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Abstract

An overview is presented of the major areas of applications of
chemically modified electrodes. No attempt has been made to
comprehensively review the literature. Rather, successful examples
from each area have been used to illustrate the principles involved.

introduction

Chemists working with electrodes used to spend a great deal of time
cleaning their electrodes to obtain clean surfaces. Things seemed to have
turned topsy — turvy in the recent past, where the effort has been to put
on almost anything that sticks on to the electrode, and thereby modify its
surface. The purpose of this of course is that the electrode will now ‘display
properties related to the molecular properties of the surface layer. One can
think in terms of electrcdes which are “tailor-made” for specific purposes.
The major areas of applications of modified electrodes are,

Asymmetric Synthesis
Electrocatalysis

Analysis

Solar Energy Conversion
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We will now consider each of these in turn.

Asymmetric Synthesis

Although it had been known for a long time that substances dissolved in
an electrclyte solution could adsorb on an electrode and change the charac-
teristics of that electrode, use of this phenomencn to deliberately modify the
course cf an electrode reaction is a relatively recent event. The first asymmetric

synthesis using a mercury electrode modified by an adsorbed layer of a chiral
alkzloid was reported in 1970 (Grimshaw, et.al., 1970).

4-Mathyl couma-in was reduced at a mercury electrode in an electrolyte
sclution containing the chiral alkaloid, sparteine.



The yield of the product was 3.59, and it contained an enantiomeric
excess of the R (+)isocmer of 179. In this case the chiral zlkaloid is ad-orbed
on mercury at the interface, and the reduction. of the substrate takes place
within a chiral environment, resulting in an optically active product. Dramatic
improvements in the chemical yield and the enantiomeric excess are achie-
vable by modifying the electrode surface permanently by attaching a chiral
molecule to it. Nonaka’s (1983, 1983a) group in Japan prepared a chiral
electrode by coating poly-L-valine (M.W. 2000) on Carbon, with which 4-methyl
coumarin was reduced to its dihydro derivative in a yield of 89, containing
an enantiomeric excess of the S (—) iscmer of 439,. Similarly, using a poly-
valine coated platinum electrode, asymmetric induction in the oxidation of
phenyl cyclohexy! sulphide was observed.

O+ o = O

Chemical yield = 34%
enantiomeric excess (—) = 28%

Electrocatalysis

The possibility of clectrocaralysing uscful reactions is one of the driving
forces for rescarch in modified electrodes. The reduction of oxygen to water,

O, + 4~ + 4HT —> 2H,0
is crucial to fuel cell technology.

The need here is for a cheap electrode that will produce an useful
current density at the reversible potential for the reaction (1.23 V vs. NHE).
Most of the large number cf macrocyclic transition metal complexes that
have been studied as electrocatzlysts function only at potentials quite negative
to the reversible value and in addition are capable only of a two-electron
reduction of oxygen to hydrogen peroxide.

02 + 2e_ + 2H+ —_> H2OZ



In an elegant bit of chem’'stry, Collman (1980) reasoned that a four electron
reduction of dioxygen to water could be best achieved by a binucleating ligand
capable of holding two metal centres in a suitable geometry so that they
may jointly bind a dioxygen molecule. Each metal centre would then transfer
two electrons to effect a four electron reduction. Experiments with a series
of ‘“face to face” dicobalt porphyrins showed that the desired reaction took
place on a graphite electrode modified by deposition of a “face-to-face’
porphyrin where the two porphyrins faces were separated by four atoms. (Fig. 1)

Fig. |—Fate to Face Dictobalt Porpyyrin.

The reduction of vicinal dihalides to alkenes can be carried out electro-
chemically.

PhCHBr — CHBrPh + 2¢- —> PhCH = CHPh + 2Br-

For example, the 2bove reaction tzkes F[lece cn a2 tere fplatirvm
clactrode at —2.02 V (vs. Ag/C.I M AgNO,). The process is made mcre encrgy
efficient and takes place, 2t — 1.6 V if platinum clectrede is mcdified by a
surface layer of poly-paranitro styrene (Miller et. al. 19380).

It is relevant at this stage, to consider the mcde cf acticn of such
clectrodes where the surfaze modifying layer is 2 pclymer contzining redcx
centrcs. The becic mechanism  of electron tronspert in these layers is a
site-to-site electron hop, where cach redox site is in turn rcduced znd
oxidised. (Fig. 2)

The substrate can rcact with the electren cither at the pelymerjelee
trelyte sclution interfaca (os shown) or within the layer if it diffuses into it.
High catzlytic cfficiencies 2re possible with these systems beczuse of the high
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local concentration of active sites arranged 3-dimensionally as in homogeneous
catalysis. In addition they have the advantage of heter-ogeneous catalysts in
providing easy separation of products. (Andreux, 1986).
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Fig 2— Mediated Electron Transfer in a Polymer Modified Elettrode
containing Redox Groups.

Analysis

There are numerous potential analytical aoplications of modified electrodes
particularly in Medicine and Biotechnology. The central problem here is to
achieve fast, reversible electrcn transfer to redox enzymes. This is generally
difficult to achicve due to the incomnratibility of the metal electrode surface
with proteins and also the inazcessibility of the redox site which is buried
within the protein structure. The conventional approach to this problem is
to use mediated electron transfer via a small molecule that can shuttle back
and forth between the electrode and the enzyme. There are two possible
variat’o1s on this theme. One is to attach electron relays to the enzyme. Thus
Degani and Heller (1987, 1988) observed a glucase concentration dependent
current with a platinum electrode (when the electrolyte contained glucose
oxidase) that had been modified by the attachment of ferrocenoyl groups.

The cffectiveness of the ferrocene/ferricenium couple in electron shuttling
had been shown by Hill et. al (1986). Based on this, a commercial graphite
modifiead clectrode utilizing the ferrocene/ferricinium redex couple mediated
electron transfer, is now available. The device enables diabetics to take an
instant blood glucose level reading from asingle drcp of blood (Chemistry and
Industry, 1988, 571).

The other variation is to modify the electrode with a polypeptide so that
it is compatible with enzymes, and to .attach a “mobile arm” to the poly-
peptide. Such electrodes have been prepared and their physico - chemical
properties including reversible conformational changes have been reported
(Abeysekera & Grimshaw 1987, Abeysckera et. al. 1989). Electron transfer to
enzymic or non-enzymic substracts using these electrodes have not yet been
reported.
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A particularly interesting application of modified electrodes in analysis,
is their use as preconcentrating surfaces. The basic concept here is that the
analyte is concentrated on the electrode by chemical reactions with the groups
attached to the electrode, and then measured by the electrochemical response
to a potential step or sweep. The chemical (preconcentration) step in such
an electrode _should be selective or the analyte should produce a distinctive
electrochemical response. Further, the surface should not readily saturate and
there should be a good signal to noise ratio. With such an electrode it is
possible to analyse extremely dilute solutions. For example silver solutions of
only 10-'* ™M have been analysed by using a carbon electrode modified with
mclecules containg terminal amino groups. (Cheek and Nelson 1978). The Ag(l)
ion is preconcentrated by coordination to the —NH, groups. (Fig. 3)

/MWNH NH,
o X / \‘
CRAPHITE + Hag) _ /93(1),
/ N“ SOLN , s
/ 2 7 \,/\rNblz

Fig. 3—Pretontentration of silver ijons by modified electrode.
Solar Energy Conversion

This is the final category of applications of chemically modified electrodes
that wouid be considered in this article. There are many approaches to the
problem of the utilization of solar energy. The use of low band gap semi-
conductors such as n-Si as a photosenzitized anode in asolar cell is plagued
by the problem of corrosion.
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Fig. 4—Energetics of Photoanodic corrosion protection .



The enegetics of the process is illustrated in Fig. 4. Photogenerated holes
migrate upto the surface of the semiconductor and oxidise the semiconductor
because the formal oxidation potential for decomposition (ES) is more negative
than the valence band potential (E,g). If the surface is modified by attaching
to it a fast redox couple whose potential is more negative than (E), then
the modifier can oxidise in preference to the surface, and thereby protect it.

It is necessary that the redox potential of the modifier (Eredox) be
more negative than Eg): otherwise the modifier coculd oxidise the semicon
ductor surface. Wrighton (1979) has demonstrated a dramatic improvement in
the stability of n-Si  when it is derivatised with Ferrocene species. The
derivatisation chemistry is as shown in fig. 5.
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Fig. 5—Mondification of silicen photoelectrode with ferrocene.

Obviously, to get a continuous photo current, there must be another redox
couple in solution to bring the cxidised modifier back to the reduced
state. In the Wrighton experiment, this was the ferryocyasate ion. This
electrode then achieves the photoclectro~chemical oxidation of Fe2+ —= Fe3+
in sclution. The possible extension to cther redex precesses in sclution is
quite clear. Thus, modified semicenductor electrodes, in 24dition to being stable
to corrosion efford the possibility of carrying out photoelectrochemical
transformations of species in sclution.
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