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EMPIRICAL CONSIDERATIONS OF ENTROPY 

I. THE ENTROPIES OF THE OXY-ANIONS AND RELATED SPECIES* 

James W. Cobble 
Radiation Laboratory and 

Department of Chemist± and Cheiñicãl Engineering 
University of California, Ber11ey, California 

February 3, 1953 

ABSTRACT 

The partial molal entropies for on-anions and related species. 

have been correlated as a i\inction of the tharge, interatomic distanèe 

and certain structural factors. An equation is given by which the 

entropy for unknown species can now be estimated fairly accurately.  

In the few cases where the irethgd does not give good agreement, the 

data are open to suspicion as indicated by other independent 

observations. Some applications and extensions of the method are 

indicated for futre study. 

*This work was pe rfo rmed under the auspices of the ABC. 



UCRL-2103 

EIRI CAL CONSIDERATIONS OF ENTROPY 

I. THE ENTHOPIES OF THE OXY-A1']IONS AND RELATED SPECIFS' 

Janies W. Cöbblé 
Radiation Laboratory and 

Department of Chernitry and ChémiOãl Engineering 
University of California, Berkeley, California 

February 3, 1953 

INTRODUCTION 

1 	 . 
Powell and Latirner have recent.ly demonstrated that it is possible 

to correlate the entropies of the monatomic aqueous ions in.a simple 

manner as a functior' of their mass, charge, and crystalline radii. 

The correlation is so striking that it suggested the possibility that 

a similar situation might edst for more complex aqueous ions. Such a 

correlation would be generally useful in predicting the properties of 

as yet undetermined species, as well as indicating upon what types of 

ions further study might be fruitful. One mit also hope that such 

an empirical treatxnt could provide some additional basis for a 

better understanding of the theory. of ionic interactions in aqueous 

media. To this end, it has been found possible to correlate the 

entropies of aqueous complex ions similar to the methods of Latimer 

l, 2 and this communication describes the method and results 

obtained for the orgenated anions and related, species. 

*This work was perfornd under the auspices of the AEC. 

E. Powell and W.M. Latiiner, J. Chem, Phys0 19, 1139 (1951). 

2L, V. Coülter and W. M. Latimer, J. Am. Cheni, Soc. 62, 2557. 

(1940). 	
.. 	 . 



UCRL-2103 

Powell and Connick3  have also recently developed a theory for the 

oxygenated anions based upon different reasoning, but.whid, except 

in the case of large molecules, leads to quite similar results. The 

comparison of these two theories will be the subject of a future 

communication. 

THE GE!ERAL IVIETHOD 	 - 

The equation proposed for the entropy of the oxygexted anions is 

of the form: 

0 3/2R ] fl Nb('z) 	 (1): 
7 

where go  is the partial molal entropy (based upon S°(H+) E 0), 

a and b are general constants for all of the oxy.-anions, H is the ionic 

ss, Z the absolute integral charge, andp the effective ionic radius 

(in angstroms). The nscessity for the linear dependence of the 

entropy on the charge Z has been previously discussed, 1  and is in 

apparent disagreement with the Born4  electrostatic medel. Attempts 

to fit the data to any other power of Z than unity were not successful. 

We have also observed that in the particular nthod we have chosen of 

assiiing the effective radii to the ions, the data seem to agree 

better with a 1/p. rather than a l/,2  deperence. This is in disagree-

ment with the mcdeI for simple ions where it was observed that an 

inverse square-power of the radii rather than the inverse first power 

seemed to fit the data better. The differencesmay arise from the 

lesser amount of ion interaction of the oxygenated species with 

surrounding wa1er dipoles. The effect of hydrogen bonding between 

3R. E. Powell and R. E. Connick, priate. 

communication. 

4M. Born, Z. Physik. 1, 45 (1920). 
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the peripheral oxygen atoms of the. ion and the solvent will, of course, 

be greater although the net interaction must surely be smaller. 

THE EFECTIVE IONIC RADII 

The key to the problem was in the assiiment of an effective 

ionic radius to the ion. Powell and Latirner1  used the Pauling 5  ionic 

crystal radii for the simple ions plus an added one (for anions) and 

two (for cations) angstroms for the effects of hydration. No such 

well-defined set of radii are available for oxygenated ions. Further, 

one cannot simply add up either the appropriate covalent or ionic 

radii of the ion since the observed crystal interatomic distares 

usually lie soinewheie between these two values. It is also clear that 

the effective ionic radius will be different for the linear ions than 

that for tetrahedral ions, and in general will be expeôted to depend 

in some manner on the structure of the ion. Finally, the effective• 

radii will not be equal to the distance from the center of the central 

atom to the periphery of the outer oxygen atom, since this radius 

would not allow for penetration of the ion by water molecules. Indeed, 

this distance could not be easily and accurately calculated, since the 

oxygen diameter will be some function of its fox!nal charge, and the 

crystal data in general would only give the interatomic distances. 

After, trying various schemes, it was decided to fit the data using the 

interatic distance between the central atom and the peripheral 

oxygen atom, although it was obvious t hat this distance would be 

5L. Pauling, The Nattu'e of the Chemical Bond, Cornell University 

Press, Ithaca, New York, (1939). 
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somewhat too small for the effective radius of some ions. These data 

are readily available in Wyckoff, 6  although the values observed fOr 

the distance, r12, usually vary from 0.1 - 0,2 depending upon the 

cationic species involved in the crystal. We have found it convenient, 

therefore, to use the values of r 12  calculated by the method of 

Pauling. 7  In practically all of the cases tse calculated r 12  values 

fall between the various observed values, except in cases ithere there 

is not enough data on various cationic forms to obtain a good average 

valus for r12  (see Table 1). Fta'ther., experimsntal r 12  values are not 

always available, and may never be for. some ions. The. msthod must be 

used with reservation for the estimation of interatomic distances 

between non-oxygen bonds. 

THE EMPIRICAL EQUATION.AND STRUCTURAL FAC)RS 

The equation for the Oxy-anions.. has been found by inspection to 

W. G. Wyckoff, Crystal Struct'es, Iñterscience, New York, 

Vols, I and II (1951). 	. 	. 

7L.:Pauurg, J. Phys. Chern. $6, 361 (1952); covalent radii from 

reference 5 except for the case of the first row elenents, where we 

have used the values recommended by Schothaksr and Stevenson (J. Am 

Chem,.Soc. 63, 37 (1941), 'Where covalent radii.werenot available, 

the metallic radii were used. For the special case of hydroxyl ion, 

the value of 1.40 R observed in solidhydroxides has been used (A.F, 

Wells, "Strtttural Inorganic Chemistry," Clarendon Press, Oxford, 

1945); this is not exactly equivalent to the interatomic distance, but 

this latter quantity becomes difficult to define in aqueous solution, 

for this species, 
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Table 1 

Comparison of Some Observed 
and Calculated Interatnic Distances 

Ion 
(a) 

Observed () 
Calculated 
(PauJ..ing's method) 

C10 1.4 	1.56 1.4 

Mn04  1.52 - 1.6 1.1 

1.0-2,02 1.97 

Se04 2  1.61 1.66 

Cr04 2  1.60 - 1.98 1.6 

P04 3  1.56 1.56 

SiO' 1.62 1.63 

co 2. 1.26•. 1.24 

NO3 1,21 - 1.26 1.2 

Br03 . 1.54 - 1.67 

NO2  1.13 	1.23 1023 

CNS 1.42 1.37 

soj'2  1.39 1.34 

(a) Some of these values for the ions containing heavier 
elements may be in error by 0.11 or more, 
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be: 	

ln H .= 66. 	i) 	 (2) 

where p is related to the interatomic crystal distance, r, by a 

suitable structural constant, f: 

It is to be expected for reasons already discussed that f will be a 

function of the ion structure, and this .has been found to be the case. 

It was also found that within the limits of experimental error all of 

the ions of one structural class (except in one case to be discussed) 

have the same structural factor. If this were not so, of course, the 

method proposed here would be of little value. The exception occurs 

in the tetrahedral class, where we find that the -3 ions require a 

somewhat different factor than the -1 or -2 ions. This need is probably 

not due to the failure of equation (I) since a linear dependence onZ 

was observed for the simple, highly chargeiions. 1  We have also. 

observed the linear Z dependence in the case of the highly charged 

non-ogenated cplex ions, which will be discussed in the second 

paper of this seqtn ce, 

The. structural parameters, their averagedeviation, and the ions 

from which they, were. detennined aie given in Table 2.. The "f" values 

were obtained by dividing the calculated value of r12  by the value of 

p necessary to fit the mass-corrected entropy to equation (2). 

It may seem that the desirability of basing a structural factor 

in some cases only on the data of a few ions is questionable. This 

practice has been used, however, since the method suggests a structural 
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dependence, and we wish to keep it as flexible as possible. Some 

values may have to be revised slightly as new data become available, 

and yet the agreement obtained using the calculated values of r12, 

the factors in Table 2, and equation (2) is good, as is shown in 

Figure 1. The average deviation is abit 3 e.u. for some 30 experi- 
0 

mental values, and some 12 estimates taken from Latimer.' Considering 

that an error in r12  (orp) of ± 0.05 can cause in some cases an 

error of up to 15 e .u., this agreement. is as good as one could expect. 

It is interesting that placing a proton on the ions reduces the 

need for further structural differentiation, since the hydrogenated 

ions now fall in groupings dependent upon only the total, number of 

hydrogen atoms in the ion. We have .us ed Ahe .  same i'12  values as 

calculated for the completely dissociated ions, ioring the. effect 

of the hydrogen atom on r12. This is usually in agreement with the 

crystal structure data. 	. 	.. 	. 

It is believed that one of the entropies of the two triatomic 

shaped ions is incorrect, since a much larger deviation in f is 

observed for this class. it is further believed that nitrite ion is 

the one in error since the independent method proposed by Powell and 

Connick also indicates this discrepancy. . Until other data for this 

- 

	

	class are available, however, we have no recourse but to average the 

values for both species. 

There are a few isolated cases where the data cannot be. made to 

fit on the curve in Figure 1. These are I0 3  HSeO4 , and HCrO4 . 

In view of the fact that Crouthamel et al, 8  have found 10 to exist 

8Crouthamel, Hayes, and Martin, J. Am. Chem. Soc. 72, 82 (1951), 
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in aqueous solution at room temratures largely as the hydrated 

specie s, H4106 ., it is clear that IO 3  cannot be considered as .a 

failure of the method. Indeed, this is a case where the theory might 

seem to be useful in interpreting the data. Hall and Alexander 9  have 

also reported that O will exchge/.IO 3  and the solvent, 

suggesting that some hydration equilibrium does exist for this ion. 

No such exchange was thserved for C103  there the entropy seems to be 

nonrial. Further, the Ramnan spectra of the aqueous solution also 

indicate the formula for the iod3te species in aqueous solution is not 
10 	 - 	-. 

simple. 	The data for HSeO and HCrO ., if correct, indicate a 

similar situation in that the formula written simply does., not correspond 

to the species present. The oxygen exchange data are in agreennt 

with the hypothesis that hydration equilibria exist for these ions 

also. 

• THE ENTROPY OF IONIZATION 
1 

Powell and Latimer have also proposed that. the entropy of neutral 

species in water can be reesented by the equation: 

= S 	+3/2 R in N + 10 - 0.22 Vm 	 (3) 

If one examines the weak acids, in general, it is found that they can 

be represented fairly well by the equation: 

3/2 R in H 30 ± 5 , 	 ' 	(4) 

Combining equation 
(4) 

 with (2) it can then be shown that for the first 

9N. F. Hail and 0. R. Alexander, J. Am, Chem Soc. 62, 3455 (1940). 

10 J. H. Hibben, "The Raman Effect and its Chemical Applications," 

Reinhold Pub.. Co., New York, 1939, P. 31, 
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ionization of a weak .e]ectrolyte, the entropy change is .ven by: 

S.  1OtL1Z. 	 r 12 

Wehavetaken an average value off for the varius species. Equation 

11 
(5) is an extension of Pitzerts z,ile in which the entropy of ioniza- 

tion of a weak electrolyte is 'about 22 e,u. Equation (5) predicts 

values between 17 and 25 e,u, for r12  values between 1.6 - 1.4 A. The 

agreent of the exp eriint al data with equation (5) is fair, although 

the eqiation AS 	20 - 	fits the data better to an average 
.ioniz., 	r12 

deviation of 2-3 entropy units. The real interest in equation (5) is 

that it pr edicts the correct trend, so that low values of ionization 

(H2Se0 AS =-l) and hii values (H.3B03, S 	are now somewhat 

easier to understand. 

It can also be shown that the entropies of successive ionizations 

will also depend upon hr12  in geral agreennt with the few experi-

mental observations available. These results should be generally 

useful in estinating entropies of various ionic and hydrated species, 

especially where the entropy for one member of the rair is available. 

CONCLUSION 

The ne thod given here may not necessarily be unique in systematiz-

ing the aqueous entropy data, but for nethods involving the charge to 

radius ratio (zip) it seems to work very well. For example, one can 

also use an equation of the type pro posed by Powell and Latimer1  for 

11Ke S.Pitzer, J. Am, Chem, Soc. 59, 2365 (1937). 
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the simple ions in which 1000 R is added to the interatomic distance 

in a z (r + 100) term, but the fit is not as good, nor can the acid 

ions be treated simply in this manner0 Another method which gives 

fair results is to use the flthermonarnicU  radii of Kapustinskii and 

Yatsimuskii12  obtained from lattice enerr calculations0 The fit 

becomes poorer for highly charged species, which is what one might 

expect from their treatment of the crystal energies0 

There seems to be no a priori reason why orgenated cationic 

species should not take on the same structural factors as their 

negative counterparts, but the data are not available to test this 

hypothesis 0  

It should also be interesting to test the large amount of 

entropy of activation data available from ldn.etic studies to see 

whether the observed values for the transition states are in agree 

ment with those calculated by the method presented here0 
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