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From the temperature dependence of the solubility of silver in its molten halides, the thermo-
dynamic functions 4H,, and 4S,,, are calculated. They depend strongly on the presence and
concentration of mono- and divalent cations. A possible structure breaking effect of these ions is

discussed.

1. Introduction

In a recent paper we reported on the dependence
of the thermodynamic functions 4 Hy,, and 4SS, of
Ag’ in molten AgCl, _ Br, on the AgBr mole frac-
tion x [1]. These functions vary non-monotonously
with x. From UV-VIS spectra of the solution it
could be tentatively concluded that Ag’ is associated
to complexes present in the melt via charge transfer
interaction [2]. Therefore, the thermodynamic func-
tions of solvation may be indicative for the activity
of such complexes in the melt. The aim of the
present paper is to show whether the thermody-
namics of solvation of Ag’ in its molten halides
depends on the presence of ionic dopants. This
would indicate that the structure of the melt can be
influenced by these additives.

2. Experimental

In order to obtain the thermodynamic solvation
functions of Ag” in molten silver halides, the ther-
modynamics of dissolution of metallic silver in
these melts was derived from the temperature de-
pendence of the solubility of the metal. The ex-
perimental procedure is described in detail in [1].
In order to obtain reliable values for the statistical
errors, the van’t-Hoff-equation

AH, AS,
RT R

(0]

In Yag=
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(¥ag: saturation mole fraction of silver in the melt,
AH, and 4S;: enthalpy and entropy of dissolution)
was solved by linear regression. The resulting stan-
dard deviations are given in the tables and, as error
bars, in the figures of the present paper. The error
limits given in [1] were only estimated. Therefore,
some data were redetermined. Figure 1 shows as an
example experimental points from [1] together with
some additional points and the resulting regression
line.

The functions 4H,, and 4S,,,, which are as-
sociated with the process

Ag (in the ideal gas state p = | atm) —
Ag (solvated in the melt at standard concentration)

can be calculated with help of the sublimation func-
tions:

AHg, = AH, — AHgyp, ASg = A4S8;— ASgyp -

These were taken from [3].

After purification of the melts, as described in [1],
the desired concentration of the dopant was achieved
by adding weighed amounts of the respective salts
(p-a. from E. Merck, Darmstadt) to the melt. The
following salts were used:

LiCl, KCl, CsCl, ZnCl,, CdCl,, CaCl,, and BaCl,.

3. Results
3.1. Undoped melts AgCl, _ . Br,

All results concerning this system are collected in
Table I. Due to the limited temperature range in
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Table 1. Thermodynamic functions of dissolution and solvation of silver in AgCl, _ .Br, melts.

AgCl, _ Br, AH; 48, Standard Deviation Standard Deviation =AH g1 — A4Sy
indH indS

X (kJ/mol) (J/mol K)  (kJ/mol) (J/mol K) (kJ/mol) (J/mol k)
1.00 59 32 * 9 + 12 222 93
0.85 43 6 * 8 +10 238 119
0.72 65 31 *+ 6 + 8 216 94
0.60 61 25 9 *11 220 100
0.51 96 68 + 8 *+10 185 57
0.43 95 65 T 6 + 7 186 60
0.40 90 60 9 * 11 191 65
0.30 65 29 + 5 £ 6 216 96
0.25 83 50 T 6 + 8 198 75
0.16 72 35 = 5 £ 5 209 90
0.08 61 24 =13 =+ 15 220 101
0.00 73 36 10 *12 208 89

Table 2. Thermodynamic functions of dissolution and of solvation of silver in AgCl-melts doped with different cations.

Dopant X Dopant AH, 48, Standard Deviation  Standard Deviation —A4Hy,, — A4Sy
indH indS
(kJ/mol) (J/mol K) (kJ/mol) (J/mol K) (kJ/mol)  (J/mol K)
ZnCl, 0.020 98 76 13 116 183 49
LiCl 0.014 107 76 +18 +21 174 49
0.018 110 78 t 4 + 5 171 47
CdCl, 0.005 75 45 *+10 =+ 12 206 80
0.010 94 66 11 +13 187 59
0.015 106 83 + 4 5 175 42
0.020 109 87 £ 7 9 172 38
0.025 106 89 t15 118 175 36
CaCl, 0.010 88 60 *+ 6 % 7 193 65
0.020 93 70 t11 13 188 55
BaCl, 0.010 68 30 + 7 + 8 213 95
0.020 81 44 + 7 t+ 8 200 81
KCl 0.010 65 25 + 3 * 4 216 100
0.020 67 29 t 7 9 214 96
CsCl 0.010 58 20 £ 5 T 6 223 105
0.020 61 19 12 t14 220 106

Table 3. Thermodynamic functions of dissolution and of solvation of silver in AgCl, _ (Br,-melts doped with different
cations.

Dopant X Bopast X AgBr AH| 48 Standard Standard —4Hy,  — A4S
in Deviation  Deviation
AgCl,_Br, indH in4S
(kJ/mol)  (/molK) (kJ/mol)  (J/molK) (kJ/mol)  (J/mol K)
Cddl, 0.020 1.00 98 80 +18 22 183 45
0.020 0.79 106 86 t 16 +20 175 39
0.020 0.47 100 77 *17 +22 181 48
0.020 0.32 110 89 + 9 t11 171 36
0.020 0.00 109 87 7 + 9 172 38
CaCl, 0.005 0.79 55 25 5 t 6 226 100
0.015 0.79 78 57 + 8 T 11 203 68
0.024 0.79 89 73 t 8 10 192 52




b

Fig. 5. Solvation enthalpy (a) and solvation entropy (b) of silver in mixtures AgCl, _ .Br,.

134 Th. Lieser and K. G. Weil - Thermodynamics of Ag®-Solvation in Molten Silver Halides
= T T 1 T i Bl i T T T
o
£ 150 i
e
—>
= =
w
o
‘.‘{‘— _____ { SR 1 e T B ==
L 4
'
200{ /I\ _.l.
ce+Ve O'X'D’O:ELCD= 5
hi
D}f is work VE, - 753 :\3 /
+:Eycp= 2259 =
250+ ] S(hWIHd[li] .:ELCD= 3264
x Votsch [5]  @:E p=3765
1 1 1 1 1 1 ] 1 1
0 0,1 0,2 03 0,4 0,5 0,6 0,7 0,8 0,9 1.0
“AgBr
a
; r T T T T . T T T r T Al
°
£
"N
BT o e e | e e o e L 2
S 50 : 4 ]' -
w
)
% I 1 & 1
[ v \/ I
100 x/ I I v
J 0%0,0:E (= 0= T
VEw= 7532 cesve ., I
+:E cp= 2259 8 n }fms work
*E (o= 3264 O Schwind [4]
w:Eyer= 3765 x Vétsch [5)
150 1
o 1 1 1 1 1 | 1 1
0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1.0
xAgBr



Th. Lieser and K. G. Weil - Thermodynamics of Ag’-Solvation in Molten Silver Halides 135

which the experiments can be performed, the stan-
dard deviations of the thermodynamic functions are
relatively high. Nevertheless, the non-monotonous
dependence of these functions on x can clearly be
seen (cf. also Fig. 5).

3.2. Doped melts

The addition of small amounts (mole fraction
= 0.02) of different halides to molten silver chloride
changes the solubility of silver and its temperature
dependence markedly. Furthermore, as can be seen
from Fig. 2, the influence is different for different
cations.

The concentration dependence of the resulting
solvation thermodynamics was studied with CdCl,.
Figure 3 shows that the entropy of solvation in-
creases with increasing concentration of dopant.
Saturation of this observation seems to occur at a
mole fraction of dopant of about 0.02. The thermo-
dynamic functions of solvation of silver in doped
silver chloride melts, as far as they were determined
in our experiments, are collected in Table 2. Some
additional data were measured using mixed melts
AgCl, _ Br, as solvents. These results are presented
in Table 3.

4. Discussion

The solvation entropy of Ag® in pure silver chlo-
ride is —89 J mol~! K~!. Addition of CdCl, leads to
ASyw=—38Tmol™' K™' at xcy4q,=0.02. Other
dopants have similar but smaller effects. Only the
addition of KCI and LiCl makes the solvation en-
tropy more negative than it is in the undoped melt.
The solvation enthalpy is changed similarly. That
means that the localization of the silver atoms under
the influence of the dopants is smaller than in un-
doped melts. Salts which change the solvation prop-
erties of water in the same sense are called struc-
ture breakers [6].

From the high electrolytic conductivity of molten
silver halides [8] it has to be concluded that on the
time scale of this experiment the melt behaves like
an ionic liquid. Neutron diffraction data [7], on the
other hand, do not exclude the presence of struc-
tural entities like molecules or clusters, at least on
the extremely fast time scale of the neutron diffrac-
tion experiment. The spectroscopic properties of Ag’
in molten silver chloride [2] as well as the large

negative entropy of solvation indicate strong local-
ization of Ag® on these structural entities. If dopants
convert the character of the melt from “partly co-
valent” to “more ionic”, this structure breaking
mechanism could explain the observed change of
the solvation functions.

We tried to rationalize the specific effect of
different ions as well as the concentration depen-
dence. This was possible by introducing a local
charge density effect £ cp, defined as

)

Excp=xi|5———|F

ry I'Ag*
with x;: mole fraction of dopant i, z;: its valency,
and r;: its ionic radius. F is Faraday’s constant.
Figure 4 clearly demonstrates that there is a unique
relationship between this parameter and the change
of the solvation entropy. Unfortunately we are not
able to present any interpretation for this surprising
result.

Nevertheless, the local charge density effect
seems to be a quantitative measure for the amount.
of structure breaking or formation in a doped melt.
This can also be seen from the properties of doped
melts AgCl,_Br,. In Fig.5a,b we present the
results concerning the solvation enthalpy and entropy
of silver in these melts as a function of x, which are
also presented in Table 3. The figure contains the
recalculated standard deviations. The latter are
relatively high, but the peculiar non-monotonous
shape of the curve which was already published
in [1] can be recognized without doubt. In [1] we
attributed this property of the x-dependence of
AHg,, and 4S,,, to the occurrence of complexes in
the melt. These complexes were assumed to contain
both anions CI™ and Br™. Also presented in Fig. 5a, b
are some points which were obtained with doped
melts. These contained different amounts of CdCl,
and CaCl,, as specified in Table 3. The correspond-
ing values of E;cp are given in the figure. With
increasing E|cp, the minimum around x = 0.8 dis-
appears gradually. When E;cp exceeds 3000 C,
A=3mol™!, a dependence of 4H,,, and 4S,, from"
x can no longer be detected.
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