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Abstract

Measurements of the change in heat (enthalpy) of transition in crystalline CsCl effected by the presence of guest ions K™,
Rb™, T1*, Br~, I using differential scanning calorimetry are reported. The nature of each mixed-ion solid, ‘mixed crystal’ or
‘crystalline solid solution’ is discussed. The limits of solubility of each guest ion are found to be consistent with the subsolidus
region described in its respective phase diagram. The quantitative heat of transition values are used to calculate some funda-
mental solution quantities, viz. slope AH/x or AHyye, x> AHS, AHY —apparent partial molar heat of solution, partial molar
heat of solution at infinite dilution, the heat of solution, recovered lattice energy, respectively. © 2002 Elsevier Science Ltd. All

rights reserved.
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1. Introduction

The nature of ion—ion interactions in the solid and their
effects on the physico-chemical properties of mixed-ion
compositions in polymorphic systems involving isostruc-
tural compounds is a relatively unexplored area. The exis-
tence of a polymorphic substance indicates that the
minimum internal energy or cohesive/binding energy of
the crystal U, does not differ greatly from one structure to
another. The enthalpy AH; accompanying the structural
transition represents the difference between the cohesive
energies of the two structural states, i.e. Uy — Uygy =
AH,. The cohesive energy is given by the general expression
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where N is the Avogadro number, .# the Madelung constant
for the lattice type, Z;Z; the number of charges on given ions
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i and j, rg = r; + rj, e the electronic charge, r; the distance
separating the ions, A is the coefficient and p a measure of
the fall-off of the repulsive potential as a function of the
interionic distance. In ionic compounds the dominant inter-
action is the cation—anion attractive one represented by the
first term within the brackets of Eq. (1) while the secondary
interactions (cation—cation and anion—anion) are small, of
roughly equal importance and are repulsive in nature whose
contributions are attributed to the second summation term
in Eq. (1). To a first approximation for a M*X™ type
compound hosting a similar guest ion in amounts 0 < x <
1.0 mole fraction Eq. (1) contains the net additional
contribution
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in both structures. The presence of a guest in the host would
be reflected in the difference in the transition enthalpy
between the pure crystal transition and the ‘mixed crystal’
transition, viz. AHpure) = AH mixeq) = d(AH,). This latter
quantity can lead to the partial molar heat of solution in a
crystal at infinite dilution, i.e. y.

As a continuation of our program on the studies of the
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nature of ion—ion interactions in the solid and their effects
on the physico-chemical properties of mixed-ion composi-
tions of polymorphic systems involving isostructural
compounds [1-6] we include an investigation on CsCl host-
ing systems, viz. CsCl-KCl, CsCl-RbCl, CsCI-TICI,
CsCl-CsBr and CsCI-Csl. Two of the relevant factors
cited in the solubility/substitution of a guest ion in the
host lattice to form a mixed crystal are the similarity in
structure of the host and guest compounds, ion property
similarity [7] and the effective radius of the guest ion rela-
tive to the substituted host ion. All the guest compounds
along with CsCl exist only in the cubic structure, space
group Pm3m or Fm3m. The aim of this study is to measure
the relative cohesive energy effect in the CsCl structure by
replacing the Cs™ ion with guest cations of decreasing ionic
radius, viz. Rb¥, TI*, K* where ree+ = 188 pm, rgy+ =
rp+ = 174 pm and rg+ = 165 pm for C.N. (coordination
number) = 8 with a monoatomic Cl  sublattice relative to
that of a polyatomic NO3 sublattice where rq- = No; =
171 pm for C.N. = 8. Also we set out to compare the relative
effect on the cohesive energy of the CsCl structure by
replacing the C1™ ion with guest anions of increasing ionic
radius, viz. Br™, I where rg, = 190 pm and r- = 216 pm.
The differences in the electropositivity and electronegativity
of the guest ions may also have an impact on the lattice
cohesive energy. The method of analysis of the experi-
mental data from these measurements has already been
detailed in earlier reports [4—6].

This report therefore presents the heat of solution/substi-
tution of K*, Rb*, TI*, Br™, and I in crystalline CsCl
along with their recovered lattice energies obtained from
heats of transition using differential scanning calorimetry
(DSC).

2. Experimental

The compounds used in this study were from the follow-
ing suppliers with their stated purities: CsCl, Analar (BDH
Chemicals), >99.9%; KCIl, Alfa Ventron, >99.9%; RbCl,
Alfa Ventron, >99.9%; TICIl, Aldrich Chemical, 99%;
CsBr, Alfa Ventron, 99%; Csl, Aldrich Chemical, 99.9%.
All compositions were prepared by mixing followed by
fusing ~50 K above melting in a covered porcelain crucible
for ~30 min with slow cooling to room temperature in the
furnace over 12 h with power OFF. Each composition of the
fused mass was thoroughly ground manually and an aliquot
sample was taken for thermal analysis. Random checks after
fusion showed no weight loss within limits of weighing
error.

Thermal analysis was done with DSC accessory to the
DuPont Instrument 9900 Computer/Thermal Analyzer unit
for process monitoring, data acquisition and data analysis.
The samples encapsulated in copper pans were bathed
in flowing N, (ultrapure) atmosphere and heated at
10 °C min~". The melting temperatures and heats of fusion

for In and Cd were used as internal references. Repetitive
DSC traces of the same pan sample gave AH, values within
0.4% error whereas different pan samples of the same
composition gave AH, values within 4% of each other.
The transition temperature 7, values of DSC traces agreed
within 2 °C for duplicate samples of each composition.

The X-ray diffraction patterns of samples, suspended in
methanol using Cu K, radiation and dry unsuspended using
Co K, radiation, obtained at room temperature as described
earlier [4,6] gave identical patterns of cubic structure of -
CsCl, Pm3m. Samples of CsC1-KCl, CsCIl-TICl and CsCl-
Csl showed trace peaks of KCl, TICl and Csl, respectively,
along with the dominant pattern characteristic of the room
temperature phase 3-CsCl. The patterns of CsCl-RbCl and
CsCl-CsBr showed only the B-CsCl pattern at room
temperature.

3. Results and discussion

The mixed composition diffraction patterns confirm that
the host CsCl crystal retains its structure, indicating a
straightforward ion substitution on their respective sub-
lattice to form a ‘mixed crystal’ or ‘crystalline solid solu-
tion’. In other words, an ideal substitutional solid solution
results, permitting the determination of the heat of solution/
substitution of the specific guest (solute) ion in the host
(solvent) CsCl crystal.

Cesium chloride transforms from the low-temperature
Pm3m structure (3) structure to the high-temperature struc-
ture Fm3m (o) (NaCl structure). There is no observable
transition in DSC trace for CsjgosKo.104Cl up to 520 °C
while the transition for Csgg35K0,065C1 occurs at 365 °C. If
there is no transition up to 500 °C as suggested for xgc >
0.10 then this fact indicates that KCI stabilizes the high-
temperature CsCl-Fm3m structure compatible with Fm3m
for KCl over the entire 7-range of the experiments. In
other words the CsCl-Fm3m structure is stabilized with no
evidence of the Pm3m—Fm3m transition. No transition is
reported in the 1 atm phase diagram [8] of CsCl between
520 °C and the melting temperature at 645 °C. Therefore the
stabilized CsCl-Fm3m structure is stable up to the fusion
temperature consistent with its phase diagram and the
Condon—Morse potential energy curve [9]. It is interesting
to note that Cs(ggsKg 104Cl sample after 12 months storage
in an air-filled capped glass bottle gave a broad endo-
therm peak at 464 °C characteristic of pure CsCl. Electrical
conductivity measurements showed a transition at ~460 °C
paralleling the conductivity behavior in pure CsCl. These
facts suggest that the ‘mixed crystal’ CsggosKo 104Cl freshly
prepared as fused mass in this study and as single crystal by
Weijma and Arends [10] is in a metastable high energy state
where slow kinetics operate to effect unmixing/separation.
The kinetics for unmixing can be accelerated by X-radiation
which can explain the 3-CsCl Pm3m structure pattern with
KClI peaks where only the a-CsCl Fm3m structure pattern
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Fig. 1. Plot of transition temperature 7; vs. guest ion mole fraction,
xux, CsC1-MX system; CsI' and CsI? are described in text.

was expected in the diffraction patterns of CsgggKo.104Cl.
Similarly, the existence of the metastable state and the
accelerated effect of X-radiation on the kinetics of unmixing
in CsC1-TICl and CsCI-Csl mixed crystals can account for
the trace TICI and CslI peaks in their diffraction patterns.

3.1. Transition temperature T, dependence on composition
of guest (solute) ion

The transition temperature 7, values cited in the literature
range from 445 °C [11,12] to 470-480 °C [12—14] and the
transition enthalpy AH, values spread is between 2.43 =
0.10kJ mol™' and 3.8 kJ mol™" [10,11,12-18]. Our
measured values of 7, and AH, for pure CsCl are 460 =
2°C and 2.93 * 0.08 kJ mol !, respectively, reproducible
on six traces of samples on different pans. Our AH, values
are in excellent agreement with those reported by Weijma
and Arends [10], Poyhonen and Mansikka [11], Arell et al.
[17] and by Clark [18].

Fig. 1 presents the dependence of the transition tempera-
ture 7, as a function of the guest ion mole fraction, xyy, in
the CsCl-MX system. 7, approaches linear behavior with
increasing T1" and Br™ in the host CsCl while maintaining
the cubic B-CsCl structure, Pm3m, undergoing the  — a,
Pm3m — Fm3m, transformation. This observation is consis-
tent with the earlier reported phase diagrams by independent
workers on CsCI1-TICI [19-22] and CsCl-CsBr [23] along
with the differential thermal analysis (DTA) by Weijma and
Arends [10]. Our subsolidus temperature behavior for
composition region 0 < xyic; < 0.14 conforms to the dia-
gram of Ref. [21] but is in contrast to Ref. [22]. On the other
hand T; decreases linearly with increasing KCl and RbCl
consistent with earlier reports [24,25]. The subsolidus
region of CsI-CsCl diagram is unknown to us. It is relevant
to note that our 7; values and limits of solution/substitution
of K™, Rb™ and Br~ compare very well with those observed
by Weijma and Arends [10] using single crystals and their

phase diagrams [23—-25] which are in marked disagreement
with the results for K™ and Rb" reported by Rao et al.
[14,15]. Furthermore, the latter results are also inconsistent
on the extent of solubility in the subsolidus region of their
respective phase diagrams, viz. CsC1-KCl [24] and CsCl-
RbCl [25].

The T, behavior of I in CsCl transition represents a
special case where 7, decreases to a constant value at xcgq =
0.10 and remains constant to xcg; = 0.80 and the transition
disappears at xcg; = 0.90. The limits 0.10 < x¢g < 0.80 are
consistent with the reported phase diagram. Fig. 2 gives
DSC traces A and B of CsCl;_,I, at x = 0.097 and 0.509,
respectively. Fig. 2A shows the effect of heating 30 min
after earlier heat—cool cycle representative of behavior for
x < 0.25 and Fig. 2B shows the appearance of a distinct
doublet representative of behavior for 0.33 < x < 0.80.
The constant T, values at 393 and 415 °C are consistent
with the reported limits of conjugate solid solution presence,
CsCl-rich S; and Csl-rich S, in CsCl-Csl phase diagram
[26] and labeled CslI! and CsI? in Fig. 1. We attribute the
endotherm at 415 °C to interaction of S; and S, to form the
1:1 complex S;S, where the maximum AH value occurs at
S1/S, = 0.5. with increasing S,.

3.2. Enthalpy of transition AH, dependence on composition
of guest (solute) ion

The dependence of AH, of the CsCl B < « phase transi-
tion on mole fraction x of guest ions K*,Rb*, TI*, Br~ and
1" is plotted in Fig. 3. The slope of each plot represents the
dependence of AH, on mole fraction of guest ion in CsCl
lattice, that is, the apparent partial molar heat of solution,
AH e, i.e. slope AH/x. From these molar AH, values we
calculate the partial molar heat of solution d(AH,)/x, where
d(AH,) = AHcscry — AHycscr+guesny With plots of (dAH /x)
vs. x, mole fraction of guests, Rb*, TI" and Br ", K™ and I~
given in Figs. 4-7, respectively. The aberrant datum at x =
0.1 in Fig. 4 is disregarded but it is purposely included to
illustrate the limit of the mixed crystal composition required
for heat of solution determination. The intercepts of these
plots yield the values for the partial molar heat of solution at
infinite dilution, y, of the respective guest ion in CsCl as
expressed in

d(AH) . AH
[ dx ]XZO =

which leads to AHS from AHS = y — [AHY(CsCl) —
AH? (guest)]. It is understood that the AH? quantities are
heat/enthalpies of formation from the elements in their stan-
dard thermodynamic states. The y value can also be
obtained from the xg.y value at the intercept d(AH,)/x = 0
divided into AH, of pure host, viz. CsCl. This Xy value
represents the theoretical amount of solute/guest to com-
pletely stabilize the high-temperature CsCl o-structure
thus eliminating its natural 3 — « transition. The con-
sistency between the y values from the two intercepts, i.e.
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Fig. 2. DSC traces for CsCly 310097, trace A, on second heating and CsCl 49110500, trace B, illustrate effect of increasing CsI composition.

x=0 and d(AH,)/x = 0, appears only with Rb™ in CsCl
paralleling earlier consistencies for Rb* and Cs™ in TII
[1,2] and T1* in RbNO; and Rb™ in TINO; [4,5]. The ener-
getics of Rb™ solubility in CsCl is in strong contrast with
Rb™ solubility in CsNO; where Hy,+~ and yp,+ are zero
since AH,,;, = 0.

The plots of d(AH)/x vs. x for K*, TI", Br~ and I” reveal
a distinct pattern of solution energetics from Rb* in CsCl
which is attributed to the specific manner that the CsCl
structure responds to accommodating these guest ions. As
evident in Fig. 5 the amounts x1yc; = 0.01 and x¢gg, = 0.054
have no impact on AH, of CsCl. This fact is interpreted in
terms of ideal solution behavior, i.e. AH,;, = 0 for these
compositions. AH,;, = 0 for T1* in CsCl parallels the result
for TI" in CsNO; with different composition limits [6].
Passing over the very limited ideal solution regime one

can obtain virtual y values of 6.8 = 0.3 kJ mol ! for T1"
and 0.60 = 0.05 kJ mol ' for Br™. The positive slope for
Br parallels I, Fig. 7, indicating an exothermic contribu-
tion in the solution process which counters the negative
slope observed in all our cation solution/substitution studies
[2—6]. The solution of K in CsCl is interpreted as stabiliza-
tion of the high-temperature a-structure in accordance with
its phase diagram [8]. Fig. 6 yields y = 41.5 = 3.0 kJ mol !
and its calculated value from the intercept mole fraction
xrel = 0.10 at d(AH)/x = 0 is 29.3 = 7.0 kJ mol !. These
values are within the range of y = 32.8 kJ mol ' calculated
from Ref. [10] and shown in Table 1.

The plot of AH, vs. mole fraction Csl, Fig. 3, is consistent
with the 7| dependence on x¢y, Fig. 1, and our data extend
the region of subsolidus conjugate solutions, S; and S,, in
the CsCl-Csl phase diagram [26]. The noteworthy feature is
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Fig. 3. Plot of transition enthalpy AH, vs. guest ion mole fraction,
Xmx, in CsCl-MX systems.

the change of slope from positive, 0 < x¢q < 0.18, to nega-
tive 0.18 < x¢cq < 0.80, for AH, vs. xcg. The positive slope
is for the single phase CsCl-rich whereas the negative slope
is for the conjugate solution region, S;+ S,, attaining
AH, = 0 for the single phase CsI-rich. Plotted along with
the experimentally measured AH, values in the S; + S,
region of Fig. 3 are calculated AH, values for the fraction
S, phase, open symbols O identified by CsI%, undergoing the
3 — o CsCl transformation using the lever principle. The
excellent agreement between the measured and calculated
AH, is evident and affirms our identification of conju-
gate solid solutions S; and S, at xcgq = 0.18 and 0.80,
respectively.

Values of y, AH. and recovered lattice energy AH,
understood as the destruction of 1 mol of M’X guest lattice
and the creation of a new imperfect lattice M’MX, calcu-
lated from AHE =x- [AH&(CSCI) — AH&(gueSt)] in this
study along with some mixed thallium and alkali related

12
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Fig. 4. Plot of partial molar heat of solution d(AH/x) vs. mole
fraction x of Rb™ in CsCl crystal.
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Fig. 5. Plot of partial molar heat of solution d(AH/x) vs. mole
fraction x of T1 in CsCl and of Br™~ in CsCl crystal.

compounds for comparison purpose are tabulated in Table
1 where AHY represents heat of formation of the lattice
from ions in their standard states, i.e. U = AH?L. Also
included in Table 1 are the AH? and AH?L values taken
from the literature, [12,27-29] except TICl which was
calculated from the Kapustinskii equation, [30] corrected
to the transition temperature of the solvent, i.e. 460 °C for
CsCl, using the heat capacities of the components [12]. We
repeat that only CsCl undergoes a phase transition, viz.
CsCl, Pm3m— Fm3m, while the remaining compounds
maintain their standard state structures to melting
temperature.

Attempts to correlate AHg values with ionic radius of the
guest ion incorporated in a specific lattice-type have not
been successful. It has been suggested that when a larger
ion replaces a smaller one the value of AHg is positive [31]
asin Rb* = K", Br"— Cl~, Cs* — TI" but positive AHY
is also observed for smaller ion replacing larger ion, viz.

50
~ 40
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2 30F
x [ > N
= 20l N
I L N
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© [ N
10} S
~
~
~
O ! 1 1 N N
0.0 0.1 0.2 0.3 0.4
CsCl

Xor mole fraction

Fig. 6. Plot of partial molar heat of solution d(AH/x) vs. mole
fraction x of K* in CsCl crystal.
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Fig. 7. Plot of partial molar heat of solution d(AH/x) vs. mole
fraction x of I in CsCl crystal.

K" — Cs*, Rb" — Cs™, TI" — Cs™ as evident in Table 1.
A trend between positive AHY values for host ion replace-
ment by a larger guest ion appears in all cases in Table 1. A
corollary of this trend is of increasing negative AH
for smaller cations replacing Cs* in CsCl from
K"*—Rb"— TI". Since rg,+ = rp+ the large difference
in AHY cannot be attributed to size factor alone. The values
of AH2 and AHY and their signs (+ or —) do, however, show
their interdependence on the AH? and AHY values, respec-
tively, of the solute and solvent compounds evident in the
equation AHY = x — [AH[Q(SO,\,em) - AH,Q(SO,ule)]. It would be
naive to visualize a simple relationship between relative
host—guest ionic size and y, or HY, or AHY when one

Table 1

considers the interplay of various factors affecting the lattice
energy of a given solid composition, viz. dipole—dipole and
dipole—quadrapole interactions, attractive and repulsive
potentials, relative polarizability, etc. in addition to ionic
radius.

In summary, this paper contains additional examples
of ‘mixed crystal’ formation of cations and anions
substituted in crystalline CsCl. That is, it provides
useful data relevant to ion—ion interaction energies in
a common cubic environment to carry out a theoretical
analysis of static properties in mixed crystals using the
Monte Carlo technique or an approximate quantum
approach. The heats of solution terms, viz. AHg e, X»
AH and AH? were calculated from quantitative heat of
transition measurements using DSC. DSC has been
shown once again to be a simple, straightforward and
non-destructive solid-state method for reproducible
measurements to obtain fundamental enthalpic solution
quantities.
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Comparison of heats of solution (kJ mol_]) of K, Rb*, TI*, Br™, I" in CsCl with related metal compounds®

Solvent (host) Solute (guest) X (solute) AHg a AH?? —AH} ® (solvent) Reference
Intercept at x = 0 d(AH/x)= 0>

CsCl KC1 41.5 29.3 37.5 —8.5 675 This study
CsCl KCl1 32.8 - - - - [10]

CsCl RbC1 11.8 12.5 15.0 —21.2 675 This study
CsCl RbCl 9.5 - - - - [10]

CsCl TIC1 0, 6.8° - 257.0 —=97.0 675 This study
CsCl CsBr 0, 0.6° - 38.4 20.8 675 This study
CsCl CsBr 1.7 - - - - [10]

CsCl Csl -1.0 - 22 49.6 675 This study
RbNO; CsNO; 6.3 24.2 —-10 39.6 759 [5]

CsNO; RbNO, 0 - 16.3 -33 726 (5]

TINO; CsNO; 9.4 194 —252 44 759 [5]

CsNO; TINO; 0 - 263 —-33 726 [5]

TINO; RbNO; 114 12.7 —258.4 11.4 759 [4]
RbNO; TINO; 14.7 16.0 261.7 14.7 759 [4]

* All values of AH; and AHy used to calculate AHg and AHY for mixed compositions were corrected to the T of the host compound, using

their C, values, i.e. [Ja3 AC, dT.
® Virtual values.
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