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Magnetic Phase Transition for Assembled Metal Complexes
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 In general, the FeIII site coordinated by six S atoms is in the low-spin (LS) state, while that coordinated 
by six O atoms is in the high-spin (HS) state. Therefore, it is expected that the spin state of FeIII coordinated 
by three S atoms and three O atoms is situated in the spin-crossover region. From this viewpoint, in order 
to build an assembled metal complex system including FeIIIO3S3 site, we have synthesized 
(C6H5)4P[ZnIIFeIII(mto)3] (mto = C2O3S) consisting of FeIIIO3S3 and ZnIIO6 octahedra and investigated the 
spin state of the FeIIIO3S3 site. The electron spin resonance (ESR) and 57Fe Mössbauer spectra revealed that 
the rapid spin equilibrium in which the HS state and the LS state exchange in the time scale of 10−10 < τ 
< 10−7 s occurs at the FeIIIO3S3 site. On the other hand, in the case of (C6H5)4P[MnIIFeIII(mto)3] consisting 
of FeIIIO3S3 and MnIIO6, there exists a rapid spin equilibrium (τ < 10–7 s) between the HS and LS states at 
the FeIIIO3S3 site, which induces the frustration of internal magnetic field between the ferromagnetic and 
antiferromagnetic interactions on the MnIIO6 site. Owing to the frustration of internal magnetic field at the 
MnII site caused by the rapid spin equilibrium at the FeIII site, (C6H5)4P[MnIIFeIII(mto)3] undergoes the 
successive magnetic phase transitions at 30 K and 23 K.

1.  INTRODUCTION
 When a transition metal ion with an electron configuration 

of dn (n = 4 – 7) is octahedrally coordinated by ligands, it is 

possible that the LS and HS states compete with each other 

in the ground state. If the ligand field splitting energy (10Dq) 

is smaller than the Coulomb interaction between electrons in 

the d orbitals, the electrons occupy the eg (dx2–y2, dz2) and t2g 

(dxy, dyz, dzx) orbitals with the spin alignment determined by 

Hund’s rule (HS state). On the other hand, if the ligand field 

splitting energy is large enough, Hund’s rule is broken down 

because the Coulomb interaction energy between d electrons 

does not overcome 10Dq, in which the spin configuration is 

called LS state. Therefore, the ground state of the transition 

metal ion with dn (n = 4 – 7) configuration is determined by 

the competition between ligand field splitting and Coulomb 

interaction between d electrons. The energy diagram for dn 

system called Tanabe-Sugano diagram is the most powerful 

method to analyze the competition between the HS and LS 

states as the ground state1). The Tanabe-Sugano diagram is a 

graph which plots the energy of multiplet terms against the 

ratio of ligand field (Dq) to the Racah parameter (B) repre-

senting the strength of Coulomb interaction. In the case of d5 

configuration, the Tanabe-Sugano diagram indicates that the 

ground state changes between HS (Dq/B ≤ 2.8: 6A1g) and LS 

(Dq/B ≥ 2.8: 2T2g) in the vicinity of Dq/B = 2.8. On the other 

hand, in the case of d6 onfiguration, the Tanabe-Sugano 

diagram indicates that the ground state changes between HS 

(Dq/B ≤ 2.0: 5T2g) and LS (Dq/B ≥ 2.0: 1A1g) in the vicinity 

of Dq/B = 2.0. If the energy of ground state is close to HS 

and LS states, the system has a possibility to change the spin 

states between HS and LS by external perturbation, such 

as heat, applied pressure or light irradiation. Such the 

HS - LS transition is called spin-crossover phenomenon.

 The spin-crossover phenomenon was observed for the 

first time by Cambi et al. in 1930s for tris(dithiocarbamato)

iron(III) complexes, FeIII(S2CNR2)3 (R = n-C4H9, iso-C4H9, 

etc.)2). They reported that the magnetic susceptibility changed 

remarkably depending on temperature caused by the gradual 

LS (S = 1/2) - HS (S = 5/2) transition. If the spin inter-conver-

sion between LS (S = 1/2) and HS (S = 5/2) is slower than 

*小島憲道　フェロー

2019年2月25日　受理
* 豊田理化学研究所フェロー
 東京大学名誉教授，理学博士
 専門分野：分子集合体の物性化学，錯体化学，無機化学



26 金属錯体における動的スピン平衡および連鎖する磁気物性の研究

the time scale (τ = 10–7 s) of 57Fe Mössbauer spectroscopy, 

two kinds of quadrupole doublets corresponding to the HS 

and LS states are clearly distinguishable. On the other hand, 

if the spin inter-conversion is faster than 10–7 s, a single 

averaged quadrupole doublet is observed. In the case of 

FeIII(S2CNR2)3 (R = n-C2H5), the 57Fe Mössbauer spectrum 

exhibits a broad quadrupole doublet in the temperature region 

of the gradual LS (S = 1/2) ↔ HS (S = 5/2) transition, which 

implies the rapid spin equilibrium between the HS and LS 

states is realized in the time scale of τ < 10−7 s3). Up to now, 

it has been reported that various kinds of spin-crossover  

FeIII complexes consisting of FeIIIS6, FeIIIO3S3, or FeIIIN4O2 

octahedra exhibit the rapid spin equilibrium4).

  In general, the FeIII site coordinated by six S atoms tends 

to be in the LS state, while the Fe site coordinated by six O 

atoms is in the HS state. Therefore, the spin state of FeIIIO3S3 

would be situated in the spin-crossover region between the 

LS state of S = 1/2 and the HS state of S = 5/2. In fact, in the 

case of tris(monothio-β-diketonato) iron(III) complexes, the 

LS (S = 1/2) and HS (S = 5/2) states coexist in the whole 

measuring temperature between 300 K and 80 K, and two 

kinds of doublet corresponding to the LS and HS states are 

clearly distinguished in the 57Fe Mössbauer spectra, where 

the area of the LS state increases with decreasing temperature 

from 300 K to 80 K5). In the case of tris(monothiocarbamato)

iron(III) complexes, on the other hand, the rapid spin equilib-

rium occurs in which the HS and LS states exchange in the 

time scale of less than 10–7 s6). In this case, an averaged single 

doublet between the HS state (S = 5/2) and LS (S = 1/2) state 

is observed. In this way, it is expected that the spin state of 

FeIII coordinated by three S atoms and three O atoms is situated 

in the spin-crossover region. However, the rapid spin equilib-

rium phenomenon has not yet been observed for assembled 

metal complex systems. From this viewpoint, in order to build 

an assembled metal complex system including FeIIIO3S3 site, 

we have synthesized (C6H5)4P[MIIFeIII(mto)3] (M = Mn, Zn; 

mto = C2O3S) consisting of FeIIIO3S3 and MIIO6 octahedra and 

investigated the spin state of the FeIIIO3S3 site7). The spin states 

of the FeIII sites for FeIII(ox)3 (ox = oxalato (C2O4)), FeIII(dto)3 

(dto = dithiooxalato (C2O2S2)), and FeIII(mto)3 are schemati-

cally shown in Fig. 1.

2.  EXPERIMENTAL PROCEDURE
2.1 SYNTHESIS

[K2(mto)]

 K2(mto) was prepared in the following way. Diethyl 

oxalate and KHS were dissolved in ethanol, then the solution 

was refluxed for 24 hours. After being evaporated, yellow 

colored precipitate was washed with ether and dissolved in 

ethanol. To this solution was added ethanol solution containing 

potassium hydroxide. After stirring, K2(mto) was separated 

by suction filtration and washed with ether. The synthetic 

process of K2(mto) is shown in Scheme 1.

[(C6H5)4P[MIIFeIII(mto)3] (M = Zn, Mn)]

 A methanol solution of FeIII(NO3)3 · 9H2O was added to 

a methanol solution of K2(mto) and (C6H5)4PBr. After stirring, 

[FeIII(mto)3]3– was obtained. This [FeIII(mto)3]3– solution was 

filtered to remove solid impurities. A methanol solution of 

MIICl2 (M = Zn or Mn) was added to the filtrate. After being 

stirred, (C6H5)4P[MIIFeIII(mto)3] was obtained as red-brown 

colored powder by suction filtration and dried in vacuo.

Scheme 1.  Synthetic process of K2(mto).

Figure 1.  Spin states of the FeIII sites for FeIII(ox)3, FeIII(dto)3, and FeIII(mto)3.
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2.2 PHYSICAL MEASUREMENTS

 Powder X-ray diffraction measurement was performed 

by a Rigaku multiflex at room temperature using a Cu Kα (λ 

= 1.54184 Å) radiation in the range of 2θ = 3 – 60º in order 

to determine the crystal parameters and space group.

 The static magnetic susceptibility was measured by a 

Quantum Design, MPMS-5 SQUID susceptometer between 

2 and 300 K under 0.5 T. The magnetic susceptibility data 

were corrected for the core diamagnetism estimated from 

Pascal’s constant and the background of the polyethylene 

film. The zero-field cooled magnetization (ZFCM) and field-

cooled magnetization (FCM) were also measured for inves-

tigating the ferrimagnetic phase of (C6H5)4P[MnIIFeIII(mto)3] 

in the temperature range between 2 and 45 K under 3.0 mT. 

The remnant magnetization (RM) was measured in the same 

temperature region under zero field. The alternating-current 

(ac) magnetic susceptibility was measured between 2 and 40 

K. The ac frequency was varied from 20 to 1000 Hz with 

amplitude of 0.3 mT.

 The ESR measurement was performed between 10 and 

300 K by a JEOL X-band (9.2 GHz) ESR spectrometer 

equipped with an Air Product LTR-3 cryostat.

 For the 57Fe Mössbauer spectroscopic measurements, 57Co 

in Rh matrix was used as a Mössbauer γ-ray source. The spectra 

were calibrated by using the six lines of a body-centered cubic 

iron foil (α-Fe), the center of which was taken as zero isomer 

shift. An Iwatani Co. cryogenic refrigerator set, Cryomini and 

MiniStat was used with a temperature range from 10 to 300 K. 

3.  EXPERIMENTAL RESULTS and DISCUSSION
 Figure 2 shows the powder X-ray diffraction pattern of 

(C6H5)4P[MIIFeIII(mto)3] (M = Mn, Zn), which resembles 

clearly that of (n-C3H7)4N[FeIIFeIII(dto)3]8). Based on the crystal 

structure of (n-C3H7)4N[FeIIFeIII(dto)3] analyzed by the single 

crystal X-ray diffraction, the Rietveld analysis was performed 

for the powder X-ray diffraction pattern of (C6H5)4P[MnIIFeIII 

(mto)3] at room temperature, which reveals the existence of 

a two-dimensional (2D) honeycomb network structure of 

[MnIIFeIII(mto)3] with intercalated counter cation of (C6H5)4P+. 

The lattice parameters are as follows; space group P63, a = b 

= 9.79496(6) Å, c = 18.4812(15) Å, α = β = 90°, γ = 120°, 

Z = 2. In this complex, the MnII and FeIII atoms are alternately 

arrayed by the bridging ligand of mto, which forms the 2D 

honeycomb network structure of [MnIIFeIII(mto)3]. The (C6H5)4P+ 

layer is intercalated between two adjacent [MnIIFeIII(mto)3] 

layers.

 In (n-C4H9)4N[ZnIIFeIII(ox)3] with the similar structure of 

(C6H5)4P[ZnIIFeIII(mto)3], the χT value (= 4.22 cm3 K mol−1) 

is essentially constant in the whole temperature range of 4.2 – 

300 K9). However, the χT value for (C6H5)4P[ZnIIFeIII(mto)3] 

decreases from 3.60 (at 300 K) to 2.66 cm3 K mol−1 (at 4.2 

K)7). In connection with this, it should be noted that the spin-

only χT value is 4.375 cm3 K mol−1 for the HS state (S = 5/2) 

of FeIII, while that is 0.375 cm3 K mol−1 for the LS state (S = 

1/2) of FeIII. Therefore, the χT value of (C6H5)4P[ZnIIFeIII(mto)3] 

is situated in the middle value between the magnetic moments 

for the HS and LS states of FeIII.

 Figure 3(a) shows the X-band ESR spectra for (C6H5)4P 

[ZnIIFeIII(mto)3] at 300, 77 and 10 K, in which the ESR signals 

corresponding to the HS state and the LS state of FeIII site are 

clearly observed at around 300 mT (g ≈ 2.05) and 150 mT (g 

≈ 4.25), respectively, in the temperature range between 300 

and 10 K. The ESR signal ratio of the LS state to the HS state 

increases with decreasing temperature, which is consistent 

with the temperature dependence of χMT. Therefore, these 

results indicate that the spin state of FeIIIO3S3 in (C6H5)4P 

[ZnIIFeIII(mto)3] is the spin equilibrium of the HS and LS 

states, where the HS and LS states are clearly distinguishable 

in the time scale (10−10 s) of X-band ESR spectroscopy. Figure 

3(b) shows the 57Fe Mössbauer spectra of (C6H5)4P[ZnIIFeIII 

(mto)3] at 300, 77 and 10 K. The single quadrupole doublet 

of FeIII is observed despite of the coexistence of the HS and 

LS states in the ESR measurement between 300 and 10 K. 

Therefore, the 57Fe Mössbauer spectra of (C6H5)4P[ZnIIFeIII 

Figure 2. Powder X-ray diffraction pattern of (C6H5)4P[MIIFeIII(mto)3] 
(M = Mn, Zn)
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(mto)3] indicates that the rapid spin equilibrium in which the 

HS and LS state exchange in the time scale faster than the 

time scale (10–7 s) of 57Fe Mössbauer spectroscopy occurs at 

the FeIIIO3S3 site. The relaxation process between the HS and 

LS states at the FeIIIO3S3 site is considered to be a tunneling 

process. The time scale of spin equilibrium of FeIII in 

(C6H5)4P[ZnIIFeIII(mto)3] is estimated at 10−10 < τ < 10−7 s from 

the analysis of ESR and 57Fe Mössbauer spectroscopy.

 The tunneling probability for a non-radiative multi-

phonon process from a given vibrational levels, m of the HS 

state and m’ of the LS state, is given by the following 

equation10),

  2π 
Wmm’ = —— β 2

HL |<χm’ |χm>|2 δ (Em’ , Em), (1)
 �2ω

where the electronic coupling matrix element βHL = 

<ψLS|HSO|ψHS> is the second order spin-orbit coupling, �ω is 

the energy of metal-ligand vibration, δ (Em’, Em) is the delta 

function ensuring energy conservation, |<χm’ |χm>|2 is the 

Franck-Condon factor of the overlap of the vibrational 

functions between the HS and LS states. At T ≈ 0 K, since 

the vibrational ground state of the HS state is populated, the 

relaxation rate constant between the HS and LS states is 

expressed as follows10),

  2π  ΔE 0
HLkHL (T ≈ 0) = —— β 2

HL |<χn|χ0>|2 ,  n = —— , (2)
 �2ω  �ω

where n is the zero-point energy difference expressed in 

units of vibrational quanta, and |<χn|χ0>|2 is expressed as 

follows,

 Sne–S  � fΔQ2
HL|<χn|χ0>|2 = ——— ,  S = ——— , (3)

 n!  �ω

where S is the called Huang-Rhys factor11), ΔQHL is the differ-

ence of horizontal displacement between the HS and LS 

potential wells in the metal-ligand coordinate geometry, f is 

the force constant. According to eq. (2) and eq. (3), with 

decreasing the Huang-Rhys factor, the Frank-Condon factor 

increases, which increases the relaxation rate constant 

between the HS and LS states. In general, the ΔQHL of spin 

crossover FeIII complex is shorter than that of FeII complex. 

Indeed, the change in the FeII-ligand distance is 0.16 – 0.21 

Å, while that in the FeIII-ligand distance is about 0.12 Å12). 

 From this viewpoint, we have focused on the spin cross-

over phenomena of A[MIIFeIII(mto)3] (A = (n-CnH2n+1)4N, 

(C6H5)4P, etc.; M = Mn, Fe, Zn, Cd). In the case of mto bridged 

hetero-metal complex system, [MnIIFeIII(mto)3] consisting of 

MnIIO6 and FeIIIO3S3 octahedra, the spin states of the MnII and 

FeIII sites are considered to be the HS state and the spin equilib-

rium state of HS ↔ LS, respectively. If the spin state of FeIII 

site is LS (S = 1/2) state, there exist four potential exchange 

interactions (JP) and one kinetic exchange interaction (JK) 

between the FeIII and MnII sites. The sum of the potential 

exchange interaction is consideroed to be stronger than the 

kinetic exchange interaction, which is responsible for the 

ferromagnetic ordering. In connection with this, the follow-

ing should be mentioned. The ferromagnetic ordering of 

(n-C3H7)4N[MnIIFeIII(dto)3] with MnII (S = 5/2) and FeIII (S = 

1/2) has been reported13), in which the Curie temperature (TC) 

and the Weiss temperature (θ ) were estimated at 4 K and 10 

Figure 3.  (a) X-band ESR spectra, and (b) 57Fe Mössbauer spectra for (C6H5)4P[ZnIIFeIII(mto)3] at various temperatures7).
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K, respectively, from the analysis of magnetization and 

magnetic susceptibility as a function of temperature. On the 

other hand, if the spin state of FeIII site is the HS (S = 5/2) 

state, there exist five kinetic exchange interactions (JK) between 

the FeIII and MnII sites, which is considered to be stronger than 

the potential exchange interactions between the FeIII and MnII 

sites, which is responsible for the ferrimagnetic ordering. 

Indeed, the ferrimagnetic ordering of (n-CnH2n+1)4N[MnIIFeIII 

(ox)3] with MnII (S = 5/2) and FeIII (S = 5/2) has been report-

ed14), in which TN was estimated at 27 – 28 K.

 Therefore, if the spin state of the FeIII site in the [MnIIFeIII 

(mto)3] system behaves as the dynamical spin equilibrium 

phenomenon, the internal magnetic field at the MnII site should 

be frustrated between the ferromagnetic and antiferromag-

netic interactions with a rapid time scale around 10–7 s, which 

is schematically shown in Fig. 4.

 Based on this viewpoint, we have synthesized (C6H5)4P 

[MnIIFeIII(mto)3] and investigated the magnetic properties15). 

The molar magnetic susceptibility (χM) as a function of 

temper ature has a broad maximum, typical character of 2D 

Heisenberg-type antiferromagnet, at around 50 K, and shows 

a steep increase below 30 K with a hump at around 23 K, 

where both of the real (χ’ ) and imaginary (χ” ) parts in ac 

magnetic susceptibility exhibit steep peaks indicating a 

magnetic phase transition, which is shown in Fig. 5(b). As 

shown in Fig. 5(a), the field cooled magnetization shows a 

rapid increase below 30 K, and almost saturates below 23 K. 

At 30 K, the remnant magnetization and the magnetic hyster-

esis loop disappear. Therefore, it is obvious that (C6H5)4P 

[MnIIFeIII(mto)3] undergoes two successive magnetic phase 

transitions at 30 K and 23 K. The 57Fe Mössbauer spectros-

copy for (C6H5)4P[MnIIFeIII (mto)3] implies that the spin state 

at the FeIII site is still para- magnetic even at 24 K. At 23 K, 

both of the MnII and FeIII spins are eventually ordered. It is 

considered that the successive magnetic phase transitions in 

(C6H5)4P[MnIIFeIII(mto)3] are induced by the rapid spin equi-

librium at the FeIII site.

 Taking account of the temperature dependences of the 

magnetization, ac magnetic susceptibility, and 57Fe Mössbauer 

spectra for (C6H5)4P[MnIIFeIII(mto)3], the Gibbs energies of 

the A, B and C phases as a function of temperature for 

(C6H5)4P[MnIIFeIII(mto)3] are schematically represented in Fig. 

7, in which the A, B and C phases are defined as follows,

Phase A: The spins at the MnII and FeIII sites are para -

magnetic.

Phase B: The spin at the MnII site is ordered, while that 

at the FeIII site is still paramagnetic.

Phase C: Both of the spins at the MnII and FeIII sites are 

ordered.

 As shown in Fig. 7, with decreasing temperature, the first 

magnetic phase transition from phase A to phase B takes place 

at 30 K, then the second magnetic phase transition from phase 

B to phase C takes place at 23 K.

Figure 4. Relationship between the rapid spin equilibrium of the FeIII site and the dynamical frustration 
of internal magnetic field at the MnII site in the [MnIIFeIII(mto)3] system.
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4.  CONCLUSION
 In general, the FeIII site coordinated by six S atoms is in 

the low-spin (LS) state, while that coordinated by six O atoms 

is in the high-spin (HS) state. Therefore, it is expected that 

the spin state of FeIII coordinated by three S atoms and three 

O atoms is situated in the spin-crossover region. From this 

viewpoint, in order to build an assembled metal complex 

system including FeIIIO3S3 site, we have synthesized (C6H5)4P 

[ZnIIFeIII(mto)3] consisting of FeIIIO3S3 and ZnIIO6 octahedra 

and investigated the spin state of the FeIIIO3S3 site. The 

electron spin resonance (ESR) and 57Fe Mössbauer spectra 

revealed that the rapid spin equilibrium in which the HS state 

and the LS state exchange in the time scale of 10−10 < τ < 10−7 

s occurs at the FeIIIO3S3 site. On the other hand, in the case 

of (C6H5)4P[MnIIFeIII(mto)3] consisting of FeIIIO3S3 and MnIIO6, 

there exists a rapid spin equilibrium (τ < 10–7 s) between the 

HS and LS states at the FeIIIO3S3 site, which induces the 

Figure 5. (a) Magnetization, (b) in-phase ac magnetic susceptibility, 
(c) out-phase ac magnetic susceptibility of (C6H5)4P[MnIIFeIII 

(mto)3] as a function of temperature. The temperature 
dependence of the zero-field-cooled magnetization (ZFCM) 
and the field-cooled magnetization (FCM) were measured 
in the temperature range of 40 – 2 K under 3.0 mT. The remnant 
magnetization (RM) was measured in the same temperature 
range under zero field. The ac magnetic susceptibility 
measurements were performed in the temperature range of 
40 – 2 K under ac magnetic field of 0.3 mT and frequency 
range of 20 – 1000 Hz.

frustration of internal magnetic field between the ferromag-

netic and antiferromagnetic interactions at the MnIIO6 site. 

Owing to the frustration of internal magnetic field at the MnII 

site caused by the rapid spin equilibrium at the FeIII site, 

(C6H5)4P [MnIIFeIII(mto)3] undergoes the successive magnetic 

phase transitions at 30 K and 23 K. At 30 K, the first magnetic 

phase transition from phase A to phase B takes place. Above 

Figure 6. 57Fe Mössbauer spectra of (C6H5)4P[MnIIFeIII(mto)3] between 
30 K and 10 K.

Figure 7. Schematic Gibbs energies of the A, B and C phases as a 
function of temperature for C6H5)4P[MnIIFeIII(mto)3]. G(A), 
G(B) and G(C) show the Gibbs energies for the A, B and C 
phases, respectively. Phase A: The spins at the MnII and FeIII 
sites are paramagnetic, Phase B: The spin at the MnII site is 
ordered, while that at the FeIII site is still paramagnetic, Phase 
C: Both of the spins at the MnII and FeIII sites are ordered.
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30 K, the spins at the MnII and FeIII sites are paramagnetic. 

Below 30 K, on the other hand, the spin at the MnII site is 

ordered, while that at the FeIII site is still paramagnetic. At 23 

K, the second magnetic phase transition from phase B to 

phase C takes place, in which both of the spins at the MnII 

and FeIII sites are ordered.
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