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ABSTRACT

Heat capacities of the channel inclusion compound, Fe(CsDs),-3(NH,),CS, and two
ferrocenium salts, [Fe(CsHs)(CsH¢)]" (PF;)” and [Fe(CsHs),]" (PF,)”, have been mea-
sured with adiabatic calorimeters between 13 and 393 K. Five phase transitions were found
for Fe(CsDs),-3(NH,),CS corresponding to those for Fe(CsHs),-3(NH,),CS. The domi-
nant phase transitions at 145.8 and 160.6 K are responsible for the onset of reorientational
order—disorder of the molecular axis of Fe(CsDs), in the clathrate cavity. The mass-effect of
the guest ferrocene molecule on the phase transitions was not remarkable. The ferrocenium
salt, [Fe(CsHs)CyH,)] ™ (PF,)~, exhibited four phase transitions and two glass transition
phenomena at low temperatures while its analog, [Fe(CsHs),]" (PF,)~, brought about only
three phase transitions without showing the glass transition. The higher-temperature phase
transitions in these two salts have been assigned to the reorientational order-disorder
mechanism of the molecular axes of the cations in the pseudo-cavities formed by eight PF,"
anions. For the origin of the lower-temperature phase transitions in these two salts, three
possibilities have been discussed. Among them, plausible origin is likely to be an order—dis-
order change of PF,” anion in the lattice. An important unsettled problem common to these
three compounds is a question whether or not the Fe(C;Ds), and the cations,
[Fe(CsH:sXC¢He)l™ and [Fe(CsHs),]™, are still reorienting around their molecular axes even
at the lowest-temperature phase.

INTRODUCTION

Phase transition is a classical subject having a long history of studies but
the matter is still up-to-date. On one hand many novel phase transitions
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have been experimentally discovered and on the other hand unsettled
problems have been successfully interpreted by the current theories. Even if
the subject is confined to phase transitions arising from orientational
order-disorder phenomena in a crystalline state, a variety of phase transi-
tions exist [1]. This paper is concerned with phase transitions characterized
by molecular motions, in particular orientational order—disorder of molecu-
lar axes, of ferrocene and its derivatives in the crystal lattices.

Ferrocene, bis(n’-cyclopentadienyl)iron(1l): Fe(C,Hy),, is a representa-
tive or key-substance of organometallic compounds with the sandwich-type
structure. Owing to its unusual molecular form ferrocene has attracted many
investigators’ attention ever since its first synthesis in 1952 [2,3]. The
thermodynamic properties of the ferrocene crystal were first studied by
Edwards et al. in 1960 [4,5] on the basis of heat capacity measurements.
They found a A-type phase transition at 163.9 K with a small subsidiary
peak at 169 K. They attributed this transition to rotational disorder of the
m-cyclopentadienyl rings in the high-temperature phase. This phase transi-
tion is nowadays known to occur between the triclinic low-temperature (LT)
phase and the monoclinic high-temperature (HT) phase [4,6-10]. This well-
known A-type transition was, however, revealed to take place between two
metastable phases by Ogasahara et al. in 1979 [11,12]. They found a stable
low-temperature phase which was transformed into the monoclinic HT-phase
via a first-order phase transition at 242 K. This stable LT-phase was soon
found to belong to an orthorhombic system [13,14]. Furthermore, ferrocene
is known to exhibit an interesting crystal-disintegration below the A-point,
which is an independent phenomenon from the A-type phase transition
[4,11,12,15). On cooling a single crystal of ferrocene, crystal disintegration
occurs with explosive violence accompanied by evolution of heat. The
disintegration energy, determined by temperature-jump calorimetry [16], was
so large as to exceed the enthalpy associated with the A-transition. Both the
crystal polymorphism and the disintegration phenomenon were likewise
observed for deuterated ferrocene, ferrocene-d,, [17,18]. These characteristic
features of the ferrocene crystal seem to have their origin in an uncommon
five-fold molecular symmetry. As easily supposed, molecules having such a
symmetry are hard to settle in a crystal lattice while keeping a long-range
periodicity, including the position of H atoms.

This type of “incommensurability” might also be encountered in channel
inclusion compounds accommodating ferrocene as their guest and in ferro-
cenium compounds which have been studied in the present paper. In the
case of a ferrocene—thiourea clathrate compound, thiourea forms a hexago-
nal channel lattice in each cavity of which a single molecule of ferrocene is
housed as a guest [19]. Gibb [20] found an unusual temperature-dependent
relaxation of the electric field gradient tensor for this compound on the basis
of "Fe Mossbauer spectroscopy. This so-called “electric-quadrupole relaxa-
tion” was found to be caused by anisotropic reorientation of the ferrocene
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molecules in the cavities of the clathrate lattice. The molecular axis can lie
either parallel or perpendicular to the hexagonal channel axis. Heat capacity
measurements have elucidated that the excitation of the molecular reorienta-
tion is established through phase transition phenomena [21]. But still un-
solved is the problem of how ferrocene molecules with five-fold symmetry
can be settled in the hexagonal channel in the lowest-temperature phase. In
this paper, the heat capacity of the clathrate compound of ferrocene-d,, and
thiourea will be described with the primary goal of learning more about the
transition mechanism through a mass effect of the guest molecules.

A similar situation occurs in ionic crystals consisting of ferrocenium and
its analogous cations. Based on >’ Fe Mossbauer spectroscopy, Fitzsimmons
and Hume [22,23] observed an electric-quadrupole relaxation for [Fe(C,H)-
(CH()] 7 (PE,)~ analogous to the ferrocene-thiourea clathrate compound.
According to their model, the organometallic cation is assumed to lie at an
eight-coordinate site made up of eight PF,” groups and to start reorienta-
tional motion at 321 K. Here we also encounter the “incommensurability”
problem of the cation in the ““tetragonal” lattice formed by PF,~ anions. The
[Fe(C,H)(C Hg)]™ cation no longer has a symmetry axis. These unfavora-
ble cations having five- and six-membered rings, however, must be regularly
arranged in the low-temperature “tetragonal” phase while keeping a long-
range periodicity if the compound is to obey the third law of thermody-
namics. We expected that we would be able to gain some insight into the
molecular arrangement in the low-temperature phase if we studied this
system from a calorimetric or entropic viewpoint. To this end, heat capacity
measurements have been made in this paper for this compound. A calori-
metric study has also been made on [Fe(C,H;),]" (PF,)~ for comparison. In
this case, the situation seems to be simpler than that for [Fe(C,Hj)
(CsH)]*(PF,)~, because there is no discrimination between the head and
tail of the cation.

EXPERIMENTAL
Sample preparation

Ferrocene-d,,, used for preparation of the thiourea clathrate compound,
Fe(CDg), - 3(NH,),CS, was taken from the same batch as previously
prepared [17,18]. The isotope purity was better than 99.8%. The clathrate
compound was prepared according to a procedure described by Clement et
al. [19], except that we used ethanol instead of methanol as the solvent. The
product was dried in a dry nitrogen stream for 48 h and then in vacuum for
30 min. Anal. Caled.: C, 36.79%; D, 7.59%; N, 19.80%; S, 22.66%. Found: C,
36.95%; D, 7.59%; N, 19.79%; S, 22.70%. The stoichiometry of the clathrate,
determined by a sublimation method, gave the molar ratio of ferrocene-d,,
to thiourea as 1: 3.0107.
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(n5-Cyclohexatriene)( n’-cyclopentadienyl)iron(II) hexafluorophosphate,
[Fe(CsH (CgH)]1* (PF;)~, was prepared by the method of King [24]. The
crude product was recrystallized twice from absolute ethanol. The yellow
crystals obtained were dried in vacuum for 48 h at room temperature and
then for 24 h at 100°C to remove ethanol solvate molecules occluded in the
crystal. Anal. Calcd.: C, 38.41%; H, 3.22%. Found: C, 38.46%; H, 3.25%.
Substitution of the C;H-ring by the C;H,-ring was examined by '"H NMR
to give a 1:1 ratio.

Ferrocenium hexafluorophosphate, [Fe(C,H;),]"(PF,)~, was prepared
according to the method of Hendrickson et al. [25]. The crude product was
recrystallized from water to give dark green crystallites. The crystals were
dried in vacuum for 72 h. Anal. Caled.: C, 36,29%; H, 3.05%. Found: C,
36.47%; H, 3.08%.

Infrared spectroscopy

Infrared spectra in the range 4000-400 cm ™! and far-infrared spectra in

the range 400-30 cm™! were recorded for Nujol mulls with an infrared
spectrophotometer (Japan Spectroscopic Co., Ltd., Model DS-402G) and
with a far-infrared spectrophotometer (Hitachi, Ltd., Model FIS-3).

Polarizing microscopy

The change in optical anisotropy at the phase transition temperatures was
observed with a polarizing microscope (Olympus, Model BHA-751-P)
equipped with a heating stage (Union Optical Co., Ltd., Model CMS-2).

Heat capacity measurements

Heat capacity measurements were made with an adiabatic calorimeter [26]
for Fe(C,Ds), - 3(NH,),CS in the range 13-300 K and for [Fe(C,H)(C,-
H,)]"(PF,)~ and [Fe(CsH;),]* (PF;) ™ between 12 and 393 K. A calorimeter
cell made of gold-plated copper [12] contained 18.1918 g (or 0.042859 mol)
of Fe(C,Ds), - 3(NH,),CS. Another cell made of gold and platinum [27]
was used for the heat capacity measurements of [Fe(C;H ) (CcH¢)]" (PF) ™~
and [Fe(C;H),]" (PE) ~. The amount of sample was 15.3353 g (or 0.044577
mol) and 20.1931 g (or 0.061006 mol), respectively. A small amount of
helium gas was sealed in the cells to aid the transfer of heat.

RESULTS AND DISCUSSION
Fe(C;D,), - 3(NH,),CS

Calorimetric results were evaluated in terms of Cp, the molar heat
capacity at constant pressure. The experimental data are plotted in Fig. 1.
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Fig. 1. Molar heat capacities of Fe(CsD;),-3(NH,),CS between 12 and 300 K.

Five well-resolved heat capacity anomalies were found at 145.8, 160.6, 173.4,
187.1 and 219.0 K. These five C, anomalies just correspond to those
observed in Fe(C,H;),-3(NH,),CS [21] except for a slight difference
between the respective peak temperatures. As discussed previously [21],
these anomalies are associated with phase transitions. In what follows,
therefore, the five transition temperatures will be designated as T, (n =1,
2, 3, 4 and 5) in order of decreasing temperature. The crystalline phases
bounded by T, will be named phases I-VI with descending temperature:
i.e., phase I is the highest-temperature phase while phase VI corresponds to
the lowest-temperature phase.

As in the case of the normal ferrocene-thiourea clathrate compound, the
phase transition at T, of the present compound was the largest transition
among the five and showed an undercooling effect characteristic of a
first-order phase. transition. Although the heat capacity anomaly arising
from the phase transition at 7, is not so conspicuous, this phase transition
was also found to show an undercooling effect. The thermal relaxation time,
the time required for thermal equilibration after an energy input to the
calorimeter, was long in the temperature region including T, and T,
145-162 K.

In order to determine the enthalpy and entropy associated with the
particular phase transitions, we estimated two normal heat capacity curves,
C,(normal), used for the temperature regions below and above T¢.,. The C,
(normal) below T, was determined according to the effective-frequency-dis-
tribution method [28] by using the observed heat capacities in the range
12-122 K and the infrared spectra, while the C,(normal) above T, corre-
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TABLE 1

Enthalpy and entropy of phase transitions in ferrocene-thiourea channel inclusion com-
pounds. The data for the normal ferrocene clathrate have been taken from ref. 21. The figures
in square brackets indicate [ 7(ferrocene-d,,) — Ti-(ferrocene-h,4)] /K.

Guest Transition Tc A H A S
K (kJ mol ™) (K ' mol™
Fe(CsDs), Vi-V Tos: 145.8[—1.4] (0.057)} 1.819 (0.39)} 11.01
V-1V Tes: 160.6 [0.8] (1.762) ‘ (10.62) )
IV-1III Te3: 173.4[2.0] 0.011 0.07
III - II T,: 187.1[1.6] 0.031 0.17
II-1 T: 219.0[—1.0) 0.057 0.27
total 1.918 11.52
Fe(CsHs), VI-V Tes: 147.2 (0.263) } (1.79) }
VoIV Tcq: 159.8 (1.474) 1.737 (9.23) 11.02
IV - III Tey: 171.4 0.014 0.08
-1 Tc,: 1855 0.035 0.19
-1 Tei: 220.0 0.077 0.36
total 1.863 11.65

sponded to a curve smoothly connecting the observed heat capacities in the
temperature regions having no phase transition effects. The two C, (normal)
curves brought about a discontinuity at 7., amounting to 10.64 J K!
mol ~ . This discontinuity originates from a change in the molar volume [21].
The transition enthalpy and entropy were determined by integration of the
excess heat capacities beyond C,(normal) with respect to T and In T. The
thermodynamic quantities arising from the phase transitions thus obtained
are summarized in Table 1. Those for Fe(CHy), - 3(NH,),CS [21] are also
shown in Table 1 for comparison. As given in the square brackets in Table 1,
the change in phase transition temperatures on replacing the normal ferro-
cene guest molecule by heavy ferrocene is at most 2 K. This fact suggests a
minor role of the mass-effect for the mechanism of the present phase
transitions. In other words, instead of the kinetic energy of the guest
molecule, the temperature dependence of the potential energy curve due to
intermolecular interactions governs the phase transitions.

As in the case of the normal ferrocene clathrate compound, the sum of all
the transition entropies (11.52 J K~! mol~!) was basically the same as R In
4 (=11.53 J K ! mol~!). As far as we discuss the present phase transitions
within the framework of an orientational order—disorder mechanism con-
cerning the guest ferrocene molecules in the thiourea cavities, this fact
clearly indicates that there are four energetically nearly-equal orientations in
phase I while in phase VI only one orientation of the four is populated. Of
the five phase transitions, two lowest-temperature transitions, labeled T,
and T, are mainly concerned with the reorientational mechanism of



35

ferrocene-d,, molecules in the thiourea host-lattice, as the *’Fe Mossbauer
spectroscopy [20], X-ray diffraction analysis [29] and '"H NMR [30] have
shown the onset of the reorientational motion around 162 K. According to
the X-ray structural work, thiourea molecules form a honeycomb of chan-
nels spiraling with a pitch of 120° parallel to the c-axis. Within these
channels, the site of point symmetry 32 is occupied by the iron atom of the
ferrocene molecule. At high temperatures, above 162 K, the cyclopen-
tadienyl rings of a ferrocene molecule are disordered and the time-averaged
picture shows regions of three-dimensionally delocalized cyclopentadienyl
electron density around the iron atoms. On the other hand, the five-fold axes
of ferrocene molecules are frozen in a number of non-equivalent orientations
at low temperatures [30]. The >'Fe Mossbauer spectroscopy study has
pointed out that the reorientational motion of ferrocene molecules is excited

(B) (C)

Fig. 2. Schematic drawing showing the relative orientation of the guest ferrocene molecules in
the honeycomb channels formed by the thiourea host-lattice. (A) and (B) are the top and side
views of the suggested ordered phase.



36

through two processes: one is a rapid reorientation about the channel axis of
those molecules whose axes lie in the plane perpendicular to it and the other
is a slow jump between those in the plane and the direction parallel to the
channel axis. Taking into account these spectroscopic and structural infor-
mations, we can schematically draw possible orientations of the molecular
axis of ferrocene in the cavity formed by thiourea host-lattice as shown in
Fig. 2. At high temperatures, say, above T, ferrocene-d,, molecules may be
randomly reoriented among the a, B8, y and z-directions. The entropy
acquisition due to this kind of reorientation can amount to R In 4 (=11.531J
K~! mol™') and well accounts for the transition entropy (11.01 J K™!
mol ') observed for both the phase transitions at 75 and T,.

Detailed analysis and discussion, in particular the mass effect on heat
capacity will be described elsewhere [31].

[Fe(CsH)(CoH,)] ¥ (PE,)~

The results of heat capacity measurements are plotted in Fig. 3. Four
phase transitions were found at 321.5, 280.2, 265.9 and 158.3 K. We shall
designate them T, T,, T, and T,, respectively. The crystalline phases
will be named as phases I-V with descending temperature. In addition to
these phase transitions, glass transition phenomena were observed at around
103 and 138 K in phase V, which have been indicated in Fig. 3 by T, and
T,;- The solid circles in Fig. 3 indicate the heat capacities of the undercooled
phase IV. Therefrom, the phase transition at 7, is concluded to be
obviously of first order.

The normal heat-capacity curve used below T, was determined by the
effective-frequency-distribution method [28], in which the C, data used for
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Fig. 3. Molar heat capacities of [Fe(CsH)CgHg)]" (PF;)~ between 12 and 393 K. The solid
circles indicate the heat capacities of the undercooled high-temperature phase. The broken
curve indicates the normal heat capacity.
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Fig. 4. Excess heat capacities, AC,, arising from the phase transitions of [Fe(CsHs)(C,-
H,)]" (PF;) . The discontinuity of two normal heat capacity curves at T, amounts to 12.1 J
K™! mol™!,

the least-square fitting were those in the temperature ranges 10-93 and
186-207 K. On the other hand, the normal heat-capacity curve used above
T, was a simple extrapolation curve from phase I. These two C,(normal)
are shown in Fig. 3 by broken curves. A discontinuity of 12.1 J K~! mol !
appeared at T, which was taken to be a boundary temperature of two G,
(normal) curves. Figure 4 illustrates the excess heat capacities, AC,, beyond
the C,(normal) curves. Three phase transitions, labeled T, T, and T,
inseparably overlap one another. We then regarded two phase transitions at
T, and T, as being a pretransitional phenomenon inherent in the main
transition at T,. The glass-transition phenomena are clearly seen as two-step
heat-capacity anomalies below T,,. The residual entropy estimated by
extrapolating the equilibrium AC, curve just below T, down to 0 K
amounts to 0.47 J K~ mol~!. Detailed discussion of these glass-transition
phenomena will be given elsewhere [32].

The enthalpy and entropy arising from the phase transitions are given in
Table 2. The four phase transitions can be classified into two basic groups:
one is a lower-temperature phase transition at T, with two glass transitions
in its low-temperature side and the other is a higher-temperature phase
transition at T¢,; with two subsidiary C, peaks at T¢; and T¢,. Judging from
the good agreement of the present phase transition temperature of T, =
321.5 K with the critical temperature of 321 K predicted by the *’Fe
Mbssbauer spectroscopic study by Fitzsimmons and Hume [22,23], the
higher-temperature phase transition can safely be concluded to arise from
the onset of reorientational motion of the molecular axis of the
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TABLE 2
The enthalpy and entropy arising from the phase transitions of [Fe(CsH)(CoH¢) " (PFy)~
Transition T A H A S
K) (kJ mol™%) K 'moi™ !

Phase V- IV Tes: 158.3 1.19 8.01

IV - 111 Tyt 265.9

-1 Tc,: 280.2 4.54 14.55

I-1 Tc,: 3215

[Fe(CsH)(C4H)]™ cation in the framework formed by eight PF," anions.
Based on careful analysis of the variable-temperature Mossbauer spectra,
they have proposed a transition mechanism responsible for the unusual
electric quadrupole relaxation. For ease of understanding, their model is
reproduced in Fig. 5. According to their model, the organometallic cation,
[Fe(CsH)(CsH)]™, is assumed to lie at an eight-coordinate site made up of
eight PF," groups. At low temperatures the molecular axis of the cation is
collinear with the z-axis of the tetragon. As the temperature is raised, the x
and y orientations are Boltzmann populated, and jump reorientations
between x and y directions take place. These orientations become faster
with further temperature increase. Finally, all reorientations are so rapid
that the cation is effectively spherical. This brings about a crystallographic
change from a tetragonal to a cubic phase at about 321 K. In fact, they have
observed that the polarizing colors disappear completely at 319 K under a
polarizing microscope, indicating a crystallographic change to cubic symme-
try [22,23]. If we accept their reorientational model, the entropy acquisition

(b)
/
<

O

A
( JPr) F
\\/) ? ‘ ¢

Fig. 5. Schematfic representation of (a) the tetragonal site model and (b) its associated
rotational processes proposed by Fitzsimmons and Hume [22,23].
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would amount to R In 6 (=14.90 J K~! mol~') because the molecular axis
of the cation can orient in x, y, z-directions and in addition to this one can
distinguish the head of the cation from its tail. The present calorimetric
value of 14.55 J K~} mol ! supports their reorientational model. The reason
why the reorientational motion of the cation is excited not by a single phase
transition but by multi-transitions (T;, T, and T,) may be associated
with the fact that the six orientations are energetically non-equivalent.
According to ’Fe Mdssbauer spectroscopy [22,23], the molecular orienta-
tion in the z-direction is 2.0 kJ mol™! lower than those in the x- and
y-directions, and furthermore the activation energy hindering a jump be-
tween two orientations is E, =10 kJ mol™' and E, =E, =20 kJ mol~".
Therefore, multi-phase transitions found in the present calorimetric study
seem to correspond to a stepped excitation of the jump reorientations. It
should, however, be remarked here that the entropy of R In 6 has been
derived by assuming an axial symmetry of C_ for the cation even on the
low-temperature side of “the higher-temperature phase transition”, i.e.,
phase IV in the present case. In other words, the [Fe(C;H,)(C¢H,)]™ cation
has been assumed to make a free rotation around its molecular axis in phase
IV. If the cation is in a fixed orientation without rotating about its axis in
phase IV, one can expect a much larger transition entropy than R In 6: the
degree of excess entropy depends on the number of available energetically-
equal orientations about the molecular axis in phase I.

In relation to this unsettled problem whether or not the cation is still
reorienting about its molecular axis in phase IV, the existence of the
lower-temperature phase transition at 7, seems to be of interest. Although
this phase transition is essentially of first order, it bears the nature of a
higher-order phase transition in the sense that the excess heat capacity, AC,,
evolves over a wide temperature region below T,. The transition entropy,
though somewhat diminished by two glass transition phenomena, is still as
large as 8.01 J K~! mol™!. For the origin responsible for this phase
transition, we shall discuss three possibilities: (i) a pure crystallographic
change, (ii) onset of reorientational motion of the cation about its molecular
axis and (iii) an order—disorder phenomenon of the PF,” anion.

Firstly, we can discard the first possibility of a crystallographic change for
the following reason. Owing to different phonon spectra, a change in crystal
structure generally brings about a discontinuity at the transition temperature
between two normal heat-capacity curves extrapolated from high- and
low-temperature phases, but this is not the case here. Another unfavorable
factor which goes against this possibility is the presence of a glass transition
phenomenon on the low-temperature side of this phase transition point.
Molecular modes quenched during a glass transition in a crystalline state
(the so-called glassy crystal) are usually in the conformation or configuration
of molecules [33,34]. Moreover, the transition entropy seems to be too large
to account for a structural change at such a low temperature.



Secondly, the reorientational order—disorder of the [Fe(C;H ) (CH()1*
cation around its molecular axis seems to be a possible mechanism to
account for this phase transition. Unfortunately, however, we cannot con-
clude this mechanism solely from the present calorimetric study. To confirm
whether or not this is the case, 'H or ?H NMR techniques must be used to
provide us with definitive evidence.

Finally, the third possibility of an order-disorder phenomenon of the
PF,” anion is also a plausible candidate for the origin of the phase
transition. As will be described below, the analogous salt,
[Fe(C,Hy),]" (PF,)~, also shows a phase transition at 210 K with a similar
magnitude transition entropy (9.54 J K~! mol~!). The only difference
between these two substances is their cations: one is a metallocene having
five- and six-membered rings while the other is a metallocene with two
five-membered rings. Octahedral anions such as the present PF,  are most
likely to display orientational disorder [1]. For example, Staveley et al. [35]
have reported phase transitions attributable to an order—disorder change in
some simple salts of hexafluorophosphates: 7. = 273.87 K and A S = 28.74
J K~ mol™! for KPF,; T.=207 K and A, ,S=10.13 J K~} mol™! for
RbPF; T.=191.8/1313 K and A S=9.33/10.38 J K~! mol™! for
NH,PE;. Since we are only concerned with the transition entropy, the value
determined for the present salt (8.01 J K~! mol ') is comparable with those
for RbPF, and NH,PF,. ’F NMR may serve as a powerful experimental
method to give a clue to the elucidation of the nature of the PF,” anions
across the present phase transition.

[Fe(C;H),] +(PE5) N

The [Fe(C,H;),]" cation of the present salt is simpler than [Fe(C H)(C,-
H()]" in the sense that its molecular orientation is identical whether
interchanged up or down, whereas the head and tail of the [Fe(C,H)(C
H()]* cation can be discriminated from each other. Therefore, the reorienta-
tional entropy of a phase transition for [Fe(C;H;),]"(PF)™, if any, corre-
sponding to the higher-temperature phase transition of
[Fe(CsH ) (CyHg)1* (PF,)~, would be expected to be R In 3 (=9.13 J K™!
mol ') rather than R In 6 (=14.90 J K~! mol™!).

Figure 6 illustrates the results of heat capacity measurements. As has been
expected, this compound exhibited the phase transition at 346.94 K (denoted
as T,). The transition temperature was 25 K higher than that found for
[Fe(C,H ) (CH)] " (PF,) . In addition to this phase transition, low-temper-
ature phase transitions were also observed at 213.05 and 210.95 K (7., and
T,,, respectively). Although the gross aspect of the present heat capacity
curve bears some resemblance to that of [Fe(C;HWCH()]"(PF,)~, one
notices a few differences between the two: one is the absence of the glass
transition phenomenon in the lowest-temperature phase and the other is a
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Fig. 6. Molar heat capacities of [Fe(CsHs),]" (PFs)~ between 12 and 393 K. The solid
circles indicate the heat capacities of the undercooled high-temperature phase. The broken
curve indicates the normal heat capacity.

lack of the subsidiary heat capacity peaks corresponding to the “pre-transi- -
tion” of the highest-temperature phase transition for [Fe(C,H)(Cs-
H,)]" (PE,)".

As shown in Table 3, the entropy arising from the higher-temperature
phase transition at T, was as large as 13.99 J K~! mol~!, which is
comparable with the value of 14.55 J K~' mol~! found for [Fe(C,H)(C,-
H,)]*(PF,) . This unexpected fact has constrained us to choose an alterna-
tive picture for the transition mechanism of {[Fe(C,H;),] " (PF,) . In passing
it should be remarked here that the highest-temperature phase of [Fe(C,-
H,),]1*(PF,)~ (phase I) also belongs to a cubic system, which we confirmed
optically: as in the case of [Fe(C;H ) (CoH)]* (PF,)~ crystal, we observed
that the polarizing colors disappear completely at 7, under a polarizing
microscope. A possible reorientational model in phase I, which fulfills a
cubic symmetry, is that the molecular axis of [Fe(C;H,),]" cation reorients
among six face-diagonal directions of a cubic lattice formed by eight PF,”
anions. If this is the case, the transition entropy due to such a reorienta-
tional mechanism becomes R In 6 (=14.90 J K~! mol~!) and the observed

TABLE 3
The enthalpy and entropy arising from the phase transitions of [Fe(CsHs),]" (PF,) ™
Transition Tc A H AS
K) (kJ mol™ 1) JK ' mol™ !
Phase IV — III T3t 210.95 }
II-1I T, 213.05 1.95 934

M-I Tt 346.94 484 13.99




42

entropy (13.99 J K~! mol™') can be well accounted for by this model,
though somewhat ad hoc.

On the other hand, the entropy gain (9.54 J K~! mol~!) concerning the
lower-temperature phase transition was also comparable with the value of
8.01 J K™! mol™! found for [Fe(C;H )(C,H¢)]"(PE,)". The transition
mechanism may, therefore, be considered to be analogous to that of
[Fe(C,H ) (CH()] " (PF,) ™. A possible candidate responsible for the phase
transition is orientational order—disorder of the PF," anion. In this case, the
number of energetically-equivalent orientations of the PF,” anion above the
low-temperature phase-transition point might be three because the observed
transition entropy can be well approximated by R In 3 (=9.13 J K!
mol '), Detailed experimental results and discussion will be described
elsewhere [36].

CONCLUDING REMARKS

Heat capacity measurements have been used to demonstrate the presence
of several phase transitions in three organometallic compounds: Fe(C,D;), -
3(NH,),CS, [Fe(C;H,)(CeH)]"(PF)~ and [Fe(CsHj),]"(PF,)”. Among
the many phase transitions observed for these three compounds, the domi-
nant phase transition in each compound was concluded to arise from a
reorientational order—disorder mechanism of the molecular axis of
Fe(C,Dy),, [Fe(C.H(C H( )]t or [Fe(C;Hs),]" in the clathrate-cavity or
in the pseudo-cavity formed by eight PF,” anions. The present conclusion,
derived from the entropic viewpoint, has clearly proved the predictions of
the possible existence of phase transitions given by 3’ Fe Mossbauer spectro-
scopic measurements [20,22,23].

For the new low-temperature phase transitions found for
[Fe(CsH )(CH( )1 " (PF,)~ and [Fe(C,H;),]"(PF,)~, we proposed a transi-
tion mechanism in which the PF, anion undergoes a reorientational
order—disorder change. In confirmation of this possibility, °F NMR seems
to be a decisive experimental method along with X-ray structural work.

One of the interesting and still unsettled problems is a question about
whether or not Fe(C,D;), and the cations, [Fe(C;H W C(H¢)]™ and
[Fe(CHy),]", are still reorienting around their molecular axes in the
lowest-temperature phase. In the case of ferrocene-h,,—thiourea clathrate
compound, 'H NMR has shown a very small value of 1.0 G? for the second
moment in the lowest-temperature phase, which is slightly larger than 0.6 G2
expected for free-rotation of the cyclopentadienyl rings around the molecu-
lar axis of ferrocene, but extremely small compared with the rigid value of
24 G* [30]. This fact indicates ongoing reorientational motion of the
cyclopentadienyl rings around the molecular axis of ferrocene. A similar
situation can easily be expected for the three compounds studied here. If the
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reorientational motion of the five- or six-membered rings around the molec-
ular axis of “ferrocene” were ceased cooperatively, a phase transition would
be observed below 13 K. Heat capacity measurements in this temperature
region are thus being planned.

Along with this problem, the low-temperature heat-capacity of
[Fe(CsHy),] " (PF,)~ seems to be of great interest from the viewpoint of
magnetism. Since the ground electronic state of [Fe(C;Hj),]" cation is
2Eq(ay,)*(ey)” [37] and the compound remains paramagnetic down to 4.2
K [25,38,39], a heat capacity anomaly associated with the magnetic ordering
would be expected to occur below 4.2 K.
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