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There have been many investigations of the 

orientational order-disorder phenomena of 

ammonium ions in the crystalline state. Among 

these, the most comprehensive have been those 

of ammonium halides. In the case of ammo-

nium chloride, it has been revealed from 

various experimental facts1-4) and from theo-

retical considerations5)that a.λ-type anomaly

.at -38℃ in the heat capacity curve can be

explained by the co-operative transition from 
an uniquely defined orientational state to two 
equally-probable states with respect to the 
NH4+ ion. 

X-Ray structural study of the (NH4)2CuCl4-
2H2O crystal6) shows that the crystal lattice is,

roughly speaking, composed of three units 
NH4+, Cl-, and CuCl2.2H2O , with the result 
that the inter-ammonium distance of ammonium 
chloride is enlarged two-dimensionally by the 
introduction of CuCl2.2H2O. It will , therefore, 
be of some interest to study an orientational 
ordering process of such a linearly-arranged 
ammonium ion system and to compare the 
results with those of an isotropically-arranged 
one found in ammonium chloride. 

The present paper will report on the ther-
modynamic properties of (NH4)2CuCl4.2H2O
and K2CuCl4.2H2O crystals from 13 to 310°K

The latter crystal was selected as a reference 
material because it belongs to the same crystal 
system (D144h-P4/mnm) as the former and in-
volves a spherical cation, K+, with an ionic 
radius nearly equal to that of the NH4+ ion. 

Experimental and Results 

The Preparation of Samples.-The potassium 
copper chloride dihydrate, K2CuCl4.2H2O, is

the double salt of KCl and CUCl2.2H2O, while 
the ammonium copper chloride dihydrate, 
(NH4) 2CuCl4.2H2O, is that of NH4Cl and 
CuCl2.2H2O. (NH4) 2CuCl4.2H2O (NH4-salt) 
was prepared from a mixed solution of their 
component substances and was purified by 
repeated recrystallizations.7) In the case of 
K2CuCl4.2H2O (K-salt), the crystal was pre-
pared according to the phase diagram8) of the 
KCI-CuCl2-H2O system. Commercial analytical 
reagents of the Wake Pure Chemical Industry 
Company were used for the preparation. 

Differential Thermal Analysis.-The freshly 
prepared specimens of NH4-salt are reported
to exhibit a thermal anomaly at about-22℃

on cooling.9) This anomaly is due to the 
freezing of occluded water, since there is no 
thermal anomaly in partly-dehydrated samples. 
In order to eliminate the excess water, the 
sample was dried over partly-dehydrated NH4-
salt in a desiccator for several weeks. In order 
to determine the temperature of dehydration, 
differential thermal analysis (DTA) and thermo-
gravimetric analysis (TGA) methods were 
applied to both crystals ; some interesting 
features due to the process of dehydration 
were thus found. The results are shown in 
Fig. 1. As the temperature is raised, K-salt 
exhibits two apparently separate peaks, at
about 93℃ and 116℃. In the case ofNH4-

salt, however, only one peak appears, at about

143.5℃,with a shoulder at 138℃.

Meyerhofferlo)has found., from dilatometric

study, a phase change fbr K-salt at 92.4℃and

has suggested the following decomposition

mechanis皿*:
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This mechanism was also verified by Vriens1 ) 
from vapor pressure measurements of K-salt 
and saturated solutions containing K-salt, KCI 
and KCuCl3. This transition corresponds just 
to the first peak in the DTA curve. The 
released water dissolves parts of the crystals 
and forms a saturated solution, so shat the 
solution evaporates at a much higher tempera-
ture than does the free water. The second 
peak which appeared on the DTA curve seems 
to correspond to the evaporation process, be-
cause its temperature depends markedly on the 
pressure of the surroundings. The temperature 
of the first peak, on the other hand, is almost 
not influenced at all when the pressure is 
reduced to 350 mmHg. The thermo-gravimetric 
analysis of K-salt revealed that the weight of 
the sample is the same, within the range of 
experimental error, before and after the first 
peak I, corresponding to the A- and B-stages 
in Fig. 1(a) respectively. However, when

Fig.1. Curves of the differential thermal

analysis: 1(a)f6r K2CuCl・2H2O and

1(b)for(NH4)2CuCl4・2H2O。

passing through the second peak II, at the C-
stage in the figure, the sample loses weight 

nearly equal in amount to the crystalline water 

involved. From these facts we may regard the 

phase changes at the I and II peaks to be as 
follows :

The occurrence of extra peaks in the DTA 

curve of hydrates due to the formation of a 

saturated solution is not uncommon.12) 

In the case of NH4-salt, the first peak appears 

on a shoulder of the second, so that a similar 

TGA method can not be applied to this salt.

From the fact that the crystal structure of 
NH4-salt is isomorphous with that of K-salt, 
we may also assume similar phase changes at 
the two successive peaks. 

The Heat Capacity of (NH4) 2CuCI4.2H2O 
and K2CuCl4.2H2O. - The low temperature 
calorimeter and the method of measurement 
are the same as those described in the previous 
report.13) The calorimeter contains 26.967g.
(0.09719mol)of(NH4)2CuCl4・2H2O and 31.127

g.(0.09740mol.)of K2CuCl4・2H2O with helium

exchange gas, respectively, in each experiment,.

Fig.2. Heat capacities of(NH4)2CuCl4・2H2O・

between the temperature range from 13°K to

310°K.

Fig.3. Heat capacities of KzCuCl4.2H2O betweerb

the temperature range from 13°K to 310°K.

Fig.4. Deviation of experimental heat capa一

cities of(NH4)2CuCl4・2H2O from a smoothed

curve.
11) J. G. C. Vriens, Z. physik. Chem., 7, 194 (1891). 
12) H. J. Borchardt and F. Daniels, J. Am. Chem Soc., 

61, 917 (1957). 13) H. Suga and S. Seki, This Bulletin, 38, 1000,(1965)..
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TABLE I. HEAT CAPACITIEs OF(NH4)2CuCl4・2H2O
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TABLE II. HEAT CAPACITIES OF K2CuCl4.2H2O

The experimental heat capacities listed in

Tables I and II are the ratios of the increase

in enthalpy,ΔH, to the rise in temperature,

ΔT, and are equal to the differential heat

capacity, Cp, only when the correction for 
curvature is negligible. Here, a defined calorie 
equal to 4.1840 absolute joules is used, and
the ice point temperature is taken as 273.15°K.

Also listed in Tables I and II are Tav, the 

arithmetic mean of the initial and final tem-

peratures of each measurement, and the an-

proximate temperature rise,ΔT. The experi-

mental heat capacities and the smoothed curves

of both crystals are shown in Figs. 2 and 3.14) 
The deviation plot of measured points from 
the smoothed curve are given in Fig. 4 for the 
sake of reference. 

As is shown in Fig. 2, the (NH4) 2CuCl4.2H2O 
crystal exhibits a heat capacity maximum at
200.50°K.The shape of the heat capacity curve

around this temperature is similar to that of.

14) The only heat capacity data on K-salt available for 
comparison is given by Kopp (" Landolt-Bdrnstein 
Physikalisch-Chemische Tabellen II," Berlin, 1923), whose
value,63.0 cal./deg. mol. at about 35℃, lies on the

extrapolated curve of the present data.
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TABLE III. THERMODYNAMIC PROPERTIES OF

(NH,)zCuCl,・2H2O(in cal./deg. mol)

the aniline hydrobromide crystal15)at theλ-

point, indicating that the phase transition is

of a higher order. On the other hand, the

KZCuCI,・2H2O crystal does not show any

thermal anomaly over the entire temperature

range investigated.

Thermodynamic Propertier of(NH4)2CuCl4・

2H2O and K2CuCl4・2H2O.-The values of the

heat capacity, entropy, enthalpy and the 

free energy function for NH4-salt and 

K-salt have been derived from the ex-

perimental heat capacities with the standard 
technique ; they are summarized in Tables

III and IV. The extrapolation to 0°K was

made by using the Debye formula. The error

of the smoothed heat capacity data is estimated

to be±1%below 60°Kand±0.3%above 60°K.

The values of entropy and free energy listed

TABLE IV. THERMODYNAMIC PROPERTIES OF

K2CuCl4.2H2O(in cal./deg. mol.)

in Tables III and IV do not include the 

magnetic contributions from copper ions. 

Haseda16) has recently reported the magnetic

transition of K-salt at about 0.8°K, correspond-

ing to the magnetic transition of the copper 
ion from the antiferromagnetic to the 
paramagnetic state. If the magnetic contribu-
tions were included in the thermodynamic 
functions of Tables III and IV, the values of 
entropy would become greater than the present 
values by about 1.3 e. u., while the values of 
free energy would be scarcely changed. On 
the other hand, the corresponding magnetic 
transition of NH4-salt has not yet been re-
ported. The NH4-salt has an isomorphous 
crystal structure with the K-salt, and has 
lattice constants nearly equal to that of the 
K-salt, that is, a0=7.58 A and c0=7.96 A for 
the former and a0=7.45A and c0=7.881

15) H. Suga, This Bulletin, 34, 426 (1961). 16) T. Haseda, private communication.
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for the latter. The corresponding magnetic 

transition can, accordingly, also be expected

for the NH4-salt around 1°K.

 The Anomalous Heat Capacity of (NH4)2CuCly• 
2H20.-As is mentioned above, NH4-salt gives 
a heat capacity anomaly. The excess heat
capacity seems to rise at about 120°K, reaches
amaximum value at 200.50°K, and then drops
rather rapidly. The anomalous heat capacity,

(dCp)cr, at this maximum temperature amounts
to 13.24 cal. deg-1 mol-1. On the other hand, 

K-salt does not show any such thermal 

anomaly. Accordingly, the thermal anomaly 

seems to be associated with a movement of 

the ammonium group of NH4-salt.
The entropy of transition,ΔStr, amounts to

1.945 e.u., and the enthalpy of transition,

ΔHtr,, to 387.7 caL moL-1 The procedure for

calculating these values may be worth mention-
ing in more detail, so it will be described 
below. 

In order to calculate the entropy and the 
enthalpy of transition, as well as the heat 
capacity associated with the ordering phenomena 
of the ammonium group, it is necessary to 
subtract the " normal " heat capacity from the 
experimentally-measured one. An ammonium 
ion has an excess of twelve internal degrees 
of freedom compared with a potassium ion. 
First of all, the contributions from these 
internal and torsional vibrations must be 
subtracted from the experimental heat capacity. 
Infrared or Raman data are, unfortunately, not 
yet known for this substance. However, it 
may not be unreasonable to assume that the 
values of the vibrational frequencies of the 
ammonium group in NH4-salt will be replaced 
by those of other ammonium salts, in which 
the situation of the ammonium ion is similar 
to that of the present salt; i, e., each of am-
monium ions is surrounded by a slightly 
distorted cube consisting of eight chlorine 
ions. The present crystal has an N-Cl dis-
tance of 3.35 A and an N-N distance of 3.98 A, 
distances which are comparable with those for 
ammonium chloride, where the N-Cl distance 
is 3.32 A and the N-N distance, 3.87 A. Thus, 
the values of the vibrational frequencies of 
the ammonium chloride crystal3) may be as-
sumed for the present crystal in calculating 
the contributions arising from the ammonium 
groups. The adopted values are as follows : 
vi=3040cm-1 (1), v2=1670 (2), v3=3100 (3), 
v4=1403 (3), and v5 (torsional)=310 (3) (the 
numbers in parentheses indicate degeneracy). 

Now, Cint(NH4+), the contribution from 
the internal vibrations and torsional oscilla-
tions of the ammonium ions to the heat 
capacity, can be calculated by using the 
Einstein function :

(1)

where di is the degeneracy of an i-th mode

of vibration and xi=hvi/kT. The ΔCP(anom-

al) = CP (NH4-salt) -C4nt (NH+4)-CP (normal) 
quantity should be approximately the extra 
heat capacity contribution from the orienta-
tional motion of the ammonium ion as a 
whole. Usually the Cp (normal) quantity is 
estimated graphically rather arbitrarily. In 
the present case, however, the anomalous heat 
capacity extends over a considerable tempera-
ture range, and there is some latitude in drawing
the normal heat capacity of the ammonium salt. 

Osborne and Westrum17,18) have assumed 
that the lattice contribution to the heat 
capacities of UO2 and NpO2 equals the heat 
capacity of the isomorphous diamagnetic, ThO2, 
in estimating the anomalous magnetic con-
tribution, and also, in another example, that 
the heat capacity of ThF4 represents the lattice 
contribution for UF4. This kind of assumption 
is not tenable for the present case, however, 
since at a low temperature the observed heat 
capacity of K-salt exceeds that of NH4-salt, 
and a high temperature the situation is reversed.
Stout and Catalano19) have applied a law of 
corresponding states in order to estimate the 
normal heat capacity of antiferromagnetic 
MnF2, FeF2, COF2 and NiF2 by utilizing the 
heat capacity data of isomorphous, diamagnetic 
ZnF2. Although the difference in structural 
parameters between the present two crystals 
is not very large,6) the crystal structure of these 
salts is too complicated to apply such a 
simplified treatment in the present case. 

In order to carry out a tentative but rather

Fig. 5. d {Cp (NH4-salt) -Cint(NH4+) } /d T vs. 
temperature plot for (NH4)2CuCl4.2H20 
crystal.

17) D. W. Osborne and E. F. Westrum, Jr., J. Chem. 
Phys., 21, 1884 (1953). 
18) H. R. Lohr, D. W. Osborne and E. F. Westrum, Jr., J. 

Am. Chem. Soc., 76, 3837 (1954). 
19) J. W. Stout and E. Catalano, J. Chem. Phys., 23, 2013 

(1955).
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agreeable treatment for estimating the normal 
heat capacity of the NH4-salt, the following 
procedure was adopted. The differential 
quantity, d{CP (NHa-salt) -Cint(NH4+}/dT, 
was plotted against the temperature over the 
entire temperature range ; the results are 
drawn in Fig. 5. The corresponding value for 
K-salt, dCp (K-salt)/dT, is given in Fig. 6 for 
the sake of comparison. This procedure 
magnifies the effect of the phase transition on 
the graph. If there is no heat capacity 
anomaly, the behavior of the dCp/dT in the 
NH4-salt should be similar to that of K-salt, 
which is a monotonous function of the tem-
perature.

Fig.6. dCP(K-salt)/dT vs. temperature plot

for K2CuCl4.2H2O crystal.

There is also some latitude in drawing the 
dotted curve in Fig. 5, which represents the 
trend of the normal heat capacity of the NH4-
salt. However, there are at least two restrictions 
to eliminating some of the arbitrariness 
involved. One is that the curve corresponding 
to the normal heat capacity, the dotted curve 
in Fig. 5, must be a monotonously decreasing 
function ; the other is that the normal heat 
capacity obtained by integrating the differential
quantity should not exceed the value, Cp (NH4-
salt) -C;,nc(NH4+), at any temperature. This 
means that the anomalous heat capacity,
dCr(anomal), can not be negative. Conse-
quently, the normal heat capacity at T°K was
calculated as follows

CP(normal)at T°K

(2)

where Td is the temperature at which the 
dCp(normal)/dT curve deviates from the 
d{Cp (NH,-salt) -Cinte (NH4+) }/dT curve. The 
anomalous heat capacity, estimated by using 
Eqs. 1 and 2 and the experimental heat capac-
ity data, is shown in Fig. 7. This curve 
presumably corresponds to the lower limit of 
the anomalous heat capacity, in view of the

Fig.7. Anomalous heat capacity of(NH4)2CuCl,・

2H2O around 200.50°K.

two assumed requirements mentioned above.

Above 300°K the dotted curve in Fig.7was

extrapolated somewhat arbitrarily. The con-

tribution from this part to the entropy of the 
transitinn amounts merely to 2.5 uer cent of

the total. The values of Δstr and ΔHtr,were

then calculated from the ΔCp(anomaly versus

temperature curve.

Discussion 

In order to discuss the nature of the phase 

transition of N114-salt, it is desirable to com-

pare with each other the crystal structures of 
the two crystals.6) The crystallographic data 

are summarized in Tables V, while the pro-

jections on the (010) and (001) planes of the 
crystal structure of NH4-salt are depicted in 
Figs. 8 and 9. As has been mentioned already, 
each ammonium ion is surrounded by a slightly 
distorted cube consisting of eight chlorine ions.
The N-Cl and N-N distances in the N114-
salt are comparable to those of the ammonium 
chloride crystal. Therefore, an orientational 
order-disorder-type phase transition associated 
with the ammonium ions in ammonium chlo-
ride may also be expected for this NH4-salt.
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Fig.8. A projection on the(010)plane of

the crystal structure of(NH4)2CuCl,・2H2O

(after Wyckoff).

Fig.9. Aprojection on the(001)plane of the

 crystal structure of(NH4)2CuCl4・2H2O.

Itoh and Kamiya20) have recently reported on 

the temperature variation of the proton nuclear 

magnetic resonance spectra of the NH4-salt 

and have observed a motional narrowing as-

sociated with the protons of the ammonium

group at about 150°K. They found that the
situation of the barrier height hindering the 
flipping motion of the ammonium ion is very 
similar to that with ammonium chloride. If 
the nature of the transition of this crystal is 
very similar to that of the ammonium chlo-
ride, the entropy of transition could amount 
to 2.68 (2R In 2) e. u. The experimental 
value is, however, 1.945 e. u., about two thirds 
of 2.68 e. u. 

In the case of ammonium chloride, all chlo-
rine ions are equivalent with respect to the 
NH4+ ion, while for the present crystal, Itoh 
et al.21) have reported that there are two 
kinds of chlorine ions; one makes a hydrogen 
bond with the proton of crystalline water, 
while the other does not. Other differences 
from the ammonium chloride are that the

present crystal has a tetragonal symmetry and 
that the N-N distance is quite different in 
each direction. The N-N distance along the 
[001] axis is 3.98 A, while along the [1101 axis 
it is 5.36 A. Thus, only along the direction 
of the c-axis is the N-N distance comparable 
with that of ammonium chloride. 

In other words, the principle of the frame-
work of the present crystal is that the NH4Cl
is diluted by CuCl2・2H2O and the interaction

between the ammonium ions is weakened two 
dimensionally. In such a pseudo-linear chain 
of NH4+ ions, the order parameter describing 
the randomness with respect to the orientation 
of ammonium ions is expected to change much 
less co-operatively than a three-dimensionally-
arranged system, as in the case of ammonium 
chloride. The extraordinary broadness of the 
anomaly, as well as the much smaller jump 
of CP at the transition point, may be ascribed 
to the weakened interaction between the am-
monium ions in this crystal. The maximum 
anomalous heat capacity of the present crystal 
amounts merely to 13.24 cal. deg-1 mol-1, 
while in the case of ammonium chloride1) it 
reaches about 159 cal. deg-1 mol-1. 

It should be mentioned that above the 
transition point there is a rather broad and
small hump in the ΔCp(anomal)versus tem-

perature curve. It is more magnified in the 
curve of the derivative of the heat capacity 
than in the heat capacity curve itself (see Fig. 
5). If the residual anomalous part of the heat 
capacity curve above the phase transition point 
is exclusively due to the short range order 
remaining, it may not show such a maximum 
point. Therefore, we may assume, as one expla-
nation, that the hump arises from the Shottky 
anomaly, based on the population difference 
of the individual ammonium ion between the 
two sites of different energies, associated with 
the different chlorine ions in the disordered 
state ; in one possible orientation of the am-
monium ion, all four protons are directed to 
the chlorine ions hydrogen-bonded with the 
crystalline water, while in the other all pro-
tons are directed to the free chlorine ions. If 
the hump is ascribed to the Shottky anomaly, 
the energy difference between the two possible 
orientations of the ammonium ions is calculated 
to be about 1.3 kcal. mo1-1. 

We have not given here the theoretical 
treatment needed to interpret the transition 
mechanism of the pseudo one-dimensional 
ionic array of the present crystal. In order 
to develop such a treatment, the ordered 
structure of ammonium ions must be known 
precisely. Because of the rather small value
of the apparent transition entropy (≒2/3×

2R In 2),however, it is supposed that there still

20) J. Itoh and Y. Kamiya, J. Phys. Soc. Japan, 17, Sup-
plement B-I, 512 (1962). 
21) J. Itoh, R. Kusaka, R. Kiriyama and Y. Saito,

Memoirs of the Institute of Scientific and Industrial Research, 
Osaka Univ., XIV, 1 (1957).
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remains a much larger degree of disorder with 

respect to the orientation of ammonium groups 

in the low temperature phase. Further 

investigations of, for example, neutron dif-

fraction, neutron inelastic scattering, or some 

other spectroscopic techniques will be useful 

in understanding more quantitatively the nature 

of the phase transition. 

Summary 

The heat capacity of copper potassium chlo-

ride dihydrate and copper ammonium chloride 

dihydrate crystals have been measured between

13and 310°K. The latter crystal shows aλ-

type anomaly in the heat capacity curve which 

seemed to be due to the orientational order-

disorder process of ammonium groups. The

heat capacity of(NH4)2CuCl4・2H2O exhibits

a maximum value of 76.290 cal. deg.-1 mol-1

at 200.50°K. By plotting the temperature

derivative of heat capacities, the normal con-

tribution from the lattice to the heat capacity

of(NH4)2CuCl4・2H2O has been estimated. In

this case the corresponding values for KzCuCla-

2H2O has been taken as a reference. By 

subtracting the estimated normal heat capacity 

from the experimentally measured one, ap-

proximate values of the entropy change, ΔS=

1.945cal. deg.-1mol-1, and the heat capacity

jump, ΔCP=13.24 ca1. deg-1mo1-1, associated

with the orientational ordering of the linearly-

arranged ammonium ion system have been given. 

The values of the heat capacity, entropy, 

enthalpy, and Gibbs free energy of both crys-

tals have been tabulated at selected tempera-

tures. The standard values of the entropy and

enthalpy are: KzCuCl4・2H2O, S0=84.95 cal.

deg-lmol-1, H0-H0=11980 cal. mol-1;(NH4)2・

CuCl4・2H2O,S0=92,30 cal. deg.-1mo1-1,H0_

H0o=14220 cal. mol-1
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