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Abstract—A comparatively simple method for estimating the mixing enthalpy of melts by differential scan-
ning calorimetry using standard equipment is proposed. The enthalpies of mixing of CsX–PbX2 (X = Cl, Br)
melts are determined by this method. The measured values of mixing enthalpy in the CsCl–PbCl2 system are
in good agreement with those obtained by means of independent measurements. For the CsBr–PbBr2 sys-
tem, the enthalpy of mixing was measured for the first time. The similar values of mixing enthalpy were found
for both studied systems.
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The mixing enthalpy of melts is an important
thermodynamic value that directly characterizes the
interaction of components in the melt. Its study
allows drawing conclusions about the structure of the
melt, the nature of the liquid state in a specific sys-
tem, and serves as a source of information for devel-
opment of theoretical models of the molten state, as
well as for thermodynamic analysis and modeling of
phase equilibria involving liquid phase. In addition,
various molten media are widespread in industry,
what determines the practical necessity to study their
properties.

Various methods for determining the enthalpy of
melts mixing are described in literature. The most fre-
quently used techniques include direct calorimetric
measurements and calculations from the temperature
dependence of the Gibbs free energy of mixing [1–3].
The latter, in turn, is often determined by EMF or
vapor pressure method [3, 4]. It should be noted that
both direct calorimetric measurements and determi-
nation of the enthalpy of mixing from measurements
of EMF of galvanic cells or vapor pressure above the
melt require the availability of the appropriate equip-
ment, usually non-standard, manufactured by the
researchers themselves and, therefore, not very wide-
spread. This imposes certain restrictions on the range
of objects that can be studied accordingly and leads to
a certain lack of experimental data on the thermody-
namic properties of melts. At the same time, as the
authors [5] have shown, the relatively widely available
method of differential scanning calorimetry (DSC)

can be successfully used, among other things, to esti-
mate the mixing enthalpy of melts along with deter-
mining the heat capacities and enthalpies of phase
transitions.

Regarding the method proposed in [5], it should be
noted that, firstly, it involves measurements in non-
standard hermetic steel crucibles equipped with a BN
insert to prevent chemical interaction with the sample.
Such experimental technique has undeniable advan-
tages when working with chemically active samples
with high vapor pressure, as was the case in [5]. Nev-
ertheless, the individual manufacture of crucibles and
ceramic inserts presents certain difficulties and, when
working with less aggressive substances with low vapor
pressure, seems to be inappropriate. Secondly, the
method [5] allows determining the enthalpies of mix-
ing only in mixtures with close melting points of com-
ponents or in mixtures rich in a low-melting compo-
nent. With a significant difference in the melting
points of the components, the concentration depen-
dence of the enthalpy of mixing cannot be obtained in
the entire range of compositions, in particular,
because part of the more refractory component until
its melting point does not dissolve in the melt. For
example, in the LiF–KF system with close melting
temperatures of the components (their difference is
around 10 K), measurements of the enthalpy of mixing
were carried out in almost the entire range of compo-
sitions [5], while in the LiF–ThF4 system (melting
temperature difference more than 250 K), measure-
ments were only possible in the range of mole fractions
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of refractory ThF4 from 0 to 0.44. Simplifying the
measurement procedure compared to [5] and extend-
ing it to a wider concentration range thus seems to be
highly relevant.

The aim of this work, therefore, was to develop a
technique for DSC measurements of the enthalpy of
mixing using the example of CsX–PbX2 (X = Cl, Br)
melts, which are of considerable interest due to a
need in the thermodynamic description of phase
equilibria involving perovskite-like halides CsPbX3
(X = Cl, Br, I) and solid solutions based on them,
which are promising materials for solar cells, LEDs
and X-ray detectors [6].

EXPERIMENTAL

The experiments were carried out using an MHTC 96
evo calorimeter (Setaram, France) equipped with a DSC
sensor. The measurements were performed in the heating
mode at a rate of 2 K min–1 in a dynamic atmosphere of
dry nitrogen (  ) in the
temperature range of 298–983 K at a total pressure of
(100 ± 3) kPa. The calorimeter was calibrated for sen-
sitivity and temperature using high-purity metals:
Ga, In, Sn, Pb and Al.

The following halides were used to prepare the stud-
ied mixtures: CsCl (purity is not less than 99.99 wt %,
Lankhit), PbCl2 (purity is not less than 99.5 wt %,
Vecton), CsBr (purity is not less than 99.99 wt %, Vec-
ton) and PbBr2. The latter was obtained by precipita-
tion from an aqueous solution according to the follow-
ing scheme:

(1)

A weighed portion of Pb(CH3COOH)2⋅3H2O (purity
is not less than 99.5 wt %, Vecton) was dissolved in
distilled water with heating at around 80°C and stir-
ring. The resulting solution with a concentration of
1.4 mol L–1 was filtered on a paper filter, heated again
to around 80°C and a small excess (relative to the stoi-
chiometric amount) of a solution of concentrated HBr
(>46 wt %, ORT “Chemical Reactants”) was added.
The solution with the precipitated PbBr2 crystals was
then cooled to room temperature, afterwards the crys-
tals were filtered on a glass filter under vacuum and
abundantly washed with ethanol (>95 vol %, Sama-
ramedprom) in small portions. The solvent and wash-
ing liquid residues were removed by drying in a vac-
uum oven at 70°C for 30 min. During all the described
procedures, we tried to minimize the exposure of the
PbBr2 powder to light to avoid photolysis. The phase
composition of the obtained product was controlled by
X-ray phase analysis. The data were obtained in CuKα
radiation on an XRD 7000S diffractometer (Shi-
madzu, Japan).
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The necessary powder components were weighed
in the required quantities and placed in standard plat-
inum-rhodium DSC crucibles with a working volume
of 0.45 cm3. The masses of the mixtures were not less
than 0.42 g. Weighing was performed on a Secura
225D microbalance (Sartorius, Germany).

During heating, the components of the mixture
melted and mixed to form a homogeneous melt. The
corresponding thermal effects were determined by
integrating the measured DSC signal taking into
account the baseline. The enthalpies of melting of
pure initial salts were determined in the same way. All
measurements were performed three times, each time
using a freshly prepared sample. The obtained molar
enthalpies values were then averaged. The expanded
uncertainty of the result was estimated as twice the
standard deviation (confidence interval ≈95%).

The melting point of pure components was deter-
mined as the extrapolated melting onset temperature
at the intersection of the tangent drawn to the frontal
part of the melting peak at the inflection point and the
extrapolated baseline. Since the transition to the liquid
state of mixtures, unlike pure components, occurs in a
wide temperature range, and the corresponding effects
on the DSC curves, as will be shown below, have a
complex shape and cannot be separated into individ-
ual contributions, the total thermal effects were related
to the average temperature of the transition interval.

Experimentally determined temperatures, Tfus,
along with the enthalpies of melting of mixtures or
pure components, related to these temperatures,

, were used in further calculations of the mix-
ing enthalpy of melts.

RESULTS AND DISCUSSION

Typical DSC curves of CsCl–PbCl2 mixtures of
different compositions is shown in Fig. 1, as an exam-
ple. Similar results were obtained for CsBr–PbBr2
mixtures. As seen, the obtained curves are complex in
shape, with several peaks, the last one of which is
related to melting, while the others are caused by var-
ious physical and chemical transformations occurring
in the solid mixture upon heating.

In particular, CsCl undergoes a phase transition in
the temperature range studied. For this reason, the
thermodynamic characteristics of this transition in
CsCl must be taken into account in further calcula-
tions. The peak on the DSC curve corresponding to
this transition from the low-temperature (b.c.c,

) to the high-temperature (f.c.c, ) modi-
fication of CsCl is clearly seen in Fig. 1 (ξ = 0) to the
left of the melting peak of CsCl.

Δfus , x TH
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Fig. 1. DSC melting curves of mixtures (1 – ξ)CsCl–ξPbCl2
of different compositions. The phase transition in CsCl is
marked with an asterisk (*). 
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Fig. 2. Mixing enthalpy of CsX–PbX2 melts (X = Cl, Br)
at 938.15 K: symbols are the experimental results of the
present work and [11], dotted line is the calculation using
the Eq. (8). 
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The temperature, Ttr = (748.6 ± 0.8) K, and
enthalpy,  = (3.09 ± 0.04) kJ mol–1, of this
phase transition determined in present work are in
good agreement with the literature data [7–10].

In a view of the complex nature of the various
transformations occurring during heating and melting
of CsX and PbX2 mixtures and observed on the DSC
curves (see Fig. 1), one can determine the total heat of
the overall process of a transition from the initial
mechanical mixture of binary halides to a homoge-
neous melt. This process can be written as

(2)

where “s” corresponds to the most stable (only) poly-
morphic modification in the solid state for all halides
except CsCl, and for CsCl—to its low-temperature
modification ( ), and “melt” corresponds to the
state of the halide in a mixed melt of composition ξ.
The enthalpy of process Eq. (2), , was deter-
mined as the sum of the integrals of all the heat effects
observed on the DSC curves in certain temperature
ranges ΔTfus. The values of  and ΔTfus obtained
in this way are given in Table 1. It should also be noted
that the standard enthalpies and melting temperatures
of pure salts determined in present work are in good
agreement with the values given in the literature [8–10].

The enthalpy of process Eq. (2), , is related
to the molar mixing enthalpy of melts at temperature
T, , as follows:

(3)
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where ξ,  and —the molar frac-
tion of halide PbX2 (X = Cl, Br) in the melt and the
molar enthalpies of melting of the initial components
at temperature T, respectively.

In order to obtain the dependence  at one
specific temperature as a result of calculations using
Eq. (3), the enthalpies of transition of components
and mixtures to the liquid state were also recalculated
to the same temperature, and 938.15 K was chosen as
such one. This choice is due to the convenience of
comparison with the results of direct measurements
for CsCl–PbCl2 melts, performed by McCarthy and
Kleppa [11] using the mixing calorimetry method.
When recalculating the heat capacity of the initial
mechanical mixture of solid salts as well as that of the
melt was estimated as the sum of the heat capacities of
the components (taking into account their molar frac-
tion) in the solid or liquid state, respectively. Thus,

(4)

where  is the value of the enthalpy increment
for recalculating  to a temperature of 938.15 K,
which is equal to

(5)

The heat capacities of the corresponding salts were
taken from the data given in [10]. The obtained values
of enthalpies  and the enthalpies of mixing at
938.15 K calculated using the equation Eq. (3) are
given in Table 2.

The concentration dependences of the enthalpy of
mixing in both studied systems in comparison with
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Table 1. Enthalpies, , and temperatures, Tfus, of a
transition to the liquid state (see Eq. (2)) for the studied
CsX–PbX2 (X = Cl, Br) mixtures

* Expanded uncertainty of the enthalpy of transition to the liq-
uid state (confidence level ≈95%).

** For pure components, the expanded uncertainty of the melt-
ing point U(Tfus) is given (confidence level ≈95%), for mixtures—
the width of the interval of transition to the liquid state, ΔTfus.

*** One includes the enthalpy of the phase transition b.c.c. CsCl

to f.c.c. CsCl (3.09 ± 0.04) kJ mol–1 at (748.6 ± 0.8) K and the
enthalpy of melting of the high-temperature modification f.c.c.

CsCl (20.1 ± 0.1) kJ mol–1 at (917.3 ± 0.4) K.

, 

kJ mol–1

U( )*, 

kJ mol–1
Tfus, K

U(Tfus) or 

, K

X = Cl

0.0 23.2*** 0.1 917.3 0.4

0.05 20.0 1.2 808 214

0.1 19.7 1.4 795 189

0.15 16.3 1.5 781 160

0.2 13.3 1.3 769 136

0.25 13.5 1.1 789 192

0.3 12.0 0.7 794 188

0.4 11.6 0.9 797 194

0.5 11.1 0.7 799 198

0.6 14.1 1.0 790 178

0.7 16.1 1.9 764 125

0.8 16.9 0.9 759 116

0.85 19.2 1.9 740 80

0.9 19.6 1.4 737 64

0.95 21.3 2.1 742 82

1.0 23.2 0.1 771.2 0.2

X = Br

0.0 22.1 0.1 910.3 0.2

0.1 15.6 1.2 759 291

0.2 11.8 1.2 719 233

0.3 7.9 0.6 697 174

0.4 7.3 0.6 719 234

0.5 7.9 0.5 734 263

0.6 9.5 0.5 718 232

0.7 11.7 1.0 700 196

0.8 11.3 0.4 642 77

0.9 13.0 1.1 635 63

0.95 14.1 1.0 634 61

1.0 16.3 0.1 644.1 0.1

Δfus , x TH

ξ
2PbX

Δfus , x TH Δfus , x TH
Δ fus

**T
each other and with the data reported by McCarthy
and Kleppa [11] are shown in Fig. 2. It is evident that
the results obtained for the CsCl–PbCl2 system in

the present work are in good coincidence with those
independently determined in [11]. In addition, the
enthalpies of mixing in the bromide and chloride sys-
tems, as can be seen from Fig. 2, coincide within the
error limits.

The similar nature of the interaction between the
components of the studied chloride and bromide melts
CsX–PbX2 (X = Cl, Br) is also evidenced by the

almost identical activities of the components. As an
example, Fig. 3 shows the activities of lead halides
according to the data of [12, 13]. Ibidem the activities
are given calculated as follows:

(6)

where  and  are the excess partial molar

enthalpy and entropy of lead halide in the melt,
respectively, and ξ is its mole fraction.

As a first approximation, in calculations using
Eq. (6), the contribution of excess partial molar
entropy was neglected, assuming that the main contri-
bution was enthalpic, which was calculated from the
concentration dependences of the enthalpy of mixing
as follows:

(7)

The enthalpy of mixing, in turn, was represented as:

(8)

The coefficients in Eq. (8) were determined by the
nonlinear regression using the Levenberg–Marquardt
algorithm. Since, as noted above, the enthalpy of mix-
ing in the chloride and bromide systems are the same
within the error limits, the sum of squared deviations
was minimized on the combined data array. The
resulting calculated line with the coefficients: a =
‒27313.9; b = –24545.2; c = –32964.7; d = 46697.0 is
shown in Fig. 2 by a dotted line. The determination
coefficient, R2, was equal 0.987.

As seen in Fig. 3, in general, the experimental and
calculated values of the activities of PbX2 (X = Cl, Br)

halides are in good agreement, that also serves as an
additional confirmation of the reliability of the
obtained values of mixing enthalpies.

Summarizing the obtained results, one can con-
clude that the method proposed for determining the
enthalpies of mixing of melts allows obtaining reliable
data, while being methodologically simple and not
requiring specific non-commercial equipment or spe-
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Table 2. Enthalpies of transition to the liquid state, , of the studied mixtures CsX–PbX2 (X = Cl, Br) at 938.15 K

and the mixing enthalpies calculated using Eq. (3), 

* Enthalpy increment calculated using Eq. (5) for conversion from the experimental temperature Tfus (see Table 1) to a temperature of
938.15 K.

** Expanded uncertainty (confidence level ≈95%).

*** One includes the phase transition enthalpy of (3.09 ± 0.04) kJ mol–1 at (748.6 ± 0.8) K, which corresponds to the enthalpy of melt-

ing of the low-temperature CsCl (b.c.c, ) modification.

*, , U( )**, , U( )**,

kJ mol–1

X = Cl

0.0 0.27 23.5*** 0.1 0.0

0.05 1.77 21.8 1.2 –1.8 1.2

0.1 1.98 21.7 1.4 –2.1 1.4

0.15 2.23 18.5 1.5 –5.4 1.5

0.2 2.44 15.8 1.3 –8.3 1.3

0.25 2.18 15.6 1.1 –8.5 1.1

0.3 2.12 14.1 0.7 –10.2 0.7

0.4 2.14 13.7 0.9 –10.9 0.9

0.5 2.17 13.3 0.7 –11.6 0.7

0.6 2.40 16.5 1.0 –8.6 1.0

0.7 2.95 19.0 1.9 –6.4 1.9

0.8 3.13 20.0 0.9 –5.7 0.9

0.85 3.56 22.7 1.9 –3.1 1.9

0.9 3.66 23.3 1.4 –2.7 1.4

0.95 3.61 24.9 2.1 –1.2 2.1

1.0 3.05 26.3 0.1 0.0

X = Br

0 0.48 22.6 0.1 0.0

0.1 3.40 19.0 1.2 –3.4 1.2

0.2 4.08 15.9 1.2 –6.3 1.2

0.3 4.40 12.3 0.6 –9.7 0.6

0.4 3.81 11.1 0.6 –10.8 0.6

0.5 3.37 11.3 0.5 –10.4 0.5

0.6 3.55 13.1 0.5 –8.4 0.5

0.7 3.76 15.4 1.0 –5.9 1.0

0.8 4.81 16.1 0.4 –5.0 0.4

0.9 4.81 17.8 1.1 –3.1 1.1

0.95 4.76 18.9 1.0 –2.0 1.0

1 4.46 20.7 0.1 0.0

Δfus , 938.15xH
Δmix 938.15H

ξ
2PbX

ΔcorrH Δfus , 938xH Δfus , 938xH Δmix 938H Δmix 938H
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Fig. 3. Activity of lead halides in melts (1 – ξ) CsX–ξPbX2

(X = Cl, Br). Points—experimental data [12, 13], solid

lines—calculation according to Eq. (6).
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cial experimental conditions. This method was used
for the first time to determine the enthalpies of mixing
in CsBr–PbBr2 melts, and their closeness to those for

CsCl–PbCl2 melts was shown.

FUNDING

The work was supported by the Russian Science Foun-

dation (project no. 24-23-00492).

CONFLICT OF INTEREST

The authors of this work declare that they have no con-

flicts of interest.

OPEN ACCESS

This article is licensed under a Creative Commons Attri-

bution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original

author(s) and the source, provide a link to the Creative Com-
RUSSIAN JOURNAL O
mons license, and indicate if changes were made. The images

or other third party material in this article are included in the

article’s Creative Commons license, unless indicated other-

wise in a credit line to the material. If material is not included

in the article’s Creative Commons license and your intended

use is not permitted by statutory regulation or exceeds the

permitted use, you will need to obtain permission directly

from the copyright holder. To view a copy of this license, visit

http://creativecommons.org/licenses/by/4.0/

REFERENCES

1. K. Vagner, Thermodynamics of Alloys (Gos. Nauch.-
Tekh. Izdat. Liter. Chern. Tsvetn. Metall., Moscow,
1957) [in Russian].

2. N. D. Topor and Yu. L. Suponitskii, Russ. Chem. Rev.
53, 827 (1984).

3. K. L. Komarek, Ber. Bunsen-Ges. Phys. Chem. 87, 709
(1983).

4. H. Ipser, A. Mikula, and I. Katayama, CALPHAD 34,
271 (2010).

5. E. Capelli, O. Benes, M. Beilmann, and R. J. M. Kon-
ings, J. Chem. Thermodyn. 58, 110 (2013).

6. J. Liang and Z. Jin, Sol. RRL 1, 1700086 (2017).

7. A. R. J. P. Ubbelohde and I. Woodward, Proc. R. Soc.
London, Ser. A 208, 158 (1951).

8. Thermal Constants of Substances, Database.
www.chem.msu.ru/cgi-bin/tkv.pl?show=welcome.html.

9. G. J. Janz and J. J. Slowick, Z. Anorg. Allgem. Chem.
586, 166 (1990).

10. C. W. Bale and E. Bélisle, Fact-Web Suite of Interactive
Programs. www.factsage.com.

11. F. G. McCarty and O. J. Kleppa, J. Phys. Chem. 68,
3846 (1964).

12. H. Bloom and M. S. White, Aust. J. Chem. 21, 2793
(1968).

13. H. Bloom and M. S. White, Aust. J. Chem. 34, 479
(1981).

Publisher’s Note. Pleiades Publishing remains
neutral with regard to jurisdictional claims in
published maps and institutional affiliations. 
AI tools may have been used in the translation or
editing of this article.
F PHYSICAL CHEMISTRY A  Vol. 98  No. 12  2024

http://creativecommons.org/licenses/by/4.0/

	EXPERIMENTAL
	RESULTS AND DISCUSSION
	REFERENCES

		2024-11-12T22:49:11+0300
	Preflight Ticket Signature




