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ABSTRACT

The thesis describes analytical studies which are
concerned with the measurement, at elecirode surfaces, of
highly absorbing/fluorescent species.elecﬁrogenerated
(invariably ﬁnder controlledﬂpotentiai conditions) from in-
organic and organic precursors. Introductory chanters outline
research proposals; include a review of solution spectroelectro-—
chemical studies and provide details of instrumentation and
cell design. Chapter 3 is concerned with metal ion investi-
gations, particularly cadmigm. In situ monitoring during
elecirolysis indicated that highly absorbing cadmium hydroxide
particles were produced when the solution layer at the working
electircde became alkaline., The reduction reactions of dissolved
oxygen and platinum surface oxide and the hydrogen evolution
reaction accounted for hydroxide Tormation. In chapters 4 aud
5 model compounds, O=tolidine and Fferrocyanide, were used to
illustrate the snalytical value of the spectroeiecirochemical
approach (in stationary and flowing solutions) and to check
cell performance. The electro-initiation of fluorogenic react-
ions utilising a gold micromesh cell is described in 6hapter 6.
Horphine, heroin {after hydrolysis), laudancsine, reserpiné,
" thiogusanine and homovanillic acid were successfully examined and
analysis of pharmacecutical products containing morphine and
regserpine was performed. The penultimate chapter‘discusses
absorption and fluorescence studies of some polycyclic aromatic
hydrocarbons in acetonitrile., PFinally, a general conclusion

and suggestions for Ffuture work are presented.
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CHAPTER 1 General Introduction

1.1. Introduction

The technigues of ultraviolet-visible absorption and
fluorescence spectroscopy play an important xrole in the
Tield of instrumental analysis providing a means for the
rapid determination of organic and inorganic constituents in
samples from diverse origins. In an atiempt to extend their
range of application, tha possibility of coupling spectro-
scopic and electrochemical methods and uviilising in gitu
absorption and fluorescence monitoring of elecitrogenerzted
species for enalytical purposes was investigated. The
spectroelectrochemical technigue has already been established
over the last decade as a powerful tcol -for elucidation and
characterisation studies of electrode reaction mechanismsl
but it has only recently been showum to have analytical
potential3—? Combined nethods of analysi. are already
well—established, none more so than gas chromatography-mass
spectroscopy, and it is hoped that spectroeclectrochemisiry
can eventually occupy a position of simiiar standing.

The bagis of the approach is simply ‘that a redox
reaction alters the atomic/molecular structure of the
reactant producing a new species. Providing the species is
stable, the resulting change in spectroscopic properties may
provide analytically important information: changes in:
absorption and fluorescence spectra assist in the
characterisation of the parent compound while increased

molar extinction coefficients and fluorescence yields



improve detection limits for trace delerminations. The
spechroelectrochemical technique, in effect, provides a
convenient and rcproducible method for performing selective
chromogenic/fluoroggnic reactions with simultancous in situ
absorption/fluorescence measurement. Although the above
comments apply equally to inorganic and organic systems,
studies with the latter group are potentially more rewarding
due primarily to the large number of electroactive organic
structures which exhibit characteristic absorption and
possible'fluorescenceo In addi%ion, organic electrode
reactions seldom involve only clectron transfer in contrast
to inorganic ions. 'The initially formed radical ion speci.es
are generally highly reactive and subsegueat follow-up
chemical reactions occurj * the lifetimes of the reactive
intermediates camn however, usually be prolonged by suitable
choice of nen~agqueous seclvent. The possgibility therefoxre
exists; with organic systems, of spectrally monitoring notb
only changes n the pxidation state of the parent compound,
but also moritoring the formation of new chemical compounds.
To investipgate the proposals, insbtrumentalion was
built'to acccmodate speciroelectrochemical cells utilisiné
working electrode materials based on carbon, platinum and
gold. Studics were performed in guiescent and flowing
solutions where nags transport wa§ controlled by diffusion
and convectbive diffusion respectively. Initial invcstigationé
were concerned with heavy metal ions, particularly cadmium,
and the reduction reactions of dissolved oxygen and piatinum

surface oxide were of particular importance. lodel compounds,



potassivm Terrocyanide and ¢-tolidine, wefe used to check
the monitoring performance of the cells and to illustrate
the analytical value of the combinediapproaoh. Fluorescence
regearch was directed ot analytically important compounds
including alkaloids, pharmaceuwtical products and polycyclic
aromatic hydrocarbons. The resulis foi morphine using a
gold micromesh cell were particularly promising.

Before the experiments are discussed a short veview

of spectroelectrochemistry is presented.

v



1.2, Literature Review of Spectroelectrochemistry

Je2.1. Introductory remarks

The combination ¢f electrechemical and specliroscopic
methods is a subject in which considerable research hag been
done in the last decade., Coupling the appropriate svectro-
scopic technigue to the electrochemical experiment has
enabled significant progress to be made in a number of areas
notably in electrode surface characterisation studies and in
the field of electrochemical reaction mechanisms. Extensive

. . gz . . I 1,2 .
and authoratative reviews by Kuwana and {inograd which deal
primarily with the latter subject are available while =2 series
. . 8 . . . :
of papers edited by Huller and which appear in one volume
are concerned with the former subject. Electron spin

9

resonance (BSR) coupled studies are reviewed by Adams”and

also more recently by McKinnele.

The mein features of spectroelectrochemical methods
are presented by referring individually to the principél
optical tecknigues and to considerations such as eguations,
~cellg,; electrodes, instrumentation and applications. Since
this thesis is concerned with ultraviolet—vigible moniforing
in tﬁe solution phase, technigues used primarily for surface
studieg such as ellipsometry, holography and microscopy are
not considered and the reader should refer to the volume
edited by Mullers; an exception is the speceuvlar reflection
" ftechnique. BSR work is also not considered, but studies in

the infrared are included.

10



l.2.2. Transmigsion spectroscopy

In situ epectral monitoring by iransmission spectro-
scopy provides the simplest route for relating solution
spectroscopic changes to electroohemioai parameters. The
basis of the approach is to record the absorbance ~ time
profile of the product species during electrochemical
excitation and compare the results with theory. For electrode
procesges under semi-infinite linear diffusion(SILD) control,

1,11

Kuwana las derived definining eguations bhasically

modifications of the Deer~Lambert law. For an uncohplicated

electrode reaction
a —- b + ne

the absorbance(A) - time eguation for chroncamperometry is

’ 2 '%‘
A L, - 4 L N2~

where D is the diffusion coefficient (cmzes),E‘is the molar
extinction coefficient (melcm—l) and C is the concentration
(ML"l). Tie expression predicts that the absorbance of
electrogenerated product is directly proportional to thé\v
sguare root of time. Also the opltical pathlength,

2(Dat/nf%, continually increases with time and is essenﬁially
equivalent t¢ the diffusion layer thickness. A similer
equation exists for chronopotentiometry and linearity:of
absorbance with time is predicted.

The transmission cell of Kuwana shown in fig 1.l is

11



Silicone
Rutber Gosket

~=~0~Ring

-——Gloss Plate .

- PIG. l.l. -Sandwich cell for transmission experiments.
(Reproduced from Ref. 1)

fairly reﬁresentative in that it utilisés a planar optically
transparent working electrode (OTE) as part of a three-—
electrode cell. lonochromatic light travqrseé the entire
cell pathlength and QTE before being processed by the
"detectiion syétem. Single-beam optical eguipment has been
adeguate for most purposes but for studies in the infrared
double~bean instrumentation hag been recommendedl to eliminate
solvent absorption peaks. Experiments bhave zenerally been
performed under céntrolled poteﬁtial oxr éurrent conditions
and eleclrochemical systems are vased on a potentiostat with
an X-Y récorder and an oscilloscope; Typical spectroelectro—~
chemi.cal apparatus employed by Kuwaﬁa is givon in fig l.2. |
Additional refinements have included the use of signal
averaging to improve instrumental sensitivity; this is

particularly importanit for the internal refléctidn spectro-

12
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FIG. 120 lock diagram of spectroelectrochemical apparatus,
(Reproduced from Ref. 1)

scopic (IRS) technique ﬁheré extremely short pathlengths are
iexpérienccd. Also a rapid scanning spectrometer (RSSSZhas

“been employed Tor recording the spectra of reactive intermedia%es.
Both these technigues can be interfaced with the mini-computer

- to improve date collection and processing and are discussed

by Kuwana in his review paperl.

CTE are prepared by depositing a thin £ilm of netal 5
or metax.ox1de or & transparent materlal such as a quartz slide.
They should have good mechanical stability, favorable electro-
chemical propcrﬁiés and be optically transparent. The trans—
mission charaéterisﬁics are very dependent on the coating
material and this determines to some extent the suitability
of ihe,OTE for any_particular experiment. Doped 1in oxide e
and indium oxide films are the preférred'choice and are almoét-
tofally transparent in the visible but have a sharp cut-off
at approximately 300nm. The electrodes tend to have potential
ranges in aqueous solution similar to platinum but the tin
oxide surface is unsuited to alkaline conditionsl « Platinum
film is reported to be the most suitable for experiments in the

ultraviolet and visible for although it absorbs radiation,

13



the level remains fairly constant from 200nm - 800nm.
The situation for the gold OTE is similar.

The first opticelly coupled experiment performed by
\ . 13 o L. . .
Kuwana and co-workers utilised a tin oxide OT®E and invelved
the chronopotentiometric oxidation of o~tolidine and

LX)
L

ferrocyanide; +transition times and diffusion coefficients
were subsequentily spectrally determin=zd by solving the appropriate
equations for chronopotentiometry and chronoamperometry
R ]
respectively .

In addition to obtaining fundamental paremeters,
monitoring the products of {the electron fransfer and follow—
up chemical reactions has assisted the interpretation of
electrode reaction mechanisms. For instance optical monitoring
during cyclic scan showed that, in the case of O-tolidine,

oy . .14
the oxidation products devended cn the pH of the solution .
&t pH 2 a single two-electiron transfer occuvrred giving a
gpecies with an absorptiion maximum C\max) of 43Tnm. A%t pH 4,
however, two consecutive one-electron transfers resulted and
a dimeric species (\max 365nm, 630nm) was formed in addition
to the one generated at pH 2. This latter electrode behaviour,
two consecutive one—electron transfers, is termed an ER

>

reaction mechanism. Sitrojek ~ verified this mechanism by

. . . . the .
comparing the absorbance - time behaviour during~potential
step with the computer—simulated concentration profiles of
‘the various speciesg derived from the appropriate kinetic
equations. Kinetic analyses of this type have also been

K}

employed for other important organic electrode mechanisms

14



*

including the EC, ECE and EEC-schemes.

Spectroclectrocl.emical investigations have not been
limited to aguecous golubion and a ﬁumber of non-agueous
solvents have been accessed for suitability with OTﬁLG.

The spectra of the radical anions of the polycyclic aromatic
hydrocarbons (PAH), 9, 10-diphenylanthracene, pyrene, perylene
and bhenzopyrene, were recorded by RSS at a tin oxide OTE in
acetonitril%’lz The compounds exhibited EEC behaviour, the
post chemical reaction being proton abstraction by the dianion.
Considerable variation in the stability of the dianion species
wasg reported}

A versatile electrode which is suitable for studies
in the ultraviolet, visible and infrared regions is the eleciro-
formed gold micromesh. A typical mesh; which consists of a
regulay array of microscopic holes and contains 1000 wires per
inch, has a transparency of approximately 45%. Its electro-
chemical proﬁerties are similar.to bulk goldlge Although tae
gold micromesh has been used for spectroelectirochemical
experiments under 3ILD controll% it is particularly suited to
‘thin-layer studies. Reviews on thin-layer electrochemistry by
Reilléyzo and Hubbard and Angéﬁgg refer to spectroscopic |
applications. The essential feature of the thin-layer cell is
that the rcactant is confined to a thin solution layer (~10—3cm)
next to the electrode so that exhaustive electrolysis can be
carried out in a short period of time. The absbrption
response is then due solely 1o elecirogenerated product and

relatively simple spectroelectrochemical equations apply.

* E reprarecds megek C weprereits chumeal reacken

15



The value of the gold micromesh thin-layer cell for
spectral monitoring was first demonstrated by Mufray23: the
absorbance and charge were simultansously recorded during
cyclic sweep and potentizl step oxidation of o~-tolidine.

More recently, the gold micromesh thin-layer cell hasg been

used for kinetic studies,; the reaéﬁion investigated Tbeing

the hydrolysis of quinone-imine to p—quinonez4° One important
application of {the spectroelecirochemical thin-layer technique
has been.in the study of biochemical reactions: cells utilising

25

gold micromesh™ and tin oxide26 working electrodes were used to
investigate the electron transfer reactions of redox cnzymes.
Although most experiments have been concerned with

monitofing the products of ihe electron transfer and follow-
up reactions of organic mﬁlecules,a number of inorganic
applications have been reported. ‘The molar absorvtivities
of metals (cadmium, lead, zinc) dissolve® in mercury as a
result of electrodeposition were determined by monitoring the

. N X ) . . 2%,28 ]
light attenuation through a mercury-piated platinum O0TE ;3 +the
measurement was made at 60Snm and no variation in absorbance
with vavelengih was found. The molar exbtinciion coeffic;ent
of titanium (IT11) at 354nm was evaluated for the current-step
reduction of titanium (IV) using the gold micromesh elec%rodelg.
The_reSults were in good agreemoent with the true value

(8354 = 410) at low current densities where 100% current
efficiency was obtained. In an extension of fhe work,

titanium(IV) was regenerated through the oxidation of titanium(III)

by hydroxylamine and snalysis of the absorbance - time résponse

16



enabled the kinetics of the catalytic electrode reaction to
be determined29.

Absorption studies have béen performed in flow cells
with separated electrochemical and spectréscopic sections.
The lifetimes and spectra of the radical anion and cation of
9,10—dipheny1aﬁthracene in acetonitrile were recordedlby
Sioég’BIin a flow cell containing a porous platinum wire grid
as vorking electrode. The coll was also employed for recording
the visible spectra of the free radical =nions of nitrobenzene,
p-nitrotoluene and anthraguinone in d.ime‘thy].formamide32v
A small~volume flow cell (solution volume 1Oml) has also been
designed by Kark and Janata33 for simultaneous polarographic,
coulometric and absorption measurement; the electrode
reactions of corannulene and 4,5-methylenephenanthrene were
investigafed.

The combination of spectrophoionelry and coulometry
has been used directly for analytical purposes.' A sensitive
coulometer, based on the oxidation of iodide 1o iodine, was
described by Ellis and Baker34. Absorption measurements were
performed on the bulk solution after a specified period'of
elecfrolysis and the number of couiombs passed wag calculated
from the equation derived by combining Beer's and Faraday's
lawg. The reported detcctability of the coulometer was
1.35 x410~4C. Similar bulk solution absorptiqn meagurements

have been used 4o indicate the equivalence point in acid-base

rl-
conlometric titratisds. .

17



Recently, Tyson demonsirated the analytical potential
of the spectroelectrochemical experiment controlled by SILD.
A long pathlength cell was achieved By arranging for a narrow
analysing beam to sample the solution 1§yer in contact with a
platinum electrode in a direction parallel to the electrode surfacces

354 4

application to metal ions and dyestuffs’ was reported.

Two other workers have used cells of similar design for analytical
absorption studies. Sadeghi6 investigated interference effects
with respect to cadmium and also studied a number of anions

including iodide, cyanide and iodate while Hogarth7 performed

investigations on cadmium, agzo-dyes and hydroquinone;

1.2.3. Internal reflection spectroscopy

Internal reflec%ion spectroscopy (IRS) enables one to
monitor processes occurring within the electrode-solution
interface and on the electrode surface itself. The TRS cell
is designed‘so that the light beam ﬁenetratesvthe CTe from its

_outer surface znd is critically reflected at the solution
boundary. A penetration distance of up to 300nm can bs
achieved and electrogenerated species in this region cause
light attenuation. The IRS technique, therefore, has the
capability of monitoring essentiaily the surface concentration
of electrogenerated species in contrast to transmission
experiments where the concentration of species in the thickness
of the diffusion layer is measured. To improve sensitivity it

is possible to arrange for multiple reflections of the light

beam. Detailed reviews on the theory, experimental details and

18



applications have been described elsewﬁ€§%38 so that the subject
will only be considered briefly.

The absorbance -~ time behéviour derived by Kuwanal
for a species monitored by IRS under SILD control is

A (t,R) = £ (NE, f‘fca(fi') [ 1-exp(x*t)erfe (xt?) ]

=

where 5'is the penetration depth, Nenf is a sensitivity factor
characteristic of the particular OTE, x = ﬁ%/s and the
remaining terms ére defined as previous. At times greater

‘than one millisecond the absorbance reaches a steady state
since the diffusion layer expands to regions not sampled by the

light beam and the above expressicn reduces to

)

‘ D
A (N = sb(z\)aﬁreffca(gi;) :

38

Tnitial IRS studies by Kuwana and co-workers™ were
concerned wiith demonstrating the‘techniqués ability to monitoxr
the surfacc concentration of electrogencrated species. The
oxidation of o~tolidine under cyclic sweep, potential step and
current step excitations provided absorbance results which
agreed with theory. Subsequent work established that the IRS
techﬁique wag a sensitive monitor of very fast reactions and
enabled the rate constants for many homogeneous electron
transfer processes to be determined. The réduction of
methylviologen, (MeV2+), at a tin oxide OTE in acetonitrile,

39

. 1 . .
performed by Kuwena and Winograd ~, illustrates this.
The compound undergoes two reversible one-electron reductions

at Ep,. = ;0936V vs SCE and Ep, = ~0.76V vs SCE corresponding

e W)

19



. . e . o .
to formation of the species, MV ~ and MV . The free radical

cation, V', is intensely absorbing with bands at 390nm and
602nm. Yhen the potential was siepped to values more negative
than —0.76V an equilibrium was gquickly established

o4 o Ko *
s + IV E;?i:£§ oMY

through {the reproportionation reaction which favoured the
+ .

MV® species. Analysis of the absorbance — time curves

recorded during excitation enabled the rate constant, Kf,

for the homogencous eleciron itransfer reaction to be

calculated.,

Studies in the infrared have been concerned with
monitoring the formation or removal of typical functional
groups such as carbonyl and hydroxyl. The reduction of ninhydrin
at gold micromesh in acetonitrile was followed by observing
the decrease in the ecarbonyl stretching vibrations at

-1 -1 40 -
1725¢cm and 1750cm « Similar studies with p-benzocuinone,
benzil, benzophenone and acetophenone at a germanium OTH
. . . . 4l
in dimethylsulfoxide were also performed ~.

In addition %o solution — interface situdies, IRS.

has been used for examining specics adsorbed on the electrode

surface end also for detecting changesg in optical properties

of the OTB with potentia12’§

20



J.2.4. IMLuorescence spectroscopy

There has been little application of fluorescence
in spectroelectrochemical studies. A thin-layer cell utilising
a thin~film platinum elecirode was designed by Kissinger and
co—workers42 for fluorescence monitoring of polycyclic aromatic
hydrocarbons. In a typical experiment; the fluorescence decay
of rubrene in acetonitrilc"40%~.benzenevwas moniteored duiing

oxidation al 1.0V yvg SCE.

1.2.5 Specular veflcction speciroscopy

Specular reflection spectroscopy althéugh primarily
employed for studying the formetbion and optical behavicur of
monolayer films on electrode surfaces, has been empleoyed for
detecting reactive intermediates and products from clectrode
readﬁions. M interesting thin-layer application reported by

43

Kissinger and Reilley ~ concerncd studies with §,10-
diphenylanthracene (DPA) and 5,5-diethylbarbituric acid(DBA).
Oxidation of DPA in acetonitrile afforded a well-resolved
spectrum of the free radical cation, DPA+,while for IBA

the infrared specta recorded before and after reduction

indicated the loss of the carbonyl band.

1.2.6. Electrogenerated Chemiluminescence

Luminescence has been observed during the eleclirolysis

of solutions of polycyclic aromatic hydrocarbons and reviews

44

on the subject are available by Hercules 'y Guibault45 and

46

Pard and Faulkner' . The principal mechanisms proposed for

emission involve either annihilation or recombination reacltions



- betweon electrogenerated anions and/or cations which lead to
excited states of the parent hydrocarbon. Analytical studies

1 ,
were first performed by Cruser and Ba3é48 and later by Pickford

49

and co-workers 7

1e2.7a Photoelectrochemistry

Photoelecirochemistry is concerned with studying the
effect of light irradiation on electrochemical output parameiers
such ag current and povential. It can be considered %o be
complimentary to the spectroelectrochemical experiment where
current and potential are the input signsls. A comprehensive

. . - 50 .
review on the subject has been written by Kuwana and various
photoeffects undergone by organic systems are discussed.
Photopolarographic studios of inorganic species have been

51 sasn s . .
reported by Crow’ ™ and the possibility of using the Yechnique
for analysis ond structural determinations was mentioned.

52,53

In more recent work by Perone s electroanalytical techniques
vere used to study organic intermediates formed by flash

photolysis.



CHAPTER 2 Fguipment

2.1. Spectroelectrochemical Instrumentation

2.1.1. Purposce-~built instrument

A single-beam ultraviolet—visible spectrometer
constructed on the building~block principle was designed to
record absorption and fluorescence spectra of eclectrogenerated
gpecies. The instrument, illustrated in plate l,consistéd of

the following modular electrochemical and spectroscopic units:

(1) Radiation sources

Deuterium (Cathodeon C70-2V-3) and tungsten lamps
were employed in the uliraviolet and visible range
respectively for absorption studies. A Low pressure mercury
source was also used for the range 250nm - 800nm. For
fluorescence studies a xenon arc lamp (Hanovia 901C-1,1504)
and 2 low pressure mercury source were utilised. Each light

source had its respective power supply.

(2) Cell assembly

The cell assembly consisted of a platform and
holder(s) which accomodated the spectroelectrochemical cells

(described later).

(3) slectrochemical units

A PAR 1T74A polarographic analyser (Princeton Applied
Research) and a Chemtrix 304 potentiostatic waveform source
provided potential step and potential sweep excitations and
were generally operated in the thfee~electrode mode. Cel}

currents after passage through a standard resistor were

23
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recorded on a potentiometric recorder (Servoscribe IS) or
measured directly with a digital voltmeter (Fenlow type 701).
The Chemtrix instrument was also employed as a constant-—
current source after modification; the appropriate circuit
diagram is given in fig 2.1. The constant--current level

was selected by adjusting the voltage output control of the
source or by varying resistor, Rv. The two~way switch (8)
initiated the electrolysis by transferring the current from
the fixed dummy resistor (Rd) to the celi. The potentiél |
of the working electrode (V E§.SCE) versus time vas monitored

“on a Servoscribe recorder.

Q‘H%&
7
OV {Rs ‘ ,}’ Rv
- ) 5.9\4 I .
1785
<4 e :

{ ro }é@ N

FPIG. 2.1. Circuit diagram for constant current experiment.

P otentiostat (Chemirix); Cc, counter electrode connection;
s P ’ s 5

We, working elecirode connection; Rc, reference electrode
connection; Dv, digital voltmeter; REC, recorder;
S, switch; C, spectroelecirochemical cell; ce, counter

electrodes we, working electrode; re, reference electrode;

Rs = 2500 Rd = 5003 =2v = 30002

25



(4) Dispersive systems

The monochromator (Optica CF4) was of the Littrow
type and uwtilised a plane grating ruled at 600 lines per mm.
It had a reciprocal linear dispersion of 1l.9nm mm*l over the
wavelength range 190nm - 1000nﬁ which was graduated in 0.5nm
steps. The width of the entrance and exit slits which were
coupled could be varied between 0 and 0.6mm in steps of 0.02mm.
Interference filters (Baird-Atomic) wers used to select a
narrow’wavelength band for excitation Curing fluorescence

experiments.

(5) Detection system

An end-window photomuliiplier tube (EM19592) which
had an $S~11 response was operated with an EHT supply
(Brandenburg A75R). The photo-current was converted to a
voltagevby passage through a standard resistor (11€Y) and
the signa; (% absorption) was displayca directly without
amplification on a Servoscribe recorder.‘ A tﬁo«channel
recorder (Servoscribe 25) wes employed for simultancous
registration of the current and optical signal.

A schematic diagram of the componentAparts ié'given‘
in fig 2.2. A peristaltic pump used for sample delivery to flow
cells is also included in the diagram.

The cell assembly and light sources were mounted
on carriers (Ealing Beck) to an optical bar (Ealing Beck)
which wasg secured 1o the monochromator. The carriers
provided fine horizontal and vertical adjﬁstmenﬁ S50 thqt

optimum optical alignment of the spectroéiéctrochemioal cell



with respect to the monochromator entrance slit could be
achieved., Vertical/horizontal slits (0.5mm, 1.Omm)
gituated at either end of the cell holder enabled a narrow

analysing beam of radiation to be selected.

‘ EHT |

L
—

REC

PMT M O N

PP

PS — Sa

FIG., 2.2. Block diagram of spectroelectrochemical
ingtrumentation.

PS, power supply; Sa, light source (absorption);

Sf, light source (fluorescence); €, cell assembly;
P, potentiostat; MON, monochromator;

PHT, photomultiplier tube; EHT, high voltage supplys
REC, recorder; PP, peristaltic pump.
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2:1.2. Modified Tarrand instrument

The Farrand spectrofluocrimeter in conjinction with
the PARLTAA was employed for fluorescence studies in
preference to the previcus instrumentation except in the
cagse of metal ion solutions. This arrangement was more
convenient since automatic recording of fluorescence spectra
(uncorrected) could be obtained unlike the previous
instrumentation where manval measurements had to be performed.
The fluorimeter utilised a xenon arc lamp (Hanovia 901C-1,
150%), two modified Czerny-Turner type monochromators
(reciprocal linear dispersion 1Onm mmnl),an IP28 photomulti-
plier and a Honeywell.potentiometrio recorder (Electronik 15).
8lits providing a bandpass of 20nm on both monochromatlors
were usea‘unless stated otherwise. To reduce scattered
exciting light in frontall illumination measurements, Corning
filters, 7~54 (maximum trensmission 330nm) and 3-73 (maximum
transmission 550nm), were fitted to the excitation and
emission monochromators respectively. The spectrofluorimeter .
containing the gold mesh cell is illustrated in plate 2.
Please note that a cell enclosure made from polystyrene énd

black cotton c¢loth is omitted from the photograph.
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2.2, Spectroelectrochemical Cells

2.2.1. General remarks

The spectroelectrochemical cells were bagsed on a
standard three-clecirode arrangement and which with normal
potentiostatic—~mode operation the working electrode notential
was monitored with respect to the referehoe electirode while
current flowed between the working and counter electrofes.
The relative placement ol the electrodes was dictated
primarily by spectroscopic considerations and in the case of
micro-cells a non-uniform potential distribution over the
electrode surface and consequenily an unequal current distri-
bution would result. This feature was only significant Tox
non—agueous studies.

The absorption cells were designed so that a narrow
light beam traversed the entire length of and parallel to
the working electrode surface and optical pathlengbhs of
magnitude similar to that encountered in solution spectro-—
photometry were realised. The thickness of the light beam
varied, but was generally less than Imm. The electrode areas
were‘necessarily large and in the case of the micro absorﬁtion
and fluorescence cells the ratio of electrode area to cell
volume was high so that exhaustive electrolysis could be
achieved in a short period of time. This enableﬁ measurements
to be rccorded wilhoub possible spectral interferencevfrom
the reactant and was particularly important for fluorescence

worke. The fluorescence cells were also of relatively short
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pathlength and this was desirable for preventing inner
filter effecis.

The counter electrode placement in the various
cells did not obstruct the light beam and was either
located in a region far-removed from the working electrode
or was separated from the test solution to prevent unwanted
products from interfering. The reference electrode similarly
did not obstruct the light beam and was positioned as close

to the working electrode as possible subject to cell design.

2e2:20 Absorption cells

(1) Silica cuvette containing platinum electrode unit
Absorption studies in quiescent solution were performed
with a standard silica cuvette (pathlength 20mm) which
contéined a platinum electrode uwnit., The unit which was
machined from tufnol consisted of a pair of piatinum plate
electrodes (dimensions S5mm x 15mm) cemented to tulfnol brackets
which were attached to a cell cap. Platinum wire spot-welded
to the electirodes led to the cap terminal for electrical
connection. The wire was coated with epoxy resin (araldite)
to ensure electrolysis occurfed only at‘the monitoring region;
Small holes were machined in the cap to enable sample
introduction (by syringe) and withdrawal (narrow-bore tube
connected to water pump) and also degassing; solution volumes
were approximately 5ml. A fritted glass tube (diameter omm),
positioned close to the working electrode,was connected to a

reference -electrode (SCE) vie a salt bridge. A schematic



diagram of the electrode unit is given in fig. 2. 3.

A minor modification of the unit enabled fluorescence
measurements to be performed. Instead of two parallel
electrodes, the counter electfode was .replaced by a small
platinum wire so that it was possible to dollect radiation
at right angles to the direction ¢f the exciting light beam.

This arrangement is also shown in fig. 2.3.

FIt¢. 2.3. Platinum electrode unit.

!

Fritted ]
l tube ,
o
-f ] [
¥
> > >>ii>> >
Analysing L9 | - 1]
beam O\Working *\Counter
: electrode electrode
Open '
view Absorption Fluorescence
- unit .. unit '
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(2) Carbon fibre flow cell

Two micro-flow zells incorporating carﬁon fihres
ag the working electrode were designed for monitoring in
flowing solubtions. The design was based on the carbon fibre
flow cell of Das Gupta54. The cells, “the main features of
which are illustrated in fig. 2.4, were méchined from perspex
block and could be readily dismantled. The internal cell
volumes were approximately 300ul and TOul with respective
pathlengths of 50mm and 20mm. For assembly, a packed bed
of carbon fibres (Courf\aulds Ltd) was attached to double-
gided sticky tape énd placed in the recessed channel of the
lower block. Elecirical connection to the eleotro@e was
obtained by placing further fibres secured to brass strip
along the connecting chanﬁels at right angles. Additional
tape then covered the donnecting channels and the cell was
assembled. Screw-in quariz windows were situated at either
end of the 6e11 enabling a2 narrow analysing beam to traverse
the entire length of the carbon fibre surface.

Sample solution was delivered by a single-channel
peristaltic pump (Varioperpex, LKB Produckter) and tubing_
(Tecfmicon 116-05 22-11). Platinum tube (internal diameter
1mm) situated at the outflow was employed as the céunter
electrode while the reference electrode (SCE) was placed
dowvnstream in the waste reservoir. The system is identical

“to that described for the gold micromesh cell illustrated

in fig. 2.5
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FIG. 2.4. Carbon fibre flow cell
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2e2e30 Fluorescence cells

(1) Gold micromesh cell

A piece of transparent (45% transmission) gold
micromesh (1000 lines per inch; Buckbee Mears Ltd) was
inserted between the two halves of a standard micro~ilow
cell (Hellma Lid; cell no. 136 in suprasil; pathlength
0.5mm) and the unit made leakproof by sealing with silicone
rubber adhesive (Devecon). The cell volﬁme vag approximately
120p1l. Electrical connection to the gold mesh was made with
thin brass strip which was permanently attached o the cell.
It is stressed that the mesh was extremely fragile and care
must be exercised when handling. Platinum tube (internal
diameter 1lmm) sealed to the cell ovilet served as the
counter electrode. Samplé was fed to the cell with peristaltic
pump and tubing as previous. A s2turated calomel electrode
(SCE) placed in the downstream reservoir completed the three-
electrode éell. The cell was mounted on a holder (Ealing
Beck) and positioned in the Férrand gpectrofluorimeter for
frontal illumination studies (quiescent solution) being placed
at an angle of approximately 30 degrees to the exciting beam.
The penetration depth of the existing light was just less
than 0.5mm. A schematic diagram of the’cell and associated

equipment is showm in fig. 2.5.

(2) Quartz cell containing platinum wire unit

The cell for fluorescence studies in non-agueous
~media consisted of a three~clectrode unit which fitted a

circular quartz cell with a vacuum—~tight seal. This is shown
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FIG, 2.5 @old micromesh cell and associated equipment



in fig. 2.6; Various cells were made by fusiﬁg together

two sizes of.quartz tubing and sealing al thé narrow cend.

The tubing diamcters at the narrow end (viewing area) were

1lmm, 2mn 2nd 32mm while that of the main body was 1O0mm.

The cell cap contained a silicone rubber septum (Hamilton

75807 diameter 12mm) through which the electrodes wersé introduced.
Platinum wire (length 27mm; diameter 0.8mm) sealed in soft glass
served as the working electréde while the counter celectrode
(platinun wire) and the reference electrode (silver/silver ion)
were contained in fritted tubes with the approFrLaté electrolyte
solution. The assembly was accommodated in the standard

Farrand cell holder for right-angled fluorescence measurements.
Sample introduction andArémoval was achieved using a Hamilton
gas-tight syringe (1005LLCH) with extended needle. High-purity
argon (99.°99%) was employed for degassing and for maintaining
an inert étmosphere; the gas was presaturated (acetonitfile
with molecular sieve 3A) and dried (column of molecular sieve

54) before introduction to the cell.
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TIG. 2.6. Quartz cell and platinum electrode unit

38



2.3 Miscellaneous Eguipment

The ultraviolet~visible spectra of standard
solutions were recorded with ¥the Unicam SP 800 specirometer.
The PAR 174A or the Chemtrix 804 instrument was
used in conjunction with a Metrohm cell (2A875-20) and
the two-channel Servoscribe recorder for oblaining current -

potential curves.
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CHAPTER 3 Studies with letal Ions

3.1, Introduction

The immediate oim of research was ‘to develop &
selective analytical techniaue for trace metals in solution
based on meaguring the absorpbion and fluorescence of

e %

hydrated metal atoms generated at an inert electrole surface.
Previous experiments by Tyson3’4had indicated that the
monitoring of abscrpiion changes at -the cafhodc surface

during diffusion—-controllied electrolysis of dilute metal ions
had analytical potentialy many metal ions including cadmium(II),
cobalt (II),; chromium(I1I), copper(Il), iron(II), irvon(III),
nickel(II), 1ead(II), zinc(II) were shown to exhibit sensitive
absorption in the ultraviolet. The absorption depended on

a nunber of experimental parameters and typical absorbance —~
voltage, spectral distribution and ecalitration curves are
presented in fig 3.1, for zinc. The identity of ithe absorbing
species had not been established,but becuuse of the rcsemblance
between the absorbance — voltage curve aad a pelarographic wave
it was thought that reduction of the cation was required.

It was suggested that hydrated metal atoms were responsibie

for absorption and also that hydrated electrons were involved
in the reduction mechanism. The similarity in the wavelength
maxima of +the electrogenerated species =nd the corresponding gas

phase resonance line of the atomic species supported the

proposal.
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(c) Calibration graph for zinc in potassium sulphate sclution
(0.0311) at 207nm; applied voltage -1.4V.
(Reproduced from Ref. 5.)

Initial studies were directed at investigating the
possibility of obtaining a fluorescence signal by suflficiently
exciting these species generated at the cathode;but it soon
became apparent that the experimental results did not fit the
hydrated atom theory. Instead the formation of precipitated

metal hydroxides particles at the cathode were thought to be
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responsible for the abserption and apparent fluorescence
behaviour. TFurther detailed experiments subseguently confirmed
this and provided an insight into the electrode reaction
mechanismu.

The identity of the absorbing speciesy particularly
in experiments with cadmium, was also considered by Tyson4,

Sadegh16 and Hogar%h7.
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3.2. Preliminary 3tudies

Cadmium(II) was thought suitable for investigation

4 showed that it exhibited

since previous studies by Tyson
sengitive and well-defined absorpiion bebhaviour during
electrolysisy +the spectrum with an absorption‘maximum
centred around approximately 220nm is glven in fig 3.2.

An intense absorpiion band with maximum absorption at 200nm
was also reported during electrolysis of {the blank solution.
(potassium sulphate (0.031)). The standard silica cuvette
and the ﬁlatinum electrode unit illustrated in fig 2.3. were
employed in this works; +the unit was initially operated in

the two-electrode mode.

3.2.1. Ixvperimental procedure

(1) Instrumental aligament

The instrument was set up so that the maximum amount
of light entered the monochromator entra.ce slit; this was
achicecved by fine horizbntal and veritical adjustment of the
deuberium light source. At this staze the light beam was
passing through the cuvette unobstructed. The cell platfofm
wag then horizontally adjusted until the tufnol bracket qut
interrupted the light beam to achieve grazing incidence at
the electrode.  Sample solution was injectzd into the cell
and the detector gain adjusted so that 1009 transmission
(0% absorption) was registered on the chart recorder. 0%
transmission (100% absorption) achieved by obstructing the light
beam represented the sitvation when no gource radiation entered

the monochromator entrance slit.
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(2) Solution prevaration

The appropriate amount of cadmium sulphate (Analar
grade) was dissolved in distilled water (100ml) to give stock
solutions (typically lﬁwv_l or 0.01M with respect to cadmium).
Standard solutions containing potassium gulphate (0.03}) as
background electrolyte were prepared by dilution of the sfbck

solultion.

(3) Method for generating signal

The procedure developed by Tyson3’4

to generate
absorption signals consisted of applying, to a degassed s;lution,'
a step voltage (typically -2V) to the monitoring electrode
which had previously been anodically pretreated at +5V;

The high anodic pretreatment wes found to be unnecessary and
inconvenient. Instead a repetitive cycling procedure, -2V to
+2V to -2Ve++, on a non-degassed sample gave reproducible

signals indefinitely. The absorption - time profile for

cadmium solution (30pgm1-l) during polarity reversal is given
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FIG. 3.3.
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response for the
cadmium species
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solution (0.031);
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in fig 3.33 the period for a complete cycle was 5 minutes.
It can be seen that generation and removal of the absorbing
species was achieved in a regular manner simply by reversing
the electrode polarity. It was also noted that stepping the

voltage from -2V Lo OV caused a slower absorption decay in

contrast to the -2V to +2V step.

3.2.2. Bffect of dissolved oxygen

The absorption - time behaviour for electrolysis
(-2V to +2V) of cadmium solution (3Opgm1-1) was recorded for
(1) a non-degassed solution and (2) a degassed solution;
the response curves are shown in fig 3.4. The rdte of
absorption development was quicker for the degassed solution,
but more apparent was the behaviour when the electrode polarity
was reversed to +2V. In contrast to the degassed solution
whose absorption decay was slow, rapid decay for the non-
degassed solution was observed. This experiment demonstrated
that the chemistry/electrochemistry of oxygen played an
important role in the formation and stability of the absorbing

gpecies,
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3¢2.3. Light beam width and position with respect to
the electrode

Frperiments were performed in which the light Beam
did not graze the electrode,but instead sampled soiution at
distances up to approximately O.5mm from the cathode. The
result ol the study is shown in fig 3.5. Progressively slower
gsignul development occurred as the separation distance between
the analysing light beam and‘the electrode surface incrcascds;
2 constant absorpticn level was also not reached in the
measurenent time. Yor the corresponding dégassed solutions,
the signal response although still delayed was considepably
quicker; +this rate increase is consistent with.the pre;iousv
results obtained al grazing incidénce.

Ixperiments also revealed that the narrower the light
beam at the cathode surface, the guicker was the signal response
and the shorter was the time to reach the absorption maximum.

The absorption responses for both experiments were
consistent with stable species being generated, diffusing away

from the electrode surface, and £illing up a light bheam of



501
[
o
=
(oW
B )
o 25
Ke]
<
X o
v B oV
%‘
5mMin

Time

FIG. 3.5. Absorption - time response for the cadmium species
when light beam samples solution at distarces from the
electrode surface: (a) grazing incidence (b) 0.2mm
(¢) 0.5mm (d) O0.5mm; solution first degassed.

Cadmium (30psml=l) in potassium sulphete solution (0.03M);
monitoring ﬂavelength 220nm,

finite width. This behaviour was not consistent with the

formation of highly reactive hydrated cadmium atoms.

3.2.4, Pluorescence experiments

The absorpbticn meximum for the cadmium species is at
approximately 220nm and excitation energy in the far-ultraviolet
wag, therefore, reguired to induce fluorescence. Unfortunately,
the output energy of the xenon lamp in this region is o
relatively low so that interference filters were initially
omitted from the excitation beam to ensure the maximum energy
irra&iated the elecirode — solution layer.

Using the modified electrode unit depicted in fig 2.3,
an apparent fluorescence signal (Amox 270nm) was recorded
during the electrolysis (~2V) of cadmiuwm solution (30pgml-l).

No signal was recorded for the blank solution. The results of



301' PI1G. 3.6, Effect of
dissolved oxygen
a on the apparent
fluorescence signal
for the cadmium species
201 b during electrolysis
(~2v):
(a) degassed solution
(5min).
1o (b) non-degassed
solution.
Cadmium (30Ugml-l) in
potassium sulphate
solution (0.03M);
f . ' monitoring wavelength
-2V -2V ' 270nm; a.u.,
— arbitrary units.

a.u.)

intensity(apparent

Fluorescence

Time
5

these preliminary studies were reported in the literature”.

(1) Effect of dissolved oxygen

A marked difference in sigual form occurred if the
solution was not degassed. The signal response for the
degassed cadmium solution (3Opgm3"1) was fast and reached
a maximum after approximetely 403 and tli:n decayed. The non-
degassed solution gave a weaken but permanent signal. The
response curves are given in fig 3.6 and it can be seen that
the influence of dissolwved oxygen on the rate of signal

development was similar to previous absorption results;ﬂ,

(2) Calibration

The apparent fluorescence signal was recorded for
various concentrations of cadmium solutions (1 - SOOpgml"l)
and the calibration curve which is presented in fig 3.7
illustrated the dependence of the signel on the cadmium ion
concéntration. The graph was linear in the range 1 - 50pgml-l,

approximately constant between 50 and 1OOMgm1"% but then
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FTIG. 3.7. Fluorescence (apparent) calibration curve for the
cadmium species during electrolysis (~2V). Nonitering
wavelength 270nm; solulion degassed (5 minutes).

decreased guite sharply at higher concentrations. This
behaviour was typical of fluorescence calibration curves
vhere the phenomena of self-absorption becomes significant

at higher concentrations.

(3) Spectral distribution of sipnal

Inspection of the cadmium absorption specirum given
in fig 3.2 would indicate that only exciting wavelengtﬁé‘
less than approximalely 380nm would be successful in inducing
fluorescence since at longer wavelengths little or no absorption
ocours. éo investigate this, the wavelength dependence of the
gsignal on the cxcitation energy was studied; tThis was
achieved by inserting interference filters between the light
source and sample cell. The results are presented for irradi-

ation by (1) @ xenon arc lomp and (2) a low pressure mercury lamp.
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recorded for cadmium solution (40pgm1—l) during electrolysis

(+2V to -2V) with excitation at (1) 300nm, (2) 325am and (3) 375unm.



Although strong signals were obtained for each exciting
waveband; the specfra which are illustrated in fig 3.8
consisted esseniially of a recording of the bandpass of

the interference filter. Since no signal was recorded at
wavelengths outside the bandpass of the filters, particﬁlarly
at longer wavelengths, the results strongly suggested scatter

of the incident radiation.

(2) Low-pressure mercury lamp. This type of source, unlike

the xeéon arc lamp (strong continuum emission) emits strong
lines in thé ultraviolet and visible which are superimposed
“on a weak continuum. Scatter signals should only be recorded
at the wavelengths of the emiﬁting mercury lines and this
method should decide unéquivocally that the signal was due to
scattered radiation. The appropriaie interference filter

wag used to select the principal mercuxv lines at 253nm, 312nm,
366nm and 546nm and the measuring procedure of the previous
experiment was repeated. The gpectral distribution of the signals
was essentially a recording of the sovrce output and consisted
of strong signals at the main mercury lines with muoh~r§duced
signals at other wavelengths; +these findings are shown in
o fig 3.9 and confirm the scattering proposal of the previous
study.

Concluding this section, the results indicate that

scattering species were formed near the cathode during the
electrolysis (+2V to —2V) of dilute cadmium solutions giving

rise to an apparent fluorescence signal. h?he previously
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FIG. 3.9, Fluorescence signal (apparent) versus wave
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reported cadmium signals” were ,therefors, incorrecily assigned

as fluorescence.

3.2.5. Absorption spectrum of the electrogenerated
cadmium species

Since scalter signals were unexpectedly obltained in
the visible region, the possibility of absorption in this
region was also investigated. Due to the high intensity of
fhe mercury lamp a rather narrow light beam was selected to

sample the electrode - solubtion layer. The absorption signal
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FIG. 3.10. Absorption spectra for the cadmium species
during electrolysis (-2V). Cadmium (50ugml-1) in
votassium sulphate solution (0.031).

was obtained for cadmium solution (SQnglnl) using & +2V to -2V
cycle at wavelenglhs corresponding to the principal mercury lines.
The spectral distribution shown in fig 3.10 revealed absorption_
in the ultraviolets but also an unexpected absorption band in the

»

visible region centred around 626am.

3.2.6, Visval examination of the cathode-solution layer

After a short period of elctrolysis, a layer of particles
was noted to form near the cathode for cadmium solution\(SOpgml—l);
the layer was only visible under illumination from the xenon arc
lamp. Further, reversal of electrode polarity (-2V to +2V)
caused the dissolution of the particles. At this stage, it was
thought that the particles were precipitated cadmium hydroxide and
that their production and removal wag due to pH changes occurring
at the monitoring electrode - alkalinity at the cathode (-2V)

acidity at the anode (4+2V). This proposal explained gualitatively
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the signal - time behaviour for both the absorption and
fluorescence experiments during the. -2V to +2V cycle and
suggested that the same precipitated particles wers responsible

for both signals.

3.2.7. Absorption response in acidic solubions

If the cadmium hydroxide theory is correct then a
reduoed abzorption signal would be expected in acidic solutions
due to the neutralisation of hydroxide and the increased
solubili%y of the cadmium hydroxide particles. Cadmium
solutions (5Opgm1-1) were‘prepar . containing potassium
sulphate (0.03M) and variocus concentrations of sulpburic acid
(0,011 ~ 0.1 HZSO4). The absorption results at 220nm for 2

+2V to =2V electrolysis cycle are presented in table 3.l.

Table 3.1. The effect of sulphuric acid concentration
on the absorption signal (220nm) of the
ca@mium species during electrolysis (-2V).

Sulphuric acid ‘
concentration (1) 0 ©.01 0.05 0.1
¢ Absorption 82 25 15 \ 12

Solution, cadmium (50pgm1_1) in potassium sulphate (0.03M).

The downward trend of absorption with increasing acid
concentration suggested that there was a progressive removal
of hydroxide and conseguently less cadmium hydroxide was
precipitated. Although significant absorption was still
recorded for sulphuric acid solutions (0.05H, 0.1M), the signals

were temporary and lasted approximately 5s from the start of



electrolysiss +this indiceted rapid dissolution of the
precipitate. A similar experiment was performed for electrolysis
of pobassium sulphate solution (0.03M) and the absorption

results for wevelength monitoring at 210nm are given in table 3.2,

Table 3.2 The effect of sulphuric acid concentration
on the absorpiion sigmal (210nm) for the
biank solution during electrolysis (-2V).

Sulphuric acid
concentration (17) 0 0.01 0.05 0.1
¢, Abgorpiion 62 52 27 17

A gradnal reduction in absorption occurred on going
4o higher acid concentrations indicalting a progressive removal
of hydroxide. Only temporary signals were recorded in sulphuric
2cid solutions (0.05M and C.1M) as before, but nevertheless
highly alkaline layers nexl to the cathode were momentarily
produced.

3.2.8., Absorvhtion svectra of (1) the species generated for
the blank solution end (2) sodivm hydroxide solution

The spectral digtribution of the absorpiion signal
was oﬁtained during the electrolysis (~2V) of'potassiuﬁ'Sulphate
solution (0.031). The spectrum of sodium hydroxide (0.005I%)
was also recorded on the same instrument and it can be scen
from fig 3.11 that the two spectira are identical. A rough
value of the pH near the cathode was obltained, assuming
hydroxide absorption obeys Beer's law. Direct comparison of

the respective absorbance values at 200nm and also taking
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FIG. 3.11. TUltraviolet spectra of (a) the species
produced during electrolysis (—2V)jbr potassiunm sulphate
soluation (0.0311) and (b) sodium hydroxide solution
(0.005M).

into account the reduced optical pathlength¥* of the spectro-
electrochemical cell relative to that of the standard
solution (1:4), provided a pH value of 12. This procedure
for estimating the pH of the electrode -~ solution layer will

be considered in more detail later on.

3.2.9. Abgorption spectrum of cadmium hydroxﬁde solution

A gimplified model which accounts for the process
occurring during clectrolysis is the production of a thin

layer of hydroxide ions which diffuse away from the cathode

*# Tt was ascumed that the optical pathlength was equal
to the clectrode length (5mm).
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and react with cadmium ions'to give absorbing species.

It would be expected from sdlubility produot congiderations
(Xsp Cd(OH)2=2»5x10“14) that the high pH generated would preci-
pitate cadmium ions.

In an attempt to reproduce the situation, a solution
of precipitated cadmium hydroxide was prepared by adding
cadmium solution (10ml, 20ngm1—1) to sodium hydroxide
solution (5°ml, 0.01N) contained in a volmetric flask (lOOmlj.
The solution wag made up to the mark and after thorovghmixing,

~ a fine suspension of particles was clearly visible. The ultra-
violet spectrgm recorded against sodium hydroxide solu£i0n

»(0.005M) as reference is presented in fig 3.12 and ‘the strong
resemblance to the electrogenerated counterpart (fig 3.2) is
evident. This comparison provides fairly convincing evidence
that cadmium hydroxide paricles seleclively absorb light, but
it is not conclusive since other soluble cadmium hydroxy
gpecies will be formed which may be light-absorbing. This

is given consideration later.



3.2.10., Bvidence for pH chan~ses and metal hydroxlde
formation ot electrodes

The previous experiments demonstrated that a high
concentration of hydroxide ion sufficient to precipitate
metal hydroxides was generated at the cathode during electrolysis.
Expefimental evidencey although not well documented in the
literature supports this.
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Kemula”, using the polarographic technique with
microscopic observation of the area arouvndi the dropping mercury
electrode (DHE), observed the alkaline form of phenolphthalein
and cadmium hydroxide precipitate during the reduction of
dissolveﬁ oxygen, Ultramicroscopy has been used to monitor
agueous solutions of silver nitrate, mercurous nitrate and
copper sulphate during elecirolysis and the formation of
colloidal particles were noted as soon as the cathode solution
layer became alkaline (purple form of pheiolphthalein)i +he
particles were considered to he oxides or hydroxidesSG.
The colloidal precipitate of wranium hydroxide, generated at
the DME, has also been detected by optical means57. Further
references to the formation of colloidal particles near the
cathode and their examination using unltramicroscopic prooédures
are contained in a review by Ib158. Direct electrochemical
evidence supporting ﬁetal hydroxide formation is the decreased
limiting currents recorded in amperometric titration359.

' Using aoid;base indicators (thymol blue; . neutral red;
alizarin yellow Rj; O-cresol redj; phenolphthalein), the pH

changes accompanying the hydrogen and oxygen.evolution reactions
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(alkality at the cathode; acidity at the anode) have been
accurately measured colorimetrically., the reactions providing
the basis for acid-base coulometric titrations with photometric
detection of equivalen%2_3z

A theoretical investigation of the solution pH at the
cathode during hydrogen evolubion has been underitaken by Hansen60
in connection with the electrodeposition of insoluble hydroxides.
He concluded tﬁat a relatively high pH (pH 11 -~ 13) existed at
the cathode even in rather acidic solutions (pH 1) and
subsequent experiments confirmed this6l.

Procedures for determining the pH of the electrode -~
solution layer have been reviéwed by Taran and co-workers
and also by Stender and oo—workers63; the principle methods
employed have been colorimetry, use of microelectrodes and
sampie removal.

Clearlg there is ample evidence in.the literature
supporting the proposal that hydroxide iocn and cadmium hydroxide
were formed at the monitoring electrode during electrolysis and
it remains to demonstrate conclusively that they selectively
absorb ultraviolet radiation. Before that ,however, the eiectrode
reactions responsible for the high pH at the cathode are

investigated.
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3.3. Absorption Monitoring during Controlled Potential
Blectrolysis

In order to examine the electrode reactions responsible
for generating hydroxiae ionynamely reduction of platinum
surface oxide and dissolved oxygen, conitrolled potential
electrolysis (CPE) with simultaneous monitoring of current and
absorption was performed. Before describing the experiments,
a brief literature review of the reduction reactions iz presented,

emphasis being placed on the final reduction products.

r

3.3.1, The cathodic reactions of dissolved oxygen and
platinum surface oxide

(1) Reduction of dissolved oxygen

Considerable research has been carried out on the
reduction of dissolved oxygen and unfortunately there is
disagreement regarding the mechanism and products of the

64

reaction. The subject has been treated extensively by Hoare
and Damjanovic65. It is known that the mechanism 2nd nltimate
products, hydrogen peroxide, water and hydroxide ion, are
critically dependent on & number of factors including the pH
of the solution, the electrode material (and its surface
condition), electrode potenﬁial/current denéity and thel
presence of impurities.

Polarographic reduction of dissolved oxygen gives
curves containing two separate waves, the reduction potential
H66. 67

of which are unaffected by p It is generally accepted

that the waves correspond to the reactions
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Lot tave 0, + out 4 26— H,0, (Acid)
05V vs SCE - N ~ i
(0.05V vs SCE) 0, + H,0 + 26 ——»~HO, + OH (A1kali)

pnd viere 1,0, + ;L 2H,0 (Acia)
(0.6 to ~1.4V vs SCE) HOE + HO + 26 e 301" (Alkali)

indicating that hydrogen peroxide and wabler are prevalent in
acidic éoluﬁion while hydroxide is pro@uced in alkali,

Similar reachiong have been proposed for platinum electrodes bud
the oxidetion state and the catalytic activity of the electrode
surface tend to complicate the situation. In sddition owing to
the iow overpotential for hydrogen evolution, the second wave
ig not normally recorded in acidic solution. The main
controversy is whether hydrogen peroxide is formed initially as
a stable intermediate or whether the reduclion, corresponding to
a A-~electron transfer proceeds directly to water or hydroxide
ion, ‘ne reactions and possible mechanisms are copsidered by

65

Damjanovic and he reporis the experimenial evidence for and
against. Conflicting results are provided by Myuller and
68 o . . . . q.

Nekrasov ~ who detected hydrogen peroxide in both acidic and

. . . . 69
alkaline solutions whereas Damjanovic and co-workers found. .
. ., : 1010 .
the peroxide only in base. Blurton and lMelullin showed that
the formation of hydrogen peroxide and hydroxide were dependent
on elechrode poltential: in alkaline solution between the open—
circuit voltage and 0.4V vs HE,hydrogen peroxide was produced
vhercas between 0.4 and 0.0V wvs HE, hydroxide was formed with

hydrogen peroxide as an intermediate.
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The catalytic behaviour of the electrode material
vas demonstraled in tracer experiments by Davies and co-workers7l
with the 018 isotope. Using active carboﬁ electrodes in
potassium hydroxide solution (1), the reduction produced
hydrogen peroxide and the 0-0 bohd was not broken whereas with a.
platinum cathode the peroxide was not detected at low current
densities and only at high current densities. Thig difference
wag interpreted as being due to the voor catalytic gqualities
of carbon for decomposing the peroxide relative to‘piatinum.
Other studies have shown that the adsorbed oxygen layer promotes
the catalytic decomposition of hydrogen peroxidesg,but aléo
inhibits the reduction of molecular oxygenTz.

The reaction of Ti(IV) with hydrogen peroxide to form
the orange peroxo complexr has been employed by a number of

\-}orkers73’74 for detection ¢f hydrogen peroxide in elecirode

reactions.

(2) Reduction of platinum surface oxide

It is well known that the platinum electrode surface
is not elechrochemically inert, but is covered with a 1ayer of
adsorbed hydrogen atoms or oxygen species deﬁending 6n tﬂe
-electrode potential. The potential regions for film formation
ére clearly seen by considering a typical current-potential
curve shown in fig 3.13 and recorded by Bold and Breitcr75
for platinum in sulpburic acid solution (2,3M). The adsorption -

desorption of hydrogen, occurring in the region 0.10V to 0.35V

" vs HUE is rapid and reversible. Between 0.4V and 0.8V vs HE
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there is a low current region where the platinum surface is
essentially free of adsorbed species. Beyond 0.8V vs HE

the formation of the oxygen film occurs with evolution commencing
at about'1.4v vs HE. TFilm formation is slow and irreversible
since the oxygen reducltion wave observed on the reverse scan

is displaced to less positive potentials.

Although the hydrogen layer has been well characterised76,
there is confroversy regarding the exact nature of the oxygen
film. Depending on experimental conditicns such as electrode
potential and {ime, the oxygen surface n..s been described as
(i) a chemisorbed oxygen layer and (2) a metal oxide; inter—
conversion between the two forms is possible. Various methods,
electrochemical and optical, have been euployed for studying the

76

oxide layer and the review by Uoods sunmarises the more recent
worke. \

There is strong evidence that the platinum electrode
at potentials less than approximately 1.0V ys HE is free of

surface oxide, the film consisting of chemisorbed oxygen species

such as 00X

ad The chemisorption reaction
[«

B0 === PtOH + H + &
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71-8

has been proposed by a number of workers''™ oto explain this,.
At potentials greater than 1.0V vs HE; a furthef oxidation
step

PtOH ——>PH0 + H' 4+ &

. .. 81-8 R
results in the growth of surface oxide '5. Higher oxides

such as PtOx are reported to form undep severe anodic
conditionsaé.

Various mechanisms have been suggested for surface
oxide reduction in acidic solution and the scheme proposed by

Feldberg87,

PtOx + xH 4 6 — Pt(OH)x
P%(OH)X + xH + %6 —— Pt 4 #H,0

is a good representation of the picture. Unfortunately

there has been litile research aimed at identifying the

T

product(s) of reduction although récenilm spectroelectrechemical
experiments by Tyson4 indicated that hydroxide ion was produced
in neutral solution. A plausible mechanism o account for the
high alkalinity in neutral solubions is simply cathodic
stripping of the adsorbed hydroxy radicals without involvement
of protons:

Pt(0H)x + x6 ——s Pt + xOH . Another possibility
is that just iﬁ the same way as the hydrogen evolution
reaction in neutral solution

HO + ¢ —— H . + OH

2

generates 2 high pH at the cathode 88, the requirement for

a

hydrogen ions in surface oxide reduction in neutral solution
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will cause a similar breakdown of water and result in excess
hydroxide.

Clearly it is not possible, due to the conflicting
results in the literature, to predict the final products from
surface oxide and dissolved éxygen reduction reactions in our
gsystems It is hoped that simultaneous absorpition and current
moniforing can resolve the situation and provide unembiguous
identification of the pfoduct(s) from the respective reaciions.

3.3.2. ' Absorption — potential curve for reduction of
dissolved oxygen

The absorption of the product of dissolved oxygen
reduction (non-degassed solution of éotassium sulphate (0.03M)
and a non-oxidised electrode) was recorded at 200nm while
potential steps (initial potential 0.2V vs SCE) of increasing
magnitude were applied to the working elecirode. The absorvtioa -
potential curve is shown in fig 3.l4a and indicates that the
absorption increases fairly rapidly up to about -0.2V vs SCE
and then remains constant. The steep rise in absorpiion &t
potentials beyond —0.8V vs SCE marks the onset of hydrogen
evolution and results in a further rise in the pH of the\
electrode -~ solution layer. A small correction to the signals
at -0.9V vs SCE and ~1.1V vs SCE was made for light attenuation
by hydrogen gas bubbles.

3.3.3. Lbsorption — potentizl curve for reduction of
platinum surface oxide.

The working elcctrode was pretreated at +5V for 30s

and then held at +0.8V vs SCE while the potassium sulphate
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FIG. 3.14. Absorption — electrode potential curves for
(a) reduction of dissolved oxygen and (b) reduction of
surface oxide. Solution, potassium sulphate (0.03I);
‘monitoring wavelength 200nm.

solution (0.03M) was degassed for 5 minutes. The electrode
potential was returned to +0.2V vs SCE and then stepped as
before to negative potentials; A nitrogen blanket wag ﬁept
over the solutions during the experiment. The absorption
response shown iﬁ'fig 3.14b is similar to previous except
that it is displaced by approximately 0.2V vg SCE to more
negative potentials. This agrees with the findings of Tysonf
and suggests that surface oxide reduction is occurring at

more negative potentials than dissolved oxygen reduction.
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For potentials up to about -0.20V, a small increase in
absorption occurred and this waé attributed to reduction of
residual dissolved oxygen. The response at —O,30V was quicker
than previoué,but because maximum absorption was not attained,
it was considered that reduction was only partially complete.
At potentials beyond -0.40V, the absorption level was fairly
constant until the onset of hydrogen evolution. The hydrogen
evolution reaction commenced at less negative potentizls

than for the non-oxidised eleoﬁrode;

3e3e4e Abgorntion spectra of the species generated for
the blank solution

The spectral digstribution of the species generated at
the working electrode for potassium sulphate solution (O.031)

wag recorded for the following reactions:

(1) Reduction of dissolved oxygen (non-degassed solutions
non-oxidised electrode; potential step, +0.2V to -0.EV vs SCE).
(2) Reduction of surface oxide (degassed solutions

oxidised electrode; potentisl step, +0.2V to -0.6V vs SCR).
(3) Reduction of dissolved oxygen and surface oxide
(non-degassed solution; oxidised electrodes potentiai\step,
+0.2V to -0.6V vs SCE).

(4) Hydrogen evolution (potential step, +0.2V to

~1.1V vs SCE).

The spectra corresponding to each reaction are presented in fig
3.15 and comparison with the spectrum for sodium hydroxide
solution (0.001M) given in fig 3.16(a) is very good indicating that

hydroxide ion was produced in all four cases. The dissimilarity
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FIG. 3.15. Ultraviolet spectra of the products from
(a) dissolved oxygen reduction, (b) platinum surface-oxide
reduction (c¢) dissolved oxygen and platinum surface-oxide
reduction and (d) the hydregen evolution reaction.
Solution, potassium sulphate (0.03M).
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FIG. 3.16. Ultraviolet spectra (Unicam 8P 800) for
(2) sodium hydroxide solution (0.001M) and (b) hydrogen
peroxide solution (0.005H).  Pathlength 1Omm.
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of the spectra with that of hydrogen peroxide (Q.OOSM) enables
the férmation of peroxide in any significant qﬁantity o be
ruled out. This result agrees with earlier findings of
TysonA. Incidentally the spectrum of hydrogen perﬁxide is
displaced to longer wavelengths in alkaline solution due to

89

the formation of the peroxo anion “3 this feature would have

assisted the detection of hydrogen peroxide had it been produced.

3.3.5. Estimation of the pH of the electrode-solution layer

in estimation of the pH at the electfode - soluticn
layer corresponding to each electrode reaction was obtained
from a comparison of the "electrogenerated“'absorbance values
with those cf stan@ard sodium hydroxide solutions. The ultra-
violet spectra of sodium hydroxide solutions (0,001} - 0.0001M)
provided linear calibration at 200nm in accordance with Beer's
law; +this is illustrated in fig 3.17. Linear calibration
and similar spectral beﬁaviour for sodium hydroxide solutions
(0.0001H - 0.0014M) were recently reported by Zuman and
Szafranski9o. The absorbance resultils éor elecirogenerated
hydroxide together with the estimated pH near the electrode
surface for the respectiye reductions are given 1in tabié 3.3.
The absorbance values were compubted from the spectra of fig 3.15.
Since the optical pathlength of the spectroelectrochemical cell
(5mm; assumed equal to the length of the working electrode)
was one half that used for recording the spectra of the standard

solutions (pathlength 10mm) the concentrations read from the

calibration graph were doubled to provide an estimate of the
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FIG. 3.17. Ultraviolet spectra (Unica:. SP 800) of sodium
hydrozide solutions (10-411 -~ 107°M) and calibration graph
at 200nn. Patnplength 10mm.

actual pH near the working electrode.-

The values confirm that a high pH is generated at the
electrode - solution layer increasing in thé reaCtioﬁ o;aer\
(1) dissolved oxygen reduction ~ (2) surface oxide reduction <
(3) dissolved oxygen and surface oxide reduction < (4) hydrogen
evolution. The comparison does assume a uniform hydroxide
concentration distribution within the width of the light beam
and if this is not the case then solulion layers very close to

the electrode surface would be at an even higher pH.
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Table 3.3. Absorbance .values for electrogenerated
hydroxide and estimated pH of the
electrode - solution layer.

Route for Hydroxide Absorhance Bstimated Calculated
Production (200nm) | Concentration (i) pH

Dissolved oxygen i

reduc‘tion Oe 12 4o4.n..l.o 1004

Surface oxide d]

reduction 0.10 4,2x10 10.3

Dissolved oxygen , -3

and surface oxide 0.36 1.2x10 10.9

reduction

Hydrogen evolution 0.72 5x10_3 S 11.2

Solution, potassium sulphate (0.03H).

3.3.6, Absorption monitoring of the blank solution during
cyclic sweep excitation

The absorption and current were simultaneouvsly monitored
during-a cyclic sweep (+0.17V to —0.8V to +0.1V vs SCE at 30mVs"1)
of the working electrode for potessium sulphate solution (0.0315).
The following situations.were investigatel:

(1) No electroreducible species (non-oxidised working electrode,
deééssed solution).

(2) Dissolved oxygen reduction (non-oxidised working eleéfrode,
non~degassed solution). |

(3) surface oxide reduction (oxidised woriking electrode, degassed
solution).

(4) Reduction of surface oxide and dissolved oxygen (oxidised
working electrode, non-degassed solution).

"The current -~ potentisal and absorplbion -~ potential curves showm
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3.18. Current/ebsorption - potential curves during
cyclic aweep of the working electrode:

(2) no electroreducible species

(b) reduction of dissolved oxygen

(¢) reduction of surface oxide

(d) reduction of dissolved oxygen and surface oxide.
Solution, potassium sulphate (0.03M); scan rate 30mVs™
monitoring wavelength 200nm; solid lines, currentg
broken.lines, % absorption.
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in fig 3.18 indicate that reduction of dissolved oxygén

and/or surface oxide ig a prereguisite for hydroxide production
since the increase in sweep currents (solid 1ines).at potentials
more negative than 0.0V vs SCE is accompanied by a simultaneous
rise in absorption (broken lines). The conceniration of
hydroxide generated from ihe various routes agrees with previous
experiments and increases in the reaction order: (1)<(2)~(3)<(4).
Close inspection of the response curves reveals that the
reduction wave for surface oxide and the initial rise in
absorption (curve c¢) are displaced to more negative potentials
that the corresponding responses for dissolved oxygen reduction
(curve/b). This behaviour is in agreement with the findings for
the potential step experiment in section 3.3.3.

3:3e7 Lbsorpbion monitoring of the blank solution during
potential step excitation

An identical set of experiments to the previous were
performed f§r potential step excitation (+ 0.1V to -0.8V vs SCE)
and the response curves are shdwn in fig 3.19. The potential
step excitation characterised by the initially high double-
layer charging current (solid line) caused an increase in the
rate of reduction relative to the potential sweep and is.
evidenced by the rapid response of_the absorpbtion signal (dotted
line). The absorption from the solution containing no reducing
species was wnusually high and indicated that degassing was not

complete.
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sulphate (0.03}); monitoring wavelength 200nm; solid lines,
current; broken lines, % absorption3: potential step, +0.1V
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3.3.8. Absorption monitoring of cadmium solutions during
‘ cyclic sweep excitation

By choosing the experimental conditions such that the
production of hydroxide was minimised. (non-oxidised working
electrode, degassed solution) it was hoped to show that
cadmium ion was reduced and no concurrent absorption occurred.
The absorptioﬁ ~ potential and current - potential curves were
recorded for cadmium solutions (SOpgmlul, IOOpgml-l) during
a cyclic“sweep (+0.1V to ~0.8V %o +0.1V vs SCE at 4OmVs—1)
of the working electrode and are given in fig 2.20, The
current - potential curves revealed small increases in sweep
current relative to the blank potassium sulphate solution (0.03M)
suggesting reduction of cadmium(II); +the corresponding
absorption responses at 220nm showed no increases. Generally,
cathodic scans with platinum working Qlectrodes show high
backeround currents and in this study with dilute cadmium
solutions it was not possible to state categorically that
reduction was occurring. TFor confirmaticn, the linear sweep
voltammogram for cadmium solution (9OQng1—1), using micro-
platinum wire as working electrode, was recorded and this did
reveal a reduvction wave commencing al approximately ~O;6V'x§ SChus
the corresponding scan for the blank solution is also included.
This is shown in fig 3.21a. The study ciearly demonstrated
that cadmium(II) was reduced withoul concurrent absorption and

enabled the hydrated metal atom theory, which was originally

postulated to explain the absorption signals, to be ruled out.
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FIG. 3.20. Current/absorption -
' potential curves during
cyclic sweep of the [
vorking electrodes
(a) potassium sulphate
solution (0.031) 1
(b) cadmium (50Ugml™ ™)
in potassium sulphate
solution (0.03:) N
(¢) cadmium (100Ugml™ )
in potassium sulphate
solution (0.03M),
Scan rate 40mVs’1;
monitering wavelength
220nm; solid lines,
currenvj broken lines,
% absorption.
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In contrast, using
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experimental conditions which

T
+ O _O-8 +Ol

o/, Absorption and
25
o

generated hydroxide ion

| Electrode potential
(oxidised working electrode [V vs SCE)
and nen-degassed solution) enabled strong absorption signals
at 220nm to l'e recorded for cadmium (5Opgm1“1) during the scan.
The absorption and current responses during reduction of
(1) dissolved oxygen and (2) surface oxide are présenﬁed in
fig 3.22. 7I. can be seen that the reduction wave for surface
oxide reduction and the initial rise in absorption are d;splaoed
to more negative potentials than the responses for dissolved
oxygen rcdudtion; this agrees with the response behaviour -
observed for the corresponding scans of the blank solution
(fig 3.,18b, c).

3+3¢9. Absorption spectra of the electrogenerated cadmium
species

The ultraviolet spectra of the electirogensrated cadmium
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FiG. 3.21, Linear sweep’yoltammogram for (g) cadmium
(900ugm1l™") in potassium sulphate solution (0.031)
and (b) potassium sulphate solution (0.031).
Scan rate 80mVs L. :
species was recorded using hydroxide derived from (1) reduction
of dissolved oxygen, (2) reduction of dissolved oxygen énd
surface oxide and (3) the hydrogen evolution reaction.
The spectra which are presented in fig 3.23 for cadmium solutions
(2x10—5M) are very similar with maximum absorption occufring at
approximately 200nm. (N.B. The recorded spectra include a
contriﬁufion from hydroxide ion). To absorption was recorded
for cadmivm solutions (2x10_4m) with hydroxide derived from
reaction (1) or reaction (2). Further,feilure to record the
|
characteristic hydroxide signal at 200nm indicated the complex—

ation of hydroxide with cadmium ions to give non-absorbing

specios. The absorption results at 200nm (Amax hydroxide) and
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FIG. 3.22.
Current/Absorption -
potential curves
during cyclic sweep
of the working
electrode:

(a) reduction of
dissolved oxygen

(b) reduction of
platinum surface
oxide. Cadmium
(50pgml~t) in
potassium sulphate
solution (0.031);
monitoring wavelength
220nm3 -scan rate
4OmVs"1; golid lines,
current; broken lines,
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220nm (Amax- cadmium) for the cadmium solutions and the blank

potassium sulphate solution (0.031) are given in table 3.4.

Table 3.4. The electrogenerated absorption values at
200nm and 220nm for cadmivm and the blank

solutions,
% Absorpltion
Potasgssium Cadmium Cadmium
sulphate (2x10-51) (2x10—4M1
(0.03M)
200nm [ 220nm 200nm| 220nm 200nm| 220n1nm
Reduction of
dissolved oxygen 21 2 26 18 3 2
Reduction of
dissolved cxygen A4 3 46 31 1 2
and surface oxide

Sufficient hydroxide was, however, generated during
the hydrogen evolution reaction and the spectrum for cadmium

solution (2x10—4M) is shown in fig 3.24. An interesting
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gpeciral fealture is the
bathochromic shift in the

absorption maximum of the

cadmium species which provides

partial resolution of the
hydroxide ion and cadmium

abgorplion bands.

3.3.10 Calibration
for the
electro-
generated
cadmium

Bpecies

The absorb-
ance values for the electro-
generated cadnium s$pecies

were obtained from the

reaction of cadmium solutions

(Sugmi™ - 200pgm1™) with
hydroxide ion derived from
the three main sources. The
calibration curves are
presented in fig 3.25 for
(1) reduction of dissolved

oxygen (2) reduction of

dissolved oxygen and platinum

surface oxide and (3) the

Absorbdncé
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b
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FIG. 3.23. Ultraviolet spectra
of the cadmium species during
(a) reduction of dissolved
oxygen (b) reduction of
dissolved oxygen and surface
oxide (c) the hydrogen evolut-
ion reaction. Cadmium
(2x10~51) in potassium sulphate
solution (0.031).

hydrogen evolution reaction and the unusual absorbance - concentra-

tion dependence is readily explained in terms of cadmium hydroxide



formation. The linearity o5

observed up to approximately \\ ' .~\\\
. m . »
20pgml”" indicates that the O  og N
. o ;
~amounl of precipitate o ;
| S
o .
increased in a regular 0 ' '
0 Ol
manner with increasing <
cadmium concentration. The 200 240 260 )
decreasing absorbance values Wavele ngth (nm)
(C'l;lI'VGS a and b) beyond this FIG. 3.24. Ul'FI'aViOle'i’: gpectrum
' of the cadmium species during
concentration level, hovever, the Pydrogen evolution reaction.
Cadmium (2x10~41) in potassium
signified that there was | sulphate solution (0.03H).

insufficient hydroxide %o enéure the conltinued precipitation of
éadmium hydroxide. The absorbance values at the BOUgml~l level
clearly provide an indication of the quantities of hydroxide
available from the three routes. The high pH resulting from the
hydrogen evoluiion reaétion did not extend the range of linearity

but rather high absorbance values were still noted even for

. -1
cadmium concintrations of 800Hgml ~ (curve c).
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FIG., 3.25. Calibration graphs for the electrogenerated cadmium
 species: (a) reduction of dissolved oxygen (b) reduction of
dissolved oxygen and platinum surface oxide and (c) $he
hydrogen evolution reaction. MNonitoring wavelength 220nm.

81



3e4. Absorption Studies of Chemically Prepared
Metal Hydroxide Solutions e

3edels Ultraviolet spectra of cadmiunm hydroxide solutions

Lg shown previously(fig 3.12)a chemically prepared
solution of cadmium hydroxide exhibits sensitive absorption
in the ultraviolet.‘ Thig is not conclusive, however, that the
absorbing species are precipitated cadmium hydroxide partioles
siﬁce other soluble cadmium hydroxy complexes are formed and
these may aksorb the radiation. The principle cadmium-
containing species in alkaline solution depend on the concentra-
tion of hydroxide ion9l. The following reactions give a
representation of the dynamic equilibria existing between

the various species that are formed:

2+ - +
ca + O ——>  ca(oH)"
ca(om)t  + O ——= ©a(0H)p —= Cd(OH)ZJ,
soln
ca(0H)p + OH —— ca(on)g
soln _ B o
ca(OH)3 + OH —  ¢d(0H) i

The ca(0H) ana Cd(OH)z— complexes predominate at high (pﬂl4).
and low pH (pH8) respeotively9l.

' To determine whether any of the soluble cadmium>SpeCies
abgorb ultraviolet radiationy it was decided to prepare cadmium
hydroxide solutions containing various concentrations of sodium
hydroxide and compare the absorption spectra of the unsetiled
and settled solutions. The settled solutions would not contain

precipitated particles (provided the particles are not colloidal)

and any absorpiion (negleotihg hydroxide ion absorption) would
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be due to soluble cadmium hydroxy c&mplexes;

The preparation consisted of the addition ol various
microlitre aliguots of stock cadmium solution (0.01M) to
volumetric flaeks (25ml) containing various concentrations of
sodium hydroxide solution (0.1H — 0.001K); final cadmium
concenﬁrations'were 2x10—4M and 2310—5M. After thorough mixing,
the ultraviolet spectrum of each solubion was recorded.

The scolubions were then left overnight tb 2llow precipitate

to0 settle and portions of the clear solution were withdrawn

for e second ultraviolet scan. Care was ‘taken not to disturbd
thé_fine settled precipitate. The solutions were then thoroughly
mixed égain for a final scan.

The resuits of a'visual inspection of the cadmium
hydrozide solutions are summarised in table 3.5 while The
corresponding spectra of the unsettled (solid line) and sedtled
(broken line, solutions are presented in figs 3.26 and 3.27.

The final ultraviclet scan is not included., For fig 3.26
(cedmium 2x10~5M),the spectra of the unsettled soiutions bear

a slrong resemblance to their electrogenerated counterparis

(fig 3.23) and it can be seen that the hydroxide conceﬁfratiop
does not significantly influence the spectral properties of

the species, Fof cadmium concentrations of 2x10~4M, no
absorption was recorded for solutions 0.001lM and 0.003M with
respect to sodium hydroxide. Also the lack of hydroxide
absorption at 200nm indicated that soluble non-absorbing cadmium
hydroxy complexes were formed. This agrees with the previous

electrogencrated results reported in table 3.4. Strong
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FIG. 3.26. Ultraviolet spectra

(Unicam SP 800) of cadmium
hydroxide solutions. Cadmiwm
(2x10-5M) in sodium hydroxide
solutions of molarity

(2) 0.001H, (b) 0.,003H, (c)
0.011, (&) 0.03H, (e) 0.1l
So0lid lines, unsettled solu-~
tions; Tbroken lines, setiled
goluntionss pathlength 1Omm.

Wavelength (nm)

absorption was noted for the remaining unsettled solutions, but

differences in the spectra were evident. The spectral features

are illustrated in fig 3.27..

The most imporiant findings of these oxperiments,

however, were that (1) there was no significant absorption for
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any of the clear settled solutions (aged overnight) and
(2) the original spectra were restored when the scan was
made on the ungettled solution containing precipitate.
This indicated that soluble compiexes such as ca(ox)™,
ca(om),, 6d(on)7 and Cd(OH)i— did not exhibit significant
ultraviolet absorption. Comparison of the result in table
3.5 with the corresponding spectra reveals that absorption
was only recorded for those solutions in which cadmium
hydroxide particles were produced;,

This study demonstrates that the absorption signals
measured in ithe spectroelectrochemical experiments previously
described were caused by fine precipitated particles of
cadmium hydroxide., This conclusion is also apblicable o
those cadmium studies performed by Sadeghis, ’l‘ysonB’4 and
Hogarth7 where in the case of the former two workers soluble
hydroxy complexes, particularly CdOH+, were thought to be
responsible.

3.4:2. Calibration for chemically prevared cadmium
hydroxide

The analytical growth curve recorded for elecifo-
generated cadmium hydroxide (fig 3.25) should be duplicated for
the chemically prepared precipitate and thus provide confirmation
of the previous conclusion. Standard cadmium solutions
(SPgml_l - ZOQngl_l) were prepared containing various concent-
rations of sodium hydroxide solution (0.0IM, 0.001M, 0.00075M).

After thoroush mixing of the solutions, the uliraviolet scan
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Table 3.5.

Vigual descripiion of chemically prepared

cadmium hydroxide solutions.

Hydroxide Cadmium Concentration
Concentration (i) 2x10™OH 2x10~4n
0.001 Clear solution Clear solution
Small precipitate No precipitate
0.003 Clear solution Clear solution
Small precipitate No precipitate
0.01 Clear solution Cloudy solution
Small precipitate Precipitate
0.03 Clear solulion Cloudy solution
Small precipitate Precipitate
0.1l X Clear solution Cloudy solution
Small precipitate Precipitate

wasg recorded and the absorbance at 220nm was noted, due
correction being made for the blank soluiion absorbtance,.
The calibration curves presented in fig 3.28 indicate that
the range of linearity is approximately the same for curves
b and ¢, that is O - 4q4gml—1, while linearity is only
observed up to 2Opgm1_1 for curve a. TFor curves a and b,
the absorbance then tends to level off and approach the
x=-axis. This bhehaviouwr is very similar %o that obtained.
electrochemnically: iﬁitially there is suffiéient hydrox;de to
enable the concentration of precipitate to increase in a |
regular mannér providing a linear analytical growth curve.
Eventually, however, this condition is not met and the solution
equilibria governing the reactions of cadmium and hydroxide
ions favour the diséolution of precipitate and the formation
of the soluble non-absorbing mono-hydroxy cadmium complex

" (caoH™). The calibration plot (curve c) foxr sodium hydroxide
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FIG. 3.28, Calibration curves for chemically prepared cadmium
hydroxide solutions. lolarity of sodium hydroxide solution:
(2) 7.5x10~411 (b) 0.001M (c) 0.01M; absorbance measured
at 220nm (Unicam SP 800); pathlength 10mm.
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solution (0.01l) is linear in the range O to 40Pgm1_1 and

then increases erratically up to 200pgm1~1; this behaviour
indicates that there is sufficiept hydroxide to maintain

the continued production of precipitate with incfeasing cadmium
ion although Beer's law is not obeyed. Insignificénﬁ absorption
was recorded for the ultraviolet spectra of the clear settled

solutions.

343, Abgorption spectra of metal hydroxide solutions

The results for cadmium(II) suggest that the spectra
reported by Tyson4 for a number of metal ions including
chromium(III), cobalt(II), copper(II), iron(II), lead(II),

nickel (II) and zinc(II) were also due to precipitated metal

hydroxide particles. Table 3.6.
’ Solubility products of
Consideration of the solubility metal hydroxides at

18°C ox 25°C .

product values of the metal =y
. ca(on)2 = 2.5x10
hydroxides given in table 3.6 Cr(OH)3 _ 6.3x10w3¥
indicates thal the pH of the Co(0H), = 1.6x107?
. b a2
electrode — solution layer(pH10-11) LJ(OH)2 - 2'““10_16
Fe(OH)2 = 8,0x10
. . . T e
is high enough to precipitate the Pb(OH)2 _ 1.2x10 1J
sons at concentrations of 10 M. Ni(OH)2 - 2.0x107%?
_ , -17
Solutions of the above Zn(OH)2 = 1.2x10

_ - aken f £. 92.
metal ions (2x107 M or 8x107 M) Taken from Ref. 32

containing sodium hydroxide (0.00LM) were prepared in a similar
manner to cadmium(II). The results of a visual examination of the
‘solutions are summarised in table 3.7 while the spectra of

the metal hydroxide solutions before and after settling are



presented in fig 3.29. The results in all cases are similar

to the cadmium situation: sensitive absorption was only
exhibited by the unsetitled solutions,.whileﬁinsigificant
absorption was recorded for the seltled solutions. The original
spectra were restored when the scan was repeated on the aged
and thoroughly mixed solution containing precipitate.

Although no precipitate was visibly noticeable for cobalt,

the differences in spectra suggest that.very fine precipitated

partidies were formed, possibly of colloidel dimensions.

Table 3.7. Description of chemically prepared
metal hydroxide solutions.

Cr (2x10’ M) precipitate

Co (2x10~ h) _ no precipitate

cu (8x10™ H) brown precipitate
Fe (2x10—5M) orange suspension
Pb (8x10~5M) precipitate

Ni (8x10—5M) precipitate

7n (8x1071) precipitale

Hydroxide concentration (0.00LH),

This study demoﬁstrates once again that the precipitated metal
hydroxide particles were most probably responsible for light
absorption and soluble metal hydroxy complexes of the type
M(OH)x can largely be discounted as possible absorbers.

3.4.4. Light scattering considerations and graphlcal
analysis of absorpiion spectra

The experiments have demonstrated that precipitation
of metal hydroxides occurs at the working electrode and these
particles scatter and absorb the incident radiation. It is

possible that the decrease in light transmission during
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electrolysis is also caused by light scattering. The measurement
of such scatltered signals is in fact the basis of thc¢ nephelo-
metric and turbidimeiric technigues which enable the solids
content ol dilute suspensions to bhe determined.

Belore describing a procedure purported to distinguish

between true absorption and apparent sbsorption (scatter),

l-h

it is necessary to consider bhriefly the effect of particle size
or the proverties of scattered light. fThe intensity and spatial
distribution of scattered light generally depends oﬁ the size
and shape of the particles. Rayleigh scattering ie observed Tor
digsolved ions or molecules where the particle sizes are much
lesg then the wavelength of light (particle diameter<:x/20);

the intensity of the scatbered radiation is inversely proportional
to the 4th power of the wavelengthe As the size of the particle
exceeds about %/20, interference effects hecome increagingly
sigmificant «id the simple Rayleigh theory no longer applies.
Various eguvations have been derived by Rayleigh, Gans and liie

to descrihe the scattering propevties of such systems but e
discussion of this complex subject is outside the scope of the
thesis. Instead the reader should refer to the review paper

93

on light scattering by Billmeyer which provides an introduclion
to the topic. FParticles of colloidal dimensions (Inm ~ 100nm)
exhibit Tyndall scattering,but there is no simple intensity -
wavelength relationship; +the lide theory predicis scattering to
vary irregularly with wavelength.

Clearlys the metal hydroxide particles wounld not exhibit

Tavleirh scatbteringe since the particle dimensions are colloidal
O &

<
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(Inm - 100nm) and/or in the fine particle size range

-5 -3 . . |
(1077cm = 107 ”cm). The latter size range is of course supported
experimentally by the visval observation of precipitate,
prepared electrochemically and chemically (except cobalt),
and also by lhe fact that the chemically prepared particles
setltled on standing. Farbicles of colloidal dimensions would,
howevers; exist during the growth of precipitate;

It seemed appropriate, therefore, to examine %he recorded
absorption spectra with a view to determining whethér the metal
'hydroxide particles were exhibiting true absorption or scatter
or both. Actually it is not easy Yo distinguish between the
twe, The turbidimebric equation

I

I = I exp(» tl) and 1ogfm =

rl

2.3

which describes the decrcase in light intensity in passage

™

through a sample of length 1 and turbidity,Tis of comparable

form to the Beer-~Lazmbert low
I
I = I exp(~? 3 €lc) and lngif A =

63}
e}
°

For unit pathlength, <+he apparent or true absorbance depends
only on the concentraticn of the scatiering or absorbing
specles res tively and is independent of the incident 1lght
intensity. A further complication is that certain colloidal
guspensions, For example silver sulphide and lead chromate,

. . . - . ., 94
selectively absorb light in addition to scatiering it7 .

A graphical procedure has been used by Heller and
95 . . .

Vamsy”’” to indicate the presence of true absorption in systens
exhibiting ®yundall spectra. The ecquation

~logl = C+ nlogAh
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where K is an absorption coefficient, C ig a constant and
n is the wavelength exponent, was vproposed to characterise
the spectrum if nothing bult the wavelength was varied.
Values of n (very mush) greater than 4 were réported to
indicate the presence of true absorption whereas values
between 0 and 4 were attributed to scatter; also as n
approached zero, the particle size increased. If true
absorption wag absent then n = 4 was indicatiﬁe of Rayleigh
scattering. The procedure hag been applied to indicate the
presence of strong abscrpticn in iron oxide solutions at
wavelengths less tharn 550nm and also Tor the determination of
particle sives in gelatin and polysiyrene solulions 95’96°

The spectra of qadmium hydroxide particles (prepared
electrochemically and chemically), mebal hydroxide pariicles
and clectrogenerated hydroxide were enalysed according to the
graphical method. The calculated n'values for 2 number of
spectra are listed in table 3.8 while representative
1ogA?vr - log Aplots for hydroxide absorption and electrogencrated
cadmium hydroxide are presented in fig 3.30 to illustrate the
graphical technigue., The graph for the hydrbxide spec{rum
(fig 3.15c¢) yielded two large"ﬂ'values of opposite sign, -40 and
+140, as expected for a system undergoing true absorption.
The"ﬁ'values (-8.3 and ~13.3) for electrogenerated cadmium
hydroxide (fig 3.23b) were also significantly greater thoan 4 and

indicated the presence of absorption. Referring to table 3.8,

% -Absorbance is assumed proportional to K in the Heller - Vasuy
equation.



Table 3.8, n values for logA - log\ plots for
spectra of metal hydroxides and
hydroxide ione.

Metal i Fydroxide io: ati
Spectrum cohzzgirizgon cngZ;;izt;Eﬁ n value(s) Lo:;ézzgu;f
Blectro--
gegerated - - =40, +140 fig 3.15a
OH
Blectro—~ -5
zenerated| 2x10 “H - ~8.3,~13.3 | fig 3.23Db
¢a (OH)
2
lectro~ -1
{_’;Gn’&l‘a‘bed 50}.]5{111 e _41:0,'{'1607’ fia 3.10
Cd(OH)2 , -3.2 :
ca(on), | 2007u 0.01K ~8.7,-6.0 | fig 3.260
Cd(OH)2 2310”1 0,011 -2.8 fig 3.27c
Cr(OH)3 8x10"21 0.0011 ~6.7 | fig 3.29a
co(on), | 22107m 0.001% ~6.7 £ig 3.29D
Cu(oz-z)2 8x10™71 0.001% ~0.9,-8.0 | fig 3.29¢c
Fe (OH),, 2%107 M ~ 0.001H -3.0,-10.0 | Tig 3.29d
-ty
Po(0H),, 8x107°M 0.001.1 ~13.3 fig 3.29
11 (oH), 8210771 0.001H -9.2 fig 3.297
zn (OH), 8x10™ M 0.00111 ~25.,0 fig 3.29g

an absorphion band for the electrogensrated pariicles in the
visible region (about 626nm) is indicated since analysis of

the spectrum (fig 3.10) yielded"n"values of opposite signe.

Values of n less thaﬁ 4 and signifying scatter were also‘obtained
for cadmium nydroxide spectra; this was particularly true for
cadmium solutions of concentration 10—4M and greater. Also

the analysis 6f the gpectra of aged solutions where particle

gize growth would have occurred resulted in a lowering of n
relative to the freshly vrepared solution. The results for the
metal hyd?oxide golutions signified the prescnce of absorpition,

but in some cames (Cu(OH)z, Fe(OH)Z) scatter was alsgo indicated.
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FIG. 3.30. Log absorbance versus log wavelength
for (a) electrogenerated hydroxide ion
(fig. 3.15(c)) and (b) electrogenerated
cadmium hydroxide (fig. 3.23(b)).

Judging the results as a wibole it would seem thatr
the method is valid for indicating the presence of absoryption
and/or scatter in sysiems composed of colloidal or fine
particles. It nust be remembered, however,that since scatter
signals were recorded for p;ecipitated cadmiunm hydroxide
particles in the fluorescence measurements, the presence of
scatter cannot be ruled oul from the above metal hydroxide

systems with'h'"values greater than 4.

o7



3.5, Conclusions

The studies have demonstrated that during the
eléctrolysis of dilute cadmium solubions precipitated cadmiwn
hydroxide narticles were generated when the cathode —>solution
leyer became élkaline, AMkalinity at the cathode, depending
on experimental conditions, arose from (1) reduction of
dissolved oxygen, (2) reduction of platinum surface oxide
and (3) the hydrogen evolubtion reaction. The particles caused
light écattcring, but they also exhibited sensilive absorption
and the measurement of such signals nay be used for analytical
determinations. A4lthough reproducible generation was achieved,
there would not appear 1o be any analytical advantage in employ-i
ing eloctrogenerdtion,save for convenience, since the absorpiion
characteristics (spectré and calibration curves) of the particles
were duplicated for chemical preparation. TFurther, lack of
selectivity in the reaction belween hydroxide ion with metal
jons would make the tecimique unatiractive for general applica-
tilon.

The spectroelectrochemical technique was shown to be
gsuitable for monitoring the course of elecirochemical féactions,
providing new and important spectroscopic information on the
rceduction products of platinum surface oxide and dissolved
oxygen. In situ monitoring during the respective reduction
reactions indicated that hydroxide ion was produced in preference
to hydrogen peroxide, This kind of study assists in the

understanding of electrode reaction mechanisms.



CHAPTER 4 Studies with Potassium Ferrocyanide
and O=Tolidine

Aol Introductory Remarks

Poltagsium ferrocyanide and g~tolidine were used to
indicate the analytical potential of specirally monitoring
electrogencrated spedies formed as a direct result of an
electrode reaction. They serve as model compounds sincé*

(1) their electrochemical behaviour is well-characterised

and (2) the abscrption spectra of the respective oxidation
preducts are significantly different from the parent compound
to engble interference - free monitoring at an appropriate
wavelength., Studies with potassium ferrocyanide were

KR

primarily concerned with comparing the experimental

absorbance -~ time resulis for chronocamperomedric and chrono-
potentiometric oxidations with the respective Beer's law-

type relationships. In the case of g=ltelidine, the expefiments
were designed to illusirate the potential of the {technique

for the determination of organic compounds at the trace level

and ‘the experimental procedures to be adopted when performing

spectroelectrochemical investigations of new compounds.



4.2 Experimental Details
. The gilica cuvette conlaining the plafinum unit
described in section 2.2.2 was employed exclusively in this
vork. BElectrolysis was carried oul at constant voltage or
conﬁrolled potential using the Chembrix fuﬁction generator.
Current ~ potential curves using micro—platinum wire as working
electrode were also obtained with the Chembtrix source.

A pretreatment process For the electrode was adopted.
This conisted of soaking the wire in nitric acid (50%VV"1),
rinsing with distilled water and finally '"holding" at -0.1V
ve SCE with pulses(3) of short duration (~1s). This proceduvre
provided an non-oxidised platinum surfece with litile adsorbed

hydrogene

Solution preparation

Potassium ferrocyanide. BStandard solutions of

potassium ferrocyanide were prepared containing potassium
sulphate (0.03M) as background electrolyte.

o-toliciine. Stock owtolidine solution (lOOOpgml_l
and 0,01}) was prepared by dissolving the appropriate weight
of the compound in acetic acid solution (0.5H) oontaiﬁing
a fow drops of glacial acetic acid and adjusting the volume
to 100ml. Standard solutions in either perchloric acid (0.51)

or hydrochloric acid (0.51) as backgrourd electrolyte were

prepared by diluting the stock solution with acetic acid (0.51).
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4.3 Potassium Ferrocyanide

The guantitative basis of the spectroelectrochemical
experiment 1 s provided by the egquation derived by combining

Beer'ts and Faraday's law
A = elq/nFV (1)

and relatés the absorbance of electrogenerated prodﬁcﬁ 1o ‘the
guantity of charge passed in the electrode reaction. Before
analysing the respective absorbance responses fo: cHIoN0ampero-
metric éﬁd chronopotentiometric oxidations of potassium
ferrocyanide, the spectroelectrochemical behaviour of the ferro-

ferricyanide systen

, 4~ _ Sy 3-

is presented.

A4.3.1 Voltammetric bechavigur

The current - potential curve for potassiuvn ferro--
cyanide (0.001#) in potassium suvlphate solution (0,03H) recorded
during a cyclic sweep (OV to 0.6V to OV vs SCE at 29mVs—1) is
given in fig 4.1l. Well-developed anodic (Ep: 0.25V) and cathodic
(Bp= 0.16V) waves were obtained and the peak separation’ 6f
90 mV indicated near-reversibility for the onme~elecitron redox
reaction. To ensure the maximum absorpiion response for in situ

monitoring of electrogenerated ferricyanide, poteniials greater

than 0.25V vs SCE should be selected.

4.3.2. Absorption spectrum of ferricyanide

The uvltraviolet~visible spectrum of potassium Lferri-

% Tor an electrochemically reversible (fast) electrode reaction
the difference in peak potentials for the anodic and cathodic
processes is given by the relationshipgl

Ep(a) - #ple) = 0.059/n,
101



cyanide solution'(lO"4M) given in

fig 4.2 (solid line) and recorded on

the Unicam SP 800 instwrument shows
two prominent absorpiion peaks at
305nm and 4A20nm., Potasgsium
ferrocyanide solution (10—4M)

did not absab in the wavelength
region investigated.

The spectrum of electirogenerated
ferricyénide (broken line) is
also included in fig 4.2.

Signals at the appropriate
wavelength were obtained by
monitoring, at the anode; the
decrease in light transmission
during the application of a step
voltage (~0.9V to 1.5V) o
potassium ferrocyanide solufion

(0.0011) containing background

“~ Anodic current (uA)

06 o4 o2 e}
Electrode potential
(V vs SCE)

FIG. 4.1 Current - potential
curve for ferrocyanide during
cyclic sweep. DPectassium
ferrocyanide (0.001H) in
potassium sulphate solution
(0.031); scan rate 29mVs™ 3
vorking electrode, platinum
vire.

electrolyte; fresh sample solution was used for measurement at

each wavelength.

Insertion of the absorbance value at 420nm (broken line)

into the Beer's laow equation provided an estimate of the optical

pathlength of the cell (4 = 0.4, €= 1020, C = 0,0011). The

value, 4mm, was in approximate agreeﬁent with the length of

the platinum electrode (Smm) and validates the calculations of

the provious chapler concerning hydroxide generation at the
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PIG. 4.2. Absorpiion specirum of ferricyanide. Solid line
(Unicam SP 800), potassium ferricyenide solution (107%1); path
length, 40mm. Broken line, potassium ferroxyanide (1079I) in
potassium sulphate soiution (0.031) during electrolysis (+1.5V).

cathode ~ solution layer.

4.3.3. Absorption monitoring during cyclic sweep

In experimenis similar to that described in section 3.3.6,
the absorption/current - potential curves were recorded simulianeous—
1y for potassium ferrocyanide (0.001H) in pobtassium sulphate
soluﬁioﬁ (0.031) during = cyclic sweep (OV to 0.6V to OV vs SCE
at l6mVs~1) of the platinum worling electfode. The resﬁbnse is
shown in fig 4.3. It can be seen that the increase in absorption
(broken line) at 305nm follows closely behind the increase in
sweep current (solid line) wntil the reaction becomes diffusion-
controlled whereupon the absorpiion begins to level-~off. When
the potential reaches a point where the reduction éf ferricyanide

occurs,as evidenced by the increase in cathodic current,the

absorption decreases %o 2 low value. This kind of study uwtilising
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FIG. 4.3. Absorption and current response for ferrocyanide
during cyclic sweep. Potassium ferrocyanide (0.001M) in
potassium sulphate solution (0.03M); solid line, currents
broken line, absorptions monitorins wavelength 305nm; scan
rete 16mvs™L.

simultancous current and absorplion monitoring provides convincing
though qualitative evidence that the spectrally observed product

is the direct result of the electrode reaction.

Ae3ehe Absorption monitoring during chronocamperomnetr
-] Y

Chronoamperometry involves the anplication of a potential
step to the working electrode and monitoring the resultant current
as a function of time. The potential is of sufficient magnitude
to oxidise/reduce completely the electroactive material in the

.immédiate area of the electrode. TFor a reversible electrode

reaction, the instantaneous current flowing is controlled by the
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rafé of diffusion of electroactive material to the elecirode

surface and is given by the Coltrell equation97

i = nFac(D/r_r_b)% f (2)

where i is the.current(A), F is Faradey's constant (96493¢),

n is the number cof elecirons involved in the electrode reaction,
a2 1is the elecirode areca (cmz), C is the bulk concentration
(Mmlfl), D is the diffusion coefficient (cmes-l) and t is the
time (s). ZIntegration of the Cottrell equalion with respect to

time provides the chronoamperometric charge — time expression
R = 2nFac(Dtfm)= _ (3)

and when substituted in equation (1) yields tho corresponding
absorbance - time expression,
eV .

TFor the arrangement where the light beam is direcied normal to

:-‘ 0

v

the electrodas surface, (as in transmission expoeriments of

Kuwana) the equation reduces to

2 %

A = —fFec(Dt)? (5)
e
where ¢ ig the éoncentration (ML_l)- The change in concentration
units arises from elimination of the terms l(cm), a(cmz) énd.
V(L). The equation predicts that for a reversible reaction

under somi-infinite linear diffusion (SILD) conirol, the absorbance
of the electrogenerated product ig directly proportional to the
square root of ftime. A graph of A versus f% should, therefore, be

a straight line and evaluation of the gradient enables parameters

such as € or D to be determined. Thig type of analysis. has been



performed by Kuwanall{ Linearity of A versus f% and also
incidentally i versus td%'serves to check whether linear
diffusion conditions are being maintzained during electrolysis.
For the situvation where the light heam is parailel to the
electrode surface the absorbance will not increase indefinitely,
but will approach a steady-state level since diffusing material
will eventually reach solution not sampled by the light beam.

The absorbance - time exprsssion

o ) (6)
T

where |, the electrode length, is assumed equal to the optical
pathlength and w is the light beanm width, may be valid for the
short period in which the diffusing product fills up the widih

of the light beam.

Results

The absorption/current = time curves at 420nm were
recorded for the potential-step oxidation (~0:05V to O.4OV-K§.SCE)
of potassium ferrocyanide solution (0.001H) containing potassium
sulphate (0.031). The current - time curve was also recorded
for the background electrolyte solution alone and this enabled
a correction for the background current to be made. The absorbance
response curve given in fig 4.4 gradually approaches a constant
level and is consistent with a steady-state concentration profile
of ferricyanide being established within the width of the light
beam. Inspection of the curve for't%s<23 reveals a linear
relationship between absorbance and the square root of time

suggesting adherence to equation (6). 4 rough check on the
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PIG. 4.4. Absorbance - time response for ferrocyanide during
chronoamperometric oxidation. Poiassium ferrocyanide(0.001H)

in poitassium sulphate solution (OyO3M); monitoring wavelcenzth
420nm; potential step, —0.05V +to 0.40V vs SCE.

'.validity of the equation was possible by determining the gradient

of the absorbance - time graph and throush the relationship

. L A
gradient = €}2¢D?/up’

X 3

' i
(eg= 1020, I = 0.5(em), ¢ = 0.001M, D* = 2,55x10 ~, 7% = 1.77)

calculating the width of the light beam; w. A result of 1.2mm
was obtained and this is a sensible valus. |

The current - time measurements were used to determine
whether linear diffusion conditions were maintained during
electrolysis. The necessary results are presented in table 4.1
which also includes the absorbance values. According to the
Cottrell eguation, ‘the product'if%“should be constant for

lincar diffusion conditions; also linearity of the i wversus
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Table 4.l. OCurrent - time and absorbance — time
results for chronoamperonmetric
oxidation of ferrocyanide. -

i 4 P Jo A
iﬁQJA) ib1QJA) i(ua)| t(s)| 47 (s7)| t77 (s77) | it" (UAs®)| Absorbance
260 1.24 136 1 1 1 136 0.10
204 104 100 2 | 1.4 0.71 140 0.16
184 98 86 31 1.73 0.58 149 0.20
172 92 80 4 | 2.0 0.50 160 0.22
162 90 72 5| 223 0.45 161 0.24
154 88 66 6 | 2.45 0.41 162 0.25
149 87 62 7 | 2.64 0.38 164 0.26
144, 86 58 8 | 2.83 0.35 164 0.27
142 85 57 9 | 3.00 0.33 171 0.28
139 84 55 10 | 3.16 0.32 174 0,29
136 | 83 53 11 | 3.32 0.30 176 0.30
132 82 49 12 | 3.46 0.29 171 0.30
124 80 Al 16 | 4.00 0.25 176 0.32
118 78 40 20 | 4.47 0.22 179 0.34
114 76 38 24 | 4.9 0.20 186 0.35
111 T4 37 28 | 5.29 0,19 196 0,35
108 73 35 32 | 5.66 0.18 198 0.36
106 T1 35 36 | 6.00 0.17 210 0.37
103 70 33 40 | 6.32 |  0.16 208 0.37
101 70 31 44 | 6.33 0.16 196 0.38
100 68 32 48 | 6.93 0.14 222 0.39
98 68 30 52 | T.21 0.14 216 0.4C
97 68 29 56 | 7.48 0.13 217 0.39

Potassium ferrocyanide (0.001M) in poltassium sulphate solution
(0.03%); polential step, ~0,05V to 0.40V vs SCB; if, tobtal
current; iyy, current for potassium sulphate solution (0.031)
alone; i = iy - ipys Absorbance at 420nm,

1. ' R
e plot should be observed. Inspection of column T in table

we

1

4.1 shows that there is a gradual incrcase in the i+~ product
indicating non-adherence to exact linear diffusion conditions.
This is not surprising since, generally,shielded horizontal
electrodes are reguired before constant values can be obtained.

The text by Adams97 may be consulted for a discussion of this

aubiect. An approximate straight-line relatiouship was, howevexr
J P 3
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FIG. 4.5. Current versus the reciprocal sguare rooct of time
for ferrocyanide during chronoamperometric oxidation.
Potassium ferrocyanide (0.001}) in potassium sulphate
solution(0.031); potential step, —0.5V to 0.40V vs_ SCE.

1 A
observed for the i versus t © graph which is given in fig 4.5
and indicates that approximate linear diffusion conditions

were established at the vertical platinum electrode.
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1
The gradient value of the 1 versus + < plot,

3

0.13x10™”, cnabled the electrochemical area of the clectrode

PN
to be calculated from the expression; gradient = nFfacD®fr?

1 .

(n =1, F = 96493, ¢ = 10"6(Mm1‘1), D* = 2;55::10“3, e = 1.'7'7).
The area, a, was found to be O..93cm2 and this compéres
favourably with the geometric area of O.8cm2° Generally,
agreement between the electrochemical and geometric areas

would be unusual.

A+.3.5. ~Abscrption monitoring during chronopotentiometry

The chronopotentiometric‘technique involves +the
measurement of the working electrode potential versus time
during constant current electrolysis under linear diffusion control.
Application of a constant current to the elecirolysis cell
causes the surface concentration of the most réadily
oxidigsd/reduced species to decrease and eventually become zero.
At this point the potential of the working electrode is forced
to a value vhere another reaction can accommodate the current
(in the case of ferrocyanide oxidation this would be oxidation
of water). The time taken to reach this sharp change in

" working electrode potential is termed the transition time &)

and is given by the Sand equa“bion97
4 i A
% . TInrabCp
+ % ~OE (7)

where i is the current density QJAcm*Z), ¢ is the bulk concentra-—

. S : aer =L, . .
tion of reactant (miL™"), n is the number of electrons involved

in the clectrode reaction, P is Faraday's constant (96,493C),
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D is the diffusion coefficient (cmzs—l) and a is the electrode
area (cmz)o For the equation to be valid the function,

y ,
*/c, termed the transition - time constant, should be

-

2

()

independent of the current densily, i3 2also linearity of
with concentration is predicted.

The absorbance - time expression for chronopotentiometbry

‘ £lit
A = nFV (8)

since for counstant — current eleclrolysis the charge-time
expression ig simply the product of the cuvrrent and time.
This eguation is for a2 light becam directed normal to the
electrode surface and a linear varibtion of absorbance with
time can be expected, The expression is only valid;however,
up to the transition time {) since after this, 100% current
efficiency with respect to ferrocyanide oxidation is not achieved.
Beyond the transition time, the concentration of ferrocoyanide at
the electrode suwrface is zero and the rate of oxidation is
governed by the rate of diffusion of the reactant to the electrode
surface. Theo situation becomes identical to chronoamperometry
with the current and absorbance having a square rootb deﬁendence
on time. The deparfture from linearity on the absorbance - time
graph provides a value for the transition time and this method
has been demonsitrated by Kuwanallo

For an analysing beam projected parallel to the electrode
surface the absorbance would not increase indefinitely, due to

considerations outlined previously, and the absorption response
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would be primarily characteristic of diffusing product filling
up a light beam of finite width. Depending on the level of
constant current selected,it should be possible to record an
initial linear variation of absorbance with either time ox the
sguare root of time. It is unlikely that both sets of behaviour
11

could be recorded in the manner reporited by Kuwana and estima-

tion of transition times would not be possible.

Results

- The absorption/potential - time curvesg at 305am were
recorded for controlled ocurrent oxidation of potsssium ferro—
cyanide solution (0.00LM) containing potassiuvm sulphate (0.03W),
constant current levels of 0.50mA; 0.4Tmi, O.44mA and 0.39mA
being selected to ensure a sensitive absorption responsc.
The absorpbtion ~ time curves are shown in fig 4.6. The absorption
behaviour for curfent levels 0.4TmA (curve b), 0.44mA (curve ©)
and 0.39m4 (curve d) showed lincarity for a certain period and
then gradually approached the same steady-state leveljy the
range of linearity and the time taken to approach the constant
absorption level increased with decreasing current. This
behaviour was in agreement with ferricyanide being generated
under constant currenit conditions with absorbance initially
exhibiting linear dependence on the current and time as predicted
by equation (8). The absorbance ~ time curve for the current
level of 0.50mA (curve a) was not linear and was of similar
appearance to the chronoamperometric behaviour. The corresponding

potential — time curves were poor in that no sharp changes in
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PIG.4.6. Absorbance -~ time response for ferrocyanide during
chronopotentiometric oxidation. Potassium ferrocyanide
(0.00111) in potassium sulphate solution (0.0311); monitoring
wavelength 305nm; constant current levels, (a,) 0.50m4a,

(b) 0e47mA, (c) O.44mi, (d) 0.39mA.
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potential which could be attributed to a new oxidation process
occurring were noticed; estimation of the transition times
was, therefore, impossible. This was not surprising since
current levels were selocted corresponding to transition times
of less than ls. A more ropid shift to higher potentials with
increasing current wes,however,noted. To determine whelher
the absorbance results conformed to equation (8), the experimental
gradients were compared to the theoretical omes; +the results
are given in table 4.2.

Table 4.2. Experimental oand theoretical gradient

values of Absorbance — time plots for
chronopotentiometric oxidation of ferrocyanide.

Current level . ____Gradient
(mA) . Experimental Theoretical
0.39 0,003 0.036
0.44 0.008 0.040
0.47 0.017 0.043

Potassium ferrocyanide (0.0CLy) in potassiuvm sulphate
solution (0.0314); Absorbance - time plots, fig 4.0.
The theoretical gradients were caloulatzd from the expression

eli/mrv (e = 14203 I = 0.5(cm); n = 15 F = 96493C;

305
V=2axwus=0.,08x 10_3L) vhere the volume term, V, was oalculated
besed on a light beam width of O.lcm. It can be seen that although
the experimental values are significantly less than the calculated
dnés,the comparison improves as the current level riges.

A possible explanation for this effect is that side reactions,
particularly surface oxide formation, which consume a portion of

the electrolysis current may become less important at the higher

current levels so that electrolysis efficiency with respoct to
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ferricyanide generation is improved.

transition times, calculated from equation (7), and the values

Finally a comparison was madoe bebtween the theoretical

determined from the linear portion of the absorbance — time

curvega

e L,
discrepancy belween the respectivet ~ and if’“/c values

The results are presented in table 4.3.

The gross

indicates that the method is not valid for estimaling transiticon

times.

Table 4.3. Theoretical and spectrally determined
transition times for chrcnorotentiometric
oxidation of ferrocyanide.

-2 ’?" ’?;"I : “21%‘ /
iQJAcm )| T #theor « theor it'%e theor T abs */c abs
487 0.447 0020 218 120 5308
550 0.396 0.16 218 40 3465
587 0.371 0.14 218 16 2348
625 0.348 0,12 218 11 2062

Potassium ferrocyanide (0.001#) in potassium sulphate

solution (0.031)jals, albse~tonce.
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Adode Experiments with oO*Tolidine

The oxidation of g~tolidine (4,4'~diamino~3,3'~dimethyl~
biphenyl) was studied to illustrate the potential of the speciro~
eleotfochemical technique for trace determinations of organic
compounds. (@-tolidine undergoes a diffusion - controlled two-

electron oxidation at pH 2 corresponding to the reaction

NFB + e

+ + +
—A —

CH, CH, ¢

The oxidation product (quinonediimine) absorbs at 437om with
a molar thinction coefficient (8437) of 61000. At pH 4, two‘
succoessive one-—electron steps occcur: the product of the lst
wave has been identified as a dimer and gives absorption bands
2t 365nm and 635nm while the product of the 2nd wave is
identical to that obtained at pH 2. These reactions hove
provided the basis for the spectroclectrochemical studies
performed by Kuwanal’l4{‘ |
Experiments were similar to initial ferrocyanide
investigationss but algo included a calibration study. Low pH
solutions were employed %o eliminate the possibility of dimer

formation.

Aol Voltammelric behaviour

The current - potential curve for g-tolidine solution
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(0.0051) containing acetic acid (O¢5ﬂj ané‘pefchloric acid
(0.51) recorded for the cyclic swcep (OV to 0.6V to OV vz SCB
at 15mVs"1) is given in Tig 4.7. 4 peak potential (Ep) of 0.50V
vs SCE was recorded for the oxidative wave, but lack of a cathodic
vave on the reverse scan suggested irreversible behaviour fox
the O—tolidine system,

Loho2, Avsorption spectira of O-tolidine and
the oxidetion product

The ultraviolet spectrum of O-tolidine solutidn
(5x10—5m) containing acetic acid (0.5H) énd perchloric acid (0.5H)
was recorded on the Unicam SP 800 instrument with the badkground
electrolyte solution as reference. The spectrﬁm with‘ a single
absorpiion band centred around 249nm is presented in fig 4.8(a);

the molar extinction coefficient (£2A9) vas calculated to be
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PLGe 4:8. Absorption snecira of ~tolidine and the oxidation
product. (2) o=tolidine (5x10”5N) in background elcctrolyte;
reference, background clectrolytes pathlength, 10mm
(b) o=~tolidine (5x1070M) in background electroiyte during
controlled potential electrolysis (C.75V E§_SCE); background
electrolyte; acetic acid {0.5i) and perchloric acid (0.5M).

Z0,000(Lmylcmﬂl). The visible spectrum of the oxidation product
was recorded menvally for poténtiq} step oxidation (OV to
0.75V vs SCE) of O%tolidine solution (5x10“5ﬁ) containing back-
ground electrolyte. The spectrum also given in fig 4.8(b)
consists of & single band with an absbrption maximum around 440nm.
The molar extinction coefficient (2437) Wes estimateé’frgm Beer's
law (assuming the optical ~ pathlength of Smm was applicable) and
é value of 56,000 was obtained. This ig in approximate agfeemeﬁt
with the value reported by Khwana(£437=6l,000).

This simple study neatly illustrates the analytical value

of +the. +technique. A two-electron transfer reaction hes

resulted in the formation of a product with a large molar
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F1G. 4.9. Absorption and current response for O-tolidine
during cyclic sweep. O=tolidine(0.005l) in acetic acid(0.5M)
and perchloric acid(0.5i). Solid line, curreni; broken line,
absorptiony monitering wavelengih 437nm; scan rate lSmVs"l.

extinction coefficient (€); the ﬁigh valﬁe, readily explained
by the degree of conjugation existing in the slructure; enables
"sensitive 1in_ silv absorpliions measurements to be performed.

Further, the oxidation reaciion generated a new speclrum in the
‘more accessible visible region providing additional cha?acterm

isation for thé O-tolidine system.

4403, Abgorption monitorings during cvclic sweep

The ebsorption/current -~ potential curves were recorded
simaltaneously for the cyclic sweep oxidation (OV to 0.6V to
OV vs S0B ot 15mVs™ ) of g—tolidine solution (0.0051) containing

background. electrolyte. The response behaviour shown in fig 4.9
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wags similar 4o the ferro-ferricyanide system with the

increase in absorption (broken 1ine) coincidipg with the
increase in anodic sweep current (solid line) for the forward
direction. On scan reversaly, the absorption decreased to a
low value indicating reduction of the oxidation product.

The high background current associated with platinum surface
oxide formation and removal is evident from the current trace.
If scan rates greater than zbout 25mVs_1 were selected the
absorpfion signal could not follow the current response in

the ancdic and cathodic reachiions.

Lebdodo Calibration

The absorbance of the oxidation product at 437nm was
recorded for standard g~tolidine solutions (5x10—7M - 2x10~5M)
‘in scetic acid (0.5H) and hydrochloric acid (0.5#) during potential
step excitetion (OV to 0.6V va SCE). Duplicate measurements wvere
taken for cach standard solution and the resulis are presented
in table'4.4. The absorbance of electrogenerated product versus
the molar conceantration of ©-tolidine, is given in fig 4.10.
It can be seen that, for the concentration range investigated,
the graph is linear in two distinct regions namely between
(1) 1.25;:10‘61:1 and 10“.51‘.1 and (2) 1077} and 2x10 7. The gradients
(28731, 29000) of the straight-line portions of the curve were
used to determine the resgpective molar extinction coefTicients(€)
through application of Beer's law. The values (57462 and 58000)
were in reasonable agreement with the theoretical value (61000)

confirming that electrogeneration, in the case of Oo-tolidine,
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FIG.4.10. Absorbance versus o'~tolidine concentration during
controlled potential electrolysis. O-tolidine in acetic
acid (0.5H) and hydrochloric acid(0.5i1); electrode potential
0.6V vs SCB; monitoring wavelength 437nm.

Table 4.4. Absorbance versus Og-tolidine congentration
during potential step excitation.

| o-tolidine
Concentration (i) Absorbance

55107 0.021 0.025
1025x10"6 0.039 0.039
2.5x10“6 0.075 0.072
5;;:10’"6 0.152 0.137

107 0.294 0,289
1.5x10”5 0.418 0.427
2x1077 0.569 0.577

o~tolidine in acetic acid (0.5M) and hydrochloric
acid (0.5M); potential step, OV to 0.6V vs SCE;
monitoring wavelength 437nm.

wes a reliable procedure providing results in approximate

agreement with Beer's law.



4eHe Conclusions

Potassium ferrocyanide and O-tolidine were shown to
be valuable compounds for illustfaﬁing the principles of the
spectroclectrochemical experiment and checking the operating
performance of the cell. Conirolled potential oxidation with
concurrent in situ monitoring provided a novel roubte for

generating and recording the spectra of highly absorbing

<y

specieg and enabled sensitive and reproducible abzsorption
measurenents to be made. Such procedures should be applicable
to a large number of organic compounds cnabling the aguisition
of new and valuable analytical,informatiﬁna

The absorbance behaviour for ferrocyanide oxidation,
although showing initially linear depeﬁdence on time or the
square root of time (depending on the excitation technique)
as predicted, did not fiﬁAthe spectroelectrochemical eguations
and evaluation of paremeters by this foute was unsavisfaciory.
The steady-stale absorbance values; however, lended to agree
with Beer's law and enabled the optical pathlength of the cell

to be equated to the electrode length without incurring +oo

great an error,



CHAPTER 5 Studies in Flowing Solution

5.1 Introduction

Since in situ absorvtiomeblric monitoring of electro-
generated species in stalionary solutions was demonstrated to
have analytical potential it was decided to consiruct flow cells
incorporating carbon fibres as the working electrode and perform
similar experiments on flowing solutions. The flow cells are
described in section 2.2.2.. Continuous flow cells are widely
used in automatic analysis systems and a posgible applicatbion
envisaged foxr the cell was as a redox unit for performing
chromcgenic reactions with simultaneous absorpltion measurement
in Technicon auwto-analyser systems. Another possibility was as
a combined electrochemical--absorption detector in coniinuous
Tlow chromatographic systems. Clearly, one important requirement
Tor spectroscopic obgervation is that the desired species is
produced within the shorl time the golution resides in the cell.

The choice of carbon fibres as the working electirode
was due primarily to their suitability for incorporating into
micro~cells with long optical pathlengihs. Advantagesvof using
the fibres are their large surface area vwhich enables 100%
conversion of electroactive materizal and ensures the maximum
electrochemical and absorplion response. In addition, the fibres
exhibit favourahle electrochemical characteristics. The electrode

material is relatively new and unfortunately little published

data on electroanalytical applications are available.
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Das Gupta54 found that the electrochemical behaviour of the
material was comparable to other forms of carbon, such as
pyrolytic graphite and glassy carbon and that the fibres
suffered less from adsorption effects; A carbon fibre flow
cell based on controlled potential amperometric monitoring
was shown to be an extremely sensitive electrochemical detector
for flowing solubiong and application to eanvirvonmental pollubants
vas demonsirated. More recently, Jennings and Pearson98
successfully utilised a single strand of fibre as a pH indicator
electrode for the determination of the end points of acid-base
titrations.

For an initial appraisal of the carbon fibre flow cells,
the redox reactiions of ferrocyanide; O-tolidine and dissolved
oxygen were investigated. Buperiments in stationary solutions

were also performed with Paraguat, an _mportant herbicide.
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5¢26 Ixperimental Procedure

Sample solution was delivered to the cellvat a flow
- rate of approximately O,4m1min"l and the absorpbtion response
was recorded during electrolysis. Generally the micro-cell
(volumew TOMl; path length~ 20mm) was operated in the three-
electrode mode with potentiostatic control of the working
electrode while the macro-cell (volume‘nBOOpl; rathlengthw
50mm) was employed for two-electrode stu&ies, Operating problenms
included light beam attenuation by air fubbles and also a drifting
baseline; +the latter was particularly significant for the micro-
cell. The collection of experimental data.was,therefore,slow
and tedious and generally only single measuremenis were obbained
for each sample. Solution preparaltion Ffor potassium ferrocyanide,
O~tolidine and dissolved oxygen studies was as previously
described.

Current -~ potential curves were obiained in the Metrohm
cell using a small bunch of carbon fibres as the working electrode.
The clectrode was prepared by inserting the fibres into narrcw-
bore glass tubing and sealing one end either by heat treatment or
with silicone rubber sealant. Electrical connection was\made by
securing fine brass sirip to the fibres at the opposite end of

the tubing. Electrode pretreatment was not necessary.



5.3, Oxidation of Ferrocyanide

The performonce of the cells was checked by monitoring
electrogenerated ferricyanide. Using the macro-cell in the two--
electirode mode, potassium ferrocyanide solution (0.001M) contain~
ing background electrolyte was oxidised during an electrolysis
cycle of ~1.6V Lo 1.6V and the absorption response was recorded
at 305nm. The signal response was similar to previous static
experiments with the platinum electrode unit; but the time Lo
reach maximum absorbance, approximately six minutes; wasg longer.
Although the maximum absorbance, 0.3, was well below thalt expecied
theoretically (7.14 for | = 50mm), the experiment did confirm
the suitability of the cell for monitoring in flowing solutiouns.
Possible reasons to account for the discrepancy, assuming 100%
current efficiency;were (1) an unfavourable current distribution
along the carbon fibre surface which reduced the effective optical
pathlengih and/or (2) elecirogenerated ferricyanide resiied in
a very narrow solution layer closc to the eclecitrode surface and
only partial filling-up of the light beam thickness was achieved.

The micro-cell was employed for controlled potential
gtudies and the absorbance at 420nm was recorded for vafious
concentrations of potassium ferrocyanide solution (10"4M - 8x10“4M)
during oxidation at 0.5V vs SCE. In addition,the absorbance of
potassiwum ferricyanide solution (10"4M) was recorded in the flow
cell (zero applied poiential) and in a standard cuveﬁte (path-~
length 20mm) on the Unicam instrumenf. The results are presented

in table 5.1.
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Table 5.1, Absorbance values for potassium
ferricyanide gsolution and
electrogenerated ferricyanide.

(2) Potassium ferrocyanidoe (b) Absorbance, potassium
Concentration Absorbance | ferricyanide (10-414)
M24 _ Carbon fibre| Standard
10_, 0.113 cell cell
2x10 0.229
4x10_4 0.456 0.194 | 0.22
8x10™% 0.620

Wavelength 420nm; micro-cell, pathlength approximetely 20mm;
flow rate O.4mlmin—l.

() Potassinm ferrocyanide in potassium sulphate solution (0.03M);
electrode potential 0.5V _vs SCH.

(b) standard cell, pathlength 20mm (Unicam SP 800).

At the 10"4M level, the absorbanrce value for eleclrogenerated
ferricyanide, 0,114, was still lower than that for the standard
solution, 0.194, but there was a considerable improvemsnt in
the comparison relative to the previous result for +he macro-
cell. Also the larger absorbance value recorded for the
stendard cell (st), 0.224, indicated that the carbon filbre

cell (cf) pathlength was less than 20mm. A calculation
involving Beer's law |

1 Acfl‘st _0.194x2

2 1.76cm

indicates that the actual pathlength of the carbon fibre cell
was approximately 18mm. The calibration graph given in fig 5.1
shows that linearity was observed for ferrocyanide concentrations

between 10—4M and 4x10—4M.
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FIG. 5.1. Absorbance versus ferrocyanide concentration during
controlled potential electrolysis. Monitoring wavelenghbh,
420nm; electrode potential, 0.5V wvs 8CE; flow rate,
0.4m) min~*; background electrolyte, potassium sulphate(0.03H).

“Bede Ozidation of (O-—Tolidine

54,1 Voltammetric behaviour

The current -~ potential curve foz'o;tolidine (10~4M)
in acetic acid (0.5H) and hydrochloric acid (0.5H) solution
during a oyclic sweep (0V to 1.0V to OV _vs SCE at 125mVs~1) of
the carbon Fibre working elecirode is given in fig 5.2,
Well-develoned anodic (Ep= 0.48V vs SCE) and cathodic wéﬁes :
(Ep: 0.40V vs SCE) are appareant and the peak separation of

approximately 80mV indicates a reversible two-electron oxidation

pProcess.



FIG. 5.2, Current -
potential curve for
O~tolidine during
cyclic sweep. A
o~tolidine (10 1)
in acetic acid (0.5M)
and hydrochloric
acid (0.51);. scan
rate 125mVs™ 3
working electrode,
carbon fibres.

é‘ &6
current (uA)

FO 08 06 04 Oz O
Electrode potential
Vvs SCE}

S5efele Abgorption and current monitoring during
controlled potential oxidation

The absorption and current responses were sgimulbaneously
recorded in the micro~celi during controlled potential elecirolysis
(0.9V vs SCE) of flowing O-tolidine solutions (5xlo'f7m - 2x10_5i~i)‘
The cell was rinsed with blank solution for a period of ten
minubtes bebween each run. A bypical response curve is presented
in fig 5.3 for o=tolidine (2x10f5M); the solid line represenis
current and the broken line absorption. The sample solution was
presented to the peristaltic pump for delivery to the cell at
1 = 0 and the rise in curreht from the steady state level <Oo4épA)
‘of %he blank solution (acetic acid (0.5M) and perchloric aéid
(0.511)) after approximately three minutes indicates the delay
time before sample reached the cell. The steady—staté current
level was reached after about five minutes although for less

concentrated solutions this time was reduced. One noticeable
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FIG. 5.3. Absorption and current rcsponse for o=tolidine 5
during controlled potential oxidation. O+tolidine (2x10 “M)
in acetic acid (0.5M) and hydrochloric acid (0.5M);
monitoring wavelength, 437nm; elecircde potential, 0.9V vs SCE;
flow rate O.4ml min™*, "’
and contrasting feature 4o previous static experiments was
" the time lzg after the increase in oxidation curreut bofore
the commencement of the absorption signal. This was probably
due to the irregular and macroscopically rough surface of the
carbon fibre bed (cf. smooth platinum electrode surface) which
prevented the analysing light bean from sampling the electro-
generated product as soon as it had formed. A steady-state
absorption signal was not attained in a satisfactory time and
absorbance values were calculated after nine minutes. The results
"of the study are given in table 5.2. while the calibration plots,

current (solid line) and absorbance (broken line) respectively

" versus concentration, are shown in fig 5.4« The interesting
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PIG. 5.4. Abgorbance and current versus Og-tolidine concentration
during controlled potential oxidation. O=tolidine in acetic
acid (0.511) and hydrochloric acid (0.5M); monitoriug wave-
length, 437nm; electrode potential, 0.9V vg 3CE; flow rate
O.4ml min=l. :

Table 5.2. Absorbance and current results for
g-tolidine solutions during
controlled potential elecirolysis.

o~tolidine concentration(l) ! Current(uA) | Absorbance

5,010 L 0.03 0

1.2x10_¢ 0.03 0.022
2.,4%10 0.07 0.027
5.0x10" 0.21 0.031
1.0x1072 0.49 0.060
1.5x1072 0.84 0.100
2.0x10" 1.14 0,140

Micro-cell, path length approximately 20mm; O-tolidine in acetic
acid (0.511) and perchloric acid (0.5H):; monitoring wavelength
43Tnm; elecirode potential 0.9V vs SCE; flow rate O.4mlmin—1;
current (0.42MA) due to background electirolyte was subtracted.
feature of the calibration curves is the similar dependence of

the analytical signals on concentration with linearity being

observed .in two distinct concentration regions.
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The spectroelectrochemical ecquation governing the
flow system wag obtained by combining the Beer-Lambert law
with the current expression for the controlled potential

54

amperometric technique
i = nluc (1)

where i is the current {4), u is the flow rate (mls—l),

¢ is the concentration (Mmlfl) and the remaining terms are
defined as previous., Elimination of the concentraﬁion terms
in bothléquations Yyields the absorbance expression

li10°
A= R (2)

for %the flow cell which predicts that the absorbance is directly
proportional to current (i) and inversely proportional to the
flow rate (u). To éheck the validity of the equation;the
absorbance - current graph was plotted for values corresponding
to the linear portion of the absorbance and current calibration
curves and the experimental value of the gradient was compared
to theory. The graph is shown in fig 5.5 and the gradient was
found to be 0.109x10"6° The value for the theoretical gradient

calculated from the expression

v llo3
Gradient,, . = == (3)

where € = 61000 (em), ! = 1.76, n = 2, F = 96493C and

it

u = 0.,0066 (mlsﬂl) cane to 0.084x10~6. This comparison is
surprisingly good and indicates that essentially all the electro-
generated product was sampled by the light beam. Discrepancy

" between the experimental absorbance (O.l4),and the theoretical
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PIG. H5.5. Ahsorbance versug current for g=-tolidine during

controlled potential oxidation. O=tolidine (5x10“6m, IO"SH,

1.5x10-51, 2x107211) in acetic acid (0.5M) and hydrochloric
acid (0.51); monitoring wavelength, 437nm;_ electrode
potential 0.9V vs SCZ; flow rate O.4mlmin™",

’ -5
value. (2.15) at a concentration of 2.0x10 ! was, however,; still

significant.
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55 Reduction of Dissolved Oxygen

The reduction of dissolved oxygen on carbon fibre was
investigated to see whether this electrode material produced
results similar to platinum. ZEvidence for hydrogen peroxide
formation at carbon electrodes which was mentioned carlier in
section 1.2 was reporteq by Davis and co»workers7lc

Potassium sulphate solution (0.03M) was delivered to
the macro-~cell at a flow rate of O.Jlmlmi:o.”1 and ‘the absorvbion
signai for the product of dissolved oxygen reduction was

-

recorded at various wavelengths during application of a ste

Rl

(@)Y

voltage (~2V). The ultraviolet spectrum is given in fig 5.
and it bears a strong resemblance to that of hydrogen peroxide

(fig 3.16D). To confirm and also to obtain a guantitativ

(0]

determination of the hydrogen peroxide conceniration, titanium (V)
gsolution was delivered to the carbon fibre cell. A similar
test for hydroxide ion was performed with phenolphthalein

solutione.

5¢Hele Ouantitative test for hydroxide ion

Direct comparison of the absorbance values éﬁ~200nm for
dissolved oxygen feduction with standard sodium hydroxide‘soluﬁions
(section 3.3.5) was not possible in this study since absorpltion of
hydrogen peroxide would interfere. It was, therefore, necessary
to employ a colorimetric acid-base indicator for the measurement
of the hydroxide concéntration62a63. Previous cxperiments by
Tyson4 indicated that phenolphthalein absorpbion at 552nm was
sensitive to the pH of the solution and the absorbance values

provided an accurate measure of the pl.
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FIG. 5.6, Ultraviolet spectrum of the prcduct for digsolved
oxygen reduction. Solution, potassium sulphate (0.03M);
flow rate O.4m1min’1; applied voltage, -2V.-

Procedure

The macro-cell was first calibrated by flowing through,
consecutively, phenolphthalein solutions (IQnglml in potassium
sulphate (0.03M)) containing various concentrations of sodium
hydroxide at zero applied volts and noting the absorption ai

552nm. The absorption recorded during electrolysis (-2V) of

PTable 5.3. Effect of hydroxide ion concentration

on the absorption of phenolphthalein solubtion.

Sodium hydroxide ¢ Absorption (522nm)
Concentration (11)
(a) 53&10“5 18
107 4 73
5x10° 100
(b) Electrogenerated Hydroxide 76

liacro~cell, pathlength approximately 50mm; monitoring wavelength

522nmy flow rate O.4mimin” i

(2) phenolphthalein (10pgml™) containing sodium hydroxide in
potassium sulphate solution (0.031).

(b) phenolphthalein (IOpgml—l) in potassium sulphate solution
(0.0311) at -2V,
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an identical phenolphthalein solution, but without added sodium
hydroxide was next recorded. The results are given in table
5.3 and since the electrogenerated value ig in approximate
agreement with the absorpbion at the 10—4M level, it was decided
that a hydroxide cohcentration of 10—4M would be the most
appropriate. This value is probably an underestimate of the
actual hydroxide concentration in the electrode -~ solution

layer since previous comparisons have éstablished that the
abgorbance of electrogenerated product is always less than that
for the standard solution. Further cauntion should be exercised

55

since phenolphthalein is electroreducible and a reduction

reaction would destroy the acid-base properties of the indicator.

55424 Guantitative test for hydrogen peroxide

The reaction of titanium(iV) with hydrogen peroxide
in aqueous solution produces an orange -red conmplex with an
absorption maximum centred around 405nm99. A determination of

the concentration of electrogenerated hydrogen peroxide was

made by comparing the absorbance of tre electirogenerated complex

~

with the values of standard solutions. Titanium(IV) solutions

(700pgm1—1) in potassium chloride (0.1H) and containinghhydrogen
peroxide (0.001H and 0.00511) were delivered to the macro-cell at
zero volts and the absorption values recorded., Next the absorp-
tion of the titaﬁium —~ peroxo complex resulting from electro~

generafion of hydrogen peroxide was recorded during electrolysis
(-2V) of a flowing solution of titanium(IV) containing potassium

chloride (0.1M). The appropriate results are given in table 5.4.



Table 5.4. The effect of hydrogen peroxide
) coricentration on the absorbance
of titanium(IV) - peroxo complex.

Hydrogen peroxide N
Goncentration (11) Abzorbance
(a) 0.001 0.16
0.005 0.66
(b) Electrogencrated 0.10

Macro--cell, pathlength approximately 50mm; - monitoring wavelength

A05nm; flow rate O.4mlmin—l.

(2) Titanium (7004gml~1) containing hydrogen peroxide in potassium
chloride solution (0.1M), '

(b) Titanium (7qugm1”1) in potasgsium chloride (0.1M) at ~2V.

A determination of the concentration of hydrogen reroxide at the
elebtrodensolution layer was obltained by extrapolation of ithe
calibration curve constructed from the two absorbance values for
the standard solutions; +the approximate hydrogen peroxide
P =4

concentration was found to be 9x10 R

In addition to the consideration mentioned Tor the
hydroxide comparison, the validity of the peroxide result depends
on a number of other factors which were not investigated. It
wag assumed that.(l) colour development was complete within the
cell residency time, (2) hydroxide ion did not effect the
“formation and stability of the peroxo complex and (3) the

concentration of titanium(IV) was not significantly altered by

reduction.
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5.6. Reduction of Methvl Viologen

The final study with the carbon fibre cell concerned
the compound methyl viologen (1,1'-dimethyl-~4,4'-bipyridylium
cation); better known as Paraguat, a very effective.herbicide
used extensively for ﬁeed control. Of the number of methods
proposed for its determination the solution spectrophotometric

100 | . ‘s .

method of Calderbank is particularly sensitive. The basis
of the method is the chemical reduction of methyl viologen in
alkali£e medium by sodium dithionite %o give a deep-blue
coloured solution of the free rédical species with subsequent
absorpbion measurement 2t 396nm (£=38000) or at 600nm (£=90007).

Spectroelectrochemical investigations of the compound
have been berformed by Kuwanal. In agueous medium, methyl
viologen undergoes a pH-independent reversible one-eleciron
reduction at the dropping mercury electrode (DME) giving the
free radical caltion; +the half-wave potential (3%) is
~0.68V vs 5CE. A second wave at -1.1V vs SCE shows irreversibility
due to the insolubility of the fully reduced neutral species.

The reduction waves correspond to the reactions

2N W - - AN
CH NQQN O+ & == cH-N_ >~ “N—cH

ViV Myt

> C H—NM—CH
3 —_— — 3

MV

‘c- —
MV + €
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It was hoped to develop é spectroeleotrochemiéal
method for Paraguat based on electrogenerating the free radical
species in the carbon fibre cell and measuring in situ the
concurrent absorpiion signal. Txperiments were performed
-using static solution conditions since only small absorption

gignals were recorded for flowing solutions.

Solution Preparation

Stock Paraguat solutions (1OOOpgm1"1 and 0.03}) were
prepaféd by dissolving the appropriate amount of methyl wviologen
dihydrate (previously dried at 1007 ¢ for %wo hours) in distilled
wéter (1.00ml). Aliquots were diluted to give the required

standard solubtions in either sodium hydroxide (0.1}7) or sulphuric

acid (C.217) solubion.

56641 Voltammetric behaviour

e current -~ potential curve was recorded for methyl.
viologen (0.003E) in (1) sodium h&droxide gsolution (0.1H) and
(2) sulphuric acid solution (0.2l) during a cyclic sweep of the
working electrode. The result for the carbon fibre clectrode
wag virtuwally identical to the iRt in that a pﬂuindependent
reversible one-electron reduction occurred, the‘difference in
peak potentials of the cathodic (Epé:—0.73v HE.SCE) and the
anodic‘(Ep&: ~0.69V vs SCE) waves being epproximately 30mV.

The cyclic volbammogram in alkaline solution is given in fig 5.7T.

56642 Absorvtion gspectrum of the radical ion of methyl viologen

The spectral distribution of the absorption signal was

recorded in 40nm steps from 350nm — 720nm for Paraquat (IZQnglﬂl)
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FIG. 5.7, -120
Current - potential

curve for methyl . T
viologen during

cyclic sweep. < -80]
Hethyl viologen -

(0.00311) in sodium
hydroxide solution
(0.1M); scan rate
20mVs'i; working
electrode, carbon
fibre

in sulphuric azcid

Cathodic current

solution. The +40;

signal which was

generated b;y' applying o —d 7 v -o's o8 0o

a step potential of Elec’trode poten’tidl

~0.85V vs SCE to the (Vys SCE)

staltic solution reached a maximum in approximately three minuies.
A solution of the free radioai species (6Qng1‘1) was also
prepared chemically by adding sodium dithionite solution (2ml,

2% wv‘l) to Paraguat (6Opgm1-1) contained in sodium hydroxide
solution (0.1H) and the spectrum was recorded on the Unicam

SP 800 instrument (pathlength 10mm). The spectra are presented
in fig 5.8 and it can be seen that the absorbance of the
clectrogenerated product (broken line) is significantly less than
‘expected considering the lower concentration and shorter path-

length for the chemically preparcd solution (solid line).
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PIG. 5.8, Jibsorption spectrum of methyl viologen radical ion.
Solid line (Unicam SP 800), Methyl viologen (60ugml~l) in
sodium hydroxide soluticn (0.1M) after chemical reductions,
path lengthy 10mm; Broken line, Hethyl viologen (320ugmi—")
in sulphuric acid solution (0.2M) during controlled potential
clectrolysis (~0.85Y vs 3CE), static solutions

5.6.3. Calibrotion

(1) Acidic solution’

The absorbance values for Paraguat (10«120pgm1—1) in
sulphuric aéid solution (0.21) were obtained for excitation at
~0.85v vs SCE. lHeasurements for each stan&ard solution were
repeated at least once and the calibration graph is presentéd
in fig 5.9. Although approximate linearity was obﬁainéé;\‘

the absorbance measurements at each concentration showed

“considerable scatter. This lack of reproducibility may have

been caused by partial poisoning of the clectrode surface since
the cell had been operated continuously without replacing the

carbon fibre bed. Returning the electrede to zero

. applied potential resulted in the immediate decay of the
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FIG. 5.9. Absorbance
versus methyl viologen
concentrgtion during
controlled potential
electrolysis. Iethyl
viologen in sulphuric
acid (0.2M); monitor-
ing wavelength 290nms
electrode potential,
-0.85V vs SCE;
static solution.

Absorbance.

20 6O 100 140
-1
Concentrationlpgml )

 absorption signal to the base line indicab'ting instability of the
free radical species in acidic solubiocn. Instability of the
free radical would not have been expected on the basis of the
voltammetric behaviour of the compound where a reversible wave
(indicating a stable free radical species) was recorded in both
acidic and alkaline solution. This resu.t serves to demonstrate
that the degree of reversibility ol the electrode reactions as
evidenced by the current - potential behaviour éuring cyclic
sweep may not necessarily apply 1o the controlled-potential

experiment on the longer time scale.

(2) ~  Basic solution

The absorption response in alkaline solution with‘
excitation at -1.0V vs SCE was more sensitive so that lower .
concentrations of Faraguat solutions were investigated.

Tn addition, a steady-state signal wes maintained
. on refurning the electrode to zero applied potential indicating

the stability of the free radical cation in alkalis; +this

142



077

O5 1

o3

Absorbance

- o

PIG. 5,10, .

© "8 Y

Concentrdtion(Pgme

Absorbance wversus
methyl viologen
concentration during
controlled potential
electrolysis.

Methyl viologen in
sodium hydroxide
solution (0.1M);
monitoring wave-
length 390nm;
electrode potential,
~1.0V vs SCE; ‘
static solution.

accounts for the increased sensitiviity relative to acidic solution.

The calibration graph for Paraguat (1 - 2ngm1"l) in sodium

hydroxide solubtion (0.1M) is presented in fig 5.10. Reproducibility

was poor once again and only approximate linearity was observed.

Comparison of the absorption signal for chemical reduction at the

4pgml“1 level indicated that chemical preparation was more seansitive

by a factor of approximately ten: an absorbance value of 0.77 for

chemical preparation was obtained relative to 0.07 for eleciro-

generation.
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5T« Conclusions

In situ absorpiion monitoring of electrogenerated
species in flowing solutions met with partial success; Linear
calibration curves were established over narrow ooncentfation
ranges Tor ferrocyanide and O-tolidine solutions but absorbance
values were significantly less than~expeoted; For O—tolidine
the current and absorpiion behaviour was in approximate agreement
with theory and confirmed the validity of the derived spectro-
electrochemical eguation. The absorption and current responses
were fairly rapid although in the former case only an approximate
sbteady-state signal was obtainéd. These findings generally
applied to static experiments with Paraguat solutioﬁs, but
unfortunately reproducible generation of product was not obtaineds
the absorbance was also low relative to the chemical preparation.
The flow cells were plagued with operating problems which included
light heam atteﬁuationvby air bubbles, drifting baseline and
posaible poisoning of the carbon fibre surface and as such
make the preseﬁt cell design unsuitable for direct gnalytical
applicatione.

Investigation of the dissolved oxygen reducti;n reaction
illustrated once more the value of the spectroelectrochemical
technicue for monitoring the course of electrode reactions.

In contrast to the results using platinum, dissolved oxygen
reduction on carbon fibre yielded hydrogén peroxide and hydroxide

ion ag stable products.
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CHAPTER 6 Agueous Fluorescence Studies

6.1, Introductory Remarks

Iluorescence spectroscopy is an extremely powerful
analytical technique that is used extensively in many areas for
sensitive qualitative and quantitative analysis. Its imporitance
lies in its additional selectivily and increased gensitivity
(potentially by at least two orders of magnitude) relative to
absorption methods. These advantages would be inhérited by the
fluorescence coupled electrochemical experiment. A particularly
important  fluorescence asgsay route is the fluorogenic reactioh
whereby a weakly or non-fluorescent compound is converted by
appropriate chemical reaciion into a highly fluorescent gpecies.
Although it is difficult to predict accurately the structural
requirements Tor fluworescence, a fluorogenic reaction is gencrally
aimed at increasing (1) the complexity and/or (2) the moleculaw
rigidity énd/or (3) the degree of remonence and/or (4) the degres
of wnsaturaltion of the reactant molecule. The éfincipal reaction
types, condensation, hydrolysis and redox,; are enmployed for
trace determinations of.a wide range of biochemically important
compounds, particularly those of pharmaceutical and clinical

445

. . . N \ 101
interest. The texts by Guibaul s White and Argauver and
. 102 i o - -
Udenfrieund are a valuable source of reference for fluorogenic
reactions.
It was decided to investigate the possibility of electro~
chemically initiating typical Tluorogenic reactions and measuring

in sitn the subsequent {luorescence. A micro-fluorescence cell

incorporating gold micromesh as the working electrode and
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described in section 2.2.3 was designed for the purpose,

The gold micromeshj,ideally suited to sandwiching boltween the
two halves of the flow cell, was chosen since it had been
successfully used in spectroclectrochemical thin-layer

19’23—25’29. Initial research directed at morphine was

studies
particularly successful and detailed studies indicated that

the technigue was suitable for sensitive morphine determination
in the pregence of the main opium alkaloids. The technigue

was shown to have wide application and other compounds briefly
investigated which underwent electro~oxidation to highly

fluorescent species included heroin (afier hydrolysis),

laudanosine,; reserpine, thicguanine and homovanillic zcid.

146



6 . 2 . MOI‘ Ehin.e

6.2.1, Introduction

Horphine, an alkaloid obtained from opium which is the

dried juice of the poppy plant Papaver somniferum,is an extremely
potent but, unfortunately,  addicltive analgesic. Its importance
in medicine, its addictive properties and its ever-increasing

use in the illegal narcotics market necessitates rapid and
sensitive methods for ifs qualitative and quantitative determina—
tione. Analytical methods, both chemical and physical, have been

103

reviewed by Ehrlich~Rogozinsky and Cheronis
104

while the text by
Evans is another useful source listing official assay
procedures. Although a2 number of direct fluorimeiric methods

- -
1OJ’10% they lack sensitivity since morphine

héve been reborted
is only weakly fluworescent; ‘they are not generally applicable

to biological samples where high sensitivity is required.
Fortunately morphine can be oxidised to the highly fluorescent
dimer, pseudomorphine, when trecated with weakly alkaline potassium

ferricyanide solutionloe. Analytical advantage of the reaction

107

was first realised by Kupferberg and co-workers enab;ing
suqug determinations of morphine in bioclogical tissue. \

The gensitivity of the method was later substantially improved

(at least ten-fold) by Takemorilo8 who performed the oxidation

in low wvolume to improve dimerisation efficiency. More recently,
forensic analysts using high—pressure liquid chromatography with
fluorescence detection have utilised the reaction for morphine

109

- quantitation in urine « A fluorogenic procedure whereby morphine
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is converted to a fluorophore by treatment with acid and alkali

ig also availablello’lll. The reaction has been employed for

the semi-automatic assay of sub—“g guantities in biological
. . 112
material .

In the present study oxidative dimerisation of morphine

N-—CH:3 ) HO -——CH3
] \ OH -
) 5 025V
HO 0 OH HO OH

: CH~—N ,
3

initiated by excitation at 0.25V vs SCE was suocessfully performed

in the gold micromesh cell and provided gengitive fluorescence.

The electrode reaction involves the one—-electron oxidaiioﬁ of

the ionised phenolic hydroxy group and subsequeﬁt coupling of

fhe phenolate radicals. Since pseundomorphine also contains

phenolic hydroxy groups further oxidation is likely. The dimerisa-
tion reaction is very sensitive to the solviion pH. The chemical
oxidation gtudies by Kupferberg107 show=d that the rate of formation
and stability of psevdomorphine depended on the »H of {the solulion
and also the initial concentration of morphine. Maximum

fluorescence was recorded at pH 9.0s5but the stability o% the product
was short lived (~2 min). ¥or solutions of pH 8.0 the product was
stable, but the fluorescence developmen! was slow and maximum
fluorescence was not attained. At pH 8.5 thé product was stable

for at least twenty minutes and the fluorescence intensity was

only slightly less than that for pH 9.0. A pH of 8.5 was, therefores

considered by Kuperbersz to be optimum. These results have been
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confirmed by Jackson113.

In initial fluofescence — electrochemical experiments
the fluorescence characteristics of pseudomorphine were obtained
in pH 8.5 solution. The optimum conditions for +the formgtion and.
stability of electrogenerated pseudomorphine were then determined
and the dimerisation efficiency was compared to the choemical
method. The analytical growth curves were found o be reliable
and enabled an accurate single-~tablet assay of morphine sulphate
to be pe.fformed° Finally, once interference studies were
evaluated the technigue was shown {o be suitable for the direct
determination of morphine in the presence of the principal opium

alkaloids.

6e2.2. Bxperimental dstails

(1) Apparatus

The Iarrand spectrofluocrimeter described in section 2.1.2
was used in conjunction with the PAR 174A for fluoresceance
monitoring during controlled potential excitation. Corning filters
(T -= 54, 3 — 73) were Titted to the excitation and emission
monochromators, unless stated otherwise, to reduce the iﬁtensity of
scattered exciting light. The transmission characteristics of the
3-73 filter (mex transmission 530nm) were such that only radiation
of wavelengbhs greater than about 400nm was detected. The slit-
widths of both monochromators were chosen to provide a bandpass_
of 20nm except for spectral recording‘when S5nm or 10nm bandpass
was used. It should be noted that the specira presenﬁed later

do not recpresent the "irue" spectra but include coniributions from
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the wavelength ~ dependent components of the instrument such as

Jight source, filters and photomultiplier tube.

(2) Operating procedure for cell

Sample solution was delivered to the cell by peristaltic
pump and tubing. With a stationary solution; a potential
(typically 0.25V vs SCE), sufficient to effect oxidation, was
applied to the megh and the resulting fluorescence with time was
monitbred at the appropriate wavelength combination (Aex 320nmy
%bm 442nm)e The fluorescence response, depending on the pH of
the solution and the electrode potential, increased steadily and
went through a maximum before decaying to the background 1eve1;
The procedurs could be repeated by returning the_electrode'poteﬁtial
to zero volis and delivefing fresh solution to the cell. Blank
solution was generally passed through the cell for a period of
ten minutes hetween different sample runs. This cleaning cycle
was reguired for consistent results and was particularly im?ortant

when examining solutions of differing pH.

(3) Solation preparation

Morphine. Stock morphine solution (calculated as the
free base or as the hydrochloride) was prepared by dissolving
the requirea quantity of morphine in dilute sulphuric acid (O.lM).
Microlitre aliquots of the appropriate stock were then diluted to
25ml with background electrolyte solution to give the required
standard solulions. This procedure was also adopted for preparing
solutions of the other alkaloids investigated exceptvin the case of

pseudomorphine.

)
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Pseudomorphine. Stock pseudomorphine (0.002M) was

prepared by dissolving the required gquantity of alkeloid in
dilute sodium hydroxide solution (O;lI-'I)° Standard solutions
were then prepared by dilution. The solubility of the alkaloid

was low in acidic and weakly alkaline solution.

Background Electrolyte. The required gquantity of

sodium pyrophosphate (Analar grade) was dissolved in distilled
water (SOOml) and adjusted to pH 8.5 (or the appropriate pH)
with a2 small quantity of sulphuric acid (1m). The solution

was prepared fresh each day.

(4) Volitammetric studies

The eleciroactivity of the compound under investigation
vag determined by recording the current - potential curve at
a micro—gold wire working electrode in the lMetrohm cell.
Satisfactory veltammograms were obhtained when an electrode
clecaning procedure was adopted. This consisted of soakiug the
wire in concunirated nitric acid (50% vv—l),rinsing with distilled
water and wiping with tissue paper. The electrode was then
pretreated at ~0.2V vs SCE for a short period before

commencement of the scane.

6.2.3, Fluorescence spectira of pscudomorphine

The excitation and emission spectra of the fluorescence
signal were recorded in situ during the controlled potential
oxidation of morphine hydrochloride (2x10-4m) in pH 8.5 sodium

pyrophosphate solution (O.lm) at 0.20V vs SCE. The spectra which
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were obtained with a bandpass of 5Snm on both mpnqchromators and
without filters (Corning T-54, 3~73) were recorded at a poind
corresponding to the plateau region of the fluorescence - Lime
curve., The spectira presented in fig 6.1 reveal the characteristic
excitation (3 peaks at 250um, 280nm, 320nm) and emission pattern
(one peak at 442nm) for pseudomorphine previously reported by
Kupferberg107. The specira reoordea with the complimentary filters
fitted to the respective monochromators were slightly distorted,
but the excitation and emission maxima remained the same.

Subsequent fluorescence monitoring was performed at the wavelength

combination, }\ex 320nm and )\em A4 2nm.

6.2.4. Effect of electrode potential

Morphine hydrochloride (8x10-5H) in pH 8.5 sodium
pyrophosphate solution (0.ll) was oxidised in the gold micromesh
cell at various electrode potentials. The fluorescence resvlis
are summarised in table 6.1 and the response curves Tor ezxcita—
tions at 0.25V, 0.30V, 0.40V and 0,60V vg SCE are given in fig
6.2, Tor potentials less than that reguired for oxidation,
for example 0.15V yg_SCE, no pseudomorphine was formed anq
consequently no fluorescence was recorded. At potentials ﬁp to
0.2V ys SCE, the fluorescence developed slowly and did not reach
a meximum value in an accepiable time. TFor increasingly positive
potentials (>0.2V vg SCE), the rate of fluorescence development and
decay increased and the fluorescence maxima progreésively decreased.
The fluorescence behaviour indicated the increasing oxidation

rate of the phenolic hydroxy groups of morphine and psecudomorphine

-
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FIG. 6.1, Tluorescence excitation (a) and émission (b)»spéctra
of electrogenerated pseudomorphine. Morphine hydrochloride
(2x10~%1) in pH 8.5 sodium pyrophosphate solution (0.1M);
electrode potential 0.20V vs SCE; excitation wavelength
320nm; emission wavelengih = 442nm; bandpass, 5nm for both
monochromators, :
with increasing electrode potential, the oxidation product of

the latter compound being non-fluorescent. HMeximum fluorescence

was obtained for an applied potential of C.25V vs SCE.

6.2.5. Effect of pH

Morphine hydrochloride solutions (8x10_5M) containing

.sodium pyrophosphate (0.1HM) and covering the pH range 6.0 to 10.2

were individually oxidised at 0.3V ys SCE and the fluorescence
response was recorded. The raté of fluorescence development and
decay increased as the solution became more alkaline and the
regponse curvesg were of similar appearance to fig 6.2. ‘Thg resulis
of the study are summarised in table 6.2. Maximum fluoresceﬁce

was obtained for the pH T.7 solution. Fluorescence was nob
recorded for solutions of pH 6.0 and 6.4 and in the case of.pH Te2
the time to reach maximum fluorescence was considerable. These
results indicated that the oxidation of morphine and pseudomorphine
wag pH-dependent and a study of the volitammetric behaﬁiour of the

two compounds with respect to pH should confirm this. Incidentally



Table 6.1, Effect of electrode potential on +the
fluorescence of electrogenerated

pseudomorphine. :
Flectrode Potential Maximum © Time

Fluorescence HF

(Vv vs SCE) Intensity (a.u.) (minutes)
0915 - -
0020 hand . —
0.25 40 9.8
-0.30 35 6.2
0.40 22 3.2
0.50 18 2.4
0.60 16 2.2

Iorphine (8x10“5m) in pH 8.5 sodium pyrophosphate solutions
excitation wavelengith 320nm; emission wavelength 442nmg
MF, maximum fluorescence. :

Table 6.2. BEffect of pH on the fluorescence of
electrogenerated pseudomorphine.

Haximurm Time

. M
pi Iluorescence _
Intensity(a.u.) (minutes)

o ) L] L] L ] > *
MOH OO~ O
I~
}—I

OCWVWWOO_I-IO0NO

* o

=

lorphine (8x10"5m) in sodium pyrophosphate solution (0.1H);
electrode potential 0.3V vs SCE; excilation wavelenglth 320nm;
emission wavelength 442nm.

with excitation at 0.25V vs SCE differences in the fluorescence
maxima for solutions in the pl range T.5 to 8.5 were less

pronounced. Maximum fluorescence was still recorded for the
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FIG. 6.2, Fluorescence response curves of electrogenerated
pseudemorphine for various applied potentials. HMoxrphine
(8x10~5H) in pH 8.5 sodium pyrophosphate solution (0.13);
electrode potentials (V vs SCE), (a) 0.25V (b) 0,30V
(c) C.40V {d) 0.60V; excitation wavelength 320nm; “emission
wavelengbth 442nm. :

pH 7.7 solution, but the time to recach the maximum was excessive.

Summarising, to obtain maximum fluorescence an excitation potential

of 0.25V vs 3CE with a solution piH of aboul 7.7 should be chosen.

If the development time is unacceptable then a faster fluorcescence

response can be obtained at the expense of sensitivity by increasing

either (or both) parameter(s).

6.2.6. Efficiency of elecirochemical conversion and compaxiscn
with potassium ferricyanide oxidation

The efficiency of electrochemical dimerisation was
determined by comparing the maximum fluorescence of elecirogenerated

pecudomorphine with the fluorescence of stondard pseudomorphine



solutions. The molar concentrations of the morphine and
pscudomorphine solutions were in the ratio of 2 to 1 since
two molecules of morphine are reguired for dimerisatione.
The efficiency was also compared to ihe chemical oxidation

method of thferberglOY.

Procedure
The maximum fluorescence of pseudomorphine was fecorded

in the gold micromesh cell for three situations. First,
morphiné>(2x10msm) in pHE 8.5 sodium pyrophosphate solution (0.1H)
was oxidised at (1) C.25V vs SCE and (2) 0.30V and the

respective fluorescence signals recorded. Nextl, morphine (2x10'5N)
in pH 8.5 sodium pyrophcsphate solvtlion (O$1M) was oxidised by
potassium ferricyanide (6x10m5m)/potassium ferrocyanide
(3.7x10~6M) solution in (1) high-volvme (25ml) conditions and

(2) low-volume (1.5ml) conditions { For the low-volume reaction,
the oxidamt (250@1 of potassium ferricyaanide (6x10"3M)/potassium
ferrocyanide (3. x10-4M) solution) was added to morphine (2501,
2110"31\1) in pH 8.5 sodium pyrophosphate {(I1ml, 0.1M) and left
for two‘minu%es before the final dijution to 25ml.} and\the
fluorescence of the respective solutions were recorded b& floving
them through the cell separately at zero applied potential.
Finally, the fluorescence of standard pseudomorbhine solution
(10~5M) in pH 8.5 sodium pyrophosphate solution (0.1H) was
recorded for zero applied potential. The comparison was repeated
again for alkaloid soluwbtions of pH 7.5 and pH 8.0, but omitting

" chemical oxidation  (Previous experiments had established that
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chemical oxidation was very inefficient at pH T.5 and pH 8.0
agreeing with Xupferberg's finding). The fluorescence results
are presented in table 6.3 together with the appropriate percent

conversion values.

Table 6.3. TFluorescence resulits and efficiency
of electrochemical and chemical oxidation.

Varimum Tluorescence intensity(a.u.)
of psendomorphine
pseudomorphine | lorphine (2x10-51) oxidation

, (10-5H) Chemical Flectrochemical
| low high -
volume |volwme 0.25V 0.30V
pH Te5 30.5 - - - 14.2
% Conversion - - - - 46.5
pH 800 29.3 - - -~ 16.2
% Conversion - - - - 55.3
pH 8.5 275 18.2 15.5 15.2 11l.4
% Conversion - 66.2 | 56.4 55.3 | 41.4

Alkaloids in sodium pyrophosphate solution; excitation
wavelength 320nm, emission wavelengith 447nm.

Inspection of the results for electrogeneration indicates that
the maximum fluorescence (and efficiency) was achieved for
either the pH 8.0 and 0.3CV combination or with pH 8.5 agd
0.25V. Tor solutions of pH 7.5 and 8.0 at 0.25V, fluorescence
developed very slowly and o maximum value was not reached in

an acceptable time; this agreed with previcus findings.
Comparing bthe electrochemical apnd chemical results it can be
seen that electrogeneration was almost as efficient as chemical
oxidation performed at high volume. Dimerisation efficiency was,

' however, improved for the low volume oxidation agreeing qualitatively
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with Takemori's proposals .
In a further experiment designed to check the previous
results, the fluorescence calibration graph was constructed for

6

gtandard psevdomorphine solutions (3x10™ i - 10~5M) in pH 8.5
sodium pyrophosphate (O.lﬁ). The fluorescence intensity
measurements for morphine (2x10_5M) oxidation, electrochemical
(0.25V vs. SCE) and chemical (high volumé} in pH 8.5 sodium
pyrophosphate (0.1H) were obtained as before and lhe corresponding
pseudomdrphine concenirations were read from the pseudomorphine
calibration graph which is given in fig #.3. ‘he fluorescence
and efficiency results are given in table 6.4. It can be seen
that the results were in approximate agreement with the pfeVious
gtudy, chemical bxidation being only slightly more efficient.

In summary, the study has provided a rbugh guide to the
efficiency of electrochemical dimerisation (also chemical

dimerisation). It should bo noted, however, that pseudomorphine

undergoes further oxidation and this factor was not taken into
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Table 6.4. TIluorescence results and efficiency
of electrochemical and chemical
oxidation. ‘

Pseudomorphine  TIFluorescence Morphine (2x10—5M)
Concentration intensity Filuorescence
(11) (a.u.) intensity (a.u.)
. ) Chemical] BElectrochemical
-5 high vol. 0.25V
3x107, 10.0 ,
5x10 16.5
8X10—5 25 05 :
10 30.5 . 18.0 16.4
% Conversion (calculated) 594, 549
" % Conversion (read from
calibration graph 57% 50%
fig 6.3.)

Alkaloids in pE 8.5 sodium pyrophosphate solutiong
excitation yavelength 320nm, emission wavelength 442nmn,

account when making the comparison. t is also possible that
the cell area from which fluorescence we3s collected (in the case
of elecﬁrogeneraﬁion) vas less relative fto the gtandard solution
(and the chemically cxidised solution) due to an uneven current
distribution over the gold micromesh. If either of these twe
factors were significant and were taken into account then a
higher efficiency would result.

6.2.8. Voltammetric behaviour of morphine and pseudomorphine
as a function of pH

The previous fluorescence studies with morphine and
pseudomorphine demonstrated the importance of electrode poiential
and pH on the formation and stability of pseudomorphine. The

increasing rate of development and decay of pseudomorphine
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fluorescence with increasing solution pH and electro@e poltential
indicated that the oxidation potentials of the phenolic hydroxy
groups of morphine and pseudoﬁorphine were pH-dependent.

A gtudy of the VOltammetric behaviour of the twe compounds with
respect to pH should confirm this. In addition;, information about
the stability of the morphine free radical species may be obiained.
Although the overall electrode reaction corresponds to an RBCE
(oxidation of morphine, dimerisation, oxidation of pseudomorphine )
process,?the initially formed morphine free radical épecies may
have sufficient stability on the time scale of the cyclic sweep
to enable the reduction wave to be obgerved on the reverse scan.
The one~electron oxidation reaction of morrhine in alkaline

solution corresponds to the process

i _—€ s
A =

In acidic solution, however; the reaction would procesd Ly 2

. . . .. . . 114
different mechanism since according to Vermillon and Pearl
phenolic oxidation at low pH involves the irreversible removal

of two electrons from the non-ionised phenol to give a phenoxonium

ion

HO

The formation of pseudomorphine could, therefore, not be realised

in acidic solutione.
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The voltammetric behaviour of morphine and pseudomorvhine in
1] . . . IR . 115 X
sulphuric acid solution (2M) has been studied by Deys 73 he
showed that pseudomorphine was oxidised at potentials

(E¥ = Q,7QV K§'SCE) less positive the morphine (EL = 0,78 V vs SCE);

Iroczdure

Solutions of pseudomorphine in (1) sulphuric acid (0.111),
(2) pH 7.5 scdium pyrophosphate (0.21), (3) pH 8.5 sodium
pyrophosphate (Oeim), (4) pH 10.2 sodium pyrophosphate and
(5) sodium hydroxice (0.1H) were vrepared and the respeciive
current - potential curves were obtained during a cyclic sweep
(O %o 0.75V %o OV vs SOE at 20mVs L) of the micro—gold wire
working clectrode. The procedure was repeated for morphine
solutions. Solubility of pseudemorphine was low in acidic and
weakly alkaline solutidns so that dilute solutions (”10"5M) were
emploved. A% the highcr pH levels, however solubility incrcased
enabling greater concentrations to be used. This was fortunate
since the bacvkground currents due to surface oxide reduction
steadily increased as the solution became more alkaline and tended
to obsoure‘%he waves for dilute solutions. The voltammetric

curves for morphine (solid line) and pseudomorphine (broken linec)

as a function of pH are given in fig 6.4 and it is readily apparent
that the‘potenﬁials a2t which oxidation commences (Ec) and the
half-wave potentials (EL) for bolh compounds steadily increase

Z
at the pH decreases; determinaiions of B, and E} values For morphine

and pseudomorphine are given in table 6.5. It can be scen that

poscudomorphine is oxidised at less positive potentials than morphine
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FIG. 6.4
Voltammetric curves
for morphine (solid

line) and pseudomorphine

(broken line) as a
function of pH.

(a) sulphuric acid(0.13);

Mor. (5x107211); Pior.
(2x10-31)- :

(b) pH 10.2 sodium
pyrovhosphate (0.1K);
Mor. (2x10-41); Pior.
(8x10-D1).

(¢) scdium hydroxide
(0.115); Mor. (4x10™%);
Plior. (1.6x10-41).
(d) pH 7.5 sodium
pyrophosphate (0.1M);
Mor. (gxlO")M); Plor.
(2x107251).

(e) pH 8.5 sodium
pyrophosphates; lior.
(5x10-51); Plior.
(1.6x10-51),



Table 6.5. Half—wave potentials (E&) and commencing
potentials (E \ for ox1dat10n of morphine
and ps eudomorph*ne.

Background
flectrolyte Morphine Pseudomorphine
Solution E, E% E0 E%

pi 1 Sulphuric 0.60 0.73 0.57 0.68

acid (0.111)

PH T.5 Sodiunm 0.2 pe
pyrophosphate (0.1M) -32 0.42 0.32 0.42

"PH 8.5 Sodium 1 0.25 0.35 0.27 0.38

-

pyrophosphate (0.1})

pH 10.2 Sodium o %
pyrophosphate {(0.1H) 0.19 0.28 0.19

pH 13 Sodium 5
hydroxide (0.1m) 0.15 0.25 0.03 0.22

Data refer to fig 6.4. % difficult to determine.

in solutions of pH 1 (curve a) and pH 13 (curve c¢) while for
pH 7.5 (curve d) and pH 8.5 (curve e) the reverse is true, but the
difference is rather slight. At pH 10.2 (curve b) the behaviour
ig very similar for both compounds. On the bhasis of these
results it would be predicted {that maximun pseudomorphine
fluorescence would be realised in weakly alkaline solution
(pH 7.5 — 8.5) where the stability of pseudomorphine with respect
to slectrode potential is at a maximum. |

As mentioned earlier; surface oxide reduction tended to
obscure ithe current.behaviour on the reverse scan so that

information on morphine free radical stability was not obtained.

6.2.9., The effect of concentration

The effect of morphine concentration on the fluorescence

of psusdomorphine was investigated for excitation in pH 8.5
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'solutions at (1) 0.25V and (2) 0.30V. The calibration graph

in the former case was obtained over a wide concentration range

and enabled the deteclbion limit for the procedure. te he established.
A recovery experiment was also performed to give an idea of

ACCUTACY .

(1) Excitation at 0.25V

The maximum fluorescence for excitation at 0.25V vs SCE
in pH 8.5 godium pyrophosphate solution (0.1M) was determined
for morphine hydrochleride solutions covering the range 10”3M'
to 1O~6H. For solutions at low concentration the instrument was
operated cn the most sensitive range. This initroduced congiderable
background noise and an associated uncertainty in measurement.
Heasurements were generaliy repeated at least once (except at
higher concentrations where an unacceptable recording time wag
experienced) and the resulis are given in table 6.6. The
1ogarithmicrcalibration graph shown in fig 6.5 indizztes an
extremely good fit of experimental data with linearity being
nearly observed over the 1000 fold concentration range.
Fluorescence measuremsnts were not extended bheyond 10_3M\because
precipitation of morphine tended to occur in the pH 8.5 media.
Fluorescence was, however, recorded for mérphine concentrations up
to 3x10-3M in pH 11 solution. The calibration curve still
exhibited a wide linear analytical range, but the onset of self-
absorption, which became noticeable at concentrations‘beyond |
1O~3M, brought a departure from linearity. Decreased sensitiviily

in the pH 11 media was observed as expected.
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FIG 6.5. Logarithmic calibration graph fox elecﬁrogenerated_
psendomorphinc. MNorphine (10-3M to 10—6h) in pH sodium

pyrophosphate solution (0.1H);
excitation wavelength 320nm;

electrode potential 0.25V vs SCE
emission wavelength 442nm.
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Tzble 6.6. Fluorescence of electrogenerated
pseudomorphine as a functicen of
morphine concentration.

Morphine HMaximum Fluorescence Time

Concentration Intensity(a.u. M
(11) jlog(31) 1 2 Average |log Av. (min)
10‘6 ~6.00 | 0,0007}0.0009 0.0008 | =3.10 .

2x10:2 -5.70 | 0.0020{0.0019 0.0019 | -2.72
3x107¢ | ~5.52 | 0,0028/0,0030 | 0.0029 | -2.54
6x10-°| =5.22 | 0.0063]0.0064 | 0.0063 | -2.20
10~ ~5.0 | 0.0111{0.0108 0.0109 | ~1.96
021021 ~2.70 | 0.0223]0.0230 | 0.0226 | -1.65
3%1072 | —4.52 | 0,0357/0,0361 | ©.0359 | .~1.44
6x10°° | -4.22 | 0.0718/0.0720 | 0.0719 | -1.14
. 1074 | -4.00]0.1239/0.1260 | 0.1249 | -0.90
0410~ | =3.70 | 0.2631]0.2570 | 0.260 | -0.58

L] L] - .

*

L4

L]

W~ oo, oo
L]
CoMVIONONN O COH G \T\W\n

331074 -3.52 0.409 0.409 | -0.39 .
6x10‘g4 ~3.22 0.807 0.807 | -0.09 | 12.
10™ ~3,00 1.371 1.371 +0.14 | 13.

b

Forrhine in pH 8.5 sodium pyrophosphate solution (0.11)3
electrode potential 0.25V vs SCE; excitation wavelength
320nm; emission wavelength 442nm.,

Tha limit of detection based on the definition by
Kﬂiserll6 was taken as that concentration of morphine hydrochloride
which produced a flucrescence signal, X, equal to twice the
standard deviation of the background noise level, 20%1,
(2%1 = 3e54x10”4), once the blank value, Ebl’ had been subtracted. .
That is |

X o= Xy o= Wy = Fpapol

The value wes found.by extrapolating the logarithmic calibration

s and rcading from the graph

graph to meet the limiting signal, Xy im

the corresponding limiting concentration, Cqim® The procedure

illustrated in fig 6.5 provided a limiting concentration of
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5x10-7M. The limiting detectable weight based on the cell
volume of 12Cul (0.5mmx0.9mmx2Tmm) was calculated to be 23ng.

of morphine hydrochloride or 19ng of morphine.

(2) Ercitation at 0,30V

Excitation at 0.30V vs SCE although less sensitive than
0.25V providea a response curve which went through a maximum
fairly rapidly and enabled the maximum fluorescence value 1o
be readily computed. ’The results for morﬁhine solutions
(3~30pgm1-l) presented in table 6°7-provided a linear calibration
graph; this is shown in fig 6.6. To obtain an indication of the
accuracy of the procedure, known amounts of morphine were put>
through the method and the recoveries were determined from the
calibration graph. The %Arelative error expressed as the amount
taken - amount found/amount taken x 100 was then calculated.

The resullts are summarised in table 6.8. The recoveries were
a little on the low side,but the relative errors were accepitable.
It was decided on the basis of these resulis to apply the procedure

to the single~tablet assay of morphine sulphate.

Table 6.7. Fluorescence of electrogenerated pseudomorphine
ag a function of morphine concentration.

Horphine Maximum Fluorescence ‘I‘imeFF
Concentration Intensity(a.u) :
(igmi-1) 1 2 Average
3 3.8 3.8 3.8 2.7
6 7.4 | 7.4 7.4 3.7
12 16.3 15.9 16.1 3.8
18 24.0 23.7 23.9 3.6
24 32.3 | 32.3 32.3 4.0
30 40.6 | 40.7 40.6 3.8

Morphine in pH 8.5 sodium pyrophosphate solution (0.11);
.electrode potential 0.30V vs SCE; excitation wavelength
320nm, emission wavelength 442nm.
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Muorescence of elecirogenerated pseuwdenorphine versus
Morphine in pH 8.5 scdium

pyrophosphate solution (O.lM); electrode potential 0.30V vs SCE;
excitaltion wavelength 320nm; emission wavelength 442nm.
Table 6.8. Recoveries of morphine.
lorphine Height IMaximum cGncentraﬁjon_‘Height %
Concentration|Taken jFluorescence Found Found Relative
Gugmi-1) ig) Intensity,au (1 gml~1) Le) error
' - i 2 Av |
9 225 |11.1 11.4 8.41 8.6| 8.5} 212.5 5456
15 375 19,6 19.8 14.6/14.8|14.7] 367.5 2.0@
21 525 27.8  27.9 20.6)20.8|20.7| 517.5 1.4%

Morphine in pH 8.5 sodium pyrophosphate solution (0.1H)s.

electrode potential 0.30V vs SCHj

emission wavelength 442nm;

determined from fig‘6,6.

6.2.10,

Assay of morvhine

excitation wavelength 320nm;

sulphate

Solution preparation

recoveries (as pseudomorphine)

Morphine sulphate tablet (15mg, BPC) was powdered in
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8 volumetric flask (10ml) and dissolved in dilute sulphuric
acid (~5ml). The solution, having been left overnight to
allow extraction of morphine, wasg filtered and diluted to
10ml to provide the unknown stock solution. Sample solution
was then prepared by diluting an aliquot (500ul) of the stock
to 25ml with pH 8.5 sodium pyrophosphate solution (0.1H).

Stock morphine solution (lEOOygml“l; calculation
baged on free morphine) was prepared from morphine hydrochloride
and standard solutions (6 — GOpgml_l) were made up in pH 8.5

sodium pyrophosphate (OolM) as previouss.

Results

The fluorescence rasponse curves of the standards and
the unknown solution were recorded during excitation at 0.25V and
the maximum values noted. Measurements on the same solution were
generally repeated three times;but for solutions at the ngm1”1
and 6(254{?,;111"1 level and for the unknown solution at least ten
measvrements were performed. Reproducibility was extremely good
and the precision data are presented together with the fluorescence
results in table 6.9. The mean fluorescence value was plotted
against concentration and the calibration curve is given in
fig 6.7. The fluorescence graph was not strictly linear over the
entire concerntration range; but linearity was observed in the
range &ngl_l to BQngl_l, corresponding to the fluorescence
of the unknown solution. A reliable determination of the unknown

concentration from the calibration graph was thus attained.

169



Table 6.9. Assay of morphine sulphate tablet
~ fluorescence results and precision data.

Morphine Maximum Fluorescence Intensity (a.u.)
Concentlration
(uem1—1) Average SD |RSD
; 1.21,1.25,1.20,1.25,
6 1.22,1.25,1.23,1.25, 1.25 [0.32(|2.56
1.28,1-29’10320
15 3.50,3.47,3.52. 3.50 0
30 TeT83TeThsTTT. 1 1.76
45 13.59,13.68,13.68. 13.65
19‘02’18'93,19.14"
19.08,19.08,19.14,
60 19.26,19.17,19.17, 19.14 0.4710.74
19.44.
5¢7855-TT35:T4s5+TL,
Unknown 5:¢76,5:75,5.70,5.61, 5.70 (0.8411.47
golution 5.51,5.70.

Morphine in pH 8.5 sodium pyrophosphate {(0.1H);

electrode potential 0.25V ys SCH; excitation wavelength
320rm, emission wavelength 442nm3 8D, standard deviations
RSD; relative standard deviation.

Calculation

Concentration of unknown sample solution read from calibration
graph = 22.5pgml

Concentration of stock solution (initial dilution 500M1 to 25ml)
= 13.25,0ugmi™* = 11.25mg/10ml

«*e Quantity of morphine in tablet = 11.25mg
¢’ e Quantity of morphine sulphate in tablet = 14.95mg.
The final agsay result given in table 6.10 was within 0.07% of

the stated vaiue and confirms the suitability of this approach

for accurate single~tablet analysis.

Table 6.10. Assay of morphine sulphate tablet.

Specified content of Amount
Morphine sulphate found
: 15me 14.95ng
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FIG. 6.7. Pluorescence of electrogenerated pseudomorphine versus
concentration of morphine (Assay of morphine sulphate tabled).
Morphine in pH 8.5 sodium pyrophosphate solution (0.1H);
electrode potential 0,25V vs 5CE; excitation wavelengih 320nm;
emission wavelength 442nm.

6.2,11. Inter{erence siudies

An important procedure in the development stages of

a new analytical method is to examine and investigate possible
interfering substances. Due to the large number of compéﬁnds
structurally related to morphine which exhibit similar chemical
and. physical properties;a specific and interference-~free method
for morphine is difficult to obtain. Referring to the morphine
dimerisation reaction on page 140 which involves oxidation of the
ionised phenolic hydroxy group at the C-3 position and
subsequent coupling of the phenolate radicals at (-2, it might

be expected that this rather wuswval reaction could offer the
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necessary spvecificity and provide an interference~free route
for morphine. Unfortunately, a large number of phenolic compounds

o7

undergo this reactidn%. Kupferbergl reported that the phenolic
alkaloids ncrmorphine, n-allylmorphine, dibhydromorphine and
monoacetylmorphine yielded fluorescence characteristics identical
to pseudomorphine and that they would interfere with the determi—
nation of morphine. Non-phenolic compounds including codeine

and its derivatives and heroin (diacetylmorphine) did not yield
fluorescence products similar to pseudomorphine and it was stated
that such compounds would not cause interference although the
conclusion was not substantiated by exﬁeriment. Essentially the

115

game results were reported by Deys for the anodic voltammetric
determination of morphine in acidic solution: +those alkaloids
bearing a phenolic hydroxy grouvp (pseudomorphine, dihydromorphine,
dihydromorphinone, naloiphine, apomorphine) yielded oxidative
waves similar to morphine causing interference whercas compounds’
containing alkylated hydroxy groups (codeine, narcotine, narceine,
thebaine, papaverine)were not electroactive and did not interfere.
With the results of Kupferberg and Deys providing the basis - for
interference studies,a selection of opium alkaloids'théf were
readily available ~ codeine, narceine, narcotine, papaverine,
‘cotarnine, laudanosine, sinomenine (phenolic alkaloid)-were
examined for possible interference (papaverine, apomorphine,
thebaine were considered, but were inscluble at pH 8,5.).
Heroin (diacetylmorphine), a synthetic derivative of morphine;was
%" Fhenolic oxidotion plays an important role in bio-organic
synthesis pariticularly in the blogenisis of alkaloids; the

interested reader may refer bo recviews by scottl1lTand
FukumotollB.
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also investigated. The structures of the alkaloids are given
in fig 6.8. Experiments were first concerned with establishing
for each alkaloid their electroactivity and whether they
exhibited oxidative fluerescence before conducting the inter—
ference studies proper. Possible interférence mechanisms 1o
~be considered are spectral interference from either natural

or oxidative fluorescence (not necessarily phenolic coupling)
and chemical interference wheredby thé dimerisation reaction is

inhibited.

(1) Voltammetric behaviour

It was hoped to demonsirate that the alkaloids having
phenolic

a freeAhydroxy group (morphine, sinomenine) would show an
oxidative wave whereas the non—phenolic‘compounds would be
electrochenically inactive. The current -- potential curves for
each alkaloid (5x10_4ﬁ) in pH 8.5 sodium pyrophosphate solution
(0.1}) were recorded during the cyclic sweep (OV to 0.75V to
OV vs SCE at 2OmVs—1) of the gold wire. Oxidative waves were
recorded for morphine, sinomenine and heroin solutions while
solutions of codeine, narceine, cotarnine were electroinactive.
The scan for laudanosine indicated possible eleoﬁroactiﬁity and
a further sweep from 0.5V to = 1.25V vs SCE confirmed this.
A summary of the electrochemical behavionr of the alkaloids
investigated is given in table 6.11. The voltammograms for
sinomenine, morphine, codeine and heroin are presented in fig .
6.9. The current - potential behaviour for sinomenine (curve a)

- being characteristic of phenolic oxidation was similar to morphine
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Morphine Codeine

NCH5
7\ ;?
OH O OH
Heroin Apomorphine
NCH,

NCH5

=5 —

1L0C 0O OCOCH;4 /
CH0CO 44 du BH
Sinomenir}:e Cotarnine
——NCHs3
Cl
CHs
d b
\ _/
CH>
Papax(r: eﬁlne c H3 Laudaénﬁ iinegc H3
N | NCH3 7
7 N\ ' ,
\_/
CHsO OCHs | CHy0 OCH;3
Narco’bine ‘ Na,rce'én(_)e H L H3
NCH N(C H3)2
OCHa CO—\ ,—0CH;
\ / C H3
O
NC /H 2

FPIG. 6.8, Structures of some alkaloids.
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(curve b) with oxidation comnencing at approximately 0.15V vs SCE.
Lack of cathodic current on the reverse scan for sinomenine
indicated irreversibility in the sense that the unstable free
radical species rapidly underwent a follow-up chemical reaction.
A calhodic wave was similarly nol observed for morphine and
confirmed the irreversible nature of the oxidation process.
The oxidative wave for heroin (curve d) was at first a little
surprising and when recorded alt high sensitivity (dotted line)
was indicative of phenolic oxidation (% =0.27V). The compound,
; 2

however,; undergoes alkaline hydrolysisll9 1o monoacetylmorphine
and this enabled the characteristic oxidation wave to be recorded.
The curve for laudancsine (so0lid line) in fig 6.10 reveals that
oxidation commenced at approrimately C;SV zgr SCE. Lack of
cathodic current indicated an irreversible process. The scan
for the background solution (broken line) is also given.

On the basis of this study it would be expected that
sinomenine and heroin would cause interference either by
(1) scavenging morphine free rodicals and lowering the dimerisation
efficiency and/or (2) undergoing self-coupling to give a
fluorescent product. It cannot be prediclted at this étage

whether oxidation of laudanosine would interfere either chemically

or spectrally. The remaining alkaloids should not interfere.

(2) Fluorescence studies

Solutions of each alkaloid (3x10~4m) in pH 8.5 sodium

pyrophosphate were examined individually in the gold micromesh
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= Anodic current (MA)
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Electrode potential (VvsSCE)

"PIG. 6.9. Voltammetric curves for (a) sinomenine, (b) morphine,
(¢) codeine and (d) heroin. Alkaloid (5x10-4M) in pH 8.5 sodium
pyrophosphate solution (0.1i); working electrode, gold wire;
scan rate.2OmVs“1; curve d, broken line: sensitivity, MA + 5.
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Table 6.11. Voltammetric characteristics of

alkaloids.
Alkaloid Oxidative Wave By
Morphine Yes 0.24
Sinomenine Yes 0.21
Heroin#* Yes 0.27
Laudanosgine Yes E 0.8
Codeine No °.
Narceine No -
Cotarnine No -
Narcotine No -

Alkaloids (5x10_4M) in pH 8.5 sodium pyrophosphate
solution. GCyclic sweep, OV to G.75V to OV vs SCE

at 20mVs~L except laudanosine (0.5V to 1.25V to 0.5V
vs SCE); * after hydrolysis.

"

cell during excitation at various positive applied potentials.
Only +the heroin and laudanosine solutions exhibited fliunorescence
(excitation, 320nm; emission, 442nm) during electrolysis.
The emission spectrum for the heroin product was identical %o
pseudomorphine confirming Kupferberg's findingsloY, Al=o when
the heroin solution was prepared immediately before examination
only a small signal was recorded indicatihg that the hydrolysis
to monoacetylmorphine at ﬁH 8.5 was relatively slow. The
lavdanosine product exhibited sensitive fluorescence and\the
characteristics will be reported later. The remaining alkaloid
éolutions did not exhibit fluorescence. Sinomenine incidentally
'L 1

on oxidation is known to form the dimer, 1,l-disinomenine
and on the basig of the prgvious gtudy it is concludéd that the
dimer is non-fluorescent.

The possible interference of each alkaloid on the

fluorescence of electrogenerated pseudomorphine was next investi-
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FIG. 6.10.
Voltammeitric curve for
laudanosine. 4
Laudanosine (5x10™'H)
in pH 8.5 sedium
pyrophosphate

solution (0.1HM);
working electrode,
gold wivre; scan rate
20mVs™ ",

wn

O
«— Anodic current (uA)

o

gated in a systematic

manner. Morphine

solutions (3:;10'51‘1) 3 M %) O o5
containing the parti- EleC{rOde[Mﬂentkﬂ(v!§SCE)
cular alkaloid at (1) the same ooncentrationk(3x10~5m),

(2) 10 fold in excess (3x10771), (3) 100 fold in excess
(3x10~3M),a11 in pH 8.5 sodium pyrophosphate solution (0.1H),

were oxidised at 0.25V vs SCE and the maximum fluorcccence
recorded. This procedure was carried out for sinomenine,

heroin, laudanosine, narceine, cotarnine and narcotine and in
addition for codeine,concentrations 1000 fold in excess

(3x10—2M) were examined; The fluorescence results are

summarised in table 6.12. The electroinaciive alkaloidé;

codeine, narceine, cotarnine and narcotine caused no interference
at all the concentration levels investigated except for cotarnine
at the 3x10"3m level when natural fluorescence became significant.
The remaining electroactive alkaloids, sinomenine, ﬁeroin and
laudanosine caused interference. Tor sinomenine at the 3110—5M

level, the fluorescence signal was reduced to 33% of the original
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Table 6.12. Interference of alkaloids on the
fluorescence of elecirogenerated

pseudomorphine.
Oxidative Interference Results
Alkaloid |[Fluorescence|Alkaloid Concentration (M)
3%x10-2| 3x10~4 | 3x10™3 | 310~
Horphine Yes
Sinomenine o X X X
Heroin ¥ - Yes / X X
Landanosine Yes / X X
Codeine No / / / /
Narceine No / / /
Cotarnine Ko / / /
Narcotine No / / /
Morphine (3x10—5m) and alkaloid in pH 8.5 sodium

pyrophesphate solution (0.11); electrode potential
0.25V_vs SCE; excitation wavelength 320nm, emission
wavelength 442nmg X represents interference,

no interference; * After hydrolysis,

value while morphine solutions that were 3xlO_4M with respect

to sinomenine exhibited no fluorescence on electrolysis.
Laudanssine and heroin solutions individually caused serious
pbsitive interference (increased fluérescence) at concenirations
3x10-4M and higher. Interference was not observed at the
3x10™H level.

The results of this study are in good agreement'with the
predictions voiced on the basis of the voltammetric behaéiour'
of the alkaloids. Alkaloids containing a phenolic hydroxy
group undergo phenclic oxidation and prefent pseudomorphine
formation by scavenging thé morphine free radical sgpecies. This
interference mechanism was exhibited by sinomenine. Although,

in the case of sinomenine, fluorescence was not realised for the

self-coupled product (1,1'-disinomenine) or the mixed dimer
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species (sinomenine-morphine) such possibilities would have to
be considered for other phenolic alkaloids. Spectral inter—
ference from non-phenolic alkaloids which become fluorescent

on oxidation is also possible; this was demonstrated for
laudanoszine., The high specificity of the dimerisation reaction
in the presence of electroinactive alkaloids (codeine, narcotine,
cotarnine, narceine) was, however, evident and the result for
codeine wag particularly important.

6.2.12. Assey of papaveretum tablet and OIMNOPON
injection ampoule

The official assay methods for morphine in pharmaceutical
preparations based on opium regquire a preliminary extraction
procedure prior to titrimetric, gravimetric or colorimetric

104. This applies to papaveretum an important preparation

finish
based on the principal opium alkaloids. It consists of the hydro-
chloride sal®s of morphine (47.5 = 52.5% ww-l), narcotine

(16 - 229 wﬁ—l), codeine (2.5 - 5% ww-l) and papaverine (2.5 -

% ww"l) and is obtained in the form of tablet (1Omg papaveretum,

BPC) or injechion ampoule (Omnopon; 2Omgm1'—1 papaveretum; Roche).

Procedure

One papaveretum tablet weighing 63.4mg was powdered in
a mortar. An accurately weighed guantity (58.6mg) was transferred
to a volmelric flask (10ml) containing dilute sulphuric acid (0.1HM)
and left overnight to allow extraction of the alkaloids; A few
drops of sodium hydroxide solution (1M) were nexl added %o

preciplitate papaverine and also some narcotine. The cloudy
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solution was filtered (Whatman Ho 52) and diluied to 10ml giving
agtock solution P, Omnopon injection solution (1ml) was similarly
treated giving stock solution 0.

Stock morphine 1500Pgm1-1) was prepare& and suitable
aligquots were di;uted in pH 8.5 sodium pyrophosphaie solution
(0.11) fo 25ml giving standard solutions ranging from 3 to 3Opgm1“1.
Aliguots (500u1) of the stock P and O solutiéns were treatéd
likewise. The fluorescence of the gtandard and unknown solutions
was measured in the usual manner for excitations at 0.25V vs SCI
énd the results are presented in table 6.12. The unknown
concentbrations, solutions P and O; are also included in the

table and were read from the linear calibration graph of fig 6.11.

Table 6.12. Assay of papaverebum tablet and omnopon
injection ampoule - fluorescence resulis.

Horphine i Nax, Fluorescence
Concentration Intensity {a.u.)
(Pgml-’l ) AV,
3.0 10.2 10.3.] 10.2
6.0 26.8 26.6 26.7
12.0 51.0 50.6 50.8
18.0 109 | T4.3 | 5.1
24.0 95.4 | 93.6 | 94.5
30.0 117.0 }115.8 (116.4
Unknown
solution P
8.6 42.6 41.9 (2.2
Unknowvn
solution O
19.8 81.0 80.4 8C.6

Solutions in pH 8.5 sodium pyrophosphate (0.1H);
electrode potential 0.25V vs SCB; excitation wave-
length 320nm; emission wavelength 442nm.
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FIG. ¢.11. Fluorescence of electrogenerated pseudomorphine versus
concentration of morphine (Assay of papaveretum tablet and ,
omnopon i.jection ampoule). Morphine in pH 8.5 sodium pyrophos—
phate solulion (C.1llM); electrode potential 0.25V ve SCE;

excitalion wavelengith 320nm; emission wavelength 442nm.

Calculation

(1) Papaveretum tablet

Concentration of morphine in diluted P solution = 9;énglnl
ot Conécntration of morphine in stock P solution = 4Sngml~l
«* e Weight of morphine in 1Oml = 4 .8mg
.*+ WVeight of morphine in tablet = 4.8 x 63.4/58.6 = 5.2mg
(2) oOmnopon injection ampoule
Concentration of morphine in diluted O solution = l9.8pgml-l
.:. Concentration of morphine in stock 0 sgolution = 99ngm1_l

99ngm1“1x10

9.9mgml—l

e+ Concentration of morphine in ampoule

1l

il

182



The resulis of the aﬁsay are shown in table 6.13 and confirm

that the procedure is interference-~free and provides accurate

Table 6.13., lMorphine assay in papaveretum tablet
and omnopon injection ampoule.

Morphine
pecified Found.

.5-52,5% wa 52.0% —

Fapaveretum Tablet

(10mg) 41

Omnopon Injection lomgml-.1 9.9mgm1"l

Ampounle (20mgml~L)
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6.3, Laudanosine

Laudenogsine is one of the minor and 1e§ser important
of the alkaloids occurring naturally in opium. Previous
interference studies with respect 1o morphine indicated that
the compound exhibited fluorescence on oxidation at 0,25V vs SCE.
This behaviour would not be expected on the basis of the lauda-
nosine current ~ potential curve (fig 6.10) where the oxidation
wave commenced at about 0.8V vs SCE. Further investigations
showed that increments in electrode potential caused increased
fluorescence development in a similar manner to the morphine

experiments.

6.3.1. Spectral characteristics of the oxidation product

The Fluorescence spectré recorded for laundancsine
(3x10_4M) in pH 8.5 sodium pyrophésphate solution (0.1M) at
0.7V vs SCH are presented in fig 6.12. The excitaticn spectrma
consists of peaks at 315nm and 361lnm while the emizsion is broad
and struchtureless with a maximum at 470nﬁ. The wavelength
combination, '}\ex 361nm and,)\em 470nm, was chosen for subsequent

experiments,

6.3.2. Effect of pl

The fluorescence response curves for laudancosine

4

(3x107 %) in (1) sulphuric acid solution (0.1M), (2) potassium
sulphate solution (0.0311), (3) pH 8.5 sodium pyrophosphate
solution (0.1M) and (4) sodium hydroxide solution (0.1H) were
recorded for excitation at 0.7V vs SCE. The {indings are

given in table 6.14. The pH dependence of the signal with the

requirement that the solution is alkaline before fluorescence
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- FIG. 6.12. Tluorescence cxcitation (a) and emission (b) spectra
of the oxidation product of laudandsine. Laudanosine (3x10~41)
- in pH 8.5 sodium pyrophosphate solution (0.1H); elecirode
- potential 0.7V vg SCB; excitation wavelength 36lnm, emission
wavelength 470nm;. bandpass 10nm on both monochromators (respeotive
filters, T - 54 and 3 - 73, fitted).

Table 6.14. The effect of pH on the fluorescence

of laundanosine during electrolysis

ey ]

Background electrolyte: Maximum Flverescence

Solution Intensity (a.u.)
pH 1 Sulpburic acid (0.1H) 0
pH 5.2 Potassium sulphate ' v 0
(0.031H) : ,
|
pH 8.5 Sodium pyrophosphate 20
o
(0.11)

pH-13 Sodium hydrozide (0.1H) 35

: 4. .
Laudanosine (3x10™ 'H); electirode potential 0.7V vs SCE;
excitation wavelength 361lnm, emission wavelength 470nm.

is produced suggests that protonation of the tertiary nitrogen
of the isoguinoline ring (see fig 6.8) prevents the formation of

a fluorescent product on oxidation.

6.343, Calibration

Various aliquots of stock laudanosine (0,00LM) were
diluted to 25ml in pH 10.2 sodium pyrophosphate solution (0.1M)

giving solutions covering the range 4x10~7H to 2x10 2.



The response curves for laudanosine solution (10—5M) were
initially recorded for various excitalion potentials (0.7V,
0.9V, 1.1V vs SCE) and 0,9V was chosen as the most convenient

in termg of development time and maximum signal attained,

The fluorescence results and the corresponding logarithmic cali-

bration plot are presented in table 6.15 and fig 6.13 respectively.

Table 6.15. TFluorescence of the oxidation product
as a function of laudanosine concentration.

Laudanosine Concentration | Maximum Fluorescence Intensity
(11) (log 1) (a.u.) (log 2.u.)

2510757 =640 0.0026 ~2.58
10"__6 -6,00 0.0073 -2.14
2x10_, ~5.70 0.0111 -~1.95
4x10_ ~5.40 0.0207 -1.68
1077, =5.00 0.0535 -1.27
1.2x1077 -4.92 0.0715 -1.15
03102 4,70 0.1149 ~0.94

Larlanosine in pH 10.2 sodium pyrophosphate gsolution
(0.1M); electrode potential 0.9V vs SCB; excitation
wavelength 361lnm, emission wavelength 470nm.
it can be seen that approximate linearity over the 100 fold
concentration range was attained. Extending the calibration
graph to meet the limiting signal (2051 = 2.4x10"4 Golle)
provided a limiting detectable lauvdanosine concentration of

4x10m8M. This figure corresponds to a limiting detectable

woight of 2ng based on a cell volume of 120ul.

6e3elts Structure of the oxidation product
There is evidence in the literature that oxidation may

involve an intramolecular cyclisation reaction. On the basis of
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FIG. 6.13. ILogarithmic calibration graph for the oxidation
product of laundanosine. JLaudanosine (4x10“7m - 2x10”5m) in
pH 10.2 sodium pyrophosphate solution (0.1}); electrode
potential 0.9V vs SCE; excitation wavelength 36inm, emission
wavelength 470nm.

cyclic voltammetric studies in acetonitrile, Miller and

L 121,122
CO—-WOorKers

éuggested that the dimethylbenzene moievy
of the isoguinnline ring was oxidized {8-electron transfer) and
yielded ¢gr-methyl flavinaniine as the final product. Ano?her
possible product is glaucine which has been chemically prepared
using vanadium oxytrifluoride as oxidant in trifluoroacetic
acid123. The structures for both compounds are given below in
the overall rcaction schemes. Clearly, the high degree of
conjugation and structural rigidity for both molecules would be

favourable for fluorescence. ILack of fluorescence in acidic

" solution, however, would tend to disfavour the glaucine product.
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64, Reserpine

Reserpine, a weakly basic ester alkaloid obtained fronm

the plant Rauwolfia serpentina;has hypnotic and sedative properties

and has been used for controlling high blood pressure and in the
treatment of mental illness. A sensitive fluorimetric method
based on the oxidation of the alkaloid by vanadium pentoxide in

. . . . . . 124 . .
ethanolic phosphoric acid solution ig available +« The oxidation

reaction

proceeds at the piperdine nitrogen and results in 3.4-

.. 124,125 ; "  aogs
dehydroreserpine . The fluorescence c¢f the oxidation
product 0\3_365nm,)&W1495nm) wag shown to depend markedly on

P SN 4

(1) the nature of the oxidant, (2) the nature of mineral acid

and (3) the agueous concentration of the ethanol solvent system.

6.4.1. Voltammetric behaviour

The current - potential curve was recorded for
reserpine (SOQngl—l) in agueous ethanol solution (75% vv
ethanol) containing phosphoric acid (0.6M) as background electro-
lyte. The voltammogram given in fig 6.14 reveals an oxidation
wave commencing at aboﬁt 0.65V vs SCE with a peak potential of

0.79V vs SCE, Lack of a reducltion wave on the reverse scan
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FiGe 6.14. Voltammetric
curve for reserpine,
Resorpine (SOOpgml“l) in
aqueous ebhanol (75% wv™
ethanol) containing
phosphoric acid (0.6)s
working cloctiode, gold
wires _scan ratbe
20mva~t,

S
Anodic current (uA)

9]

indicates an

. -t

irreversible , o) &5 06 v o4 e
oxidation. Electrode potential {Vvs SCE)

6.4.2. Fluorescence svectra

The pure drug wags not available at the start of the
investigations ands insteadsa stock reserpine solution was
preparcd from reserpine tablets (Serpasil lmg; Ciba). Sample
solution-ﬁas prepared by diluting the stock with agueous ethanol
(754 — ethanol) containing phosphoriec acid (0.611). Appreciable .
fluorescence was immediately generated on oxidation at 0.3V vs SCE
and the recorded spectra are given in Tig 6.15. The excitation

and emission maxima were 375nm and 500nm respectively.

™.
~

6.4.3. cfect of electrode potential

The influence of electrode potential on the rate of
fluorescence development and the maximum fluorescence attained
was similar to the behaviour for morphine. Table 6.16 contains

results for excitations at 0.8V, 1.0V and 1.2V vs SCE.
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FIG. 6.15. Fluorescence excitation (a) and emission (b) spectra

. of electrogenerated 3-dehyvdroreserpine. Reserpine in agueous
ethanol (75%vv—l etlianol) containing phosphoric acid (0.61);3
electrode potential 0.8V vs SCE; - extitaticn wavelength 375nmj
emission wavelength 500nm; bandpass, 10nm on both monochromators
(respective filters, 7 - 54 and 3 - 73, fitted).

Table 6.16. Effect of electrode potential or the
fluorezcence response of electro-
generated 3-dehydroreserpine product.

Electrode Poiential | Maximum Fluorescence Time§F

(Vv vs sCE) Intensity (a.u.) (min
0.8 67 26
1.0 A2 10.4
1\12 2.\4’ 2.3

. . ’ . -1
Reserpine in aqueous ethanol (75% vv ~ ethanol)
containing phosphoric acid {0.6M); excitation wavelength
375nm, emission wavelength 500nm.

6.4.4. Calibration and assay of reserpine tablet

Solubion preparation

Standard reserpine solutions (0.1 - ZOpgml_l) were
prepared from stock reserpine solution (lOOOPghl_l) by appropriate
dilubion with aqueous ethanolic solution (75% ethanol vv”l)
containing phosphoric acid (0.6:).

Reserpine tablets (3; lmg) were crushed in a volumetric

flask and left to stand overnight in ethanolic solution containing
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phosphoric acid (0.6H). After filtration, the solution was
diluted 4o 10ml. An aliquotb (75QJ1) was then diluted to 25ml
with electrolyte solution as above.

Results

The initial experiment for reserbine soluticn (%ngl~1)
with excitation at 0.9V wvs SCE revealed an extremely sensitive
fluorescence responses; but unfortunately the fluorescence
recorded Tor the repeat run was approximately 50% less intense.
It was thought that the signal reduction was caused by electrode
poisoning,but it was later noticed that a large air pgcket had
formed in the cell. It appeared thot the alcoholic soiution
favoured the formation of air bubbles in the tubing which
subsequently became lodged in the cell, (This trouble was not
exverienced with aqﬁeous solution.) Further measuremenﬁs'we~e,
therefore, subject to this difficulty. The response curves for
the remaining reserpine solutions with excitation at 0.9V vs SCE
were recorded. Unfortunately, maxima were not reached in an
acceptable time so that values corresponding to specified times
(1.2min, 2.4min, 12,0min) were obtained from the fluorescence -
time curves. The results are presenied in table 6.17;‘ ‘the values
for reserpine, l4pgm1n1, were used in a recovery experiment.
Approximate linearity was observed for the plots at the thfee

t

(e

me intervals, but the best experimental fit of data was obtained

for t at 1.2 minutes. The calibration graph for t at 1.2 minutes

[

s given in fig 6.16 and the concentration corresponding %o the

unknown reserpine solution is indicated.



Table 6.17.

Assay of reserpine tablet

- fluorescence results.

Reserpine FMluorescence intensity (a,u.) at
Concentration
Qngl"l) l.2min 2.4min 12.0min
0.1 0.0007 0.0009 0.0020
0.8 0.0065 0.0087 0.0157 /
2.0 0.0195 0.,0267 0.0540
6.0 ' 0.0522 0.0618 0.1356
10.0 0.0891 0.1011 0.1857
14.0 0.1251 0.1749 0.2930
16,0 0.1470 0.2030 0.4010
20.0 0.1530 0.2110 0.4400Q
Unknown 0.0630 0.0771 0.1695

. . PR
Reserpine in agueous ethanol (75% vv = ethanol)
containing phosphoric acid (0.61); electrode
potential 0.9V vg SCE; excitation wavelength 375nm,

emisgsion wavelength 500nm.

Calculation

Concentration of unknown reserpine solution

tt

7.05pgml—l

Cor:zantration of stock reserpine solulbion = 23,pgml—l
= 2,.35mg/10ml
.. Weight Ln tablets (3) = 2.35mg
¢ "o Height Lo reserpine tablet = 0.76mg
Labelled content = 1lmg

There is congiderable deviation bebtween the labelled

(1mg) and the amount found. Assuming the

reserpine conbent
former to bhe correct, the discrepancy was probably due to
incomplete extracltion of the drug from the tablets in the dissolu-

tion stage. A repealt experiment to check this was, however, not
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FIG. 6.16. Fluorescence of clectrogenerated 3--dehydroreserpine
versus reserpine conceniration {assay of veserpine tablet).
Reserpine in agueous ethanol (YS%VV“- ethanol) containing
phosphoric acid (0.5M); electrode potential 0,9V ve SCE;
excitation wavelengih 375nm; emission wavelength 500nm.

performed. Based on a single recowvery experiment, the procedure
was showm to be accurate since a recovery of 98.6% (amount
recovered, 13.8pgml_1) wag obtained for reserpine golution of
concentration ldpgml"l.

- The 1limit of detection calculated from the logarithmic -
calibration graph (t=12min) in the usual manner (HU%1=3;6x10"4)
was 40ngm1~1. Por the cell volume of 120pl, the limiting
detectable weight of reserpine was 5Sng. Increased sensitivity
would have heen recalisced if the air bubble problem had been

_ eliminated.
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6.5, Thiozuanine

Thioguanine (6-aminopurine-6~thiol) is an important drug
i . s 126 s . .
for inhibiting neoplastic disease « A sensitive fluorimetric
o, 4 126, a s
assay, reported by Finkel s 15 based on oxidation of the drug

by alkaline permanganate solution to the highly fluorescent

sulphonate
| SH sQ, -
N N
N7 Nz~
@[ y —= I D)
’ N NH. SN
NH NN ; N

Optimum conditions for the method were pH 10.1 with excitation
at 370nm and emission at 410nm. Depending on the reaction
conditions, various oxidation products (disulphide, sulphinate,
sulphonate) may be formed and these are disoussed by Tox and

127

CO~WOTKErs .

6.5.1L, Voltammetric behavicur

The current - potential curve for thioguanine (2x10~3ﬁ)
in pH 10.2 sodium pyrophosphate solution (0.111) was recorded
during & oyoclic sweep (OV to 0.75V to OV vs SCE at 20;11st:1) of
the gold wire working electrode. Inspection of fig 6.17 feveals
an irreversible oxidation wave commencing at about 0.3V vs SCE.

The peak observed for the reverse scan is due to reduction of

gold oxide.

6.5.2. TFluorescence spccelra

Fluorescence monitoring (Aéy 330nmJ\em 410nm) of

thiogvanine (3x10~4m) in pH 10.2 sodium pyrophosphate solution
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PIG. 6.17.
Voltammetric curve for
thioguanine. 3
Thioguanine (2x10 ~I)
in pH 10.2 sodium
pyrophogphate

solution (0.1M):
working elecirode,
gold wirej _scan

rate 20mVs—l.

(0.1M) with excitation
at 0.7V vs SCE was
~immediately success—
ful. The wavelength
of maximum emission

C\em 410nm), however,

O8 o6 04 0 O @)
Electrode potential {V vs SCE)

corresponded to a wvery low

transmission region for the 3-73 filice znd it was necessary to

remove the filter from the emission monochromator for speciral

recordings this introduced a consideranle background noise to

the fluorescence response.

The specira given in fig 6.18 have

characteristic excitation (Aex 310nm) and emission O\Gm-400nm)

bands and are in reasonable agreement with that reported\by

Finkellzé thus confirming sulphonate production. The background

level of the blank solution at 400nm was relatively high and

sensitivily was improved by recording at 420nm.
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FIG. 6.18. Fluorescence excitation (a) a2nd emission (b) spectra
of electrogenerated thioguanine sulphonate.  Thioguanine
(3z10~41) in pH 10.2 sodium pyrophosphate solution (0.1H);
electrode potential C.TV vs SCB; excitation wavelengih 310nm,
emission wavelength 400ams bandpasgs L0nm on both monochro-—
mators (only 7 - 54 filter fitled).

6.5.3. Effect of electrode potential

Excitation potentials of 0.1V to 1.3V vg SCE were
imparted on Ehe gold micfomesh and the resulting fluorescence
response curves for thioguanine (2x10-4M).in pH 10.2 sodium
pyrophosphate solution (0.1M) were recorded. Surprisingly,
significant fluorescence de;elopmént was noted-for excité&ion
at 0.1V vs SCE and this wéuld not have been predicted on the
basis of the current - potential curve (fig 6.17). During the:
recording, maximum fluorescence did not develop within 12 minutes
for excitations less than 0.9V vs SCE. Excitation at 1.1V vs SCE
yieldeda maximum fluorescence of35units after 5 minutes while
at 1.3V vs SCE the corresponding values were 21 units after

2.5 minutes.
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FIG. 6.19. Tluorescence of electrogenerated thioguanine
sulphonate versus thioguanine conceniration. Thioguanine in
pH 9.7 sodium pyrophosphate solution (OalM); elecirode
potential 1.1V ys SCE; excitation wavelength 310nmj
emission wavelength 420nm.

6.5.4. Calibration

Various concentrations of thioguanine (10_5H - 3x10“4m)
in pH 9.7 sodium pyrophosphate solution (0.11f) were oxidised at
1.1V yg_SCE and maximum fluorescence was recordedi tThe ;esults
are presented in table 6.18. The calibration plot is given in
fig 6.19 and it can be seen that the graph is rather unusual

having two distinct regions of linearity.
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Table 6.18. TFluorescence of electrogenerated
thioguanine sulphonate as a function
of thioguanine concentration.

Thioguanine |[Meximum Fluorescence TimeMF
Concentration Intensity

(1) (a.u.) (min)
0x10™2 1.65 2.4
4x10~7 4.35 2.6
107 7.50 3.0
1.6x10°4 20.28 4.2
ox10~4 36.50 5.2
3x1074 54.30 8.2

Thioguanine in pH 9.7 sodium pyrophosphate solution
(0.11); clectrode potential 1.1V vs SCB; excitation
‘wavelength 310nm, emission wavelength 420nm.
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6.6, Homovanillic Acid

The agsay of urinary homovanillic acid (HVA, 4-
hydroxy-3-methoxyphenylacetic acid), the major metabolite of
dopamine, is an important indicator of a number of medical
disorderslgs. Fluorogenic oxidation reacltions based on ferric
chloridelzg, potassium ferrioyanidelBo and potassium permanganatelgB
have been reported. The reéc%ion

. CHCOH

2 2

whereby the acid is convetted to the highly fluorescent dimer
(2,2'=dihydroxy-3,33dimethyoxybiphenyl-5,5'diacetic acids

Aex 315nm;)\em 425nm) is an example of phenolic oxidative
coupling. Hdmovanillic acid has been employed as a fluorogenic
substrate, the reaction enabling the sensitive determination of
the oxidative engymes, peroxidase, glucose oxidase and xanthine

131

oxidase .

6.6.1. Voltammedric behaviour

The current —.potential curve for HVA (5x10”4m) in
pH 8.5 sodium pyrophosphate solution (0.1H) recorded during
a cyclic scan (OV to 0.75V to OV vs SCE at 20mVs—l) of the gold
wire working electrode is given in fig 6.20. A well-developed
anodic wave (Eﬁ = 0.28V), corresponding to removal of one electron

“

from the phenoxide moiety, is apparent.
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FIG. 6.20,
Voltammetric curve for
homovanillic acid
(5x10™41) in pH 8.5
sodium pyrophosphate
solution (0.1M);
working elecirode,
gold wire; scan

rate 20mvs—l,

gl
(HA)

e
o
©

QO

L.

3

O

6.6.2. X¥luorescence g
Specire. s =

- - O

Initial «

<C

fluorescence monitoring

(’\ex 315nm, }\em 4.25nm)

of HVA (3;;10“"41\1) in

N
O
B —

pH 8.5 sodium Ss . 06 o4 02 O
pyrophosphate solu— Electrode potential {VvsSCE)
tion for exsitation at 0.3V vs SCE was successiul and the
fluorescence spectra of 1lhe electrogenerated product were
recorded., The spectra are given in fig 6.21 and it can be seen
that the exsitation maximum,)\ex 315nm, is in agreement with the
literature value, but that the emission maximum is shifﬁedito
ALGnm, Thisg latter feature can be explained since the trans—

"mission of the 23~T73 filter at 425nm is relatively low.

Subsequent measurements were performed at)\ex 315nm and)\em 44.6nm.

6.6.3. Bffect of electrode volbential

The fluorescence — time reaponse vas recorded for

excitations (0.25V to 1.0V vs SCE) of HVA (2.5;:10’414) in pH 8.5
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~ FIG. 6.21. Fluorescence excitation (2) and emission (b) spectra
- of ‘the oxwdatlon product of‘homovanllllc acid. Homovanillic
acid (3x10~4 1) in pH 8.5 sodium pyrophosphate solution (0.1M);
electrode potential 0.3V vs SCE; excitation wavelength 315um;. -

emission wavelength 446nus

bandpass 10nm on both monochro-

mators (respective filters 5y T = 54 and 3 - 73, fitted).

sodium pyrophosphate solution (0.1M).

The maeximum fluorescence

and development times were dependenlt on electrode potential in

a manner analagous o morﬁhlne.

60190

Tahle 6.19.

The results are given in table

EBffect of electrode potential on the
fluorescence response of the oxidation
product of homovanillic acid.

Electrode |laximum Fluorescence TimeMF
Potential Intensity
V ve SCB (2.u.) (min)
0.25 20.85 17.5
0.30 15.48 1.4 .
0.40 6.66 2.4 .
0.50° 4..24 1.3
- 0.60 2.98 0.6
0.70 2.30 0.4
0.80 1.98 0.2
0.90 1.76 0.2
1.00 1.69 0.1

Homovanillic acid (2.5x10

pyrophosphate solution (0.11);
315nm, emission wavelength 446nm.
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PIG. 6.22. TFluorescence of the oxidation product of homovanillic
acid versus homovanillic acid concentration. Homovanillic acid
in pH 8.5 sodium pyrophosphate solution (0.1M}); electrode
potential 0.4V vs SCE; excitation wavelength 315nm; emission
wavelength 446nm.

6 . 6 . 4 . Cali'b:c‘a’t ion

Solubions of HVA (2x10771 ~ 3x107H1) in pH 8.5 sodium
pyrophosphate solubion (0.1i) were oxidised at 0.40V vs SCE and
the meximum fluorescence was recorded. The results and calibration
plot are presented in table 6.20 and fig 6.22 respeoti#ely'
The Tluorescence concentration graph is similar {to the previous
plot for thioguanine in that two distinct regions of linearity

were obtained.
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Table 6,20,

Fluorescence of the oxidation product:
of homovanillic acid as a functicon of

homovanillic acid concentration.

Homovanillic acidjlaximum Fluorescence| Time
8 . . ME
Concentration Intensity

(1) (a.u,) (min)

[

2x10™2 1.2 0.7
4x10‘§ 4.2 0.7
6x10 2 5.7 0.7
8107 6.9 0.7
10“44 10.2 0.7
1.3x10_, 28.5 0.7
2x10 . 39.0 0.7
2.5x1077 66.6 1.6
3x10~4 93.0 2.6

Homovanillic acid in pKE 8.5 sodium pyrophosphate
solution (0.11M); electrode potential 0.4V vs SCE;
excitation wavelength 315nm, emission wavelength

446nm.
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6.7, Instrumental Sensitivity

For a concluding experiment, the sensitivity of 1he
Farrand instrument with respect to the gold micromesh cell
wag determined by estimating the limiting delectable

concentration of guinine bisulphate.

Procedure

The instrument was operated at maximum sensiti&ity and
the background noise level of the blank solulion was recorded
(sulphuric acid, 0.05H). Standard solutions of guinine
bisulphate (10ngm1“1, 30ngm1‘1, 100ngm1”1 and 300ngm1”1) in
sulphuric acid (0.05M) were delivered scparately to the cell
and the fluorescence noted. The results with blank correction
are presented in table 6.21 and the logarithmic calibration
graph ig given in fig 6.23. The limit of detection was $aken
as that concentration of guinine bisulphate {that produced a
fluorescence signal equal to twice the standard deviation of

the background noise level (207 = 3.04x10 %a.u.),  the blank

Table 6.21. Fluorescence of quinine bisulphate asg
a function of concentration. .

Concentration of Fluorescence Intensity
Quinine Bisulphate
(ngm1™1) (Log ngmi-1) (a.u.) (log a.u.)-
10 1.00 0.00044 ~3.36
30 1.48 0.00108 -2.97
100 : 2.00 0.00435 -2.36
300 2.48 0.01230 -1.91

Quinine in sulphuric acid solution (0.0SM); excitation
wavelength 350nm, emission wavelength 450nm; bandpass
20nm on both monochromators (respective filters, 7-54
and 3~73, fitted); ©blank subtracted from guinine signal.



b
Q

'IG. 6.23.
Logarithmic
calibration
graph for
quinine
bisulphate,.
Quinine in
sulphuric acid
solution
(0.0511);
excitation wave-
length 350nm;
emigsion wave—
length 450nm;
bandpass, 20am
on both mono-
chromators
(respective

©
0

Log fluorescence intensity(logaul

filters, 7 - 54 o ' ‘ ‘ «o S
and 3 - 73, fitted). Log concentration (log ngml ')

value having been previously subtracted from the guinine signal.
Extrapolation of the logarithmic calibration curve‘to meet the
limiting signal enabled the limiting concéntration, 7hgm1m1
(10"8r:1), to be determined. for the cell volume of 120pl,

the limiting detectable weight of guinine bisulphate was calculated
to be O.8ng; Comparison of the detection limits with the values
for morphine (l9ﬁg), laudanosine (2ng) and reserpine (5ng)
indicates the high sensitivity which-tﬁe spectroelectrochemical
technique is capable of attaining. These values, howeféri,may not
‘be used as absolute indicatofs of fluorescence efficiency éiﬁce

for any particular study the limiting sensitivity depended not only
on the gquantum efficiency of the oxidation product, but also oﬁ
product étability with respect to electrode votential and
instrumental factors (The transmission characteristics of the
_Tilters and the standard deviation of the blank solution were

particulariy important ).
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6.8. Conclusions

IFluorescence studies with the gold micromesh cell
were ﬁery encouraging, the electroinitiation of fluorozenic
reactiongs provided a new semi-awbomatic method for the
determination and characterisation of organic compounds at
the ftrace level. A summary of the electrochemical and
fluorescence characteristics of the compounds investigated
given in table 6.22 indicates importént analytical features
of the technique. In addition to the selectivity offered by
choice of electrode potential and the two fluorescence
wavelengths, selectivity may result from the overall elecirode

reaction mechanism. For example, phenolic oxidabtion conferred
: y I

Table 6.22. Summary of electrochemical - fluorescence
characteristics of compounds.

Ixecitation| Wavelength Oxidation Detection
Compoun? Potential {Combination Product Limit .
: (¥ ys scu) nm . (ng)
Aex \ em
Horphine 0.25 320 442 |Pseudomorphine 19
Homovanillic 0.25 | 315 446 |Dimer of HVA -
acid
Heroin(after , |Dimer of ; _
hydrolysis) 0.25 320 442 lonoacetylmorphine
Laudanosine 0.90 361 470 |Unknown
Reserpine 0.90 375 500 |3~-dechydroreserpine
Thioguanine 1.1 330 400 |Thioguanine _
: sulphonate

Quinine - _ 0.8
bisulphale 350 450 *
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{0 morphine a degree of specificity and enabléd interference—~
free determinations in the presence of electroinaative opium
alkaloids. The sensitivity of the procedure ﬁas comparable

107
to the chemical method of Fupferherg and trace determinae
tions in Dbiological samples should be realised. The semi-automatic
capability offered by the gold micromesh cell would be of
immediate value in the clinical and Torensic fields. These
conolgsions would apply to heroin (after bydrolysis) determi-
nations. For gamples containing the two alkaloids prior
separation would be necessary to avoia interference. The
spectroelectrochemical approach was applicable to other orgenic
compourds and the studies indicated the value bf the gold
micromesh cell as a geﬁeral pﬁrpose unit for trace determina~

tions via the redox fluorogenic reaction.
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CHAPTER 7 Studies with Polycyclic Aromatic Hydrocarbons

Tale Introduction

The final research ftopic was concerned with in situ
monitoring of polycyclic aromatic hydrocarbons (PAH) in
acetonitrile. It was hoped that the fluorescence spectra of
the electrogenerated radical ions would provide a new route
for characterising these analytically important compounds.
Polycyclic aromatic hydrocarbons are formed as a result of
inefficient combustion of coal and oil products and pose a
serious environmental hazard since they are generally toxic and
. . 132
in some cases are powerful carcinogens « FPortunately the
compounds are highly fluorescent and fluorescence-based methods _

3 . : (N A . ( . . 133~137
are widely employed for their trace detecticn and debermination °
The compounds have also been the subject of extensive electrochemical

. . . . . . . 97,130-141
investigations and detailed review articles are available .

Summarising the electrochemical behaviour, avomatic bydrocarbons
in aprotic solvents undergo successive onc-clectron oxidation/
reducticon stops and depending on the natﬁre of the compound and
the experimental conditions, the initially formed radical
cation/anion species may be stable or undergo further foilow~up
chemical reactions. Generally, for reduction in purified solutions
énd solvents of low proion availability stable radical anions can
be prepared,but in the case of oxidation,except in a few cases,
the radical cations are highly reactive species and undergo
immediate decay reactions. The scheme outlined below where R

revresents the aromatic hydrocarbon illustrates the initial redox

reaction possibilitics and also includes the degired fluoregcence
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routes. In order for fluorescence to be realised the lifetimes
of the radical ion species should be sufficient to allow
excitation and subsequent fluorescent deactivation of the excited
state. Possible interfering mechanisms to be considered are
44-46

electrogenerated chemiluminescence and also the natural

fluorescence of the parent compound.

.

Breited Excited

radical Redical  Parent Redical radical
cation cation molecule anion anion
+ - - %4
& hv, i hv, 4 —ne né - hv, 7. hy, -
Fre— ' «— 1 ¢— R —» } — R — i
! .
, : : :
t ' J '
\" y ‘l V
Decay reactions : Decay reactions

n=1,2

Stable species have been detected by in situ absorption
monitoring. The visible spectrum of the radical anion of pyrenel

and the radical ion (cation and anion) species of 9,10~

. ,
*’43. Chemical reduction

diphenylanthracene have been report%g’3
in tetrahydrofuran using sodium has been employed to enable
spectral recording of anionic species142 . TFuorescence-coupled
studies utilising a thin-layer cell have heen limited to.
monitoring the fluorescence decay of rubrenc during oxidation4é%

To investigate the proposals, spectral monitoring in a

specially designed cell (see section 2.2.3) was performed during
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reduction for acetonitrile solutions of 9,10-diphenylanthracene,
perylene and pyrene, Unfortunately,the absorption spectra of
the respecfive radical anionsg occurred in the visible and near-
infrared and thus fluorescence (if realised) recording at longer
wavelengths with conventional instrumentation was not possible.
The fluorescence experimenis described are,therefore,solely
concerned with monitoring the fluorescence decay of the parent
hydrocarbon duriﬁg electrolysis. Similar fluorescence decay was

also noted for 9,10-diphenylanthracene during oxidation.
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Te2a ‘Brperimental Details

(1) Apparatug

The Farrand and purpose~built instrument, in conjunction
with the quartz cell containing the platinum electrode unit, were
employed for fluorescence and absorpbion monitoring respectively
during contrelled pétential electrolysis; Electrochemical

excitation was provided by the PAR 174A.

(2) Solutions and chemicals ~ purification and preparation

Acetonitrile. Acetonitrile (Spectroscopic grade) was

dried by percolation through a column (4€t x lin) of activated
alumina. Acetonitrile (GPR), purified by the method of Walter

. 143 e a . .
and Ramaley ,contained traces of benzene (as evidenced by the
ultravicledt spectram)and’was not used,

. .. 14 ‘ .
Tetraethylammonium bromide 14 » Tetraethylammonium

bromide (Atdrich) dissolved in chloroform was precipitated with
(4]
diethylether. The product was recovered and dried at 160 C for

12 hours and ztored in a destcoeator.

145

Sodium perchlorate . Sodium perchlorate (Analar

0 L]
grade) was dried at 150 C for 24 hours and stored in a desicoator.

Aromatic hydrocarbons. Arvomatic hydrocarbons (Aldrich)

were stored in a desteccator and used without furiher purification.

Electrolyte solutions

Petreethylommonium bromide (0,1H)., The appropriate

amount of electrolyte was dissolved in purified acetonitrile
contained in a sepbum-fitied conical flask (250ml). The flask

was kept in a destccator.



Sodium perchlorate (0.1M)., Sodium perchloratec

solution (0.1M) was prepared and stored as above.

The appropriate electrolyte solution was also used
for filling the counter electirode compartment. The reference
electrode compartment contained silver nitrate (0.02M) in
purified acetonitrile.

Aromatic hydrocarbon solutions

Aromatic hydrocarbon solutions were prepared by
transférring, with Hemilton gas—tighf syringe, the appropriate
background electrolyte solution (tetraethylammonium bromide
(0.1M) for reductions; sodium perchlorate (0.1M) for oxidations)
to a sepbum-fitted volumetric flask (10ml) containiﬁg a

weighed quantity of the appropriate hydrocarbon.

(3)  Cell performemce and procedure

Sample solution (typically 0.5.41) was transferred from
the septum-fitted volumetric flask {10ml) to the celllby Hamilton
syringe and the fluorescence decay/absorption was monitored
during conitrolled potential électrolysis. For reduction studies,
high-purity (99.999%) and dried argon was used for degassing and
to maintain an inert @tmosphere during measurement.

Fluorescence was recorded at low instrumental sensitivity
using relatively high solution concentrations otherwise an
appreciable background signal, due to scattered exciting radiation
and fluorescence from the guartz cell, would result. The presence

of background electrolyte (tetraethylammonium bromide or sodium

perchlorate) at concentrations of 0.1} in acetonitrile did not
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affect hydrocarbon fluorescence.

Voltammetric curves were recorded directly in the
fluorescence cell, the macro~plalinum wire serving as working
electirode. Electrode potential measurements were referred to
the gilver —~ silver ion reference couple (Ag/Ag+) which has a
value of 0,30V with respect to the agueous saturated calomel

electrode (SCE)L38,
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Te3e Reduction Experiments

Arcomatic hydrocarbons can undergo successive one—

electron reducticn steps and follow-up protonation reactions

138

which result in the formation of the dihydrocompound ’

— [ ——
R 4 e — R (Epl)
T . & —— 2~
R L e —— _ R (Eg 2)
BT o+ O pme—S s pm—E 5 RIL,
1] 2 H+
"+ ¥ —> RH —— RH,,«

The stability of the radical anions (mono- and di-) depends
markedly on the nature of the arometic hydrooarbon,;the proton
availability of +the solvént and the presence of oxidising
agentslé6.

Cersrolled 'potential reduction experiments with degassed
acetonitrile solutions of 9,10~diphenylanthracene; perylene and
pyrene were performed with a view to spectrally monitoring the

initially fermed mono-radical anion species. The internal -

diameter of the quartz cell at the viewing area was 2mm._

Tedelo Toltammetric behaviour

AThe regspective current — potential curves were recorded
for 9,10-diphenylanthracene (680pgm1"1), perylene (420pgm1"1) and
pyrene (SOOpgml‘l) in the fluorescence cell during cyclic ;weep
(SOmVs"l) of the platinum working electrode. The solutions

(volume 1ml) containing tetraethylammonium bromide (0.1M) were



200 @

- 1501
<
L1000
o
Lo
@
L -
= -507
-
©
.2
©  Of
o .
X o
Lot
=]
&)
50:

-125 4995 -0 5 43598

Electirode pofen’t ial (V vs Ag/AQ+)

PLG. T.l. Voltammeiric curves for aromatic hydrocarbons.
Hydrocarbon in degassed acetonitrile solution containing

tetraethylammonium bromide (0.1M); (a) 9,10-diphenylanthracene
(680pgm1"1); broken line, background electrolyte solution only.

(b) perylene.(420pznl~l). (c) pyrene (800pgm1~1); working

electrode, macro-platinum wire; scan rate 50mvs-—1,

degassed for five minutes with high-purity argon and aﬂ\érgon
blanket was maintained éuring the scan. The curves are givén
-fig 7.i and although the cathodic waves do not exhibit peaks,
the commencing reduction potentials (Eg), corresponding to the
process

R + 6 —> R,

are evident. The potentials at which reduction approximately
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commenced are (1) —1.5V for 9,10—di§henylanthraqene (curve a),
(2) =1.3V for perylene (curve b) and (3) -1.7V for pyrene

(curve c). The cathodic current on the reverse scan particularly
for 9,10-diphenylanthracene (curve a) and perylene (curve b)
indicated stability of the respective monoradical anion species

within the time scale of the sweep.

Te3e2. Lbsorvption snectra of the radical anions

The fluorescence cell was not designed for absorpbtion
measureﬁent but this was made possible by employing a rather
wide piece of quartz tubing (3mm internal diameter) at the view-
ing area., The analysing light beam sampled product on either
side of the platinum wire working electrode, the wire electrode
causing partial obstruction of the light beam. Although the
optical pathlength for the cell was short (approximately 2mm),
the brilliant colours of the free radical ion solulions
(9,10~diphenylanthracene, deep blue; perylene, deep purple;
pyrene, yellow) provided significant absorpiion. The effect of
a non-uniform potential distribution along the electrode surface
during electrolysis was evidenced with coloured producﬂ\having
formed only around the top portion of the wire. \

The respective absorption responses for solutions of
(1) 9,10-diphenylanthracene (680ugmi~1), (2) perylene (100;ngr'1)
and (3) pyrene (630Pgm1—1) in tetraethylammonium bromide (0.11M)
were recorded during controlled potential excitation at -2.0V
V3 Ag/Ag+ over the wavelenglth range 350nm to 1000nm (at 50nm

intervals); the absorption signal was fairly rapid and an
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approximate steady-state maximum was attained in about two
minutes. Solulions were degassed prior to measurément at

each wavelength and the argon blanket was maintained during
electrolysis. A single sample (volume 1ml) of diphenylanthraéene
served for all measurements, but for pyrene and perylene several
samples were required. The "electrogeperated" absorption

spectra for the three solutions are given in fig T7.2. The
gpectrum for 9,1l0-diphenylanthraccne (15ngm1—1) recorded on the
‘Unicam SP 800 instrument is also included (fig 7.2(a), solid
line) and the dramatic effect which the one-electron transfer

has on the spectral properties of the diphenylanthracene system
is evident. Unforturnately, the absorption of the radical .anions,
although extremely characteristic, occurred in the visible and
near-infrared and, therefore, the pogssibility of fluorescence
detection {~ssuming fluorescence was realised) at longer wave-
lengths with the Farrand instrument was ruled out. The specira
for the anions of 9,10;dipheny1anthracene and pyrene were in good

30

agreement with that reported by Sioda ang Kuwanal respectively.

Te3.3, Fluorescence monitoring during potential step

St

The fluorescence reponse (%%x 370nm,hbm 430nm) of
‘9,10—diphenylanﬁhracene (240pgm1"l) in tetraethylammonium
bromide solution (0.1M) was recorded during repetitive potential
step cyeling (~1.5V to —2.5V to 1.5V vs Ag/Ag+) of the working
-electrode. The fluorescence immediately decayed to a low level

on applicaticn of ~2,5V due to removal of 9,10-diphenylantihracene.

ny
4
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FIG. 7.3. XYluorescence response of 9,10-diphenylanthracene
during electrode potential cycling. 9,l0-diphenylanthracene
(240psml=1) in degessed acetonitrile solution containing
tetraethylammonium bromide (0.1M); electirede potentizl,

(a) -1.5V vs Ag/Agt, (b) ~2.5V vs Ag/Agt; excitation wave~
length 370am, emission wavelength 430nms;bardpass, Smm on
both monochromators; quartz cell, 2mm_internal diameter,

On fetﬁruing the potential to -1.5V, the fluorescence increased
fairly rapidly indicating oxidation of the radical anion.
Repetitive éycling of the electiroda potential caused the
disappearance/reappearance of fluorescence 'in a reguvlar manner

and indicated reversibility of the 9,10-diphenylanthracene (DPi

N

system . o
- — . ry
DPA 4+ e — DPA
) ""1 * 5V -

The fluorescence response during elecirode cycling is given
in fig T.3 while the emission spectra at -1.5V vs Ag/Ag+
(curve a, t=0) and at ~2.5V vs Ag/Ag* (curve b, t=24min) are

presented in fig T.4.
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FIG. T7.3. Fluorescence response of 9,10-diphenylanthracene
during electrode potential cycling. 9,10-diphenylanthracens
(240pgm1=1) in degassed acetonitrile solution containing
tetrasthylammonium bromide (0.1H); elecirede yotentizl,

(a) -1.5V vs Ag/Agt, (b) -2.5V vs Ag/Agt; excitation wave-
lengih 370am, emission wavelength 430nmjbanrdpass, 5mm on
—both monochromatorssy quartz cell, 2mm internal diameter.

On fetﬁrning the potential to -1.5V; the fluorescence increased
fairly rapidly indicaling oxidation of the radical anion.
Repetitive éycling of the elecirode potential caused the
disappearance/reappeérance of fluorescence 'in a regular manner

and indicated reversibility of the 9,10~diphenylanthracene (DPi)

~

system : : e
: - —-2.5V - -
DPA 4+ € oS —— "DPA’
. "'1 .5V -

The fluorescence response during elecirode cycling is given

[y

in fig 7.3 while the emission spectra at -1.5V vs Ag/Ag’
(curve a, t=0) and at -2.5V vs Ag/Ag* (curve b, t=24min) are

presented in fig 7.4,
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Tedlo Oxidation Ixperiments

Oxidation of polyecyclic aromatic hydrocarbons generally
results in unstable cations and complicated follow-up reaciions
ensue; among the simple aromatic hydrocabons only 9,10
diphenylonthracene exhibits reversible behaviour139.

Fluoregcence monitoring during conitrolled potential
oxidation of acetonitrile solutions of pyrene, perylene, fluorene
and naphthalene was atiempled, but unfortunately an insulsting
film formed on the working electrode and prcﬁented further
electrolysis. In the case of 9,10-diphenylanthracene the
fluorescence decay was recorded. The iuternal diameler of the
auartyz cell for this experiment was lmm and provided a very
narrovw solution layer, of approximate thickness 0.2mm, in

contact with the working electrodc.

T.4.1.  Voltammetiric behaviour

The current - potential curve wecorded for 9,10~
diphenylanthracene (15Opgm1"1) in sodium perchlorate solution
(0.1M) during a cyclic sweep (OV to 1.5V to OV vg Ag/AgT at
50mVs-1) of the working electrode is given in fig T.5. \

The oxidalion wave, corresponding to the loss of one-electron,
commenced at aboult 0.9V and the peak poiential was about 1.1V.
Further oxidation at potentials beyond about 1.2V, corresponding
to the removal of a second electron, occurred. The reduction
wave on the reverse scan with a peak potential (Ep) at about

0.8V indicated stability of the free-radical cation.



30
The waves in the region
20 OV to 0.75V are probably
10 due to platinum surface
< oxide formation and
g
Lo ~—
- removal.
<
()]
10 t T.4.2. Fluorescence
] monitoring
v during votential
20 step
13 Tne fiuvorescence
362% %
(kx 370nm,A__ 410nm) of
L0 9,10-diphenylanihracene
(ISOpgmlml) in sodium
5 10 05 0 » perchlorate solution (0.1M)
Electrode potential
(v vs Ag/Ag+) wag monjitored during

FIG. 7.5. “nltammetric curve for
9,10-diphenylanthracenc.
9,10-diphenylanthracene (15Opgm1’1)
in acetonitrile solution containing
sodium perchlorate (0.1M); working
electrode, macro~platinum wires
scan rats 50mVs—1l.

controlled potential

oxidation at 1.25V vs Ag/Ag+.
The fluorescence deéay was
very fast and aftor
approximately two minutes the fluorescence level was iﬁdistinguishable
from the blank solution. The fluorescence de;ay curve and the
emission spectrum before and after oxidation are givén in

fig 7.6. The high background level, due to fluorescence of the
quartz cell and scattered exciting radiation, was severe for

the narrow diameter (1ﬁm) cell. After about ohg hour (at zero

-dpplied potenﬁial),the fluorescence of the electrolysed solution
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FIG.7.6. Fluorescence response for 9,10-diphenylanthracene
during controlled potential oxidation. 9,10-diphenylanthracene
(IBOpgmL'l) in acetonitrile solution containing sodium
perchlorate {0.11). Quartz cell, lmm internal diameter;
bandpass, 5nm on both monochromators. {a) fluorescence — time
decay during controlled potential oxidation (1.25 V zg_Ag/Ag+);
excitation wavelength 370nm, emission wavelength 410nm.
(b) fluorescence emission spectra at (1) sero applied potential
(t=0) and (2) 1.25V vs Ag/hg*t (4=3min); excitation wavelength
370nm. .

returned to approximately 50% of the original value. Thé
explanation for the regeneration of 9,10-diphenylanihracene
may have been due to scavenging of the cation radical by
residual water

2DPA"  +  2H,0—3>» DPA + DPA(OH), + ont

as proposed. by Sioda3o. Visual examination of the solution during
elecctrolysis revealed the blue colour of the free radical cation

specien.
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T.5. Conclusions

The proposed in situ fluorescence studies of
electrogenerated ions of polycyclic aromatic hydrocarbons
was wnsuccessful. The radical anions of (1) 9,10~
diphenylanthracene, (2) perylene and (3) pyrene exhibited
absorpbion throughout the visible and near-infrared regions
and fluorescences, if rezalised, would have occurred in the
inaccessible infrared. The absorption spectra of the
respective anion species were sensitive and characteristic
and would be useful for identification purposes. The
experiments, although brief, demonstrated the value of the
non-agueous medium for stabilising the primary electrode
product and preventing immediate follow-up chemical reactions.
The situation is analogous to the agueous studies of ferro-
cyanide and ¢o'~tolidine bubt contrasts with the fluorogenic
oxidation reactions. The possibility of generating new highly
absorbing/fluorescing species in non-agueous media either as
a primary electrode product or as a subsequent folloﬁiugx
species in a similar menner to the aguecus studies could/be
realised by suitable choice of soivent and experimenfé'directed
along this line would be rewarding. The use of quartz as the
cell window material was unsatisfactory and replacement by
silica would improve cell performance. For higher sensitivity

in absorption, a long opbical pathlengih cell would be reguired.



CHAPTER 8 (General Conclusion and Recommendations

The speciroelectrochemical procedure whereby electro—
generated species are measured in situ by absorption or
fluorescence spectroscopy has analytical value. The technique,
applicable to inorganic and organic systems enabled highly
absorbing/fluorescent species to be generated, under well-defined
conditions, from suitable precursors and concurrent spectral
monitoring provided a novel ap?roach foxr characterisation and
determinatiohs at the trzce level. Furlther studies aimed at
measuring the vrimary product or follow-up species of electrode ’
reactions would be rewarding and hopefully would establish the
spectiroelectrochemical technique as a valuable analytical
procedure complimenting its important role in mechenistic studies.
The scope Lor such experiments is almosh unlimited,but areas for
further research are briefly outlined.

The gold micromesh cell was demonstraﬁedAto be an
attractive analytical tool for trace determinations via the
electro~initiated fluorogenic reaction and further studies
should be concerned with assesgsing its suitability for routine
determinations varticularly with respect to morphine and heroin.
Examination of other potential fluorogenic compounds, for

-
147,148’ 149 ona thiaminel)o,

example chlorpromazine pyridoxine
should also be considered.

The chromogenio/fluorogenio approach could be used to
improve detector performance in high-pressure liguid chromato-—

graphy (HPLC) systems. A redox unit (volume ~ qu) situated
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beyond the column would selectively oxidise/reauqe the
desired component to enable sensitive delection downstream
at the speciroscopic cell (absorption or fluorescence cellj;.
volume-lpl). The technigue should be applicable to many
electroactive organic compounds that are determined in
complex mixtures after HPLC separation.

Finally on the inorganic side, specitral (absorption
and fluorescence) monitoring of stable oxidation states
of metal ions deserves study. DIxperimenlts should be directed

at transition metal ions, lanthanides and uranium.
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