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Synopsis. Mechanism of the ferroelectric phase
transition in potassium hexacyanoferrate trihydrate is dis-
cussed from static and dynamic points of view, and a new
model is proposed. The model takes into account four
states as accessible for a water trimer, instead of two in
the earlier model. If the four states were equally prob-
able in the disordered phase, the predicted transition en-
tropy is R In4 compatible with the experimental value.
It is expected that a glass transition, if possible, occurs at
50—60 K for the model. Since the anomalous heat capac-
ity in this temperature region is effectively zcro, the model
is consistent with absence of a glass transition. Occupancy
fractions of hydrogen sites are given for the earlier and the
present models.

There are three aspects of interest in the property
of orientationally disordered crystals. First, what is
the molecular unit of disorder in the crystal? Second,
is the disorder static or dynamic? and if dynamic,
how rapid is the molecular reorientation? And third,
at what temperature does the disorder change to
order? The first and third are equilibrium aspects
and can be studied by structural and thermodynamic
methods. The second is the kinetic property and
has been studied rather independently of the other
two by NMR, dielectric and other spectroscopic me-
thods. However, it has been shown recently that
precise measurement of the heat capacity, a typical
equilibrium property, can be used for study of molec-
ular motion in a number of orientationally disordered
crystals including molecular, ionic and hydrogen-bond-
ed crystals.) The principle involved here is simple
and may be summarized as follows. A relaxational
heat-capacity anomaly occurs at the temperature at
which the molecular relaxation time becomes compar-
able with the time required for a single heat-capacity
measurement, typically 102—10%s. An important
proviso for the anomaly, glass transition, to be observed
is that orientational heat capacity has to be appreciable
at that temperature. When such a situation prevails
in a stable (as opposed metastable) crystal, formation
of a glassy state is an unescapable result. If one does
not find a glass transition in a careful measurement
of the heat capacity of a substance, one can conclude
that molecular reorientation is sufficiently rapid in
the relevant temperature range. In this note we shall
supplement the previous paper on the calorimetric
study? of the phase transition in potassium hexacyano-
ferrate trihydrate K,[Fe(CN),]-3H,O and the deuterate
analogue in the light of above argument.

Figure 1 reproduces the anomalous heat capacity
of K,[Fe(CN),]-3H,0 and K,[Fe(CN),]-3D,O. The
anomaly extends from the transition temperature (250
K (H,0), 255 K (D,0O)) down to 110 K. The en-
tropy of transition is 12.4 J K-1 mol-* (H,O) and 14.3
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Fig. 1. Anomalous part of heat capacity of K,[Fe-

(CN)¢]-3H,O and K,[Fe(CN)]-3D,0.

JK-1mol1 (D,O) (=RIn4 or more). According to
the neutron diffraction,® the crystal contains trimers
of water molecules. The trimer itself is polar as
shown in Fig. 2. It has been suggested that the fer-
roelectricity originated from the parallel alignment of
the polar trimer. This model leads to the transition
entropy of RIn2 (=5.76 J K-1 mol~!) because there
are two orientations for each of the trimer as shown
schematically in Figs. 2(a) and (d). The predicted
entropy is too small to account for the experimental
value.

An alternative model proposed here assumes four
states per water trimer. The two states (b) and (c)
of Fig. 2 are assumed in addition to the states (a) and
(d). The state (a) is symmetry-related to (d) and (b)
to (c), but states (a), (d) are not equivalent to (b) or
(c). However, all of hydrogen atoms are engaged
in hydrogen bonding in any of the four arrangements.
Therefore we may neglect difference in their energy
for the moment. The transition entropy is Rln4 for
this model in agreement with the experiment.

The kinetic aspect of the model is considered next.
Clearly the rearrangement from one state to the other
proceeds through the reorientation of water molecules,
and as such it is related to librational mode of water
molecule. The relaxation time of such rearrangement
is usually described by Arrhenius expression r=1exp-
(AH,/RT). The pre-exponential factor 7, will be of
the order of magnitude 10714—10-15s, since it may
be equated to 1/(2nv) where » is the vibrational frequ-
ency of the librational mode. Similar situations were
found to be adequate for relaxation times in the glass
transitions of orthoboric acid and stannous chloride
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Fig. 2. Arrangements of hydrogen atoms in the hydrogen-bonded system composed of three water

molecules and the surrounding nitrogen atoms.

dihydrate crystals.%% The activation enthalpy may
be equated to the order of the energy for breaking

of the hydrogen bond. The energy of relatively long
hydrogen bonds is 15—25 k] mol-1.) Waldstein et al.”
estimated 15 k] mol-! per bond for the potential bar-
rier hindering the reorientational motion of the mol-
ecule in ice. The same value was also found from
the thermodynamic study of the glass transition in
orthoboric acid crystal.¥) Therefore the activation
enthalpy per bond is estimated to be 15—20 kJ mol-?
for the present crystals. :

If the rearrangement from (a) to (d) in Fig. 2 proce-
eded through the simultaneous reorientation of three
water molecules, then the activation enthalpy for the
process would be estimated to be 45—60 k] mol-1. Since
the glass transition takes place when the relaxation time
becomes the order of 1ks, this activation enthalpy
corresponds to the glass transition temperature of 140—
190 K. Here we took 7,=8x10"1%s from experi-
mental value for SnClL,-2H,O. If this were really
the case, the glass transition would have been observed
because the configurational contribution to the heat
capacity is large enough in this temperature region
as shown in Fig. 1. The glass transition, however,
was not observed in the actual calorimetric measure-
ment.?) This indicates that the process assumed above
is incorrect.

Next, the alternative model including states (b) and
(c) is examined. The process (a)«<(b), (b)<(c), or
(c)«>(d) may be interpreted as the transfer of a Bjerrum
I. defect. In this case the activation enthaply will
be 15—20 kJ mol—! because it involves disruption of
only one hydrogen bond. Using the same 7, as above
one obtains 50—60 K for the glass transition temper-
ature. The glass transition will not be observed in
this case because the configurational heat capacity is
practically zero at this temperature. This agrees with
the experimental result that the glass transition does
not occur in this crystal.

At the same time, the assumption that the four
states (a)—(d) occur equally probably in the high
temperature disordered phase would be reasonable
because they all involve one L defect in common.
Thus, by allowing the intermediate states (b) and (c)
as well as the states (a) and (d) in the disordered
phase, one can interpret consistently both the observed
entropy of transition and absence of glass transition
in this compound. A direct test of the model proposed
here, including the validity of the energetical equiva-
lence of the four arrangements, may be obtained from
precise determination of the occupancy fraction of the

hydrogen sites at different temperatures by neutron dif-
fraction. The symbols H,, H,:-- in Fig. 2(e) represent
hydrogen sites in a water trimer. Now let «, 8, v, 6, &,
¢, 7, and 0 denote the occupancy fraction for H,,
H,, H, H,, H,, H,, H,, and H,, respcctively. If
the energy of states (b) and (c) in Fig. 2 were higher
in the disordered phase by E than that of (a) and
(d), the fraction would be given as follows; a=0=
(1/2)[1+2exp(—E[RT)]-[1+-exp(—E[RT)]?,  p=1
=1, y=C0=(1/2)[1+4-exp(—E/RT)]™, and d=¢=1/2.
In the earlier model taking only the states (a) and (d)
as accessible into account, a=0=1/2, f=9=1, y=(=
1/2, and 6=¢=1/2 in the disordered phase. In the
limiting case of E=O0, where the four states (a)-(d)
in Fig. 2 are allowed equally probably, we obtain
a=0=3/4, f=n=1, y=C0=1/4, and §==¢=1/2. Thus
the two models predict different occupation fractions
of proton or deuteron in each site. The earlier neutron
diffraction data have been analysed a priori with a=
0=1/2, p=1=1, y=C(=1/2, and §=¢=1/2. New dif-
fraction experiment as well as reinvestigation of the
earlier neutron diffraction data will be interesting
because the proposed model is a modification of the
half-hydrogen model of hydrogen bonding that has
been used so extensively.
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Note added in proof

Helwig, Klopperpieper, and Miiser measured recently the
spontaneous polarization and heat capacity of K,[Fe(CN)4]-
3H,O in a limited temperature range covering the transi:
tion point) (Ferroelectrics, 18, 257 (1978)). Their data
support our conclusion on a phenomenological level.





