)2 might suggest that the
magnetic relaxations through thermodynamic and QTM
pathways were observed at high and low temperatures,
respectively. To estimate the relaxation time at low temper-
ature, the χ″mol values in the χ″mol vs T plot were analyzed by
the Debye model19 and were plotted as a function of frequency
(Figure 3b). The τ values obtained from the plots of χ″mol vs T
and χ″mol vs frequency were combined and plotted as a function
of inverse T (Figure 3c). In the τ vs T−1 plots, on cooling, the τ
values almost linearly increased in the high-temperature region
and deviated from the straight line at low temperature. The
relaxation in the high-temperature region obeyed the Arrhenius

Figure 2. Plots of Mmol vs H of Co(p-tolsal)2(CXpy)2, X = 1 (purple),
2 (green), 3l (blue), 3b (pink), and 4 (red), at 1.9 K in frozen solution
with a sweep rate of 0.35 kOe/s.
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law; τ = 1/(2πν) = τ0 exp(Ueff/kBT). From the straight line in
the τ vs T−1 plots, the effective activation energy, Ueff/kB, and
the pre-exponential factor, τ0, were estimated. In Co(p-
tolsal)2(py)2, the values of Ueff/kB and τ0 in the presence of
1.0 kOe were estimated to be 38 K and 8.0 × 10−7 s,
respectively. The τ values obtained by the Debye model
deviated downward from the straight line below 4.0 K and
reached a near-plateau (0.05 s) at 1.9 K. In the absence of a dc
field, on the other hand, values of Ueff/kB of 40 K and τ0 of 8.0
× 10−8 s were obtained for Co(p-tolsal)2(C1py)2. The τ values
below 2.5 K obtained from the χ″mol vs frequency plot deviated
from the straight line for the Arrhenius plot and approached a
constant value. The relaxation time, τ1.9, of 1.6 s at 1.9 K might
be close to the relaxation time, τQ, due to QTM, which was
temperature independent. Applying a dc field of 1 kOe, the
deviation below 2.5 K in the τ vs T−1 plot disappeared and
values of Ueff/kB of 42 K and τ0 of 5.2 × 10−8 s were obtained
(Figure S8-2d). The values obtained in the absence and

presence of a dc field were ca. 40 K and similar to each other.
This result indicated that the contribution of QTM relaxation
to the Ueff/kB value for Co(p-tolsal)2(C1py)2 was insignificant
and the relaxation below 2.5 K was controlled by QTM.
The χ″mol vs T, χ″mol vs frequency, and Arrhenius plots for

Co(p-tolsal)2(py)2 and Co(p-tolsal)2(C1py)2 in the presence
and absence of a dc field (1 kOe), respectively, are shown in
Figure 3, and those for Co(p-tolsal)2(C1py)2 in the presence of
a dc field (1 kOe) are shown in Figure S8-2.
The microcrystalline samples of [Co(p-tolsal)2(py)2] and

[Co(Phsal)2(py)2], which had a cis and trans configuration,
respectively, also showed similar magnetic behavior in the
absence and presence of a dc of 1.0 kOe, which are shown in
Figure S9-1 and S9-2 for [Co(p-tolsal)2(py)2] and in Figure S9-
3 and S9-4 for [Co(Phsal)2(py)2]. The values of Ueff/kB and τ0
of 35 and 34 K and 1.2 × 10−6 and 3.3 × 10−7 s for [Co(p-
tolsal)2(py)2] and [Co(Phsal)2(py)2], respectively, in the
presence of a dc of 1.0 kOe were obtained. These results

Figure 3. Plots of (a) χ″mol vs T, (b) χ″mol vs frequency, and (c) τ vs T−1 for Co(p-tolsal)2(py)2 (left) and Co(p-tolsal)2(C1py)2 (right) in the
presence and absence of a dc field of 1 kOe, respectively. The solid lines in (a) and (b) are visual guides and fitted curves by the Debye model,
respectively. In (c), the red circles and blue squares are τ values obtained from the plots of χ″mol vs T and χ″mol vs frequency, respectively, and the
straight lines are obtained by the Arrhenius law using the data at 1000, 750, 500, 250, and 200 Hz in the χ″mol vs T plot.
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suggest that the coordination geometry of pyridine in these
cobalt complexes did not largely affect the Ueff/kB values.
The parent complex Co(p-tolsal)2(py)2 is a high-spin

cobalt(II) complex with noninteger spin. In the easy-axis (D
< 0) noninteger spin system, the transverse anisotropy should
not affect the QTM pathway according to Kramers’ theorem. In
addition, the measuring conditions, which were the presence of
a dc field and in frozen solution, might eliminate the
contribution of the dipole interaction and the hyperfine
coupling to QTM. However, the observed magnetic behaviors
in the absence and presence of a dc field suggested that Co(p-
tolsal)2(py)2 had a non-negligible QTM pathway within a
molecule. Recently, similar results for complexes containing
high-spin cobalt(II) ions have been reported.6 In contrast,
Co(p-tolsal)2(C1py)2 showed a slow magnetic relaxation with
the Ueff/kB value in the absence of dc field, indicating that the
generating carbene magnetically coupled with the cobalt ion to
suppress the relaxation through the QTM pathway.
ii. Co(p-tolsal)2(CXpy)2, X = 2, 3l, 3b, and 4. The ac

magnetic susceptibilities of Co(p-tolsal)2(CXpy)2, X = 2, 3l, 3b,
and 4, were measured under conditions similar to those for
Co(p-tolsal)2(C1py)2. Both χ′mol and χ″mol signals depending
on the frequency were clearly observed in the absence of a dc
field. The χ′molT vs T plots are shown in Figure S10. The χ″mol
vs T plots are shown in Figure 4 for Co(p-tolsal)2(CXpy)2, X =
2, 3l, and 4, and Figure S11 for Co(p-tolsal)2(C3bpy)2.
In the plot of χ′molT vs T, the values of χ′molT were 13.5,

23.7, 22.7, and 33.3 cm3 K mol−1 at 10 K for Co(p-

tolsal)2(CXpy)2, X = 2, 3l, 3b, and 4, respectively, and
remained essentially constant on cooling to ∼5 K. Below 5 K,
the χ′molT values with frequency dependence decreased, while
the χ″mol signals appeared at the same temperature. In the χ″mol
vs T plot, the χ″mol signals with frequency dependence were
also observed above 1.9 K, and the maximum χ″mol signals
shifted to lower temperature with decreasing frequency. From
each frequency (1/4πτ) at the peak-top temperature for χ″mol,
the values for Ueff/kB and τ0 were obtained in terms of the
Arrhenius equation. The values of Ueff/kB and τ0 for Co(p-
tolsal)2(CXpy)2, X = 2, 3l, 3b, and 4, were estimated to be 65,
73, 72, and 74 K, and 4.4 × 10−9, 1.5 × 10−9, 1.1 × 10−9, and
1.6 × 10−9 s, respectively (Figure 7). The Ueff/kB and τ0 values

of the isomeric complexes Co(p-tolsal)2(C3bpy)2 and Co(p-
tolsal)2(C3lpy)2 were close to each other, indicating that the
structural difference did not affect the Ueff/kB value. Those for
Co(p-tolsal)2(cC5Py)2 were reported11f to be 72 K and 2.0 ×
10−9 s, respectively. The obtained τ0 values, which were smaller
than those of typical SMMs,2 were close to those of SMMs with
large Stotal values reported previously.2c,d,20

In order to investigate the relaxation process due to the
cobalt complexes in frozen solutions in more detail, further ac
magnetic susceptibility measurements were carried out. The ac
magnetic susceptibility data after irradiation of the 1:2 mixture,
Co(p-tolsal)2(D3lpy)2, in frozen MTHF solution were
collected by holding at various constant temperatures and
varying the frequency of the ac field (5 Oe) from 1000 to 1 Hz.
The plots of χ′mol vs frequency and χ″mol vs frequency at 4.5,
4.9, and 5.3 K are shown in Figure S12, and that of χ′mol vs
χ″mol (Cole−Cole diagram) is shown in Figure 5.
The frequency dependences of χ′mol and χ″mol at constant

temperatures were analyzed by a Debye model, and the fitted
curves are shown as solid lines in Figure S12. The Cole−Cole
plot21 shown in Figure 5, which is nearly symmetric with
distribution widths α = 0.23, 0.28, and 0.34 at 5.3, 4.9, and 4.5
K, respectively, indicated that a single relaxation process was
present in the Co(p-tolsal)2(C3lpy)2. The obtained α values
were relatively large, which suggested that there was a
distribution in the single relaxation process. This distribution
would be mainly due to the frozen solution condition used for
the formation of SMM.

B-2. The dc Magnetization Decay for Co(p-tolsal)2(CXpy)2,
X = 2, 3l, 3b, 4, and Co(p-tolsal)2(cC5py)2. To characterize
the slow magnetization relaxation at even lower temperatures,
the dc magnetization decay experiments for Co(p-tol-

Figure 4. Plots of χ″mol vs T of Co(p-tolsal)2(CXpy)2, X = (a) 2, (b)
3l, and (c) 4, in frozen MTHF solution with a 5 Oe ac field oscillating
at 1 (◇), 10 (▼), 100 (▲), 500 (■), and 1000 (●) Hz. The solid
lines are visual guides.

Figure 5. Plot of χ′mol vs χ″mol at 4.5 (blue □), 4.9 (red ○), and 5.3
(green △) K for Co(p-tolsal)2(C3lpy)2. Solid lines are a least-squares
fitting of the data to the distribution of a single relaxation process.
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sal)2(CXpy)2, X = 2, 3l, 3b, and 4, were carried out in the
temperature range 1.9−3.0 K. In addition, the decay experiment
for Co(p-tolsal)2(cC5py)2, which had the largest Scar value of
10/2, was also carried out under a similar condition. After the
cycle of applying the field of 50 kOe at 10 K, cooling to the
desired temperature, and then reducing to 0 kOe, the
magnetizations were measured as a function of time. The
measurements were performed at various temperatures in the
range 2.8−1.9 K. For each measurement, the temperature was
raised to 10 K once and then cooled to the desired temperature.
The magnetization data, M, were normalized by that, M0, at t =
0 at each temperature and were plotted as M/M0 vs time. The
decay curves at each given temperature are shown in Figure 6
for Co(p-tolsal)2(CXpy)2, X = 2, 3l, and 4, and in Figure S13
for Co(p-tolsal)2(C3bpy)2 and Co(p-tolsal)2(cC5py)2.
The dc magnetization decays for Co(p-tolsal)2(CXpy)2, X =

2, 3l, 3b, and 4, and Co(p-tolsal)2(cC5py)2 became slower on
cooling, and their decay times at the same temperature
decreased in the order Co(p-tolsal)2(CXpy)2, X = 2, 3, and
4, and Co(p-tolsal)2(cC5py)2. However, the decay times above
1.9 K did not reach constant values, determining that the decay

times were due to QTM. To obtain the relaxation times for
Co(p-tolsal)2(CXpy)2, X = 2, 3l, 3b, and 4, and Co(p-
tolsal)2(cC5py)2, the experimental decay data were fitted to a
stretched exponential decay (eq 1).11a,b,22

τ= −M M tln( ) ln( ) ( / )B
0 (1)

where M0 is the initial magnetization, τ is the average relaxation
time, and B is the width of the distribution; B = 1 is a single-
exponential decay. Taking the magnitude of the M0 value
(M0(T); M0 at T, > 0.5M0(1.9)) into account, in which the
values of M0(1.9) for Co(p-tolsal)2(CXpy)2, X = 2, 3l, 3b, and
4, and Co(p-tolsal)2(cC5py)2 were 31, 46, 31, 47, and 35%,
respectively, of the M value at 50 kOe, the experimental decay
data were selected and the data in the temperature ranges 1.9−
2.2, 1.9−2.6, 1.9−2.6, 2.0−2.6, and 2.1−2.8 K for Co(p-
tolsal)2(CXpy)2, X = 2, 3l, 3b, and 4, and Co(p-
tolsal)2(cC5py)2 were used for the fitting experiments. The τ
values in the range 103−105 s with B values in the range 0.4−
0.6 were obtained. The values of τ and B obtained by a
stretched exponential decay are listed in Table 1 together with
the relaxation times for Co(p-tolsal)2(C1py)2 obtained by the
Debye model, and the fitting curves are shown in Figure 6 as
solid lines.

Magnetic Relaxations in Co(p-tolsal)2(CXpy)2, X = 2,
3l, 3b, and 4. In SMM, the characteristic slow magnetic
relaxation for the reorientation of the magnetization takes place
in two pathways due to U/kB and QTM. The relaxations due to
the former are temperature-dependent and obtained by the ac
magnetic susceptibility technique, while those for the latter are
temperature-independent and determined by the temperature
dependence of the dc magnetization decay at extremely low
temperature. For Co(p-tolsal)2(CXpy)2, X = 2, 3l, and 4, and
Co(p-tolsal)2(cC5py)2, the dc magnetization decays are
combined with those given by means of the ac magnetic
susceptibility technique and are shown as τ vs T−1 plots in
Figure 7. The τ vs T−1 plot for Co(p-tolsal)2(C3bpy)2 is shown
in Figure S14.
In the higher temperature region, the decay obeyed the

Arrhenius law, while in the lower temperature region, the τ
values for Co(p-tolsal)(CXpy)2 collected by the dc magnet-
ization decay deviated downward from the extrapolation of the
linear Arrhenius plot obtained by the ac magnetic susceptibility
technique. The observed deviation suggests that the τ values in
the low-temperature region (<3.0 K) were affected by the τQ. In
addition, the degree of deviation became smaller in the order
Co(p-tolsal)2(CXpy)2, X = 2, 3l, 3b, and 4, suggesting that the
contribution of τQ due to RQT relaxation became smaller with
increasing Stotal value. Accordingly, the τQ values might become
larger with increasing Stotal value. Actually, the τ values at a
given temperature below 3 K for Co(p-tolsal)2(cC5py)2, which
had the largest Stotal value, were traced on a straight line, and no
deviation was observed until 1.9 K. Although the τQ values for
Co(p-tolsal)2(CXpy)2, X = 2, 3l, 3b, and 4, could not be
determined, they were estimated to be ∼2 × 103 s for Co(p-
tolsal)2(C2py)2 and >105 s for Co(p-tolsal)2(CXpy)2, X = 3l,
3b, and 4, from the τ values at 1.9 or 2.0 K.

Role of Carbene in SMM Behaviors of 1:2 Complexes
of Co(p-tolsal)2(CXpy)2 in Frozen Solution. The 1:2 cobalt
complexes with Stotal = 3/2−21/2 showed heterospin SMM
behaviors, and their thermal activation barriers partially
depended on the Stotal values due to carbene multiplicity. All
magnetic physical values for Co(p-tolsal)2(py)2 and Co(p-

Figure 6. The dc magnetization decays for (a) Co(p-tolsal)2(C2py)2,
(b) Co(p-tolsal)2(C3lpy)2, and (c) Co(p-tolsal)2(C4py)2, at given
temperatures, after applying a field of 50 and reducing to 0 kOe. Solid
lines show the fitting results by the stretched exponential equation.
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tolsal)2(CXpy)2, X = 1, 2, 3l, 3b, and 4, are summarized in
Table 2 together with those for Co(p-tolsal)2(cC5py)2.
The Ueff/kB value in SMM is mainly determined by the

relative ratio for the thermodynamic and the QTM relaxation
times (τ and τQ, respectively) in both pathways, which are
temperature dependent and independent, respectively. Co(p-
tolsal)2(py)2, having no carbene, showed no SMM behavior in
the absence of a dc field, suggesting that the τQ was faster than τ
and counteracted the SMM behavior. Applying the dc field (1
kOe) for depression of the QTM pathway elicited an SMM
behavior with a Ueff/kB of 38 K. In contrast, in the absence of a
dc field, Co(p-tolsal)2(C1py)2 exhibited an SMM behavior with
a Ueff/kB of 40 K, whose value was close to that for Co(p-
tolsal)2(py)2 in the presence of a dc field. This result suggested
that carbene magnetically interacted with the cobalt ion to
suppress the QTM pathway and make the τQ value large.
Actually, in Co(p-tolsal)2(CXpy)2, X = 1, 2, 3l, 3b, and 4, the

τQ values depended on the Stotal value. The τQ value for Co(p-
tolsal)2(C1py)2 with Stotal = 5/2 was 1.6 s, which was
sufficiently longer than τ used to determine the activation
barrier (Figure 3c, right). Furthermore, the τQ value for Co(p-
tolsal)2(C2py)2 with Stotal = 9/2 was ca. 2 × 103 s and much
longer than the time scale for ac measurements. In Co(p-
tolsal)2(CXpy)2, X = 3 and 4, and Co(p-tolsal)2(cC5py)2 with
Stotal = 13/2, 17/2, and 21/2, respectively, although accurate
values of τQ for 3, 4, and Co(p-tolsal)2(cC5py)2 could not be
determined and were extremely slow (>105 s), a tendency for
the τQ values to increase with increasing Stotal value was
observed; the deviation of the data obtained from the dc decay
became small in the order 3, 4, and Co(p-tolsal)2(cC5py)2
(Figure 6). In Co(p-tolsal)2(CXpy)2, X = 1, 2, 3l, 3b, and 4,
and Co(p-tolsal)2(cC5py)2, therefore, the τQ increased with
increasing Stotal and the contribution of QTM relaxation to the
obtained Ueff/kB value could be eliminated.

Figure 7. Plots of τ vs T−1 for Co(p-tolsal)2(CXpy)2, X = (a) 2, (b) 3l, (c) 4, and (d) Co(p-tolsal)2(cC5py)2. The symbols of red circles and blue
squares indicate the τ data collected by ac magnetic susceptibility technique and by dc magnetization decay, respectively. The solid lines are the least-
squares fits of the ac data (red circles) according to the Arrhenius equation.

Table 1. Values of Average Relaxation Time, τ, and Distribution Parameter, B, in Parentheses for Co(p-tolsal)2(CXpy)2, X = 2,
3l, 3b, and 4, and Co(p-tolsal)2(cC5py)2, Together with Those for Co(p-tolsal)2(C1py)2 at Various Temperatures below 2.8 K

τ/s

T/K Co(p-tolsal)2(C1py)2 Co(p-tolsal)2(C2py)2 Co(p-tolsal)2(C3lpy)2 Co(p-tolsal)2(C3bpy)2 Co(p-tolsal)2(C4py)2 Co(p-tolsal)2(cC5py)2

1.9 1.6a 2.2 × 103 (0.62) 3.6 × 105 (0.44) 2.8 × 105 (0.50) n.e.b n.e.
2.0 1.4a 1.4 × 103 (0.66) 1.8 × 105 (0.45) 2.5 × 105 (0.42) n.e.
2.1 1.0a 5.1 × 104 (0.57) 6.0 × 104 (0.53) 7.7 × 104 (0.45) 3.9 × 105 (0.51)
2.2 7.3 × 102 (0.61) 2.8 × 104 (0.58) 2.0 × 104 (0.57) 3.7 × 104 (0.48)
2.3 3.8 × 104 (0.60)
2.4 n.e. 2.3 × 103 (0.54) 3.6 × 103 (0.54) 2.9 × 104 (0.59)
2.6 n.e. 1.2 × 103 (0.51) 8.2 × 102 (0.50) 4.2 × 103 (0.54) 2.7 × 103 (0.62)
2.8 n.e. n.e. n.e. 7.2 × 102 (0.54)

aValue obtained by a least-squares method using the data for the Debye plot. bn.e., not estimated.
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In contrast, the dependence of Ueff/kB on Stotal showed a
profile different from the relationship between τQ and Stotal. The
Ueff/kB vs Stotal plot is shown in Figure 8.

The dependence of Ueff/kB on Stotal for Co(p-tolsal)2(CXpy)2
and Co(p-tolsal)2(cC5py)2 had a critical Stotal value, Sc, of 13/2
and showed a different dependence below and above Sc, as
shown in Figure 8. Below Sc, the Ueff/kB values increased in the
order 40, 65, and 74 K at Stotal values of 5/2, 9/2, and 13/2,
respectively, while above Sc values of 13/2, the Ueff/kB values
were constant (ca. 70 K). Since in these 1:2 cobalt−carbene
complexes the contribution of QTM relaxation to the
thermodynamic activation barrier, U/kB, for the orientation of
magnetic moments could be ignored, the Ueff/kB (∼U/kB)
values could be considered as the equation |D|(S2 − 1/4) for
noninteger spin. Therefore, the Ueff/kB values for Co(p-
tolsal)2(CXpy)2, X = 1, 2, 3l, 3b, and 4, and Co(p-
tolsal)2(cC5py)2 corresponded to 6|D|, 20|D|, 42|D|, 42|D|,
72|D|, and 110|D|, respectively, and the |D| values were
estimated to be 6.6, 3.2, 1.5, 1.5, 1.0, and 0.65 K, respectively,
indicating that the |D| values decreased with increasing the Stotal
value in Co(p-tolsal)2(CXpy)2 and Co(p-tolsal)2(cC5py)2.
Relating to the |D| value,23 the magnetic couplings between
the cobalt ion and the carbene (|D|/hc = 0.434 and |E|/hc =
0.020 cm−1 for C1py)24 would reduce the |D| value. Therefore,
the |D| values would be smaller in the order Co(p-tolsal)2(py)2

and Co(p-tolsal)2(CXpy)2, X = 1, 2, 3l, 3b, and 4, and Co(p-
tolsal)2(cC5py)2. This order was consistent with that of the |D|
values calculated from |D|(S2 − 1/4). Below Sc, the increase of
Ueff/kB for Co(p-tolsal)2(CXpy)2, X = 1, 2, and 3, might be due
to the increase of Stotal accompanied by the decrease of |D|. In
contrast, above Sc, the constant values of ca. 70 K for Ueff/kB of
Co(p-tolsal)2(CXpy)2, X = 3l, 3b, and 4, and Co(p-
tolsal)2(cC5py)2 could be explained in a similar way; the
constant Ueff/kB value of ca. 70 K could be obtained by the
increase of Stotal with a decrease of |D| using the equation U/kB
= |D|(S2 − 1/4). However, in the large spin system with
relatively small exchange coupling,25 generally, the contribution
of the low-lying thermally excited state to the ground state
might be large and increase with increasing Stotal value. In Co(p-
tolsal)2(CXpy)2, X = 3l, 3b, 4, and Co(p-tolsal)2(cC5py)2,
being above Sc, the observed spin multiplicities in the ground
state did not correspond to the Stotal value. The large
participations of the low-lying thermally excited state in the
ground state might lead the Ueff/kB values of the complexes
over Stotal = 13/2 to become constant (ca. 70 K). In the
polymetal cluster systems with high-spin ground states, actually,
similar participations in the ground state have been
reported.2c,d,20 Similar results were also observed in the 1:4
Co−carbene complexes.11a,b In the experiments using Co(Cl2)-
(CXpy)4, X = 1, 2, 3l, 3b, and 4, with Stotal = 9/2−33/2, the
obtained Ueff/kB values for all complexes were nearly constant
at 90 K. This result suggested the possibility that the Ueff/kB
value did not depend on the multiplicity, Scar, of carbenes in
heterospin SMM. In this study using the 1:2 complexes,
however, the result that, when the Stotal value was smaller than
Sc = 13/2, the Ueff/kB value depended on Stotal and increased
with increasing Stotal value, eliminated such a possibility. The
Stotal value of 9/2 for Co(Cl)2(C1py)4, which was the smallest
value in Co(Cl)2(CXpy)4, might already be above the value of
Sc for the 1:4 complexes.

■ CONCLUSION
A parent complex Co(p-tolsal)2(py)2 showed no SMM
behavior in the absence of a dc field and showed an SMM
behavior in the presence of a dc field. This result could be
explained by the SMM behavior for Co(p-tolsal)2(py)2 being
counteracted by the fast relaxations through the QTM pathway
and the QTM relaxation being suppressed by applying a static
dc field. In contrast, the 1:2 complexes Co(p-tolsal)2(DXpy)2,
X = 1, 2, 3, and 4, showed SMM behaviors after irradiation.
This result suggested that the magnetic coupling between
carbene and the cobalt ion suppressed the QTM pathway,
leading to SMM behavior being observable. In the generated
high-spin cobalt−carbene complexes with Stotal = 5/2, 9/2, 13/
2, and 17/2 after irradiation, the QTM relaxation time, τQ,
depended on the Stotal of the complex, and the τQ value
increased with increasing Stotal value. On the other hand, the
obtained effective activation barrier, Ueff/kB, also depended on
the Stotal value, which had a critical value, Sc. Below Sc, the Ueff/
kB value increased with increasing Stotal value according to the
equation Ueff/kB = |D|(S2 − 1/4), in which |D| decreased with
increasing Stotal. Above Sc, the high-spin ground state was
affected by the large contribution of the low-lying excited state
to provide heterospin SMM complexes with constant Ueff/kB
values.
In conclusion, the organic spin in a heterospin complex was

considered to be a useful tool for suppressing the QTM
pathway for the construction of an SMM with a relatively large

Table 2. Magnetic Physical Data for Co(p-tolsal)2(py)2,
Co(p-tolsal)2(CXpy)2, X = 1, 2, 3l, 3b, and 4, and Co(p-
tolsal)2(cC5py)2 in Frozen Solution

1:2 complexes Stotal Ueff/K τ0/s τQ/s
Hc
a/

kOe

Co(p-tolsal)2(py)2
b 3/2 38b,c 8.0 × 10−7 ∼0.05b,c 0

Co(p-
tolsal)2(C1py)2

5/2d 40 8.4 × 10−8 1.6c ∼ 0

Co(p-
tolsal)2(C2py)2

9/2d 65 4.4 × 10−9 ∼2 × 103 6.2

Co(p-
tolsal)2(C3lpy)2

13/2d 73 1.5 × 10−9 >105 10

Co(p-
tolsal)2(C3bpy)2

13/2d 72 1.1 × 10−9 >105 6.0

Co(p-
tolsal)2(C4py)2

17/2d 74 1.6 × 10−9 >105 9.0

Co(p-
tolsal)2(cC5py)2

e
21/2d 72 2.0 × 10−9 >105 7.1

aAt 1.9 K. bIn the presence of a 1.0 kOe dc field. cτ value at 1.9 K
obtained by the Debye model. dCalculated as effective spin (S′ = 1/2)
for the cobalt ion. eRef 11f.

Figure 8. Plot of Ueff/kB vs Stotal for Co(p-tolsal)2(CXpy)2, X = 1, 2, 3l,
3b, 4 (open circles), and Co(p-tolsal)2(cC5py)2 (filled circles).
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activation barrier for reorientation of the magnetic moment.
The observed heterospin SMM properties might be due to the
location of the organic spin in the cobalt complex. In Co(p-
tolsal)2(CXpy)2, the anisotropic axes were anticipated to be the
z axis (O−Co−O), and the organic spins located on the x−y
plane affect the transverse anisotropy. Attempts to construct
the heterospin system with organic spin at the anisotropic axis
are in progress.

■ EXPERIMENTAL SECTION
General Procedures. Infrared spectra were recorded on a JASCO

420 FT-IR spectrometer. 1H NMR spectra were measured on a Varian
UNITY-400 using CDCl3 as solvent and referenced to TMS. Visible
spectra were recorded on a JASCO V570 spectrometer, and an NACC
cryo-system LTS-22X was attached for the low-temperature measure-
ments. The irradiation system and the samples for vis−near IR spectra
measurements are described in detail in the Supporting Information
(SI). Cold-spray ionization mass spectra were recorded on a JEOL
JMS-T100CS spectrometer. Elemental analyses were performed at the
Analytical Center of the Faculty of Science in Kyushu University.
Magnetic Measurements. The ac and dc magnetic susceptibility

data were obtained on Quantum Design MPMS2 (0 ± 10 kOe) and
MPMS-5S (0 ± 50 kOe) SQUID magneto/susceptometers,
respectively. The irradiation system and the sample for magnetic
susceptibility measurements are described in detail in the SI.
Materials. 2-Methyltetrahydrofuran and diethyl ether were distilled

from sodium benzophenone ketyl. The cobalt complex Co(p-tolsal)2
and diazo-pyridine derivatives D1py, D2py, D3lpy, D3bpy, D4py, and
cD5py were prepared by the procedure reported previously.11a
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