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Polarography of Benzenoid Aromatic Hydrocarbons

S.1.Z2hdanov

This review summarises the results of the study of the reduction and oxidation in protogenic, aprotic, and strongly acidic
solutions of benzenoid polynuclear aromatic hydrocarbons whose molecules do not contain electrochemically active
substituents. The characteristic features of the adsorption of aromatic hydrocarbons on mercury and various other metals
are noted. The bibliography contains 167 references.

CONTENTS
1. Introduction 608
11. Mechanism of reduction 608
111, Reduction in strongly acidic medium 615
1V. Mechanism of oxidation 616
V. Correlation of the values of the half-wave potentials 617
V1. Characteristic features of the adsorption of benzenoid aromatic hydrocarbons 621

I. INTRODUCTION

The investigation of the problem of aromaticity 2, re-
sulting to a considerable extent from the outstanding pro-
gress in the field of quantum chemistry, has led to the
publication of a large number of papers on the study of the
polarographic properties of aromatic compounds. This is
due primarily to the fact that the polarographic method is
an extremely convenient method for studying the mecha-
nism of electrode processes and can be successfully used
to verify theoretical conclusions by correlating polaro-
graphic half-wave reduction and oxidation potentials (E,;,)
with the energy parameters of the molecules, obtained by
quantum-chemical calculations. It is now an appropriate
time to systematise this extensive published material,
which includes valuable information of interest to a wide
circle of chemists. These papers have of course been
examined in reviews devoted to the polarography of organic
compounds, but the treatment has been incomplete®8. The
most successful review of these papers is that of Peover?,
but this is published in a source not readily available to
Soviet readers, and a number of problems were not exam-
ined in it.

The present review to some extent fills this gap. It
includes papers on the polarography of only those benzenoid
aromatic hydrocarbons which do not contain electrochemi-
cally active substituents, and also on the polarography of
unsaturated compounds, but only to the extent necessary
for an understanding of the phenomena examined. A review
of papers on the polarography of non-benzenoid aromatic
hydrocarbons was published separately °.

II. MECHANISM OF REDUCTION

The reduction of unsaturated and aromatic hydrocarbons
at a dropping mercury electrode is generally studied in a
supporting electrolyte of tetra-alkylammonium salts, most
frequently (C,H,),NI, since in solutions of these salts the
processes taking place at the most negative potentials can
be studied. The second electrode is usually a layer of
mercury in contact with the solution being studied; the
potential of the second electrode is measured relative to an

aqueous saturated calomel electrode. When the values of
E,,, are compared, it is not necessary to allow for the
inter -phase potential at the interface between the aqueous
KCI solution and the non-aqueous (C,H,),NI solution.

To establish the mechanism of the electrode processes
and in particular to obtain the polarographic characteris-
tics (E,,,), which can be correlated with the energy param-
eters of the molecules, it is very important to carry out
the studies in solvents with low proton activity (“availabil -
ity”). It was in so-called aprotic solvents that the stages
of reversible electron transfer with the formation of fairly
stable hydrocarbon anion radicals, almost uncomplicated
by subsequent irreversible reactions of protonation, di-
merisation, or disproportionation, were revealed. This
behaviour is in complete accordance with the general em-
pirical rules formulated by Stackelberg!!;!? (see also Ref.
3) on the basis of extensive experimental material.

1. The stage of electron transfer is reversible if the
geometric structures of the starting material and product
do not differ significantly.

2. The stage is irreversible if it is accompanied by the
formation of stable o bonds, for example C-H (protonation)
or C~-C (dimerisation) bonds.

3. The stage is irreversible if it is accompanied by
rupture of a stable ¢ bond, for example the bonds C-Hal in
halogen derivatives, O-O in peroxides, and N-O in
hydroxylamines.

4. The stage is irreversible if it is accompanied by the
attachment of a proton to a heteroatom with the formation
of N-H or O-H bonds, since these bonds are kinetically
labile.

The study of aprotic solvents in the polarography of
organic compounds was begun by Wawzonek and co-
workers!3-18, Wawzonek was the first to use a dioxan-
water (3:1) mixed solvent!3-'%, and subsequently aceto-
nitrile, dimethylformamide!67, and tetramethylurea 18,

Many other authors used solvents which are not strictly
aprotic: 75% dioxan!®~3  85% dioxan3%,3 96% dioxan?23,25-
27,37 75% ethanol 3%:38, ethylene glycol monomethyl ether
(cellosolve) 3®~%, 50% isopropyl alcohol ¥, a tetrahydro-
furan—water mixture (3:1)4%, and ethylenediamine . Gther
authors, like Wawzonek, used purely aprotic solvents:
dimethylformamide (DMFA)%5-%° acetonitrile®»%2, and
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tetrahydrofuran®, Purely dioxan solutions have not yet
been used in polarography, because of the very low elec-
trical conductivity. DMFA is most frequently used. Simi-
lar polarographic properties are shown by tetramethylurea,
but this solvent has not found extensive application.

Simple unsaturated and aromatic compounds are reduced
at a dropping mercury .cathode in the range of high cathode
potentials. Compounds whose molecules contain a single
non-activated multiple bond!?® or benzene ring!¢ are not
reduced at all at a dropping mercury cathode in a range of
potentials which can be measured. Aliphatic unsaturated
compounds with conjugated bonds undergo two-electron re-
duction in 75% dioxan2°, For allene (CH,=C=CH,), E,;, =
-2.33 V, for butadiene (CH,=CH-CH=CH,), E,,, = -2.63 V,
etc.

Vinylacetylene (CH=C-CH=CH,) gives two two-electron
waves with E,;,, = -2.44 V and -2.62 V. The first wave
corresponds to the reduction of the triple bond to a double
bond, and the second wave corresponds to the reduction of
the butadiene produced. Thus the reduction of unsaturated
- compounds involves the hydrogenation of multiple bonds.
Reduction is complete when the compound contains one or
several non-conjugated and non-activated multiple bonds.

The reduction of compounds with multiple bonds activa-
ted by conjugation with phenyl rings takes place in exactly
the same way!32°, In these compounds, the multiple
bonds undergo electrochemical hydrogenation, whereas the
phenyl rings are not attacked. Reduction is complete when
the compound does not contain multiple bonds conjugated
with other multiple bonds or with phenyl rings.

Increase in the conjugation facilitates reduction: E,,,
becomes less negative in the series styrene (Ph—-CH=CH,),
1,1 -diphenylethylene (Ph,=C=CH,), stilbene (Ph—~CH=CH~-
Ph), triphenylethylene (Ph,=C=CH~Ph), and tetraphenyl-
ethylene (Ph,=C=C=Ph,). The double bond is activated to
a greater extent and is therefore more readily reduced
when the two phenyl groups are arranged symmetrically
with respect to the double bond (stilbene), than when they
are arranged unsymmetrically (1,1 -diphenylethylene).
Styrene is more readily reduced than S-methylstyrene (Ph—
CH=CH-CH,), the effect of the methyl group being con-
siderable (AE,;, = 200 mV). 1,4-Diphenylbutadiene (Ph—
CH=CH-CH=CH-Ph) gives only one wave corresponding to
two-electron reduction. Thus this compound is attacked in
the 1,4 -position, and the molecule of the product contains
one of the double bonds in the middle of the carbon chain,
not conjugated with either of the two phenyl rings. Phenyl-
acetylene (Ph—C=CH) and diphenylacetylene (Ph~C=C-Ph)
have more negative E,,, values than styrene and stilbene,
and they therefore undergo immediate four-electron re-
duction with the formation of ethylbenzene and bibenzyl
respectively.

An analogous picture is observed in the reduction of
aromatic hydrocarbons!¢, In the naphthalene molecule,
only one double (more accurately aromatic) bond is hydro-
genated. From this it follows that the reduction product
is 1,5-dihydronaphthalene (I}, in whose molecule the double
bond is not conjugated with the phenyl ring. 1,2-Dihydro-
naphthalene (H) is reduced to tetralin (III), which does not
exhibit electrochemical activity:
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Acenaphthene (IV) is reduced in the same way as naph-
thalene: it gives only one two-electron wave. Biphenyl
(V) and fluorene (VI) are hydrogenated in the 1,4 -position.

OO 50 OO0

(V1) (VI Vi

The molecules of the products of the two-electron re-
duction contain only isolated double bonds and a phenyl
ring.

Phenanthrene (VII) gives two two-electron waves, the
value of E,,, for the second wave being close to the value
of E,/, for 9,10-dihydrophenanthrene, and also biphenyl
and fluorene. On this basis, the first wave for phenanth-
rene is attributed to the reduction of the double bond in the
9,10-position, and the second wave to reduction similar to
the reduction of biphenyl and fluorene.

Anthracene (VIII) gives one two-electron wave, from
which it follows that it is characterised by hydrogenation in
positions 9 and 10 with isolation of the two phenyl rings.

Other polynuclear aromatic hydrocarbons studied by
Wawzonek (chrysene, pyrene, 1,2-benzanthracene, 1,2,5,6-
dibenzanthracene, and 3,4-benzpyrene) give multi-wave
polarograms with characteristic rapid breakdown of the
molecule into isolated double bonds and phenyl rings. Thus
of the ten aromatic bonds in 3,4-benzpyrene (IX)

H

only two are reduced, with the formation of compound (X),
where the molecule contains two isolated phenyl rings and
two isolated bonds.

The values of E,,, for the waves corresponding to the
reduction of unsaturated and aromatic compounds are in-
dependent of pH (at pH > 7). The slope of the straight line
obtained by plotting 1gi/(iq ~ ¢) against E is 0.06-0.07 V,
that is it, as it were, corresponds to the theoretical slope
(0.059 V) for a reversible potential -determining one-elec-
tron reaction. On this basis, Wawzonek!? proposed the
following mechanism of reduction:

R+4e=R" (reversible potential-determining state) (1)
R™ + e R~ (irreversible stage) ( 2)
R?*~ -1-2H,0 — RH, --20H" (irreversible rapid stage) ( 3)

A second possible mechanism:

R+4e=R™ (1)

R™ + H,0 — RH" + OH- (4)
RH' + e = RH- (5)
RH- + H,0 — RH, + OH~ 6)

was also examined'$, but it was rejected, since for this
mechanism E,,, should have been dependent on pH, and this
is not observed experimentally. Subsequent studies
showed, however, that most compounds are nevertheless
reduced according to the second mechanism.

Considerable progress in the study of the mechanism of
the reduction of aromatic and unsaturated compounds has
been made by applying quantum-chemical calculations to
polarographic data. The foundations for this work were
laid in a short note published by Maccoll®, By developing
Hiickel's idea of the existence of a relationship between the
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energy of the lowest vacant 7 electron molecular orbital,
into which the molecule can accept one or two electrons,
and the ease of attachment of alkali metals to aromatic
compounds, Maccoll observed a relationship between the
reduction potential of an aromatic compound and the energy
of the lowest vacant molecular orbital (MO).

The best known subsequent papers are those of Hoijtink.
In his first paper?? he derived the relationship between
E,,, and energy of the lowest MO:

Ei,=a4B—105 (7)

(where ap, +, is a coefficient characterising the energy of
the lowest vacant MO, S the exchange or resonance inte-
gral, and 1.05 the value of E;,, for the first wave of tri-
phenylmethyl, taken as standard), and also put forward
arguments which make it possible on the basis of these
data to predict the direction of the process. Since §< 0
(B= -2.27 + 0.07 eV 22), the value of E,;, is more negative,
the larger an + ;.

Eqn. (7) is useful chiefly because it can be used to cal-
culate E,,, for the starting material and the assumed prod-
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Thus all three substances, that is A, B,, and
give a single reduction wave. Moreover, according to the
calculation, in the AH™ anion obtained by the attachment of
the first proton to the doubly-charged anion A%?~, the 7
electron density should be the same at the carbon atoms in
positions 1, 3, and 5. Since positions 3 and 5 are identi-
cal, one third of the biphenyl (A) should be reduced to B,,
and two thirds to B,. Of these two products, only B, can
undergo further reduction, since B, contains only isolated
double bonds. Thus the number of electrons in the second
stage of the reduction, calculated on the biphenyl, isn, =
n12/3 =4/3. For the same reasons, half of the interme-
diate product B, is reduced to the product C,, which does
not show polarographic activity, and half is reduced to C,,
which undergoes reduction to the polarographically inac-
tive product D. The number of electrons in the third stage
isn, =n,1/3 = 2/3, and the overall wave should correspond
to the transfer of nygta] =R, + N, +hy =2 +4/3 +2/3 =4
electrons. A mixture of products consisting of equal
quantities of B,, C,, and D should be formed.

This examination was carried out for 12 aromatic
hydrocarbons, and very good agreement was obtained be-
tween the values of E,;, and the experimental values!* if

r PH H
H H Ve '>_€<H an+l=0.662 H
H owr | N7 N\ - +2¢ H
H
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ucts of the two-electron reduction. If the product has a
more negative E,,, value than the starting material, the
polarogram will show two two-electron waves; if it has a
less negative E,,, value, one four-electron wave will be
produced. Thus if the value of ay, ; , for the starting
material is greater than the value of ap , , for the product,
four -electron reduction (@ = 4) should take place immedi-
ately.

The calculation also makes it possible to make predic-
tions regarding the structure of the product. If we accept
the mechanism of reduction proposed by Wawzonek!® (re-
actions 1-3), the structure of the product (intermediate or
final) will be determined by the distribution of the 7 elec-
trons over all the carbon atoms of the framework of the
molecular doubly-charged anion R?- and the radical-anion
RH’, since their protonation (reaction 3) will have the
greatest probability at the carbon atom at which the nega-
tive charge is a maximum®. Hoijtink states?? that con-
sideration of the other mechanism (reactions 1, 4-6) leads
to the same results. For example, for the reduction of
biphenyl:

QQ HH
1)

HHH
©p

H H
l*ZH*
g HH

H H
€

allowance is made for the approximate nature of the method
of calculating the values of a, , , and the derivation of
Eqn. (7).

An analogous approach was used in the examination of
the reduction of diphenylpolyenes 37 with general formula
Ph—(CH=CH)y,—Ph (m =2-6). For all the compounds
studied, ap +1 <ap ., <ap,, etc. Thus the diphenyl-
polyenes give separate waves for the reduction of individual
double bonds.

Application of Wawzonek's mechanism led Chopard-dit-
Jean and Heilbronner ® to the conclusion that there is a
difference in the mechanisms of reduction of alternant (for
example naphthalene) and non-alternant (for example azu-
lene) aromatic hydrocarbons. In their opinion, alternant
hydrocarbons always give two-electron waves, whereas
non-alternant hydrocarbons may give one-electron and two-
electron waves. Hoijtink and coworkers?S criticised this
view and showed that in an aprotic medium both alternant
and non-alternant hydrocarbons give a first one-electron
wave. When even weak proton donors (e.g. water) are
added, this wave in most instances becomes a two-electron
wave. The first wave for azulene, however, even under
these conditions, remains a one-electron wave, the reason
for which will be examined below.
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On the basis of these experimental results, the following
general mechanism was proposed

-~ Diffusion into the bulk of the solution, where R +H*->RH —
— dimerisation or disproportionation

(0}

R+e— R74-H* — RH' -~ e~ RH™ 4 H+*— RH, (2)
22_, Diffusion into the volume of the solution, where
Ri- 1 2H* - RH,
@)l—— 4 e—R2~ —

%~ +H*- RH-+H* > RH,

In contrast to the mechanism of Laitinen and Wawzonek,
it is assumed that E,,, for the attachment of the first elec-
tron is less negative than E,,, for the attachment of the
second electron (path 3). On the other hand, E,,, for RH’
is always less negative than E,,,, since ap , , for this
species is smaller than that for the original molecule R.
Thus in the absence of proton donors, or when the protona-
tion of the radical-anion R’ is too slow (path 1), the attach-
ment of only one electron takes place at the potentials of
the first wave; the radical-anions formed diffuse into the
bulk of the solution, where they are slowly protonated and
either dimerise or disproportionate. At more negative
potentials, the second electron is attached (path 3), and
the doubly-charged anion is protonated. The second wave
often corresponds to the transfer of more than one electron.
This means that R?~ has a higher affinity for the proton and
is able to undergo protonation in direct proximity to the
electrode. If the new molecule RH, can undergo further
reduction, this process also increases the second wave.
The electron affinity of R is less than that of RH, for, for
example, perylene, coronene, fluoranthene, azulenes, and
decacyclene.

If the rate of protonation of the anion-radical R” is
greater than the rate of diffusion of R*, the RH  radicals
formed close to the electrode add on a second electron, the
first wave is increased, and the wave for the reduction of
R" at more negative potentials disappears. Path 3 can of
course still be realised at these potentials, since in the
final analysis increase in the cathode potential makes path
3 more rapid than path 2.

In experiments with the addition of weak proton donors,
an intermediate case, where the rates of the diffusion and
protonation of R™ are commensurate, has been realised. As
a result of simultaneous reduction by paths 1 and 2, the
first wave acquires an intermediate height (2 > n > 1).

To obtain more information on the mechanism a de-
tailed study has been made of the influence of the concen-
tration of proton donors and the concentration of depolar-
iser on the form of the waves and the magnitude of E,,. 2%
An approximate method involving the use of the Nernst
equation and the material balance equations was used to
derive equations for the wave and E,,,, which were com-
pared with experiment. It is obvious that this derivation
is inapplicable, if the transfer of both the first and the
second electrons takes place reversibly. It has been
shown 2¢ that the Nernst equation can be used if the rates of
electron transfer in both directions are appreciably great-
er than the rates of the diffusion and attachment of protons
to the anions.

Analysis of the properties of the waves for hydrocarbons
in the presence of weak proton donors, again by an approx-
imate method, made it possible to obtain relationships
which correspond, qualitatively at least, to the experiment-
al results. In this way, the new mechanism has to a large
extent been confirmed.
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In subsequent work, Hoijtink?® extended the measure-
ments to 1-phenyl-p -biphenylenepolyenes, 1-phenyl-p -
(2,3 -benzo)-biphenylenepolyenes, and dibiphenylenepoly-
enes in 75% and 96% dioxan. In 96% dioxan, the compounds
studied gave polarograms with either two one-electron
waves or one two-electron wave. It was shown that in the
first instance the reduction takes place by Hoijtink's mech-
anism?®, In the second instance, two mechanisms are _
possible: Hoijtink's mechanism (high proton affinity of R’,
leading to rapid protonation of R” and slow reduction of
RH’) and the mechanism of Laitinen and Wawzonek (elec-
tron affinity of R* greater than that of R). Hoijtink was
able to show that here the reduction (two-electron) takes
place By the mechanism of Laitinen and Wawzonek. He
observed the following relationship: the values of E,,, for
both waves of 1-phenyl-p -biphenylenepolyenes (XI):

VA
Z >

= _chmcm.— 2N
L__/—(CH—CH)V > XD

y

S/

become less negative with increase in the length of the
polyene chain (with increase in #), but in such a way that
the difference in E,,, decreases. At v = 6, the values of
E,,, for the two waves coincide. Analysis of the proper-
ties of the waves by means of a method similar to that just
described showed that for substances which give two-elec-
tron waves in 96% dioxan, the reduction takes place by the
mechanism of Laitinen and Wawzonek.

These results show that in the electrochemical reduc-
tion of hydrocarbons, direct transfer of electrons to the
molecule being reduced takes place with the formation of
radical and molecular carbanions. These anions are un-
stable towards protonation, but it might be expected that
they would have appreciable stability in aprotic media.
Various compounds, even in 96% dioxan, that is in a medi-
um which is not strictly aprotic, give two one-electron
waves on the polarograms. The radical-anions are evi-
dently fairly stable even under these conditions. The di-
rect observation of the formation of radical-anions and the
study of their properties was of considerable interest. This
problem was solved in two ways: by electrolysis in aceto-
nitrile or DMFA 1'% and by reaction with alkali metals in di-
methoxyethane or tetrahydrofuran 9,87,

In acetonitrile and DMFA, a number of the compounds
studied form one-wave polarograms (z = 2 for styrene,
triphenylethylene, and tetraphenylethylene), whereas stil-
bene, anthracene, and S-anisylidenefluorene give two waves
of unequal height!®: the first wave is appreciably higher
than the second and on the addition of water or benzoic acid
(in lower concentration) the first wave increases until it
becomes the only wave.

Electrolysis of solutions in acetonitrile or DMFA on a
large stationary mercury cathode in all instances produces
an intense colour in the solution, characteristic of solu-
tions of radical-anions. The products of the electrolysis
of stilbene in DMFA were found to contain 1,2,3,4-tetra-
phenylbutane, which is evidently obtained by dimerisation
of the radical-anions. Further proof of the existence of
stable radical-anions was provided by the isolation of di-
carboxylic acids from the products of the electrolysis of
stilbene in the presence of carbon dioxide.

The reaction of metallic sodium with an aromatic hydro-
carbon in dimethoxyethane or tetrahydrofuran gives a salt-
like compound of sodium and the hydrocarbon, in which the
hydrocarbon forms the anionic part. These compounds
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are readily soluble in dimethoxyethane and in tetrahydro- -
furan and are completely or partly (for the disodium com-
pound) dissociated.

Use has been made %7 of the fact that a solution of
sodium biphenyl can be used to titrate solutions of other
hydrocarbons which have a higher electron affinity than bi-
phenyl. If the potential of the indicator electrode is mea-
sured, it is possible to determine the normal potentials of
the hydrocarbons (relative to the potential of biphenyl). If
the potential for the transfer of a second electron is suffi-
ciently high, the titration may also give the radical -anion
and the doubly-charged anion. Experiment showed that
the values of the normal potentials obtained in this way are
close to the values of the polarographic E,;,, the difference
in the values of E,,, for the first and second stages amount-
ing to 0.4-0.6 V. The absorption spectra of the radical -
anions of aromatic hydrocarbons have been measured® and
it has been shown %7 that these spectra can be interpreted
by the methods of quantum chemistry.

190 757 E, V (sat. cal. el.)

Figure 1. Alternating-current and classical polar-
ograms for dibiphenyleneethylene in dimethylformamide.
Frequency, Hz (from lower curve to upper): 32.1, 43.1,
62.5, 94.0, 174, and 392 (publisheddata ).

The properties of the radical-anions of a,w-diphenyl -
polyenes and tetraphenylcumulenes, that is compounds of
the type Ph,=C=C=C=C=Ph, (tetraphenylbutatriene) were
studied in exactly the same way™. It was observed that
the difference in the normal potentials of the first and
second one-electron stages (and hence AE,,,) for these
compounds is much smaller (~ 0.20 V) than that for aro-
matic hydrocarbons (0.4-0.6 V). The cumulenes are re-
duced much more readily than the polyenes, since the con-
jugation in the former is stronger. Polarographic study
of tetraphenylbutatriene in DMFA and in aqueous dioxan
solutions 53755 confirmed these results. The intermediate
products are tetraphenylbutadiene and tetraphenylbut-1-
ene, in which the double bonds are conjugated with the
phenyl groups and are reduced further. The final prod-
ucts are tetraphenylbut-2-ene (with an isolated double bond)
and tetraphenylbutane.
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The spectra of the radical-anions on the one hand and of
the doubly-charged anions on the other ™ have character-
istic absorption bands, all the bands being displaced to-
wards longer wavelengths with increase in the length of the
conjugated system of double bonds (from stilbene to di-
phenyldodecahexaene). The reactions of radical -anions
with aromatic hydrocarbons exhibiting a less negative half-
wave potential have also been studied by EPR spectroscopy °°.

In their discussions, Hoijtink and coworkers suggested
that the transfer of electrons to the hydrocarbon molecule
and the hydrocarbon radical-anion takes place reversibly;
the reversibility was proved by the methods of classical
polarography (form of the wave). More rigorous proof
can be dbtained by alternating-current polarography, in
which the reversible processes are characterised by the
Faraday current peaks, which exhibit definite properties 2%,
Hoijtink and coworkers studied the reduction of aromatic
hydrocarbons and diphenylpolyenes in DMFA by alternat-
ing-current polarography and obtained the following re-
SultS 47,48451,57, 75.

, .
167 " 226

767 2JZ -E, V (satcalel)

Figure 2.

formamide.

Analogous data for perylene in dimethyl-

The alternating-current polarograms for solutions of
dibiphenyleneethylene (Fig. 1) and dibiphenylenebutadiene
show two Faraday current peaks, corresponding to the two
waves on the classical polarograms; on the alternating-
current polarograms for aromatic hydrocarbons (tetracene,
perylene, fluoranthene, anthracene, coronene, pyrene,
1,2-benzpyrene, and naphthalene) the second peak is always
lower than the first peak (Fig.2)*". Judging from the fre-
quency dependence of if for both peaks of dibiphenylene-
ethylene and dibiphenylenebutadiene, both electrons are
transferred reversibly. The second electron in the re-
duction of aromatic hydrocarbons is transferred irrever-
sibly. It is suggested that the irreversibility of the trans-
fer of the second electron for aromatic hydrocarbons is
due to R?~ protonation, which, thanks to the high proton
affinity of R?~, takes place rapidly even in DMFA.
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The first stage in the reduction of @,w-diphenylpolyenes
in DMFA is also reversibles. On the classical polaro-
grams, however, the first wave is appreciably higher than
the second (with the exception of stilbene, whose polaro-
gram consists of two waves of equal height), and on going
to higher a,w-diphenylpolyenes, a tendency for the first
wave to increase further at the expense of the second is
observed. The second peaks on the alternating-current
polarograms of all -@,w-diphenylpolyenes decrease with in-
crease in the frequency of the applied alternating potential,
indicating that the second stage of the reduction is irrever-
sible (due to the protonation of RZ-). The increase in the
first wave at the expense of the second is related to the
protonation of the radical-anions R”; the proton affinity of
R’ increases with increase in the number of double bonds
in the @,w-diphenylpolyenes. These experiments, how-
ever, do not give an unambiguous indication of the reason
for the irreversibility of the second stage of the reduction,
since it may also be due to slow transfer of the second
electron to the radical-anion R*. It has been pointed out 5!
that the kinetics of this stage may be influenced by the
structure of the electrical double layer.

iN/ﬁf ‘ ”T‘J\f
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b LA ,\ﬁ f J
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ﬂ\f

-E, V (sat.cal.el.)

Figure 3. Cyclic polarograms in 0.1 M (CH,),NC1O,

in dimethylformamide on a stationary platinum electrode
for the two-electron reduction of: a) perylene;

b) pyrene; c) tetracene; d) fluoranthene; e) 1,2-
benzanthracene; f) coronene; g) acenaphthylene;

h) acridine. 50 pulses per second (published data "®).

It was later confirmed by cyclic volt-ammetry with a
platinum electrode 7 or hanging mercury drop electrode 7
that the first stage in the reduction of polynuclear aromatic
hydrocarbons (perylene, pyrene, tetracene, and various
others) in an aprotic medium is reversible, whereas the
second stage is partly or completely irreversible; the
anodic branch of the cyclic volt-amperogram shows a
clearly defined peak due to oxidation of the radical -anion,
whereas the peak for the oxidation of the doubly-charged
anion is either very small or completely absent (Fig. 3).

The question of whether it is possible in principle to
achieve the electrochemical preparation of triply-charged
radical -anions of aromatic hydrocarbons by the attachment
of three electrons is of considerable interest. It has been
reported 7® that the electrolysis of tetracene in acetonitrile
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at -2.5 V gives radical species whose EPR signal differs
from that of the singly-charged tetracene radical-anion.
Hoijtink 57 showed by alternating-current polarography that
these experiments actually gave the singly-charged di-
hydrotetracene radical-anion. The alternating-current
polarogram of tetracene shows two Faraday current peaks,
corresponding to the first and third waves on the classical
polarogram of tetracene. This means that the second
stage of the reduction of tetracene is irreversible, because
of the rapid protonation of R?~ with the formation of di-
hydrotetracene, whose molecule still contains the naph-
thalene aromatic system. The third wave on the classical
polarogram and the second peak on the alternating-current
polarogram thus correspond to the transfer of a single elec-
tron to the dihydrotetracene molecule with the formation of the
radical-anion. This of course doesnot mean that the forma-
tion of triply-charged radical-anions is in general excluded,
but the probability of their production is low, because of
their extremely high proton affinity.

We see that the application of the methods of quantum
chemistry makes it possible to predict the path for the re-
duction of complex aromatic and unsaturated compounds.

In practice, however, the most probable route is not always
realised. For example, according to theory, biphenyl
should undergo four-electron reduction in one wave with the
formation of a mixture of three substances??, whereas the
experimental results ! show that it gives only one two-
electron wave.

To explain these discrepancies, Hoijtink introduced the
idea that the electrical field of the double layer on the
electrode or of the counter-ions in solution (primarily pro-
tons) influences the electron density distribution in the
doubly-charged hydrocarbon anions, determining the nature
of the product in the first stage of the reduction™%, 1In
the Soviet literature, this view is held in particular by
Bezuglyi® ~®, Calculations showed ™ that up to a field
strength of 1.5 V/A the negative charge in the doubly-
charged naphthalene anion remains greatest in the peri-
positions (1,4 or 5,8), whereas in the doubly-charged anions
of anthracene, phenanthrene, pyrene, and terphenyl, under
the influence of the electric field, the negative charge may
be greatest at positions which are not the positions at
which it is 2 maximum in the absence of the field. @ The
change in the reaction centre in the doubly-charged anion
takes place at a field strength of about 0.6 V/A for anthra-
cene, at a strength of about 0.2 V/A for phenanthrene, and
at the even smaller strength of 0.12 V/A for terphenyl.
Thus if the aromatic hydrocarbon is reduced in a protonic
solvent and its doubly-charged anion is protonated on the
electrode surface, the electric field at the electrode can in
principle influence the direction of the process. For ex-
ample, for anthracene it has been shown theoretically that
the primary product is 9,10-dihydroanthracene at field in-
tensities below 7 x 107 V/cm, and 1,4-dihydroanthracene
at higher field intensities. In the first instance the mole-
cule has two isolated benzene rings, and under the condi-
tions of polarography, 9,10-dihydroanthracene will be the
final product. In the second instance, the molecule of the
product still contains a naphthalene system and an isolated
double bond. A second wave due to reduction of the naph-
thalene group should therefore be observed. Hoijtink
pointed out the generality of the mechanism of the electro~
chemical, chemical, and catalytic hydrogenation of aro-
matic and arylethylenic hydrocarbons (with the primary
attachment of one or two electrons to the molecule being
reduced). On this basis, he introduced into the analysis
of the experimental results data on not only the electro-
chemical reduction (primarily polarographic data), but also
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on chemical reduction (by alkali and alkaline earth metals
in inert and proton-active solvents) and on catalytic hydro-
genation. These results for the most part agree with the
conclusions of the theory. By comparing the compositions
of the products obtained under different conditions with the
theoretical schemes, it is possible to estimate the magni-
tude of the electric field gradient under the conditions of a
given experiment. For example, the catalytic hydrogena-
tion of anthracene in a solvent of low dielectric constant
gives a mixture of 9,10-dihydroanthracene and 1,2,3,4-
tetrahydroanthracene, whereas more severe hydrogenation
conditions give a mixture of symmetrical and unsymmet-
rical octahydroanthracenes. This means that the intensity
of the field acting on the doubly-charged anion under these
conditions is (6-~7) X 107 V/cm.

From this interesting and important work it follows that
the reduction of even fairly simple aromatic hydrocarbons
is a complex process. Thus if an organic compound gives
a polarogram with two two-electron waves, determination
of the nature of the product in the first stage of the reduc-
tion is not sufficient to enable a definite conclusion to be
reached regarding the nature of the product in the second
stage of the reduction. In general, the second wave may
be produced as a result of the change in the nature of the
product from the first reduction stage with increase in the
electric field strength close to the electrode. In principle,
this change may also take place without visible transfor-
mation of the polarogram., Thus the study of the mecha-
nism of the reduction of complex organic compounds should
combine a study of the nature of the influence of many fac-
tors with an analysis of the products obtained (see for ex-
ample Refs. 84 and 85).

A number of papers have been devoted to a more de-
tailed study of the action of proton donors on the reduction
of aromatic compounds in an aprotic medium. Schwabe
and Schmidt 3% found that when water is added to a dioxan
solution of anthracene, fluorene, and pyrene, the first one-
electron wave increases at the expense of the second, so
that when the concentration of ethanol is sufficiently high,
the polarogram shows only one two-electron wave.

Given and Peover %%,5° made a detailed study of the in-
fluence of various proton donors on the polarography of
aromatic hydrocarbons and found that the most convenient
proton donor is phenol, which is a sufficiently powerful
donor, but which does not give a hydrogen liberation wave.
Benzoic acid and HI are inconvenient, because in their so-
lutions the hydrogen liberation waves mask the waves due
to the reduction of the aromatic hydrocarbons. Acetic
acid is used as an even stronger proton donor. The pro-
ton-donating properties of water are too weak, so that its
action is appreciable only at high concentrations.

By analysing the form of the first wave for a number of
aromatic compounds in the presence of a proton donor at
concentrations sufficiently high for the first wave to be a
two-electron wave, Given and Peover established that in
DMFA the protonation is brought about by undissociated
molecules of the proton donor (MA) and not by solvated
protons. This conclusion cannot be regarded as proved
for all proton donors used, however.

The nature of the action of proton donors depends on the
nature of both the proton donor and the depolariser. Given
and Peover distinguish various possibilities.

1. If the addition of the proton donor leads to the pro-
tonation of the anion-radical R” produced by attachment of
the first electron, the first wave increases at the expense
of the second until the latter disappears completely, since
the radical RH" is reduced more readily than the original
molecule. Most aromatic hydrocarbons behave in this way.
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2. If only the doubly-charged ion R%2- produced after the
attachment of the second electron is protonated fairly
rapidly, the first wave remains unchanged on the addition
of the proton donor (the anion-radical R is too weak a
base), but the second is displaced towards less negative
potentials. This behaviour is characteristic of quinones.

3. 1f the original molecule R is protonated, a new wave
corresponding to the reduction of the protonated complex
is produced in the range of less negative potentials. This
behaviour is observed for aromatic carbonyl compounds.

i
/ﬁa 01V
E

Figure 4. Influence of increase in the concentration of
water on the polarogram for anthracene: a) 96% dioxan;
b) 92% dioxan; c) 89% dioxan; d) 75% dioxan;

e) 96% dioxan + 2 X 10~ M HI (published data25).

4. The protonation of the doubly-charged anion makes
more extensive (multi-electron) reduction possible. When
the proton donor is added, the second wave is not only dis-
placed towards less negative potentials but also undergoes
an increase in height. Sometimes, additional waves ap-
pear. This behaviour is observed for pyrene, perylene,
and phenanthrene.

5. Ifdimerisation of the radical-anions or radicals plays
a significant part in the electrode process, a complex
picture is observed on the introduction of proton donors.
Sometimes, between the two original waves there appears
a new wave, which increases with increase in the concen-
tration of the proton donor at the expense of the second
wave (benzaldehyde and xanthone inthe presence of phenol).

This summary shows that experiments with the addition
of proton donors in general do not contradict Hoijtink's
scheme for the reduction of aromatic hydrocarbons. In
fact, it may be considered that these experiments provide
further important evidence in support of the scheme.

Grodza and Elving 56:% tried to apply various criteria of
classical polarography to the determination of the mecha-
nism of the reduction of arylethylenes in ahydrous DM FA
and in DM FA -water mixtures (80% or 90% DMFA). The
experimental results for styrene, stilbene, 1,1-diphenyl-
ethylene, triphenylethylene, and tetraphenylethylene do not
satisfy completely any of the postulated mechanisms. These
authors consider, however, that the idea that the mecha-
nism of the reduction changes along the polarographic wave
corresponds most closely to the experimental results. At
the foot of the wave, the reduction is preceded by protona-
tion of the hydrocarbon molecule, whereas close to the
limiting current plateau it is followed by protonation of the
carbanions (R” or R?~). Nevertheless, the mechanism
involving preliminary protonation of the hydrocarbons in
an aprotic medium can hardly be accepted. The authors
themselves attribute their lack of success in attempts to
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establish the mechanism reliably to the influence of the
structure of the electrical double layer, for which it is dif-
ficult to allow.

Experiment indicates?®T that aprotic media show differ-
ent efficiencies in increasing the difference in E,,, for the
separate stages of the reduction (differentiating action).
Thus for 9,10-anthraquinone and its derivatives in alkaline
aqueous -alcoholic or aqueous-dioxan solutions, AE,,, =
0.16-0.18 V; in acetonitrile in a supporting electrolyte of
(C,H;),NC10,, AE,;, = 0.5V; and in DMFA in the same
supporting electrolyte, AE,,, = 0.7 V. The phenomenon
must undoubtedly be attributed to the difference in the
rates of protonation of the carbanions. The magnitude of
AE,,, is influenced not only by the solvent, however, but
also by the dissolved electrolyte. For example, for the
same derivatives of 9,10-anthraquinone in DMFA in a sup-
porting electrolyte of LiCl, AE,,, = 0.30 V, and in a sup-
porting electrolyte of (C,H,),NC1O,, AE,,, = 0.70 V. It has
been suggested that the influence of the electrolyte is also
manifested in a displacement of the acid-base equilibrium,
but it is of course not excluded that it is due to some ex-
tent to the influence of the change in the structure of the
electrical double layer. Moreover, as shown by Peover
and Davis %, the association of the carbanions with the
counter-ions of the electrolyte may have a significant in-
fluence. Ion association is responsible for the displace-
ment of the wave towards less negative potentials, and the
effect may be considerable. Thus for R” the change from
Li* to (C,H,),N* gives an effect of about 40 mV, whereas
for R2” it amounts to 300-600 mV. An even greater ef-
fect is produced by positive cations. For example, Nd3*
cations at a concentration of 2 X 1073 M displaces the first
wave for quinone by 550 mV, and the second by as much as
950 mV. Thus AE,,, for the change from Li* to (C Hy) N,
according to the data of Peover and Davis 8, decreases,
whereas according to the data of Kheifets and Bezuglyi?” it
increases. The reason for the discrepancy in these re-
sult is not known.

The radical states postulated for the reduction of aro-
matic hydrocarbons have been studied many times by EPR
spectroscopy 6,58,6°, It has been shown that the electroly-
sis of solutions of anthracene, anthraquinone, and benzo-
phenone in an aprotic medium at the potentials of the limit-
ing current of the first wave gives solutions with a high
concentration of radical -anions*6.  The final products,
however, were the dihydro-derivatives. This means that
the radical-anions do not undergo dimerisation, but are
protonated and undergo further electrochemical reduction.
The radical-anions (unlike the radicals, whose EPR spec-
tra are not recorded) are fairly stable, and although it is
not stated in the works cited, their stability is undoubtedly
due to the presence of the charge, which provides signifi-
cant hindrance to both disproportionation and dimerisation.

In an elegant piece of work, Umemoto ®® used the EPR
method to investigate the fate of the radical-anions in the
bulk of the solution. The radicals were generated in an
electrochemical cell, from which the solution was circu-
lated along a capillary passing through the resonant cavity
of the EPR spectrometer. The kinetics of the disappear-
ance of the radical-anions were studied in the stationary
solution (after the flow of solution through the capillary had
stopped). The concentration of water was varied over a
wide range (0-40%). The radical-anions in the bulk of the
solution are protonated R™ + H,O — RH' + OH™ and either
are reduced at the electrode (if the radicals reach it, for
example, in the cell) or remove an electron from another
R® radical-anion: RH' + R° — RH™ + R (disproportiona-
tion). This reaction is possible since the RH’ radical has
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a greater electron affinity than the R radical-anion. Ki-
netic study showed that the reaction of the RH radicals with
the R™ radical-anions is the only route by which the radi-
cal -anions disappear in the bulk of the solution.

III. REDUCTION IN STRONGLY ACIDIC MEDIUM

A solution of perylene in concentrated sulphuric acid
shows absorption in the EPR spectrum similar to the
absorption of a solution of the R* radical-anion. The
ultraviolet spectra of solutions of perylene in concentrated
sulphuric acid and of its radical-anion in tetrahydrofuran®
are also very similar. The suggestion that the radical -
anions are formed in the sulphuric acid solutions is rejec-
ted on the basis of the fact that the reduction of perylene in
these solutions corresponds to a polarographic wave for
which E,,, is less negative by 0.5 V than E,,, for the tri-
phenylcarbonium ion. Moreover, E,,, for the radical-
anion of perylene (second wave for perylene) is more nega-
tive by 0.7 V than E,,, for the triphenylmethyl radical.
Thus in solutions of perylene in sulphuric acid, singly-
charged cations or the products of the attachment of pro-
tons (proton complexes) are formed .

Subsequent studies ®® showed that the proton complexes
of aromatic hydrocarbons RH* in the presence of oxidising
agents (oxygen, sulphuric acid, etc.) may be converted into
R* cations, for example according to the reaction:

RH* + 0, — R* - HO, « (8)

If oxygen is removed from the solution, the hydrocarbon
cations are slowly converted into proton complexes, The
polarograms for solutions of perylene, tetracene, anthra-
cene, and 3,4-benzpyrene in a mixture of trifluoroacetic
acid and boron trifluoride, free from oxygen, each show
two waves (Fig.5)%. The first wave, lying in the range of
negative potentials, is assigned to the reduction of hydro-
carbon cations

Rt -e—R (9)
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Figure 5. Polarograms for 10-3 M solutions of
perylene (a), tetracene (b), anthracene (c¢), 3,4-
benzpyrene (d), pyrene (¢), and 1,2-benzanthracene

() in CF,COOH + H,0.BF, (29 mole %) (published data®!).

For the same concentrations of the hydrcarbons, the
heights of the first waves differ considerably, due to the
difference in the stabilities of the cations in the absence of
oxygen. For this reason, the polarograms for pyrene and
1,2 -benzanthracene do not show the first waves at all.

The second waves in most instances are twice as high as
the first. This is observed particularly clearly in the
polarograms for perylene, which is converted completely
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into the cationic state. Thus the second wave is assigned
to the two-electron reduction of the proton complexes RH*:

R 4 H* - RH* (10)
RH* e~ RH’ (11)
RH' -+ H* - RH} (12)
RH} + e—RH, (13)

From these studies it follows that the hydrocarbon cations
are reduced more readily than the corresponding proton
complexes. The proton complexes of hydrocarbons with
linearly fused rings (anthracene, tetracene, and 1,2-benz-
anthracene) are reduced much more readily (AE,;, ~ 0.2-
0.4 V) than hydrocarbons with rings fused in angular fash-
ion (pyrene, 3,4-benzpyrene, and perylene). It is suggested
that the greater stability of the proton complexes of angular
hydrocarbons to reduction is related to the more even dis-
tribution of the positive charge in the RH* cations of these
hydrocarbons

The electrolysis of a solution of perylene in trifluoro-
acetic acid containing a small quantity of H,80, (a relative-
1y weakly oxidising medium) at the potentials of the limiting
current of the first wave gave the original hydrocarbon—~
perylene®2, This confirmed the suggestion that the first
wave corresponds to the reduction of the R* cation.

IV. MECHANISM OF OXIDATION

The mechanism of the electrochemical oxidation of ar-
omatic hydrocarbons has been studied by modern methods
exclusively in an aprotic medium 77,9315, Eijther 0.1-

2 M sodium perchlorate or 0.1 M tetraethylammonium
perchlorate have been used as supporting electrolyte. Oxi-
dation has been studied at vibrating %1%, stationary %,94,104
or rotating 77,95 -97,99-101,103,105 platinum electrodes. Ag/Ag*
or aqueous saturated calomel electrodes have been used as
reference electrodes. With the latter, precautions were
taken to prevent the entry of water into the solutions being
studied.

Lund ®® found that a large number of aromatic hydrocar-
bons give normal or deformed oxidation waves, which he
attributed to the removal of two electrons from the highest
occupied molecular orbitals, the process involving only
one benzene ring of the polynuclear hydrocarbon. Thus
tetracene gives a second wave with approximately the same
E,,, value as 5,12-dihydrotetracene, close to E,,, for a
2,3 -dialkylnaphthalene. In lund's opinion, normal waves
are given only by compounds for which the products of the
two-electron oxidation are stable. For example, the
product of the oxidation of indene, in Lund's opinion, is
indane, that is a stable product, whereas the product of the
oxidation of fluorene—presumably a derivative of dihydro-
fluorene —has a marked tendency to polymerise, so that the
electrode is insulated from the solution by a layer of in-
soluble polymer. Other authors?” also attribute the
distortion of the waves to the adsorption of oxidation prod-
ucts on the electrode.

The removal of two electrons previously localised on
one or two carbon atoms should lead to the formation of a
doubly-charged carbonium cation. For example, for
anthracene the charges are localised in positions 9 and 10.
In the presence of electron donors such as pyridine, the
doubly-charged cation is stabilised by the attachment of
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two molecules of the electron donor in the 9 and 10 posi-
tions: .

C
st H. ‘@
Z -2e +2CHN
SMCOSE
H H N
),
v
Preparative electrolysis of anthracene in acetonitrile in
the presence of pyridine did in fact give 9,10-dihydro-
anthranyldipyridinium diperchlorate (XII). This compound
contains only isolated benzene rings, so that it is not oxi-
dised further (at the oxidation potential of anthracene).
According to Lund's data, the E,,, values for the oxidation
waves for aromatic alcohols!% and the original aromatic
hydrocarbons are very close, and on this basis he conclu-
ded that the first stage in the oxidation of the aromatic
alcohols also involves the removal of two electrons from
the aromatic rings.

The behaviour of aromatic hydrocarbons differs con-
siderably for electrochemical reduction and oxidation. The
attachment of a second electron takes place at a much more
negative poential than that of the first, whereas in oxida-
tion, two electrons are removed at the same potential.
However, since the highest occupied and lowest vacant mo-
lecular orbitals in alternant hydrocarbons are positioned
symmetrically with respect to the energy level of the
atomic orbital (taken as zero), we should expect the aro-
matic hydrocarbons to show analogous behaviour during
reduction and oxidation, that is successive removal or at-
tachment of two electrons at significantly different poten-
tials 7. More distinct waves for the oxidation of aromatic
hydrocarbons were obtained with a rotating indicator elec-
trode ®5:97 than with a vibrating electrode®. The electrol-
ysis of anthracene in acetonitrile in the absence of pyridine
gave the dimeric product bianthrone®, It has been pos-
sible to record the EPR spectra of the radical -cations
produced in the oxidation of methoxybenzene® and 9-aryl-
aminoanthracenes 195,

Study of the oxidation of aromatic hydrocarbons by cy-
clic volt-ammetry % showed that more positive E,,, values
are obtained by using fast voltage sweeps than by using
slow sweeps. The difference is attributed to the influence
of conjugated chemical reactions of the radical-cations,
which is felt when slow sweeps are used but not when fast
sweeps are used. According to these results %, the radi-
cal-cations are much less stable with respect to reaction
with the solvent (their lifetime is of the order of several
milliseconds) than the radical -anions produced during re-
duction.

According to the results 77 of the study of the oxidation
of 60 hydrocarbons, the polarisation curves recorded by
the classical polarograph give distinct first waves, whose
slope (60-80 mV) corresponds to that for a reversible one-
electron process. For p-phenylenediamine and its N,N’ -
tetramethyl derivative, alternating-current polarography
showed a high degree of reversibility for both one-electron
oxidations. Anilines give distinct one-electron waves,
and also waves corresponding to further oxidation at more
positive potentials. When pyridine is added, the first
wave becomes a two-electron wave, probably as a result
of an increase in the rate of the removal of a proton from
the radical-cation. For dibenzanthracene, dibenzpyrene,
3,4-benzpyrene, and pyrene, the first waves are again one-
electron waves. Other hydrocarbons give many-electron



Russian Chemical Reviews, 38 (8), 1969

waves; for example, the first wave for anthracene cor-
responds to the transfer of five electrons. In the work
cited 7 various hydrocarbons were also studied by cyclic
volt-ammetry with a stationary platinum electrode. The
radical -cations of different hydrocarbons have different
stabilities. Thus 9,10-dimethylanthracene at a rate of
change of potential equal to 10-20 V min~! shows a peak
corresponding to the reduction of the radical-cation. The
doubly-charged cation is even less stable. The radical-
cation of anthracene is less stable than that of its 9,10-di-
methyl derivative. The oxidation products of 1,2,5,6-di-
benzanthracene are very unstable. Many-electron waves
are observed when the product of the subsequent transfor -
mation of a very unstable radical-cation, which is produced
by removal of the first electron, can undergo further oxi-
dation at the potential of formation of the radical-cation.
These results show that the removal of two electrons pro-
duces the same situation as the attachment of electrons:
the successive removal of two electrons, sometimes com-
plicated by chemical transformation of the radical -cation.

The radical-cations of aromatic hydrocarbons are more
stable in methylene chloride than in acetonitrile 1%, For
9,10-diphenylanthracene, rubrene, and 1,3,6,8-tetraphenyl-
pyrene, cyclic volt-ammetry with a stationary electrode has
shown completely reversible one-electron processes,
whereas for tetracene and anthracene, rapid chemical re-
actions take place under these conditions.

In the preceding section of this review it was shown that
in strongly acidic media (concentrated sulphuric acid or a
mixture of trifluoroacetic acid and boron trifluoride) the
radical ~cations of various hydrocarbons are fairly stable.
The stability is apparently due to the difficulty of removing
a proton from the radical-cation in strongly acidic media.
From this it may be concluded that in aprotic solvents the
low stability of the radical-cations is probably due to the
possibility of proton removal

MR HY (15)
The radicals formed may undergo subsequent reactions
(dimerisation, disproportionation, oxidation). The study
of the stages involved in the oxidation of aromatic hydro-
carbons may apparently be more successful in strongly
acidic than in aprotic media. If the reaction

RY4e—R (9)
studied in strongly acidic media, and

R-R +e (16)
studied in aprotic media, are completely reversible, the
E,,, values of the corresponding waves should be the same.
Unfortunately, the E,,, values can be compared only very
roughly, since the E,,, values for reaction (9) in strongly
acidic media were measured either relative to the mer-
cury bottom %2 or relative to the potential of the start of the
dissolution of mercury®!, whereas the E,,, values for re-
action (16) in aprotic media were measured either relative
to an Ag/Ag* reference electrode (with fast potential pul-
ses) % or relative to an aqueous saturated calomel elec-
trode (with slow potential pulses)”. The errors become
even greater due to neglect of the interphase potentials.
The difference in the E , values is greater than the maxi-
mum possible errors, however. Thus for perylene, ac-
cording to a rough estimate, E,,;, (sat. cal. el.) is +0.1V for
reaction (9) and +1.04 V for reaction (16). This discrep-
ancy is possibly due to the fact that the processes taking
place are actually more complex than at present assumed.
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From the foregoing it follows that for an exact compar-
ison of the E;, values of oxidation with other molecular
parameters it is necessary to determine E,,, by cyclic
volt-ammetry with fast potential pulses, as in Ref. 62.

V. CORRELATION OF THE VALUES OF THE HALF-
WAVE POTENTIALS

At the present time, in the polarography of aromatic and
unsaturated hydrocarbons, extensive use is made of cor-
relations between the values of the half-wave potentials and
various molecular constants. The most important of these
is undoubtedly the correlation of the half-wave potentials
with the energies of molecular orbitals. This has made
possible a fairly rigorous verification of the conclusions
reached by applying quantum-chemical calculations to the
molecules of aromatic and unsaturated hydrocarbons. It
has been correctly noted 197 that the application of correla-
tion relations makes it possible to predict E,,, values for
compounds which have not been studied, and also to find
molecular parameters which are not readily obtainable by
other methods, such as ionisation potentials and electron
affinities. Thus the study of correlation relations is
stimulating further experimental and theoretical studies in
this field.

Correlations are most successful when the mechanism
of reduction or oxidation is the same for the series of
compounds being considered and particularly when these
processes are reversible. This last feature is necessary
for the application of the relationships for thermodynami-
cally reversible processes.

The idea forming the basis of the correlation of E,,, with
the energies of molecular orbitals was formulated by Mac-
coll®, who extended to the electrochemical reduction of
aromatic hydrocarbons Hiickel's concept of the relation-
ship between the energy of the lowest vacant molecular or-
bital and the ease of attachment of alkali metals to aroma-
tic hydrocarbons. In both instances, one or two electrons
(from the alkali metal or the electrode) are transferred to
the lowest vacant antibonding molecular orbital. The re-
versible reduction potential is related to the changes in
enthalpy (AH) and entropy (AS) by the familiar relationship

nFE, M —TAS . (17)

It is subsequently pointed out that AH depends on the
energy required for the transfer of one or two electrons to
the lowest vacant orbital, that is it is related to the co-
efficient ay, , , in the expression for the energy of the low-
est vacant orbital. Comparison of the E,,, values found
by Wawzonek and Laitinen3;!* with the coefficients ay ..,
calculated by the simple Hiickel molecular orbital method
(Fig. 6) showed a fairly good linear relationship between
these quantities.

This idea was used by Lyons % to predict the influence
of substituents on the value of E,,, by calculating the change
in the energy of the lowest vacant molecular orbital on
introduction of the substituent. If the energy of the lowest
vacant molecular orbital is increased, reduction is made
more difficult, and vice versa. For example, for the
introduction of a methyl group into the pyridine ring, theory
predicts a displacement of E,;, by 30 mV towards more
negative potentials.

Pullman and coworkers % verified the correlation of
E,,, withap , , for a large number of compounds (alternant
aromatic hydrocarbons and unsaturated compounds). It
was found that the plot of E,;, against ay , , cannot be re-
presented by a single straight line for all groups of com-
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pound. The linear relationship is observed most rigor-
ously for condensed benzenoid hydrocarbons. Linear
condensation of the benzene rings leads to a decrease in
an + , and to an increase in the ease of reduction. The
easier reduction of anthracene compared with phenanthrene
indicates that the energy of the lowest vacant orbital is
greater in phenanthrene. This correlation predicts that
for benzene the half-wave potential should be about -3.6 V,
This explains why benzene cannot be reduced by direct
transfer, whereas reduction by the most active alkali me-
tal —lithium —takes place when it is produced electro-
chemically 44119  The data of phenylethylenes and phenyl -
acetylenes do not fall within the E,,,—ap , , correlation for
benzenoid hydrocarbons!®. They lie on an independent
straight line, with the exception of the results for tetra-
phenylethylene. The deviation of this group of compounds
from the general straight line is related!® to the limited
accuracy of the calculation of a,, . ;.

—E%, V (sat.calel.)
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Figure 6. Dependence of the half-wave potentials (in
aqueous dioxan) on the coefficient ap , ;:

1) triphenylmethyl; 2) 1,4-dibiphenylenebutadiene;

3) 1,6 -dibiphenylenehexatriene; 4) 1-phenyl-12-bi-
phenylenedodecahexaene; 5) 1-phenyl-8-biphenylene-
octatetraene; 6) 1,12-diphenyldodecahexaene; 7) 1-
phenyl-6-biphenylenehexatriene; 8) 1,10-diphenyldeca-
pentaene; 9) 1-phenyl-4-biphenylenebutadiene;

10) 1,8-diphenyloctatetraene; 11) acenaphthylene;

12) anthanthrene; 13) 1,6-diphenylhexatriene;

14) perylene; 15) 1,2-benzpyrene; 16) fluoranthene;

17) 1,4-diphenylbutadiene; 18) azulene; 19) anthracene;
20) pyrene; 21) 1,2-benzanthracene; 22) 1,2,5,6-dibenz-
anthracene; 23) 1-phenylbutadiene; 24) 4,5-benzpyrene;
25) stilbene; 26) chrysene; 27) 2,2’-binaphthyl;

28) quaterphenyl; 29) coronene: 30) 1,1-diphenylethylene;
31) terphenyl; 32) phenanthrene; 33) naphthalene;

34) styrene; 35) triphenylene; 36) biphenyl (published
data?2).

The fact that tetraphenylethylene does not fall within
the correlation for the unsaturated compounds is tentative-
1y attributed to the non-coplanarity of this compound, as a
result of which the conjugation is is weakened, the lowest
vacant orbital is raised, and the reduction is made more
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difficult. Other authors?273!,8,111,112 haye also drawn at-
tention to the part played by coplanarity. Thus according
to Hoijtink's data2?, the molecules of such aromatic hydro-
carbons as 9,9’ -bianthryl, rubrene, and 1,1’-binaphthyl are
also non-coplanar, their structure being much closer to
one in which the separate parts of the molecule joined by
simple C-C bonds are mutually perpendicular, since the
E,,, values almost coincide with those for anthracene,
tetracene, and naphthalene. The effect of departure from
coplanarity in the arylethylene series has been studied in
more detail. Pointeau and de Villepin!!! calculated the
dependence of the energy of the lowest vacant orbital for
biphenyl derivatives on the angle between the planes of the
two rings and compared the results with experimental
measurements. In the calculations it was assumed that
the energy of the orbital is a sinusoidal function of the angle
between the rings. The calculation showed that even fair-
ly marked departure from coplanarity gives a scarcely
perceptible effect. Thus for rotation of the rings through
20° we should expect a change in E,;, by only 40 mV. The
departure from coplanarity was brought about by the intro-
duction of substituents into the ortho-position. The expec-
ted effect could not be detected, however, since it was
masked by the effects of the substituents.

The effect of the departure from coplanarity is also
revealed ® by comparing the E,,, values for two aromatic
compounds with the same number of benzene rings, of
which one is condensed, so that the molecule must be
planar, whereas the molecule of the other contains a simple
C~C bond, about which rotation of sections of the molecule
can take place. It is true that the molecules of these
compounds also differ in the number of 7 electrons, so that
the effect of coplanarity cannot be established in pure form.
Nevertheless, this comparison is useful. Thus E,,, for
naphthalene is less negative by 95 mV than E,,, for bi-
phenyl; for anthracene and terphenyl, AE,,, = 445 mV,
and for tetracene and quaterphenyl, AE,,, = 630 mV. The
values of E,,, were taken from Bergman's papers 3%1°,

Phenylacetylenes are less readily reduced than phenyl -
ethylenes ', This phenomenon is due to the greater loc-
alisation of electrons on the triple bond and the consequent
raising of the lowest vacant orbital.

A detailed derivation of the relationship between E,,,
and an + , was first tiven by Hoijtink and van Schooten?2,

For the change in free energy for the attachment of an
electron to a conjugated molecule R, which is related to
the reduction potential by Eqn. (17), we can write

(4 )ag (18)

where [uR]a aq and [bR7] aq are the chemical potentials of the
molecule R and the radical-anion R in solution, and
[#el]Hg the chemical potential of the electron in mercury.

Eqn. (18) transforms into

AGO = “‘*?{]av + [l‘:ﬂHg

AG® = “‘-R]g - “L l]Hg—[l.lR ig- - [AGY lsolv (19)

where the subscript “g” denotes the gaseous state, and
[AG%go1y is the change in AG® resulting from the solvatlon

of R and R". [;.LR] [”R‘] is equal to the electron affin-

ity of the molecule R in the gaseous state (4). Thus
AG = A+ [pgt g + 1AG (20)

But,
E—E+ Ll _p, - S =0 (21)
F F
Eﬂ_ﬂ,g,z .#len_D‘_R/._ (22)
F F Dg*
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From Egns. (20) and (22) we have

/

D 2
A=FEy, -RT lnﬁ‘* “‘lgllng —IAGolsolv . (23)
o
To the first approximation it may be assumed that
1g (DR/DR")*? and [AG]g0)y are the same for the com-
pounds being considered. We then have
A FEy,+C . (24)

The electron affinity is equal to the negative value of
the energy of the lowest vacant orbital (z + 1):

(25)

where «a is the energy of a 7 electron localised on an in-
dividual carbon atom, B the exchange integral for two
neighbouring carbon atoms, and ap 4 , the numerical coef-
ficient obtained by solving the secular equation in the
method of molecular orbitals. Thus

— @ = FE, -~ C.

e =0—a,.§3

(26)

The constants o and C are eliminated by writing the
difference for the two compounds:

— @, FEy, - C
—atay8=FE +C
(Bugr =) B== (B, —EL ) F

or in electron-volts
(27)

(@nyr— @nir) B = Evy,— Evy,

As standard, it is convenient to take the triphenyl-
methyl radical, for whiche = & (¢ . , = 0) and E},, =
-1.05 V. By substituting these values in Eqn. (27) we ob-
tain the final expression

Evj, = Gpyaf —1.05 (7)

previously given in the first section.

It can be seen from the discussion that Eqn. (7) is
approximate, since assumptions known to be inaccurate
were made in its derivation. The change in ln (DR/DR-)” 2
and [AG®]goly on going from one compound to another with
similar structure, however, is also apparently monotonic,
so that E,;, still remains an approximately linear function
ofap 4 1.

Subsequently, attempts were made to analyse the ex-
perimental data on the basis of more accurate relation-
ships 113114 This gave nothing fundamentally new, how-
ever. Moreover, the simple relationship (7) has proved
satisfactory. Ithasbeenverified manytimes 22,23,27,29,30,37,
52,67,115-121  Without giving details of these papers, we
would point out that a satisfactory correlation is also ob-
tained under experimental conditions in which the reduction
is not completely reversible (75% dioxan), apparently be-
cause the irreversibility resulting from protonation of the
radical-anions has little influence on the value of E,,.
When comparing E,;, values it is best to use experimental
data obtained under identical experimental conditions,
since even apparently insignificant changes in the condi-
tions of the experiment may have a significant influence on
the E,;, values, through change in the potential of the ref-
erence electrode or diffusion potentials, or through the
radical -anions forming ion pairs !4 with the counter-ion
of the supporting electrolyte.

The correlation given by Eqn. (7) covers not only altern-
ant aromatic hydrocarbons, but also the non-alternant
azulene. Azulene, however, shows appreciable departure
from this correlation. Thus according to the calculation,

E,;, = -1.87 V¥whereas experiment gives E ;, = ~1.64 V5,
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Various suggestions have been put forward to explain this
anomaly. In Hoijtink's opinion??, this phenomenon cannot
be due to the fact that in the approximate calculation by the
molecular orbital method used, all the bond lengths in the
azulene molecule were taken as equal, since a more rig-
orous treatment making allowance for the difference in the
bond lengths leads to an even greater discrepancy. Hoijtink
suggested that the increased ease of reduction of azulene

is due to decreased strain of the rings in the azulene mole-
cule when it loses an electron.

In Streitwieser's opinion2, the correlation can be im-
proved by using a higher value of 8 for the 9,10 bond (com-
mon to both rings).

An even more striking difference between the E,,,
values predicted on the basis of correlation (7) and the ex-
perimental values is observed for charged non-alternant
hydrocarbons —the tropylium and azulenium cations. For
these compounds the discrepancy in the E,;, values reached
1.4-15V,

It has been suggested!?? that this anomaly is due to the
polarity of the molecules of non-alternant hydrocarbons,
leading to a change in the solvation energies of the reacting
species and in the electron affinities. For example, on
going from the reduction of benzene to the reduction of the
tropylium cation these quantities change as follows. Pref-
erential solvation of the product (the R™ radical-anion) is
replaced by preferential solvation of the starting material
(the tropylium cation). The difference in the solvation
energies for these two reactions is about 4 eV, the reduc-
tion of the tropylium cation becoming more difficult as a
result of the change in the solvation of the components.
This effect is masked, however, by the effect of the in-
creased electron affinity of the tropylium cation (by more
than 6 eV compared with benzene).

The correlation (7) can be extended to non-alternant
hydrocarbons by the introduction of a term allowing for the
polarity of the molecule

Ey,  aue8—EY, i kg, (28)

where ¢ is the maximal positive charge on a carbon atom
of the molecule.

The rule formulated by Hoijtink, according to which the
radical RH' of an aromatic hydrocarbon is always reduced
more readily than the original hydrocarbon R, may not ap-
ply for a non-alternant hydrocarbon, because of the effect
of the polarity of the molecule. For this reason, appar-
ently, azulene is reduced more readily than the RH* radical
of azulene.

The problem of a possible correlation of the E |, values
of aromatic hydrocarbons with the para-localisation ener-
gies has been widely discussed 23130, The discussion was
initiated by Basu and Bhattacharya!23, who, on the basis of
the data of Wawzonek and Laitinen!* obtained with solutions
in 75% dioxan, indicated for the first time the possibility
of a correlation between E,, and the energy of localisation
of two electrons in the para-position of the hydrocarbon. A
basis for this conclusion was provided by the fact that in
75% dioxan the first wave corresponds to the transfer of
two electrons, and reduction generally takes place in the
para-position. In fact, they found a satisfactory linear
relationship between the E,;, values and the para-localisa-
tion energies. Serious objections were raised to this work,
however. Pullman and Pullman!?* corrected various para-
localisation energy values, and the correlation with E,,,
was thereby destroyed. They also pointed out that reduc-
tion does not always involve the para-position, and the
absence of a linear relationship was demonstrated for a
large number of examples. For example, the energy of
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para-localisation in polyphenyls remains approximately
constant with increase in the number of benzene rings,
whereas E,;, becomes less negative. Pullman and Pull-
man point out that the parallelism sometimes observed be-
tween E,,, and the para-localisation energy is possibly due
to the fact that the localisation (polarisation) energy is
often revealed in the energy of the first vacant orbital.
Given's objections 127 reduce to the fact that since in the re-
duction of aromatic hydrocarbons, two electrons are in
fact transferred in stages, the energy of para-localisation
is not related to the least negative E,;,. It is more cor-
rect to expect a correlation of E,;, with the energy of local -
isation of an electron in an individual position, and this
correlation is in fact satisfactory!??. At present, the
correlation of the E,;, values with the para-localisation
energies has not been accepted.

By analogy with the correlation of E,,, for the waves for
the reduction of aromatic hydrocarbons with the roota, , ,
of the Hiickel secular equation for the first vacant molecu-
lar orbital, a correlation was found between E,;, for the
oxidation waves and the root a, for the highest filled bond-
ing orbital **!, The experimental values of E,,, for oxida-
tion were taken from Lund's paper®, A satisfactory cor-
relation was observed (Fig.7), despite the fact that the
waves corresponded to a two-electron oxidation, and, as
shown later 82, this oxidation takes place irreversibly be-
cause of subsequent rapid transformation of the radical-
cations.
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Figure 7. Plot of (E,/;)ox against a for alternant
hydrocarbons (circles) and fluoranthene (triangle)
(published data !3t),

Since for alternant hydrocarbons the vacant and occupied
orbitals are positioned symmetrically with respect to the
atomic orbital, that is a, = -ay 4 ,, there is a linear rela-
tionship between E,,, for the oxidation and E,,, for the re-
duction of alternant hydrocarbons 3, This correlation is
important, because it makes it possible to investigate the
characteristic features of the behaviour of non-alternant
hydrocarbons, which depart even further from this correla-
tion (Fig. 8) than from the linear relationship between E,,,
for the reduction or oxidation and ay 4 , or ap.

The values of E,,, for the reduction waves have been
used to find the electron affinities of the molecules of aro-
matic hydrocarbons, which are identified with the energies
of the first vacant orbital. This possibility was first ex-
amined by Lyons 32, We shall take the derivation of the
relationship between E,,, and the electron affinity (4) from
Matsen's paper 33,
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The electrode processes in the measurement of E,,, for
reduction, relative to a saturated calomel electrode, are
arbitrarily broken down into the following stages:

Rg+eg— Ry + 4 (29)

Rootn + Ry~ Ry + Rioin + 4Gy (30)

e (Hg) — e; — 4.54 oV (work function) (31)
Hgp, + Ci~ (ataq) — (HgCl) g4+ e (He) —0.56 &V (32)
Cl- (sataq) - Cl° (satag) -+ 003 eV (33)
Rowm ngq»'— C!" (sat.2q) — R';om_ + HeCl g (34)
Ey = A+ MGy, —507=4—507 (V) (35)

] i
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Figure 8. Plot of (E,;;),y against (E,;,)
(published datast), - 0% v2)red

The difference in the free energy of solvation AG%q)y
is determined chiefly by the free energy of solvation of the
ion, and can be calculated by means of the Born equation

AGSy, =272 (1— Di) 2en, (36)
where 7 is the mean radius of the ion, a, the Bohr radius,
and D the dielectric constant. In a first approximation,

7 is proportional to the cube root of the number of benzene
rings in the molecule (p). Thus as p — « (graphite),
AGYoly —O0and A’ —A.

Since a linear relationship exists between E,,, and ay, 4,
a linear relationship should exist between A’ and ap + ;.
This linear relationship is in fact observed (Fig.9). Ex-
trapolation of the straight line obtained by plotting A’
against ap 4+ , to ap 4+ , = 0 (graphite) gave A for graphite
(3.8 eV). From this it follows that for graphite E,,, =
-1.27 V. This value is obviously too negative. = Other
methods give for graphite A = 4.39 eV (E,;,, = -0.68 V).
Finally, from the correlation between the values of A and
the spectroscopic characteristics, we have for graphite
A =4.8¢eV (E, = -0.27 V). Direct measurements of the
reduction potentials of graphite have not been made, but in
this connection it may be mentioned that the low current
efficiencies in the reduction of benzene by metallic lithium
generated electrolytically on graphite were attributed to
the partial utilisation of electricity for the hydrogenation of
graphite4d, This suggestion is confirmed by the marked
erosion of the graphite cathode, in contrast to the behav-
iour of a carbon cathode 134,

If the values of A are calculated, it is possible, by com-
paring them with the E,,, values, to estimate the solvation
energy AG%)y- 1% It was established in this way that
AGgolv generally decreases with increase in the number of
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benzene rings in the molecule of an aromatic compound.
For the estimation of the solvation energies, the measure-
ment of the electron affinities of the molecules in the gas-
eous phase is of considerable importance. Wentworth and
Becker 3% guggested a method based on the measurement
of the equilibrium constants for the capture of thermal
electrons by the gaseous molecules in a gas-chromato-
graphic detector, and observed a good correspondence be-
tween the values of A and E,,.
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Figure 9. Dependence of the ionisation potential (I)
on the energy of the highest filled orbital (the coefficient
ay) and of the apparent electron affinity (A’) on the
energy of the lowest vacant orbital (the coefficient
ap +,) for a number of hydrocarbons with condensed
rings (published data *33),

The E,,, values for the anodic oxidation waves are
used 132 to determine ionisation potentials (I), that is the
energies required to remove the least firmly bound elec-
tron (to remove an electron from the highest occupied
orbital), so that the ionisation potential is equal to the en-
ergy of a 7 electron in this orbital and is an important
characteristic of molecules. For graphite, ap =ap 4+, =
0 and AGY,jy = 0andA =1. Theory predicts that for
alternant hydrocarbons the ionisation potential and electron
affinity should be symmetric with respect to the work
function of graphite (4).

We have seen that the E,;, values for reduction and oxi-
dation contain information on the energy levels of mole-
cules with generalised 7 electron systems. The same in-
formation is carried in the absorption spectra, so that a
relationship should exist between the E,,, values and the
spectroscopic characteristics of aromatic hydrocarbons.
Watson and Matsen !37 were the first to draw attention to
this relationship. On absorption of light energy the mole-
cule is excited, and this is reflected in the transfer of an
electron from one of the occupied orbitals to a higher vac-
ant orbital. The lowest-energy transfer in the ground
state of a molecule takes place from the first occupied or-
bital to the lowest vacant orbital. For alternant hydro-
carbons, ap = ~ap 1, and for the energies of the orbitals
being considered we can write @ + apB and @ ~ap 4 ,8. The
difference between the energies of these two orbitals, equal
to the excitation energy Av, is

v =—@n+ aua) B = —2a8 . (37)

Since there is a linear relationship betweena, , , and
E,;s, there should be a linear relationship between E,,, and
the frequency of the absorption band with longest wave-
length. This correlation has in fact been observed (Fig.
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10)!%7, It has been the subject of a large number of stud-
ies 33,39,40,84,93,96,97,99,100,102,109,112,119,138'140_ The slope Of
the straight line obtained by plotting E,,, against Ey should
be equal to two. A bathochromic shift of the long-wave
absorption band (that is towards longer wavelengths) cor -
responds to a decrease in the difference between the ener-
gies of the two orbitals, and a hypsochromic shift corres-
ponds to an increase.
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Figure 10. Plot of ¥, cm™ against E,,, for the reduction
of cata-condensed aromatic hydrocarbcns in cellosolve

(V' is the wave number of the p-band in the absorption
spectrum) (published data 3¢),

Attempts have been made to correlate the E,,, values
with various other properties of molecules. Thus a cor-
relation has been noted between E,;, and the relative ad-
sorbability of conjugated hydrocarbons on alumina4t, It
has been suggested that the E,,, values for the reduction of
vinyl monomers change in the same sense as the ability of
the monomer to undergo anionic polymerisation293°, A
parallelism has been noted between E,,, for the reduction
of aromatic hydrocarbons and their thermal stability 42,
The E,,, values also show a correlation with the values of
the g-factor in the EPR spectra of the radical -ions of al-
ternant hydrocarbons 43,144, The E,,, values have been
compared with the carcinogenic activity of aromatic hydro-
carbons!!®45  In the last instance the regularity is not
clear. Most carcinogenic substances exhibit both electron-
donating and electron-accepting properties, but these func-
tions are less marked for non-carcinogenic compounds 45,

VI. CHARACTERISTIC FEATURES OF THE ADSORPTION
OF BENZENOID AROMATIC HYDROCARBONS

The specific electronic structure is also reflected in the
adsorption characteristics of aromatic hydrocarbons !¢,
Even in early papers it was noted that aromatic compounds
are adsorbed much more readily at the mercury-solution
boundary than at the free surface of the solution, the elec-
trocapillary maximum being displaced in the cathodic di-
rection!4%148,  The studies dealt chiefly with the hydroxy-
and amino-derivatives, so that these experimental facts
were interpreted as the result of an intensification of the
interaction of the oxygen and nitrogen atoms of the hydroxy-
and amino-groups with mercury, because of the flatter
orientation of the benzene rings in the adsorbed layer on
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mercury. Detailed measurements of the electrocapillary
curves in solutions of unsubstituted condensed aromatic
hydrocarbons by Gerovich!4?-153 show, however, that un-
substituted non-polar aromatic hydrocarbons also displace
the maximum of the electrocapillary curve towards more
negative values and are preferentially adsorbed on the
positively charged surface of the mercury electrode. This
suggested that the observed anomalies are related to the
adsorption characteristics of the aromatic rings them-
selves, and not of the polar substituents. In fact, the ad-
sorbability of aromatic hydrocarbons on a positively
charged surface increases in the order: benzene, naph-
thalene, phenanthrene, that is with increase in the number
of benzene rings. On the other hand, hydrogenated ben-
zene and naphthalene (cyclohexane and decalin) are ad-
sorbed preferentially on a negatively charged mercury
surface and displace the maximum of the electrocapillary
curve in the anodic direction, which is characteristic of
the adsorption of aromatic compounds 5!,

It has been suggested that in the adsorption of aromatic
hydrocarbons on a positively charged mercury surface an
important part is played by the interaction of the system of
7 electrons of the hydrocarbon molecule with the positive
charges of the mercury surface, with partial transfer of
positive charge to the aromatic ring. This interaction is
possible only with planar orientation of the molecules of
the aromatic hydrocarbons in the adsorbed state. Calcu-
lation of the limiting adsorption (I'x;) for benzene, naph-
thalene, and phenanthrene on mercury from electrocapil -

lary measurements showed that with increase in the number

of benzene rings, I', decreases, so that the area corres-
ponding to one molecule of adsorbate increases 5?2,  This
also confirmed the assumption regarding the flat orienta-

tion of the molecules of the adsorbed aromatic hydrocar-

bons.

Proof of the specific behaviour of aromatic hydrocar-
bons during adsorption on mercury is also found in work
by Blomgren and coworkers !5, in which the dependence of
the adsorbability of organic compounds on the solvation
energy (solubility) was studied for a large number of sub-
stances. Aromatic compounds fall outside the established
relationship, and this is again interpreted as due to the in-
fluence of the 7 electronic interaction of the molecules of
these compounds with the mercury surface.

This interaction is so marked that it is not eliminated
completely when a positive charge is introduced into the
molecule of an aromatic hydrocarbon. For example, on
going from aniline (neutral medium) to the anilinium ca-
tion (acid medium) the adsorption for positive charges on
the surface is weakened considerably as a result of elec-
trostatic repulsion but is not eliminated completely 135,158,
and the quantity absorbed is almost independent of the po-
tential of the electrode over a fairly wide range (~ 1 V). 157

Gerovich 15! suggested that the formation of an adsorp-
tion layer of aromatic hydrocarbon molecules orientated
parallel to the mercury surface should not be accompanied
by marked changes in capacity. This suggestion was sup-
ported by the fact that the slope of the ascending branches
of the experimental electrocapillary curves for solutions
of aromatic hydrocarbons are almost the same as those for
the solutions of the indifferent electrolyte (Fig. 11),

Direct measurements of the differential capacity showed
that for the most positive charges on the surface the dif-
ferential capacity in solutions of the indifferent electrolyte
and the aromatic hydrocarbon coincide!8, Moreover, in
acidic solutions of aniline, from which adsorption of the
anilinium cation takes place, the curves obtained by plott-
ing C against E coincide throughout the entire range of
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potentials!*®, The calculated C—E curves do not coincide
with the experimental curves in the range of positive
charges on the surface, because of neglect of the 7 elec-
tronic interactioni®%6!, If the hydrogen atoms in the
molecules of the aromatic compounds are replaced by
fluorine atoms with high electron affinity, the 7 electron
interaction is weakened to such an extent that it is not a
decisive factor in the adsorption on mercury 162,163,
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Figure 11. Electrocapillary curves for an aromatic
hydrocarbon (naphthalene) in ethanol: 1) ethanol + 0.1 M
NH,NO,; 2) 0.3 M decalin; 3) 0.05 M naphthalene;

4) 0.3 M naphthalene (published data 5!).

Under certain conditions the C-E curves for aromatic
hydrocarbons, for positive charges on the surface, show
peaks, which, however, do not correspond to the adsorp-
tion—desorption process (unlike the cathodic peaks). The
production of these peaks is related to the re-orientation
of the molecules of the aromatic hydrocarbon, that is to
the change from a flat orientation for positive charges on
the surface to an orientation close to vertical for negative
charges on the surface 15180, This phenomenon was not
detected by a less sensitive method for measuring electro-
capillary curves.

The ideas put forward here have been used in an exam-
ination of the adsorption of aromatic hydrocarbons on other
metals: cadmium!%4, gold!%, iron, nickel, copper, and
platinum %, The study of the characteristic features of
the adsorption of organic compounds on metals may be
useful in the detection of aromatic properties!6?,

In conclusion is should be noted that work on the polar-
ography of aromatic hydrocarbons has had a marked influ-
ence on the entire field of the polarography of organic
compounds. At the present time, in the study of the
mechanism of the reduction of organic compounds, exten-
sive use is made of aprotic media for breaking down multi-
stage processes into individual stages and for revealing the
reversible elementary stages; the effect of the addition of
proton donors to aprotic media is used to determine the
basic nature of the original molecules, radicals, and rad-
ical-anions; alternating-current polarography makes it
possible to verify more rigorously the reversibility of the
electron-transfer stages and to measure the rate constants
of these processes; the combination of polarography and
EPR spectroscopy is finding application in the electro-
chemical preparation and study of the properties of radical
species. In the study of the mechanism of the oxidation of
organic compounds, use is made of experience gained in
the study of the oxidation of aromatic hydrocarbons (the
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use of acetonitrile as solvent, the rotating platinum micro-
electrode, and fast potential pulses). The determination
of the correlational dependence of polarographic charac-
teristics on molecular constants calculated by quantum -
chemical methods has been widely applied.

A review of the published information on the polaro-
graphy of aromatic hydrocarbons reveals various problems
which have been insufficiently studied, and work on these
problems should give most p1 smising results.

1. Systematic studies of the path of the electrochemical
reduction of various aromatic hydrocarbons and the role of
the nature of the solvent and the indifferent electrolyte (the
formation of ion pairs and complexes).

2. Deeper study of the mechanism of oxidation of aro-
matic hydrocarbons.

3. Study of the mechanism of the reduction of aromatic
hydrocarbons in strongly acidic media.

4. Study of the correlational relationships, particularly
the anomalous relationships (non-alternant hydrocarbons,
compounds whose molecules are non-coplanar, etc.) on the
basis of more accurate quantum-chemical calculations

5. The development of a theory of the adsorption of
aromatic hydrocarbons on metals.
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