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Abstract Many of the oxo-centered trinuclear transition-metal acetate
complexes with the formula [M(III)oM(II)O(03CCH3)gL3]S (M: Fe or Mn, L:
monodentate ligand, S: solvate molecule) have been shown to convert from

a statically valence-trapped state at low temperatures to valence-

detrapped states at high temperatures, in which the mixed-valence complex
is dynamically interconverting between three or four configurations corre-
sponding to the minima on the ground-state adiabatic potential-energy
surface. Our recent heat-capacity measurements have clearly demonstrated
that the intramolecular electron-transfer event in these complexes occurs

as phase transitions in cooperation with orientational disordering of the

S that is not explicitly coordinated to the central metal ions M. Although,
depending on S, the transition entropy is widely altered from complex to
complex, mechanisms of the phase transitions can be interpreted in terms
of intermolecular interactions between the distortion dipole of the complex
and the permanent dipole of the solvate molecule S. The present paper
reviews thermal properties of seven complexes having different combinations
of M, L, and S. Particularly emphasized is the importance of complementary
roles between the macroscopic entropic aspects and the microscopic aspects
derived from spectroscopic and structural studies.

INTRODUCTION

Phase transitions often encountered in the solid state play a diagnostic role to elucidate what
kind of intermolecular interactions stabilizes the crystal lattice of a given system. Phase
transitions hitherto well-known are the order-disorder type and the displacive type. The
former involves a change in the orientational alignment of molecular- or spin-axes, while the
latter concerns the displacement of atomic- or molecular-positions. Since the intramolecular
electronic energy is much greater than the intermolecular potential energy, the molecular
structure remains unchanged before and after a phase transition for these systems; a change
in the electronic energy of a molecule is sufficiently small to be neglected. Recently,
however, new types of phase transitions have drawn many scientists’ attention. Here electrons
are directly concerned and a change in the electronic state is strongly coupled with a change
in the lattice. These transitions involve the spin-crossover phenomena occurring between
high- and low-spin states, the intramolecular electron-transfer in mixed-valence complexes, the
metal-nonmetal transition known as the Peierls transition, the thermochromic phenomena, the
neutral-ionic transition due to charge-transfer mechanism and so on.

Of these, the mixed-valence problem (refs 1-3) seems to be of particular interest in that the
mechanisms of intramolecular electron-transfer in the solid state may give a broad clue to
redox reactions and even electron-transfers in biological systems. The mixed-valence com-
pounds intensively studied are the oxo-centered, basic iron acetates with general composition
[Fe(Ill)gFe(I1)0(09CCH3)g(base)3] « (solvate) and biferrocenium salts. Many of these complexes
have been shown to convert from being valence-trapped at low temperatures to valence-
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detrapped at high temperatures. One of the remarkable discoveries at the initial stage of
these investigations was that the solvate molecules and the anions not explicitly coordinated
to the central metal ions have a dramatic effect on the electron-transfer rate. For example,
variable-temperature 57Fe MBssbauer spectra of [Fe30(09CCH3)g(py)3l(py), where py is
pyridine, clearly show the onset of valence-detrapping at ~ 117 K, while the nonsolvate
analogue [Fe30(02CCH3)g(py)3] remains in the valence-trapped state even at 315 K (ref. 4).
This fact implies that the solvate molecules play a crucial role in the intramolecular electron-
transfer event. In order to clarify the mechanisms of coupling between these moieties and
the intramolecular electron-transfer, various spectroscopic and structural studies have been
performed. We are trying to approach the mixed-valence phenomena from a thermodynamic
standpoint and reported the first result of heat-capacity measurements of the mixed-valence
complex [FegO(09CCH3)g(py)3l{py) in 1985 (ref. 5). Thermodynamic studies, in particular heat
capacity measurements, serve as a powerful tool to elucidate energetic and entropic aspects of
a phenomenon, from which one can obtain conclusive evidence as to whether or not a phase
transition exists. Moreover, based on the transition entropy, it is possible to count up all
candidates for the degrees of freedom excited when a phase transition occurs. The present
paper describes calorimetric studies of a series of the mixed-valence trinuclear complexes, and
emphasizes complementary roles between the macroscopic entropic aspects and the microscopic
aspects derived from spectroscopic and structural studies.

INTRAMOLECULAR ELECTRON-TRANSFER IN THE TRINUCLEAR MIXED-
VALENCE COMPLEXES

Oxo-centered, trinuclear transition-metal acetate
complexes with the formula [M(III)pM(IT)0(09CCH3)gLal-
S form a well-studied category of mixed-valence com-
pounds, where M is a transition-metal element such as
iron or manganese, L is a monodentate ligand such as
pyridine, monosubstituted pyridine, or water, and S is
a solvate molecule that is not explicitly coordinated

to the central metal ions but stoichiometrically
amalgamated in the crystal lattice. In what follows,
each compound will be abbreviated as [M, L, Sl
Figure 1 illustrates the molecular structure, with M B
iron and L B pyridine, in the valence-detrapped state,

Intramolecular electron-transfer between the metal

Fig. 1. Molecular structure centers in a mixed-valence complex is usually treated
of the trinuclear mixed- by a theory incorporating vibronic interactions, such
valence complex. as the PKS theory (refs 6,7)., The "extra" electron

residing on the low-oxidation metal center is coupled

with molecular vibrations via the vibronic interac-
tion. In effect, the vibronic interaction induces a pseudo Jahn-Teller distortion of the
molecule (ref. 8), in which the extra electron is localized on one particular metal center.
In the case of an isclated mixed-valence molecule, the extra electron itinerates among the
metal centers in the complex as a result of large-amplitude molecular vibration. This situ~-
ation can be understood from the theoretical treatment by Kambara et al. (ref. 9). For one of
the electronic states of the oxo-centered trinuclear mixed-valence molecule, the extra
d-electron localizes on one metal ion, that is, the valency of the three metal ions is
M(II)M(III)M(III). The distance between the M(II) ion and the central oxygen ion is at this
point different from that between either M(III) and the central oxygen ion. The triangle
whose apexes are three metal ions is distorted from an equilateral triangle. For the second
electronic state, the extra d-electron itinerates on the three metal ions, that is, the electronic
structure is delocalized. Since the three metal ions are equivalent to each other in this
second electronic state, the M30 triangle is equilateral. The adiabatic potential energy of the
i~th electronic state E; is a function of the nuclear displacement g and the direction of
distortion 8. The dependence of the energies F;(q, 8) on the magnitudes of g and 9 is
qualitatively changed depending on the magnitude of a characteristic parameter A (= Kkw/A2),
where x is the force constant for the distortion mode, w denotes the electron-transfer
integral between two metal ions, and A stands for the coupling constant of d-electrons with
the distortion. As reproduced in Figs. 2a-2c (ref. 9), the adiabatic potential energies Ef{q, 6)
along the direction 63 of a M-O bond can be classified into three types according to the
magnitude of A. For the first type, the ground adiabatic potential surface provides three
minima. In addition to these three potential minima, the second type gives the fourth minimum
at g = 0, indicating a coherent electron-distribution over the three metal ions to form an
equilateral triangle. Contrary to these two types, the third type brings about only a single
minimum at ¢ @ 0. Adiabatic potential energy surfaces for the ground electronic state of a
mixed-valence M30 complex calculated for two A B 0.05 and 0.74 are drawn three-dimensionally
in Figs. 2d and 2e {(ref. 10).

When the mixed-valence complexes are aggregated in a crystal, the rate of intramolecular
electron-transfer is seriously affected by environmental effects in the solid-state lattice.
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Fig. 2. (a)-(c): Three types of the adiabatic potential-energy surface for
different values of A along the direction of an Fe~O bond (ref. 9).
(d),{e): Three-dimensional drawing of the adiabatic potential-energy surface
of the ground electronic state (ref. 10).

If the packing of molecules is very tight in the crystal, intramolecular electron-transfer is
difficult. On the other hand, when large-amplitude intramolecular vibrations are appre-
ciable, a cooperative crossover phenomenon between the valence-trapped and the valence-
detrapped states is expected to occur. In fact, a series of these complexes exhibit
interesting phase transitions (refs 4,5,10-20). These phase transitions have the character of
an order-disorder transition involving the distortion dipoles that arise from the pseudo Jahn-
Teller distortion in each complex.

The entropy gain due to the valence-detrapping phenomenon is straightforwardly related to
the change in the number of microscopic states thermally accessible for the M30 complex.
Molecular configurations in the crystal are determined by the force field acting on each atom.
The force field mainly consists of two contributions: one arises from the valence electrons,
i.e. the adiabatic potential, and the other comes from neighboring molecules, i.e. the
environmental effects. This effective force field can be designated as the mean-field potential.
The number of microscopic states corresponds to the number of accessible (by tunneling or
thermal activation) minima on the mean-field potential surface of the complex. At low
temperatures, the M30 complex is valence-trapped and has statically one of the isosceles
triangular configurations. However, depending on the magnitude of A, the dynamically inter-
converting M30 complexes in the high-temperature phase will either gain access to three
microscopic states as shown in Fig. 2d, or to four microscopic states (Fig. 2e). In the former
case, valence-detrapping gives an entropy gain of R In 3 (= 9.13 JK™'mol™!), whereas in the
latter case the entropy gain is R ln 4 (= 11.53 Jk-1 mol_l), where R is the gas constant.

Phase transitions in trinuclear complexes with R32 symmetry

When the ligand L is pyridine or 4-methylpyridine (4-Me-py), the complexes crystallize in a
rather high-symmetry crystal system (rhombohedral: space group F 32) in their valence-
detrapped phases and the solvate molecules sit on the C3 axis (refs 13-16). In this section, we
shall describe phase transitions encountered in these complexes. Heat-capacity measurements
were made with an adiabatic calorimeter (ref. 21) and evaluated in terms of Cp , the molar heat
capacity under constant pressure. The amount of sample used for measurements was ~15 g.
As shown in Fig. 3, the [Fe, py, py] complex exhibits two kinds of phase transitions: one is a
first-order phase transition at about T = 112 K and the other is a higher-order phase
transition around T = 190 K (refs 5,12). Variable-temperature °/Fe M8ssbauer spectra (refs
4,14) show dramatic changes with temperature, as shown in Fig. 4. At temperatures below
~100 K, two quadropole-split doublets are seen: one characteristic of high-spin Fe(lI) and the
other of high-spin Fe(III). As the temperature is increased, an extra doublet appears abruptly
around 110 K at the expense of the initial two doublets. This means that the new doublet
arises from the electron-delocalized state. The spectrum eventually becomes a single doubl_et
above ~190 K, indicating that the rate of intramolecular electron-transfer exceeds the ~10(-
108 s=1 rate which the M&ssbauer technique can sense. It is of great interest that the low-
temperature (LT) phase transition takes place at the temperature where the first Mbssbauer
spectrum change occurs and that the peak temperature of the high-temperature (HT) phase
transition is identical with the temperature at which the M8ssbauer spectrum becomes a single
average doublet. Moreover, the large temperature range involved in the HT-phase transition
fully overlaps the temperature region where the drastic spectrum change is occurring.
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To estimate the excess thermodynamic quantities associated with the phase transitions, a
“"normal" heat-capacity curve was determined by an effective frequency-distribution method
(ref. 22), The broken curve in Fig. 3 represents the normal heat capacity thus obtained. As
shown in Fig. 5, the transition entropy A S for [Fe, py, py] approaches a value of ~ R In 2
at the LT-phase transition. With a further increase in sample temperature, AS gradually
increases to become {30.58% 0.83) JK lmorl at temperatures far above the HT-phase tran-
sition. Since the entropy gain due to valence-detrapping is either R In 3 or R ln 4, the
observed transition entropy (~ R In 39.6) obviously contains extra contributions other than
the intramolecular electron~transfer. A clue to the extra candidates lies behind its crystal
structure, A drawing of the molecular packing in the valence-detrapped HT-phase is shown in
Fig. 6 (ref. 14). Along the (3 axis, Fe3zO complexes and solvate molecules occupy alternating
sites of 32 symmetry. That is, each pyridine solvate molecule is sandwiched between two
Fez0 complexes, The plane of the pyridine solvate molecule is perpendicular to the Fe30
plane. As required by the presence of the (3 axes along which the Fe30 complexes are
stacked, the pyridine solvate molecules are disordered (at least three orientational positions).
Solid-state 2H NMR data on the deuterated pyridine sample also showed that the pyridine
solvate molecule converts from being static to dynamically interconverting between twelve
different orientations (ref. 14). The plane of the pyridine molecule jumps between three
positions about the crystallographic €3 axis. In each planar position, the pyridine solvate
molecule librates between four positions, each with two carbon atoms on the (3 axis (Fig. 7a).
If each Fe30 complex converts from being statically distorted in one state to interconverting
dynamically between three vibronic states when the complex is heated from low temperatures,
this contributes R In 3 to the entropy gain. The sum of R In 3 for the Fe3O constituents and
R In 12 for the solvate molecules gives A S = 29.79 JK Mmool =L This value agrees well with the
observed A S B (30.58+0.83) JK 1 morl, This fact provides conclusive evidence that the
intramolecular electron-transfer does proceed in cooperation with orientational disordering of
the solvate molecules. In fact, although the pyridine solvate molecule in permanently
distorted nonmixed-valence complex [Fe(III)2Co(II)O(02CCH3)g(py)3l{py) undergoes free ring-
rotation about its pseudo Cp axis even at low temperatures and the plane of the pyridine
molecule jumps between three positions about the crystallographic €3 axis at high temperatures
(Fig. 7b), this complex does not exhibit a phase transition but a broad heat-capacity hump
centered around 150 K (ref. 20). The observed entropy gain (10.3 JK~1mol~ ) accords well
with the expected value, R1ln 3 (= 9.13 JK‘lmol‘l).

For the mixed-valence complex [Mn, py, pyl, in which only the central iron ions of [Fe, py,
py] are substituted for manganese ions, its transition behavior is drastically altered (ref.
15). As shown in Fig. 8a, this complex brings about a sharp first-order phase transition at
184.7 K and the transition entropy (Fig. 5) amounts to 35.77 JK-1mol-1 (ref. 10). Variable-
temperature 2H NMR data of the deuterated pyridine complex (ref. 18} revealed that each
pyridine solvate molecule is rapidly reorienting about its local pseudo (g axis and, moreover,
the pyridine plane jumps between three positions about the crystallographic C3 axis, in each
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of which the pyridine plane is tilted from the (3 axis by ~15° (Fig. 7¢). In this case, the
expected entropy gain due to the solvate molecule would be R ln 18. If one assumes that four
minima in the mean-field potential surface are established in the Valence—detrap{ped HT-phase,
its entropy gain is R In 4. The sum of these two contributions (35.56 JK~1mol~ ) agrees with
the observed value 35.77 JK~lmol-1,

As in the case of [Mn, py, pyl, the mixed-valence complexes [Fe, py, CHCl3] and [Fe, 4-Me-py,
CHCl3] showed a single-step first-order phase transition. As shown in Fig. 8b, [Fe, py,
CHCI3] exhibited a phase transition at 208 K with A S B (28.10%£0.44) JK~lmol~1 (ref. 17),
while [Fe, 4-Me-py, CHCl3] showed a phase transition at 94 K with A S = (17.18 +1.42) Jx-1
mol™1 (ref. 19) (see Fig. 5). These transition temperatures just correspond to those at which
the third quadropole-split doublet arising from the electron-delocalized state appears in their
Fe M8ssbauer spectra (ref. 16). Variable-temperature 2H NMR of the deuterated chloroform
complexes (refs 16,19) revealed that the CHCl3 solvate molecules in [Fe, py, CHCl3] coopera-
tively convert from being static in one lattice position to jumping between eight positions in
the phase transition, whereas the CHCl3 molecules in [Fe, 4-Me-py, CHCI3] only start jumping
between two positions where the C-H vector is either pointing up or down along the (3 axis
(Figs. 7d and 7e). The valence-detrapping phase transition in both cases involves each Fej0O
complex converting from being statically trapped in one vibronic state to dynamically inter-
converting between four vibronic states. For both complexes this contributes A S = R In 4.

As compared in Table 1, the observed transition entropies for these two complexes also agreed
with the calculated values.
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Fig. 7. Orientational disordering of the solvate molecules in the crystal
lattice. (a) Pyridine in [Fe, py, py] (ref. 14), (b) pyridine in [Fe(IIl)p-
Co(II)O(02CCH3)g(py)3l(py) (ref. 20), (c) pyridine in [Mn, py, py] (ref. 18),
(d) deuterated chloroform in [Fe, py, CHCI3l (ref. 16) and (e) chloroform in
[Fe, 4-Me-py, CHCIg] (ref. 19).
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TABLE 1.

A simple but fundamental question arises here as
to why only the [Fe, py, py] complex exhibits two
phase transitions (a first-order phase transition
at low temperatures and a higher-order one at high
temperatures) in comparison to a single first-order
phase transition in other complexes with R 32
symmetry. Stratt and Adachi (ref. 23} took an
imaginative and insightful approach to developing
a theoretical model for the phase transitions in
the mixed-valence Fe3O complexes, although the
effect of solvate molecule dynamics was ignored.
Their phase diagram is shown in Fig.9. When the
ratio (Jo/Jy) of two interaction energies Jp and Jq
is less than ~0.78, their model brings about a
single first-order phase transition, while for an
appropriate range (0.78 < Jo/Jy < 0.92) double
phase transitions are possible: one is of a first-
order and the other is of a second-order.

Phase transitions in the trinuclear complexes with lower
symmetry than R32

When the pyridine ligand molecule is replaced by
a meta-substituted pyridine (3-methylpyridine),
the resultant symmetry of the mixed-valence com-
plex [Fe(IIl)gFe(II)O(09CCH3)5(3-Me-py)31S is
considerably lowered. Compounds having

either S = 3-Me-py or S = toluene crystallize in

Entropy gain at the phase transitions observed in the mixed-valence
complexes with the formula [M(III)gM'(II)0(02CCH3)gL3]S (in the unit of JK lmol=l),

Complex

Entropies

To/K

M M L S ASM*L  AS(SH2 A S(caledf 3 A S{obsd)
Fe Fe Py Py 112, 191 R 1n 3 R In 12 29.179 30.58+0.83
Fe Co Py Py 150 -—— R In 3 9.13 10.3

Mn Mn Py Py 185 R ln 4 R 1n 18 35.56 35.717
Fe Fe Py CHCl3 208 R 1n 4 R 1ln 8 28.82 28.10+0.44
Fe Fe 4-Me-py CHCl3 94 E ln 4 R 1ln 2 17.29 17.18+1.42
Fe Fe 3-Me-py 3-Me-py 181, 282 R 1In 3 R 1ln 2 14.90 13.71%0.65
Fe Fe 3-Me-py toluene 293 R 1In 3 R 1In 2 14.90 15.07

% 1: Entropy gain due to the M30 complex, % 2: entropy gain due to the solvate molecule S,

%*3: AS(calcd) B A S(M) + AS(S

).
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the triclinic space group PT (ref. 24). Their 57Fe M8ssbauer spectra (ref, 24) show two
quadropole-split doublets in the area ratio of two (high-spin Fe(III)) to one (high-spin
Fe(II)) at temperatures below ~100 K. Increasing the sample temperature above ~ 100 K leads
to the appearance of a third average-valence doublet with a small spectral area. Eventually
the spectrum changes to become a single-average doublet at high temperatures. In contrast
to the complexes with R 32 symmetry, however, X-ray structural work carried out at 298 K
(ref. 24) has revealed that the FegO triangles of these complexes are not exactly equilateral.
Moreover, the solid-state packing arrangement consists of Fe30 units arranged two-dimen-
sicnally in layers with the solvate molecule located in an open space made by three neigh-
boring FezO molecules. These Fe30 complexes adopt a conformation with all three 3-methyl-
pyridine ligands approximately perpendicular to the Fe30 plane.

One may ask how these low-symmetiry complexes manifest phase transitions in comparison to
those of the R 32 complexes. Figures 10a and 10b represent molar heat capacities of [Fe,
3-Me-py, 3-Me-pyl (ref. 25) and [Fe, 3-Me-py, toluene] (ref. 26), respectively. As listed in
Table 1, their transition entropies are (13.17+0.65) and 15.07 JK‘lmol‘l, respectively. Since
the FegO triangles in these complexes cannot take equilateral form in the valence-detrapped
HT-phase, the entropy gain arising from the intramolecular electron-transfer would be expected
to be R1ln 3 (= 9.13 JK"lmol"l) at most. Therefore, the remaining entropy gains are
attributable to the onset of molecular motions of the solvate molecules at the phase transition.
A single crystal 28 NMR study of the deuterated complexes (ref. 24) shows that at room
temperature the 3-methylpyridine and toluene solvate molecules are jumping between two lattice
positions as shown in Fig. 11. Consequently, the expected entropy gain due to the solvate
molecule is R In 2 for both the complexes. As can be seen from Table 1, the sum of these two
contributions (14.90 JK'lmol"l) accounts for the observed values very well.

CONCLUDING REMARKS

Intramolecular electron-transfer events in the mixed-valence iron complexes were initially
studied by Fe M8ssbauer spectroscopy. Dramatic change in the spectrum was the
conversion from a valence-trapped state at low temperatures to a valence-detrapped state at
high temperatures on the time scale of 5Tre M8ssbauer spectroscopy (~107—108 s'l). At this
stage, however, one could not conclude whether the interconversion rate would be altered
abruptly or gradually with a change in temperature. For the former case, one can expect
phase transition phenomena but for the latter case no phase transition or a very sluggish one.
Since calorimetry belongs to an experimental method characterized by the slowest time-scale,
it serves as a powerful tool to see whether a phase transition exists or not. Our calorimetric
studies clearly revealed that the intramolecular electron~transfer in the solid state does
proceed via phase transition(s). Moreover, the entropy gains at the phase transitions
provided conclusive evidence of the interplay of the intramolecular electron-transfer and the
orientational disordering of the solvate molecules in the lattice. The solvate molecules

assist the intramolecular electron-transfer not only as a spacer in the lattice making room for
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the large-amplitude motion of a mixed-valence complex, but also as an interaction path between
the mixed-valence complexes. Interaction between the distortion dipole of a mixed-valence
complex and the permanent dipole of a given solvate molecule seems to be responsible for the
mechanism of phase transitions. Needless to say, one cannot elucidate what has happened at
a microscopic level solely from calorimetric studies. In the present paper, all the conclusions
have been based not only on calorimetric results, but also those derived from various
spectroscopic and structural studies. The importance of the complementary nature of macro-
scopic and microscopic aspects should be again emphasized.
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