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-ABSTRACT

The dependence of the real free solvation energy of an electron € = Ars"¢ —u2YF + xS on
the nature of the solvent S is considered. It is shown that €g also expresses the work of a
metal electron tranfer to infinity for an electrode in electrochemical eguilibrium with a solu-
tion with an unconiaminated surface, the condition 'S = 0 being fulfilled. The electrachemi-
cal equilibrium between meta] and solution can he established by any method, in particular,
with the use of a dissolved redox system.

As was shown earlier (refs. 1 and 2), the quantity
g = Ao — uM/F + X8 (1)

where A}y is the Galvani potential at the metal/solution interface, uM the chem-
ical potential of the electron in the metal and x° 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

ex = AMp — uM/F ()

is the corresponding chemical solvation energy. In Trasatti’s terminology [3,4]
€y is the absolute electrode potential *. The value of u, 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
fi3. 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 infinitesimal
value of this concentration results from the relatively small standard free hydra-
tion energy of the electron in its localized state, that is —36 kcali {5] **. Though

* For the history of this question, sze ref. 2.
** In the calculation given in ref. 5 eccount was taken for the first time of the difference in
the standard free energies of atomic hydrogen in gaseous and dissolved states. However, in
calculating on the basis of the found value of the standard free hydralion energy 36 kcal
1.56 aV the value of % an arithmetical ervor was committed in ref. 5, which resulted in an

ertonocus value of E = ~2.5 V, The correct result would he —2.86 V.
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wo do not consider this cirmustance to affoct the validity of using a¥ in the ther-
modynamic treatmoent, it seoms worth while to show that the same result con

he obtainod witheut introducing the notion of the solvated olectron as being
one of the systom components. In fact

ubt = pit + oMF (3)

where @M is the electraochemical potential of the electron in the metal and oM
the inner potential of the metal, Let us assume the electrode to be covered by a
solution layer with which it is in electrochemical equilibrium and whose surface
does not carry any free charges, i.e. /S = 0. The electrical potential ¢ at infinity
is taken to he zero. Then

oM =X+ Ally (4)
(in refs. 1 and 2 x¥ was designated as 495). It follows from (1), (3) and (4) that
1\ ¢ = -'—I"l l‘ (5)

For the case x5 = 0, considered by Trasatti, in accordance with (2) and (4), ek
in () should be substituted by €.

It follows from (5) that €y is the electrochemical patential of the electron in
the metal in equilibrium with the solution (at the Galvani patential A} 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, €k 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 from the solution surface exceeding the action radius of the molecular
forces, but small compared with the geometrical dimensions of the system *

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)g™ + e~ (M) = Fe(CN)g—
Then at the electrode potential £

[‘%x + ﬁf;’ = ﬁsﬁ.ed 7 (6)
It follows from (5) and (6)
= (Edx — fiRea)/F (7N

i3y and 3., refer to any concentrations of Ox and Red, if their ratio cormre-
sponds to the equilibrium condition at given E. It follows from (7) that ey is the
real free solvation energy of the electron in the redox system which'is in equi-

* Trasatti considers this location of e as being “‘physicaily an artifact” f41 fiowevér. the
electron location “near”™ the metal surface after its escape.from the mem is always made use
of in determining the work functien. - -
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librium with the eloctrode at given E since the electron solvation process under
these conditions leads to the transition of an Ox particle into a Red particle
(the localized olectron state in the given system is its state in a Red particle),

it can be also envisaged that the Ox-Red transition occurs in the solution bulk
with the participation cf a solvated clectron e7(8). In this case, from the equi-
librium condition

Bdx * B2 = BReq (8)
and from (7) we obtain
ex = —H3IF . (9)

which brings us back to the conclusion of refs. 1 and 2.

If we put x® = 0, then in (7) and (9) ¢k should be substituted by €x, the corre-
sponding “chemical™ quantity according to the usual terminology.

It is clear from Fig. 1 that

€x = W/F + ANy (10)

where W, is the work function for the electron emission into vacuum and A}y
the Volta potential metal/solution difference at the electrede potential E. As-
suming WHe = 4 51 eV * and (AE‘;’:)on according to Randles to be equal to
—0.26 V [6]. we find (€x)q-0 = 4.25 V. Since for Hg Fq-o¢ = —0.19 V (SHE)
ef(H*, Ha) = 4.25 + 0,19 = 4.44 V. On the basis of a model, which we shall not
discuss here, Trasatti [ 1] arrives at the conclusion that in the case of water x°

= +0.13 V. Hence, according to (1) and (2), we obtain for ey the value 4.44 —
0.13 = 4.31 V, which Trasatti calculated following a somewhat different path.
The values of (13, — iif.4) or 4S 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, and M,. In the general case

Ene = (€x )Ml — (e )M2 = (ET)M" - (GT)MZ + Xsl - st (11)

where Eyr is the equilibrium potential difference at the ends of the circuit. The
term (x5t — x52) in (11) should be taken 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
hexamethylphasphortriamide [7,8]. If this term can be neglected, eqn. (11)
turns into Trasatti's relation.

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-
tredes. 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 inevitably present in solution, are small enough, this
leakage can be ignored.

In an open 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 M; and M,

* According to ref. 3, WHE = 4.50 + 0.02. Randles takes W€ = 4.53 + 0.02 [6].



Fig, 1, Sehiematie dingram of the electrode M i tive solution N,

S o), Hehematte dimgeam of U eyuilibelum eloctencheidest eiveuit,

gnd hreak the connection hotween solutions 8, and Sy, which are {n clectro-
chemieal equitibeivm with My and My, respactively,

Fvidently, the Volta potential betwesn the polnts near the surface of 8§, und
the surface of §, s

AW = (e M — (e )M = By (12)

it follows from the values 4,44 and 4,31, given above far the standard hydrogen
olectrods, that g equal to 4,41 + E [1] ut the potential £ = —4.44 (SHE) is
zero, and at £ = —4,31, e = 0, Thus the values of eg and e can ke considered as
vlectrode potentials measured against o reference electrode, whose potential in
the hydrogen scale is —4.-4-4 V, or —4,31 V, respectively, The value of —ei (but
not of —¢¢) can be decreased by changing x¥, e.g. almast by a valt by depositing
heptadecylamine on the surface of a dilute acidified aqueous solution [9], The
quantities € and ¢ are not absolute, as in caleulating ¢, x¥ is conditionally
taken to be equal to zero, whereas the value of €; can be varied over a wide
range without affecting the bulk properties of the solution 8, by depaositing on
its surface insoluble monolayers,

The introduction of the quantities € or €p 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 €x and e as the values of the free solvation energy of the electron is particu-
larly fitting, For illustration, let us take the classical example of Daniel’s cell

Cu' }Zn 1 Zn** aqi Cu®**aqlCu

The reaction

Zn + Cu?*{aq) = Zn**(aq) + Cu (a)
can be broken into two steps

Zn - Zn®**(aq) + 2 e~ (aq) (b)
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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the left hand side of the circuit should be not only in fonie, but also in electronic
equilibrium with Zn, and in the right hand side with Cu. Under these conditions,
reactions (b) and (c¢) do not involve a changoe in the free etiergy of the system.
However, the values of i3 [or the equivalent valies (a3, + #5.9)] in the left
hand ({3)z, and the right hand sides (1%}, of the circult are different. Thore-
fore, if we transfor from the left hand slde of the solution to the right hand side
two moles of electrons through nfinity, thus compensuting for the gain in elee-
trons ux the result of reaction (b) in the left hand side of the solution and for
thelr loss s the result of reaction (¢) in the right hand side, we suall gain in the
free energy 2(48)z, = 2088 )eu (ut the surfucer of both solutions the outer po-
tenttal U* = 0). Henee we have for the et of reaction () By = B¢y, - Epy

2 FEyg = 2(Ee, = Ey) F = 20082, = 200000 = =20c)™F + 2(¢)F  (13)
und
":MI" = ("h’ )Gu — (‘-.“ )'J'.u . (‘ T)Uu — (CT)Zn (14)

The breaking of Eyp inta the terms (¢ ) and —(cg)*™ corresponds to the divis
sion of the overall eloctrochemical process into two steps: the farmation of the
ion Zn**(aq) from metal Zn with simultancous transfor of two Zn electrons
through the solution Lo infinity and a similar proceas for Cu, going in the reverse
direction, The first step corresponds to the expenditure of the work 2 F(e )",
the second to tho gain in the work 2 F(e, )" *.

The definition is very similar to that given by Trasatti {3}, In fact, according
to Trasatti, the absolute zera of the thermodynamic potential is determined by
the condition: *the work to extract an electron from the metal and to take it to
infinity, passing through a surface layer equal to the clectrode/solution double
layer in the given solution, may be assumed as zero’. However, Trasatti adds:
“No practically realizable physical experiment can be devised to measure the
abovo works", Substituting ey by €5 and introducing the notion of the electron
(or of the redox system equivalent to it) in solution, we make possible 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 solution 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 to infinity.

The breaking up of Ey into iwo terms (ex)™ and —(€x )%™ proposed here of-
fers the possibility to satisfy simultaneously two requirements, viz., that each
of the two terms should depend anly 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 passible to avoid
the transfer of the metal electraon through the solution. In fact, it follows from
(10) that €, can be also considered as the work necessary to bring an electron

* Electrons may be transferred not only to infinity, but also to any conductor with preset .
In this case, the values of €k should be substituted by those of (€ — ).
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to infinity from an electrode in equilibrium with the solution whose surface is
uncontaminated, the condition 5 = 0 being fulfilled * since, under this condi-
tion Y™ = A¥Y. 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 €. This result can be also obtained
without intermediate introduction of &2, as it follows from the deduction given
above of eqn. (8). In this interpretation of €y the cyclic processes described
above change as follows. The electrons formed during Zn ionization remain in
the metal and are fransferred to the vacuum through the metal/vacuum inter-
face, which is charged to the potential AY'y. 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(¢7) Zn
Cu ~ Cu?*(aq} + 2(¢™) Cu

The transitions of Zn into Zn?* and of Cu?* 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 (—e)?" + (ex). A
similar interpretation of quantities equivalent to €, was given already by
Kanevsky [10], who, however, sought to give these quantities the sense of ab-
solute electrode potentials and did not correlate them with the electron free
solvation energy.

Trasatti also breaks £y into two terms, each of which refers only to one
particular electrode, but Trasatti is obliged to pass e~ through a potential dif-
ference equal to the Galvani potential A}y, i.e. to introduce a non-thermodynamic
quantity which in principle cannot be unambiguously determined.

Thus we arrive at the conclusion that ¢ can be 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 WS =0,

In principle, the values of ¢k can be determined for any solvent. 'The main
difficulty is to avoid an error in using simultaneously values of W, and of Ay,
due to the possible influence on W, of the adsorption of solvent vapors oh the
metal surface. Taking into account that the presence of water vapors in a wide
pressure range apparently does not affect Wi {111, we can assume that in
Randles’ measurements this error was avoided and that the use of the value
~0.26 V found by him for (Al2o¥)q.¢ diong with that of W', determined for
the metal/vacuum interface, is valid ***, In the transition from water (8,) to a
different solvent {8,), there is no need to catry out measurements similaf to
thuse of Randles. Instead, it is sufficient to use the determinatiot of the potential

* Physically this condition means that on the surface of the sulution thiere are nu‘ free charges
in exeeas of thuse necsssary for the sxistence of the Volta potestial ditfereics AMY.

& upeontainiated wennx that processes leailifng to a change of ths valus of i character:
{2 the pute aulveit, are exsluded, -
FEL Rt abili seeitia bu Uy desirable to deturmine this Yuaintity VRLE Kok, takifg aevouitt of ali
pouibly suiireda uf wirer,
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TABLE 1

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

Soilvent Hg Bi Ga Ga + In

(16 at. % In)
Water 4.25 4.06 3.75 3.77
Methyl alconol 4.00 3.82 - —
Ethyl alcohol 1.07 3.88 — -
Dimethylformamide 3.84 3.66 — -
Dimethylsul{oxide 3.83 3.64 3.12 3.20

Acetone 3.90

difference at the end of the circuit
M, IS, lvacuum or airlS, | M}

equal to {ex)i¢ — (€x)3Y, if the surfaces of both solutions are uncharged, as is
done in using Kenrick's method. Such measurements were performed in refs.
12—14. The values of € 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 [13], we can show that the standard
values of €2 (Hy/H*) in methanol, ethanol, formamide and acetonitrile are: 4.69,
4.67, 4.589 and 4,32 V, respectively. At the present time, however. it is practi-
cally more convenient to use electrodes at the p.z.c. of the solvent in the absence
of specific absorption. We have now at our disposal in addition the values of
(Eq-0)m, — (Eq.0)n, for the combinations Hg—Bi, Hg—Ga and Hg—(In + Ga)

in several selvents [15,16). Using these values, the Volta potential measurements
and the value of (ck)H%5'2° = 4,25 V, obtained from Trasatti's data [3), we can
calculate the values of (e )4y listed in Table 1. The physical meaning of these
more easily measurable gquantities is somewhat complicated by the introduction
of the p.z.c. They are of interest, however, since in the literature {17,18] it was
suggested more than once that the value of {AM )/ )q., i3 equal to zzro. In this
case, the values of (ex)¥: would be independent of the solvent nature (and
equal to W), which is at variance with the data of Table 1, The question of the
value of (AMY)g.y is considered in more detall in refs. 19 and 20.

If we wanted to ublain similar data for €4, we would encounter the difficulty
associated with the absence of information on the values of x® for non-aqueous
solvents. Another possibiiity would be to use relations between the standard po-
tenitials of metals in different solveiits; however,; as we well khow, these could
riot be reliably determined in spite of nuierous attempts made in this direction.

i conclusion, we woiild like to eniphasize once hivte that; though we see no
reasons Lo c¢all ey oF ey absolute electrode poteitials, It seeiis to us that a new
vonsideration of theas quantities has beeh helpful il claFifying certain, even if
elementary, but eonceplually impertant; problems of electraehemistey: Thus
the initiative taken by Trasatti proved to be valuable
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