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To develop a reliable electroanalytical method, it is essential to understand — at least in prin-
ciple — the nature of physical and chemical processes involved. DC polarography is a useful
tool in initial stages of elucidation of processes involving reductions and oxidations of or-
ganic compounds in aqueous solutions. Main information to be obtained involves: the num-
ber of reduction and oxidation steps, the number of electrons transferred in each step, the
nature of the transport of electroactive species, the roles of fast, slower and slow chemical
reactions (such as proton transfers or hydration-dehydration equilibria), in particular those
preceding electron transfer and the structure of the electrolysis product. The used tools are:
(i) Measurements of the limiting current and half-wave potentials and their dependence on
composition of the supporting electrolyte; (ii) dependences on drop-time and scan-rate;
(iii) product identification; (iv) comparison with structurally related compounds, experimen-
tally and from literature. Examples of reductions of the following bonds are given. Single
bonds: C-X (X = halides, OR, OH, NH,, SR), N-Y (Y = O, N, S), O-O, N-N, S-S. Double
bonds: C=C, C=N, C=S, N=N, and also triple bonds: C=C, C=N. Examples of oxidations are
those of phenols and of enediols. Anodic waves due to mercury salt formations are observed
for thiols, urea and thiourea derivatives (barbiturates, thiobarbiturates), and dithiocarb-
amates. References are restricted to our work.

Keywords: Electroreduction; Electrooxidation; Polarography; Mechanisms of elucidation;
Electroactive groups.

In application of any analytical method, it should be understood - at least
in principle — what physical and chemical processes are involved. Only un-
der such conditions an analytical method can be used effectively. The es-
tablishment of the nature of physical and chemical processes involved is
straightforward in many analytical methods. In electroanalytical methods,
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the situation is often more complex and an extensive information about
the role of the supporting electrolyte on the shape of recorded current-
voltage curves may be needed. Majority of electroanalytical methods is car-
ried out in aqueous solutions, hence the following discussion will be re-
stricted to such solutions. To obtain reliable current-voltage curves, it is
sometimes necessary to use also solutions containing either strong acids or
strong bases. Nevertheless, the use of buffered solutions and pH between 2
and 12 is strongly recommended.

First information sought is the range of pH, in which the investigated
compound is either reduced or oxidized. To obtain this information, it
proved useful to make first a general test. For this purpose are used solu-
tions of a 0.1 m strong acid, like hydrochloric, perchloric or sulfuric, acetate
buffer pH 4.7, phosphate buffer pH 6.8, borate buffer pH 9.3, and 0.1 M so-
lution of sodium hydroxide. Current-voltage curves are recorded in 0.1 mm
solutions of the investigated compounds in the above acids, bases or buff-
ers. Only if in some acidity range the investigated compound, even at rela-
tively low concentrations, is not sufficiently soluble, an organic solvent is
added to increase the solubility. It is preferable if the concentration of the
organic solvent could be kept below 30% v/v. At these concentrations the
presence of the organic solvent usually does not affect strongly pH of the
buffer used. As a co-solvent acetonitrile is preferred. It increases the solubil-
ity and has a relatively small effect on pH.

The use of dimethyl sulfoxide or dimethylformamide is sometimes possi-
ble, but these solvents limit the use of spectrophotometric methods, which
are often useful for comparison with the behavior obtained by electro-
analysis. The ethanol can be used as a co-solvent only under condition that
the alcohol or, in alkaline solutions, alcoholate, does not interact with the
investigated compound.

Once the rough pH range of the supporting electrolyte, in which the in-
vestigated species is electroactive, is found, a more detailed investigation is
carried out over the pH range, in which the investigated compound is re-
duced or oxidized. Current-voltage curves are usually recorded in 0.3-0.4
pH unit intervals. In this approach the use of simple buffers, rather then
“universal buffers” is recommended.

The role of proton transfers is then found based on the changes of limit-
ing currents and half-wave potentials with pH. A decrease in the limiting
current with increasing pH for the reductions indicates that in more acid
media the electron transfer is preceded by or interposed between electron-
transfers. A decrease of the anodic oxidation wave with decreasing pH indi-
cates that the electroactive species is a conjugate base. When the half-wave
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potentials are shifted with pH, this indicates that one or more proton trans-
fers are involved in the electroreduction or electrooxidation. If the half-
wave potential is pH-independent in the whole pH range, no proton trans-
fer is involved in the electroreduction or -oxidation. If the half-wave poten-
tial becomes pH-independent only over a certain range of pH, no proton
transfer plays a role in this pH range.

The next step is the proof of the number of electrons transferred in the
electrode process, that yields a limiting current. The simplest way to obtain
an information about the number of transferred electrons, is to compare (in
the chosen pH range) the behavior of the investigated compound with that
of organic compounds of a related structure or comparable size, for which
the number of transferred electrons is known.

Whenever it is possible, the information about the number of transferred
electrons (which often indicates the nature of the electrolysis product) is
compared with an identification of the structure of such product obtained
by controlled potential electrolysis. The most informative is carrying out
the controlled potential electrolysis with the same electrode as used for re-
cording of current-voltage curves. Preparative electrolyses with a dropping
mercury electrode must be carried out in a small volume, e.g. 0.5 ml, other-
wise they would take a too long time. Even in a small volume, preparative
electrolysis must be carried out usually over a period of 8-10 h. This has the
disadvantage that during this time-period, the product can undergo consec-
utive chemical reactions.

Very often the controlled potential electrolysis is carried out with a mer-
cury pool electrode in a larger volume of 5-7 ml. The surface of such elec-
trodes should be renewed by stirring using a magnetic stirrer. With this
type of electrolyses and somewhat higher concentration of the investigated
compound, e.g. 1.0 mmo I, the electrolyses can be carried out within 1-3 h.
The limitation of this approach is that the processes at a large surface elec-
trode may be different from that on the dropping mercury electrode. If the
limiting current is dependent on pH, it is often useful to obtain informa-
tion about the nature of the limiting current. When a limiting current
decreases with increasing pH to about 15% of the initial value, it is recom-
mended to follow the dependence of the limiting current on the mercury
pressure or drop-time. If the current is diffusion controlled, it is a linear
function of concentration of the electroactive species and the limiting cur-
rent is dependent on square root of the mercury column height. When the
drop-time is controlled, the dependence of the current on drop-time will
follow a parabola corresponding to i = const-t¥/¢ (Fig. 1).
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If the current is independent of mercury pressure or if its changes with
drop-time follow a parabola, that corresponds to i = const-t¥/3, it is an indi-
cation that the current is limited by the rate of a chemical reaction, which
takes place in the vicinity of the electrode (kinetic current) (Fig. 2). Such
currents are also a linear function of concentration of the investigated spe-
cies. If the current is a non-linear function of concentration, some adsorp-
tion phenomena are involved very often.

Concerning the instrumentation used in polarographic studies, it should
be mentioned that the modern digital instruments, using a mercury drop
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Fic. 2
Dependence of diffusion current iy and kinetic current i, on the height h of mercury reservoir
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electrode with a mechanically controlled drop-time, are well suited for ana-
lytical applications. For fundamental research are preferred analog instru-
ments in connection with a naturally growing dropping mercury electrode.
All available theoretical treatments were namely developed for such drop-
ping electrode, with a surface area reaching a limiting value with time.
When mechanical drop-control is used, the electrode surface is terminated,
before the limiting surface area is reached. Moreover, the majority of the
available treatments offer information for mean recorded current rather
than for peak current, that is sometimes recommended. The peak current is
namely more sensitive to the presence of traces of surface active com-
pounds.

Another variable, which should be followed, is the dependence of limit-
ing currents on time after the studied compound was added to the reaction
mixture. Such changes indicate chemical reactions which take place in the
bulk of the solution. It is useful to compare the time changes of such limit-
ing currents with those in UV-Vis spectra. In some instances and with some
instruments NMR can also offer information about the kinetics of the bulk
reaction. Nevertheless, in the majority of cases and for most NMR spec-
trometers used the concentration at which NMR can be followed is consid-
erably higher than that used in polarography or UV-Vis spectrophotometry.
The identification of the electrolysis product is a time consuming process.
In some instances it is possible to obtain some information about the re-
duction or oxidation of the investigated type of compound from the litera-
ture. Thus, in the Handbook Series of Organic Electrochemistry?, it is
possible to find information not only about the currents and potentials at
which the compound is oxidized or reduced, but also about in many cases
about the number of electrons transferred in the process and in some in-
stances also the structure of the product. Information about the mecha-
nisms of numerous electroprocesses can be found in review articles?. The
largest collection of information about reduction or oxidation of organic
compounds can be found in the treatises® authored first by Baizer and Lund
and later by other collaborators. Nevertheless, these volumes bring infor-
mation predominantly about the preparative electrolyses and the resulting
products, less about the sequence of transfer of electrons and protons. Valu-
able information can be also obtained from the encyclopedia by Bard and
Lund*.

Reductions and oxidations of numerous types of chemical bonds in or-
ganic compounds will be briefly discussed.
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REDUCTIONS OF HALOGEN-CONTAINING ORGANIC COMPOUNDS

The two-electron process, resulting in formation of a halide anion, is initi-
ated by a transfer of a single electron. The reduction of the radical formed
in this process takes place at more positive potentials than the transfer of
the first electron and, therefore, only a two-electron reduction is ob-
served®10 [(1) and (2)].

>CR-X+e - >CR"+ X~ (X~ = halide) (D)

>CR*+e+H* - >CHR 2)

The potentials of reduction become more positive in the sequence: fluo-
rine, chlorine and bromine derivatives and, at most positive potentials,
those of iodine. The reduction is facilitated by substitution on both the car-
bon, to which the halogen is bound, and on adjacent carbons.

Thus the potential of reduction invariably increases with increasing num-
ber of halogen atoms bound to a single carbon, for instance in the se-
guence: monochloro, dichloro, and trichloro compounds!!. Reductions are
also facilitated by a grouping adjacent to the carbon-halogen bond, e.g. by
a carbonyl or a carboxyl group.

It should be kept in mind, that the activating group should not be re-
duced at more positive potentials than the carbon-halogen bond. So, e.g.,
the easily reducible nitro group adjacent to a halogen is reduced first and,
therefore, does not directly influence the reduction of the carbon-halogen
bond. It should be remembered that the reducibility of the carbon-halogen
bond is affected predominantly by the inductive effect of the adjacent
groups. If the halocarbon group is located on an aromatic ring, the reduc-
tion of the carbon-halogen bond will be affected by substituents in ortho,
meta, and para positions. The effects of subtituents in meta and para posi-
tions can be expressed by linear free energy relationships. The situation
with the substituents in ortho position is more complex as, in addition to
the inductive effects, direct field effects and substituent size play a role.

CLEAVAGE OF C-N, C-O, AND C-S BONDS

The reductive cleavage of other single bonds is more complex. The cleavage
of the C-N 1214 C-O 1517 and C-S 157 bonds usually takes place only if
they are activated. This can be achieved either by an adjacent group in a
chain or by a subsituent on benzene or another aromatic ring. Thus the re-
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duction of C-O, C-N or C-S single bonds can take place in an aliphatic
compound or in the straight-chain part of a molecule, provided that a car-
bonyl group is present adjacent to the carbon of the carbon-nitrogen or
carbon-oxygen bond [(3) and (4)]. Such bonds can be also cleaved, when a
CH,-OH,*, CH,-NH, or CH,-SR group is present in position 4 of a pyridine
ring*é.

PACOCH,Y + 2 e + 2 H* - PhCOCH, + HY 3)
where Y = OH, OR, NHR, SH, SR, SR,*
PACOCH, +2 e + 2 H* — PhCH(OH)CH, (4)

The activating group in the reduction of a C-N bond can also be a cyano
group in the CH(NH,)-C=N grouping*®.

REDUCTIONS OF N-O, N-N, O-O, AND S-S SINGLE BONDS

Types of compounds, where a four-electron reduction, is initiated by a
two-electron transfer and cleavage of the N-O or N-N bonds occurs, are
those of oximes?%-28 [(5)—(7)], hydrazones?®-32 [(8) and (9)], followed by (7)
and probably also semicabazones®*. To undergo such reductions, oximes or
hydrazones must be diprotonated. Proton transfers take place by fast reac-
tions in the vicinity of the electrode. For hydrazones, such reactions take
place in homogeneous solutions. For oximes, the heterogeneous proton-
ations take place on oxime adsorbed at the electrode surface.

>C=NOH + 2 H* - >C=NH,"OH,* (5)
>C=NH,"OH,* +2e - >C=NH + H,0 (6)
>C=NH +2e+2H" - >CHNH;" )
>CH=NNH, + 2 H* - >CHNH*NH,* (8)
>CHNH*NH,* +2e - >CH=NH + H,0 (9)

As the imines formed in the two-electron cleavage of N-O bonds in ox-
imes or N-N bonds in hydrazones are reduced at more positive potentials

Collect. Czech. Chem. Commun. 2009, Vol. 74, Nos. 11-12, pp. 1757-1776



1764 Zuman:

than the N-O or N-N bonds, any imine formed by electrolysis is immedi-
ately further reduced and a four-electron wave results.

The single bonds in peroxides (10) and disulfides (11) can be also electro-
chemically reduced. Whereas the reduction of the peroxides and hydro-
peroxides is an irreversible process, the reduction of the disulfide bonds is
complicated by the possibility of the reaction of the resulting sulfide radi-
cals or anions with the metallic mercury of the electrode.

R-O-O-R'+2e+2H* - 2ROH (10)

R-S-S-R'+2e+2H" - 2RSH (11)

HYDROGENATION OF C=C BONDS

The reduction of isolated C=C bonds takes place at too negative potentials
to be followed in aqueous solutions. With increasing number of conjugated
C=C bonds, the reduction potentials are gradually shifted to more positive
values.

When the C=C group is activated by an adjacent carbonyl group in a-,
B-unsaturated aldehydes and ketones, hydrogenation of the C=C group
takes place®>4% in most cases [(12) and (13)].

PACOCH=CHR' + 2 e + 2 H* — PhCOCH,CH,R’ (12)

PhCOCH,CH,R + 2 e + 2 H* — PhCH(OH)CH,CH,R' (13)

REDUCTION OF C=N, C=0, AND C=S BONDS

In C=N, C=0, and C=S groupings, the bond between the carbon and the
heteroatom is hydrogenated. The reduction is facilitated in the sequence
from nitrogen to sulfur derivatives. In the reduction of carbonyl com-
pounds*-43, the protonated form is sometimes reduced in acidic media in
two one-electron waves. Because the first wave corresponds to the reduction
of the protonated form, its half-wave potential is shifted to more negative
values with increasing pH [(14)-(16)]. The half-wave potential of the reduc-
tion of the radical, which occurs in the second one-electron process, is
pH-independent. As a result the two one-electron steps gradually merge
with sufficiently increased pH into a single two-electron step.
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>C=0 + H* . >C=OH* (14)

>C=0OH*+e - [>C-OH] (15)

At high pH values, usually above pH 10, the one two-electron wave splits
again into two one-electron processes. In this pH range it is the unproton-
ated form of the carbonyl compound, that is reduced by accepting one
electron [(16) and (17)]. The radical anion is then reduced at more negative
potentials. As the radical anion can be again protonated or reacts with
cations of the supporting electrolyte, the more negative wave can be shifted
to even more negative potentials. This results in the separation of the two
one-electron waves.

>C=0+e - [>C=0]" (16)

[>C=0]" +e +2H* - CHOH (17)

Such type of processes can be observed for reduction of benzalde-
hydes**45, acetophenones*6-52, and benzophenone®® related compounds.
Not all carbonyl compounds are reducible in the whole pH range to allow
investigation of the overall mechanism described above. Reductions of
aliphatic aldehydes®4-8°, pyridinecarboxaldehydes®1-%4 and some other
heterocyclic aldehydes, and that of ketones a-substituted with halogens,
particularly fluorine, are considerably affected by hydration-dehydration
equilibria.

The reduction of some alicyclic ketones®5-67 of 1,2-dicarbonyl com-
pounds®’-70 (18) and a-keto acids (19) and their esters’'-’3 has also been re-
ported.

>COCO<+2e+2H" - CH(OH)CO (18)

>COCOOR + 2 e + 2 H* - CH(OH)COOR (19)

It is mostly conjugation that facilitates their reduction. Nevertheless, both
half-wave potentials and limiting currents are also affected by hydration—
dehydration [(20) and (21)] and keto—enol equilibria, as well as in alkaline
solutions, the formation of carbanion-enolates (22). The formation of such
anions affects also reduction of 1,3-dicarbonyl compounds’-77,
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RCOCOOR' + H,0 - RC(OH),COOR! (20)

RCOCOOR' + OH- - RC(OH)(O")COOR (21)

The shifts of half-wave potentials of benzaldehydes, due to substituents
in 3- or 4-position, can be expressed by the modified Hammett equa-
tion’8-81, When the substituent is another carbonyl grouping, the reduction
may be accompanied by antecedent or consecutive chemical reactions.
Thus, the diprotonated form of 1,4-diacetylbenzene undergoes in acidic
media a two-electron reversible reduction® (22). The product of this elec-
trochemical process is only slowly converted into (4-hydroxyethyl)benz-
aldehyde (23). This type of reduction has been observed for other 1,4-di-
carbonylbenzenes®?, including terephthalaldehyde.

2—

COCH; COCH;
120 == (22)
COCH; COCH3
2
COCH; CH(OH)CH3
+2H (23)
COCHs COCHs

Recently, attention has been paid to the behavior of the three isomeric
benzenedicarboxaldehydes using polarography, as well as UV-Vis and NMR
spectra®-23, Most straightforward is the reduction of the benzene-1,3-di-
carboxaldehyde, the isophthalaldehyde84-86:90 (24), where the effect of the
second formyl group on the reduction of the first one can be described by
the Hammett substituent constant. Polarographic i-E curves of this isomer
thus resemble those of an equimolar mixture of 3-cyano- and (3-hydroxy-
ethyl)benzaldehyde (the effect of the cyano group resembles that of the for-

myl group).

CHO CH,0H
N

| +2e +2H" —— (24)
7 CHO CHO
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Whereas the majority of benzaldehydes is hydrated in aqueous solutions
in less than 3% °4, polarographic curves®-88.90 proved that the strong reso-
nance interaction of the two formyl groups in positions 1 and 4 results in
a 15% hydration of one CH=0 group in terephthalaldehyde (25). Even a
more complex behavior was observed8%.87.89.90.92.93 for the 1,2-isomer,
orthophthalaldehyde (26). This compound is widely used in determina-
tions of amino acids and for cleaning of surgical instruments. Polarography
together with UV-Vis and NMR spectra demonstrated that this dialdehyde
is present in aqueous solutions in three forms. Only about 18% of the
orthophthalaldehyde remains unhydrated, about 8% is present as an acy-
clic monohydrate and about 74% as a cyclic hemiacetal. The behavior of
recently proposed naphthalene-2,3-dicarboxaldehyde®* is similar, but this
dialdehyde is less hydrated.

CHO CH(OH),
© + Hzo (25)
CHO CHO
OH
CHO CH(OH),
©i +Hy0 @ — o (26)
CHO CHO
OH

Imines, under the condition, where they are sufficiently stable and do
not undergo hydrolysis, are reduced in a two-electron reduction to an
amine29:92.93.95-97 (7) These conditions are usually fulfilled for imines de-
rived from aromatic aldehydes and ketones and for those derived from al-
dehydes and ketones at pH > 8 in the presence of an excess of the amine.
Reduction of imines as intermediates in reductions of oximes and hydra-
zones was discussed above.

In heterocyclic compounds containing C=N double bonds, this bond
often undergoes a two-electron reduction. The reduction takes place in
protonated forms of the heterocycle. The reductions of azomethine (C=N)
bonds take place in pyrimidines, pyrazines, and 1,2,4-triazines%®-112 [(27)
and (28)]. In most of these compounds used as pesticides, protonated
(C=NH*-) forms undergo reductions. In pyridazines, which bear two C=N
bonds in locations N(1)=C(6) and N(2)=C(3), the 1,6-C=N bond is reduced
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at potentials by several hundred millivolts more positive than the reduc-
tion of the 2,3-C=N bond.

R R
O _N__Y OsN__Y
I T 2es2n HI T (27)
s N
XN

R R
o NYY o) N\|<Y
| + H 28
Hj: N +2e+2H HI NH ( )
x N x N
H H

Even more informative is the role of substituents on C4 and C;. Whereas
the effects of substituents at C4 on the reduction of the N(1)=C(6) bond fol-
lowed the trend predicted by linear free energy relationships, the potential
after introduction of a substituent on C; practically remains unchanged.
This indicates lack of conjugation through the N(1)-N(2) bond. Thus
whereas the N=C-C=N group is conjugated, the C=N-N=C system is not.
The latter grouping thus contains a single N-N bond, as confirmed by the
bond length obtained from crystalographic data. The available information
about the reduction of the C=S double bond is relatively limited.

REDUCTION OF NITROSO AND NITRO COMPOUNDS

Reduction of the double bond in nitroso compounds has not been investi-
gated in much detail. The available information deals with reduction of
substituted nitroso benzenes!3-115,

PANO + 2 e + 2 H* - PhNHOH (29)

On the other hand, a very substantial amount of information is available
about the reduction of nitro compounds'6-128, This reduction usually takes
place in a four-electron step yielding an arylhydroxylamine [(30)-(32)].
This product is reduced in acid media in a two-electron irreversible wave at
more negative potentials than that of the nitro group [(33) and (34)].

PANO, +e - [PhNO,]" (30)
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[PANO,]*- + H* — PhNO,H" (31)
PANO,H* + 3 e + 3 H* - PhNHOH + H,O (32)
PANHOH + H* - [PhNHOH]H* (33)
[PANHOHJH* + 2 e + 2 H* — PhNH, + H,0 (34)

It has been proved??® that in the four-electron process the first step is trans-
fer of a single electron, which is reversible and which is followed by consec-
utive transfers of protons and three more electrons. The interpretation of
the shift of E;,, with increasing pH to more negative potentials of the four-
electron reduction wave of nitrobenzenes was proposed by Laviron'?°. The
present author''® erroneously assumed that the observed potential shifts
can be attributed to a proton transfer taking place before the uptake of the
first electron, as is the case for the majority of reductions of organic com-
pounds in aqueous solutions.

Aliphatic nitro compounds are mostly reduced in a single four-electron
step to the corresponding hydroxylamine. In aliphatic polynitro com-
pounds the reduction in some instances results in the cleavage of the C-N
single bond and production of the nitrite anion. In others, reduction of the
nitro group yields a hydroxylamine derivative.

The substitution of the aromatic ring follows linear free energy relation-
ships. This applies to substituents of nitrobenzene in positions 3 and 4 on
the benzene ring and corresponding positions in polycyclic aromatic com-
pounds. If a substituent, particularly a large one, is placed in position 2 or 6
of nitrobenzenes, a steric hindrance of coplanarity of the benzene ring and
the nitro group appears. The removal of the nitro group from the plane of
the aromatic ring results in a limited interaction of the nitro group with the
benzene ring and a potential shift to more negative values occurs.

OTHER REDUCTIONS

Derivatives of acetylene (with a triple bond between carbon atoms) have
been less thoroughly studied than corresponding C=C compounds. Com-
pounds with a triple bond between carbon and nitrogen'3°-133  pearing a
cyano group, can undergo either reduction to a corresponding amide or
lose a cyanide anion in the process of reduction. Among other compounds
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that contain nitrogen, most attention has been paid to azo compounds.
Particularly the reduction of azo dyes has been more extensively studied.
Diazo compounds and diazonium cations are also reducible!®*35 Some
attention has been paid to nonbenzenoid aromatic compounds, like
tropylium ions!36:137 azulenes!®, and among heterocyclic species, to some
anthocyanines'®® and sydnones!38.140-144,

OXIDATIONS

A high overvoltage of hydrogen on mercury allows to reach negative poten-
tials (up to -2.5 V). As reductions of numerous organic compounds in aque-
ous solutions take place at potentials more negative than about -1.0 V,
a large number of reductions of organic compounds has been reported?.
The reductions are manifested by a cathodic wave. On the other hand,
a number of organic compounds undergos oxidation at potentials more
positive than +0.5 V. Mercury electrodes are nevertheless oxidized, yielding
mercury ions, at +0.4 V or at more negative potentials. Hence, only the
most easily (at potentials more negative than +0.4 V) oxidized organic com-
pounds can be followed, using a dropping mercury electrode. In oxidation,
on i-E curves, the current increases in the opposite direction to that for re-
duction and anodic waves are observed. Among organic compounds that
undergo oxidations are hydroquinones, phenols'*>147 and enediols!48-152,
Oxidation of aldehydes8991.153-163 s gbserved in alkaline solutions where
an addition of a hydroxide ion takes place [(35) and (36)]. This addition of
the hydroxide ion occurs in a fast reaction in solution in the vicinity of the
electrode surface. The product of this reaction is a geminal diol anion,
which is oxidized to a carboxylic acid anion.

PhCHO + OH- - PhCH(OH)O" (35)

PACH(OH)O- - PhCOO™ + 2 e + H,0 (36)

Anodic waves are also observed, when mercury ions (generated at the
electrode surface by electrooxidation of metallic mercury) react with or-
ganic species present in solution. Such species can be molecules or ions,
that form with mercury ions slightly soluble or complex products.

Hg o Hg,>" +2e (37)
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Hg,?* + n X"~ Hgy(X,)"? (38)

Often anodic waves of this type reach a limiting value with increasing
concentration of the studied species. This can be attributed to the coverage
of the surface by a monolayer of a slightly soluble compound. From the
concentration corresponding to the monolayer formation and the deter-
mined electrode surface, it is possible to calculate the surface occupied by a
molecule of the adsorbed, slightly soluble compound. In some compounds
at concentrations higher than that, at which the first wave reached the lim-
iting value, another anodic wave is observed at more positive potentials.
This wave, at a sufficiently high concentration, also reaches a limiting
value. Sometimes, even a third, more positive adsorption wave is observed.

There are several interpretations of the presence of several adsorption
waves: change of the adsorbate structure from a flat placement of the mole-
cules at the surface to that, where the molecule is adsorbed by an edge of
a crystal, by one grouping or even one atom. Another possibility is a
change in chemical composition of the adsorbate, e.g. in the oxidation
state of mercury or a change in the ratio of mercury to the ligands in-
volved. Finally, a change from a monolayer to a multilayer cannot be ex-
cluded. Attempts to identify the absorbate nature by isolation were
unsuccessful as the isolated slightly soluble product underwent changes
with time, indicating a role of solid-state reactions. Anodic waves due to
formation of slightly soluble mercury compounds have been observed par-
ticularly for organic thiols!56:164-169 dithiols such as 2,3-dimercaptopropanol
(BAL)Y70-175 derivatives of ureal’®-178 such as barbiturates and uracil,
derivatives of thioureas'’®183 such as thiobarbiturates, and dithiocarba-
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