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4.45, 5.25, 4.00 and 3.90 cal. with an average of 
4.4 ± 0.4 cal. The heat absorbed in the dilution 
of 10 ml. of 0.5 molal lead nitrate solution with 
875 ml. of water was also measured, with the re­
sults: 8.40, 8.30, 9.45, and 9.00 cal., average 
8.8 ="= 0.4 cal. Combining this value with the 
data of Plake,3 the heat absorbed in the dilution 
to zero concentration of the lead nitrate solution 
was found to be 9.3 cal. With the aid of the 
Debye-Hiickel theory, the increase in heat con­
tent with dilution was estimated to be 0.8 cal. 
greater for the final solution than for the initial 
phosphate solution. Combining these quanti­
ties, one finds AIP = -2460 ± 360 cal. for the 
above equation. 

(3) Plake, 7.. physik. Chem., A162, 257 (1932). 

In the course of the research program for the 
evaluation of the entropies of aqueous ions, in 
progress for some time in this Laboratory, a 
considerable body of data has accumulated which 
makes possible the calculation of the entropies of 
eleven additional ions. Because in most cases 
the entropy values depend on those for other ions, 
an extensive revision would be necessary in order 
to make these new values the best possible. 
Consequently it seemed best to make a com­
plete revision of all ionic entropies and to include 
the new ions at the same time. 

In order to avoid unnecessary length, specific 
references have been given only where the data 
are not included in some summary publication. 
Most of the new calculations are based upon data 
taken from recent publications in this research 
series1 and from the references cited in the earlier 
summary paper.2 In general entropies have been 
taken from the excellent summaries of Kelley,3 

heats of reaction from Bichowsky and Rossini,4 and 

(1) (a) Pitzer, Smith and Latimer, T H I S JOURNAL, 60, 1826 (1938); 
(b) Pitzer and Coulter, ibid., 60, 1310(1938), (c) Pitzer, ibid., 60, 1828 
(1938); 89, 2365 (1937); (d) Smith, Pitzer and Latimer, ibid., 89, 
2640, 2642 (1937); (e) Pitzer and Smith, ibid., 69, 2633 (1937); 
(f) Smith, Brown and Pitzer, ibid., 89, 1213 (1937); (g) Brown, 
Smith and Latimer, ibid., 68, 1728, 2144, 2228 (1936); 69, 921 (1937). 

(2) Latimer, Schutz and Hicks, J. Chem. Phys., 2, 82 (1934). 
(3) Kelley, Bur. Mines Bull., 350, 1932 and 394, 1936. 
(4) Bichowsky and Rossini, "Thermochemistry of Chemical Sub­

stances," Reinhold Publishing Corporation, New York, N. Y., 1936. 

Making use of the heats of ionization of phos­
phoric acid recently published by the writer,1 one 
obtains also the following results 
Pb3(PO4)!! + 2H+ = 3Pb + + + 2 H P O 4 - ; Ai?" = 860 ± 

400 cal. 
Pb3(PO4). = 3Pb + + + 2PO 4-- ; Atf° = 7860 * 1000cal. 

All values given are for 25°. 

Summary 

Values have been obtained for the heats of 
solution at infinite dilution and 25° of the fol­
lowing substances; CsClO4, AH0 = 13,260 ± 
100 cal.; RbClO4, Ai?" = 13,570 ± 60 cal.; 
RbClO3, A//0 = 11,410 ± 60 cal.; Pb3(P04)2) 

AiJ0 = 7860 ± 1000 cal. 
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activity coefficients and other free energy data 
from the Landolt-Bornstein Tabellen.5 

The calculations are summarized in Table I 
and the best values of the ionic entropies col­
lected in Table II. Different methods of ob­
taining a given entropy are included only if they 
are independent in the least accurate step. An 
attempt has been made to include all sources of 
error in estimating the uncertainty in the final 
values. For this reason the uncertainty given 
for a final value is often much larger than the dif­
ference between the various values for that quan­
tity would indicate. 

The standard state for ionic entropies has been 
defined in several earlier papers, wherein the 
theoretical significance and practical importance 
of ionic entropies also have been discussed. As 
the body of data becomes larger, however, its con­
sistency becomes more notable, and offers more 
and more evidence of the validity of the third law 
of thermodynamics when applied to crystalline in­
organic salts. The possibility of difficulties in the 
case of hydrated crystals has arisen recently and 
has been discussed elsewhere.lb It is felt that 
errors from this source cannot have any serious 
effect on the values obtained in this paper. 

(5) Landolt-BSrnstein "Physikalisch-chemische Tabellen," in­
cluding Supplements 1, 2 and 3, Verlag von Julius Springer, Berlin, 
1923-1936. 
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TABLE I 

.SUMMARY OF ENTROPY CALCULATIONS 

Units: cal. per degree per mole 

H2O(I) = H + + OH-
HCl(g) = H + + C l -
AgCl(s) + 1AH2 = H + + C l - + Ag 

Ag2O(S) 4- 2 H + = 2Ag"*- + H2O(I) 
AgCl(s) = Ag + 4 - C 1 -

AgBr(s) 4- C l - = AgCl(s) 4- B r " 
AgBr(s) 4- 1AH2 = H + 4 B r - 4- Ag 
0.5Br2(I) 4- C l - = 0.5Cl2(g) 4 B r " 

Agl(s) 4-0.5H 2 = H + 4- r - 4 Ag 
0.5I2(s) 4- 0.5H,(g) = H >- 4- I ' 

KCl(s) = K + 4 C l " 
KBr(s) = K + + B r -
BaCl»-2H20(s) = Ba + + 4 2Ci 4 2H,0(e) 

KNO8(S) = K-'- 4 N O 3 -
Ba(N03)2(s) = Ba*'- + 2NO3 

NaCl (s) = N a + 4 Cl" 
NaNO,(s) = N a + 4- N O , -
Na 4 H + = N a + 4 0.5H2(g) 
CaCO3(S) 4- 2 H + = C a - - 4- H2O(I) 4- C02(g) 
SrCOs(s) 4- 2 H + = Sr , + 4 H2O(I) + C02(g) 
Na2SO4-IOH2O(S) = 2 N a - 4- SO.," 4- K)H2O(I) 

Ag2SO4(S) = 2Ag + 4- SO4" 
CaS04-2H20(s) = Ca + - 4- SO4" 4- 2H2O(I) 
Pl)SO4(S) 4 2H2O = H2(g) 4 PbO.(s) 4- SO4" 
Hg2SO4(S) 4- H2(g) = 2Hg 4 2H+ 4 SO4 ' 
SO,"" 4- H + = HSO 1 -

C02(g) 4 H2O(I) = H2C03(aq) 
H2CO3 = H-- 4 HCO3 

HCO 3 - = H - 4 CO3-
H2S(g) = H2S(aq) 
H2S(aq) = H"1 + HS 
HCN(g) = H !- 4 CN 
NH3(g) 4 H2O(I) = NH4OH(aq) 
NH4OH = NH4 <• 4- OH 
S02(g) 4- H2O(I) = H2SOs(aq) 
H2SO3 = H + 4 HSO3 

HSO3" = H + 4-SO 3 

Cl2(g) 4- 2 O H " = H2O 4 Cl 4 ClO 
Ii2CO3 = 2Li + 4 CO3 

KClO3 = K + 4-ClO 3 

KClO4 = K + 4- ClO4" 
RbClO3 = R b + 4 ClOs" 
RbClO4 = R b + 4- ClO4 

CsClO4 = C s + + ClO4-
TlNO3 = T l + 4 - N O 3 " 
Tl 4- AgCl = Ag 4- T l + 4 Cl -
AgNO2 = A g + 4- NO2 ' 
Ag2CrO4 = 2Ag+ 4 CrO4" 
AgClO2 = Ag + 4- ClO2-
KMnO4 = K + 4- MnO 4 -
KBrO3 - K + 4 BrO3-
Ba(BrOs)2-H2O = Ba ' ' 4 2BrO3" 4 H2O(I) 

KlO3 = K ' T 1O3 -
AgIO8 = A g - 4 1'O4 
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TABLE I (Concluded) 

React ion 

HF(g) = H + + F -
BaF2 = B a + + + 2 F -
CaF2 = Ca + + + 2F~ 

Cu + 2 H + = Cu + + + H 2 

Cu + 2 A g + = Cu++ + 2Ag 
Z n + 2 H + = Zn++ + H2 

Cd + 2 H + = Cd + + + H2 

Fe + 2 H + = Fe + + + H2 

Fe + + + H+ = Fe+++ + 0.5H2 

Sn + 2 H + = Sn + + + H2 

2 H g + 2 H + = Hg2 + + + H2 

PbCl2 = Pb + + + 2Cl -
Mg(OH)2 + 2 H + + Mg + + + 2H2O 
CsAl(SO,)-212H20(s) = C s + + A l + + + + 2SO4-
CaC2O4-H2O = Ca++ + C2O," + H2O(I) 
A g + + 2 N H 3 ( a q ) = Ag(NH3)2

 + 

Pbs(PO,)2 + 2 H + = 3Pb + + + 2HPO4 

H P O 4 - + H + = H 2 PO 4 -
H 2 P O r + H + = H3P04(aq) 
H P O , - = H + + P C -

TABLE I I 

= 

+ 12H2O(I) 

ENTROPIES OF AQUEOUS IONS AT 298.10K. 

Units: cal. per degree per mole. 

H + 0.00 C l -
Li+ • 4 .7 ± 1.0 B r -
N a + 14.0 ± 0 . 4 I -
K + 24.2 ± .2 • C lO-
R b + 28.7 ± .7 ClO2-
Cs+ 31.8 ± .6 C l O r 
Ag + 17.54 ± .15 ClO4-
N H 4

+ 26.4 ' ± .5 BrO 3 -

(6) Harned, Keston and Donelson, T H I S J O I 
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(7) H e a t of solution: Zimmerman, private communicat ion. 
(8) Hamer, T H I S J O U R N A L , 87, 9 (1935). 
(9) (a) Harned and Hamer, ibid., 57, 27 (1935); (b) (S0HSsSO. 

48.0 cal. per degree per mo le ) ; Schu tz , P h . D . Dissertation, Univ 
i • » 

. of 

Tl + 
Ag(NHs)2

 + 

Mg + + 
Ca+ + 
Sr++ 
Ba++ 
Fe++ 
Cu++ 
Zn++ 
Cd + + 
Hg2 + + 
Sn+ + 
Pb++ 
Al + + + 
Fe + + + 

O H -
F -

ASMS.I 

- 4 3 . 9 
- 2 1 . 5 1 ' 
- 3 6 . 2 

- 2 .7 
- 4 9 . 2 
- 4 .5 

2 .5 
- 1.2 
- 1 9 . 8 

14.0 
11.9 

- 1.7 
- 1 3 . 3 

2 
- 2 2 . 5 
- 1 1 . 9 " 
- 7 7 . 3 l a 

30.3 
16.0 

- 4 3 

30.5 
57.8 

- 3 1 . 6 
- 1 1 . 4 
- 7.3 

2 .3 
- 2 5 . 9 
- 2 6 . 5 
- 2 5 . 7 
- 1 6 . 4 

17.7 
— 4.9 

3.9 
- 7 6 
- 6 1 

- 2.49 
- 2 .3 

L 

± 

± 

± 

H
-

H
-

H
-

H
-

H
-

H
-

B
-

H
-

H
-

=fc 

=fc 

± 

1. 
3 

Ion 

S V 

S ou+ + 

•5 Zn+ + 

S°Qi+ + 

•S°Fe+ + 

5 Fe+ + + 

S°Sn+ + 

5 Hg2+ + 

5 pb++ 

5 ° M g + + 

5 ° A i + + + 

S 02O4-

•5 A B ( N H J ) I + 

S HPOi-

5 H2PO1-

S H3PO1 

• 5 ° p o i -

,4 1 0 , -
.0 H S -

HSO 3 -
0.3 S O 3 -
1.5 HSO 4 -
0 .3 SO,— 
1.0 N O 2 -
1.0 NO 3 " 
1.0 H 2PO 4-
1.5 H P O , -
3 P O , -

0. 9 C O 3 -
10 C 2 O 4 -
5 C N -

0.06 M n O , -
2 C r O 4 -

f - 2.4 ± 2 
{ - 0.4 * 2 
[ - 4 .2 ± 2 

f - 2 5 . 9 ± 3 
\ - 2 6 . 6 ± 1 

- 2 5 . 7 ± 1 
- 1 6 . 4 ± 1.5 
- 2 5 . 9 =*= 1 
- 61 ± 5 
- 4 .9 ± 1 

17.7 ± 3 
3.9 ± 0 . 9 

3 1 . 6 ± 3 
- 7 6 ± 10 

9.6 ± 1 
57.8 ± 1 

- 2 .3 ± 1.5 
28.0 ± 1.5 
44.0 ± 1.5 

- 4 5 ± 2 

28.0 ± 1.0 
14.9 ± 1.0 
32.6 ± 1.5 

3 ± 3 
30.6 ± 2 

4 .4 * 1.0 
29.9 ± 1.0 
35.0 ± 0.2 
28.0 ="= 1.5 

- - 2 .3 ± 1.5 
' - 4 5 =t 2 

22.2 ± 0 .8 
- 1 3 . 0 ± 1 

9.6 ± 1 
25 ± 5 

46.7 ± 0.4 
10.5 ± 1.0 

California, 1933. 
(10) (S0RbClOj = 36.3 cal. per degree per mole), Ahlberg, Ph.D. 

Dissertation, Univ. of California, 1930. 
(11) (S0RbOlOi = 38.5) estimated from values for CsC104,la 

K C l d , RbClOs and KClOj, using the formula of Latimer, THIS 
JOURNAL, 43, 818 (1921), 

(12) (AF of soln. of AgIOs), Kolthoff and Lingane, J. Phys. Chem., 
42, 133 (1938). 

(13) Owen, THIS JOURNAL, 57, 1526 (1935). 

Summary 

The calculation of the entropies of aqueous ions 
have been completely revised and extended to in­
clude eleven additional ions. 
BERKELEY, CALIF. RECEIVED MARCH 30. 1938 


