THE ELECTROCHEMISTRY OF SOLVATED ELECTRONS

L. I. Krishtalik and N. M. Alpatova ‘-UDC 541.13

The review deals with the laws of the electrochemical generation of solvated
electrons (s.e.) and compares them with the laws of ordinary electrochemical
reactions. Also discussed are the properties of s.e. generated electro-
chemically in media where their stability is relatively high and the emission
of electrons from alkali-metal solutions in liquid ammonia and hexamethyl- :
phosphoramide. '

INTRODUCTION

The electrochemical properties of solutions of solvated electrons were begun to be
studied before the turn of the century, but in those years the attention was focussed on .
electrolytic dissociation in such systems (alkali-metal solutions in liquid ammonia), while
electrode processes were practically not studied. Interest in this problem was - suddenly
revived only in the mid-sixties, which had much to do with the advances of radiation chemis-
try, where the central role of solvated electrons in numerous chemical transformations had -
been made apparent. Over recent years a number of reviews on this problem have appeared;
their authors frequently adhere to directly contrasting viewpoints [1-4]. . It must be noted
that the electrochemistry of solvated electrons develops very rapidly, so that the review -
[3], for instance, which had only been written a year ago, already could become obsolete in:
many respects. '

The electrochemistry of solvated electrons encompasses an extremely wide range of
problems; not all of these will be discussed by us. Thus, it will not be necessary here to
touch upon the photoemission of electrons from metals into solutions, because the pertinent
material has been exposed in detail in a recent monograph [5]. The vast data on the =~
structure and properties of solvated electrons also cannot be presented within the present -
review, and will only be discussed to the extent to which they will seem necessary for the
discussion of electrode reactions. ' B B e

The electrochemical generation of solvated electrons, i.e., their formation at highly
negative, cathodic potentials, was only begun to be studied a few years ago. This process -
is of interest under several aspects in media where the stability of the solvated electrons
is relatively high. The generation is a convenient method of producing electrons in the
bulk. In this way one can obtain information about the properties of the electrons in the
condensed phase. ' R —_—

The mechanism of the generation process itself is of interest as the mechanism of a
singular, and in a certain sense of the simplest, elec;rochemical_;eaction.’ : I

Moreover, information about the ‘mechanism of the elementary act of electrochemical
processes can be obtained when the laws of generation are compared with the laws of ordinary
electrochemical reactions. Finally, electrochemically generated solvated electrons can be

‘used to carry out a variety of syntheses involving organic and inorganic materials. At-
tention in the review is primarily focussed on just these problems. In addition we discuss
the emission of electrons into the gas phase from solutions containing solvated electrons,
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;Beéaﬁsé.this broﬁiem was treated incompletely in the review [3].

THE ELECTROCHEMICAL GENERATION OF SOLVATED ELECTRONS

1. Qualitative Data

-~ . Solvated electrons in the condensed phase are obtained by various methods. In the
radiétion—chemical method, solvated electrons are produced when electrons are torn from ;
molecules, ions, or atoms by the action of high-energy x rays, gamma radiation, or fast- |
electron flow. Also known is a photochemical method of producing solvated electrons by the
action of light upon materials usually serving as electron donors [6, 7].

Solvated electrons also can be obtained via atomic hydrogen [6-9]. Hydrated electrong
in ylelds close to 100% are formed when a mixture containing molecular and atomic hydrogen
- 1s passed through aqueous solutions of alkali with pH > 12 or of other compounds, e, g,,

H+oH - eﬂydr'

For ammonia, however, only the reaction of gaseous hydrogen with the_amide aniog [7, 10] 1s }
. of interest among the reactions which are known, viz.: (1/2) H, + NH; + NH, + es [7]. &
similar reaction occurs with other particles, ;oo [10].

‘The radiation—chemical and photochemical methods, in addition to the solvated electrons,
produce radicals and ions which can rapidly react with the e3, and therefore are not suitable
for the production of stable systems containing solvated electrons. The reactions of atomic
and molecular hydrogen are exceptional in character. Devoid of these disadvantages are
those methods of producing solvated electrons as, e. g., the dissolution of alkali metals
and electrolysis. Moreover, in the electrochemical generation of solvated electrons one can
readily regulate the concentration of the eg or repeat the measurements.

In the dissolution of alkali and alkaline-earth metals in certain solvents, the crystal
lattice of the metal is destroyed while solvated cations and electrons are formed.

.. . The solvated electron is a very reactive, reducing particle. Most solvents rapidly re-
act with it chemically. For example, in aqueous solutions the 1ifetime of the solvated
electron 13/2 = 0.5 msec (11]. The most stable systems are those in ammonia, amines, ethers,
and hexame:hylphosphoramideY(HMP). Characteristic blue solutions are formed when alkali
metals are dissolved in them. The solubilities of the metals are reported in Table 1; they
can be taken as a conditional measure for the solvent's ability to form systems with solvated
electrons. The alkali metals are also known to form unstable blue solutions in tetramethyl-
carbamide:(tetramethylurea) [27] and an entire series of other amines, ethers [28] and cyclic
Polyethers [28-30]; high solubility of K and Cs and stability of the solutions are observed,
in particular, in systems containing the polyether cyclohexyl-18-crown-6 [30]. Certain

physicochemical properties of the solvents which are of interest to us are compiled in Table
2 3, 12, 24, 31-35). :

macroscopic properties of the solvents and their ability to dissolve alkali metals. Thus,
as one goes from HMP to the corresponding thio derivative, the ability to dissolve alkali
metals is lost, even though the replacement of oxygen by
moment of the molecule (4.83 instead of 4
of the liquid. " Important in the dissolution of the alkali
the solvent, both toward the ¢
specifics‘of'the solvent and itg molecules. and

The solutions of electrons in'éﬁmbnia;’am
as -compared to those in water, bq
long run decompose becauge
solvent molecules.: It ig ¢

inés,;ethérs,‘and amides aré’relatively’stable
but these systems nevertheless are metastable, and in the

::qzs 1; the.gase of ammonia, the reaction_e; + NHS.?;NHEH+“(1/2) H, is cétalytié, and will
ons wioh o DY Platinum black, Fea0.,:NaOH, and even products of interaction of the so-

h was adsorbed at the'walls'ofbthe_appgféthg" The decomposition
uld ammonia ig less ‘than 1% per day. According to
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‘ TABLE 2.  Physical Properties of the Solvents

Dielectric constant ;lr’:‘%ﬁc Viscosity
Solvent tme "Clth, °C value %m"ym’-c P oC
Ammonia -777 -334 | 22 -% O,gggﬁ —.;’)i. 0,2558 | ~34
Methylamine -90251 =67 127 -228 8171:4 “slosss | —22s
: 0,708 -2
Ethylamine -81 16,6 587 20,0 \
18
Ethylenediamine | 14 | 1165 ﬁg i 08977 20 lise 25
12,9 25
Tetrahydrofuran | -85 | 64-63 7,39 25 0,888 20
HMP : 72] 232 28,74 25 1,020 25 {31 25
thio-HMP 29,0 |94 (15 39,5 30 1,043 5,55 30
mm Hg)

literature data, the most stable solutions of alkali metals in HMP have a "lifetime" of a

- few hours at room temperature [36], and of up to three days at 0°C [23]. The stability of
sodium solutions is much higher than that of lithium solutions*. By the action of alkali
metals, HMP in the long run splits up forming the dimethylamide and diamidophosphite of the
alkali ‘metal [37]. ‘

According to [23], the reaction of alkali metal with HMP is autocatalytic, i.e., will
be accelerated by the reaction products.

The electrochemical generation of solvated electrons can be carried out in a number of
solvents, primarily those where the alkali metals are soluble. The chief quantitative re-
sults, however, have been obtained in HMP, - the reasons being that the high boiling point,
the relatively high value of the dielectric constant, and the high solvating power toward
cations in combination with the considerable stability of the solvated electrons give HMP
certain advantages over other solvents in the electrochemical measurements. In particular,
it is due to the properties of HMP that strong interaction between the solvated electrons
and the cations in the bulk of the solution is absent in certain cases, e.g., with the
strongly solvated Li* ion. This makes it possible to examine the properties of the solvated
.electrons and the laws of electrode reactions in which they are involved under relatively
simple conditions. : ’

' The appearance of blue coloration which is similar to that of alkali-metal solutions
~usually serves as the qualitative criterion for the formation of solvated electrons during
cathodie polarization. The largest number of observations of this kind refer to solutions

in liquid ammonia. This very solvent was the first and for a long time the only solvent
studied which had high stability of the solvated electrons.

n 1897 Cady described the increase in the intensity of blue coloration at the cathode

I
w;;xich[c:;chlz;xrred during electrolysis of alkali-metal solutions in liquid ammonia [38] (see
s0 . S . ‘

Blue coloration also was often seen to occur during the electrolysis of ammoniacal so-
lutions of salts of sodium [40-44], lithium [44], aluminum [45-47], and magnesium [47-48],
as well as tetrasubstituted ammonium, NR)'.', at low temperatures [49-55]. This pertains to
silts with cations which cannot be reduced cathodically or react chemically with solvated
eiigtrortxi between —36 and 80°C. Ip the case of tetrasubstituted salts one chiefly has to do .
:herecg w::sbg:;{mcg:eill;ﬂ su;stitgents.' Blue coloration failed to appear in the cases
um, and stibonium ESO, }5,2: g;, §6§m also with the alkyl derivatfives of phosphonium, arsoni

Data on the electrolysis of alkali metal halide sél.ut.:ions in ‘éminevs and HMP are reported

» according to the data of [23], the stability of lithium solutions -
_f tetrahydrofuran, and to a smaller degree on addition of

164




aseq syl Se pasn aie soleIOoTYoiad 10 SOPTTEY WNnTFuouwweT4N[BRIID] USYM ,
‘09] @uszuaq-ToYodTe TAUIS-dWH ‘TOYOdTe TAYIS—JWH S9INIXTW 3Y3 UT SUOTINTOS SPTIOTYD WATYIF[ 3JO

. *{59] PaAI3SqO ST cowumuoaou ou uoTINTos mvﬂvoﬁ esacoﬁnm;u:ngumu ugi
*[69 “9¢] TeuSTS ¥SE ou ST 2a9y3 pue ‘ieadde 03 STTRJ UOTILIOTOD anTq 92Uyl ‘dWH UT 93410330972
*[89] ouadeayIuE—dWH PuB ‘[L9

s1sf

70130979 9Yy3 Jupinp paaIasqo ST OSTE 2pOYIED 3YJ 03 IXdU 13Le] dYy3 JO UOTIBIOTOD dNTq ‘ISUIIUT SSIT Vy

1,

[N

171
[s] 1eow eNlvy uoIeIOI0d ON - IEN
18D 'IQ0 . .
- aniq-Ays - [X%5 :
YoIoN ‘Id suemaAxoqeurid
[a] "N « ¢ 1-0F-€'F 08¥ - 8'1 ageN | .
A awes - ¥e M
1-0F-¥ 1addop 00}
¢'0 1eN
[sc] (P151£ % 06) BN uonIBIOI0O ON 12 +1) ,
[s9w] - ‘ +-0F-L-6'2 « wooy 1) T PuruepousiAnig
[s0 2] - anigd | -0F F—z-019 wnunetd oL—- 10 . T supwetkylon
1addoo -
[s] - « ¢« - ‘winuneld LA™ . dgeN
[ve] - « 4 - ] wooy - vIgeN
™ - swes - wnuierd S 2o . YO10BeN
uoqied S
*nIA ‘13d .
[oo-25] - sniq-yled -=01—s-0} {~dodo ‘wnuperd wooy | s'0-Z0 DT «dAH
sp1oif aus1 UOTIRIO[OD LU/ 1eHoeWw . ._Sz\ sow
SMIBIAT | 0o 481y 12 BN 10 3 a1ftoqied | *Aarsusp 3uss apoyed 0.4 *UOTIEIIUDD es u3AT0S
Jo uotitsodapoI1day -102 o1poyled -U0d es

aueyzadxoyisurq pue

‘sautuy ‘gWH UT SUOTINTOS SPTTBH TBISW FIBAIV JO STSAT013031F

oyl g I1AVL

” ..,5 =
©
—




3. blue coloration is particularly characteristic of lithiup salt
:glzigi:s?. G:gE::::ggeogfsolvated electrons possibly also occurs in those lithiup salt go-
lutions where the starting potential of theigisecén[?gsh;d;? gg;r??glis ¥§r{h2e§:::vef(1n

hylphosphoric diamide, 3 3)2N]a2 . o
::&;TZEZdi:;?n:f €§2t§::§rz gf tﬁe cathodic process will be changed by variation of the
conditions (replacement of the lithium cations by sodium or potassium ;;tions, increasescf
temperature and current density) [12, 71]. Electrodeposition of the alkali metal will occur
instead of electron generation. The electrodeposition can be accompanied by a secondary
generation of solvated electrons. Thus, sky-blue color is seen to appear at the surface of
the metal crystals during sodium deposition from solutions in ethylenediamine [12],

Some authors have suggested that solvated electrons also exist in the solutions of
alkali, and possibly of certain other, metals in melts of their own salts, and that during

. electrolysis of the melts the formation of such solutions is caused by the cathodic gene-

ration of electrons [72-75]. This is a likely suggestion, but so far these systems have not
been examined sufficiently, and it is difficult to draw specific conclusions.

On the basis of the material presented above, electrochemical generation of solvated
electrons can be conjectured for a whole series of systems. However, application of quanti-

- tative physicochemical methods was required for a more authentic identification and for an

examination of the properties of the particles being formed. The methods of ESR, optical
absorption spectra, and dynamic proton polarization of the solvent have been used for these
purposes in the case of HMP, and optical absorption spectra in the case of liquid ammonia.

2. The Properties of Electrochemically Generated Solvated Electrons

An extensive'literature deals with the properties of solvated electrons, e.g., [11, 76~
79]. There have been detailed studies of solvated electrons in metal—ammonia solutions [13,
80-86] and of the importance of solvated electrons in radiation—chemical processes [76, 87,
88]. .
. We biiefly discuss the properties of eleetrochemically generated solvated electrons in

our review, and also report some other data required to interpret the results of electro-
chemical investigations.

It had been established [69, 89] that an- ESR signal appears simultaneously with the
passage of current through LiCl and NaBr solutions in HMP and with the appearance of blue or
dark blue coloration near the cathode. At 20°C and a salt concentration of 0.2 mole/liter,
the spectrum is characterized by a single, narrow line, both in lithium chloride and in
sodium bromide solution. Thig signal had been attributed to the solvated electron. Its
g factor was found to coincide with that of the free electren. Solvated electrons ean be

found in sufficiently large quantity even a few tens of minutes after disconnection of the
generating current. :

. + The optical spectra for HMP are
pPresented in Fig, 1, Absorption spectra for solutions of metallic sodium in HMP according

;odtgz da;i ofBBrooks et al, [91] and §péctra obtained during pulse radiolysis of pure HE
n sodlum bromide solution in the same solvent are reported for comparison in the same

3 electron obtained radiation-chemically in ,
1SS°1ut10nv0f,alkali metal [93], and during electrochemical
mf Ces§0m, strontium, barium, and tetraalkylammonium halide .

Optical absorption spéctra of the solvated
pure ammonia [92], during the

generation in sodium, potassiu
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A, nm ' 1000 1400 1800 A,nm

Fig. 1 Fig. 2

Fig. 1. Optical absorption spectra in HMP at 20°C: 1) and 3)
electrochemical generation, 0.2 mole/liter LiCl (1) and 0.2 mole/
liter NaBr [90]; 2) pulse radiolysis, the pure solvent; 4) dis-
solution of metallic sodium [91]. : .

Fig. 2. Optical absorption spectra in liquid ammonia at —65 to
—70°C: 1) pulse radiolysis [92]; 2) electrochemical generation ..
in halide solutions [55, 94}; 3) dissolution of alkali metal [931. ..

solutions [55, 94] are presented in Fig. 2*. Matching absorption during the radiolysis of
pure HMP and pure ammonia serves as the most direct proof that these bands really belong.to

the solvated electron, and are not due to the presence of alkali metal cations in the liquid.
By comparing the absorption curves one can see that solvated electrons in fact are generated
during cathodic polarization. ‘The particles being formed during metal dissolution, during

pulse radiolysis of the pure solvents and of salt solutions in these solvents, and likewise
during electrolysis are identical. A similar situation is found in molten salts, too.’ The
particles which are produced during the cathodic polarization in alkali metal halide melts -
have an optical absorption spectrum which is similar to that of the particles arising during
the dissolution of alkali metals in these media [75, 96]. S s

The method of dynamie polarization of the HMP protons has also been used to study the
particles being produced at the cathode [97]. The magnitude and sign of dynamic polarization
in lithium chloride and sodium bromide solutions indicate that there is a certain spin densi-
ty of unpaired electrons present at the locations of hydrogen nuclei. However, no para-= o
magnetic shift of the ESR spectrum of the HMP protons is found in the presence of solvated
electrons. This indicates that the interaction between electron and solvent protons is
minor; the spin density at the proton is less than 10~% unit. .The results of these measure-
ments are in agreement with the data obtained for lithium and sodium solutions in HMP {98,
99]. - . . ' I . ; 5 :

Taken all together the results reported indicate that indeed solvated electrons are - .-
formed during electrochemical generation, rather than anion-radicals, e.g., {[(CHs)2N]sPO}™,
or alkali metal atoms (contact-type ion pairs). In these cases splitting or significant’
broadening of the ESR line would have to be expected owing to the interaction of eg with the
nuclear magnetic moments of P, Li, etc. S , SRS R '

We shall now discuss association effects in systems containing solvated electrons.
Electrochemical generation is very convenient to use when examing association, because it
~allows one to vary the concentration of solvated electrons continuously over a wide range,
at any given excess of cations. In systems with HMP, the interaction between the cations of
the dissolved salt and the solvated electron causes, first, a small shift in Apyy of the
electron's absorption band toward shorter waves [90]. It is showm below how Apax of the

- *A similar Optical‘spectrum had been obtained for the solvated electron by reflection of
light from smooth silver, gold, and platinum electrodes during electrochemical generation in

a solution of potassium iodide in liquid ammonia [75, 95].
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solvated electron depends on total electrolyte concentration in HMP for cyy = 107s mole/
liter (in [91]) and ¢ = 2 X 102 mole/liter (in [90]):

%’E T Lit Nat

i B Apax, Dm: .

. | data of [91] 2300 2300
’ data of [90] 2156 2000

: d the cations is in agree.
The presence of interaction between the solvated electrons an gree
ment withpthe results of conductivity measurements with sodium solution in HMP [23, 100],

which indicate that aggregates of the type of ion pairs are formed.

In the opticalrspectra of solvated electrons in liquid ammonia (cf. Fig. 2) one ap-
.sorption band is observed; its properties are weakly dependent on the nature and econcen-
tration of the cation [55, 94, 101]. The presence of association follows from conductivity
measurements on metal-ammonia systems [102]. Therefore, the absorption band in liquid
ammonia and the long-wave band in HMP are caused both by free solvated electrons and by
solvated electrons linked electrostatically to eations. Such interaction can show up both
in the development of ionic atmospheres made up of ions of the opposite sign and in the
" formation of non-contact-type ion pairs, triplets, etc. The absence of contact-type inter-
. action can be inferred from the data on the ESR spectra [11, 69, 89]. In the case of the
ii _contact pairs which exist, e.g., in ethylamine [103], the narrow, single line is split up
o into a Quartet;'such is observed neither in ammonia nor in HMP. The absence of contact~type
ion pairs in ammonia and HMP can, apparently, be attributed to the high solvating power of
these solvents. .

- Of particular interest among the aggregates are the so-called bielectrons, e,? , i.e.,
-two electrons with paired spins having a'common solvation sheath.

-No direct spectroscopic proof exists for the existence of complexes containing the bi-
electron in metal—ammonia solutions [104]. Recently a paper appeared [101] where an argument
for the presence of bielectrons in metal-ammonia solutions was obtained by separating the
absorption band into two bands, one being attributed to the electron and the other to the
bielectron. However, isolating two spectra which are similar in their characteristics (Amax
= 1455 and 1580 nm, Ej/2 = 0.402 and 0.371 eV for the electron and the bielectron, re-

 spectively) from-a single, smooth band does not seem to be a reliable procedure.

Upon dissolution of alkali metals in amines and ethers, systems are formed which are
.more complex than the ones obtained with liquid ammonia. The optical spectra of such systems
(18, 20, 21, 28, 29, 66, 105-116] may contain up to three absorption bands, and in a number

of cases one of these is attributed to a complex containing the bielectron.

" In [106], the conclusion that M~ is formed in ethylamine (where M can be K, Rb, Cs) is
drawm from analogies between the spectrum examined and that of I”. For these systems, the
band with Ap,y = 850 nm had been attributed [107] to a complex containing the bielectron,
However, in this paper the equilibrium of the complex had been examined not with the sol-
vated electron, which is absorbing in the Tregion of 1300 nm, but with a species giving rise
to a band with Amax = 650 nm. The interference has been based on the assumption that this

last.band~belongs to the pair M*.,.e™, However, there are certain difficulties here. The
Amax'value of this band, in contrast to the 2

pend on the cation, which clearly is in eont
by an ion pair. The suggestion had been made [117] that { |
that it was caused by traces of sodium
ions :hich had appeared after leaching of the walls of the ‘glass apparatus. However,. this
g::z;m:gezagohgt;]reﬁarggdbas solved. It remains obscure which equilibrium the constant .
_ should be properly referred to. | ' = 850
nm could be trgated as the'bieléctronY' S Q{-and‘wh?thft_tbé ?p§Ciés,?iFh lpax b
' The existence of bieieééroﬁsvhaa:BeenISu gested and proven’ by o ing 1 nfluence
ggested and proven by examining the influence
if ;tgg;riz sol:;ions in ethers and amineg 66, 1131. Upon illumination wi%h long-wave
gh sponding to the abserption band of the bielectron being contemplated, the ESR"
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Fig. 3. The concentration of solvated electrons, N,

as function of the time, 1, in the dark (1, 2) and
during illumination with 650-1200 nm (3) or 400-650 nm
(4), during constant-current electrolysis in 0.2 mole/
liter NaBr solution in HMP at 20°C [120].

Fig. 4. The optical density Dggo as a function of the
optical density D;so during electrochemical generation
in 0.2 mole/liter NaBr solution in HMP at 20°C [121].

bielectrons. During electrochemical generation in sodium bromide
solutions, an absorption band with A, . = 750 nm is observed in
addition to the band of the solvated electron {901 (cf. Fig. 1).
A similar picture was obtained for sodium solutions [91] and
during pulse radiolysis of sodium bromide solutions [118, 119]. =~
The second absorption band is not observed during electrochemical
generation in lithium chloride solutions- [90] (Fig. 1) or during
the dissolution of metallic lithium in HMP. The ESR spectrum
obtained during electrochemical generation in sodium bromide so-
lution is identical with that in lithium chloride solution [69,
o 89]. This indicated that the species causing the band with Ap,y
Fig. 5. The optical = 750 nm are not paramagnetic (cf. also [23]).

density D;so as a
function of sodium
ion concentration
during electrochemi-
cal generation in

Dy /(}/;{_{ The HMP turned out to be a convenient 501veht for studying  \

05

(ool

1 1
0,25 05

c,...,. mole/liter

Nage!”

The nonparamagnetic nature of the corresponding species had
also been confirmed by measurements of dynamic polarization and
spin—lattice relaxation time of the HMP protons during the cathod-
ic generation of solvated electrons. The effects caused, under -

. X jdentical electrolysis conditions, by the presence of solvated:
NaBr solutions in electrons are much stronger in lithium chloride solutions than in
U at 20°C, with v sodium bromide solutions. This points to a difference in the

the optical density ' true concentrations of solvated electrons, which is caused by
Dsso = 0.2 [122]. fixation of part of the electrons in the sodium bromide solutions
into nonparamagnetic aggregates [971. .. -

When solutions of solvated electrons on the basis of sodium bromide are illuminated
with light embracing 750 nm, the amplitude of the ESR signal- increases in proportion to the
concentration of solvated electrons (Fig. 3). Light not including 750 nm does not cause any
increase in the concentration of paramagnetic species under these conditions. In lithium
chloride solutions there is no increase in the concentration of solvated electrons when
light embracing all wave lengths is acting upon them [120]. These results unambiguously
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indicate that an even number of electrons are contained inthe nonparamagnetic specieg which,
ndic

by photodissociation, yield solvated electrons.

een the complexes and the solvated electrons was examined with the
opticgﬁeagggigti:iungiEZa in order to determine the stoichio:etry Of t?e Cgmglex [121,122L
The connection between the optical densities at A = 750 nm (the comp exd an = 980 nm (the
solvated electron) at different concentrations of solvated electrons and constant excesg
concentration of sodium cations is shown in Fig. 4. zIt can be seen from this figure ;hat
there is linearity when D;so is plotted against Dseo”. This law (which is found~with ?E
excess of salt, i.e., with an excess of Nat) corresponds to the equilibrium 2eg" 2 e, ,
i.e., to the formation of the bielectron. Since during formation of the bielectron one hag
a drastic change in the optical characteristics and a loss of paramagnetism, one can affirm
that the bielectron is some unique species rather than the simple combination of two solvated

. electrons. : ‘
The probability that a compiex containing the bielectron will be formed depends on the
nature of the cation.

A band corresponding to the bielectron is not present in pure HMP containing solvated

electrons obtained by pulse radiolysis. The aggregites existing in solutions containing

" sodium cations are also absent from systems with Li”, This indicates that the bielectron
only exists in systems where it can be stabilized by interaction with cations. That this
interaction becomes weaker as one goes from sodium to lithium probably is due to the larger
solvation of the lithium ion as compared to the sodium ion [123]. With increasing solvation
there is less interaction of the cations with anions, and in particular with e,? . The
absence of bielectrons from liquid ammonia possibly is caused by weaker interaction of cations
and anions, and in particular of solvated electrons, in this solvent relative to HMP (compare
the weak dependence of the eg spectrum on the nature and concentration of the cation [55,
94, 101]).-

It can be seen from Fig. 5 that at sodium bromide concentrations of up to 0.35 mole/
liter, the amount of bielectrons is directly proportional to the sodium ion concentration.
The deviation from linearity observed at high salt concentrations probably is due to in-
complete dissociation of the salt.. -

' On the basis of all the results obtained one can ascribe the formula Na+-f-e22- to the
complex. The same composition had been proposed for the complex in Gremmo and Randles's

recent paper for Na solutions in HMP [23], but the stoichiometry of the complex was not
established accurately.

From the data of pulse radiolysis it was possible to determine the extinction coeffi-
clents of the particles and to calculate the equilibrium constant K = (2.8t1.4) x 10° liter?®
mole™? for the reaction Na® + 2eg” =Na'...e,2”, where es” is the solvated electron which is
free or electrostatically bound without contact to sodium cations [122].

The diffusion coefficient is important for the characterization of the solvated electrons.
Diffusion coefficients, Walden products, and ratios between the diffusion coefficient of
the solvated electron and that of the sodium cation in the corresponding solvent are reported
in Table 4. It follows from this table that the mobility of the solvated electron is sub-
stantially higher than that of ordinary ions. For this reason and because of the low values
of the activation energy of mobility (1.6 kcal/mole) in the case of HMP a jump mechanism of
electronic motion in the liquid can be proposed [130]. It is interesting to note that the

z:;d;;Pproduct for the solvated electron remains approximately constant in water, ammonia,;v

3. The Laws of Electrochemical Generation of S

olvated Electrons.
The Reversible "Electron" Electrode - * - .. . '

Lgt us'congider.the ;esults of kinetic 1nvéstig&tioﬁ;‘6f‘the géﬁération Pf5cé53;
The first paper in this field was published in 1948 byALaitihen'énd Nymaﬁ [54], wpo

res .o mmonia at —36°C in 0.005 molar solutions at
entials were measured relative to that of the mercury pool).: The




TABLE 4. Diffusion Coefficients, D, of Solvayted Electrons
in Liquid Ammonia, Water, and HMP

D, 108 —
Solvent t,°C Method of determining| cm?- D-n-10° Dse. Literature
D ‘sec=t ’ Dnat
-36 | Chronopotentiometric 1. - - 124
anodig oxidation of Ié =
s.e,
Ammonid -36 |Measurement of conducq 4,7 : 125, 126
% tivi:geand transference 174 i 87 (=
number .
-30 |Radiation—chemical; 2.44¢ - - (]
current-relaxation
curves
Water Room |Radiation-chemical; 0.48 475 3.7 [ 1]
conductivity measure-] 049 490 - 17}
ments )
HMP »  |Radiation—chemical; 044 459 ~10 | [101215]
current-relaxation -
curves

*The combined mobility of solvated electron and ammoniated
proton. '

TABLE 5. Constants of the Tafel Equations Describing the
Cathodic Polarization Curves in Liquid Ammonia at —36°C [54]

4 Base '(:;oncentfa-
Electrode electrolyte ﬁ?é‘,’ mote —AV | —bmV e
Dropping mercur (C-Hs) NI 0.005 1 226 ° : o
& y (CoHi) NI 0.005 234 | . 64 072 .
(CiHs):iNI " 0.0057 236 | 63 v 0,73
Platinum Lil = 0.005 235 .. 104 044
Nal Q005 234 - | - 120 038 . .
(CH;).N1 0.0042 2,35 105 044
(CiH,) NI 0,0057 234 . 98 0,47 -
Stationary mercury (CHo) NI 0,0057 2,34 9 050
Platinum : Meta}iic - ooos - 235 13 . 083 _\ R
sodium - L

2.3RT
aF

of a qualitative rather than Quantitative character. There is large scatter in the experi-
mental a values. The use of dilute solutions at low temperatures may have led to -distorted
results of the polarization measurements, owing to ohmic voltage ‘dr_ops._

plots @=A+blgl=A— lgl , are presented in Table 5. It can be seen that these data are

A systematic investigation of the electrochemical generation of solvated electrons has
become possible with the advent of solvents such as HMP. The latter has a number of ad-
“vantages over ammonia (cf.,-the Introduction section). Such research is conducted at the ‘
Institute of Electrochemistry of the Academy of Sciences of the USSR since the end of the -
sixties. Soon after, publications of Japanese [36) and British [57] workers also appeared.

Generation in HMP occurs at very negative potentials, viz., =2.7 to —2.9 V relative to
the normal hydrogen electrode in this solvent (-2.9 to -3.1V relative to the point of zero
charge of the mercury electrode in this medium [131])_. _
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Fig. 6. The potential ¢ as function of current density I at 25°C in
HMP [58, 133-136] with 0.2 mole/liter LiCl: 1) on copper, platinum;

2) - 5) with. additional 0.15 mole/liter HC1 on copper (2), 0.17
mole/liter HC1 on cadmium (3), 0.20 mole/liter NaBr on cadmium and
solvated electrons on platinum (4), and 0.18 mole/liter HCI on
platinum ¢5).

Fig. 7. The cathodic and anodic currents and the exchange currents
as functions of potential ¢ on a copper electrode in 0.32 mole/liter
LiCl solution in HMP (5.5°C) in the presence of solvated electrons
with a rate of rotation of the stirrer of 1700 rpm: 1) - 12) curves
for the active surface: 1) experimental cathodic curve, ¢, = -2,896
V; 2) cathodic curve calculated via the equation of concentration
polarization for the data of curve 1; 3) the values corresponding to
curve 1 as corrected by Eq. (1); 4) the corrected exchange currents
as function of the equilibrium potentials @ o; 5) to 12) the cathodic
and anodic' curves forp, = —2.885 (5, 12), -2.909 (6, 11), —2.924
(7, 10), and —2.939 v (8, 9); 13) the cathodic curve for the passive
surface. The potentials were measured relative to an aqueous
saturated calomel electrode,

. It had been demonstrated that the mechanism of electron generation depends on the sur-
face state of the electrode. Prior cathodie polarization with large currents, storage of
the electrode in the solution at open’ circuit, or the presence of impurities in the bulk of
the solution causes passivation of the electrode. This effect can be caused by adsorption
layers or phase layers of basic alkali. metal compounds or.by decomposition products of the
solvent on the electrode surface. The basic alkali metal . compounds, which are -poorly soluble
in HMP, can be produced with hydrogen evolution from impurities, e.g., water: HzO+e“+Li+"1/2
H2+L10H (for more details on passivation cf., [3], also [132]). ’

a wide range of currents (about five orders of magnitude) by.the Tafel equation with slope
60 wV (Fig. 6, curve 1). A similar dependence,,though OVer a narrower current range, had
been obtained at 5.5°C in LiCl solution when’solvated'electron
(Fig. 7, curve 12). According to the data of Avaca and Bewick [57], the slope is 83-93 mV
for a cathode of vitreous carbon where the surface algo appears to be passive (0.5 mole/
%;ter LiCl at 25°C), but these authors mention instability and poor reproducibility of the



results.

The shape obtained for the polarization curve can correspond to several mechanisms of
cathodic generation of solvated electrons: 1) concentration polarization for the removal of
solvated electrons as the reaction product; 2) electrodeposition of the base electrolyte
cation followed by dissolution; 3) barrierless electrochemical discharge of solvent mole-

cules; 4) thermal emission; and 5) the barrierless electrochemical dissolution of electrons
yielding.electrons localized near the electrode.

The hypothesized mechanism of concentration polarization for passive electrodes contra-
dicts the experimental facts. It had been shown in our work [58, 133-137] that during
generation in lithium chloride solutions in HMP there is no shift of potential in the posi-
tive direction when the stirring rate is increased. Stirring either remains without effect
or, when traces of water are present, causes passivation. This is confirmed by Avaca and
Bewick's data [57]. These workers used cyclic voltammetry (vitreous carbon, lithium chloride
in HMP) and observed that the cathodic current in the initial portion of the anodic sweep is
higher than the current of the cathodic sweep, i.e., the accumulation of products of the
cathodic reaction has no inhibiting effect on the process. )

The influence of stirring on the rate of generation at a passive surface will remain
unseen even where concentration polarization is of determining importance, provided that the
diffusion takes place in the narrow pores of a film covering the electrode. However, under
these conditions the anodic limiting currents of the oxidation of solvated electrons, which
are of a diffusional nature (cf., p. 177 this article), also should be independent of stir-
ring intensity. Yet, they increase with increasing stirring rate, while the cathodic cur-
rents are independent of stirring. . '

Let us now consider the mechanism which involves discharge of the base-electrolyte ,
cation. Since HMP is capable of dissolving alkali metals with the' formation of solvated
electrons, the latter can be produced by two principally different processes: a primary
process, i.e., direct escape of the electron from the electrode into the solution, and a
secondary process, i.e., the electrolytic deposition of alkali metal followed by its chemi-
cal dissolution. We had attempted to investigate the question about the primary nature of -
generation by comparing the cathodic polarization curves in dilute lithium chloride so-
lutions at copper and amalgamated copper electrodes [58, 134]. At the amalgamated electrode
one observes diffusion and migration limited lithium ion discharge currents and amalgam for-
mation. Originally [58, 134] we had regarded the absence of diffusion and migration limited
currents at the copper electrode as one of the arguments against the secondary electron -
generation mechanism. Laitinen and Nyman [54], who had shown that in dilute tetrabutyl-
ammonium chloride solutions in 1iquid ammonia one cannot attain the limiting current of
tetrabutylammonium discharge, also took this observation as confirming the hypothesis of
primary generation. This conclusion is ambiguous, however, because the mass transport
processes in systems with solvated electrons.are highly complex, in particular on account of
the development of Stefan flow which is generated by the considerable changes in solution
density* during an electrode reaction. Therefore, strictly speaking, we do not have suffi-
cient theoretical reasons to expect a limiting cathodic current to appear under our experi-
mental conditions. ' - :

The direct experimental proof was accomplished by running the generation in HMP so-
lutions not containing metal ions [139]. A rise in current at potengials which are character-
istic for the electron generation in alkali metal salt solutions was observed following the
limiting current of proton donor discharge on the cathodic polarization curves recorded in
dilute HC10, and HCl ‘solutions at copper, platinum, and dropping mercury electrodes. From
these data one can conclude that the generation process in HMP is primary, i.e., not connect-

ed with prior deposition of the alkali metal and its subsequent dissolution.

Itjwas shown in'the'work of Avaca and Bewick [57] that the potentials of generation of
solvated electrons in lithium chloride solution in HMP are more positive than the potential
- of the equilibrium lithium electrode in saturated LiCl solution. This, too, agrees with the

*The volume increase during the iﬁtroduction_df'soivéted electrons is 65-95 ml/mole for .=
- liquid ammonia [7]), and about 80 ml/mole. for HMP. [138]. -
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'sﬁggesfibﬁ.dfva primary process of electron generation.

" One more‘érgument for this position is the independence of the rate of generation o
salt cation and electrode material. :

In the case of HMP the influence of these factors has been examined systematically [13a
136]. The results of polarization measurements in solutions of different composition at
passive copper, platinum, and cadmium cathodes had been presented in Fig. 6 (curve 1 ang 4),
The rate of generation is seen not to depend on the base-electrolyte cation or solution
composition. One can see, in particular, that the potentials in lithium chloride and sodiug
bromide solutions are practically the same. One can expect that for a mechanism involving
alkali metal electrodeposition with formation of a separate phase, the difference in the
potentials should be much higher, since the difference between the normal potentials of

. 1ithium and sodium as a rule is 0.3 to 0,4 V, and depends little on the solvent [140-142],
The rate of generation also is independent of the cathode material, and is the same for
copper, platinum, and cadmium electrodes. This implies the absence of any appreciable infly-
ence of adsorption effects, i.e., contradicts the hypothesis that cations are discharged
with the formation of adatoms at potentials below the equilibrium potentials of the solid

alkali metals. - . .

Meéhanisms involving discharge of base—electroiyte cations either with the formation of
alkali-metal phase or with the formation of adatoms are refuted by the independence of the
rate of generation on the cation and on electrode material.

‘The' independence of the rate of generation of solvated electrons on the electrode metal
serves as an experimental confirmation of Frumkin's theoretical position that the rates of
electrochemical reactions are not direectly dependent on the electronic work function from
the metal into vacuum. If electrodes made of different metals have the same electrode po-
tential, then the electronic work functions from these electrodes into the solution will be
the same. Independence of the reaction rate on the electronic work function into vacuum had
been established by Rotenberg and Pleskov for photoemission into solutions [143], and by
Nikolaeva-Fedorovich‘e; al. for the electroreduction of anions [144].

, The data of Laitinen and Nyman [54) for liquid ammonia (Table 5) are not in contra-
diction with the assumption that the rate of generation is independent of the base-electro-
lyte cation and the cathode material, even though they cannot be used to establish the pre-
eise shape of the polarization curve. '

This also is ;rue'for the data on the so-called "cathodic limits", i.e., the potentials

where the current begins to rise during cathedie polarization in HMP [36, 145-149]. These
data have been reviewed in [3]. <

- Excepting one particular case, Dubois et al. [145] and Gal et al. [146, 147] attribute
the current rise to the beginning discharge of base-electrolyte cations. To us it seems to
be more correct to attribute this effect to the generation of solvated electrons. Kanzaki
and Aoyagi [36] came to a similar conclusion. " a o

In ethylenediamine solutions the situation is qualitatively éimil&r to that in HMP.

Schber and Gutmann [150, 151] observed a rise in current at —3.05 V against the normal

lutions of base electrolyte (1073 mole/liter‘LiNog,'(CQH,)“NNOS, Li€l, KC10,); this rise
folloved the wave of the cation. The potential of the rise was independent of the cation.

The polarization curve which corresponds to the ‘cathodic process 1n‘HMP and which ‘is
described by a Tafel equation with the ‘slope of 60 mV can also fit the mechanism of barrier-
less reduction of solvent molecules. The rate of this process could slightly depend on the
nature of the base electrolyte. It would be difficult to assume, however, that the electrode

material has no influence on the discharge of : ism
appears to be unlikely. o charge of the SOIVFntvaIecules’vSQ th?t~?his mechen’s

I:bixamining the kinetics_of the_generation process one can use an‘electrode which is
:ﬁZeEZth §1With respect to the solvated electrons. - Values of the transfer coefficient a of
electrodz c rea;tion are determingd from the dependence . of the equilibrium'potencial of this.

' de on egc ange current.’ An‘ electron electrode in 1iquid ammonia had been proposed by
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" Kraus as early as 1914 [152], later by Laitinen and Nyman [54] and by Dye [126]. 1In HMP,
electrodes have been realized which were reversible with respect to solvated electrons
generated both electrochemically [61, 153] and by dissolution of metallic sodium [36, 154].
platinum and copper were used as electrode material [36, 61, 153]. v

At passive copper and platinum electrodes in lithium chloride solutions in HMP con-
taining solvated electrons, the initial sections of the polarization curves are independent
of stirring, and represent straight lines going through the coordinate origin without a
preak [153]. This implies the establishment of thermodynamic equilibrium at the electrode,
and allows one to determine the exchange currents from the slope of the I-¢@curve. The ex-
change currents thus determined coincide, within the limits of experimental accuracy, with
the values obtained by extrapolating the cathodic polarization curve recorded far from
equilibrium [153]. For a one-electron process the comnnection between equilibrium potential

RT
¢, and exchange current Io is given by the expression @f=const—-7551n15, The experimental

dependence for 5°C is described by the equation ¢o (in V) = const - (0.060 + 0.004) log I,
and’ thus corresponds to o = 1, as does the shape of the polarization curve. . : o

Among the mechanisms of primary electron generation which proceeds far from the equi-"
librium potentials, that of thermionic emission seems to be the most likely. Here the ~
electron escapes into the solution in delocalized form, as a wave. For this process one must
expect a slope of 60 mV, since an increase in potential by A@will lower the electronic work
function from the metal into the solution by A¢ -e, where eis the electronic charge {155,
156]. A linear dependence of the emission current raised to the power 0.4 upon potential
must be expected for cold emission into the solution, just as for photoemission [155, 157,
158]. This type of dependence is not observed. The slope of 60 mV could also correspond to
the electrochemical dissolution of electrons according to a barrierless mechanism, but in
this case a transition to the ordinary process should be expected at sufficiently high current
densities, together with an increase in the slope of the polarization curves to the more
usual values around 120 mv. C

Certain estimates also provide arguments in favor of the thermionic emission mechanism. -
The electronic work function of a mercury electrode which is at the potential of zero charge
in HMP is 3.6 V, according to photoemission data [159]. One knows that photoemission into
solutions initially produces electrons in the delocalized state [5]. An estimate of the = -
work function from the Richardsonm—Sommerfeld equation for thermionic emission I = A*T2-exp -
(-W/RT) where A = 120 A*cm 2-deg™2 and W is the work function [160] gives W = 0.58 V for a
current of 10”2 A/ecm? and a temperature of 25°C. Taking into account that a potential of .~
about —2,78 V (nhe) corresponds to the current of 10™° A/cm? [58, 136] and that the potential
of zero charge of mercury in HMP is +0.17 V (nhe) [131] we obtain a value of 3.53 V for the
work function of the mercury electrode at the potential of zero charge, which practically
coincides with the value of 3.6 V determined from photoemiSsion'experiments‘[159].'f-' '

It must be appreciated that. the experimental data on the kinetics of generation of
solvated electrons which are described in the literature are contradictory.. Thus, it was
established in the work of Avaca and Bewick [57] and in our papers as cited above that the
process is not diffusion-limited in HMP. After obtaining a cathodic polarization curve -
which corresponded to the Tafel equation with a slope of 60 mV, Kanzaki and Aoyagi [36, 161]
suggest that the process is diffusion-controlled, while the transfer coefficient of the
electrochemical step as determined by nonstationary methods is 0.25-0.30%. The character of
the process depends on the surface state. The laws of generation on passive surfaces have
been discussed above. It was found that brief anodic polarization using high currents will
lead to the active surface state. Upon activation the rate of generation of solvated )
electrons increases by 1.5 to 2 orders of magnitude, and becomes stirring dependent. On this
-basis one can suggest that the contradictory results obtained by different workers go back to
the use of electrodes which had different degrees of passivity.

*Laitinen and Nyman [54] also suggested diffusion control of generation in liquid ammonia.
However, their data on the slope of the polarization’ curves do not conform to this suggestion

(@ <1, cf, Table 5).
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The lence sti) tion implies a substantial {nflyene -

- influence of stirring on the rate of genera e of
the bzti reaction on the process. We shall designate the oxidation of solvated electrong
as the anodic reaction. This designation is conditional, because in contrast to ordinary
reactions, no particle other than the solvent molecules remains in the solution after the

oxidation.. .

Corrections for the concentration polarization and for the back reaction were introduced
into the experimental values of the cathodic current in order to examine the kineticg of the

electrochemical step itself.
The corrected values of the cathodic current are given by

I= -Imeas ,,,'\ (1)
a
i_lmem + Ilill}n .e™"
B
where I 1s_thé experimental value of the cathodic current, Ifgm is the anodic limiting

. current of oxidation of solvated electrons at a given value of equilibrium potential, and g
is the overvoltage in units of RT/F. Equation (1) is correct for any one-electron process,
even if it includes parallel pathways.

At highly active surfaces the rate of the process is entirely diffusion-controlled and
strongly stirring dependent. ' At less active surfaces, marked irreversibility is observed
when the stirring is intense. This follows from the discrepancy between the experimental
cathodic curve (Fig. 7, curve 1) and the curve calculated for the equilibrium process from
the relation I g h = I (e" _ 1) (curve 2). The polarization curve is described by curve

. 3 when the correction foTlowing from Eq. (1) is introduced into the experimental values of

" the cathodic current. Curve 3 corresponds to a Tafel equation with slope 122+6 mV. By such
a shape of the true cathodic curve it is shown that under these conditions the generation
of solvated electrons occurs according to the electrochemical dissolution mechanism. For
this reaction the transfer coefficient o = 0.45+0.05.

. _For an independent determination of « the connection between the equilibrium potential

. %o and the exchange current was investigated (curve 4 of Fig. 7). The exchange currents
Igeas.determined from the slopes of the initial portions of the polarization curves as
plotted in linear coordinates were corrected according to [162] for diffusional modifications
according to the relation 1/Igeas = 1/19, + 1/131ff, where IP,. is the exchange current of the
electrochemical step.and Igiff is the effective exchange current of the diffusion step, which
_equals. the anodic limiting diffusion current of oxidation of electrons at the givengo. The
a value determined from the plot of ¢ o against log Igr is 0.55+0.04, and practically coin-
cides with the values determined from the slope of the corrected cathodic curve. The

corrected exchange currents and the extrapolated true cathodic curreats (curve 3 and 4) have
similar values. ,

The forward and back reaction rates are given by Icath = K-e™@@and Iy, = kecrel -0
At large departures from equilibrium the rate of the cathodic process is independent of the
concentration of solvated electrons governing the value of ¢ o (curves 1, 5, and 6-8 of Fig.
7), but the rate of the anodic process depends on it, as expected (curves 9-12 of Fig. 7). .

Thus, the generation of solvated electrons in HMP is a complicated phenomenon. The
mechanism of generation appears to change (cf. curves 3 and 13 of Fig. 7) when there is a
change in the cqnditiopg,‘apd especially in the surface state, e ' o

The rate of generation of solvated electrons by the electrochemical dissolution mecha-
nism(as the rate of an ordinary electrochemical Process) should strongly depend on the de-
gree of surface passivation. Passivation should have a smaller influence on the rate of ..
generation by the thermionic emission mechanism. In fact, the barrier height for the tunnel-
ing of elgctrons into the delocalized state is smaller. than that for tunneling into the
localized state, because the energy of the latter is lower.- Hence formation of a passivating.'.
film, which can be described as an increase in barrier width. has a smaller .effect on thermal
emission. Therefore as one goes from an active to a passivé’surface, the rate of generatiop :

n mechanism 1s decreasing drastically, and the cathodic =
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Fig. 8. The anodic current I as function of potential ¢ for
a copper electrode in HMP (5.5°C) in the presence of solvated
electrons, with a rate of rotation of the stirrer of 1750
rpm: 1) in 0.8 mole/liter LiCl solution with 9o = 2,917 V,
2) in 0.3 mole/liter NaBr solution with go = -2.916 V. The

" potentials are measured relative to an aqueous saturated
calomel electrode. ‘

Fig. 9. The limiting anodic current Iyip @s function of the
equilibrium potential @o for a copper electrode in 0.32
mole/liter LiCl solution in HMP (5.5°C) in the presence of
solvated electrons, with a rate of rotation of the stirrer
of 1700 rpm. The potentials are measured relative to an
aqueous saturated calomel electrode [61]. =

process will chiefly be governed by thermal emission the rate of which is,reiatively little
dependent on the surface state. B _ ' Y :

Let us now discuss certain other data pertaining to electrodes which are reversible
with respect to solvated electrons. The fact that the initial portions of the polarization
curves as plotted in linear coordinates pass through zero without a break indicates, in the
case of HMP, that thermodynamic equilibrium is established at the electrode, both with
passive and with active surfaces. Realization of the Nernst equation should serve as another
criterion for the reversibility of the "alectron" electrode. Kanzaki and Aoyagi [3?, 154]
who had checked the compliance with the Nernst equation in NaClO. solutions containing sol-
vatedelectrons did not take into account that a significant part of the electrons in sodium

salt solutions is:.tied into complexes Nat...e.?” containing the bielectron (cf{,-p. 170 this °

article).

In lithium chloride solutions the electrons exist as one type of particle, viz., as
solvated electrons which are not tied to the catioms of, if so, weakly and without contact.
The anodic polarization curve for the oxidation of solvated electrons in these solutions
shows one wave -with a: limiting diffusion current [61] (Fig. 8, curve 1) which can serve as
a measure for the concentration of solvated electrons. It was shown that at a constant rate
-of stirring but different concentrations of solvated electrons, the values of electrode
potential and the limiting diffusion currents are linked by the equation @o = const — 0.055
logIyjy (Fig. 9), i.e., the electrode potential obeys the Ngrnst equation. - .

In sodium bromide solutions the electrons exist as two different species, viz., as

_solvated electrons and as complexes Na'...e2? (cf., Pf-17° this article). Corrgspondipg}y,
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176] have shown that the change in the intensity of
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e first wave as the kinetic current of dissociation of Na ceeeg” pairg,
ii:z:ézggczzrigilfftgz equilibrium potential and the limiting current of the first wave,
which is weakly stirring dependent, are linked by the expression¢o, = const — 0.036 logI.

It had been shown [61] that such a dependence must be found when the first wave is the oxi-
dation current of solvated monoelectrons and the rate of the process is limited by the rate
at which the complex containing bielectrons dissociates into monoelectrons. The limiting
current of the second wave is a diffusion currens; it is governed by the rate of diffgsion
of both types of species to the electrode: of eg” and of the complexes containing e,2~,

The bielectron thus can be oxidized only at potentials which are markedly more positive
than the potential where the monoelectron is oxidized. This species thus is substantially

- less reactive. The different reactivity of these two forms of solvated electron had been

noticed in radiation—chemical experiments [122], but these did not unambiguously answer the
question precisely which of the two was the more active form.

Absolute values for the concentration of solvated electrons can be found by determinatign
of the limiting diffusion currents [61]. Thus, at the equilibrium potential of —2.67 Vv (vs.

"nhe), the concentration of solvated electrons is 1072 mole/liter (the concentration can be

defined with an error of 0.3 orders of magnitude, owing to uncertainties in the estimate of
diffusion coefficients under the conditions of the electrochemical measurements).

The electronic work function from the metal into the delocalized state in solution {is
about 0.7 eV at the potential of —2.67 V. Physically this quantity is the difference between
the internal energies (including the electrical term) of the electron in the metal and in
solution (at the bottom of the conduction band). To convert this into the difference in
standard electrochemical potentials one must add the chemical potential of the ideal gas
which is calculated from the well-known relation u=_len[2nka)3/2v/h3N°] (the electron gas
in the metal is degenerate, and its chemical potential can be equated to the partial internal
energy without substantial error). For the concentration of 1 mole/liter this correction is
calculated as 0.09 eV.

On the other hand, at the potential of -2.67 V the electrode is in equilibrium with a
solution of solvated (localized) electrons which have a concentration of 1072 mole/liter,
i.e., under these conditions the electrochemical potentials of the electron in the metal and
in the localized state in solution are equal. The standard chemical potential of the
electron in solution (at the concentration 1 mole/liter) is higher by a value of -kT 1n 1072
= 40.12 eV. With these corrections we find that the difference between the standard chemi-
cal potentials of the electron in the delocalized and in the localized state is 0.7 + 0.09 -
0.12 = 0.67 or about 0.7 eV. This means that the equilibrium concentration ratio of de-
localized and localized electrons is 101!, The value of 0.7 eV, even with any possible un-
certainty in its definition (which is about * 0.1 eV), undoubtedly is higher than the acti-
vation energy of diffusion of the electrons (about 0.07 eV); this excludes the diffusion
mechanism which is by excitation in the conduction band. ’

COMPARISON BETWEEN THE LAWS OF GENERATION OF SOLVATED ELECTRONS
AND THE LAWS OF ORDINARY ELECTROCHEMICAL REACTIONS

Information about the mechanism of the elementary act of electrochemical processes can

be obtained by comparing the laws of generation of solvated electrons with the laws of
ordinary electrochemical reactions., . : . '

d tiA numger of workers have suggested that the electrochemical reactions of cathodic re-

uction and the processes of spontaneous dissolution of metals occur via the intermediate
vs;age og formation of solvated electrons [1, 4, 164-172]. The possibility of such a mecha-
:Q:zL:: [EPeggeoiggical and experimental reasoning of these authors were disputed by other
intermedia;e s’ecie’ 173-i76]' The best-known argument in favor of the hydrated electron as
Walker's obsersati . ?6; ® ey rosen evolution reaction by discharge of water molecules 18 .
ance of an o ticalonb[ » 168], who thought that he had been able to demonstrate the appear-
been done 'tp aosorption caused by the hydrated electron. Walker's medsurements had

at one wavelength of the probing light., Investigations at various wavelengths [95,

reflected light is largest at wavelengﬂﬁ‘

. : : s : f electron oxidation (Fig. 8, curve 2), 4 o
| two waves are observed on the anodic curve o utve
of similar shape had also been obtained by Kanzaki and Aoyagi [154, 163], who regarded the
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far from the absorption maximum of the solvated electron. Therefore it is caused not by the
formation of solvated electrons but by other processes, probably by a change in the electro-
reflection of the electrode.

Let us discuss the thermodynamic aspect of the problem that solvated electrons be
involved in electrochemical processes. The standard equilibrium potential of the electron
electrode in aqueous solutions, according to various estimates [11, 76, 177}, is between
2.5 and —2.77 V (nhe), that in liquid ammonia is between —1.85 and —1.95 V (nhe) [2, 71.
processes occurring in these systems at potentials which are much more positive than the
equilibrium potential of the electron electrode cannot to any appreciable extent go via a
step of formation of solvated electrons. The situation is similar for HMP, where it proved
to be possible to compare the two mechanisms directly: the direct discharge of ions and
their reaction with solvated electrons. For this purpose the laws of cathodic hydrogen evo-
jution and of electrochemical electron generation were compared [133, 136]. The polarization
curves for passive copper, platinum, and cadmium electrodes in LiCl + HCl solutions in HMP
are presented in Fig. 6.

 The sections of the curves at high current densities, which have a Tafel slope of 60 mV,
correspond to the electrochemical generation of electrons. It had been noted above that the
rate of generation is independent of cathode material and solution composition. When the
current is reduced to a certain value one observes a drastic shift of potential toward posi-
tive values, whereupon the blue coloration disappears. Depending on electrode material and
experimental conditions the potential shift can be for diffusional or other reasons.

The sections of the curves at low current densities correspond to hydrogen evolution,
and are described by the Tafel equation with slopes of 60 and 140 mV for platinum, 120-140
mV for copper, and 150 mV for cadmium. The rate of hydrogen evolution depends on cathode
material and acid concentration. The character of the dependence is similar to that ob-*
served in aqueous solutions [178].

It can be seen from Fig. 6 that the potentials of electron generation are 1.3 to 2.0V
more cathodic than the potentials of hydrogen evolution. This shows that the process of
hydrogen evolution at the different metals (including metals with high hydrogen overvoltage)
is a primary process and is not due to the interaction of proton donors with solvated
electrons.

These conclusions concerning the primary’nature of the cathodic processes in HMP pertain
not only to the hydrogen evolution reaction but are more general in character. This is con-
firmed by data referring to other electrode reactions. :

For example, it was established by Avaca and Bewick [68] who applied cyclic voltammetry
to solutions of LiCl + anthracene in HMP that the cathodic peak potentials of anthracene
reduction are +1.23 V (anion-radical formation, a reversible diffusion wave) and +0.33 V
(dianion formation, an irreversible wave), while the starting potential of genmeration of
solvated electrons is +0.16 V (reference electrode was a lithium electrode in saturated
lithium chloride solution). A similar separation of the peaks for naphthalene reduction and
for generation of solvated electrons was observed by Postl, Schindewolf et al. [75] in liquid
ammonia. - : ) -

Such a relative position of the potentials indicates that the reduction of the organic
miterial is of a primary nature. : - S

It can be seen from Fig. 6 that the potentials of hydrogen are 1.3 to 2.0 V more posi-
tive than the potentials of generation of solvated electrons. Energy changes of the
electrons and hydrogen ions are possible, of course, as one goes to solutions of higher pH
‘or to other solvents, but it is unlikely that these changes could span a potential interval

~ of more than 1 V.

In the case of aqueous solutions, hydrogen evolution from alkaline solutions (discharge
of H,0 molecules) at metals with high hydrogen overvoltage usually takes place at potentials
of up to —1.8 to —2.0 V (nhe), which makes it unlikely that solvated electroms are involved.

Hydrogen evolution from liquid ammonia on high-overvoltage meta
though it does appear to occur at higher overvoltages than in water

1s (e.g., lead), even
(approximate values of
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3 o : ” - 107> A/em® in 0.1 mole/iit' L
: - 1.1-1.2 V at current densities of 10 ~ to er Ni,c1
?I:gggltzgilirzs at potentials which are lower than the reversible potential of the electrop
’

electrode.

There are a number of particular cases, however, where the reduction takes pPlace vij
interaction of the material with solvated electrons which are generated electrochemically_
This is true, in particular, for the reduction of organic substances in those media where
the stability of the solvated electrons is sufficiently high.

Data on the preparative reduction of organic compounds in HMP are reported in Table 6.
Different cases may be observed during the reduction of organic compounds in HMP. Most
common is the situation where direct reduction of the organic substance at the electrode
takes place at low current densities. As in the case of hydrogen evolution, kinetic or
diffusional rate limitations of this process set in with increasing current density.

Inhibition of the direct reduction process causes the cathodic potentials to increase
up to the potentials of electron generation. Thereafter the organic substance is reduced by
‘two parallel pathways: electrochemically and chemically via the reaction with solvated
electrons; at high current densities the share of direct reduction at the electrode may be

. very low. In any particular case the rate of this process can practically be close to zero,
as, e.g., in the case of benzene.

Benkeser and co-workers [62, 63] and Sternberg and co-workers [64, 65] examined the
electrochemical reduction of a number of aromatie hydrocarbons in solutions of 1ithium
chloride and other salts in methylamine and ethylenediamine. The reaction can be carried
to the corresponding tetrahydro derivative. In a number of cases, such as, e.g., in the
reduction of benzene, the process appears to go via electrochemically generated solvated
electrons. The same is true for the cathodie reduction of olefins, amides, and ketones in
lithium chloride solution in methylamine [185, 186]. The suggestion was made that benzene
is reduced by solvated electrons during cathodic polarization of a mercury electrode in
tetrabutylammonium bromide solution in a mixture of water and diglyme [187].

The use of electrochemically génerated solvated electrons for the reduction of organic
compounds has been discussed in Lund's review [188].

It will be of interest to discuss some special features of reductions with the aid of
electrochemically generated solvated electrons. Because of these features, this process can
be regarded as a promising method of preparative eleetrolysis.,

With solvated electrons one can reduce compounds which are difficult to reduce, for
instance benzene. The reducing action of solvated electrons seems to be very selective.

and only at a concentration of 0.5 mole/liter will it be reduced to hydrogen [181]. The in-
direct reduction by solvated electrons in HMP as a rule yields higher degrees of reduction

than are obtained by the direct cathodic reduction of the organic substance (cf. the re-
duction of anthracene, Table 6). : : ST : '

It will be of interest to compare the reduction by solvated electrons in HMP with other
methods of cathodic reduction. We shall do this with a ketone as the example, The results

of preparative reduction of 4-tertbuty1cyclohexanone are presented in Table 7. This ketone:
is reduced to an alcohol which exists i

generation of solvated electrong in these media ig unlikel ' he -
y. This' is also indicated by the
values of potential. It can be seen from-Table 7 that the reduction takes place with the

highest stereoselectivity and with high current yield '
u neration
is the most likely cathodic Process. . =~ . y( ; ot {HJHMP?‘Vhe?e 3199tr°n = s

develDifgusionai limitations in the supply of organic substance to the electrode surface can
Chemiop1 uring direct reduction. Such limitations are less important during the electro-
cal generation of solvated electrgns. The large diffusion coefficient of the solvated J
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TABLE 7. The Reduction of 4~Tertbutylcyclohexanone in Differ- -
ent Media [180]

Cath- Yield, % . |Isomers, % .
Solvent Electrolyte %fte- Pcath g;:nr;?tnt. chemd cur-
rial | (nce) A /cm’é fcal fgm' trans | cis
HMP-C,H:OH, LiCl 59.10~2
. molez- ) i Pt 59-10 87 87 95 5
CH;0H BUNCH,COO| Pb ~-24 ( 4'516 7.28) -| 82 | 66 88 12
CH,0H CH,COONa | Pb | -2,07- | 82-10-2 81 14 85 15 -
-2217
CH,0H CH,COOH | Pb | —-186- | 82-10-2 87 11 44 56"
CH,COONa —1,87
CH,0H-H,0 H,S0, Pb —iég- 1,2-10- 0 0
"l

electron in HMP should guarantee the fast removal of the electrons from the cathode. The
current densities of generation may surpass the diffusion-limited currents of the organic
substance by a factor of 2500 and more [182]. : :

The reducing properties of solutions containing electrochemically generated electrons:
are close to those of alkali metal solutions in the corresponding solvent. However, the
electrochemical generation provides for a more accurately measured feed of electrons and for
operational safety. _ .

In water and in liquid ammonia, the equilibrium potentials for the alkali and certajin
alkaline-earth metals are more negative than that of the electron electrode [141, 142]. :This
indicates that the participation of solvated electrons in certain processes taking place in
aqueous solutions at very negative potentials, possibly in parallel with other mechanisms,
cannot be excluded. These processes include, in particular, the dissolution of the most
electronegative metals, e.g., the alkali metals. In 1934 already Wolthorn and Fernelius
[189] reported that a blue coloration can be noticed briefly at the surface of metallic
potassium reacting with cold water. It appears that this coloration is caused by hydrated
electrons entrained in the KOH film covering the metal [76]. Jortner and Stein's data [190]
on the appearance of the optical absorption spectrum during the reaction of potassium and
sodium sprayed onto ice at —10°C could not be confirmed [76]. However, Bennett, Mile, and
Thomas [191] report that when this reaction is conducted at —196°C, a dark-blue product is
formed which gives the single, narrow line in the ESR spectra which is typical for electronms
stabilized in the solid phase. ‘ 8 -

ELECTRON EMISSION FROM ALKALI-METAL SOLUTIONS IN 'LIQUID
| AIDMONIA AND HEXAMETHYLPHOSPHORAMIDE

Because of the high stability of solutions of solvated electrons in liquid ammonia and
HMP it became possible to use these solutions as convenient materials for an examination of
electron emission from the liquid into the gas phase. o ' : '

Electron photoemission from solutions of electrons in a polar solvent had first been
observed for alkali-metal solutions in liquid ammonia [192-194]. The photoemission from
solutions of solvated electrons has much in common with the photoemission from the solutions
(including aqueous solutions) of any electron doror, €.8., ferrocyanide (see [195, 196]).

" In all cases we are dealing with an electron in some potential well which is caused by the
_interaction with the solvent or, in the case of any donor species, with the corresponding
ion or molecule. The depth of this well is not constant but depends on fluctuations of the
medium interacting with the electron (see, €.8.» [159, 197]). By absorbing a quantum of
light of sufficient energy the electron is knocked out of the trap and passes into the de-
localized state. The probability of this transition is a function of the quantum energy.
The delocalized electron, which is the analog of an electron in the conduction band in semi-
conductors, only interacts with the practically inertia-free part of the medium's polariz-

ability, i.e., with the electron polarizability. Moving about in the medium this quasi-free

electron can either be entrained by a new trap (both by a trap which is similar to the one
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d and by another type of trap) or reach the solution/gas boundary,
¥::c:v::agzddiz::ggzecovered gy the electron in a given medium before it is captured de-
pends on its kinetic energy, i.e., on the difference between the energy of absorbed light
and the energy of transition of the electron from the bound state into the continuum (the
ionization energy). Depending on its energy an electron arriving at the solution/gag
boundary will either be reflected by the energy barrier at this boundary or pass through it,

Thus, photoemission of electrons from solutions is a highly complex set of phenomena,
Its quantitative aspects are governed by the properties of the electron traps, of the mediun,
and of the phase boundary. It will be clear, however, that a threshold must exist which ig
determined by the minimum quantum energy required for photoionization of a bound electron,
It is further known that the ionization probability of any bound state must decrease at high
quantum energies. Therefore a maximum appears on the plot of photocurrent against frequency

- of the light.

The most complete quantitative data on photoemission from solutions of solvated electrong
were obtained by Delahay et al. [198] for alkali-metal solutions in HMP. These workers found
‘two maxima of the photocurrent as function of the light quantum energy. The first maximum
is attributed to photoionization of the solvated electron, the second maximum (at higher
" energles) is attribgted to the ionizaiion of an electron which is bound in the more stable
complex with the Na' ion (probably Na'.,.e;?”). The photoemission spectrum thus turns out
to be similar to the absorption spectrum of these solutions. This interpretation is support-
ed by the observation that the second maximum diminishes more rapidly than the first one as
the solution is diluted, which is what one must expect for the dissociation of intricate
complexes.

By extrapolating the plot of photocurrent against quantum energy to zero current one
can find the threshold energy, i.e., the minimum energy required to extract the electron
from the well and transfer it into the gas phase. The methods of extrapolation will depend
on the theoretical model used in data analysis,

Delahay [199] (see also [200]) regards the motion of an electron knocked by light from
the trap toward the surface of the liquid as a process of chaotic wandering, and discounts
the possibility that electrons are reflected at the phase boundary. Brodskii and Tsarevskii
[201] start from a more justified physical model where the electron's motion is regarded as
wave propagation, and where the probability of the electron being reflected from the surface
barrier is taken into account. For energy values near the threshold energy, the theory leads
to a linear dependence of the photoemission current raised to two-fifths power on thelight
quantum energy, which is in good agreement with experimental data.

The extrapolation carried out by Delahay and coauthors gives threshold energies of 1.34
- [199] to 1.4 eV [198] for the escape of an electron from the bound state in HMP into the gas
phase*, The extrapolation according to Brodskii and Tsarevskii gives the lower value of

0.9 eV [201]. For the solvated electron in liquid ammonia the corresponding figures are
1.85 eV [199] (based on the data of [194])) and 1.53 eV [201].

- The difference between the results obtained in [198, 199] and [201] may be due not
only to the different ideas of electronic motion adopted in these theories but also to the
fact that these workers have considered different regions of electronic energies. Delahay
et al. consider high kinetic energies, and believe that the value determined by them corre-
sponds to the work function of an electron in the ground state, Brodskii and Tsarevskii
analyze the region of energies near the threshold energy, so that their result may refer to

a thermally excited initial state of the solvated electron which is somewhat higher in
energy and noticeably lower in ionization energy. , o :

The work function determined from photoémiésion experiments is not the equilibrium work

*Gremmo and Randles [138] éxtrapolaté the a. ‘ Celv Tan o . ent-
, Pproximately linear section of the photocurrent
quantum energy pl?t, and thus obtain for the threshold energy a value of 1.05 eV. Analysis
Of Delahay et al.'s data [198] by the same method gives a value of 1.2 eV. It is not quite
clear why there is thig discrepancy between the experimental data of [138] and [198], but.to

some extent this is due to the fact that Gremmo ° : ‘toa’
constant value of photon flun. 0 ‘and Randles did not reduce .their data
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of transfer of an electron from the ground state in solution into the gas phase. By virtue
of the Franck-Condon principle, the solvent during photoionization cannot reorganize, and
after extraction of the electron remains in the nonequilibrium state created by orientation
of the molecules in the electric field of the electron which before had existed in that

Place [159 ]*-

In principle an equilibrium value for the work function could be obtained from data on
thermal electron emission. The thermal emission of electrons from a solution in a polar
dielectric had first been found by Baron, Delahay, and Lugo [100] in the instance of Na
solution in HMP. It was unambiguously demonstrated that the particle being emitted from the
colution into the gas phase is an electron. From the temperature dependence of the emission
current an energy of activation (or effective work function) of 1.0 eV could be determined.
According to the data of [138], the activation energy decreases with solution concentration
from 0.95 eV at 0.05 mole/liter (these values practically match those of [100]) to 0.74 eV
at 1077 mole/liter. It must be noted, however, that this quantity cannot be regarded as the
true work function. It is affected, first, by the temperature dependence of the dissociation
equilibrium of the strong complexes between solvated electrons and the Na* fon. Secondly,
the temperature variation of the surface potential which is due to temperature-dependent ad-
sorption of solution components can contribute importantly to this quantity. That such ad-
sorption is highly probable can be seen from the very unexpected result obtained in the work
cited: The thermal emission current diminishes as the sodium concentration increases. . Gremmo
and Randles showed afterwards [138] that at low alkali-metal concentrations a very. sharp
maximum appears on the plot of photocurrent against metal concentration (at a Na concentration
of 0.9 x 10”° mole/liter; the same in Li solutions). The most reasonable explanation of this
effect is by strong adsorption of cations or {and) electrons, which alters the surface po- '
tential in such a way that the escape of electrons is made more difficult, and that this more
than compensates the increase in electron concentration [198, 138]. ;e e

High surface activity of alkali metal in HMP is likely dnlthe basis'df the qhélifatiye
observation that the blue coloration is spreading rapidly over the surface of the liquid f
<hen it comes in eontact with a piece of alkali metal [138]. : '

Gremmo and Randles [138], who regarded a strong specific adsorption of electrons as the
cause of double-layer formation at the solution surface and, therefore, as the cause of in-
hibition of emission, at the same time pointed out that this analysis is contradictory. -~
They believe that the surface electroms forming the outer“side of the ‘double layer can quit
the solution without experiencing the inhibiting effect of the surface potential. To us
this contradiction is an apparent one. The point is that the thermal equilibrium in the so-
lution is not upset during thermal emission. The electrons at the surface and in the bulk -
of the solution are in equilibrium with each other, so that the result cannot depend on the
particular location of the electrons which we consider. The electrons on the outer ‘side of
the double layer in fact do not experience the inhibiting effect of the double layer, but
their energy is higher than that in the bulk of the solution by the amount F-Ap, and there-
fore their concentration is lower by a factor of exp(F-A¢/RT). The surface potential shift
is estimated to be 0.1 V when the Na concentration changes from 0,004 to 0.18 mole/liter- -
[198], and 0.24 V when the concentration changes from 1072 ‘to 0.4'mole/1iter‘[138];"'*

The influence of Na concentration on photoemission is. less pronounced. This probably
is due to the fact that at low concentrations of solvated electrons, the photoemission
current is strongly reduced owing to the small amount of electrons present in the. layer
vhich can be penetrated by the delocalized electron before it is captured [138]. There is.
no doubt, however, that the photoemission current increases much less than in direct pro-
portion with the concentration. This at least qualitatively agrees with the idea that the
surface potential which inhibits the emission is increasing at the same time. _

It is the peculiarity of experiments on emission into the gas phase that ome must ac-
count for two effects altering the magnitude of the photocurrent: 1) back scattering of
electrons, and 2) the Schottky effect [160]. Back scattering is the return of electrons

level in the bound state: (for solutions in NHj
ted to be involved) followed by its self-ion-
{onization of the solvated electron and direct

*The mechanism of photoexcitation to a high
vthe vacant 3s orbital of nitrogen is sugges
_1zation is possible [100] in addition to photo

formation of a delocalized particle. o
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from the gas phaée into the liquid as a result of collision with gas molecules. Thig effect
of course is intensified when the gas pressure (p) increases, and is reduced with an increg,
in the electric field (E) between the solution and the anode which tends to draw the elec-
trons away from the surface of the liquid. The influence of this factor can be excluded by
extrapolating the experimental data to E/p = . The Schottky effect is caused by a decreage
in the energy barrier at the phase boundary when an external electric field is applied. It
depends exponentially on the field, but is independent of gas pressure, so that it can be
distinguished experimentally from the back scattering effect. In the experiments of (100}
and [198], the effect of back scattering was important, while the Schottky effect yielded 3
noticeable correction only in the experiments on thermal emission [100].

It can be seen from the material presented sbove that the features of photo and therma]
emission of electrons from solutions have not yet received a sufficiently complete quanti-
- tative interpretation, but as a matter of fact these interesting effects have just begun to
be studied, so that from this direction one can expect to obtain new and important infor-
mation about the properties of solvated electroms.
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