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— Addendum —

STANDARD MOLAL REAL FREE ENERGIES
OF SOLVATION OF INDIVIDUAL IONS
AND ELECTROMOTIVE FORCES OF
SINGLE ELECTRODES IN NON-
AQUEOUS SOLUTIONS

— An Additional Remark —
By

A. MaTtsupa®) and R. Notova*
(Received May 30, 1980)

The values of the standard molal real free energies of solvation aP’s of
monoatomic ions in non-aqueous solvents at 25°C and those of the standard
electromotive forces ¢9's referred to the standard state of the gaseous electron
at 25°C were estimated in the previous work? by an empirical method which
was developed on the basis of the standard electromotive forces referred to the
standard hydrogen electrode.

In the present addendum article Table II in the previous work? in which
the values of a? and ¢¢ for 17 ionic species were listed are supplemented by 54
ionic species for which we have no experimental data of the standard electro-
motive forces referred to a definite reference electrode in non-aqueous solvents.
The values of af and ¢{ for such ions are calculated by Egs. (14) and (8)

ziF(SD?_SDg.aq) =a?_ag.aq"'(14>: - a(i) == ,Bx, (8>

using the B-values in Table I in the previous work? and af,..-values reported in
Ref. 2, and are listed in Tables I and II with the symbol ¥ in the present article.
For convenience Table II in the previous work are also repeated in these tables
(for the symbols *) and **), see Ref. 1).
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TABLE 1. Standard molal real free energies of solvation of individual
jons —a?/zi in non-aqueons solvents at 25°C in electron volts
N 5 H;O | CH;0H CgHsoHi HCOOH; CH,CN |HCONH, NgH, | DMSO
M e 0.994 1.001 l 0.957 ‘ 0.974 l
H* | 1130| 1122 | 1130 @ 1060 | 1104 | 1139 | 1263 |
Li* l 5.30 528 | 531 | 505 524 ' 5.36% | 580 |
Na* | 4261 419 | 420 427 | 416 481% | 470 |
K* | 3s50| sds*| 350 324 | 348 | 354 | e8|
Rb* 327 | 325 | 327%| 303 | 319 3.22 | 3.62
Cs™* 2.94 292+ . 2.94% 266 \ 2.82 297 |  3.26%
Cut I 591 5871 591 566* | 579 5.98* 7.54
Cwt | 1078| 1071 | 1092 | 1020 | 1059 | 1094 | 1194%
Agt | 494| 493* ‘ 5.01 | 489 | 527 ‘ 5.01* 632 |
Au?t 6.29 6.254 |  6.30% f 6.024 6.13¢ 6.36% 6.97% |
Audt ' 14.83 ! 14.74% , 14.84% \ 14.19% | 1444 | 14.99% | 16.43% |
Be2+ ] 1253 | 1245% | 1254f | 11.99% | 12208 | 1267% | 13.88%
Mg2+ 9.88 ( 9.82¢ | 9.8% | 9464 | 962 9.99% | 10.95
Cazt J 826 | 821*| 827%| 789 | 788 | 83| 63
Sr2+ 7.53 ' 748 7.54¢ y 7.21% 733 | 761 8.34¢
Ba2+ | 685| 6.81% 6.86% [ 6.56% 6.67¢ 6.93% 7.59%
Ra2t | 671 f 6674 | 6724 | 642% 654 | 6784 7434
Zn2+ 1051 | 1040 | 1038 | 10.09 1022 | 1059 11.48
Cdz+ ’ 9.34 9.28 9.31 \ 8.98 9.14 } 9.43 10.36
Hgz+ | 948 9.42¢ 9.49% \ 9.07¢ 9.23 958% | 10.50f ’
A+ | 1595 | 1585 | 15974 1 15.26¢ | 1554 | 1613 | 17.67% ]
Ga2+ 1050 | 10.44% \ 10.51% | 10.05¢ | 10.23% | 10624 | 11.63%
Gas+ 15.99 | 15.89% | 16.01% | 1530% | 1557% | 16174 | 17.72%
In”* 3.71 3.69% \ 3714 ‘ 3.554 3.61% 3.75¢ 411%
Ins+ 14.08 | 14.00f | 14.09% | 1347§ | 13.71f | 14.23% | 15.60%
T+ 3.56 352 | 357 3.41% 3.47% 3.66 3.94%
T3+ 14.17 | 14.08% | 1418¢ | 13568 | 13.80f | 14.33% \ 15.70%
Sc3+ 1356 | 13484 | 1357F | 1298 | 1321% | 13.71# [ 15.02%
Y3+ 1231 | 12.24f | 1232 | 1178 | 11.99% | 12.45% | 13.64%
La3+ 11.14 | 11.07# | 11.15§ | 1066§ | 10.854 | 11.26§ | 12.34¥
Ced+ 1222 | 12158 | 12.23% | 11.69% | 11.49% | 12358 | 13.54% |
Cet+ 16.88 | 16.78% | 16.90¢ | 1615 | 16.44% | 17078 | 18.70% |
Nd3+ 12.00 | 11.93% | 12.01% | 11.48% | 11.69% | 12134 | 13.30%
Sms+ 1225 | 1218 | 1226% | 11.72% | 11.93% | 12.38% | 13.57% |
Gd3+ 12,38 | 1231 | 1239% | 11.854 | 1206% | 12528 | 13.72%
Lud+ 13.10 | 13.02% | 13.11% | 1245§ | 12764 | 13.24% : 14.51f
The+ 16,70 | 16604 | 16724 | 15984 | 1627 | 16.88% | 18.50%

12.08

line

5,65+
454%
3.73%
3.49
3.13*
6.30%
11.45
5.29%
6.71%
15.81%
13.36¢
10.53%
8.81%
8.03%
7.30%
7.154
11.20%
9.96*
10.11%
17.00%
11.19%
17.05§
3.95¢
15.01%
3.79*
15.11%
14.45%
13.124
11.88%
13.03¢
17.99%
12.79%
13.06¢
13.20¢
13.96¢
17.80¢




M*

Us+
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Phe+
Tiz+
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.
Cl™
Br~
-
Mn2+
Fe2+
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Ru?+
Os2+
Cot+
Cod+
Rh3+
Nij2+
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P2+

OH™

{

(

Free Energies of Solvation of Ions and EMF of Single Electrodes

H,0 i CH;OH | C,H;0H

Table I. Continued
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9.49
9.84
14.97
10.06
10.24
10.49
16.25
15.33
10.74
10.26
10.46
—1.56

—2.77 1

17.13% |
8.05¢ |
775 |
9.72% |
18.03%
17.164 |
15.21% |
13.134 |
12.42% |
9.53% |
15.22%
20074 |
9.224 |
13614 |
962 -
14.93% |
—427k
—291 |
-271
—238 |
9.434 |
9784 |
14.884 |
10.00%
10.184%
10.43%
16'154 |
15.24% |
10.63%
10.20%

i —225

17.25% |
8114 |
778 |
9.79% |
18.16% |
17.28% |
15514 |
13.22¢ |
12.50% |
9.604 |
15.334 |
20214 |
9.29% |
13.708 ‘
9.69% |

i
{

15.04% |
—4.30% |
—276 !
—2.52

9.503 |
9.854 |
14.984

10.074 |
10.25% }
10.50% |
16.27¢ |
15.354 |
10.754 |
10.274 |
10.47% |

| 156 |

—277% |

HCOOH| CH:CN [HCONHy  NoH, | DMso0 [Quing:

me

I 0.994 1.001 | 0957 | 0.974 1.011 { 1.108 f 0.995 1.066

| 1195 188§ | 1196% | 1144¢ | 1164f | 12083 | 13248 | 1189 | 1274%

16.49% | 16.78% | 17424 | 19.09% | 17.144 = 18.37%
775 | 7898 ' 8194 | 897% | 806§ | 863
765 | 749 | 785%| 861 | 777 PPN
9364 | 953 | 9.89% ‘ 10845 | 973% | 10434
17364 | 1767% | 1834% | 20104 | 18.05% | 10
16524 | 16814 | 17.45% | 1912% | 17174 18404
14704 | 14964 | 1553 | 17.02% [ 1528% | 16374
12644 | 1287§ @ 13364 | 14644 | 13148 | 14082
11.95¢ | 12176 | 1263 | 1384f | 1243% | 13313
0.184 | o345 | 9708 | 1063 | 954k | 10224
14654 | 1491% | 15484 | 16968 1523 | 16325
19.32¢ | 19674 ] 20.41% } 22378 | 20.09% | 21.52¢
8.88% | 004f | 938% | 10.28% | 923§ | 9.89%
13.104 | 1333% | 13.84% | 15174 | 13624 | 14.59%
9268 | o943 | 979% | 1073 | 063 | 1032%
14378 | 1463 | 15198 | 1664 | 1494 1601
| i . |

{

i
P
|

_255 | —2.96%%

—3.32%¥ 1
247 § | |
| —227 | : 1
908% | o924y | 9.59% | 0518 9ass | 101
9.42¢ | os8y | 995§ | 10.90% | 9T%E 1049
14.33% | 14.58% J 15134 | 1659 | 14.90% | 15964
963% | 980f | 1017% | 11158 | 10013 K 10724

980§ | 997¢| 1035% . 1L35§ | 10104 = 1092
1004% | 1022§ | 1061% | 1162 | 1044 | 1118
1555% | 1583 | 16.43% | 18.01% | 16.17# ( 17.32%
1467% | 1493 | 15.50 | 1699 | 1525% | 16.34%
10.28% | 10.46f | 10.86% ¢ 11.90% | 10.69% ; 11.45%

082 | o90p| 10374 11374 10218 10944
1001 | 1019% | 10584 | 1159 | 10.41%  11.154
—149% | —152% | —1.58#[ —173%  —155¢ | —1.664

~2.65#[ -2704 280§ | —307§ | —276% | —2.95%
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TABLE II

A. MATSUDA and R. NOTOYA

Standard electromotive forces of single electrodes ¥9 in
non-aqueous solutions at 25°C

1
Stn. EL H,O ‘CH30H CZHSOHEHCOOH; CH,CN HCONHZS N,H, | DMSO Q“inﬁ’;le
i i | !

HT/4H, 442 | 450 4.42 5.12 468 433 j 3.09 452 3.64
Li*/Li 1.40 141 1.38 1.64 1.45 1.31% | 0.89 1.53 1.02%
Na*/Na 171 1.78 1.76 170 | 181 1.66* 1.27 1.73* 1.43*
K¥/K 1.50 1.51% 1.49% 1.76 1.52 1.46 1.07 1.51%* 1.26%
Rb*/Rb 1.43 1.52% 1.50% 1.67 151 147 1.08 1.52% 1.21
Cst/Cs 1.40 1.52% 1.50%* 1.68 1.52 1.47% 1.18% 1.51% 1.31*
Cu™/Cu 494 4,98+ 4.94 5.19% 5.06 4,87 3.31 4,85 4.55%
Cu?+/Cu 477 484 463 5.26 496 461 3.64* 484 4.10
Agt/Ag 5.22 5.26% 5.17 5.29 4.91 5.18*% 3.86 5.20 4,90*
Aut/Au 6.12 6.164 6.11% 6.30% 6.28% 6.054% 5.44% 6.15¢ 5.70%
Aud+t/Au 5.92 6.01% 5914 6.56% 6.31% 5.76% 432 5.99% 4.94¢
Be2+/Be 272 | 2.80% 2.71% 3.264 3.05% 2,584 1.37¢ 2.78% 1.80%
Mgz+/Mg 208 | 214% 207 2.504 2.34% 1.97% 1.01% 2.13% 1.43%
Ca2t/Ca 155 1.62* 1.56% 1.92 1.93 1.48% 1.18 1.61% 1.02%
Sr2+/Sr 1.53 1.58¢ 1.52¢ 1.85¢ 1.73% 1.45% 0.724 1.57¢ 1.03¢
Ba2*/Ba 1.52 1.564 1.51% 1.81% 1.70% 1.44% 0.78% 1.55% 1.07%
Ra?+/Ra 1.50 1.54% 1.49% 1.79% 167 1.43% 0.78% 1.53% 1.06%
Zn2+/Zn 3.66 3.76 3.78 407 3.94 3.57 2.68 3.72* 2.98*
Cdz+/Cd 403 4,07 4.04 4.37 421 3.92 2.99 4.06 3.41%
Hett/Hg | 527 5.33¢ 5.264 5.68% 5524 5.17¢ 4.25% 5.32¢ 4.64¢
Als+/Al 275 2.85¢ 2.73# 3.44% 3.16¢ 257¢ 1.03% 2.83% 1.70%
Ga?+/Ga 3.97 4.03% 3.96§ 4424 4.24% 3.85¢ 2.84% 4.02¢ 3.28%
Gad*/Ga 3.90 4.00% 3.88% 4598 4.32% 3.72% 2.17% 3.984 2.84%
In*/In 417 419 4174 4.33% 427 413¢ 3774 419 3.93¢
In3+/In 4.08 4164 4074 4.69% 4.45% 3.93¢ 2.564 4,158 3.154
T1¥/T1 4.08 412 4.08 4.23% 4.17% 3.99 3.70% 417 3.85%
T18+/T1 5.13 5.22% 5.12% 5.74% 5.504 4974 3.604 5.20% 4.19%
Sc3t/Sc 2.34 2428 2.33% 2.92¢ 2.69% 2.19% 0.88% 241% 1.45%
Y3+/Y 2.05 2.12¢ 2.04% 2.58% 2.374 1.91% 0.724 2.11% 1.24%
La3+/La 2.05 2.12% 2.04% 2.53% 2.34% 1.93¢ 0.85% 211% 1.31¢
Cedt/Ce 1.94 2.01% 1.93% 2.474% 2,674 181 0.62¢ 2.00# 1.13%
Cett/Ce 2.96 3.06 2.944 3.604 3.40% 277 1.14% 3.04% 1.85¢
Nd3+/Nd 1.98 2.05¢ 1.97% 2,50 2.29% 1.854 0.684 2.04 1.194
Sm3+/Sm 2.01 2.08% 2.00§ 2.54 233 1.88% 0.69% 207 1.20¢
Gd3+/Gd 2.02 2.09% 2.01% 2,554 2.34% 1.88% 0.68¢ 2.08% 1.20%
Lus+/Lu | 219 227 2.18% 2.84% 2,534 2.05% 0.78% 2.26% 1.33¢
Th#+/Th | 252 2.62% 2.50% 3.24% 2.954 2.34 0.72¢ 2.60% 1.42¢
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Stn. EL

Us+/U |
Us+/U (
Sn?t+/Sn
Pb2+/Pb
Tiz+/Ti
YASRIVAS
Hi4+/Hf
As3t/As
Sb3+/Sb
Bid+/Bi i
NEaAY |
Nb3+/Nb
Tett/Te
Po?t/Po
Po¥t+/Po
Cr2t/Cr
Cr3+/Cr
F/AF,
C17/3Cl,
Br7/3Br,
1731,
Mn2+/Mn
Fe?t+/Fe
Fe3t/Fe
Ru?+/Ru
Os2t/0Os
Co?+/Co
Co3t/Co
Rh3+/Rh
Niz+/Ni
Pdz+/Pd
Pt2+/Pt
ea—q/el;l

OH™/OH +44

H,0 \ CH,OH
|

262  2.60%
292 | 302
428 | 4.33%
429 | 430
267 | 273t
2.89 | 3.00%
272 | 282
472 | 487%
466 | A74%
462 | 4604
324 | 3304
332 | 341%
499 | 511%
507 | 5.13%
498 | 5064
352 | 3.58%
371 | 3.80%
707 | 7.04%
578 | 562
549 | 539
495 | 486
337 | 3.88%
398 | 4.04%
438 | 449
487 | 4934
512 | 5.8
414 | 4.20%
482 | s00
522 | 531%
417 ( 4.28%
541 | 5ATE
5.62 ’ 5.684
156 | 15654
642 |

Table II. Continued
C,H;0H | HCOOH| CH;CN [HCONHZ{‘ NaH, | DMso [Quing
2,614 } 3136 | 293% | 249% | 133 | 268 | 183%
| 20908 . 366§ @ 337% | 273% | 106f | 301 | 178
| 427y | 463% | 449y | 4198 | 3413 | 4328 | 3759
427 4.40 456 | 422% | 344 4.28 3.80%
266% | 309 | 292 | 2568 | 16l | 272 | 202
287 | 367¢ | 3364 | 2698 | 093 | 298 | 1.69%
2708 | 3.46¢ | 317# | 253 | 086¢ | 281 | 1.58
| 457# | 538 | 512 | 4554 | 306§ | 480§ | 3713
| 465% | 523% | 500% | 451% | 3234 | 473 | 3.79%
461% | 5164 | 4944 | 448 | 327¢ | 468 | 3.80%
323% | 365% | 3.49% | 313% | 2208 | 3204 | 261%
330 | 098% | 372¢ | 316k | 167# | 3404 | 231
497 | 586% | 551% | 477% | 281§ | 500 | 3.664
5064 | 5474 | 531§ | 497§ | 4078 | 5126 | 446%
497 | 557%# | 534% | 483% | 3504 | 5058 | 4.08f
351% | 3944 | 3774 | 341 | 2478 | 3574 | 288
| 869 436§ | 4108 | 354 | 209 | 379% | 2724
| 7078
547 597+ | 526 5.60%*
520 515
473 475
381% | 423 | 4074 | 372 | 280¢ | 3.87% | 3.9
397¢ | 4408 | 4248 | 387¢ | 292 | 4038 | 3708
439 | 504¢ | 4798 | 424 | 2788 | 4478 | 3418
486% | 5304 | 5138 | 476k | 3.78% | 4928 | 421
511 | 556¢ | 530 | 501% | 401 | 5174 | 4448
| 413% | 459 | 441 | 402 | 301 | 419 | 3454
4808 | 552 | 5248 ‘ 464¢ | 306f | 4908 | 375
520¢ | 588 | 562 | 505¢ | 356 | 5308 | 4.21%
416% | 463 ( 445% | 405§ | 301§ | 4228 | 346k
540§ | 585 | 5.68 ’ 5308 | 4.30f | 5.dek | 473
561 | 6.07% ' 5808 | 550§ | 449 | 567 | 493
1.56§ 1.49% J 1.52¢ 1.58% 1.73% 1.55% 1.66%
]
|
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