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MUTUAL RELATIONSHIP BETWEEN FREE ENERGIES
OF SOLVATION OF MONOATOMIC CATIONS IN
NON-AQUEOUS MEDIA AND IN WATER

By

Akiya MaTtsupa® and Reiko Nortova*

(Received December 21, 1981; in revised form January 5, 1982)

We reported in our previous work? an excellent linearity between the relative

0 79 0 .
standard free energy of solvation @is= C;‘s —EZJS— and f—i‘—“ using the Randles series
i i i
for ady-values?, where @ ’s with subscripts i and ] were respectively the standard
real free energies of solvation for monoatomic cations of species i of valency 2; and of
a definite reference ion J of valency 2j;, and subscripts s and w denoted non-aqueous
and aqueous media, respectively. However, different values for alw are reported among
different authors®. In order to avoid the confusion due to the lack of conformity
in the experimental values for afw, the empirical relationship in the previous work is
expressed here in terms of @i and @iw which can readily be determined from the
standard electromotive force associated with ion 1.
Let us first consider a;y referred to the standard real free energy of hydration
of proton afi+,w
=0
€t ~
Aiwy = S a’?[“’.w . (1 )
Zi
Splitting alw into the chemical term afw and the electrostatic term ziFZy as
d(i)w = a(i)w—zinw s (2)
aiw can also be expressed in terms of the chemical terms

a(i)w 0 .
aw = " — e, (3)
2

where Xy is the surface potential of water and F is the Faraday.
On the basis of the thermodynamical relation

47 = aly + 2iFplv (4)

aiw can be expressed in terms of the experimental quantities

*) The Research Institute for Catalysis, Hokkaido University, Sapporo, 060 Japan.
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TaBLE 1. The values of ais in eV and 8 for monoatomic

cations in non-aqueous and aqueous media at 25°C,

NM : nitromethane, DMSO : dimethylsulfoxide,

No. Ton NM | CH, CN PC H,0 | CH;0H C,H;0H i HCONH,
1 HY . 000 0.00 6.06% 0.00 0.00 000 | 000

2 Lit | 582 ~5.80 0.29 —6.00 —594 —5.99 —6.04¢

31 Na*t | —634 —6.88 —0.66 —7.04 —17.03 —7.10 —7.09%

4 ‘ K* ' —700 | —756 —1.33 —7.80 —~7.754 —7.80% | —7.85

5. Rb* ~7304 = —7.85 —1.60 —8.03 798¢  —803% | —817

61 Cs* | 7608 | -2z —~1.94 —8.36 —8314  —8368 | —843¢

7! Cut | —48  —525 0.92%  —539 536 539 542

8 | Cuzt —042¢  —045 5564 | —0.52 —0.51 —0.38 —0.45

9| Ag* —563 | —577 0.00 634 —6.30 —620 | —6.38

10| Aut _453  —491 1288 | —501 —498% | —501  —504%
11 Aw+ 320% = 341% | 9428 353 3514 | 353 | 3.59%
12 | Be+ L18%  117% 7.23¢ 1.23 123% 123 1.27¢
13| Mget | —116 . —l4lg a0 —142 —141%  —1d24  —141%
14 Ca2t —2.73 | —316 | 318 —3.04 3024 | —3048 ' —3.05%
15 Sr2t —3408  —3.70% 2468 = —3.77 3758+ 3778 | —3.79%
16 | Ba?* —402 | —436k ‘ 182 ' —445 442§ | —4d5§ | —44TH
17 | Ra®*  —415% = —450% | 168 459 4568 | 4508 @ 4628
18 | Zn2+ —0674 | —08 | 5306  —079 ~-0.82 092 | —0s80
19 | Cdzt —174¢  —190 | 419 @ —196 —194 —1.99 —1.96
20 | Ho+ = —161%  —180% | 4324 182 —181f | —182F  —1.82%
21| Ab+ | 432 450% | 10.48% ’ 465 4638 | 465k | 4738
22 | Ga?t | —0.68% | —081f 529 | —0.80 ~0.79% | —0.80¢ ' —0.78%
23 | Gad+ ‘\ 4,358 4,544 ‘ 10.52¢ 4.69 467% 469% 4778
24 In®T | —690§ , —742% | -—1174 @ —759 _754f  —75% @ —7.65%
25 © Ind+ 2.60% 2.68% 8.70% 278 2774 ‘ 278 2.83%
2 | TIY | 704 | —757% ‘ —127 | —77a | —770 773 —7.73
27 | TB+ | 268 2778 | 879 287 2.86% 2.874 2.93%
28 | Sci+ 1 213 2176 821% | 2.26 2254 ' 2.26¢ 2.31%
29 Y 098 0.96 7.024 1.01 1014 | 101 ' 105
30 | La* | —0.09% | —o18y 5904 | —0.16 —0l6§ = —0.164  —0.14%
31| Cex+ | 0902 087% | 693 0.92 0924 | 092 | 095
32 | Cet+ 5.17¢ 5.414 11.37% 5.58 5554 | 5584 | 5674
33 | Nd+ 0704 | 065§ | 672 0.70 070# | o708 | 073
34 | S+ 093¢ ' 090% | 696 | 095 0958 | o095 | 0984
35 . Gdi+ 104 102 708 | 108 Los | l08  L12¢
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PC: propylene carbonate, N-MF: N-methylformamide,
DMF: dimethylformamide.
The reference ion is Ag” for PC and DMF, Li* for N-MF

DMF N,H, DMSO  Pyridine NH; HCOOH N-MF  Quinoline
6.35¢ | 0.00 0.00 0.00 0.00 0.00 6.29% 0.00
022 . —683 —6.05 . —579% —6.79. —555 000 = —6.43

—0.84 —7.93 —6.96% —6.78% 774 —6.33 —104 ' —754E

—157 | —870 —7728  —751% —874 . —7.36 180 = —-7.35%

~190 901 —7.95¢ —7.74% —9.05 —17.57 —2.00% —8.59

—2.16% —9.38% —828¢ = —805¢ —9.43 —7.94 —249 . —894¢
1.21 —509 ' —519 | —520% 528 — 494 0.66% | —5.78%
5.80% —0.70% —050 —054 —0.60 —0.31 5.75% —0.63
0.00 —6.31 —6.22 —6.11 —6.37 —5.71 —0.33% —6.79%
124k —5.67% —4.94% . —A83%  —563% —4.58% 1.06% —5.37#
9.92¢ 3.78% 3.54% 3.37¢ 3914 3.50% 9.97¢ 3724
7.58% 1.24¢ 1.26% 070 1.34¢ 1.30% 7.574 1.27%
489% . —1.70% —1.38 | —138 & —162% —1.15¢ 4.814 —1.55%
322 —4.00 —299% | —294f | 427 —271 3114 —3.28
2.50% —4.30¢ —3.71% —3.64¢ —4.25¢ —3.39% 2.354 —4.05¢
1.81% - —5.05% —4.39% ‘ —4308 | —5018 | _—405# 164 = —4.78%
1.67¢ —5.20¢ —453% | —443% ° —516 | —4.18% 1.50% —4.93%
5.53% —~115 —075¢ | —0.78¢ ~1.03 —~0.51 546¢ | —0.88%
434% —2.27 —1.901 —1.90¢ «  —217 —1.62 4.24% —213%
4.48% —2.14¢ 178 . —177¢ —207¢ —1.53¢ 4.34 —1.98%
11.06% 5.02% 4,664 4454 5.16% 4.66% 11.14¢ | 4.92¢
552 1 —101¢ = —0.76¢ —0.79% —0.93% —0.55¢ 5.454 —0.89%
11.10% 5.07% 4,708 4.49% 5.20% 4.70% 11.19% 4.96%

—1.38% | —8.53% — 751 —7.31% —851% —7.05% —164¢ . —8.12%
9.16% 2.95% 2,804 2.65% 3.07¢ 2.87¢ 9.19% 2.93¢

—144  —869% | —772 | —746% 868 | 719 —1.79¢ ©  —828
9.25% 3.05% | 2.89% 2.74% 3.17% ! 2.96% 9.20% 3.02¢
863% 2.38% - 2.28% 2154 2.49% 2.37¢ 8.658 2.37%
7.36% 0.99% 1.04¢ 0.95% 1.00% 118 7.34¢ | 1.04¢
617%  —0.305 | —012% ‘ —0.17% | 021§ 0.06¢ 6124  —021%
7274 0.904 0.95% 1 0.86% | 0.99% 1.09% 7.25¢ | 0.94%
12.00% 6.05% 558 | 5.344 | 6204 5.55% 1211 { 5.91¢
7044 0.65¢ 0.73% ! 0.65% 0.75% 0.88% 702 | 0.71%
7308 | 0.93 0.98¢ 0.89% 1.02¢ 112 7.28% | 0.98%

7A3% | 1.07% 111 1.02¢

1.17% 1.24¢ 7.42% 111
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Table 1.
: _ R S
No.| Ton NM | CH. N PC H,0 . CH,OH = CHsOH | HCONH,
36 | Lute 1.70% 1.72% 7778 1.80 1798 | 180 184
37 | Thi+ 5004 | 523%  11.20% 5.40 5.37% 5.40% 5Agk
38 | U 0.65% 0.60% 6.674 0.65 0.65% 0654  0.68%
39 | Ut 5.49% 5754 - 11708 593 5.90% 5.93% 6.024
40 Sp2+  —288%  —3.14% 301  —320 . —318%  —320% | —321%
41 Pb+  -—319%  —355% 2688  -354 | -347 352 —3.55¢
42 Tt | —134¢ | —151# 461 —152 151  —152%  —151%
43 Zett | 6328 663 12578 6.84 6.80% 6.84% 6.94%
a4 Hp+ | 552 578%  11.73% 5.96 5.93% 5.96% 6.05%
45 At | 3T7H 3.93% 9.92% 406 4,043 4064 413%
46 | Shi+ | 1.81# 1.83% 787% 191 190% | 191z 1.96#
a7 | s+ | Lise ' 113 719% ' 119 119 | 119 1.23%
48 | v+ ~151%  —169% 4432 —171 —170¢  —171%  —170%
49 | Nb3+ . 373 3.88% 9.87% 401 3.99% 4012 4.08%
50 Tett , 820 , 863  145% 889 8.84% 8.90% 9.01%
51 | P2+ | —180% | —2.00# 4138 | —2.02 201 —202% | —202%
52 | Pot 2o4g | 2308 833% | 2.39 2388 | 230 244
53 | Cr2+ | —143% | —16l% 451 | —162  —161%  —1624 | —L161%
54 Cri+ 3468 3.50% 9.60% 372 3708 | 372% © 379%
55 Mn+  —1608  —179 433  —181 180  —181%  —181%
56 | Fert  —l28f 1454 66 | 146 | —145f | —l46f @ —145%
57 | Fest 3.42% 3.55% 9.55% 367 | 365¢ 367% | 373
58 . Rus* | —108¢ | —124¢ ' 4876 @ —124 | —123%  —124¢ 123
59 | Os*+ | —092% | —1068 5056  —106 : —105%  —106%  —105%
60 Co* | —069% | —082% 5288 08l | —080% @ —08l%  —079%
. e s s i = I . . . - - - e

61 | Cos+ 4,508 ar9p | 10775 | 495 492% 4954 | 5.03%
62 | Rhi+ 3.75% 390% | 989% | 403 4013 | 403 | 410%
63 | Nizt | —046% | —057% 552  —056 | —055¢  —056f . —054%
64 | Pdet | —000% | —1.04% 5068  —104 —103% | —104% ' —103%
65 | Pe+ —071% | —0.85% 5268 . —084 | -—083% @ —084%  —082%
i | o T - T . 777‘ - T

2 0916 0974 . 0953 1.000 0994 | 1.000, 1011
0.06 0.07 003 | 007 0.05

0.03 |
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(Continued)

DMF ‘ N,H,  DMSO ‘ Pyridine i NH; HCOOH N-MF | Quinoline
8.16¢ 187 | 1s | 1mz 197 | 193 | sam 1.88%
11.82% 58 | 5406 | 517% ' 59% = 538 = 11.93% 5.724

| .
699 ' 060 068 | 061% 0.69% 0.83% 6.97% | 0.66%

12.364 6.444 593  568% | 6.50% 5.88% 12.48% 6.29%
3.08¢  —367% 315§  —309% « —361§  —2.85¢ 2.958 —3.45%
2748 | 402 | —343 —3428 | —399 —2.95 2.50% —3.81
479% = —181% | —148%  —148 = —173%  —1244 4708 —1.66
13288 745% 6.84¢ 6.55% 7.60% 6.75¢ 13.43% 7.25%
12.30% 6.47¢ 596 5.71% 6.62¢ 5.91% 12.51% 6.31%
10.46% 437¢ 4078 3.88% 4.50¢ 4.09% 10.53% 4.20%
827¢ | 199 | 193¢ | 182 | 2108 | 2048 o8¢ | 2.008
7545 L19% . 122 | L1l2¢ ¢ 120f | 135% 7.53% 1.23%
160§  —2.02 @ —166§  —1.66¢  —195 = —1.42% 4508 —1.868
10.41% 4.32¢ | 4.02¢ 3.83% 4444 4,054 10.48% 4.24%
15.37% 9728 ' 887k 8.52¢ 0.804 8.71% 15574 | 9.44%
428% | -236¢ | 197 | —l96¥ | 220 —172% 418 219
876% | 252 241 2288 263 2,504 8.78% 251
469§  —192% 1574 | -158% = 1854 1342 4.60% 176
10.11% 399 | 3.73 3.56¢ 4.12¢ 3.77¢ 10.17% 3.93%
449%  —213% | —176%#  —1764  —206¢  --152% 440§ | —197#
A85% | —1748 | —1d42p | —142% 167 | —119%  476f —150%
10068 | 3944 3.68¢ 351 | 4063 372 10128 3.87¢
5.07% | —1504 | —120%  —121% ' —142% = —0.98 4.99% —1.36%
5264 | —130¢ | —1.024 @ —104 1226 ' —0804 5.18% 117
551  —1.02 . —077%  —080¢  —094F  —0.56¢ 5.444 —0.90%
11368 | 5364 | 496§ | 474 549 4.94% 11.46% 5,248
1043% | 4348 | 404 | 3.85% 4,464 4078 10.50% 1268
5766 —074% 0524 056§ = 066§  —0.32% 5.70% —0.63
528  —127¢  ~—100% | —102¢  ~1208  —0.78% 5.20% 114
5.8 | —105f  —0.80§  —083  —097%  —0.5% 5.41% —0.93¢
1.016 . 1.107 0.994 0.961 1117 ¢ 0.956 1.044 1.065

R - S

007 013 0.04 | 0.03

0.05 | 0.08 0.07

0.02
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tiy = o AF1-4F %+ ~FEY,, (5)
1

where 4%{ is the free energy of formation of ion 1 in the gas phase from its pure
element and 454+ is that for proton, ¢y is the standard electromotive force referred
to the standard state of the gaseous electron for the redox system associated with ion
i and its pure element and Ef« is the difference ¢fw—¢h+s.

The relative value @ for ion i referred to proton in non-aqueous medium s can
also be expressed by eq. (5) with subscript s in place of w.

The values of @i and ayw calculated by eq. (5) using the values of 4.%9, 4F 4+,
EY% and E}y in the thermodynamical and electrochemical data books*® are listed in

TS
Qis

Fig. 1. The linearity between ¢;s and ¢iw for monoatomic
cations in nitromethane ([¢]), methanol (®) and hydrazine
(A), HY ion being taken as the reference ion.



Mutual Relation between Free Energies of Solvation of Cations

Table 1. Fig. 1 shows a few example for the a;; vs. @iy plots obtained from Table 1.
We can find an excellent linear relation between @i and aiw pointing to the origin
which can be expressed by the equation

Ay = ,Baiw, (6)
for monoatomic cations in any solvent for which Ef; is known experimentally, with a
few exceptions Ag*, Cu” and Cat jons in hydrazine and ammonia (cf. Fig. 8 in ref. 1a),
Ag* ion in acetonitrile (cf. Fig. 8 in ref. 1a), and Bet ion in pyridine (cf. Fig. 5 in
ref. 1b), which show a slight deviation from eq. (6). The standard deviation (SD) from
eq. (6) for the cations in each solvent is shown in Table 1. The values of coefficient
8 are also shown in the table. It is found that they are in the range 1~0.9.
Eq. (6) is rewritten using eq. (3) in terms of the chemical terms af; and afs

1 1
71 ads—afi+,s = 13<_z—{ a’?w_a?{‘*’,w) (7)

Let us now assume an ideal ion which has no chemical interaction with any solvent,
i.e.,
ol (ideal) = 0, (8)

and postulate on the basis of eq. (6) that the ideal ion is located on the straight line.
It follows from egs. (7) and (8)
ads = Paldy . (9)

In this way we find an excellent linearity between afs and aly under the presumption
of the ideal ion. Eq. (9) strongly suggests that the ion-solvent interaction in the solva-
tion process is of the same type for any cation in any solvent with a few exceptions
described above, and the values of afs for a given ion in different solvents are quite
close to each other.

At the present stage the experimental values for EY%; in non-aqueous media are
known for a limited number of cations. However, using the values of a;y, it may
be possible to estimate the values of a;s by eq. (6) for the cations in any non-aqueous
solvent for which the experimental values for Efs are not known. The values of ay
calculated in this way are also shown in Table 1 with symbol .

Thus it may be better to express the mutual relation between the free energies
of solvation in non-aqueous and aqueous media by eq. (6) in terms of @i and aiw
rather than ay and —zll— & because eq. (6) does not include any uncertainty due to the
lack of conformity in the experimental values for @lw and can readily be proved by the
experimental values for Ef.

Let us discuss here briefly the concept for the ideal ion. The ideal ion can be
regarded as an ion of infinite size and consequently of infinitesimally small charge density
on its surface. as seen from the comparison of the ay-values in Fig. 1 for the cations
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of the same valency. It may therefore be reasonable to assume that afs(ideal)=0, but
the electrostatic work 2;FZs in the solvation process of the ideal ion cannot be ignored
since the electrostatic work does not depend on the size of the ion. In our previous
work? we assumed afs(ideal)=0 for the ideal ion in place of afs(ideal)=0, but this

. . 1 . .
assumption was not correct. Accordingly, — af and ¢} in the previous work should
1

be read as %- ods—F (Blw— 1Y) and ¢fs+F (BXw —Xs), respectively.
1

The numerical estimation for ad; will be discussed elsewhere®.
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