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ly, 5BzU ground state under the influence of the 041, 
component[8, 10, Ill. This distortion could arise 
due to the stereochemical arrangement of the cis- 
configuration and be due to a Jahn-Teller effect :In 
the high-spin state. In what follows, however, 
octahedral notation is used for electronic terms un- 
less otherwise noted. 

Abundant experimental studies by use of mag- 
netic and other kinds of spectroscopies have re- 
vealed the atomistic aspect concerning the present 
spin-transition. From these, however, one cannot 
draw knowledge about the long-range correlation 
inherent in the cooperative transition. One of the 
most fundamental unsolved problems may be a 
comprehensive explanation of why these com- 
pounds undergo a spin-transition cooperatively at 
a certain critical temperature. It is strange that 
thermodynamic investigations have not been made 
at all. Energetic aspects relevant to the problem 
can be obtained precisely mainly from thermo- 
dynamic measurements. A natural phenomenon 
should be understood complementally and con- 
sistently from both the atomistic and the thermo- 
dynamic aspects. 

From this point of view we have measured the 
heat capacities of [Fe(phen),(NCS),] and [Fe- 
@hen),(NCSe),] in the temperature region from 
13 to 375 K. In this paper, we have presented the 
results which clearly demonstrate that the coupling 
between the electronic state and the phonon system 
plays a predominant role for the cooperative transi- 
tion observed here. Preliminary accounts of the 
results have been communicated elsewhere [ 121. 

Also described in this paper is a phenomeno- 
logical description of the phase transition based on 
the analogy to the theory of heterophase fluctua- 
tions in a liquid[l3]. By assuming a temperature- 
independent energy separation between the ‘A ,,, 
and the V’,, states and the coexistence of the low- 
spin and the high-spin states, we were able to 
account for the gross aspects of phase transition. 

TO confirm the validity of these assumptions, 
temperature variations of the C-N stretching fre- 
quency and the Fe-N bond vibrations have been 
closely examined in the vicinity of transition point 
by using infrared spectra. 

2. EXPERIMENTAL 
2.1 Materials 

The sample of [Fe(phen),(NCS),] was prepared accord- 
in8 to the method-(a) of Madeja et ~/.[14]; [Fe(phen),]- 
(SCN), crystal was extracted with dry acetone under 
nitrogen gas for cc/. 30 days. The product was washed with 
water-free ether and dried at ca. 80°C in a high vacuum for 
24 h. And. Calcd. for Fe(C2sH,oN,SZ): C, 58.65 per cent: 

H, 3.03; N, 15.79: S, 12.04; Fe, 10.49. Found: C.58.67 per 
cent: H, 3.04; N, 15.82; S, 11.94: Fe, 10.45. 

The samole of IFe(nhen),(NCSe),l was meoared bv 
heating [Fe(phen)&SeCN)z’-irn a hi8?; vacuum it 170°C 
and then extracting with dry pyridine under nitrogen 
atmosphere. The product was washed and dried in a simi- 
lar manner to that mentioned above. Anal. Calcd. for 
Fe(C,,H,,N,Se,): C, 49.87 per cent; H, 2.58: N, 13.42; 
Se, 25.22; Fe, 8.92. Found: C, 49.78 per cent; H, 2.60: 
N, 13.44: Fe, 8.94. 

In both compounds color change was clearly observed 
on passing through the respective transition temperatures. 

In order to avoid contamination with the possible 
impurities[8. 151 which might appear even in the different 
batches prepared by the same method, heat capacity 
measurements were made for the specimens from the 
identical batch. Heat capacities were measured with an 
adiabatic calorimeter[ 161 between 13 and 375 K. The 
all-gold calorimeter cell contained 24.6373 g (0.0462741 
mol) .of [Fe(phen),(NCS),] and 16.9501 g (0.0270673 mol) 
of [Fe(phen)Z(NCSe)J, respectively, and a small amount 
of helium gas to aid the heat transfer. Temperature scale 
adopted here is based on the I PTS-68. 

As it was reported that a long period of time was re- 
quired to complete the transition[l5], the calorimeter cell 
was cooled very slowly, i.e. with an average rate of 
-0.03 K min-‘. Heat capacity measurements for the 
specimens thus cooled did not show any indication 
of enthalpy relaxation due to the incomplete trans- 
formation until just below Tc. In the vicinity of the 
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Fig. 2. Variation of the molar heat capacity C,, with 
temperature for [Fe(phen),(NCS)J. Broken lines indicate 

the normal heat capacities. 
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Abstract-Heat capacities of [Fe(phen),(NCS),] and [Fe(phen)ZtNCSe)Z] were measured between 13” 
and 375 K. A heat capacity anomaly due to the spin-transition from low-spin ‘A, to high-spin rir elec- 
tronic ground state was found at 176.29 K for the SCN-compound and at 231.26 K for the SeCN- 
compound, respectively. Enthalpy and entropy of transition were determined to be AH = 8.6OkO.14 
kJ mol-’ and AS = 48.78 ? 0.7 I J K-r mol-’ for the SCN-compound and AH = I I .60 2 044 kJ mol-’ 
and AS = 5 I .22 ? 2.33 J K-’ mol-’ for the SeCN-compound. To account for much larger value of AS 
compared with the magnetic contribution, we suggest that there is significant coupling between elec- 
tronic state and phonon system. We also present a phenomenological theory based on heterophase 
fluctuation. Gross aspects of magnetic, spectroscopic, and thermal behaviors were satisfactorily 
accounted for by this model. To examine closely the transition process, infrared spectra were recorded 
as a function of temperature in the range 4000-30 cm-‘. The spectra revealed clearly the coexistence 
of the ‘A, and the 5T, ground states around Tc. 

1. INTRODUCTION 
Octahedral transition metal complexes having d4, 
d”, d” and d7 configuqations can exist in two differ- 
ent electronic ground states with different spin- 
multiplicities depending on the strength of ligand 
field. If the field strength is close to the so-called 
‘spin-pairing energy’ corresponding to the cross- 
over of ground-state terms in the Tanabe-Sugano 
diagrams[l], unusual magnetic behaviors may be 
expected. Extensive experimental evidences and 
theoretical treatments have been summarized in a 
few review articles[2-51. 

The compounds cis-dithiocyanatobis( I, 1 O-phen- 
anthroline)iron(II), [Fe(phen)B(NCS)t], and cis- 
diselenocyanatobis ( I, IO-phenanthroline) iron (I I), 
[Fe(phen),(NCSe)J, seem to be of particular inter- 
est because they are the rare examples in which 
reversible conversion between high-spin and low- 
spin electronic ground states occurs cooperatively 
at a definite critical temperature Tc in a solid state 
without any indication of a structural phase transi- 
tion [6-81. These two compounds have a molecular 
structure shown in Fig. I. The Fe( II) ion is octa- 
hedrally coordinated by six N atoms. At low tem- 
peratures the iron ion possesses the tzG electronic 
configuration showing the low-spin ‘A,,, ground 
state under a strong ligand field arising from rather 
large back-donation of metal electrons into the 
phenanthroline orbitals[8,9]. With a rise in tem- 
perature the ‘A,,, ground state is converted into the 

Z 

Fig. I. Molecular structure of [Fe(phenJ,(NCS)d and 
[Fe(phenLtNCSeJ,l. 

high-spin STe,,(t,4eZ) ground state at Tc, which is 
evidenced by an abrupt increase in the effective 
magnetic moments [6-81 and a characteristic change 
in Miissbauer spectra[7,8]. Strictly speaking, the 
magnetic properties above Tc follow closely the 
theory of paramagnetism for axially distorted cubic 
5T,, terms including the spin-orbit coupling, name- 
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DtrsS = 48.8 J K-1 mol-1

>> R ln 5  (13.4 J K-1 mol-1)

Pure spin entropy is not sufficient!
Where is another entropy source?

àVibrational contribution 



Central Dogma in thermally-driven SCO

� Entropy difference between HS and LS is 
dominated by vibrational contribution.

� Totally-symmetric breathing mode is 
important.

Multis 2017 2

Spin-crossover temperature
T1/2 = DtrsH / DtrsS
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Abstract

IIIwŽ . x Ž .The compound Mn pyrol tren where pyrol tren is the trianionic Schiff base resulting from the condensation of3 3
X XX Ž . Ž . Ž .pyrolle-2-carboxaldehyde with 2,2 ,2 -tris ethylamino amine exhibits an abrupt LS Ss1 HS Ss2 spin conversion

with an inversion temperature in low field of T s 43.7 K. The temperature dependence of the heat capacity has been1r2
measured. The enthalpy and entropy variations associated with the spin conversion have been found as DHs0.60 kJ moly1

and DSs13.8 J Ky1 moly1. The temperature dependence of the magnetization has been measured under various magnetic
fields up to 23 T. T has been found to decrease as the field increases, first in a smooth fashion, then more rapidly. Under1r2
23 T, T is equal to 42.1 K. A theoretical model based on a mean field approximation of the spin crossover phenomenon1r2
has been compared with the experimental findings. q 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

In 1983, Qui et al. investigated the influence of an
external magnetic field on the inversion temperature,

w xT , of a spin crossover compound 1 . T is1r2 1r2

) Corresponding author. Fax: q33-5-557962501.
Ž .E-mail address: ader@pth.u-bordeaux.fr J.-P. Ader .

defined as the temperature at which the molar frac-
Ž . Ž .tions of low-spin LS and high-spin HS molecules

are both equal to 0.5. The compound they considered
Ž . Ž .was Fe phen NCS , with phensortho-phenan-2 2

Ž .troline. The crossover takes place between LS Ss0
Ž .and HS Ss2 states, and T is equal to 176 K1r2

w x2,3 . A very small effect was detected. Increasing
the external field from 1 to 5.5 T resulted in a
decrease of T by 0.1 " 0.04 K.1r2
The pressure effect would obviously be more

important if the variation of magnetic field was

0375-9601r00r$ - see front matter q 2000 Elsevier Science B.V. All rights reserved.
Ž .PII: S0375-9601 00 00346-7
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Fig. 3. Temperature dependence of the magnetization at 23 T.

Ž .Fig. 4. Experimental v field dependence of the inversion temperature. The full line corresponds to the least square fit T1r2
2s 43.7y0.003 HH T K.Ž .Ž .

Field dependence of T1/2
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example, a mixture of 1.82 g (5.0 mmol) of hydrazide 5a and 1.14 
g (1.25 equiv) of benzaldehyde diethyl acetal was heated at  80 
OC, with vigorous stirring, in 50 mL of freshly distilled D M F  
containing a catalytic amount of TsOH.I3 Solution (bright yellow) 
was generally obtained within 1 h, and after a total of 5 h the 
reaction was concentrated and the residue crystallized (n-PrOH) 
to give 1.88 g (83%) of adduct 9a (Scheme IV, R, R’ = phenyl).14 
Similarly prepared were the following (R’ = phenyl): (compound, 
R,  % yield): 9b, p-methoxyphenyl, 90%; 9c, p-methylphenyl, 91% 
9d, p-nitrophenyl, 52%; 9e, 2-furyl, 68%; 9f, 2-thienyl, 80%; 9g, 
H ,  64%. It is interesting to note that in no case could we detect 
a measurable quantity of adduct having the a-configuration at  
C-6.I5 

The extraordinary selectivity of these reactions is easily ra- 
tionalized on the basis of severe nonbonded interactions in tran- 
sition state 8b (cf. Scheme IV). In agreement with this hypothesis, 
with R’ = H (5b),16 up to 5% of the epimeric material 10 could 
be observed in the crude reaction mixtures. Of greater importance, 
however, the stereochemical consequences of kinetic control could 
be readily reversed upon equilibration. Thus, for example, with 
R = COzMe (R’ = phenyl), our preliminary results indicate that 
the a configuration is favored to the extent of a t  least 98:2 at  
thermodynamic equilibrium.88 This latter material, we believe, 
has all of the functionality requisite for its eventual conversion 
to 4, and studies are currently under way with the goal of achieving 
this transformation. 
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(1 3) All of these reactions are highly dependent upon the nature of the 
solvent, proceeding only moderately well in acetonitrile and not at all in glyme 
or less polar solvents [cf. P. K. Kadaba, Synthesis, 71 (1973)l. Furthermore, 
they fail completely in the absence of TsOH. TsOH, we believe, serves only 
in the capacity of bringing about an initial ionization of the aldehyde acetal, 
which is subsequently trapped by the strongly basic nitrogen of hydrazide Sa. 
In accordance with this hypothesis, the relative rates for these conversions 
varied in a manner fully consistent with the ability of R to stabilize a de- 
veloping cationic center (Le., 9b, 9e > 9a, 9c, 9f > 9g > 9d). Aliphatic acetals 
either fail to react under these conditions or they give much lower yields of 
adducts (17% with phenylacetaldehyde diethyl acetal). 

(14) The stereochemistry of this adduct was conclusively demonstrated by 
X-ray analysis.ls Physical properties of adduct 9a: mp 258-259 O C ;  IR 1710 
cm-I, five-membered ring lactam; NMR (CDClJ 6 2.02 (2 H, m), 2.82 (1 
H, d, J = 17.4 Hz), 2.88 (4 H, mJ, 2.94 (1 H, d, J = 17.4 Hz), 3.98 (1 H, 
d, J = 14.1 Hz), 4.33 (1 H, d, J =  5.1 Hz), 4.58 (1 H, s), 4.88 (1 H , d , J =  
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possible in d4 systems, it has not previously been observed in d4 
systems. Nearly all known manganese(II1) complexes are high 
spin (5E in 0,). The only known low-spin manganese(II1) com- 
pound is [Mn(CN)6]3-.’32 For example, the dithiocarbamate 
ligands can induce intermediate- and low-spin behavior in iron- 
(111): but manganese(II1) is the only case with a theoretical choice 
of spin states for which all the tris(dithi0carbamate) complexes 
are high spin! The observation that pyrrole, and especially pyrrole 
bound up in the ligand T R P  [tris[ 1-(2-azolyl)-2-azabuten-4- 
yllamine] ( l ) ,  induces a very strong ligand field5 prompted us to 
make a study of [Mn(TRP)]. This choice is justified by the 
spin-state crossover found to occur in [Mn(TRP)]. The magnetic 
moment and susceptibility alter dramatically in the 40-50 K region 
(Figure 1). The moment falls from 4.9 to 3.2 p~g, corresponding 
to a change from four to two unpaired electrons. This is a nom- 
inally 5E, * 3T!, spin-state crossover, in Oh symmetry. Above 
the crossover point the moment is temperature invariant, as ex- 
pected in 5E, and below 40 K the behavior is compatible with the 
temperature dependence characteristic of a 3T, ground state split 
by spin-orbit coupling and distortion from oh symmetry. 

The crystal structure was determined to shed further light on 
the manganese environment: Table I gives the resulting atomic 
parameters, Tables I1 and I11 give the bond lengths and angles, 
and Figure 2 shows the molecular structure. For comparison, 
bonding data for the related, low-spin [Fe(TRP)] complex are 
given. The experimental details are as given e1sewhere.j The metal 
atom lies on a crystallographic threefold axis so that the three 
CH2-CH2-N-CH-C4H4N arms of the ligand are structurally 
identical. The coordination is distorted about the threefold axis 
from octahedral toward trigonal-prismatic symmetry, with a twist 
angle of 4 = 50.8’ defined by projections of the two equilateral 
N N N  ligand triangles (Figure 2). Values of 60’ and 0’ for 4 
are conditions for octahedral and trigonal-prismatic geometries, 
respectively. The trigonal distortion splits the 3T1 state in [Mn- 
(TRP)] into a 3A1 and 3E. If the crystal-field splitting is about 
25 000 cm-’, the low-temperature magnetic data correspond to 
a q1 splitting of about 150 cm-I and spin-orbit coupling of about 
-1 80 cm-’, though these values are not unique.’ 

The observed 4 value compares with less trigonally distorted 
[Fe(TRP)] with a twist angle of 54.6O.j The difference in twist 
angles between the iron and manganese complexes is as expected 
from the shorter metal-ligand bond lengths in the iron complex 
if the ligand “bite” remains approximately constant. The dif- 
ference in metal-ligand bond lengths between the two complexes 
arises from two factors: (1) mainly their different spin states, 
high spin in manganese(II1) (at room temperature) and low spin 

(Left) Magnetic moments and (right) susceptibilities of 

First Manganese(II1) Spin Crossover and First d4 
Crossover. Comment on Cytochrome Oxidase 
P. Greig Sim and Ekk Sin@ 

Department of Chemistry, University of Virginia 
Ch arlot t esville, Virginia 22901 

Received April 7, I980 

Although the phenomenon of spin-state crossover has been 
observed in d5-8 transition-metal complexes and is theoretically 

0002-7863/8 1 / 1503-241$01 .OO/O 

(1) Charles, I. D.; Frank, M. J. J.  Inorg. Nucl. Chem. 1970, 32, 555. 
(2) Cooke, A. H.; Duffies, H. J. Proc. Phys. SOC. London, Sect. A 1955, 

A68, 32. 
(3) Ewald, A. H.; Martin, R. L.; Sinn, E.; White, A. H. Inorg. Chem. 1969, 

8, 1837. 
(4) Golding, R. M.; Healy, P.; Newman, P.; Sinn, E.; Tennant, W. C.; 

White, A. H. J.  Chem. Phys. 1970, 52, 3105. 
(5) Sim, P. G.; Sinn, E. Inorg. Chem. 1978, 27, 1288. 
(6) Crystal data [Mn(TRP)]: MnN7C2,HU, mol wt 429, space group 

I43d, a = 20.309 (6) A, V = 8377 A), Z = 16, ~ ( M o  Ka) = 6.85 cm-I; 8-28 
data collected in the range l o  < 28 < 48O produced 663 independent reflec- 
tions, of which 169 were nonsystematically absent; R = 5.9% for 494 reflec- 
tions. 

(7) A detailed treatment of the magnetism will be presented elsewhere. 

0 1980 American Chemical Society 

J.  Am. Chem. SOC. 1981, 103, 241-243 24 1 

example, a mixture of 1.82 g (5.0 mmol) of hydrazide 5a and 1.14 
g (1.25 equiv) of benzaldehyde diethyl acetal was heated at  80 
OC, with vigorous stirring, in 50 mL of freshly distilled D M F  
containing a catalytic amount of TsOH.I3 Solution (bright yellow) 
was generally obtained within 1 h, and after a total of 5 h the 
reaction was concentrated and the residue crystallized (n-PrOH) 
to give 1.88 g (83%) of adduct 9a (Scheme IV, R, R’ = phenyl).14 
Similarly prepared were the following (R’ = phenyl): (compound, 
R,  % yield): 9b, p-methoxyphenyl, 90%; 9c, p-methylphenyl, 91% 
9d, p-nitrophenyl, 52%; 9e, 2-furyl, 68%; 9f, 2-thienyl, 80%; 9g, 
H ,  64%. It is interesting to note that in no case could we detect 
a measurable quantity of adduct having the a-configuration at  
C-6.I5 

The extraordinary selectivity of these reactions is easily ra- 
tionalized on the basis of severe nonbonded interactions in tran- 
sition state 8b (cf. Scheme IV). In agreement with this hypothesis, 
with R’ = H (5b),16 up to 5% of the epimeric material 10 could 
be observed in the crude reaction mixtures. Of greater importance, 
however, the stereochemical consequences of kinetic control could 
be readily reversed upon equilibration. Thus, for example, with 
R = COzMe (R’ = phenyl), our preliminary results indicate that 
the a configuration is favored to the extent of a t  least 98:2 at  
thermodynamic equilibrium.88 This latter material, we believe, 
has all of the functionality requisite for its eventual conversion 
to 4, and studies are currently under way with the goal of achieving 
this transformation. 
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either fail to react under these conditions or they give much lower yields of 
adducts (17% with phenylacetaldehyde diethyl acetal). 

(14) The stereochemistry of this adduct was conclusively demonstrated by 
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Abstract

IIIwŽ . x Ž .The compound Mn pyrol tren where pyrol tren is the trianionic Schiff base resulting from the condensation of3 3
X XX Ž . Ž . Ž .pyrolle-2-carboxaldehyde with 2,2 ,2 -tris ethylamino amine exhibits an abrupt LS Ss1 HS Ss2 spin conversion

with an inversion temperature in low field of T s 43.7 K. The temperature dependence of the heat capacity has been1r2
measured. The enthalpy and entropy variations associated with the spin conversion have been found as DHs0.60 kJ moly1

and DSs13.8 J Ky1 moly1. The temperature dependence of the magnetization has been measured under various magnetic
fields up to 23 T. T has been found to decrease as the field increases, first in a smooth fashion, then more rapidly. Under1r2
23 T, T is equal to 42.1 K. A theoretical model based on a mean field approximation of the spin crossover phenomenon1r2
has been compared with the experimental findings. q 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

In 1983, Qui et al. investigated the influence of an
external magnetic field on the inversion temperature,

w xT , of a spin crossover compound 1 . T is1r2 1r2

) Corresponding author. Fax: q33-5-557962501.
Ž .E-mail address: ader@pth.u-bordeaux.fr J.-P. Ader .

defined as the temperature at which the molar frac-
Ž . Ž .tions of low-spin LS and high-spin HS molecules

are both equal to 0.5. The compound they considered
Ž . Ž .was Fe phen NCS , with phensortho-phenan-2 2

Ž .troline. The crossover takes place between LS Ss0
Ž .and HS Ss2 states, and T is equal to 176 K1r2

w x2,3 . A very small effect was detected. Increasing
the external field from 1 to 5.5 T resulted in a
decrease of T by 0.1 " 0.04 K.1r2
The pressure effect would obviously be more

important if the variation of magnetic field was
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23 T, T is equal to 42.1 K. A theoretical model based on a mean field approximation of the spin crossover phenomenon1r2
has been compared with the experimental findings. q 2000 Elsevier Science B.V. All rights reserved.
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Fig. 3. Temperature dependence of the magnetization at 23 T.

Ž .Fig. 4. Experimental v field dependence of the inversion temperature. The full line corresponds to the least square fit T1r2
2s 43.7y0.003 HH T K.Ž .Ž .
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種の間のエネルギー障壁の高さがゼロになり、断熱ポテ
ンシャル曲面が双極小型から単極小型に変化する磁場に
相当するものと考えられるが、下端磁場の方はおそらく
核生成・成長機構による転移の進行の速度論的効果によ
ってみえているものであろう。
これらの磁化曲線および定常磁場下での磁化率の温度

依存測定から期待される H–T相図（Fig. 12）は、低磁
場では Zeemanエネルギーが H2に比例することから放
物線に近い相境界をもち、高磁場では磁化が飽和して相
境界が直線的になっている。なお、この相図では、先に
触れた Garciaらの結果 12)と比較すると転移温度の磁場
依存性が２倍ほど大きなものとなっているが、彼らは常
圧下の転移温度もかなり低めに報告しており、温度測定
に若干の問題があったのではないかと疑われる。

■■ 5.  高温相および低温相のHF-EPR

高磁場高周波数電子常磁性共鳴（HF-EPR）は X band

（9.3 GHz、約 0.3 cm–1に相当）のマイクロ波では励起で

きない大きなエネルギーギャップをもつような系、例え
ば整数スピン系（non-Kramers system）や高い磁気異方
性をもつ多核錯体系などでとくに有効な手法で、近年盛
んに用いられるようになってきた 62)。[Mn(taa)]におい
ても、50 Tのパルス磁場の下で 500-1400 GHzのマイク
ロ波を照射して測定を行い興味深い情報が得られてい
る。
第 2節で述べたように、この錯体の高スピン状態 5E

は分子に歪みを誘起する Jahn-Teller活性であるにも関わ
らず、X線構造解析は分子が高い対称（三回軸）をもつ
ことを支持している。この一見矛盾した実験結果は、高
スピン状態にある分子のもつ Jahn-Teller歪みが、分子内
で擬回転運動する動的無秩序状態にあって、X線構造解
析ではその平均構造が観測されていると考えれば解消さ
れる。この証拠のひとつを与えたのが、高温相の粉末試
料の HF-EPRスペクトルである 21)。Fig. 13は照射振動
数 1017.6 GHz、温度 77 Kで記録された粉末パターンで
あるが、ゼロ磁場分裂を考慮した S = 2のスピンハミル
トニアン

を仮定してシミュレーションを行うとよく再現される

Fig. 11  Isothermal magnetization curves of [Mn(taa)] under pulsed 
magnetic fields22).  Magnetization curve at every temperature 
is offset along the ordinate by 2m B each, avoiding overlap of 
hysteresis loops.

Fig. 12  H–T phase diagram of [Mn(taa)]22).

Fig. 13  HF-EPR spectrum of randomly-oriented polycrystalline 
[Mn(taa)] specimen at 77 K21).

Fig. 14  Field dependence of resonance frequencies in a [Mn(taa)] 
single crystal20).
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Spin-Crossover Phenomena
  Ground Multiplet Energy of d4 Metal Complex
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DFT-optimized structure and spin density isosurface with 0.005 e / a.u.3
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Electrostatics
  Curie behavior of bare dipole: p = (µ2 / 3kBT) Eloc
      µ    molecular dipole
      Eloc  local field

  Macroscopic polarization of crystal: P = N p
      N   number density of dipole

  Local field  Eloc = Eext + ELorentz
                = Eext + P / (3¡'¡0)
      ¡'   high-frequency component

  Definition of crystalline dielectric constant ¡:
      P = (¡ – ¡') ¡0 Eext

  Curie-Weiss law:  ¡ = ¡' + C
T es<e

      C = N µ2 / (3kB¡0)
      ees = C / (3¡')    (electrostatic interaction)

  Experimental data  ¡' = 3, C = 91 K, e = 26 K

A  estimated molecular dipole  µ = 1.25 D
A  van der Waals' interaction  e – ees = 16 K
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4-State Ising-Potts Model

 6  LS-HS gap
 J0  Potts-type interaction between HS species
 J1  Ising-type interaction between HS and LS species

Internal energy:
U = 6(1 – l0) + J0(l1

2 + l2
2 + l3

2) + 2J1l0(1 – l0)
Entropy:
S R S SLS HS i ii

/ ln( ) ( )ln( ) ln= + + < + <
=

-l l l l0 0 0

3
2 1 1 2 1

SCF equations:
    ,F/,li = 0,  ,2F/,li,lj > 0  (i, j = 1, 2, 3)

3 Stable solutions:
    Low-spin (LS) phase  A l0 >> l1 = l2 = l3
    High-spin (HS) phase  A l0 << l1 = l2 = l3
    Ferrodistortively-ordered (FO) phase
                       A l0 << l1 = l2 < l3
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(Stratt & Adachi, 1987)
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Estimate of the vibrational contribution to the entropy change associated
with the spin transition in the d4 systems [MnIII(pyrol)3tren] and
[CrII(depe)2I2]w
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The vibrational contribution to DS of the low-spin (3T1) to high-spin (5E) spin transition in two

3d4 octahedral systems [MnIII(pyrol)3tren] and [Cr(depe)2I2] have been estimated by means of

DFT calculations (B3LYP/CEP-31G) of the vibrational normal-modes frequencies. The obtained

value at the transition temperature for the Mn(III) complex is DSvib(44 K) = 6.3 J K!1 mol!1,

which is comparable with the proposed Jahn–Teller contribution of R ln3 = 9.1 J K!1 mol!1 and

which is approximately half of the experimentally determined 13.8 J K!1 mol!1. The

corresponding value for the Cr(II) complex is DSvib(171.45 K) = 46.5 J K!1 mol!1, as compared

to the experimental value of 39.45 J K!1 mol!1. The analysis of the vibrational normal modes

reveals that for the d4 systems under study, contrary to Fe(II) d6 systems, not all metal–ligand

stretching vibrations make a contribution. For the Mn(III) complex, the only vibration that

contributes to DSvib involve the nitrogens occupying the Jahn–Teller axis, while in the case of

Cr(II) the contributing vibrations involve the Cr–I bonds. Low-frequency modes due to ring

vibrations, metal–ligand bending and movement of the molecule as a whole also contribute to the

vibrational entropy associated with the spin transition.

Introduction

The spin crossover (SCO) phenomenon is well recognized for
Fe(II) (d6), Fe(III) (d5) and Co(II) (d7) coordination com-
pounds. At present, most of the synthetic efforts, physical
investigations and computations have been carried out on
these systems.1 Yet, the available data for Mn(III) and Cr(II)
systems (d4) are relatively scarce.2 The best studied SCO d4

system is the mononuclear complex of the tripodal pyrrole
anion containing a Schiff base of formula [MnIII(pyrol)3tren]
{(Hpyrol)3tren = tris(1-(2-azolyl)-2-azabuten-4-yl)-
amine)}.3–10 The spin transition from the high-spin state
(HS, 5Eg) to the low-spin state (LS, 3Tg) occurs abruptly at
about 44 K, as observed by magnetic susceptibility3 and heat
capacity measurements.4 It has been suggested, on the basis of
solid state Raman spectra, that [MnIII(pyrol)3tren] does not
undergo a classical SCO behaviour in which the vibrational
entropy is dominant,5 contrary to the suggestion that the
molecular vibrations in Fe(II) SCO compounds11 contribute
a major part to the entropy change accompanying spin cross-
over. The latter suggestion is supported by the fact that the

experimental entropy value is well accounted for by the sum of
the electronic contribution DSel = R ln(5/3) and by the
Jahn–Teller (JT) contribution of the quintet state (DSJT = R
ln3),6 thus neglecting any vibrational entropy. The present
study deals with the normal mode analysis of both spin state
isomers of [Mn(pyrol)3tren] performed within the framework
of Density Functional Theory (DFT). It allows the prediction
of the molecular structures of the complex in the quintet and
triplet state, as well as the frequencies in the Raman and IR
spectra. The vibrational contribution to the total entropy
difference associated with SCO, DSvib, is subsequently calcu-
lated and discussed. For the sake of comparison, similar
calculations have been performed for the structurally charac-
terised 3d4 complex [CrI2(depe)2] (depe = 1,2-bis(diethylpho-
sphino)ethane) (Fig. 1), which displays an abrupt spin
transition around 171 K. To the best of our knowledge, these
are the first DFT calculations for spin isomers of 3d4 systems.
The detailed DFT analysis of the Jahn–Teller effect in d7

[Co(bipy)3]
2+ has recently been published.12

Computational methods

The vibrational normal-modes and frequencies were calcu-
lated for the optimized structure of both spin state isomers of
[Mn(pyrol)3tren] and [CrI2(depe)2], using the B3LYP func-
tional13 with the CEP-31G basis,14–16 as implemented in the
Gaussian 03 programme.17 No symmetry constraint was
applied during geometry optimisation. In either case, no
imaginary frequencies were found for both spin isomers,
confirming that the optimised structures are true minima.
Vibrational contributions to DS were calculated according to

aUnité de Chimie des Matériaux Inorganiques et Organiques,
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w Electronic supplementary information (ESI) available: Calculated
frequencies of normal vibration modes for both spin isomers of
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The vibrational contribution to DS of the low-spin (3T1) to high-spin (5E) spin transition in two

3d4 octahedral systems [MnIII(pyrol)3tren] and [Cr(depe)2I2] have been estimated by means of

DFT calculations (B3LYP/CEP-31G) of the vibrational normal-modes frequencies. The obtained

value at the transition temperature for the Mn(III) complex is DSvib(44 K) = 6.3 J K!1 mol!1,

which is comparable with the proposed Jahn–Teller contribution of R ln3 = 9.1 J K!1 mol!1 and

which is approximately half of the experimentally determined 13.8 J K!1 mol!1. The

corresponding value for the Cr(II) complex is DSvib(171.45 K) = 46.5 J K!1 mol!1, as compared

to the experimental value of 39.45 J K!1 mol!1. The analysis of the vibrational normal modes

reveals that for the d4 systems under study, contrary to Fe(II) d6 systems, not all metal–ligand

stretching vibrations make a contribution. For the Mn(III) complex, the only vibration that

contributes to DSvib involve the nitrogens occupying the Jahn–Teller axis, while in the case of

Cr(II) the contributing vibrations involve the Cr–I bonds. Low-frequency modes due to ring

vibrations, metal–ligand bending and movement of the molecule as a whole also contribute to the

vibrational entropy associated with the spin transition.

Introduction

The spin crossover (SCO) phenomenon is well recognized for
Fe(II) (d6), Fe(III) (d5) and Co(II) (d7) coordination com-
pounds. At present, most of the synthetic efforts, physical
investigations and computations have been carried out on
these systems.1 Yet, the available data for Mn(III) and Cr(II)
systems (d4) are relatively scarce.2 The best studied SCO d4

system is the mononuclear complex of the tripodal pyrrole
anion containing a Schiff base of formula [MnIII(pyrol)3tren]
{(Hpyrol)3tren = tris(1-(2-azolyl)-2-azabuten-4-yl)-
amine)}.3–10 The spin transition from the high-spin state
(HS, 5Eg) to the low-spin state (LS, 3Tg) occurs abruptly at
about 44 K, as observed by magnetic susceptibility3 and heat
capacity measurements.4 It has been suggested, on the basis of
solid state Raman spectra, that [MnIII(pyrol)3tren] does not
undergo a classical SCO behaviour in which the vibrational
entropy is dominant,5 contrary to the suggestion that the
molecular vibrations in Fe(II) SCO compounds11 contribute
a major part to the entropy change accompanying spin cross-
over. The latter suggestion is supported by the fact that the

experimental entropy value is well accounted for by the sum of
the electronic contribution DSel = R ln(5/3) and by the
Jahn–Teller (JT) contribution of the quintet state (DSJT = R
ln3),6 thus neglecting any vibrational entropy. The present
study deals with the normal mode analysis of both spin state
isomers of [Mn(pyrol)3tren] performed within the framework
of Density Functional Theory (DFT). It allows the prediction
of the molecular structures of the complex in the quintet and
triplet state, as well as the frequencies in the Raman and IR
spectra. The vibrational contribution to the total entropy
difference associated with SCO, DSvib, is subsequently calcu-
lated and discussed. For the sake of comparison, similar
calculations have been performed for the structurally charac-
terised 3d4 complex [CrI2(depe)2] (depe = 1,2-bis(diethylpho-
sphino)ethane) (Fig. 1), which displays an abrupt spin
transition around 171 K. To the best of our knowledge, these
are the first DFT calculations for spin isomers of 3d4 systems.
The detailed DFT analysis of the Jahn–Teller effect in d7

[Co(bipy)3]
2+ has recently been published.12

Computational methods

The vibrational normal-modes and frequencies were calcu-
lated for the optimized structure of both spin state isomers of
[Mn(pyrol)3tren] and [CrI2(depe)2], using the B3LYP func-
tional13 with the CEP-31G basis,14–16 as implemented in the
Gaussian 03 programme.17 No symmetry constraint was
applied during geometry optimisation. In either case, no
imaginary frequencies were found for both spin isomers,
confirming that the optimised structures are true minima.
Vibrational contributions to DS were calculated according to
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New estimate DSvib = 9.1 J K-1 mol-1

DSmag = R ln (2SHS + 1)/(2SHS + 1) = R ln(5/3)
DSJT = R ln 3

àDStotal = DSmag + DSJT = R ln 5
= 13.4 J K-1 mol-1

Cf.  13.8 J K-1 mol-1 based on DSC (Y. Garcia, 2000) 
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DtrsS = 16.8 J K-1 mol-1

Cf.  13.8 J K-1 mol-1

(Y. Garcia, 2000) 

DSvib ~ 3.4 J K-1 mol-1
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� Pressure effect on c
� Clamp cell (Cu-Ti alloy)
� 0.1 MPa to 1.0 GPa
� Fomblin oil – hydrostatic pressure

� Dilution effect on c and e
� Mixed crystal [Mn1-xGax(taa)]
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Isomorphic phase transition → critical phenomana?
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ン間の一分子あたりの体積差に起因する、pV仕事項に
よるエネルギーの増加が主要な原因であると考えられ、
その変化は主として、高スピン −低スピン間のエネル
ギーギャップD に現れる。結晶学的データより、高ス
ピン −低スピン間の一分子あたりの体積差 DVは 0.008 

nm3であることが知られている（Fig. 3）。これより、0.7 

GPaの圧力をかけることによって理論的に増加するエネ
ルギーは、3.34 kJ mol-1、1.0 GPaでは 4.77 kJ mol-1と見
積もられる。シミュレーションにおけるDの変化量より、
増加したエネルギーを計算すると、0.7 GPaでは 2.58 kJ 

mol-1、1.0 GPaでは 4.24 kJ mol-1となる。よって、シミ
ュレーションにおけるエネルギーの増加量は分子体積の
変化から予測される増加量の約 80~90 %を示しており、
静水圧は分子ひとつひとつに直接働いているわけではな
いことを考慮すると、このモデルの妥当性を示唆する結
果となった。
このシミュレーションより得られたパラメーターをも

とに、D および J1が圧力に対し直線的に変化すると仮
定し、0.1 MPaから 1.0 GPaの間の転移挙動を内挿した
結果を Fig. 21に示す。

Fig. 21  Simulation curves for high-spin fractions (1 – r 0) under 
different pressures.  Red curves correspond to first-order phase 
transition with finite jump, while blue ones show quasi-equilibrium 
feature.

圧力が 0.2 GPa付近で一次相転移を特徴づける不連続
な跳びが消失し、臨界現象が起こっていることがわかる。
これらのスピンクロスオーバー温度 T1/2（rHSが 0.5にな
る温度）を圧力に対してプロットすると、Fig. 22のよ

うな相図が得られた。
圧力の増加に伴い、転移温度が直線的に上昇している

ことがわかる。また、一次相転移の相境界が終端する臨
界点は、圧力で約 0.2 GPa、温度で約 80 K付近に存在す
ることが推定できた。
次に、希釈効果のシミュレーションを試みた。用いた

モデルは基本的には圧力効果の場合と同じであるが、そ
のモデルにさらに Ga錯体の寄与を考慮した。Ga錯体
のモル分率 y (= 1 – x)を導入し、規格化条件をr 0 + r 1 + 

r 2 + r 3 + y = 1とすると、その内部エネルギーは

と表される。ここで J2( > 0)は、低スピン種と Ga錯体
間の Isingタイプの相分離型相互作用を表す。この修正
にともなって、系のエントロピーは、

　　　

と読み替えればよい。ここでは、高スピン種と低スピン
種は相互変換可能であるのに対し、Gaイオンは結晶格
子上での位置が固定されているので quenched disorderと
考え、混合エントロピーに含めていない。
固溶体 [MnxGa1-x(taa)]中の [Mn(taa)]の高スピン分率の

温度依存性を、それぞれの希釈濃度でシミュレートした
ものを、実測の磁化率から換算したものと比較して Fig. 

23に示した。また、これらのシミュレーション曲線に

Table 1  Optimized model parameters for [Mn(taa)] under different 
pressures.

p D  / R K J0 / R K J1 / R K DSvib / R

0.1 MPa 148 -36 96 1.2

0.7 GPa 460 -36 70 1.2

1.0 GPa 660 -36 60 1.2

Fig. 22  T–p phase diagram of [Mn(taa)].

Fig. 23  Temperature dependence of high-spin fraction (1 – r 0) in 
solid-solution samples.
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63)。最適化されたスピンハミルトニアンパラメーターは
D/kB = –8.49 K、E/kB = 0.72 K、g = 2.0である。斜方性ゼ
ロ磁場分裂パラメーター Eがゼロでない値をとること
は、測定振動数 1017.6 GHzに相当する早い時間スケー
ル 10–12 sで観測すると錯体分子は三回対称軸をもたない
歪んだ状態にあって、それより遅い時間スケールで再配
向運動していることを示している 23)。
一方、低温相にあるこの錯体の低スピン状態 3T2g

（S = 1）の HF-EPRを測定すると、Fig. 14のように 1200 

GHz以下の照射振動数では共鳴吸収が観測されない 20)。
これは基底状態 SZ = 0と励起状態 SZ = ±1の間に 1200 

GHz（~50 K）を超える大きなゼロ磁場分裂が存在して
いることを示している。このギャップに対応するゼロ磁
場分裂パラメーターは D/kB = +58 Kと極めて大きく、軌
道角運動量のクエンチが不完全な T項イオンの特徴が
見てとれる。

■■ 6.　 高圧下での相転移の消失

スピンクロスオーバー錯体の高スピン種はほとんどの
場合、低スピン種よりも大きな分子体積を有しているた
め、圧力の印加は高スピン種により大きな pV仕事を与
え不安定化する。そこで、高スピン種と低スピン種のエ
ネルギーギャップD を圧力で変調したときの相挙動を
磁化率測定により検討した。高圧下磁化率は、静水圧条
件を満足するために無配向の多結晶試料を圧媒体（フ
ォンブリンオイル）とともにテフロン製セルに封入し、
CuTi合金製の高圧クランプセル 64)に収めて 0.7および
1.0 GPaの圧力下で測定した。
圧力下における [Mn(taa)]の有効磁気モーメントの温

度依存性を Fig. 15に示す。

Fig. 15  Temperature dependence of effective magnetic moment of 
[Mn(taa)] under high pressures.

圧力が 0.7 GPaの場合、転移点はかなり高温側にシフ
トし、スピンクロスオーバー温度 T1/2は約 150 Kと見積
もられた。また常圧のシャープな転移挙動が、圧力下で
はかなりなだらかになっている。さらに 1.0 GPaまで昇
圧すると、より高温の T1/2 = 200 Kまでシフトし、スピ

ン平衡に近い挙動を見せた。このような相転移のシャー
プさの喪失は、系が不均一になって相転移温度が分布を
もつ場合にしばしば見られる挙動であるが、この測定で
は圧媒体としてフォンブリンオイルを用いていること、
また高温相・低温相がともに等軸晶系で加圧による異方
的変形の影響を被りにくいことから、静水圧条件が担保
されており本質的に均一系の挙動が観測されたものと考
えている。具体的には、圧力の増加に伴ってスピンクロ
スオーバー挙動が一次相転移から二次相転移を経て擬平
衡挙動へと連続的に移行していると考えられ、0.1 MPa

（常圧）から 0.7 GPaのあいだに臨界点が存在すること
が判る。
p–T相図については第 8節で平均場モデルに基づいて
より詳細に扱うが、スピンクロスオーバー温度 T1/2が圧
力にほぼ線型の変化を示していることから、臨界点に至
るまでの相境界にもこの線型性が期待できる。相境界の
傾き ~1.75 K GPa–1が Clapeyron式 dT/dp = DtrsV /DtrsS（DtrsV

は転移に伴うモル体積変化、DtrsSは転移エントロピー）
を満たしているとすれば、DtrsV = 4.77 cm3 mol–1（Fig. 3）
を用いて、DtrsS ~ 27.3 J K–1 mol–1と見積もることができ
る。この転移エントロピーの値は、スピン自由度の寄
与 R ln{(2sHS + 1)/(2sLS + 1)} = R ln(5/3)と分子配向の微視
的状態数からくる R ln3の和、約 13.4 J K–1 mol–1より 1.6 

Rほど大きく、これが振動自由度の寄与である。配向自
由度の寄与と同程度なので、けして無視できる大きさで
はないものの、(3d)6スピンクロスオーバー系 30,31)と比
べるとかなり小さな量であり、配位結合の変化が小さい
(3d)4系の特徴といえる。

■■ 7.  希釈系 [MnxGa1‒x(taa)] の相挙動

特徴的な誘電挙動を示す [Mn(taa)]のスピンクロスオ
ーバー相転移は、第 3節でみたように簡単な平均場モデ
ルでよく再現されることが判った。その際、錯体分子間
には最隣接相互作用を仮定したが、この相互作用が次近
接分子やそれ以遠にも届くような、格子の弾性歪みや電
気双極子相互作用などの長距離力である可能性ももちろ
ん否定できない。最隣接相互作用であれば、系に置換型
不純物をドープしていったときに、パーコレーションネ
ットワーク（浸透網）が閾値（臨界濃度）をもつような
挙動が期待されることから 65)、双安定性をもたない反磁
性のガリウム錯体 [GaIII(taa)]による希釈を試みた。

[Ga(taa)]はマンガン錯体と結晶学的に同型（立方晶系
, a = 2.02029 nm, Z = 16）で、格子体積は 1.5%ほど小さ
いけれど、全域で固溶体 [MnxGa1-x(taa)]（0 ≤ x ≤ 1）をつ
くる。試料調製にあたっては、x = 0.05, 0.20, 0.30, 0.50, 

0.70, 0.84の各濃度の飽和ジクロロメタン溶液に冷凍庫
で冷やしたヘキサンを加えて急速に固体を析出させ、各

~175 K GPa–1
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Site-random percolation threshold
simple cubic (z = 6) 0.31
diamond (z = 4) 0.43
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対応する相互作用パラメーターを Table 2にまとめた。

希釈効果の場合、Ga錯体の増加に伴うMn錯体分子
間の隣接相互作用の低下が主要な因子と考えられ、その
変化は主に、高スピン種－低スピン種間の相分離をうな
がす相互作用 J1に現れる。Ga錯体の濃度が増加すると
相互作用は低下すると考えられるが、シミュレーショ
ンにおいても、希釈が進むにつれて J1を低下させるこ
とによって、転移挙動をよく再現することができた。x 

= 0.3よりさらに希釈の進んだ試料では、第 7節で触れ
たようにスピンクロスオーバー温度 T1/2の濃度依存性が
ほとんど見られないが、これは Table 2からも見てとれ
るように、分子間の相互作用 J1の影響がほぼ失われた
希釈極限とみなすことができ、隣接分子としてすべて
[Ga(taa)]をもつ [Mn(taa)]分子の熱平衡挙動が観測され
ていると考えられる。

■■ 9.  おわりに

MnIIIスピンクロスオーバー錯体 [Mn(taa)]の相挙動に
ついて、誘電応答と磁場応答を手がかりに、結晶中でど
のような相互作用をもち、どのような集合状態を発現し
ているのか、その概容を把握することができた。この系
には、スピンクロスオーバーを担う配位中心の全対称伸
縮モードと高スピン状態の Jahn-Tellerモードの二種類の
自由度が共存し、エントロピーを通して協働的に転移に
寄与したり、どの秩序を現わすのか基底状態が競合した
りする、魅力的な相挙動が内包されていることが明らか
となった。しかしながら、精密な熱容量データが欠けて
いることもあり、完全な熱力学的理解にはまだ及ばない。
その後、高圧低温相の構造解析 74)、より精密な量子化学
計算による振動解析 40)や強磁場 XAFS75)等、さまざま
な側面からの解明も進んでおり、今後の研究の深化が楽
しみである。
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ン間の一分子あたりの体積差に起因する、pV仕事項に
よるエネルギーの増加が主要な原因であると考えられ、
その変化は主として、高スピン −低スピン間のエネル
ギーギャップD に現れる。結晶学的データより、高ス
ピン −低スピン間の一分子あたりの体積差 DVは 0.008 

nm3であることが知られている（Fig. 3）。これより、0.7 

GPaの圧力をかけることによって理論的に増加するエネ
ルギーは、3.34 kJ mol-1、1.0 GPaでは 4.77 kJ mol-1と見
積もられる。シミュレーションにおけるDの変化量より、
増加したエネルギーを計算すると、0.7 GPaでは 2.58 kJ 

mol-1、1.0 GPaでは 4.24 kJ mol-1となる。よって、シミ
ュレーションにおけるエネルギーの増加量は分子体積の
変化から予測される増加量の約 80~90 %を示しており、
静水圧は分子ひとつひとつに直接働いているわけではな
いことを考慮すると、このモデルの妥当性を示唆する結
果となった。
このシミュレーションより得られたパラメーターをも
とに、D および J1が圧力に対し直線的に変化すると仮
定し、0.1 MPaから 1.0 GPaの間の転移挙動を内挿した
結果を Fig. 21に示す。

Fig. 21  Simulation curves for high-spin fractions (1 – r 0) under 
different pressures.  Red curves correspond to first-order phase 
transition with finite jump, while blue ones show quasi-equilibrium 
feature.

圧力が 0.2 GPa付近で一次相転移を特徴づける不連続
な跳びが消失し、臨界現象が起こっていることがわかる。
これらのスピンクロスオーバー温度 T1/2（rHSが 0.5にな
る温度）を圧力に対してプロットすると、Fig. 22のよ

うな相図が得られた。
圧力の増加に伴い、転移温度が直線的に上昇している

ことがわかる。また、一次相転移の相境界が終端する臨
界点は、圧力で約 0.2 GPa、温度で約 80 K付近に存在す
ることが推定できた。
次に、希釈効果のシミュレーションを試みた。用いた

モデルは基本的には圧力効果の場合と同じであるが、そ
のモデルにさらに Ga錯体の寄与を考慮した。Ga錯体
のモル分率 y (= 1 – x)を導入し、規格化条件をr 0 + r 1 + 

r 2 + r 3 + y = 1とすると、その内部エネルギーは

と表される。ここで J2( > 0)は、低スピン種と Ga錯体
間の Isingタイプの相分離型相互作用を表す。この修正
にともなって、系のエントロピーは、

　　　

と読み替えればよい。ここでは、高スピン種と低スピン
種は相互変換可能であるのに対し、Gaイオンは結晶格
子上での位置が固定されているので quenched disorderと
考え、混合エントロピーに含めていない。
固溶体 [MnxGa1-x(taa)]中の [Mn(taa)]の高スピン分率の

温度依存性を、それぞれの希釈濃度でシミュレートした
ものを、実測の磁化率から換算したものと比較して Fig. 

23に示した。また、これらのシミュレーション曲線に

Table 1  Optimized model parameters for [Mn(taa)] under different 
pressures.

p D  / R K J0 / R K J1 / R K DSvib / R

0.1 MPa 148 -36 96 1.2

0.7 GPa 460 -36 70 1.2

1.0 GPa 660 -36 60 1.2

Fig. 22  T–p phase diagram of [Mn(taa)].

Fig. 23  Temperature dependence of high-spin fraction (1 – r 0) in 
solid-solution samples.
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[Mn0.5Ga0.5(taa)]
pre-exponential: 0.11 THz
activation energy: 3.4 kJ mol-1

LS            HS
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� [MnIII(taa)] is a fascinating system involving 
two molecular bistabilities and a hidden 
ferrodistortive order (FO) phase.

� LIESST at low temperature may provide 
the hidden FO phase.  Challenging!
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Vibrational degree of freedom in SC

Multis 2017 33

R.A. Marcus/Journal of Electroanalytical Chemistry 438 f 1997) 251-259 253 

After studying Libby's paper and the symposium dis- 
cussion, I realized that what ~'roubled me in this picture for 
reactions occurring in the dark was that energy was not 
conserved: the ions would be fo=med in the wrong high-en- 
ergy environment, but the only way such a non-energy 
conserving event could happen would be by the absorption 
of light (a 'vertical transition'), and not in the dark. Libby 
had perceptively introduced the Franck-Condon principle 
to chemical reactions, but something was missing. 

In the present discussion, as well as in Libby's treat- 
ment, it was supposed that the electronic interaction of the 
reactants which causes the electron transfer is relatively 
weak. That view is still the one that seems appropriate 
today for most of these reactions. In this case of weak- 
electronic interaction, the question becomes: how does the 
reacting system behave in the dark so as to satisfy both the 
Franck-Condon principle and energy conservation? I re- 
alised that fluctuations had to occur in the various nuclear 
coordinates, such as in. the orientation coordinates of the 
individual solvent molecules and indeed in any other coor- 
dinates whose most probable distribution for the products 
differs from that of the reactants. With such fluctuations, 
values of the coordinates could he reached which satisfy 
both the Franck-Condon and energy conservation condi- 
tions and so permit the electron transfer to occur in the 
dark (cf. also Ref. [8]). 

The theory then proceeded as follows. The potential 
energy U r of the entire system, reactants plus solvent, is a 
function of the many hundreds of relevant coordinates of 
the system, coordinates which include, among others, the 
position, and orientation of the individual solvent molecules 
(and hence of their dipole moments, tbr example) and the 
vibrational coordinates of the reactants, particularly those 
in any inner coordination shell of the reacting ions. (e.g., 
the inner coordination shell of an ion such as Fe e+ or 
Fe 3+ in water is known from EXAFS experiments to 
contain six water molecules.) No longer were there just t~e 
two or so important coordinates that were dominant in Eq. 
(1). 

Similarly, after the electron transfer, the reacting 
molecules have the ionic charges appropriate to the reac- 
tion products, and so the relevant potential energy function 
Up is that for the products plus solvent. These two poten- 
tial energy surfaces will intersect if the electronic coupling 
which leads to electron transfer is neglected. For a system 
with N coordinates this intersection occurs on an ( N -  1) 
dimensional surface, which then constitutes in our approxi- 
mation the transition state of the reaction. The neglected 
electronic coupling causes a well-known splitung of the 
two surfaces in the vicinity of their intersection. A 
schematic profile of the two potential energy surfaces in 
the N-dimensional space is given in Fig. 1 (the splitting is 
not shown). 

Due to the effect of the previously neglected electronic 
coupling and the coupling to the nuclear motion near the 
intersection surface S, an electron transfer can occur at S. 

SCa~re, a~¢ 

R 

I I t 
~ . E ~  O00RD~TE$ 

Fig. I. Profile of pote~!i~ energ3' surfaces for reac~mts plus environmem, 
R, and for products plus environment, P. Solid curves; schemalic. 
Dashed curves: ~hematic but s!ig~hlly more realistic. The typtcal spliuin~., 
at the intersection of U r and Up is not shown in the figure. 

In classical terms, the transfer at S occurs at fixed posi- 
tions and momenta of the atoms, and so the Franck-Con- 
don principle is satisfied. Since ~ equals Lip at S, energy 
is also conserved. The details of the electron transfer 
depend on the extent of electronic coupling and how 
rapidly the point representing the system in this n-dimen- 
sional space crosses S. (It has been treated, for example, 
using as an approximation the well-known one-dimen- 
sional Landau-Z~ner expression for the transition proba- 
bility at the ne~tr-intersection of two potential energy 
c u r v e s . )  

When the splitting caused by the electronic coupling is 
large enough at the intersection, a system crossing S from 
the lower surface on the reactam's side of S continues onto 
the lower surface on the product's side, and so an electron 
transfer in the dark has then occurred. When the coupling 
is, instead, very weak ('non~,g!iabatic reactions') the proba- 
bility of successfully reaching the lower surface on the 
product's side is small and can be calculated using quan- 
tum mechanical perturbation theory, for example using 
Fermi's 'Golden Rule', an improvement over the l-dimen- 
sional Landau-Zener treatment. 

Thus, there is some difference and some similarity with 
a more conventional type of reaction. In both cases, fluctu- 
ations of coordinates are needed to reach the transition 
state, but since so many coordinates crm now play a 
signi£cant role in the electron transfer reaction, because of 
the major and relatively abrupt change in charge distribu- 
tion on passing through the transition state region, a rather 
different approach from the conventional one was needed 
to formulate the details of the theory. 

2.3. Electron transfer theory: treatment 

In the initial paper [9], I formulated the above picture of 
the mechanism of electron transfer and, to make ',he calcu- 
lation of the reaction rate tractable, treated the solvent as a 

Marcus’ theory 
of electron transfer (1956)

Toyozawa’s
interaction mode (1966)

SCO : single-center electron transfer
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magnetic field makes the HS state more stable than the LS
state. A larger difference of the free energy at zero field be-
tween the LS and the HS states is expected to require a
higher field for inducing the transition. Therefore the lower
shifts of the transition fields are attributed to a decrease of
the free energy difference at zero field with increasing tem-
perature. Figure 4 shows the high-field magnetization curve
observed at 42.5 K in the field-ascending process. The mag-
netization curve except in the vicinity of the transition filed,

agrees with the Brillouin functions assuming S=1 and g
=2.00 for the low field and S=2 and g=1.98 for the high
field region. Therefore all of the MnIII ions are converted
from the LS state of S=1 to the HS one of S=2 by the
transition. It should be mentioned that because of the thermal
effect, the magnetization curve at 42.5 K is not largely influ-
enced by the single ion anisotropy, mentioned above.

Figure 5 shows a field-derivative of the magnetization
!dM /dH" curves observed around 42.5 K under the pulsed
magnetic fields with different sweep rate. The peak fields of
the dM /dH curve correspond to the transition fields. It is
clearly shown that the behavior of the hystersis strongly de-
pends on the sweep rate of the magnetic field. As the sweep
rate is increased, the width of the hysteresis loop increases.
Under the short pulsed field, the transition from the HS state
to the LS one in the field-descending process cannot occur,
owing to a rapid variation of the magnetic field. The tem-
perature dependences of the transition fields are plotted to-
gether with the results, obtained under the steady field, in
Fig. 6. Abrupt decreases of the transition fields with increas-
ing temperature are seen just below Tc#47 K.

IV. DISCUSSION

A. Static property

Before detailed discussion about the field-induced spin-
crossover, we mention characteristics of the thermally in-
duced transition in $MnIII!taa"%. In general, the thermally in-
duced spin-crossover occurs from the LS state, which is
stable under a crystal field potential, to the entropically fa-
vored HS state with increasing temperature.1,20 As well as
many other spin-crossover complexes, a total entropy gain
!Stot=13.8 J /K mol, associated with the transition in
$MnIII!taa"%, is much larger than !Smag=4.24 J /K mol,

FIG. 3. Temperature dependence of the high-field magnetization
curve of $MnIII!taa"%.

FIG. 4. High-field magnetization curve of $MnIII!taa"% observed
in the field ascending process at 42.5 K. Solid and dashed curves
show the experimental result and the theoretical curves, calculated
from the Brillouin function, respectively.

FIG. 5. Field derivative of the magnetization curves of
$MnIII!taa"% observed under the pulsed magnetic fields with deferent
sweep rates at 42.5 K.
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Raman spectra of [MnIII(taa)]
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Raman spectra of [MnIII(taa)]
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Crystal structure of [MnIII(taa)]
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HS phase
space group  I-43d (cubic)
Z = 16
a = 2.0309 nm



H-T phase diagram of [MnIII(taa)]

Multis	2017 38


