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In this review article we discuss the unique and novel magnetic properties for the cobalt(Il) compounds
with a variety of terpy derivatives including substituents at the 4-position. These are also compared
with the unsubstituted terpy cobalt(Il) complex. Since the first SCO cobalt(Il) complex with terpy lig-
and was reported, this system has been widely studied. SCO cobalt(Il) complexes possessing terpy or
OH-terpy ligand reveal incomplete or gradual SCO behavior. The pyterpy-appended cobalt(Il) complex
shows SCO depending on the guest molecules involved. Cobalt(Il) complexes with long-alkylated terpy
ligands, [Co(Cn-terpy)2[(BF4)2 (n=16, 14 and 12) have been synthesized and some were characterized by
single crystal X-ray analysis. Furthermore, variable-temperature magnetic susceptibility indicated that
the non-solvated compounds [Co(Cn-terpy),](BF4), (n=16, 14 and 12) exhibit “reverse spin transition”
phenomenon with wide thermal hysteresis around room temperature. In addition, the solvated com-
pound [Co(C12-terpy),;](BF4),-EtOH-0.5H,0 shows “re-entrant SCO” behavior. The long alkyl chains in
SCO cobalt(Il) complexes can lead to novel physical properties resulting from a synergetic effect between
SCO and response of the flexibility toward external stimuli.
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1. Introduction to the crossover point between HS and LS states, the intercon-

version between HS and LS states, called as spin-crossover (SCO),

Metal complexes with configurations of d* to d’ electrons may
exist in either the high-spin (HS) or low-spin (LS) states depend-
ing on the nature of the ligand field strength. When the ligand
field strength is weak, the electronic ground state is HS where the
spin multiplicity becomes a maximum. On the other hand, when
the strength is strong, the ground state stabilizes in the LS state
with minimum multiplicity. When the ligand field strength is close
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can be reversibly induced by external stimuli (temperature, pres-
sure, a magnetic field, an electric field, and light). Since Cambi first
observed the SCO phenomenon for tris(dithiocarbamato)iron(III)
complexes as the spin isomers in 1931 [1], it has often been found
in the complexes of iron(II), iron(Ill) and cobalt(II) [2]. The SCO spin
transition curves exhibit various forms in the solid state because of
long-range cooperative interactions. In particular, a large number
of SCO iron(Il) and iron(Ill) complexes have been studied due to
the availability of Mdssbauer spectroscopy [3-11]. In comparison
with iron(II) or iron(Ill) SCO complexes, only a few cobalt(Il) com-
plexes with SCO behavior are known until now [12-27]. In the solid
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Scheme 1. The chemical structure of terpy derivatives considered in this review.

state, cooperativity is worthy of consideration if intermolecular
interactions are sufficiently strong. Cooperativity induces abrupt
spin transitions and hysteresis loops in SCO compounds, which
is the reason why the role of intermolecular interactions in spin
transitions has been extensively studied. In this regard, the design
of SCO compounds became one of the main challenges to exhibit
large cooperativity. It has been also theoretically suggested and
experimentally confirmed that cooperativity can be increased by
designing polymeric structures in which the active sites are linked
to each other by chemical bridges [28-33]. Indeed, SCO compounds
forming strong intermolecular interactions, such as w-m stacking,
hydrogen bonding, or interchain interaction, exhibit abrupt tran-
sitions and hysteresis loops [34-52]. The SCO compounds with
cooperative effects have been focused on a rigid system so far.
However we have been interested in flexible and soft SCO com-
pounds, which could be synthesized by employing long alkyl chains
to give interchain interaction between other side ligands. Inter-
chain interactions caused by long alkyl chain lead to magnetically
unique characteristics for cobalt(Il) compounds, especially “reverse
spin transition” and “re-entrant SCO”. “Reverse spin transition” is
defined as the spin transition from HS to LS states on heating and
from LS to HS states on cooling, i.e. exhibiting an opposite spin tran-
sition phenomenon compared with that of typical SCO compounds.
“Re-entrant SCO” is also defined as V-shape SCO (HS-LS-HS).

This review is specially focused on the intermolecular inter-
action of SCO cobalt(Il) complexes with terpy (terpy=2,2":6",2"-
terpyridine) derivatives (Scheme 1), and their unique magnetic and
structural features.

2. Spin-crossover cobalt(II) complexes

The SCO cobalt(Il) compounds has been reviewed by Good-
win [2]. The SCO phenomenon for cobalt(Il) complexes shows
spin conversion between S=3/2 (tyg°e4?) and S=1/2 (ty,%ez!) spin
states. The magnetic behavior is characterized by the temperature-
dependent magnetic susceptibility which is measured in the form
of the ymT versus T plots, where xm, is the molar magnetic suscep-
tibility and T is the temperature. For the SCO cobalt(Il) complexes,
the xmT value in the LS state is around 0.5 cm® Kmol~!, whereas
that in the HS state appears in the range of 1.9-3.5cm3 Kmol~!
due to the contribution of the orbit angular momentum. Such a
SCO involves one electron transfer from the t,g to the eg orbitals,
in contrast to the similar process in iron(Il) or iron(Ill) SCO com-
plexes where two electron transfer occurs. This is the origin

of several important differences in the feature of SCO between
cobalt(Il) complexes and iron(Il) or iron(Ill) complexes. The sig-
nificant difference is in the changes of distance between the metal
and the coordinated donor atom (Ary;) accompanying SCO. The
change of approximately ~0.10A, ~0.15A, and ~0.20A in Ary.
takes place concomitantly with the SCO in cobalt(II), iron(III), and
iron(II) complexes, respectively [2,3]. While the molecular volume
changes with respect to the SCO in cobalt(Il) is less pronounced
than that in iron(Il) or iron(Ill), it generally leads to the grad-
ual SCO in cobalt(Il) complexes in the vast majority of instances.
The difference of the entropy based on SCO (ASg,,) can be
expressed in the equation of ASy;, =RIn[(2S +1)ys/(2S +1)is], thus
the value for the SCO cobalt(II) complexes (A S, =5.8JK~! mol~1)
is smaller than those for SCO iron(Il) (ASgpi, =13.38J K~ mol~)
or iron(Ill) (ASgpin =9.13JK~! mol~!) complexes. Therefore, SCO
cobalt(Il) complexes show the spin conversion between HS and
LS states with smaller external stimuli compared with iron(II) or
iron(III) SCO complexes.

2.1. Spin-crossover cobalt(Il) complexes with terpy ligand

Since the first SCO cobalt(Il) complex, [Co(terpy);]Bry-H,0
(terpy=2,2":6',2"-terpyridine) was reported, SCO cobalt(Ill) com-
plexes with a diversity of terpy derivatives as ligand exhibiting
S=1/2 « 3/2 spin changes have been widely studied, (see Good-
win's review and the references therein [2,13,53-62]). The SCO
cobalt(Il) complexes, [Co(terpy);]X;-nH,0 (X=Br—, Cl-, I, F-,
Cl04~, NCS—, NO3~, [Co(CN)4]?~, SO42-, BPhy~, and n=0-6) show
various SCO behavior generating incomplete or gradual SCO curves.
The structural analyses for the various salts of [Co(terpy);]%*
revealed that the predominant change occurs in Co—Nceptral
distance (~0.21 A), while the change in Co-Ngjs, distance accom-
panying SCO is only ~0.07 A. Furthermore, the Jahn-Teller effect is
operative in LS state because of a single eg electron.

[Co(terpy),](ClO4)2-0.5H,0 (1-0.5H,0) serves as a good exam-
ple to confirm the relationship between the bond lengths of
metal-ligand and SCO behavior [60]. The compound 1.-0.5H,0
was crystallized in a tetragonal P4(2)/n space group (Fig. 1).
The cobalt(Il) ions has pseudo-octahedral coordination geom-
etry, and the six coordination sites are occupied by nitrogen
atoms from the terpy ligand. The average distance of Co-N
bonds between central/distal pyridines and metal ion for the
HS state are Co-Nceptal=2.02A and Co-Ngisa=2.14A, respec-
tively. Temperature-dependent magnetic susceptibilities for the
compound show that the xnT value at 322K is equal to
2.30cm3 Kmol-1, which corresponds to an expected value for
the isolated HS cobalt(Il) ion with g=2.022, and then gradually
decreases as the temperature is lowered, and more than 96% is
converted into the LS state below ca. 80 K (Fig. 2).

The SCO cobalt(Il) compound [Co(terpy),|(BF4)2 (2) was also
studied by variable-temperature crystallography [62]. The com-
pound 2 retains the same space group(Cc) in the HS (375K)
and LS (30K) state. The structure at 30K shows a pronounced
Jahn-Teller elongation along the N(27)-Co(1)-N(33) direc-
tion. The axial Co-Ncepray distances (Co(1)-N(2)=1.907(3)A
and Co(1)-N(20)=1.925(2)A) are shorter than Co-Ngs
distances  (Co(1)-N(9)=2.066(2)A, Co(1)-N(15)=2.066(2)A,
Co(1)-N(27)=2.107(2)A, and Co(1)-N(33)=2.132(2)A). This
elongation is not observed at 100K and beyond owing to the
onset of dynamic disorder in the axis elongation between the
Co-N bonds. Consistent with the result of susceptibility, the
Co-N distances in the complex increase continuously upon
warming from 100 to 300K. Although the average Co-N
distance is almost constant, the individual Co-N lengths
between 300 and 375K show more complicated variation
with temperature change. The fundamental structure at 375K
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Fig. 1. (a) ORTEP drawing of cation of 1.0.5H,0 showing 50% probability displacement ellipsoids. (b) Projection of the crystal structure of cation of 1.0.5H,0 along the bc

plane. ClO4~anions, H,O molecules and H atoms are omitted for clarity.
Adapted from Ref. [60].

is similar to that in LS state except for bond distances and
angles. The axial Co-Ncepery distances (Co(1)-N(2)=2.045(4)A
and Co(1)-N(20)=2.030(4)A) are shorter than Co-Ngjcta
distances  (Co(1)-N(9)=2.160(3)A,  Co(1)-N(15)=2.151(3)A,
Co(1)-N(27)=2.149(3) A, and Co(1)-N(33)=2.156(3)A). Magnetic
susceptibility data show that the compound is in the LS state
in the temperature region 5-100K (xmT=0.39 cm® Kmol-!) and
undergoes a very gradual thermal SCO upon further warming with
T1;,=270K (Fig. 3). Such a gradual SCO is a typical phenomenon
for a [Co(terpy),]?* salt. Further heating shows a discontinuity
near 350K. The x, T value continues to increase very slowly above
350K, and reaches 2.29 cm3 mol~! K at 400 K which is identical to
complete HS [Co(terpy);]%*.

2.2. Spin-crossover cobalt(Il) complexes with OH-terpy ligand

2,6-Bis(2-pyridyl)-4(1H)-pyridone can be coordinated to
cobalt(Il) ion in the enol form (OH-terpy ligand). Gaspar et al.

X T / cm® K mol!
T

0t 1 1 1 1
0 100 200 300 400

Temperature/ K

Fig. 2. Magnetic property for 1.0.5H,0.
Adapted from Ref. [60].

reported on a new cobalt(Il) SCO family [Co(OH-terpy);]X,-nH,0
(X=S042-, n=0;Cl-, n=1; ClO4~, n=1) [63,64]. The single crystal
structure of [Co(OH-terpy);](ClO4);-H,0 (3-H20), is composed
of discrete [Co(OH-terpy),]**cations, ClO4~ anions, and a H,0
molecule. The tridentate OH-terpy ligand is coordinated in a fac
fashion resulting in a tetragonally distorted [CoNg| octahedron.
The axial Co-Nceprar distances are considerably shorter than
Co-Ny;istal distances occupying equatorial sites. The N-Co-N angles
of each OH-terpy ligand also reflect that the 4-terpyridone ligand
cannot form a precise octahedron because the bond angles are
reduced from the ideal value of 180°. The water molecule is linked
to two adjacent ClO4~ by hydrogen bonding to form infinite chains
and the cationic species are strongly attached to these chains.
The OH group present in the central ring also interacts with
the oxygen atom of the water molecule via hydrogen bonding.
The magnetic behavior of 3-HyO displays strong temperature
dependence leading to gradual SCO at 172 K (Fig. 4). The xmT value
is equal to 0.4cm3 Kmol~! below 100K corresponding with the
LS state. On heating, the xmT value increases gradually until it
reaches 2.48 cm3 Kmol~! at 350K.

The cobalt(Il) compound [Co(OH-terpy),](CF3S0Os3);-H,0
(4-H0) displays both unique magnetic behavior and two kinds
of polymorphs (Fig. 5) [65]. Polymorph 1 reveals a gradual SCO in
the temperature region 300-120K, whereas polymorph 2 exhibits
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Fig. 3. Variable temperature magnetic susceptibility data for 2.
Adapted from Ref. [62].
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Fig. 4. Temperature dependence of the xmT product for compounds (1) [Co(OH-
terpy); ]S04, (2) [Co(OH-terpy), ]Cl,-H,0 and (3) 3-H,0.
Adapted from Ref. [63].

the onset of a continuous HS to LS conversion inducing an abrupt
reverse spin transition in the temperature region 217-203 K. The
unstable HS intermediate phase (IP) formed undergoes a general
spin transition by strong a cooperative effect confirmed by a
hysteresis loop of 33 K width. The structural analysis is indicative
of further information for a crystallographic phase transition,
which takes place concomitantly with the reverse spin transition.

3. Porous material with a spin-crossover cobalt(II) complex

Porous coordination polymers (PCPs) have drawn the atten-
tion of researchers because of their applicability in the field of gas
storage, gas separation, and heterogeneous catalysis [66-72]. The
SCO polymers have also led to functional frameworks, where the
magnetic properties change in the presence or absence of guest
molecules because they can modify the electronic environment
of the metal centers [39,41,73]. Recently, iron(Il) SCO PCPs with
Hofmann-like or interpenetrated framework have been the sub-
ject of many studies [74,75]. The SCO compounds containing a
microporous framework can lead to multifunction behavior such as
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Fig. 5. XmT vereus T plot for polymorphs 1 (filled circles) and 2 (open circles) in
4.H,0.
Adapted from Ref. [65].

Fig. 6. (a) X-ray crystal structure of the directional 1-D network 5-MeOH in ‘head-
to-tail’ fashion. Hydrogen atoms and solvent molecules are omitted for clarity. (b)
Space-filling view of the compound with the solvent molecules omitted.

Adapted from Ref. [76].

thermo-, photo- and piezo-switching. For SCO cobalt(Il) complexes,
only one example of a 1-D SCO cobalt(II) PCP has been reported.

3.1. Spin-crossover cobalt(Il) complex with the pyterpy ligand

The cobalt(Il) complex, [Co(pyterpy)Cl;]-MeOH (5-MeOH) was
obtained by self-assembly of 4'-(4"”-pyridyl)-2,2":6',2”-terpyridine
(pyterpy) and cobalt(Il) chloride in MeOH [76]. The compound
5.MeOH adopts monoclinic P2/c space group at room tempera-
ture (Fig. 6). The bond lengths are consistent with those of typical
HS cobalt(Il) compounds. The complexation between terpy and py
moieties appended to the pyterpy ligand and cobalt(Il) chloride
form a 1-D network. The two Cl~ anions occupy the two axial posi-
tions with Co-Cl distance of 2.4665(7) A and Cl(1)-Co-Cl(2) angle
of 179.02(3)°. The square base of the octahedron consists of one
py and three py moieties in the terpy unit with Co-N(4) distance of
2.137(3) A for the py unit and Co-N(2) distance of 2.067(3) A for the
central py of the terpy unit. The other two Co-N(1) and Co-N(3) dis-
tances are 2.185(2) A. The Npy—Co-Nen¢ra) angle between terminal
py and the central py moieties attached to the terpy unitis 180°, and
the Ngistai—Co—-Ngyjsta) angle between the distal py in the terpy unitis
152°. The py and the terpy units are not coplanar but tilted by 50°.
The 1-D networks align along the b axis. The 1-D framework formed
by - stacking among the terpy units leads to a quasi 3-D network.
The MeOH molecules are located in the interchain position of the
quasi 3-D network and could be removed by heating the sample
at 410K. The water-solvated [Co(pyterpy)Cl,]-2H,0 (5-2H20) was
obtained under the saturated vapor atmosphere at room temper-
ature. The ymT value for 5-MeOH is equal to 2.74cm3Kmol-! in
the temperature range 150-300K, which is in the range of values
expected for the HS cobalt(Il) ion (Fig. 7). The ymT value for 5-2H,0
is equal to 2.80 cm3 Kmol~! at 300 K, corresponding to HS cobalt(II)
ions. As the temperature decreases from 300K, the xmT product
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Fig. 7. xmT versus T plots for 5-MeOH and 5-2H,O.
Adapted from Ref. [76].

remained practically constant from 300K to 225K, then abruptly
dropped around Ty, | =222 K(Ty,is defined as the inversion tem-
perature at which there are 50% of HS and 50% of LS molecules
in the cooling mode). At 150K, the xmT value (0.41 cm3 Kmol-1)
shows that the spin transition from the HS to the LS state occurs
(Fig. 10). Accordingly, this result suggests that the spin transition
is directly related to the displacement of solvent molecules. On
warming, the xmT value for 5-2H,0 is almost constant from 5K
to 200K, then abruptly increases at around Tyj,1 =223 K, showing
that the LS moieties is restored to the HS state with hysteresis loop
(AT=1K) (Tyj,* is defined as the inversion temperature at which
there are 50% of HS and 50% of LS molecules in the warming mode,
and AT is thermal hysteresis loop width). This is the only exam-
ple of a 1-D SCO cobalt(II) PCP. The SCO behavior of the cobalt(II)
complex 5-S (S=solvent molecule) is dependent upon the guest
molecules.

4. Soft material with spin-crossover cobalt(Il) complexes

The soft materials are very interesting from the point of view
not only of functional materials but in phase transitions [77-80].
Among these, transition metal complexes with liquid crystal prop-
erties called metallomesogens are important as molecular-based
functional materials [81,82]. For instance, the metal complexes
with the long alkyl chains exhibit a synchronicity between the cen-
tral metal complexes and the long alkyl chains. Putting a cobalt(II)
complex with SCO in the flexible and soft space formed by long
alkyl chains is expected to show novel physical properties based
on a synergy between SCO and response of the flexibility toward
external stimuli [83-91].
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Fig. 9. xmT versus T plot (a: heating mode, and v: cooling mode) for 6. The insert
graph shows the derivative 0y, T/0T plot as a function of the temperature.
Adapted from Ref. [92].

4.1. Spin-crossover cobalt(ll) complex with the C5C12C10-terpy
ligand

The cobalt(Il) compound [Co(C5C12C10-terpy);](BF4)2(6)
(C5C12C10-terpy =4’-5"-decyl-1"-heptadecyloxy-2,2":6',2"-
terpyridine) with branched alkyl chains was obtained as brown
powder by reaction of Co(BF4), and C5C12C10-terpy in MeOH
[92]. The compound 6 shows both spin transition and crystal-
mesophase transition. In this system, the branched alkyl chains play
an important role not only decreasing the mesophase transition
temperature but in the generation of synchronization between the
liquid-crystal and spin transition temperatures in the compound.
Arod-like geometry is proposed for the molecular structure of 6 by
computer simulation (Fig. 8). The liquid-crystalline property for 6
was confirmed by powder X-ray diffraction (XRD), and polarizing
optical microscopy (POM). The powder XRD patterns display a
diffuse and broad scattering halo centered at 4.5A (260=19.6°)
in the wide-angle region, indicative of a liquid-like order of the
aliphatic chains and thus of the fluid-like nature of the phase. In
the small-angle region, the XRD pattern reveals three reflections in
aratio of 1:1/2:1/3:1/4, which can be indexed as the (001),(002),
(003), and (004) reflections of a lamellar phase with a periodicity
d=23.9A (20=4.0°). The typical fan-shaped texture is shown at
300K in the natural texture. The mesophase was identified as a
smectic A (SmA) mesophase based on the texture by POM and the
powder XRD pattern.

The xmT value for 6 is equal to 0.50 cm® Kmol~! at 100K, which
isin accord with LS cobalt(Il) ions (Fig. 9). On heating, the ym, T prod-
uct remained constant from 100 K to 200 K, then abruptly increased
around Tyj,1 =288 K. The ymT value at 400K is 1.73 cm3 Kmol-1,
indicative of the spin transition from the LS to the HS state. On cool-

Fig. 8. Chemical structure of the cation in 6.
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Fig. 10. (a) ORTEP drawing of cation of 7-.MeOH showing 50% probability displacement ellipsoids. (b) Projection of the crystal structure of cation of 7.MeOH along the bc

plane. BF;~anions, MeOH molecules and H atoms are omitted for clarity.
Adapted from Ref. [93].

ing, the xmT value for 6 decreases gradually from 400K to 292K,
then abruptly drops at around Ty, | =284 K. This demonstrates that
the HS moieties are restored to the LS state with a hysteresis loop
(AT=4K). Additional thermal cycles did not modify the thermal
hysteresis loop.

The insert of Fig. 9 shows the maximum of the derivative
OdxmT/OT in the spin transition behavior and DSC curves measured
at scan rate the same as magnetic measurement (2 Kmin~1) for 6.
The maximum of the derivative dxmT/0T agrees with the peaks
in DSC curves. On heating, the spin transition temperature was
observed at 288 K, and the temperature is consistent with crystal-
to-mesophase transition temperature from crystal to Sy phases.
On the other hand, the maximum of the derivative dxm,T/dT was
observed at 268K and 284K on cooling, and the mesophase-to-
crystal transitions occur in the same temperature range. These
results reflect that the spin transition for 6 is triggered by a crystal-
mesophase transition. Below 270K, the compound 6 does not melt,
and the Co-N bond distance in the LS state becomes short, while
it melts on heating, and the spin transition from LS to HS states
results in the elongation of the Co-N bond distance.

4.2. Spin-crossover cobalt(ll) complex with C16-terpy ligand

The cobalt(ll) compound [Co(C16-terpy);](BF4),-MeOH
(7-MeOH) (Cl16-terpy is 4'-hexadecyloxy-2,2:6',2"-terpyridine)
was obtained by reaction of Co"(BF,4), (1:2 metal-to-ligand molar
ratio) with C16-terpyin methanol[93]. The single crystal X-ray
analysis at 130K, reveals that each of the cobalt(Il) atoms is
octahedrally coordinated to six nitrogen atoms from the two
Cl16-terpy ligands, i.e. an Ng donor set (Fig. 10). The Co-N bond
lengths lie in the median value compared with those for typical LS
and HS cobalt(Il) compounds [2]. The average Co—N entral distances
(1.99A) are shorter than the Co-Ng;y distances (2.13 A), which
induces a pronounced distortion of the CoNg octahedron. Three
pyridine rings in C16-terpy ligand exist in the co-plane, and the
two tridentate C16-terpy ligands in the compound are nearly
perpendicular to one another. The long alkyl chains CygH330
which form a rod like structure are stuck out of 4’-position in

the terpyridine moiety, exhibiting two modes within the lattice.
One long alkyl chain with O(1) has is essentially straight, whereas
the other chain with O(2) has twisted at the C(48)-C(49) location
and is curved overall. The [Co(C16-terpy),]?*cations form short
contacts (3.49 A) through the side pyridine and nearest neighbor
pyridine rings in the ligands on an ab plane, providing a 2-D sheet
extended by the w-r interactions. Furthermore, there is a fastener
effect between the chains which face each other in the complexes.
The molecular packing of 7-MeOH is very tight. This is suggestive
of strong intermolecular interactions in the molecular assembly.
The compound 7-MeOH exhibits gradual SCO behavior in the
temperature range 5-360K (Fig. 11). The xnT value for 7-MeOH
gradually increases from 0.54 cm3 Kmol~! to 1.83 cm? Kmol-! at
360K, and then the xmT value decreases to 1.58 cm3 Kmol-! at
400K due to the removal of the MeOH molecules.
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Fig. 11. ymT versus T plots for 7.MeOH (a) and 7 (a: heating mode and v: cooling
mode).
Adapted from Ref. [93].
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Fig. 12. ORTEP drawing of cation of 8-MeOH showing 50% probability displacement ellipsoids. (a) HS2 phase at 190K, (b) HS1 phase at 190K, and (c) LS phase at 10K.

Adapted from Ref. [94].

The non-solvated compound [Co(C16-terpy);|(BFs); (7) was
obtained by annealing 7-MeOH at 400 K. The yn, T value for the non-
solvated compound 7 decreases gradually from 1.58 cm? K mol~!
at 400K to 0.41cm3Kmol-! at 226K, showing normal thermal
SCO behavior. Further cooling increases xmT abruptly at around
Ti;24=217K to 2.01 cm? Kmol~! at 206 K. On heating, the xmT
value produces an undulation between 1.70 and 2.15 cm? K mol !
in the temperature range from 5 Kto 251 K. The undulated magnetic
behavior is difficult to understand. However, it may be thought that
itis caused by the structural changes. The powder XRD patterns also
show that the structure at 50K is different from that at 130K. On
further heating, xmT decreases steeply at around T; ;1 =260K, cor-
responding to the transition from HS to LS state. Then the T value
gradually increases in the temperature range from 267 Kto 400 K. In
the additional cycle, the wide thermal hysteresis loop (AT=43K)
remains unchanged in successive thermal cycles. It is confirmed
that the non-solvated compound 7 exhibits a “reverse spin tran-
sition” caused by a drastic phase transition involving a structural
change in the long alkyl chain system.

4.3. Spin-crossover cobalt(Il) complex with C14-terpy ligand

Single crystal X-ray analysis of the cobalt(Il) compound [Co(C14-
terpy); |(BF4),-MeOH (8-MeOH) (C14-terpy is 4/-tetradecyloxy-
2,2:6',2"-terpyridine) was successfully carried out in the HS1 and
HS2 phases at 190K and in LS phase at 10K, which reveals that
the central cobalt(Il) atoms are coordinated to six nitrogen atoms
of the two C14-terpy ligands in a distorted octahedral arrange-
ment. The respective six Co-N distances have different lengths.
The sample in the HS1 phase was isolated by heating to 190K
after cooling at 100K. In the HS1 phase (Fig. 12(b)). The struc-
ture of 8-MeOH is similar to that of 7.MeOH. The bond lengths
are typical of HS cobalt(Il) compounds. The crystal structure of
8.MeOH was also measured in the LS phase at 10K (Fig. 12(c)).
Although the molecular structures of the samples in LS and HS1
phases are almost the same, there is a unique difference in bond

length. The Co-Ncepira distance (1.88 A) is much shorter than that
of HS1 (Arysi_is =0.15 A). Two terpyunits are asymmetric, and the
differences in the Co—Ng;s4 distances are evaluated between the
N(1)NN(3) and the N(4)NN(6) terpyunits. The average Co-N dis-
tance of Co-N(1) and Co-N(3)is 2.13 A (Arysi_s =0.02 A), and that
of Co-N(4) and Co-N(6) is 1.98 A (Arpsi_is =0.16 A). The Co-N dis-
tance shrinks slightly in the N(1)NN(3) terpyunit but considerably
in the N(4)NN(6) terpyunit. The distance between cobalt(II) ion and
N(4)NN(6) terpyunit shrinks accompanying HS1 <« LS SCO behavior
because there are interchain interactions between the complexes.
The sample in the HS2 phase was also isolated by cooling from room
temperature to 190K, and also measured (Fig. 12(a)). Although the
molecular structures of the samples in HS1 and HS2 phases are
almost the same, there is a crucial difference in the alkyl chain
form. The chains curved in the HS2 phase, and the cations in the
HS2 phase form a bent structure as aresult. The CO—Ngep¢rq) distance
is 1.99A, and is shorter than that for HS1 (Arys_ps2 =0.04 A). The
Co-Nyjsta) distances vary between the N(1)NN(3) and the N(4)NN(6)
terpyunits. The average Co-N distance in Co-N(1) and Co-N(3)
is 2.14 A (Argsi_ns2 =0.01 A), and that in Co-N(4) and Co-N(6) is
2.08 A (Arysi_ns2 =0.07 A). The distance in the N(4)NN(6) terpyunit
is shorter than that in the N(1)NN(3) terpy unit. The crystal struc-
ture reveals that the compound changes its structure around the
cobalt(Il) ion during HS1 <> HS2 conversion. The symmetry around
cobalt(Il) ion in the HS2 phase is better than that in the HS1 phase.

The compound 8-MeOH exhibited unique magnetic behavior in
the temperature range of 5-300K (Fig. 13). 8- MeOH shows SCO
behavior and phase transition, and SCO temperature without ther-
mal hysteresis and phase transition temperature with thermal
hysteresis expressed as T; and T4 and T |, respectively. The mag-
netic properties show that the value of xT for 8 MeOH at 5K is
equal to 0.43 cm? Kmol~!, which corresponds to that expected for
the LS state in cobalt(Il) compounds. On heating, the ymT value
increased steeply around T; =50 K. The T value at 100K is equal
to 3.62cm3 Kmol~!, representing the HS state. Further heating
leads to an abrupt drop in the xn,T value around T,1 =206 K. The
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Fig.13. Magnetic susceptibility measurement displaying spin crossover and incom-
plete spin transition for 8- MeOH. See text for explanation of gray and black data.
Adapted from Ref. [94].

xmT value at 210K is equal to 2.11cm3 Kmol~!. On cooling, the
xmT value increases abruptly around T, | =184K, and is equal to
3.32cm®Kmol~! at 182K. In the HS1 <« HS2 transition, a ther-
mal hysteresis loop AT=22K was observed. The unique magnetic
behavior and the thermal hysteresis loop remains unchanged even
after successive heating and cooling. The fairly abrupt conversion
of xmT with a hysteresis loop is indicative of a strong cooperative
interaction. On further cooling, the ymT value decreases steeply
around T; =50K and returns to the LS state (0.43 cm3Kmol-1)
at 5K. No hysteresis loop was noted in the SCO at 50K. There-
fore, the cobalt(Il) compound 8 MeOH exhibits SCO at T; =50K
without hysteresis, and HS1 < HS2 transition at T,1=206K and
T, =184K with hysteresis. The unique magnetic property can
be explained as following. There are two HS states, HS1 and
HS2, in the cobalt(Il) compound (Fig. 13). One shows steep SCO
behavior (Ty, =50K), and the other shows gradual SCO behavior
(T12=175K) as shown by gray plots. With the structural phase
transition occurringatT,1=206K and T,| =184K induced by the
motion of the long alkyl chains, the magnetic behavior of 8- MeOH
is shown by the black plots.

The non-solvated compound [Co(C14-terpy);](BF4), (8) was
obtained by annealing 8- MeOH at 400K. The compound 8 also
exhibited a “reverse spin transition” (Fig. 14.) [93]. The xmT
value for 8 gradually decreases from 1.57 cm3 Kmol~! at 400K to
0.52cm3 Kmol-! at 268K, and then abruptly increases at around
Ti24 =250K to 1.73 cm3 Kmol~! at 230 K. Compound 8 exhibits a
“reverse spin transition” phenomenon from LS state to HS state
on cooling. On further cooling, xmT value gradually decreases
to 0.44cm3Kmol~! at 5K, which follows normal SCO behavior.
On heating, xmT value gradually increases to 1.96 cm® Kmol~! at
280K, and axmT jump from 1.96 cm3 Kmol~! to 2.15 cm3 K mol !
was observed at 298 K. On further heating, xmT value abruptly
decreases, which shows the feature of “reverse spin transi-
tion” from HS to LS state at Ty;1=307K to 0.95cm3Kmol~!
at 320K. Then the xnT value gradually increases up to 400K.
In the additional cycle, the thermal hysteresis loop (AT=57K)
remains unchanged in the successive thermal cycle, Thus com-
pound 8 exhibits a “reverse spin transition”. More importantly
there is the wide hysteresis loop of 57K which includes room
temperature.
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Fig. 14. xmT versus T plots for 8 (a: heating mode and v: cooling mode).
Adapted from Ref. [93].

4.4. Spin-crossover cobalt(Il) complex with C12-terpy ligand

The solvated cobalt(Il) compound [Co(C12-terpy);]
(BF4),-EtOH-0.5H, 0 (9-EtOH-0.5H,0) (C12-terpy is 4'-dodecyloxy-
2,2':6',2"-terpyridine) was obtained as a brown orange single
crystal by slow recrystallization from EtOH solvent[95]. The
single crystal structure of 9-EtOH-0.5H,0 is similar to those of
7-MeOH or 8MeOH, and 9-EtOH.0.5H,0 also exhibits unique
SCO behavior (Fig. 15). The xmT value for 9-EtOH-0.5H,0 is
1.90cm3 Kmol-! at 5K, and decreases to 0.93cm3Kmol-! at
69K on heating(T; ), =49K). Upon further heating, the xmT value
gradually increases to 2.03 cm3 Kmol~! at 300K (T1j2=128K). In
the cooling mode, the magnetic behavior is almost equal to heating
mode without thermal hysteresis. In other words, the magnetic
behavior of 9. EtOH-0.5H,0 shows “re-entrant SCO”.

The non-solvated compound [Co(C12-terpy);|(BFs); (9) was
obtained by annealing 9-EtOH-0.5H,0 at 400 K. The compound 9
also exhibits unique magnetic behavior (Fig. 16). The T value is
1.33 cm3 Kmol~! at 5K, and abruptly decreases to 0.64 cm3 K mol~!
at 59K on heating (T, =49K, and i in Fig. 16). On further heating,
the ymT value gradually increases to 2.02 cm3 Kmol~! at 265K (ii
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Fig. 15. xmT versus T plot for 9-EtOH.0.5H,0.
Adapted from Ref. [95].
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Fig. 16. xmT versus T plots for 9. The multi phase transitions were observed at the
points (i) at 49K, (ii) at 160K, (iii) at 269K, (iv) at 330K, (v) at around 400K, (vi) at
314K and (vii) at 258 K in the temperature range of 5-400 K.

Adapted from Ref. [95].

in Fig. 16), and two ymT jumps at 269 K and 330K were observed
(iii and iv in Fig. 16). On further heating, the x,, T value is constant
(2.14 cm3 Kmol~1) between 334K and 382 K, and abruptly drops at
around 400 K (v in Fig. 16). On the other hand, the T value gradu-
ally decreases from 1.89 cm3 Kmol-! at 400K to 1.15 cm3 Kmol~!
at 276 K (vi in Fig. 16), and abruptly increases at Ty, =258 K on
cooling (vii in Fig. 16). On further cooling, the x,T value traces
the heating line without thermal hysteresis. Upon additional heat-
ing and cooling, the unusual magnetic curve remains unchanged
in the successive thermal cycles. The x, T change in the tempera-
ture range of 60-250K can be assigned to normal SCO behavior.
On the other hand, the SCO at Ty;;=49K, and spin transition
atTy,1 > 400K and Ty;| =258K can be assigned to “re-entrant
SCO” and “reverse spin transition” behavior. The “reverse spin
transition” at higher temperature also shows a very wide thermal
hysteresis loop (AT > 142 K), and room temperature located within
the hysteresis loop.

5. Conclusion

In this review, we have described the magnetic properties and
the structural characteristics of several SCO cobalt(Il) complexes
with terpy derivatives possessing various substituents at the 4-
position. The substitution of the 4-position in the skeleton of terpy
ligand allows diverse magnetic behavior of cobalt(Il) complexes
by enhancing intermolecular interactions in the solid state. More-
over, the interaction between other molecules from the outside and
terpy-appended cobalt(Il) complexes also influences their mag-
netic property. The [Co(terpy),|X;-nH,0 (1-0.5H0 and 2) and
[Co(OH-terpy);]X;-nH,0 (3-H20 and 4-H,0) exhibited gradual SCO
behavior, whereas [Co(pyterpy)Cl;]-S (5-S) showed SCO depending
on the guest solvent molecules involved. The [Co(C5C12C10-
terpy);|(BF4), (6) with branched alkyl chains exhibited SCO
which was accompanied by liquid crystal transition. The [Co(Cn-
terpy); |(BF4),(7-MeOH and 7, 8-MeOH and 8, 9.EtOH.0.5H,0 and
9) with long alkyl chains showed unique SCO behavior namely
“reverse spin transition” or “re-entrant SCO”. From the aforemen-
tioned results, we believe that novel physical properties may be
discovered in these metal complexes through coupling between
the motion of flexible alkyl chains and the electronic states. These
compounds with bistability are important as a means to develop
novel switchable molecular devices in the future.
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