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A Summary of the Entropies of Aqueous Ions

WENDELL M. LATIMER, PHILIP W. ScruTZz AND J. F. G. Hicks, Jr., Chemical Laboratory, University of California
(Received November 17, 1933)

A critical survey has been made of existing data on the heats, free energies and entropies
of reactions involving aqueous ions. These data lead to remarkably consistent values for
the ionic entropies. The entropies of 20 positive ions and 12 negative ions have been tabulated.

ATIMER and Buffington! in 1926 published

a list of ionic entropies which included many

of the positive ions and a few of the more common
negative ions. These values were based on rather
meager data and consequently an accuracy of
only two units could be claimed even in the cases
where the data were most complete. Since the
appearance of this initial article, an intensive
program has been in progress in this laboratory
with the primary object of establishing these
values more definitely. It is felt that the work has
progressed to such an extent as to warrant a
review of the ionic entropy values now available.

In the initial paper many of the values were
based on entropies for the solid salts which had
been calculated by the approximate equation
given by Latimer? or obtained by comparison
with similar salts. This uncertainty has since been
largely eliminated as a result of the specific heat
measurements made in this laboratory.? Errors in
the heats of solution and activities of salt
solutions are still large in certain cases, but recent
work by many investigators has reduced these
uncertainties also.

The standard state, as in all previous work, of
the ionic entropies is the hypothetical one molal
solution, that is, a one molal solution of the ion
obeying the perfect solution laws and the ions
possessing the same partial molal heat content
that they have at infinite dilution. S%gs.; of Ht is

! Latimer and Buffington, J. Am. Chem. Soc. 48, 2297
(1926).

¢ Latimer, J. Am. Chem. Soc. 43, 818 (1921).

? See references to entropies listed in Table II.
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taken to be zero. The ionic entropies are of course
partial molal quantities.

The calculations and the data used have been
summarized in Tables I and II.

We have given in Table III the values for the
entropies of the aqueous ions which appear to be
the most probable. In general we have not taken
the simple average of the various determinations
summarized in Table I but have given weight to
the data which appear to be the most reliable. In
addition, we have included the value for fluoride
given by Latimer and Buffington,! although the
complete lack of data on the activity coefficients
of fluorides renders this value only a rough
approximation.

In earlier papers the theoretical significance
and practical importance of the ionic entropies
have been pointed out: we wish to call attention
in this paper merely to the consistency which
now exists in the values determined by wide
varieties of methods. It should be noted that the
checks obtained in Table I are, for almost every
ion, more numerous than the cases listed under
that ion. Thus, for example, if we use our
accepted values for iodide, iodate, ferrous, ferric
and sulfate, we can then calculate by five
additional methods the entropy of silver ion.
The maximum deviation from the mean (which
includes also the error in the negative ion) is 0.8
e.u. It is also obvious from the data here pre-
sented that the third law of thermodynamics
may be applied to salts of non-magnetic ions and
their aqueous solutions without serious danger of
errors due to zero point entropy or transitions at
very low temperatures.



TaBLE L. Summary of entropy calculations: AH® and AF® in calories per mole. AS® in calories per degree per mole. (The entropy data for the elements and compounds used in these calcula-

tions are summarized in Table I1.)

Reaction AH°z:s.1  AF°ms1  AS°msa Reaction AHCss1  AF°msy AS°usa Reaction AH 5,1 AF%g,  AS®msa
Secp- Seggtt Sopptts
$H4+ACIE) Ba(NO»:=Ba**+2NO;~ 1020019 32000 235 0.8 | CsAl(SOQ:- 12H:0
=H*+Cl™+Ag(s) - 96004  — 51258 ~15.01 13.49 Seo- w=CsthAlT++
HClg)=H"-CI™ — 178804  — 85984 ~—31.14 13.52 | H:O=H*+OH" 1332920 1912201 —19.4 — 2.5 42504+ 12H.0 1356022 1291032 2.18 717
$Ho+1Cl{g) =Ht+Cl~  —399404  —~31373d —28.75  13.52 Socatt 8o+
39940 —313675 —28.77 13.50 | Ca(OH)s=Ca**420H~ — 33852 69601 —34.7 —11.4 |Li4+H*t=Lit*44H: —66380% - 68248% 6.2 1.8
Sepgt Sepmgtt Sepp+
AgCl(sy=Agt-+Cl1~ 159807 132978 9.0 18.5 Mg(OH);=Mgt*+420H~ — 11801 1541022 —55.6 —35.5 Rb+H*=Rb*+iH: —61210%  —67473% 210 22.8
15980 133290 8.9 18.4 Seg+ Socutt
Ag+iChig) =Agt+Cl™  —14330%  —12890% — 4.8 18.4 KCl=K*+Cl~ 41198 — 12072 17.9 24.3 Cu42H*=Cut*++H: 16640% 159128 2.4 —210
Ag+HT=Agt+1H: 2554010 184486 23.8 18.3 KBr=K*4Br~ 49103 — 1546% 217 24.8 Seog+t
Segg,t+ | KFHY=K*44H, —6034011  —6743111 23.8 24.7 Cd+4-2H*=Cd+*++H: ~—16510% 183483 6.2 ~12.7
2Hg(1)+2H =Hg.**-+H: 401601 368548 11,1 16.5 Sog= Segn++
Hg:Cla(s) =Hge+*4-2C1~ 2374012 2444611 — 2.4 16.2 Hz+S(s) =2H*+-8~ 1004011 2345011 450 — 6.2 Sn+-2H*=8n**{H: — 2390%  — 62768 130 ~— 59
Soge- H2S(g) =2H*4-87 153001t 312901 ~53.6 — 5.4 Sepgggt+
$Bra-b3H:=Br~+H* — 280451t —24577% —~14.65 19.3 Sego,™ | Heg+2H*=Hgt*+H: 415908 396798 64 — 6.5
AgCl(s)+Br~ Ag2S04=2Ag+ 4504~ 42104 67224 — 8.4 2.8 Sognt++
=AgBr(s)+Cl~ — 44578  — 346182 — 3.3 19.4 BaSOu=Ba*t*4-805~ 54554 1371812 —27.7 3.0 |Zon+42H*=Zn*tH, —36720%  —34984% — 58 272
AgBr(s)+iH: CaS0¢-2H20 SoClOa’
=Ag(s)+HT+Br~ -~ 513511 — 16736 116 19.5 =Ca**+S04"+2H,0 27042 63082 —20.2 3.8 KCl0;=K*4-CIOs™ 10120% 12774 29.7 39.3
Sey—- Senat SoBrOs"
Agl(s) =Ag*+41~ 267101 2188914 16.2 25.4 NaCl=Na*+C1~ 10197 — 2524% 11.9 15.7 Ba(BrOs):H:0
1Het+4la=H*+1- —~1366015  —123616 -— 4.3 25.2 1019 — 21618 10.7 14.4 =Bat*2BrO:"+H0  15360% T170%  26.5 38.7
Hl{g)=H*H+1" — 195508 —12676% —23.0 26.5 NaBr=Na*t-+4Br~ 07— 4231n 14.2 14.9 KBrO;=K*+BrOs~ 954038 1690% 26.3 37.4
Ag(s) - 312(s) = Ag¥-+I~ 11870813 60878 19.4 24.9 Na-+H*=Na*-43jH: 575201 —625881 17.0 13.9 S$°104~
Syt Sepptt | AglOs=Ag+ 4103~ 132009 102009 10.1 27.7
TIHH*=TI*+3H, 935 — 77608 29.2 28.5 Pb42H " =Pb*+4 H, — 6001 — 58772 177 2.1 KIOs=K"*4105™ 6340% 1770% 15.3 26.9
TI+iCla(g) =TI +CI™  ~3879015  —391057 1.0 29.1 Pb+Cla(g) =Pb++4-2C1~ —8033011  —6856711 —39.5 2.4 S°C104~
— 3893016  —39105 0.6 28.7 PbCle=Ph*+4-2C1~ 50601 648330 — 4.8 2.1 KCIO=K*ClOs™ 12115% 2690%  31.6 43.1
TICl==T1F4-C1™ 101257 508611 16.9 29.2 Sepat+ $°c004
Tl43Bra(1) =TIt Br~ 279901  —3233711 14.5 28.4 Fe-+Hg:Cla(s) CaC204- Ha0
TIF+41a(s) =T1++1" - 127208 —2008211  24.7 28.0 =Fett42C1~-+2Hg(1) —375001  —325851 —16.5 —28.0 =Cat - Co04 "+ Ha0 50903 11790% —22.5 9.3
Ti=TIH+1" 175301 59381 25.5 28.6 Fe+2TICHs) S°co
8°NOs™ =Fe*+42C1~+2T1 — 31701 54551 —~28.9 ~27.6 CaCOs+4-C204~+H:20
TINO;=TI*-+NO;™ 997018 179018 27.4 369 Fe+2H"*=Fe*tt+H, —208001t  —202401 - 19  —26.6 =CaCe04 H20+COs™ —~ 74601t  — 30611 —24.0 ~13.1
Sopet+tt | C43/20:4+Hz
Fett4+H¥=Fet+tT4+4H, 112401 1723011 —20.1  —63.1 == 2H - COs~ —1611001 1257601 —118.5 —12.5
Fet+t+4Ag=Agt+Fett 1430011 12181 43.9 —63.0 CaCOs=Ca™*+CO5~ — 27804 1092240 —46.0 —12.6
4 (a) Noyes and Ellis, J. Am. Chem. Soc. 36, 1969 (1914); “Lange and Fuoss, Zeits. f. physik. Chemie 125, 431 U I'mternational Critical Tables.

(b) Harned and Brumbaugh, J. Am. Chem. Soc. 44, 2729
(1922); (c¢) Butler and Robertson, Proc. Roy. Soc. A125,
694 (1929); (d) Rossini, Bur. Standards J. Research ¢,
679 (1932). The average of these values is —9600 with
a maximum deviation of 48 cal.
5 Randall and Young, J. Am. Chem. Soc. 50, 989 (1928).
¢ Gerke, Chem. Rev. 1, 377 (1925).

(1927).

8 (a) Randall and Spencer, unpublished data; (b) Gerke's
value for Ag —Agt electrode, reference 6.

¢ Randall and Young, reference 5, data for silver chloride
electrode with reference (8b).

16 Combination of data from reference 8(a) and Rossini,
reference 4(d).

22 Kohlrausch, Zeits, f. physik. Chemie 64, 129 (1908),
temperature coefficient of solubility data.

1% Lange and Shibata, Zeits. f. physik. Chemie A149, 465
(1930).

14 The solubility of Agl has been taken as 1.05X 1073}
from a survey of various values in the literature. The
potential of the silver-silver iodide electrode by Jones and
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TABLE I1. Summary of entropy values used in the calculation

of Table I. Values in calories per degree per mole.

SCHUTZ AND ]J.
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TaBLe 111, Entropies of aqueous tons at 298.1°K. Values in
calories per degree per mole.

Substance SC268.1 Substance S°28.1
Ba(BrOj):-H.0 68.7% Q2 49.051
Ba(NO3): 51.119 K 16.511
BaSO4 31.542 KBr 22.51
Bra 36.84 KBrOs 35.6%
Cd 12.31 KC1 19.952
CaCOs 22,11 KC10s 34,2
Ca(OH): 18.2%¢ KClO4 36.1%
CaC:z04-H:20 37.3% K103 36.2%
CaSO04+2H:0 46.442 Rb 17.411
C 1.411 Ag 10,083
CsAl(SO4)2+ 12H20 163.8%2 AgBr 25.654
Clz 53.34 AgCl 23.05¢
Cu 7.81 Agl 27.64
He 31,24 AglOy 36.09
HC1 44,74 AgsSO4 47.84
HI 49.59 NaCl 17.230
H0 16.9% NaBr 20.12
H.S 48.249 Na 12,51
Iy 27.91 S 7.611
Fe 6.511 Tl 14,91
Pb 15.611 T1Br 28.911
PbCle 33.091 TIC1 25,81
Li 7.611 Til 28.6u
Mg(OH): 15,150 TINO; 38.118
Hg 18.311 Sn 12.3u
HgCle 45.611 Zn g.811

Kasplan, J. Am. Chem. Soc. 50, 1863 (1928) gives a value of
21,887 for this free energy.

15 International Critical Tables, corrected to 25°C,

16 International Critical Tables, using the sum of the
heats of formation instead of the direct determination,

17 (a) Thomsen, Thermochemistry, p. 52, Longmans
Green and Co., N. Y., 1908. (b) Butler and Hiscocks, J.
Chem. Soc. 2554 (1926). We have used a mean of these
values after correcting for dilution and temperature effects.

18 Latimer and Ahlberg, J. Am., Chem. Soc. 54, 1903
(1932).

19 Latimer and Ahlberg, Zeits. f. physik. Chemie A148,
468 (1930).

20 Rossini, Bur, Standards J. Research 6, 847 (1931).

2 Latimer, Schutz and Hicks, J. Am. Chem. Soc. 55, 971
(1933).

2 Kline, J. Am. Chem. Soc. 51, 2093 (1929), gives 5X 1012
as the solubility product of Mg(OH)..

# .ange and Monheim, Zeits. f. physik. Chemie A150,
349 (1930).

2 Pearce and Nelson, J. Am. Chem. Soc. 54, 3544 (1932)
give y=£=0.576 at saturation, 4.81 M KCl.

25 Landolt Birnstein Tabellen, corrected to 25°C.

2% (a) Seidell, Solubility of Inorganic and Organic Com-
pounds, D. Van Nostrand Co., N. Y. (1919). (b) Landolt
Bornstein, Tabellen, 11 Erginzungband gives v as 0.627
for 4M KCI. Extrapolating to saturated solution we find
~+=0.65.

%7 Wiist and Lange, Zeits. f. physik. Chemie Al16, 190
(1925).

2 Jewis and Randall, Thermodynamics and the Free
Energy of Chemical Substances, McGraw-Hill, N. Y. (1923).

29 Fromherz, Zeits. f. physik. Chemie A153, 376 (1931).

30 Landolt Birnstein Tabellen.

3 Noyes and Beam, J. Am. Chem. Soc. 34, 1016 (1912).

3 Latimer and Greensfelder, J. Am. Chem. Soc. 50, 2202
(1928).

Lit 1.8 Fet+ —27.430.7
Nat 14.7+1.0 Fett+t —63.0
K++ 24.6-:0.5 91+++ —7;(7)
Rb 22.8 - — 4.
TI+ 28.6+0.3 Cl- 13.5+0.1
Hg,*+ 16.440.5 Br~ 19.44:-0.4
Ag++ 18.‘;-:1:0.2 g() %gg +0.7
Mg*+ —35. 3 .
ClO4~ 43.1
Catt -11.4 ClO;5™ 39.3
Bat+ 0.8 BrO;~ 37.7£1.0
Cu** —21.0 105~ 271410
Zntt -27.2 OH~- - 2.5
Cd++ —12.7 COs —12.7+0.5
Sntt - 5.9 SO, 3.540.5
Hgt*+ — 6.5 G0 9.3
Pbh*+ 2.240.2 S — 5.841.0

% These data have been obtained from various sources
including the Internaiional Critical Tables and Landolt
Bornstein Tabellen. Special reference should also be made
to the work of Richards and co-workers.

3 Latimer, Schutz and Hicks, J. Am. Chem. Soc. (in
press).

% Greensfelder and Latimer, J. Am. Chem. Soc, 50, 3286
(1928). These values have been recalculated and a large
error in the graphical integration of the entropy of
Ba(BrOs);-H20 has been corrected. The correct value is
68.7.

# Ahlberg and Latimer, J. Am. Chem. Soc. (in press).

3 Greensfelder and Latimer, J. Am. Chem. Soc. 53, 3813
(1931). The AH value given in this paper has been re-
calculated from the solubility data.

% Latimer and Ahlberg, J. Am. Chem. Soc. 52, 549
(1930).

3 Latimer, Schutz and Hicks, J. Am. Chem. Soc. 55, 971
(1933).

40 Backstrém, J. Am. Chem. Soc. 47, 2432 (1925).

4 Latimer, Hicks and Schutz, J. Chem. Phys. 1, 424
(1933).

# Latimer, Hicks and Schutz, J. Chem. Phys. 1, 620
(1933).

% Latimer and Hoenshel, J. Am. Chem. Soc. 48, 19
(1926).

* Giauque and Overstreet, J. Am. Chem. Soc. 54, 1741
(1932).

% Giauque, J. Am, Chem. Soc. 52, 4816 (1930).

% Giauque and Wiebe, J. Am. Chem. Soc. 50, 101 (1928).

4 Giauque and Wiebe, J. Am. Chem. Soc. 51, 1441
(1929).

%8 Giauque and Ashley, Phys. Rev. 43, 1 (1933).

1 Kelley, U. S. Bureau of Mines Bull. 350 (1932).

% Giauque and Archibald, unpublished data.

1 Giauque and Johnston, J. Am. Chem. Soc. 51, 2300
(1929).

# Nernst, Ann. d. Physik 36, 395 (1911).

5 Giauque and Meads, unpublished data.

* Eastman and Milner, J. Chem. Phys. 1, 444 (1933).



