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Abstract

The numerical values of the standard chemical free energies of solvation of monoatomic
cations have been estimated for 70 ionic species in 15 solvents on the basis of the empirical
rules proposed previously.

It has been shown that the classification of monoatomic cations in the periodic table
by the nature of the solvation bonding practically coincides with the classification of these
ions by the hard and soft concept as the Lewis acids.

Introduction

In recent years non-aqueous solvents have achieved a great importance
in electrochemistry as reaction media for electrolytes. However, we have
not yet reached a final conclusion on the free energy of solvation of a single
ion in non-aqueous media as well as in aqueous medium, although many
theories and experimental procedures have been advanced for the estimation
of the ion-solvent interactions in the solvation process.”

Recently we have found two empirical rules for the relative free energies
of solvation of monoatomic cations which may enable us to determine the
chemical free energies of solvation of these ions.?® In the present work the
numerical values of the standard chemical free energies of solvation of
monoatomic cations estimated on the basis of the empirical rules will be
reported and the classification of monoatomic cations by the nature of the
solvation bonding will be compared with that proposed on the basis of the
hard and soft acids and bases (HSAB) concept of the monoatomic cations
as the Lewis acids.®”

*) The present paper was presented at the 5th JAPAN-USSR Seminar on Electro-
chemistry held in Sapporo, Sept. 16~18, 1982.
"#) The Research Institute for Catalysis, Hokkaido University, Sapporo, 060 Japan.
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Estimation of the standard chemical free energies
of solvation of monoatomic cations

Let us consider a relative quantity ;. for the solvation free energy
of monoatomic cation ¢ in solvent s which can be defined by the following
equation
Xi,s a?s a3, _Qi})i

bp e == = — = 2 — 1
Aijs 2 2, 2; 2; ’ ( )

where a?, is the standard real free energy of sclvation of ion 7 in solvent
s, a}, its chemical part, z; the valency of ion { and subscript j denotes a
definite reference ion of valency z;, a’, can, in principle, be split into the
chemical and electrostatic terms

a_g,s:a(t),s_zinsr (2)
where X, is the surface potential of solvent s, the sign of which is taken
positive when the surface dipole of the solvent turns its negative end towards
the gas phase, and F the Faraday.

On the basis of a thermodynamic cycle @;;; can be evaluated numeri-
cally by the following equation as reported previously?
_4F} _ 4F}

ij.s =
Y Z, Zj

—FE};,, (3)

where AF? is the free energy of formation of ion 7 in the gas phase from
its pure element, 4F7} is that {for ion j, and E?;, is the standard electromotive
force of the redox system of ion ¢ and its pure element in solvent s which
is measured against the reference electrode of ion j and its pure element in
the same solution.

We have recently found an excellent proportionality between ¢;;, for
any solvent and that for water a;;,”

aij,s - ﬂsaij,w y ( 4)

where f; is a constant for a given solvent which falls in the range 0.92~
1.12 depending on the solvent, e.g., 0.916 for nitromethane and 1.17 for
ammonia. The standard deviation of the value of @;;; from the straight
line eq. (4) obtained by the least square method is less than 0.07 eV for any
solvent except formic acid for which the standard deviation attains 0.13eV.
Eq. (4) was called “empirical rule I for the solvation of monoatomic cations.

We have found furthermore three types of linear relationship between
;s and the ionization energy I, for i in the gaseous state which can be
expressed by the equation?
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aij,s:,oxé _‘ks) (5)
and the monoatomic cations can be classified into three groups (a), (b) and
(c) by eq. (5) with different values for coefficient p; and constant &, ~The
cations of different groups are characterized by their electronic configurations
of the outer shell: group (a) cations — the rare gas type, the lanthanides and
the actinides, group (b) cations — the number of d-electrons in the outer shell
more than 3, and group (c) cations — 5d9+4{* type. Eq. (5) was called
“empirical rule II” for the solvation of monoatomic cations.
The numerical values of 8, in eq. (4), and those of p, and &, for (a),
(b) and (c) groups are shown in table 1 for 15 solvents which are available
at present, the hydrogen ion being taken as the reference ion for the estima-
tion of the value of @;;,. The standard deviations of @;;, from the straight
lines, eq. (5), obtained by the least square method are less than 0.35eV,
0.47 eV and 0.44 eV for the (a), (b) and (c) group cations, respectively.
The graphical representation for the relationships between p, and 8,, and
ks and B, for (a), (b) and (c) groups is given in figs. 1 and 2. The B, and

TaBLE 1. The values of f; for 15 solvents and those of p;
and ks for the cations of (a), (b) and (c¢) groups
at 25°C, except for ammonia at —35°C

Solvent Bs s ks, eV
@ ® @© @ @ ()
1 Nitromethane (NM) 0.916 0.868 0.810 0,749 10,68 1141 11,73
2 Propylene carbonate (PC) 0.953 | 0.902 0.844 0.776 11.17 1195 12,23
3 Formic acid (FAc) 0.956 0.909 0.845 0.778 11,04 11.74 12.02
4 Pyridine (Py) 0.961 0.909 0.852 0.785 11.28 12,07 12.38
5 Acetonitrile (AN) 0.974 0.922 0.856 0.797 1144 12,12 12,59
6 Dimethylsulfoxide (DMSO) 0.994 0.943 0.878 0.814 1164 1239 12,78
7 Methanol (MeOH) 0.994 0.942 0.881 0.812 1165 1247 12,78
8 Water (W) 1.000 0.947 0,886 0.816 11,72 12,54 12,88
9 Ethanol (EtOH) 1.000 0.948 0.886. 07816 11,73 1254 12,85
10 Formamide (FA) 1011 0.958 0.896 0.823 11.84 1265 12,93
11 Dimethylformamide (DMF) 1.016 0.963 0.894 0.826 11.94 12,65 13.02
12 N-methylformamide (N-MF) | 1.044 | 0989 0925 0.853 | 12.24 1310 13.43
13 Quinoline (Q) 1.066 0.997 0.944 0.870 12,35 13.40 13.74
14 Hydrazine (Hz) 1107 | 1.051 0.977 0904 | 1314 13.95 14.36
15 Ammonia (A) 1.117 1.062 0.985 0.912 13.20 1397 1441
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k, for different group will be distinguished from each other with superscript
{a), (b) or (c) at need.

It is surprising that f, can be correlated to p, and k, for each of the
three groups by the simple relations

(a) (b) (e
Y . S
b=t =t = (6)
kgu) kgb) klo
B=H = = 0

as seen from figs. 1 and 2, where subscript w means water.
If we can find an ideal ion for which «?, equals zero, then —a;;,
for the jon can be identified with aj,/2; as seen from eq. (1). In order to

Lk

0.9

0.7 L L
0.90 1.00 .10

Bs
Fig. 1. The relationship between ©; and f8s for the cations of (a), {(b) and
(c) groups for 15 solvents in table 1. The straight lines are those
given by the least square method.
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1 1 1 ! L
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Fig. 2. The relationship between ks and Bs for the cations of (a), (b)
and (c) groups for 15 solvents in table 1. The straight lines
(a), (b) and (c) represent the proportionality ks = Bskw with
the values of %kw in table 1.

find the value of af,/2; we introduce here an extrathermodynamic assumption
into the empirical rule II for the (a) group cations that an ion whose ioniza-
tion energy is zero has no chemical interaction with any solvent. Such an
ion may be regarded as the ideal ion whose chemical free energy of solvation
also equals zero, i. e,

0

pes

(a) — 28
By =S, (8)
since k{® equals —a;;, for the ideal ion.
Putting eq. (8) into eq. (7), we obtain

aj s = Bsa§ w. (9)
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TaBLE 2. The values of ad/z; of monoatomic cations in 15 solvents at 25°C, but for
ammonia at —35°C. The figures with # are those calculated from the values
of aij,» on the basis of the empirical rule I for ion-solvent pairs for which
we have no information on the experimental values for EY;,. The figures
without # are those calculated from the values of a};; obtained from the
experimental values for EY; ;. Hydrogen ion is taken as the reference ion
in the estimation of @;;,» and @;js
Ion NM (CHCN| PC H,O [CH3;0H|C,HsOHHCONH, DMF | N,H, [DMSO|Pyridine] NH; HCOOH|N-MF Quinol
1 H+ 10.67 | 11.43 | 11.15% 11.71 11.64 11.71 11.81 | 1192 | 13.09 | 11.61 11.27 | 13.13 1099 | 1223 | 1251
2| Lit 5.15 5.63 5.39 571 5.70 5,72 5.77% 5.79 6.26 5.56 5494 634 544 5.94 6.08%
3| Nat 4.33 455 4,44 4.67 4.61 461 4,728 473 5.16 4,644 4.49¢ 5.39 4.66 4.90 4.98%
4 K+ 3.584 3.87 3.77 3.91 3.893 3.913 3.96 4.00 4.39 3.89% 3.76% 4.39 3.63 414 417%
5! Rb+ 3.37% 3.58 3.50 3.68 3.66% 3.68% 3.64 3.67 4.08 3.66¢ 3.54% 4.05 342 3.84% 3.92
6 Cst 3.074 3.21 3.16 3.35 3.33% 3.358 3.39% 3.40% 3.71%# 3.33% 3.224 3.70 3.05 3.45 3.57%
71 Cut 5.78 6.18 6.024 6.32 6.28% 6.32 6.39% 6.78 8.00 6.42 6.074 7.85 6.04%  6.60: 6.73%
8| Cu?t 10.25% 10.98 | 10.66% 11.19 11,13 11.33 11.36 | 11.37% 12.39% 11.11 10.73 | 1253 10.68 | 11.68% 11.88
9| Agt 5.04 5.66 5.10 5.37 5.344% 5.42 543% 5.57 6.78 5.39 5.16% 6.76 5.28 5.61 5.72%
10| Aut 6.14% 6528 6.38%# 6.70 6.66% 6.70% 6.77% 6.81f 7.42% 6.66% 6.44% 749 6.41%  7.00: 7.14%
11 Audt 13.96% 14.84% 14524 1524 15154 15254 15.41% 15.49% 16.87# 15.15 14.64% 17.03% 14.58f 1591% 1624
12 Be2+ 11.86% 12.60% 12.33% 12.94 12.87¢ 12.94% 13.08% 13.15% 14.32% 12.86 11.97 | 14464 12.38% 13.51% 13.79
13 | Mg2+ 9,51 | 10.02% 9.80% 10.29 10.23% 10.29% 10.40# 10.46%# 11.39% 10.23 9.89¢ 11.50% 9.84% 10.74% 10.96:
14 Cazt+ 7.94% 827 8.28 8.67 8.62% 8.67% 8.76% 8.79 9.09 8.62 8.33 8.86 8.28 9.05: 9.24
15 Sr2+ 7274 7738 7563 7.94 7.89% 7.94% 8.03# 8.07# 8.79% 7.89 7.63 8.88% 7.59% 8.29 8.46;
16 Ba2+ 6.65 7.07% 6.92 7.26 7.22% 7.26% 7.34% 7.38 8.04% 17.22 6.98; 8.12% 6.94% 7.58 7.74
17 | Ra?t 6.52 6.93% 6.78 712 7.084%| 7.12% 7.20% 7.23 7.88¢ 7.08 6.84 7.96% 6.81% 7.43 7.59;
18 | Zn2t 10.00%, 10.61 | 10.40% 10.92 10.82 10.79 11.01 | 11.10% 11.94 | 10.86: 10.494 12.10 10.48 | 11.40% 11.64;
19 | Cd2+ 8.93; 9.53 9.29 9.75 9.70 9.72 9.85 9.91% 10.82 9.70 9.37# 10.96 9.37 | 10.18%# 10.39
20 Hg2+ 9.06:; 9.63% 9.42 9.89 9.83% 0.80% 10.00# 10.05% 10.95% 9.83% 9.50% 11.05% 9.46% 10.33% 10.54
211 A+ 14.99% 1593% 1558% 16.36 16,278 16.37# 16.54% 16.62# 18.11% 16.26: 15,724 18.29% 15.65% 17.08% 17.43%
22 | Ga?t 10.00% 10.62% 10.39% 10.91 10.85¢ 10.91% 11.03% 11.09% 12.08% 10.85: 10.48% 12.19% 10.43% 11.39% 11.62%
23 | Gadt 15.03% 15974 15.62% 16.40 16.31¥ 16.41# 16.58% 16.66% 18.16% 16.30: 15.76¢ 18.33% 15.68% 17.124 17.47
24| In*t 3.77 401% 3.92 412 4.10% 4124 4.16% 4.19 4568 4.10 3.96 4.61% 3.94% 430 4.39
25 | In3+ 13.28% 14,11%# 13.80% 14.49 14.41% 14.49% 14.65% 14.728 16.04% 14.40 13.92% 16.204 13.86¢ 15.13% 15.44
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26| TIi+ 3.64 3.87: 3.83 3.97 3.94 3.98 408 | 413 4.39 3.89 3.81 4.44 3.80% 4.15% 4,23
27 | TB+ 13.36% 14.204 13.89% 14.58 14.50% 14.58% 14.74% 14.82% 16.14% 14.49% 14,01# 16.30: 13.94%# 15.22% 1553
28 | Sc3+ 12,8041 13.60% 13.31#% 13.97 13.89% 13.97# 14.12f 14204 15.47# 13.80% 13.42% 1562 13.36% 14.59% 14.88%
29 | Y3+ 11.65% 12.39% 12.12% 1272 12.65% 12.72 12.86% 12.93% 14.08%4 12648 1222# 14.22 12,174 13.284 13.55:
30 | La3+ 10.58% 11.25§ 11.00% 11.55 11.48 11,55 11.68% 1174 12,79 11.48# 11104 12,91 11,054 12.06% 12.31
31 | Ced+ 1157% 12.30% 12.03% 12.63 12.56: 12.63 12.77% 12.83% 13.98% 12.56: 12.14% 14,12 12.08% 13.19% 13.46%
32| Cett 15.84% 16.84% 1647% 17.29 17.19 17.30: 17.A841 17.57% 19.14# 17.19 16.61% 19.33: 16.54% 18.05% 1842
33 | Nd3+ 11.37% 12.09% 11.82%| 1241 12,34 1241 12.55% 12.61% 13.74# 12.34 11.93% 13.87 11.87% 12,964 13.22%
34| Sm3+ 11.60% 12.33% 12.06f 12.66 12.59: 12.66: 12.80% 12.86% 14.01% 1259 12.17%| 14.15 12.114) 13.22% 1349
35 | Gd3+ 11724 12.46% 12.18% 12.79 12.72 12.79 12,934 13.00% 14.16% 1271 12,29% 14.30; 12234 13.35§) 13.62
36 [ Lu3t 12,384 13.16% 12.87# 13.51 13.43 13.51 13.66% 13.73% 14.96% 1343 12.98% 15.10 12,923 14.11% 14.39
37 | Thtt 15.684 16.66% 16.304 17.11 17.01 17.12; 17.304 17.39% 18944 17.01 16.44% 19.13 16.364 17.87% 18.23
38 | U3+ 11.32% 12.04% 11.77% 12.36 12.29: 12.36: 12.49% 12.56¢ 13.68% 12.29 11.88% 13.82 11.82¢ 12.91% 13.17.
39 | Ut 16.16¢ 17.18% 16.80% 17.64 17.54 17.65; 17.83% 17.92% 19.53%# 17.54 16.95%| 19.72 16.87%| 18.42%| 18.80:
40 | Sn2+ 7.804 829% 811 8.51 8.46: 8.51 8.60¢  8.65. 9.42 8.46 8.18 9.51 8.14 8.89 9.07.
41 | Pb2+ 7.49 788 | 7.78 8.17 8.17 8.19 l 8.26% 8.30 9.07 8.18 7.85 9.14 8.04 8.53 8.70:
42 | Tiz+ 9.34 9.92 9.71% 10.19 10.13; 10.19: 10.30% 10.35% 11.28% 10.13 9.79% 11.39 9.754 10.64% 10.86
43 | Zrtt 17.004 18.06% 17.67% 18.55 18.44 18.56 18.75¢ 18.85% 20.54% 18.44 17.83% 20.73 17.74% 19.37% 19.76
44 | Hf*+ 16.19% 17.21% 16.83% 17.67 17.57 17.68: 17.864 17.96% 19.56% 17.57 16.98%) 19.75 16.904| 18.45% 18.83
45 | A3t 14,454 15.36% 15.02f 15.77 15.68% 15.784 15.94f 16.02% 17.46% 15.68; 15,154 17.63 15,08% 16.47% 16.80
46 | Sbh3+ 12.48% 13.26§ 1297# 13.62 13.54 13.62 13.774 13.84% 15.08% 13.54 13.09% 15.22; 13.03¢ 14.22¢ 14,51
47 | B3t 11.82% 12.56% 12.29% 12.90 12.83 12.90: 13.044 13.11% 14.28% 12.82 12.40% 14.42 12.34% 1347 13.74
48 | V2+ 9.16: 9.74 9.53¢ 10.00 9.94 10.00 10.11% 10.16€% 11.07 9.94 9.61% 11.184 9.56% 10.44% 10.65
49 | Nb3+ 14.40% 15.31% 14974 15.72 15.63: 15.73 15.89% 15.97% 17.40% 15.63 15.11%| 17.57 15.03% 16.41% 16.75:
50 | Tet+ 18.874 20.06§ 19.62% 20.60 20.48§ 20.61 20.82% 20.93# 22.80% 20.48 19.80% 23.03 19.704] 21.51% 21.95
51 | Po?t 8.88 9.44 9.23 9.69 9.63 9.69 9.80 9.85% 10.73 9.63 9.314 10.83 9.27% 10.12% 10.32
52 | Po’t 12.92% 13.73% 13.43% 14.10 14.02 14.10: 14.25% 14.33% 15.61% 14.02 13.55%| 15.76: 13,494 14.72% 1502
53| Cr2t+ 9.24 9.83 9.614 10.09 10.03 10.09 10.204 10.25% 11.17# 10.03 9704 11.28 9.65¢ 10.54¢ 10.75
54 | Cr3+ 14.14% 15.03% 14.70% 15.43 15.34; 15.44: 15.60% 15.68% 17.08% 15.34 14.83% 17.25 14.76% 16,11% 16.44;
55 | Mn?+ 9.07 9.64 9.43 9.90 9.84 9.90: 10.01% 10.06% 10.96 9.84 9.561% 11.07 9.47% 10.34% 10,55
56 | Fe?t 9.39% 998 9.76¢ 10.25 10.19: 10.25 10.36¢ 10.42% 11.358 10.19; 9.85¢ 11.46 9.80% 10.70% 10.92%
57 | Fedt 14.09% 14.98% 14.65% 15.38 15.29: 15.39 15.55% 15.63% 17.03% 1529 14784 17.19 14.71% 16.06% 16.39%
58 | Ru?* 9,594 10.20% 9.97¢ 10.47 1041 10.47 10.58% 10.64% 11.59% 10.41 10.06% 11.70 10.01% 10.93% 11.16%
59 | Os?t+ 9.764 10.37% 10.14% 10.65 10.59: 10.65 10.77% 10.82% 11.79% 10.59 10.23% 11.90: 10.19% 11.12% 11.35
60 | Co?t 9.99% 10.61% 10.38% 10.90 10.84; 10.90: 11.02% 11.08% 12.07%# 10.84 10.47% 12.18; 10.42¢ 11.38% 1161
6l | Co3t 15,264 16.22%| 15.87% 16.66 16.56: 16.67. 16.84% 16.93% 18.44% 16.56 16.01¥ 18.62 15.93¢ 17.40% 17.75:
62 | Rh3+ 14.42§ 15.33% 14.99% 1574 15.65 15.75: 15918 15994 17.42% 15.65: 15134 17.59 15.05% 16.44% 16.77
63 | Ni2+ 10.22% 10.86% 10.62¢ 11.15 11.09: 11.15 1127% 11.33f 12.34% 11.08 10.71%| 12.46 10.664 11.64% 11.88%
64 | Pd2+ 9.78% 10.39% 10.16% 10.67 10.61% 10.67 10.79% 10.84% 11.81% 10.61 10.25% 11.93 10.20%| 11.14% 11.37%
656 | P2t 9.964 10.59% 10.35% 10.87 10.81 10.87§  10.99# 11.05¢| 12.03% 10.81 10454 12.15§ 10.40% 11.354 1158
66 | Modt+ 13.53% 14.38% 14.07% 14.77 14.69: 14,78 14958 15.02% 16.39% 14.71 14.19% 16.57 14,174 15.42% 1556
67 | Ir3+ 13.62¢ 14.48% 14.17# 14.87 14.78; 14.88 15,054 15.12# 16.50% 14.81 14.29% 16.68; 14.26% 15534 1567
68 | Np3+ 11254 11.96% 11.70% 12.28 12.21 12204 12.43% 1249f 13.64f 12.23 11.80% 13.79 11794 12.82¢ 1291
69 [ Pudt 11464 12.18% 11924 1251 12.44 12524 12.66§ 12.734 13.89% 12.46 12.02%| 14.05 12,01% 13.06% 13.16
70 | Am3+ | 11434 12.15% 11.80% 1248 124181 12494 12.63% 12704 13.86% 12434 11.99%# 14.01 11.98% 13,034 13.12
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It follows from egs. {4) and (9) that the empirical rule I can be expressed
in terms of a?; by the equation

= ,Bsag,w ’ (10)
and from egs. (5) and (8) that the empirical rule II for the (a) group cations
can be expressed simply by the equation

als=p® I, (11)

and from eqs. (5)~(8) that the empirical rule Il for the (b) or (c) group
cations can be expressed by the equation with a correction term 4k,/p,

7 s Iz Aks
U ps(~ - ——) , (12)

23 Zi Pw

where p,=p{® and 4k/p,=(kP —k®)/p® for the (b) group cations and
ps=p? and dks/p, =k —k®)/p® for the (c) group cations, and d4k/p,
is given from table 1 at 0.93eV or 1.42eV for (b) or (c) group cations.

Eqgs. (11) and (12) show that the ionization energy of the ion plays an
essential role in the ion-solvent interactions in the solvation process.

Using the value of aj ;/z; obtained from eq. (8) for the (a) group cations,
the value of ), for any cation can be estimated from the value of @,
according to eq. (1). Table 2 shows the list of the values of a?,/z; for
monoatomic cations for 15 solvents in electron volts calculated from the
values of @;;, reported in the previous work.?

The classification of cationic species by the nature of the
solvation bonding and the HSAB concept

As reported by Ahrland et al® and Pearson,” the metal ions can be
classified into three groups by the HSAB concept for the ions as the Lewis
acids. It is interesting to compare the classification of cations by the empirical
rule II in the present work with that by the HSAB concept. Fig. 3 shows
the classifications of the cationic species in the periodic table by the two
different criteria.

As seen from the comparison of these two classifications, the cationic
species of the (a) group can be regarded as the hard acids*, the cations of
the (b) group as the borderline acids and the cations of the (c¢) group as
the soft acids, although some difference in the boundaries can be seen between

*) Prof. G. J. Hills (University of Strathclyde, Scotland) kindly suggested at the 32-nd
ISE meeting held in Dubrovnik, Yugoslavia, 1981, that the (a) group cations belong
to the hard acids.
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Fig. 3. The classifications of cationic species in the periodic table
by the empirical rule II3 and by the HSAB concept of the
ions as the Lewis acids.5:®

the two classifications, which may be attributed to the qualitative nature of
the classification by the HSAB concept.

The coincidence of the two classifications is a strong evidence for the
formation of aqua-complexes in the solvation process of monoatomic cations.
It should be emphasized, however, that the ionization energy of the ion in
any group forms a substantial contribution to the ion-solvent interactions,
as pointed out in egs. (11) and (12).
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