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The phase diagrams of the systems PbBry+MeBr(Me=Li, Na, K, Rb, Cs, Tl) have been

measured by visual and DTA methods.

The structures and the thermal characteristics of the intermediate compounds have been pointed
out by X-ray diffractometric technique and by DTA-calorimetric measurements, respectively.
Moreover, the thermodynamic behaviour of these systems has been discussed.

During the last few years, the study of systems
containing lead bromide has caught the attention of
many authors. In particular, for the systems formed
by PbBr, +MeBr (Me=alkali metal or thallium),
Russian authors! have investigated various com-
binations of different salts including binary, ternary
and reciprocal systems.

The present work was undertaken to continue the
study of the thermodynamic properties of systems
formed by two salts with bi-monovalent cations and
common anion 2. In order to eliminate gaps found
in the work of previous authors, particularly in the
study of the solid phases, we have analyzed the sys-
tems formed by PbBr, with (Li, Na, K, Rb, Cs and
TI) Br.

Diffractograms taken on intermediate compounds
enabled us to characterize the lattice parameters.
Moreover, measurements of transition and fusion
effects were carried out for compounds with con-
gruent melting points, in order to discuss the solid-
liquid (SL) curves in the phase diagrams on the
basis of structural models.

Experimental Section

DTA measurements: The SL curves were measured
by DTA and direct visual techniques already describ-
ed 2. For the determination of the heats of transition
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Fig. 1. Oven in stainless steel: 1) General view; 2) Open sec-
tion; 3) Sample holder seen from the top and the side: a)
steel plates, b) alumina support, c) steel bolts, d) mica sheets,
e) quartz tubes with heating elements, f) gold container,
g) steel support, h) lodgment for thermocouples.
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and fusion, a DuPont 900 Thermal Analyzer fitted
with a Differential Scanning Calorimeter was used.

X-ray measurements have been made by means of a
Philips apparatus fitted with a high temperature ca-
mera (Materials Research Corporation mod. X-86 N-II)
employing Ni-filtered CuKa radiation (4=1.5418 ).
For measurements at relatively high temperature, we
found it necessary to replace the original heating ele-
ment (which also acted as sample holder) with a small
furnace built in our laboratory. Thus, better tempera-
ture homogeneity and regulation were obtained. Our
furnace, which was made of stainles steel is schemati-
cally illustrated in Fig. 1: it can reach a maximum
temperature of about 600 °C, and the temperature is
controlled by a CAT (Leeds & Northrup) within a
precision of =1 °C.

For the analysis of the diffractograms, the HESSE-
LipsoN 3 and DE WOLFF ¢ methods have been used. In
some cases, the analysis of the crystals with a micro-
scope using polarized light has also been very useful.

Materials: All the salts (BDH) were dried follow-
ing the rules suggested in the literature.

Generally, the compounds for X-ray analysis have
been prepared by mixing PbBr, and MeBr in the solid
state; the mixture was then melted and held at the
proper temperature as indicated by the phase diagram
for a sufficient length of time.

When possible, the compounds were also prepared
by crystallization from aquenus solutions: this enabled
us to compare diffractograms of samples obtained by
different methods.

Results and Discussion

1. Phase Diagrams and Structure of the
Intermediate Compounds

Fig. 2 shows the phase diagrams of the systems
studied, along with the temperatures and the com-
positions of the characteristic points. Sometimes it
proved impossible to determine the composition of
the incongruent intermediate compounds by the
DTA technique because the formation reaction of
the compound was not sufficienily fast. In these
cases, a choice among the possible compositions
was made possible by diffractometric measurements
at different temperatures on samples having appro-
priate compositions.

Compound 2 PbBr,- KBr. This compound has been
studied by PoweLL and TASKER S who reported a
tetragonal structure (isomorphous with 2 PbBr,
-RbBr and 2 PbBr-NH,Br).

The compound we obtained by slowly cooling the
melt showed a diffractogram identical to that of the

5 H. M. PoweLL and H. S. TASKER, J. Chem. Soc. 1937, 119.
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compound obtained by crystallization from aqueous
solution according to WELLs &7, Crystallization
from aqueous solution yields crystals that can be
studied by single crystal methods: therefore the ele-
mentary cell constants have been determined with
a Buerger camera.

On the basis of our measurements, the compound
2 PbBr,-KBr at room temperature has orthorhom-
bic symmetry, with constants:

@=9.28,; b=8.39;; ¢=13.08;A.

Extinction conditions: for A0l [=2n+1; most
probable space groups: n.26(Pmc2,); n. 28(P2cm);
n.51(Pmem); Z =4; dops = 5.53; deqre = 5.60 g/cm3.

The DTA curves recorded for this compound
(see Fig.2) show a transition at 242 °C, with a
small thermal effect (=2 0.1 kcal/mole).

The diffractograms at 320 °C differ from those
at room temperature only for a uniform shift to-
ward smaller diffraction angles and for the inten-
sities of some peaks. From these diffractograms a
new cell cannot be suggested.

Compound PbBr,-2 KBr. It is possible to assign
indexes to the diffractogram of this compound on
the basis of a orthorhombic cell with the following
constants:

a=129;; b=207,; c=142,4;

Z=16; dgps =4.26; dea1c = 4.24 g/cm3. There is no
extinction characteristic of a particular type of lat-
tice, thus the cell seems to be primitive.

Compound 2 PbBry-RbBr. A tetragonal cell has
been previously 5 assigned to this salt: @=38.41;
¢ =14.5 A; Z=4; space group: n.140 I(4/mcm).

Our results well confirm this structure with con-
stants: @ =8.425; €=14.56y A; Z=4; dys=5.83;
deate = 5.82 g/cmd.

Compound PbBry,-RbBr. The DTA curves mea-
sured on this compound (see Fig.2) show peaks
at the constant temperature of 267 °C: the estimat-
ed thermal effect is 1.7 £ 0.1 kcal/mole.

X-ray measurements have been carried out at
room temperature, at 310 °C and 370 ©C. At room
temperature it was not possible to obtain a com-
pound of formula PbBr,-RbBr, not even with
quenching: the sample at room temperature con-
stantly showed peaks of the 2PbBr,RbBr com-

. WELLs, Amer. J. Sci. 45, 121 [1893].
. WELLS, Z. Anorg. Chem. 4,128 [1893].
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pound, along with other peaks that remained un-

identified.

It is thus probable that DTA peaks at 267 °C
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are due to a disproportionation reaction

instead of a polymorphic transition.

Diffractograms obtained at 310 °C show that
PbBry,-RbBr has a pseudo-cubic structure type
perowskite (probably with a monoclinic symme-
try). It is possible to assigne indexes to the dif-

fractograms, with sufficient precision, on the basis
of a cell with dimensions: @=11.53; b=11.47;
c=11.594%, y=91°7.

Diffractograms at 370 °C are very similar to
those observed at 310 °C. Thus the PbBr,-RbBr
compound does not assume the perfect perowskite
structure.

Compound PbBr,-4 RbBr. Diffractograms for
this compound give a tetragonal cell with constants:
a=1890y; €=19.32,A; Z=16; du,=3.99;
deale =3.99 g/em3. There is no extinction charac-
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Fig. 2. Phase diagrams. The compound PbBr,-CsBr shows also a transition at 123 °C.
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teristic of @ particular type of lattice, thus the cell
seems to be primitive.

Compound 2 PbBr,-CsBr. Diffractograms for this
compound give a tetragonal cell with constants:
a=3848;; ¢=15.25,4; Z=4.

This cell is isotopic with that of 2 PbBr,-RbBr,
but in this case the characteristic extinctions of the
body-centered lattice are not observed.

Compound PbBr,-CsBr. This compound was first
prepared by WELLs ¢ who observed two different
crystalline forms: the first one consists of orange
prism, the second one of thin white needles.

According to M@LLER & the orange form under-
goes phase transitions at 120°, 125° and 135 °C.
At room temperature he observed a monoclinic struc-
ture (@=b=5.827; ¢=5.8914; y=89°65"),
while at temperatures above 135 °C the structure
is cubic, type perowskite.

By DTA measurements we found no evidence for
the three different crystalline forms observed by
Mgller. Our DTA curves show only one transition
at 123 °C with a very small thermal effect (<0.1
kcal/mole).

Our diffractometric measurements at room tem-
perature confirm Meller’s elementary cell, for the
orange compound, provided that the dimension are
doubled. This is in agreement with Meller’s obser-
vation that some diffraction peaks could be inter-
preted only assuming double parameters. Therefore
the constant are: a=b=11.69;; €¢=11.7824;
7y=89°39"; Z=8; dys=4.74; deayo=4.82 g/cmd.

At temperatures above 135°C we observed a
cubic structure in agreement with Mgller’s findings.

Compound PbBr,-4 CsBr. This compound was
studied by WELLS® and by MoLLER ?. This latter
found an hexagonal structure (@=13.73,; €=
17.32, A. Space group: R3c [most probable], or
R3c).

Our measurements are an perfect agreement with
Moller’s ones.

Compound 2 PbBr,-TIBr. The diffraction pat-
tern of this compound is very similar to that of
2 PbBr,-KBr and gives a orthorhombic cell with
constants: @=19.6;; b=17.4y; €=12.4, 4;
Z=16; dgs=06.34; deae=6.40 g/cm3.

8 C. KN. MoLLER, Kgl. Dan. Videnskab Selskab, Mat. Fis.
Medd. 32,1 [1959].

9 C. KN. MoLLER, Kgl. Dan. Videnskab Selskab, Mat. Fis.
Medd. 32,1 [1960].

10 A S. DworkIN and M. A. BrReDIG, J. Phys. Chem. 64, 269
[1960].
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Compound PbBr,-3TIBr. The diffraction pat-
tern gives a orthorhombic cell with constants:
a=15.8;; b=15.5y; €=19.4, A; Z=16; dpps=
6.79; dga1c=6.81 g/cm®.

2. Thermal Effects and Thermodynamic Behaviour

For a discussion of the thermodynamic behaviour
of these systems it is necessary to know the heats
AH; and temperature T; of fusion of all the con-
gruent compounds, as well as those of the pure
salts.

The heats of fusion of alkali bromide and of thal-
lium bromide are available in the literature 10 11,

For PbBr, on the contrary, there are conflicting
figures: GOoDWIN and KALMUS 2, who used a ca-
lorimetric method, found AH;=3.60 kcal/mole and
T;=761 °K; Branc and PeTIT!3 by cryoscopic
method gave AH;=5.00 kcal/mole and T; = 643 °K.
The values determined in the present work are

AH; = 4.41 % 0.07 keal/mole and T;= 644 °K.

The heats of fusion of all the congruent com-
pounds were also measured. The corresponding
values (4Hey,) are reported in Table 1 along with
the additively calculated values (A4H,.) and with
A(AH) = (4H oxp) — (4H,,).) . The latest quantities,
as it has been shown in previous work 2, enable us
to predict the exothermic heats of mixing.

It is possible to analyze the thermodynamic be-
haviour of these systems by assuming, for the melt,
the total dissociation of the salt and the Temkin
model. In particular, if there is no solubility in the
solid phase, it is useful to consider the branches of
the liquidus curves rich in alkali bromide. These,
in fact, extend in large temperature and composition

Table 1. Heats of fusion (in kcal/mole) for PbBr, and the
congruent compounds PbBr,-nMeBr.

Compound Tt (°K) AHexp AHeale A4(4H)
PbBr, 644 44 - -

2 PbBr,-KBr 655 11.2 14.7 —3.5

2 PbBr,*RbBr 655 13.5 14.2 —0.7
PbBr,*RbBr 677 5.3 9.8 —4.5
PbBr,-CsBr 840 8.5 10.1 —1.6

2 PbBr,- TIBr 668 12.6 12.6 0.0
PbBr,-3 TIBr 661 14.3 15.8 —1.5

11 D. Cusiccrort and H. EpiNg, J. Chem. Eng. Data 10,
343 [1965].

12 H. M. GoopwiN and T. H. Karmus, Phys. Rev. 28, 1
[1909].

13 M. BraNc and G. PeTIT, C. R. Acad. Sci. Paris 248, 1305
[1959].
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ranges, whilst the liquidus curves rich in PbBr, are
always very short.

Fig. 3 shows the quantity AT = (Texp —Tiq) as a
function of the composition for the liquidus curves
rich in alkali bromide. The T3 value has been cal-
culated according to equations previously given % 14,

As it can be observed, only the system LiBr
+ PbBr, shows positive deviations with respect to
ideality (AT >0), wherease all the other systems
show negative deviations (47 <0) which increase
as the radius of the alkali ion increases. As pre-
viously discussed, positive deviations from ideality
can be interpreted on the basis of activity coeffi-
cients (fripr>1), whereas negative deviations can
be interpreted on the basis of either activity coeffi-
cients (fyepr<<1) or formation of complexes.

Negative deviations from ideality are also in
agreement with the prediction of a negative enthalpy
of mixing for these systems.

Figure 4 shows the ideal behaviour of the liqui-
dus curves for the congruent compounds, along with
the experimental values.

Negative deviations are always observed: these
deviations can sometimes be very noticeable (see
for instance PbBr, + CsBr).

AT

LiBr

+501

0

RbBr beBr2

0 0.2 0.4 0.6 0.8

Fig. 3. Deviations from ideal behaviour for the curves rich in
alkali bromide (4T = Texp—Tid)-

14 C. SinisTrI and P. Franzosing, Ric. Sci. 33 (IT A), 419
[1963].
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Fig. 4. Behaviour of the ideal curves regarding the congruent
compounds (continuous lines) in comparison with the experi-
mental data (small circles).

This figure also shows for the complete system
PbBr, + TIBr, the comparison between the experi-
mental data and the ideal behaviour. As it can be
observed, deviations for this system are always ne-
gative and very small.



