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Heat-capacity measurements were performed for rubidium and cesium cyanide crys-
tals between 15 and 300°K. It is found that each crystal has only one anomalous peak

in its heat capacity curve, being located at 110.3°K and 193.1°K for rubidium and cesium

cyanides, respectively. By the comparison of the present data with those for potassium
and sodium cyanides, it was shown that these anomalous heat capacities can be interpret-
ed in terms of the orientational ordering processes of cyanide ions in the crystals. It
was suggested that there should exist the residual entropy due to the frozen-in state in
their orientational configuration and they were estimated as R In 4 for rubidium cyanide
and R in 2 for cesium cyanide.

In the two previous papers, 1,2) we have
reported the results of our investigation on

potassium and sodium cyanide crystals. In
each salt we have found two kinds of phase
transition which were interpreted as the ori-
entational order-disorder phenomenon with
respect to the distinction of carbon and ni-
trogen atoms in cyanide ion as well as to the
random orientation of the carbon to nitrogen
bonds. As a series of our study concerning
the orientational motion of cyanide ion, we
have studied the phase transition phenomenon
of rubidium and cesium cyanides with paying
special attention to the effect of the difference
of their size of cation on the orientational
motion of cyanide ion.

According to the X-ray analysis by Lely,3)
rubidium cyanide is of NaCl-type, while ce-
sium cyanide is reported to have CsCI-type at
room temperature. This is in contrast to the
fact that both potassium and sodium salts
have the same NaCl-type.

Thus, it seems interesting to study the ef-
fect of the difference of size of cation in rubi-
dium salt and further of the difference in
crystal structure for cesium cyanide on an ap-

pearance of phase transition.
We have measured heat capacity of these

salts between 13 and 300°K and found only

one anomalous peak of the heat capacity in
each salt. This remarkable difference in the
behavior of the temperature dependence of
their heat capacities was attempted to interpret
in connection with the thermal motion and
ordering process of cyanide ion in the crys-
talline field.

Experimental

Samples. a) Rubidium Cyanide.4) Commercial
rubidium hydroxide (Nakarai Chemicals Co., Ltd.)
was dissolved in the absolute ethyl alcohol and the
insoluble substances supposed to be mainly of rubi-
dium carbonate were removed by filtration. Liquid
hydrogen cyanide was then poured slowly to the
phase separated solution which consisted with liquid
benzene over the ethanol solutions mentioned above.
Rubidium cyanide crystal was first produced at the
interfacial layer and then it was deposited to the
bottom of the container with a solution of absolute
methyl alcohol and absolute diethylether. After the
product was filtrated, the sample was recrystallized
twice from the solution of water and methyl alco-
hol. The final product thus obtained was dried in
vacuo (about 10-3mmHg) carefully for several hours
at 120℃ to remove the solvents completely.

b) Cesium Cyanide. The crystal was prepared
by the same method as mentioned above. The cesi-
um hydroxide used for preparation is the product
of Nakarai Chemicals Co. Ltd.

By a spectroscopic analysis, all the impurity con-
tents of carbonate ion were confirmed to be le-s
than 0.1 mole percent, and the traces of metallic
ions (Na+, K+, Si2+, Mg2+, and Ca2+) were also
found.

*1 Read before the 17th and the 18th Annual
Meetings of the Chemical Society of Japan at Tokyo
(1964) and at Osaka (1965).1) H

. Suga, T. Matsuo and S. Seki, This Bul-
letin, 38, 1115 (1965).

2) T. Matsuo, H. Suga and S. Seki, ibid., 41, 583
(1968).3) J

. A. Lely, 1942, Dissertation, Utrecht, pp. 84. 4) J. Meyer, Z. anorg. Chem., 115, 207 (1921).
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Heat-Capacity Measurement. Measurements of
heat capacities were made on the sample of 0.2899
mol of rubidium cyanide and 0.2357mol of cesium
cyanide, sealed in a gold calorimeter cell (18K)
with a small amount of helium gas. The low-tem-
perature adiabatic type calorimeter, the details of
which were described in the previous paper,5) was
used between 15°K and 300°K.

The reported values are based on a formula

weight of 111.49 for rubidium cyanide and 158.92
for cesium cyanide, and also on the basic relations
0℃=273.15°K and 1cal=4.1840 abs. joules. Tem-

perature measurements were carried out with plati-
num resistance thermometer calibrated in terms of
the International Temperature Scale between 90
and 500°K and the provisional scale of the National

Bureau of Standards between 11 and 90°K.

Experimental Results

Heat Capacities. The heat capacities ob-

tained from 15 to 300°K are listed in Table 1

for rubidium cyanide and in Table 2 for ce-
sium cyanide. The heat-capacity curves are-

given in Figs. 1 and 2 for rubidium and cesi-
um cyanides, each of which shows only one
phase transition, respectively.

Thermodynamic Properties. Thermal da-
ta on phase transition are listed in Table 3
and the thermodynamic functions are given in
Table 4 for rubidium cyanide and Table 5 for
cesium cyanide. The values below 15°K are

obtained by extrapolation on the assumption
of the Debye T3-law. As is shown in the

previous paper,5) the error in the values of the
heat capacity is within ±0.3% above liquid

nitrogen and ±1% in liquid hydrogen temper-

ature regions, respectively.

TABLE 1. HEAT CAPACITIES OF RUBIDIUM CYANIDE

5) H. Suga and S. Seki, This Bulletin, 38, 1000 (1965).
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(Table 1 continued)

TABLE 2. HEAT CAPACITIES OF CESIUM CYANIDE
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(Table 2 continued)
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(Table 2 continued)

Fig.1. Heat capacity curve of rubidium cyanide.



1752 Masayasu SUGISAKI, Takasuke MATSUO, Hiroshi SUGA and Syuzo SEKI [Vol. 41, No. 8

TABLE 3. THERMODYNAMIC PROPERTIES OF PHASE TRANSITIONS
FOR RUBIDIUM AND CESIUM CYANIDES

TABLE 4. THERMODYNAMIC PROPERTIES OF RUBIDIUM CYANIDE IN cal/ (mol degK)

Fig.2. Heat capacity curve of cesium cyanide.
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(Table 4 continued)

TABLE 5. THERMODYNAMIC PROPERTIES OF CESIUM CYANIDE IN cal/ (mol degK)

Discussion

Behavior of Thermal Motion of Cyanide-
groups. In order to investigate the mode of
motion of the cyanide-group in these cyanide
crystals, the torsional heat capacity was sorted
out from the total heat capacity by following
the same procedure taken in the previous
papers.1,2) By assuming the simple harmonic
oscillation model for each cyanide group and
also by making a flat portion in the Debye-
temperature curve with suitable estimation of
their oscillator frequencies, we have obtained
the wave numbers of 185cm-1 and 160cm-1
for rubidium and cesium salts, respectively.
Further, we have estimated the contributions
of torsional motion of the cyanide-groups to
the heat capacities which are given in Fig. 3.
The potential barrier heights for the torsional
motion at higher temperature, i. e. for the
hindered rotational motion derived from these
curves based on the Pitzer-Gwinn methods) are
8.0 and 7.4kcal/mol for the low temperature
phases of rubidium and cesium cyanides, re-
spectively. Finally this motion approaches the
state of the free rotation where the heat
capacity amounts to 2cal/mol degK per two
degrees of freedom. The fact that the heat
capacity at room temperature is about 3cal/
mol degK in the range of relevant temperature

Fig.3. Torsional heat capacity curves of cyanide-

groups.
A: rubidium cyanide.
B: cesium cyanide.
C: assumed harmonic oscillator with its wave

number ω=185cm-1.

D: assumed harmonic oscillator with its wave
number ω=160cm-1.

shows that the rotation of the cyanide-group
is still hindered considerably. The potential
barrier heights of this hindered rotational
motion are 1.7 and 1.1kcal/mol for rubidium
and cesium cyanides, respectively. It may be
noted here that the potential barriers hindering
the rotation of the cyanide-group estimated
above are comparable with those for sodium
and potassium cyanides.

6) K.S. Pitzer and W.D. Gwinn, J. Chem. Phys.,
10. 428 (1942).
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Possible Existence of the Residual En-
tropy. a) Rubidium Cyanide. In this
compound we can observe only one peak of
anomalous heat capacity at about 110°K.

The value of entropy associated with amounts
to be 1.38 e.u. which is corresponding to
R In 2. This circumstance is markedly dif-
ferent from those of sodium and potassium
cyanides in which two anomalous heat capac-
ities are observed. They have been inter-
preted in terms of the stepwise cooperative
phenomena concerning the reorientational mo-
tion of the cyanide-group in the crystalline
phase. The cubic symmetry of the rubidium
cyanide crystal at room temperature suggests
that all cyanide-groups may orientate them-
selves equally at random in the directions of
four body-diagonals of its unit cell as in the
case of the highest temperature phases of
sodium and patassium cyanides. In this case,
the configurational entropy with respect to
the possible orientations of the cyanide-groups
comes out to be R In 8 if we can distinguish
the individuality of carbon and nitrogen
atoms. The amount of observed entropy
change of R In 2 at the transition point leads
us to expect that the configurational entropy
in the low-temperature phase might be R In-
(8/2)=R In 4. As one of the explanation of
such a value of entropy change as R In 2,
we may refer to Parry's model" for the low
temperature phase of rubidium cyanide. Based
on the detailed X-ray analysis of the meta-
stable monoclinic phase of potassium cyanide,
he proposed that the crystal structure of the
low temperature phase of rubidium cyanide is
closely similar to the disordered structure of
the metastable monoclinic phase of potassium
cyanide. In this metastable phase, all cyanide-
groups are at rest with their principal axis
approximately parallel to the one direction of
body-diagonals of the original cubic phase,
the potassium ions being displaced alternately
vertical to (110) plane by about 1/4A, as is
shown in Fig. 4.

If the two kinds of y-parameter of the po-
tassium ions are assumed to be zero and the
new axis is taken as,

here, [a]i and [102]i represent the a-axis and
direction of [102] of the original monoclinic
cell, respectively. Then, the dimension of
new unit cell becomes as follows;

Comparing these dimensions with those of
rubidium cyanide, the differences in the axial
lenghts a, b and c of the two unit cells are

Fig.4. Proposed structure for the monoclinic
low-temperature form of potassium cyanide
projected on to [010]i which corresponds to
[110] of the original cubic cell. The displace-
ment y(K+) is perpendicular to the plane of
this figure and has been established experi-
mentally to be of the order of 1/4A. The
orientation of the cyanide-group has not yet
been experimentally confirmed, but is based
on a self-consistent interpretation of the cell
dimensions.7)

found to be 0.28, 0.35 and 0.31A, respec-
tively. Taking into account of the difference
in ionic radii between the potassium and the
rubidium ions, it gets clear that this unit cell
seems to correspond to the unit cell of the
low temperature phase of rubidium cyanide,
its dimensions being a=4.78, b=4.88, c=
6.67A and β=94.5°.

Therefore it may not be so unreasonable
to suppose that the cyanide ions are in the
disordered state with two kinds of their orien-
tation. If the carbon and the nitrogen atoms
of the cyanide-groups are distinguished in
this phase, the entropy change of R In 2 may
be explained on this model.

Furthermore, the behavior of the rest of
configurational entropy in low temperature
region below 13°K will be an interesting

problem. In our present measurement of the

heat capacity from 13 to 320°K, no further

anomalous heat capacity in addition to the

anomaly at 110°K was observed. This implies

that the degree of orientational freedom of
the cyanide-group in low temperature phase
will freeze and this frozen-in state will persist
down to the lowest temperatures. Comparing
the potential barrier (8kcal/mol) hindering
the rotation of the cyanide ions with the
thermal excitation energy, it seems reasonable
to suppose that there may persist the residual
entropy of R In 4 at the absolute zero.7) G. S. Parry, Acta Cryst., 15, 596, 601 (1962).
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Fig.5. The potential curves hindering the reorientation of cyanide groups of
low temperature forms of potassium and sodium cyanide crystals.8)

b) Cesium Cyanide. The entropy change
of the phase transition of cesium cyanide at
193°K amounts to 2.6 e.u., nearly equal to

R In 4, which is equivalent to those of the
upper phase transitions of sodium and potas-
sium cyanides at 288.1 and 168.3°K, respec-

tively.
It is also shown that behavior of tempera-

ture dependence of torsional heat capacity of
cesium cyanide is quite similar to those of
both sodium and potassium salt, i.e., in each
case there appears hump of heat capacity near
the phase transition. Thus, it is concluded
that cyanide-groups are at rest along the three
fold axis of the unit cell below the transition

point, whereas they are in hindered rotational
state above the transition point. This con-
clusion is consistent with the crystal structure
determined by X-ray analysis.

The fact that the lower phase transitions
of sodium and potassium cyanides are reason-
ably interpreted in terms of order-disorder

phase transition with respect to the distinc-
tion of carbon and nitrogen atoms of cyanide-

groups suggests that there is also the possi-
bility of appearance of another phase transition
of this kind for cesium cyanide. As a matter
of fact, however, we cannot find any further
anomalous effect in its heat-capacity curve.

Consequently, the situation of cyanide-group
in the low-teperature form of cesium cyanide
crystal is such that the cyanide-groups are at
rest along the three fold axis with no distinc-
tion of their heads and tails. This implies
that a temperature region exists where the
cyanide-groups are frozen in its fixed orien-
tation and can no longer reorientate them-
selves.

The Appearance of the "Frozen-in"
State and the Potential Barrier Hindering
the Reorientation of Cyanide-groups. It
is not definitely clear as to the reason why
the cyanide-groups of rubidium and cesium
cyanides behave differently from those of
sodium and potassium cyanides in spite of
the fact that they have nearly equal amount
of potential barriers. It must be mentioned,
however, that the potential barrier-height
obtained from the analysis of the calorime-
tric data is such an averaged one over all pos-
sible directions, and it seems possible that a
symmetry difference of the unit cell of potas-
sium and sodium salts from the others may
give rise to a somewhat lower barrier-height-
favourable to reorientation of cyanide-group
in particular direction.

According to Nagamiya and Matsubara's.
calculation8) for the case of the low tempera-
ture modification of sodium and potassium
cyanides, the potential curve hindering the
reorientation of cyanide-group has an aniso-
tropy, i.e., the potential barrier-height in the
direction of c-axis is larger than that in the
direction of a-axis. In the case of sodium
cyanide this anisotropy is not so large, but in
the case of potassium cyanide the anisotropy
is so much larger that barrier-height along
c-axis is larger by twice than that along
a-axis (see Fig. 5). Moreover, it is charac-
teristic to sodium or potassium cyanides that
there exists a saddle point in the respective
potential curves. Therefore, this saddle point
provides a high transition probability concer-
ning the reorientational motion of cyanide-
group. Following the method used by Naga-

8) T. Matsuhara and T. Nagamiya, Scientific
Papers from the Osaka University, No. 14, 17 (1949).
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(a)

(b)

Fig.6. (a) The potential curve hindering the
reorientation of cyanide group of the low tem-
perature form of cesium cyanide crystal.
(b) The unit cell of low temperature form
of cesium cyanide crystal. This crystal struc-
ture is of a deformed CsCl-type. Hollow
circles represent cesium ions, and a shaded
deformed circle stands for cyanide group.

miya and Matsubara we have calculated the
potential curve hindering the reorientation of
cyanide-group of cesium cyanide. In this
case the interaction due to a quadrupole effect
will be neglected for approximate estimation
of an anisotropy of the potential curve. The
results obtained is given in Table 6. In the
table W-- stands for the repulsive potential
due to interaction between cyanide-groups,
W+- the repulsive potential for the interac-
tion between cesium and cyanide-groups.

The potential form obtained is depicted in
Fig. 6. As is seen there is no distinct aniso-
tropy and the possibility of saddle point with
appreciable low value is not expected.

TABLE 6. THE REPULSIVE LARTS OF THE
HINDERING POTENTIAL FOR THE ROW-

TEMPERATURE FORM OF CESIUM
CYANIDE CRYSTAL (in kcal/mol)

Accordingly it may be said that the real-
ization of orientational frozen-in state of rubi-
dium and cesium cyanides is closely related
with the nonexistence of the appreciable
anisotropy or a saddle point in their poten-
tial curves.

Finally, based on the same viewpoint we
should like to infer the occurrence of a meta-
stable phase of potassium cyanide. The sad-
dle point of potassium cyanide is lower than
that of sodium cyanide, so that the state pro-
bability on the saddle point, which corre-
sponds to the [111] direction of the high tem-
perature form, is larger for potassium cyande.
In that case all cyanide-groups are frozen in
the [111] direction of the original cubic form,
and this structure is really corresponding to
the monoclinic metastable phase. The cor-
respnding one of sodium cyanide has not been
found. This fact is certainly connected with
the difference of the height of the saddle
point in these two salts.
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