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ABSTRACT 

The dependence of the real free salvation energy of an electron EK = J~+J --j&p/F + xs on 
the nature of the solvent S is considered. It is shown that EK also espresses the work of a 
metal electron txanfer to infinity for an electrode in electrochemical equilibrium with a solu- 

tion with an uncontaminated surface, the condition Qs = 0 being fulfilled. The electrochemi- 
cal equilibrium between metal and solution can be established by any method, in particular, 
with the ‘use of a dissolved redox system. 

As was shown earlier (refs. 1 and Z), the quantity 

eR = A& -#/F + xs (1) 

where A$LJ is the Calvani potential at the metal/solution interface, pp the chem- 
ical potential of the electron in the metal and xs the surface potential of the 
solvent (Galvani potential at the solution/gas interface), expresses the real free 
solvation energy of the electron in a solution which is in electronic equilibrium 
with the metal. The quantity 

or = A&J - p,M/F (2) 

is the corresponding chemical salvation energy. In Trasatti’s terminology [ 3,4) 
ET is the absolute &&ode potentid l . The value of pe in eqns. (1) and (2) at 
infinity is equated to zero. 

In the deduction given in refs. 1 and 2 use is made of the notion of the sol- 
vated electron in the solution, whose electrochemical potential is designated as 
ji,“. The validity of this deduction was questioned in ref. 4 on account of the in- 
finitesimal value of the electron concentration in the solution in equilibrium 
with the electrode at not very negative electrode potentials E. The infiitesimal 
value of this concenttlltion results from the relatively small standard &se hydra- 
tion energy of the electron in its kalited state, that is -36 kca.i [5] l *. Though 

* For the history 0P this question, see ref. 2. 
** fn the &ulatioa given in ref. 5 account was taken for the fit time of the difference in 
the rtandard free energies of atomic hydrogen in ~~UXOLIM and dissolved statea. However, in 
calculating WI t4e bah of the found value of the rtandard free hydration energy 36 kcal 
= 1.66 eV the value of @--an axithnretid ertor was committed in ref. 6. which resulted in an 
erroIwQuI value of 6 = -%.S V. The correct rfsuk r#ould be -2.86 V. 



we do nut corrdder rhiti cirmustanoo to uffwt tho vdidity of udng P! in t!ro therm 
nradynnmic kalrttnont, it r16)ornB worth whila to ahaw that the ~~(LMQ NMuk can 
bc olrtainocl without introducing ths notion of Iho ~01~kil dC!C~Ol~ 18 bQiDZI 
QIIU of the syHtom componsnta In fact 

j.$=py+$& (3) 

whore, fl,” is thn &xtzochcmicnl potential of the electron in tho mat.4 and PM 
the inner pntcntinl of the metal, Let us asgumo the sh3ctrQdo to be cmmrQd by a 
aslutiotl layer with which it ir; in elcctrochomical equilibrium and whose surface 
does not carry any free charges, i,e. $’ = 0. The electrical potential q at infinity 
is bkon ta be zero. Then 

* M = xs + A& (4) 

(in refs. 1 and 2 x9 was designated as O$s), It follows from (l), (3) and (4) that 
-M ‘T EK = -/.l‘. :. (5) 

For the case x ’ = 0, considered by Trasatti, in accotdance with {2) and (4), EK 
in (5) should be substituted by eT. 

It follows from (5) that eK is the electrochemical potential of the electron in 
the metal in equilibtium with the solution (at the Galvani potential At’@ and the 
surface potential x’), or, in other words, the work function of the electron es- 
cape from the metal through an equilibrium solution with an uncharged surface. 
If the solution surface is charged, eK is the work of electron transfer from the 
metal (or from the solution from point C) to point B (Fig. 1). which lies at a dis- 
tance fro= the solution surface exceeding the action radius of the molecular 
forces, but small compared with the geometrical dimensions of the system l . 

Let us assume that the electrochemical equilibrium between metal and solu- 
tion is established at a certain potential E (SHE) owing to the presence in the 
solution of a reversible redox system with a one-electron transition, which can 
occur with the participation of a metal electron 

OX + e-(M) + Red 

e.g. 

Fe( CN)z- + e-(M) + Fe( CN )t- 

Then at the electrode potential E 

& + P,“’ = DL 6% 

It follows from (5) and (6) 

EK = (i&c - P&)/-P (7) 

a”,, and i&d refer to any concentrations of Ox and Red, if their ratio corre- 
sponh to the equilibrium condition at given E. It follows from (7) that-E, is the 
red free salvation energy of the electron in the redox system which-is in equi- 

l Trasatti considers this location of e- as being "@-iysidy an artifacti’ [43. irowever. the 
electron ioqtion “near” the mete1 surface after itsescape. tirn the metal is always made use 
of in determining the work function. : . 
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lhium with thrb @lo&ado Qt given 6 tilnm the aluctmn eslvntiorr proccsn undor 
thess conditions luude to thp lranrlition of an 0x particle into a Red pnrticlc! 
(the, lucaii~cd trlectron tdatc in ths given sysbm ia iti state in n Red pnrticlo), 

It can bc also snviwnfied that the Ox-Rrd trnneition occurs in the solution bulk 
with the participution cl a oolvntid cloctrsn C(S). In this CYUC, Prom the cqui- 
Ilbrium condition 

ru\d from (7) WC obtain 
03) 

which brings us back ta the conclusion of rofs. 1 and 2. 
If we put X s = 0, then in (7) and (9) CK should be substituted by ET, thecorre- 

sponding “chamical” quantity according to the usual tirminology. 
It is clear from Fig. 1 that 

(10) 
where IV, is the work function for the electron emission into vacuum and AT+ 
the Volta potential metal/solution difference at the electrode potential E. As- 
suming Wpa = 4.51 eV ’ and (A~“$)ozO according to Randles to be equal to 
-0.26 5’ [S]. we find (cK)ozO = 4.25 V. Since for Hg EQzo = -0.19 V (SHE) 
$(H*, Hz) = 4.25 + 0.19 = 4.44 V. On the basis of a model, which we shall not 
discuss here, Trasatti [I] arrives at the conclusion that in the case of water p 
= +0.13 V. Hence, according to (1) and (Z), we obtain for ET the value 4.44 - 
0.13 = 4.31 V, which Trasatti calculated following a somewhat different path. 
The values of (ji”,, - ii”,,,) or fi,” in equilibrium with the electrode depend on its 
potential. In a usual Galvanic circuit they are different in the immediate vicinity 
of the electrodes M, aud Ma. In the general case 

EA,&z. = (+ )M’ - (EK )Q = (+)Ml - (ET)+ + xs’ - $2 (11) 

where EN,? is the equilibrium potential difference at the ends of the circuit. The 
term ($I- 32) in (11) should be tak en into account if the components of the 
redox system, or the solvated electron, influence the surface potential of the 
solvent. Such influence was observed ‘in the case of solutions of electrons in 
hexamethylphosphortriamide [7,8]. If this term can be neglected, eqn. (11) 
turns into Trasattif retation. 

The difference of the electrochemical potentials corresponds to that of the 
concentrations of solvated electrons, or, at least, of one of the components of 
the redox system, which should lead to a certain charge leakage from the elec- 
trodes. However, if the concentration of solvated electrons, or of the redox sys- 
tem components, which can be formed in the solution, e.g. at the expense of 
traces of organic impurities imzvitab1y present in solution, are small enough, this 
leakage can be ignored. 

In an own circuit the equilibrium conditions can be more rigorously satisfied, 
if it is rearranged as shown in Fig. 2 i.e. if we short-circuit metals Ml and Ma 
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il:virlw!Ay, tlw V’nbr potc~tlt~l IW~WWI tl~ pohln wnr thu tiurfnuc af St UW~ 
lhu tiurfrr~~ of S, iti 

p@ = (tK )hf I - (cEK pa = EA,F (1% 

ft fdl0bv~ ~~JIN tl~ VUIW 4,+1 IWI 4,31, give d-10~3 ear thtb stmlwd hydrogun 
c+~mdt!, IlInt ‘?K tqlllll to .I,-1.1 f E 111 rrt the potc?ntinl E = -4.44 (Sr-le, is 
%t’ro, tlnd i,t ,? = -4.31, ET = 0, Thuti the vulrm UC cti and E.~ crux L?tt corwidorcd as 
~~l~~ctroclc potcntinlH moumrud against u rsferonco clectrodo, whose patmtial in 
tht! hyclrogon xnle is -4.44 V, or -431 V, rcapectivuly, The vahlo of -cK (hut 
not Oe--CT) cm bu demmsad hy changing xs. e.g, almast by a volt by dopositing 
Irc;~txlecylnmine on the surt’acc! of a dilute acidified aqueous solution [ 91, The 
quantities L-‘K and CT arc not absolute, m in cah!ulating +I x3 is conditionally 
taken to be equal to zero, whereas tha value of eK can be varied over R wide 
rungo without uPPecting the bulk properties of the solution S. by depositing on 
its surface insoluble monolayers. 

The introduction of the quantities eK or CT can be used for beaking the elec- 
trochemical process in a galvanic circuit into two parts, each depending only on 
one electrode and the solution surrounding it. In this respect, the interpretation 
of cK and t‘T as the values oP the free solvation energy 0e the electron is particu- 
larly fitting. For illustration, let us take the classical example of Daniel’e cell 

Cu’ 1 Zn I Zn’+ aq ii Cu”+ aq I Cu 

The reaction 

Zn + Cu’+(aq) * Zn”+(aq) + Cu (a) 
can he broken into two steps 

ZP + Zn”’ (as) + 2 e-(as) Ib) 
Cu’+(aq) + 2 e-(aq) --, Cu (c) 

For the reactions (b) and (c) to be reversible, it is necessary that the solution in 
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Tire definitbn is very similur to that given by ‘I’rtwitti 13 1, In Pact, nccr)rdinC: 
to Trasntti, the absolute ztiro of the tbormoclync~mic patclntial is dotermined by 
the cundi tion: “the work to oxtract an clrctron Prom the metal and to tnktb it to 
infinity, passing through a surface layer equal to the elactrodc/solution double 
layer in the givm solution, may bu assumud ~b zero”. However, Trnsatti adds: 
“No practically realizeMe physical experiment can be devised to measure the 
ab~o works”. Substituting ET by eK and introducing the notion of the elrctron 
(or of the rcdox system equivalent to it) in solution, WC make possihlc the ex- 
perimental determination of the work sought For. It can he carried out combining 
two experiments: the measurement of the work function of the metal in vacuum 
and the determination of the Volta potential difference between the metal and 
the surface of the sulution in equilibrium with the metal. It cannot be however 
carried out in a single experiment as the experimental determination of the elec- 
tron work function gives the value of the work necessary to bring a metal elec- 
tron to a point ir. the neighbourhood of the metal surface (point A in Fig. 1) 
and not +A infinity. 

The breaking up of EM, into two terms (eK)- and --(Ed)‘” proposed here of- 
fers the possibility to satisfy simultaneously two requirements, viz., that each 
of the two terms shotAd depend only on one of the electrodes, and the process 
corresponding to each of the terms should be in principle physically realizable. 

In carrying out the cyclic processes described above, it is pcsssible to avoid 
the transfer of the metal electron through the solution. In fact, it follows from 
(10) that eK can be also considered as the work necessary to bring an electron 

l Electrons my be t-erred not only to infinity. but also to any conductor with preset 0. 
h this case, the vahms of t!K shou!d be subfkihrted by those Of (EK - 9). 
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to infinity from an electrode in equilibrium with the solution whose surface is 
uncontaminated, the condition Gs = 0 being fulfilled l since, under this condi- 
tion IJ” = Ag*G. In the case of such formulation, the choice of the reaction 
leading to the establishment of the metal/solution equilibrium is no longer of 
any importance for the determination of fK_ This result can be also obtained ’ 

without intermediate introduction of ji,“, as it follows from the deduction given 
above of eqn. (5). in this interpretation of EK the cyclic processes described 
above change as foliows. The electrons formed during Zn ionization remain in 
the metal and are transferred to the vacuum through the metal/vacuum inter- 
face, which is charged to the potential Agf I$. A similar process occurs at the Cu 
electrode in the opposite direction. The overall electrochemical reaction is 
broken into two steps 

Zn + Zn’+(aq) +.2(e-) Zn 

Cu + Cu*+(aq) + 2(e-) Cu 

The transitions of Zn in to Zn’* and of Cu2+ into Cu do not make any contribution 
to the balance of the free energy change, which is maintained due to the fact that the 
electrochemical potentials of e- in Cu and Zn differ by (-8z~)~~ + (eK)‘“- A 
similar interpretation of quantities equivalent to EK was given already by 
Kanevsky [lo], who, however, sought to give these quantities the sense of ab- 
solutz electrode potentials and did not correlate them with the electron free 
solvation energy. 

Trasatti also breaks Ehli into two terms, each of which refers only to one 
particular electrode, but Trasatti is obiiged to pass e- through a potential dif- 
ference equal to the Galvani potential Ak’lp, i.e. to introduce a non-thermodynamic 
quantity which in principle cannot be unambiguously determined. 

Thus we arrive at the conclusion that cK can k considered not only as the 
real solvation energy of the electron in the solution in equilibrium with.the 
electrode, but also as a thermodynamic constant characterizing the electrode in 
equilibrium with the solvent with an uncontaminated ‘* surface under the con- 
dition tis = 0. 

[n principle, the values of FK can be determined for ony solvent. The main 
difficulty is to avoid un error in using simultaneously values of W, and of A$‘*, 
due to the possible influence on W, of the adsorption of solvent vapors on the 
metal surface. Taking into account that the presence of writer vapors in a wide 
pressure range apparently does not affect !Y!? [ 111, we can nssumc that in 
Rnndles’ measurements this error was avoided and that the use of the value 
4.20 V found by him for (A’,&$),_, doHg with that of I!$‘S, determined for 
the nictnl!vucuum interface, is vnlid l ** , In the transition from water (Sk) to 8 
rlifferctrt solvent iS2), there is 1143 HefxI to catty f.M measurements sinriM to 
thvse of ttundkcs. Instrad, it is sufficierit to use the detertriiir&iott of the potentid 
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TABLE 1 

Real free solvation energy of electrons in the solution in equilibrium with the electrode at 
p.z.c.leV 

-___ -___ -c__-.- 
Solvent Hg Bi Ga Ga + In 

(16 at. “0 In) 
-I_~- ___-- 

Water 4.25 4.06 3.75 3.i7 
Methyl alco;lol 4.00 3.82 - - 

Ethyl alcohol 4-07 3.88 - - 

Dimethylformamide 3.84 3.66 - - 

Dimethylsulfoxide 3.83 3.64 3.12 3.20 
Acetone 3.90 - - 

-- -__--.---- ___-I_____ --- ____~_____ 

difference at the end of the circuit 

M, IS, Ivxuum or airIS, I M; 

equal to (EK)$ - (EK)~#~ if the surfaces of both solutions are uncharged, as is 
done in using & enrick’s method. Such measurements were performed in refs. 
12-14. The values of eti in different solvents can be compared for any standard 
potentials if a corresponding reversible reaction can be realized on the electrode. 
Thus, e.g., using the values of the free solvation energies of the proton in differ- 
ent solvents, found by Case and Parsons [ 131, we can show that the standard 
values of eg(H2jH’) in methanol, ethanol, formamide and acetonitrile are: 4.69, 
4.67, 4.59 and 4.32 V, respectively. At the present time, however. it is practi- 
caIly more convenient to use electrodes at the pzc. of the solvent in the absence 
of specific absorption. We have now at our disposal in addition the values of 
(&J+)hf 
in sever nl 

- (Ey_o)M2 for the combinations Hg-Bi, Hg-Ga and HwIn + Ga) 
solvents [ lt.IS]. Using these values, the Volta potential measurements 

and the vnlue of (F~)~=” “*.ns” = 4.25 V, obtained from Trasatti’s data [3!, we can 
calculate the values of (eK)o.e M.S listed in Table 1. The physical meaning of these 
more easily measumble quantities is somewhat complicated by the introduction 
of the p.z.c. They are of inbxcst, however, since in the Iiternturr! (17,181 it wm 
suggested more than once that the value of (A~*$),,, is equal to zxo. In this 
cllse, th@ values or (E )MBS K y.,cl would he independent of the solvent nature (and 
equal to Wp’). which is nt variance with the data of Tobte 1. The question of the 
value of (d!j’t,l~)~~,, Is considered in more detail in refs. 19 and 20. 

If we waht-ed tu ubtdn ehilar data for Ed, we would encounter the difficulty 
asmc!akd with the abwtwe of iniotmation on the v&es of x9 for non-aqueous 
advents. Another possibility would be to use relations between the standard po. 
txt~tlais of metals in difieterrt so\~Ms+ howeveri as *e Well kt\o\v, these could 
riot be &ably detekti\iticd in spite ul imhiettitls attetrrrts made In this direction. 
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