
1558 CORRESPONDENCE Inoyyanic Chemistry 

respect to  each other leads to hl' 1 R S O ~ O ~ , , ( ~ ~ - - ' ) -  
(Figure 4), examples of which arc not kiio\vvn. Loss o f  
six metal atoms approximately octahedrally placed 
leads to blz-Mo~024(12-Z)- (Figure 4)) which is the 
structure found for the 1 : 6 heteropolyrriolybdates listed 
above. 

The formation of large heteropolyanions of this type 
would be expected to be less favorable with the larger 
tungsten(V1) atoms, which appears to be in agreement 
with observation. 

Group 111.-The structure of Ce'vhlIo120428- is based 
on an icosahedrally coordinated cerium atom sur- 
rounded by six pairs of face-sharing 0~ tahedra . l~  Such 
face sharing of octahedra produces severe Coulombic 
interactions, and i t  is therefore not unexpected that 
tungsten forms only the I : X heteropolyaiiion eelv- 
~ ~ 0 ~ ~ 4 - .  16 

(14) D. D. Dexter and J. 1'. Silverton, J .  A.w. Chcnz. Soc., 90, 3389 (1!168), 
(15) R. Ripan and I. Tvdorut. Rocziziki Chem. ,  38, 1887 (1964); Rev. 
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Association and Hydra t ion  Equilibria in 
NH4NO8-2Hz0-(AgC1 or AgBr)l 

Recently, from his measurements of the solubilization 
of silver chloride by excess chloride and of silver bro- 
mide by excess bromide in the solvent h-H4N03-2H20, 
Gal reported association constants for the formation of 
the associated species AgC1, AgClB-, AgBr, and Ag- 
Br2-.2 Application of the equations of a quasilattice 
model of anhydrous molten saltsSa to the "pseudomol- 
ten salt" NH4N03-2H20Sb seemed to indicate nonlinear 
rather than linear AgC12- species. Although the ab- 
sence of data in anhydrous NH4N03 prevents a com- 
plete interpretation in terms of a recent aqueous quasi- 
lattice model of competition between association 
and hydration equilibria, i t  is of interest, nevertheless, 
to discuss Gal's results i'n this ~ o n t e x t . ~  

According to the aqueous quasilattice model, the 
measured pairwise association constants, K1 (for AgCl 
or AgBr), should depend on water content as 

ZIKI = e x p [ ~ ~ / k T l  + RH exp[(EC - m)/kTI (1) 

where 2 is the lattice coordination number (usually 
assumed to be 6)) cc is the relative silver-halide inter- 
action energy for the exchange Ag+K03- + NH4+X- * 
Ag+X- + NH4+NOs- in anhydrous molten salt, E H  is 
the relative hydration energy for Ag+NOs- + NH4+- 

(1) Research sponsvred by the U. S. Atomic Energy Commission under 

(2) I. J. Gal, Iuoig. Chem., '7, 1611 (1968). 
(3) (a) 11. Blander,,$. Chean. Phys. ,  34, 432 (1961); (b) J. M. C. Hess, J. 

(4)  J. Braunstein, J .  Phys .  Chem.,  '71, 3402 (196i). 

contract with Union Carbide Corp. 

Braunstein, and H. Braunsbein, J .  Tizor#. 'Vucl. Chem.,  26, 811 (1964). 

(El2(?) Ag 1 (1-120) + NKl+ NOa-, fZrl is the water 
concentration expressed as the niole ratio, nioles of 
water per mole. of nitrate, k is the Boltzmann constant, 
and 7' is the absolute t e m p e r a t ~ r e . ~  With eq 1, setting 
2 = A, i t  is possible to obtain tr: and er+ from data a t  
two different temperatures although, since t ~ :  is generally 
of much larger magnitude than € I $ ,  the numerical 
evaluation of the parameters is imprecise without data 
for the anhydrous solvent. The model assumes that 
the hydration energy parameter t~ is the same for the 
AgCl and AgBr systems. In  order to test this, we have 
inferred reasonable values of t~ for the AgCl and AgBr 
associations in anhydrous NH4S03 from known values 
of association energies in molten alkali nitrates. 

We also have recalculated the pair equilibriuin 
conslatits for ,4gC1 and AgRr by graphical extrapolation, 
since the curve-fitted values often tend to weight the 
high-concentration data n-here higher species such as 
AgC12- or AgBrz- predominate.5 

K1 = lim [b In (Snz,/KSP)/brn,] = 

Values of 

mx+0 

Iini { [(s~z,/KsP) - 1 ]/bm,} 

were obtained from plots of In (SnzJKSP) and of 
[(Sm,/KSP) - 11 us. m, for the low concentration data, 
as in Figure 1. Both plots have the same limiting 
slope, but a t  finite concentrations the logarithmic plot 
is concave downward and the rational plot is concave 
upward, so that  upper and lower limits to the association 
constant can be estimated. S is the solubility, m, the 
molality of ligand, and KSP the solubility product, 
which was found by successive approximations. I t  is 
seen in Figure 2 that  the plots of log K1 us. 1,!T and of 
log KSP vs. 1/T are smoother for the graphically esti- 
mated values than for those reported by Gal. These 
recalculated values in Table I were used in subsequent 
calculations, although little difference would have re- 
sulted from using Gal's values. The values of K in 
parentheses refer to concentrations expressed as mole 
ratios (R, moles of ligand per mole of solvent); all 
others refer to  conventional molality units (in moles of 
ligand per kilogram of solvent)). 

or 
of EC for AgCl or XgBr ( i e . ,  in anhydrous 
NHaN03, i t  seems reasonable to estimate values from 
association equilibria in molten alkali nitrates.6 Be- 
cause the nitrate ion is closer in size to the bromide ion 
than to the chloride ion, the solvent cation size affects 
the electrostatic part of the silver-bromide association 
less than that of the silver-chloride association, and 
E A ~ B ?  is therefore subject to less uncertainty than e,igr;i 
in estimating the parameters in KH4N03. In  dilute 
aqueous solution a t  25" K+ and NH4+ have the same 
effective radii and mobilities, and their chlorides have 
nearly identical activity  coefficient^.^ However, a t  ele- 
vated temperatures and high salt concentrations, water 

r1tx-tO 

In  the absence of measured values of 
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(6) M. Blander, "Molten Sa l t  Chemistry," Interscience Pub!ishers, 

(7) B. F. Wishaw and li. H. Stokes, 7'ruizs. I :nioday Soc. ,  49, 27 (l!lX3). 

84, 1529 (1962). 

New York, N. Y., 1964, p 228. 



CORRESPONDENCE 1550 VoZ. 8, No. 7, July 1969 

40 

/ a AgBr 
30 0 

4 1  I I I I I 1 I I I 1 

1 
AgCl 

I a d l  

a+ - -  2 

0 1 2 3 4 5 6 7 8 

mx , MOLALITY OF LIGAND 

Figurc I.-Grdpliical extrapolation to obtain the association constants Kl(AgC1) and K1(AgBr) in NH4N03-2H40 froiii the solu- 
bility data of Gal a t  low concentrations of excess chloride and excess bromide. 

TABLE I 
RECALCULATED VALUES OF K A ~ C I ,  K A ~ R ~ ,  KSPA~CI, AND KSPA,B~ IN n”aNO8-2HzO 

55 260 (2240) 4970 (4.27 X lo4) 1.12 x 10-8 5.0 X lo-” 

85 220 (1890) 3330 (2.88 X lo4) 5.01 x 2.51 X 

Temp, OC ILAgCl, m (mole ratio) K A ~ B ~ ,  m (mole ratio) K B P A ~ c ~ ,  m K S P A ~ B ~ ,  m 

70 240 (2065) 3840 (3.31 X lo4) 2.51 X lo-* 1.00 x 10-10 

activities in ammonium nitrate8 are closer to values in framework of the aqueous model, this is borne out by 
sodium nitrateg than in potassium nitrate.g Thus, the fact that, applying eq 1 a t  all three temperatures, 
molten sodium nitrate may be a better analog of the calculated difference RT In ( K A ~ c ~ / K A ~ B ~ )  = 
ammonium nitrate than potassium nitrate. E A $ B ~  - E A ~ C ~  = - 1.9 kcal/mol in ammonium nitrate 

is closer to that  difference in sodium nitrate (-1.64 
L. Ross, Can. J .  Chem.,  84, 151 (1956). kcal/mol) than to that  in potassium nitrate (- 1.23 

Within the 
(8) A. N. Campbell, J. B. Fishman, G. Rutherford,  T. P. Schaefer, and 
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(1967). kcaVmo1). Assuming ~AgBr[NH4NOsl = EAgBr[NaNOJI = 
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Figure 2.-Logarithms of association constants KI( AgC1) and 
KI(AgBr) and of solubility product constants KSP(AgC1) and 
KSP(AgBr) in IGH4S03-2H20 vs. reciprocal temperature (OK): 
0 ,  values reported by Gal; 0, values recalculated by graphical 
extrapolation. 

-6.3 kcal/mol leads to the estimated values 

= 0 f 0.5 kcal mol. The last value, while uncertain, is 
not unreasonable in its range of values. 

A crude estimate of E A ~ H ~ O  = +0.7 kcal/mol10 can 
be obtained from the stability constants of silver- 
ammine complexes in aqueous ammonium nitrate solu- 
tions,l' albeit a t  water contents above the range of the 
model. The heats of vaporization of water from con- 
centrated aqueous silver nitrate solutions and from 
concentrated aqueous ammonium nitrate solutions differ 
by less than 0.1 kcal/mol,s suggesting a value near zero 

Hess has noted slightly greater stability of CdCl+ in 
NaN08-6H20 than in NH4N03-6Hz0, 0.13 kcal/mol, 
again suggesting that "4' has a smaller effective 
radius in concentrated solutions a t  high temperatures 
than in water a t  25°.12 This change in behavior may 
not be surprising. In dilute solutions a t  low tempera- 
tures the effective size and mobility of NH4f are related 
to the way in which its protons take part in the hydro- 
gen-bonded water structure while a t  higher salt concen- 
trations and temperatures extensive hydrogen- 
bonded structure cannot persist. 

Figure 3 is a plot of mutually consistent values of CH 
and EC (chloride or bromide) calculated for each of Gal's 

EAgC1[KH4NOa] = -4.4 kcallmol and EH (=  EAgHzO[h.H4NOa]) 

for EAgHzO. 

( I O )  J .  Braunstein, Z?ioix.  ChiwL. A &  Rev., 2, 19 (1968). 
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(12) J. M. C .  Hess, Ph .D .  Dissertation, University of Maine, 1961, p 96; 
P. Haase and Sons, Copenhagen, 1957, p 134. 
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Figure 3 -Comparison of the aqueous quasilattice model u it11 
Gal's solubilities in the systems XH4N03-2HeO-(AgCl or AgBr). 
T alues of C A ~ H ~ O  consistent with both the experimental measure- 
ments and the model equation and corresponding to values of 
B A ~ C I  and E A ~ B ~  for the anhydrous system. 

six sets of measurements (chloride and bromide a t  three 
different temperatures each) with eq 1. If the model fit 
exactly, the curves for the three temperatures in each 
system would coincide. Their spread is about 0.2-0.45 
kcal/mol. The arrows on the abscissa are values of 
E A ~ C ~  and E A ~ B ~ .  in molten NaN03 or KN03. Although 
a unique fit of the aqueous data by values of E A ~ H ~ O ,  

E A ~ C I ,  and E A ~ B ~  is not possible, the hatched rectangle 
indicates the range of values suggested by comparing 
the aqueous results with those obtained in anhydrous 
alkali nitrates; thus, E A ~ H , O  = 0 f 0.5 kcal/mol, which 
corresponds to a nearly random distribution of water 
between silver ions and ammonium ions. 

In its present stage, as a first approximation, the 
aqueous quasilattice model neglects anion hydration 
(;.e., water on cation sites and hence water-anion con- 
tacts) which may be ~ignificant. '~- '~ An extension of the 
model, in progress, will permit occupancy of cation sites 
(as well as anion sites) by water molecules. 

Additional experiments in this system would be of 
considerable interest for testing the aqueous quasilattice 
model. This model provides a useful framework for 
representing competing equilibria in very concentrated 
electrolyte solutions for which no other workable model 
has been proposed. 
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