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ABSTRACT 

The history and development of the Chromatopolarographic 

Method is traced through from the initial work of Kemula to the 

present day and covers a wide field of Electrochemical Detection 

Methods appropriate to flowing stream analysis. 

In particular, A.C. and Pulse methods are described together 

with their applicability to detection in High Pressure Liquid Chromato-

graphy (H.P.L.C.). 

A range of detector designs are described, incorporating 

the conventional DAE.and several modifications of it and a range 

.of solid electrodes. Of the latter, glassy carbon is shovn to be 

the most suitable electrode material especially when used in conjunction 

with the Wall Jet hydrodynamic principle. 

A detector incorporating the Wall Jet Electrode is described 

together with its application to real chromatographic systems. A 

major part of the application section concerns reagent addition to 

the chromatographic eluent in order to add supporting electrolyte 

or to form derivatives of the eluting species. The method could 

equally well be used for colourimetric detection. 
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INTRODUCTION 

1.1 Chromatopolarouranhv: an historical appraisal. 

Since the discovery of "POLAROGRAPHY" by Heyrovsky in 

1922 (1) the analytical applications of electrolysis at dropping 

mercury and solid electrodes has progressed to a state of eminence 

as a qualitative and quantitative analytical method. 

Early in the development of this technique, Kemula appreciated 

the difficulties of working with mixtures of compounds that were 

reduced or oxidised at similar potentials. This prompted him to 

develop the "chromatopolarpgraphic" approach which involved the 

separation of the components of the mixture by liquid chromatography 

followed by a polarographic detection of the eluant (2,3,4). The 

experimental set up is shown in Fig. 1. 

Figure 1. Chromatopolarographic apparatus as used by Kemula (3) 



One of the requirements of the polarographic method is 

that the solution should be made electrically conducting by the 

addition of a polarographically inactive "supporting electrolyte". 

This is no problem in aqueous solution where several ionisable 

species have been used, preferably to form buffer solutions. For 

example, mineral acids, phosphate, citrate and borate buffers and 

strong alkalis give a useful pH range of about 0-14 in which many 

polarographic measurements can be made (5,6,15,16). 

Table 1 indicates the various liquid chromatographic 

techniques which, theoretically, could be used with polarographic 

detection. 

TABLE 1  

Definition of the various liquid chromatographic procedures  

Fixed Bed Mobile Phase Composition Type of 
Chromatography Abbreviation  

Solid 

Solid Gel 

Anion Exchanger 

Cation 
Exchanger 

Solid + Polar 
Liquid 

Solid + Non 
Polar Liquid 

Aqueous and/or Organic 

Aqueous and/or Organic 

Usually aqueous 

Usually aqueous 

Organic (non—polar) 

Aqueous andbr Organic 
(nolar) 

Liquid Solid 

Gel Permeation 

Ion Exchange 

Ion Exchange 

Liquid Liquid 

Reversed phase 
Liquid Liquid 

L.S.C. 

G.P.C. 

A.X.C. 

C.X.C. 

L.L.C. 

r.L.L.C. 

In practice, however, those techniques employing aqueous 

and or polar organic mobile phases are the easiest to use and in 

conjunction with a d.c. polarographic detection system, form the 

• 
bulk of Kemula's applications. 

Three chromatographic procedures have been used extensively, 



1,3,dinitrobenzoic acid 

4 3,nitrobenzoic acid 
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(a) Reversed phase liquid liquid chromatography (r.L.L.C.), (b) Ion 

exchange chromatography (particularly cation exchange chromatography), 

and (c) Liquid solid chromatography (L.S.C.). 

(a) Reversed phase liquid liquid chromatography 

In order to immobilise the non—polar organic solvents used 

as stationary phases in r.L.L.C., they are absorbed into powdered 

rubber (3,7,8). The eluent used invariably contains the supporting 

electrolyte, which it is claimed, improves the peak shapes resulting 

from the chromatographic separations. 

Of particular interest, in this context, is the use of 

acidic and basic electrolytes to control the pH of the eluent (9), 

resulting in the successful separation of nitroanilines (10), 

chloronitrobenzenes (10), nitrophenols(11), nitrobenzoic acids (8), 

nitrofuraldoximes (12), and the isomers of D.D.T.(13). 

The separation of the nitrobenzoic acids, Figure 2, presents 

a classic example of a separation which would benefit from one of 

the modern innovations in chromatography, "Gradient Elution" (14). 

p H = 1.7 

1 
	1,3,5 trinitrobenzoic acid 

2 1, nitrobenzoic acid 

pH=  6.7 

1,23,4 

I 

0 	5 0 
	

5 
	

10 
	

15 ml 

Figure 2. Effect of pH on the separation of nitrobenzoic acids by 

partition chromatography. 
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This is closely analogous to temperature programming in gas 

chromatography and is generally a better technique than either 

temperature orflow programming for controlling capacity ratios in 

liquid chromatography. Using this technique, a starting pH of about 

1.7 would ensure complete separation of all four compounds shown. 

By gradually increasing the pH of the eluent, it should be possible 

to obtain complete separation, sharp peaks and short retention volumes. 

(b) Ion Exchange Chromatography 

This technique, again, enables the supporting electrolyte 

to be included in the mobile phase. Using various concentrations 

of ammonium sulphate (up to 3 Molar) in aqueous solution, successful 

separations of nitroalcohols, nitrobenzoic acids and nitroalkanes 

were monitored chromatopolarographically (11). 

(c) Liquid SolieL Chromatography 

To overcome the problems of tailing with conventional 

solid supports such as silica and alumina, Kemula resorted to the 

use of clathrate—forming salts of the Ni(SON)2  (l(picoline)4  type (7,8). 

These compounds are easy to prepare. For example the compound 

Ni(SCN)2(4—methylpyridine)4. (methyl pyridine)x  is precipitated 

from Ni (SCN)
4 
solution by the addition of excess 47methylpyridine (17). 

When a mobile phase of NH4SCN and 4—methylpyridine in water—acetone 

(or dimethylformamide) is used, adequate separation of the 1 and 2 

methylnaphthalene isomers is obtained. Similar techniques result 

in the separation of the isomers of nitropropane and nitrobutane (18), 

and nitronaphthalenes (19), syn and anti furaldoximes (20), 

mononitrotoluenes (21,22), mononitroethylbenzenes (23) etc. 



5 

Kemula prefers this type of L.S.C. over L.L.C. for the separation 

of isomers and thus concurs;; with modern liquid chromatographic 

(L.C.) theory (24) which attributes this to the characteristic surface 

structure of the solid support which favours adsorption of those 

isomers whose molecular shape has the best fit for the geometry of 

the adsoprtion sites. Additionally, this characteziptic feature of 

solid surfaces also makes one type of adsorbent better suited for 

&particular separation than another. Consequently it might be worth-

while reinvestigating the use of clathrate solid surfaces in the 

light of modern column technology. 

Those techniques have been used successfully in the 

trace analysis of many of the compounds already mentioned (25,26) 

by adapting the detector for "DIFFERENTIAL" chromatopolarographic 

detection (Figure 3) (27). Impurities down to 1P6M.  were readily 

detected (26) and it is interesting to note that at this level, Hemula 

was noticing the effects of his detector volume being too large. 

The solution of this problem forms a large part of this thesis. 

drop timer 

Figure 3. Scheme for differential detection of trace quantities 
(From refs. 3,27). 



All of the preceding work refers to the analysis of compounds 

that are electrochemically active and capable of reduction at a dropping 

mercury electrode "D.M.E.". Two other categories exist (a) those 

compounds capable of oxidation at a solid electrode and (b) electro-

inactive compounds. No oxidative work has been done in the context 

of this chapter but will be discussed subsequently (Chapter 1.2). 

Experimental work in this field will also be included. 

Electroinactive compounds can be analysed electrochemically 

in a number of ways. Kemula has successfully used two approaches 

namely derivative formation and maximum suppression. 

Chemical reaction to form an electroactive derivative is 

a commonly used technique that has its counterparts in gas liquid 

chromatography (i.e. formation of volatile derivatives) and in u.v. 

spectroscopy (to form u.v. active compounds). The latter technique 

has been used in high resolution liquid chromatography where the 

only highly satisfactory, commercially available detector is the 

u.v. detector. Carbonyl compounds with low u.v. extinction coeffi-

cients, readily form highly u.v. active derivatives with 2,4-dinitro-

phenyl hydrazine (28,29) to enable trace analysis to be performed. 

Electrochemically active derivatives open the field of 

polarography to a vast range of organic and biochemical compounds (30) 

as shown in the brief tabulation of the more important derivatives 

in general use (Table 2). 
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TABIE 2 

Electrochemically active derivatives  

Compounds Derivatives References 

Aromatic hydrocarbons, 
phenols etc. 

Nitration 31-35 

2°Amines, phenols, flavones Nitrosation 36-38 

Carbonyls,.diamines Condensation 39-45,51 

Unsaturated compounds Addition 46-47 
(C=C) 

Dials, hydroxyacids, 
amino alcohols etc. 

Oxidation 1$ 

Amino acids Complexation 26,49 

It is in the case of complexation of amino acids with copper 

(26) that Kemula has used this technique. After the chromatographic 

column, a short column filled with solid copper phosphate was situated 

which served to prepare the derivative prior to chromatographic detection. 

In this manner the retrograde step, of adding the reagent to the eluent 

prior to chromatography,is avoided. This was not'the case however 

when 2,4-dinitrophenylhydrazones were formed (51), the reagent, 

itself electroinactive, was added to the eluent. The reagent may 

have had little effect on the powdered rubber column used by Kemula 

but it is probable that a significant change in the chromatographic 

properties of modern, high resolution, columns would occur if such 

a procedure were used. Part of the experimental section of this 

thesis is concerned with this problem of adding reagents after 

the chromatographic separation. 



D.C. polarograms are often complicated by the presence of 

maxima (5) which occur as sharp maxima on the rising part of the 

curve obtained from dilute solutions (maxima of the first kind) or 

as rounded maxima over the range of the limitInp current obtained 

from concentrated solutions and at high Hg flow rates (maxima of the 

second kind). They arise from the effects of streaming of the 

electrolyte towards the electrode or in some cases from the mechanism 

of the electrode processes. In both cases, they are extremely 

sensitive to the presence of surface active species in the solution. 

Brucine and strychnine (50) are electroinactive towards reduction 

at the D.M.E. but both have a surface activity which has enabled their 

detection by the suppression of — polarographic maxima. 

A different approach tothe detection of surface active 

species is the use of the a.c. polarographic technique which responds 

strongly to reversible electrode reactions and also to processes which 

do not undergo electron transfer but only show adsorption—desorption 

phenomena (52) i.e. "Tensammetry". The a.c. polarogram is peak 

shaped, the maximum corresponding to the half—wave potential of the 

d.c. wave. With the detector set at the peak potential, detection 

of nitronaphthalenes (3,53,54) and methylnaphthalenes (17) was 

accomplished. 

Bearing in mind the low resolution of the liquid 

chromatography used by Kemula et.al., the excellence of his work should 

not be underestimated. In fact this early work forms the groundwork 

on which the present investigation is based. 
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1.2 Electrochemical flow systems: their application to high pressure 

liquid chromatography. 

The renaissance of liquid chromatography (L.C.) has stemmed 

mainly from advances in technique. The present situation is such 

that while column technology has reached a very advanced stage (24,25), 

there is still a great need for a detector of high sensitivity and 

wide applicability. Recent advances in the field of L.C. have been 

aimed at developing improved detector systems and in this respect 

electrochemical methods offer attractive possibilities. 

Apart from the chromatopolarographic work of Kemula (3,4,17), 

electrochemical techniques have found widespread application as sensors 

for continuous analysis in flowing streams (56) but so far there are 

only a few examples of their use in flow cells of low dead volume 

suitable for high resolution liquid chromatography (H.R.L.C.). 

1.2.1 Conductivity Detectors  

Detectors based on the conductivity, principle consist of 

a flow cell containing a pair of metal electrodes as shown in Figure 4 

(57-59, 113, 116, 117). These electrodes are incorporated into an 

a.c. Wheatstone Bridge circuit for measurement. Normally an absolute 

measurement of conductance is made but with slight electrode modifica-

tion (60), differential measurements are possible which can result 

in an increased sensitivity. 
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Thermistors 
Electrodes 

Figure 4. Conductivity Detector. Cross sectional view of 

Chromatronix MCC-75 

The principle advantages of this detector are simplicity 

speed of response and low cost. The detector dead volume can be 

made very low. The Chromatronix detector has a volume of 1.54 

which makes it ideal for use with high resolution chromatographic 

systems. However its range of application is limited to ionic 

species as occurring in amino acid analysis, gel permeation and 

ion—exchange chromatography and the eluent must be electrically 

conducting, preferably aqueous. Under optimum conditions, the 

maximum sensitivity attainable corresponds to the determination 

of about 10-7M NaCl (59). 



Glass column .41 

RE from 
oscillator 

RF to 
detector 

1.2.2. Radiofreouency (R.F.) Conductivity Detectors  

R.F. techniques (61-64) have the attractive feature that 

the electrodes, see Figure 5, are not in contact with the chromato-

graphic eluent, which can have a low dielectric constant, such as 

benzene (65). The detector responds to a wider range of compounds 

Figure 5. R.F. detector for liquid chromatography. 

than the conductivity detector such as amino acids, proteins and methyl 

glucosides (65) but in general, the response is unstable and the 

reproducibility is poor. Both these factors have inhibited the 

development of this technique. To date, R.F. detection has only been 

applied to low resolution chromatographic columns, but there is no 

reason why it should not be used with modern high resolution columns. 

The detector dead volume could be made very small (l-2/41), but the 

prediction of sensitivity would be foolish. As electronic components 

have been transformed completely in recent years, with the perfection 

of integrated circuitry, it is arguable that this technique should be 

reinvestigated. 
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1.2.3. Permittivity Detectors  

This type of detector, which is based on the measurement 

of changes in dielectric constant (66-68), has been applied to high 

resolution chromatographic systems and can be made with a very 

small dead volume (69). However, it is very susceptible to pressure 

changes resulting in a highfi-equency noise on the baseline recording. 

The performance has been compared with a conventional differential 

refractometer indicating marginal improvements in certain cases 

(69,114,115). While further developments in this field are expected 

it is unlikely that this principle will fulfill the requirements of 

a universal detector. 

1.2.4. Coulometric Methods  

Coulometric methods have not, as yet, found any application 

in liquid chromatography. Controlled current coulometry has been 

employed with gas liquid chromatography (G.L.C.) for the titration 

of eluted fatty acids (70) after absorption in a titration cell 

(Figure 6). Presumeably, a similar type of pH-stat could be 

employed for L.C. although the problems of keeping the dead volume 

minimal might be prohibitive. 
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Naz S 04  (0.5M ) 

P t 

(;.; 

Pt 	 CCU omel Electrode 

Aqueous H202  

Figure 6. Coulometric detector for the G.L.C. detection of fatty acids. 

Controlled potential coulometry is difficult to apply to 

organic systems due to problems in maintaining 100% current efficiency. 

Nevertheless numerous examples are available (71,72) of micro-

coulometric techniques used in mechanistic studies and preparative 

electrochemistry. 

Because of its inherent sensitivity and precision an investi-

gation into its suitability as a method of detection for H.R.L.C. _ 

would be of interest (73). 



1.2.5. Differential Amperometry 

This approach (74) has to date only been used as an 

electrochemical flow cell which utilises the "hydrodynamic volt-

ammetric" properties of forced convection at the electrode surface. 

This is analogous to the rotating electrode which results in similar 

increases in sensitivity and reduction of adsorption problems at the 

electrode surface. It differs from coulometry in that only a fraction 

of the electroactive species is reacted and that must be reacted rapidly. 

Consequently, the method offers a more likely approach to a L.C. 

detection system that does coulometry. 

The cell is basically a 3-electrode voltammetric cell carrying 

a constant current between a massive, earthed bipolar platinum 

working electrode and a platinum counter electrode,both of them situated 

in the flowing stream. The bipolar electrode is kept at a fixed potential 

the value of which controls the specificity of detection and is 

separated from the cell by a salt bridge of "thirsty" glass. It 

is connected to the summing point of an operational amplifier 

operating in a current to voltage configuration. 

The current difference between the constant current input 

to the cell and the current demanded by the working electrode 

will be supplied or absorbed by the bipolar electrode circuit. 

Ordinarily the constant imput current is adjusted, initially, so as 

to bring the bipolar current to zero at the desired set-point 

concentration. Thus the sign and magnitude of the output voltage 

will follow the change in concentration of the electroactive species 

above or below the set point concentration. The method thereby enjoys 
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the advantages of specificity and lack of special end point detection 

characteristic of controlled potential electrolysis, together with 

the speed and simplicity of constant current electrolysis. 

1.2.6. Electrochemiluminescence  

When a low voltage a.c. potential is applied across two 

platinum electrcdes immersed in a solution of aromatic (75) or 

substituted (H0) aromatic compounds, free radical and charged species 

are formed which on combination form energetic snecies which subsequently 

luminesce. 

This principle has been applied to a flow cell (see Figure 7) 

for use as a detector for H.R.L.C. (76) of polyaromatics. 

tubular Pt electrodes 

R—÷R 
R X 

gir 
R4*  

  

   

silica window 	 <--photomultiplier & 
monochromator 

Figure 7. Diagrammatic form of Electrochemiluminescence Detector. 



-16- 

In use care has to be taken to optimise the flow rate so 

that the maximum luminescence occurs as the excited species pass the 

monochromator/Photomultiplier position. Not only is it a specific 

detector for a small group of compounds but the choice of eluent is 

also restricted otherwise quenching of the luminescence is observed. 

Consequently it is not considered to be a worthwhile detection system 

for L.C. (unless a unique application crops up) as the only applica-

tions to date are better performed by the versatile and sensitive 

U.V. detector (55,77,78). 

1.2.7. PneumatopolarograpI 

This is a comparatively recent modification of the polaro-

graphic method (79) and is well suited to measurement ih flowing 

streams. A suggested design is shown in Figure 8/1 

pressure transducer 

2 H2  0 	201-1-+Hzi 
aqueous or wet 

eluent 

Massive Cathode—)  at constant current 

Del+  + 	M°causes reduction in PH2  

Figure 8/1 Pneumatopolarographic principle as could be applied to  

a L.C. detector  

Aqueous, or semi-aqueous, solvent is hydrolysed at a constant 
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current at a solid electrode maintained at a potential in excess 

of the overpotential for oxygen or hydrogen, such that a constant 

partial pressure of oxygen or hydrogen is evolved. This pressure 

is monitored by a pressure sensitive transducer. If reducible or 

oxidisable species are added to the system, they compete for the 

current passed, thus reducing the partial pressure of oxygen 

or hydrogen which is thus observed and monitored as an indirect 

measure of the concentration of the species in the reaction vessel. 

It should be possible to construct a low dead volume 

detector based on this principle which would be expected to be of 

wide application and particularly useful for the detection of those 

compounds which are reduced or oxidised near to the evolation 

potentials of oxygen or hydrogen. The gas formation effectively 

cleanses the electrode surface and prevents deposition or adsorption 

of surface active species. 

1.2.8. Ion Selective Electrodes  

Ion selective electrode (I.S.E.) potentiometry has been 

and remains as the most active and expanding area of eletroanalytical 

chemistry (81-84). It is convenient to classify ion selective 

electrodes as follows: 

(a) I.S.E. with solid membranes. In the electrode membrane, 

a net of a certain kind of ion is formed, the structure of which is 

constant in time. The membrane can either be homogeneous (81) 

'single crystal, a crystalline substance or a glass;  or heterogeneous 

(81,85), where a crystalline substance is built into a suitable polymer 

matrix or chalcogenide glass (86). 
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(b) I.S.E. with liquid membranes. The electrode membrane 

is represented by a water-immiscible liquid, in which is dissolved a 

substance capable of exchanging the ion in solution for which the 

electrode is selective. This substance is either an associate of 

this ion with an oppositely charged ion, soluble in the membrane, 

or it is a complex of the ion for which the electrode is selective, 

with an uncharged macrocyclic compound. 

Both of these groups of electrodes are,by definition, ion 

sensitive. Consequently their application is virtually restricted 

to inorganic cations and anions. If such an electrode were to be 

used in conjunction with high resolution ion-exchange chromatography, 

probably the univei•sal "Selectrode" of Ruzicka would be the most 

applicable (87,88). Thisis based on the use of hydrophobised graphite 

as the support material with an internal solid state contact. :The 

active membrane is prepared by rubbing a small amount of the relevant 

ion exchanger onto the face of the electrode. 

(c) Miscellaneous Electrodes. The immobilised enzyme electrode 

(89) can be made specific for certain organic compounds and as such 

could find a future application in the field of L.C.. Unfortunately 

the relatively slow response time of such electrodes would be a grave 

disadvantage in a flowing stream. Such an electrode that immediately 

springs to mind, in the context of H.R.L.C., is the amino acid 

selective electrode (90,91), which consists of the enzymes catalase 

and 1-amino acid oxidase, immobilised on a glass electrode, coated 

with an acrylamide film. When, biological samples are chromatographed 

on ion exchange columns (92) complex chromatograms are obtained which 

include the U.V. active carbohydrates, organic acids, amino acids etc. 
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If enzyme electrodes could be miniaturised and made to respond 

faster, this particular separation would benefit from such a selective 

detector. 

1.2.9. Voltammetric Techniques  

This approach stems mainly from the classical polarographic 

techniques which have recently found increasing application in organic 

analysis since the majority of organic compounds are either electro-

active or show adsorption-desorption effects at the mercury electrode. 

Two great advantages or the method are the inherent high sensitivity 

and the selectivity that can be achieved by controlling the electrode 

potential. It is possible to envisage the electrode as a nucleo-

philic (cathode) or electrophilic (anode) reagent of widely varying 

strength. It is convenient to subdivide these techniques into solid 

electrode voltammetry and classical (D.M.E.) polarography. 

1.2.9.1. Solid Electrode Voltammetry 

A considerable literature has accumulated on the use of 

solid electrodes (93). This type of electrode can be operated in 

the diffusion controlled (stationary solution) or forced convection 

Stirred solutionj (93,94) modes. The latter approach, "hydro-

dynamic voltammetry", has been mostly used with solid electrodes where 

the high liquid flow rates employed are compatible with the require-

ments of L.C. detectors. The advantages are immediately obvious, 

namely the decreased detection limits and the possibility of removal 

of weakly adsorbed species from the electrode surface. 
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For L.C. detectors, the tubular electrode has great appeal. 

Its dead volume can be minimised and the geometry is ideal. Such 

electrodes have been made from platinum (95), gold (96) and wax 

impregnated graphite, coated with a mercury film (97). 

Joynes and Maggs (98) have described a detector for use 

with H.R.L.C. based on a carbon impregnated silicone rubber membrane 

but neglect to point out the inherent disadvantages of carbon electrodes 

over mercury electrodes, namely the problems of adsorption and 

deactivation at solid electrodes. While solid electrodes undoubtably 

have important advantages, i.e. mechanical strength, improved anodic 

range etc., the problems of surface adsorption must be solved before 

these devices can be employed as routine detectors. None of the 

approaches used to date, mechanical abrasion (99-101) or 

intermittent polarisation (102) can be considered entirely satisfactory. 

A wide variety of materials offer possibilities for use 

as solid electrodes (93,103) but it is probable that•.one of the 

newer forms of high density carbon (103-105) will be the most suitable 

in terms of reproducibility, freedom from deactivation and wide 

potential range from anodic to cathodic potentials. 

1.2.9.2. Classical Polarograohy 

The chromatopolarographic approach (section 1.1.) has 

already shown the wide applicability of this technique. To apply 

the technique to H.R.L.C. considerable miniaturisation of Kemula's 

detector was necessary (106). With this detector, Huber was able 

to monitor the separation of p.nitrophenol, parathion and methyl 
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parathion over the range 10-7 to 10
-8M. 

This detection limit is soma two orders of magnitude lower 

than the corresponding value for a stationary system. The limit 

of detection in classical polarography is mainly defined by the 

magnitude of the double layer charging current. Various related pulse 

techniques have been developed in order to overcome this limitation. 

1.2.9.3. Choice of Technique  

In the course of the experimental work, it will be shown 

that the direct comparison of a specific technique in static solutions 

with that in a flowing stream is not always predictable. But in 

general, the advantages of a technique in static solutions also 

apply to a flowing stream such as a L.C. detector system. Table — 

3 compares the polarographic data for copper, determined by a 

variety of techniques (107) from which, it can be seen that pulse 

and phase sensitive a.c. techniques are superior. The detection 

limits should be viewed with some caution as they apply to an inorganic 

Table 3 

Comparison of polarographic techniques for Cu determination  

No. Method Detection Limit Response shape 

1 
2 
3 

4 

5 

6 
7 

8 
9 
10 

d.c. 
Rapid d.c. 
Tast d.c. 

Derivative Tast d.c. 

Pulse 

Derivative Pulse 
Differential Pulse 

Phase sensitive a.c. 
Rapid sensitive a.c. 
Tast a.c. 

2 x 10-6 

3 x 10-6 

1 x 10 
 

5 x 10-7 

5 x 10 7 

1 x 10 7 

7 5 x 10-
-
6 

1 x 10 

Conventional wave 
Conventional wave 
Conventional wave 

Peak 

Conventional wave 

Peak 
Peak 

Peak 
Peak 
Peak 
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electrochemically reversible system. /Amy organic compounds react 

irreversibly or partially so and the detection limit is often higher 

by an order of magnitude. A comparison of a.c. techniques as 

applied to mesityl oxide (108) is shown in -11%.6te 7. 

Choice of technique is also dependant upon the specificity 

of detection that is required. For a technique that gives a conven-

tional wave shape, the applied potential is set negative or positive 

such that any compound that is reduced at a lower negative potential 

or any compound that is oxidised at a lower positive potential, is 

thereby detected. 

For a technique that gives a peak response the applied 

potential should be set at the peak potential of the compound(s) 

of interest or the potential should be scanned over a given range.. 

The peak potential imparts a greater measure of specificity into the 

determination, as peaks occurring at different potentials give 

diminished or zero response.(Tabi0 3(1) 

Consequently for general monitoring of a chromatogram, 

techniques giving wave shaped responses are preferable, whereas 

techniques giving peak shaped responses are useful for detecting 

known compounds on a routine analytical basis and for situations 

where poor resolution occurs. 

As mentioned in chapter 1.1. the majority of applications 

to chromatopolarography utilise classical d.c. techniques, only 

one being suitable for H.R.L.C. (106). Applications of pulsed 

techniques in chromatography have been confined to conventional a.c. 

(17) and square waveTolarography (111), both to relatively low 
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Shape of polarographic responses. 

(a) Wave e.g. D.C., Tast and Pulse polarcgraphy 

(b) Peak e.g. a.c.*, Radiofrequency*, Square wave*, 

Differential Pulse and Fast scan D.C. polaro-

graphy. 

* 2nd, 3rd,(etc.) harmonic and intermodulation 

polarograrns give multiple peaks some of which can 

be inverted when phase sensitive detection is used. 

TABLE 3a 
Comparison of use of Wave and Peak responses for use with 
detectors for H.P.L.C. 

WAVE PEAK 

Potential set at X Detect c + d Detect d + some c 
Potential set at Y Detect C + d + e Detect e 
Specificity Some More than wave 
Universality All detected Not all detected 

unless potential 
scanned. 

Sensitivity Wave 	— = peak 
Ease of use EASY DIFFICULT 
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resolution systems at low detector sensitivity. Square wave, square 

wave intermodulation and radiofrequency polarography have been 

shown to be extremely sensitive (112), consequently the above 

application (111) has failed to demonstrate the full potential of 

the technique. 

This array of techniques might at first sight seem unreal-

istic. However, it should be remembered that once a detector, (suit-

able for H.R.L.C.) has been designed, any one of the techniques 

mentioned and others to be discussed in the experimental section, 

could be applied to the detector. In addition, th'e column eluent 

can be stopped, trapping an eluate in the detector. The whole 

range of techniques could then be applied, including cyclic volt-

ammetry thus yielding a lot of information about the compound which 

may be important if its identity is unknown. 

1.2.10. Summary 

The potential of electrochemical detection systems for 

H.R.L.C. is enormous, some applications being highly specific, others 

more general (Table 4). Of these, the voltammetric method is the 

most promising and in order to include the total resources of this 

technique 	propose that the chromatopolarographic method should 

now be considered as part of the "CHROMATOVOLTAMMETRIC" method. 



Table 4 

Comparison of Electrochemical methods for detectors in liquid chromatography  

No. Electrochemical 
Method Solute Solvent Volume 

cx1) 

Possible  Detection. 
limits 

Comments 

1 Conductivity Ionic Electrically 
conducting 

1.5 107MNa+ Limited application 

2 R.F. Conductivity Wider appl'n. 
than 1 

Most large (a) — Wider application than 1 but un-
reliable at present. 

3 Permittivity Varied Most 10 107M Comparable to R.I. detector in certain 
cases 

4 Coulometry Electroactive Conducting large(a2b) 

1 0-7M 
Difficult to assess potential. 
Probable low detection limit and high 	. 
precision 

.5 Differential 
amperometrY 

Electroactive Conducting large(a) - 
10 

7
M Wide application. 	Worth investigating. 

6 Electrochemi— 
luminescence 

Mostly poly— 
aromatics 

Non—quenching 10 __ Not viable proposition 

7 Pneumato— 
polatbgraphy 

Electroactive Conducting large(a) - 
10 2M Difficult to assess until miniaturisa-

tion has been attempted. 

8 Ion Selective 
Electrodes 

Electroactive & 
Enzyme specific 

Conducting large(a) 10 6 M Enzyme electrodes might have highly 
specific application. 	Slow response. 

9 Voltammetry Electroactive & 
inactive 

Conducting 10. 107M- Wide application and some specificity 
when required. 	V. low detection 
limits feasible 	(....,10-9M). 

(a) Capable of miniaturisation 
	

(b) G. L.C. application 
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1.3 Criteria for Detectors for use in Liquid Chromatography 

The column is the heart of modern high resolution liquid 

chromatography (H.R.L.C.). It effects the desired separation by the 

combination of flow and distribution of the sample between the 

stationary bed and the moving fluid. The resolution "R" (Equation I) 

of a mixture (Figure 9/1)depends "upon the selectivity of the phase 

system and the mixing characteristics of the column, where 

the first term refers to the selectivity of the phase system (in 

liquid liquid chromatography), the second term (value between 0 and 1) 

describes the equilibrium distribution of A between the bed and the 

eluent (x being the capacity ratio) and the third term describes the 

mixing characteristics of the column (118) and incorporates "H" the 

"height equivalent to a theoretical plate" (119). 

I 	to  

At 

to 

wo  
(VP )44 	(Vp)8  Irij 

Figure 9/Chromatogram showing experimentally derived parameters from 

resolved components A and B • 
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The mixing behaviour of a column can be characterised by 

the number of theoretical plates (N) produced by the column of 

length (L) and is related to H as in Equation 2. 

H =   Equation 2 

In practical chr6matographyl two more very useful equations 

5 and 42 result from a simplification of the.  rigorous chromatographic 
theory (55,118,120,121). 

t  N
A 

= 16 [ 
WA  2  or 16 [ —AVIT  A 

2 

 

Equation 3 

  

where VA  = elution volume of A and V = volume corresponding to the peak. 

RBA = 2 	1 t  

114B + WA] 

 

Equation 4 

 

For maximum efficiency H tends to a minimum. Many parameters 

affect this and their optimisation has formed a major part of recent 

column development work, resulting in highly efficient separations 

at comparatively low elution volumes. 

Now the effect of the detector volume on the eluate is to 

dilute it, resulting in a reduction of peak height and an increase 

in peak width. Both of these effects are undesirable. The effect 

of an increase in peak width is to decrease the resolution between 

peaks (see Equations 3 and 4). This becomes particularly serious 

when two peaks are only just or partially resolved. In this case, 

the peak spreading of both eluates combines to further increase the 

loss of resolution (Equation 4). It can be shown quite readily that 

when the detector volume *ipeak volume a slight peak broadening is 
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of minimal importance. However as the detector volume approaches 

the peak volume, the loss in resolution becomes very serious. When 

resolution is vital, it is reasonable to minimise the loss of resolution 

to 2%, thus minimising the detector volume to 1% of the peak volume 

i.e. for a peak volume of 500/A1, the detector volume should be 5al. 

The practical significance of the detector volume is clearly 

seen by looking at examples taken from the literature where chromato- 

, graphic separation has been achieved on the best columns available 

to date, thus pointing to the future trends which must be gllowed 

for in detector development. 

Equation 3 was rearranged to give Equation 5. 

V = 4V  
P 

 

Equation 5 

 

from which the peak volume was calculated. The data (Table 5) was 

calculated from published, reduced scale, chromatograms and consequently 

may not be very accurate but is sufficiently so to be useful. 

Detector volume in L.S.C. (micro silica and silica micro— 

spheres) appears to be the least significant, as although resolution 

is high, so is peak volume, resulting from the high column capacity 

and high flow rates associated with the separations. Otherwise, it 

can be seen that a detector volume of less that 10/  al is highly desirable. 

In fact, the peak volumes achieved with L.L.C. on ternary phase 

systems and Zipax supports suggests that a detector volume of less 

than V1 might be necessary, particularly when high resolution is 

important. 



Table 5  

Peak Volume data, calculated from published chromatograms  

Technique Compounds 
Seperated 

N Elution Vol. -1 	, 
VA.  (;41). 

Peak Vol. 
VP (L4.1) 

Principal 
Author Ref. Fig. 

Ternary liquid p.Nitrophenol 17.4 177 41 
phase system on Me.Parathion 15.4 385 100 

L.L.C. silanised Oxygen 22.1 446 81 Huber 106 9 
Kieselguhr Et.Parathion 15.1 1077 286 

L.L.C. Permaphase 0.D.S. 
Permaphase E.T.H. 

9,10-Anthraquinone 
di-Me.Benzylalcohol 

28.3 
32.2 

2655 
3385 

376 
419 

Kirkland 124 

C.S.P.. support NN'Diethylamine 58.7 1600 109 

L.L.C. 'OPN/Zipax N Ethylaniline 
Diphenylamine 

58.7 
62.1 

1700 
1900 

116 
122 Majors 122 

Tab. 2  
Fig. 3 

N.Ph.2Naphthylamine 52.7 2200 167 

L.S.C. (5-10 ) Silica Me.Benzoate 26.7 4400 660 
Carbazole 25.0 8000 1280 
Acetophenone 23.6 11400 2900 Majors 123 2 
2,4-Dinitrobenzene 29.7 16600 3350 

L.S.C. Zorbax Sil (8-9 Peak 	1 15.5 2763 713 
Silica Peak 	3 28.3 7576 1070 Kirkland 24 4 
Microspheres Peak 	5 39.5 14090 1990 

Peak 	7 36.0 40110 4460 

C.X.C. C.S.P. support 2 aminobenz- 
imidazole 

16.8 5810 1384 Kirkland 125 10 

A.X.C. C.S.P. support Fumaric Acid 10.0 1023 408 Kirkland 125 11 
Maleic Acid 12.3 3140 1021 
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As a general rule, it can be seen that the first peak to 

be eluted has the lower peak volume. This region is often the 

most likely to produce incomplete resolution, thus increasing the 

importance of low detector volume. 

The situation can be expected to become more critical as 

better column packing techniques (123,126-128) enable smaller 

support particles to be used (129, 130). As efficiency of 

separation increases so does the general use of short columns (10-25 cm) 

yet another factor causing smaller peak volumes. 

Much has been said about detector volume, the most important 

criterion in detector design, but there are others (106, 133-135) 

of significant importance which are listed in Table 6 and apply 

generally. Specific comments to electrochemical detectors are given 

in the subsequent chapters but it is relevant to comment on some of 

these criteria. When electroreductive techniques are used, oxygen 

must be removed from the eluent and for all techniques, the solvent 

must have a high dielectric constant either due to its own properties 

or those of an added supporting electrolyte, often at the 0.1M 

level. 
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Table 6 

Important Criteria in Detector Design 

Criterion Comments 

Detector Volume Dow as possible: <10/L1 

Detection Limit Law as possible: 10-7M to 10-8M in order 

to compete with R.I. and U.V. detectors. 

Application Universal application highly desirable 

at present, but specificity,complementary 

to existing detectors would be very 

• useful. 

Temperature Sensitivity Iow: so that thermostat is unnecessary. 
--,.. 

Solvent Limitations None: also the detector should be in-

sensitive to minor flow variations. 

Gradient Elution Changes in 	solvent composition should 

be possible - this technique is rapidly 

becoming more important. 

Linearity High linear dynamic range, 

Detector Response Instantaneous; such that detectable 

peak width is minimal. 

Noise Minimal: degas, if necessary to reduce 

gas bubble noise. 	- 

Use Ease of use, without specialised know-

ledge is an advantage. 

Electrochemical techniques are slightly temperature 

sensitive (131) but it is acceptable to keep the detector at room 

temperature. They are also destructive techniques. However, only 

a fraction of the solute is reacted so that fraction collection 

and further examination by other techniques is easily performed. 
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Unfortunately, a knowledge of electroanalytical chemistry 

would be advisable to use the technique to its full advantage 

although an introductory knowledge would be sufficient to use the 

equipment, providing recourse to fault finding was not necessary. 

The detection limit isacriterion to which incorrect 

emphasis is often given. Although less sensitive than the ultra 

violet (U.V.) detector, by at least an order of magnitude, the 

refractive index detector (R.I.) is far more universal in application 

(113, 132-135) but is far less popular because of its extreme 

temperature sensitivity and incompatability with gradient elution. 

Where the column capacity is high as in L.S.C.,large injection 

volumes can effectively decrease the detection limit (106). 

Low detection limits are becoming more important largely 

as a result of stricter government legislation concerning 

pharmaceuticaac 	pollution control and the extremely 

low level of solutes in biological materials. 
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ELECTROCHEMICAL TECHNIQUE 

2.1. Development and Evaluation of a.c. Techniques  

A brief survey of voltammetric techniques has been given 

(section 1.2.9.3.). It was decided to pursue the a.c. technique 

because, potentially, it has a very low detection limit (<:10 8M), 

gives a peak shaped response (not necessarily ideal for L.C. 

monitoring), and responds "tensammetrically" to electroinactive 

species (52). The a.c. polarographic technique is less sensitive 

to irreversible processes. The electroreduction of oxygen is an 

extremely irreversible process and consequently the a.c. signal is 

reduced with respect to theMajority of organic electrode processes 

which are usually reversible or slightly so. In consequence, it is 

possible, especially at normal levels of concentration (102M to 

10
6m) to dispense with the deoxygenation procedure (136). In 

practical terms, this is most useful, although at low levels of detec-

tion it is still advisable to deoxygenate. 

Very little quantitative a.c. polarographic analysis of 

organic compounds has been reported)  the most notable being the 

determination of a number of pharmaceuticals in acetonitrile solution 

(110). Consequently, it was decided to evaluate a range of a.c. 

techniques to assess their applicability for L.C. monitoring. 

Diacetone alcohol ii12 is a widely used solvent in the 
formulation of pesticides, many of which are sensitive to the presence 

of water. It is decomposed to mesityl oxide II-1_7 and water JII2 
according to the following reaction..  
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(CH
3
)
2
C0H.CH

2
C0CH

3 	
(CH3)2C:CHCOCH3  + H2O 

I 	 II 	 II I 

Consequently its analysis is important in formulation 

and quality control analysis. The 	obvious analytical technique 

to use is gas liquid chromatography (G.L.C.). Unfortunately, unless 

low temperatures and carefully prepared columns are used, the only 

response obtained is that of mesityl oxide, complete decomposition 

having occurred on the column. Therefore the polarographic technique 

was investigated as an alternative with a view to ultimate determination 

by L.C. with polarographic detection. 

Fortuitously, I is not reducible polarographically, facilit-

ating easy recording of the mesityl oxide reduction which thus serves 

as a monitor for the decomposition of I. Furthermore, as polarography 

is a trace technique, it is suited to the type of analysis required. 

A brief note (137) on the determination of mesityl oxide 

in I and in acetone has been published and is based on the conditions 

established by Pasternak (138). It will be shown subsequently that 

these conditions are far from optimal. 

2.1.1 Experimental Conditions  

D.C. polarograms were recorded on a Radelkis type OH-102 

polarograph. A multipurpose modular instrument (139,140) constructed 

from well established integrated circuits: was used in the study of 

related techniques, including the fast scan (a.c. and D.C.) and 

phase sensitive a.c. polarography. 
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A three electrode cell was used, consisting of a Hg counter 

electrode, Ag/Ag01 reference electrode separated from the solution 

by an agar salt bridge and a dropping mercury electrode "DACE." 

with a conically ground tip. This enabled 'the reference electrode 

to be placed much nearer to the Hg drop, thus minimising the I.R. 

drop and limiting the phase change due to the glass walls of a con-

ventional.  electrode (141). Polarograms were recorded on a Bryans 

x — y plotter. 

All reagents were of AnalaR grade. Buffer solutions (0.5M, 

unless stated otherwise) were prepared from (1) H2SO4  (pH = 1.23), 

(2) 101 + 0.05M HC1 (pH = 2.27), (3) sodium acetate + 5M acetic 

acid (pH = 4.6), (4) NaH2PO4  (100 ml.) + NaOH (34m1.) (ph = 7.8), 

(5) NaH2PO4  (100 ml.) + NaOH (84 ml.) (pH = 9.4), (6) borate (pH = 

11.0), (7) NaOH (pH = 13.1). 

The solutions fo7 polarographic analysis were prepared 

in 50% aqueous ethanol by mixing measured volumes of ethanol, buffer 

solution and stock solutions of depolariser. Prior to analysis 

all solutions were deoxygenated by bubbling nitrogen, presaturated 

with supporting electrolyte through the solutions. 

2.1.2. Mechanism of the Electrode Reaction 

This illustrates the more detailed information that can 

be obtained from polarographic detection, although it is appreciated 

that in most cases it would hot be required. The mechanism has been 

studied previously and the following reaction scheme proposed. (30,138). 



- 3 6 - 

0  
11 	

0  7  DIMER (E) .  
I 

/ 	v---- ,,...- 

(II) 

( I V ) 

Formation of the dimeric ketone 5J via pathway "A" is 

supported by coulometric evidence and identification of the products 

of the electrode reaction. Pathway "B", however, has been proposed 

as being analogous to that of the chalcones in basic media (138). 

The results obtained in this investigation support the e:astence 

of pathway "A", but no evidence of any contribution fron pathway 

"B" could be observed. 

In the context of L.C., these coulometric studies could 

be performed on the eluate in the detector, the solvent flow having 

been stopped. The electrolysis products could then be collected 

and subjected to further analysis, thus yielding information that 

would be useful in the elucidation of an unknown structure. 

2.1.3. pH Dependence  

Solutions of II (2 x 104M) were made up in aqueous ethanol 

(50%) and buffered to the desired pH. Polarograms (D.C.) were 

recorded using the Radelkis polarograph in the two electrode mode 

using a Kalousek cell. The polarographic behaviour (Figure 8/2)and 

the dependence of E1  and id on pH (Figure 9/2) clearly show the 

absence of any contribution from pathway "B". The optimum pH was 

3\14 	

0 

0+ H+  



E(volts) vs. S.C.E. 

FIGURE 8i2:1311 dependence of the polarograms of mesityl oxide at pH = (a) 1.23, (b) 2.27, (c) 4.6 
(d) 7.8, (e) 11.0 
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FIGURE 912:  Variation in pH of a solution of mesityl oxide (2x10 7M)
Effect on (a) El and (b) id. The values (X) in (a) 
are taken from ef. 138. 
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found to be about 4.6 which was used in all subsequent work. E1  

values show a linear dependence on pH, typical of a reversible 

reaction involving protonation. The 1—electron step was confirmed 

by comparison with the wave height of benzaldehyde (2 x 101) 

and by controlled potential microcoulometry (72) at the DME which 

gave a value of n = 0.99 electrons. 

2.1.4. Effect of solvent composition 

The influence of ethanol concentration was studied at the 

optimum pH value. No influence on limiting current was observed 

over the range 0 — 80% v/v ethanol and only a minimal negative shift 

in E1 (70 mV) was observed over the same range. Consequently, a 

50% V/v aqueous solution was chosen for all subsequent work. This 

enabled standard buffer solutions to be used as supporting 

electrolytes, gave reasonable solubility of many organic species 

and afforded easy comparison with previously published work. 

2.1.5. Quantitation by various techniq.ies  

A three electrode cell and the multipurpose instrument 

(139, 140) was used in the subsequent studies. The fast sweep 

determinations were based on the synchronised scanning of the D.C. 

and a.c. signals towards the end of the lifetime of each Hg drop. 

Time delay facilities were used to ensure that the total time of 

(delay sweep) did not exceed the Hg droptime. This technique 

gives optimal discrimination between the FARADAIC and CAPACITANCE 

currents at the end of the drop life and is distinct from the RAPID 

SCAN method (107, 145-147) where a mechanically controlled drop 

time of short duration is used to enable moderately fast sweep rates 

to be used. This latter technique has the advantage of making it 
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possible to use tuned filters to remove drop oscillations, but from 

a theoretical and practical point of view, the sensitivity is limited 

and the chalpg current is large, producing a sloping baseline (148) 

which, however, can be compensated for. 

The fast sweep technique used in this study overcomes the 

major dimitation of a.c. polarography associated with the solution 

film within the electrode capillary (149). It also eliminates 

the noise problems which arise through the Hg drop hitting the 

reference pool. 

A.C. and D.C. polarograms, determined by normal and fast 

sweeps (Figure 10) and the corresponding calibration curves (Figure 11) 

are shown. From these observations several conclusions can be drawn. 

(i) Fast sweep rates are superior to normal sweep rates, 

resulting in well defined peaks of greater sensitivity and increased 

linear range. 

(ii) As expected D.C. polarography is superior to the 

corresponding total harmonic a.c. technique and the fast sweep 

version has the lowest detection limit of 7 x 10 6M under the 

conditions quoted. 

(iii) The normal D.C. polarographic wave shows a sharp 

limiting value at about 10-3M, indicative of an adsorption process 

which is further confirmed by a linear relationship of diffusion 

current (id) and height of the mercury reservoir (5, 150). Electro-

capillary measurements, however, (Figure 12) are inconclusive. 
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FIGURE 10: Comparison of pClarogram for mesityl oxide (2x10 4M): 
(a) D.C. (F), 500mV.sec-  (b) a.c. (C) 2mV.sec- , E=50mV 
at 20Hz (c) a.c. (F) 500mV.sec-1, E=50mV at 20Hz 
where F = fast scan and C = slow scan. 
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techniques: (a) D.C. (F), (b) D.C. (C), (c) a.c. (F) and 

• (d) a.c. (C). 
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There is a slight lowering of the electrocapillary curve after the 

addition of mesityl oxide to the supporting electrolyte but this 

occurrs after the D.C. wave has been recorded. Consequently it is 

probable that the mesityl oxide reduction is not governed by an 

adsorption process although it does appear that some adsorption 

process may be occurring after the reduction of mesityl oxide. 

2.1.6. Phase Sensitive Detection 

It has been demonstrated that the total harmonic a.c. 

polarography of mesityl oxide is less sensitive than D.C. polarography. 

This is attributed to the influence of the background charging of 

the electrical double layer which produces a large background response. 

The sensitivity can be improved by using the fundamental frequency, 

which at the time of doing the experiment was restricted by instru-

mentation to 318 Hz, whereas subsequent observations have indicated 

that the Optimum frequency for this determination is about 25Hz. 

Second harmonic a.c. polarography (109, 140, 151-154) 

produces a smaller response than the fundamental harmonic but 

its main analytical advantage lies in the fact that the background 

current is extremely small. The seme criteria are characteristic 

of intermodulation polarography (112, 155). Both of these techniques, 

however, require tuned filters of the appropriate frequency. 

"Phase Sensitive Detection" (52, 108, 109, 112) eliminates 

the charging current, hence considerable amplification of the 

Faradaic current is possible and this approach has been used in the 

present investigation. It should be noted, however, that a 

combination of phase sensitive detection with fundamental harmonic 
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a.c., second harmonic a.c. or intermodulation polarography would be 

a superior technique. 

Total harmonic a.c. polarograms of mesityl oxide with phase 

sensitive detection are shown in Figure 13 and the corresponding 

calibration curve is shown in Figure 14. The analogous fast sweep 

technique gives a very similar response to that shown in Figure 13 

and the corresponding calibration is included in Figure 14. 

Both techniques show a wide linear range, the fast sweep 

being more sensitive by an order of magnitude. Unlike the conventional 

a.c. method the sensitivity of the fast sweep method is dependent 

upon the height of the Hg reservoir. Consequently, for very precise 

work, a constant height Hg reservoir should be used. 

An additional, though minor, difference between them is 

illustrated by the region marked "C" on Figure 13. This corresponds 

to a lowering of the capacitance of the electrode and is attributed 

to adsorption. The effect is much more pronounced at, the normal 

sweep rate as shown. 

This observation is in accordance with the evidence of 

adsorption from Figure 12. Although it is necessary to use caution 

in interpreting such data when phase sensitive detection is used 

(156), it seems certain that adsorption is occurring after the re-

duction of the mesityl oxide from the fact that points "A" and "B" 

(Figure 13) show no baseline depression. The smaller baseline depression 

of region "C" by fast sweep methods poT.nts to the presence of a 

smaller concentration of adsorbing substance due to the shorter 
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FIGURE 13 
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FIGURE 14: Calibration curve for mesityl oxide using a.c. polarography 
with phase sensitive detection (a) normal scan rate 
(b) fast scan rate. 
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time scale. This can only be explained in terms of adsorption of 

the reduction product, either the free radical intermediate or the 

dimeric ketone end product and hence it is probable that this 

adsorption is responsible for the linear id vs h curve. The 

results are summarised in Table 7. 

Table 7  

Summary of results for the determination of mesityl oxide by various  

techniques 

METHOD n E(volts) 1"13*(molarity) 
1 

D.C. 	(C) 0.93 -1.24 1 x 10 5  
D.C. 	(F) 0.90 - 7 x 10

-6 

a.c. 	(0) 0.87 -1.31 2 x 104  

a.c. 	(F) 0.84 -1.33 7 x"105  
a.c. 	(P,C) 0.68 -1.28 1 x 10 5  

a.c. 	(P,F) 0.62 -1.26 1 x 10
6 

where C = slow scan; F = fast scan; P = phase sensitive 

detection; n = apparent n-value (5, 109, 110) and is 

defined in Equations 6 and V. 

n(D.C.) =  
 Equation 6 

W1 

E3 and El  = three quarter and quarter wave potentials (mV) 
4 	4 

WI 
	 = width of wave at half height (mV 

L.D. 	= detection limit (approx.) 

E 
	= E for D.C. technique and peak potential Ep  

for a.c. techniques.. 

_22 n(wt) 	=  Equation 7 
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For a reversible electrode reaction all the n and E 

values should be similar (5, 109). Within the limits of experimental 

error this would appear to be the case except for those relating 

to phase sensitive detection. However, as is subsequently shown, 

the W1 values of the peaks is markedly increased due to overdamping 

of the signal and that when this parameter is properly adjusted, 

the n—value approximates to 1 as predicted for a reversible, diffusion 

controlled process. It should also be pointed out that the 

detection limit is lowered with optimum damping. 

Detailed examination 

gram (109, 157) confirms this 

dependence of ED 
0.  vs logic  X 

I ] 
X = [_R 	

— 

of the phase 

observvtion. 

where: 

I 	- I 

sensitive polaro-

Figure 15 shows the 

2 

	 Equation 8 
—13  I 

-0.6 -0.4 	0 +0.2 +0.4 +0.6 
Log X 

Figure 15 ED 0.  vs log10X : a.c. polarography of mesityl oxide 

with phase sensitive detection. 
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The linearity is indicative of reversibility but the slope 

is larger than expected. For a reversible 1-electron reduction, it 

should be 118 mV instead of 177 ffiV. This can also be accounted for 

in terms of overdamping of the signal. 

2.1.7. Effect of Low Pass Active Filter  

The Effect of filtering on a solution (10-4M) of mesityl 

oxide is clearly shown in Table 8 which indicates that a minimum 

damping is preferable to give maximum response and minimum distortion 

of the signal. 

Table 8  

Effect of damping the analytical signal at 20Hz  and A E = 10mV 

Filter h(cm.) Wi (mV-.) n 

2 - - N.D. 

3 7.8 90 1.0 

4 4.0 105 0.9 

5 2.4 125 0.7 

6 0.7 150 0.6 

Where h = peak height 

Wi= peak width at half height 
2 

n = apparent n-value 

• 2.1.8. Effect of amplitude " AE" of the applied a.c. voltage  

This investigation was carried out on a solution (104M) 

buffered at pH = 4.6, over the range AE = 2-100 mV and the results 
are shown in Figure 16. It is evident that the effect of AE on Wi 
is negligible below AE = 50mV. Theoretical considerations predict 

optimum results at AE = 8mV (109) but this result, which agrees 
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FIGURE 16:  Effect of PE on the a.c. polarographic response of mesityl oxide 
(10-4M : (a) peak height vs PE and (b) peak width at half 
height vs,A E 
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with the findings of Bond (157) suggests that practically, higher 

values of AE are permissible in order to lower the detection limit. 

One argument, against increasing AE is that the corresponding charging 

current is likewise affected by E. However, as phase sensitive 

detection discriminates between these, the use of higher AE values 

is justified. 

2.1.9. Effect of Frequency of the Applied Signal (157). 

At AE = 10mV it was observed that mesityl oxide gave 

an a.c. response over a limited frequency range. The effect of (wt)2  

on the height (h), half width (di) and the peak potential (Ep) is 

shown in Figure 17. Figures 17(a) and (b) are complementary in that 

they show ,  a maximum peak height at minimum peak width occurring 

at about 25Hz, whereas Ep  shows a linear relationship with (wt)2. 

This limited range is unexpected and unfortunate and might indicate 

some kinetic control of the electrode processes. It also indicates 

the need for caution when using a.c. techniques for monitoring 

unknown liquid chromatograms, otherwise peaks might be missed out, 

2.1.10 Effect of Sweep Time and Time Delay l!t*" prior to scanning 

Figure 18 shows the effect of sweep time on peak height, 

peak width and peak potential for time delay periods of one and two 

seconds. Figure 18 (i) indicates that measurement at the end of the 

drop life is preferable, as, under these conditions broadening of 

the peak at half width is minimised and in addition, sensitivity 

is greater 278(iii)j. However, although the use of longer sweep 

times gives increased sensitivity (iii), in practice the curvature 
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FIGURE 17:  Effect of (Wt) on (a) peak height, (b) peak width and 
(c) peak potential of the a.c. polarogram of mesityl 
oxide (10-4M) 
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of the baseline due to the phase change associated with the drop 

growth necessitates a compromise. In practice the lower sweep times 

are preferred due to the minimisation of the phase change during 

measurement.lhe loss in sensitivity is minimal and at the maximum 

values of t*, increase in Wi is not great. 

2.1.11 Quantitative Analysis  

Using the fast sweep a.c. polarographic method (with phase 

sensitive detection) described previously, three samples of diacetone 

alcohol were analysed for mesityl oxide content. As the evidence 

indicated that the a.c. process was truly reversible and not quasi—

reversible (157) then he effect of diacetone alcohol on the response 

was not expected to be significant. In order to donfirm this, 

however, a calibration was carried out by two methods (a) direct 

reading from a calibration curve and (b) a standard addition procedure 

which allows for the presence of diacetone alcohol. 

Diacetone alcohol (~1 ml.) was weighed into volumetric 

flasks (100 ml.) and made up to the mark with ethanol . Appropriate 

amounts,,,,0.1 ml. for samples 1 and 2 and 1.0 ml. for sample 3 were 

made up to 10 ml. in the pH 4.6 buffer such that the solutions were 

50% aqueous. The polarograms were recorded and the concentration 

of mesityl oxide calculated from the calibration curve (Figure 14). 

For the standard addition  procedure, polarograms were recorded for 

the diacetone alcohol solution alone and then after the addition of 

a known amount of mesityl oxide. The solution concentration was 

then determined from the ratio of the peak heights. Care was taken 

to include the dilution factor obtained by diluting a fraction of 



-56- 

the weighed sample. This technique was found to be more accurate 

than weighing very small quantities of diacetone alcohol directly. 

The results obtained are given in Table 9. 

Table 9  

Percentage w/w of masityl oxide in diacetone alcohol  

Sample Calibration Curve Standard Addition 

1 1.19, 	1.20 1.20, 	1.20 

2 1.20, 	1.21 1.21 

3 0.046, 0.043, 0.046 0.044, 0.043 

The standard addition results support the assumption t 

concerning the effect of diacetone alcohol on the response. Both 

procedures would appear to be applicable. Some improvement of the 

precision would be expected if peak area integration were employed 

(158). This technique is well suited to the present phase sensitive 

detection method as the almost linear baseline is ideal for such 

measurements. 

2.1.12 Improvements to the Electronic Circuitry  

This study has shown that a.c. ploarography is probably 

suitable for L.C. monitoring providing phase sensitive detection is 

used. The circuitry of the phase sensitive detector (109) built for 

this purpose is shown in Figure 19. Although built by R.D. Jee (139), 

the circuits for the square wave reference signal and the phase shifter 

(109) are given in Figure 20 as they have not been published in 

detail. 



R10 R 11-15 

C1 
C2 

Input 
•	 

R1 	 R2 

Output 
	• 

Ref, input 

FIGURE 19 

Phase sensitive detector 



- 58- 

REFERENCE SIGNAL 

C10 

R16 
Z1 

3 

rtZ2 

5 

1,F 

-I -
C 6 

R17 C 

C 
R19 

R18 

PHASE SHIFTER 

R21 

CB 

	1 I 	 

R 20 
	www, 	 

C7 

23 
C9 

R 22 

FIGURE 20  Circuitory for the REFERE10E SIGNAL and PHASE SHIFTER 

of the Phase Sensitive Detector. 
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So that a range of fundamental frequencies could be used 

an ACTIVE bandpass filter (257), Figure 21(a) was built. Thus 

increasing the scope of the phase sensitive detection method. It 

should be used as shown in the block diagram Figure 21 (b). 

It has been stated that second harmonic signals reduce 

the effect of the non—Faradaic current and to utilise this, a 

frequency doubling circuit (258) was built, Figure 22(a). It 

should be used as shown in the block diagram Figure 22(b). 
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Choice of resistors R24 — R26 was made from the following 

expressions where C = 0.114F,6i = 10Hz  and G = 10 

RESISTANCE FORMULA 

R 24 (2rrAcc)- i 

R 25 (nAc) -1  

R 26 12TT[(2f 2÷A)-- AG]1 1/2 . 

FIGURE 21 Active bandpass filter with adjustable centre 

 

frequency and constant bandwidth. 
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FIGURE 22 (a) Frequency doubling circuit and 

(b) How to incorporate (a) into the 

polarographic equipment. 

 



-62- 

2.2 Choice of Electrode 

Historically, the mercury electrode has predominated in 

electroanalytical chemistry. This is undoubtedly due to the funda-

mental advantage of the dropping mercury electrode, namely its 

continually renewed surface. It also has a high hydrogen over- 

voltage which means that the majority of inorganic and organic species 

can be reduced before hydrogen is evolved from the reduction of water 

as illustrated in the following scheme. 

	

H2O + e 1 	OH + H 

	

2H 	H
2 

This reaction, or the reduction of the supporting electro-

lyte, effectively limits the potential range of the electrode and 

consequently it limits the coupounds that can be determined at the 

electrode. 

If a positive, instead of a negative, potential is applied 

to the working electrode, oxidation governs the electrode reactions. 

Unfortunately, mercury is readily oxidised and consequently cannot 

be used at more positive potentials than about +0.4 volts (vs. calomel 

reference electrode). In practice this is difficult to achieve. 

In non-aqueous solvent systems the situation is somewhat 

different. If water is eliminated from the solvent (a difficult 

operation in practice) and if a supporting electrolyte .such as 

tetrabutyl ammonium perchlorate, tetrafluoroborate or hexafluoro.,  

phosphate is used, the useful pototial range is increased considerably. 
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However, it has already been mentioned that electrooxida-

tion at a mercury electrode is greatly restricted by oxidation of 

the mercury itself and to overcome this problem, much work has been 

done in recent years to evaluate and use solid electrodes (93,103). 

The choice of electrode for L.C. detectors is thus an 

important criterion and depends on many factors that will be discussed 

as appropriate. A summary of some of the more important electrode 

materials is given in Table 10. 

2.2.1 Drooping Mercury Electrode  

The dropping mercury electrode (D.M.E.) consists of a glass 

capillary, about 0.5 cm. external diameter with a capillary bore of 

0.01 — 0.1 mm. internal diameter, from which mercury flows in the 

form of drops. The capillary is connected to a mercury reservoir, 

the height of which affects the drop rate. (5). 

The major advantages of such an electrode.ensue from its 

high hydrogen overvoltage which enables very negative potentials to 

be reached before hydrogen evolution occurrs and the continuously 

renewed electrode surface which enables the recording of polarograms 

which would otherwise be difficult due to the adsorption of a 

variety of species on the electrode surface. Of significant 

importance is the minimisation of depolariser depletion in the 

solution resulting from the stirring effect of the mercury droplets 

falling through the solution. 

However, its use is limitted to•a potential range of +0.4 

to —2.6V in aqueous solutions. These limits are not always attainable, 



TABLE - 1 0 	some electrode materials 
Electrode 

Material 
Overvoltaqe Adsorption Comments 

. -ve +ve 

Hg - DME / GDME High I Low Renewable 	surface 

Hg - streaming High I Low High Hg consumption -constant,high,surface area 

Hg -hanging drop High I  Low V Limited 	appl'n 

Hg - film High Low V n 	- 	 , 

Pt Low I High V 

Au High I 11 V Underated 
. 

Cr i Med V Specific 	appl'n 

Ni I  it V i, 	i, 

Co ,, V it 	II 

C-WIGE/ paste High High V H2..0 	sol'n 	only 

C- pyrolytic II II Slight Wide 	appl'n 

C- vitreous ,, I  ,, v.Slight et 	 11 	 — material 	of 	choice 

C- fibre It ,, II Promising 

B4C ,. ., If Not 	reproducible 	- promising 
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depending on the solution composition. Although mercury is toxic 

and has a high vapour pressure, this has had little influence on its 

Use over the last fifty years. Of greater industrial importance 

particularly in the context of its use with detectors for high pressure 

liquid chromatography is the difficulties of handling it. It is so 

easy to spill mercury which then forms minute droplets which are very 

difficult to pick up. It should only be used in the triply distilled 

form and is very expensive. Due to the growth and fall of the drop, 

current oscillations appear on the recording which can cause problems 

of damping when used for low level chromatographic detection. 

2.2.1.1. Streaming Mercury Electrode  

This modification of th3 D.M.E. (5,159-162) overcomes the 

problem due to current oscillations, is less prone to capillary block-

ages and gives larger electrolytic currents than the D.M.E. 

For liquid chromatographic detection, however, .the very 

high rate of mercury consumption is incompatible with the small 

volume of the detector. 

2.2.1.2. Gas:Pressure Operated Dropping Mercury Electrode  

In an effort to reduce some opf the practical difficulties 

of using a D.M.E. in an L.C. detector, the use of a gas pressure 

operated dropping mercury electrode (G.D.M.E.) was investigated (163) 

and its performance compared with the conventional D.M.E. controlled 

by a head of mercury. 

The electrode design used is shown in Figure 23 and all 

measurements were made with a common capillary, mercury column and 
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Figure 23 	experimental arrangement f or.  G.D.M.E. 
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mercury reservoir. For normal use, the G.D.M.E. could be connected 

directly to the reservoir. The polarographic measurements were 

performed in a 3-electrode cell (139) as previously described. 

Solutions were degassed with solvent saturated nitrogen prior to 

ailalysis and the polarograms were recorded on a multipurpose instru-

ment (139) operating in the D.C. mode. 

Aqueous Solution. An aqueous solution of cadmium (104M) 

in hydrochloric acid (0.54 was used in this comparison. Figure 24 

shows the polarograms obtained for high, medium and low mercury flow 

rates and indicates that they are sufficiently similar to justify 

the routine use of the G.a.M.E. in aqueous solution. 

The limitting currents were plotted against their corresp-

onding mercury heights or gas pressures (Figure 25) resulting in similar 

rectilinear relationships confirming that the electrode processes 

were unaltered by the change in electrode configuration. 

-10 

0 20 40 60 80 100 o (cm) 

50 70 90 110 130 150 p (psi)  

Figure 25 Limitting current relationship with height of the mercury 

column (0) or gas pressures (0) 



-69- 

The major difference between the electrodes was in the 

regularity of the drop rate (t) at high negative potentials as 

illustrated by the electrocapillary curves (Figure 26a). These 

show similar and reproducible "t" values up to -1.2 volts. At 

higher negative potentials the conventional D.M.E. behaved erratically 

whereas the G.D.M.E. maintained its reproducible drop rate. 

Non-Aqueous Solution. A solution of anthraquinone (104M) 

in acetonitrile (Spec. Pure) containing tetrabutylammonium perchlorate 

(T.B.A.P.) as depolariser (0.1M) gave similar polarograms and 

rectilinear• current vs. mercury column height or pressure relation-

ships. 

As in aqueous solution, the major differences were observed 

in the regularity of the drop rate (Figure 26b). In the system 

examined the effect was more pronounced than in aqueous solution. 

Furthermore, the irregularity due to the conventional D.M.E. occurred 

only in the region involving the two reduction waves of anthraquinone 

corresponding to the formation of radical and charged species at the 

mercury drop (164). When premature drop fall occurs, solution can 

be seen to travel rapidly up the capillary to a height of 1-2 ems. 

This effect was not observed with the G.D.M.E.. At higher negative 

potentials the irregularity degreased until no distinction between 

the two electrodes (at -2.0V) occurred. 

No disadvantages were experienced with the G.D.M.E. and 

apart from a more stable drop rate, other, minor advantages soon 

became evident. 
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The capillary can be connected directly to the reservoir, 

thus eliminating the need for a large mercury reservoir and flexible 

connecting tube which is subject to movement and temperatire 

fluctuations. 

The G.D.M.E. is ideally suited to fast sweep and pulsed 

polarographic techniques where drop ,synchronisation is very 

important. If fine bore capillary tubing is used, only short 

lengths (3-5 cm.) are necessary and in this configuration we are 

using the G.D.M.E. embedded into the body of a detector for H.P.L.C. 

(165). We have used a similar system for controlling the mercury 

flow through a teflon capillary as prepared by Bond (166). Further 

investigation is obviously needed to understand the modd of action 

of the G.D.M.E. 

2.2.2. Solid Electrodes  

Solid d6ctrodes (93) are ideally suited to the construction 

of detectors for use with high pressure liquid chromatography and 

the resulting detector is far easier to use in practice. No mercury 

reservoirs are needed, no capillary problems occur and because the 

area of the electrode is constant, the noise levels are greatly decreased. 

As indicated in Table 10, solid electrodes, apart from a few such as 

platinum, have a wider application than mercury in terms of over 

potential restrictions. Gold in particular has a•wide anodic and 

cathodic range but has been used very little due to the popularity 

of the various carbons. 

There is one aspect of solid electrode voltammetry that 
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imposes severe restrictions on the use of solid electrodes, namely 

ADSORPTION of a variety of species onto the surface of the electrode 

which occurs by physical adsorption chemisorption,reaction of the 

electrode surface (e.g. oxide formation), coverage of the surface 

by polymer films, the accumulation of the primary products of 

electrolysis and others, some of which have yet to be characterised, 

as the science of adsorption is,as yet,still young. To complicate 

matters, different electrode materials have different adsorption 

charactenbtics which can be attributed to the differences in surface 

structure. Catalytic activity is not uncommon. 

Various attempts have been made to eliminate or reduce the 

effects of adsorption such as subjecting the electrode to hydro-

dynamic conditions or continuously grinding the electrode surface to 

renew the surface (99 100,102) or potential cycling techniques (102). 

It has already been stated (section 1.2.9.1.) that the 

hydrodynamic approach is more readily adaptable to the requirements 

of a detector for H.P.L.C. The name implies tha t the solution around 

the electrode is moving relative to the electrode and this movement 

can result in the removal of adsorbed species from the electrode. 

Various methods of achieving hydrodynamic conditions have been tried 

and the most efficient or convenient methods in normal usage are not 

necessarily the moat convenient when applied to flowing streams. 

For example, vibrating electrodes (167-171), rotating electrodes 

(172-180) and in particular, rotating disc electrodes (181-186) have 

contributed significantly to solid electrode voltamrnetry, the latter is 

particularly usefal in mechanistic studies (93), but their incorpor-

ation into small volume detectors poses many engineering problems. 



-73 - 

Stationary electrodes in a variety of geometries (93) have 

been used in flowing streams and although their analytical applications 

are few compared with the rotating disc electrode, the principle is 

exactly that which exists in a liquid chromatographic detector. 

• Finally, it should be recognised that the electrode reactions 

of many organic molecules at solid electrodes are irreversible. This 

adversely affects the sensitivity of several techniques such as D.C. 

and a.c. polarography.. However, pulse polarography is reputedly 

applicable to irreversible processes and consequently much of the 

latter work in this thesis has been performed by that technique. 

2.3. Carbon Electrodes 

Of the solid electrodes shown in Table 10, the carbons show 

the most promise as electrode materials. In general, they can be 

used over a wide range of potentials, both negative and positive and 

with a few exceptions (such as carbon paste), can be used in non—

aqueous solvents. 

2.3.1. Graphite Rod/Paste  

Graphite has a comparatively high permeability (103  to 

10-6 
m
2.sec-1) (104) which results in rapid adsorption of various 

species onto the electrode surface and into the bulk of the electrode. 

Two approaches have been used to fill these pores of the graphite 

with inert material. Firstly impregnation with molten wax (187,188) 

to form the Wax Impregnated Graphite Electrode (W.I.G.E.). These 

electrodes give excellent anodic and cathodic ranges but can be subject 

to anomalous high residual currents which are apparently due to 

variations in impregnation procedures. Secondly by preparing a 
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graphite paste (93,189) by mixing graphite powder with an organic 

solvent, such as nujol, that is immiscible with the solution. Both 

of these electrode forms are unsuitable for electrolysis in organic 

solvents. 

The carbon paste electrode has virtually zero residual current 

and can be used over a wide anodic and cathodic range (e.g. —1.4 volts 

in 1M NaOH to +1.3 volts in 0.1M H2SO4). It is easy to use in practice 

and has been used successfully as the working electrode of a low volume 

detector for high pressure liquid chromatography (190) using aqueous 

perchloric acid (0.1M) as eluent. 

2.3.2. Pyrolytic Graphite  

Pyrolytic Graphite Electrodes (P.G.E.) are not really 

graphite at all but should properly be called "pyrolytic carbon" 

electrodes and consist of crystallites, each composed of a group of 

imperfect hexagonally bonded carbon sheets which are parallel but 

not necessarily in stacking registry with each other. This structure 

is termed."Turbostratic" (104,191). 

There are two distinct ways of producing pyrolytic graphite 

(104). A gaseous hydrocarbon)  (methane orpropane) which is usually 

mixed with an inert carrier gas is passed over a large heated substrate 

which is to be coated with pyrolitic graphite. The graphite is 

deposited)  often under reduced pressure, and forms highly ordered 

carbon crystallites in layers, parallel to the substrate surface. 

Secondly, a more controllable technique entails making a fluidized 

bed of substrate particles in a hot zone. The hydrocarbon gas 
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maintain s the fluidized bed within which there is excellent heat 

transfer. A combination of these methods utilises the best features 

of both techniques by suspending a large object in the fluidized bed. 

The pyroTytbgraohite so formed depends on the nature of the hydrocarbon 

gas, the temperature of pyrolysis, the contact time which is related 

to gas flow rate and the ratio of surface area of substrate to 

volume of pyrolysing gas. By altering the composition of the gas, 

it is possible to "alloy" the graphite, for instance with boron (192) 

to obtain special properties. Similarly if titanium is added during 

deposition (193), regions of tone crystalline graphite are nucleated 

and gradually grow at the expense of the turbostratic material. 

It is likely, that some of these carbon alloys will be of considerable 

interest for electrode materials in the future. 

Formed in this manner, pyrolytic graphite is "anisotropic", 

being highly impervious to liquids only if the crystal planes are 

correctly orientated. (i.e. minimum permeability 1-14 m2.sec
-1

). 

For this reason, it has been used extensively in recent years as an 

electrode material (105,194-196). Care must be taken to allign the 

planes correctly and seal the edges with epoxy resin (e.g. Araldite) 

to prevent adsorption and absorption into the bulk of the electrode. 

Although not readily available commercially, pyrolytic graphite of 

low anisotropy (197) can be prepared and entirely non-porous pyrolytic 

graphite can be made if annealing processes are used after deposition. 

(198-200). This material should certainly be investigated as a future 

electrode material. 
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It has been shown (105) that the method of preparation of 

the electrode surface is vital in voltammetry. Grinding the graphite 

produces a shiny, flat surface but produces a high surface area 

electrode that is superficially porous. This is attributed to the 

macroscopic layered structure extending to the microscopic structure 

(201) and produces sharper more reversible peaks by cyclic voltammetric 

measurements (105). However, the surface retains electroactive 

species, is not reproducible on resurfacing and produces a relatively 

large residual current. If the graphite is cleaved (195) along the, 

macroscopic layer structure, coarser surfaces are produced which give 

lower peak currents, the electrode processes are more irreversible, 

but lower residual currents are obtained. This procedure is the 

preferred technique and until high grade pyto1ytic graphite can be 

readily obtained and chracterised, glassy carbon would appear to 

be more useflul in solid electrode voltammetry. 

Several reasons are proposed (105) for the adsorption 

phenomena that alter the nature of graphite electrode'surfaces. 

(1) Chemisorbed oxygen may exist by itself or may serve 

as an attractive site for water molecules. 

(2) Tenaciously held water which limits the use of the 

electrode in non-aqueous solvents. 

(3) Carbon-oxygen reaction sites that may cause complexes 

to be localised at certain stress regions on the surface. 

(4) Carbon-oxygen surface compounds such as quinoids, 

quinhydr4:bs, phenols and carbonyls. Also sulphate, hydrogen bonded 
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interlayer groupings and free radicals may be involved (202,203). 

(5) Mellitic acid derivatives such as pyromellitic acid, 

chloroquinone, pentacarboxychlorobenzene and similar compounds which 

could be produced under mild oxidising conditions (204,205). 

(6) Lamellar compounds or their residues such as bisulphates 

or other species that are difficult to oxidise or reduce and which 

are formed when graphite electrodes are subjected to strong oxidising 

conditions. 

(7) Surface films which constitute a broad field of polymers 

and could encompass any of the previously listed effects as well as 

other unknown effects peculiar to the dense structure of pyrolytic 

graphite. 

The formation of some of these surface effects can be 

visualised by considering the result of grinding pyrolytic 

graphite surfaces in air. Bonds are broken between adjacent atoms 

and between planes. The latter is particularly serious for pyrolytic 

graphite,theEnergy released is partially dissipated as heat. However„. 

the surface area and surface energy is vastly increased which provides 

an ideal environment for oxidation of the carbon by atmospheric oxygen, 

to form the types of C-0 compounds postulated by Boehm (206). 

These occur on adjacent carbon atoms on the edges of the hexagonal 

planes of the graphite and can lead to hydrogen bonding when hydroxyl 

groups are present. These compounds then interfere with the reduction 

or oxidation of other species when used in voltammetric studies. 
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2.3.3. Vitreous Carbon 

"Vitreous" or "glassy" carbon is very different to conventional 

graphites and carbons. It has a low porosity and permeability 

("." 10-15 m2  .sec.-1  ), is isotropic and therefore does not suffer from 

the limitations of pyrolytic graphite in having to be properly 

orientated. It is more inert to a wide range of environments and 

has a low electrical resisitivit Y (3 to 8x10 5  ohm.m. compared to 

150 to 250x105  ohm.m. for pyrolytic graphite). 

It is formed from non-graphitising carbons produced by charring 

polymers having some degree of cross-linking which inhibits the 

reorientation of the graphitic nuclei into crystallites during 

subsequent heat treatments. 

By pyrolysing these polymers under closely controlled 

conditions, glassy or vitreous carbon is produced (207). 

The expansion coefficient of vitreous carbon is so close 

to that of some biptosilicate glasses that a satisfactory.carbon/glass 

seal can be made. This could be useful in electrode manufacture, 

although araldite seals have proved to be quite successful. Because 

the carbon is so hard and brittle, machining and drilling can only 

be carried out with diamond or ultrasonic techniques. 

Being isotropic, glassy carbon does not suffer from the 

same problems of grinding associated with the preparation of pyrolytic 

graphite electrodes. Grinding with 600 mesh SiC paper produces a 

flat surface which, under magnification, reveals microfine scratches 
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over the entire surface (105). These were found to be responsible 

for the very high residual currents in voltammetry. For example, 

electrodes treated with 600 mesh SiC paper gave a residual current 

of 7014A which after lapping with 0.5/ti alumina produced residual 

currents of only 0.5p A. 

As with cleaved pyrolytic graphite it is advisable not to 

use surfactants such as Triton X-100 with glassy carbon as it 

drastically suppresses electroactivity, due to rapid adsorption °nto 

the electrode surface. This appears to be more significant in dimethyl-

formamide solutions where Triton X-100 causes reduced petik height, 

shifts the anodic potential in a positive direction and the cathodic 

potential in a negative direction and causes rounding of the peaks 

obtained in cyclic voltammetry. Resurfacing is readily accomplished 

by immersing the electrode in a nitric-sulphuric acid mixture (6). 

Both glassy carbon and pyrolytic carbon electrodes function 

well in non-aqueous solutions and appear to give higher currents in 

solvents of low viscosity as diffusion to the electrode is then more 

rapid. Acetonitrile is one of the best organic solvents, being of 

low viscosity and producing the most reversible voltammograms on all 

solid electrode materials. This may not be such an important criterion 

for detectors used in hydrodynamic voltammetry or high pressure 

liquid chromatography as the forced convection conditions prevailing 

aid diffusion to the electrode and remove adsorbed species. Under 

similar conditions glassy carbon produces better defined voltammograms 

and is less prone to adsorption. 
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2.3.4. Carbon Fibres and Whiskers  

Graphitic Whiskers are produced (208) by forming a d.c. arc 

between carbon electrodes in an inert gas atmosphere at pressures 

of about 90 atmospheres. They are a few microns in diameter and up 

to 3 cm. long and consist of graphite sheets)  several hundred/uNthick 

and rolled up into a tight scroll. Although very strong, their applica-

tion as electrode materials is probably not as important as that of 

Carbon Fibres. 

Carbon Fibres are made bya.complicated pyrolysis procedure 

that inhibits the cross-lining of the fibres (209-210) that exists 

in glassy carbon. Some fibres clsely resemble glassy carbon and there-

fore offer very good properties for electrode.material. 

Very little work has been attempted to utilise carbon fibres 

electrochemically, but it is known that electrochemical oxidation 

of the fibre can occur (211) as in other carbons. Its most notable 

application to date is under hydrodynamic conditions (212-215) where 

a flow-through electrode consists of a bundle of fibres arranged such 

that a liquid flow is directed along the fibres. Such an electrode 

has a high surface area and comparkively high residual current but this 

is compensated for by large hydrogen overvoltages, rapidity of overall 

electrode reaction and ease of quantitation. It is expected to find 

wide application in kinetic studies and could prove to be /Easeful 

electrode material for L.C. detector design. 
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2.3.5 Intercalation Graphite Compounds  

Graphite can absorb many metal atoms or radicals between 

the carbon sheets. When the proportion is approximately stoichimetric, 

the product is called an intercalation or crystal. compound (216,217). 

Many species can be introduced into the carbon framework such as 

nitrate (218), sodium and potassium (219,220), bromine and chlorine, 

(221-223) not only into single crystal graphite but also pyrolytic 

graphite, carbon fibre (224) and vitreous carbon (225). Carbon alloys 

with boron (192) and titanium (193) have already been mentioned in' 

the preparation and modification of pyrolitic graphite. In fact, 

impure boron carbide has found some use as an electrode material 

(226,227), where it appears to be chemically inert with a wide 

potential range and low residual current. It has not achieved much 

prominence due to difficulties in mounting the electrode and in 

reproducibility of the samples. The alloying technique of manufacture 

might solve this problem. 

It is difficult to assess the potential of such carbon comlounds 

as they are not readily available and electrochemical data is scanty. 

•Apart from the possibilities of boron alloys, it is thought that they 

may have interesting catalytic properties and thus form more specific 

electrode systems (228). 

2.3.6. Conclusions  

The best solid electrode material to date is probably vitreous 

carbon. Its permeability, resistance to chemical attack and to 

adsorption, and low residual current are all desirable properties 

which outweigh the disadvantages. The latter are not too serious 
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but the hardness and brittleness of the material make it necessary 

to use special techniques to grind or drill the material. Like all 

the other carbons, it does suffer from some adsorption problems and 

it will be shown in chapter three that the most serious problems we 

have found are associated with carbonyl containing compounds. Pro-

viding hydrodynamic conditions prevail, we have found the least 

trouble to occur when operating under anodic conditions. 

2.4. Voltammetry at Vitreous Carbon Electrodes- 

In order to justify to use of vitreous (glassy) carbon 

as an electrode material suitable for use in liquid chromatographic 

detectors, the voltammetry of paranitrophenol (VI), parathion (VII), 

and methyl parathion (VIII) was studied in both still and stirred 

solutions. 
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These organophosphorous compounds were chosen because they 

give well defined polarographic waves (229-231) (Figure 27), they 

have been used by Huber (106) to evaluate his detector and therefore 

offer a good comparison and they are representative of a large 

group of very important organophosphorous insecticides. All the 

voltammetric determinations were carried out in an acetate buffer 
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METHYL PARATHION 

(10÷M 

p. NITR OPHENOL 

(10-4M ) 

FIGURE  27 

D.C. Polarography of organo P cpds 
in acetate buffer (pH — 4.6) 
•(h = S3 cms, t = 6.5 secs). 

volts vs. S.C.E. -02 -0-6 -1.0 -1.4 
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METHYL PARATHION 

(1 04M 
VLA 

PARATHION (104M) 

p.NITROPHENOL 
- (104M 

-0.4 	-0.6 -0.8 	-1.0 -1.2 -1.4 

FIGURE 
(pH 4.6). 
ZS.E: = 10InV, 

2 :  A.C. Polarography of organo P cpds. in acetate buffer 
Electrodes = 	(h = 88 crns, t = 6.5 secs), Scan = 1 sec., 
= 180°  v = 318Hz 
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saturated with iso-octane as this forms the basis of a proven solvent, 

stationary phase system that will separate the compounds by liquid 

chromatography (106). 

The emphasis throughout-this thesis is towards the exploita-

tion of the a.c. polarographic technique whey ever possible and to 

evaluate its potential as the monitoring technique for chromatographic 

detection. Consequently it was necessary to compare the a.c. polaro-

grams of these compounds (Figure 28) with their corresponding d.c. 

pOlarograms (Figure 27). 

The a.c.- polarograms were obtained using the fast scan technique 

and a dropping mercury electrode and show some deviation from the 

expected results. Paranitrophenol shows only one peak at an 

intermediate potential whereas the d.c. polarogram indicates at least 

A 
two waves. Two peaks wse observed for the reduction of parathion 

and methyl parathion but the potentials are much closer together 

than the corresponding Ek  values and resolution between the two compounds 

is lost. The values of Ep  and E2 are summarised in Table 11. 

At the vitreous (glassy) carbon electrode several differences 

from the results at the d.m.e. were immediately obviOus. All volt-

ammograms both d.c. and a.c. gave a single wave or peak at different 

potentials to those observed at a d.m.e. and the responses were 

liable to be dependent upon stirring of the solution. This is 

certainly due, in part, to a depletion effect but some adsorption 

effects cannot be ruled out as a. contributory factor. 

D.c. voltammetry at the glassy carbon electrode is 

illustrated in Figure 29. Five consecutive scans (Figure 29a) were 
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-0-4 	-0-6 	-0-8 	-1.0 	-1.2 	-1.4 
E (volts) vs Ag/AgCI 

Figure 2 9 Q: Fast scan D.C. polarography of :ETHYL PARATHION .  

(10-4M) at a glassy carbon electrode in a 

still solution 

-0.4 	-0.6 	-0.8 	-1.0 	-1.2 	-1.4 
E (volts) ) vs A g /AgC1 

Figure 2913.. D.C. polarography of METHYL PARATHION (104A at a 

glassy carbon electrode in a stirred solution. 
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recorded by fast linear scan voltammetry of methyl parathion. Scans 

1-3 show the pronounced depletion effect in a still solution. When 

solution stirring commenced the response was increased (scans 4-5) 

until a constant maximal, response was obtained. Figure 29b shows 

the voltammogram obtained at a conventional scan rate under stirred 

conditions and beautifully illustrates the absence of the second wave 

that is present for reduction at the d.m.e. and indicates a different 

reaction mechanism for reduction at the carbonelectrode. Even at 

conventional electronic scan rates the filtering required to eliminate 

noise is minimal, thus permitting the recording of undistorted 

voltammograms. No serious disadvantages were observed concerning 

the use of the glassy carbon electrode for these determinations and 

their comparative ease of use is a great advantage over the d.m.e. 

A.c. "polarography" (voltammetry) has been applied very 

little to solid electrode systems (154,186), but it was no surprise 

to find that like the d.c. methods, only one reduction peak was 

observed. Figure 30 shows some typical successive a.c. voltammograms 

for parathion (similarly for methyl parathion), in Figure 30a and b 

shows that parathion and methyl parathion are relatively unaffected 

by the absence of a stirred solution, this•is contrary to their d.c. 

voltammetric behaviour. Para-nitrophenol in unstirred solution 

(Figure 30c) shows a gradual reduction in peak height on successive 

scans. Again, in stirred solution, the depletion effect is far lex 

noticeable and points to the necessity of using solid electrodes in 

a hydrodynamic system such as exists for rotating electrodes or 

for electrodes in flowing streams as in liquid chromatographic detectors. 

The scan numbers are indicated by the side of the appropriate peaks. 



FIGURE 30:  A.C.  voltammetry at glassy carbon electrode 
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So far nothing has been said about scan numbers 1 and 2. These occurred 

also for parathion and methyl parathion but were Omitted from the 

recorded traces and appear to be indicative of some alteration 

of the electrode surface during the electrochemical reduction processes. 

This "Initial Current Phenomena" has been said to be connected with 

the method of polishing or preparation of the electrode surface (105) 

but a precise explanation of its significance is yet to be forthcoming. 

All electrodes used in this study were ground with successively fine 

grades of every cloth and a final mirror finish was obtained by polishing 

with "Brasso". 

Along with the data for reduction at a d.m.e., the correspond-

ing data for reduction at a glassy carbon electrode'is included in 

Table 11. 

Table 11  

Half 'wave and Peak Potential data for VI, VII and VIII 

at a d.m.e. and glassy carbon electrode  

d.c. voltammetry at a.c. voltammetry at 
Compound d.m.e. glassy U d.m.e. glassy U 

(E 	)volts (Ep)volts (E0volts (E
A  )volts 

p-nitrophenol -0.684,-1.188 S.W. -0.75 . 	-1.07 

MethylParathion -0.567,-1.134 -0.73 -0.67,-0.76 -0.90 

Parathion -0.520,-1.055 S.W. -0.67,-0.77 -0.88 

S.W. = S ingle wave at intermediate potentials (exact figures not 
recorded 
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2.4.1. Optimisation of a.c. conditions  

The a.c. technique used thoughout these studies was found 

toi,o optimal under certain conditions. All measurements were performed 

using the phase sensitive detector previously described at a phase 

angle setting of 180°. This'applied for measurements at the d.m.e. 

and glassy carbon electrodes. The applied a.c. signal was at the 

fundamental frequency of 318Hz and its amplitude was 50mV unless 

stated otherwise. An active low pass filter setting of 4 was 

sufficient to eliminate all noise without imposing too much distortion 

on the voltammograms. 

Scan Rate  

The effect of scan rate on the response is shown in Figure 31. 

 

1 N A 

 

-„, 
Figure 31 Effect of scan rate on a.c. voltammetry of p-nitrophenol(10

4 
 pl ) 

at a polished glassy carbon electrode. Voltage scrlined between 

-0.4V to - 1.4V in (a) 1 sec. (b) 1.5 sec. (c) 2.5 secs. 

(d) 5 secs. (e) 10 secs and (f) 15 bees. 
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Data taken from these voltammograms is shown in Table 12 

and Figure 31 and shows that a greater response is achieved at higher 

scan rates. High scan rates is also associated with a shift of peak 

potential to more negative potentials. Peak width appears to be 

constant, the high value for the 1 second scan is probably due to 

distortion 'caused by the writing speed of the recorder being too slow. 

Table 12  

Effect of scan rate on a.c. voltammetry of o.nitroohenol at a polished 

glassy carbon electrode. 

Scan Rate 
(secs) 

Peak Height 
(mm) 

.Peak Potential. 
(volts vs Ag/AgC1) 

Peak Width at.  
half height .(mV) 

1 49 -1.05 165* 
1.5 37 -1.02 130 
2.5 17 -0.98 125 
5 °6 -0.93 125 
10 3 -0.91 125 
15 2 -0.90 - 	125 

*Probably some lateral distortion due to insufficient writing 
speed of the recorder (Bryans XY plotter, Model No 
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Amplitude  

The amplitude of the a.c. signal has been shown to be of 

some importance for the analysis of mesityl oxide. , 	polarography 

of organophosphorous compounds at the d.m.e. and glassy carbon 

electrodes is in direct contrast to previous results and is summarised 

in Table 13. 

Table 13  

Effect of a.c. amplitude (d E) on the oolarography of Para-nitrophenol 

and parathion. 

A E(mV) 
paranitrophenol at 

d.m.e. 
parathion at 
C. electrode 

EP (v) Wi (mV) 
- 

h(mm) EP  (v) Wi(mV) h(mm) 

100 -0.81 160 16 -0.91 200 42 

50 -0.80 160 31 -0.91 200 46 

20 -0.76 160 41 -0.88 200. 51 

10 -0.74 150 46 -0.86 200 54 
5 -0;73 130 53 -0.85 160 59 
2 -0.73 120 66 -0.85 120  65 

1 -0.73 120 70 -0.85 120 127 

In this case it can be seen that maximum response is 

obtained at minimum values of AE, although this also corresponds 

to maximum baseline noise and curvature. The latter is of particular 

importance if a scanning method is ever to be used as a monitoring 

technique for liquid chromatography. As expected, the higher the . 

amplitude the more the peak potential is shifted to negative potentials 

and the greater the peak width at half height becomes. 
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Figure 33 Variation of p.lak width with increasing amplitude of the 

a.c. signal. 

Substitution of 2  in Equation 7 shows that n < 1 and hence 

the electrode reaction is probably irreversible. The electrode reaction 

appears to be more irreversible at the carbon electrode than at the 

d.m.e. 

The effect on peak height is unusual in that the response 

decreases as the amplitude increases (Figure 34). 

Figure 34 Variation of peak height with amplitude of the a.c. signal. 
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This information is more useful if plotted logarithmicly 

_ (Figure_35)_andshows a linear relationship for all except extreme 

values of Li E. Again, the greatest differences occur at the glassy 

carbon electrode, emphasising the decrease in reversibility associated 

with solid electrodes and the need to establish optimum conditions 

for analysis. 

D glassy C - (parathion) 

0 D ME - ( p-nitrophenol) 

02 	0.4 	0.6 	043 	1.0 	12 
locbo  AE 

Figure 35 Logarithmic variation of peak height with amplitude of 

the a.c. signal. 

Finally, if log X is plotted against Ed.c.  (see page 4 9 
of this thesis) (Figure 36) a non-linear relationship is obtained and 

has an estimated slope far in excess of that expected for a reversible 

mechanism. 
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Figure 36 log X vs Ed.c. for the phase sensitive a.c. polarogram 

of para—nitrophenol at a glassy carbon electrode. 

Conclusions  

Glassy carbon produces irreversible polarograms for the 

organophosphorous compounds investigated. This, in itself, is no 

great disadvantage analytically. Of greater importance are the 

depletion and adsorption effects at the electrode surface. Fast scan 

a.c. polarography appears to be the least affected by these phenomena 

and is improved, as a technique, if performed under hydrodynamic 

conditions. It is unfortunate that the baseline can have a considerable 

curvature which is insignificant for electroanalytical purposes as 

it can be adjusted to suit the analysis by alteration of the phase 

angle. However, if a scanning technique were to be used to L.C. 
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monitoring, the expected baseline noise would nullify the advantages 

of the technique. This will subsequently be shown to be the case. 

At this stage of development, therefore, the technique should 

be used at a fixed potential for L.C. monitoring and consequently 

another technique such as d.c. or pulse polarography would probably 

be a more suitable and generally applicable technique to use. 

Recent evidence (232) suggests that if positive feed back 

techniques are used, the baseline curvature can be greatly diminished 

and it is to be hoped that further work along these lines will allow 

potential scanning techniques to be used for L.C. monitoring. 
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DESIGN OF ELECTROCHEMICAL DETECTORS FOR H.P.L.C. 

3. 	Introduction  

The importance of minimal dead volume has already been 

stressed and the achieving of this objective has been paramount in 

the following detector designs. 

Although much has been said in favour of solid electrodes, 

the conventional D.M.E. with its continually, renewable surface has 

an important role to play, at least until all the problems of adsorp-

tion at solid electrodes can be adequately dealt with. Consequently 

much effort has been put into the design and use of a low volume 

detector incorporating a D.M.E., for use in H.P.L.C.. 

3.1. Muitielectrode Detectors  

Whereever a D.M.E. is used it is a relatively easy matter 

to substitute for the D.M.E. a similarly shared solid electrode. 

Hence any detector designed for use with a D.M.E. has the potential 

of being used with a wide range of electrode materials, simply by 

exchanging the working electrode. 

Hubers design (106) was used as a starting block (Figure 37) 

which in turn was based on the miniaturisation of the classical work 

of Kemula (2-4). 
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Hg pool 

Figure 37 Polarographic detector (Huber et. al.) 

Several aspects of this design were found to be unsatisfactory. 

The most significant practical difficulty was associated with collecting 

the mercury from the working electrode. The external levelling 

reservoir, connected to the auxilliary electrode via a flexible plastic 

tube was found to require skill in use and constant attention to 

make sure that the auxilliary mercury pool surface was kept at a 

constant level. This became a critical factor when thinking of 

long term developments concerning the use of non-aqueous solvents. 

This would entail making the detector out of a plastic such as Teflon 

or Kel-F to prevent dissolution of the detector body. The initial 

material was Perspex, a transparent material, soluble in many 

solvents, but which enables critical control of the mercury level 

by sighting the surface. With an opaque material such as Teflon 
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or Kel-F, it would be very much a trial and error situation when 

optimising the detector characteristics. Such a lavelling device 

is subject to temperature change and is very sensitive to vibrations 

and knocks. 

A siphon arrangement has been suggested as an alternative 

(98), but we have found this to be totally unsatisfactory. A wide 

range of siphon shapes constructed from a wide range of capillary 

bores has been investigated and in each case there is a great 

tenddncy for the mercury pool to be completely siphoned out of the 

detector, causing a break 	electrical continuity. 

Again, looking tc the development of detectors for use in 

non-aqueous or semi-aqueous solutions of low electrical conductivity, 

it was decided that a 3-electrode cell was vital for making maximum 

use of the electrochemical techniques available. This means that 

the reference electrode must be situated as close to the working electrode 

as possible. 

Bearing all these points in mind, we developed tha detectors 

as shown in Figures 38 and 39 which incorporate the following 

special features. 

(a) Conical or pointed electrodes. This is particularly 

important when phase sensitive techniques are used as the glass 

surrounding the tip of the capillary.causes phase change to occur, 

severely limits the effective surface area of the mercury drop in 

contact with the solution and hence restricts sensitivity and acts 

as a trap for minute as bubbles which result in noise, especially 

at high sensitivities. 
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FIGURE 38:  ililtielectrode Detector for H. P. L. C . for 

use with conically shaped electrodes like the 

D M. E . shown above . ("ro seAlst) 
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Figure 3 9 Multielectrode Detector for H.P.L.C. for use 

with very narrow electrodes like the drawn out 

D.M.E. shown above. tio sc./0 
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Conical electrodes are robust and relatively easy to prepare 

by grinding under a stream of water. This causes water to penetrate 

the capillary but can be removed by baking the capillary in an oven 

at about 200°C. If this is deemed to be unsatisfactory, then a 

continual flow of mercury through the capillary will prevent any 

ingress of water during grinding. However, the method is tedious 

and care must be taken to collect the spent mercury. The major 

difficulty encountered with this electrode was in mating the conical 

electrode tip with the inside of the detector. When the shapes are 

as near as can be obtained, a smear of quick drying silicone rubber 

will act as an effective seal. Care must be taken not to chip the 

glass near to the capillary opening, otherwise erratic drop formation 

will result. 

Narrow, drawn out electrodes (Figure 39) are very easy to 

prepare by pulling out wide bore capillary tubing or thin walled 

tubing (241) after heating in an oxygen-hydrocarbon gas flame. The 

capillary tip is ideal for use in polarography but has the misfortune 

of being fragile. It is easily inserted into the detector cell 

through a silicone rubber septum , as shown, but because of its 

fragility, is not recommended for general use. 

A further point in favour of the conical capillary concerns 

the lesser practical problems of drilling several very fine holes 

into the detector cell as close to the capillary tip as possible. 

(b) Reference Electrode. A silver wire reference electrode 

is inserted, as shown, such that the working surface is extremely 

close to the working electrode (d.m.e.). Such a reference electrode 
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is not ideal if precise E1 and peak potentials are to be quoted 

as it is not immersed in a standard electrolyte such as chloride ion. 

The electrolytic nature of the eluant is subject to some change such 

as variation in flow rate and the effect of dissolved solutes and 

iS consequently difficult to define. However, in practice it:acts 

extremely efficiently and can be inserted into a very small volume. 

If necessary, a liquid junction such as asbestos fibre, could be 

inserted into the fine bore reference inlet and the outlet side 

could be connected to an external standard reference electrode such 

as silver/silver chloride or the saturated calomel electrode; 

(c) Annular auxilliary electrode. A tube, about 2 mm. 

internal diameter, (glass or teflon) protrudes through the mercury 

pool auxilliary electrode. The upper tip of this tube is funnel 

shaped and serves to catch the mercury from the d.m.e. and channels 

it down to the secondary mercury pool reservoir. Consequently the 

mercury pool auxilliary electrode is annular in shape, static and 

of constant surface area. It suffers no surface disturbance dde 

to mercury drops hitting the surface and as such is subject to less 

noise at high sensitivity (139). The apparently large liquid volume 

after the d.m.e. is not detrimental to resolution as measurement of 

the eluant is completed after the solution has passed the mercury 

drop connected to the d.m.e.. 

(d) Effective' detector volume. 	The bore of the detector 

cell is 1 mm. internal diameter from which the maximum detector 

volume can be calculated. It is unlikely that a mercury drop with 

a drop time of less than 2 seconds in a flowing stream will ever reach 
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1.0 mm. in diameter. The total volume of a 1.0 mm. section of the 

detector bore has a value of about 0.8,41. This is without taking 

the volume of the mercury drop itself into consideration, which would 

decrease the practical dead volume of such a detector to much less 

than 0.8/L1. 

(e) Mhltielectrode design. 	The combination of the two 

designs shown in Figures 38 and 39 enables the interchange of a 

variety of electrodes. It has already been stated that solid electrodes 

have many advantages (93,103) and they can be incorporated in designs 

to fit these detectors (Figure 40). It is worth reiterating that the 

VR  AV 

Araldite sheath 

Pt 	C 	Cr/Ni 	DME / GDME 

Figure 40 	Some electrode designs for use with the Miltielectrode 

Detector. 

gas pressure.operated dropping mercury electrode (GDME) produces a 

more reliable drop rate and hence the detector characteristics are 

more reproducible. 
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(f) Experimental set up. This is shown in Figure 41 

and consists of a high pressure liquid pump of the Haskell type. 

This is gas pressure operated and incorporates a pressure enhancement 

due to variable sized pistons. Gas pressure (from a cylinder) 

actuates a large diameter piston which in turn actuates a small diameter 

piston which forces liquid out of a stainless steel reservoir. The 

pressure enhancement is approximately 20:1 so that if a gas pressure 

of 10 p.s.i. is used, the pressure of the liquid at the outlet side 

of the pump would be 200 p.s.i.. Consequently the pump is capable 

of very high pressure operation under pulse-free conditions. 	Its 

major disadvantage lies in the fact that it is not refilled continuously. 

Thus for a 100m1. capacity pump being operated at an eluent flow of 

1 ml. per minute, the pump must be refilled very 100 minutes. In 

practice, this is not a greet hardship and the pulse free flow is 

very important for obtaining the optimum response from the detector. 

The diagram also illustrates how deoxygenation takes place, 

both of the eluant and the pump itself. This is important when electro-

reductive techniques are to be used, but can be dispensed with when 

electrooxidative methods are used. It is a popular practice in 

high pressure liquid chromatography to degas the eluant prior to use 

either .Wmrefluxing to boil out dissolved eases or even by subjecting 

the eluant reservoir to a vacuum. In practice, this is not always 

necessary unless very high pressures are used resulting in the 

dissolution of large quantities of gas which then comes out of solution 

at the detector side (low pressure)of the column and causes a very 

noisy response. The trend is towards short, wider bore columns of 

fine particles (4( 10 microns) which have very high efficiency and 
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Fig ure 41  Experimental arrangement for chromatovoltammetry. 

For Electro-oxidative detection, the deoxygenating 

apparatus is unnecessary. 
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relatively little solvent hold up. Consequently relatively low pressures 

are required. Most liquid chromatography can now be done at pressures 

below 2000 p.s.i.. 

(g) Column Packing. This is a very important aspect of 

chromatography that has been neglected until quite recently. It 

is still more of an art than a science, but some recognised procedures 

are developing such as various methods of dry packing with (127,234), 

and without (122,126,127,235,236) tamping and slurry packing, 

particularly balanced density slurry packing (123,126,237,238). 

The later technique is particularly important for the efficient packing 

of fine particles (<10 microns) especially when they are irregularly 

shaped like alumina or silica. Packing the newer synthetic, micro- 

spherical particles appears to require a modified technicue due to 

the very fine flow of the particles over each other. Apart from purchased 

columns such as Permaphase,ODS (Dupont), all columns prepared 

throughout the work of this thesis were packed by a modification 

of the method recommended for packing spherical alumina (233). 

The column (stainless steel, 3-4 mm. I.D.) is cleaned, dried and 

coated with teflon from an aerosol spray. A retaining plug of 

porous teflon is inserted in the bottom of the column as shown in 

Figure 42. 
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Figure 42. Experimental arrangement for column packing 

A plug 6f glass wool is tamped down to the bottom of the column to 

prevent fine particles of Harwell alumina passing through the teflon 

frit. Support material is then fed into the column through a funnel 

and compacted by gently rotating the column and vibrating it 

laterally with a vibretool. When the column appears to be full and 

no further compaction occurrs, the top end of the column is connected 

to a nitrogen gas cylinder, via Swagelok fittings and nitrogen 

is passed though the column at 100 p.s.i •• The column is vibrated 

(laterally using a vibrotool) under these conditions and inspected 

to see if any further compaction has occurred. If so, more support 

is added to the column and the process repeated. This procedure 

is repeated until no further compaction occurrs. The top of the 

..... 
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column is then sealed with porous teflon and connected to the set 

up as shoWa. 

(h) Construction of the MUltielectrode Detector . At 

this stage of the thesis it is probably important to include details 

of the construction of the detectors already shown. Figure 414shows 

the appropriate drill, tap and die sizes for constructing the 

detector. If perspex rod is to be machined, all cutting edges should 

be liberally bathed in oil to prevent overheating with subsequent 

melting and distortion of the perspex. The leading cutting edge should 

also.be ground away so that it does not chip the very brittle 

perspex. Of the plastic materials available, Kel—F is to be 

preferred as it is harder than Teflon and much easier to machine. 

When putting threads onto Teflon, extreme care should be taken to 

prevent stripping the thread. 

Most of the construction is self evident from the diagram. 

However, it should be emphasised that perspex (or Kel—F) rod is 

easily put onto a lathe and all centrally placed holes and threads 

can be machined on the lathe. This ensures proper alignment. The 

drilling into the side must, however, be done with a vertical drill. 

The fine holes for reference and eluant inlets can be made either 

with a number 80 drill bit or for Teflon materials, a sharpened 

length of syringe plunger (Hamilton 101k1) will suffice. The latter 

has the advantage of being longer than the drill bit and is easier 

to direct into the detector block. 

The conical electrode housing is shaped by using a drill 

bit ground to the required angle. 
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FIGURE 43/1 	Construction of Detector 



3.1.1. Results  

Mitch of the detector development was carried out by 

injecting single component mixtures onto glass bead columns packed 

as mentioned. When using this techniq ue, care must be taken nat to 

work at too low a concentration when using electroreductive methods, 

otherwise confusion will occur due to reduction of dissolved oxygen. 

For low level determinations, a column, efficient enough to separate 

the dissolved oxygen from the solute is required. In this case, two 

peaks are observed (Figure 43) one of which is due to oxygen. It 

could be argued that this is a possible method for determining 

dissolved oxygen. The effect is least pronounced when ming a.c. 

techniques as the oxygen reduction is highly irreversible. When 

using pulse techniques, the effect is highly pronounced and great 

care must be taken to separate the oxygen. 

I 
I 	I 
1 

p- nitrophenol 
1 	I 

pulse --) 

02  a.c. 

(mins) 10 0 

Figure 43. Chromatograms showing potential interference of oxygen 

when using reduction methods. Support, Silica (36-45 microns). 

Stationary phase - isooctane, Eluent Acetate buffer (Ref.106) 

saturated with iso octane, flowrate 1 ml/min., Column 

stainless steel (10 cm. long 4 mm. I.D.) coated with Teflon. 
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FIGURE 44  Chromatopolarographic detection of p.nitrophenol l  
using the PULSE POLAROGRAPHIC TECHNIQUE, showing repeat injections 
(a) and the calibration (b) over a wide concentration range. 

Column: 	im Zipax HCP 

Eluent: 	Acetate buffer (500/0 EtOH) 

Potential: fixed at —1.2 volts. 
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Detector: d.m.e. - drop time of 2 seconds, measuring 

technique was d.c. polarography at a fixed potential 

of -0.8 volts vs Ag/Ag+. 

Using the above separation procedure for paranitrophenol 

the pulse technique was used to construct a calibration curve and 

to test the detector for reproducibility (Figure 44). It can be 

seen that reproducibility is good and although not shown by the 

illustration, long term drift is negligible. A wide linear range is 

obtained(for a logarithmic scale) and the lower limit can easily be 

extended down to 10-7M - 10-8Pl. 

The use of the pulse technique exagarates the limitations 

of the detector because a sample and hold electronic measuring 

system is used. To be successful, this requires a perfectly 

reproducible mercury drop and although a drop knocker was used, this 

was inadequate at high sensitivity and a very noisy baseline was 

obtained. The method was subsequently modified to use the gas pressure 

operated d.m.e. resulting in the expected decrease in detection limit. 

Drop Time. 

It is important to adjust the drop time currently for L.C. 

detection (Figure 45). Conventional drop times of about 5 seconds 

are not suitable for several reasons. Essentially this would mean 

taking a reading every 5 seconds. The precise measurement of peak 

maxima would be difficult under these conditions (Figure 45a) and 

because the drop formation involves a large change in surface area, 

with consequent current oscillations, considerable electronic damping 

would be required to continuously record the chromatogram. As 
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chromatographic column technology improves, one direct result is to 

produce very narrow peaks eluted from the column. It is possible 

to produce chromatographic peaks which are eluted over a period of 

time which is less than the drop rate of a conventional d.m.e.. This 

could result in non-detection of some solutes on a very random basis. 

Figure 45(b) indicates a compromise situation with drop 

times of about 1 second. This would suffice for the vast majority 

of current chromatographic applications and would not be subject to 

too. much loss of sensitivity. This last aspect is a consequence of 

faster drop times, smaller drops and lower surface areas. 

Figure 45(c) shows the effect of going to really fast drop 

rates (say of the order of 0.1 seconds). Mercury drops are so small, 

that current oscillations can be adequately damped with a minimum 

of filtering e.g. with an active low pass filter. Unfortunately 

the loss of sensitivity is quite pronounced. It is an ideal 

arrangement for the detection of concentrated solutions but all 

these variants begin to impose an increasing knowledge of electro-

chemistry upon the chromatographer. We therefore consider this to 

be the wrong approach to the problem. 

The extreme example is shown in Figure 45(d) where a 

streaming mercury electrode is used. This consists of a wide bore 

capillary through which the mercury literally streams out in a continuous 

thread of mercury. After a given distance (say 1 cm.) the thread 

begins to break up, so the electrode shape is cylindrical. Its 

length and hence its surface area can be carefully controlled and 

because its area is large, the sensitivity is increased by at least 
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1 order of magnitude and possibly 2 orders. The electrode area is 

constant, so there is no problem of damping out current oscillations 

but it suffers from one enormous drawback, the rate of mercury 

consumption is very high indeed. The current design does not cope 

with this consumption very readily and so it can only be recommended 

for very special analyses where optimum sensitivity is of paramount 

importance. 

- 3.1.2. a.c. polarograohic detection 

a.c. liblarography has already been shown to be a viable 

analytical method and it is one of the best methods available for 

mechanistic studies. However, the response is peak shaped and the 

associated difficulties of using such a technique have already been 

stressed. 

Phase sensitive a.c. detection at a fixed peak potential 

is the easiest way of using this technique and imposes a small level 

of specificity on the detection. In practice, it was found that a 

response was obtained over a wider potential range than was expected 

(Figure 46). This means that the method would be less specific than 

envisaged but would have a more useful general application for liquid 

chromatographic monitoring. 

The maximum information from the technique would be obtained 

if the d.c. potential was scanned over as wide a potential range as 

possible. The theoretical chromatogram would then appear as in 

Figure 47(a). With the appropriate peak following circuitory this 

could be recorded in the conventional fashion Figure 47(b). 
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FIGURE 4 6  A.C. detection of p-nitrophenol at the W.J.E.D. containing a glassy carbon electrode. 

Column: 	Silica (<30 m) 

Eluent: 	Acetate buffer (pH = 4.6) 

Applied 
Potential: varied as shown 
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Figure 47 Theoretical and smoothed out chromatogram for scanning 

a.c. polarographic detection methods, 

As already mentioned, the practical a.c. polarograms of 

most organic solutes has a curved baseline. This results in the very 

noisy recording as shown in Figure 48. The recording becomes noiser 

the larger the potential range scanned. This is unfortunate because 

not only would the potential scanning method be of more universal 

application , it is also a more sensitive technique. It is to be 

hoped that the positive feedback approach to Dr. 'Tee will enable 

a partial solution to this problem. 

3.1.3. Gas Bubbles  

One of the major disadvantages of the detectors as described 

concerns the presence of gas bubbles in the eluant. Gas bubbles are 

readily purged from the 1 mm. I.D. detector cell but are prone to 

accumulate in the cone shaped part just above the mercury auxilliary 
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FIGURE 48  Chromatovoltammetric detection of parathion (103M) at a solid electrode (glassy . carbon) 

by a repetetive scanning A.C. technique. (a) Potential scanned from —0.9V to —1.0V, 
(b) Potential scanned from —0.8V to 1 .0V, (c) Potential scanned from —0.5V to —1.0V. 
A.C. conditions were Q E = 5mV, 0 8o°, V = 318Hz  and each scan was performed in 1 sec. 
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electrode. If this happens the practical electrode surface area is 

variable, resulting in noise. More seriously, large gas bubbles can 

result in a high resistance between the working and auxilliary electrodes 

which is manifest by a neglible detector response. 

Consequently, a new detector, design was developed (Figure 49) 

which eliminated the need for a mercury pool auxilliary electrode and 

substituted it with a platinum wire-auxilliary electrode. This design 

has been subjected to preliminary trials and promises to be a great 

improvement over the model used for the majority of the thesis.work. 

Because the mercury is no longer being used as an auxilliary electrode, 

the method of collection can revert to the external reservoir connected 

via a flexible tube. Although not ideal, this method is the easiest 

to use in practice, a vital argument if the detector is to be used 

routinely. Secondly, as all the electrodes necessary for 3-electrode 

operation are clustered around the eluant inlet, it is not necessary 

to be able to see what is happening further downstream. The detector 

can be made out of an opaque plastic such as Teflon or Kel-F and is 

therefore capable of being used with such non-aqueous solvents as 

propylene carbonate, dimethyl sulphoxide, chloroform, hexane, 

acetonitrile etc., all of them common electrochemical and chromato-

graphic solvents. Gas bubbles can be released from the exit with 

ease. If desired, the exit can be situated further downstream and 

because the tubing is narrow, the gas bubbles readily pass along with 

the flow. There is very little tendency for gas bubbles to remain 

in the cell. This is particularly important for aqueous solutions 

which tend not to wet the detector material very well. Such a 

detector is better if a streaming mercury electrode is to be used. 
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FIGURE 45 	Multielectrode detector 
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Another design which has only been tried oUt and shown to 

work consists of a machined Teflon detector incorporating a teflon 

capilliary (Figure 50). This design has several attractive features. 

In particular, the problem of creating a leak—proof seal between the 

d.m.e. and the detector no longer exists. 

The built—in Teflon capillary:-  was made by the method of 

Bond (166) and involved blasting a fine capillary through the Teflon 

by means of a high voltage electrical discharge from a Tessler coil. 

Control of the mercury drop—rate is obtained by incorporating a length 

of glass capillary as shown. 

3.1.4.. Phase Angle Detector  

If ana.c. signal is applied across two electrodes in a 

flowing stream and is monitored by phase sensitive equipment it 

should be possible to adjust the phase angle such that the detector 

output is zero. When a solute enters the detector it is adsorbed 

and then, probably, desorbed from the electrodes, resulting in a phase 

change. The result should be an increase in detector output which 

is monitored as a typical chromatogram. Such a system should be 

completely universal in application. 

A detector (Figure 51) was made according to these plans 

and connected up to phase sensitive monitors as shown. The 

chromatographic eluant passed through a U.V. detector and then into 

the phase angle detector in order to give a comparative result 

(Figure 52). 
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FIGURE 1,9 	Detector with TEFLON capillary 



Pt Pt 

Phase an gle detect or 

DETECTOR ELECTRONICS 

Dote ctor 

1I 	 

Osc/Rec 

PSD 

Reference Signal 

HPFG 

® 

-124 - 

FIGURE 51: 
 Phase angle detector and associated electronics 
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Figure 52 Phase angle detection of chromatographic eluant 

The recording was consoLcuous by its absence, only the U.V. giving 

a response. More work could be tried by varying the condenser values, 

in order to optimise the resistance but the initial results were 

extremely disappointing. It may be possible to improve matters by 

applying a d.c. ramp as well as the a.c. signal to the electrodes 

but this must be the subject of further research. 

3.1.5. Conclusions  

Several detector designs are described for use with a d.m.e.. 

Multielectrode capabilities are shown to be possible and the detector 

is shown to be suitable for use with high pressure liquid chromatography. 
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3.2. Tubular Detectors  

As already mentioned, solid electrodes readily lend themselves 

to detector geometries ideally suited by hydrodynamic voltammetric 

measurements. Perhaps the most obvious design is the tubular electrode 

(240). A detector based on this orinciple was made out of Teflon 

(Figure 53). Tubular electrodes made from graphite, impregnated with 

wax (97) have been used for stripping voltammetry and tubular platinum 

and gold electrodes have been used for determinations of inorganic 

species (96). We have committed ourselves to the use of vitreous 

"glassy" carbon and were thus faced with daunting problems of drilling 

a tubular hole through the carbon and polishing the interior working • 

surface. 

3.2.1. Drilling the Glassy Carbon 

Glassy carbon rods, obtained from the Allan Clarke research 

centre of Plesseys, could only be drilled with diamond tipped drills 

or by ultrasonic methods. Diamond tipped drills were not available 

for the bore size we required, so we were forced to use ultrasonic 

methods. High speed twist drills were embedded in small brass attach-

ments designed to fit the ultrasonic drill. The ends of the drills 

were ground flat such that the length of drill protruding from the 

brass holder was 0.6 cm. This was necessary, as too long a drill 

would bend and produce poor drillings. The assembly was then fitted 

to the drill. 

Drilling was performed by placing the drill tip onto the 

centre of a piece of carbon rod, firmly embedded in a piece of perspex. 

The ultrasonic power was increased to initiate drilling. The drill 
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Figure 5 3 TUBULAR. ELECTRODE detector for H.P.L.C. 

TABLE 1 4 

Dead volume data for a TUBULAR ELECTRODE* 

BORE (mm) VOLUME 	1) AREA(cm)Z  

1.5 8. 9 0.24 
1.0 3.9 0.16 
0.5 2. 8 0.08 

* Electrode length of 5 mm. 



- 128 - 

tip and the carbon rod were lubricated with fine abrasive powder, 

dispersed in water and the ultrasonic power was increased to a maximum. 

After about15 minutes, the drilling was complete and a tubular carbon 

electrode was ready for polishing. 

This proved to be very difficult and was never performed 

adequately. The surface was always too rough and after producing 

a few voltammograms, became completely deactivated. It is possible 

that the energy dissipated during drilling caused•consider.able oxidation 

of the carbon surface, which needed much better polishing techniques 

to regenerate the active surface. 

A possible solution to this problem is to have the tubular 

carbon made as such by depositing the carbon on a polished metal 

former. 

Table 14 indicates that the detector dead volume is very 

satisfactory and could conceivably be reduced to about 1p1 by using 

shorter electrodes. This would reduce the sensitivity considerably 

and is a poor compromise especially as diffusion from the centre of 

the tube.to the electrode surface is so slow, that much of the solute 

never comes into contact with it. 

3.3. Wall Jet Electrode Detector  

As it is comparatively easy to polish to a mirror finish, 

the end of a piece of glassy carbon rod, it was decided to incorporate 

such an electrode into the detector as shown (Figure 54). 



Active Electrode Surface 

Pt 

GlasEyCarbon Rod 
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Figure 5 4  WALL JET Electrode Detector for H.P.L.C. 

TABIE 15 

Dead volume data for a WALL JET ELECTRODE* 

RADIUS (mm) VOLUME (at) AREA(cm)1  

3 2.8 0.28 
2 1.3 0.13 
1 0-3 0.03 

* based on separation between inlet and electrode surface of 0.1 mm. 
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The eluant strikes the centre of the working electrode in 

a fine jet and spreads out over the electrode surface and escapes 

round the sides of the electrode to the exit. 

The geometry of the detector is such that dead volume can 

be restricted to an absolute minimum (Table 15). Detector volumes of 

about 0.1 Al could be prepared with careful machining. 

The outer surface of the carbon, not required for electrode 

activity was coated with a thin film of epoxy cement. 

3.3.1. Fundamentals of the Wall Jet Electrode  

The limiting diffusion current (Id) for the wall jet electrode 

(239) is given in Equation 9. 

:v— 5/12 IL 	ja. 
Id = (1.60k)nFeD-t 	V4a

-A-  
2R4  

 

Equation 9 

 

where, 	v = kinematic viscosity of the eluent 

V = volume flow rate of the solution issuing from the 

circular nozzle of the inlet tubing. 

a = internal diameter of the circular nozzle. 

n = number of electrons involved in the electrode reaction 

F = the Faraday. 

CO = bulk concentration of depolarizer 

D = diffusion coefficient of depolariser. 

R = radius of the disc electrode. 

k = proportionality factor. 

Although equation 9 does not contain any parameter concerning 

the distance, d, between the electrode surface and the tip of the nozzle, 
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it does have a significant effect on the electrode performance. 

If d is less than 0.2 mm., decreased electrode performance 

is obtained (239) probably because a back pressure is built up restricting 

the outflow of the eluent. Above 0.2 mm. Id rapidly reaches a maximum 

value and then decreases gradually with increasing values of d. 

The working electrode of the detector should therefore be adjusted 

to give an optimum response. 

For quantitative work it is most fortunate that the limiting 

diffusion. current is directly proportional to.the bulk concentration 

of solute in the eluant, providing all other experimental conditions 

'remain the same. 

As the flow rate increases, so does the value of Id. 

Directly related to this effect is the nozzle diameter. The smaller 

the value of a, the greater the sensitivity. 

Sensitivity can be increased if the radius of the electrode 

is increased. A minimum value of 1.5 mm. is recommended. 

It can be seen that the inevitable compromise is necessary 

in order to optimise both electrochemical requirements and chromato-

graphic requirements. 

Maximum sensitivity can only be attained by increasing R 

and choosing an intermediate value for d. This has the adverse effect 

of increasing detector volume. The dead volume is so small, however 

that no great disadvantage is met. In fact, in the cases where low 

detector volumes are necessary peak volumes are minute and have greater 

responses due to minimal dilation effects. 
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Both the increase in flow rate and minimal nozzle diameter 

are compatible with chromatographic requirements. 

The detector used in the following illustrations of hydro-

dynamic voltammetry had the following characteristics: d = 0.1-0.2mm., 

V = 0.5-2 ml./Min., a = 0.01 inches, R = 2 mm.. The detector volume 

was therefore 1-2/41. These and other important geometrical values 

are indicated in Figure 55. 

Figure 55 Construction details for Wall Jet Electrode Detector (WJED) 

3.3.2. Evaluation of the 'J.J.E.D. 

The detector was evaluated under hydrodynamic conditions. 

A series of cobalt complexes obtained from the University of Kent 
(Dr. L.S. Dollimore) were examined at the dropping mercury electrode 
by d.c. and pulse polarography. The most probable electronic transitions 
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■ observed were Co3+ -4 Co2+ and Co2+ 	Coo. The E1  values vs 

Ag/AgC1 are given in Table 16. 

Table 16 

Compound EA.: volts vs Ag/AgC1 

603+4 Co2.4.  Co2+4 Co°  

1. go(en)3_7C13  -0.32 -1.14 
2. La-o(en)2phenjbr3  +0.06 -0.94 
3. I.Jo(en)2bipy_7(C104)2C1 -0.08 - -1.02 

4.10o(EDTA)2 ' -0.20 -1.68 
5. 2"c-o(en)2sal_76122H2Q -0.17 -1.16 
6. Ze-o(en)2pic_7612  -0.12* -0.36* 

7. go(NH3)6_7613  -0.38 -1.22 
8. jO(gly-o)34.kisomer -0.04 -1.24 
9. Zdo(phen)3_7(C104)3.3H20 +0.12 -0.78 
10./c-o(dipy)3_7(C104)3.3H20 - -1.02 

* c034.  --)0o1+  and Coi+  Co°  

en = ethylene diamine 

phen= 1,10 phenanthroline 
bipy= 2,2' dipyridyl 

sal = salicylate dianion 

pic = picolinate 

gly-o= glycinato 

All (with the exception of No. 7) are tris-chelated complexes 

i.e. 
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Two of these complexes, numbers 1 and 8 were studied at 

the glassy carbon electrode. The immediate effect of hydrodynamic 

conditions is shown (Figure 56) by repetetive fast scan d.c. polaro- 

graphy of LEo(en)
3
201

3 
in flowing and static streams. 

(a) 

   

Figure S6 Fast sweep d.c. voltammetry of go(en)3j613  at a glassy 

carbon electrode (a) Flowing stream - 1 ml/Min. 

(b) Static stream 

Under hydrodynamic conditions repetetive scans are of maximum 

response and reproducible. When the flow is stopped the fast scan 

voltammogram diminishes and the characteristic peak shape changes 

to the conventional d.c. polarographic shape. A limiting value is 

reached where no further loss of.sensitivity occurrs. There is no 

apparent change in El associated with this depletion effect. 
• 

The a.c. voltammetric behaviour'is somewhat different 

(Figure 57). No decrease in peak height is observed when the solution 
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Flow = 1 ml/min still 
sorn 

E/V (vs A(AgCI) 

still 

1ml /min 

FIGURE 5 7:  A.C. polarography of Co complexes at a glassy 
(vitreous) carbon electrode (U.J.E.D.) 

ZSE = 5mV, 0=90°, V = 318Hz  (phase sensitive detection) 
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flow is stopped. This applies to both 46o(en)3_7613  (Figure 57(a)) 

and to ZEo(gly-0)32 	(Figure 57(b)). What is observed, 

however, is a change in peak potential to more negative values. 

This effect is more pronounced for Zdo(gly-0)32.• 	and 

becomes more pronounced in static solutions . This would indicate 

that for conventional electrochemical measurements, the a.c. 

technique has considerable advantages when applied under hydrodynamic 

conditions to solid electrodes. For monitoring L.C. eluants, the 

d.c. or pulse method is still preferable for the reasons that have 

already been mentioned. 

The effect of scan rate on the a.c. signal is quite 

interesting (Figure 58). It appears that a fast scan is essential 

at a glassy carbon electrode, otherwise the signal is grossly diminished 

This could possibly be due to phase change effects or the building 

up of a surface layer of adsorbed species. 

   

5 secs 

  

   

    

r 

-1 	 -1.5 (volts vs Ag/AgCI) 
	 -1.5 

_ . 
• Figure 58 Effect of scan rate on a,c. voltammetry of ZCo(en)

3  at' a 

glassy carbon electrode. A E = 5 mV, 0-790°, ) 318 Hz (phase sens itive 

detection). Potential scanned from -1 to -1.5 volts in the times 

indicated. 
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All the investigations to date have been concerned with 

the application of a negative potential to the electrode and that 

the species being determined is electrochemically reduced. One of 

the major features of carbon electrodeS, in particular glassy c-rbon 

electrodes, is the wide positive potential range over which they 

can be used. This results in electrooxidation of the species being 

determined. 

Corypalline (Compound IX) is an isoquinoline derivative 

that has been the subject of intensive electrooxidative studies. 

(99-101). It is known to adsorb onto the electrode surface and 

was therefore considered to be a good test of the hydrodynamic approach 

to anodic voltammetry. 

C H3  

IX 

Previous voltammetric studies have used the d.c. polaro-

graphic approach and attempts to reactivate the electrode surface 

have involved potential cycling techniques and mechanical abrasion 

of the electrode surface. These were considered to be superior to 

rotating electrode methods. 

Corypalline solutions (10 3R) in borate buffer cause an 

increasing deactivation of the glassy carbon electrode on repetetive 

scanning if the flow through the W.J.E.D. is stopped (Figure 59(a)) 

the scan numbers are indicated on the respective voltammograms recorded 
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+ 0-5 
	

(volts) 
	

0 

+0.5 
	

(volts). 	 0 

Figure 5 9 Hydrodynamic voltammetry (at the W.J.E.D.) of Corypalline 
(10'14) in borate buffer, at a glassy carbon electrode 
showing (a) Successive deactivation of the electrode in 
static solution and (b) successive reactivation of the 
electrode as the flow rate is increased. 



15 secs 

26 secs 

5 secs 

10 secs 

-139 - 

after scanning from 0 to +0.5 volts vs Ag/Ag
+ 
reference electrode. 

As soon as the solution is made to flow through the detector 

"REACTIVATION" of the electrode surface occurrs progressively. This 

process can be speeded up by increasing the hydrodynamic flow through 

the detector. At a flow of 1 ml. per minute through the detector, 

rapid reactivation occurrs (Figure 59(b)) and anodic voltammograms 

of increased limiting diffusion current are obtained. These are 

realistic flow rates for liquid chromatography and therefore indicates 

the suitability of such a detector for monitoring L:C. columns. It 

has now been shown to be a viable detector for both cathodic and anodic 

monitoring which effectively means its potential application is 

enormous. For hydrodynamic voltammetric purposes only, it is interesting 

to see that the response increases as the scan rate increases (Figure 60). 

sec 

+1.0 (volts vs Ag/AgGl) 

Figure 60 Effect of scan rate on anodic hydrodymic voltammetry.. 

Fast scan D.C. voltammatry at the q.J.E.D.. Solution flow = 1 m1/flit-I. 
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Furthermore the potential scan from 0 to 1.0 volts indicates 

tha irreversible electrode deactivation does not occur under these 

conditions. 

All the d.c. voltammograms shown are poorly defined when 

compared with typical cathodic polarograms and obviously represent 

highly irreversible electrode mechanisms. They can be used qualitatively 

but not quantitatively. This arguement does not apply for chromato-

voltammetric determinations at fixed potential because the peak shaped 

chromatographic response is easily measured. 

For quantitative anodic hydrodynamic voltammetry by 

scanning methods, techniques which produce peak shaped responses 

are to be recommended, such as a.c., differential pulse, square wave 

and radiofrequency techniques. 

The a.c. polarography of corypalline at a glassy carbon 

electrode under hydrodynamic conditions is shown ih Figure'61 and 

illustrates a further important aspect, namely the preparation of 

the electrode surface. If the glassy carbon is ground down on 

successively finer emery cloths a reasonably shiny surface is obtained 

which produces adequate a.c. voltammograms under hydrodynamic 

conditions (Figure 61,a,(i). As soon as the flow of l'ml. per minute 

is stopped, adsorption occurrs immediately. Figure 61,a(ii) shows 

the onset of this and 5 seconds later, complete deactivation has 

occurred. (Figure 61,a,(iii). The depression of the baseline is 

indicative of adsorption at the electrode surface which can be 

completely removed jf the flow is restarted (Figure 61,a,(iv). 

If the electrode is highly polished either by using brasso, 



10 subsequent --> 
scans 

1 scan 

( b ) 

flow =1ml/min flow just stopped 	I 1 0 secs later 

141 
(a) 

A 

1/LA 

(volts) 	0;5 	(volts) 0 0 •5 (volts) 

+.5 	(volts) 	0 
Figure 61 	Corypalline (10 3M), a.c. polarography (fast scan) at a 

glassy carbon electrode (a) ground, (b) highly polished 
in borate buffer (0.114). 

= 10mV, 0==-475°, w = 318H Z, scan rate of 500mV in 
(a) 5 secs and (b) 1 sec. z 
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FIGURE 6 2 	Corypalline (10-3M). Effect of scan rate on 
A.G. polarography at a glassy (vitreous) carbon 
electrode, 	E = 5mV, yl = 75 scan rates 
indicated (in seconds) for a scan. of 500mV. 
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diamond polishihg paste, or silica (4-‹ 20 microns), the resulting 

a.c. voltammogram is apparently insensitive to flow rate and produces 

reproducible peaks in static soluttions (Figure 61,b). This is similar 

to the behaviour of the cobalt complexes under cathodic conditions 

and suggests that the highly polished electrode surface minimised 

or even eliminates the adsorbtive processes and is predominant]y subject 

to depletion effects. It also shows that the first scan occurrs at 

a less positive potential than the final scans. This again, is similar 

tothe cathodic behaviour of glassy carbon electrodes and may be a 

consequence of depletion. 

The effect:  of scan rate (Figure 62) is similar to the effect 

on the reduction of Cobalt complexes at the glassy carbon electrode. 

It appears to be a feature of a.c. polarography at glassy carbon 

electrodes and probably other solid electrodes as well. 

3.3.3. CONCLUSION 

It has been shown that the wall jet is an ideal system 

for using glassy carbon (and other solid electrodes) under hydrodynamic 

conditions. Optimum conditions for hydrodynamic voltammetry are 

not necessarily optimum for chromatographic detection, but the differences 

are of minor importance only. Its application to cathodic and anodic 

processes is of great importance, the limits of the potential range 

being determined by solvent and electrolyte properties. 

Although not measured experimentally, it is reasonable to 

assume that far more of the solute is reduced or oxidised than .would 

be the case for a tubular or rotating electrode and consequently, 
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further experimentation should be able to verify the advantages of 

such a detector for coulometric measurements and for preparative 

electrochemistry. It is conceivable that recycling of the solution 

can be carried out until complete formation of the desired product 

has occurrdd. 

3.4. Other Designs  

For solid electrodes there is some scope for using other 

electrode geometries. There is also scope for using other electro-

chemical measuring methods such as differential amperometry. Further 

research is required to optimise these parameters, but what is clear 

is that the basic technique irs well founded. 

3.4.1. Carbon Paste Detector 

Recently Adams et. al. have described such a detector for 

use with H.P.L.C. (190). The electronic circuitory is very simple 

and could form the basis of a cheap model. It is however, very limited 

in scope. The application cited, namely the anodic oxidation of 

catecholamines in perchloric acid media, is obviously one of the 

best for this detector, but it is more prone to adsorption effects 

than the glassy carbon electrode and can only be used in aqueous 

media. Its volume (1(1A1) is quite compatible with modern H.P.L.C. 

methods. 

3.4.2. Flow Coulometric Detector  

Flow coulometry (2127214,242) utilises a packed tube electrode. 

Packings that have been used consist of silver grains (243-245), 

amalgamated nickel particles (246), amalgamated platinum(247), porous 

platinum grid (248,249), graphite powder (250,251), glassy carbon grains 
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(252,-255) and carbon fibre (214,215). 

Recently this principle has been transplanted into a detector 

for H.P.L.C. (256) using a column packed with glassy carbon grains 
and applied to the ion exchange chromatography of metal ions, halide 

ions, amino acids, carboxylic acids, phenols and monosaccharides. 

Its main advantages lie in the vastly increased electrode 

surface area which results in almost complete oxidation or reduction 

of the solute, thus increasing considerably the sensitivity. It-is 

also hardly affected by changes in flow rate and ,temperature. Asda 

detector for L.C. its main disadvaAtage lies in the fact that it is 
totally destructive, thus :preventing collection of separated components . 

for further study. 

However, the idea is a good one even though the sensitivity 

quoted is no greater than with the wall jet electrode. The flow 

of liquid over the electrcde surface is probably slower than in the 

wall jet design and is therefore more prone to adsorption problems. 

Tubes packed with carbon fibres might be the next obvious stage of 

development as they produce very fine channels along which the eluent 

can pass, thus minimising band-spread of eluted solutes. 

The quantitative oxidation or reduction of the eluted solute 

is an important aspect to consider for electrosynthetic purposes. 
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APPLICATIONS TO REAL SYSTEMS  

4. 	Introduction 

.All the following applications apply to the use of the 

W.J.E.D. unless otherwise stated and only touch the fringe of potential 

applications. Figure 63 attempts to give some idea of the potential 

applications for direct detection. Many derivatives can be formed 

to increase this range still further. 

4.1. Reagent Addition 

The question of determining derivatives raises some problems 

from the chromatographic point of view. Many chromatographic systems 

are already tried and tested procedures. The chromatography of 

their derivatives might very well be more or less successful. The 
addition of reagent to the .eluant is not a practice that should be 

considered unless no other method is available, as the reagent will 

almost certainly modify the support and alter the chromatography. 

In the long run, some better chromatographic systems might emerge 

but many more will be far worse. This is particularly so when 

considering the question of adding supporting electrolyte to the 

eluent. Such common electrolytes as tetrabutylammonium Perchlorate, 

hexafluorophosphate etc. are necessary for L.O. monitoring in non—

aqueous eluents. Their effect on the chromatography would be expected 

to be significant at the required concentrations of say 0.1M. 

The obvious way of solving this problem is to add the 

reagent after the chromatographic separation and just prior to 

detection. In turn, this can haVe adverse effects on the separation 
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(a)  

---> To detector 

Reagent 

Eluent 

(b)  
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Porous teflon 
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Eluent 

(c)  

4— Reagent • 

Porous Teflon 
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Glass beads 

To detector 

FIGURE 64 Three ways of adding reagent to chromatographic 

eluents. (a) SmplE T--piece, (b) Porous 

teflon mixer. 	(c) Glass bead mixer. 
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by increasing the dead volume of the extra-column fittings. Obviously 

such methods would be avoided if possible,but when needed the following 

techniques and equipment keep the dead volume to aceptible minimum. 

Figure 64-shows three ways of adding the reagent after 

the column,lbe T-piece was constructed out of nylon rod (1" diameter) 

and had an effective dead volume of 1-2A1. In conjunction with 

the low dead volume W.J.E.D. this was reasonably acceptable. Unfort-

unately the reagent, added from the side, did not mix very well, 

leading to very poor reproducibility. This was overcome by increasing 

the bore of the T-piece as shown (Figure 64b,c) and packing it with 

porous teflon and glass beads. These caused efficient mixing of 

the eluent and reagent as shown in Figure 65. The column can either 

be screwed directly into the T-piece or via a low dead volume connec-

tion as shown. 

-1:2 (volts) 

ecitral 

ci tral semi carbazone 
1/tA 

Figure 65 d.c. voltammograms for Citral (10-4M) and Citral semi- 

carbazone in acetate buffer (pH=4.6), flow rate = 1m1. 

per minute. 
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The voltammograms were obtained by pumping a Citral solution 

(104M) through the detector. With the reagent inlet blanked off, 

no response was achieved for the reduction of Citral over the potential 

range —0.5 to —1.5 volts (vs Av/Ag). . When a solution of semicarbazide 

hydrochloride was pumped in through the reagent inlet, a voltammetric 

response for the reduction of the semicarbazone was obtained. Such 

behaviour has proved typical of carbonyl compounds at glassy carbon 

electrodes. No reduction waves were observed for Citral, isophorone 

mesityl oxide, diacetone alcohol, acetyl acetone and the steroids 

estrone and chlormadizone, all of which, except diacetone alcohol 

and acetyl acetone are readily reduced at a dropping mercury electrode(15). 

The polarographic behaviour of mesityl oxide has been dealt with 

in chapter 2.1. Examples of the polarographic behaviour of citral 

and isophorone are given in Figures 66 and 67 respectively. The 

most probable explanation of this phenomenon is chemisorbtion of 

the carbonyl bond to the glassy carbon surface. Reduction.of the 

citral semicarbazone at the glassy carbon electrode collaborates 

this explanation as the formation of the semicarbazone destroys the 

carbonyl bond (Figure 68) and the resulting imine is not chemisorbed 

and remains available for reduction. 
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-0.8 	-1.0 	-1.2 	-1.4 	-1.6 

E (volts) vs. S.C.E. 

Figure 6 6: pH dependence of the polarography of CITRAL (2 x 10-411) at pH = (a) 1.23, (b) 2.27, 

(c) 4.6, (d) 7.8, (e) 9.4, (f) 10.1 and (g) 13.1 
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Figure 67: pH dependence of the polarography of ISOPHORONE (2 x 1044 at pH = (a) 1.23, (b) 2.27, 

(c) 4.6, (d) 7.8, (e) 9.4 and (f) 13.1. 
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C=0 Hz • N NHCONH2 	 C=N—NHCONH2  

carbonyl semicarbazide 	semicarbazone 

e.g. 

CHO 

 

CH=N-41HCONH2  

  

  

  

   

citral 	 citral semicarbazone 

Figure 68  Conversion of a carbonyl grouping to an imine grouping 

by reaction with semicarbazide hydrochloride. 

Theoretically, all carbonyl compounds should form semi-

carbazone derivatives and should therefore be capable of being 

detected from a chromatographic column using the W.J.E.D. 

But, for the reagent addition to be effective, immediate 

reaction must take place. Benzaldehyde and mesityl oxide (Figure 69) 

citral and isophorone (Figure 70), diacetone alcohol and acetyl acetone 

(Figure 71) all form semicarbazone derivatives which can be reduced 

at a d.m.e. and glassy carbon electrode. This is important because 

diacetone alcohol and acetyl acetone would not be detected otherwise. 

Unfortunately, the seadcarbazone formation is slow and only a very 

small response is obtained from the W.J.E.D. 
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If acetate buffer is pumped through the detector, via a 

chromatographic column (1 ml. per minute), no response is obtained 

for injections of citral (The detector being set at —1.4 volts). 

When semicarbazide hydrochloride solution (10 314) is pumped through 

the reagent inlet (1 ml. per minute), the detector monitors successfully, 

the elution of citral (Figure 72). 

citral semicarbazone 

Ini 

citral 

0 	1 	2 	3 	4 	5 	• 6 (mins) 

Figure 72 Detection of citral as the semicarbazone after reagent 

addition to the chromatographic eluent. 

This lack of response for carbonyl compounds is not restricted 

to d.c. volta-metry at the glassy carbon electrode, a.c. techniques 

are affected similarly. The a.c. voltammetry of mesityl oxide at 

the W.J.E.D. gave no response for mesityl oxide. 

When chromatography is performed in non aqueous solvents 

the reagent inlet works equally satisfactorily fOr the introduction 

of supporting electrolyte. Tetrabutyl ammonium perchlorate (T.B.A.P.) 

was successfully added to methylene chloride, chloroformlpropylene 



-158- 

carbonate, acetonitrile and dimethyl sulphoxide and alcohol, all 

of which are potential chromatographic solvents. 

Hydrocarbon solvents remain as the stumbling block for 

electrochemical detection. Hexane/acetonitrile (9:1) plus glacial 

acetic acid (0.1M) was non-conducting as the acetic acid was non-

ionised under these conditions. Addition of T.B.A.P. to Hexane/aceto-

nitrile mixtures was also a failure as the T.B.A.P. preferentially 

saturated the acetonitrile, which then separated out as an immiscible 

liquid. The only way to get substantial quantities of T.B.A.P. into 

solution with hexane was to add up to 500/0 of benzonitrile or nitro-

benzene. No chromatographic experiments were tried with the latter 

two. It is conceivable that if a non-saturated solution of hexane/ 

acetonitrile T.B.A.P. is used in conjunction with a pulse as 

monitoring technique, that a response will be obtained as the pulse 

method requires only a very dilute solution of supporting electrolyte. 

No experiments along this line have been tried, but it could be 

worthwhile. This is another point in favour of the pulse technique 

for monitoring L.C. columns. 

4.2. Detection of steroids  

The chromatography of steroids is an important field of 

H.P.L.C. (55,259). Steroids are becoming increasingly used in the 

pharmaceutical field. Because of their potency, only very small 

qunatities are used which necessitates sensitive detection 

procedures. Many have quite low U.V. extinctions coefficients which 

means that a successful detection by the W.J.E.D. is a valuable asset 

to the armoury of the liquid chromatographer. As has been mentioned 

before, keto steroids (e.g. chlormadizone X) are not detected at the 
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glassy carbon electrode unless a derivative is formed. Fortunately, 

many steroids such as estrone (XI) contain hydroxyl groups which are 

readily oxidised. 

CH3 

`CEO 

 

0 

 

HO 

	

X Chlormadizone 
	

XI Estrone 

	

(E,-^-300-500) 
	

(E, low) 

A direc-c, comparison of U.V.&wall jet electrode detectors 

(Figure 73) was made for the separation of estrone and chlormadizone 

on a Permaphose 0.D.S. column (1- metre) using an eluent of methanol/ 

water (25:75) plus KC1 (0.1M) as supporting electrolyte. A flow 

of 1 ml. per minute was used under a pressure of 700 p.s.i.. The 

column eluent was led directly to a Cecil U.V. monitor set at 285 nm 

and 0.1 absorbance units (F.S.D.). The eluant from the U.V. detector 

was led directly to the W.J.E.D. and monitored at +0.8 volts. The 

comparison shows no loss in resolution due to the electrochemical 

detector although only the one component (XI) is monitored. Both 

could be monitored reductively as the semicarbazone or Girard deri-

vatives. However, the oxidative detection method is to be recommended 

where possible as there is no need to deoxygenate the eluent. 

Figure 73 (ii) shows comparative traces for estrone at 
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Estrone-4 

Estrone 

Chlormadizone-0 

I 	I  
(mins) 15 10 5 

  

t 	 
10 5 

 

   

 

0 

 

uv detection at 285nm 	W.J.E.D. at +0.8 volts 

   

   

-\A/V 

 

AAt 

 

(mins) 5 0 5 0 

Figure 73  Comparison of U.V. 'and electrochemical detection 

(i) Mixture of chlormadizone and estrone, (ii) i)etection 

limits for Estrone. 
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the limits of detection for each method. U.V. detection is limited 

by a low frequency noise. Since that trace was made, the electronic 

noise was greatly reduced as a faulty earth connection and incorrect 

adjustment of the W.J.E.D. parameters had not been diagnosed. 

Comparative detection limits for these detectors are given in Table 17. 

Table 17 

Detection limits for Estrone  

Detector Detection Limit 

U.V. at 285 nm 

W.J.E.D. 	at- 4-0.8v. 

10 ng. 

0.2 ng. 

* Detection limit of twice the 
used. Again, this is in favour 
it is easier to measure a small 
frequency noise than on the low 
the U.V. detector. 

noise level was 
of the W.J.E.D., as 
peak on top of high 
frequency noise of 

4.3. Detection of Amino Acids  

Amino acid analysis is of great importance diagnostically 

and is performed by ion exchange chromatography followed by visible 

spectrophotometric determination of the ninhydrin complex. This 

requires reagent addition after the chromatography. Recently, fluori-

metric methods have been attempted to determine the amino acids in 

the eluent directly. Now it is to be expected that amino acids are 

capable of anodic oxidation. In fact, a recent paper shows such a 

separation, followed by direct detection with a coulometric detector 

(256). We have made another direct comparison with U.V. detection 

methods (Figure 74) that shows the vast superiority of the W.J.E.D. 

over the U.V. detector for this determination. 
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W.J.E.D. 

U.V. 
C1 (from hydrochloride ) 

(mins) <' 	  
20 15 10 5 0 

Figure 74 Chromatography of amino acids — Arginine (1 mg/ml). 

Direct comparison of U.V. with W.J.E.D. 

Column; 	2 metre SOX 
Eluant; 	Me0H/Borate buffer (0.1M) (1:9) 
Potential of W.J.E.D. ; +0.8 volts 
U.V. set at 223 nm. 

4.4. Detection of isoouinoline type compounds  

. Corypalline (IX), isocorypalline, tyramine (XIII) and 

7—hydroxytetrahydroisoquinoline (XIV) samples ,(obtained from Professor 

J. Stock) were dissolved in borate (0.111) buffer End subjected to 
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anion exchange chromatography using the buffer as eluent. The W.J.7].D. 

we's used in the pulse polarographic mode (PAR 174) and set at a 

fixed potential of +0.8 volts. These compounds were ideally suited 

to this form of detection and gave the lowest detection limits to 

date (Table 18) 

Table 18  

Detection limits of isoquinoline type comoounds  

Compound Detection limit (p.g.) 

Corypalline 20 

IsoCorypalline 20 

Tyramine 50 

7-11Ydroxytetrahydro— 
isoquinoline 

200 

With care, these detection limits could be lowered by at least 

1 order of magnitude, probably more and indicates the tremendous 

potential of the W.J.E.D. for monitoring L.C. columns. 
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