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Abstract

An empirical method has been proposed to estimate the standard molal real free
energies of solvation a°’s of individual monoatomic ions in non-aqueous solvents on the
basis of the standard electrode potentials. It has been found that the a°-values in non-
aqueous solvents are proportional to those in water with the proportionality constant
close to unity.

The standard electromotive forces of single electrodes in non-aqueous solutions which
are referred to the standard state of electrons in gaseous state have been estimated using
the values ef a® for a series of ionic species.

1. Introduction

The standard molal real free energy af of an individual ion M:* in an
aqueous or non-aqueous solution which is analogous to the work function
of an electron in a metal may be defined as the electrochemical potential
g2 of the ion in its standard state in the solution referred to that a°, in
gaseous state

aio:ﬂ?'_ﬁio,g’ (1)
where the subscript g denotes the gaseous state and the superscript o means
the standard state of the ion.

If we define the standard electromotive force of a single electrode ¢{
at a given temperature for a reaction*®

Mt +zen =M, (I)

*) The Research Institute for Catalysis, Hokkaido University, Sapporo, 060 Japan.
**) For the reaction of anions, the sign of valency = should be taken negative.
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in terms of the electrochemical potential of an electron in the electrode A2 .
referred to that of an electron ¢, in its standard state in gaseous state at
the given temperature®

F¢?:ﬁ§,g—ﬂ3,m ’ (2)

in which F is the Faraday, then ¢ may be estimated using the value of
af as follows.

The molar free energy of the formation of the ion M?% and electron
in gaseous state with each in its standard state from the element M; may
be defined as

AFiO:ﬁ?,g_l—zﬂg,g_,UgI;) (3)
and can be written
A io:ﬂ?,g—{_zﬁg,g_ﬁ?—ng,m’ (4)

using the equilibrium relation of the reaction (I). Putting Egs. (1) and (2)
into Eq. (4) we obtain

'r' —————— o ]' r— __________ 4 ;--_-1.
' M(Gas) '——>' Z€ (Gas) + M (Gas)g

A zF¢° -a°
| 1 - -, -
M = zem + - M -

Fig. 1. The thermodynamical cycle; the electromotive force of a single
electrode, the standard molal real free energy of solvation of
an ion and the free energy of formation of an element are all
referred respectively to the standard states of the electron and
the ion in gaseous state.

*) If the standard electromotive force of a single electrode is expressed in terms of the
absolute scale ¢9 (abs), which may be defined as E3.m referred to the state of an
electron at rest at infinity, then a correction term for the reference state of the
electron should be added to Eqg. (2) as

F¢p(abs) = FoP+ 08,g (T =0)—18,¢(T)
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AF? = —a) +2F g, (5)

On the other hand, as seen from the thermodynamical cycle in Fig. 1,
4F? may be given by the free energy of atomization of the element M;

Ai - ﬂ?’ﬂ;,g—#gﬁ 3 (6 a)

and the free energy of ionization of the atom M;, to form the ion M;%
and electrons in gaseous states

Ii = /I(i),g—i_zﬁ(?,g_#gli,g ’ (6 b)
as

Therefore ¢f may be estimated from a and the thermochemical date for
4F¢ on the basis of Egs. (5) and (7).

It should be noted that 4F} is independent of the solvent and therefore
there exists a compensation effect between af and ¢{ in different solvents, e. g.,
between water and non-aqueous solvent, we obtain from Eq. (5)

z(¢?_¢?.ﬂq) :a/?_a'io,aq ’ ( 8)

as pointed out by Krishtalik” in the case of the hydrogen electrode.

If we can find an ideal ion which has the same free energy of solvation
in every solvent, then we can expect the same electromotive force for such
an ion in every solvent as resulted from Eq. (8). Pleskov? assumed that Rb*
ion would be the closest approach to such an ideal ion and the electrode
potential series in different solvents would be connected with the Rb*/Rb
electrode as the common reference electrode. The electrode potential series
connected in this way, however, is only a qualitative one, since in real systems
we have no such an ideal ion.

The estimation of af,, was reported by Klein and Lange® and hy
Randles? for a series of ionic species based on the measurements of the
contact potential difference between the electrode and solution. Frumkin
and Damaskin® estimated the electromotive force of the standard hydrogen
electrode as 4.44V on the basis of Egs. (5) and (7) using the value of
i+ .. Case and Parsons® estimated af in some non-aqueous solvents using
the values of af,, reported by Randles and the contact potential difference
between aqueous and non-aqueous solutions.

Another series of af-values in aqueous and non-aqueous solutions were
determined by Izmailov” on the basis of a reasonable physical model for the

108



104

A. MATSUDA

bonding of the ion to the solvent.

Recently we have found an empirical method to estimate a® of mono-
atomic ions in non-aqueous solutions on the basis of the values of a,, and
the standard electrode potentials of the ions in aqueous and non-aqueous
solutions. In the present work af and ¢ estimated by the empirical method
will be presented for a series of ionic species in some non-aqueous solvents
and the validity of this method will be discussed.

2. Relation between o and E?

The standard electrode potential of the reaction (I), E?, referred to the
standard hydrogen electrode is given by Eq. (2)

E? =g} —ou+, (9)
and in aqueous and non-aqueous solutions by Eq. (5).
Q 1 0 o] 1 o] 0
FEi,aq = ";AF; —AFH‘\“ + ";a’i,aq '—aH+’aq » (10 a)
1 1
FE? = (; AF? —AF§+)+<~2— a?—a%+> : (10b)

The first term of the right side of these equations is constant at a constant
temperature independent of the solvent. From these two equations we have

an expression for aof

— —i—af =a,—ag+, (11)
where

@ =t g — —-afag—FAE?, (12)
and

4E =E} —-Ep,, . (13)

It can be seen from Egs. (11) and (12) that a; reveals the relative value of
1 . . . .
—;—a‘f referred to —a%+ in the non-aqueous solution and is a function of

the standard potentials in aqueous and non-aqueous solutions and the free
energy of hydration which are measurable quantities. Therefore it may be
possible to estimate af according to Eq. (11) when the value of a3+ is known.

If we assume here an ideal ion which should exhibit no special interac-
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Fig. 2. @i vs. — ;a{’,aq and —;a? vs. Fig. 3. a1 vs. ——~afaqg and = af vs.

1 1 .
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— - af,q in HCOOH at 25°C® — - afq in CHCN at 25°C9
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Fig. 6. i vs. —?aﬁaq and f?a’f’ vs. —-?ai’,aq Fig. 7. ¢ivs. — af yq and —zafvs —?aﬁ’,aq
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Fig. 8. «i vs. — :ﬂ?,ﬂq and - a vs. —*z’(r?_m] Fig. 9. «i vs. — zn’{’,ﬂq and —
in NH;. The standard potentials in in DMSO at 25°C.12)
NHs were measured at —35°C,8919
and the values of af,q at 25°C are
used in this diagram.
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tion with any solvent, i.e., zero
free energy of solvation in any
solvent, then a; for such an ideal
ion becomes equal to ajj+ accor-
ding to Eq. (11). It is suggested
that such an ideal ion, if any,
should exist as a limiting ap-
proach of the ions in real systems.

To answer this purpose for
the estimation of a%+ in non-
aqueous solvents the values of a;
for a series of ionic species in
some non-aqueous solvents are

. 1 -
plotted against — 5 g In Figs.

(2)-(11).
position of —af+ is chosen arbi-
trarily on the asaxis and @,
for an ion is measured from this

In these Figures the

position.

3. Graphic presentation of

-——Z"a‘f VS. - P ua

At present the standard elec-
trode potentials are known only
in a limited number of solvents.
The available solvents in the pre-
sent work are CH,OH, C,H,OH,
HCOOH, CH,CN, HCONH,,
N,H,, NH,, DMSO, Quinoline
saturated with water and some
fused salt which are quoted in
some review articles.*™® The most
of numerical values of E? and
E? . in molal scale used for the
calculation of a; are those in
Electrochemical Data by Dobos®
or those quoted by Strehlow,®

Fig. 10.

o (ev)
= Qu+ ---12 0
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2 4 6
o T I 1

16 (ev)
1
L-14 Z

) vs, —

W=

1
af qq and —Zaf vs.

1 . R
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ated with water at 25°C.®

Fused Dimethylammonium Chloride
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(ev)
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Fig. 11. «ivs. ——afaq and —af vs. —af g

in fused dimethylammonium chloride.
The standard potential in the fused
salt were measured at 180°C,!® and
the values of af,q at 25°C are used
in this diagram.
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and the values of —af,, are those in Randles’ paper? which are used in the
work of Case and Parsons.?

4. Estimation of o) and ¢
(1) Estimation of —aj+
It is surprising that there exists a good linear relation between @; and

1, . . .
— 5 @aq In every solvent, as seen from these Figures. It is suggested on

the basis of this linear relation that the position af,,=0 on this line may
be assingned to an ideal ion which has no specific interaction with any

13.0
(ev)

1

0
- Qg+

(Non-aqueous Solvents) NaHa NH3
0. 0

12.5

12.0

1.0

1055
Fig. 12. The values of —af+ in non-aqueous solvents;
the dotted line shows the value in water.
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solvent molecule as well as water molecule. Then the value of a%+ in every
solvent can be estimated according to Eq. (11) as the value of a; for the
ideal ion. The values of —af+ obtained in this way are listed in Tables I
and illustrated in Fig. 12.

(ii) Estimation of —af
1 . . .
The value of — for an ion is given by Eq. (11) as that of a;,—ag+

which can be read from the position of the ideal ion on the a;-axis in the
diagrams. In this way we have the following proportionality relation between

1 1 .. . . .
——;a? and ——*z—aﬂaq, the position of the ideal ion being taken as the new
origin,
1 {0 J—
- = Bx, (14)
1 . ..
where x denotes —f—gaﬂaq and B is a constant characteristic to the solvent.

The available data of E? for anions are limited to halogen ions in some
solvents, but it is found that they are also located on the extension of the
linear relation for cations, as seen from Figs. (2), (3) and (6), except in NH,
in Fig. (8).

The values of —af+ and B in a series of non-aqueous solvents are listed

. . ‘ 1
TaBLeE 1. The Proportionality constant S between ——;a‘f and

1 .
~—z—a§’,aq and the standard molal real free energies

of solvation of proton in non-aqueous solvents

Solvent s —(g\%+ (f\?) B
CH;0H 0.994 11.22 0.03 | 32
C,H;0H 1.001 11.30 007 | 24
HCOOH 0.957 10.60 0.13 1 59
CH4CN 0.974 11.04 0.04 36
HCONH, 1.011 11.39 0.03 114
NoHj 1.108 12.63 0.05% 58
NH; 1.115 12.64 0.04* ( 22
DMSO | 0.995 11.20 0.07 i 49
Quinoline | 1066 | 12.08 0.03 i 26

*) Ag+, Cut and Ca™ are omitted in the estimation of =+4, since these ions are
likely to show some systematic deviation, as seen from Figs. 7 and 8.
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in Table I. The standard deviation ¢ of each point from Eq. (14) is also
listed in this Table, which is approximately within a few centivolts. It is
found that § is quite close to unity in every solvent independent of the
dielectric constant ¢ of the solvent.

(iii) Estimation of ¢+
The standard electromotive force ¢%+,, of the hydrogen electrode in

aqueous solution is evaluated as 4.42 V according to Eq. (5)* using —aj+=
11.30 €V reported by Randles and 4F3+=15.72 eV obtained from the ther-

. 0
(volt) Cbm_
Q HCOOH (Non-aqueous Solvents)
5l
4 -
3 L L 1 1 1 L 1 1 J
Fig. 13. The values of ¢¢ in non-aqueous solutions; the dotted

line is that in aqueous solution.

*) A small drift of ¢f+ aq, 442v in the present work and 4.44v obtained by Frumkin
and Damaskin, is due to a slight difference of the values of —afi+ ,q used, 11.30v in
the former and 11.28 v in the latter.



TasLe 1I. Standard molal real free energies of solvation of individual ions and standard
electromotive forces of single electrodes in non-aqueous solutions at 25°C

H,0 | CH;OH | C,H;0H | HCOOH CH;;CIG HCONH, | N2H4 NH; DMSO Quinoliﬁeririirﬁdi'ro/:‘
e - S —— - - - - - ) —— S .,‘ -
; 5 ofal do | [ EL [ Th. s
—a®/z] §° |—a°/z| ¢° |—a®/z| ¢° |—ao/z ¢° |—ao/z| @O 1_0{)/2’ 0o ‘rao/z oo "—ao/zi ¢° |—a®/z| ¢° |—aO/z ‘?U‘!Che ] Che**ik

© 2 NS N

[ S e R e T
I L R T R e =

| : | i : ] ] | i |
450, 11.30 4.42§ 10.60;5.12; 11.04/4.68 11.39% 4.33} 12,63 3.09 12.64; 3.08% 11.20/4.52 12.08 3.64 1572 | 1572

H+/H, | 1130 442 1122 ‘ 433 | 364
Li*/Li | 530140 528141 531138 505164 524145 5.3§j 131 580 089 5.85.0.84 515 153 5.6§ 1.0%‘ 669 | 667
Na#/Na | 426171 419178 420176 427170 416181 431166 470127 490107 424175 451143 597 597
K+/K 150 348151 350149 324176 348157 354146 393107 390110 345150 375128 500 499
Rb*/Rb | 327143 825155 327150 303167 319151 322147 362108 356115 325155 349121 470 | 477
Cs+/Cs | 294140 2,95 1.5§i 294 1.531 266 168 282152 2.9? 147 3.2§ 1.1§ 32’1: 113 295 1.533 3.1§ 131; 434 444
TUYTL | 856408 352412 357408 341428 347417 366399 39370 397367 sdgan ardass 61| 76
Agt/Ag| 496522 495525 50517 489529 537491 502517 63238 627391 498520 525490 1018| 1019
Cut/Cu | 591494 587498 591494 566519 579506 598481 754331 730 3.49i 601485 630 455 1085 | 1085
Pb*/Pb 429 775430 778427 765440 749456 785422 861344 865340 777,428 827380 1205 | 1207
Cat/Ca | 826155 821|162 826157 789192 788193 835148 863118 8.371l 144 825161 88l 102 o981 983
Ca*/Cd | 933402 928407 931404 898 437 914421 043392 1036299 1047288 929406 995345 1336 | 13.37
Zn*/Zn | 1051366 10401376 1038378 1009407 1022:394 1050357 1148268 1161255 1045375 1120208 1417 | 1418
Cut/Cu 1078477 1071484 1092 463 1020526 1059 496 1094 461 11.94 364 12.o4i 351 1070484 1145410 1555 | 1558

w
o
=]

1

=N
b
o

_ i { *k| okk i sk| ki : i ‘

Cl7/Cly | —3.07/5.78 —2.91 5.62 —2.76 5.471 —3.32/5.97. —2.55,5.26] —2.95| 5.60 —2.40i 5.11i : ! | 271 2.65

Br™/Br, | —2.81/549 —2.71/5.39 —2.52/5.20 o -2.47% 5.15 —2.24 491, ‘ L | 268 266
: 1 : | ; ! !

I/, ‘ —2.48 4.95 —2.3Si 4.86; —2.25/4.73 : —2.27) 4.75§ —2.03E 4.505 ' l 248 251

*) af is calculated by Eq. (14) and ¢9 is estimated by Eq. (5.
**) a@~ is estimated from the standard electrode potential of Ag/AgCl and ¢%— for Cl'/%Clz is calculated by Eq. (5) using

4F§ - obtained from the thermochemical data.

**#*) The entropy term of the electronic states of a monoatomic ion is neglected in the thermochemical estimation of 4Fo.

Sapo.L32ape] 915G Jo JINH puv suol fo uonpajog fo sa15.iour 224,

Irr
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mochemical data of the National Bureau of Standards.®® The values of ¢+
in non-aqueous solvents can be estimated according to Eq. (5) using 4Fg+=
15.72 eV and the value of a%+ in non-aqueous solutions listed in Table L
The values of ¢3+ in non-aqueous solutions estimated in this way are
illustrated in Fig. 13.

(iv) Estimation of ¢?

The standard electromotive force ¢ in non-aqueous solvents can be
estimated from Ej and ¢%+ according to Eq. (9). In the case of ions in
non-aqueous solvents for which we have no experimental data of E?, it may
be possible to estimate af by the emperical relation Eq. (14) using af,,. Then
¢? can be estimated according to Eq. (5) using the value of af obtained in
this way and the thermochemical data of A4F?.

1
The results of ——;a‘f and ¢} obtained in this way and those of 4F}

calculated by Eq. (5) using @ and ¢{ are summarized in Table II for a series
of ionic species. For comparison the values of 4F? obtained from the ther-
mochemical data in the list of N.B.S. are also listed in the Table. The
comparison of the values of 4F? obtained in the two different ways will
serve as a criterion for the validity of the emperical method for the estima-
tion of af and ¢ proposed in the present work.

5. Discussion

. . . . . 1
As illustrated in the Figures, a; changes linearly with — 5 ®ag and the
gradient f is close to unity. The free energy of formation of an ion
1 1 . . . . .
-z*AFf:—-;a?+F¢? estimated on the basis of the proportionality relation

of the free energies of solvation between water and non-aqueous solvent is
numerically consistent with that obtained from the thermochemical data
A,+1I, and has a constant value for the given ion in different solvents,
as seen from Table II and Fig. 14. These facts may prove the validity of
the emperical method proposed for the estimation of af and ¢ in the present
work.

The halogen ions are located approximately on the extension of the
straight line for cations in most of non-aqueous solvents, as illustrated in

1 . ..
the a; vs. ——;a?,aq diagrams. Therefore it is suggested that the forma-

tion of the solvation bonding of ions to solvent molecules should be explained
by some similar mechanism in water and non-aqueous solvents, although
we have no theoretical explanation for this mechanism at present based on
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Fig. 14. The comparison of the free energies of formation of ions

af+Fd¢ and ther-

|

obtained electrochemically as the sum —

modynamically as that Ai+1i.

Table III. Linear relations between ——%a? and —%a?,aq

obtained from the data of Case and Parsons®
in non-aqueous solvents and original and cor-
rected values of —af+

Solvent } 4+ 5x ‘ (;g?gij‘ (_C(?ES
CH,OH 0.29+0.996x 3 11.55 } 11.26
CH,OH; 0.23+1.000x 11.53 | 11.31
n-BuOH 0.01-+1.018x | 11.47 ; 11.46
HCONH, 0.11+1.007x i 11.45 : 11.34
HCOOH 0.32+0.964x 11.01 | 10.68
CH3CN 0.25+0.977x 11.18 i 10.93
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any physical model for the bonding of ions to solvent molecules.
Case and Parsons® estimated af in several non-aqueous solvents on the

basis of the free energy of transfer of Cl~ ion from aqueous to non-aqueous
solvent a-—a@,- .., using af,, reported by Randles. For comparison the

. 1 1 . . . .
relation between —;a? and — 5 g obtained using their data is shown

in Fig. 15 in the case of CH;OH. As seen from this Figure, there exists
also a good linear relation between the free energies of solvation in water
and methanol, but the straight line shows a small deviation upwards from
the origin. The linearity relation obtained from their data can be expressed

by the equations —%a}’:A +px listed in Table IIL

In this Table 4 denotes the drift of the straight line from the origin,
—ag+ (orig.) is the value obtained by Case and Parsons and —ag+ (corr.)
is that obtained by substracting 4 from —a%+ (orig.). It can be seen that

(ev) CHsOH

12
(Case and Parsons) o,
1o e
v iH
st I T
o~ .1 znt
—|N 6F Pcd®
| 2t

—_
H
]
O

o
L

- - === === -

4 6 8 10 (ev)
0

|
— - fai’qq

1
I
-
|
|
!

N

. 1 1 .
Fig. 15. The relation between ——af and — 2 @ag obtained from

the data of Case and Parsons® in the case of CH3;O0H.
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the values of —a§+(corr.) are quite close to those estimated in the present
work.

On the other hand, Izmailov” estimated «} on the basis of the donor-
acceptor concept in the frame of the molecular orbital theory of the bond-

. . ] 1
ing of the ion to the solvent molecules. The relation between ——z—a§+

obtained from the data of Izmailov is exemplified in Fig. 16 in the case of
CH;COCH;. 1t is found that there exists also a good linear relation between
the two quantities, but the straight line deviates downward from the origin
in most cases of his results, and the corrected values of —af+ are little
smaller than those in the present work, as shown in Table IV.

The reason of the deviation 4 in the cases of Case and Parsons and
of Izmailov is not clear, but it should be emphasized that there exists a good

CHz COCH3z

(ev) (Izmailov)

(ev)

1 1
Fig. 16. The relation between —;a? and ——z—aﬁaq obtained from
the data of Izmailov”) in the case of CH;COCH;.
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. . 1 1
TasLe IV. Linear relations between ——z—a? and “_”z_‘a?,aq

obtained from the data of Izmailov” and origi-
nal and corrected values of —af+

Solvent 4+ 5x i (T)f;}g%; i E;gr%-;
CH,OH —0.0740.984x ‘ 10.95 11.02
C,H:0H —0.1640.985% | 1091 ! 11.07
CsHy,OH | —0,28+1.001x | 1091 ‘ 11.19
CsHjOH —0.3341.016x ? 10.93 11.26
CH,COCHj ~0.46+1.026x 10.93 11.39
CHiCN 0.08--0.967x | 10.80 1072
HCOOH 0.10+0.947x ! 10.54 10.44
NH; —0.52+1.133x 1 12,05 1257
NoH, —~0.26++1.067x i 11.90 12.16

. . 1 1 .

linear relation between —;a}’ and —;aﬁaq in every solvent and the gra-

dient B is quite close to unity.

The standard potentials used for the estimation of the a;-values in the
present work are those measured at a temperature fixed at 25°C except
in NH; in which they were measured at —33°C, and in fused dimethylam-
monium chloride in which they were measured at 180°C. However, the
values of a; calculated by Eq. 12 using E{ at different temperatures are
also found to be in good linear relation with those of —af,, at 25°C, It

should be noted, however, that a; should include a term <%AF§’—AF§}+

which is dependent on the temperature, as seen from Egs. (10 a) and (10 b).
In the case of ammonia this term is so small that it can be negelected within
an accuracy of a few centivolts, but in the case of fused dimethylammonium
chloride this term is too large to be negelected. The free energies of solva-
tion and the single electrode potentials in fused salts at high temperatures
will be discussed in a later paper in the frame of the emperical method
proposed in the present work.

It can be seen from Figs. (7) and (8) that the free energies of solvation
in ammonia and hydrazin are quite close to each other, but Ca*, Cu* and
Ag® ions are likely to show a systematic deviation from the linearlity rela-
tion. This systematic deviation may suggest that there exist specific interac-
tions between these ions and solvents, insofar as the experimental values of
E? for these ions are reliable in these solvents.!$1®
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Electrochemists recognize the significance to express the rates of electrode

processes as the function of the absolute electrode potentials and the free
energies of solvation of individual ions, but it has not yet been realized.
The empirical method proposed in the present work on the basis of the
standard electrode potentials will enable us to obtain these two quantities.
It is also suggested that the proportionality of the free energies of solvation
between water and non-aqueous solvents may provide a key word for the
theoretical approach to the elucidation of the solvation bonding.

2)
3)
4)
5)
6)
7)
8)
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