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junction potential of the cell might not be negli-
gible®™ and where the increased solubility of silver
halides in excess halide would necessitate a knowl-
edge of the association constants of AgX and X~

The specific Helmholtz free energies of formation
AA of CdX+ and CdX; (where X is bromide or
iodide) were evaluated using the equations of the
quasi-lattice model®-! (asymmetric approximation)
with the co6rdination number Z = 6. Since the
equations of the model were derived for ions of the
same charge, they might not be expected to apply
to a mixture of singly charged and multiply charged
ions. It is seen from the values of A4 in Table II
that the variation with temperature although very
small is somewhat larger than in the case of singly
charged ions.!! The decrease of A4 with increas-
ing temperature is in the same direction as was ob-
served for the association of silver ions with sulfate

(9) M. Blander, J. Chem. Phys., 84, 342 (1961),

(10) M. Blander and J. Braunstein, Ann. N. Y. Aced. Sci., 79, 838
(1960).

(11) D. G. Hill, J. Braunstein, M. Blander, J, Phys. Chem., 64,
1038 (1960).
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ions in molten KNOQ;.!2
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The ‘‘specific entropy of
association’’? (—- (——4)) may be characteristic of a

T
change in the internal degrees of freedom of the
ions involved in the association, although the effect
in this case is almost within the experimental un-
certainty. The relatively small variation of A4
with temperature indicates that the quasi-lattice
model may be useful for predicting the temperature
coefficients of the association constants of singly
charged ions with multiply charged ions as well as
with other singly charged ions.
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Thermodynamic Association Constants of Silver Ions with Bromide or Iodide Ions
in Molten Potassium Nitrate and their Comparison with the Quasi-lattice Theory

By A. ALvAREZ-FUNES,! J. BRAUNSTEIN? AND M. BLANDER
RECEIVED AUGUST 21, 1961

Electromotive force measurements in dilute solutions of Ag+ and Br~ in molten KNO; at 403, 438, 452, 474 and 500°
and Ag* and I~ in molten KNO; at 402° were used to evaluate the association constants K, K, and K, for the formation
of AgX, AgX,~ and Ag:X*, respectively, where X = Br or I. The compatison of the values of K; in the bromide con-
taining system with the theoretical calculations based on the quasi-lattice model demonstrated that the temperature co-
efficients of the K are correctly predicted by the theory for any reasonable choice of the cotrdination number using values
of the “specific bond free energies”” A4;, which are independent of temperature. For Z = 5 average values of A4,, A4,
and Adj are 7.14, 7.0 and 6.7 kecal./mole, respectively. The values of the “specific bond free energies’ for the formation
of the ion pairs Ag*-Cl—, Ag*-Br~ and Ag*-I- in KNO; for Z = 5 are 5.8, 7.14 and 9.3s kcal./mole, respectively, and

are consistent with the relative but not absolute values of the predictions of Flood, Fgrland and Grjotheim.

Introduction

Measurements of the activity coefficients of
AgNO; in molten KNQ; in dilute solutions of Ag+
and Br— ions at five temperatures ranging from 403
to 500° and of Ag+ and I— at 402° are described
in this paper. In previous papers the comparison
with calculations based on the quasi-lattice
model*—® of similar measurements in dilute solu-
tions of Ag+and Cl— in pure KNO;3,"8 pure NaNO?
and in equimolar NaNO;KNOQj;!® mixtures demon-
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strated that the temperature coefficient of the as-
sociation constant K; for the formation of the ion
pair Ag+—Cl— is correctly predicted by the expres-
sion derived from the theoretical calculations

Ky = Z (exp (—A4y/RT) — 1) (1)

where Z is a codrdination number and A4, is the
“specific bond free energy” and was constant.!
AA, was about 1 kcal. more negative in the solvent
KNO; than in NaNO; and the value of A4, in the
equimolar NaNOgKNO; mixture appeared to be
the average of the values of A4, in the pure ni-
trates.

The purpose of this paper is to demonstrate that
equation 1 gives a correct prediction of the tempera-
ture coefficient of K; in the bromide containing
system. We shall show further that the general-
ized calculations® based on the quasi-lattice model,
within experimental error, lead to a cotrect pre-
diction of the temperature coefficients for the as-

(10) D. G. Hill and M. Blander, $bid., to be published,

(11) In systems in which the change of the entropy of the internat
degrees of freedom of the ions involved in the association process is
small dAAi/dT & 0 and AA; = AE;,
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Plotted against the mole ratio of silver nitrate in the right
hand half cell in the absence of bromide or iodide ions.

sociation constants K, and Kj, for the formation
respectively of AgBr.~ and Ag,Br+* from the ion
pair Ag*-Br~ if the “specific bond free energies”
A4; are assumed to be independent of tempera-
ture. Lastly we will illustrate the differences in
the values of K; and the values of A4, for the as-
sociation of Ag* with Cl—, Br~ and I~ in molten
KNO;.

Experimental

Reagent grade KBr and KI from Baker and Adamson
were heated in a dry atmosphere to remove water and used
as solute. Otherwise, the materials, apparatus and pro-
cedure were essentially the same as previously described.”8.10

Results
Electromotive force measurements were made of
the concentration cell

KNO;
Ag| AgNO;

KNO;
AgNO; | Ag
KX

where Xis Br—orI—.
As described previously the activity coefficients
YaeNo, of AgNQO; may be calculated from the re-
lation
2.303 RT
F

where AE is the change of e.m.f. upon the addition
of KBr or KI to the right hand electrode compart-
ment at a constant concentration of AgNQO; and
at concentrations of Ag* and Br— or I~ ions too
low to precipitate AgBr or Agl. In Table I are
given values of AE obtained in this system at
several concentrations of AgNO; and KBr at 403,
438, 452, 474 and 500°.

The reproducibility of the measurements was not
as good as in the chloride containing systems.
Many duplicate series of measurements were made
to check the reliability and reproducibility.
Four somewhat low sets of measurements were
rejected out of the total of 31 sets measured.
Only one set of measurements (438°) was rejected
without making at least three sets of measurements

AE = log vagnos
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Fig. 2.—Negative logarithm of the activity coefficient of
silver nitrate in molten potassium nitrate as a function of the
mole ratio of potassium iodide at several fixed mole ratios
of silver nitrate.

at the given temperature and concentration of Ag-
NO;. The rejected set of measurements at 438°
was rejected because it was inconsistent with data
at other temperatures. Because of the low solu-
bility of Agl, the measurements in the iodide con-
taining systems were of necessity made at very
low concentrations of Ag+ and I- or at concentra-
tions of KI in sufficient excess to keep AglI in solu-
tion. Figure 1 is a plot of e.m.f. vs. log Rago,,
where Ragno, is the mole ratio of AgNOs;, at 402°
as obtained in the concentration cell

AgNO; (Ragnos) | | AgNOs (Ragnos)
Ag | KNO, Y1l xkNo, V| A

for low concentrations of AgNO;. The points fall
on the line of the Nernst equation slope down to
concentrations below 10—% This indicates that
the electrode may be used to measure activities of
AgNOQO; at these low concentrations. The e.m.f.
changes upon the addition of iodide at fixed con-
centrations of AgNO; are given in Table I at the low
concentrations of KI. The activity coefficients of
AgNO; are plotted in Fig. 2 at the higher con-
centrations of KI.

Evaluation of K, K, and K».—The method of
evaluating K;, K; and K;3 has been described
previously.!? In the bromide system large scale
plots of —log yagno, (or of AE) were made as a
function of the mole ratio of KBr(Rxg,) at several
fixed concentrations of AgNOy(Ragno,). The limit-
ing slopes of these plots were obtained graphically
at Rxgsr = 0 and are plotted as a function of Ragno,
at five temperatures in Fig. 3a. The intercepts
of the plots in Fig. 3a at Ragnvo, = 0 are equal

(12) J. Braunstein, M. Blander and R, M. Lindgren, J. Am. Chem.
Soc., 84, 1529 (1962).
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TABLE 1 2.554 77.1 2.520 7 2.899 81.1
E.Mm.F. CHANGE OF HALF CELLS CONTAINING SOLUTIONS OF 3.097 90.1  2.904 1.5
AgNO; in KNO; UronN THE AppITION OF KBr or KI 3.511 98.9
° Ragnos = Ragnos = Rag
T = 403 1.086 X 10-3 1.420 X 10-3 1418 %10 xE
0 515 fo-s 0§85 {0 L8P o0 X @n X @ X v
e LE, Rupes ary B L5 0.389  11.2  0.581 14.3  0.404  10.0
0.071 3.8 0.199 8.5 0.040 1.5 1.110 30.9 0.937 23.8 0.867 20.9
141 6.8 496° 23.3% 104 3.7 1.541 42.3 1.4(-)4 35.5 1.284 30.9
289 14.0 41 31.3 149 5.1 1.919 51.7 1.851 4_16? 1.710 42,1
500 23 5 912 39 9 249 8.3 2.263 59.6 2.318 59.5 2.158 53.9
715 34.1 319 10.7 2.689 70.3 2.711 69.9 2.829 69.7
1.057  47.1 419 14.1 3.080  79.5
1.630 68.0 481 16.2 T = 500°
1.916 777 .576 19.5 RagNog = Ragnos =
2.390  92.1 R?{f,% oz, esXhon o ossiXio
2.624 98.7 X 103 (mv.) X 103 (mv.) X 102 (mv.)
T = 438° 0.467 15.5 0.417 14.1 0.352 11.0
- _ _ 0.912 29.3 0.878 29.5 0.826 27.0
Rt 0 M R ey Ay Tl OB 1.434  44.3 1.367 44.2 1.009 35.8
0.032 1.5 0. 194 5.9 1.048  58.2 2.046 62.4 1.644 51.8
.317 12.8 0.656 20.9 2.441 69.8 2.512 73.4 2.024 61.9
540 21.7 2.831 79.0 2.461 72.7
.864 33.4 2.924 83.2
1.429 52.5 3.347  92.4
1.767 62.7 0355305 4 0.655°30%15 -4 0655752 15+
2.044 70.4 RKBr AE Rkar AE Rker AE
X 108 (mv.) X 103 (mv.) X 103 (mv.)
T = 452° 0.550 17.8 0.401 12.1 0.360 10.5
Ry MO 0T Ry < 019 X 10 109 3.1 082 260 0821 2.6
0.5986 23.9 0.689 27.0 1.555 46.9 1.199 34.3 1.3%6 38.4
1,065 0.7 1167 437 1.961  57.0 1.525 429 1.878  50.9
1.450 53.5 2.149 74.0 2.581 7.7 Lo19  52.7
1.936 68.9 2.897 78.6 2.424 64.3
2.595 86.2 3.285 86.9 2.817 72.9
3.051 97.6 3.656 94.3 3.286 82.8
RagNos = Ragnog = Raenos = 1.(%%‘%2”;‘3 1 fﬁzg?alg'? 1 ﬁ.%:N)?alg_'
,%{230 X102 R0K.243 X107 R(g{ 234 X108 Reay " Rin: A Ren: AE
X102 (mv) X 10¢  (mv) X105 (mv) X108 (mv) X108 (mv.) X100 (mv.)
0.180 6.6 0.445 15.5 0.523 18.6 0.352 8.8 0.356 8.7 0.794 19.7
422 14.9 0.780 27 3 0.961 33.9 0.954 24.2 0481% 19.6 1.472 35.3
7886 27 1 1.971 430 1.382 16.9 1.54.(-) 38.3 1.123 26.6 1.930 45.3
1.173  39.4 1.650 54.5 1.917 62.2 2.085  49.3 1442 33.8 2.335 548
1.554  51.2  2.026 65.3 2.465  77.1 2.402  59.2 1.836 42.7 2735  62.9
2.006 64.1 2.372 74.9 2.942 89.3 2.949 688 2218 51.0  3.030  69.3
2610 796 2794 854 3.208 754 2,675 0.0
2.980  88.9 3.861  75.7
RagNO3 = Ragnos = Ragxos = T = 402°
R, g N gl
X 108 (mv.) X 109 (mv.) X 103 (mv.) R?{.]S-i X IOAE RZ}\?I X 10A5E R3 12 >< IOAE
0.555 16.0 X 108 (mv.) X 10° (mv.) X 105 (mv.)
1.072 30.7 0.341 9.6 0,474 12.2 0 0 0 0 0.43 1.5
1.486 41.8 0.830 23.3 1.114 29.3 0.48 1.4 0.32 2.0 1.68 5.9
2.015 56.6 1.468 40.5 1.459 39.4 1.0 3.0 0.80 4.5 4.10 13.8
2.400 66.6 1.805 50.2 2.0 7.1 2.21 7.0 10.91 34.0
2.900 78.9 2.085 57.4 3.6 11.6 3.59 12.0
3.380 90.4 7.3 20.4 5.25 17.0
4,126 109.8 7.01 23.0
T = 474° 9.48 31.0
Ragnos = Ragnos = RagNoa =
0374><10 -t ossexw : 0655><10 3 382X 10 3.84 X 10-s 3.99 X 1074
RKpr AE Rgg: AE Rgpr AE Rk AE Rxki AE Rx1 A
X 103 (mv.) X 108 (mv.) X 103 (mv.) X 105 (mv.) X 108 (mv.) X 108 (mv.)
0.412 14.5 0.430 14.4 0.470 15.1 0 0 0 0 0 0
0.833 28.8 0.796 25.7 0.798 25.3 0.85 2.9 0.60 2.0 2.43 8.6
1.455 47.9 1.162 36.3 1.352 41.3 1.81 6.9 1.43 5.8 7.67 28.0
1.765 56.9 1.466 45.0 1.791 53.3 2.69 10.0 2.85 11.1 27.9 100
2.179 68.0 1.935 57.6 2.380 68.5 4.14 15.1 5.12 18.0
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6.17 24.0 10.3 32.4
12.9 46.5 14.0 48.9
Raenos = RagNos = RagNos =
4.48 X 105 6.68 X 108 7.65 X 108
Rg1 A Rx1 AE Rx1 A
X 108 (mv.) X 10% (mv.) X 108 (mv.)
0 0 0 0 0 0
2.33 8.4 0.53 1.7 0.81 2.5
4.36 16.8 1.84 6.1 1.39 4.0
6.75 26.1 2.74 9.2 2.70 9.0
11.88 50.6 3.56 11.6 3.79 12.3
4 39 12.8
5.41 16.0
Ragnog = 8.36 X 105
Rg1 X 108 AE (mv.)
0 0
0.92 4.0
1.18 4.4
1.91 7.8
2.37 8.0
2.72 8.9

e Data point not used in calculations,

to (—K1/2.303) and the limiting slopes are equal
to [(K12 - 2K1K12)/23O3] since

Jim M"'—"‘) = —(Ky/2.303)  (2)

Rigpr =0 ORkz:
Ragno3 =0
and
. 0? log ’YA¢NO|) (Ki? — 2KhKy)
1 =
RKB:‘EO bRKBrbRAzNOs 2.303 (3)
Ragnos=0

Values of K; and K, obtained in this manner are
listed in Table II. K, was evaluated by a least
squares fit of the experimental data (at fixed con-
centrations of AgNQO;) to the equation

— log vagvos = ARxs: 4+ BRp: (4)

The limit of a plot of B vs. Ragno, at Ragno, = 0is
(KiK> — 1oKy?)
rom_ B = 2303 =B ®

and was evaluated from the plots given in Fig. 3b.
Values of K, calculated from this limit are given
in Table II. It should be emphasized that since
K, and K, are relatively large, relatively large un-
certainties in the limit of the derivative in equation
3 or in the limit of B in equation 5 lead to relatively
small uncertainties in K, or Ky, Values of K;
calculated from lim 4 Ragno, = O differed by less than
the estimated experimental error from the values
evaluated graphically and given in Table II.

From the data in Table I the values of the limit-

ing slopes
[Gz2)
ORxk1/ Ragnoy JRk1 = 0

at 402° were evaluated graphically and are plotted
in Fig. 4. Values of K; and K;; in Table II were
evaluated from the plot in Fig, 4. The linearity
of log vagno, within experimental precision to
relatively large values of —log vagno, (0.2) indi-
cated that K, =~ 1/,K;. Ki, K, and K, and de-
rived values of A4;are given in Table II.

Comparison with Theory.—The generalized cal-
culations based on the quasi lattice model lead to
the relation for K; given in equation 1 and for K,
and K; for non-directional ‘“‘bonding’’

K2=(—Z"“2—_‘1‘)(52—

B: — B
1 +Bl 3 (6a)
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Fig. 3.—(a) Extrapolation of the
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potassium bromide, to infinite dilution of silver nitrate to
obtain the stepwise association constants for AgBr and
Ag.Br+ in molten potassium nitrate. (b) Extrapolation of
the coefficients B to infinite dilution of silver nitrate to obtain

limiting slopes,

the stepwise association constant for AgBr;~ in molten
potassium nitrate.
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Fig. 4. —Extrapolation of the limiting slopes,

OAemf . .
evaluated at zero mole ratio of potassium
ORx1 / Ragvno,

iodide, to infinite dilution of silver nitrate to obtain the step-
wise association constants for Agl and Ag.I* in molten
potassium nitrate,

Kz =

(Blz -1+ 512 - Bl) (6b)

where 8, = exp (—AA;/RT), Where AA; are
“‘specific bond free energies” and Z is a codrdination
number. Values of Ad;, A4, and A4, calculated
from the association constants are listed in Table II
using assumed values of Z of 4, 5 and 6 which
should cover the entire range of possible values of
the coérdination number. For any given value
of Z, the values of A4;, A4, and A4, within the
estimated error appear to be constant over the
entire range of temperatures. This indicates
that equations 1, 6a and 6b, with values A4:
independent of temperature, lead to a correct
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TaBLE 11
CALCULATED VALUES OF K, K2 AND Kj2 AND DERIVED VALUES OF A41, AA; AND Ady:

1542
676° 711°
K, (mole/mole KNO;)—! 932 768
K3 (mole/mole KNQO;)—1 370% 285%
K2 (mole/mole KNO,)=1 293 230
AA; (keal./mole) 7.32 7.43
Z = 4 { AA; (keal./mole) 7.4 7.4
AAy, (keal./mole) 7.08 7.12
A4, (keal./mole) 7.01 7.12
Z = 5 {AA; (keal./mole) 7.0 7.0
AAjy (keal./mole) 6.70 6.72
A4, (keal. /mole) 6.78 6.86
Z = 6 {AA, (kcal./mole) 6.7 6.7
AAis (keal./mole) 6.4 6.40
Estimated 9, error in K; 8 5
K, 12 10
K 10 8

AgNOs-KBr-KNOs
7T, °K

AgNOsKI-KNO:
875°

¢ Estimated from data at one concentration of AgNO; (0.315 X 1073),

and potentially useful prediction of the tempera-
ture coefficients, not only of Ki, but also of K,
and Kp.5.1

A comparison of the values of K; at 402° (403°)
for the formation of the ion pairs AgCl, AgBr and
Agl is given in column 2 of Table III. Values of
AA, for Z = 5, for example, averaged over meas-
ured temperature ranges are given in column 3.
Flood, Fgrland and Grjotheim!® and Fgrland!¢
postulate that AF® or AHY the free energy or heat
change for the reciprocal reaction

KX (lig) + AgNO; (lig) === AgX (lig) + KNO; (lig)

should be a measure of A4A. Their expression is
ZAA, = AH, (or ZAA, = AF?). Because data are
not available to calculate all the values of AH? or
AF® the value of AHaq for the reaction of the
solids at 298° given in column 4 of Table III was
substituted.’® These values of AHo14 at 298° prob-
ably differlessthan two or threekcal. /mole from AH®,
In the last column are given values of AHq1a/AA 1.
These are smaller than any reasonable value of Z,
but the relative constancy of this quantity is an
indication that AH® or AHona is a fairly good meas-

(13) H. Flood, T. Fgrland and K, Grjotheim, Z. anorg, u. allgem.
Chem., 276, 289 (1954).

(14) T. Fgrland, Norges Tekniske Vitenskapsakadems, Ser. 2, No. 4

(1957).
(15) F. D. Rossini, et al., *Circular of thbe National Bureau of

Standards,” 500 (1952).

725°° 747° 773°
728 617 540 5420
273 228 195 2700
208 174 145 3555
7.50 7.48 7.54 9.68
7.50 7.47 7.5 10.1
7.12 7.08 7.04 10.4
7.18 7.16 7.21 9.38
7.10 7.04 7.1 9.7
6.70 6.64 6.61 10.0
6.93 6.87 6.93 9.13
6.77 6.72 6.7 9.4
6.38 6.33 6.28 9.8
3 3 4 5
7 7 12 25
7 7 9 12
TaBLE II1
CoMPARISON OF K, AA; AND AHsolid
Ion K1 —Ady
pair (402°) (Z = 5) — AHgond AHgoid/ A4
AgCl 396 5.88 14.6 2.5
AgBr 932 7.14 18.5 2.6
Agl 5420 9.38 25.0 2.7

ure of the relative values of Ad4; in a particular
solvent. Since AH® or AH,oq for these substances
may be related mainly to differences in the van
der Waals and in part to differences in the cou-
lombic contributions to the lattice energies of the
four salts in the reciprocal reaction, A4; and the
tendency to association may be related to van
der Waals and coulombic forces.!® Since the
relative contributions of these types of interactions
to AHioia and to AA; probably differ depending
on the particular system, only semiquantitative
correlations may be made between the two.
In a subsequent paper, the comparison of measure-
ments in the AgNO;-NaBr-NaNO; system with
measurements in AgNO;KBr-KNO;, AgNO;-
NaCl-NaNO; and AgNO;-KCI-KNO; will be
used to provide a clue to the types of forces in-
volved.
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