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THERMODYNAMIC FUNCTIONS FOR SPECJE3 IN LIQUID AMMONIA:, 

William L~ Jol.l7 

Badiation La bora tory, Department of Chemistry . 
University of California, Berkeley, Callf'ornia 

Ma.y;·l953 

ABSTRACT 

The heats and tree energies ot formation and entropies tor various 

species in liquid ammonia-at 25° have been calculated tram data in the 

literature. The detailed calculations, as well as a table ot oxidation 

potentials, are presented. 

I ~· . 
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~ : . l • THERIDDYNAMIC FlJ:Nai'IOI-5.: FOR, SPECIJJS m LIQUID A_MMpNIA 

William L. Jolly · . 1 
·. .: .·· 

Radiation Labomtory, Department of 'Ch9¢.~try 
University of California, Berkeley, California 

·.\ 

. ' . .'•"}. , . 

,[. . . ···.. .... ~* Introduction ... 

. -~ . 
The purpose of this compilation is to extend and revise previoUs 

similar c~mpilatlo~~iS,;l9 , ~f the. the~mie .f'uiiotlonff '(6Hf,· 6F£ and 

8'0) for -~pe~ie~ in llqU:id -o~a. The reader ,is referred. t~ the;e. 

previou~ publi~t-ions ·for ~ gene~l d.isc~ssion or. the methods ·~f cal;..: 
·~ ' ' \ • • ~ • ' l . • . :_ . ' ) . . . . ! _. ~~ ' . . " • ' ' . 

cu.lation. The :rimctions have been calcula.ted mainly from experimental 
' ! • , ' • ' , " ~ ~· ' , ' ' ; : ' , . j : • ,"·i',; I , :; , .> . • 

1 
-' 

data; the various approximations which have been made are discussed in 
J •• :!'': ., ! .,. 

the following fonr ~aragraphs. 
1, • .-

(1) .Estilnated.·activity coefficient~ •. The ozuy ~~lts whose 
. •. . ~ :~ l . ·~ ... : ·,. . ';- ~-. : ' - . . .' ·' . ~--' . ' . . . ' . • .' 

activity coefficients have been meastired in liquid ammonia at 25° are 

ammoniiJm chlcirideJS ahd p~ta:ssi~ iodate.l· S~dlet. and D~Vrie~42 .. 

deterirlned the activity ~oef'fici~nts for NaCl a.D.ci KCl ~t -J6° and 

Pleskov and Mono~z~n34 deterndned tli~ a~ti vi ty coef'ficie~ts for NH4 No3 
-·' \. 

and NH
4

Cl at· -50°~ Even though· these measurements were made at greatly 

different temperatures, all the activity coefficients agree within 50% 
'. - . . . *. . . . . •' ' 

beloW o.oi molal and 'within 200% beloll '1~0 molal~. It' is therefore 

felt that, ~ those ,.cases 'where activity c~effici.ents have been esti~ 

mated f'or solutions\ of io~c strength less th~ 1~0 m~lal, errors of 

no more"tha:n 1.:.2 kcal~/m61e are' made. In the cases of NH4N03, NH4Br 

and NH4I~ relatiVe act.irlt~···coefficients 'have b~en ineaslU"ed f~r· the 

satlir~t~d soiutions .and ·.for concentrations down t~ .about 0~3 molal~, . 
.. 
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These activity coefficients have been put on an absolute seale using the 

graphical method of Randall and Vietti.37 (This method has been dar­

scribed b,y Latimer27). 

(2) Estimated entropies. In oases where the heats of formation of 

solid compounds are known, but no entropy data are available to calcu­

late the fre~ energies of formation, the method of Latimer28 has been 

used to estimate the entropies. 

(3) Heat capacities. It has been as.sumedthat heats and en­

tropies of reaction are independent of t~mperature. Some idea of the 

accuracy of this assumption oan be gained tram the work of Chall and 
6 

Doepke. · These investigators measured the heat of solution of sodium 

chloride in ammonia at 20° and found 6H = -2.7 koal./mole. This is 

to be compared with 6H = -5.5 koal./mole oaloulated from data ob­

tained at -33° (of. Table I) and AH = -1.5 koal./mole measured 
. 40 . . 

directly at -33°. The <U$orepa.ncy between the last two values must 

pe explained b,y experimental inaccuracies and neglect of heats of 

dilution. It is apparent that we cannot calculate the sign of 60p 

for the dissolution of sodium chloride, but at least we can say that 

the absolute magnitude of ACp is probably not greater than 50 oal./ 

de g. 

(4) Simplicity of reactions. In oases of certain liquid am­

_monia solutions (e.g., solutions of dipositive metal salts and 

solutions of poly-plumbide, poly-telluride; etc.) where the ions 

probably are considerably ammonolyzed or associated as ion-pairs, 

over-simplified equations have been taken to represent certain calori­

metric reactions. Such action is justified only b,y the convenience 

in tabulation of the heats or formation. 

I ,_, 

• 
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The thermodynamic functions are tabulated in Table I. The ~e 

energies have be~n used to calculate ax;dation potentials, and these 
. ( ' ~ ' . 

are presented in Ta~le II. 

In Section II, heats and· f'ree energies of formation are taken; 
. . .1 . . :':·. . ' :" 2 . 

when possible, from :Sichowslcy' and R.ossini or the Bureau of Standards 

compilation.3l 

:-
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Table I 

Thermodyriamic Functions at 298°K. ',...' 

!::.Ho AF
0 so 

.f ·. f 
kca1./mo1e kCa.1.Zmo1e ~ 

w 0 0 0 

H2o -71,.6 

r . -so.s 
C1- -65.7 -44.1 ~30.3 

C10 -
.3 -47.7 -17.7 15 

Br- -59.0 -.39.9 -.30 • .3 

r -45 • .3 -29 -25 
-

!0.3 -42.2 
= • se2 -19.0 

Te
2 
= -27.8 

Te4 
= -29.7 

NO-
.3 -77.6 -42.8 -5 

NH.3 -16.1 - 2.7 2lu7 
+ 

-16.1 24.7 NH4 - 2.7 

NH-2 10.1 .34 -10 

NH20H -24.6 

Guanid.inium ion -20.0 

scr -11.8 

Pb++ 21.0 1.3 11 

Pb -
9 64 

Tl+ 5.7 

zn++ -25 

Hg++ 45.2 .31 .35 



. »·· 

•.; 

Ag+ 

Mn++ 

BH -4 
ca.++ 

+ 
Li 

Na+ 
·' 

' + 
.K 

Rb+ 

cs+ 

1/2 a = (am} 2 " 

e- (am) 

-7-

Table I 
(Page 2) 

6H0 

r 
kca.l1Lmole 

26 

-15.7 

-1oo.o 

-49 

-3~.1 

-40.5 

-39 

-40.5 

40.5 

43.5 

Table II 

6F0 

·r 
keal1Lmole 

-+7.5 

-26 

-100 

-54 

-43.6 

-..47.0 

-47.5 

-48 

44.4, 

Oxi4ation Potentials (298°K•) 

\ ' 

Ca = ea++ + 2e-

UCRL-2201 

go 

~ 

23 

--21 

8 

15.1 

21·.4 

29 

29 

2 

EO 
·{volts) 

2.34 

.. 2.17 

2.08 

2.06 



Table II 
(Page 2) 

Oxidation Potentials (298°K,) 

. 1/2· e~=:. = e-

. + -Na = Na + e 

1/2 H2 + NH2- = NH3 + e~ 

3NH
2
- = 1/2N2 + 2NH

3
· + 3e-

... 1/2 H2 + NH~-(3,6 x 1o-J4f) = NH
3 

+ e-

1/2 H2 = H+ (3,6 x 10-~) + e-

3NH2-(3.-6 x 1Cil4M) = 1/2 N2 + 2NH
3 

+ 3e­

NH3 =·1/2 N2 + 3JF(3,o X 10-:U..M) + 3e­

Mn. = Mn++ + 2e-

++ -Zh=Zn +2e 

1/2 H2 = H+ + e-

NH3 = 1/2 N2 + 3H+ + 3e-
.. .. + ...; •' 

T1 = T1 + e 

Hg = Hg++ + 2e­

Ag = Ag+ + e.-· 

r = 1/2 I 2 + e-

.. /13!-- = 1/2 Br
2 

+ e­

· ... , 01- = 1/2 01
2 

+ e-

, ·:·r = 1/2 F2 + e ... 

: . : ·~~ 

) 
) 
) 

) 
) 
) 

UCRL-2201 

EO 
(volts) 

1.93 

1.89 

1,59 

1.55 

0.76 

.56 

.54 

0 

-0.25 

-0.28 

-0.76 

-1.73 

-1.91 

. -3.50 



' v 
8H · = heat 

s 

· It• Calculations .. · 

of solution in'ammonia, 
.~ i ' 

UCRL-2201 

,, 

8Hf =heat of formation '.from elements in standard state, 

·, AF~.;:: standard free ~ner~. of s9lutj,o:n ~in _.ammon4, 

.!lFf · = free energy of formation frt"Olll. :ele~nt .. s in standa.~d- ~tate 
. · (298°K.), . . . '· -~- ,. . . . . . . . 

-~ ' . ' . ; :·. ; .' . ~ .. : '.. r· 

S~ =solubility in liquid'ammonia (moles per kilogram of 
anunonia.), and 

. y = mean activity coe.ffic:i;en.t f_o~ sat~ted solution. 
' . ' ' .. ,. ~ ~. ... . ' .. . 

All energie,s. are gi~en ~n kilocalor~es pe.r .mole~ · 
.... •·, . . • . • • ! 

Hydrogen: 

H+: :sY· con.;e~tiori we ta.ke .!lHf ·= .!lF f ~ o fo~ the hydrogen ion. 

·n~o: · For· ide, 'aHs :~ -1~8?4: .!l~· ~- ~69.8 a.ri~ the~efofe . .!lHf. ~ .·. 
·, lo 

-71.6 for water in liquid ammonia. ,, 
. : 

Fluorine: 

r: 'For sodiumfluoJ;ide.at·25°, .!lF~ = -129 • .3 and S ·= 0.08.3.15 

. :. . •... . .. > (: 1 •.. . .. . . !.·. : .. 

Estimating y· '= 0.2, we calculate .!lF ;, 4.9.· Using 8Ff(Na+) = 
. .. .s 

-43.6, we calculate 8Ff(lt,)·=:8o.s. 

Chlorfue: 

cl'"": For ~oni~ chlori~e/aHs(~l ~ ~6.839 and . .!lHf ·= -rts:o. 
Using 8Hf(NH4 +) = ·;,.16.1, we calculate: iHf.(~l-f ~- -65. 7. 

,~ ·:·· ' 

For ammonium chloride at 25°, .!lF r· = .. -48;.7 ,. S ::=>.24.4; .and 

y = 0.00822?8 .. :8Fs = .. 1.90. U~ing 8Ff(NH4+),= ~2.7, we calculate 

.!lFr(cl-) = -44.1. 

(From. the vapor pressure da,ta .of Fow+es. E3.lld )?o~rd12 on 

NH4Cl • .3NH.3 :we calculate -that tpe s_olid phase ,il1'.eq:uilibriUI!l 

with the saturated solution at 25° is NH4Cl. This is confirmed 

[ 
• .. -~ 
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by the data of Kendall and Davidson• 21) 

Clo3-: · For sodiUJil chlorate, 6H8 = ~2.22.2 and _AH£ = -8.3.6. Using 

Aflr(Na+) = -.38~~' we calculate AHf(Cl03 -): = -47 • 7. 

. . . .. . . . . 16 
For potassiUJil chlorate at 25°, AFf = ~69 • .3 a:nd S = 0.206. 

Estimating T ;,. 0.1, w calcu14te 6Fs = 4.6.- Us~ t.F f .(r) = 

-47.0, we calculate AFf(C:I0
3
-) = -17.7. 

Bromine: 

Br-: For ammoniUJil broinide; a:H3 (4D) ·· = -10.539 and 6Hf = -64.6. 

Using 6Hf(NH
4 

+) ::i: -16.11 , we ~calculate 6Hr'(:Br-)::: ...;.59.0. 

For AgB7 • ~NH.3 at 25°, 6Fr = ~.35.054 and s~ • .315~16 

Estimating T = .o8;, we calculate 6F
8 

= 4 • .3.· Using 6Ff(Ag+) = 
17 .5, we calculate 6Fr(Br-) = .-40.1. 

. . .3 . . . 
From the dat~ of Biltz, we calculate that KBr is not 

. 

ammoniat.ed at 25°. Fo~ KBr at 25°, I::.Ff ·= -90.6 and S = 1.1.35~15 
E~timatin~ y = .0.30, we calculate _6F

8 
= 4.0. Using b.Fr(K+) ~. 

-47 .o, we calculate b.Fr(Br-) = ~40.1. · 
21 .. -

NH
4

Br is not ammoniated at 25°. For ·NH4Br at 25°, S. = 

24.8. From the data. of Larsen and Hunt, we estimate T. = .052, 
. \ . . . 

hence AF 8 = -0 • .3. For NH
4

Br,, 6Hf = -64.6 and we estimate the. 

entropy as 26.9, so Mf = -41.8. Using AF.r(NH
4

+) = -2.7, we 

calculate .AFr'(Br-) = -.39 •. 4. 

· For b.F.r(Br-) w~ shall use'the average value -.39.9. 

Iodine: 

T: For NH4I, b.Hs ·. (CJQ) = -1.3.040 and 6Hf = -48.4. Using 

b.Hf(NH4+) = -16.1, ·we calcrulate 6ffr(r) · = -45 • .3. 

,'I . ·,.·. ,·: 
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21 16 
_At 25°, NH4.r is ~?.t~ ~~-~~.a~ed •. , 1 , ~)>,- = 2.~~~ /Or. NH4 I. ·. 

From the.dai(a of:La.rsen.and, H~~~26 we est~t~ y = .6.3, hen~e 
' ' 1, • 

1
" : ' : , ,l • , :..._, ,~ , ~ , • • ~~ I , "' ' '1.,, ,. ' 0 " , • ' ., 

6F
8 

= -.3 • .3. For NH4r, we estimate an entropy of 28.5, so 

6Fr = -~27.2. :.usin~{-llFr(mi4t) -~---2-.7~ ~e ~lculate' ·6Fr(r) = 

-27~8.;·' 

From some unpublishe~·data·'o:t Jolly, on the,<vapor pressures 

of :KI ~-olutfons at -c)o;-- we .·calcUl~te the free' erier·g~ of .solution 

>-of K! at·0° to be···a:F
8

::= -G~·s;·-'.·Taldlig Mrs :;:··..;6~9, we-~~lcuhte 
. . ·. . -·~ , - ~ ~. . -:· . . .... : r' . . .. ·' , , : . .···, -} 

6F
8

(2$0 )":. -0~2; ·'Since;· for.·K:t, 6f£ .;;·;...77·.o aricf6Fr(K+) ~ .:...47;0, 

we calculate -~F:f(i-f ',;; ·::_30.2. - . 1 ' •.. - j - ' ' :. " 

.' .., . . f • ·- ,.,. . -· ~-.- ' ' - . ·' '. ·' ·. ~ : !", • ' . ":..:. . ' • ~( •. ~ ' • • : . ' 

For 4F:f(r)-; we' slii:i.ll use _tlie' average value -~9 • 
. :: :·u ' . . : ~ / .,., . ~ ·.· 'l'· r ' .' ~ ... 

.m.3-: For potassium iodate at 25°,· 't1Ff. c;.. ':.:-roi.1,' s~·= '3.0M X ' 

-5 ·. 1 . ( +) 
10_ . apd y _=:= p.s~~.~ _hence:~ :~F~' .. := ,~~~~~ .··)1~~~ ·!:iFf ~, .. =7 -~47 .o, 

we_ calcula!~e _ l:i~f'.(_~o 3 ->., ,=_ -4_~-·-~-· ,, . , - .,. · : .. :: · 

Selenium: 
.~ : 

.. :r 

~2 =: 6H = -~00 ·.?:.30 {o~ ~11,~ _;r~act~on :. ::. .J. 

_, e2= + 2S~ __ = Se
2
= 

I . , 

Using I:!Hf(l/2 e2=) 0':·49~5~ ~~- ~~l~~te 4~r(se2=) = -19.0c., 

Tellurium: i ' 

~2=: The hea~s for ~}?.e foJf~,d~g rea~~i,ons have. been measured 
. ' : 2.3 

by Kraus and Ridd~rhof: , . 
(,.._ :', :~ ... ' 

~.::· 

2Na+ + e ~ + Te. = Na Te 
2 '> '· . .-~-' 

Na
2
Te + Te = 2Na.+ + Te

2
= 6H = -21.9 

From these data we cal~~t~ AHf(T'e
2
=) = -2:7.8. 

!i
4

=: 6H = -1.923. <for 'th~ rea.~tion . 

··. Te
2
= + zre ·;.;., Te4~\ 

We calculate 6~(Te4=) = -29.7. 
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Nitrogen: 

nQ
3
-: For sodium nitrate, LlHs~) .= -4~cY+O and LlHr = -111.7. 

Using LlHf(Na+) =-38.1, we calculate LlHf(No
3
-) = -77.6. 

15 
For potassium nitrate at 25°1 LlFf = -94.0 and S ~ 1.03. 

Estimating y = .048, we calculate LlFs = 3.6. Using LlF£(K+) = 

-47.0, we calculate LlFr(No
3
-) = -43.4. 

For ammonium nitrat~ at 25°, L.m.f = -87.3 and we estimate 

the entropy as 35.6, so LlFf = -43~7. At ~5°, s~ = 48.9 and from 

.the data of Larsen and Hunt26 we estimate y = ~056, hence LlFs = 

-1.2. Using LlFr(NH
4

+) = -2.7, we calculate LlFr(No
3
-) = ..,.42.2. 

For LlFf(No
3
-) we shall use the average value ~42.8. 

2 
~3 : LlHf(liquid NH3) = -16.07• 

" From Kelley20 we calculate the free energy of vaporization 

of liquid annnonia at 25° to be -1~3. For ammonia gas at 25°, 

LlFf = -4.0, so L'IF£ for liquid NH3 is -2.7. 

ng
4

+: We arbitrarily take LlH ~ L'IF ~ 0 for the reaction 

H+ + NH3 (l). = NH4+ • 

. .mi
2

"'": LlH = -26.130 for the. reaotic;>n H+ + NH
2
- = NH3; this leads 

to LlHr(NH -) = 10.0. 
2 

·, :30 ' ' 
For potassium iiniide, LlHs = -2.0 and LlHr = -28.3. Using 

L'lHf(K+) = -40.5, we calculate L'l!Ir(NH
2
-) = 10.2." 

For L'lHr(NH
2
-) we ·shall use the average value 10.1. 

We ~ke the assumption that both Na1T.H
2 

and KNH
2 

are un­

ammoniated at 25°. For NaNH2,. L'lHr = -28.4; for I~2, L'lHr = -2~.3. 

Estimating the entropies to be 13.5 and 15, respectively, 1-te 
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calculate 6Ff = -12.7 and -12.lj respectively. 

. . .. ' . 16 
For sodium amide at 25°, the solubilities S = 0.00103, 

and S = 0.0436,43 have been reported. ·We shall use a value· 

s· = ".01. Estimating y '= .45, ·-we, calcUlate 6.Fs = 6.4. Using 

AFf.(Na+) = -43.61 we calcUlate ~F.f(NH2 .. ) ==' 37.3 

For potassium amide at 25°, S = 0.65.16 Estimating y = 

0.051 we calculate· 6Fs = 4.1. Using 6F£(K+) = -47.o,·we calculate 

6Ff. (NH -). = 39.0. 
2' 

At -50°1 6F0 = 33.4 for 
li 

NH3 = H+ + NH2-• . '· 

Using 6H = 26.-l fer the same reaction, we ·eal~te 6F0 = 35.85 

at 25°, corresponding to 6Ff'(NH
2 
.. ') =.33.2. 

The large discrepancybietween the solubility free energies 

and the cell free energy may possib~ be due to ammoniate forma­

tion or to incorrect solubility data. Vaughn, \Togt and Nieuw­

land44 have pointed out ~~at r the solu~il~ty data of H~t and 

Boncyk may be low because the latter used commercial sodamide. 

Vaughn, Vogt and Nieuwland found S ·= 1 at -33°. 

Giving more weight to .the cell data, w~ ,take 6F;r(NH2-) ~ 34. 

m!~= For hydro:xylammo~ium chloride, 6Hs = -16.33° and 6Hf = 
-74.0. We presum:e.the net reaction .for the dissolution to be: 

NH
2

0H • HGl = NH20H + H+ + Cl-. 

Using L1Hf(Cl-) = -65.7, we calculate AHf = -~.6 f'or hydroxy-

lamine in liquid ammonia. 

Carbon: 

Guanidinium ion: Guanidine is a nmch stronger base than 

ammonia and so ammonia solutions of guanidinium salts are 
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probably very little ammonQlyzed. For ~nidinitl.lll nitrate, 

~~ = ~5.53° and AHr = -92.1 •. Using 8Hf(No
3
-) =· -77.61 we· 

calculate 8Hf(GH+) = -20.0. 

SCN-: Fqr ammonium thiocyanate, 6H13, (co) = -9.73° and 8Hf = 
-18.2~ Using 8Ht(NH

4 
+l = -l60 lj we calculate AHf(SCN':") = -n.8. 

~: 

~++:. For lead io_dide, 6H
8 

= -27.o39, -29.12?.· We. shall · 

assume 6H
8 

= -29; taking 6Hf = -41.8, we calculate .6Hf(Pb++) 

= 20. 
:·: 23 

For lead bromide, 8H = -29.8 and AHf = -66.3. Using . s 

.. A~(Br-) = -?9.0, we calculate AHr(Pb++) = 21.9 •. 

For lead nitrate, 8H
8 

= .;.26.922 and ~Hf = -106.9. Using 

AHr(No3-) = -77"'6' we .. calculate ~Hf(Pb++) = 21.4. 

We sh:all take the value 21.0 for AH~ (Pb++). 

At -50°~ the standard potential pf the lead electrode 

(vs. the hydrogen ele~trode) is -0.3Jv.36 .· Using AH.r(Pb++) 

; 2l.O, we correct this to -0.28 v. at 25°. This potential 

corresponds: to 8Fr(Pb++) = 13. 

!'12
9 
~~-... : 6H ~ -S8.o23 .for the reaction 

4Na + 9Pb = 4Na+ + Pb9----. o. 

U~fug.AH;·(Na+) = -38.1, we calculate 6Hr(Pb9-) = 64. 

Thallium: 
' .. 

Thallous chloride is unammoniated at 25°. For TlCl 
'' ' . :, 

at 25°1 AFf = -44.2 and S. = 0.025910• Estimating y = 0.3, 

we calculate AF8 = 5.8. Using AFf(Cl-) = -44.11 we calculate 

AFf(Tl+) = 5.7. 
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i ~-

Zh +\ For Zni2 • 6NH3 at 25°, S: = 0.003116 and 6F~ ~, -110.45.3 

E~tima~ing y ~ 0 .45, we. calculate llF s = 10.9. Using llFf-(f.f ~ ·..:29, 
. - .., ; : '.:· .,. '! - '· .,· 

we calculate llFr(~n++) = -25. 
•· .. :.,• .,··."· 

Mercury: 
'. ' 

Hg++: For mer~ic io~ide, 6H
8 

:;= -20.~39' a~d .. 6Hr = -25,.3. 
'· •• r ... 

·using. llHr(rl, = -45_.3~. we ct;tlculate ~Hr(Ifg++) .;, 45~2. 
; . . ··' • , , " "I '. • ., • . r • ~- .~ ''.', • ,,, ' I • . • :, : ' ; 

At -50°1 the standard potential of the·m.ercury. electrode 

(vs. the hydrogen electrode) is -0.75 v.36 Using 6Hf(Hg++) = 

45~2, .we correct this to 7 0.67 v. at 25° •. Th~s.potential 

corresponds to 6Fr(Hg++) =: 31., . · ·; , '·' 

Silver: 

Ag+.: For silve:t bro~.de; llH~ = ·-5.3l4 arid '6Hr. = -23.8. Us~ 

llar(Br~) =:-:-59.0, t.ie::ealculate.llHr(A.g+) ='29~9.: ;,< :, ·. 

Fo;r silirer· iodide., 6Hs = ;;7.4, 14,.,.6,.7~~ and ll'Hf = -14.9. 

Using 6H
6 

= -7.0 and 6Hr(r') =' -45.31 we calculate 6Hr(Ag+) = 

23.4 •. 
: ... ( ; '.," . .. . 22. - ·.: . 

For s_i.J,.ver nitrat~-' 6Hs = -21.4 ... and 6~ = -~9·~-· Using 

ilHr(~o3-) = -7? );, we calculate llH£ (Ag~) ~ 26~8. . , ' . , .. , .. 

. . 6H = :_51~2- for the.,react~on Ag;· + 1/2 -~~~ = -~')4 ~om 
' • • ~ t • • ·'· ; ·, • ~ !' # •• ' 

this we calcula~~ ~Hf~Ag+). = 10.7~ ., 

We shall u~e LlHf{Ag~) = 26. ' . 

For Agql • 3~3 at 25°, ilF'£ = -39 . .,44 and S ,. .0~8.16 

Estimating y = .~, ve:;calculate 6F
8
.'= _5,.1f and LlF_r(Ag+) = 17.9. 

At.-50°, the standard potential of the silver electrode 

(·vs• the hydrogen electrode) is -0.83· v.36 U·sing ll!Ir.(Ag+) =. 26, 
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t-re correct this to -0.74 v. at 25° and 6F.r(Ag+) = 16.8. 

We shall use 6F.r(Ag+) = 17.5• 

!Jfanganese: 

~: For Mni2, Bichowsky and Rossini2 give ,6Hr = -49.8 and the 

Bureau of Standards31 gives 6Hr = -59.3~ Using l1Hr = -49.8, we 

estimate 6F.r = -50.4. · Using the data _or Biltz; we calculat~, r~r 
Mni2 • 6NH3, l1Fr ~ -11.3~ •.. For Mnr2 • 6NH

3 
at 25°, s = .ooo6.16 

Estimating y = o.7, we calculate 6F
8 

= 13.0. Using 6Fr(r-) = -29, 

we .calculate 6Fr(Mn++) := -26. 

Boron: 

.m14:: For. UaBH41 6H.r = -43.a and. ~Hs = -lo.38a Using 6Hr(Na+) 

= -38.11 we calculate 6Hr(BH
4
-) =:-15.7. 

·Calci1.m1: 

Ca++.: 6H ·.= -99.f5 '.for the. reaction ca(s) + 2H+ ·= Ca++ + H2 (g)• 

For calcium iodide, 6H. '(6i1) .::: -62.rf5 and 6H- =~ -128.5.., S' ·~ . 

Using LlHr(:r-) = · -45.31 we calculate 6H.r(Ca++) = -100• 7. 

···We .shall use t'1flr'(Ya.++) = -loo.o. 

At _0°, the solubility of CaBr2 • 8NH3 is s· = .00045. 
29 

Estimating y = • 75~ we calculate 6F (0°) = 12.26 •. Fi-om the data -- ,,•. .... . .. ... . s . . ·, . 

of Hart and Partingtonl3 we·· ~lculate 6H.r = -.352. 7 .for CaBr2 • . -- - .... : ' ·' ., 

~NH3, hence 6H8 ~ 6.6 and aFs (25°) = 12.8. Using 6F.f = -211.8 

.for Ga.Br2 • 8NH3 and 6Fr(Br-) = -.39.9, we· calc~late 

6Fr(Ca+~) = -97.6. 

The data of H~tt1g17 on the dissociation pressure or 

. ca.r2 • 8NH
3 

are .somewhat inconsistent, but we ca~culate .f'rotn 

his data that. the octammoniate·is the· stable solid phase in a 
. . 2.«t 

·saturated oa.r2· solution at· both 0° and 25°. · At OO',. s· = .136 •. 
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Estimating y = .070, we calculate t.F (0°) = 6.8. From the data of . s ' .. .. . 

" Huttig we calculate .4H . '.. s = 9.0 and t.F
8

(25°) =6.6.,.Since t.Ff = -191.1 

for Gai2 • 8NH3 and t.Ff(r) = -29, we .. calculate t.Ff(Ca++~ = -104.9. 

At -50°, the standard potential of the calcium electrod~ (vs. 

the hydrogen electrode} has been measured as 1.64 v.32 . Using 
. . . . .· .. ,. . 

£\Hf(Ca++) = -100, .we ~~rect this to 1.46 v. at 25° B:nd. L:!Ff:(Ca++) 

= -67.4. No explanation is offered for the discrepancy between 

this v~lue and· the· solubility values. 

·we shall.use ilFf(Ca++) = ~100. 
Lithium: 

. 39 . . . 
1!:!;: For lithium iodide, LlH8 = -18•1 and t.Hf = -65.1. Using 

AHf(r) == -45.3, we calculate AHf(Li+) = -37.9.· 

For lith:hini bromide, AH
8 

= -19.739 ·and' 6Hf = -8.3.8. Using 

AHf(Br-) = -59.0, we calculate AHf(Li+) = -44.5. 

For lithium nitrate, AH8 = -10.823 and L:!Hf = -115.4. Using 

ot.Hr(No
3 
-) = -77~6,. ·we c~icUJ.ate t.Hr(Li+ )';,; -48.6. 

t.H = -9.659 for ·Li = Li+ + 1/2 e2=. Using AHf(l/2 e2=) = 

40.5, we calculate MJr(Li+) = -50.'1. 

We shall use L1Hf(Li+) .:: . ._49• · 

•' . 

For LiCl • 5NH3. at 0°, S> = 0.342. 29 EstilJlating y = .075, 
- . 

we calculate LlF8 (0~) = 3.96 •. Fro~ the data ofHart and Pa1'tington13 

we calculate AHf = -202.6 for LiCl • 5NH3, hence LlH8 = 7.4. This 

is in reasonable agreement with the heat calculated from the 

temperature coefficient of the. so~l.lbility (~H8 = 5.5). We 

calculate t.F
8

(25°) = 3.65 and AFf(Li+) = -55.3. 
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At -50°, the standard potential of the lithium electrode 

(vs. the hydrogen .ele~trode) is 2.24- v)2 Using ~Hr(Li+) == -49, 

we correct this to 2~28·v., at 25° and L.\Fr(Li+) = -52.5. 

We shall-use L.\Fr(Ll+) =-54. 

Sodium: 

Na+: For sodium bromide, L.\Hs(oo) == -10.424 and· AHf' = -86.7. Using 

. L.\~r(Br~) :: -59.01 we calculate .AHf(~a+) = -.38.1. 

15 For sodium chloride at ,25°, AFr .= -91.8. and S = 0.52. . 

Estimating y =- 0.,06, we calculflt.e L.\Fs = 4 .. 2. Using AFr(cl-) = 

-44 .. 11 we calculate AFr(Na+) = -4.3.5. 

At -50°, the standard potential of .the.sodium electrode (vs • 
. ' , ' ' ' ' . 

the hydrogen_ elec~rode) is 1.84 v.36 . Using L.\H.f(Na+) = -:-.38.1, we 

correct this_ to 1.90,v. at. 25° and AFf'(Na+) = -4.3.8. 

tve shall use AFr(Na+) = -4.3.6. 
. ' . ~ 

Potassium: . ' 

li;t: For potassium thiocyanate, AHs ~) = "\"4~830 and L.\H:r =· -47 .4. 

Using AHr(~CN~) .= -11.81 we calculate .L.\Hf'(K+) = -4p.4. 

For potassium nitrate, A'Hs = 0.42.3 and L.\Hr. = -118.1 •. '(Jsing 

AHf(No3-) = -77.6, we calculate AHr(K+) = -40.1. 

For potassium bromide, L.\H~ = -2.923 and L.\Hr == -94.1. Using 

AHf'(Br~) = -59.0; lie calculate AH.r(K+) = -.38.o. 

For potassium iodide, L.\Hs (oa) = -7.8.3° (this is to be compared 

with AH8 = -5.9
2

.3) and L.\H~ ,.; -'78.9. Usirig 6Hf(r-) = -45 • .3, vTe 

calculate .L.\Hf(K+)·~· -41.4. 

lve shall use' L.\~(K+) = -40.5. 

-.! 
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For _potassium chl?ride at 25°,. llF r· == -97.6 and S = .0054.
15 

Estinla:ting y .== 0.?5i we calculate llF s ~.Ao.9 and -llFf{K+) ==. ~46.6. 

A.t .-50°1 .the. standard potentia],. of the potassium,. el~ctrode 

(v~._the. ~y~~gen electrode)_ is 1.9? v)6 ,. Usipg llHr(K+) == -40.5, 

we correct this to 2.055 v. at 25° and llFr(K+) = -47.4. 

i~e shap. us~. ll~f-(K+) = -47~p. , -

Rubidium: 
'' ~ 

Rb +: _For rubidi~: br~d£3, AHs. == ~.439-,~d llHf == -95.8. Using 

liHr(Br-) == -59.0, we calculat~ tAHr(.ftb+) = -,37 •2. !- \ 

For rubidium metal, llH I?;,=,_ ~1, 

l.Ve shall use AHr(Rb+) == -39. _, -··· 

which yields AHf(Rb+) == -40.5. 

-~ '• '· 

We shall assume that' 'rubidillill chi~ride- is una.nuitoniated at 

0°. For RbCl at 0°_, S ,,= Q.024;. 29 Est'iplating y ::;: Q,.3, we --. . ' : ' .. ~ . : ; ' : . . '.- . ''· ~ .' ' . "' . .. . ': .. . 

calculate _AF s ( qo) •=:', 5 •4.!0 > Uf~ AH8 ~- 0_.4.,_ -we ~alcuJtite A;rs 
. ,., . \. ·. ... ~ .. . . 

(25°) ~- .5'!~·- ~s~g llFr ":::;:-9,8.5_~--,for J;lbG~,.-.l.-1~ -~alqulate llFr -· 
' ;} . -~ . '.' ~ ... .._ . . . . .. . . . ' . . . . 

(Rb+) == -48.5 o 
~-~ : .. ·"-·· ·'' · ... ··· :· .... ··: -·. ,- .. 

\. 

. . 1\.t -:-:50°, the .. sj:J~:p,Q.a;r-d potential of, .. the rubidium ,electrod~ 
'- ... • r :. -~. • ' ··, .: ' • • ' • • • • • ! . . . ' . ~ .;,. . '· . ' • . . . 

(vs. the hydrogen electrode) is_l_.93 v.?.~ .. U~?i,ng, AH:r(Rb+):<=:= ... 39, 

we C()~re~~ th~~ to ~.01 v~ a~. 25.0 and ~Fr(RJl.:+-) = -46.4 •. 
_.,;• .- .. -....... _,._ .. .. . ' . 

Weis~at~ u~eAr.r<~'Rt>:-~· --:-47~~-· . .. ·' i,, 
-~ .. . . ' .· . . . 

Cesium: 

Cs+: For cesium metal, ll~s ~ o;41 hence AHf(Cs+) == -40.5. 

We assume that cesium chloride is unammoniated.at 'oo. 

For CsCl at 0°, s· == 0.023. 29 Estimating y = 0.3, we calculate 

AF~(0°) = 5.4o Using AH
6 

= 0.1, we calculate AFs(25°) = 5.9. 

Using llFf = -99.45 for CsGl, we calculate AFf-(Cs+) = -49.4. 
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At -50°, the standard potential of the cesium electrode 

(vs. the h&ogen electrode) is '1.95 v~.3.3, Using L\Hf(Cs+) ~ .. 

·40.5, we correct this to 2.02 v. at' 25° and L\Ff(Cs+) = -46.5. 

We shall use L\Fr(Cs+) == -48. 

Electron: 

1/2 e2=: Coulter and l-hyb~ give L\H == 40.4 as the mean of 

several determinations for the reaction 

' ' ' 1/2 H . = 1/2 Ei = .f: H+ 
2(g) 2 • 

L\H = o24,41 for the reaction · 

'K = K+ + 1/2. e = 1 2 

yielding L\Ifr(l/2 e2=r=J = 40.5. 

We ~h~ll use L\Hr(~/2 e2=) = 40.5. 

Laitinen' and· :Nyman25 have meastired the standard potential 

of the "electron electrode" in liquid a.mln~nia at -.36°. The 
' . 

a,verage o£· their reported ifa.lues is EO ::: 1.89 v. for 1/2 e
2

== 

+ H+ == 1/2 H2 {g)• Using our value for the heat o:f formati~n : 

of the ammoniacal electron pair, we correct this to E0 = 1.93 v. 

·.at 25° and L\Fr(l/2 e
2
=) '= 44.4. 

,L: Coulter and Candela 7 'measured -th~ heat of solution of 

potassium to extreme diluti~n. From·the heat of dilut~on, 

they calculate L\H = 6 for the process 
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