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Spin-crossover cobalt(II) complexes exhibiting
temperature- and concentration-dependent
optical changes in solution†

Naoki Izumiyama,a Shun Fujii,a Kiichi Kato,b Ryuya Tokunaga,c Shinya Hayami c,d

and Manabu Nakaya *a,b

This work investigated the spin states of the cobalt(II) complexes [Co(L1)2](X)2 (1·X; L1 = 4’-(4-N,N’-diphenyla-

minophenyl)-2,2’:6’,2’’-terpyridine, X = PF6, BPh4) and [Co(L2)2](X)2 (2·X; L2 = 4’-(4-N,N’-dimethyl-

aminophenyl)-2,2’:6’,2’’-terpyridine, X = PF6, BPh4) in the solid state and in solution. In the solid state, 1·PF6
and 2·PF6, both containing smaller PF6

− counter anions, showed gradual spin-crossover. In contrast, 1·BPh4
and 2·BPh4 remained in the high-spin state over the temperature range of 5–400 K due to a lower degree of

molecular cooperativity. Each of the cobalt(II) complexes exhibited effects of temperature and concentration

on their absorption spectra that were related to the spin states in various organic solvents. This work provides

new insights into the spectroscopic properties resulting from the spin states of cobalt(II) complexes in solution.

Introduction

Spin-crossover (SCO) is a phenomenon in which a metal center
converts its spin state between a low-spin (LS) and a high-spin
(HS) state in response to an external stimulus such as tempera-
ture, light, pressure or guest molecules. SCO is also highly sen-
sitive to structural changes that can act as triggers to induce
this behavior.1–4 Spin conversion is seen as a promising
approach to the creation of next-generation molecular
devices.5–7 In particular, SCO cobalt(II) compounds switch
their spin states between the LS (S = 1/2) and HS (S = 3/2)
states. For these transitions, ΔSspin = R[ln(2S + 1)HS − ln(2S +
1)LS] = 5.8 J K−1 mol−1, which is smaller than the values for
iron(II) (13.4 J K−1 mol−1) or iron(III) (9.1 J K−1 mol−1) SCO com-
pounds. On this basis, cobalt(II) compounds can exhibit SCO
behavior induced by fewer extreme external stimuli compared
with those required for iron(II) or iron(III) complexes. Motivated
by this, various SCO cobalt(II) systems have been developed so
far.8–12 Above all, the spin transitions of cobalt(II) complexes

can be induced by relatively minor changes to ligands, with
the majority of work to date still involving terpyridine ligand
derivatives.13–18

Although SCO phenomena are associated with the electronic
structures of single molecules, they can be observed in solutions
or soft polymer matrices.19–25 The softening of the molecular
structure and/or of molecular assemblies as a result of molecular
design through chemical modification offers a means of tailoring
the characteristics of functional molecular materials. As an
example, the effects of softness on the spin conversion of SCO
polymers have been investigated. Even so, studies of the SCO pro-
perties of cobalt(II) compounds in solution remain limited.

The present work demonstrates the synthesis of terpyridine
cobalt(II) complexes possessing dynamic substituents based on
diamine derivatives: [Co(L1)2]X2 (1; L1 = 4′-(4-N,N′-diphenyla-
minophenyl)-2,2′:6′,2″-terpyridine) and [Co(L2)2]X2 (2; L2 = 4′-
(4-N,N′-dimethylaminophenyl)-2,2′:6′,2″-terpyridine). In this
study, tetraphenylborate (BPh4

−) or hexafluorophosphonium
(PF6

−) were employed as the counter anions (X−) to give 1·X or
2·X (X = BPh4 or PF6) (Scheme 1). The effects of temperature

Scheme 1 Molecular structures of complexes 1·X and 2·X (X = BPh4 or
PF6). Red arrows indicate rotatable bonds in the terpyridine ligand
derivatives.
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and concentration on spectroscopic features related to the
spin states of 1·X and 2·X in various organic solvents are dis-
cussed, as are the spin states in the solid state.

Results and discussion
Single-crystal and powder X-ray analysis

Syntheses of the complexes 1·X and 2·X are described in the
Experimental section of the ESI.† The crude samples were charac-
terized by elemental analysis. Single crystals suitable for single-
crystal X-ray diffraction (SC-XRD) analysis of 1·PF6·2CH3CN, 2·PF6
and 2·BPh4 were obtained from acetonitrile solutions by the
diffusion method with diethyl ether. A single crystal of
1·BPh4·solv (solv = 2.75CH3CN·0.8CH3OH·0.25H2O) was obtained
by recrystallization from mixed solution of acetonitrile and
methanol. SC-XRD data for all complexes were obtained at 100 K.

The crystal structures of 1·X and 2·X are displayed in
Fig. 1a, 2a, S3a and S5a.† The lattice parameters for each
cobalt(II) complex are summarized in Table S1† and complete
structural data are available from the CCDC. All measurements
were conducted at 100 K. The cobalt(II) complexes each exhibi-
ted Jahn–Teller distortion, as expected for cobalt(II) ions, to
give a tetragonally distorted coordination environment for the
[CoN6] metal center (Fig. 1b, 2b, S3b and S5b†). In this struc-
ture, the cobalt(II) to apical pyridine donor bonds were
elongated or shrunken relative to those occupying the equator-
ial positions. The local structural features of the [CoN6]
centers were examined with regard to the spin state (Table 1)
as discussed later on.

From a detailed analysis of 1·PF6·2CH3CN, one PF6
− anion

(displayed as P2) is about 85 : 15 disordered (Fig. S1†).
However, the 15% electron density disorder was quite weak
and fuzzy, and was technically difficult to treat as a disorder. It
is aware that to assume PF6

− anion as 100% occupancy is
wrong by about 15% occupancy, but for technical reasons and
not to induce a misleading for the stoichiometric ratio, here
would like to be left it as 100% occupancy. Fig. 1b and c
present the crystal packing structure of 1·PF6·2CH3CN. Fig. S2†
demonstrates the selected intermolecular interactions
observed in the molecular assembly of 1·PF6·2CH3CN. In this
compound, CH–π interactions (2.850–2.892 Å) and π–π inter-
actions (3.368–3.387 Å) were formed between adjacent pairs of
molecules in the a- and b-axis directions, giving two-dimen-
sional (2D) assemblies in the ab plane. PF6

− counter anions
interact with [Co(L1)2]

2+ units through hydrogen bonding
(2.338–2.624 Å). Solvent molecules in the c-axis direction were
located between these 2D assemblies. The shortest distance
between the cobalt(II) metal centers (that is, the Co–Co dis-
tance) is herein used as an indicator of the extent of molecular
cooperativity associated with solid-state SCO behavior. In
1·PF6·2CH3CN, the shortest Co–Co distance is 8.784 Å.
Diagrams of the 1·BPh4·solv molecular assemblies are provided
in Fig. 2b and c. The selected intermolecular interactions
observed in the molecular assembly of 1·BPh4·solv are dis-
played in Fig. S3.† In this compound, pairs of [Co(L1)2]

2+

cations interact with one another through CH–π interactions
(2.623–2.887 Å) and π–π interactions (3.425 Å). 1·BPh4·solv was
found to have a Co–Co distance of 8.306 Å. Similar molecular
assemblies produced by intermolecular π–π interactions, CH–π

Fig. 1 (a) Crystal structure of 1·PF6·2CH3CN. (b) Coordination environment of the [CoN6] core and the Co–N bond length. Crystal packing of
1·PF6·2CH3CN along (c) the ac plane and (d) the bc plane. Green and red molecules are PF6

− counter anions and acetonitrile solvent molecules,
respectively.
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interactions and N⋯H interactions were also observed in the
case of 2·PF6 and 2·BPh4 (Fig. S4–S7†). Note that the SC-XRD
data quality of 2·PF6 was not so good, resulting in the high R
value of 12.85%. 2·PF6 was composed of two cobalt(II) centers
(expressed as Co1 and Co2 in Fig. S4†) unlike other cobalt(II)
complexes. In the crystal packing structure of 2·PF6, inter-
molecular hydrogen bonds (2.426–2.662 Å) between [Co(L2)2]

2+

units and PF6
− counter anions as well as π–π interactions

(3.716 Å) and CH–π interactions (2.812–2.875 Å) were observed.
In the case of 2·BPh4, BPh4

− anions surround a [Co(L2)2]
2+

cation through CH–π interactions (2.598–2.861 Å). Due to the
larger BPh4

− anions, interactions between [Co(L2)2]
2+ units

were rarely produced, where only a few interactions, such as
CH–π interactions and N⋯H interactions, were observed
(2.549–2.861 Å). The shortest Co–Co distances for 2·PF6 and
2·BPh4 were 8.763 and 11.474 Å, respectively.

At higher temperature, the crystallinity of each complex was
too low to allow SC-XRD analysis. Therefore, powder X-ray
diffraction (PXRD) analyses were conducted for the structural
discussion (Fig. S8†). The PXRD patterns of the crystalline

powder samples (red solid line) were consistent with the simu-
lated patterns obtained from the SC-XRD analysis (black solid
line). Blue solid lines indicate the PXRD patterns of each
sample after annealing at 100 °C in vacuo. Except for that of
1·BPh4·solv, all the patterns are almost the same as that of the
freshly crystallised one. The PXRD patterns for the annealed
2·BPh4 sample showed a slight peak shift, in which the overall
molecular packing motif of the compound is the same, but the
cell size was found to be slightly changed after desolvation. As
for the annealed 1·BPh4, the disappearance of some peaks at
lower angles and peak broadening at higher angles were
observed, in which the molecular packing structure might be
different before/after the annealing due to the desolvation.

Magnetic properties in the solid state

The effect of temperature on the spin states of 1·X and 2·X in
the solid state was investigated using a superconducting
quantum interference device with a scan rate of 5 K min−1

(Fig. 3). Magnetic susceptibilities are evaluated by generating
plots of χmT versus T, where χm is the molar magnetic suscepti-
bility and T is the temperature. The solvated complexes,
1·PF6·2CH3CN and 1·BPh4·solv, showed similar SCO behaviour
after desolvation (when kept at 400 K for 2 h in the SQUID
system). Here, the slight differences in the PXRD signals were
found not to be effective on the SCO behavior. Thus, in Fig. 3,
all SCO behaviors are described in terms of the desolvated
state. The χmT value of 1·PF6 at 5 K was 0.53 cm3 K mol−1,
which is consistent with the typical LS state of cobalt(II) ions
in an octahedral coordination environment.26 Upon heating to
400 K, SCO behavior was observed to gradually occur (Fig. 3a).

Fig. 2 (a) Crystal structure of 1·BPh4·solv. One acetonitrile solvent was located with disorder. (b) Coordination environment of the [CoN6] core and
the Co–N bond length. Crystal packing of 1·BPh4·solv along (c) the ac plane and (d) the bc plane. Green and red molecules are BPh4

− counter
anions and solvent molecules, respectively.

Table 1 The average lengths of Co–N bonds in [CoN6] centers and the
distortion parameters, Σ and φ, for each complex at 100 K

Co–N(ave.) (Å) Σ (°) φ (°)

1·PF6 2.016(3) 90.4(1) 176.9(1)
1·BPh4 2.026(2) 99.0(7) 174.6(7)
2·PF6 (for Co1) 2.008(1) 94.7(4) 178.1(4)
2·PF6 (for Co2) 2.028(1) 95.0(4) 177.1(4)
2·BPh4 2.002(3) 82.5(1) 177.3(1)
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On reaching 400 K, the χmT value of 1·PF6 was 1.36 cm3 K
mol−1, of which ca. 40% of the LS domain still remained even
at 400 K. Then, the sample was cooled from 400 to 5 K, where-
upon the plots followed the same route as the heating process.
The χmT value of 1·BPh4 at 5 K was 0.79 cm3 K mol−1, implying
that this complex was partially in the HS state at that tempera-
ture (Fig. 3b). On heating, the χmT value gradually increased
up to 2.08 cm3 K mol−1 at 400 K. This value is in the range
typical of the HS state of cobalt(II) ions. That is, 1·BPh4 also
showed the gradual onset of SCO behavior over the tempera-
ture range of 5–400 K but was occupied by HS domains over
most of this range. Similar behaviors were also observed in
2·PF6 and 2·BPh4. The former showed gradual onset of SCO
along with a change in χmT from 0.39 cm3 K mol−1 at 5 K to
1.30 cm3 K mol−1 at 400 K. There were no significant differ-
ences between the data acquired during heating and cooling
processes. Unlike 2·PF6, which exhibited gradual SCO behav-
ior, 2·BPh4 had a χmT value of 1.07 cm3 K mol−1 at 5 K and so
was partially in the HS state, as was also the case for 1·BPh4.
Then, the χmT value increased up to 2.22 cm3 K mol−1 at
400 K, from which SCO behavior in 2·BPh4 could be
elucidated.

These results were assessed by considering the cooperativity
of the complexes. Spin transition (ST) behaviors can be gener-
ally categorized based on the cooperative factor C value: hys-
teretic (C > 1) and abrupt (C ≈ 1) ST behaviour and gradual
SCO behaviour with a reduced cooperative factor (C < 1). Such
cooperative factor (C) values are estimated by fitting the experi-
mental χmT versus T plots using the regular solution model
(eqn (1)–(3) in the ESI†).27 On this basis, the C value for 1·PF6
was estimated to be 0.37. This value is congruent with the
gradual SCO behavior of 1·PF6, which was not sufficient to
produce abrupt spin transition behavior. Conversely, a C value
that satisfied the fitting model for 1·BPh4 was almost zero, in
agreement with the more HS-like gradual SCO behaviour of

1·BPh4. That is, the cooperativity of 1·BPh4 was almost zero.
Similar results were obtained for 2·PF6 and 2·BPh4 with a C
value of 0.27 determined for 2·PF6 and almost zero for 2·BPh4.
The C values of 0.37 for 1·PF6 and 0.27 for 2·PF6 are enough to
understand the “gradual” SCO behavior, not “abrupt” behav-
ior, in which the slight difference of 0.1 in the cooperativity
did not significantly influence the SCO behaviors.

These findings can be explained by considering the shortest
Co–Co distances and the structure of the overall molecular
assemblies as obtained from SC-XRD analyses. Specifically,
1·BPh4 and 1·PF6 had much shorter distances (8.306(5) and
8.784(8) Å). However, each pair of [Co(L1)2]

2+ units were sur-
rounded by larger BPh4

− counter anions, such that the SCO
sites were unable to work cooperatively. The 2·PF6 had a
similar Co–Co distance (8.763(3) Å) to that of the 1·PF6 and
also showed gradual SCO. The 2·BPh4 had a much longer dis-
tance (11.474(6) Å), indicating that lower molecular cooperativ-
ity resulted in the HS-like characteristics of this complex.
Furthermore, interaction parameters Γ for each complex have
been calculated based on eqn (3).† Γ for 1·PF6 was 2.36 kJ
mol−1 and for 2·PF6 was 4.13 kJ mol−1, respectively. On the
other hand, Γ values for 1·BPh4 and 2·BPh4 were almost zero
(−0.82 × 10−2 kJ mol−1 and −0.25 kJ mol−1), which indicate
that both complexes exhibited noncooperative SCO behavior.28

As results from structural features identified from SC-XRD
analyses and studies based on the regular solution model, it
can be revealed that the smaller PF6

− counter ions induced
some molecular cooperativity in both 1 and 2, thus stabilizing
the LS state at lower temperatures and promoting gradual SCO
in the solid state. However, the larger BPh4

− counter ions iso-
lated the SCO cation sites from one another and so decreased
the molecular cooperativity, such that the HS state was
stabilized.

Correlation between structure and spin state in the solid state

To assess the apparent spin states of the present complexes
based on the local structures of the [CoN6] cores, the average
bond lengths of Co–N coordination bonds and the distortion
parameters Σ and φ were calculated (Table 1). Here, Σ is the
sum of |90° − α| for the twelve cis-N–Co–N angles and φ is the
inter-ligand angle for trans-N–Co–N.29,30 Hayami et al. pre-
viously reported correlation between the structure and mag-
netic properties of SCO cobalt(II) complexes.31 According to
the report, the threshold value Σ for the LS–HS transition is
approximately 95°. Thus, 1·PF6 with a Σ value of 90.4° was in
the range associated with the LS state at 100 K, which is con-
sistent with the magnetic susceptibility data. The 1·BPh4 (Σ =
99.0°) also satisfied this same structure–magnetic property cor-
relation. 2·PF6 has two cobalt(II) centers (as mentioned in the
section on SC-XRD). The Σ value for Co1 was 94.7° and for Co2
was 95.0°. Furthermore, the average Σ value was 94.6°, which
allows us to understand that 2·PF6 was in the LS state at 100 K.
The Co–N(ave.) distances of 2.008 Å and 2.028 Å also assisted
with corroborating the LS state of the cobalt(II) ion. With the
exception of 2·BPh4, the estimated spin states agreed with
the structural data (in terms of the average bond lengths,

Fig. 3 χmT vs. T plots for (a) 1·PF6, (b) 1·BPh4, (c) 2·PF6 and (d) 2·BPh4

for the heating process (red) and cooling process (blue) between 5 and
400 K. Black solid line is the simulated curve fit by the values of the
regular solution model.
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Co–N(ave.)) reported for SCO cobalt(II) complexes.31 Only in the
case of 2·BPh4 (Σ = 82.5°) did the data suggest the LS state is
based on structural distortion even though the susceptibility
data at 100 K indicated the HS state. This discrepancy could
not be explained based on the present work.

Correlation between spectroscopic properties and spin state in
solution

The present complexes contained dynamic substituents at the
ends of the terpyridine ligands and so it was expected that
spectroscopic features might vary with the spin state in solu-
tion. Spin states in solution are sometimes directly ascertained
using NMR.32,33 In the case of cobalt(II) complexes, there have
been some reports concerning evaluations of changes in the
spin state in solution based on NMR data.34,35 On the other
hand, Hauser et al. reported that the molar absorption con-
stant (ε) at 22 600 cm−1 of a terpyridine cobalt(II) complex
varied with temperature and that these variations were associ-
ated with changes in the spin state.36

Based on such prior work, spin states in solution of the
present complexes were investigated using spectroscopy.
Fig. 4a–c plots the temperature dependency of the molar
absorption constant ε for 20 μM solutions of 1·BPh4 in aceto-
nitrile (ACN), DMF and DMSO, respectively. The temperature
was varied between 283 and 343 K. Note that the temperature
of the DMSO solution was varied between 293 and 343 K due
to the higher freezing point of DMSO. In all solvents, the
maximum absorbance peak at 430 nm (23 255 cm−1) can be
attributed to metal-to-ligand charge-transfer (MLCT) and no
significant peak shifts are seen with increases in the tempera-
ture. The peak around 360 nm is attributed to the π–π* tran-
sition based on the phenyl ring and pyridine ring of the terpyr-
idine ligand.37 Although the absorbance based on the π–π*
transition has also varied based on the temperature, concen-
tration and solvent changes, it has nothing to do with the dis-

cussion of the spin state change. The absorbance of LS species
is known to decrease with increases in temperature, in accord-
ance with classical thermal SCO behavior. The insets provide
1/ε versus T plots that assist in understanding the increase in
the HS proportion with increasing temperature. Although the
spin conversion ratio could not be determined precisely,
1·BPh4 exhibited an LS to HS conversion in solution, as has
been observed for other SCO cobalt(II) complexes in solution.
The 1·PF6, 2·PF6 and 2·BPh4 showed similar spectroscopic
changes at 430 nm associated with the temperature variations
(Fig. S9–S11†).

To the best of our knowledge, variations in spin state (as
monitored herein based on spectroscopic parameters) with
changes in concentration have not yet been reported. In
Fig. 5a–c, the effect of concentration on the absorption spectra
of 1·BPh4 in ACN, DMF and DMSO, respectively, is presented.
Although ε is concentration-independent, the peak at 430 nm
corresponding to the MLCT band increased as the concen-
tration was increased from 2 to 50 μM. This is thought to be
due to aggregation-induced absorption enhancement
behavior.38,39 Unlike the decrease in ε with increasing temp-
erature, implying conversion of the LS to HS state, these
increases in ε with increases in concentration suggest a shift
from HS to LS. This behavior can possibly be attributed to the
aggregated molecular assemblies produced at higher concen-
trations, which likely exert pressure on the [CoN6] coordi-
nation cores. The insets show 1/ε versus T plots that assist in
understanding the HS to LS conversion with increasing con-
centration. The 1·PF6, 2·PF6 and 2·BPh4 showed similar spec-
troscopic changes at 430 nm associated with the concentration
changes (Fig. S12–S14†). Above a certain concentration, the
peak changes were saturated, which indicates the limit of HS
to LS conversion under concentration changes at room
temperature.

Influence of solvent viscosity on spectroscopic properties

Complexes 1·X and 2·X had dynamic di-substituted amine
groups on the terpyridine ligands. These bulky ligands might

Fig. 4 Effect of temperature on the molar adsorption constant (ε) of
1·BPh4 in (a) acetonitrile, (b) DMF and (c) DMSO. The temperature was
varied from 283 to 343 K except for trials with DMSO, which used
293–343 K due to the higher freezing point of this solvent. The insets
show plots of T vs. 1/ε.

Fig. 5 Effect of concentration on the molar adsorption constant (ε) of
1·BPh4 in (a) acetonitrile, (b) DMF and (c) DMSO. The complex concen-
tration was varied from 2 to 50 μM. The insets show plots of 1/ε versus T.
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be expected to affect the molecular motion and assembly of
the complexes based on the viscosity of the solutions. In this
work, the non-protonic solvents ACN, DMF and DMSO were
used so as not to affect the amine sites on the ligands. The
viscosities of ACN, DMF and DMSO at 20 °C are 0.34, 0.84 and
2.00 cP, respectively. Incidentally, water (H2O) exhibits 1.00 cP
at 20 °C. Fig. 6a depicts a bar chart of maximum percentage of
ε change of the respective cobalt(II) complexes in ACN, DMF
and DMSO solution under different temperature changes. The
degree to which ε is modified reflects the ease with which the
spin state changes (from LS to HS, as seen in Fig. 4) with
changes in temperature. As an example, the maximum ratio
changes in ε of 1·BPh4 were 15.0% in ACN, 8.32% in DMF and
24.1% in DMSO, respectively, as the temperature was varied
from 283 (293 for DMSO) to 343 K. Complex 2·X, having
dimethyl amine substituents, showed linear increases in the
percentage ε change. With some exceptions, the rate of change
in ε increased with the viscosity of the solvent. The spin equili-
bration of the cobalt(II) ion in solution is known to be rapid
but a higher viscosity value would likely slow down the struc-
tural change around the cobalt(II) centers (that is, would
modify the coordination environment). This effect may have
increased the relative proportion of complexes in the LS state
at room temperature and increased the ratio of ε change.

Fig. 6b shows a bar chart of maximum percentage of ε

change of the respective cobalt(II) complexes in ACN, DMF and
DMSO solution with variation of concentration. The extent to

which ε varies reflects the ease with which the spin state
changes (from HS to LS, as seen in Fig. 5) with concentration
change. Compared with the temperature dependency, the
extent of the change in ε is much larger here, suggesting that
the HS to LS conversion is relatively easy to induce by concen-
tration changes in solution. This may be because molecular
aggregation stabilizes the LS state. In the present case, the rate
of change in ε systematically increases as the solvent viscosity
increases.

When the temperature was varied, systematic changes in ε

were observed depending on the combination of [Co(L)2]
2+

cations and counter anions. In contrast, with concentration
dependence, systematic changes in ε of any cobalt(II) complex
were observed depending on the solvent viscosity, but no regu-
larity for the size of [Co(L)2]

2+ or counter anion was obtained.

Conclusions

In conclusion, the present work discussed changes in the spin
states of terpyridine-based cobalt(II) complexes with bulky sub-
stituents in the solid state and in solution. In the solid state,
the rigidly assembled complex molecules did not have the
flexibility expected from rotatable substituents and exhibited
gradual SCO behaviors with low cooperative values. The spin
state changes in solution were also evaluated and correlated
with variations in ε. Although the temperature dependency of ε
resembled the typical low-cooperative gradual SCO behavior in
solution, the effect of concentration suggested an HS to LS
transition accompanied by molecular aggregation. This study
provides new insights into molecular design as an approach to
controlling the spin states of cobalt(II) complexes in solution,
which has thus far received minimal attention.
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