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I_ INTRODLICI-10X _4ND DEFINITIONS 

In an earlier review*, electron capture detection (ECD) was briefl,v discussed 
as one of many selective detectors available for gas chromato~r~tpf~~_ The purpose 
of this review is to present an expanded and more detailed discussion on ECD. The 
electron attachment phenomenon is csamined as a series of discrete events as it is 
presently understoodz and is folfaved by ;L discussion of the total system with em- 
phasis on operating parameters and their elects on overall ECD performance. 

In ordt;r to facilitate the comparison of various ECD dcsiyis and their pcr- 
formance characteristics, brief definitions are given which xc intended to be primttrify 
descriptive rather than quantittitiue_ The delinitions are fxtsed 011 guidelines set by 
the ASTM E-19 Committee on Cf~romttto~r~~ph~~_ 

The development of the ECD stems from studies utifizin g argon ionization 
detectors \vhose principles were estabfisheti by Jesse and Sadauskis”_ They recognized 
that ionization increased in irradiated sases in the presence of trace amounts of 
organic mofecufcs. The detection based upon electron afinity, 0fsoIutes in an efllumt 

stream of gas_ wts first reported by Lovelock*-” in 19X Sfiortf~ tficrcafter, it uxs 

t-ound that varying the applied electrode potential in ~111 ionization chamber affo~wd 
the analyst to differentiate molecular species because 01~ the dissimilarities in free 
cfectron att;v.zhnwnt’~-7. The attrtchmrnt nftf~crmaf electrons by mnfecufes \vas referred 
to as “electron capture”l which is not to be conI-used \vitfi ii capture_ an electron 
capture process in nuclear reactions”. 

Altfwu~f~ ;t detector sensrx the varitltion in the amount 01~ sample pa:‘sing 
through it_ _it can be further classified by its response mechanism ;I?; cancentration 
dependent, mass flolv-rate dependent_ or by a mixed limction’-“_ The concentratiwl 
detector produces ;t signrtf that is proportional to the amount ofwlutc per unit volume 
of carrier sas passing tfn-ou$ the retlction cell_ A mxs flo\v-rate detector gives ;L 
signal that is proportional to the amount ofsolutc passin, n tfirough it in unit time but 
is independent of tflc ~ofume or carrier sas required for efutian. A comprefxnsivc 
review on the differencry between concentr;kon and mass f&v-rate dependent de- 
tectors IUS been given by Hal&z”_ 

Detectors can be cfrtssitied as either --universal” or “specitic”. A univcrs:lf de- 
tector responds to most of the solutes passin g through it. \vhilc ;t spccitic detector 
(also termed sefectise detector) rshibits a ~ ‘veater response tbr a particular group of 
substances with a minimum response to otflers3-tL’_ 

C- Detection iimit 

The detection limit is defined as the smallest amount or sofutc required to 
produce a signal that is twice the noise level. The units arc normally given as C!sec-g 
of solute. Although :L gas chromatographic (GC) peak ofsuch small amplitude is not 
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considered to be n reliable response f-or good quantitative accuracy, it does represent 
:I reasonable criterion for detector comparison. 

The efliciency of the detector as a transducer for converting the sample charac- 
teristic into a measurable electrical signal is normally defined as sensitivity”‘. For a 
concentration-dependent detector_ the sensitivity is expressed as t!le ratio of peak 
area times ffo\v-rate to the mass of- the solute. The sensitivity of mass ftow-rate ds- 
pendent detectors is presented as a proportionality betxveen peak area and solute 
weight_ 

The random_ l‘nst_ peak-to-peak signal tluctuation is called detector noise. 
Signal noise is quantitated by averagin g the peak-to-peak amplitude and is espressrd 
in electrical units (C~scc~). Thus_ from the detector noise level, the minimum detectable 
amount of salute can he calculated as \vell as the lo\vcr limit of the linear dynamic 
rsnge_ 

Linearity is the range ~~f‘samplc ~iiiiss or concentration over \vhich the detector 
responds in proportional increments \vithin a certain arbitrary deviation. The peak 
art‘:~ or height is plotted ag:linst :L \vide r:m~e of- solute concentr:ltians (or m:& and 
the curve for the best tit of the data is~~ussd to demonstrate linearity. 

There are obviously t\vo limits*to the linearit_\- curve: the lo\vcr concentr;ltion 
limit is set by the limit of detection_ and the upper limit is defined by an arbitrary 
percentage deviation from the linearit: curve. normally about 5 ‘.‘:;_ Thus. the practical 
meaning of the linearity of a detector is that it provides the analyst with a II~~IIS d 

determining the concentrations for \vhich he can he confident of a constant detector 
calibration tiictor. Even in those instances \vliere a detector has ii small range of 
linearity, the anttlyst can have a high qu:intitativc reli:tbility it‘ suitable precautions 
are taken_ 

The response time is drtinr?d :LS the time required for the detector output signal 
t0 rcrlch about 63 1’:; ofthe nt3v CquiIibriunl v9lut2 ~~licn the composition ofgl-tls aitcring 
the detector is changed in xi incremental manner. 

The constant output signal generated hv the ionization processes in the de- 
tector \vhen it is operatin g \vith no solute passing through it is termed standing current 
(or sometimes dark current). This output signal is an extremely important diagnostic 
aid in rccognizing malt-unctions in the ECD and the overall GC system. 
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. 

With one exception. commercially a~ailablc ECDs cmpIoy rtldiosctivc isotopes 
;1s ;t means for ultimzttely gcncrztting thermal electrons. The esception (Beckman) 
produces electrons by mcims of ;I rwe gs discharge and intern&on \vith the solute 
w.tpor occurs in it remote ionizrttion chamber. The potentinl zidvantaSes of this system 
:ue that it can be opemted :tt higher tempertttures than most conventional detectors. 
and therefore it should not be so susceptible to contamination. 

Primiti\-e ECDs were gcncrnlI_v cowertcd argon ionization detectors operating 
rit low applied potentials - I 3-~i-*1 Such detectors hrtve coasial geometry with the :tnode _ 
located along the asis of the cell and surrounded by in cylindrical cathode to which is 
attxhed the radioactive source (Fis. I)_ Detectors of this t_vpe m-c supplied by somt 

mtmutkturers_ but others no\\- 
cxeometrv (Figs. 2 zund 3). In the = 

nianutkture cells \viLh plant2 parallel or concentric 
plane parallel coniigu-ation. the anode and cathode 

xe arrrtnged parrtllel to one ~tnothcr ;tt the end of an elcctricall_v insulated chamhcr. 
In the concentric cylinder ECD” (.Fig. 3). the cathode houses the radioactive foil. 
but the anode is removed and isoltlted by ;t Kouar gktss union. This design presumably 
is intended to optimize the current conducted through the detector in the d-c_ vo1tng-t‘ 
mode’“. -The pin-cup detector represents :I fourth geomclric desig (Fig_ 4)“s-1-*_ 

~~~Diffu~~~ze 
exit + __ .:-- 

. . . I. 

: 
4-- infet 

Cathode-) -Anode 

R;ofaaciive - 

%=‘TFE 
!l-LSUlt3tOr 

Fig_ 2. Plant par~llrf ECD. 
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RADIOACTLVE 

INSULATOR 

UNION 

These detectors function satisfactorily if due attention is paid to the peculiari- 
ties of each. and cafe is taken to optimize the operating parameters. A comparison 
between these geometrical types has been reported, but the; are diffkult to evaluate 
because ;I large number ofesperimental variables affect their overall perfbrmaiice*~~*‘~_ 

The plane parallel detector has a larger dead volume tlxw‘the coxial or con- 
centric cylinder type for equivalent specific activity foils_ and therefore it is often 
necessary to add a purge (scxvenger) gas at the csit of the column so that the scpa- 
rxtion etticicncy is not lost_ If the time constant for cell purzing is too long. the cell 
ma?; behave as an exponential dilution fiask. and peaks will eshibit 
edge (tailing_)_ 

_ 
ii large trailing 

As pointed out nbove. ECDs, with the exception of one type. 
active source for providitl g their primarv rndiation. 

When a radiation particle traverses a chamber containing a 

utilize :i mdio- 

_ . _ 
gas. 101112i1I101l 

will occur during collisions along its path. Approsimatrly 36 eV are espended il; 
foriiiin~r 3 a nitrogen ion pair. while ZS rV are consumed in ;tr~ol1-nlethaI?e~‘. Pertur- 
bation in ion currents gmxttlly depends upon the number of primary particles gener- 
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ELECTRON ENERGY (eV1 

Fig_ 5. ion pair gemration rate Tar nitrogen. 

Thr current produced in ~111 ionization detector tLrises from secondary clcctrorl 
production through inelastic and elastic collisions betwxn prinmr>- clcctrons_ e.g._ 
f;- part i&s_ and molecules of nitrogen or atoms of argon or heiium carrier gasl!‘_ 
-rI *- itwz reactians ;Lrtz as f~~llows I 

Radtoacttve 
So”FCe 9 

N; + N .?_ - N-4 (2) 

or 

+ A+ -_ m’ c e- + es + energy 

AP + e- 
App!led 
potent*al 

ti* 111.6 evl 

A? t CH, - At-* + e- + CH4 f energy (2 
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Beta-particles released from a “H source have a nwsimm energy distribution 
between 17.6 and IS-9 keV. while those from “‘$Ni are about 67 keV (refs. 17 and 19). 
The $- particles lose their energy durin g collision with argon and also possibly with 
it quench gas until their energ’ is less than that necessary for the formation of ion 
pairs. 

It is also assumed that the rate of production of thermal electrons is constant 
and is not enhanced or diminished by the presence of :L capturing specieP_ The ion- 
izittion zone (between r;- and argon) is thought to be localized in a concentric region 
1-2 mm from the “H source at atmospheric pressure in coaxial detectors2”. in the 
parallel plate detector, the electrons form a disk-shaped space, which also estemls 
Z nm from the cathode surf:tce_ The zone probably reaches 6-Y mm for ‘“Ni I;- 
partic!eP. This important property JeternGncs the minimum electrode spacing in 
ECDs. 

Pure argon and helium are ilnsuittible for electmn attachment to solute mole- 
cuies because they are readily converted into metastable forms which \vould produce 
undesirable ionisation of ;t solute molecule durin? its entrance into the detector 
cell*1-*_ However. if argon containing a quench gas is employed, then the f-i;- particles 
through collision \vith carrier gzas produce ener_retic electrons \vhich at-e thern~alized 
(‘cooled) during collision with the quench y~~“-~~_ The decay of myon nwtttstables 
(cqn. 5) via the quench gas is also Exilitated. Thus, a stcadv state heweexx production 
and recombination of ions is reached_ yieldins :t constant pl:tsnlit lcvcl. Positive ions 
\vhich are also produced in the presence of argon and :I quench gas (e-g__ mstl~snc) 
arc CH ,I. CH,,--_ CH,-_ &CH,-_ etc_‘:x_ 

For most inert sases, the lifetime of a metastable atom is short ((a_ IO-?’ set) 
compared mith that of other ions_ Under constant irradiation, the excited atones m-e 
outnumbered bv ionic species. On tile other hand_ the metastttblc state of ;t rare s-tls 
has a long lifetime (CU. IO-” SW) so. in this case’. the concentration of m&sttlble 
atoms is near that of the ions”. The escited atoms of pure sises cl-entuully decay to 
the ground state \vith txnission of energy (eqn. 1). while in the case of mctrtstable T;II-t‘ 

atoms there mny be a transfer of their energy of escitation by collision \vith traces of 
solute vapor i Penning reaction)_ Also, the ionization potentials oftlie solute molecule 
arc less than the cscitation potential of the rare s 1s ;ltonls_ which is the fundamental 
basis for argon ionization detectors ‘i-11-*_ From the diffusion coeflicient for metastable 
argm (45 cnl’,‘sec)_ Biondi”” determined that durin g their lifetime thcv difliisc an 
average distance of apprc~sim;ttel; lo- I cni. Tllr nietastttble atoms ;ire therefore prob- 
ably locttlized in the region of their initial production”-2’“. 

A suitable pol~itornic gas for tlirrmtilizzition (coolins) of fast electrons is 
methane at 3 concentrxtion of 5-- 10 y’.,;. depexiiug on the energy of the I-;- parti& 
colliding \vith carrier gas :~ton~s~~‘. The addition of a qurnchin g gas serves a tam-fold 
function I one function is to reduce and maintain the electron energy tt :I constant 
tliernial !cve! and the other is 10 rcniovc argon metastubles ~1.5 fast as r&y are f0rmed 
13~ deactivating collisions2”. Durin% collision of a fast free electron with it polyatomic 
gus. il transfer of rnerv occurs \vith e.scit:ttion of !o\v-level vibriitional and rotationu! L‘- 
states of thr iv- &S_ Thus. a reduction in teniperature and deceleration of the fast elec- 
trons results. 

An estimation ol-thermalizstion times has been made by Warman Aid SaueP. 
Althou$~ ionization of a gas by high-energy radiation prcduces electrons (e*) \vir!l 
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a man kinetic energy greater than that of the neutral gas molecules, the excess energy 
decays by inelastic and elastic collisions until their kinetic energy distribution becomes 
M~tswzllian with a mean temperature equal to that of the gas. Warman and SaueP 
demorisked that thermalization of electrons occurred in fractions of a microsecond 
when Ir-hesane is used with monoatomic or diatomic gases: in the absence of a quench 
gas. the electrons were not completely thermalized even after 50 msec. Using methane, 
Wentworth et cd_“’ estimated that an electron with an energy of 10 LeV was cooled to 
IO?,< above thermal energies (Z-5- IO-’ eV) in 0.076 +ec_ Thus_ the addition of a 
polyatomic gas to the carrier ins undersoin, ‘~1 ionization increases the thermztlization 
rate of the electrons. As the energy of activation or electron affinity for a solute 
molecule may be O-4 eV_ it is apparent that the thermalization of electrons occurring 
from high-energy [;- particles (CU. IS keV) is necessary in order to allow or enhance 
the capturing process while minimizing solute ionization_ 

Under thermalized conditions. the detector cannot function either as an argwn 
ionization detector nor as an electron mobility detector because the eIectron energy 
and the cross-section for attachment cannot be altered by other vapors as it is too 
lo\v for further reduction in kinetic energy by the solute moleculeP_ 

The drift velocity of electrons has been estimated to be 6.0 cmj~~scc in argon- 
5’?{; methane and O-45 cmji?tsec in argorP’_ Little dilTercnces in electron vcIocitics have 
been observed between argon-5 ‘,>;, methane and arson- 10 :;:, mcthane2”_ 

<h j Elrt-rrm ~II~K~IIII~~ -Primtrr_l- cmrl set-nncktr~- rem-ricms 

When an “t’lectron capturing” solute enters the detector cell_ an abund~tnce 01 
low-energy free electrons are availttble and this plasma is an ideal environment for 
electron ttttachment_ The folIowins sequence of reactions have been proposed b> 
Wentworth ;lnd cO-\\.Orker3~“-‘:~-~~_ 

x-sl- 
_ _ A- .I- B- .__ It- 

_AB .- ._ p - -__ 

_._AB -;. K- 
(7) 
(Sl 

X-r:-- : 
-c- ABK. 

AB __. R- _-..zp _ AB -+ R- 
._. p 
p_- 

:-,- AR -_ B-- 
neutrais 

A13 -- AS 
-.- ABAB -r e- (II) 
-.- ABA + B- (13) 

--- ABB -+ A- (14) 

p- _ e ks. --- __ neutrals (15) 

K- ._. e- 
X-K 

____ _R (16) 

(17) 
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e-+AB k, -.-:- AB - + energy 
, 

AB- __’ CH, ->--r-m AB -+- c-- + CH, 

AB - -i- CH., 
Ii,’ -+ A- + B -- y CH., 

,-.- AB -k R- 

AW -f- P .- ~- 

: -‘_ A - -i_ B- _.;_ R’ 

_-:_ 
X-It 

ABR - 

AB mi- R- _-!’ _ AB ~7 R ~- 

--:- BP 
~-- 

‘._:_ B- ~; R- 

x-1:,. _ BR .I. L‘ 

k , :. _- _ ‘L\ - 

krt’ _ R-- 

(17) 

( 20) 

(7) 

(S) 

(9) 
(10) 
(1 1) 

(21) 

(22) 

(23) 

(‘1) 

(25) 

(29) 

(30) 

(31) 

(32) 

(33) 

AB == capturing salute n~olecukr 
AB- == neqtive ion: 

A - and B- = products ofdissoci:ttion; 
p+ = positive ions: Ar-. ArH-_ ArCH-. ArCH;-_ ArCH,-. ArCH.;. CH I-. 

CH:,;. etc.: 
R- = rdical: H - : CH,-, etc. 
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The solute molecuIe may attach an electron to form either a negative molecular 
ion (eqn. 6,) or a neutral radical and ;t negative ion (eqn. IS). In the first cxsc (non- 

dissociative), the energy of electron attachment is thought to arise from the electron 
affinity of the molecule and is subsequently either liberated as radiation or translated 
to other molecules during coIIisions_ In the dissociative capture reaction, the energy 
balance is mtCntained by the relative kinetic energ of the reactants before and after 
collision. the energy reirased by the formation of a ne&ve ion from a constituent 
atom or rrtdictll of the compound and the energy required or released during the 
dissociation of the moiecule”3_ The net result from either mechanism is a removal of 
an electron from the pittsmrt \\-ith the substitution of ;t negative ion of a greater 
m:t~s-~-~. A net decrease of ion current occurs because of the enhanced recombination 
rate of negati\-e ions formed by electron attachment with the positive ions in the 
plasma (eqns. 7. S or 21. 22 and 25). Recombinzltion of ions occurs IO”-iW times 
fkster than the recombination of free electrons and positive ions (eqn. 15 or 78)_ This 
is the case when an inert gas with ;L verv low affinitv for thernxd eltctrans is used. 
giving a statisticxlfv low probability for their recombination_ 

Wrntwxth ttnd co-workcrP-” have also described the electron attachnwnt 
phenomenon on the basis of kinetic derivations usi. - g steads-state appro.~imations_ 
The parameters \vhich characterize the electron capture dckctor \vcrc determined 
using 3 pulse Si~nlplill, s* rrchnique which alio\ved the studv of dissociative”” and non- 
dissociative mechtlnisms”‘-“. Steady-state conditions were achieved \vith argon- IO!‘.;, 
metiztlne using a constant pulse width. applied voltage and pulse period for collection 
of electrons. Under these conditions, it \vas assumed that the electrons reached ;I 
thermrl equilibrium distribution under zero field potential and that the results were 
independent of pulse voltage amplitude_ Went\vorth and co-\vorkers”‘-Z’ dcrivcd the 
following espression rekitin g the concentration of capturing species and chan~_cs in 
piasnia current I 

t,, -- I,. 
Xcr (.-I) 

n~Cn~u~~~ of initial sttlnding current before addirion of a capturing sps- . 
ties (/I, = k I, iZ,;-jk,) : 
current remaining after the introduction of it capturing species: 
capture coetlicicnt ; 
concentration of capturing species. 

The capture coelikient. A: can be obtained by integration with respect to the volume 
of gas passing thrm.@ the detector celi during the residence time of a peak2”-2:s: 

,- ,- 

(35) 
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Therefore 

w,iZ := peak \vidth at halMici$it r 
S == saniple size Q/l): 
_\f :7= i~iolar concrntrationr 
.-1 -7 pmk wtxi: 

II : = number of iiioles. 

It can readily be slm~~n that the Arrhenius equation can be used to derive a 
r&tionship between the ten~pctxture dcprndc~~ce of the equilibrium constant ami 

the heat of reaction : 

(39) 

On tllc basis of the kinetic theory iivxkl~“, assuming a11 ideal gas rind using the 

statistical nitxlianical expression for the equilibrium constant K,.+ one can write 

Ill h-i’-+2 __ Ill % - “ 
li I- 

K = capture cortticicnt : 
% = pre-rsponrntial factor: 
I E =; activation energy: 

x- = Boltznian constant I 
T = detector cell temperature: 

X-I. = all reactions removing AB-: 
k1, = all reactions removing e-_ 
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The .4rrhenius plot of In A’“-“ lyrms 1,iT may be linear with a positive slope for the 
capturing species undergoing a non-dissociative mechanisnP_ The slope .:I E/k is re- 

lated to the activation energy for the mrchnnism undsr consideration, and therefore 
the capture response decreases with increasing temperttture for non-dissociative cap- 
iuring compoundP_ 

Attachment of an electron to it solute molecule is related, in addition to electron 
affinity_ to a requirement for sutiicirnr energy to cause attachment at a siven temper- 
ature. The larger the activation energLy necessary for attachment, the slowx is the 
nttachment reaction (Fig_ 6). The activated comples (AB*) represents an intermediate 
form during which the electron is being accommodated by the solute molecule_ 

REACTION COORDINATE 

The energy that must be absorbed by AB to form the activated cornpies, AB*, 
is represented by E,,. As A- 1. B- has a lo\ver energy than AB. heat is evolved in the 

process and _ 1 E is the net heat evolved in the overall reaction_ It is also apparent that 
if _ IE is positive then. for the reverse reaction to occur_ the amount of activation 
energy becomes E,c’_ ix__ an endothermic process_ 

A summary has been given by Wentworth and Chen2!’ for the four electron 
capture mechanisms (Fig_ 7) in terms of potential cnerzp diagrrtms. Mechanism 1 
(eqn_ 6) depicts the pure non-dissociative electron attachment, which is characterizeri 
by a positive slope and the formation of a stable negative ion_ In this case_ the o\-et-all 
change in intern4 energy for the process. _ I E. is equal to the electron affinity_ Are- 
mntic hydrocarbons and carbonyl moieties represent this type of mechat~ism. 

Mechanism II (eqn. IS) is repressnred by alkyl halogens (esceFt C-F)_ A linear 

relationship is observed between E. and ; IE with a slope of unity2$‘_ It is possible to 
differentiate bctkveen mechanisms II and III (eqns_ E-20) as E, is ktrger in the 
formei5_ 

A positive slope in the In KI”J;” r~rs~~s l/T plot may also occur if a solute 
undergoes capture by either mechanism II1 or IV. A negative molecular ion inter- 
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mediate is believed to also occur in these c:Is&~. In mechanism III, E,, is greater than 
.,I E_ while the? are equal in mechanism IV2”_ Aromatic halogens (Cl_ Br, I) ire assumed 
to undergo mechanism Iii, \\-hiie acetic anhydride, benzyi acetate and ethyl acetate 
undrr~~o n~eciianism IV”*_ = - 

Fig. S depicts plots of In IYT~:~ IXTSSIIS i/T for benzaidehyde (non-dissociative, 
I)_ bromobenzene (dissociarivc_ II) and nitrobenzene. It can be seen from the sIopes 
that it is important to choose judiciously the detector cell temperature in order to 
t-aciliratc the electron attachlent process_ A!tliougli the slope with nitrobenzene is 

s~iisii_ the fttct that i: is negative is suggestive oft1 dissociative process”‘_ 

Even though ;L variety of esperimental methods. includiry ECD, have been 
employed to Jsterlnine the cIccUon aftinity ofniolecules the electron iltlinity nieilsure- 
msnts have been made only for ;L few organic compounds~“-~-~~_ 

When an electron moves into ;I scant orbittti of a ~noIecuIe_ the electron 
aliinit~ can be described by the Hxrtree-Fock energ>- rclzrtionship (see ret 36). If the 
orbital rrldius of an clcctrou is larger than other orbitais_ then the absolute vaiuc ot‘ 

the potcntirli energy for that electron orbital is snxlii_ \\‘hrn a electron of the outer 
orbital penetrates into the orbitnis of other electrons. the potential energy ~I~IIII~‘II~~‘s 

fo acquire ;L large negatisc v;iIueZs”_ 

TABLE I 
ELECTROE XFFIXtTtF.3 OF SELECTED XTOXIS XXI) ~t<)I.ECLiLES”-5’ 

The qualitative aspects of the \-ariatim of electron altinities (Table I ) can bc 
better understood in terms of the shielding of the nuclear charge by ckctrons, \vhich 
is the tendency of atoms to form colnpkted shells. Considering the specitic c:tse for 
2 lluorinc atom . an electron becomin*x ~ :lttac!ied to it will occupy one of its Zp atomic 

orbitats. \vhich has atreadv five electrons. The tluorine nucleus has ;l Iargr ctkr on 
the incoming Actron. The screening constant for the 2p atomic orbital as ~41 :I?; its 
average rarfius is reiativrly small. These relationships are consistent \\-ith rhc large 
sicctron atfinity for fluorine (TabIs I ). The other estmne case is the argon atom. 
where all the sp atomic orbitais are already filled_ Also, the screening effect on the 
incoming electron is Iarse and thus the me;~n radius for the atomic orbital occupied 

by the riectron is iarge. Furthermore, rhe electron afiinity \viIi be negative. 
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TABLE 2 

ELECTRON AFFINITIES FOR SELECTED AROMATIC COMPOUNDS=“-“.“.“’ 
_____ ---- .-.. __.-___-_-- ___-_.-___ 

CoI?Iporfluf Elc~trorr r&kzity fe l?) 
__.__.____ _...__ ~. _ _ .__.--._----_- ..--- . . .~ .- 
Naphthalenc 0.152 
Triphcnykne 0.31 
Phcnanrhrcnc 0.30s 
Chtyene 0.119 
Bmzo[c.IDhenanthr~n~ 0.511 
Anrhmccne 0.551 
PyrtXe 0579 
Azulenc o.ss7 
Brrlz[tr]rinthclc~nc O_h96 

Nitrohetxaxlc O.Tx~ . 
Chlombcnzrnc O.S60 
o-Chlorotoluent I_100 
,,I-Diilirrobrnzcnr I _430 
s~f,r-Trinirrobclizcne I xi0 

For 111;~ilv organic compounds_ the clectran aifinity \vill bc somewhere betwen 
those tbr Ruorlnc and argotP_ The question reninins lbr those cases \vhrre the 

electron aftinitx is negative: will nrgtive ions actually esist? 
Table 2 depicts the rlrctron titfinities ti3r sonit’ aroniatic hydrocarbons. I11 

Z wnerzl, the values increasr its the number d-ring tilsions increase and art‘ highest tbr 
halog-cn- or vitro-containin s aronxltic ci~nipoun~ts_ 

Christopiioroti ef trl_:‘.’ estimated the energy of mnsimum cross-section tkx- 
chlorobenzcnr (dissociative) to be 0.56 rV_ Stcelhamnxr and W’cntwortlP calculnted 
the activation sncrgy (E,) to be 9-76 kcal. The nioircular xlkdxttic electron atlinity 
is --6% kd (Table -1). Chlorobcnzcnc serves for the dative comparison of other 
aronxitic con~pi~Lmris. its the bond dissociation energy (S7 kcal). CLIid the plk?nyl radi- 
cal drctron affinit_\- (59.9 kcztl) ;trr’ all wdl kno~vn. 

Thr tnasimutn cross-sections t-or dissociative drctron ;~ttaA~nl~nt by o-cldoro- 
tohene and o-diclilorotolueni m-e I_ 1 and 0.36 eV_ rt3pectivelyJ!‘_ i\cti\.~ltiOn energies 
for this process hnw been rctportt’d”” to be I I_ 10 ancf 7.46 kcal. respectively. In these 
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determinations, the total radical was assumed to have the same electron affinity as 
the phenyl radical, as it has been also reported that substitution in a phenyl moiety 
does not alter the electron affinity appreciably”“. Electron atiinities for 2,5dichloro- 
phenxlz bcnzoquinongl and naphthyl radicals appear to be similar to that of phenyl:‘“. 

o-Bromotoluene has an energy of 0.95 eV (ref. 39). and ECZ = 6.44 kcal. The 
moleculrtr electron afftnity is -3-48 kcal_ Table 3 lists the ER values for various 
halogenatrd aromatic compounds, all of which underso dissociative electron capture. 

The probability of electron attachment can be interpreted also in terms of the 
cross-section for the formation of a transient or stable neptive ion_ AB-- _ For disso- 
ciative capturing molecules_ the process may occur \vith a high cross-section and \i-ith 
almost zero energy electrons if molecules contain electrophores whose electron af- 
finity exceeds the bond dissociation energ! ,=_ In contrast_ the electron affinity for a 
parent molecule which forms a stable negative ion \t-ill determine the overall parent 
ion stability but not necessarily its “electron attachment capacity”. For this reason. 
an absolute measurement of the electron attachment capacity probably is its electron 
capture cross-section and not its electron atlinity_ Table 4 gives thermal non-disso- 
ciative electron tlttachment cross-sections, rates of attachment and electron rittinities 
for some aromatic hydrocarbon5 -J3p3y_ Although in some instances ~1s the electron 

_ 
capture cross-section increases the magnitude of the electron affinity also incresses. 
there apparently is no direct correlation between these two parameters. 

TABLE ? 

COMPARISON OFTHERMsAL ELECTRON ATTACHMENTCROSS-SECTIONS, ELECTROS 
AFFINITIES AND ELECTRON ATT.ACHMENT RATES FOR AROhIATlC ~lOLECt_iLES= 

*_;_ ,0-m 

.&l-j. IO-” - 

2.6- IO- ” 

I$- IO-‘” 
I_?- IO- lC 
1_3- lo-‘; = 
l.h- 10-l’ 
3.7-10-‘; 

in summary, the probability of electron attxhment is related to (I) electron 
afiiniry, (2) energy of activarion- (3) cross-section for collision and (4) considrrtition 
of bond stability WJ-sns dissociation into stable ions. The electron capture coetlicient, 
K_ is the net sum of all these processes. 

; RELATIONSHIP OF MOLECULAR STRUCTURE TO SENSITIVITY IN ELECTRON 
&PTURE DETECTlOX 

It is generally recosnized by investigators who employ electron attachment 
tcchniquk that only relatively few organic compounds readily accomodate thermul 
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electrons_ The probability ofelectron attachment for different solute species. ;ts shoum 
in Table 5, covers a very wide range of at least a n~illion-fold41. The probability (as 
seen earlier, a sum of several Factors) appears to be dependent upon the presence in 
the solute molecule of an atom or moiety (electrophore) exhibiting electron aflinity 
andjor favorable bond dissociation energy. 

Several reports have described the relative attachment coefficients (K’) for 
different organic compounds 4*---l’i_ The relative attachment coeficient for thermal 
electrons by compounds are generalis made with respect to chlorobenzene. which is _ 
assigned a value of unity”_ As it is believed that the molecular cross-section for 

TABLE 5 

KELATlVE ATTACHMENT COEFFICIENTS FOK VhlllOUS COMPOUNDS”-‘” 
___ ___ ._-._ __ -. _. --~ - .-- --- .~ ..~ -.-. ~~ 

- V;tlu~~ for #’ are rdative to chiorobcnzene, which is nrbitmril~ given a value of 1.0. 
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electron attachment is proportional to the observed attachment coefficient and the 

cross-section for chlorobenzene is CU. IO-*” cm2. then an approximate value for the 
cross-section of thermal electron attachment can be calculated for other compoundP_ 

Alkanes, alkenes, alkynes, ethers. amines. esters and simple aromatic com- 
pounds have very low coetficients. In those cases where compounds exhibit moderate 
values. they also posses distinct atoms or moieties such as halogens, nitro and conju- 
gated systems. Two functional groups which aione do not capture can eshibit very 
hish attachment coetlicients when bridged by a conjugated system_ 

TABLE 6 

SENSITIVITY COhlPARISON OF VARIOUS HALOGESXTED ESTERS OF TESTOSTE- 
RONE TO ELECTRON ATTACHhlEXT*= 

__-_.--_ 

De-iruriw c- nrvI~~--’ - IO= 

TriCwrcwxtate 0.0 I 2 
hlonochloroacetatc 0.36 

Pc‘nraRuoroprc~pioliate 0.330 
Hcpratluorobutyrrltc 1.1s 
~lonochlorodifluoroncrtate I.67 
Pexfluorooctanoare ?-IS 
Dihrpraflunrobur~~it~ 2.76 

-__-_ .___.-.__ ____ 

Many organic compounds that are of biological importance do not cshibit - 
strong electron attachment characteristics_ In these cases_ investigators have derived 
methods for incorporatin, ** this property into molecules_ The preferred route generally 

involves the use of a tluoro or chloro derivative so that good chromatographic char- 
acteristics are maintained in the final product. Table 6 lists some derivatives of tes- 
tosterone and their sensitivity to electron capture. The most commonly employed 

derivatives in the all+1 series are the pent3fiuoropropionatcs. lteptafluorc~l~~~t~r~ttes 
and monochlorodifluoroacetutes, which appear to represent a compromise bet\v-ten 
compounds with hi& sensitivity on the one hand and good chromatographic proper- 
ties on the other: unfortunately_ they have an inverse relationship_ 

Sufficient information is now available for the formulation ofgeneral empirical 
rules for predicting the magmitude of relative capture coetIkients_ 

For halogen-containing compounds. the magnitude of K’ is inversely related 
to electronegativity and bonding energy. As shown in Table 7, a decrease in K’ is 
observed for the series I :- Br >- Cl 3-_- F_ The data in Table S indicate that multiple 
substitution ofsrrong eiectrophores on the s:tme carbon enhnncss K’ syner&ically_ 

The value of K’ also depends upon (1) the isomeric form. (2) the frequency of elec- 
trophore substitution and (3) the position of substitution of the electrophore with 
respect to other functional moieties_ Table 9 summa&es these effects. Furthermore_ 

aliylic substitutions in dienes yield a much larger ii’ than vinytic substitutions. 
Studies have been made on the relative contribution ofchloro. nitro and amino 

substituenrs and their infiuence through aromatic ring substitution on overall sen- 
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TABLE 7 

RELATIVE ATTACHMENT COEFFICIENTS FOR VARIOUS HALOGENATED CObl- 
POUNDS” 
_____-- ..__.._~~._. - 

ConIpl’owtli 
_ ___.__~_._. ._ 

CF,CI 
CF,Br 
CtIF, 
CHC1, 
CF, 
ccl, 

CtiFCI= 
CF2CI, 
CFCI, 

SF,.: 
SF,fCF,b,Cl 
SF;(CFz),CI 
SF,!CF,)..CI 

CF, CF= 
.._ 

. . . , 
‘c c: 
.’ 

F”- ‘.‘_. 

CF, 
\ 

..c c 

CF~CI=~CF-F 
CF,CF,CF,-I 

I._S- 10: 

3.0- 10’ 



TABLE S 

COMPARlSON OF RELATIVE ATTACHMENT 
ISOMERS OF HALOGENATED CDMPOUNDS” 
--__-.-_ ..---- -----~_-._---.____- 

CO~llpO~Iltd A”’ 
-_-._~_ _ - ..-... ._...-_ __ _- ..__ -.-__.- ..-.--.. 

Benzene 0.0005 
Totuene o_Qo77 
I-F+.lororoluene 0.0073 
-I-Fluorotoluene 0.0073 
Chlorobenzene 1.0 
Bromobenzene 6.0 

I-Chlorobutanp 
I-Chlorobutane 
I-Chloro-l-m~:h\-lpr~p~tie 
‘Chloro-7-llleth?.lprop9nt 

i 

I,?-Dichl~~th~~e 
I,l-DichIorobutane 
1,4-Dichlorobutanc 

0.013 
0.017 
0.0’3 
0.16 

7 i-7 ____ 
I.47 
0.02 

I-Bromopropanc 3.4 
I-Bramobutane 3.7 
Bromocyclopentane 3.7 
i-Bromopropene-I! 53.0 
I.I-Dibromoerhane 117-o 

I-Butanol 
Di-n-butyt ether 
Acetone 
Methy butyrzlte 
7,XButancdione 

0.0 13 
0.00s 
0.007 
0.011 

667.0 
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COEFFICIENTS FOR STRUCTURAL 

_ Capture coetlicients are relative to chlorobcnzcnc, \vhich is sivcn a value ot- 1_0_ 

The difliculty in predictin p relative capture coefficients on the basis of GIII~ 
efcctrophiIic and nucfeophic inductive etl‘ects is esemplified by the STstos moiery in 
phosphate pesficides*-“_ The relative sensitivity changes in the order 

S 0 S 0 
. . 

j >:. >- ;; J:- . 

P-S P-S P-O P-o 

Many other chemical classes demonstrate high electron capture responses_ For 
example, alkyl di- and trisulfide+55 and or~tnollietallicS”“-“” are good electron- 
capturing compounds_ Table 11 depicts a comparison of sensitivities for some alkyl- 
lead compounds-i”-“:_ Some correlation exists between alkyl chain-length (possibly 
electron-releasing effect by ethyl) and substitution frequency on overall sensitivity- 

For polysulfides, some insight is gained by considering their mechanism of 
electron attachment and subsequent stabilizations_ Alkyl disulfides demonstrate a 
non-dissociative mechanism at low detector temperatures and dissociative at hish 
temperatures_ Trisulfides, on the other hand, are a non-dissociative type and their 
relative capture coefficients are larger than those of alkyl disulfide+. The explanation 
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I-.4BLE 9 

TXBLE IO 

COhIPXRlSON OF ORT~IO-. XET.-I-, AND P:tI\‘;t-SUBSTITUTION AND RELATIVE 
SENSITl\‘!TY OF AROMATIC COMPOUNDS’“-“” 

nr-Fluomnitr~~ber~z~~le 0.200(~ 
P-Flunmnitrobct~ze~~s O_OSS 
o-Fluoranitrobcnzme 0.7-w 

p-Chloronitrobenzene 1.0 
o-Chloronirrobfnzrnc l-7 
m-Chloronitrobenzcne 7.2 

o-Dinitrobenzcne I.3 
m-Dinitrobenzenc 1.6 

_ values wrf $vcn relative to p-chloronitrobenzrne which is giwn a V~UC of 1.0. 
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T.4BLE II 

SENSITIVITY OF XLKYL-LEADS TO ELECTRON .4TTACHMENT’= 
_,_..- _._______.. -.- _..... __ ._.. _.__~._~ _____._ _~_ 
ClMqx’Ir1Icf .\ ~dc.s - x-c - s - to ’ 

Tetracth~l-ItaI 2-x~ 

Tetramethyf-Icad 190 
Meth~Itrierh~I-Icxt 57 
Trimrthylsthyl-kad 15 
DimerhytditxhyI-Ird 21 

oflhed is based upon the role of3d orbital rrsonance in the stabilization of the anion 
radicals f-or polysulfides_ A suffur aton1 cm accomcdate an c’lectron pair and another 
an odd e!ectron by esptmsion of* the vrtfence shell beyond the octet: 

0 0 
-s=e_ ce __ -_sL=$- 

0 Q 
s-$=g c__ --j++_ - _s=s=g __ ._ _- . . 
The moiety responsible thr inlpartinl ~1 electron-capture properties in fiafoacc- 

tate derivatives has also brc~~ studied_ I-a~~dow~~s mcf Lipskxl’ proposed that the 
carbon~l carbon imparted the di~kenccs in sensitivity_ III c~xlttxt. CIarke L’I N/_“” 

provided evidence ~~hich indicated that electron czptttre occurred in the pcrllttor+ 
alk-I chain b_v comparin g the responses of- trillLroro~r~etamides and heptntluclr~~btIt?r- 

amides. A detail study by Matin and Rowlat~d”’ supports the first theory. An amide 
ftmctionality which can resonate providtts an clcctropiiorc re$on for capture: 

0 % 
if /H R-c-r.4 - 

‘2 
R--CS--H 

I 
;: 

T\BLE II 

COMPARISON OF ELECTRON CAPTURE SENSITI\‘ITIES OF VXRIOtJS PENTAt-LUORO- 
BEEZ4MIDES IPFB) AND HEPTXFLUOROBUTYRX~lIDES (HFB)‘;’ 

%lrthos~phcnaminc (2) 
Mrthrtmphr‘taminc2 (3 
Mrphcnrtemlinc (1) 
Phenmetrazinr (2) 
Phsnrrrmine f I ) 
p-hlcthos~phenerh\fnniinc t 1) 
Xfc3zdine ( 1 ) 
c-Mech~lbenzylaminr t 1) 
Amphetamine I I ) 
ii-Phencrh~hminr ( 1) 
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As shown in Table 12, the electron capture response of heptatluorobutyramides 
are significantly different_ Tertiary amides exhibit higher responses than secondary 
amides. This observation is consistent with the concept that tertiary amides provide 
a better center for electron attachment as rhe negative ion formed is stabilized by a 
higher contribution from resonating forms_ This effect can be counteracted by steric 
crowding around the amide g-oup. If coplanarity of O-C-N is prohibited_ a reduction 
in resonance occurs and a decrease in resonance definitely diminishes the overall 
electron capture response”‘_ 

Further evidence on the involvement of the carbonyl group has been demon- 
strated. Replacement of the non-resonating heptatluorobutyryl side-chain by an es- 
tremely high electron-withdrawins resonating moiety enhances the response’;*_ This 
is confirmed by the data in Table IL The ratio of pentatluorobenzamide to hepta- 
fluorobutyramide sensitivities can differ by as much as 1 SO-fold. Additional resonance 
can occur betlveen the pentafluorophenyl ring and the carbonyl group_ yieldinS a 
coplanar, highly electron-delocalized system. which probably accounts for the ob- 
served excellent capture ch:rr:lcteristics‘j’ 

/R 

‘CH, 

Other data also suggest that the order of electron capture scnsirivir_c- for primary 
amines is generallv pentatluorobenzttmide >- 
bur:ramide”*_ - 

pentat~uorobenz~lidi~~e >- hepta~luoro- 

Predicting coetficients for amchn~ent becomes more complicated as the cons- 
plrsity of the molecule increases \vith regard to multiple substitution and conjugation. 
In addition fo the structure of the parent molecule. t!le resultant negative ion stability 
must be considered in approsimatin g electron attachment probability. In general. a 
knowledge of the structure of negative ions formed is seriously lacking and milch 
fundamental rcssarch in this area needs to be conducted_ The solutions fo this problem 
may be accelerated with the advent of the plasma cl~ron~ato~rapl~‘~~~~:s (operated in 

rhe electron capture mode) and negative ion mass spectronletr~‘;*-““. 
Durbin ef (I/_” have idenritied some producrs formed during non-dissociarive 

and dissociative type processes. Near thermal elecrrons were produced by ii corona 
discharge cell for their attachment to electron-absorbins compounds_ These authors 
investigated the electron capture mechanism for benzaldehydr. diethy maleate. c-is- 
stilbene- chlorobenzene and benzyl chloride and the dissociative products were identi- 

fied by GC-mass spectrometry (MS). Recalling that the non-dissociative and disso- 
ciative mechanisms may undergo reactions 7-9. 1X 15, 27-30 and 35,.it becomes ap- 
parent that the dissociative mechanism porentially could produce producrs which 
also could capture (poly-electrophores). Even though a stable radical anion is formed 
(eqn. 35) and a number of reac:ions with it can occur. the molecular structure of the 
original moiecuie is retained. Products as indicated in reactions 7-9 can occur ifthe 
concentration of AB is sufticient!Y larse27. 
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Negative species A- and B- can transfer their electrons as indicated by reac- 
tions 27 and 2% while the radicals A- and B- will react with AI3 (eqns. 29 and 30). 

_ _ 
Thus_ It IS possible to ascertain which mechanism (dissociative or non-dissociative) is 
occurring by examining the products formed. For esample_ a predominance of A, 
a11d B, \\-ould impty that dissociative electron attachment is the initial step”‘. 

Furthcrmorc, Durbin er pi_‘= derived the following equation. which relates the 
number of molecules of reactant removed per electron removed from the plasma: 

where 
weight of solute depleted (g): 
molecular wei@ of solute: 
current (A): 
time (set): 

C-11101ec111cs 
D .::- constxnt ( 96,500 -~~ole_electroIl ) ; 

R = ability of the compound to react \vith electrons_ 

Zltttkis and Lovelock” reported that benzaldehyde has an electron capture 
coellicient of 4S_ Cm-bin ct ~l_“~ identified acetophenone. benzyl alcohol. phenol, bi- 
phenyl_ benzophenone and henzil as the reaction products during attachment ofther- 
ma1 electrons_ \vhich confirmed ;I non-dissociative process_ The major product was 

bmzil. The R value n-as 90 moleculesjelectron when argon plus 2:‘; of carbon dioxide 
(quench gas! w;ts used_ 

Upon submitting benzyt chloride (coeflicient 1 IO) to near thermal electrons;. 
benz_\-1 alcohol. phenol_ bibcnzyl. t-is-stilbene and rr-ems-s~ilbene \vcre identitied by 

GC-MS”:. For this reaction R was 24 and 34 n~oIccules~rlectron in argon -- 2:; of 
carbon dioside and argon, respectively_ These products indicate that dissociative at- 
tachment had occurred_ This is partI? based on the attachment ofan electron folhnved 
hy formation of a benzyi radical and a chloride anion: the radical subsequently reacts 
with bcnzyl chloride to form bibenzyP_ 

Dierhyl maleate gave R values of 3 I and IS molccules~clectron in the absence 
of ;i quench g&;_ Diethyl succinate and diethyl malate \vere identified. md thus :; 

non-dissociative mechanism was confirmed. 
c&Stiibene, which is ;1 conjugated rlectrophore. yields bibenz~l_ deosyhenzoin 

and I_?-diphenylethanoI_ and possibly &s- and rl-rrIls-stilbene \i-erc thought to be 
present in the reaction product mixture_ which is consistent \vith a non-dissociati\-c 
mechanism. 

Finally, Durbin et u/_“’ also reported that chlorobenzene dissociated to give 
a chloride anion ~ILIS a phrnyl radical. The reaction products were biphen_vl. and <I-. 
III- and p-chlorobiphen_vl. R values of 60 and 64 moIecules~electron (no quench gas) 
\wre ellculttted. Although a dissociative mechanism occurs. it has been suggested b\ 
Cornpron er ~if_*:‘” that chlorobsnzene may form a stable radical anion as an inrer- 

mediate upon attachment of an electron in order to explain the strong ioss of electron 
energy resonance near I eV_ 

In summary, this section has attempted to outline brietly some observations 
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with reward to fitnctionalities that respond to electron attachment and their stt-ucturtti 
effects on the attachment coetticient_ 

4. CHARACTERISTICS OF DETECTOR OPERATING; PARAMETERS 

it _ Givtiwtl retnrtrh 

The application of the electron capture detector is diflicult because of rhc es- 
istence of numerous pttrameters involved in achieving its optimum perfornxmx. 
These parameters can bo divided into two categories: firstly those which m-t’ related 
to the chromatographie conditions such as flow-rate ofthe carrier gas, column tetnper- 
ature and type ofstationary phase_ and secondly those which are indircctl; dependent 
upon these conditions_ such as the nature of the polarking voltage (pulse conti;luous). 

the nature of the radioactive SOLII-ce and the detector cell temptlrature. Furthetworc_ 
sotne of thcsc parameters art‘ not independent of each other. 

Several radiation sources have been esarninedt~-‘;;: ::H (i-2_ 0.1 S MC\‘)_ “‘LNi 

(f;-, O-06), sz’Mr (r;-. 0.67). ?Gr (,--_ O-55), Y-c ([t-._ 0.292). *.tyPm (il.-, 0.23). ““Atn 
(ft. 51-C) and ““‘iRn (II_ 4_6)_ 

The selection ofat; irradiation source is determined by ( I ) the enxttxttion rate 
of the radioactive niatcrial at elevated tcnipr’rittitrcs. (2) the cncrgy of the radioactive 
particle. (3) availability of adcqitalc specilic activitir. (4) radiucheniical fmtn and 
(5) cost. The tnost cotntnonly used sources m-e :LH and ‘Wi. The high tanpwaturc 
stability of 'Wi is \veII dOCittiirtitt’dt;-‘ii_ 

Shoctmtke c’t d.“’ demonstcttcd that \\-hen helium_ nitrupcn. air am! atyn-3 I,‘,, 
methane \vr’re used ;ts carrier eases. the standing current increased rapidly a:hen the 
temperature on the tit:tnium-:tH foil exceeded 100 ‘C. \\hich ;v:ts interpreted as ;t loss 
of :tH from the foil. When hydrogen \v;ls used as the carrier gas, consida-able iossss 
above 140 C \\crr’ observed. An c_schttng_c bct\vrcn hydrogen gas and hoLttld “_H \v:1s 

probahlx rcspansiblc for this phrnomenon. The cnmntttion data reported by Sha~tnakc 
ct trl.“’ provide some guidelines for the selection of opt-rating parameters fi.hetl etn- 
playing titanium tritidc foils. The ~cner~tll_v xceptabl e tempetxtitre limit is 215 C. 

Emanation t-am for a ne\v hi~-h-rempcratnrciper~ttttre source’ utiiizinS tritium emtxd&d 
in a r:tre earth, scandium_ have also beet1 described”!‘-;“_ These studies suggested that 
the niasiniitni oprrtitin, ~1 tetnpetxturc should be set at 325 .‘C. Because of the abilit> 
to use hi@ detector tetnptx;ttures_ the problem of sourct‘ contamination can be 
t-cadily reduced. The tkt that li:tNi is ;I poorer choice than ‘iH n~c;tns the latter will 
probably be pret>rred for most :tnttlyses_ 

Presumably the :‘H sources (0.0 1 S Me\‘) at-e chosen ova- foil plated with ‘Wi 
(0.06 Me\‘) because of their Iower radiation energy I;_ Also, foils of higha- spscilic 
activity cim he manufactured, providing L -I denser radiation, and as the standing cur- 
rent is directly proportion:tl to Ale mount of radiation (II, =-I I;t,Rtt!kt,), grwtcr SW- 
siiivities can be achieved. 

It is obvious that large variations in dam-to-da_v;srttndin g currents tnav occur 
when operating tit t~tllpCrillltft’S which cause substsntial evaporation of “H ft-otn 
the foil. 
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C. Detector temperatrrre 

Since the electron attachment coefficients_ i;, may increase (dissocirttive) or 
decrease (non-dissociative) with increasing temperature for solute vapors2”-29-~1, 

fiuctutltions or improper selection of detector cell temperatures \vould result in 
erroneous quantitative measurements durin g chromatographic axtlysis. For a relative 
error in K of I ‘;-:, at a temperature of400 ;‘K, the temperature variation should not 

esceed O-3 ‘K and at 300 ‘K it should not exceed 0.2 -‘K (rel‘. 29). Likewise. a devi- 
ation of 5 3 ;K wouid result in a 10:;; error in K (ref. 29). Hence it is important 
that accurate control of detector cell temperature be attained in order to obtain 
reproducible measurements. 

The temperature dependence can be also used to enhance or diminish the sen- 
sitivity in some instances in order to minimize unwanted interferences during measure- 
ments ofa particular soIutP_ 

Comparison ofthe sensitivity of various compounds or their derivatives should 

be made with specific reference to detector temperature72_ If high electron capture 
sensitivity is incorporated into a compound via derivatization. the capture process 
and its temperature dependence should be examined for each potential derivative ancl 

their comparison made \vith respect to K’ values_ Table 13 depicts the relationship 
between electron capture mechanism and detector temperature for achieving masi- 
mum sensitivitv71-7-1 _ - It is readily apparent that derivatization \vith a reagent does not 
aIways yield products that exhibit the same electron capture mechanism. and thus the 
temperature dependence also varies accordingly. 

TABLE 13 

RELATIONSHIP BEmVEES ELECTRON CAPTURE XlECHAXIShl AXI> DETECTOR 
TEMPERATURE FOR hlX_XIMUBI RESPONSE”-” 

._ 
c~r?rrporll;tf Lkriwriw - 

PFP HFB c.4 c-uF.-1 PI--B PFP.4 
---- -- ----. ---___._ ._.__ ..__ ._ _. ~_ __. 

dfmllu- I- - - dldlu- T .~l~*dtu- T .\lcclru- 7 .\Ic*chu- T .\l~drn- -r 
nism nistIr trisnr rhmr IIiWI rrism 

n-Hesanol 111-A H 111x H IIIA H 111;~ H I L I L 
CycIohaanoI II H II H 111X H 111-A H I L I L 

Phenol I L I L 111x H II H I L 111x H 
tr-He.s_vhminr IIIA H IIIA H IIIA H IIIA H I L I L 

Cyciohcwmine IIIA H IIIA H II H 111X H I L I L 
XniIine I L I L 111X H I L I L I L 

_ PFP = pentaffuoropropriony1: HFB F heptatluorobutyryl: CA =- chIoroaccty1: Cnki- - 
chloroditluoroacet~1: PFB 7: pentafluorobenr~1; PFPA =- prntrifluarophen3cet~I_ 

-_ H or L indicatrx that the highat or Iowst kasihk detector teniprmturc, rclipcctivrrl~. shouhi 
be usecf for mrisimunl wnsitivit_v_ 

The attachment of electrons to molecules can be observed in 3 simple ionization 
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chamber, with an inert gas. irradiation source and 3 small applied potential to monitor 
the liberated ions formed front primary radiation_ 

Under norms1 operation of the detector cell, the applied potential may be 
(I) at constant voltage, (2) under pulsed-constant frequency or (3) under pufsed- 
variable frequency_ A decrease in the current fiowing in the chamber is retlected by 
tfie presence of 3 capturin, ‘r solute \vhich changes the steady-state reconibination 
processes_ 

The sensitivity of my method of anaf;sis by electron :lttachn~ent cfepends upon 
at feast three major t-actors: 

(1) the capture coelticicnl 0T the solute niofecufer 
(1) thee- concentration in the cariier gas: 
(3) the time that is alfonxxi Ibr encounter between abscwbing molecules and 

electrons. 

An increase in current from the electron capture cell is observed \vith increasing 
applied potentixi until ;I saturation piatem is reached (Fig. 7). nhich represents the 
total collection of all of the electrons in the detector. 

During opcmtion of the detector under constant field potential_ the potential 
cl1oscn I-~pI-t2seIlrs :I fraction of the voltage necessary 10 collect ail of the piasnit~ 
efecrrons produced durin, CT irradiation_ This choice is critical. as it \i-ill affect the ab- 
sorptia*l pr~~cc~~II_Tt --1C-T!I.Sll_ Dctcctar configuration and the species to be me:1surrd 
cfctcrniine Ificcfioice 0itficd.c. po,tcntiaf as ~1211 as carrier sas compositian and dcwcror 
c~,t~~at~~it~ati~,n”--;’ --Tli.Y!l.Sll_ -r0 illustrate this point. ;t conifxlrison of Iwo dilkrenr in- 
s;truments reveals that chlorinated hydrocarbon insecticides eshibit greater capture re- 
sponse with a voltage correspondin, cv 10 w_ 90 n6 of tfir standing curt-en1 in a Microtek 
‘Wi detector, but the smlt resporlss is at ;I 20 ‘I;; level for the Carlo Erba instrumented. 

To determine the magnitude of the applied constant potential \\hich lvifl pro- 
vide the niasiniuni electron capture sensitivity. L -111 initial determination ofthe derecror 
output current wa~i.~ voltage for 3 set of analytical conditions is necessary. _A gems-al 
rule is IO choose ;m applied potential \vhich is at approsimatefy Y> y;, of the standing 
current ofthe detector (“knw” ofcurve. Fig. 9). This approach for achieving optimum 
saxitiviry is g_sacraffy applicable \vith possible exceptions in those cases \vim-c COIW 

pies dissociative ciectron capture occurs \vith a dependence on electron energy. 
As tfle signal of an electron capture detector corresponds to :L decrease in 

standiry current_ tflis characteristic easilv IraJs to s:LCur;ltion in rhc detector \vhen 
the peak height becomes of the s;l~llcs order of magnitude as the background current. 
The shape of the ~hromatograpf~ic peak is also modiiied and the apparent &cienc~ 
(HETP) is greatly altered_ In order to preserve the efficiency and resolution as \veff 
~1s to keep within the linear dynamic range. the miioi~n~ of saIiipie that is injected 
should WL produce a decrease of more than 30 y.:;, ’ in the standing current. Also in- 
cit~cid. of course. is the decrease resultins from the stationary phase bleed. 

Operation of the electron capture ceil under the influence of a constant applied 
r-of~yc produces a migr:uion of ions to\v:trd the electrode of opposite poi:Irity5-J’_ :md 
:t composite currmt of electrons and ion conlponents resufrs. rtnher than :I pure 
electron current. Application of a direct potenriaf also prevents the electrons from 

reaching rfxmnal equilibrium \vith the carrier gas and thsrrfors dscreuses the prabn- 
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biiity for capturP-2‘-“_ The electron energ_v in an ion chmnber 1x1s :I rnt‘an value dctcr- 
mikd by the applied field and nature of the arrirr gas (Fig_ IO)_ 

--Y%?nle inherent errors in measurements can occur with ;i d-c. ion chanibcr. A 
spxe charyz may develop under ;I constant applied potential_ atlkcting current 

llk.5-“-3’_ In ;? convcntionai &ctron absorption detector pursed with inert carrier 

gas, the positive ion conccntrtttion ma\- be several thousand times greater than the 
free ekctron cotxentration. An excess br positive ions occurs beC3use t-t-cc cIcctrons 
arc coilectcd at the mode mare mpidfy after their libetxrion than the positive ions, 

IO IOZ IO3 IO4 

2, ‘JOLTS fari 

Fig_ IO_ Relationship bctwrm ektmn energy and applied field strength. 
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which have a low drift velocity toward the cathode and accumulate as a charge cloud. 
A potential in opposition to that applied to the chamber is created by this cloud of 
positive ions, which interferes with the normal collection of free eIectrons”J”. If a 
polyatomic gas enters the chamber, the electron mobility is altered and also the magni- 
tude of the space charged cloud and observed current flow_ As discussed earlier, the 
probability of electron absorption depends upon the half-life of the electron in the 
chamber and upon its energy. The combination of these effects can cause a variation 
with vapor concentration in the probability of electron attachment, thus producing 
a non-linear response to varyin g vapor concentration. It has been stated that space 
charge problems are not as serious when highly asymmetrical electrode configurations 
are employed”-41_ The detector response from a small anode should be relatively inde- 
pendent of applied potentials, as the field is weak in the vicinity of the cathode and 
separation of positive and negative ions cannot easily occur. 

As the potential across the chamber is raised, both the probability for electrons 
to encounter solute molecules and for negative molecular ions to recombine with 
positive ions decrease_ This occurs because under these conditions the time constant 
or life-time of the ions in the electron capture cell decreases with increasing field 
strength. Lovelock and Gregory-” related the fractional loss of ions during the pres- 
ence of a solute with an atlinity for thermal electrons by 

\vherc 
:V = concentration of ions: 
IL = recombination coefficient(s): 
tf = electrode distance; 
:V- and W- = mobilities of ions: 
I’ -= Voltage. 

They pointed out that rhe potential required for collection of a given proportion of- 
ions is related to #I_ Thus, solutes \\-ith weak and strong electron affinities cm1 be 
determined on the basis of the potential required for collection of a defined proportion 
of the tort4 ion current_ 

tn addition LO recombination processes, it was also pointed out that the pro- 
duction of ions is relarrd IO the cross-section for ionization of the solute and carrier 
gas. the charged species mobility in the z-as sample and the mean kinetic energy of 
the free electrons in the electron capture chamber_ The solute affinity for free electrons 
varies \vith the electron energy_ and therefore the reaction of free electrons and solute 
vapor is greater under zero field conditions_ In fact, this phenomenon has been used 
to characterizesolutesis usinga potential ofconstant frequency but variable amplitude. 

The magnitude of a constant applied voltage has been also observed to affect 
the decomposition of the secondary nitrogen positive ions”“. It is suggested that the 
second reaction 

occurs, where N 1- has a higher mobility than N.-k because it will not undergo charge 
eschange reactions_ At higher applied field strengths, the N,+ ion eventually decays. 
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A simple ion chamber operated at low potential does not necessarily function 
as an eiectron absorption detector, but it may operate as (1) an ionization cross- 
section detector, (2) a detector utilizing metasrable atoms for the ionization process 
(incomplete qttenchin$ and (3) as an electron mobility detector_ The degree of partici- 
pation to which these other detection processes predominate depends upon several 
factors”: (I) composition of gas in the cell, (2) intensity of radiation source_ (3) ap- 
plied potential and (4) detector geometry. 

(6) Corrstmtt fieqtrem-_t 

During pulsing, the e- concentration in the cell is not constant but varies in 
a saw-tooth fashion (Fig. 1 I). During the application of a pulse, the e- concentration 
decreases to zero owing to the collection of all e- at the cell electrode (anode)_ The 
pulse width (II-) generally is 051.0 +ec2”.93_ The concentration of electrons builds 
up after each pulse to a plateau as a result of fi- particle irradiation of the gas_ The 
magnitude of the e- concentration is a function of the potential sensitivity and is 
dependent upon the puke interval (P): as P increases. the detector sensitivity increases 
to a masimum. In practice, this increase is limited because the pulse interval ap- 
proaches the time when natural recombination of e- and positive ions take ovei’“. 
Applying a voltage of between 30 and 50 V for OS-I_0 ;csec is usually sufficient to 
collect all electrons. 

P=lOO 
I b 

0 100 200 

TIME (p set) 

Fig_ I I_ Electron concentration in ECD during pulsing. 

The concentration of electrons. [e-l. in the detector cell is related to the pulse 
perio#c’.Sl : 

[e-] = k,- -bDp 
AY,t(f--e f 

where 
k,-- = rate of electron production by radiolysis of carrier gas: 

!J6) 
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I“ d = detector volume; 
& = rate of electron removal by all processes; 
P = pulse interval_ 

A typical [e-l level is 6-10’ per milliliter (ref_ Sl). 
When no potential is applied to the cell, the electrons are in thermal~equilibrium 

and the migration of large ions does not yield a cell current’“_ The drift of the negative 
ion is also negligible and thus a negative space charge, i.e.. an accumulation of neg- 
atively charged ions near the anode, does not occur under pulse conditions’“. The 
highest sensitivity and stability are usually obtained by pulsing the detector, and many 
anomalous responses can be avoided”.2”--“_ 

The effect of detector temperature and pulse period and width of the polar- 
ization voltage on standin_r current are well known-“‘. When the detector temperature 
is increased, the same standing current plateau is reached but at lower applied volt- 
azes. This has been attributed to a decreased gas density, which reduces the proba- 
bility of collisions between electrons and sas molecules, thus allo\vin_reasiercollection 
to electrons_ 

Alterins the pulse width merely efkts the relative reduction of standing cur- 
rent and does not modify the sensitivity ofthe detector if the pulse interval is correctly 
determined. Hence the pulse interval is a most important parameter in the pulse 
method_ A knowiedse of the optimum operatins conditions for these two modes of 
applied polarizing voltage permits the comparison of the sensitivity obtained by the 
two methods_ i.e._ the d-c. and pulse method_ 

A comparison of the sensitivity with constant and puked voltage methods 
h‘as shown that the sensitivity may be three or four times higher in the pulse method 
than it is in the d-c_ method”_ This phenomenon may be valid only for strong electron- 
absorbins compounds_ The background current noise which limits the sensitivity was 
identical in the two basic modes”. 

The alternate pulse method utilizes the principle of changes in pulse frequency 
in order to maintain a constant current”“. 

(c j Furiuble _ firqtrenc~* 
Mapgs et u!_“~ described a new mode of operation of the ECD in which the 

detector current is held constant while the frequency (f‘) of the applied pulses is 
varied. -4s the electrons are in a steads state into and from the detector chamber, the 
remaining electrons must be removed by the solute_ Furthermore_ as the pulse interval 
increases. so does the e- concentration (up to the time where recombination takes 
over) : 

or 
[c-l x I$ 

[solute] .x f 

A pulse power supply \vhich modulates the pulse frequency \vas designed. 
Briefly, a reference current, I.,-, \vhich is compared with the average current, 1-n. and 
the applied pulsed frequency, maintains via feedback the relationship 

1; - Is = 0 (47) 

As 1; begins to decrease due to an electron capturing species entering the de- 
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tector, a -II is produced_ The magnitude of -II is tmlplified and the amplifier output 
voltage proportionally changes the applied pulse frequency so as to maintain the 
above relntionships2_ 

Thus, the magnitude of change in pulse frequency becomes a measure of the 
concentration ofthe electron capturing vapor passing through the detector_ The linear 
dynamic range \vas 5- IO-’ for a IO-me =Ni detector operated in this manner. It also 
is implied that the limit of detection is increased?“. but its magnitude is not clear. 

E_ Carrier *gas jio w 

Devaus and Guiochon”’ made estensivc investigations into the variations in 
ECD response with carrier gas tlow-rate_ The properties were related to a plane 
parallel ECD (JH) operated in the pulse mode_ 

fu j Flow rectot- feqrriretttettrs 
It has been suggested that the gas tkxv should be arranged to flow in opposition 

to the negatively charged ions drifting to the anode5”_ Such an arrangement is believed 
effectively to increase the time of transit for these negatively charged ions and there- 
fore to increase their probability of encounterin g a positive ion. A large enhancement 
ofcurrent reduction occurs for electron attachment by the sample_ in order to achieve 
this situation_ a hish sas flow-rate is also normally recommended”-*. 

(h] Eflk-r ofjc(Ow-fare ott peak height and urea 

The magnitude of the peak height is greater at higher flow-rates than the 
magnitude of either peak area of column efficiency”“. In practical terms. the column 
flow-rate should be optimized so as to = c*i\-e the best chromatographic characteristics 
and then. if need be. a scavenger tlow should be used to optimize the total floiv-rate 
through the detector to yield the maximum responses”_ Tht make-up flow-rate cannot 
be too large, otherwise a dilution occurs_ 

The degree to which the ECD is a concentration-sensitive detector may depend 
on the geometric design (plane parallel_ pin-cup, coaxial or concentric cylinder)U_ 

The peak area per unit mass of a solute is measured by 

_-l/m = .CIb!F, (4s) 

where 
;-f = area: 
tit = mass; 
ii. = standing current; 
Fr = tlo\v-rate_ 

In contra9 to orher concentrtttian-senjiri\-c detectors in \vhich the area is directly 
proportional to the flow-rate, the ECD is inversely proportional in this respects”. In 
order to determine the optimum experimental conditions, the flow-rate producing the 
maximum peak area is selected, i-e_, ;t maximum ratio of peak height to noise_ 
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As electron concentration is measured as detector standin current. changes 
in this parameter (in the absence of a solute) directly reflect changes in the detector 
sensitivity_ There are three main causes of changes in standing current \vhich are 
related to the electron plasma level: (1) evaporation of “HI (-2) contamination of 
electrode surfxes or radioactive foil and (3) impurities in the gas phase”p4!‘_ The first 
problem was discussed earlier. 

Contamination of the surface of the radioactive foil \vill lead to self-absorption 
of the weak I+- particles, consequently reducin g the number of $- rays available for 
carrier gas irr:ldiation. A decrease in the total plasma level of thermal electrons 
results_ 

In addition to a loss in standing current, the temporary or permanent adsorp- 
tion of ;1 solute in the gaseous eflluent from tf chromatographic column on to the 
electrode surfxes can give rise to a contact potential which may oppose or enhance 
the potential applied to the chambeF_ If this potential is of the order of a few volts, 
these effects can cause errors in the electron attachment process_ When contact po- 
tential develops from temporary adsorption and opposes the applied potential_ the 
chromatographic peak will exhibit a large elution period with severe tailing_ Upon 
enhmcemeut of the applied field, there occurs s diminished response and the peak 
may be distorted with ;L large negative detlection on the trailing edge (Fig_ 12). Meas- 

POTENTIAL 

I 

TIME 

Fig. I?_ -An ECD exhibiting contxt potrntid. 

urement of an incremental response of a second peak closely follo\ving the first \vill 
probably produce large errorsj. In either case. i-e.. resistance or enhaucement. there 
may also occur false negative or positive responses from a solute that generates the 
potential at an electrode surface even though it may itself not absorb electrons”_ Hence 
it is important to clean the detector frequently in order to minimize the contact po- 
tential efticts and to obtain accurate and reproducible measurements. 
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(6) Trace impttriries irr rite wtpor phase 

Another major problem stems from impurities in the gas phase. Vapor from 
samples that emerge at the same retention time as the compound of interest may 
affect the overall response_ The most common exampIe is the situation when a peak 
emerges on the trailing edge of a large sokent front; less conspicuous is the presence 
of an unresoived component peak to be measured_ Nevertheless, parent solute re- 
sponce again may be enhanced or decreased depending upon the concentration and 
etectron capturing abiIity of the impuritye3_ 

Trace contaminant vapors in the carrier gas can also alter the level of plasma 
electrons. Karasek and KaneSf demonstrated that positive [(H,O),rH-] and negative 
[(H,0),i02-] water clustered species are observed when oxygen and water vapor are 
present in, for example, nitrogen carrier gas. AIthough the presence of water atone 
does not change the electron level appreciabIy, in combination with osysen a signi- 
ficant decrease does occur_ The removal of water is very important if oxygen is present 
as a contaminant_ Similar observations have been reported \vhen argon-methane 
mistures were used-q-s6_ 

Depending on the nature of the stationary phase, the standing current of an 
ECD can be considerabIy reduced due to “bleed”1.49_ The reduction may be from the 
vapor or the decomposition products of the stationary phase having a high electron 
afIinity_ This problem is obviously magnified as the column temperature is increased_ 
Therefore. a depletion of thermal plasma electrons occurs, which lowers the proba- 
bility of reaction for eiectron attachment between etectrons and the solute molecules 
of interest_ 

G. Sigtrul antpl$cariott 

(a) Co~tretrriorral elecrronreret- 
Uniike other ionization detectors, which produce an increase in ion current 

in the presence of detectabie compounds, the ECD, as discussed earlier, exhibits a 
decrease in current if the compound has an afhnity for free eiectrons. The ECD there- 
fore must operate between the predetermined limits of noise levels at the most sen- 
sitive lower end and totai detector current at the upper end of this range. It has been 
genera& accepted that the noise Ievel of an ECD (‘H) operating under practical GC 
conditions is about 3 - 10-i” A_ This figure varies depending on the source of ionizing 
radiation, stationary phase, etc_ The linear dynamic range is usually 50 and 500 for 
&Ni and 3H_ respectively, which includes the range from noise level to within a 
IO-30 y6 reduction of total standing current‘;;. 

These criteria are easily satisfied with conventional electrometers for signal 
amphfication. The standing current is displayed as “bucked-out” to a zero baseline. 
and II,--/, is recorded as a positive response_ I_ 

(h) Lineut-izuriott 6-r mdog cortrersiott 
Non-Iinearity becomes increasingly apparent as greater reduction in plasma 

Ieve occurs because the decrease in current output cannot esceed the total pIasma 
current IeveI_ AS this phenomenon is similar to that encountered in light absorption. 
initial reports based the electron cnpture measurements on n Beeis law type of re- 
sponse t~unctionsi~ss I 
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I = I,exp(-f2X) (49) 

where 

c = sapor concentration: 
E = electron absorption coefficient of vapor; 
X = constant related to the geometry of the chamber. 

The use of this relationship will estend the apparent linear range; however this es- 
pression between response and sample size has no theoretical basis in pulse-operated 
electron capture detection. On the other hand, recalling eqn 34, if I,, is the standing 
current, then 

Fenimore et c~I_~r-“* recognized that the operations of this fwction could be served 
by an analog fineaGer_ Usins argon-10 % methane as the carrier gas, it is also known 
that lone pulse periods are necessary for utilization of this ratio response function 
because the steady-state solution of the rate equations for the kinetic model of electron 
capture requires equilibration of the electron concentrations”. 

By employing the analog conversion concept, Fenimore and DaviS”” were able 
to extend the linear dynamic range of the electron capture responses WI-.ws sample 
concentration to I- lo”_ At sufficiently long pulse intervals (> 1000 itsec), the con- 
verted response was linear to as high as 87 “;;, of detector saturation_ The linear func- 
tion \vas reported to be valid for dissociative and non-dissociative capturing com- 
pounds_ 

>- - ESTIM.4TlON OF ELECTRON CAPTURE DETECTtON LIMIT 

The observed ultrasensitivity of an ECD may Iead to speculation as to its pro- 
jected maximum theoretical limit. A brief exercise is outlined here in an attempt to 
approximate the theoretical detection limit_ 

As described earlier, the basis for a displayed response is the amplification of 
a small signal difference occurring at a high current level. Under theseconditions. 
the absolute sensitivity would probably not depend upon electrical noise but instead 
upon the noise generated from random emission of i;- particles from the rzdioacrive 
source. The magnitude of this type of noise cztn be approsimated from the Shot rela- 
tionshipsg: 

? = z e’ (Cl -i_ 1) I,$,,. 

where 

L” = chnrse of an electron: 
I,, = number of 1-P particles emitted per unit time; 
If = number of electrons formed by ionization per /3- ray: 
B,,. = electrometer bandwidth: 
f = rneitn square of the fluctuating current generated by random electron 

collection at the anode. 
The noise level has been reported as 3 - 10-r% A for a 150-mC source’JU. 
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Let us further assume that a signat discernible above background noise is 
6- 10-z” A and that 100% efficiency of electron attachment (ix., one electron is cap- 
tured by each sohzte moIecule) is achieved_ Furthermore, for every solute molecule 
present, an ekctron is depIeted from the plasma so that 

de- 6- 10-lz q’sec -- = 
dr 1.6- 10--*y tie- 

= 3.75 - 10’ e-/xc 

AS -de-jdt = dikydt and dX/dt represents the number of solute molecules under- 
going electron attachment per unit time. then dX/dt = 3-75 - 10; molecule$sec_ 

Furthermore, 

drll 3.75 - 10; molecules~sec -ZZ- 
dt 6.02 - 10” moIeculesjmole 

= 6.X- IO -I: mole/set. 

where dJZ/dr is the mole rate of attachment_ The mole rate can be used to calculate 
an approximate total number of moIes required to produce :t GC peak_ For ;I sym- 
metrical peak (Fi_e_ I3), the following relationship may be used’z’v”Z:: 

nz(z) = zzzz,e*cW -M” (52) 

where nz(t) is the number of moles as a function of time. For the condition I,, t,, 
m(r,) = /zz(r2) = ljZ III,, it can be shown that 

-. Z-77 
C-J- = 7 

From eqn_ 52, we can write 

-‘_i: -- 
nz(r) = nz,e _zT” -(i-tr,)’ (53) 

Recalling the functiozP 
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If we assume -17 = 5 set, then ~117. = m,, (5.32), 
AlT = 6_24- IO-” mole~sec (s-32) and 
M3_ x 3_32- 10-l” mole 

Therefore, the theoretical detection limit is near 3-3 - IO-“’ mole_ 
As an ECD, unless specifically designed to do so. ma; not operate as a cou- 

lometric detector’“, the above calculations should be viewed only as approximations. 
The question remains as to whether 100% eficiency for electron attachment is a- 
chieved for intensely electron-absorbing substances. such as sulfur hemfluoride, car- 
bon terrachloride and halogenated pesticides_ and also whether the net depletion of 
plasma electrons cm ever exceed the total number of solute molecules entering the 
detector cell. 
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