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INTRODUCTION. REV1B* OF LITERATURE AND T ^ I S 

O B J E C T I V E S - " " ' 
< * * 

*• GENERAL INTRODUCTION ^ 

Since its.introduction, in 1952, as a method of 
1 

separation by James and Martin, gas chromatography has 

grown into an analytical t echnique whose development and 

applicability have been unmatched. From a simple separ-

ation technique it has become a powerful analytical tool 

which surpasses most'other techniques.in terms of reso-

lution, and compares favourably in terms of sensitivity* 

Today gas chromatography as an'analytical method 

includes separation, identification, and quantitative 

determination. In recent years it has often served as 

the method of choice in any field where analysis of a wide 

variety of organic or volatile inorganic compounds is re

quired. It finds application in such diverse fields as 

organic chemistry, environmental studies, geochemistry, 

clinical analysis, petroleum and pharmaceutical industry, 

to name just a few. 

The tremendous popularity of gas chromatography is 

a result in part of the rapid and continuous development 
2-5 

of columns, detectors, and other instrumental hardware. 

Columns capable of separating several hundred different 

components of complex mixtures, such as petroleum and 

biological fluids, have been developed} however,"without 

suitable means of detection, even the finest column reso-

lution would be useless* Although classical spectroscopic 

techniques such as UV, IR, fluorescence and flame emission 

« 
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have b»en employed for qualitative and quantitative 
7-10 

determination of chromatographic effluents, the 

union of gas chromatography and these techniques has 

proven to be quite cumbersome. This problem was soon 

realized by scientists involved in gas chromatography, 

and the period since the late fifties has seen the devel

opment and Introduction of detection systems compatible 

with gas chromatography* 

A gas chromatographic detector is essentially a 

transducer which generates an electrical (or in some * 
10a 

special cases biological ) signal which is indicative 

of the amount of analyte(s) present in the carrier gas. 

; Desired features of a gas chromatographic 

detector are full compatibility with the gas chromatogra

phic system, high sensitivity, wide linearity, short • 
11 response time, and in certain eases high selectivity. 

Compatibility with the gas chromatographic system 

Implies that the detector should be insensitive to the 

flow ̂  carrier gas and should have a small dead volume* 

Sensitivity as expressed in terms of minimum 

detectable amount refers to the amount of analyte which 

gives a detector signal equal to twice the noise level* 

Linear range of a detector is the range over which 

it exhibits a constant response for the unit amount of 

sample* 

Response time is the time required by the detector 

to give a certain portion (usually 63$) of the final response. 

c 
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3 
Response of a detector is considered selective 

if its response (relative molar response or response per 

unit mass) to a particular class of compound is signifi-
12 ; , 

cantly different from its response to others* ' /-j. 

Over 30 detectors have been developed for 

analyzing the column effluents since the Introduction of 
l ^ - l i * gas chromatography* J * Of these only six are commonly 

used: thermal conductivity (TCD), flame ionization (FID), flame 

photometric (FPD), thermionic (TID), electrolytic conduc

tivity (ED), and electron capture detector (ECD)* Even 

though rugged universal detectors like the thermal conduc

tivity (TCD) and flame ionization detector (FID) are most 

commonly used in routine analysis, use of others has been 
) 

on the increase partly due to the complexity of the mix

tures currently analyzed and partly djue to the much higher 

response of the selective detectors for certain classes of 

compounds, especially the ones containing CI, Br, I, P, S 
15 

and N. ? , 

The present study deals with certain operational f 

and mechanistic aspects of one of these selective detec

tors, namely the electron capture detector (ECD)* Because 

of its marked sensitivity toward certain compounds the use 

of the ECD is widespread. It finds application in residue 

analysis of agricultural chemicals, drugs, certain bio-

chemicals, microbial metabolites, and organometallic com-
16-26 

pounds. Numerous environmental controversies relating 
to DDT, the PCBs, the freons and the chlorination of water 



have arisen primarily due to the marked sensitivity of 
' 27-31 

Despite its widespread use, and, extensive mech

anistic studies by different groups, the BCD has barely 

changed in its basic configuration since it was first 
op 

described by Lovelock.J It is essentially a simple ion 

chamber with, two electrodes and an internal ionization 

source (see schematic of a commercial BCD on page >+9 )• 

In its basic form the ECD resembles other members of the 

family of ionization detectors using nuclear radiation as 

the source, of ionizing species, which includes the ioniza

tion cross section detector, electron mobility detector, 

argon ionization detector, and helium ionization detector* 5 

Various detector configurations have been inves

tigated, starting with the coaxial design which evolved 
36-39 

from the argon ionization detector*-* J* Other common 

configurations include the parallel plate (with two flat 

electrodes of equal size), the concentric tube (with 

cylindrical electrodes), and the pin-cup design (with a 
1*0—1*1* 

cylindrical and a point electrode). 

Except for one, all commercially available ECDs 

employ radioactive isotopes as ionization sources, the 

exception being the one manufactured by Beckman Instru

ments, Inc., Fullerton, California, which produces primary 
1*5 rs 

electrons by rare gas discharge. ' Generally, aJj emitter 

is used as the source of primary particles, because the 

V 
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v / 

ion current obtained is higher than that fromT, and 
1*6-1*8 

less noisy than the one obtained with (X radiation. 

Usually a metal impregnated with a radioactive isotope is 

either attached to, or Itself serves as, the cathode* 

Titanium tritide, scandium tritlde, and gold foil 

plated with " % i are the most commonly used sources of' 

primary electrons? various other isotopes such as ?Kr, 

9°Sr, 9Te, llf?Pm, and ̂ A m have also been tried. The 

choice between % and °^Ni is usually determined by 
3 3 temperature requirement and cost. H-Ti and H-Sc, 

though better sources because of .weaker (17.6-18.9 Kev 

compared to 67 Kev for - m ) but denser radiation, can 
50 

be used safely up to 225° and 300° respectively, while 
3Ni-Au can be safely used to 1*00°.3 lif7Pm-Au foils 'have 

been reported to be as stable as 6^Ni-Au foils with com

parable performance at a lower cost." 

B. MECHANISM OF RESPONSE 

The particles emitted by the radioactive source 

in the detector produce secondary electrons by collisional 

ionization of the carrier gas molecules. Commonly used 

carrier gases are N 2 and Ar-CH^ (95#*5# respectively). ) 

Ng * > N * ** e" + energy _________..._______. 1 

<Ar __!__> A* + e*" • energy . 3 

Ar° + e" applied ^* . • l* 
potential: .--—----—------—--. 
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Ar* + Cfî  ^ Ar° + e" • CB̂ *" + energy , 5 

P+ + *" *» neutrals ... 

P represents' cations produced by collisional 

ionization (Eq. 1 and 3) and subsequent reactions j 

(Eq.s 2 and 5). With N„ as the carrier gas the predominant 

species are believed to be N^*, N^*, and with Ar«Cft, Ar+, 

ArH+, ArCH**, ArCH^, ArCH^, ArCH.+, etc. Due tJ the 

presence of impurities in the carreer gas H+, H*jtli>0)_. 
+ + ' 52,53 

NO , NH^ , 02", etc* are also often present. 

The ionization due to Q radiation is confined to 

2 m from a 3 H aource; for « M th9j3 ionization region . 

extends to-6-8 mm from the foil at ambient pressure (5^—56)• 

These figures, however, are not universally accepted*^ 

N2 and Ar with 5% CH^ are used as carrier gases. 

Pure argon readily gives meta'stables (with relatively long 

life times - of the order of 10"6 s),^ which<leads to un- ' 

desirable ionization of solute molecules5 ; therefore, 

small amounts of CH^ are add̂ d, as a quench gas* Methane 

also helps to lower the energy of secondary electrons to 

thermal levels;5^60 

Rapid lowering of energy of the secondary electrons 

is necessary to enhance the electron capture process. It 

has been reported that the "thermalization11 of the secondary 

electrons produced by ionization of monoatomic or diatomic 

gases occurs in fractions of a microsecond in the presence, 



61 

of n-hexane, whereas in the absence of a quench gsfc* i t 

can take up to 50 ms. 
r 

f When a" constant (DC) or intermittent (pulsed) 

potential is applied to the polarizing electrode, a back

ground current (commonly "referred to as the 'standing 

current" in EG literature), is obtained by collection qf 

the thermal electrons* 

When an electron capturing species AB.enters the 

-detector cell, the following reactions may occurs 
AB + e~ _ ^ AB" + energy ________________ 7" 
AB + e~ — ^ A* + B" + energy ___. 8 

AB -We" ^ A" -f B* + energy 9 

AB" + P+ _ ^ neutrals f energy _______ 10 

B* + P+ ^ neutrals + energy _______ 11 

The /solute molecule may absorb electrons (absorption, 

capture, and\ttachment are used interchangeably in the 

literature and likewise in this dissertation $ furthermore, 

the term electron capture in this text has no relation to 

the same term used in the nuclear chemistry) to form a 

radical anion (Bq, 7) or a radical and a negative ion (Bq. 8), 

The energy evolved in the first (nondissociative) reaction is 

thought to arise from the electron affinity of 'the molecule 

and is either liberated as radiation or shared with other 

molecules in collisions* In dissociative capture (Bq* 8), 

the absorption of a thermal electron leads to formation of a 

•> 
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radical and an anion. The net result in either case is. 

substitution of an electron by a negative ioa of greater 

mass* The detector signal is generated by a net decrease 

in the standing current, which occurs because of the much 

greater recombination rate of negative Ion with positive 

ions. Recombination of ions occurs 10.3-10 times faster 

62 
than the recombination of free electrons and positive ions* 

The kinetics of electron capture reactions have been 

studied extensively in pulsed mode by Wentworth and co-
51* 60 63-65 "* 

workers. * » - > • ' Using steady state approximation and 

assuming that, with Ar-lOjf methane and constant pulsed 

conditions (with a long pulse interval), the electron energy 

is close to thermal, Wentworth and coworkers have advanced 

four mechanisms for electron attachment processes, which 
63 

occur principally in the field-free period* ^ 

Mechanism I 

¥ Mechanism II 

Mechanism III 

Mechanism IV 

Meclanism I depicts a pure, nondissociative electron 

capture resulting in the formation of a radical anion. In 

such a case the total change in the internal energy is equal 

to the electron affinity of the solute molecule* Aromatic . 

hydrocarbons and carbonyl compounds were reported to follow 

this mechanism* 

e" + AB 

e" + AB 

e~ + AB 

^ AB* 

— > A * 

~~S»AB-

* 

+ B* 

-=» A* + B" 

-» A" •* B# 

1 

E 7 f i l 
a 

E = flE a 
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Aliphatic halides (except fluorides) were 

reported to follow Mechanism II, whereas aromatic chlor

ides, bromides, and iodides follow Mechanism III* Mech

anisms III and IV assume the formation of an Intermediate 

radical ion whereas Mechanism II leads straight to the 

dissociation of the parent molecule* • It was reported that 
j 

II anduIII can be differentiated on the basis of the ob-

served activation energy and overall change in internal 

energy (bond dissociation energy minus electron affinity 

of the radical forming negative ion). The activation 

energy for III was reported to be lower than that for II* 

Differentiation between III and IV is based on 

activation energy (Ea) and the overall change in energy 

(flE)* In III, E a > flE whereas in IV, E M = AB. Acetic a a 
anhydride,benzyl acetate and ethyl acetate were reported 

60 
to give acetate ion according to Mechanism IV* These 

mechanisms are based only on variations in response with 

changes in detector temperature and may not necessarily 
a 

describe the exact kinetics of the electron capture process 

plus ensuing reactions* 

In nondissociative reactions the cross-section for 

electron capture decreases with the increase in electron 

energy, which leads to a decrease in response with an in

crease in temperature* In dissociative capture reactions 
* 

the energy required for dissociation of the molecule is 

greater than that released in its formation (an endothermic 

process)j thus the probability of electron attachment (and 
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10 

in turn response) increases with an increase in temperature* 

C. MOLECULAR STRUCTURETAND RESPONSE 

For certain classes of compounds the ECD is by far 

the most sensitive detector available today. Considerable 

effort has been directed toward developing a general, 

empirical relationship between the structure of a given 

molecule and the magnitude of its response* Some of the 

rules developed so far are as follows. 

In. the case of halogen-containing compounds, re

sponse (commonly referred to in terms of the electron 

capture coefficient) is inversely proportional to the 

. electronegativity and bond energy. Response decreases 

for the series I> Br > CI > F (66)*- According to Lovelock 

and Gregory, the degree of electron attachment of an elec-

trophore is independent of the nature of the hydrocarbon 

moiety; however, specific hydrocarbon and other structures 

adjacent to an electrophore may change the attachment co

efficient. The absorption due to a halogen substituent is 

low when the latter is adjacent* to an ethylenic double bond 

or to a benzene ring; by contrast this absorption is high 

when, halogen is in an allylic or benzyllc position and its 

Increase exceeds direct proportionality to the number of 

halogens* 

The relative contribution of chloro, nitro, and 

amino substituents on aromatic rings and the influence of 
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w0 

the position of these substituents on the response of 
6R Its 

an ECD have been studied by Zielinski and Fishbein* mf 

h 

According to these authors the response increases^with 

increase in number of chlorine atoms. Response of dich-

lorobenzenes increases in the order p < o <. m* Zielinski 

et al* have also-fried to correlate structure and response 

of various pesticides by assigning response factors to 

different structural components of the molecules* 

Zitko and coworkers have studied the ECD response 
» 71 

of various chlorinated biphenyls. According to these 

authors the response increases with increase in chlorine 

atom number* Response of decachlorobiphenyl was found to 

be 500 times that of i*-chloro biphenyl* It was observed 

that most of the increase occurred from mono to trlchloro 

biphenyl, and an increase by a factor of only 2-3 per chlorine 

om was reported from tetra to decachloro biphenyl* 

In case of organophosphate pesticides with phosphate 

and thiophosphate groups the response changes in the follow-
72 

ing order* 

J 
P-S>P-S> P-0> P-0 

/ 

Dawson has observed that the response of alkyl 

lead is affected by the chain length and the number of 

hydrocarbon chains* Tetraethyl lead gives a response that 

is ten times higher than the response of dimethyl diethyl 
lead.73 
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Correlation between electron capture response 

and structure for divalent sulphur compounds has been re

ported by Satouchi and Kojima.' The electron affinities 

of dlsulphides with allyl and phenyl groups were found to 

be higher than those of aklyl dlsulphides; trisulphides' 

gave values similar to the allyl and phenyl dlsulphides* 

Phenyl dlsulphides and trisulphides showed nondissociative 

capture while nondissociative and dissociative capture was 

observed at low and high temperatures for allyl dlsulphides* 

In order to take advantage of the remarkable sensi

tivity of the BCD, derlvatization techniques have been 

developed for compounds which normally do not respond in 

the ECD. This has opened a new area for study of extremely r 

e: 

important compounds present in minute traces in biological 
fluids* A detailed review of the subject has been presented 

by Cummins*^ Common practice has been to synthesize per-

fluoro alkyl derivatives to obtain greater sensitivity and 

volatility; however, Landowne and Lipsky have suggested 

that in the ca4e of haloacetate the sensitivity was due to 
76 

the car-benyl group*r This observation was supported in 
77 their detailed study by Martin and Rowland* 

A theoretical limit for the electron capture rate 

constant has been developed on the basis of collision-

limited electron interaction. This limit was approached 

within a factor of two by some strongly electron-capturing 
78 

compounds* ' 

^ 


