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ABSTRACT

-~

The influence of various operational parameters
on the response of an electron capture detector was
| ’ investiéated. It is shown that under sultable conditions /
, / an electron capture detector can be successfully emp yed

_ in tempergture progranmed gas chromatography.

Formation of products from Qlectron capture
»  reactions has also been investigated. The effects of
various parameters nn‘such products were studled in
. detail. Possible use of these products and their product
patterng in contirmatory“analyais of electron absorbing
compounds at tracé levels is 1llustrated.
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AN
LETRODUGTIGN, REVIEA OF LITERATURE AND TE‘ 18
' OBJECTIVES: , '
g } '
Ao GENERAL INTRODUCTION e
Since its_introduction, in 1952, as a method of

1 gas chromatography has

geparation by James and Martin,
grovwn into an analytiealjéeehnique whose development and
applieab%lity'have been unmatched. From a simple separ-
ation technique it has become a powerful analytical tool
which surpasses mpg#‘other techniques.in terms of reso=
lution, and ccmﬁéf;s favourably in terms‘or gensitivity,
Today gas chromatography as an‘analytical method

inecludes 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 ;hemistry, environmental studies, geochemistry,
clinical analysis, petroleum and pharmaceutical industry,
to name just a few,

| The tremendous popularity of gas chromatography 1s
a result in part of the rapid and continuous development
of columns, detectors, and other instrumental hardWare.a-
Golumns capable of separating several hundred different
components of complex niztures; such as petroleuﬁ and
biological fluids, have been developed;6 however, without
suitable means of detection, even the finest column reso-
lution would be useless. Alth;hgh clagssical spectroscopic

techniques such as UV, IR, fluorescence and flame emission

[H]

Q



have bgen employed for qualitative and quantitative
7-10 the

union of gas chromatography and these techniques has

determination of chromatographic effluents,

proven to be quite cumbersome. This problem was soon
realized by sclentists 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 °
gpecial cases biologicalgoa) signal which is indicative
of the amount of analyte(s) present in the carrier gas.
, Desired features of a gas chromatographic
detecgor are full compatibility with the gés chromatogra-
phic system, high sensitivity, wide linearity, short »
regponse time, and in ceritain cases high selectivity.ll

CQmpatibi}ity with the gas chromatographic gystem
implies that the detector should be insensitive to the
flow ypf carrier gas and should have a small dead volume.

Sensitivity as expressed in terms of minimum
detectable amount refers to the amount of anal'yte which
glves a detector signal equal to t%ice the noise level.

Linear range of a detector is the range over which
it exhibits a constant response for the unit amount of
sample,

Responge time 1s the time required by the detector
to give a certain portion (usually 63%) of the final response.

4
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Response of a detector 1s considered selective
i1f its response (relativé molar response or response per
unit mass) to a particular class of compound is signifi-
cantly different from its response to others, 2 ’

Over 30 detectors have been developed for
analyzing the column effluents since the 1ntroéuction of

13-1%

gaspchromatography. Of these only six are commonly

used: thermal conductivity (ICD), 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 lonization detector (FID) are most
commoﬁly used in routine analysis, use of others has been
on the increase partly due to the complexiéy of the mix~
tures currently analyzed and partly due to the much higher
response of the selective detectors for certain classes of
compounds, especially the ones containing C1, Br, I, P, S
and N.ls ‘ .

The present study deals with certain operational
and mechanistic aspects of one of these selective detec-
tors,:namely the electron capture detector (ECD), Bécause
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, microblal metabolites, and organometallic com~

16-26
pounds, Numerous environmental controversies relating

to DDT, the PCBs, the freons and the chlorination of water
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have arisen primarily due 'to the marked senéitivity of
27-31 -

L

"the ECD, halogen compounds.

Despite its widespread use, and extensive mech-

anistic studies by different groups, the ECD has barely

changed in its basic conf;guration gsince it was first
’ deseribed by Lovelock:.32 It is essentially a simple lon
chamber with two electrodes and an intednal ionization
source (see schematic of a commercial BECD on page 49 ).
In its bas:!fc form the ECD resembles other members of the
family of ionization detectors using nuclear radiation as
the source, of lonizing species, which includes the ioniza-
tion cross section detector, electron wobility detector,

argon lonization detector, and helium ionization detectes 5>

Varlous detector configurations have been invese
tigated, starting with the coaxial design which svolved

36-39

from the agrgoh ionization detector. Other common

configurations :{nclude the parallel plate (with two flat
electrodes of equal size), the concentrie n:be (with
cylindrical electrodes), and the pin-cup de;sign (with a
eylindrical and a point electrode).l’o-%
Bxcept for one, all commercislly avallable ECDs
employ radiocactive isotopes as lonlzation sources, the
exception being the one mamufactured by Beckman Instru-
ments, Inc., Fullerton, California, which produces primary
45 Generally, a ﬁ emitter

is used as the source of primary particles, because the

electrons by rare gas discharge.
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ion current obtained is higher than that from?7’, and

less noisy than the one obtained with (O ivadiaanlziom1*6 -8

. Usual‘\iy a metal impregnated with a radioactive lsotope is

either attached to, or itself serves as,q the cathode.
Titenium tritide, scandium tritide, and gold foll

plated with 63Ni are the most commonly used sources of’

primary elec}:rons; various other isotopes such as 85Kr,

0 .
sy, Ppg, Wipy, gna 24

Am have also been tried. The
choice between SH and 93Ni is usually determined by
3574 ana JH-se,

though better sources because of wWeaker (17.6-18.9 Kev

temperature requireme‘nlt and cost,

49
compared to 67 Kev for 63N1) but denser radlation, can

0
be used safely up to 225° and 300° respecti?aly,S while

I 63N1-Au can be safely used to 14-00".38 lw??m-‘ku foils ‘have

been reported to be as stable as O3Ni-Au foils with com-

parable performance at a lovwer cost, ot

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, and Ar-CH, (95%:5% respectively). /

N, ﬁ; N?_"' + e + energy 0 1l

N; N, s N’ 2
+ -

Ar© + e~ applled . - 4

oEenEIEE
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P¥+ e __, neutrals 6

: o

p represents catiuns produced by collisional

At o+ CH, __5 Ar® + e~ + cH,:' + energy

ionization (Eq. 1 and 3) and subsequent reactions e/

(Eqe, 2 and 5)e With N, as the.carrier gas the predominant
. /

specles are belleved to be N2+’ Nl'_*, and with Ar-uffﬁm A:c"',

ArH ArGH ArCH + ArCHB ’ ArCH;, etc. Due tc/ the
presence of impurities in the cai‘&r@.er gas H"', H?H?_O)m,
NO"', NH,:', 0,7y etcs are also often present. ? /

The ionization due to ﬁ radiation is coﬁfined to
"2 mm from a 3H gsource; for 63N1 the ﬂ ionizaticfn region -
extends to'6«8 mm from the foil at ambient pressure (54=56).

These figures, however, are not universally a\aqz:c:apt;ed.57

~N2 and‘Ar with 5% CH, are used as caf/rier gases.
Pure argon readily gives metastables (with relatively long
life times - of the order of 1076 5),° wWhichcleads to un-
desirable lonizatlon of solutf molecules; ? therefore,

smell amounts of CH, are addél ds a quench gég: 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 enkance the electron capture process, It
has been reported that the "thermallzation™ of the secondary
electrons produced by lonization of monocatomic or diatomic

gasgses occurs in fractions of a microsecond in the presence

A ]
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of n-he;cane,él whereas in the ;bsence ofa & quench ga‘s it
can taﬁe up to 50 ms.sl"

Y When a’ constant (DC) or intermittent (pulsed)
potential is applied to the polarizing electrode, a back=
grgund current (commonly referred to as the 'standing
current?! in EC literature), is obtained by collection of
the thermgl electrons, ‘

When an electron «;:éptnr@.zfg species AB.enters the

. -~detector cell, the following reactlions may occur:

AB + ¢~ _______3_ AB* + ensrgy ’7‘ f
AB+e” 5 A +B ¥ energy ___ 8
AB +Je= __ A s B® * energy 9
3 ABST + FT 3 heutrals :;t,- eriergy 10
B + pt > neutrals + energy 11

The Solute molecule may absorb electrons {(absorption,
capéure, and \attachment are used interchangeably in the
literature‘and likewise in this dissertation j; furthermore,

- the term electron capture in this text has no relation to
the same term used in the nuclearlchemistry) to form a
radical anion (Eqe 7) or a radical and a negative ion (Bq. 8).ﬁ
The energy evﬁlved in the first (nondissociative) reactlon is
tégyght 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 abgsorption of & thermal electron leads to formation of a

)



radical and an anion. The net result in either case 1s,
substitution of an electron by a negative ion of greater
ma:ss. The detector signalois generated by a net decrease
in the standing current, which occurs because of the much
greater recombir;ation rate of negative -lon with positive

' lons. Recombination aof ions occurs 105-108 times fastérd

/

than the recombinatlon of free electrons and positive ions.62

The kinetics of electron capture reactions have been
studied extensively in pulsed mode by Wentworth and co-
Using steady state approximation and

assuming that, with Ar-10% methane and constant pulsed

workers,

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

" occur principally in the field-free period.63
e~ + AB 5 ABY Mechanism I
e” + AB A* + B~ : , Mechanism II
- E 7%
- y A* + B . Mechanism II
e + AB AB E _ a anism I
A A” + B* Ea= LE Mechanism IV

Mec%aﬁism I depicts a pure, nondissociative electron
capture resulting in the formatlon of a radical anion. In
such a case the total change in the internal energy is equal
to the electron affinity of the solute moleculs. Aromatic .
hy«;rocarbons and carbonyl compounds were reported to follow
this mechanisa,



Aliphatic,halideé (except fluorides) were
reported to follow Mechanism II, whereas aromatic chioz:—-
ides, bromides, and iodides follow Mechanism III, Mech-
anisms TII and IV assume the formation of an :Lntemedié.te
radical lon whereas Mechanlsm II leads straight to the
dissociation of the parent molecule. -It was reported that
IT and,III can be différentiated on the basgis of the ob-
gserved activation energy and overall change in internal ,
energy (bgnd dissoclation energ;; minus electxzon Affinity
of the radical forming negative ion). The activation
energy for III was reported to be lower i'::han thatg f;'ar IT.
Differentiation between III and IV is based on

‘sctivation energy (Ea) and the overall change in energy
(AE)s In III, B > AE whereas in IV, E, = 1B, Acetic
anhydride,benzyl acetate and ethyl acetate were reported
to gived acetate lon according to Mechanism IV .60 These
meéhz'misms are based only on variations in response with
changes in detector temperature and may not necessarily
describe the exact kinetics of the electron captgre proc’ess
plus ensuing reactions, f

. In mndissoi;iative 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 ln temperature., In dissociative capture reactions
the energy required for dissociatlon of the molecule is
greater than that released in its formation (an endothermic
process); thus the probability of electron attachment (and .

-

o
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in turn response) increases with an increase in temperature.

(

Ce MOIECULAR STRUCTURE AND RESPONSE

For certaln classes of compounds the ECD is by far
the most sensitive detector avallable today. Considerable
effort has been directed toward developing a general,
empirical relat;ionship between the structure of a glven
molecule and the magnitude of 1lts response. Some of the
‘rules developed so far are ag follows.

In the case of halogen-containling compounds, re-
sponse (commonly‘referred to in terms of the electron
capttire coefficlent) 1s inversely proportional to the
. electronegativity and bond energy. Respongse decreases
for the serises I> Br> C1> F (66)s, 4ccording to Lovelock
and Gregory, the degree of electron attachment of an elec-
trophore is 1ndependept of the nature of the hydrocarbon
moiety; howsver, specific hydrocarbon and other structures
adjacent to an electrophore may change the attachment co-
efficlent, The absorption due to a halogen substituent is
low when the latter 1s adjacem‘ to an sthylenic double bond

. (
or to a benzeme ring; by contrast this absorption is high °
vwhen halogen is in an allylic or benzylic position and its
increase exceeds direct proportionality to the number of
halogens.67
The relative contribution of chloro, nitro, and
amino substituents on aromatic rings and the influence of

A

—
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the position of these substituents on the response of
an ECD have been studied by Zielinski and Fishbein, 58-70

Accordi;lg to these authors the response increases’ with
increase in number of chlorine atoms. Response of dich~
lorobenzex;es increases in the order p < o < ms, Zlslinski
et al, have also“t%-iad to correlate structure and response
of various pesticides by asgssigning response factors to
different structural components o;’ the molecules. .

Zitko and coworkers have studisd the ECD response
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 L4~chloro biphenyl. It was observed
that most of the increase occurred from mono to trichloro
biphenyl, and an increase by a factor of only 2-3 per chlorine

won was reported from tetra to decachloro biphenyl.

In case of organophosphate pesticides with phosphate
and thiophosphate groups the response c¢hanges in the follow~-
ing order. 72 m

s o B o )
¥>}3>¥’-s> g-cag-o

Dawson has observed that the response of alkyl
lead 1s affected by the chaln length and the number of
hydrocarbon chains, Tet}aethyl lead gives a response that

is te%times higher than the response of dimethyl diethyl
lead.
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Correlation between electron capture responge
and struoture for divalent sulphur compounds has been re-
" ported by Satouchi and Kojima.’® The electron affinities
of diéulphidas with=aily1 and phen&i groups were found to
be higher than those of aklyl disulphldes; t;isulphidesl
gave values similar to the allyl and phenyl disulphldes.
_ Phenyl disulphides and trisulphides showed nondissociative
capture while noﬁdissociative and dissoclative capture was
observed at low and high temperatures for allyl disulphides.

In order to take advantage of the remarkable sensi-
tivity of the ECD, derivatization techniques have been
developed for compounds which normally do not respond in
the ECD. This has opsned a new area for study of axtréﬁely
important compounds present in mimte traces in biological
fluids, A detalled review of the subject has been presented
by Gunmins.75 Common practice has been to synthesize per=
fluoro alkyl
volatility; ho eQer, Landowne and Lipsky have suggested
that 1n the cgde of haloacetate the sensitivity was due to
the ‘ 76
their detailed study by Martin and Rowlands

rivatives to obtailn greater sensitivity and

group, This observation was supported in

77

A theoraetical limit for the electron capture rate

-/
constant has bsen 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. °

. e el e s
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Daspite the efforts of many sclentists, a com-
prehensive scheme to establish a relationship between é}
response and structure of-a compound has, as yet, not besen

derived, Efforts in this direction are hampered by the

" » ’
fact that the response factor changes significan£i?\§;:?

with slight chanées in operational parameters which a
extremely difficult to control. This has led to lérge -
discrepancies ln the publishesd results. ‘

Lovelock, in his recent paper on theory and practlce
of the BCD, has pointed out that the common error in calcus
latlon of response factors stems from failure to racogn;zt
the fact that the electron-molecule reaction is of second
order. Small changes in either flow rate of carrier gas or
1onizatio£~current can lead to significant change in the G
proportion of the molecules ionized; thus changing the

_detector responses This problem, according to him, can be

overcome by operating the detector in the pseudo-first order

reglon.

o

D. OPERATING PARAMETERS AND RESPONSE

Numerous problems and controversles in day-to-day
operation and the ECD literature arise from the fact that
even’though the ECD appears to be a very simple device,
there are many smaii variables which can cﬁang its perfor=- -
mance significantly. Som; of these variables dre poiarizing
potential, detector temperature, and the nature and flow

rate of the carrier gas.

[ Yope—_——

—_—— el e
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Bolarizipg Potential

A polarizing potential is applied to collect the
secondary electrons present in the detector chamber to
oﬁtaih the 'standing current'. This potential can be
constant (Db) or intermittent (pulsed).' With ani'increasing
DC potentisl, an increase in standing current is observed
until a sétgratiéz’x current is obtained; from then on no
further Increase in rent occurs up to a fairly high
voltage. It has been observed that the maximum response
‘occ&rs at a certain fraction of the full si:anding current,
which may var;; from 20~90% depending on detector geometry. )
In other words, the response increases with increase in
standing current up to a cert;ain point, after which it be-
ging to fall again. This effect is observed because in'Dc
mode the electrons are accelerated toward the anode result;mg
in a decrease in residence time of the electrons in the cell,
which in turn affects the attachment p';:ocess. Cholce of IC
potential 1s governed by detector geometry and compound type,
as a result it is generally recommended that response pro=~

’ 80-82
files for various compounds should be checked.

Lovelock in 1963 reported various effects which can
G'Tﬁc;“ssly distort "the results obtained from an ECD operating, ’
with a DC potential. These include space charges and contect
potentials. Under normal conditions, the concentration of
positive ions in the detector cell is several thousand times -

higher than the concentration of electr;ms, which gives rise

»
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to a potential opgosite to the appliéd potential and
interferes with the collection of secondary electrons.ss’eh

According to various studles conducted by Lovelock
an BCD does not v'u:rk exclusively as an ECD in the DC mc;de;
rather, resulis obtained may in part be due to its response
as an ionizatian eross section detector, electron mobility
dﬁteetor.and/or #ngn ionization detector.as’as

The pulsed mode of operation was introduced by
Lovelock to overcome some of the problems assoclated with
the DC mode. Because for all practical purposes the rate
of formation of secondary electrons is constant, the elec-
tron concentration rises linearly with time until a potential
pulse of sufficient width and amplitude drives the electrons
to the anode. In practice, due to recombination and other
processes, the electron concentration reaches a maximum -
value, Thus in pulg d ECD the standing current (the sum of
current collected over a period of time) decreases with in-
crease in pulse interval but average electron concentration
increasess 1In other words, within certain limits the average
electron population in the cell is proportional to the pulse

interval and inversely proportional to frequency.83

/ It has been reported that for some strongly electron~-

capturing compounds response in the pulse mode is four times
that in the DC mod9;86 hovevér, for certain compounds whose

capture cross gsection increases with an increase in electron

energy, the response is greater in the IC noda.a?
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The pulsed wode operation ls preferred by many re-
searchers in physiocochemical studles of the detector, but
the DC mode is more commonly used in routine analysis, be=-
cause satisfactory operation in pulsed mode requires a much

cleaner gystem,

[+

Detector Temperature -

Detector temperature is the operational parametex:
most stressed in the literature. The choice of detector
temperature is governed by two factors: the first is the
chromatographic requirement (which depends upon the temper=
ature at which the solute elutes through the column with no
decomposition) - this sets the lower limit for detector
temperature; t he second is the maximum temperature author=
ized for the radioactive source, which sets the upper limit.

The kinetlc studies of Wentworth and coworkers have
shown that, dependlng upon the capiure mechanlsm, an increase
in temperature may lead to an increase or decrease in elec~
tron capture coeffi}cient. As a result, the response of
certain substances can vary as much as 5000=fold within
common gas chromatographic temperature limits. According ‘
to Wentworth and Chen, for 1.0% precision in results the-
detector cell temperature should be controlled to within
£0,30,53 |

2latkis and Petiit have studied the effect of
detector temperature on the EC response 'of varé.ous der:lva-‘

tives of various alcohols and amines and observed that the
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response can vary by a factor of § depending upon the

89,90
temperature of the detector,

During their study of operational parameters, Devaux
and Guiochon observed a large increase in the 'standing

L}
current' with an increase in temperature; 1,92

however,
only slight or no increase in standing current with an

increase in temperature was observed by Simmonds et‘53.93

Carrier Gas Flov Rate and Pregsure

Thg most controversial parameter ls perhaps the
carrler gas flow 'rate, Effects of flow rate have been
studied in detail by Devaux and Guiochon. 9L,92,9% On the
basis of their extensive studies they concluded that,
although the electron capture detector is a concentration-
sensitive detector (according to Halasz's classificationgg),o
its response is dependent on the flow rate in an even more
complex manner, It was recommended that the flow rate
through the detector should be optimized in terms of stand-
" ing current and"response,\and should be held constant with a
scavenger flow. The effect of flow rate on the 'standingn
current? ha; been disputed by van de Wiel and Tommasen.g
Their studies have revealed that the effect'dbserved by
Guiochon and Devaux is malnly due to the electron capturing
impurities (oxygen, etc,) 1p.the‘carqier gas.

The only study relating to the effect of}pressure
on the ECD has been conducted by Scolnick.97 In that study
Scolnick observed that the 'standing current'! increases
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with an increase in pressure; however, the effect of

presgsure on response was not studied.

¥

E. SOME IMPORTANT DEVELOPMENTS

“ \ Even though the electron capture detector has
changed 1ittle in its basic configuration, some noteworthy
improvements in its operation, and mechanistic understanding,

have been made, which need to Be mentioned separately.

'

Heg;wgrgn %gggggtion
7 For a reasonable calibration the peak (observed as
a reduction in the stan&ing current) should be considerably
smallet than the standing current., Under normal operation,
the linear range is not much larger than 10-20% of the
standing current and the response ls linear over two decades
only. a u

Lovelock in his early papers proposed that capture
of %lactrons bears resemblance to the adsorption of light

and, thus Bger‘s law should be applicable to electron capture
28,99

I=1 -Eex
\]

where Io T the initial standing current
I = cell current
¢ = concentration of the solute
= electron capture coefficient of the golute '

= constant related to cell volume
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However, application of this expression did

not improve the linearity of response appreciably.
From the kinetlc studles of the electron capture
process, in pulsed mode, Wentworth and coworkers derived

the following expression»54’63

———— = K& o Wherein

R =ka ; thus '
I
c
R
.—ma
Ic

where K = capture coefficient of thé capturing species

a = concentration of the capturing specles
R = response- 7

I, = initial cell current %

I, = cell current after introduction of the

capturing specles

Thus the response measured relative to cell current
is proportional to the solute concentration.

Femmimore et al, constructed an analogue device
which expressed the response relative to the cell current,

It was reported that under suitable conditions (long pulse

abms o wme e
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pefiod of 1000~2000 us and with weakly capturing species)
résponse was linear to as high as 98% of the detector

saturation current, giving a linear dynamic range of
1x105. 100,101

The Congtant Current Systep

The use of Wentworth's correction gave the ECD a
linear range somewhqﬁ comparable to that of the other GC
detectors; however, the long pulse interval required for
satisfactory operation of the system put extremely stringent
condition on the cleaniiness of the detector, which could
not be easily met in normal day-to-day operation, Jdnother
approach for obtaining a linear response was adopted by

Maggs et 31.192

In regular pulsed operation the pulse characteris~
tiecs (pulse width, interval and amplitude) are held constant.
The deteétor signal is observed as a reduction in the result-
ing standing current. In the system developed by Maggs et al.,
the signel is obtained as a change in frequency at a constant
current, The basls of this system lies in the fact that the
electron concentr;tion in the cell is inversely proportional
to the pulsing frequency and since both elsctron input
(which depends only on the strength of radioactivé source)
and output (which is regulated by the cell current held at
a constant level) are constant, the remaining electrons must
' be removed by solute molecules and by the small, constant

contribution of the carrier gas catlons, N

?




21

Thus [e"' Hsolute] = constant
and {a ](1;%
therefore solute (. f b
vhere f is the pulse frequency and [e"] i% trhe
concentration of free secondary electrons in the cell,

The linear range for such a system was reported to
be 5x10%,

Under certain conditions (high intensity radio=~
actlive source, intensely electron capturing substances and
slow flow rates) the constant current system has been ob-
served to give nonlinear response at the lower end of the
calibration curve, lesading to an S-shaped curve, Sullivan
and Burgett developed a kinetic model and showed that the
non=lineardty occurs because of a high degree of lonization
of the solute molecules (up to 90%) in small e«:m«mntre.*l‘.ionsx.m3
This effect can be overcome, to a degree, by using a high flow

rate,

e ECD Gas Phase Coulomete

" Gas phase coulometry using the ECD was described by
Lovelock et al, in 19?1.101" It was pointed out that if the
peak area (detector gignal) is measured in electron moles
(Faradays) and the injected amount is measured in moles, 'l:.heS
F/M ratio reflects the electron/molecule ratio, and when thig
ratio approaches 1, the ECD functions as a gas-phase coulo-
meter in which all substances with large enough electron
affinity yleld the same molar response, Under ‘these condi-
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tions the ECD functions as a mass-gensitive (aetually‘
mole-sensitive)\device whose response ls independent of
temperature and carrier gas flow rate. In recent studies
such an ECD has been used for absolute determination of -

strongly electron capturing species.105’1°6

The Effect of Oxygen gnd Water

The effect that the presence of oxygen and water,
in the carrier gas, exerts on the response of an ECD has been
studied by a number of research groups. Considerable infor-
matlon has been obtained about the ions present in plasma
chromatography and atmospheric pressure ionization mass
sgectromatry under conditions somewhat similar to those in
the ECD, by Kagfigg‘and coworkers and Horngng and coworkers
respectively. The presence of oxygen influences the
availabllity of free electrons to tﬁé electron capturing
species. Oxygen reacts with free electrons to form ion~
molecule complexes of the form (Béo)n 05 . 107 It has been
reported that the electronacapture coefficient of oxygen is
temperature dependent, high at low temperatures and low at ‘ﬁi
high temperatures. The situation 1s complicated by the
recent finding of Horning et al. that 0, may be imvolved in

2
exchange mechanisms with halides of the solute molecules.lOB

In a comprehensive paper coﬁgerning the effect of
oxygen on the electron capture detector, van de Wiel and
Tommassen showed that the controversies involving the effect

of temperature and flow rate on standing current and response

e
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were caused by different levels of contaminants (primarily
oxygen) in the carrier gases used by differgnt research
groups. They pointed out that in a pure (i.e. free of
oxygen and other electron absorbing species) system, the
electron concentration is virtually independent of temperw
ature and carrier gas flow rate., With oxygen present the
slectron concentration decreases and since oxygen is in-
volved in charge transfer, its presence may lead to an in-
crease in response with an inerease in temperature,
¢

Fo SOME RECENT DEVELOPMENTS

During the past year some notable developments in
elsctron capture detection have arigen. One such develop-
ment resulted in the use of the elecpran capture detector
with liquid chromatography. In the system developed by
Willmott and Dolphin, 110 the column effluent is completely
vaporilzed and led into the electron capture cell, which is
constantly swept by 30 ml/min of Né. A minimum detectable
limit of <10™2° g for Aldrin and’a linear range of ~ 500
were obtalned, .

In order to eliminate the disadvantages assoclated
with the use of radloactive folls (easy contamination,

“temperature limitation, reactions occurring on metallic foils

and licensing requirements) an electron capture detector,
which uses photoionization to produce thermal electrons
(lyman~ (¢ resonance line of hydrogen with triethylamine)

-

)
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has been developed by Wentworth et al. The detector
was operated 1n the DC mode and a sensitivity of 50 pg

for carbon tetrachloride was obtained. 11 !

dnother important development has been reported by
Lovelock, a coulometric ECD which destroyed strongly 4
elactron capturing compounds was used as a 'solute switch! |
.for obtaining better signal:noise ratio by coherent switching
and synchronous demodulation. An improvement by a factor of

1
' 10 in signal:noise ratio was obtailned,

G. THESIS OBJECTIVES

The brief review of literature presented above
shows that considerable progress has been made in under=
standing the ECD; however, a quick look at the problems
associated with its operation reveals that the detector
is far from being domesticated., Detailed studies of
Wentworth and collaborators have indicated various reactlons
occurring or supposedly occurring inside the ECD, The
occurrence of these reactions has been deduced from the
data obtalned under various experimental conditions; how-
ever, no direct evidence of intermediates or products
originating from electron capture reactions under true ECD
conditions is aveilable. In a corona dlscharge, with
solutes at high concentrations, electron initiated chain
reactiong lead to a variety of products, some typlcally of
higher molecular weight than the starting material. Products
obtained from chlorobenzene included such compounds as

’
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biphenyl, o-chlorobiphenyl, m-chlorobiphenyl, and
p-chlorobipheny1.113 Such condensation products can be
ruled out under true ECD conditions simply on the basls of
collision frequencies. One would expect substances of
lower molecular welght, if any, but no such inf%nmation .
is available and, furthermore, few data are available on
the effect of such parameters as voltage, temperature,
carrier gas, flow rate, and prsssure on electron capture
reactions, and the contribution made by intermedlates and
products in terms of EC response., A stud& of these para-
meters in relation to response and electron capgyre To=
actions leading to neutral products form the bulk of this
dissertation. Need of such information arises for a va;iety
of reasons:

First, the elegant technique of coulometric EC with
two detectors in sarieslou calls for compounds whoge reaction
products havoalittle or no EC response. When ‘'absolute!
106,134 n ultimate ratio (most

likely 1:1) butwsen the caﬁturing molecules and the capture

calculations are attemptedf

elsctrons needs to be assumed;'and electron absorbing pro=-
"ducts should asgaln be abgent, .
Second, the calculation of molecular electron affin-
ities from electron capture response,lls and the calculation
of ultimgte detection limitéilggy be influenced by strongly
electron~capturing reaction products, The coulometric re-

sponse has been generally assumed to represent a natural
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limit for the electron capture process; greater than
coulometric response has been postulated for compounds
which glve electron~capturing products.lol*

Finally, from an analytical point of view, it was
interesting to consider the possibility of using product(s)
as & means of identification of the parent compound,.

This study was therefore designed for investigating
whether neutral products are formed in an ECD, and if so,
for observing the effect of various parameters, e.g. applied
potential, concentration of solute molecules, pressm:e and
flow rate of carrier gas, cell temperature, and presence of
other reacting specles, on the formation of these products
and in some cases, on the response of the detector., During
the cm;rse of the study some other interesting observations
were made and a part of thils work deals with those observa=
tlons and their implications, V4
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BXPERIMENTAL

A, APPARATUS ,
The major portion of thils study was conductsd

‘using a benchtop gas chromatograph kTracar, Modsl 550)

equipped with two 63Ni eléctron capture detectors and a

dual channel elecirometer. The initial part of the

study, however, was conducted with a Microtek 220 gas
h chromatograph equipped with an electron capture detector
/- and two flame i7nization detectors (at the University of
Missourl, Columbia). The polarization potential was ob-
tained from a DC/pulse power supply provided with %he gas
chromatograéh and & Keithley O to £1200 V power supply
(Model ghoa). During the course of.study many different
models of strip chart recorders were used,

Nitrogen carrier gas (at U.M.C.) was obtained by
flash-off from a 5000-1litre liquid nitrogen tank, This
nitrogen was guaranteed to contain less than 3 ppm oxygen.
For most experiments performed at Dalhousie University
prepurified N2 (Linde Specialty Gases), containing less
than 5 ppm of oxygen and 5 ppm of water, was used as the
carrier gas. Before entering the chromatograph the carrier
gas was passed through a molecular sleve, an activated
charcoal filter, dnd a commercial trap (Supelco Carrier Gas
Purifier, Supelco Inc.) to remove oxygen‘and vater. The
flow rate of the carrier gas was ;egulated by fine metering
: valves (Nupro Valves, Model 2SG2),

«©

o



e

+

" (Aldrich Chemical Co. Y.

N

28

B. REAGENTS AND CHROMATOGRAFHIC MATERIALS

A number of halogenated pesticides and other
electron capturing compounds of interest were obtained
from various chemical supply companies, e.ge Fisher
Seientific Co., Dartmouth, N.S., Aldrich Chemical
Company ,-Milwaukee, Wis., U.S.A., New Laboratory Supplies, °
West Chester, Pa., U.S.h.y K & K Laboratories Inc., Flain-

’ View’ NIY.’ U.S.A.’ and FPfaltz & Bauer Cthicals’ Flushing,

N.Y., U.S.he

All organic solvents (hexane, benzene, acetone,
methanol and cyclohexane) wer?e of Flsher pesticide grade
or equivalent quality.' In certain cases, these solvents
were dist;llled in an all-glass still with Clearfit joints
f

Chromatographic materlals such as Chromosorb W,
silanized glass wool, silicone rubber septums, O-rings and
various liquid phases (0V-10l, OV-17, SE-30 and Carbowax
20M) were purchased fré* Chromatographic Supplies Ltd.,
Brockville, Ont,

Radioactive foils, JH-Sc and O3§i, were obta:l;ned
from United States Radium Corporation, Bloomsburg, Penn.,
UeSedsy and New England Nuc]aéar Co.y New Haven, Conn.,
UeSehey respectively. ’

Column packings were made either by simple coating
:Lnaif rotary evaporator or by a technique described by Aue

et al. for preparation of modified supxmor’t::-:.l§L6
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C. IHE PRELIMINARY SET-UP FOR OBSERVATION OF PRODUCTS

The initial experiments for observation of electron
capture products were carrled out using a series configura=-
tion, such that the components of the effluent from the
first detector were separated in the second column before
being detected by a pecond detector. The arrangement used .
is shown schematically in Figure 1.

The vhole system was made gas~tight. The detectors
we;e;made leak~tight by careful grinding of the adjoining
surfaces of the top, middle and bottom parts. The tightnasé
of the'system,was periodically checked by closing a valve
located at the end of the flow path and watching the ball
of the rotameter drop to zero, This was the only purpose
for having a rotameter in the system, since flow measure-
ments were done by bubble flow meter at the exit line of the
gecond detector, )

Detector 1 was used in a variety of configurations;
e.g. carrier entering from the top or bottom, and positive
" or negative potential being applied to either the top or
Qbottom electrode with the other serving as the ;ollactor.

D. PRESSURE_STUDIES
In order to study the effect of pressure on the

response of an EC detector, a very fine metering.valve was
put at the exit line of the detector and a 1/16"™ union tee
was introduced between the column and the detector, one end

of the tee joint heing connected to a pressure gauge.
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Figure 1
Arrangement of chromatographic columns

and detectors

Col, 1 First column

Col. 2 Second column
EC-1 a First EC detector
EC-2 . Second EC detector

S~ Fine metering valve
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Pressure inside the detector cell was varijed by
manipulating both the inlet pressure and inlet and ‘exit
valves, while maintaining the same total flow, measured
at amblent pressure.

Columnn effluent was intrqeucad*f;on the bottom
of the detector, which was polarized\rith DC or pulsed
potential.

Prepurified Nitrogen was used as the carrier gas.
Total flow at the exit was 40 ml/min,

B, ADDITION OF VARIOUS REACTANTS TO THE CARRIER GAS
To observe the effect of various additives on

_products and product patterns, different additives repre-
senting a varlety of chomicél gtructures were introduced
into the carrier gas stresm. The addit;veg used included:
hydrogen, carbon dioxide, carbon monoxide, ammonia, water,
methane, pentane, hexane, heptane, lso-octane, 2-pentene,
methanol and acetonitrile,

The gaseous reactants were added to the carrier
gas stream directly before 1t entered the injection port.
The flow of these reactants was controlled by a very fine
metering valve with a numerical counter (Matheson Model No.
6800-1006) '

The liquid additives were incorporated by making
the*garrier gas flow through a stainless steel reservoir
containing the additive., The amount added was varied by
changing the relative amount of carrier gas flowing through
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Figure 2
Flow system used for addition of

varlous reactants

C.G. U Carrier 'gas line
Az Additive line 1
Ay Additive line 2

Add. Reser. Liquid additive reservoir

ﬁ‘ P Purge line for detector 2
\ . B, Purge line for detector 1
AV, Fine metering valve
v lon'/'off! valve
I.P. Injection port
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1
the reservolr and bypa@s, as shown in Flgure 2,

Fe. USE OF DIFFERENT CARRIER lGASES

In order to observe the effect of different
carrier gases on product formation In the EC detecger,
prepurified helium snd argon (in addition to nitrogen),
alone and with additives, were used as carrier gases,
The same flow systems descrlbed earlier for the additlves

were employed in these experiments.

G. HIGH RESOLUTION SET-UP \‘

The valve bath provided with the instrument
(Tracor 550) was modified into a column bath so that the
two columns could be operated at different temperatures.
A reactor/detector with a small dead volume was constructed.
In order to facilitate the turn 'on'/turn 'off?
of the BC reaction, the reactor/detector was made in
modified coaxial configuration, Figure 3 shows the
schematic of this reactor/detector,
“ A Tracor‘63Ni electron capture detector was used as
the second detector., The second column was operated at
considerably lower temperature to facilitate the separation
of light EC products, Figure Y depicts the schematic of

the whole chromatographic gystem.

e



Schematlie of EC reactor/detector
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Figure 3
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Quartz tee

Detector heating block
Cathode

Teflon insulation
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Figure L

Schematic of the high resolution set-up

IePe

Injectlion port

Column bath 1

Column bath 2

EC reactor/detector
Tracor O3N1i detector

Fine metering valve

Purge line for detector 2
Purge line for detector 1

Heated transfer condult
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RESULTS AND DISCUSSION

A. STANDING CURRENT AND RESPONSE

In routine analysis, the efflciency of an ECD is
generally thought to be dependent upon the magnitude of
the 'standing current' and periodic checks of voltage or
pulse width profiles are made to get a measure of its’
performance, These checks, though a good measure to
ascertain the cleanliness of the detector, tend to obscure
the fact that the magnitude of the standing current has
little relation to the actual concentration of the elec-
trons in the cell and the response of the device, |

Since, for a particular carrier gas and radloactive

source, the rate of formation of the free electrons is con-

stant, in pulsed mode the electron concentration in the cell

should incréase with increase in pulse interval until an
equilibrium (due to recombination and other pr&cesses) is
reached, However, the standing current, i.e. the sum of
the electrons collected over a perlod of time, decreases
vwith an increase in pulse interval., Figure 5 dep?cts this

effect of pulse period on electron concentration in the

detector cell,

@
It can be assumed that within certain limits the

elactron concentration in the cell is proportional to the
increase in'pulse interval and, since the electron capture

process 1s dependent on the concentration of the electrons

-
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in the cell, the response especially of a weak absorber
should be proportionsl to the pulse interval. This 1s
illustrated in Figure 6, which shows that even though the
standing current drops, thedresponse of chlorcbenzene (a
weak absorber) increases proportionally with the increase
in pulse intérval. )

B. COUI@METRIC OFERATION

In 19?1 Lovelock and coworkers reported that for
-intensely.electron absorbing solutes, under suitable con-
ditions, l.e. high electron concentration and low solute
concentration, an electron capture detector can be operated
as a gas phage conlpmater‘in.which 90% or more of the
solute is ionized. Under these conditions all strongly
slectron absorbing molecules would be expected to give’
equal molar response, Figure 7 shows the calibratiog curve
of five pesticldes; lindane, heptachlor, heptachlof epoxide,
dieldrin and p,p'-DDT, lbratio close to 1:1 was obtained
for peak area G&ﬁ Faradays) and the injected amount. (in
moles) for all ;ompounds ;;cépt DDT. The F/M ratig for DDT
was significantly off,,presumabi& due to 'the dsconggsition ’
in column and transfer lines. . Lo

A coulometric ECD 1s a mass sensitive devicg,.whose
response would be largely independent of the temperature and
changes in flow rates, Such independence is shown in Figure

8 which shows two chromatograms obtained for two nanograms of
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Flgure 5

Schematlec of changes in electyon concen-

tration in the detector cell gt two

-

&

. different pulse intervals.
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Figure 6

Effect of the pulse perilod (= electron
concentration) on standing current and
regsponse of chlorobenzene. Column
temperature: amblent; pulse width 10 us.
The standing current decreased from ~ 3.%

nA at 30 us pulse period to~2.7 nA at
300 us.
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Aroclor 1254 (a mixture of chlorinated biphenyls)

and Halowax 1013 (mixture 3f chlorinated naphthalenes)
obtained at detector temperatures 100° aparts These
mixtures contain compounds with different degrees of
chlorination and consequently different coeffigients of
elactron captures The later peaks with higher mumber

of chlorine atoms (higher electron affinity) give similar
responses at both temperatures, whereas the response of

the components with low electron affinity increases with
the increase in temperature, pointing towards a dissoclative
mechanism of electron attachment,

As stated earller, under coulometric conditions the

' response of the detector is relatively immune to changes in

flov rate. This 13 illustrated in Figure 9, which shovs
three chromatograms at different flow rates obtained by
adding varying amounts, 0, 20 and 57 ml/min of a ™scavenger™
gas (l.e. N, added to the carrier gas at the exit of the
column) to ﬁ ml/min of nitrogen flowing through the colunmn,

No significant change in the response of the test compounds,

lindane, heptachlor, heptachlor-epoxide and dieldrin, was
obgerved, The only exception was the response obtained for

pyp!=-DDT; again, the lnconsistency in case of DDT can be

attributed to tﬁe decomposition of this compound in the

chromatographic system. The cause of the dips in baseline
af'ter the peak 1s not clear, though it is generally belileved
to relate to the development of contact potentlial in the

detector cell and ionization of solute molecules by metastables.

& e
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Figure 7
Calibration curves of five chlorinated
hydrocarbon insectlcides. Detector conditions:
Pulse width 8 us, pulse interval 300 us,
temperature 300%, N, flow through column
6~7 wl/min,
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Figure 8
Chromatography of polychlorinated biphenyls
and naphthalenes at two detector temperatures.
N, flow 6~7 ml/mir, pulse width 8 us, pulse
interval 300 us, 2 ng oiL each mixture injected.
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These results indicate the feasibility of
temperature programmed gas_ chromatography with ECD
even at low concentrations, provided proper care 1s
taken in the choice of a column and other gas
' ghromatagraphic~garameters. Temperature programming
with the ECD at relatlvely high concentrations has
been performed by Bostwick et al. and Knisp and co-
workers.ll7'118 By making use of a precolumn, good
results have been obiained in temperature programmed
EG-GC by McCullough and Aue; 1;9 however, use of a precolumn,
desplte its obvious sdvantages as a venit and peak selecting
device, makes the system %pmawhat difficult to operaté.
Figures 10 and 11 show temperature programmed
chromatograms of some chlorinated hydrocarbon pesticides
at two different concentration levels, Although the re-
sponse of the strongly elsctron capturing cgnbounds is
relatively insensitive to the changes in detector temper-
ature and flow rate, the response of the weak absorbers in
the column bleed does show a dependence on these parameters,
Thus a decrease in the wesponsé to column bleed at a higher
detector temperature would be observed if its components
\ ‘follow associagtive electron capture mechanismg, This seems
to be the case for the bleed from a modified support based
on Carbowax 20M.116 Figure 11 shows that the rise in base-
line at 350° 1s appreciably smaller than at 250° or 3009,

Thus operation at higher temperature is preferred because

1
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Figure 9
Chromatograms obtained at wvarious flow rates,
Pulge width 8 us, pulse interval 300 us, detect;r
temperature 350°, Column N5 flow 6-7 ml/min;

additional scavenger flow as indicated, ‘50 pg
of each insecticide injected.
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Figure 10

Temperature-programmed separation of small
amounts of chlorinated hydrocarbons, at two
different detector temperatures. & pg of

each Insecticide injected, other conditions
as in Figure 9.
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Figure 11

Baseline s%abilit{y during temperature
program, measured at different detector
temp:ratures. 25 pg of each insecticide
injécted for the upper trace, other .

conditions as in Figure 9,
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o

of this and other reasons such as the effect of
oxygen (low at high temperature) and the decrease in

cell contamination,

Ce ELECTRON CAPTURE PRODUCIS

The term product in this context refers to any

extraneous peak detected only by the second detsctor,
. which tan&s to decrease when higher voltages are applied
to the first detector (i.e, when the elactron capture
reaction is shut ofrf¢

| All products thus observed had shorter retention
times than their pa;ant compoundss This would be expected
since the predominant EC reactions in case of halogenated
hydrocarbons are assumed to involve loss of halide, halide
iong having been observed directly in plasma chromatography
by Karasek and coworkers»l 0,121
with higher molecular weigﬁ%vhas only been reported to

Formation of compounds

occur under radically different conditions (high concentra=-
tion, glow discharge), and, though unlikely, tha’possibility
of such products with longer retention times and low EC
response (perhaps originating from column bleed, wall reac=
tlons, etc.) cannot be completely ruled out. Similarly,
other neutral products‘vi;h short retention times and 1little
EC response may also be formed, but not detected. )
The 1nitia1 study of produects from electron capture

63

reactions was conducted using two commercial ~Ni electron
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capture detectors. These detectors are asymmetric

.

compared to most coaxial and parallel plate designs: the i
upper chamber containing the 63Ni foil and polarizing

electrode 1s separated from the lower chamber{ con%aining 3

the collecting electrode, by a narrovw chamnel (Fig. 12),

In the conventional configuration, the column effluent

enters through the upper chamber and exits through the

lower chamber. . v

The two EC detectors were first tested separately
in the normal configuration and under normal conditions,
and were found to be quite similar in terms of the 'base
line! current (standing current) and the response for
selected test compounds: lindane, heptachlor and heptachlor=
epoxide, Figures 13 and 1% show the ealibration curves for
lindane with the two detectors.

The instrumental sei=~-up was then changed to the
arrangement shown in Figure 1. 1In this configuration, the
unreacted solute and products formed in the first electron
capture detgctor were separated in the second column and
detected by the second detectors Both detectors were
operated in the DC mode., The optimum voltage for the '
first aeteetor (BC~1) varied from 30-60 V, depending upon
the column temperature, i.e. column bleed, whereas optimum
voltage for the second detector varied from 10-15 Vo The
baseline current of Ec-i was about- twice that of EC-2 |

(6.4:10'9 versus 3.6::10'9 A). It vwas also observed that

i
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Figure 12

( Schematic of Tracor 63Ni electron capiure

k&

r detsctor.

W




\\n
m r Q
. e -
Py ——
|
83 ’
2. M fol - d. Top electrode
. Boron  ntride nsulator €. Bottom electrode

C. Purge gas hne

'Y




50

Figure 13
Calibration curve of li:}dane, obtained with
EC-1l in normal configuration. Detector
conditionss polarizing potential ~15 V DC,
temperature 300°, N, flow througl; column
30 ml/min,
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Figure 1k
Calibration curve of lindane,
EC-2 in normal configuration,
conditlions as in Flgure 13.
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the response of EC-l was considerably higher than the
regponse of EC-2, |

The effect of different parameters such as
voltage, flow rate, detector temperature and presence of
reactive specles, etc., on the electron capture reaction

and product formation was studied.

Effect of Voltage

In their piloneering s?;udy on gas phase coulometry
uging an EC detector, Lovelock:and Maggs reported that
when sufficiently high voltage (~— 100 V) was applied to the
cathods, the slectron capture reaction in the detector
was stopped and the solute molecules passed through the
detector unscathed.lolb In the same study Iovelock et als.
also commented on the improbability of finding an electron
capturing product from electron capture reactions. 1In the
present study, it was observed that the magnitude of voltaéa
requirefi for turn off (voltage at which electron eaptu:z'e
process stops) varies with the sgign of the polarizing -
potential, the electron capturing species and the geometry
of the detector., It was noticed that the turn~off occurs
at a much higher voltage (around+ 1000 V) when positive
potential is applied to the upper electrode (Tracor 63ni ECD),
whereas with negative potential it occurs at relatively low
potential (-100 V), Little difference was found between
this and the other possible configuration in'which a field -
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of this direction can be operated {the other electrode
in each case serves as the collector and is at ground
potentlsl as are the entrance and exit lines) l.e. having
the negative potentlal at the lower electrode, Similarly,
either of two configurations can be used when the field is
reversed, with the same results. The plot of baseline
current versus voltage also reflects the situation (Fig.
15). With positive potential at th; upper electrode the
less moblle cations have a much longer distance to travel
and a higher potential 1s needed for reaching the saturation
currents It 1s generally accepted that the movement of
cations and anions at low E/P (Field Strength/Pressure)
ratios is predominantly governed by difrusion.laa
/ The effect of field 'strength on aleetféh capture
reactions in EC~l can be observed in Figures 16, 17, 18 and
19, which were obtained using two levels of dieldrin and
lindane. The characteristic S-shaped curve for the un-
reacted substances reaching the second detector 1s shifted
to higher voliagges when positive potential 1s applied to
the upper electrode or negative potential to the lower
electrode, while the other serves as the collector. The .
probable reason for thlsg effect is the formation of a
space charge (due to the slow-moving cations) which apposeél
the applied fleld, effectively lowering its strength and
thus lmpeding the fast removal of thermal electrons from
the cell.




Figurs 15
Voltage profile EC-1

Negative potential applied to
the top electrode

- - o Positive potential applied to
the top electrode
Detector temperature 290°

Note: The voltage profile measured with positive
° potential applied to the top electrode is
an S-shaped curve; however, its upper part
could not be recorded in this case because
of electrical insulation problems at the

high temperature involved,
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Figure 16

Effects of voltage cha;lge in Detector 1 on
response of dieldrin in Detector 1; and \
response of, residual dieldrin and its produé
(forn;ed i Detector 1) as seen by %@ector 2
measursd with 10 pg and 50 pg amountrs per
inject‘;,on. Negative vol’tag“e applied to upper
eleetro&e in Detector L; gas chromatographic
effluent enters from [- Pe

. 2008,

Column temperature
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” ‘@,  Residual analyte from 50 pg
injectio;x as seen by Detecto\; 2
£} Res{&ual analyte from 10 pg

. - A :L{;jection as seen by Detectar‘& 2
- --@ wee.  Product from 50 pg injection as
- seen by Detector 2.
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Note:
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Figure 17

Effects of voltage change in Detector 1 'on

[4]

response of residual digldrin and its product
(formed in Detector 1) as seen by Detector 2,
Pbsitive voltage applled to ubpg; electrods,.
Other conditions as given in Figure 16.

Shown is the beginning of two S~shaped curves
for residual di:idrin. The remaining part of
the S-curve could not be recorded due to
;lectrical insulation problem at the high

temperature involved,
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Figure 18

Effects of ﬁ;;rltage changes in Detector 1 on the
response of lindane in Detector 1; and response
of residual lindane and its product (formed in

EC~1) as seen by EC~2, Chromatographic and other

conditions as in Figure 164




P

s | Lndane
- .

S e e s ﬁf:"'
|
i

ks

)
e

- AN 3 e
1 ’ i erT 1~ilndanc=‘)§fﬁm “
) . = Eo i v
10~ o A
e . A \ . '
. - : . o 8 Dot 2
@ - . ¢ ;‘f ¢ \3‘ vﬁ ' mgﬁa}ai}@ !
D o A
T N / py . oo
ra s &
o - V4 .1 ‘9{, 3 Lt ‘
% J ﬂ"d PN \\ ,
b\ . 3 4 B Lindane -9
. o P s . AN v
. ‘:ﬁ 10 = L ?” // ) \yﬁf»”’)g: X -
. [ = /‘fiﬁ ety e s A )
1 GQJ. N o o ™ ~\ . \\ u’
& " Moo prgg gy v e
Ny
I - N b -
- {
10 — Vo
- ) "3%&%;;%—-3‘«%0‘340
AR o0
42 . , . 5 .-
10»—”‘“'0 T TTITTI S T
. +10 . +10 10 41
Voltage Det 1
* ™ » a /
C Potential applied to lower electrode” :
(/' N . . ’:g{‘ s N N
' - . ’ ’ ¢ '
3 : ) ’ » LIS -
. Ry . . , N e !
o ' !
. s
) g .
! 2
. , .
. : ' . g
, - . a
. LT ww»m&w; M r ! - L n’,.,



58

Figure 19
Effects of voltage .changes in.netactér 1
on response of residual lindane ‘and its
products (formed in Detector 1) as seen by
Detector 2, 'Negative voltage applied to
the low;? electrode, Other conditions as
given in Figure 16, )

Note: VShawn is the beginning of two
Sﬁshaped curves for fggzdual dieldrin,

The remgihing part of the S-curve could

not be‘recorded due‘to electrical insulation

[ i % ’
-, problem at the high temperature involved,
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Little difference Wwas observed between these
characteristic curves and those for other compounds
‘tested in this manner (i,l,a,zntetrachloroethane,
hexachlorcethane, bromobenzene, benzyl chloride, ’
o-chloronitrobenzene; q»chlo?onitrobenzene, p~chloronitro-
benzene, 2,3,5,6-tetrd&hloronitrobanéene, hexachlorobenzene,
lindane (7 -hexachlorocyclohexane), heptaeﬁlor, aldrin,
heptachlor-epoxide, dieldrin, decachlorobiphenyl, and
methyl parathion. - .

Large differences, however, were naticed 1n the
tendenny of compounds to form electron capturing products, N
which could be detected by the second detector, \ e

L

Compounds which.do ngtxrespnnd‘yell 1n the alactronm
N'capture°detactor gaye 1383 proncunbed profiles, Gefe Figure j -
20 shows the prufile for benzyl c¢hloride. 1t indicates that

most of the compounds with amall electron capture coefficient

BO through an ECD 1arge1y unharmed, and only a’ small fraction

of the molecules is ionized in the de%ector.’ As exphcted, rio

1 .
EC respohdﬁhg products were obtained for this and similer .

ccmpounds (chlorbbenzené“/gromobenzena, etcs).

Figure 21 shows the vdltage:@rofile f "hexachloro~

ethane, which Was found tobe offs of the best-régponding sub-
stances.» At can be observed that the first detec is Te~ P

narkably efficient in, breaking down the compound at low -° ° -

o

’ voltagas. Calculations based onlthe S-curve of the-second
‘detector (corrected for nnnlinaarity) reveal. that more than v

N

' 99% of the compouhd 13 consumed in the first etector.
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Figure 20 L
: Voltage profile for benzyl chloride, using 500
’ and 20 pg injections. Column temperature 95°,
No products obsgerved,
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Figure 21
Plot of voltage change Jversus response of
hexachloroethane similar to the one shown
in Figure 16, Column temperature 90°,

Column effluent enters in EC-l from the bottom,
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Chromatograms obtained at different voltaées (Vi} for this
compound in the two detectors are shown in Figure 22, The

chgomatogigms are arranged side-by-side (rather than repro-~ .

ducing the original dual-channel tracings) for clearer
illustration, It should be noticed, perhaps, that the
50 pg of hexachloroethane are way beyénd the linear range
of the first detec;;;: but this excessive amount had to be
ugsed in order to pick up both the compound and its products .
throughout the entire voltage range. Figure 21 also shows
that maximaum of product is obtained in the middle voltage
ranges, which could be attributed to consumption of this
product in the first detector after its formation from the
parent compound, Faiiure to turn off the reaction for this
compound could be due to the large cross-section of electron
capture for #his molecule, The possibility of product
formation by the interaction of cations and solute moleéules,
cannot be completely ruled out,

These chromatograms (Fig, 22) and voltage profiles
(Fig. 21) seem to indicate that, in the DC mode, the maximum
of reactlion and the maximum response do not coincide;

Asguming that at'low voltages the decrease in re-~
sponse’ and the baseline current (resulting from the collec-
tion of free elecirons) are related, a rough estimate of the
extent of reaction at lower voltages can be msde by multi~

plying the response by a correction factor f where J

o b "17‘?“*“‘“"&‘



- e omew s awem ™

l"

63

Figure 22 :
Chromatogramg obtained from 50 pg hexachlorocethane
as seen‘by two detectors. Simultaneously obtained
chromatoérams are placed side by side. Voltage In

Detector 1: 0, =36, or ~1000 V, voltage in
" Detector 2: constant (optimum).
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] Figure 23 shows the response profile of 1 pg of
hexachloroethane at different voltages; the dotted line
corresponds to the extrapolated responsé corrected for the
decrease in the standing current at low voltages. The
extrapolated response increasses to a maximum and then sﬁows
8 decrease indicating that either the simple extrapolation
* does not hold at very low voltage or that the electron
affinity of hexachloroethane is higher for free electrons
with kinetic energy sohewh&i higher than thermal or the
presence of other electron capturing species,

Another attempt was made to speculate on the extent
of reaction at different voltages. The S=curve obtained
from the second detector was used in calculating the analyte
consumed in the first detector and, from these data, a rough
estimgte of the response of the first detector was made., No
corraections were made to account for the response of pro=-
ducts in the first detector; with this in mind, aldrin, a
compound with low responding products, was chosen. No ’
attempt was made to account for such phenomena as the change
in cross section of}soluxe with the change in electron‘i
energy and neutralization of the negative ions at the ancde,
ete, )

The data from the S-curve were corrected for non-
linearity of response and used in calculating the amount of
anslyte consumed, This amount was then corrected for effice
iency of charge collection (f) and multiplied by an empirical

constant, equating the highest responses from measured and

e DT il
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Figure 23

[y

s

Measured response of 1 pg hexachloroethane,

With calculated (corrected) response,
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calculated voltage profiles to account for the sensitivity
difference between the two detectors. The values thus f\

obtained bore resemblance, particularly in the position’ }
of maxima, to the response actually measured in the EC-l;

b T R

Figure 24 shows these g‘esults. f The discrepancy between the

measured snd calculated response at high voltages couid, %’

" for instance, result from the decrsase in the observed

response due %o collection of anions a_t these voltages.

Effect of Varloug pddjtiveg N
P In an at¥empt to gain insight into the 'procassas
occurring’ in the elgctron capture cell, varlious additives
were added to the carrier gas ;;ream and their effect on
the produc’:;s and product pattern (rumber and relative size
of the product peaks) was’ recordeds Initially N, vas us‘ed
as the carrier gas, later Ar and He were also tried. Five
compounds, 2,3,5,6-tetrachloronitrobenzene, pentachloro- |
nitrg nzene, hexachlorobenzene,. lindane and -hexach}orw

cyclohexane, were used as the test compounds,

Gaseous additiveswere added to the carrier gas iy

stream through a fine metering valve with mumerical counter
whereas the liquid additives were added by saturating part .

or_whble- of the carrier gas stream. Results obtained are

summarized in Table 1 (on page 71).
When Argon Was used as the carrier gas results were A
» ¢ -
similar to those obtained with nitrogen, except that the *

small molecular “peaks Were more abundant in the case of Argon. . ’

5 x - \
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Figure 24 ‘ o . -
Plot similar to the one shown in Figure 16,
but using 50 pg injections of aldrin,  The
response of Detegtor 1 was calculated (@---@)
s from the amount of aldrin consumed in Detector 1,

. inus (®===®), and standing current in .
Datector 1. Column temperature 200°,
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*

Figures 25 and 26 show the chromatograms obtained for
pentachloronitrobenzene with Ny, N,/iso-octane, Ar {
(methane was added to the EC-II to retain sensitivity),

and Ar/iso-octane, . * ‘

\ The best product patterns vers obtaiped'with
Ar/iso-octane, The amount of “igo-octane added varied
frow 200-400 ug/min (calculation based on the saturation -
of carrier gas); amounts at the upper %imit gave better
result ' ' ) ‘
i\iﬁbse results, along with the regults from the
vbltage atudyz seem to indicate that the electron capturo
process depends primarily on the ease of dlectron absorp-
.tion, which in turn 1stdependent upon the electron energy;
o gan;rally, the closger ‘it 1is toﬁthernal,.tha gre;ter iy the
capture cross-section for large and c;hplex solute mole=-
cules, This may be the reason for increased breakdown of
. the compound and product in presence of large molecules
such as iso-octans, which are more effective in ‘cooling!
"the electrons through inelasfic collisions, Furthermore,
\ large molecules may facilitate the fast release of onergy
from the s’Aute ?olecular anions and'radiggls and thus

prevantrthsn from disintegratine into very small jnon-
detectable fragments,

7
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P Figure 25 g ~

. \ Chromatograms obtained from'the second

loro s i T T

- detactor for 200 pg of pentachloronitrobenzene ' 1
injected into the first column with Nz AL |

as the carrier gas. Chro;:at;a-
graphic ¢dnditions: c¢olumn temperature (1)\ 190°,,
column temperature (2) 115°, Flow rate 30 ml/min,
Second detgctor operated in pulse mode with pulse
i 4 width 10 us and pulse interval 300 us.
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Figure 26

4

, Chro;natogi'ams obtained from the second detector

L

for 200 pg of Pentachloronitrobenzene with
Ar vs Ar/iso-octane as the carrier gas.

Chromatographic conditions as for Figure. 25‘.\
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TABLE 1
. Effect of Additives on the Electron Capture-

additive
Hydrogen

Water

Carbon monoxide

Carbon dioxide
* Ammonia

Methane

n~-Pentane

n-Hexane

Hexanes
n-Heptane

Iso-Octang(

~

-4

Products Y

Qbgervations
No changes in products’ or product
patterns observed when added in
small amounts (< 1%), but large
numbers of extraneous peaks, un-
related to electron capture pro=
cesses, were obtalned, egpecially
in case of hexachlorobenzene,

»lindane and ¢y=hexachlorocyclo=
hexane, when H, was added in large

quantities. :

No notlceable changes ware ob~
sarved, Very large amounts
affected the detector response,

No significant change in products
or product patterns at low concen-
trations, response of EC~II was

very low at higher concentrations.

e N

Same as for CO,

Response of EC-II was very low, no
obgservation could be made,

Some changes in product patterns
ware notliced; a slight increase
in smaller molecular weight pro=-
ducts with lower retention times
vas observeg.

. & somewhat greater increale in
smaller molecular weight products
than observed for methane,

Same as for 05312.

Same.

3

Same,

Significantly larger product peaks
were obtained for sall test compounds.

PUFEIR o TN

o

E.

- e



Er———

™

3

Additive

L]

2-Pentens

i

o
Methanol

Acetonit 3:19 4

AR

Ty

«ABLE 1 - continued

xg =6@,_4,

®

Observations) .

Same results as for CH;,, at low /
concentrations. Response of .
EC~II was significantly lower .

at higher concentrations, y

E

Same as for  2-pentene,

Same as for <-pentene, : \3
}
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Effect of Temperatuyre

the electron capture process and product formation in the

In order to observe the effect of temperature on

case of strong electron absorbers, the temperature of the

detector/reactor (EC-1) was varied over a hundred degrees,
i.e, 200-3009C, Three test compounds, 2,3,5,6~tetra-

chloronitrobenzene, pdntachloronitrobenzens, and hexachloro=

benzene, were injected into the gas chromatograph; the

products and unreacted compound were then monitored by the

second detector,

A

No significant change in the relative or sbsolute

amount of product peaks and the parent compound peak was

observed for any of the three test compounds,. This was

expected, since temperature has had lilttle influence on EC
response under normal snalytisal conditions. (It should
be noted, though, that EC response was reported to show

strong tenperaturg dependence under conditions employed by

Wentworth et al for physicochemical studies.

2,5

shows the chromatograms of products and unreacted tetrae

gure 27

chloronitrobeniene~cbserved in the second detector for two

different temperatures of the first detector,
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Flgure 27

-

Chromatograms of products,and w;cona\tfned 2,3,5,6=
tetrachloronitrobenzene obtained in Detector 2,
with detector (l:\gt tvwo different temperatures.

100 pg of the compound was injected. Carrier gas -
N,/1so-octane, |
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D, HIGH RESOILUTION SET-UP AND TENTATJIVE NTIFICATION :
+  OF PRODUCTS

A limited attempt was made to idegtify some of the
product peaks resulting from electron capturing reactions

for a few selécted compounds, viz. tetrachloronitrobenzene,

B e TR
’

pentachloronitrobenzene, hexachlorobenzens, 2,4,6-tri-
chlo trobenzene, tetrachlorobenzenes, chloronitrobenzene,
hexachloroethane and tetrachloroethane., The attempt had to v

ae R,

be 1imited because of the numerous problems agsociated with
identification of unknown substances by retention time d;ta
only, which was further complicated by the rigid roqui?anents
of EC-GC. Thus the identifications are at best tentative.
Positive identificatlon of the products would require elab=
orate structural analysis techniques, which ih the author's
opinion is rather difficult considering the fact that the
amount of sample (products) available is a few picograms at
best, which is‘ggil below the detection capabllity of most
analysis techniques, The only technique that could possibly
be used directly is atmospheric 1onizatio§ masg-gpectrometry
with extensive signal conditlioning by computers as used by ;
,ggsning and coworkers.l23 . /‘
A high resolution set-up shown in Figure I was con<
structed. The first column was placed in & separate iso=-
thermal column bath, so that the second column could be
operated at a considerably lovwer temperature to facilitate

the separation of more volatile products. Special effort

.
- v i
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wag made to reduce the dead volume of the system to

minimize the peak-spreading; towards this end the Tracor

63N1 EC detector was replaced by a modified coaxial O3Ni EC

prawe e S

reactor/detector-of our own design.

Argon doped with 1so-octane Was used as the carrier
gas. Standard compounds suspected to be identical to the
products were 1n3ected and their retention time in the second .

colunin was compared to that of the products resulting from EC
reactions. This approach required some speculation as to the
identity of the products and the mechanism of thelr formation.
It was assumed that products are formed, either by dissocla-
tion of the molecular radical anion«in the gas phase or by
dissociation of these anions on the cell wall, FProducts re="
sulting from‘neutralization may be too small to be detected

by the second détectora Dissoclation of chlorinated hydro- -
carbon ions is bellsved to result in the formatian of halide
fons and radicals. Chloride lons have been observed in some-
what similar conditions by Karasek and coworqus in plasms

120
chromatography. Recently Horning's group has obsgerved
‘ L

W ST i

phenoxy ions under conditions close to plasma chrométography
with compounds such a3 hexachio;obénzene and pentachloro=- i
nitrobenzena when very small amounts of oxygen ware present, ' 4
- The 1dentir1cation of products was further complie
cated by nonsavailabfiity of a number of compounds of interest.
Results based on retention time data only are swmmarized as

follows in Table 2, These results, though error prone, seem

-

8
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to indicate that the products in most cases.are formaq_by
loss of halogen(s) and the nitro group. In the case of

‘aromatics, the  ring stays 1nxact. Loss of the nitro group

is quita surprising; available data from plasma chroma~
tography and atmospharic ionization mass-spectrometry do

not ‘'show this loas. Figures 28 and 29 show the chromato=

grams obtained for tetrachloronitrobenzene angd pentachlorou
nitrobenzens, respectively, . The retentionptime of the major
product peaks obtained frqﬁ‘2,3,5,6~tetrachlordﬁitfchenzana and

.separated in the second column corresponds to that of' 1,2,

,5-tetrachlorobenzene; similarly, the retention time of the
major product peak in case of pentachloronittobenzene cor=:
responds to pentachlorobenzene. For pentachloronitrobenzene

;hs‘othar product peaks (21, P, and 95) correspond- to the

product peaks (Pi, Pg and Pg ) obtained for pentachloro-
benzene. This seems to support the assumption that the
major product for pentachlaroni%robenzena is pentachloro-
benzene; similar resultg were obtained for tetrachloronitro-
benzene-tetrachlgérobenzene and trichloronitrobenzene-
trichlorobenzene\ In the case of 2,4,6-trinitrotoluene
parent molecules wer¢ consumed in the first detector but no
electron capturing products were obgerved (Fig. 30). This
observation also seems to support the view that the nitro
group is in féct removed with relative ease in the electron
capture reaction. *

The reactions which are possibly involved in electron

capture product formation in the case of nitro axkhalo com-
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Figure 28 - -

7

Chromatograms of tetrachloronitrobenzene and
tetrachlorobenzene obtained in (-=--) Detector 1,
Chromatograms of produc%s and unconsumed parent
compound obtained in (

) the second detector.
Chromatographic conditions as in Figure 25.
7 ')

Carrier gas Ar/iso-octana: Py Py and pi are

product peaks,

LS 3

Note: Dark arrow marks passage of parent compound
through Detector 1, lie. it indicates
beginning of retention time scale for

QOlurmn 2. . %
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Figure.29

Chromatograws similar to those in Figure 28,
obtain;d for pentachloronitrobenzene and pen=
tachlo;obenzene. Chromatographic conditions as
1n.Figﬁre 25, carrier kas Ar/iso~octanes P, Ei, P2
,33, Pi, P} and Pé are_producﬁ:peaks.
Notes: Dark a&row marks passage of parent compound
v through Detector 1,11t indicates the
beginmning of retention time scale for
column 2, "
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' ﬂ TABLE 2 - :

Possible Electron Capture %\\\‘Nm.\~////~
Compound vq :

2,3,5,é~tetrachlor6nitrobenzene

,2,# S~tetrac

bﬂnzqna
! ) " 1,2 %ntrichlorobenza e,
l ’ . ’ Chlorobenzene
Pentachlox;onitrobenzem - ) . Pentachlorobenzene,

%92 239 Y=tetrachlore~

nzene
1,2,3, 5Ltetrachlnro-
banzens
1,2 3-trichlorobenzane,
: CR1drobenzens

Hexachlorobenzene Pantachlorobenzene,
.. Chlorobenzene
‘ ’

: » 1,2,4,5=tetrachlorobensene 1,2,4=trichlorobenzens,
: ) Ghlorobenztna p

1,2,3,4~tetrachlorobenze . 1 2 ~trichlorobenzene,
trichlorobenzenn,)
s -Gﬂlorobenzenc

1,2,3,5-tetrachlorobenze . 1 2,3«trichlorobenzena,
) 1, 2 -trichlorobenzene
. . ,3,5Atrichlorbbenzene

Tetrachloroethane

Hexachlorocethane .
s . Tetrachloroethylens

Chloronitrobenzene Chlorobenzene

* Gompounds whoge retention time corresponds to that of
( product peaks. \

s~
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pounds may be summarized as follows:

nA-NOai-O

[x - noz] . | AH o
A-Cl+e PO AH

* e ld

On the basis of such 'product spectrum', identification of

compounds even at ultra trace levels seems possible,

Identification of the isomers at trace levels, even with

slaborate techniques such as Gc-pass spectrometry, is

rather difficult. Complex mixtures could slso be identified -
3 by their distinctive product patﬁgrns; Figure 31 shows the‘

chromatograms of Aroc lor 125% (mixture of chlorinated’

biphenyls) with and without undergoing electron capture

- .
reactions. Hydrogen required for the fo;nation of thgse- Iy

products is obtained either from the traces present in the

+
. 1R N -

carrler gas or the column bleed or both.

In addition to the identification of products the
other maln objective of the high resolution seé-up vas to ™
explore the feaslbility of fingeér printing compounds of’
environmental interest. Encouraging results were obiained
for a few gglpctad compounds. Figures 32 and 33 show such
fingérpfints obtaiqad Tor the isomers of hexachlorocyclohexane
and tetrachlorobenzene. Peaks in the 'product spectrum' of
tetrachiorobenzeneé had zetention times simil to*},z,g- ~

trichlorobenzene, 1,2,4=~trichlorobenzens and 1,3,5-trichloro~ °
. benzene, As would be expected 1,2,4,5-tetrachlorobenzene

gave just one trichlorobenzens, 1,2,3,4~tetrachlorobenzene

gave two trichlorobenzenes, and i,2,3,55tetrachlorobenzens
gave three trichlorobenzenes, '

S
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l,E,h,S-tetrachlcroﬁenzene

02

cl _ cl cr
_.C:| E ﬂ *e
cl c Cl Cl o cl

Cl ) Cl )

< 1,2,3,4~tetrachlorobenzene ! 1,2,4-trichlorobenzene 1,2,3-trichlorcbenzene .

g g Cl cl ol Cl
: 1 5 |
c * Cl Cl Cl \

. C ~Cl oo cl L ° ‘
o —_=l . I \
1 Cl Cl . Ci Cl

s

‘ Cl . ' cl - Cl
1,2,g,s-tetrachlqrabenzene . 1,2,k-trichlorobenzene 1,2,3-trichlorobenzene 1,3,5-trichlorobenzens
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Figure 30

,

Chroma%ggrams of 150 pg 2,4,6~trinitrotoluene
from t?g second detector, with the reactor ‘'on!
and ‘foff'. No products observed. Column

temperatures 200° and 1359, Carrier gas
Ar/iso~octane,

gy
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Figure 31
Chromatograms of ‘yng of Aroclor 1254 from
the second detequ;. Upper trace obtained with
the reactor (EC-1) ‘'on' and lower one with the
reactor ‘off!, Column temperatures 200° and 1359,

Carrier gas Ar/iso-octane.

The early peaks geen only in the upper trace are
products,
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Figure 32 -
Chi'omatograms ogbtained for 200 pg of
hexachlorocyclohexane isomers and thelir
ele.ctron capture products. Chromatographic

conditions as in Figure 25,
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Figure 33
Chromatograms gr tetrachlorobenzene isomers
and their products obtained in the seéond
detector., 250 pg of the compounds injected
into the first column, Chromatographic
conditions: 1st column temperature 170°, 2nd

column temperature 105°. Other conditions as
in Figure 25,
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E. HYPERCOULOMETRIC RRSPONSE AND EFFECT OF PRESSURE
During the preliminary product studies, it was

¢

observed that at optimum voltage, the response of the
first detector was often quite high., At low coneentrations“1
\galculations of electrons/molecule (Faradays/mole) ratios
showed that these values were well ‘beyond the agsumed limit
of 1,1% values as high as 40 vere found for certain com-
pounds in small amountse. , Measurements of e/m ratios
(Faraday peak area/moles injected) at low concentrations
are, ofpcourse, prone to & number of errors, some of which
are difficult to avoid,

Too high an e/m ratio could arise from faulty and/or
impure standard solutlouns, improper calculations, and faulty

instruments (primarily electrometers Pnd recorders). None of

these should be excessive,

Too low an e/m value could be caused by all of the
above plus hecomposition in injection port, column or trans-
fer lines, an all too common problem which is rather difficult
to diagnose and remedy. Thus, though the accuracy of

meagurement may not be too high, results should, if anything, -

tend toward the low side,

Special efforts were made to minimize the problems
mentioned above; standards were prepared by other graduate
students in the group; electrometers and recorders of three
different makes were employed, and the calculations were
thoroughly rechecked. Consistently high e/m values were

-«

Lo



file:///calculations

88

still obtained. Table 3 shows the ratios obtained for

various compounds at different levels of concentration.

The sensitivity of an kC detector under these
conditions was found to be very high, as illustrated in
Figure 34 with two typical pesks for 0.l pg of hexachloro-
ethane and lindane. The minimum detectable amount of the

1k

former was found to be 1x10™*"' g (an injection of 20 fgro‘)

‘ (femtoéram) of 02016 gave a peak four times higher than

the noise); however, the response was found to be linsar
only up to about 10 pg levels, as shown in Figure 35,

A close examinagtion of the sei-up pointed out that
since the flrst detector was located before the second
column the ‘hypercoulometric! response of this detector
is somehow related to the elevated pressure inside the
detector cell, 4s a conventlon, electron capture detectors
operate at ambilent pressure., It is not uncommon, however,
that an BECD operates under some slight overpressure -~ be it
that the exit line offers some lmpedance to the flow or be
it that such resistance is deliberstely introduced to pre-
vent back difmsiox:x of atmospheric oxygen,

To the author's knowledge there has been no mention
of the effect of pregsure on the response of an ECD. The
only study related to pressure is that of Scolnick, in which
the affe;t of pressure on standing current is described.

It was reported that the standing current increases with an

increase in pressure. The measurements Were made in a con=

centric 3H ECD with pressure ranging from 1 to l.3 atmospheres.

»
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Table 3
RELATIVE EC RESPONSE

Compound e/m\ Ratios
Amount Injected 1l ng 100 pg 10 pg p 1l pg-
Tetrachloroethylene - 0.7 ~3e6 6e 5
1,1,2,2-tetrachloroethane = 1.3 2,2 -
1,1,2,2-tetrabromoethane - ka0 12,0 4.0
Hexachloroethane - - 16,0 2540
Hexabromoethane - Yo7 17.0 26.0
Octachloropropane* . R
3~-chloro~l,2-propanediol 0404 - - -
1,4%=dibromobutane - 0.1 - -
1,2,3,4k=tetrabromobutane - - 12,0 13.0
Pentachloroethyl ether - 9.5 22,0 24,0
Diethyl fumarate 0.003 - - -
Octachlorocyclopentene - 2.5 RN -
Chlorocyclohexane ’Q,oz 5 - - -
Bromocyclohexsne OO = - -
(I -hexachlorocyclohexane - - ’ 5,0 7.0
'B Jhe:gachlorocyclahexane - 2,5 642 7.6
7-h?ﬁ§gtg§3cyclohexane - - 13.0 17.0
§ -hexachlorocyclohexane - 3.6 140 21,0
Nitrobenzene O; 02 - - -
Chlorobenzene 0.03 - - -

Bromobenzene 6.06 0.07 - -
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mgﬂeo 3 gsontipued
- Compound e/m Ratios
_ Amount Injected lng 100pg 10pg 1 opg
Benzy]“chloride . 0.08 0.15 - -
m~dinitrobenzene - 0.65 0.8 -
o~dinitrobenzene - 0.7 0.8 -
o=chlorophenol 0.01 - - -
p~bromophencl 0,02 - - -
o=nltroaniline 0,09 0el3 - -
o -fluoronitrobenzens - O 5 0.8 -
o~chloronitrobenzene - 1.6 3¢5 3.8
n-chloronitrobenzene - 1.5 2,8 3.0
p -chloronitrobenzene - 1,0 1,6 2,0
o-=bromonitrobenzene - 1.5 55 8.5
o ~iodonitrobenzens - 4,0 8.0 8.0
\. 4=chloro~2-nitroaniline - 2.2 3.6 4,0
2,5~dichloroaniline 0.03 0. ol - -
2 ﬁg;g%gggrotlb-nitroaniline - 4,0 Se 3’ 4,7
2,3,5,6-tetraghloronitroben- ; ‘
zene tTecnazene) - 3,0 19,0 32,0
Pentachloronitrobenzene
(Quintozene) - 4,2 13.0 25,0
Hexachlorobenzene - - 7.“0 11,0
Hexabromobenzens - 8,0 + 9,0 14,0
2 ,lr,6-tri;xitrotoluene - - t 5.8 549
w

&

o e Ralhesn e R
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Table 3 continued ?

Compound ) /o e/m Ratios
Dimouyt Injected 1ng ioe rg 10 pﬁg 1 pg
MG - 20 - -
Heptaghlor - - 11.0 150
Aldrin - - 1%.0 _ 17.0
Heptachlor Epoxide - - 16.0 17.0
Dieldrin - 7ok 13.0 150
p,p'~DDT* ‘ - ER" 3.0 -
) Degéacfxlorobiph‘enyl - 4,2 7ol -
Methyl parathion - .- 1.5 2,3
Tetraethyl Lead - 0.5 - -

b )
L]

* Extensive decomposition obvious from chromatogram,
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Figure 34
Chromatograms of two tést compounds at the
Oel pE level, Column temperatureé:

hexachluroethane, 909; lindane, 190°,

-
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Figure 35
Calibration curve for 2,3,5,6~tetrachloronitro-
ﬂbegzene obtained from the ECD cpera§ing at 25 -
psi overpressure, Column temperature 160°,

Carrier gas Na;
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In accordance with Scolnick's results an
increase in the number of charge carriers (background
current) was observed with an increase in pressure
until a platean Was reached; Figure 36 1llustrates
these results, These data were obtained after removing
the chromatographic column, ‘

Voltage profiles obtained at different pressures
are shown in Figure 37. These reveal that as the
pressure lncreases, the numﬁb;'or charge carriers and
voltage necessary to collact them increases as well,

This would be expected because an increase in pressure
results in an increase in the probability of recombination
of the thermal electrons and cations.

The'increase in background current can be attri=-
buted to the increase In the efficlency of ionization
resulting from the decrease in the range of ﬁ particles.
~13part1cles (63Ni) travel up to 6=8 mm in nitrogen {(at
atmogpheric pressure)s Thus in a Tracor 63Ni elsctron
capture detector with a cell cavity of ~7 mm diameter, an
apprec}able portion of theJS particles are lost before they
lose thelr energy via lonization. With an increase in
pressure the number of collisions betweenkLBParticles and
the carrier gas molecules {increases resulting in an in-
crease in thé number of ion pairs. This conclusion was i
confirmed with the observations made on two detectors<§9>
similar design containing 63Ni and 3H foils, As expecled,

¢

xR w e e
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Figure 36

Graph showing the effect of pressure on the
O3y1

ECD., Data were obtained without a chromatographic

hackground cuggwﬁt obtained in a Trscor

column,

e
s, e gy
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Figure 37

Woltage profiles! at different pressures,
Negative potentlal applied to the upper
electrode of a Iracor 63Ni ECD,
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the increase in the background current of 63Ni éetector

was much greater when compared to the increase observed

for the 3H detector Qﬂ}range ~ 2 mm} (Fig. éé). .
4 more agstonishing effect of the”pressgif/mas:

observed in terms of the response of the' detector in the

DC mode. An increase in the pressure resulted in a steep

increase in response, as shown in Figure 39 for the

fungicide tecnazene (2,3,5,6~tetrachloronitrobenzene),

The increase in response appears to be a linear function

of pressure in the measured range (up to 5 atmospheres).

It is interesting to note that the response at 1 atmosphere,

l.es under normal operating conditions, is less dependent on

pressure and falls close to the coulometric range (considering

the facf that tecnazene forms strongly electron capturing

products), Little change in the linear range (approximately

102) was observed although it shifts to lower concentrations.
The increase in response can result from (a) increased

attachment and recombination, or (b) development of a space

charge. &s stated earlier, an increase in pressure resulis

in an increase in the number of available electrons and also

leads to an increased probabllity of recombination which, in L

turn, should result in a higher response; however, such an

increase for small amounts of stprong electron absorbers

should be fairly small.

e
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Figure 38

]

Graph showing the effect of pressure on the
standing current of two detectors of same

geometry (coaxial) but with 63N1 and 34 as
the ﬁ SOUrce,
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Fiéure 39
Detector response at different pressures
to 1 ég of tecnazeng (tetrachloronitrobenzéne)
measured in faraday§ peak area per mole of
analyte, at optlmum voltaée conditions., Gas

6
flow enters from the bottom of a Tracor 3Ni ECD,
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The capture of electrons by solute molecules
results in tﬁé formation of anions. Such anions are
less mobile and under suitable conditions could lea '
to v’:;evelopment of an additional space charge, creatQ
a field opposite to the applied field resulting in a
decrease in the number of electrons collected i,0. an
increased response. n

In another study on the effect of pressure in IC
nd pulsed mode, it was observed that the .enhancement in
response was larger in the DC mode than the pulse mode
(Fig. 40). This would be expected if the enhancement is
related to the development of space charges, Whereas the
potential free periog in pulsebmode reduces the geparation
of charges and thus the development of gpace charge, the

opposlte is true when contimuous potential (DC) is applied,

VR
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Figure 40
Response at different préssures to 10 pg of
tecnazene measured in faradays peak area per
mole of analyte, obtained with a modified
| coaxlial detector operating at optimum conditions
in pulse and DC modes. “Column temperature 150°,
' Carrier gas No.
d ;
’ Operating Conditions
! Cell Pressure bBC Pulge
| atms volts interval width amplitude
1 T 270 10 =30
. 1.8 ~7 210 10 30
2.4 . =1l 180 10 =30
362 =14 140 = 10 =30

-

B S

P -
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SUMMARY

A chromatographic system for observing the
neutral, elgetron absorbing products formed in an
electron capture detector was congtructed., The system
conslsted of two electron capture detectors and two
chromatographic columns arranged in a series configuratidn.
Both stable neutral products formed in the first dgtector
and the parent compound were separated in the second
column and detected by the second detector.

The effect of various parameters (voltage, detector
temperature, the presence of other reactive spdcies and
different carrier gases) on the formation of these products
vwas studied in detail,

It was observed that while all strongly electron
captiring compounds shared a common voltage profile, product
formation depended on the individual structure.

Detector temperature had little or no effect on such
products, Addition of varlous substances to the carrier gas
also had little effect on the formation of these products,
excepting higher hydrocarbons (pentane, hexane, heptane and
iso~-octane) which enhanced the formation of smaller molecular
welght products.

A limited attempt was made to ldentify some of the
product peaks obtained from a few selected compounds, It
was observed that. some of the products obtained from nitro=

halo aromatics may result from the loss of the nitro group,
while others may be formed by removal of halogens,
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In the series configuration, an ephanced .
response was observed for the first detector, which was
attributed to the elevated operating pressure. 4 de~
tailed study of the effect of pressure on the response
of an electron capture detector revealed that the re-
gponse of an ECD operating in DC mode increases with an
increase in pressure; however, such increase is less
pronounced for a detector operating in the pulse mode,
It was observed that under suitable conditions (high
pressure and optimum DC voltage) the response of the
detector for certain strongly electron capturing species
was well above the supposedly limiting coulometric value
of 1 farada&/hole. Under these conditions, 20 femtograms
of hexachloroethanevéaVE a signal four times higher than
the nolse,

The effect of various operational parameters on
the response of an electron capture detector (operating
in pulse mode) was also studied, The results obtained
showed that the electron capture detector response for
the strongly electron capturing substances in a 'clean'
system is relatively immune to the changes in various
operating parameters, Under such conditions an electron
capture detector can be used with temperature programmed

gas chromatography. '
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CONCLUSION

This study was primarily concerned with the
obgervation of neutral electron capturing products
formed in an electron capture detector. The?results
obtained indicate that such neutral electron capturing
products are formed and the number and amount of pro=
ducts formed depends on the structure of the parent
molecule. Thus the “absolute™ determination?‘%’lll+
of electron capturing substances can only be made for
compounds that do not give any neutral electron capturing
product. Results obtained without this knowledge may be
in error.l ]

The ‘product spectra' (product patterns obtained
for selected compounds) sh&w that such spectra can be
ugsed in 'finger printing' and identification of many elbc-
tron capturing compounds at ultra trace levels, The ten-
ﬁative identification of some of the products seems to‘
indicate that the major products peaks obtained for
chlorinated nitrobenzenes may be formed by the loss of
the nitro group.

The formation of thpse products can be stopped by
applying a'high DC potential. The magnitude of applied
potential needed is governed py the direction of field and
the geometry of the detector,

The detector operating at high pressure (above 1.5
atm) gives response higher than the coulometric limit, this

thypercoulometric' response is dependent upon the mode of
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operation (higher for DC) and the detector cell geometry.

Furthermore, an lincrease in standing current with an increase

1,92
in the flow rate of the carrier gas described in literatugggg

may getually be due to the corresponding increase in pressure
{gas density) in the detector cell,

¥Finally, the series confliguration used in the
present study, can easily be adaptel for othdr reactlon
techniques for identification of various compougds by gas

@

chromatography.
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