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The heat capacity of the congruently melting compounds K2CeBr5 and K3CeBr6 was measured by differential
scanning calorimetry in the temperature range from 400 K up to 1100 K. A linear heat capacity dependence on
temperature was used to fit the experimental data. Through combination of these results with the entropy at
298.15 K, and enthalpies of phase transitions, the thermodynamic functions of K2CeBr5 and K3CeBr6 were calculated
up to T ) 1100 K.

Introduction

Phase equilibria in lanthanide halide-alkali metal halide
systems are generally complex and characterized by the exist-
ence of several stoichiometric compounds. The stability of these
compounds depends on the nature both of the cations (lan-
thanide, Ln; alkali, M) and of the halide X.1-3 Two congruently
melting compounds, namely, K3CeBr6 and K2CeBr5, have been
observed in the CeBr3-KBr system.4

The present work reports thermodynamic properties (tem-
peratures and enthalpies) of phase transitions as well as the heat
capacity (C0

p,m) of these compounds.

Experimental

Chemicals.Cerium(III) bromide was synthesized from ce-
rium(III) carbonate hydrate (Aldrich 99.9 %). Ce2(CO3)3·xH2O
was dissolved in hot concentrated HBr acid. The solution was
evaporated, and CeBr3·xH2O was crystallized. Ammonium
bromide was then added, and this wet mixture of hydrated CeBr3

and NH4Br was first slowly heated to 450 and then to 570 K to
remove the water. The resulting mixture was subsequently
heated to 650 K for sublimation of NH4Br. Finally, the salt was
melted at 1100 K. Crude CeBr3 was purified by distillation under
reduced pressure (∼0.1 Pa) in a quartz ampoule at 1150 K.
CeBr3 prepared in this way was of a high purity, min 99.9 %
(sum of impurities determined by AAS less than 0.1 %). The
chemical analysis of cerium was performed by a complexometric
titration with standard EDTA. Bromide was determined by an
argentometric titration with standard AgNO3 solution. The
analytical results are given in Table 1.

Potassium bromide (KBr) was a Merck Suprapur reagent (min
99.9 %). Prior to use, it was progressively heated to fusion under
a gaseous HBr atmosphere. HBr in excess was then removed
from the melt by argon bubbling.

The stoichiometric compounds were prepared from CeBr3 and
KBr, which were weighed in the molar ratio 3:1 (K3CeBr6) or
2:1 (K2CeBr5). All the mixtures were prepared in a glovebox
filled with purified and water-free argon. Although only a small
amount of each sample was used for the differential scanning
calorimetry (DSC) experiments (300 to 500 mg), several grams
of each compound was synthesized to avoid deviation from
stoichiometry. Stoichiometric mixtures of bromides were melted
in vacuum-sealed quartz ampoules in an electric furnace. Melts
were homogenized by shaking and solidified. These samples
were ground in an agate mortar in a glovebox. All chemicals
were handled in an argon glovebox with a measured volume
fraction of water of about 2‚10-6 and continuous gas purification
by forced recirculation through external molecular sieves.

Measurements.The temperatures and enthalpies of the phase
transitions of K2CeBr5 and K3CeBr6 compounds were measured
with a Setaram DSC 121 differential scanning calorimeter. The
apparatus and the measurement procedure have been described
in detail previously.5-6 Samples of 300 to 500 mg were
contained in quartz ampoules (about 6 mm diameter, 15 mm
length) sealed under a reduced pressure of argon. The sidewalls
of the ampoules were grounded to fit the cells snugly into the
heat flow detector. Experiments were conducted at heating and
cooling rates of 5 K‚min-1.

Heat capacity was measured with the same Setaram DSC 121
operated in a stepwise mode. This so-called “step method” has
already been described.3,6-9 The heat capacity of the sample
was determined over an extended temperature range from two
experimental runs in an identical stepwise mode. The first one
was registered with two empty cells (containers) of identical
mass and the second with one of these cells loaded with the
sample. For each heating step, the difference of heat flux
between the two series is proportional to the amount of heat
(Qi) necessary to increase the sample temperature by a small
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Table 1. Chemical Analysis of Cerium Bromide

mass %

Brtheor Brexptl Cetheor Ceexptl

63.11 63.09( 0.02 36.89 36.91( 0.03
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temperature increment∆Ti. Therefore, in the absence of any
phase transition, the heat capacity of the sample is equal to

wherems is the mass of the sample andMs is the molar mass
of the sample. The same operating conditions (i.e., initial and
final temperatures, temperature increment, isothermal delay, and
heating rate) were used in the two experimental series.
Experimental monitoring, data acquisition, and processing were
performed with the Setaram Setsys software.

The DSC 121 apparatus was calibrated by the Joule effect,
and some test measurements were performed separately with
NIST 720 R-Al2O3 Standard Reference material prior to
investigation. These tests resulted inCp,m values consistent with
standard data for Al2O3 (difference less than 1.5 %), with an
exception in the temperature range 300 to 400 K, in which the
measured values were significantly larger. The vaporization of
the moisture from air condensed on grounded sidewalls of
ampoules used in measurements can be given as a tentative
explanation of these phenomena. Results of measurements in
this temperature range were not taken into account in the
polynomial fitting of experimental results.

In the present heat capacity experiments, each 5 K heating
step was followed by a 400 s isothermal delay. The heating
rate was 1.5 K‚min-1. All experiments were performed in the
400 to 1100 K temperature range. The mass difference of the
quartz cells in any individual experiment did not exceed 1 mg
(cell mass 400 to 500 mg). To establish the repeatability and
uncertainty of the results, three different samples of each
compound, prepared from different batches, were used in
measurements. All these results were used in calculations of
coefficients in the equation describing the dependence of heat
capacity on temperature as well as the standard deviation on

C0
p,m. The maximal deviations of individual series from mean

values did not exceed( 3 % and( 5 % in the case of K2-
CeBr5 and K3CeBr6, respectively.

The linear heat capacity dependence on temperature

was fitted to experimental data for both K2CeBr5 and K3CeBr6.
However, because of the strongCp increase when approaching
phase transition or melting, only those data corresponding to a
smooth heat capacity dependence on temperature were used.

TheC0
p,m ) f(T) equation was then used to calculate enthalpy

incrementsH0
m(T) - H0

m(298.15 K) in J‚mol-1, entropyS0
m-

(T), and Gibbs energy functions (G0
m(T) - H0

m(298.15))/T in
J‚mol-1‚K-1, for both the solid and the liquid phase of the
compounds under investigation

The parametersC, D, and E in the above equations were
calculated by introduction ofT ) 298.15 K into eqs 4, 6, and
7. The values of entropy at 298.15 K also necessary in the
calculation were obtained by Latimer’s method.10

Results and Discussion

Enthalpy of Fusion and Heat Capacity of K2CeBr5. It was
found previously4 that fusion of K2CeBr5 occurs at 874 K with
the corresponding enthalpy of 82.4( 0.5 kJ‚mol-1. Our
experimental heat capacity values (mean values from measure-
ments performed on three different samples) of K2CeBr5 are
plotted against temperature in Figure 1. They were obtained
for the first time in this work. The standard deviation of the
fitting was 5.24 J‚mol-1‚K-1. A constant heat capacity value
C0

p,m ) 315.01 J‚mol-1‚K-1, with a standard deviation 3.61
J‚mol-1‚K-1, was found for liquid K2CeBr5.

Thermodynamic Functions of K2CeBr5. The thermodynamic
functions of K2CeBr5 were calculated up to 1100 K using our
experimental melting temperature and enthalpy together with
the heat capacity data. We determined theC0

p,m(K2CeBr5, s,
298.15 K)) 222.66 J‚mol-1‚K-1 by extrapolation of our results
to 298.15 K.

The standard entropyS0
m(K2CeBr5, s, 298.15 K)) 378.20

J‚K-1‚mol-1 was obtained by Latimer’s method from the
empirically found values for the anion and cation contributions.10

TheC0
p,m ) f(T) equation was then used to calculate enthalpy

incrementsH0
m(T) - H0

m(298.15 K) in J‚mol-1, entropyS0
m-

(T), and Gibbs energy functions (G0
m(T) - H0

m(298.15))/T in
J‚mol-1‚K-1 for both solid and liquid K2CeBr5. The coefficients
in corresponding equations and standard errors of their estima-
tion are given in Table 2. The results of these calculations for
selected temperatures are presented in Table 3.

Enthalpy of Fusion and Heat Capacity of K3CeBr6. K3CeBr6
forms at 775 K from KBr and K2CeBr5 and melts congruently
at 879 K with the related enthalpies 54.5( 0.5 and 41.7( 0.3
kJ‚mol-1, respectively.4 Our experimental heat capacity data
on K3CeBr6, obtained for the first time, are plotted against

Figure 1. Molar heat capacityC0
p,m of K2CeBr5: O, mean values from

experimental results; solid lines, linear fitting of experimental results.

Figure 2. Molar heat capacityC0
p,m of K3CeBr6: O, mean values from

experimental results; solid lines, linear fitting of experimental results.

Cp,m ) (Qi‚Ms)/(∆Ti‚ms) (1)

C0
p,m/J‚mol-1‚K-1 ) A + B‚(T/K) (2)

H ) H298 + ∫ CpdT (3)

H - H298 ) AT + 0.5BT2 + C (4)

S) S298 + ∫ Cp

T
dT (5)

S) A ln T + BT + D (6)

-(G - H298)/T ) A ln T + 0.5BT - CT-1 + E (7)
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temperature in Figure 2. The linear heat capacity dependence
on temperature (2) was used to fit the experimental data for
solid K3CeBr6 in the temperature range 400 to 775 K, with
standard deviations 14.12 J‚mol-1‚K-1. In this temperature
range, solid K3CeBr6 is actually a mixture of solid KBr and
K2CeBr5 and is denoted “K3CeBr6” hereafter. However, because
of the strongCp increase when approaching transitions, only
those data corresponding to a smooth heat capacity dependence
on temperature were used. Constant heat capacity values,C0

p,m

) 361.90( 15.33 J‚mol-1‚K-1 and 387.57( 15.05 J‚mol-1‚K-1,
were found for solid and liquid K3CeBr6 in the temperature
ranges 775 to 879 K and 879 to 1100 K, respectively.

Thermodynamic Functions of K3CeBr6. The thermodynamic
functions of K3CeBr6 were calculated up to 1100 K using our
experimental melting temperature and enthalpy together with
the heat capacity data. The value ofC0

p,m(K3CeBr6, s, 298.15
K) ) 294.70 J‚mol-1‚K-1, also necessary in these calculations,
was obtained by extrapolation of our results to 298.15 K. The
standard entropyS0

m(K3CeBr6, s, 298.15 K) ) 469.30
J‚K-1‚mol-1 was evaluated by Latimer’s method.10

The parameters in equations forC0
p,m in J‚mol-1‚K-1, H0

m-
(T) - H0

m(298.15 K) in J‚mol-1, entropy (S0
m), and Gibbs

energy functions{-(G0
m(T) - H0

m(298.15))/T} in J‚mol-1‚K-1

dependences on temperature for both solid and liquid K3CeBr6

are given in Table 2. The values of thermodynamic functions
for selected temperatures are presented in Table 4.

Summary

The heat capacity dependence on temperature was determined
for both solid and liquid K2CeBr5 and K3CeBr6 compounds.
These data were used to calculate the whole set of thermody-
namic functions up to 1100 K for solid and liquid compounds
under investigation.
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