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Thermodynamic properties of an iron(II) spin crossover complex [Fe(2-pic)3]Cl2�H2O (2-pic: 2-picolylamine or 2-
aminomethylpyridine), for which an unusually large thermal hysteresis with a width of [Tcð"Þ � Tcð#Þ ¼ 91K] in its spin-
state transition has been observed by 57Fe Mössbauer spectroscopy, were investigated by adiabatic heat capacity calorim-
etry. Contrary to the previous observation, the preliminary DTA result showed much smaller thermal hysteresis around
200 K, with a width of [Tcð"Þ � Tcð#Þ ¼ 12 K]. The present heat capacity measurement by adiabatic calorimetry revealed
that there exists a metastable low-spin low-temperature phase, besides the stable low-spin low-temperature phase and that
this complex undergoes stabilization from the metastable low-spin phase to the stable low-spin phase accompanied by a
large heat evolution when the sample is annealed around 200 K. The stable low-spin phase exhibited a phase transition to
the high-spin high-temperature phase around 280 K upon heating. The high-spin state was found to be always undercooled
down to �200 K. The large thermal hysteresis earlier reported for the title complex turns out to be apparent and is caused
by the existence of the metastable low-spin phase. Moreover, another intermediate metastable (low-spin?) phase was
found when the sample in the metastable low-spin phase was heated from 150 K at a heating rate of�5 Kh�1. This meta-
stable phase exhibited a phase transition to the undercooled high-spin phase at �265 K.

Temperature-induced spin crossover phenomena, in which
the spin-state conversion between a low spin (LS) and a high
spin (HS) state takes place during temperature change, have
been widely investigated.2–4 In the cases of octahedral iron(II)
complexes for which the spin crossover phenomena have been
extensively investigated, the iron ion undergoes the spin transi-
tion between low spin (1A1g, S ¼ 0) at low temperatures and
high spin (5T2g, S ¼ 2) at high temperatures, where S stands
for the spin quantum number. The mechanism of this phenom-
enon at the molecular level can be understood in terms of an
equilibrium fashion between the two electronic states, i.e., Le
Chatelier–Brown’s law. In the solid state, however, the situa-
tion is more complicated because the intermolecular interac-
tions cannot be ignored. Furthermore, some characteristics of
condensed matters such as mixing effect and lattice phase tran-
sition should also be taken into consideration.

In order to discuss the stability of a given phase, one should
examine the Gibbs energy consisting of both the entropy S and
the enthalpy H terms:

G ¼ H � TS: ð1Þ

It has widely been accepted that the entropy change mainly
consists of the electronic and the vibrational contributions
and that the latter is much larger than the former.5

The temperature-induced spin crossover phenomena are usu-
ally classified into two types based on the temperature depend-
ence of the high-spin fraction: One is the so-called ‘‘discontin-
uous type’’, in which the spin state conversion between the LS
and the HS states takes place accompanied by a thermal hyster-
esis, and the other is the so-called ‘‘continuous type’’, in which
the spin state conversion takes place without hysteresis. Nor-
mally, the continuous type of spin crossover phenomenon is ac-
companied by no change in the macroscopic symmetry of the
crystal, while the discontinuous type is accompanied by a crys-
tallographic change. This is strongly suggestive of the relation-
ship between the discontinuity in spin crossover phenomenon
and the structural phase transition, although a few exceptions
are known. There is also another classification based on the
wideness of temperature range of the spin transition, i.e., one
is the ‘‘abrupt type’’ in which the spin state conversion between
the LS and the HS states takes place within a narrow tempera-
ture range (< �10 K) and often accompanied by a hysteresis
and the other is the ‘‘gradual type’’ in which the spin state con-
version takes place over a wider temperature range than �100

K, although it is not easy to draw a strict demarcation between
them. Although the two classifications often become phenom-
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enologically synonymous with each other, i.e., discontinuous
type = abrupt type and continuous type = gradual type, some
exceptions are known.

In 1984 Gütlich and his collaborators6 discovered the
LIESST (Light Induced Excited Spin State Trapping) phenom-
enon, occurring at lower temperatures than the material’s ther-
mal spin transition temperature. The transition from a LS state
to a HS state is induced by light irradiation, so the excited meta-
stable HS state can be trapped for a long time even after the
light irradiation is stopped. After this discovery, the spin cross-
over system has been highlighted as a possible candidate of mo-
lecular switching devices. On the other hand, a spin crossover
system which exhibits a large thermal hysteresis is also sought.
Since such a system may show a marked bistability against
temperature fluctuations, this phenomenon can be used as a
memory device. If room temperature falls in the range of the
hysteresis loop, such a system will provide a practical use at
ambient temperature. A system [Fe(Htrz)2:85(4-NH2trz)0:15]-
(ClO4)2�nH2O, where Htrz is 4H-1,2,4-triazole and 4-NH2trz
is 4-amino-1,2,4-triazole,7 was found to exhibit a spin transition
with a hysteresis loop [Tcð"Þ ¼ 304 K and Tcð#Þ ¼ 288 K] in
which room temperature is involved, although the width of
the thermal hysteresis is not so large: Tcð"Þ � Tcð#Þ ¼ 16 K.

The thermal hysteresis is characteristic of a first-order phase
transition and the type of transition is usually abrupt and dis-
continuous. The width of the hysteresis seen in the spin cross-
over phase transition has been usually�40 K at most.8 Howev-
er, an iron(II) spin crossover complex [Fe(2-pic)3]Cl2�H2O
(2-pic: 2-picolylamine or 2-aminomethylpyridine) is known
to give rise to a spin crossover phase transition with an unusu-
ally large thermal hysteresis.9 The temperature dependence of
the high-spin area fraction ( fHS) of the

57Fe Mössbauer spectra
of this complex is reproduced in Fig. 1. The transition temper-
ature defined as fHS ¼ 0:5 is Tcð"Þ ¼ 290 K and Tcð#Þ ¼ 199

K. Such a large thermal hysteresis with Tcð"Þ � Tcð#Þ ¼ 91

K for the spin state transition has never been known in any oth-
er systems. It should be emphasized here that this large thermal
hysteresis is not caused by dehydration from the monohydrate
owing to the phase transition occurring at some higher temper-
ature.

The purpose of the present study is to measure the heat ca-
pacity by adiabatic calorimetry and to elucidate the cause for
the unusually large thermal hysteresis of the spin crossover
phenomenon.

Experimental

Compound Preparation. The sample was prepared by the
method previously reported with slight modifications.10,11

[Fe(2-pic)3]Cl2�2H2O. To a concentrated iron(III)-free aque-
ous solution of FeCl2�4H2O, 3 equivalents of 2-aminomethylpyr-
idine (2-picolylamine) was added. The dark red crystals, that were
formed after slow evaporation under nitrogen stream, were filtered
off, washed with 2-butoxyethanol and acetone, and then dried un-
der a nitrogen stream. Anal. Found: C, 44.47; H, 5.81; N, 17.45%.
Calcd for C18H28N6O2FeCl2: C, 44.37; H, 5.79; N, 17.24%.

[Fe(2-pic)3]Cl2�H2O. The monohydrate was prepared by par-
tial dehydration of the dihydrate under helium stream at ca. 80 �C
on a water bath until dark red crystals completely turned into yel-
low powder. This compound easily absorbs moisture to become the
dihydrate when it is exposed to air, as evidenced by the immediate
color change to red. Anal. Found: C, 46.22; H, 5.60; N, 17.95%.
Calcd for C18H26N6OFeCl2: C, 46.07; H, 5.58; N, 17.91%.

Preliminary Thermal Analysis (DTA). Preliminary observa-
tion of the thermal properties was made with a home-built DTA ap-
paratus.

Heat Capacity Measurements. Heat capacity measurements
between 12 and 350 K were made with a home-built adiabatic cal-
orimeter.12 Because of the unexpectedly complicated thermal be-
havior of this complex described below, two specimens (named
A and B) from different batches were needed. The specimen A
was used for usual heat capacity measurements, while the speci-
men B was mainly used for the sake of determination of the enthal-
py relation between the stable and the metastable phases. The mass
of specimen A was 4.05746 g (8.64780 mmol) and that of speci-
men B was 4.35083 g (9.27286 mmol). A small amount of helium
gas (59 kPa at room temperature) was sealed in the calorimeter cell
to aid the heat transfer. The thermometer mounted on the calorim-
eter vessel was a platinum resistance thermometer (Minco Product,
S1055), of which the temperature scale is based upon the IPTS-68.
Although there exists a difference between the ITS-90 and IPTS-68
at low temperatures, the difference is small and is smooth above
room temperature till about 600 K.13 The heat capacities deter-
mined here have not been adjusted by correcting the IPTS-68 value
to the ITS-90 value.

Results

Preliminary DTA Measurements for Specimen A. The
preliminary DTA thermograms for [Fe(2-pic)3]Cl2�H2O are
shown in Fig. 2. Upon cooling, the DTA thermogram exhibited
an exothermic thermal anomaly at Tcð#Þ ¼ 199 K, which is in
good agreement with the transition temperature determined by
57Fe Mössbauer spectroscopy9 (Fig. 1). On the other hand, the
DTA thermogram upon heating showed an endothermic ther-
mal anomaly at Tcð"Þ ¼ 211 K, which is much lower than that
determined by the 57Fe Mössbauer spectroscopy Tcð"Þ ¼ 295

K. The width of the thermal hysteresis determined by DTA
measurement was only a usual value, Tcð"Þ � Tcð#Þ ¼ 12 K.
DTA measurements done for three specimens from different
batches also gave rise to a similar width of the hysteresis. Al-
though the reason for this discrepancy between the former
Mössbauer result and the present DTA result was not clear at

Fig. 1. Temperature dependence of the high spin area frac-
tion fHS of the 57Fe Mössbauer spectra of [Fe(2-pic)3]-
Cl2�H2O and the low spin dihydrate [Fe(2-pic)3]Cl2�
2H2O.
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this stage, we decided to measure the heat capacity of the speci-
men A, because the chemical purity did not seem to present any
problem.

Heat Capacity Measurement for Specimen A. The molar
heat capacities under constant pressure, Cp, of the monohydrate
(specimen A) at temperatures between 12 K and 350 K are plot-
ted in Fig. 3 and listed in Tables 1 and 2. The sample was slow-
ly cooled from room temperature down to below Tcð#Þ. During
the cooling process, it was checked by monitoring the temper-
ature of the calorimeter vessel as a function of time that the
phase transition occurred at�200K. Then the sample was heat-
ed up to �200 K and the temperature was held at �200 K in
order to anneal the specimen in the LS phase for more than 2
weeks until the small heat evolution calmed down. This small
heat evolution originated from the stabilization within the iden-
tical LS phase. The heat capacity of the specimen thus treated
was successfully measured from 12 K to �200 K for the LS
state, as plotted in Fig. 3 by solid circles. The Cp data obviously
curve to an upper value at �200 K, implying a symptom of a
phase transition from the LS phase to the HS phase. However,
when the temperature reached to �205 K, a vigorous heat evo-
lution occurred while waiting for the thermal equilibration after
a Joule-energy input to the calorimeter vessel and the sample
temperature eventually rose more than 10 K. As described be-
low, this unexpected spontaneous heat evolution turned out to

arise from the stabilization from the LS phase to a more stable
LS phase. Unfortunately, the precise temperature change of the
sample could not be traced during this heat evolution under the
adiabatic condition, so that the relation of the enthalpy between
the metastable LS state and the stable LS state could not be de-
termined for the specimen A.

After waiting for the termination of the vigorous heat evolu-
tion, we checked whether the phase transition at �200 K still
existed and confirmed the absence of a phase transition by tem-
perature monitoring upon cooling. The Cp measurement at tem-
peratures around 200 K also indicated the absence of the phase
transition and smaller Cp values than those before stabilization.
These facts imply that the sample changed into a more stable
phase (obviously LS phase) from the previous LS phase owing
to the stabilization. We then performed heat capacity measure-
ment for the new phase, i.e., the stable LS phase, from the low-
est temperature (�12 K). The data indicated by open circles in
Fig. 3 are the heat capacities of the stable LS phase and the con-
sequent HS phase. The Cp values of the stable LS phase are al-
most the same as those of the metastable LS phase below�150

K, but a discrepancy starts at �150 K and becomes remarkable
above �200 K at which the phase transition of the metastable
LS phase occurs. The heat capacity of the stable LS phase ex-
hibited no anomalies at �200 K, but exhibited a large phase
transition at 280.79 K (Ttrs1). This temperature is very close
to the Tcð"Þ determined by the 57Fe Mössbauer spectroscopy.9

An additional heat capacity hump was observed above this
phase transition, which seems to terminate at �350 K.

As we know, on the basis of preliminary DTA and DSC
measurements, that the HS phase is easily undercooled through
the phase transition temperature 280.79 K, we tried to measure
heat capacities of the undercooled HS phase. Since it is usually

Fig. 2. DTA thermograms of [Fe(2-pic)3]Cl2�H2O (speci-
men A). The cooling and heating rates are ca. 5 Kmin�1

and ca. 7 Kmin�1, respectively.

Fig. 3. Plot of molar heat capacity of [Fe(2-pic)3]Cl2�H2O
(specimen A) vs temperature. Open circles are the Cp data
for the stable LS and HS phases. Solid circles above and
below 205 K indicate the Cp values for the undercooled
HS phase and the metastable LS phase (1), respectively.
The dotted line indicates the Cp values measured by the
continuous heating method. The broken curve shows the
estimated normal heat capacity Clat for the stable LS phase
(see text).
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Table 1. Molar Heat Capacities of the Stable LS and the HS Phases of the Spin Crossover Complex [Fe(2-pic)3]Cl2�H2O (Specimen A, Relative Molar

Mass 483.22)

T Cp T Cp T Cp T Cp T Cp T Cp

K J�K�1�mol�1 K J�K�1�mol�1 K J�K�1�mol�1 K J�K�1�mol�1 K J�K�1�mol�1 K J�K�1�mol�1

12.39 11.05 50.31 109.74 103.75 213.36 176.95 326.52 250.96 457.02 301.47 662.23

13.45 13.82 51.79 113.29 106.76 217.88 179.88 330.97 253.79 461.16 303.40 681.19

14.75 17.10 53.37 116.71 109.83 222.61 182.78 335.51 256.78 468.58 305.41 679.11

16.16 20.67 55.25 121.11 112.84 227.26 185.67 339.96 259.74 476.27 307.42 671.57

17.60 23.93 57.39 126.11 115.80 231.89 188.54 344.67 262.68 484.46 309.43 688.64

19.11 27.88 59.42 130.34 118.71 236.48 191.39 349.01 265.60 502.35 313.49 701.76

20.39 31.03 61.46 135.01 121.57 241.07 194.22 353.50 268.05 547.35 315.46 723.73

21.71 34.31 63.58 139.46 124.39 245.74 197.03 356.15 270.02 606.72 317.42 708.62

23.21 38.40 65.71 143.97 127.18 250.08 199.93 361.90 271.91 695.70 319.40 699.00

24.74 42.66 67.86 148.32 129.92 254.52 202.90 366.93 273.70 820.27 321.38 693.40

26.31 47.20 70.03 152.75 132.64 258.89 205.86 370.26 275.37 991.51 323.36 681.25

27.90 51.69 72.22 157.57 135.32 263.03 208.79 375.35 276.89 1197.3 325.35 690.00

29.56 56.20 74.41 161.89 137.97 267.28 211.71 379.89 278.29 1418.2 327.34 685.18

31.35 61.10 76.54 166.16 140.59 271.52 214.61 384.82 279.57 1624.9 329.33 679.06

33.17 66.04 78.60 170.30 143.19 275.24 217.50 389.73 280.79 1730.1 331.33 673.06

34.90 70.98 80.60 174.05 145.77 279.41 220.37 394.59 282.01 1567.4 333.33 666.13

36.56 75.01 82.56 177.72 148.32 283.47 223.22 400.00 283.36 1235.9 335.34 658.10

38.22 79.52 84.47 181.23 150.85 287.46 226.05 405.66 284.87 873.62 337.35 651.01

39.89 83.81 86.35 184.59 153.35 291.30 228.88 410.81 286.61 742.83 339.37 644.61

41.44 87.88 88.18 187.74 156.05 295.48 231.68 415.55 288.43 686.48 341.40 637.14

42.89 91.64 89.98 190.91 158.98 299.15 234.48 421.90 290.28 664.69 343.43 632.38

44.25 95.35 91.75 194.17 161.99 304.50 237.26 427.12 292.15 658.36 345.46 629.92

45.55 98.37 93.48 197.09 165.03 309.38 240.02 432.60 294.01 660.93 347.50 629.84

46.78 101.50 95.29 199.50 168.05 313.82 242.77 439.08 295.87 657.86 349.53 629.69

47.96 104.31 97.76 203.91 171.04 317.27 245.51 445.11 297.74 653.67

49.09 106.93 100.79 208.77 174.01 321.92 248.24 451.01 299.60 656.76

Table 2. Molar Heat Capacities of the Metastable LS and the Undercooled HS Phases of the Spin Crossover Complex [Fe(2-pic)3]Cl2�H2O (Specimen A,

Relative Molar Mass 483.22)

T Cp T Cp T Cp T Cp T Cp T Cp

K J�K�1�mol�1 K J�K�1�mol�1 K J�K�1�mol�1 K J�K�1�mol�1 K J�K�1�mol�1 K J�K�1�mol�1

12.97 12.90 79.06 172.43 123.45 245.18 180.21 340.11 230.38 441.94 294.81 539.47

14.60 17.09 80.85 175.52 124.89 247.80 181.99 343.52 232.43 443.63 296.51 543.44

16.73 22.29 82.29 178.39 126.33 250.27 183.76 345.95 234.46 446.81 298.37 548.22

18.39 26.29 83.71 180.88 127.75 252.01 185.52 350.20 236.50 449.80 300.22 551.10

20.01 30.43 85.10 183.04 129.17 254.87 187.27 354.78 238.52 452.68 302.07 555.19

21.74 35.02 86.47 185.38 130.58 256.35 189.02 357.49 240.54 455.50 303.91 558.19

23.54 40.88 87.82 188.06 131.98 258.65 190.76 362.38 242.56 458.18 305.74 560.47

25.49 45.47 89.15 190.34 133.37 261.11 192.49 365.81 244.56 461.34 307.58 563.05

27.61 51.51 90.46 191.87 134.75 264.29 194.21 369.54 246.57 464.33 309.41 565.45

29.75 57.31 91.76 195.03 136.12 266.60 195.92 372.63 248.56 467.32 311.24 567.02

32.10 63.77 93.04 196.61 137.49 268.60 197.90 377.28 250.52 469.49 313.06 571.33

34.21 69.61 94.30 198.94 138.85 270.11 198.93 380.39 252.51 472.67 314.88 573.79

36.20 74.98 95.56 201.09 140.53 273.92 200.62 385.97 254.49 475.37 316.69 576.55

38.07 80.09 96.79 203.15 142.54 277.21 202.96 392.08 256.47 478.22 318.51 578.97

39.96 84.83 98.02 205.11 144.54 280.34 205.28 398.71 258.44 481.13 320.31 582.59

41.85 89.65 99.23 207.72 146.52 284.17 260.40 484.27 322.11 587.51

43.74 94.38 100.43 208.88 148.49 286.89 202.22 414.78 262.36 487.09 323.91 593.07

45.61 98.99 101.62 211.41 150.44 289.91 203.42 415.04 264.31 490.17 325.69 598.34

47.48 103.45 102.80 212.02 152.38 293.41 204.63 415.44 266.26 493.67 327.47 601.35

49.50 108.20 103.96 213.84 154.31 296.49 205.83 415.98 268.21 496.27 329.25 605.53

51.40 112.50 105.12 216.15 156.23 299.74 207.03 417.30 270.14 498.99 331.41 608.76

53.39 117.21 106.27 218.42 158.14 302.75 208.17 418.61 272.08 501.81 333.96 611.27

55.48 121.98 107.41 219.66 160.03 305.55 210.12 419.84 274.00 504.29 336.51 610.11

57.45 126.54 108.54 221.05 161.91 309.13 212.06 421.47 275.92 507.77 339.06 611.33

59.51 131.15 109.89 223.36 163.79 311.60 214.00 423.17 277.84 511.06 341.61 612.19

61.87 136.20 111.45 225.61 165.65 314.41 215.94 424.95 279.75 513.73 344.15 615.05

64.34 141.61 113.00 228.06 167.50 317.32 217.86 427.00 281.66 517.15 346.69 617.60

66.68 146.97 114.53 230.69 169.34 320.60 219.79 429.51 283.56 520.71 349.23 621.00

68.93 152.06 116.04 233.22 171.18 323.71 221.70 430.99 285.45 523.51

71.09 156.90 117.55 235.49 173.00 326.67 222.94 432.71 287.34 527.05

73.17 161.29 119.04 237.95 174.81 330.09 224.69 434.89 289.22 530.17

75.19 165.24 120.52 240.01 176.62 332.99 226.43 436.78 291.10 534.24

77.15 168.95 121.99 242.59 178.42 336.45 228.33 439.22 292.96 537.84
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impossible to measure the heat capacity in the cooling direction
by using a common adiabatic calorimeter, we measured Cp val-
ues by repeating the usual Cp measurement in the heating direc-
tion after cooling down of the sample by 5–10 K. With this
method, we succeeded in the Cp measurement from 200 K to
350 K. The results are shown by solid circles in Fig. 3. As
was expected, the transition peak at 280.79 K completely van-
ished, while a very small hump was still observed at tempera-
tures above 300 K, as seen in Fig. 3. The heat capacity measure-
ment could not be continued below 200 K because the heat evo-
lution began to be observed. This temperature just corresponds
to the Tcð#Þ determined by the 57Fe Mössbauer spectroscopy
and the preliminary DTA measurement, implying that this heat
evolution originates from the phase transition from the HS state
to the metastable LS state just corresponding to that observed in
the initial cooling process.

Determination of the Absolute Enthalpy of the Metasta-
ble Phase, Referred to the Stable Phase, by Using Specimen
B. Because of the unexpected stabilization around 200 K, the
heat capacity data around the phase transition from the metasta-
ble LS phase to the stable LS phase could not be measured. A
specimen that had once experienced this stabilization did not
show the same thermal properties as those of the virginal sam-
ple. Consequently, we lacked not only the Cp data but also
some fundamental thermodynamic information on this system
such as the transition enthalpy between these phases and the en-
thalpy relation between the metastable and the stable phases. In
order to fill these deficits, another measurement was made by
using freshly prepared specimen B.

First, in order to determine the enthalpy difference between
the metastable LS phase and the undercooled HS phase, the
heat capacities were measured by ‘‘continuous heating mode’’
with a constant current. According to this method, the enthalpy

change between the initial state and the final state can be deter-
mined provided the temperatures of the initial and the final
states are precisely determined. However the heat capacity val-
ue itself is not so accurate because of the heat evolution. The
estimated Cp data are plotted in Fig. 4 together with those for
specimen A and are listed in Table 3. The heating rate was
gradually varied from �8 Kh�1 at 150 K to �5 Kh�1 at 300
K depending on the total Cp value of the calorimeter cell con-
taining the sample. Two peaks were observed, at 228 K (Ttrs2)
and at 265 K (Ttrs3). The Cp values around the first peak would
be small in comparison to the intrinsic values, owing to the heat
evolution from the sample, because the stabilization also occur-
red during the heating. The peak at 228 K obviously corre-
sponds to the transition from the metastable LS to the under-
cooled HS phase, while that at 265 K is clearly different from
the transition peak at 281 K observed for the specimen A. Since
the Cp values above 270 K for specimen B are almost the same
as those of the undercooled HS phase of specimen A, the phase
of the specimen B below 270 K seemed to be in a different low-
temperature phase. These facts indicate the existence of another
metastable phase (labeled by J in Fig. 12 presented later). The
spin state of this new phase is probably low-spin, although there
are neither magnetic nor 57Fe Mössbauer data. Since no anom-
aly was observed around 280 K in the Cp data, one can antici-
pate that none of the sample was stabilized to the stable LS
state. In what follows, we shall designate the two low-temper-
ature phases appearing below 200 K and 265 K as the metasta-
ble LS phases (1) and (2), respectively.

One of the purposes of the present calorimetric measurement
for the specimen B was to determine the enthalpy relationship
between the metastable LS state (1) and the undercooled HS
state. Figure 5 schematically illustrates the enthalpy against
temperature relation. It should be remarked here that the pres-
ent measurement has been done under adiabatic conditions and
moreover that enthalpy is a state function. Therefore, the en-
thalpy difference between the initial and the final states does
not depend on the path connecting the two states. Let’s consider
now the present continuous heating for the specimen B. The in-
itial state at temperature Ti is a state in the metastable LS phase
(1), and the final state at temperature Tf is a state in the under-
cooled HS phase. The enthalpy of the calorimeter cell at Ti is
the sum of the specimen H[msLS(1),Ti] and the sample con-

Fig. 4. Plot of molar heat capacity of [Fe(2-pic)3]Cl2�H2O
(specimen B) vs temperature determined by the continuous
heating method (solid square). The data for specimen A are
also shown by open circle (stable phases), cross (the under-
cooled HS phase), and dotted curve (the metastable LS
phase (1)).

Fig. 5. Schematic representation of the enthalpy vs temper-
ature relationship for the calorimeter cell containing the
sample.
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tainer H(cell,Ti) and that at Tf is H(ucHS,Tf) + H(cell,Tf). The
enthalpy difference between the two temperature just corre-
sponds to the Joule-energy E supplied to the calorimeter cell
by the electric heater attached to the cell, because the calorim-
etry has been done under adiabatic condition. In the present
case, although a part of the specimen was stabilized to the new-
ly discovered metastable LS phase (2), the whole specimen was
finally transformed to the undercooled HS phase through the
phase transition at 265 K. Therefore, the total input energy E

can be regarded as being used for the rise in temperature of
the calorimeter cell containing the sample from Ti in the meta-
stable LS phase (1) to Tf in the undercooled HS phase. As is
easily recognized from Fig. 5, the energy relation can be given
in terms of molar enthalpy Hm as follows:

Hm½msLSð1Þ;Ti� þ fHðcell;TiÞ þ fE

¼ HmðucHS; TfÞ þ fHðcell;TfÞ; ð2Þ

where f is the mole factor (¼ 1=0:00927286 ¼ 107:842) to
reduce the experimental value to molar quantity. The molar en-
thalpy change of the sample from the initial to the final temper-
ature can be derived as

HmðucHS; TfÞ � Hm½msLSð1Þ; Ti�

¼ f ½E þ Hðcell;TiÞ � Hðcell;TfÞ�: ð3Þ

To determine the molar enthalpy change of the sample, we

Table 3. Molar Heat Capacities of the Spin Crossover Complex [Fe(2-pic)3]Cl2�H2O (Relative Molar Mass 483.22) Obtained by the Continuous Heating

Method for the Metastable LS Phase of Specimens A and B

T Cp T Cp T Cp T Cp T Cp T Cp

K J�K�1�mol�1 K J�K�1�mol�1 K J�K�1�mol�1 K J�K�1�mol�1 K J�K�1�mol�1 K J�K�1�mol�1

201.57 379.27 272.83 505.79 180.31 333.20 254.46 467.90 306.15 657.18

Specimen A 203.62 384.53 274.28 508.81 182.05 340.83 255.95 468.60 307.13 660.76

205.66 386.62 275.72 511.13 183.78 339.27 257.45 473.54 308.11 658.78

200.94 383.49 207.70 390.87 277.16 514.13 185.51 342.02 258.93 477.54 309.09 661.92

203.03 388.13 209.72 397.04 278.59 516.66 187.23 344.01 260.41 485.02 310.06 665.26

205.11 394.19 211.73 402.52 280.03 517.03 188.95 348.65 261.88 494.36 311.04 663.21

207.18 399.09 213.73 409.35 281.46 522.13 190.65 350.41 263.34 510.89 312.01 665.90

209.23 407.05 215.72 423.35 282.88 522.79 192.36 351.67 264.78 534.35 312.98 667.49

211.27 412.45 217.67 438.99 284.31 525.19 194.05 355.02 266.19 563.68 313.95 667.36

213.30 420.62 219.61 450.75 285.73 526.23 195.74 357.49 267.58 604.65 314.92 667.51

215.30 434.20 221.53 469.55 287.15 529.67 197.42 361.68 268.93 653.15 315.89 665.46

217.29 453.85 222.66 480.73 288.57 531.89 199.10 361.20 270.24 699.68 316.87 666.17

219.23 498.35 223.78 519.19 289.98 536.52 200.77 366.32 271.51 750.43 317.83 668.43

221.08 618.98 225.30 694.04 291.39 537.47 202.43 369.05 272.75 809.84 318.80 665.04

222.75 857.83 226.55 1331.1 292.79 544.56 204.09 366.36 273.95 884.25 319.78 662.32

224.24 1062.6 227.49 1941.5 294.18 550.64 205.75 373.07 275.09 1004.6 320.75 660.75

225.66 1056.5 228.40 1525.8 295.57 549.41 207.39 378.58 276.16 1133.3 321.72 659.51

227.14 890.30 229.50 1025.6 296.96 550.33 209.03 377.89 277.17 1302.0 322.69 657.13

228.76 676.54 230.80 727.77 298.36 549.04 210.67 381.49 278.11 1467.3 323.67 653.41

232.30 521.50 299.75 551.68 212.30 380.64 278.99 1599.2 324.64 652.38

Specimen B 233.94 436.70 301.14 555.65 213.93 387.72 279.86 1619.9 325.62 646.91

235.62 419.00 302.52 559.47 215.55 388.58 280.72 1539.7 326.59 644.47

155.68 299.60 237.32 421.86 303.91 561.10 217.16 390.93 281.63 1407.2 327.57 641.21

157.70 303.20 239.00 428.56 305.29 560.36 218.77 394.41 282.59 1256.9 328.56 639.05

159.71 307.07 240.68 438.45 306.67 564.13 220.38 396.63 283.60 1128.9 329.54 636.39

161.71 310.68 242.34 446.93 308.05 567.13 221.98 396.85 284.68 992.11 330.52 633.09

163.69 314.58 244.00 454.47 309.42 568.73 223.57 402.35 285.82 885.60 331.51 628.03

165.66 316.06 245.64 461.19 310.80 570.24 225.16 407.68 287.02 780.30 332.49 625.98

167.62 321.68 247.28 470.07 312.17 572.06 226.75 406.31 288.27 713.45 333.48 623.48

169.56 324.15 248.90 476.45 313.53 577.22 228.32 414.98 289.56 676.28 334.47 620.74

171.50 327.96 250.52 484.91 314.90 580.11 229.90 415.45 290.31 665.33 335.46 617.43

173.43 330.74 252.12 498.65 316.26 578.11 231.47 415.29 291.29 645.58 336.45 616.01

175.34 335.13 253.71 511.24 317.62 584.31 233.03 417.69 292.28 639.19 337.44 615.39

177.24 340.49 255.28 532.07 318.98 584.83 234.59 425.39 293.27 634.21 338.44 610.23

179.14 342.50 256.83 562.88 320.33 588.18 236.15 426.93 294.26 634.23 339.43 611.90

181.02 348.44 258.34 610.66 321.68 588.09 237.70 425.49 295.26 626.66 340.42 609.50

182.89 350.94 259.79 675.76 323.03 590.33 239.24 437.11 296.25 628.96 341.42 609.76

184.75 355.56 261.20 752.14 324.38 594.76 240.78 436.10 297.25 625.60 342.41 607.23

186.61 357.80 262.54 839.21 325.72 593.78 242.32 436.50 298.25 628.31 343.40 607.42

188.45 357.71 263.79 1013.0 243.85 443.74 299.25 628.61 344.40 607.01

190.30 361.90 264.91 1360.0 169.67 317.40 245.38 445.69 300.24 635.88 345.39 609.32

192.13 360.02 265.94 1349.8 171.46 319.65 246.90 447.95 301.23 638.58 346.38 604.44

193.96 367.70 267.14 779.52 173.25 322.85 248.42 450.21 302.22 645.50 347.37 610.30

195.35 370.31 268.59 521.59 175.02 324.13 249.94 451.78 303.21 646.60 348.36 611.03

197.43 374.51 269.21 506.10 176.79 329.11 251.45 462.53 304.19 652.01 349.35 608.27

199.51 376.34 272.02 502.63 178.55 327.87 252.96 454.87 305.17 653.97
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adopted the values of Ti ¼ 149:221 K, Tf ¼ 305:086 K, and
E ¼ 2218:64 J. The enthalpy change from Ti to Tf was deter-
mined as

HmðucHS; TfÞ � Hm½msLSð1Þ; Ti� ¼ 75:38 kJmol�1: ð4Þ

We adopted this value to the case of specimen A and obtained
the enthalpy relationship between the metastable LS phase (1)
and the undercooled HS phase over the whole temperature re-
gion studied here (see Fig. 6). In this calculation, the Hm values
for the metastable LS phase (1) below 13 K were evaluated
from the Cp values estimated by the effective frequency distri-
bution method (see below).14 At the present stage, the molar en-
thalpies of the metastable LS phase (1) and the undercooled HS
phase are not absolute values, because the origin of the enthalpy
at 0 K has tentatively been referred to the metastable LS phase
(1).

The next step is, therefore, to determine the enthalpy rela-
tionship between the metastable LS phase (1) and the stable
LS phase on the basis of the spontaneous stabilization from
the former to the latter occurring around at 200 K. The enthalpy
vs temperature relationship is schematically shown in Fig. 7.
Let’s consider now that the specimen in the metastable LS
phase (1) happens to undergo the stabilization at Ti. Since the
present calorimetry has been done under adiabatic conditions,
the total enthalpy of the calorimeter cell and the specimen re-
mains constant before and after the stabilization. The final tem-
perature eventually reached is designated as Tf in Fig. 7. The
simple way to establish the enthalpy relation is to determine
Ti and Tf precisely. However, it is experimentally not so easy
to determine accurately the initial temperature Ti. We then
started the measurement from TI, a temperature fairly lower
than Ti, by supplying the Joule-energy to the calorimeter. When
the input energy amounted to E1, the spontaneous stabilization
took place around Ti and the temperature of the calorimeter cell
became Tf . In order to confirm the complete stabilization, addi-

tional Joule-energy E2 was supplied to the calorimeter and
thereby the final temperature became TF. In Fig. 7, the enthalpy
balance is realized as aþ bþ E1 þ E2 ¼ cþ d, where
a ¼ H(cell,TI), b ¼ H[msLS(1),TI] + Hm[msLS(1),0]/f , c ¼
H(cell,TF), and d ¼ H(sLS,TF). It should be remarked here that
H[msLS(1),TI] is the experimental enthalpy having its origin at
0 K, while Hm[msLS(1),0] is the molar enthalpy at 0 K
possessed by the metastable LS phase (1).

In accordance with the previous discussion, the experimental
enthalpies were reduced to the molar quantities by use of the
mole factor f . The only unknown quantity is the molar enthalpy
of the metastable LS phase (1) at 0 K, Hm[msLS(1),0]. This
value is determined by the following equation:

Hm½msLSð1Þ; 0� ¼ HmðsLS; TFÞ � Hm½msLSð1Þ; TI�

� HmðsLS;TIÞ þ f ½Hðcell; TFÞ � Hðcell;TIÞ � E1 � E2�:

ð5Þ

In the present calculation, we adopted the values of TI ¼
149:645 K, TF ¼ 228:208 K, E1 ¼ 814:830 J, and E2 ¼
105:481 J, and obtained the final result:

Hm½msLSð1Þ; 0� ¼ ð6:0� 0:4Þ kJmol�1: ð6Þ

The main part of the error bound originates in the long exper-
imental time during which a small, uncorrectable heat leak is
involved.

The resultant enthalpy relation between the metastable LS
phase (1) and the undercooled HS phase is compared in Fig.
8(a) with the molar enthalpy of the stable LS and HS phases.
These two sets of data should coincide with each other at 350
K, the highest temperature studied here, where the specimen
is likewise in the HS phase for both sets of data. In reality there
existed a small discrepancy of 0.82 kJmol�1, corresponding to
0.63% of the molar enthalpy. However, if we take into account
the fact that the data have been independently determined, the
agreement is excellent.

On the other hand, the molar entropies of various phases giv-
en in Fig. 8(b) were obtained by a slightly different manner.
The molar entropy of the undercooled HS state was determined
by assuming that the entropy values of the undercooled HS and
the HS states should coincide at 350 K. As described below, the
entropy of the metastable LS phase (1) referred to the under-
cooled HS state was determined so as to have a vertical jump

Fig. 6. Plot of how to correlate the molar enthalpies of the
metastable LS phase (1) and the undercooled HS phase
of [Fe(2-pic)3]Cl2�H2O. The open circles indicate the mo-
lar enthalpy values of the undercooled HS phase referred to
201.615 K as the origin of the enthalpy. The large arrows
indicate that the enthalpy values in the temperature range
(350 K > T > 201 K) are parallel shifted upward by
75.38 kJmol�1.

Fig. 7. Schematic drawing of the enthalpy vs temperature
relationship for the calorimeter cell containing the sample.
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41.58 JK�1 mol�1 at 206.4 K. This entropy jump was deter-
mined from a relation �S ¼ �H=T , where �H ¼ 8:58
kJmol�1 from Fig. 8(a). The reason for the adopted tempera-
ture 206.4 K was as follows: (i) This temperature is close to
the phase transition from the metastable LS phase (1) to the un-
dercooled HS phase, and (ii) at this temperature the entropy da-
ta of both the phases are available. This treatment brought
about a small residual entropy of þ0:75 J K�1 mol�1 at 0 K
for the metastable LS phase (1). However, as this value is ex-
tremely small in comparison to the value in usual glass forming
materials, it can be regarded as substantially zero within the ex-
perimental errors. The present calorimetric study confirmed
that the metastable LS phase (1) has no residual entropy and
hence obeys the third law of thermodynamics.

In order to examine the sample dependence of the phase tran-
sition, we measured the heat capacity from the stable LS to the
HS phases for specimen B by the continuous heating mode. The
data are compared in Fig. 9 with the Cp data for specimen A de-
termined by the usual intermittent heating method. Although
the measuring methods were different, the two sets of data
agreed well.

Discussion

For determination of the excess heat capacities due to the
spin crossover phenomenon, the normal heat capacity curve
was determined by the effective frequency distribution meth-
od.14 Because of the lack of the Cp data in the vicinity of the
phase transition for the metastable LS phase (1), this calcula-
tion was applied only to the stable LS phase (sLS). For determi-

nation of the Clat(sLS), we used 87 Cp values in the 12–200 K
temperature range. The ‘best’ Clat(sLS) curve determined by
the least-squares fitting is reproduced in Fig. 3. On the other
hand, since the spin crossover phase transition at 280.79 K is
principally of first order, there may be a discontinuity at Ttrs1,
a jump of the lattice heat capacities from the LS to the HS
phase. Therefore the extrapolation of the Clat curve estimated
for the stable LS state cannot be used for the HS phase. We
must determine the lattice heat capacities for the HS phase,
Clat(HS). However, it is difficult to independently determine
the lattice heat capacities for the phase transition peak and
the broad hump. Therefore, we adopted the Cp data for the un-
dercooled HS phase as the normal heat capacity curve at tem-
peratures Ttrs1 < T < �350K. The Clat(HS) curve was estimat-
ed by a least squares fitting of the Cp data in the temperature
ranges 200 K < T < 292 K, 295 K < T < 320 K, and 340 K
< T < 350 K, excluding small humps. We used a polynomial
function of temperature, aT3 þ bT2 þ cT þ d, to fit the Cp da-
ta. The ‘best’ fit Clat curve thus determined is represented by the
following equation and reproduced in Fig. 3 by the broken line:

Clat=J K
�1 mol�1 ¼ 1107� 9:360ðT=KÞ3

þ 0:003830ðT=KÞ2 � 0:00004431ðT=KÞ3: ð7Þ

The difference between the observed and the normal heat ca-
pacities shown in Fig. 10 corresponds to the excess heat capaci-
ty, �Cp, due to the spin crossover phenomenon from the stable
LS to the HS phase. The excess enthalpy, �trsH, and entropy,
�trsS, arising from the spin crossover phenomenon were deter-
mined by integration of �Cp with respect to T and to lnT , re-
spectively. The temperature dependence of the �trsH and �trsS

are plotted in Fig. 11. The total enthalpy and entropy gained at
the spin crossover transition and the hump are �trsH ¼ 17:5
kJmol�1 and �trsS ¼ 61:0 J K�1 mol�1, respectively.

Fig. 8. Molar enthalpy (a) and entropy (b) of [Fe(2-pic)3]-
Cl2�H2O. Open circles: The values for the stable phases,
solid circles: the metastable LS phase (1), solid squares:
the undercooled HS phase.

Fig. 9. Molar heat capacity of [Fe(2-pic)3]Cl2�H2O around
the spin crossover phase transition. Open circles: Data for
specimen A determined by usual intermittent heating meth-
od. Solid circles: Data for specimen B determined by the
continuous heating method.
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The origin of the hump should be discussed here. As shown
by the previous 57Fe Mössbauer study,9 the spin crossover
phase transition from the stable LS to the HS seems to be ter-
minated at �300 K. Therefore, it is very likely that only the
main transition peak corresponds to the ‘spin transition’ and
that the subsequent hump corresponds to a different phase tran-
sition. Since the hump was confirmed to have a first-order char-
acter, we suggest that the origin of the hump is somewhat of a
gradual structure change, although there is no evidence to sup-
port this suggestion at the present stage. It should be empha-
sized that the origin of the hump can never be dehydration of
this complex, because the hump is always observed together
with the transition peak at 280 K but is not observed in the first
heating for freshly prepared sample from room temperature to
350 K or even in a sample kept in the undercooled HS phase at
room temperature for a few days. If we distribute the enthalpy
and entropy gains between the main phase transition and the
hump by tentatively dividing at 300 K (broken lines in
Fig. 10), we get the following result: �trsH ¼ 13:1 kJmol�1

and �trsS ¼ 47:0 J K�1 mol�1 for the main phase transition
and �trsH ¼ 4:4 kJmol�1 and �trsS ¼ 14:0 J K�1 mol�1 for
the broad anomaly. In any case, the entropy gain is much larger
than the value expected for the change in the spin manifold of a
Fe(II) complex, R ln 5 (¼ 13:4 J K�1 mol�1). As there is no
crystal structure determination of this complex, one cannot ex-
clude the possibility that the excess entropy gain includes the
contribution from the disordering of the water solvate mole-
cule. On the other hand, if there is no order–disorder transition,
the remaining entropy gain 33.6 JK�1 mol�1 may be attributed
to the change in the internal vibrations.5 It should be remarked
that this value is similar to those previously reported for the vi-
brational entropy change in the spin crossover phenomenon:
28.24 J K�1 mol�1 for [Fe(2-pic)3]Cl2�EtOH,15 35.40 JK�1

mol�1 for [Fe(NCS)2(phen)2],
5 and 46.1 JK�1 mol�1 for

[Fe(2-pic)3]Cl2�MeOH.11

On the other hand, the enthalpy and entropy gains due to the
spin crossover transition from the metastable LS phase (1) to
the undercooled HS phase could not be determined in the same
manner because of the unexpected stabilization. However, to
know the entropy gain from the metastable LS phase (1) to
the undercooled HS phase could be of help in discussing the en-
tropy change due to the spin crossover phase transition. In the
present case, we assumed that the vertical jumps in the enthalpy
and the entropy around at Ttrs2 could be regarded as �Htrs and
�Strs, respectively. Since there were no data for the metastable
LS phase (1) around at Ttrs2, the jumps were calculated by using
the data at which both the data of the metastable LS phase (1)
and the undercooled HS phase were available. Although the
temperatures were a little lower than Ttrs2, this method could
give a more reliable result than that using the data obtained
by extrapolation to Ttrs2. The values thus determined are
�Htrs ¼ 8:58 kJmol�1 and �Strs ¼ 41:6 J K�1 mol�1 at 206.4
K. Interestingly, the entropy change is rather close to the value
(47.0 JK�1 mol�1) gained at the transition from the stable LS to
the HS phases excluding the hump.

Finally the phase relationship found for the present complex
(see Fig. 12) is discussed. As it is difficult to draw schematically
the contribution from the hump centered at 320 K, we neglected
it in the Gibbs energy diagram. The phase transition at 280 K
was always undercooled to about 200 K (path: A–B–C–D)
and the undercooled HS state was transformed to a metastable
LS phase (1) around at 200 K (path: D–E). Probably the transi-

Fig. 10. Excess heat capacity of [Fe(2-pic)3]Cl2�H2O
(specimen A) due to the spin crossover phenomenon. Ver-
tical broken line is a boundary tentatively dividing the con-
tributions from the spin crossover phase transition and the
broad heat capacity anomaly.

Fig. 11. Plot of transition enthalpy and entropy vs tempera-
ture between the stable LS phase and the HS phase.
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tion causing the hump at 320 K has some relation with this un-
usually large undercooling. Therefore, the actual curve B–A
should not be drawn by a simple curve. When the heating rate
is high (the order of a few Kmin�1), this phase was translated to
the undercooled HS phase at 211 K (path: E–F–C–B–A). How-
ever, when the specimen was treated slowly around this
temperature region, it was stabilized to the stable LS phase
around at 200 K (path: F–G(G0)). The relaxation time for this
stabilization is rather long (the order of �10 days). Since the
time required for data acquisition is extremely long for both
Mössbauer spectroscopy and adiabatic calorimetry, the sample
was always stabilized, during our experiment, to the stable LS-

phase around 200 K. Probably the stabilization occurred during
the previous measurement of 57Fe Mössbauer spectra,9 but it
might be difficult to distinguish the two LS states by Mössbauer
spectroscopy. This new finding of the existence of the metasta-
ble LS-phase (1) by the present calorimetric study clarified the
cause of the apparent thermal hysteresis spanning between 204
K and 295 K found by the Mössbauer experiment, correspond-
ing to the paths A–B–C–D–E–F–G–I and I–G–B–A. Moreover,
another intermediate metastable (low-spin?) phase (2) was also
found in the course of the measurements by the continuous
heating mode with the intermediate heating rates (the order
of K h�1). When the sample was heated with such rates, some
parts of the sample undergo the stabilization to the LS phase
(2) (path: C–J) and such a specimen exhibits the phase transi-
tion at 265 K (path: E–F–(C)–J–K–B–A). However, the sample
was not further stabilized to the stable LS phase, as evidenced
by the fact that no thermal anomaly due to the phase transition
was observed at �280 K. Probably, the stabilization from the
metastable LS phase (2) to the stable LS has a long relaxation
time, so that the sample cannot reach the stable LS phase within
a few days.

The standard thermodynamic quantities of [Fe(2-pic)3]-
Cl2�H2O have been determined and are tabulated in Tables 4
and 5.

Concluding Remarks

The new finding of the metastable LS phase by the present
calorimetric study disclosed the cause for the unusually large
thermal hysteresis of the spin crossover phase transition in

Fig. 12. Schematic drawing of the Gibbs energy relation-
ship between various LS and HS phases realized in
[Fe(2-pic)3]Cl2�H2O.

Table 4. Standard Thermodynamic Functions for the Stable Phases of [Fe(2-pic)3]Cl2�H2O at Rounded Temperatures

T C�
p;m S�mðTÞ fH�

mðTÞ �H�
mð0Þg=T �fG�

mðTÞ � H�
mð0Þg=T

K J�K�1�mol�1 J�K�1�mol�1 J�K�1�mol�1 J�K�1�mol�1

5 (0.86) (0.29) (0.22) (0.07)

10 (6.51) (2.25) (1.68) (0.57)

15 17.72 6.87 5.07 1.80

20 30.08 13.63 9.74 3.89

30 57.39 30.91 21.02 9.89

40 84.11 51.13 33.50 17.63

50 109.04 72.65 46.17 26.47

60 131.66 94.55 58.57 35.98

70 152.68 116.46 70.55 45.91

80 172.92 138.20 82.10 56.10

90 190.96 159.63 93.22 66.41

100 207.50 180.61 103.83 76.78

120 238.55 221.18 123.68 97.50

140 270.56 260.36 142.39 117.97

160 300.96 298.50 160.33 138.17

180 331.16 335.71 177.66 158.05

200 362.02 372.20 194.55 177.65

220 393.97 408.16 211.19 196.97

240 432.56 444.07 228.01 216.07

260 477.00 480.42 245.42 235.00

280 1661.9 536.83 282.72 254.11

Phase transition(LS ! HS) at 280.79 K

300 657.92 596.38 321.06 275.32

320 697.29 640.90 344.12 296.77

340 642.30 681.72 363.48 318.25

298.15 654.36 592.32 318.98 273.34

The values in the parentheses were estimated by extrapolation.
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[Fe(2-pic)3]Cl2�H2O reported by the 57Fe Mössbauer experi-
ment.9 This large thermal hysteresis spanning between 204 K
and 295 K turned out to be not genuine but only apparent. How-
ever, this apparent thermal hysteresis provided us with a novel
phase cycle consisting of the phase transition from the HS
phase to the metastable LS phase at 200 K, the stabilization
from the metastable LS phase to the stable LS phase accompa-
nied by a large heat evolution around 200 K, and the final phase
transition from the stable LS phase to the HS phase at 280 K.
The main reason for the large thermal hysteresis originates in
the fact that the HS phase is always undercooled down to
�200 K and transformed to the metastable LS phase. Further-
more, if the heating rate is high, i.e., the order of Kmin�1, the
metastable LS phase transformed to the undercooled HS phase
at around 210 K. It should be noted here that the mechanism of
this phenomenon would not be elucidated if the adiabatic calo-
rimetry characterized by extremely long time scale of experi-
ment had not been adopted.

Even though this thermal cycle is not a genuine thermal hys-
teresis, this phenomenon is very remarkable because the phe-
nomenon does not involve any chemical changes of the com-
pound itself. Namely, the cycle can be repeated by only temper-
ature change just like ‘hysteresis’. Contrary to this, there exists
a different type of example in which the spin state transforma-
tion occurs by a chemical change, such as desolvation from a
complex. For example, when a solvated LS complex loses its
solvate molecule(s) at high temperature, it may be changed,
not always, to a HS complex and thereby may exhibit a spin
crossover transition to a LS state at low temperatures. Such a
phenomenon has been reported for a iron(II) LS complex

[Fe(hyetrz)3](3-nitrophenylsulfonate)2�3H2O by Kahn and his
collaborators,16,17 where hyetrz is 4-(20-hydroxy-ethyl)-1,2,4-
triazole. This LS complex experiences a dehydration reaction
at 370 K and the dehydrated complex exhibits a HS state. This
dehydrated HS form remains stable down to ca. 100 K, where it
transforms into a LS form. The authors16,17 have claimed that
this is a non-classical Fe(II) spin crossover behavior leading
to an unprecedented extremely large apparent thermal hystere-
sis of 270 K. However, since the dehydration is an irreversible
process, this phenomenon cannot be reproduced by any further
thermal treatment. Therefore, it should be remarked here
that the spin crossover behavior found for [Fe(hyetrz)3](3-ni-
trophenylsulfonate)2�3H2O does not belong to any thermal
hysteresis.

By virtue of precise adiabatic calorimetry, we could provide
accurate thermodynamic quantities and we could reveal many
new aspects inherent in various types of spin crossover behav-
iors, initially found by the 57Fe Mössbauer experiment,9 in a
series of solvated complexes [Fe(2-pic)3]Cl2�C2H5OH,

15

[Fe(2-pic)3]Cl2�CH3OH,
11 and [Fe(2-pic)3]Cl2�H2O. The re-

maining problem to be solved is to elucidate the mechanism
of the broad heat capacity hump appearing around at 320 K,
which will contain a clue to clarify the large undercooling of
the HS state beyond the LS-to-HS phase transition at 280.79
K, especially from a structural viewpoint.

This work was partially supported by a Grant-in-Aid for
Scientific Research on the Priority Areas of ‘‘metal-assembled
complexes’’ (Area No. 401/12023229) from the Ministry of
Education, Culture, Sports, Science and Technology.

Table 5. Standard Thermodynamic Functions for the Metastable Phases of [Fe(2-pic)3]Cl2�H2O at Rounded Temperatures

T C�
p;m S�mðTÞ fH�

mðTÞ �H�
m,stð0Þg=T �fG�

mðTÞ � H�
m,stð0Þg=T

K J�K�1�mol�1 J�K�1�mol�1 J�K�1�mol�1 J�K�1�mol�1

5 (1.74) (0.91) (1207.4) (�1206:5)

10 (7.21) (3.48) (605.73) (�602:25)

15 18.07 8.35 408.00 �399:65
20 30.41 15.19 312.01 �296:82

30 58.00 32.77 222.79 �190:02

40 84.93 53.20 185.00 �131:81

50 109.34 74.82 167.47 �92:65
60 132.20 96.79 159.71 �62:92

70 154.47 118.82 157.34 �38:51

80 174.06 140.79 158.26 �17:47

90 191.33 162.32 161.01 1.31

100 208.47 183.39 164.92 18.47

120 239.29 224.08 174.71 49.37

140 272.71 263.47 186.32 77.15

160 305.51 302.07 199.21 102.86

180 339.69 339.95 212.85 127.11

200 383.93 377.88 227.60 150.28

Phase transition (msLS ! ucHS) at 220 K

220 429.67 459.59 283.51 176.08

240 454.75 497.98 296.67 201.31

260 483.63 535.51 309.93 225.58

280 514.18 572.46 323.42 249.04

300 550.76 609.24 337.41 271.83

320 581.96 645.79 351.73 294.06

340 611.65 682.32 366.49 315.83

298.15 547.66 605.84 336.09 269.75

The values in the parentheses were estimated by extrapolation. H�
m,stð0Þ means the standard enthalpy of the stable LS phase at 0 K.
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