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Abstract:

The electron capture detector (ECD) response to resonance electron capturing compounds is shown to
be affected not only by the electron capture reaction, but also by the detailed nature of the subsequent
competitive reaction dynamics. For aromatic molecules with a low electron affinity, two processes
accompany the electron capture reaction. These additional processes are electron detachment from the
molecular negative ion and the protonation of the analyte molecules. Results are presented in which the
effects of these two undesired reactions are eliminated by the chemical doping of the detector make-up
gas with a high proton affinity amine and an alkylmono-chloride. In the detector gas these dopants alter
and stabilize the reaction dynamics and provide greatly increased sensitivity, linearity, and
reproducibility of the ECD response to polycyclic aromatic molecules. For numerous PAH's, ECD
responses were measured as a function of analyte concentration, detector temperature, dopant type, and
dopant concentration. Identification of the charged species in the ECD plasma was accomplished by a
specialized ECD interfaced to a quadrupole mass spectrometer.

Theoretical modeling of the constant current ECD response to resonance electron capturing compounds
includes a kinetic model to explain the mechanism of response with the amine and alkyl monochloride
dopants. The existing theoretical models of resonance electron capture in the ECD are Improved and
supported by the results presented here.

Utilizing two ECD cells in series, experiments are described in which the tendency for regeneration of
the parent molecule from the molecular anion by recombination with positive ions was investigated.
The efficiency of molecular regeneration for molecules with a high electron affinity is determined from
the ratio of the response in the tandem cells and the compound's known electron attachment rate.
Theoretical models and results for compounds responding by a resonance and a dissociative electron
capture mechanism are presented. Differences in the molecular anion behavior in the recombination
reaction are discussed, as well as the application of this technique to tandem cell coulometry.
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ABSTRACT

The electron capture detector (ECD) response to
resonance electron capturing compounds s shown to be
affected not only by the electron capture reaction, but also
by the detailed nature of the subsequent competitive
reaction dynamics. For aromatic molecules with a low
electron afflinity, two processes accompany the electron
capture reaction. These additional processes are electron
detachment from the molecular negative ion and the protona-
tion of the analyte molecules. Results are presented in
which the effects of these two undesired reactions are
ellminated by the chemical doping of the detector make-up
gas with a high proton affinity amine and an alkylmono-
chloride. 1In the detector gas these dopants alter and
stabillze the reaction dynamics and provide greatly
increased sensitivity, linearity, and reproduciblility of the
ECD response to polycycllc aromatic molecules. For numerous
PAH’s, ECD responses were measured as a function of analyte
concentration, detector temperature, dopant type, and dopant
concentration. Identificatlon of the charged species in the-
ECD plasma was accomplished by a specialized ECD interfaced
to a guadrupole mass spectrometer.

Theoretical modelling of the constant current ECD
response to resonance electron capturing compounds lncludes
a kinetic model to explain the mechanism of response with
the amine and alkyl monochlorlide dopants. The exlsting
theoretical models of resonance electron capture in the ECD
are improved and supported by the results presented here.

Utilizing two ECD cells in series, experiments are
described in which the tendency for regeneration of the
parent molecule from the molecular anion by reqomblnatioh
with positive lons was investigated. The efficiency of
molecular regeneration for molecules with a high electron.
affinity is determined from the ratio of the response in the
tandem cells and the compound’s known electron attachment
rate. Theoretical models and results for compounds
responding by a resonance and a dissociative electron
capture mechanism are presented. Differences in the
molecular anion behavior in the recombination reaction are -
discussed, as well as the application of this technique to
tandem cell coulometry.




INTRODUCTION
s i jew

The electron capture detector (ECD)> for gas
'chromatograﬁhy has seen cbnsideréb]e development in theilast
30 yéaré since its discerry by Dr. James E. Lovelocki. The
detector is simple in conétruction and operation, is
extremely sénsitive to mény'COmpSund clésses, and has only
recently been challenged by mass spectrometry in fegards to
detectfon limits for compounds to which it is sensigivé. It
is interesting to note that of those compounds to which the
ECD is senéitive many are environmentally lmpbrtant pollut-
ants of anthrﬁpogenic'origin. The detecto; was pressed into
gervice early in its stage of developmeht because of its
unparalleled sensitivity to compounds that were undetectabie
by the existing techniques of the time. Compoundé of
anthropogenic sources, particularly the halogenated pestic-
ides, cou}d'be,detected in sample concentrations as low as
the parts per trillion level. The detectorvwas instrumental
in showing the ubiqﬁlty of pestlicides and other man-made
compounds throughout the biosphere. The effects of environ-
mental! contamination diécussed in Rachel Carson’s book,
Silent ggglggz, could then be supported by an analytlcal

method which was able to detect trace levels of persistent
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pesticides such as DDT and their bicaccumulation in food
chains. |

A schematic design of a typfcal_detector with a
concentric coaxial anode is shown In Figure 1. IE consists
of a.cylindrical volume_through which gas chrom;tographic
column effluents aré passed. The walls of the detéctor are
lined by a beta emitting raaioactive source. Today, the
most common radiation source is 63Ni on platinum foil. ‘The
high energy beta pérticlés ionize the detector gas, typic-=
ally Nz 6r Ar/io% methane, to prodqce positive ions and
thermalized electrons. An electrically isolated electrode
- is placed withiﬁ'the detector énd is biased to a.pdsitive
électrical potential to collect the thermalized electrbns
within the cylinder. The flow of electrons (current) is
then measured. The analytical signal is the decreasé_in
currént due to the removal_of e1ecﬁrohs by an analyte
molecule capturing the thermalized electrons to produce a
stable negative ion.

The sensitivity of the detector is related to the rate
at which electron attachment to analyte molecules occurs.
The attéchment of an electron to a solute molecule is
'related to the electron affinity (EA) and the activation
energy of the reaction. The larger the,act;vation energy
for attécﬁment, gslower is the éttachmént reaction. Forv
those molecules with a signrficant activation barrier,

higher detector temperatures will faclllitate the attachment
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Fig. 1. Schematic illustration of a fixed frequency
electron capture detector (ECD) configured for
chemical doping experiments.
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of an electron. Therefore, at higher’ detector temperatures
hlgher sensitivity 1s expected for molecules w1th a large
EA, and a selective detector for oompounds in this class,xs'
provided. |

The first reported descrlptlon and app11cat10n of the‘
ECD was by Lovelock 1n 19573 ThlS detector used a trxtlum
embedded metal foil as a radlatlon source and was operated
with a contlnuous +50 vo]ts applled to the electrode. The
dlrect current (DC) ECD was plagued w1th unusual responses,
non-reproducibility, and non-1inear callbretlon curves.-
Despite tﬁese timitations, the exceptional sensitivity of
"the detector propelled it into; oommercial development by
instrument manufacturers, end it was widely used for trace
residue analysis witﬁin a few years._‘The.first reported
application of ‘the ECD to environmental problems was_in
19614, |

In the early 1960’s Lovelook continued work on the
development of the ECD and other ionization detectors. He
suggested that the problems of reproducibility Qith the DC-
ECD responses could be explained by contact potentials and
space charge effects, and that a pulsed waveform potential-:
should eliminate these effectss. He proposed that a pulsed
ECD would allow for the electron capture reactions to occur
under field free conditions and,thet the collection of
negative ions would not complicate the response when pulse

widths of small duration and amplitude were used.
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Previous.experiments on the amplifude of thé vqltage
levels revealed that moderate voltages would CGIIect the
electrons and, with further incrgase in volfage levels, the
less mobile negative ions would also be measured at fhe
detector'electrodes. Therefore, particularly with the
pul sed ECﬁ, the appropriate selection of voltage levels
- would result in the collection only of electrons.’ Dévelop—
“mental research was also conducted to determine possible
types of carrier gases. Nitpogen or argon with 10% methane
were selectéd as detector gases, because the electron
. capture résponse would not be perturbed by metastabie
.reactlons as found to. occur with pure helium or pure argon
gases. The pulsed ECD, where the response was taken as the
diffefence in current (AI> with and without sample present,
. was féund to improve the reproducibility of the detector,
and gave linear résponses over the first 10% of the dynamic
. range of the instrument. |

In the mid 60’s, Wentworth et al.’ developed the first
detailed explanation of the reaction dynamics occurring
within the ECD, ;nd improved the method of signal processing
by using the respénse function, (I-I9)/19), where I is the
instantaneous current and I° is the current in the absence
"of sample. This mode'bf signal processing gave linear
ranges up to 90% of detecfor éaturation,'and facilitated the

modeling of the reactions occurring within the EC cell. At

pulse‘periods greater than 500 usec the dynamics of the
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- reactions within the ECD were then described as a series of
kinetically competitive reactlons'at equilfbrlum. However,
thls mode of signal processing required that the chfomato—
graphic conditions be quite clean, since only a small amount
of an electron cépturing impurity.would sigﬁificantly
alminish,the basel ine étanding current In.the absence of
sample; | '

Maégs et gl.s greatly improved the method of élgnaf
processing fof the pulsed ECD by developling the constant
current (CC> ECD. In‘this mode of operation the cell
current is held constant by a feedbagk loop to the pulsing
portion of the circuit. The frequency of pulsing is
increased to compensate for the electfon loss.processes due
to analyte enﬁering the cell. The. signal measured is thus
proportional to the pdlse frequency. With this mode of
signal processing the ]jnearity of response is extended to
99% of detector saturation. The constant-current pulsed ECD
is the one mode available on commerclal GC-ECD systems used
today. |

Even with the improvements In the development of pulsed
ECD signal proéesslng, non-1inear responée versus concentra-
tion plo;s continued to be observed for some cpmppunds,
Within this group of coqpounds are the monochloroalkanes,
the polyhalogenated hydrocarbons,-and some of the pol?cycllc

aromatic hydrocarbons (PAH’s).
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Polyhalogenated hydrocarbons are the compounds best
sulted for ECD detection slhée,they have the fastest
electron attachment rates and subsequently the hlghest molar
sensitivities for the ECD. For these compounds non-1inear
calibratlon Is caused by the sligniflcant proportlion of
sample destructlén through the reaction with reagent
electrons. ‘This results In a detector concentration whlch
Is no .longer proportlong].to the concentration of analyte
elut;ng from the coluhn. In:1983,-Knlghton and Grimsrud
aécounted for thls effect with a new resbonse function fo;
' the Cc-ECD?.

Monochloroalkanes were found to have.hlgh sensltivity In
the IOW>concentrétlon region, but would quick]y reach a

limiting response which would not increase with larger
concentration of éample;o. Because they have moderate to
small electron attachment rates, linear callbration was
,expecfed. Numerous exp]anafloﬁs have been offered for the.
cause of this unuéual behavior, yet the causative factor
remalﬁ; unknown, Studies on this Interesting class of
compounds wlill be presentéd In this lnveétigatlon.

| The PAH’s are an environmentally important class of
compounds due to man’s uses of fossil fuels and their
continual increased loading on the environment . Unfor-
tunately, many of the PAH’s, when analyzed in low
concentration and/or with high detector temperatures,

exhlblt unusual éeak shapes that are opposite to the normal

S|
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electron capture response, or have a complicated "W" shaped
character to themli'lz. These unusual peak shapes prevent

accurate quantitation and unpredictable and nonrlldeab-

- callbration curves result. Since many of the PAH’s have a

low EA and poor sensithlty accompanied with the unusual
fesponses, EC detection for these cpmpounds Is generally not

favored.
Iheoretical Mode]ing

Developmen£s:of theoretical models tpléxplain the
Achemical dynamics within the ECD have paraf]eled the
.lmproveménts in the processing of the detector slignal.
Wentworth et al.’ were the flrst to glve a detailed ex§1a¥
nation‘of the chemlical dynamics~occurfing-within_the pulsed-
ECﬁ, The reactioﬁ models that will be presented here are
based on reaction dynamics that were originally proposed by
Wentworth, and will incorporate the most recent under-
standing of the reaction processes In the ECD.

These recently developed kinetic models have'been‘
applied to the responses of numerous compounds and explain
the dynamics of the detector’s responses for most compounds
satisfactorily. However, for compounds which exhlblf |
unusual responses and non-1inear callbration curves, the

current theoretical models are not effective in describing

the reactioﬁ dynamics involved In the detector’s response.




Two of the important Issues in the debate Coﬁcernlng
.the ECD have been the dlstrlbutlon‘of charge density and
whether or not charge neutrality e#lsts. The current
understanding of the charge distribution has been addressed
by the use of a speciallZed ECD iInterfaced to a mass
spectrometerl3,14, ‘The use of the atmospheric pressure-
lonlization massﬂspectrbmeter (APIMS)'hasAai1owed the
-measurement_of the positive gnd negative lons formed within
‘the detecfor. The model favofed.here'ls that offered In
1980 by Gobby, Grimsrud, and WardenlS and further‘SUpported
by the work of Grimsrud and annollyis. Thelr work was
built on the uhderstanding-and observations of Wentworth et
gl.7f17 and the APIMS observatlions of Slegel'and Mckeownl8,

A summary of the current space'charge,model developed
by Grimsrud et al. for the pulsed ECD ls .as follows. When
63N1 radiatlon sources are used felatlvely unjform loniza- ’
tion throughout the cell is expected!®. The application of
short vqitége pulses clears the cell of all electrdns7.
Pogitlive lons left after a pulse are thought to create a
space charge potential thch is djsélpated in time by
space—charge;mlgration of the positive lons to the cell
walls. The pulse itself does not measurably perturb the
- locatlon of pos;five or negatlve lons In space. Over the
range'of pulse pérlods used in the CC-ECD, the tqta]
poslfive lon densltyvremalns relatively constant,vslnce

recombination of poslitive lons with electrons and negative’
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ions fs approximately equal to iosses by migration to the .
walls. The contribution of positfve lon collection ét the
elecfrode is dependent on céll'geometry and is not affected
by pulsing or pulse polarity. It is dependent only on
space—charge—drlven—migratlon. Negatively charged species
will be drawn towards the region:of highest positive charée
'potential (in the center of the EC cellﬁ to férm a neutral
plasma which contains an equal number oprosltive lons and
negative ions. The piasma grows with time until the next
pulse. Pulse periods less thah 1000 usec for normal cell
geometry will be suffiéienf to prévent the charge-neutral
plasma from expanding to the walls. The.tota].numbér of
negatively charged species within the detector at time "T"
‘of the pulse will be a constant value. For example, a
50-volt pulse of 1 usec duration,. though sufficient to clear
.the detector of all electrons, will pot remove the
negatively charged ions from the charge neutral piasma. The
kinetic equations model ing theselreactions require that the
negatively charged species be considered as populations
rather than concentrations within the detector, since the
negatively charged species are locallzed in the'region
wlthin.the charge neutral plasma.

From these studies on charge densities, better ECD
Qeometries have been desigﬁed andilmproved interpretations
of EC reaction dynamics were possibie. With a better

understanding of the ECD, Ilmlts‘for the frequency of
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response in’ the CC-ECD could be established for optimum
sensitivity and linear callbration curves. .

The detector designed by Pat:tei'soni-9 for the Varién
3700 serles Gas Chromatographs,'is an exahpie'of an ECD
desligned for smail-bore capillary chromatography using thé
knowledge-from this.typé of basic research to imprové the
detector’s mode of operatlon. This smaii—volume detector
was désigned with a displaced coaxiéi anode so that the
signal measured would on]§ reflect the eieqtron‘density,
This was done by minimizing tﬁe_coilection of posifive,and
negative ions at the e]éctrode, nbrmai]yia cbncern with a
small-volume ECD ﬁecessary for capillary chfématbgraphy.

The reactions that are considered to be the most
important.in affecting the electron denéity-withiﬁAthe

electron capture detector are:

S

Beta particles + Ny ----> P* + electrons + Radicals 1)
Ky |
AB + e~ =----> AB~ , (2>
k_q
AB™ ----> AB + e- ' (3>
kg :
AB + e~ ----> A+ B or AT + B . (4>
Ry

AB™ + P* --Z-> Neutrals (5)




Ry .
AB™ + X --=-> R™ + AB . (6>
R3 _ :
e- + Pt -Z-_> Neutrals 7>
. kp |
e- + Impurity ----> Impurity” 8

In reactlon (1) beta particles react with carrler gas
molecules to produce positive lons, radicals, and electrons.
S is the rate df ion pair'production. The positivé ions
- formed are initially characteristic of the:carrier gés'but,
fhrougﬁ a serles of rapid charge and éroton transfer
reactions, will e?entua]ly produce a terminal set of
positive ions. These positive ioﬁs are characterlstfc of
other neufra]s with hligher proton affinitles than,the
carrier gas molecules!8, About 35 lon palrs are formed per
beta particleis. Reaction (2> is the attachmént of a
thermalized electron by analyte molecule AB, with k4 as the‘
second order rate constant of electron attachment. Reaction
(3) is the electron detachment from the negative ion AB~,
with its rate of reaction denoted»as'k_l.‘ Reaction (4)
represents the unimolecular dissociatlve electron capture of
analyte AB to form a stable negative lon fragmenf with
reaction rate kgq- Reaction (5) repreéents the recombination
of nggafive ions_with positive ions to produce neutrals with
" a recombination rate él' Reaction (6) is the loss of AB™

lons to compound X with a reacflon rate Ry. Compound X will
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include any compound or'fadlca] that may be reactive with
thé-negative lon. It is Included here to represent chemical-
dopants that Qill be'dlscussed later In this Investigation.
Reaction ¢(7) is the recombinafion‘of elecfroné with positive.
ions by recombination rate RéQ Reaction (8) is the loss of
electrons due to column bleed and other carrier gas Iimpuri-
ties wfth a réactlon rate k. In the current theoretical
models as applied to all of the above reactlons, S;be, Ry,
Ré; and R3 are aésignéd conétant values when the detector
operating conditions are spgglfféd'and stabllized.

The response of the detector is related to the ability
of a holecule to capture an electron, and the stability of
the negative ion fprméd. Because only the elecfron'denslty
is measured and the'fotal nuﬁber of negatively charged
speéies is a constant va{ue at time "T" of the pulse, the
response of the detector’s éignal becomes a functlon of tﬁe
number of negative ions relative to the number of eléctrons.
This is assuming that the negative species in the.detector
each have the same rate of loss by recombination with
positive lons. Therefore, the detector's'sensitiviﬁ?, which
has been related to the electron attachment rate, must also
Include the fate and stablllity of the negative lon produced.

With the resonance electron capture of an eleétrpn, thé
system moves to a lower‘energy state, Delta G of this
reaction is approximately equal to the EA of the molecule.

The ion formed can dissipate this energy by colllsion with




14

buffer gas molecules within the detector. If the EA of the
molecules ls not large, the negatlve lon formed by reactlonv
(2) can undergo 51mple electron detachment as depicted In
reaction (3). This process of detachment £ It proceeds at
a rate competltive with reactlon ¢(2), would result in a weak
and very small mo]ar response for.that partlcu]ar componnd.
The overall production of negatlive ions and the response of
-the detector by this resonance electron capture process has
been related to the equillbrium of reaction ¢(2) and (3
combined’» 18,20 For other systems, where reaction‘(s)'is
not signlficant, the.negative 1on must be stable or
' otherwlise a d;ssoclatlve electron capture mechanism, as
depicted In reaction:<4), would occur. Typleally, high
sensitivity and large molar responses are seen when
dissoclatlve electron capture Is operating. The major loss
process for a stable negative ion as deplcted in reaction
(5) Is the recombination of positive lons with negative
lons. Diffusion to the walls and ventilation out of the
~cell can be neglected for all negatlively charged specles In.
the space charge model, because these processes are slow
relative to recombination with positive lons.

The sum of the electron productlcn and electron loss
process can be mathematlically represented by these two

dlfferentlal equatlions:

dNe_/dt’ = S + k_yNa_ - Ckynmp + Rgnp, + RynpdN,_ (9)
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dNA_/dt = kinANe_ - (k"l + Rlnp+ RZ“Rad + kd)NA_ (10>

A caplital N denotes a population and a émall n denotes
concentration. To obtain a numerical solution, the rates of
the reactions, and.the ion and molecule densﬁties must be
known. ' | |

| Expefimentation on the eleétron capture responses of
CHgIl and CCly, for example, illustrates the importance of
other reactions occurring within the ECD 1n'addition'to the
direct electron captﬁre proqe5521} Indirect electron
capture processes are important in interpreting the response
differencés between these two compounds. ‘

The behavior of CCly4 in thg ECD is explained by a

22, with negative ion

dissociative electron capture mechanism
APIMS studies demonstrating the forhation.of Cl~. The pro-
.duction of the stable C1™ ion will, upon recombination with
positive ions, produce a neutral  species (HCI1) which does.
not undergo. further electron attachmentza. The remaining
neutralvradlcal, fCC13, is not believed to be reactive to
electrons based on the APIMS studies of CCl14Br 24, The
reaction of a CCl4 molecule with an electron should theﬁ
occur only'once. Measuring the numbers of efectrons reacted
with a quantity of analyte molecules, along with the
efficlency of the reaction, has been the basis for using the

ECD as a coulometric cel122,25,27  yp to 90% efficiency can

be expected from the reaction of CC]4 with electrons, and
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reasonably accu;ate_ana]ytical resﬁ]ts have been obtained
using tandeh cell coulometryzz’zs. _ _

| The molecule CHgI has a sma]]ef Ky value?8 than CCl, 29
and therefore would be expected ;o'have a slower electr&n
. attachment rate and smaller molar response sensitivities
bésed on“the above meéhan;sm. HoweQer, hypercdulometric
results were found b?-tandem ECD cell coulometry. This
hypercoulometric result has been expfained by the'dccurrence
of an additional reéction sequen§e21.' The APIMS study
showed that CH31 éroduees the stable negative ion I~ by
' dissqciativg electron capture. Upon‘recombination with
_ positive ions, I~ produces HI which isAthermodynamicaily
capéble-of undergoing further electron attachment and‘
regeneration of thg 1~ ion for‘recyéling by the‘recoﬁbi—
nation/electron attachment process. This unusual reaction
sequence allows for an additional source of electron loss to
each analyte molecule and demonstrates the éignificant
impact that reacfions-other than electron capture may have’
".on the sensitivity of the ECD.‘ Numerous studfes,uinclﬁding.
this investigation, have been dohe;to determine the
imporfance'of individﬁal reactions and mechanisms involved
in the response of the detector. |

Part of this study will examine a similar recombina-

tlon/regenetatloh:sequenée to that just mentlioned. It will
differ in that it wilf examine the lmportance of parent

molecule regeneration, where the molecular species being
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studied Is regenerated from the molecular anion by recombi-
natlon with positive ions. Also to be ‘examlned in thls
Investigation 16 thé relationship between reactions (6) and
(7> and the "W"-shaped peaks of low-EA PAH’3. To understand
these relationships a detalled examination of the existling
- theorles as appllied to resonance electron capture will be
. made. | 4

A recent publication by Z]atkié et gl.zo discqsses how
the mechénlsm of’response.can be determlned from the molar
response'of-a compound relativé to the operating detector |
'tempefature. Generally, for a bompound requﬁdlng by a
resonancé electron capture mechanism, hlghest molar
responses-are faybred by the lowest detector temperature. -
This results froﬁ the h;gher electron detachment rates

(reactlon 3) as temperature ls increased. A dissoclative

proceés Ils Implied by an Increase In molar sensitivity wlfh

1ncreaslng‘temperatufe.

In thelir model, Zlatkls et al. describe three different
reglons that can be observed when the molar response, (R),
for compounds Is plotted as In RT%2 agalnst’ 1000/T, where T
ls the temperature In degrees Kelvin. They descr1b¢ an
alpha, beta, and a gamma region in these plots; the-alpha is
where k_y > Ry[+] > ky, the beta region Is where R1[+] > kg
> kgq» and the gamma region Is where Ry[+] > kq > k_y. The
alpha reglion describes resonance electron capture, and when

plotted, glves a positive slope with a common Y-lntercept
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for compounds of similar structure?*30, The beta region
describes the process where electron detachment is not
competitive with the rate of recombination between positive
and negative lons. That is, resonaﬁce electron capture is
occurring, yet the negative ion is considered to be - -stable
to detachment relative to the negative ion, loss rate by
recombination with poslitive lons. The beta region is
expected to give a negative slope. The gamma region
.describes the dissociative electron capture process as the'
dominant force In affecfing the detecter’s response.. An
increase jn'detector temperature tends to increase the
molecules instability, and favors further dissocliation of
'chemical bonds. Ofteh, the fragment lon is more stable than
“the ﬁolecular negative ion and plots with very steep
negatiVe slopes are then observed. When steep negative
slopes are notjseen,_thermodynamic calculations or results:
from APIMS studies must be used to distinguish between
stable resonance electron capture and dissocliative electron
capture processes.

Though the Zletkls model requires a number of assump-
tions, it has alded In the.understanding of the mechanisms
of response and, lndeed, the modeling does agree with the
experimeﬁtal-observatlons. Some of the assumptions used are

as follows:
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1) The.pulse frequency is;dirgctly proportioﬁa}
to the electron density and equafions derived for
‘electron deﬁsity will apply to the CC-ECD. .

2) Those‘obseryations and assumptionshbreviously
discussed for the space charge model are also applied
here. | . |

3)' A éteady state is reached fof all charged
species and the reactions can be described by
kinetically compefitiQe reactions at eguilibrium.

4)‘ The only tempefature-dependenthrates of
reaction are k_jy and kg. ALI of the other reaction

. rates, including the electron attachment rate, ky, are
tgmperatufe independenf. The-efectron attachment rate‘
is considered temperature independent, sincé molecules
with a posifive EA would have a very low energy of
activation for ionization to occur Therefore,

ionization should not be assisted by temperature.
Selectivity and Chemical Doplng

Recent advances in capillary gas chromatography -and the
uge of selective detectors with high sensitivity have been a
great aid to analysts. The advantages of selective detectors
for gas chromatography are especially evident in environ-
mental analyses. .Complex enQirdnméntal samples can produce
ex£reme1y compl icated chromatograms Qith.a universal

detector such as the flame ionization detector (FID), making
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detection of a low%concentration target compound very
difficult if the baseline is complicated with coeluting
compounds. The simplicity of the ECD and its assoeiqted
electronics, as_weil as its sensitivity'and'selectivity to
many compounds of envirenmental interest, have brought about
its widespread use in trece residue analysis.. The fact that
" many environmentaliy'important.compounds are both.mutageni—
‘cally active and sensitive to ECD detection make this detec-
tor particularly important to trace residue monitoriné.

The selectivity of the ECD has also limited its
applieation”to those areas of trace environmental anaiysis
for compounds in which the ECD is sensitite. Fer those
eompounds to which the ECD is not sensitive, other selective
gas chromatographic detectors must be used. Other selective
detectors such as the photoionization, flame photohetric,

. flameless alkali, and alkali—flame ionization detectors have
been successfully used in environmental laborato;ies, each .
being selective to particular classes of compounds. These
selective detectors, including the ECD, and others, have‘
recently been reviewed and their:detection abilities and
limitations have been well described3!,

None of the other detectors, with the<exception of mass
spectrometers, have the ultimate detection limits of the
ECD. The mass spectrometer approaches the sensitivity‘and
detectidn limits that the ECD has for certain high EA

compounds, but these limits are only being realized by
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efficient research grade instruments operated by trained
technicians applying some of the more recent deveiopments in
alternate ionization techniques. With its caoability of
mass filtering and various chemical ionization procedures,
the mass spectrometer is considered to be the most universal
and selective detector} Application of tne mass spectro-

meter to environmental analyses has been extremely useful,

.although under its normal mode of operation with electron

impact 1onlzat1on (as currently required by the U.S. EPA)

it too is limited in distinguishing isomers for some classes
of compounds. The other selective detectors are more cost
effective than the highly sophisticated mass spectrometer
and for this reason their use is often preferred.

One of the requirements for the proper operation of the
electron capture detector has been the need for high burity
detector gases free_from electron capturing lmpurLties.
Oxygen, commonly”found in many carrier gases, was noted to
destroy the standing current of the ECD. Therefore the
carrier gas and make;up gag required effective oxygen
scrubbers for normal ECD operation. In the early 1970’s
Van de Wiel and TommassenS2 noted that when oxygen was
-present in the‘detector gas, not only was there a loss in
baseline standing current, but the compound n-buty! bromide
gave a response of larger magnitude. Grimsrud and
Stebbins33, caoitalizing on this observation, intentionally

doped the ECD with 02 to cause alterations in the
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selectivity‘of the detector‘and reported significantl§
enhanced response values for a number of compounds. In
their mechanlsm proposed to explain these responses they
found that in addition to the reactlions already occurring
within the ECD they could rationalize the enhancements by

-adding these reactions:

Op + e- ———> Oy (11>

02" + AB ———=> " Stabie negative ions and Neutrals (12>

Reaction (11> depicts the resonance electron capture of
O, to produce the superoxide anion 02'. 'In reaction 12>,
02" is reacting with neutral unreacted solute molecules to
produce stable negative ions. This happens in addition to
the normal electron capture reaction; One ion commonly
observed in the APIMS spectrum of Oz—doped PAH’s is the
(AB + OO~ ion®4. - The O,  lost by reaction with analyte Is
" replaced by the klnetlic eqcilibrium depicted in reaction
' (11).. The overall effect 33 that an increased rate of
electron loss is observed and a larger response is predicted
for some types of analytes in the ECD. It is interesting to
note that the sensltized_response to analyte does not
involve direct reaction wtth the electron, but rather is an
indirect electron capture process. Though the overall
response to analyte is quite complicated for the Oy,

sensitlzed response, the kinetlc theory and lts mathematical
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derivations have been worked out3®, Briefly discussed, the
normal electrén capture résponse will remain effective In
the presence of 02 with the sensitization depehdeht aon the
-remalnlng amount of unreacted neutrals and their rate of
reaction with 0,7. GCrimsrud gt al., presented thermodynamic
considerations on the reactlons.of different AB-type mole-
cules with 0x~ 34, |

With O, doping, the-selectivity of the detectof has
been altered to Include an even larger.number of compouﬁds.
Some of these compounds previously éthbited little or no
detection sensitlvify. Linear and near-1linear calibration
curves have resulted, and an lmproved sensitivity for man?
compounds ls easlly seen In thelr chromatograms. The fact
that compounds and their lsomers are unique in their
enhancement values, ldentification based on GC retention
times and the enhancement levels lis pOSSible36'37.. This
dopingyscheme has been manlpulatea in a varliety of ways,
with lsomer ldentification made bossible even.for coeluting
peaks37. The O, sensitized ECD has been applied to the |
monitoring of methyl chloride In the atmosphepese, and has
also demonstrated lts‘appllcabillty to the analysis of mény
low concentration PAH’s and their isomeré36'37.

Reallzing that the reaction chemistry occurring within
the ECD could be altered by chemical doping of the detector
gas, and that responses could be generated by lndirect |

electron capture, Phillips et al. developed N,O doping of
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the ECDS?, They termed this selective electron capture
sensitization (SECS>. Nitrous oxlde doping works in a very
slmi]ar'manner as 02 dopinghand is'explained by an |
equilibrium reaction sequence involving electrons. The
reaction 'is driven fo the right when the reagent ions
produced feact with thg analyte molécules. The reagenf ion
thought to be of primary imbortanée'in the reaction with
analyte is the 0 ion. . Because the reageﬁt ion is different
than the one tﬁeorized fof 0o doping, the NZO doping scheme
predicts sensitization to_d;ffering types. of compounds. The
‘level of sensitization is highly dependent upon the neut-
ral’s ablility to react with the 0~ ion. | ‘

. The ECD has been very important to trace residue
analysis In environmental applications and through selective
sensitization it has been able to respond to additional
compound classes. Many difflcuit problems have beeh over-
come with this slmple, yet sensitive detgctor, Through
careful characterization of the reaction dynamics and
chemical doping possibilities, it is poésible that many more
compounds can contfnue to be analyzed by this inbreasingly

versatile detector.
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RESEARCH OBJECTIVES

This stud§ was developed to give further consideration
to the chemical dynamics éccurring within the pulsed ECD.
Numerous others have étudied the resonance electron capture
process and reasonable working models have been. developed
for many compounds as was summarized'in the.previous_section'
7'17’20’30. - The models previously generated for resonanbe
electron captﬁre were successful in expiaining the tempera-
ture dependence and the mechanism of responsezo'ao. These
models utilized simplifying.assumptions concerning the
effects of the reqombinatlon processes to describe mathemat-
ically the signals observed, however these assumptions may
" not necessarily be‘vaiid for all cases. The present
invgstigation will evaluate the assumptions that were
previously made by testing the theoreticél models against
chemical systems which do not agree with the predicted
linear callbration curves.

To determine how these anomalous results come about for
some compounds, all of the reactions known to be occurring
within the ECD were individually reviewed. Compounds were
analyzed and chemical dopants were selected to demonstrate
the various reactions in relation to the measured response

of the ECD. Previously derived mathematical models required
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steady-state approximations of the negative lon density to
calculate thé expected electron density. The calculated
electron density was then related to a pulse frequency in
the CC-ECDE. Eecause the normal response'of the CC-ECD to
. an analyte is measured by means of an increase in the
pulsing fregquency, steady-state approximations as applied to
long pulse periods may no longer be valid at higher frequen-
cy responées. Computer modeling of the resoﬁance electron
capture theoriés was done to examine the assumptiéns
regarding the validity of steady-state approximétions.
- Computer modeling was chosen to exémine.this relationship
" since the variables can eas;ly be changed; The reiterations
in the calculations necessary would otherwiée be quite
tedious by hand. |

Another of.the'oﬁjectives of this study was the
'exéminatlon of positive ion/electron recombinations in the
ECD reaction dynamics. The "W"—shaped response observed for
some PAH’s is belleved to be the result of a competition
between the positive ion/electron recombination reaction
with the weak electron capture response. Anthracene and
severaf-other ldw EA PAH’s, were carefully characterized
‘ according to their effect on the positive ion nature of the
ECDﬂ Using APIMS instrumentation, the response of the ECD
to PAH’s was examined relative to the positive ion

composition of the ECD. Alterations In the posftive ion
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nature were through the use of. chemical dopants with any
changes In the measured ECD responée noted.

A survey of chemical dopan£5'was also done to see 1f
some of these may possibly eliminate, enhance, or stabilize
the réactions"and/or the rates of the .reaction that might
affect the electron density during the elution of a sample.
'Wlth the use of chemical dopants, it was hoped that the
response of the ECD could be made to reflect qnly the
electron capture reaction of the analyte by preventing any
Indirect electron loss or production.reactlons involving the
analyte molecule. for example, a dopant that would prefer- .
entially feact Qith trace O, rather than with the analyte
should elimlnate any sensftlzatlon of the analyte response
caused by trace O5.

In the last portion of this study,Athe importance of
positive-negative lon recombinations was examined. Thié
investigation, in particular, looked at the fate of a
resonance electron cdpturlng molecule after It had undergone
electron_papture followed by a positive lon recomblnation.
The requlrements for thlis analysis dliffered, in that tandem
ECD cells were used, and the responses of higher EA |
compounds were measured. The tandem_cells are two matched
ECD cells hooked in series with one another. The signals
from each cell are Individually measured. Interpretatlions
of the signal Intenslity and the ratloé between the two cells

are compared to literature values of the electron capture
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rate cohstants.' In'theory, 1£ the parent molecule Is
regenerated from its anion by the recombination with a
positive lon, a reséonse similar to that of CH31, shouid.

be observed lh these detectors that have been used and

characterized for coulometric analys@s.
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EXPERIMENTAL

Varian Instrumenptation

A Varian 3700 gas chromatograph equipped with a flame
lonizétion detector and a 63Ni‘constant current electron
capture détector was used to survey the_arohatic hydrocar-
bons and detérmine their sensitivlty to chemical doping
schemes. The commercial'EC-éell on the Varian 3700 utilizes
a displaced coaxlal anode and is a Patterson'engineeriﬁg
- design. . It has been well described elsewherei?, Design .
advantages of the Varian‘Aerograph ECﬁ over conventional
coaxial electrode geometry gfvg it decreased levels of
background currents from positive and negative ions, an
increase in sensitivity fhfough a smaller cell volume, and
improved enhaqcement values to cheﬁical doping techniques4°. -

Analytical signals from the electrometer were recdrded
on a Varian 9176 strip chart recorder. feak heights were
' measured wlth a‘ruler and converted to a frequency response
(fﬁfo). Baseline levels of frequency were coﬁstaﬁtly
monitored, and only when-condltlons were optimized with
‘ écceptable baseline levels would éxéeriments_be logged.

The ECD make-up gas wés high purity nitrogen which was
first passed ghrough a water'removing (CaSO4 and molecular

sleve BA) trap followed by an oxygen removing ¢(Alltech Oxy
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Trap) trap. The cleaned N, gas was then sent fhrough é flow
controlling needle valve (Swagelock Flow contpollefs) before
entering a 3.3-liter stainless-steel'dilution vessel. ‘The
output of the diiution vessel was connected to the make-up
gas lines atythé base of the detector housing. Overall flow
rate of the'gases through the‘detector was monitored by a
. socap-bubble ﬁeter connected fo the exhauéf of the détector,
_the flow rate béiﬁg generally set to 40 ml/min.

For the gas chromatographig analysis of the aromatic
hydrocarbons, samples were injected via a splitless
injection port into a 30 meter, 0.32 mm ID.,‘DB—l fused
silica caplllary column ¢(J & W Séienflfid). Carrier gas
velocity through ﬁhe column was malintained by @easuring the
time for the élution of the oxygen and solvent peak. This .-
elution time was set to a fixed value by varying the
pressure at the head of the column. The cap111a:y column
'was necessary for the separation of thé compound’s resbonse
from other EC sensitive impurities in the sample. The
splitless-injection porf temperature was 'generally held at.
210° C for most of the PAH’s. Detector temperatures were
varied aécording to the nafure of the experiment, but were
always higher  than the maximum column temperature to prevent
contamination of the ®3NI foll by condensation of column
effluents. ‘

‘Samples were first run with a flame ionization detector

to determine the best chromatographic'operating conditions.
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FID retention tlmeé were characterized for a number of
compounds and relative retention times were used to assign a
signal In the ECD chromatogram to the response.of the
cdmpound; It was necéésary.to use the FID fifst, since the
normal ECﬁ chromatogram observed for'many of the PAH’s
studlied weré compl icated by ECD feéppnslve trace impurities
in the weakly reséonding compound standards. Sample sizes
of apéroxlhately 100 ng were used for the FID~énalyéis.
Chromatographic conditlons chosen were fﬁose that gave good
sepératlon-from thé_Solvént, gausslian shaped peaks, and
reasonable fetentlon times. Generally, temperature

programming was found to be the most effective method.
Hewlett Packard Instrumentation

.,A Hewlett Packard 5890A gas bhromatograph (HPGC) was
equipped with -a 63N-i_constant currenf pulsed ECD using a
conventional coaxlal anode design. An EC cell of conven-
tional design and geometry was chosen since fundamentaL
studies on the phyélcal processes and reactlion dynamics have
been predomlnatel& done with detectors of this §eslgn.
Response enhancgment values and their temperature dependence
could then be better Interpreted using a detector of
conventional design. Information about the EC cell used in
the HP-5890A was revealed through personal communlcatlons

with Hewlett Packard engineers. The detecfor has a cell

volume of 2.8 cm® and Is lined with a 63Ni foll of 12 + 0.5
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millicuries which produces a standing current of 8.1 to 9.9
nanoamps. The electrometer is a constant current design and
uses a pulse width of 0.75 usec. Tﬁe reference current is
set tb obtain a baseline pulse frequenc§ of 400 hz for
either Ny, or Ar/CHy.

The HP gas chromatographic system consisted of carrier
and make-up gases of ultra high purlty N, or Af/iO% CHy
mixtures. Oxygen and Hy0 were removed by conventional
techniques as previously described. The cdlumn used Qas a
6-ft., .5? mm.ID.,,SE—SO columﬁ (Hewlett Packard). The
column flow rate was set to 10 ml/min using the samé gas
that. was used for the make-up gas in‘the detector. Overall
flow rate through the detector with the make-ﬁp and carrier
'gas was generally set to 40 ml/mln; The Q]ass—lined
splitless injection port and make-up gas lines were adapted
to the large-bore-capillary column with a kit provided by
the instrument manufacturer. .The installation of the
dilution vessel and carrier gas scrubbers were the same as
described for the Varlan GC system. When using the N, or
Ar/CH,4 detector gases,.reference currents for the commercial
electrometer weré adjusted to compensate for‘the dlifferences
In the carrler gases. Retention times of the samples
analyzed on the HP GC-ECD system were identified by their
chemically enhanced responses as determined for compounds

that were enhanced on the Varian GC-ECD system.




.83
Analytical slignals from the HP édmmerclal electrometer

were measured with an Omniscribe 1 mv strip chart recorder
and peak areas were integrated with an Apple II+ computer
fitted‘wlth an IsSacé'Cyborg A ﬁo D Interface. Control of
the A to D interface and digitization of the data was
adcompllshed with an Appllgfatlon software pragram, Range
and attenﬁatlon of the efectrbmeter was set for maximum

sensitivity of the response.

Mass Spectrometer (APIMS)

The APiMS Is a speciallzed ECD capable of measuring an
ECD functlion as well as the posftlve and negatlve ions
exlsting within thé‘aetector; This particular system has
been_completely.descrlbed elsewﬁere14,.and only a brief
review relative to the experlments_ln this study is
'presented here. A schematic diagram of the EC lonization
sdurce.ls glven in Flogure 2. The walls of the detector are
lined with a 6-mCl 63&L foil which emits beta radiatlions
producing éoslflve loﬁs, negative lons, and thermallzed
electrons. The lons are sampled In the source at a flow
rate of 4 ml/min by a 20-um aperture into a differentially
pumped vacuum région containing a quadrupole mass fl]tér
with a channeltron lon counting detector. Differences in
voltage ﬁotential blases allow the mass filter and

channeltron detector to be set for positive or negative ion
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Fig. 2. Specialized ECD/atmospherlc pressure lonization
mass spectrometer (APIMS) source used for the BCD
signal and lon measurements.
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dstectlon. The stainless steel p;n that protrudes tﬁrough’
the center of the sohrce.in Figure 2 is the electrode by
which the ECD function is obtained. Pulses of +50-volts -and
1 msec duration are applied to the pin with a constané
frequency of 200 msec using an electrometer circult designed
by Grimsrud et al.4!. The analytical signals from the
source and the ion detector were recorded on a 2-pen
Omnliscrlibe strip chart recqrder.

Positive ion signals were measured simultaneously With
the ECD‘function, but the.pulser was fufned off for
measurements of the negatlve:ion.signals42. Mass spectra \
were obtained by scanning‘of the duadrupole mass filter wfth'
identification of each mass by sinéle‘ion monitoring.’

To introduce samples into tﬁe fon source a simple.
Isothermal gas'chromatograph was utilized.  The gas
chromatograph was equipped with a standard injection port
and a 1/8 In. x 1.5 ft. stainless steel colﬁmn packed with
4% 0V-101 on Chromosorb W. High purity Ny was passed
through O, and Ho0 removing traps and then through a 3.3-
llter stalnless steel dllution sphere. Thls arrangement was
then connected to the head of the column. No make-up gas
llnes were necessary since flow rates through the packed
column were adequate. The effluent from the GC was
Introduced into the APIMS ion source by means of a heated

1/8 in. x 6 in glass lined stainless steel transfer llne..
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Tandem FCD Cells

Briefly described, the tandem cells are two well-
matched electroﬁ capture_defectors hooked in series to the
end of a chromatographic system.- In this study the tandem
cells were used for the determination of_relative electron
attachments rates and the importance of ion-ion recémbi—'
nation reactions in the overall response of the ECD.
Compoundé chosen for this study were those which had known
mechanisms of response and é high eléctron affinity.

The tandem ionization cells used in this study are
schematically represented in Figure 3. They were faBricated
from stainless steel and teflon insulators, and were of a
concentric coaxial design.' The internal length and diameter
of each cell is 1.4 cm, with a volume for each of 2.2 cmS.
The cells were connected by'a‘small aberturé which separated
the reaction chemistry in each, yet allowed the gas stream
to flow from one cell to the other. The cell walls were
lined with 63leon—p]atinum folls (New England Nuclear).
Each foll had an activity of 15 mCi. The axial pins shown
in Figure 3 were the electrodes by which the ECD functions
were pﬁtained.

An electronics package was assembied, using one fixed
frequency pulser and two electrometers by which ECD func-
tions for both cells could simultaneously be determined.

The entire circuit design was based on work previously done
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Fig. 3. Tandem ECD cells used In this study.
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by Grimsrud et gl;41. Pulses of +45 volts and 1 Msec
duration were capacitlively coupled to each electrode. Pulse
period was adjusted according to the experlmental desian and
was monitored with a Tecktrohlx,model 91 oscllloscope. The
cell currents were measured with two separate electrometers
consisting of operatlonal amplifiers (RCA CA3140> with 109
ohm precision (+1/) feedback resistors. The electrometers
were callbrated by . comparison with several commercial
plcoammeters. - The analytical signals were recorded on a
2-pen Omniscribe strip chart recorder and peak areas were
Integrated (nanoamp-minutes) usling the same system as
described for the HP instrument. It was necessary to use’
peak areas since peak broadening was expected in.the second
-cell and peak height measurements would thus intfoduce‘

unwanted errors.

All four of the lnstruoental systems used an
exponential dlluter for chemICal doping experfments. An
exponentlal diluter was chosen since dopanté and thelr
concentrations could easily be changed according to the
experiments bélng porformed. Basically, the system Is a
large volume reservolf within the make-up gas line leading
to the detector to which chemicals could be added. The
diluter assembly was constructed of two stalnless steel

salad bowls welded together and having 1/8 in. stainless
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‘steel tﬁblng connections Inserted for Swagelock fittings and -
valves. ' The dl}uter aséemb]y is schematically illdstrated
in Figure 4. With this assembly, make-up gas'to the-detec—
tor could be routed through the diluter or, by switchlng
valves, make-up gas couid bypass thé diluter sysﬁem for
clean darrler gas -analysls. A third valve could also be
opened for rapld flushing of the diluter with high gas. flow
rates to the outside atmosphere. It was important to vent
gases from the ECD and diluter to the outside, since the
éhemfcals chosen- were often noxlous and potentially
_hazardous compounds. Gaseous. and liquid chemical dopants
were added‘to the system through a Swagelock "Tee" fltted
with an injection port septum. The "Tee" was located Jjust
prior to the entrance of the make-up gas lline leading into
the dlluter; Gaséqus dopants were added by a_Hamllton 5 ml
ground glass éyrlnge and ltiId dopants by a Hamilton 10 ul
syringe. Initlal concentrations in the diluter were
calculated assuming ldeal .gas behavior. One to two ml of
- gaseous dopant and 1-2 ul of liqulid dopants were found to-
glve an lnitlal cdncentratlon of ‘100 ppm In the dilution
sphere. A similar system called a "Quantegg" has‘been_
descrlibed previously for the preparation of dilute gaseous
standards using a flowing exponential diluter43._

The concentration of dopant leading into -the detector

was then a simple function of the Initlal concentration, the
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flow rate of gas out of the dllutér, the volume of the
diluter, and the elapsed time from which the initial

concentratlon was introduced. The equation relating this

is: C = Coe"(F x T2V, where C Is the concentration at time

T, C, is the initial concentration within the diluter, F is
the flow rate, V is the volume of the diluter converted to
atmospheric pressure, and'T Is £he difference in time from
the Inltlal concentratlon. The accuracy of standards |
prepared In this manner has previously been reviewed43,44,

An accuraéy to within 10% of the éalculated value for a

concentration as low as 0.1% of the original starting

concentration is possible. Calculations of saméle size. at
time T and the dlluter half-1ife concen#rations agreed very
well with experiments done to test the half-life of the
diluter. To measure the hajf—]ife of the diluter a compound
which has been shown to capture electrons quite rapldly, SFg
(Matheson Gas), and exhlﬁlts a linear calibration curve in
the ECD over selected ranges in concentration, was‘added to
the diluter. The response of the ECD to the exponenttal
decrease {n SFg was measured with fime and flow rate. Thus,
the volume and half-life of the dilutef could ﬁhén easlly be
determined. . |

The volume of the diluter gas was a function_of the
pressure above atmospherlc pressure and the actual.volume of
the di}ufer. For some cohditlons, as was the case for the

system coupled with the APIMS instrumentation, pressure was
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necessary since the diiuter'was placed before the column.
The calculated volume and half—];fe of the pressurized
diluter also agreed with experimental values obtained by the
exponential decrease:of SFé measured by tﬁe ECD regponse.
.ACalculated concentrations over large variations in dopant
concentrations were-also checked by.the addition to the
dfluter 6f much.smaller sample‘siZes. The results also

agreed quitelwell, and.no significant errors were noted.

Chgmlcalygtagdard Preparation

All of the PAH’s, amines, élkyy chlorides and hydrocaff.
bons were pQrchased from commercial suppliers and used
wlthout additional purification. When the étandatdé were
used as samples,'a-chromatographic sjstem wogld separate the
_impuritiés from the compound of interest.' Detector responsé'
was then assigned to-ﬁhe,“pufe"icompound adcording to its
chromatographic retention time;‘»However, when using the
compounds as dopants within the di1uter,'it was important.
that ﬁhe dopants themse]ves and their;lmburities did not
capture electrons and destroy the baseline or standing .
current of the detector.. Chemical dopants were selected
that would not attach thermal electrons. These dopants were’
further tested for eleqtron—capturing.ihpurities by GC-ECD.

Réspectivelyf the compounds, their -sources, and
purities found satisfaétory for the doping schemes were:.

ethyl chloride (Matheson Gas, 99.7%), l1-chloropropane
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(Aldrich, 99%), i-chlorobutane (Aldrich, 97%),
2-chlorobutane (Aldrich, 99%), anhydrous trimethylamline
(Aldrich, 99%), SFG (Matheson Gasg, 9§.8%), triethylamine
(Aldrich, 99%), NHy3 (Matheson Gas, 99.99%), toluene, .
-cyclohexane, diethylether, methanol,'and acetone, (511
-reagent grade, J.T. Békérs. The PAH’s and other sampfes
analyzed by GC-ECD were obtained from Aldrich, Alfa, and‘
'Chemical Services In Pennsylvania. ‘

Gaéeous CHgNH, was ébtaiﬁed by combining 3 g of the
pure hydrochloride salt of CHgNH, (Aldricb, 98%) with about
3 ml of concentrated KOH in a 5-ml volumetric flask. The
flask was sealed with a small rubber pipet bulb through
which a sma11 the had beeﬁ plerced with a needle. The
flask was then heated until gas evolved. A period 6f

contlnued gas evolutlon was allowed so that the oxygen

content of the headspace gas became minimal. An allquot of .

the CHsNHZ gas was then captured in a 5-ml glass syringe by

inserting its needle through the bdlb hole and allowing the

pressure of the evolving gas to £f111 the syringe.

The semivolatile samples were prepéred by welghing out
approximately 4 mg to an accuracy of 0.1 mg and dissolving
Into them into 10 ml of pesticlde grade benzene or toluene
(MCB Omnlsolve). This was followed by successlve dilutions

using volumetric flasks to obtaln appropriate sample sizes

for ECD detectlon. Injections of 0.5 - 1 ul were made into
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the chromatographic systéh with a Hamllton 1 u1 syringe
fitted with a Chaney adapter. |

The volatlle‘saméleé of perfluoromethylcyclohexane
(C7F£4), SFs, CCL4, CFCls, and octofludrqtoiuene (C7F8) were
prepared as gaseous standards by successive dllutions into
" pressurized airtight glasé-cafboyg. From the final carboy
Iin the dilution series, gasedus samples were‘taken by-a |
.100-ml grouﬁd—glass‘syrlnge'and'analyzed by a-gas chrométo—
graphic sysﬁem fltted with a Carle 8030 gas sampling valve -
having a .2 ml sampling loop. Samples brepared in this

manner could be measured with a precision of +1%.
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RESULTS and DISCUSSION

Pogitive Ion-Electron Recombination

The temperature dependence of compounds ‘responding by a
resonaﬁce electron capture process was recently modeled by
Wojnarovits and Foldiak30, Figure 5 presents the calculated
rates oflelectron attachment and detachment that they
obtained for ahthracene.' Also included in this Figure is
the lifetime of the negative ioﬁ (1/k_1)> calculated for a
number of‘temperaﬁurés. At the defeétor temperatures
normally ﬁsed in gas chromatography (200° C or greater), the
lifetime of the anthracene negative ion was shown to be vefy
short. For molecules kﬁown to respohd by resonance ele&tron
capture, a small molar sensitivity ié‘expected when the
detachment rate of an electron is faster than the electron
attachment rate. In the Wojnarovits and Foldiak model the
‘forward rate of electron attachment was temperature
independent. Furthermore, the value glven for this rate
constant was only two orders of magnitude'smallef.than the
very rapid electron attachment rates given for the strongly
responding compounds CCL4 and SF6 29. If electron |
attachment alone was the érocess by which the ECD response

was obtained, a very sensitive response would be observed.




Kj 5 x 109 cCc s4

ki  10x I07T ~e'02keal/RT) s'1

100° 150° 200° 250° 300° 350°C
X US) 103 13 23 06 0.2 0.07

Fig. 5. Resonance electron capture mechanism of anthracene.
Rate constants and lifetimes of the negative
anthracene 1i1on <k j) obtained from reference 30.



47

-In Figure 6, the ECD chromatogram of anthracene on a
commercial CC-GC-ECD system is shown. Not only was the
response weak, as expected for the pure sample, bdt‘afvery
complicated and use]ess analytical.signal was observed.
- These "W" shaped peaks have been reported before for many of
the PAH’s, including anthracene11 12 this effect was
_"dependent on the compound type, concentration, and the
operating detector temperature. In Flgure'7,'using the~EC
cell on the APIMS descrrbedsln Flgure 2, the responses to
three different concentratlons of anthracene are shown.' The
electronics package used for.this‘detector'was a flixed
frequency ou]ser. A normal analytical signal In a fixed
'frequency pu]se modulated ECD is reflected by a decrease in |
the level of standing current due to the ]oss of electron
denslty. | _

In the_ehromatograms represented in Flgure 7, the loss
of baselline standlng'current for the first minute after
Injection corresponded to the benzene solvent. Two minutes
. after injection, anthracene eluted in a broad 1-minute wide
peak. As can be seen in this Figure, as anthracene passes
through the deteetor, an lnverted response, reflecting an
Increase In electron denslty occured for all three sample
sizes. Higher concentratlons of anthracene produced a
response simllar to the one shown in Flgure 6. With lower
detector temperatures the EC response was favored by.a

reduction in the e]ectron detachment rate and the subsequent
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Fig. 6. Reconstructed chromatogram of anthracene from a
Varlan gas chromatograph equipped with a constant

current ECD.
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ECD response of APIMS to three anthracene samples
with Mg as the carrier gas. Detector temperature
was 250° C.
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formation of a more stable negative lon. Flgure 8 was
produced under the same éondltlons as Flgure 7 except that
the detector .temperature was loweped. In the case-of the
2-ng sample, a completely inverted response was still
observed. With the 20-ng sample, the response was still
inverfed but had a morg complex shape. The electron density
first increased, then decreased in the center of the peak;
then increased agaln and finally decreased back to the
baseline as the detector was cleared of anthracene. The
50-ng sample has a similar response, ekcept at the center of
the peék greater electron loss was Seen. Asjhas been
demonstrated In Figures 6-8, the nature of the unusual
response was debendent_on analyte concentration and detector
temperature, and this effect can be observéd on more than
one instrument. This anomolous respoﬁse'has been observed
on various commercial and homebuilt GC-ECD systems
(Valkenburg, unpublished data). Wlizner et gl.il also
reported W-shape peaks for several other polynuclear
aromatic hydrocarbons. It was concluded that these unusual
responses are not due to the physical characteristics-of.the
ECD, since different ECD geometrles-were used. Thus, some
common characteristic 1n‘the ECD plasma lé most probably the
cause.

In a previous study It was suggested that the unusual
responses to anthracene were due to positive lon

chemlstrylz. With the use of the APIMS, the character of
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Fig. 8. Analysis of 2-ng anthracene sample using N2
carrier gas with simultaneous measurement of the
ECD current and the APIMS total positive Ion
signal.
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positive ionlchemistry dynamics occurring within the ECD was
investigated for the §0ndition of éﬁtﬁracenezsamples. In
‘Eigufe 8, the maés fi]ter analyzed the total positive.ions
during the‘chromatogpam of anthraceng, while, simultaneous-
ly, the ECD functién was'mbnitored.'_in.mass spectrometry
withIQUaarubole détectién there is a bias-tdwards higher
~masses when using_ﬁhe'selected ion monitofing‘(SIM)'or the .
total lon mode. Thus, the increasg in the totél positive
ion signaf méy be attributed to three possiblé'reasons:
First, the totéf’nuhber of pésitive'ioné has increased; -
second, the mass of the positive ions within the'detector
"has increased and the response was a:fuhction of thé
.detectof’s biés towards larger masses; or third, a
combination of these two.

In Figure 9 the positive Eon spectra were-recorded at
varidusltjmes during tﬁe chromatogram of'anthracene. To aid
in the interpretation'of these chrbmatograms, the major ions
observed in these chromatograms were'monitored by setting
the mass filter to SIM. The results are shown In Figure‘lo.
The identification of the ipns was based 6n-the previous
expériments with APIMS using ECD ién sourcesls'18245. - The
intense ﬁon at m’e 37 was commonly observed in the poéitiveﬁ'
APIMS spectrum of nitrogen45 and was assigned as (H20)2H+.
Tﬁe ion at me 224 is élways observed in our s?stem and haé

been attributed to a coiumn bleed molecule because of its

silicon isotope peaks, and prbbably orjginates'from the
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Positive 1on APIMS mass spectra recorded at various
times during the analysis of a 2-ng anthracene
sample using Ng carrier gas: CA) just prior to

the injection of sample, (B) Just prior to the
elution of anthracene, (C) during the elution of
anthracene, (D) 2 minutes after the anthracene
peak, (E) 1/2 hour Hlater, and (F) 2 hours later.



Fig.

(14)

current

)

;

10.

54

signa

100

positive

ti1ne

Four repeated analyses of 2-ng anthracene samples
with Ng carrier gas and simultaneous measurement
of the ECD current and the Intensities of selected
positive lons.
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ASi;based ov-101 columﬁ used in this study. The ion at m/e
78 was not seen until the solvent entered Into the detector.
This ion reflects the presence of the benzene solvent. This
solvent lon persisted as-an lmpurlty wlthin the system for
many hours._ Thus it waé commonly observed between sample
Iinjections and was consldered a stable impurity level for
this discussion. These three terminal positive ions were
the most stable wﬁen clean Nz was used as the carrier gas.
During the.elutlon of anthracene the (M + H)>' lon at m/e 179
was evident.  Ideally, what can be seen in Figure 10 was
that the positive ion nature of the ECD is dynamic and
changing throughout the chromatbgram of a sample.

From previous'studies45'46 the complicated positive lon
spectra observed in APIMS studies were explained by rapid
proton transfer reactions, with the terminal positlve.loh
spectra dominated by those molecules with the highest proton
-affinity (PA>. These points were addressed by Grfmsrud46 to
explaln the posltive lons measured when a 99% pure sample of
methyiamfne was doped into the detector. He suggested that
the impuritleé of other alkylamines, particularly trimethyl-
amine, were the cause of thé positive lon spectra measured.
He related the observed spectra to proton transfer reactions
and considered the thermodynamics of this reaction:

4
CHzNHg* + (CHg)gN <--o-> CHgNHp + (CHg)gNH® - (13)
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The proton affinities of'methylamine and trimethylamine
were 212.3 kcal/mole and 222.1 kcal/mole respectively47. An
approximate value for the equilibrium constant can be

determined through this equation:

Keq = exp(222.1 - 212.3/RT) = 5 x 104 at 180° ¢ (14>

Thus, frimethylamine, as an impurity with a concentration as
low as 0.1% of the methylamine dopant, could produce the
terminal posftiQe ions seen in the ECD ion source'by APIMS.
This experiment demonstrates that the terminal positive ions
can be affected by the prbtdn affinity of neutrals and their
concéntrationé. The proton affinities of benzene, anthra-
cene and Hy0 are 138, 206.4, and 171, respectively47;48.
These values are quite high and make fheir appearance in the
positive ion spectra'reasonéble. |

In view of these characteristics, it has been deter-
mined that during a chromatogram, the ECD plasma contains'an
uncontrol led éet'of positive ions. This is a dynamic and |
continuously changing system, which is dependent upon the
existing neutral’s proton affinity and its overall
concentration within_the detector. The changing set of
positive ions within the detector could then affect the
electron density through some chemical processes. Using
this knowledge of éositive ion formation within the ECD it
was believed that the terminal positive ions could be

stabilized by doping the ECD with compounds of high proton
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' afflnify;..The selecflon of a satlsfactory chemical -dopant
with its accompanying impurities to‘controlithe positlve ion
character must meet these three criterla:
1> The dopaﬁt‘must be of a very‘ﬁigh proton
. affinlty and its concentration must'be Lérge enough
,relative to the analyte to sétisfy.the equilibrium
mentioned In equation <13 and (e, |
2) The dopant orsité_lmpurities must hot react with
" the reagent electfons and destroy the baseline of thé
detector;'ie., fhey.must be compouhds wifh a Very low
or negative EA. .
3> The dopant must.not facilitate any indirect
electron cépturg by feactlng wlth the énalyte or thé
analyte negatlve loﬁ, éincg this would cémplicatg the

Interpretations of the effects by positive ion controi.

If‘such a compound could bé found theﬁ, in theory, the
nature of the_poéitive lons could be controlled, as well as
their effects on electron density. Thé observed mass
'spectfuﬁ in Figure 11;‘indeed suggeété such a case, where
100 ppm of the detector gas was trimethylamine (TMA), The
’intense ion at m/e 60 was assigned to the (M + H>' ion. The
ion at m’e 58 was the (M - H)+ ion'and has breviously been
observed in the chemical ionization mass spectrum of TMA at
1-10 torr pressures??. The lons at m’e 117 and 119 are the
cluster .ions from an additional TMA molecule to lons m/e 58

and 60. Glven the simple spectra from the TMA dopant and
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Fig. 11. Positive lon atmospheric pressure lonization mass
spectrum of No carrier gas doped with 100 ppm of
(CH3)3N.
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the absence of normal posftive ions (figure 92 (A) and 9 (F,
respectively), suggest that the TMA dopant ls domlinating the
-positive ion nature of the ECD because of lts proton ‘
affinity and concentration. The addition of 100 ppm TMA
resulted in an insignificant decrease in detector baseline
~and, occaslionally improvements in standing current were
observed. .

In Figure 12 the total positive ions and the
characteristic ions for TMA (m/e 60) and anthracene (m/e
179> are monitorgd in.addition to the normal ECD function
for the'same three samples and conditions used to produce
Figure 10. The responsg illustrated in Figure 12, and the
fact that the spectra observed throughout the chrométogram
was that observed for TMA, indicates that the anthracene
molecule was not protonated. The total number of positive
ions is constant in composition and population. Addition-
aily, the ECD function indicates a weak but normal electron
capture response as anthracene passeé through the detector.

These results indicate a relationship between positive
ion stabilizatlon with TMA and the response of the ECD for
anthracene. If TMA is only affeqting the positive character
of the ECD, then a reasonable modification of the existing
theories can be used to explain the relationship between
positive ions and the anomalous resﬁlts shown iﬁ Figures 6,
7, and 8. The mechanism used to explain these results is

shown in Figure 13.
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100 ppm (CHI)IN
2ng 20 ng 50 ng

10NS

stgnal

10N

positive

time-*

Fig. 12. Analyses of three anthracene samples using N2
carrier gas doped with 100 ppm of (CHg)™N and
simultaneous measurements of ECD current and
selected APIMS positive lon signals.
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Impurities
P- + solvent
i e analyte > P>

dopant

Fig. 13. The reaction sequence of positive lons produced
from beta radiation In the ECD during the elution

of anthracene.
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The. reactions shown‘in Figure 13 symbolize the
formation of initial positive ions and electroﬁs by beta
radiation, the resonance electron cépture by anthracene, the
recombination of electrons with positive ions, and the
protdnation of anthracene by proton transfer. 1In Ny
detector gas the initial positive ions formed are the very
reactive N3+ and N4+ iohé which‘undérgo further proton
transfer to impuritiés and/or dopants in the Ny detector éas
(43). As shown in Figures ‘10 and 12, the normal positive
fons in undoped carfier gas were reactive to. the antﬁracene
neutrals and, uhder the TMA doped conditions, this reaction
was not favored. The recombination rate constant, R, in the‘
reaction of positive ions with electrons could conceivably
be.dependenf upon the nature of the positive ions within the
detector. If this was the case, then the rate of reaction
for the undoped condition may have been changing throughout
the chromatogram. Thus, when the positive lons were
stabillzed by TMA doping, the rate could be given a fixed
value.

During the elution of anthracene a very drastic change
in the nature of the positive lons was noted.  This large
aromatic molecule could conceivably spread the positive
charge throughout its 7 -resonance system and produce a
very stable positive ion. It would be reasonable to expect
that this type of stable positive ion could have a recombi-

nation rate constant significantly_smaller than the
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average raté constant-exﬁected for the impuritlies. A
smaller recombinétion rate constant between the electrons
. and positive ions would shift the existing equilibrium and,
consequently an increase in electron.density'and positivé
ions could then be accounted for.'.The ECD response for
.anthracene illutstrated in Figure ?, iﬁdicating the weak
loss of electrons by resonance electron capture, was
over&helmed by the increase in electrons from the change in
the average positive ioh/elecfron recombination rate.‘ If
positiVé ion stabilization is coﬁsidered, then the weak
electron capture reaction observed for anthracene (Figure
12) can then be explained.

The above model could also be used to explain the
W-shaped character of the peaks in Figures 6 and 8. The
electron lﬁss rate with larger sample sizes, or decreased
temperatures, eventually exceeds the production of elecfroné
by the anthracene positive ion chemistry. In Figure 10, a
relationship emerges between‘the three negative responses
for the,lncréasing sample slzes and’the measured level of
positive ions for anthracene. Between the 20 and 50 ng
sample masses only a small difference was noted in the
quantity of anthracene positive ions and the negative EC
responses. This non-linear relationship between sample size
and the amount of anthracené protonation can be elucidéted

through an understanding of ECD plasmas.
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The total number of positive ions is determined by the
detector design, the activity of the radioéctive foil, and
the recombination loss ratel®. Wwith the 50-ng anthracene
samplé the majority of positive ions measured were those of
anthracene. In the APIMS it has been noted that concentra-
tions of TMA dopant as low as 0.1 ppm were sufficient to
dominate the mass specfrum. Therefore, the production of
electrons by a decrease in the average recombinétion rate is
limited in amount and would involve only a specified |
quantity of analyte molecules. Any excess neutrals would
then be available for electron capture reactions. An
electron loss was seen on1§ when a response value exceeded
the finite amount of electron production allowed by a change
in the recombination rate. 1In the case of the lower
detector temperature (Eigure 8) or if a larger sample size
would be used; the unfeacted neutrals had a larger electron
capture response and this was reflected by the normal
deflection in the center of the peaks where the largest
amount of compound was present. On either shoulder of the
peak, analyte concéntration within the detector was a
smaller concentrétion and the effects of the positive ion
dynamics could then be seen.

To ensure that the proposed mechanism was correct and
that the criteria for a successful positive ion dopant were
met by TMA; a series of chemical dopants with various proton

affinities were tested along with TMA. In Figure 14 the
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results from these experiments are shown. The ECD functlion
was monitored along with the SIM trgce of the positive m/e
179 lon. The SIM of the posifive m/e 179 was‘selécted to
Indicate the degfee of protonatlon of thé'anthracene lon,

Compounds were chosen which gave only a small loss of

" baseline when 100 ppm was doped into the detector gas.

The Important characteristics to be noted in Figure 14
are: (1) the stanqlng current and its subsequent loss when
the dopant was inJected; (2) the degree of protonation of
anthracene as indléated by the pésltlve_ion'signal at mre
179; and (3) the ECD response to the samples. 1In Fléure 14
(A) the normal response in clean N5 is shown as a reference.
The positive ion signal observed at m/e 179 indicates
s&bstahtia] protonation of anthfacene and near—saturafion of
the positive ion signal with the large sample size. In
Figure 14 (B> the beneficial effects.of TMA are agaln shown.
In Figure 14 <(C> and 14 <D} the effects of methylamlne (PA
=213 kcal/mole> and Nﬁs (PA = 204 kcal)mdle) indicate that
these coméounds‘can also control the positlive lon character.
Due to their lower PA’s a slight amount of protonatlon of

the anthracene ion was lndlcated with the larger sample

‘sizes. The positive lon control attained by these compounds

again yielded a weak electron capture response. It is
postulated that the slightly improved ECD response for . the
methylamine doped cgﬁdltlon may be due to the impurlties

within the dopant, quite possibly 05 or HZO from the dopant
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Fig. 14. Repeated analyses of anthracene samples with
various chemical dopants added to the carrier gas.
In addition to the ECD current, the positive ion
intensity at m/e 179 was monitored. In each
instance, the effect of addition of the dopant to

the carrier gas on the ECD standing current is
also shown.
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preparation method (See experiﬁental section). 1In Figures
14 (B>, (F), and (G), the responses to anthracene with the
addition of dopants of decreasing PA are shown. 1In the
presenée of diethylether (PA = 199 kcal/mole), tﬁe total
mass spectrum still retained characteristic ions of the
diethylether, but now the proportion of positive ion at m/e
179 increased. Also the EC reépdnse of anthracéne become
less-obvious. With acetone.<PA-é 194 kcal/mole) and
methyla]cohbl <PA = 184), the posifive lon.controi was no
longer effective as manifested by the progressive negative
response of the ECD function and the m/e 179 ion increase.
With methylalcohol there werefessentlaliy, no beneficial.
positive ion effects, and the response appeared very simiiar
fo clean No. In the ﬁhreé cases shown in Figures 14 (H),
(J), and (X)) where non-basic hydrocarbons were used, no
_indication of positive ion stabiliz#tion or normal EC

response was apparent.

Alky] Chloride Doping

. The monochloroalkanes used in Figures 14 (I) and 14 (L)

were chosen as chemical dopants because any chemical species

that may cause indirect electron’ capture were expected to be

removed by the alkyl chloride dopant. This class of dopaht
was not expected to give any beneficia] effect on positive
lon chemistry stabilization due to its low proton affinity.

The use of alkyl chlorides was based on the unusual response
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that .the monochloroalkanes had,invthe ECD, and the explana-
tions given for these response828'44;50, Figure 15_
‘presents the response versus concentration curve obtained
with a Varian CC-GCfECD. This.is shown for three mono-
chloroaikanes. . Also included in the Figure is the response
of viny]chlorlde, a compound known to give linear response
curves, to demonstrate that a lxnear callbratxon was
possible and that the response was not an artifact of the -
'experlmental procedures or lnstrumentatLOn. In Figure 15,
it can be seen that.the three alkyl chlorides all had large’
molar sensitivities in the‘very small concentration range
and then quickly reached a Timitjnc response that did not
increasevwith darger concentrations of sample. AIt should be
noted that the maximum level of response or, in this case,
the basel ine frequency'of the constant current pulsed
detector lncreasedﬁonly slightly, about 1 kHz in this
example. This is one property necessary for a .suitable
dopant. |

The effect of detector temperature on the response of
ethylchloride (EtCl) is shown in Figure 16. It can be seen
that at lower detector temperatures response curves similar
to those shown in Figure 15 were observed for EtCl. With
the higher'detector temperature (350° C), the same elevated
molar responses were seen for the very small concentratlons,
With larger concentrations, however, the response'became

linear with concentratlon; although w!th‘a small molar
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Fig. 16. Baseline frequency of the Varlan CC-ECD as a
function of the amount of ethyl chloride doped
Into the Ng detector gas at three detector
temperatures.
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sensltlvity. Thls ﬂype of temperature dependence was also
observed for‘the other monochloroalkénes used In Flgure 165.
These two experiments with alkyl chlorides were conducted by
measuring the Baseiine'of the detector with sample intro-
duced into the detector by an exponential diluter. Similar
results have also been obtalned when the sample wés_lntro-
duced into the detector as a chromatographic pulse via
column chromatoéraphy.

- In the interpretation of these-unusual responses at low
temperatures; it was thoudht that direct-electrén capture
was not occurring with any of these alkyl chlqrides. The
response seen for the low concentration region was the
result of an Indirect electron capture process by some
‘sensitlzing reagent withln the ECD plasma. This reagent,
which was thought to be In limlted quantity, was tltrated
and remo&ed from the detector by a low concentration of
sample. Once the sensitizing speclies was removed frém the
detector, there was no longer a basis for response with
increased levels of the alkyl chlorides. At the detector
temperature of 350° C, a dissoclative capture mechanism was
facillitated and was responsible for the linear Increases in
response to sample concentration with the larger sample
sizes. A thermally assisted dissociative mechanism of
response Is reaéonable for the monbchloroalkanes since the
polychloroalkanes are known to respond by this mechanism51.

For these compounds detector temperatures in excess of
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300° C were suff!cient to cause an 1ncreasxng degree of
sensitivlty and linearity by means of a dissociative_
' mechanxsm.

Numerous investigations have‘been made to determine the
chemical species responsible fdf_the sensitized:response'in
the low concentration réngeg Trace levels of O, were
init;ally'suspected as the causative reagent, vet tests to
prove this h?pothesis did ﬁot SUppoét'this conclusionlq.
Later testing for hydroxy! rédlcals, Hzo; ;nd NHg, also.gave
'inconcluéive proof as to the species responsible44,50 ; For
this study, the hypothesis was that a limited amount of
senéitizing ;eagent may be-present in the detector gas. The
addition'of an alkylvéhloride,as a dopaﬁt to the detector
gas should titrate and reﬁove these épedies._ Thus, If an
alkyl chloride were added along with the TMA doparit the ECD
function should represent'only the reéonance_electron -
capture’of a fbw EA compound, since fhe positive ions would
not be affecting the electronidensity. Furthermore any
- sensitizing species'should be lost to reaction with the EtCil
and uﬁavailable to sensitize the :espbnse.

The results shown in Figures 14 (I) and 14 (L) do:not
support this hypothesis.: In Figure 14 (I)>, with isopropyl -
chloride as the dopant, the positive ions were not confrolf
led as expected for thls non-basic hydrocarbon. However,
the ECD function yielded a normal_e}ectron capturg';esponse

of even greater magnitude than any of the amine dopants.
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Thls response was enflreiy unpredloted and wﬁthout a reason-
able explanation. Combining EtCl and TMA as the dopants in
Figure 14 (L> shows that the positiVe lons Were controlled
by the TMA, but sensitized responses Qere egainyobserved
with a monochloroalkane_present In the detector gas.

Further. experiments were perforned Qlth the alkyl‘
chloride dopants to determlne a mechanism for the enhanced.
responses and to characterlze the effectlveness of the
sens;tized response in general. In Figure 17, the response
of two anthracene samples to dlffering concentratlons of
EtCl_ls shown. The response of the. smaller anthracene
sample rapidly increased with small concentrations of EtCl1,
and qulokly reached a 1lmlting.value at 10 ppm of EtCl in
the detector éas. The:larger sample slze was found to
requlre a higher concentration of EtCl to reach the llmltlng
value of sensitized response.

In another experiment, the APIMS was set to measure
negative ‘lons, "and the entlre -mass -spectrum was recorded at
various times durlng the chromatogram for the clean and EtCl
doped condltlons. .Throughout elther of the cnromatograms
the only recorded negative lon.signals of signiflcant
Intensity were those of the background ions and those wlth -
EtCl doplng at m/e 35 and 37. Compar | sons between signal
lnfensities of different lons was hampered by lon
measurement blases?24,  The signal at m’e 178 for the

anthracene molecular anlon was very weak. In this mass
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C2Z2H5Ci (ppm) in Detector Gas

Effect of ethyl chloride concentration In the
carrier gas on the response to two anthracene
samples <Ix and I10x> on a Varlan GC-CC-ECD
system.
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spectrometer only very stabie negative ions were capable of
- being measured and the anthracene anion or any other anion
susceptible to electron detachment does not usually survive
the passage through the aperture and go on to fhe ion
counting detector. Figure 18 is the SIM trace of the m/e
35 ion throughout the EtCl doped analysis of anthracene.
The lon at m’e 35 was only signlficantly observed as
anthracene passeq through the detector. The very weak °
negative ion signal at m/e 178, normally seen with clean
carrier gas, was not observed with EtCl doping. This
information, along with thelanthracene response versus EtCJ
concentration in Figure 17, was instrumental in forming the
ﬁfoposed mechanism of response which is given in Figure 19.

In this mechanism, the EfCl molecule is reactive to the
analyte negative ion and through an electron transfe;
process the stable dissociative bpoduct, Cl~, is yielded
aiong with unknown neutrals. The summed effect by this
mechanism Is electron capture by an EtCl molecule. The
resonance electron capture equllibrium of electron
attachment andldetachmept Is disturbed by this additional
loss mechanism of anthracene anion, and subsequently more
electrons are reacted with the analyte neutrals in an
attempt to reestabllish the equilibrium. The observed result.
is a sensitized response for anthracene. From the data in
Flgure 17, it appears that the negative lon trapping was

quite effective. The rate limiting step is the production
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Fig. 18. APIMS total negative lon signal and CI response
at m/e 35 to two anthracene sample concentrations.
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of the reagent analyte negative ioﬁ. Increases in the
concentration of EtCl, greater than 10 ppm fér the'smafl
sample, did not increase the degree of sensitization. If
this was the case, where the limiting reagent was the
analyte negative ion, then the rate of electron attachmént
should be dependent only on Ky thé forward rate constant of
anthracene, whicﬁ is of sufficient maghifude for a very
"sensitive response. The rate of reaction of the anthracene
negative ion with EtCl was calculated at approximately the
rate of an-ion molecule reactionsz, 1 x 1077 molecules cc
sec"i, from the data presented in Figure 17,

The mechanism proposed in Figure i9 is complimentary to
the one that has been proposed for O doping, except that
the roles of analyte and dopant have been reversed. With
EtCl doping, the analyte’s electron attachment rate dictates
the ma#imum sensitivity of the respdnse. The resulting net
reaction is the electron transfer from the unstable A~ ion
to EtCl which dissociates to produce the stable CI~ ion.

The sum of the reactioné Indicates thaf the dopant provided
the electron'capture regsponse. The degree,bf reaction with
EtCl is dependent upon-the production rate of the analyte
negative ion, which is in turn dependent>on the chromato-
graphed analyte amount and the electron attachment rate.
The ECD response is éctually a function of the ratio of
negative ions to electrons. The production of a more stable

negative ion by electron transfer was the reason why a
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Fig. 19. Proposed mechanism for the ethyl chloride enhanced
response of anthracene in the CC-ECD.
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sensitiéed response was observed. This proposed mechanism
also suggests somé lfmitations to the alkyl chloride
sensitization scheme. When stable negative ions are
produced by a dissociative mechanism, or resonance electron
‘capture with a small electron detachment fate, no sénsitr—
zation woul& be expected to occur even when the EtCl is
reactive to the analyte’s negatiye ion(s).

The advantage of chemical doping for the analysis of
anthraéene can clearly be seén in Figure 20. 1In this
experiment,-calibration curveé were produced on the Varian
GC-CC-ECD instrument for three detector gas conditlions. At~
the detector temperature of 330° C anthracene gave weak,
useless, and even negative reséonses under clean N, detector’
gas conditions. With EtCl doping a large sensitized
response was obser&ed. However,-with small concentrations
of analyte, where the electrﬁn production rate by positive
ion chemistry exceeded the loss rate by sensitized.efectron
‘capture, negative responses were stlll seen. The addition
of TMA to the EtCl doped gas produced a llnear calibration
curve with a Y-intercept at zero, and showed an even higher
molar senslitivity for the anthracene molecule. Because of
the limitations of the experimental procedure, a calibration
curve was not done with TMA alone in this experiment.
Subsequent experiments were done with clean N, and TMA.
doping, and the condifions made to resemble the experiment

used to prodﬂce Figure 20 as closely as possible. The
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20 Calibration graphs for the peak height responses
of the Varian GC-CC-ECD to anthracene samples with
No as the carrier gas, Ng carrier doped with
CH3CH2CI , N2 carrier doped with (CH3)3N (dotted
line) and No carrier doped with (CH3)3N and
CH3CH2C1 . Detector temperature 250° C.
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results obtained from this second experlmént wlth "TMA were:
normalized to the data in Figure 20. The dotted line is the
curve expecfed for TMA_do?ing alone.

Calibratioﬁ curves for anthracene were devéfoped under
the conditions of EtCl doping at various detector tempera-
tures. These results.are 'shown in Figure‘21. A relative
concentration of one.corresﬁohds to a sample size of 150 ng
injected ihfo the detector. Caldulated EtCl condentrafions
| within the defector were betweeh~éq0'and 460 ppm for the
entire experiment. Detector base]ine went from 1.5 t6A2.7
kHz for the lower détector temperatures. A liqear relation-
'fShip with higher'EtC] coﬁcentratfons was again noted for
aetector temperatures exceediné 300° C. The baseline ét the'
330° C‘detector temperature was between 4.0 and 4.5 kHz; the
'frequeqcy increasing with the amount of EtClldopant_leyelsL;
An écceptable level of béSeline for the.Vaflan detector,
kwhén using Ny carrier gas, 'is from 1.5 to 4.0 kHz. Thus,
even at 330° C, only small fosSes of bése]iné‘wére observed
and the béseline remained near acceptablg values when using
up to 400 ppm EtCi‘dobant. The,pgak shapes fbr low levels
of anthracene conceﬁtfations were'nérmal except at the 3300'
C.detector temperatqre, where the "W" shaped character’
became evident. The response value that was assigned to a
peak with fW" shaped charaéter'was'the largest normal
response observed relative t6 the baseline in the

chromatogram. The most important characteristic of this
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RELFITIUE COHCENTRATION ™

Fig. 21. Calibration graphs for the peak height responses
of the Varian GC-CC-ECD to anthracene samples with

ethyl chloride doping at various detector
temperatures.
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experiment was that the level of reséonse for the sensitized
condition.was favored by the lowest possible detector
temperatures.

In anbther experiment, four different alkyl chlofides
were doped into the carrier gas and the sensitized response
to anthracene was measured. These results have been
previously reportedss. .The four ailkyl chlbrides, efhyl
chloride, 1—chlor6propane, 2-chloropropane, and 1-chloro-.
butane all gave identical éensitization-levéls fof the
anthracene mﬁlecule. This informétion gave addifional
support to the mechanism proposed for EtCl. |

A capiilary column with a splitless injection port was
installed into the varian GC—ECD system to examine the
response of numerous compounds that were potential
candidates for sensitization by the mechanism proposed for
anthracene. The compounds chosen were low EA molecules .
known to respond by a résonance electron capture mechanism.
Each sample was diluted in benzene or toluene as a pure
standard and its retention time was identified by flame
ionization detection. ECD detéction fol lowed by.slmply
moving the column within the same chromatograph to the
appropriate detector housing'containing the ECD;

Each compound was tested individually for three‘
conditions of detector gas: clean Nz,‘TMA doped, and
EtCl/TMA doped. The detector temperature chosen for the

survey was the lowest possible relative to the minimum
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temperature'ﬁeeded for the chromatographic»analysis.' In
Figure 22, tﬁe response fo a 38-ng benzophenone sampie is
shown fsr clean Nz, 100 ppm TMA doped, and TMA with EtCl.
The'significant improvements in signal to noise as well as
the increased signal with EtC1/TMA doping for benzophenone
was-evident from ﬁhe‘results-shewn, The enhanced values
'relatfve fo the clean Nz'response for the benquhenone
sample were 1.0 : 1.35 : 99,

Callbratxon curves for benzophenone, shown in Figure
‘23, 1nclude four detector gas condltlons and reveal that

only in the TMA/EtCl doped condition was a linear response

versus concentration observed. Clean N, and TMA doped a}oné

responses yvielded weakly respdnding and non-1linear
calibration curves. With EtCl1 dopihg, a nearslinear
calibration curve was observed, possibly‘due to the
overwhelmlng sensitivity of the electron capture response
relative to the effects caused by the positive ions formed
within the ECD.

'Numerous other compounds were ané]yzed for sensitiza-
tion by alkyl chlorides and ﬁhe_results of these experiments
are included in Tables 1, 2, and 3. Some of the compounds
. were chosen at‘random, but many'of_the PAHs studied had been
previously characterized by 02 doping. It was obvious by
their mechanism of response that these other PAH’s should be
included as potential candidates for alkyl.chloride sensiti-

zation. When a compound showed significant enhancement,
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Repeated capillary analyses on the Var lan
GC-CC-ECD of sample containing 38 ng benzophenone
using the following make-up gases: CA) pure No,
(B) 100 ppm (CHg)™N in No, and CO 100 ppm (CHg)gN
and 100 ppm CHgCHoCl iIn Ng. Detector temperature
250° C.
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ECD Response (KHz)

Relative Sample Concentration

Fig. 23. Var lan GC-CC-ECD peak height responses to varied
amounts of benzophenone using the detector gases:
(A) pure N2, (B) 100 ppm (CH3)3N, (C) 100 ppm
CH3CH2CI 1n N2, and (D) 100 ppm (CH3)3N and
CH3CH2CI . Amount benzophenone injected equals
0.56 ng per relative concentration unit. Detector
temperature is 250° C.
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compounds similar in molecular structure were élso tested.
By no means was this a comprehensive or an exhaustive |
investigation of seﬁsitization by EtCl to all compounds. It
was only conducted to ascertain whether prediction of .
sensitization was possible by compound type according td the
proposed mechanism.

Table 1t conﬁa;ns those compounds which e*hibitgd
reproducible enhancements with EtCl doping at 2506 C. The
standards were analyzed first by FID to measure thelr
retention times. Then, theitr concentrations were adJQsted
to obtain slgﬁals of approximafely 1 kHz under TMA doped
coﬁditions.in the ECD. Analyses were performed much iﬁ the -
Same manner as for the case of benzophenone. The reproduc-
ibility of measurements for all three conditions of detector
gas were within 10% on a dally basis. To insure that the
senslitized response was .in the plateau region with a
sgfficient amount of EtCl doped Into the detéctor,
additional quantities of EtC] Qere added to the diluter and
the measurements were repeated.

The enhancement values reported are used only to glve a
relative idea of the types of'enhancement levels to be
expected. Thls was because the enhancement values exhibited
significant depehdence on the concentration of the analyte
used. This was evidenced by the differences in enhancement
observed for benzéphenoné in Figure 22 and Table 1. These

chromatograms were developed on the same day, yet the
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Table 1. Relatlve ECD responses to aromatic mo]ecuies having
positive electron affinities which were enhanced by
ethylchloride In the detector gas at 250° C.

i

Response -
Enhancementsb?
Rel. : :

Compounds ECD Re-_ TMA- . TMA/ EAC’

" sponse?’. Doped EtCl-  (KCAL-

in N5 - Doped . mo]efl)

Phenanthrene 0.02 2.5 .57 7.1
Xanthene 0.2 1.7 4.5 -
Chrysene 0.3 1.1 2.0 9.4
Anthracene 1.0 1.9 58 12.9
2-Methylanthracene 2.0 2.6 79
9-Methylanthracene 1,0 1.7 6.3
10-methylbenz(a)- - .
anthracene 0.3 1.5 7.7
9,10-Dimethyl-
anthracene 4 1.3 40
Pyrene 0.5 2.5 87 ‘ 13.5
- Benzo{elpyrene 4 i0 64 '
1,2,3,4 Dibenz- i .
anthracene _ 4.7 1.7 16.5 _
Benzophenone 20 3 84 14.7
Acenapthylene . 140 1.0 1.9 |
Coumarin _ 40 1.2 14 .
Azulene 100 1.0 2.0 '15.2
1,2 Benzanthracene 4 2.4 100 15.4
2-Acetylphen-
anthrene 115 2.0 8.4
3-Acetylphen-— '
anthrene . 120 1.2 5.0
9-Acetylphen- . . '
anthrene - 165 1.6 5.6
Fluoranthene 460 1.2 3.3
Acenapthylene 470 0.9 3.5

4’ peak height per weight analyte InJjected normallzed to
the case of anthracene in clean No.

,b) Respongse observed with 100 ppm Indicated dopants
relative to that obsgerved with use of pure N2 detector
gas. :

c) Electron afflnity values taken from ref. [45]. All

compounds are listed iIn order of their estimated or

Indicated EA value.
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responses in Figure 22 for a 38 ng sample are 1.0 : 1.35

99 and the values in Table 1 for a 4.6 ng sample are 1.0 :
3.1 : 841 The dependence of relative reépqnses on analyte
concentration was due to the fact that the responses, in
pure N2 and with TMA only, were nqn-linear and in thé fully
doped condition were 1inear with concentration. This
non-1linear béhavior has also been noted for many of tﬁe
. other compounds. Therefore, the enhanged values giv?n haQe
thus been set to the arbitrary condition of a 1 kHz TMA
doped response. The relative responses between the
compounds will also vary for .this reason, and the fact that
only peak heights were measured and not peak areas. Peak
areas were not used because they would be'meaningless for
those compounds with unusual peak shapes. Day-to-day
~variations in .enhancements wére also observed and will be
discussed in the section on temperature dependence of the
EtCl sensitized responses. ‘

Figure 24 is a multicomponent chromatogram of some of
the pbmpounds that have been found to be sensitized by EtCl
doping. Peak "f", which is assigned as the response to
. 1—¢hloroanthracene,'was not enhanced by EtCl_and was
included only to illusfrate the attenuation in recorder
sensitivity néeded to maintain the enhanced signals on
scale. Significant improvements in the signals observed
with TMA and TMA/EtCl dobing can be seen for the compounds

shown. The tabulated results from this multicomponent
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Repeated capillary analyses on the Varian
GC-CC-ECD of a complex mixture using detector
gases: (A) pure N2, (B) 100 ppm (CH3)aN,

(©) 100 ppm CH3CH2CI in N2, and (D) 100 ppm
(CH3)3N and CH3CH2CI. Compounds present are: (@)
azulene, 0.15 ng; (b) coumarin, 0.8 ng; (©)
benzophenone, 4.6 ng; (d) anthracene, 11 ng; Ce)
2-methylanthracene, 11 ng; CF) 1-chloro-
anthracene, 5 ng; (g) pyrene, 28ng;

(h) benz talanthracene, 29 ng; (1) benzoielpyrene,
16 ng. Detector temperature 1is 250° C.
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éample are reported in Table,l.- The various lévels of
improvement seen Qith TMA can be é#plained by the dégreé'of
competltlon between the normal electron capture response in
N2 and the stabllxzed positive ion chemxstry. This effect
is dependent on the change in ﬁhe'avefage recombination rate
of the poéitive ions during_the elution qf the compound as
well as the compound’s cohcenfration. As has been |

previously discusséd thxs 11m1ted product1on of electrons

‘_ was not a linear function of sample size, S0 that with

larger sqmples lgss 1mprovement was expected with TMA
dopingf- In the ch;omatograms of Figureé.zz'and 24, the -
addition of the TMA and EtCl chemical dopants did not
increase the noise level in the baseline of the CC-ECD, and
even an improvement for thé fully doped condition cénvbe
seen. This point is well illdstrated aé one looks between
the eluting compounds "B and "C" in Eigure 24'for each of
the three detector gas conditions. It was evident that sbme
_peaké, due to impurities} were no longér seen with EtCl1/TMA
dqping. This characteristic notéd previouély_with other
saﬁples was a réproducible,effect for‘this sample. - An
interesting speculation would be that the alkyl chlorides
behave as originally proposed. That is, they are removing a
sen51t121ng species from the detector plasma and the
impurities w1th1n the sample are thus rendered 1ncapab1e of
Tesponding within the.detector to these sensitizing'spécieé.

If this is true. then thevsensitization.seen for anthracene
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was an enhanced,'accldental‘discovery. - It was fortuitous
that anthracene was cnosen as tne test compound for'positive
ion characterization.

The increase seen in relative sample size for the later
eluting compounds was not due to a decrease ‘in molar
sens1tiv1ty for the compounds.but rather was_a result of
band broadening from the increased retention times caused b?

':the significant difference in molecular sizes and welghts In -
the compounds represented here. Temperature programming was

' utilized in the multiponent chromatograms (Figures 24, 25,
and 26, up to the 220° C limit, Wwhile using a detector‘_
temperature of 250° C. ' The limiting column temperature was
set to prevent condensation of sample onto the detector
foil. .Therefore, long retention times and band broadening
were seen in this low detector temperature anaiysis, Other
compounds that enhanced (Table 1>, but which had highly
responding electron capturing Impurltlies, were not included
In multicomponent samples. |

In Tabie 2 are those compounds which were studled that
did not enhance with EtCi doping. It can be seen in the
relative responses of the compounds that when high molar

" sensitlivities were.observed, such as the case for the
qguinones, halogenated, and nitrated compounds,:no_
enhancements were observed,“and asslstance by posltlive ion
stabilization was minimal, These~resu1ts agree with the

theorlies presented for both the positive ion stabi]izlng
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Table 2 Relative ECD responses to aromatic mofecules having
positive electron affinities for three detector gas

compositions at 250° C.

Response
EnhancementsP’
Rel.
Compounds ECD Re- TMA-~ TMA/
‘ sponse? Doped EtCl-
in Ny 'Doped
Acridine _ : .41 1.3 1.4
1-Chloranthracene 100 1.0 1.1
9-Chlorphenanthrene . 380 1.1 1.1
9-Acetylanthracene 300 1.0 1.1
Napthaquinone 8,000 1.1 1.1
Napthalene 0.1 1.3 1.2
Antraquinone 2,000 1.08 1.1
2,3-Benzo- -
. fluorene 5.5 1.2 NRC?
1,2 .Benzo-.
fluorene 5.3, 1.1. - NR
Fluoranthene 68 .8 1.39
Benzanthrone 280 1.0 .8
. Anthrone . 820 . 1.0 1.1
2,3 Benzanthracene 0.2 1.1 .9
Perylene - 18.7 1.2 1.2
Dibenzofuran 0.5 1.1 1.0
3~-Acetylcoumarin 88 1.0 1.0
3-Nitrobenzophenone 8400 1.0 .7
3-Acetylindole 3.8 1.1 .9 -
5,6-Benzoguinoline 12 1.2 1.8

aj

. the case of anthracene in clean Nj.

b>

Peak height per weight analyte injected normalxzed to

Response observed with 100 ppm indicated dopants

relative to that observed with use of pure N2 detector

gas.

c)

Indicates that no respdnse was obserVed
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émlnes and the alkyl chloride dopants. The electron
attachment rate ls quite high for these compounds, hence
oniy a small effect wés seen with TMA doping. The alkyl
chlorides ére not able to assist fhe.response since these
molecules With'high.sensitivity are capable of producing
stable mdleculér and fraément anions and electron transfer
to EtCl to produce Ci‘ would be of no benefit. For  the
compounds which éxhibited a relative.sénsitivity1less thén‘
that of‘anthracené;'the lack of.sensitization by the élkyl
chlorides can be explained by either of two reasons. With
lower éensltivities, Kq énd/or the equilibrium concentration -
of a-negative lon may have been too small to be effective
‘for reaction.with the EtCl molecules, if Indeed any |
molecular negative lons existed at all. Secondly, the
proposed mechanism required the negative ion be reactlve to
the EtCl molecule, which for some molecular negative ions is
conceivably not occurring at all. Theée reasons could also
be used to explain sensitization differences between similar
Isomers where the rate of reaction is isomer dependent.

The two compounds In Table 2, 1,2-benzofluorene and
2,3-benzofluorene, gave small responses with very low molar
sensitivity for both the clean Nz gas and the TMA doped
condition. However, In thg TMA/EtCl doped condition the
response was entirely removed. The reactivity seen for
these two compounds was quite possibly similar to that which

has been dliscussed for impuritles In the basellne of the

]
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multfcomponent chromatogram shown In Figure 24. -Tne exact
retention time of these weakly responding compounds was
ascertained from their relative FID retentlon time windows

and was further verified by thelr 02 doped sens1t1zed

: r‘esponse .

In Table 3 the responses_for compounds which exhlbited.
negatiye peaks at fhe 2500 C~aefeetor'temperatures are
shown. ' The enhancement - values for the EtCl/TMA doped
condition were calculated'in a different manner than thet”
used previously'in this study;' Cemparrsens to the TMA doped -
resbonse were-qsee sjnce the'negafive deflections could not
be comparedlto‘the normal responses seen for the TMA and
TMA/EtCl conditions. | |

One example in partlcular, which is listed in Table 3
needs further discussion. These are the amine- substltuted
PAHs, which gave Qery poor and unreproducible responses.
These charecteristics are thoughtitd be due to degradation.
reaetions the compound undergoes within the chfomafographic
system. Degradatlon was further 1dent1f1ed as the causal
mechanlsm by conducting exper1ments where anection port -
temperatures and degree of column lnsertlon were varied. At
times significant enhancements were seen for the amine
eoméeunds. This effect was'not,reproduciple'and may have
been due to the formation of a degradation pfoduct'slmilar

to the unsubstituted parent anthracene molecule.
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Table 3 Relatlve ECD responses for aromatlc molecules that
exhiblted negative peaks in clean N2 carrier gas on
the Varian GC-ECD, detector temperature of 250° C.

Response

EnhancementsP’
. Rel. - -

Compounds ECD Re- T™MA/

sponse? EtCl-

in TMA—NZ Doped
Triphenylene 0.04 1.0
7,8-Benzoquinol ine’ i.8 0.6
Fluorene : 1.8 NRC.
Acenapthene 0.4 0.8
Dibenzothiphene 0.3 1.0
1-Aminoanthracene 0.08 5.0
1-Amlnoanthracened 0.6 0.9
2-Aminoanthracene 0.1 0.9
2-Aminoanthracened 0.8 1.8
9-Aminoanthracene 0.6 0.8

aj

Peak helght per weight analyte Injected normalized to

the TMA response 6f anthracene In Table 1.

b>

Response observed with 100 ppm indicated dopants in the

detector gas relative to the TMA response.

c)

d>

Indicates that no responée wasg observed.

Data collected from‘different experimental set.
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-A second multicomponent sample was also developed for
some of the other compounds included in Table 1. The
procedural sequence used to develop this multicomponent
system differed from the pre&ious experiments which produced
the multicomponent chromatograms in Figure 24 and the.data
shown in Table 1. 1In this expebiment after the responses

with clean Ny were recorded "EtCl was doped into the gystem

to measure the responses for the EtCl doped condition alone.

TMA was later added to produce a chromatogram for the fully
doped condition. The results of these experiments are
reported in Figures 25 and 26. The most interesting

oharacteristic to be noted within these chromatograms is the

'striking difference between the clean N5, and the EtCl doped

condition. The compounds which made up the sample show
spectacular enhancements for the EtCl doped condition. |
However, eveo with the-enhanoed signals, the peak shapes
were non-gaussian and complicated with unusual shoulders,
parﬁicularly for the systems with large aromatic rings.
Other interesting features in Figure 25 are the negative
peaks seen with EtCl doping. The negative peaks observed
were unique to.the EtCl doped system. They are believed to
be due to impurities from the standards used, since they do
not agree with the retention times of the standarde used in
the semple._

To produce Figure 26, TMA was introduced into the EtC1

doped dlluter to further demonstrate the value of positive
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Clean No

Fig. 25. Repeated capillary analyses on the Varian
GC-CC-ECD of a complex mixture using detector
gases: CA) pure Ng and (B) 100 ppm CHgCHgCl in Ng.
Compounds present are: Ca) acenapthylene, 2.3 ng;
(b) anthracene, 8.7 ng; Ce) xanthene, 3.3 ng; Cd)
9-chlorophenanthrene, 4.0 ng; Ce) fluoranthene, 6.8
ng; CF) 9-acetylphenanthrene, 2.2 ng; Cg)
3-acetylphenanthrene, 2.3 ng; Ch) 2-acetyl-
phenanthrene, 2.8 ng; Ci) impurity; (J) 1,2-benz-
anthracene , 9.0 ng; (k) 1,2,3,4- dibenzanthracene,
24 ng. Detector temperature 1is 250° C.
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71200 ppm "
I-EtCIJ TMA

Fig. 26 - GC-ECD analysis of the sample in Figure 25 with
100 ppm CH3CH2CI and 100 ppm (CH3)3N doped into N2

detector gas.
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ion stabilization when using alkyl éhloride sensitization.
The unusual shapes to the peék éhouiders for the EtCl -doped
‘condition were no longer seén, and even further levels of
enhanceménts are obtained. The negative peaks unique to the
EtCl doped condition Qere also eliminated by the addition of
TMA.to the EtCl doped di]uter. For the EtCl doped condi-
tion, fhe sensitized response, limited by.impﬁrities, is
believed to be eliminated according to the original
hypothesis'by which the alk?l chlorides were. selected.
Therefore, there was no loss of electrons to impurities wifH
EtCl doping, which was observed to some degree for the.
undoped No. The negative peaks seen were the result of thé
impurities (probably large aromatic ringed systems, based on
the retention times and the types pf.standards) producing
positive ions which were slowgr to recombine with electrons.
It was believed that this recombinant effect of electron
production was the only mechanism of response seen in the
EtCl doped condition to the non-electron capturing
impurities. In the fully doped condition, the limited,
sensitized response to impurities was eliminated by the
EtCl1, and TMA rémoved the effects of:changes in the fate of
positive ion-electron recombinations. The net result was
the production of a smoother.baseline, removing the unusual
responses from non-electron capturing species. At the same
time, there was selective electron capture sensitization to

those compounds represented in the chromatogram.
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In Figure 25 (A), with clean N, as the carrier gas, the
acetylated phenanthrenes exhibited weak responses and peak
assignments were difficult due to'inadequate chromatographic
resolution; The selecﬁive electron capture sensitization by
EtCl brought out these peaks from the baseline énd-alloweq
for their identification through the increased sensitivity
and the magnitude of enhancement.‘ This was similar to
isomer'identificatlon by 02 doping, which was found to be an
effective technique for assigning responses to compounds
with‘overlapping peaksa7. The alkyl chloride dopants were
also effective for the identification of anthracene methyl
isomers, as well as this example; with the acetylated
phenanthrenes. .The digitized results from thié chromatogram
are included in Table 4.

In Table 4, fhe ré]ative ECD responses are reported
against the response of anthracene in clean No. The
enhanced level of responses for EtCl and EtCl1/TMA doping‘are
compared to the clean N, response of the sample analyzed.
The variations in values betﬁeen this Téble and the
information reported in Table 1 were due to thé changing
molar sensitivities for these weakly responding compounds,
partiéularly with the clean N, response. The deviations in
the responses for these cohpounds were due to the instru—
mental variations of flow rate, carrier gas quality,
temperature,.and chromatographic parameteré. Such instru-

mental variations often lead to sjgniflcant'variations
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Table 4 Tabulated Data from the multicomponent sample in
Flgures 26 and 27.

Response
Enhancementsb’
’ . Rel. .
Compounds . ECD Re-_ - EtCl-  TMA/
_ ' - sponse?’ Doped EtC1-
in Nz Doped
Anthracene 1.0 36.5 38.0
Acenapthylene 9.8 2.3 2.4
Xanthene 1.5 4.9 6.0
9-Chlorophenanthrene 20.0 1.1 1.2
Fluoranthene ‘ 11.0 1.4 2.1
9-Acetylphenanthrene 8.5 2.6 3.2
2-Acetylphenanthrene 4.1 5.7 8.3
3-Acetylphenanthrene 3.9 5.9 8.4
1,2 Benzanthracene 1.3 17.5 27.0
1,2,3,4 Benz- :
anthracene 0.3 12.2 16.5

a’ Peak height per weight analyte injected normalized to
the response of anthracene in clean Nz.

b> Response observed with 100 ppm indicated dopants

relatlve to that observed with use of pure N2 detector
gas.

In the electron capture coefflclehts for low sensltivity
compounds. The dependence of molar sensitivity on
concentration may also be a factor in the changing molar

sensitivity seen for these types of compounds.
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The ﬁon-]inear calibration curves obtained in the TMA
doped responses for benzophenone and anthracene indicated
that the existing mathematical models were still unsatis-

factory. These mathematical models predicted llinear

calibration curves, and included the assumption that the

positive lon reactions did not affect the measured electron
density. The insight brought about by TMA chemical dppfng
suggested that the deviaflons.from the current resonance
electron capture theory were not caused solely by positive.
ion dynamics, since non-linear calibrations were found even
with TMA present. Therefore,_lt was necessary tq ree#amlne
the thebry of resonance electron capture, beginning with the
assumptions used in their development.

To characterize the chemical dynamics, a computer model
was developed which was capable of considering the many
chemical processes simultaneously occurring in the ECD.

With a coméuter program it would be easy to make changes in
each reaction rate and readily determine the effects of
these changes. A.listing of the program used for these
purposes is included in the Appendix. The program was
written_in Applesoft Basic to be run on an Apple II series
personal computer. After the lnbut of appropriate program
variables,. it was compiled into binary‘machine language for

more rapid'operation. A flow chart is included.ln the
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Appendix and describes‘the operating principles and
sequencing.of the progfam. The program pfoduces mathe-
matical results through digitalvintegration by successive
approximations. . | |

A maJoc assumption on which the entire resonance
electron capture theory rests is whetner or not~kinetic
equilibrtum:is attained in the time between the pu]ses-of
the CC;ECD : An examlnatlon of this assumption was necessary
s1nce the prev1ous]y derived models used steady state-
approximations cf the negative ion dens1ty to calculate an
electron density. The e]ectron'density was then_related to
the frequency~of-pulsing for the CC-ECD. The values of k1
and k_1 used in the computer model were taken from the
studies of Woinarovits and Fold1ak3°.

Using very small time intervals.it was possible to
cafculate:the populations of negative ions and e]ectpons.
Their amounts could then be plotted up to the time, T, of
the pulse. The pulse period reflecting tne simulated
' detector response. The computer model results showed that
equilibrium was easily attained by the time of the pulse and
.the assumption that negative‘ions had reached a steady—state
was valid. The time at which equilibrium was attained was
found to‘be dependent on‘the'electron attachment and
detachment rate va]ues used and, the concentration of the‘
compounds represented in the study. Using the default

values 'listed, linear calibration was obtalnable for the
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mode] systems étudled. With large sémple slzes the éonstant
current detector pulses very fast;, up to the defined 1imit
of 100 kHz. At these very fast pulsing frequencles the
equilibrium or.the steady-state approximation méy be
unachievable between the_pUlses, and this was one possible .
explanation for the non-linear experimental calibration .
curves observed. Azulene, anthracene, and phenanthrene were
.studied by the computer model and all of - these compounds
gave linear to'néar—liﬁear calibratién'curves by computer
modellng.” |

Theiconc]usions derived from this study indicated that-

steady-state concentratfdn was obtalned, and fast pulsing in

the CC-ECD could not explain the experimental results ’
observed with TMA doplng. The results just dlscdssed In the
preceeding paragraph were done with the default parameters
shown In the Appendix, with the exception of the interval of
time measurements, which were varied according to the sample
size, and the forward and reverse rate constants. The
selection of differing time intefvais was done to make the
program functlion efficlently and within a reasonable amount
of time.- The default Qalues listed In the program were
chosen to closely approximate the existing condltlons for
the Varian GC-ECD system. Theoretically calculated
frequency responses were within an order of magnitude
(approximately 3x-4x larger) to the calculated sample

concentration within the detector at a similar peak height.
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Non-linear results were obtained when the values of
XRECOMB and WRECOMB (see Appendix) were changed relative to
each other. XRECOMB was the varlable assigned to the
recomblnation rate of negative lons with positive lons and
WRECOMB was the varlable assigned to the recombinatlon rate
of electrons with positive ions. The default values were
representaflve of the assumptions made In previous models
for resonance e]ecfron capture processes, where the
recombination of negative ions with positive ions was
assumed to be of'eqﬁal'value to that of the recombination of
electrons with positive ions. However, Smith and Adams®4
report that these values afe different due to the signifi-
cant variations in the sizes of the negatively charged
species. Using values similar In magnitude to those"
reported by Smith and Adams, results obtained for benzo—»
phenone and aﬁthracene under TMA doped conditions could be
eXplalned by the differences in the recomblnation rates
represented by XRECOMB and WRECOMB. This effect is probably
the reason why non-linear response versus concentration In
the TMA doped defector was observed for these weakly
responding compounds. IOther factors, such as llmitedf
quantities of sensitizing impurities, could also éxplain the
higher molar sensitivity seen with lower concentrations of
sample, or possibly a combination of all of these factors
Just mentioned. For strongly responding compounds the

importance of these effects is lessened by a faster electron
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capture rate, ahd llinear callbration curves were subse-
quently obtalned. '

The effect of temperature on the varlation'ln rate
constants was also examined with the computer model. The
theoretical results were obtained using the values deter-
mined by Wojnarovits and Foldl_ak30 from thelr temperature
dependency studles of resonance electron capturing
compounds. The theoretical results ef these studles’wlll.be

Included In the next section on femperature dependence.
lem&eziamr_e_u_e_ge_ngeng_e

In order to assess the mechanism of sensitized -
response, the temperature dependence to those compounds
whlch eﬁhanced wlth‘the alkyl chlorides was tested aecordlng
to existing theorlies of resonance electron capture reactlons
in the ECD. A detector of conVentlena] geometry (conceﬁtric
coaxlal electrode) was used for these experiments, slnce
this type of detector hae been well characterlized In terms
of the physical propertles Involved in the response. For
the measurements of temperature dependent reactlons, a
coﬁmercial Hewlett Packard 5890A, fitted with an ECD of
conventionaI'Qeometry was chosen. Studies on a Varlan ECD
with its displaced coaxlal anode were also done as a
comparlson to determine whether data prevlded‘by this

detector were consistent with the HP 5890A. The general
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effect of temperatore'was in agreement between the two -
detectors. ‘

- With the.Hewlett Packard system the importance of
temperature on the sensitized response is demonstrated in
Figure 27. The response of anthracene at two detector'
temperatures is plotted against varylng amounts of EtCl in
the detector gas. In this Figure it can be seen'that, as the
detector temperature was lowered, a larger maximum freguency
of sensitized response was obtained.- Also a greater concen-
tration of EtCl was needed to achieve tne plateau region of
the sensitjzed response; .ThisrpOint'is also illostrated in
Figure 17, where the larger.sample-siZe required a greater
concentration of EtCl to reach the maximum sensitized
response.3 In both cases, a higher response was attributed
to a larger equilibrium concentration of anthracene negative
ions which required a proportionate increase,in EtCl to
reach the limiting sensitized response. The requfrement
that an increased level of EtCl dopant was needed is
consistent witn, and gives further support to, the proposed
mechanism by which EtCl is thought to sensitiée the
response. In the HP-GC-ECD system the sensrtized.response
- required higher levels of EtCl dopant to achieve the plateau
region of the curve than for the same level of kHz response
reported in Figure 17 for the Varian GC- ECD system. This
difference was reproducible between the two detectors and. is

attributed to the significant variations in the EC cell
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Fig. 27. Hewlett Packard GC-CC-ECD sensitized responses of
anthracene to differing CHgCHgCl concentrations at
two detector temperatures.
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designs end volumes. These experlments In Flgures 17 and'Zf
emphasize the need to chemically dope the detector with
sufficient leyelé of EtCl to ensure that the plateau reglion
Is In effect for the hlghest level ef response expected.. If
thls requlirement is mef, then linear callbratlon eu;ves A
should be achieved for the TMA/EtCI doped conditiqn with
'compounds that sensitize.

The temperature dependent resu]ts obtalned for the TMA
and TMA/EtCI .doped conditions tested on three compounds
hwhlch showed enhancements with the alkyl chloride dopants
are shown ln Figure 28. The TMA doped conditlion.is thought
to'represent true resonance electron eapture;-since the
response would not be complicated by the_prqtonation of
analyte molecules. In all three céses‘represented in Flgure
28, the response Increased with lower detector. temperatures,l
both for the normal resonance EC response and the alkylh
chloride sensltlzed_condltlon. With anthracene [Figure 28
(A)J and azulene [Figure 28 (B)] the response for both
condltlons was elther reached, or was approachlng a limiting
response with- the lowest’ temperatures According to the
exlstlng theory of resonance electron capture reactions in
the ECD, this limiting response was caused by a decrease in
the electron detachment rate.to a value no longer
significant, relative to the rate of reaction of the
negative lons with the posltlne lons and/or the alkyl

chlorides. The maximum limltlng response expected at low
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temperature dependent molar peak area responses
ofs (A) anthracene (B) azulene,
benzophenone for the detector gas conditions of;
(@) pure Ng carrier gas, and (b) Ng carrier gas
doped with 400 ppm (CHg)™N and CHgCHgCI.
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temperatures is then due only to ky, the electron attachment
rate. The theofy.of resonance electron capture used will
also have lncorporated Into it the mechanism of response for
~a1ky1 chloflde sensltliation. With this it would be
predicted that both gnalyses conditions should achieve the
same level of limltlng response, wlth the alkyl chloride
doped system reaching the limiting response at hlgher
detector temperatures. To lilustrate this statement a
theoretical plot represented by a dashed line, Is shown in
Figure 28 (A>. Such a response would be expected with EtCI
doped analysis of énthracene according to these kinetic and
mechanistic theoriesi

The temperature dependence of azulene appears to
demonstrate the theoretlcal temperature dependence. The
enhancements obsérved with azulene were very small and were
only approximately doubled under the optimum detector
temperatures, so conclusions based on this one modél system
may not be valid. Also, APIMS studles of the negatlive lons
formed with azulene for the EtCl doped conditions showed
that the trapping of the azulene negative lon was not 100%
effective when doped with an alkyl chloride. In the APIMS
analysis, when the EtCl doped results was compared to the
undoped system a decrease In the amount of azulene molecular
negative ion was about half the signal intenéity of thé
undoped condition. The production of C1- was indicated as

azulene passed through the detector.
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APIMS analyélsiof benzophenone af 250° C showed that
the observance of the molecular negétiVe lon was completely
eliminated by EtCl doplng. The signiflcant productlion of
Cl™ as benzophenoné passed through the detector wés also
. noted. Benzophenone in Flgure 28 (C).did not reach a
limiting response because of chromatograpﬁlc limitations.
Lower detector temperatures could not be attained to
accommodate the production of a stable negatlive lon; that-
is, the electron detachment rate for beﬁzophehone was still
important re]ativé to the loss rate of negative lons by
recomblnation with positive lons at the lowest posslble .
'defector temperature used.

To obtain 1linear graphs of response to'detegto; temper-
atures for these resonaﬁce electrdn capturlng-compouhds,ﬁa
return to the theory presented In the Introduction Is
necessary. The mathematical values in the results to be
discussed are not considered valid slnée the assumptions of
the existing theorles state that the temperature dependence
of'the response s solely based on the electron detachment
rate, and all of the other reactlon processes are temper-
ature independent. The temperature dependence of ki, the
forward electron attachment rate, has been shown in some
céses to be extremely dependent on temperature®S, Normally,l
with resonance electron capturing compounds the energy of
activatlion Is qulite small and a reasonable expectatlion is

that ki Is relatively temperature Independent for the
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compounds représented-here. The recombination rates are
assumed to be.only siightly affected by changes in
temperature. The previbus theories also did not congider
the changes in flow rate caused by temperature, which aré'
known to affect the responseshby diluting or concentrating
‘the sample in the detector. .Instead, the theory will be
used only as a guide to distinguish the mechanism of
response in the same manner as done by Zlatkis et él.zo.
'The plots sth1d fhen éive a relétive_idea'of'the mechéﬁism
of respoﬁse by the slopes of the "lines" created and the Y-
intercepts that are obtained.

Plots of ln‘RTs/2 are plotted against 1/T x 1000 for
the data givén In Figure 28 and the results are shown in
Figure 29. 1In this éxample, R is the molar area response in
volt-minutes (1 volt = 10 kHz frequency responsel), and T is
the temperature of the detector in degrees Kelvin. The
.results'seen in Figure 292 and B indicate that the TMA doped
condition gave results consistent to those éredicted by the
computer modeling of the Wojnarovits and Foldiak data. The
data:also showed that the EtCl response produced a similar
response slope witﬁ a higher Y-intercept. These results cén
be interpreted by the equations developed which produced the
In RT3/2 versus 1/T axes the data are plotted by. These
differential equations represent the electron production and

loss processes for the EtCl doped condition.
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In [Molar Response (R) x Temperature(T) I

versus 1/T x 1000 plots of the temperature
dependent molar peak area responses of:

(A) anthracene, (B) azulene, and (C) benzophenone
for the detector gas conditions of: (a) pure Ng
carrier gas, and (b) Ng carrier gas doped with 400
ppm (CHg)™N and CHgCHgCl (data taken from Figure
28)
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dNe_/dt = S + k_jyNa_ - (kyna + Rgnp, * RynpiN,_. (15)

dNA_/C_it = klnANe_ -

(kg + Rynpy RpMpag * kg +kpEtC1ON (16)

When anmathematical derivation was appllied to theée
~differential équatlpns for the‘condltion where k-l was
gbeater.thah any otﬁer negativelloh loss process, equation
177 cou]d_been Qsed to describe the temperatufe dependence

of the molar response:

- X - EA |
In RT%2 = |p—2L InA + — — - SN
o KEL Kb x T

This equation was derived according to the standard-
procedures and assumptlons.that other scientists have used
to describe the temperature dependénce of fesonance electroﬁ
'captuflng compounds In the CC—ECD7'20'3°. :KAL denotes a
.flxed valué for fhe constant loss processes expected for the
" negatlive lons. These are the temperature independent values
for the recomblination with positive ions ahd also the
reactions with radicals. fIf EtCl was présent; its rate of
reactlon would also be included wlith this term. The term
KEL represents the ﬁoﬁstant loss processes for electrons in
the conditlon wlthéuf sample. These lnclude‘dlffuslon to
the walls, recombination wifh positive lons, and reactions

with column bleed and other Impurities in the detector
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. system. The value A, denotes a fundamental detector

constant, including all of the physical parameters affecting :
the sensitivity of the detector. Kb is the Boltzman
conetant necessary to consider the statistical mechanical
physics of the reactions. Tne limitatlons with this type of
model have been described earlier.

The s]ope of the line produced from eqnétIOn (17> is

related to the EA of the molecule and the Boltzman constant.

"The Y-intercept is a function of the fundamental detector

constant, the loss rate of negative lons by recombination,
and the non-analyte loss_rates of electrons. The limlita-
tions in equation (17> can be clearly seen If the data
points are projected out to the point where the X-axis
equals zero. Due to detector temperature limitations, the
temperature dependent data would then represent only a small
fraction of the X-axis scale, with a significant proportion
of the scale being Interpolated to obtain a Y-intercept.
However, Zlatkis et al.20 yseq these types of'models only to
Characterize the response mechanism operatind as is also the
purpose here. To visually determine any sllight deviatlions
in linearity, the data is plotted only over the range of
X-axls va]ues where temperature dependent data were taken.

The temperature dependent responses of azulene (Flgure
28B)> demonstrate all of the characterlstlcs considered In an
ldeal model of resonance electron capture. At lower

detecfor temperatures (far right on the X-axis) the "Beta"
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region was in effect.- In this reglon,'the response was
dependent on only ky, éince the negative ion was cbnsi&ered
stable to electron detachment relatlve to its loss rate with
positive lons. The éqrvature in the reglon between the
positive slopé and the slight negative slope, Is the region
where the rgte constant for the loss of negaflve ions 5y the
récomblnation procéss, aﬁd/or the negative lon trapping by -
EtCl, was in competition with the_loss rates by electron
detachment. The "alpha" reglon, denoted by the straight-
lined positive‘slope} is attributed predominately to the
temperature dependence of k_q- |
The,témperature dependent results for anthracene are

also plotted by the éame log scale and the results are
‘lncluded in Figure 29 (A>. Anthracene exhiblted a temper-
ature depéndeﬁce characteristic-of reéonance electron
capture. At the lowest possible detector temperature there
Is a slight Indicatlon that the "Beta" reglion is .being
approached in the EtCl doped analysis. The slope of the -
line In the TMA doped response closely parallels the results
that were obtained with WOJnarovité'and Foldiak values used
in thé computer model. The deviatlions from linearity at the
higher tempefatures was caused by a_furthef Increase in
molar sensitivity due to an lncrease in the proportion of a
dissoclative capture‘mechanlsm.

_ Temperaturé dependent responses of behzophenone, which

exhiblted one of the most highly sensitlized responses with
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the alkyl chloride dopants, is sﬁown on the In RT3/2 versus
1/T plot In Figure.29-(C)., The data for TMA and the
TMA/EtCl doped systems show a similar slope, but with very
large differences in the Y—lntercebt. The larger,vafiations_
in linearify seen witﬁ fhe TMA doéed system weré attributed
to the decrease in the signal-to-noise ratio caused by a
' less sensitive response with TMA doping. In fhe EtC1 doped
results the low temperature region began to eihibit a slight
deviation from linearitf with a lesé éignifican£ slope.
Unfqrtunately,-instrumental.llmitafions did not allow for
lower detector temperatures to be used. The results do
suggest, for-the EfC] doped system, that a "Beta" region is
beginning to be observed and that this‘was at a higher
température than‘for the TMA doped resonance electron
capture procéss. |

For all three compdundé studied, any deviations in the
alpha region slope of tﬁe EfCl response, ag compared to the
TMA doped system, should reflect a temperature dependence of
the EtCl moleculés reaction rate with thé analyte negative
ion,

In Figures 30 (A) and 30 (B>, the effects of using the
argon/10% methane mixture as the detector-gas relative to No
detector gas is shown. The degree of enhancement with the
Af/Me experiments was less than what was observed with the
' N, system. Instrumental conditions were kept the same

except for the changes in carrier and detector gases,'and
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In [Molar Response (R) x Temperature(T)]3/2 versus
1/T x 1000 plots of the temperature dependent molar
peak area responses ofs (A) azulene, and (B)
benzophenone for the detector gas conditions of:
(@) pure N2 carrier gas; (b) N2 carrier gas doped
with 400 ppm (CH3)3N and CH3CH2CI; (c) clean
argon/10% methane detector gas; (d) argon/10*
methane doped with 400 ppm (CH3)3N and CH3CH2CI .
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the adjustment of the HP-GC electrometer to accommodate the
argoﬁ/methane mixture. The results show that the se]ectLon
of the more inexpensive Nz carrier gas provided better
results, through larger enhancements and sSensitivity for
these low EA molecules. 1If the sSlope of the line reflects
the EA, and the EA is a function of the equilibrium between
electron attachment and'detachment, then the equilibrfum is
being maintained, regardleés 6f the change in the electron
capture cross section of the molecule when using differéhf_
detector gases. '

The kinetic model, as applied to the temperature
dependent étudies, has allowea for an improved understanding.‘
of the:alkyl chloride sensitization reaction mechanism. The
temperature dependence of the sensitized conditions remained
because electron detachment continued to be é significant
factor in the-analyte negative ion loss rate. The
observance of a beta region beginning at slightly higher
detector temperatures‘than for the TMA doped condition also
"supports the idea that a loss rate of negative lons in
addition to the already existing recombinations with
positive lons was the cause of the enhancements.

The non-linear calibration curves obtained with TMA
doping have helped explalin the concentration dependence of
the enhancements. Yet, this effect alone does ﬁot explain
the lack of reproduclbility for the same sample on a

day-to-day basis. Nor does it explain the variations in
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observed enhancement levels when éther Instruments were
utl]lzed.'IWhen the conditions of flow rate, detector
temperature, and sample size were controlled, varlations in
the detebtor;s response were still observed. This
observatlion lIs similar tb'fhe.reSults presented In figure_
30, whefe'only the detector.make—gp,éas was changed. fn the

TMA doped responses of Flgure 30, the electtoq'dapture cross

~S¢ctlon of the molecule was chaqged by the different

detector gaséé, vet a kinetlc ‘equlllbrlum continued to exist
between‘fhe negative lons and the analyte neufralétl‘ln this
example,'the change was most probably dué to'second'order |
electron attéchment reactibns,Lwhépe an lincrease in .ky was .
balanced by a proportionate increase in the rate:of négat}&e
ionlloss by k-i' | |

The level of'enhancement.and mélnfénan@e of gqufll4
brium are graphlcafiy lllustfated by use of the In RT3/2
§ersus_1/T pldtsf These levels are ménifested'by the degree
of difference In the measurement of the Y-intercept, and‘thé
occurence of a constant slope. Detector gas condlitions
which can influence the electrdn capture cross section
Include detector'cleanllness, cafrler gas éurlty; and the

amount of -column bleed. Each of these conditlions having a

‘varylng degree of effect. Varlatlions in these factors will

occur even whl]e éttemptlng to retéln.identlcal GC~ECD

operating condltions.
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An oversimplification of the variations in detector
enhancements can be expfained by the following two schemes.
In the first sqheme, the EtCl doped condition represents the
maximum level of Y-intercept, which is always éttained_with
sensitization. Changes in the enhancement levels will then
be caused by vafiations in the Y-intercept for'the normal
resonance electron capture process, which is representing
the fundamental detector constant, neéative ion loss
processes, and nén;analyfe.electron Ioéses} This particular
scﬁeme is supported by the observétlon that slight changes’
in the detector gas conditions often can give large
differences in the undoped response. Column bleed and
chromatographic system gas leaks often producing this
effect; A second scheme which is a variation on the first,
is that the Y-intercept with EtCI QOping,is also affected by

slight changes in the detector gas conditions. Possibly by

fpreventlng the reactlon of EtCl with the analyte negative

ion. Ohe>of these two schemeé, or a combination of the two,
is'one way in which the variations in EtCl enhancemenfs of
the same sample can'bg interpreted. A similag effect
observed with O, doping has also been previously notedss;
where maximum enhancement leyels were seen only with the
optimum conditlons of detector and chromatographic

c¢leanl iness.
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Tendem'ECD Cell enalysis, using two'EC detectors hooked
in serjes, has been shown to be reasonably effective in
performing coulometry for some.compoundszs'27. Coulometry
by this technique is besed on the dlﬁlnutlon-of response ln
the gsecond detector dde to the destructlon 6f the analyte
molecule by.dissbciative electron‘cépture in the first EC
cell., This describes the efficiency of the electreﬁ capture
reaction to an analyte molecule. Wlth a-fixed‘frequency
(FF) pulser, the areaxreSponse in the first cell is
converted from the current-time units to the number of
electrons involved in the response. By knowing the
efficiency of reaction, the amount of electrons inrolved in
the response, and having a well characterized detector,

mathematlcal derlvations can be applled to determine the

" amount of analyte anected into the cell without the

‘preparation of ppm to ppt standards. Accurate results

within a particular FF pulsing range were obtained for some
multihalogenated compouﬁds that underwent dissociative
electron capture to produced C1~ and Br~ 25'27.

One of the limitations of this technique was that only

those compounds with a very fast electron attachment rate

could be studied. The system required a significant propor-

tion of analyte'destruction in.the first cell to accurately

determine the efficiency.of reaction, since the degree of
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saméle destruction in the first cell was reflec£ed by the
difference of the signals between the two cells. Only those
compounds with high EA and high molar sengitivity have fhe‘
abillity to produce jargé enough efficlencies of reaction for
coulometric determinatioﬁs in the tandem cells represented
in Figure 3. This‘ls based on sténdard stgtistical evalua-~
tions where the-errér'in the measurement bfAEC efficiency “
increased as the dlfference became small. .Thls point will"
be addressed later In theé discussion of this study.

| _ in the model described above for cbulometry; a nuﬁber
of criteria wefé éstablished. Only tbose compounds which
exhibited a direct Eélationshlp-between electron attachﬁent
rate and detector_fequnse‘were chosen for'evaluation. This
required choosing compands that produced stable-negatlve‘
ions, which upon recombination with positive iOns'would form
neutrals that do not undergo fﬁrthér electron attachment.
The neutral radical from the dissociative portion of the
reaction must also not undergo electron attéchment.

For those compounds responding by a stable resonance

electron capture mechanism, a more éomplete déscriptlon of
-the reaction dynamics is required to explain the responses
obtained within the two detectors. Stable resonance
electron capture denotes those compounds in which the
negative ion produced is the molecular anion. Lower
detector temperatures help favor this type of mechanism.

The molar sensitivity of the ECD to these types of compounds.
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has been nrevlously stated as belng dependent upon the
molecule’s ability to-attach an electron and thevstabtllty
of the negative ion to electron detachment. Subsequent
, reactlons ef the negative ‘ions by recombination with
positive ions to produce neutrals can also be very lmportant
to the detector’s molar sensltlvity, and ls the basls for
the experlments to be described here. " The reactlons modeled
-below i]lustrate -two recomblnatlon possibllltles for the -
stable resonance electron capture process.:

Aw.e” —~=>A" ooy

///;//> A+ Neutrals _ (19a>
A™ + p* - ‘
| TS B + Neutrals - C19b)

‘Reactlon (18) ls the electron attachment of molecule A
" with a rate of ky. The experimenta]ly determlned value for
k1 will be assigned as ¢ throughput the remainder of this
dlscusslon. Reaction (19a) deplcts the regeneration of
molecule A through a recomblnation wlth a positive ion.
'Reactlon (19b) is a competltlve recomblnation reaction with
(19a) and denotes the formation of altered neutrals, B, from
which A cannot be regenerated. Currently, very little is
known of these gas phase'lonelon molecule reactions and the

neutrals formed.
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This study was done to assess the production of
-neutrals which may bé involved fn a further electron
capture/neutralizatlion sequence, and to estimate the amount
of molecular loss by electron captﬁre In a gaseous mixture
when there ls an excess of electron density.

The experiments with the tandem ECD cellslwere per-
formed by monitoring fhe diminution of molecular specles, A,
In a reaction vessel iIn thch the electron population was"
maintained at a relatively constént and known level. Thisx_
measurement was therefore sensitive to both the consumpt ion
of A by reaction ¢(18) and the regeneration of A by reactlon’
(19a),‘lf the latter occurred.

Pfevious heasufements‘of electron attachment ratés have
been performed by varlious methods. The method believed to |
 be the most accurate Is that where molecule A is In excess,
and changes in electron density, with accompanying altera-
“tlons In the concentratlion of A, have then been measured.
Such measurements are.expected to provide relliable
determinations of the'rate‘coefficlent, ki, for reaction
(18>, but are relatively insensitive to the detalled nature
of the éubsequent‘recomblnation processes, (19a) or (19b).
This study will show that the ratio of responses between
cell one and cell two give a value o, which reflects the sum
of the electron capture rate and the extent of regeneratlon
by lon—fon recombination. If the combined rate constant e,

Is then compared to previous measurements of k1 or ¢ for the
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same chemlcal systems a quantlitative assessment of the

relative Importance of reactlons (19a) ‘and or (i19b) can then '

be deduced.

Knowledge conéerning,the effects of lon/lon recombina-
tlon reactlons can thenvbe applied to the détermlnatlon of a
compound’s overall molar sensitivity, and to tﬁe prediction
of the vafidlty of a coulometric determlnatlon by tandeﬁ
ECD’s. Information In thls area s also desired for the
proper oéeration and aesign of anélytlcal instruments in
which the baslis of response also involves electrons reacting
with moleéules, particularly, in the recently developed area
of hlgh pressure electron capture mass spectrometry
[CHPECMS>(1 - 10 torr pressure)]l.

Using a number of different chemical systems; data from
the tandem cell technlque will be‘presented. Compounds that
are known to resﬁond by a dissoclative as well as a stable
resonance electron capture mechanism wi]} be included in
this portlion of the Investlgatlon, .Those compounds.that
lrespond by a resonance electron capture are-belleved_to be
reactlive, at least, In part, by mechanism (19a). - Compounds
that have given satisfactory coulometric results are’

predicted to be described by mechanism (19b).

A typlcal tandem cell analysis is illustrated in Figure

31, where the analyses of C7F14 and SFg are shown. The
following detector and operatling conditlons were employed

for each analyslis: a detector temperature of 150o C, a pulse
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cell 1J
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Typical chromatograms of the tandem detectors to
C7F14 and SF6. (A) Is done with a 6 ft. SF-96
chromatographic column, and (B) Is using a 6 ft.
column packed with SA molecular sieve. 10% methane
In argon carrier gas flow rate Is 1.0 ml/sec,
detector temperature Is 150° C, column temperature
Is 25° C and detector pulse period Is 200 psec.
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period of 200 usec, ana a flow rate set to 1.0 cm3 sec'i.
In chromatogram A of Figure 31,.C7F14 eluted from the column
about 1.3 minutes after the sample iﬁtroduction. In
chromatogram B, the elution of SFg occured about 2.0 minutes
affer sample introduction onto the column. The disturbance
of signal'priof to-elution of C;F 4 ;n chromatogram A was
due,to the passage of nitrogen and small quantitles of
oxygen through the detectors. ‘In chromafographic system B,
oxygen and nitrogen were retained beyond the time scale

shown, so that SF6 was the first sample component detected.

Theory of Tandem Cell Analysis

Electron populatlon measurements

The kinetic méasurements described here require that the
average‘elecfron populatloﬁ,in each ionization cell be
continuously maintained at a relatively constaﬁt and known
magnitude. This reéuirement is assured by continuous
measurement of the steady—statg, fime—averaged current
obtained from cells one and two, whrlé pulses of a known
frequency are applled to the detector electrode. Typical
measurements of this type are shown in Figure.sz. UThe
relationship between - the magnitude of the current observed
with a pulsed electron capture detector and the electron
population existing in the cell has been previously studied
in this laboratory15'56'57.- A more complete desérlption of

the chemical and physlical relationships of these tandem EC
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Typical measurement of standing current, 1,
measured with cell one or cell two as a function
of the pulse period™ Tp, used. The average
electron density, Ne at each value of T 1is
determined from 1 by equation (21).
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detectors is found in publlications by Grimsrud et QLL56'57.
- An expression for the measureq current, I, of a pQISed ECD .
is given by equation (20). |
T
1=§3—<1—_X> ‘ 20>
T

NeT is the population of electrons existing.ih the
cell at the instant ‘in time just prior to an electron-
collecting pulse that occurs ét time = T, and A is the
fréction of space-charge driveﬁ positive ions which are
transported to and measured by the central anode pih.. For
the cells éhown in.Flgure 3, the value of A hés'been
determined to be re]atlvely small, 0.05, and constant for
all values of T. It is seen in Figure 32 that the magnitude
of measured current decreased only slightly (less than 10%)
~-as the pulse periods were increased over the raﬁge shown
here. This slight décrease-is attributed to the second
order loss rates of electrons with positive ions and to
impurities in the chromatographic systgm. In terms of
equation ¢20), the constancy of I indicates that over the
range of pulse periods, T = 20 to 1000 pseé, the'ratio,
NeT/T, remains relatively constant. This, in turn,
indicates that for pulse periods up to 1000 Msec, the
Instantaneous electron population in each cell increases in
~a near-linear manner with time from Ne = 0 Jjust after a

_bulse, to NeT Just prior to the next pulse. Therefore, the
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average electron populatlion, Ng, will be given by Ng

i
o
o
x

NeT._ From this relationship and equation (20), the
following expression provides estimates of ﬁ; at any T for
the cells shown in Flgure 3.

0.5

NeCelectrons) = (IxT> = 3.28x 105 x I x T <¢21)
(1 - 0.058 - S

In thls equation, I rebresents a currentlmeasurement’ln
nanoamps, and T, the pulse perliod In microseconds. The
average e]ectrdn populatiop,_calcu]ated by equatlion (21) for
each current méasureﬁent,-ls also shown 'in Figure 32. It is
seen that over the range of pulse perlods used here, Ng can
be varied from near zero to about 3 x 107 électrons. To
ensure the malntenance of é nearly consﬂant average electron
" density, the amount of compound_used never exceeded that '
which would causé more than a 10% reduction of the total

standing current.

For the general reaction sequénce descrlibed by’
:reactlons (18>, (iéa), and (19b>, three distlinctly different
cases willl be conslidered. The fate of the negative lon,
onée It Is formed by resonance electron capture, will be
discussed in terms of the various molecular responses

possible. -
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Cage I: In thls analysis, the mechanism descrlibed by

reactions (18> and (1%9b>, will be considered where‘the
negative lon species A~, formed by resonance electron
.capture, recomblines wlth positive lons to form neutrals,
Including species B. The neutrals formed iIn thls model do
not undergo further electron.attachmentﬂ “The recombination
reaction (19a5'doeé nof occdf. Since diffusion of the
neutral species within the cells wlli be fast relative to
their rate of transport through the cell by simple
ventilation, the cells‘can be considered to be well mixed
with réspect to the concentraﬁlon of A. Therefore, the
following conservation equation can be written to equate the
production and losses of A occurring in cell one.

F PN F -

-— [Aly = ——I[A) + — [A] (22)-

v \Y \ ‘
[Al, is the concentration of A in the carrier gas which is
entering cell one, [Al Is the steady-state concentratlon of
A In cell one and is also the concentration of A In the gas
which is entering cell two, F ié,the temperature-corrected
carrler gas flow rate through the detector, V is the volume
of the cell,‘aﬁd ¢ |s the second-order rate constant for the
electron.attachment reaction (18).

From equatlion (22) an expression for the ratio of

'[A]/[A]o,.can be written. Since the peak area responses Qq

and Gz, of the two detectors will be directly related to the
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-amount of A intréduced‘into each cell, the measured ratio,
02/01,113 also equal to the ratio, [Al/[Aly. Therefore, the
following equation predicts the measured. ratio of Qo/Q4 .

F
(23>

Q@ = —
: ¢Ng + F

Rearrangement of eqﬁation (23) allows for the determination
- of ¢ for Case I measurements from the ratio of responses,

02/01, in the two detectors and is shown in this equation:

Qp/Q; - 1D 24

Al

To examine .the relationship of theory to the experi-
mental resﬁltst predictions of Q; and Gy are derived by the
integratién 6f the sum of all the A molecules lost to
electron capfure in ce]l one over the time of the

chromatographic peak. This is shown by equation <25).‘
Q; = V[([A]o - [AD) dt 2®

By combining equations (22) and (25) to the term [Al, the

following expressions for Q4 aré obtained:

$N '] $Ng
Q) = ——=——x V [Algdt = ——— x Qy (26>
(PNg + F) @Ng + F) :

QA is the total number of A molecules introduced to cell one

over the time of the chromatographic peak. By comblining
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equation (23> and (26>, the Case I expression for Qs is also

obtalined.

FélN,
02 =

— X Qp | 27>
(PN, + F>2

Predlction of peaklarea response and the ratio of
responge can now be made for model systems by use of
equations (23>, (26), aﬁd (27). Examples for dase I are
shown in Flgure 33 for four selected values of ¢ faﬁglng
from-1.0 x 10°8 to 3.0 x 10"7 em® sec™!. In these
calculations, the magnitude of F and of ﬁ;'used for each
pulse period, T, are similar to those commonly obéerved in
experlmenfs, 8o that these model predictions can be
meaniﬁgfully comparéd to experimental results. .The curves
shown for 01 and Q5 in Figure 33 are the predicfed peak
areas relative to the largest .peak area predicted for cell
one with T = 1000.psec. It Is seen that the family of
curves predicted for 01, 02; and 02/01 in Case I, are a

senslitlve functlon of the magnltude of ¢ used.

Cage 11: 1In this example, both of the recomblnation
pathways, (19a) and (19b), are considered to be occurring.

The system then becomes more complex because the molecule,

" A, Is at least partially regenerated by the recombination

reactlon. For this case, ‘the conservatlion equatlon for

compound A In cell one Is given by the following expression:




Predicted Responses

4 b 8 0 2 4 6 80
Pulse Period x10~4 (seconds)

Prediction of , Qg and Qo/Q™ responses
of tandem cells as a function of pulse period to
chemical substances which behave iIn accordance

with Case 1. The four examples shown have been
calculated by equations (23), (26), and (27). with
Ne - 3.0 x 104 x T (psec) and F= 1.0 ml/sec.

values represented are (A) 3.0 x 10-7, (B) 1.0 x
10 \i (© 3.0 x 10-8, and (O) 1.0 x 10-8 cm3
sec-1.

8¢T
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F N+ Np- PN, F

— [Al, + sSR— 2. - 1® [Al + — [A] 28>

v . v v % Y :

‘Thls equatlion dlffers from equation ¢(22) in that an

addltionéllterm is requlred to describe the regeneration of
A by reaction (19a>. This new collectlve term includes |
‘expressions for the average populations of positive lons and
negative ions. Thlé ferm also includes, R, the poslitive lon
‘to negatlve lon recomblnation rate,coéfflclent, which Is
glven a magnltude of 1 x 1076 cmS sec_‘1 at atmosphérlc
pressure54, and §, the fradtloﬁ of recombination events
which proceed by way of reactlop <19§). For the evaluation
§f Casé 11, fhe conser&atlon equatlion for the productlion and

loss of the negative lon, A™, ls also requlired and this Is

given by:

?fs (Al = R H—i ﬂé— (29>
v v v ‘
In this equation the production of A™ ls by electron
attachment tolA and the loss of A~ Is described entirely by
the lon-ion recomblination reaction. Other potential means
of A” loss such as diffusion to the walls or ventilation out
of fhe cell are prevented, Just as they are for electrons,
by the cont!lnuous malntenance of the positlive space- charge
potential wilthin the lonlzed gasl®. The reaction of A7 wlth
radicals 1s not consldered In thls model, and will be

consldered small relatlve to the lon-lon recombination rate.
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Substitution of equation (29> into equation (28),'énd again
by acknowledging that [AJ/[Ajo = 02/01,,equation (30> and
(31> for Case II are obtalned.
F

Qp/Qy = — S (30>
(1 -8 PN, + F |

Ci-5% = j;lcoi/oz - 1 1y
e

These expresslions, and also ﬁhose that cpuld indlvl—
dually be derived for Qy -and Qy in the Case II mechanism,_
-are very similar to those pfévlously derived for Case I,
with theAexceptlon that ¢ 1s represented by the'term (1 - 8
for Case.II. Thus, the predlétlons_of the results shoﬁn lh
Figure 35 fof Case I examples in which four different ¢
values have been assumed will also serve as models.for Case
II, given that the rate coefficlent 1s redefined to
represent the collecflve term, (1 - §>d. For that reason,
molecules which are regenerated by the pathway (i%b>, a
decrease In the rate constant as measured by the Qx/Q4 ratio -
ls expected, as well as an increase In molar sensltlvlfy for-

the 01 responsgse retative to ky In reaction (18).

Cage JJI: If the neutral species B, formed by lon
recom- bination In reaction (19b), ls also capable of

attaching electrons rapldly, the peak area response
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equations deve]bped for Cases I and II would not be
applicable. This Is due to the unknown rate of electron
attachment the neutrél species B would have with the
electrons and its boncentration within the cell. However,
if a system behaves in the manner of Case III, this would be
determiqed in.the electron attachment masé spectrum df
substance A, by the appearance of a characterfstic'negative
.ion, C;, formed frém the reaction, e~ +.B'——->'C".
c c t
igg_&hg_gzégl'Ratio

The response ratio between the two detectors';s
dependent on a variety of experimental parameters, as well
as the compound being examined. Thg experimental parameters
of electron density, controlled by tﬁe pulse period, and the
residence time of the coméound within the detector, control-
led by the flow rate, each have a significant effect on the
measured 057Gy ratio. To optimfze the accuracy of thé rate
constant determined by thé 02/31 ratio a statistical
analysis was performed to characterize thoée ratios whiéh
would be expected to give the most accurate results. Then,
with appropriate selection of experlmeﬁtal parameters, the
most accurate determination of the rate constant, ¢, can be
calculated.

The accufacy of the rate measurements are dependent on
the accuracy of the individual peak area measurements, Q4

and Q5. Equation (32) expresses the relative uncertainty of
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detérminations,°$/¢, for Case I as a function of the peak
area measurements and their uncebtainties,,ob = %1 = %2
(@2 + ay2172

- a
-_— = X Q . (32>
K 852 €Qy/05 - 1)

This equation was obtained by aéplying normal
statistical procedures for the determination of propagation
~of errors to equation (24).' It'describes the intuitive
~e#pectatioh_that determinatloné of ¢ by equation (24> for
.Case IAsystems, or of (1 -8 b?’equat;on:(ze) for Case II
systems, wi11 be subject to increasing uncertainty as QI/GZ'
rat;os approach unity or as Qs becomes small. The most
reliable determinations of rate coefficients determined by
equation (32) are those where experimental conditions
allowed the fatio, 01/02 to fall between the range of about

1.5 to 5.
'Electron‘Capture Mass Spectra

Toiinsure that the resonance electron capturing
compounds -studied wouid.not be responding by a Case.III
mechanism, APIMS analysis was performed to discern the
possiblility of.additlonal electron capture processes thaf
might Involve neutral specles which had originated from the
parenf molecule by dissociative electron capture or
positive-negative ion recombinations. Only those compounds

were chosen that exhibited either Case ]I or Case II
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characfeplstlcs of anafysis. The compounds that were chosen
for the lnltia]'anaiysis were based on the A?IMS observa-
-_tions of the followling well behaved compounds; SFg, CFClg
kfreon—li), CoFi4 (perfludramethynyclohexane), and CClg,.

In Figure 34,'the APIMS spectra of C7F14 and SFg are
shown under conditions s1m11ar to those with which the data
were aqulred using the tandem cells. The spectra indlicates
that there was a predominance of the A~ ‘lon for both of.
these componnds. Ions of lowervabundance,_cOrrespbnding to
“the [A - F1~ lon, were ajso observed for both of these
cases.l The Intensity of both of these lons at 150° C.is
abouf 9% of the total molecular.anion. In the APIMS
studlies, the dlssociative fragment lon was seen to increase
with detector tempefatures above 150° C,. Thls-observatlon
is consistent with known ECD temperature dependencies. The
cause of the weak C7F13' siénal in the spectrun of C7E14‘is'
attributed to a dissocliatlive mechanism and has also been
observed with simllar Intenslty at 150° C within an lon
source of much lower pressure and much lerr ion densityss.
Octoflnoratoluene (C,Fg) ls considered to undergo stable
resonance electron capture with a production of molecular
anlon as Indicated by similar observations with the
HPECMSS?, |

The-mechanfsms of response for CFClg and CCl4Ahaye'
previously. been consldered27,‘and the negative lon products

from their dissociative electron capture reactlions having
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Fig. 34. APIMS electron capture mass spectra of SFg and

C7F14 . Carrier gas Is 10% methane-In-argon
source temperature Is 150° C.
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been analyzed by APIMS. CCl4 produces a C1~ jon and the
remaining neutral CCly is not'consideréd to be reactive'to
electron capture. - No lndlcathn of CCI4‘ ion was bbservea
by APIMS at detector temperatures'as.low as 100° c. CFClg
also responds by a similar dissoclative mechanlism with the
production of Cl™. The remalnlng.heutrai CCloF is believed
to be uﬁreactive to furthef electron attachment. The
expected product of recombinatlion between the positive and
negative ions HCI, has been lnvesfigated21, and is not |
consideréd to be reactive to electrons. Because molecule A ,
would be destroyed by the dlssociative process, the Case I
model should be effective in describing the results of these
fwo compounds, provided that the neutrals formed do not

further react with electrons.
1Kinetic Measurements

Shown In Figure 35 are the results obtalned by the
repeated?analysls at different pulse periods of the five
compounds selected for study In the tandem cells. ~ Peak
area measurements, Q; and Qo, relative to the largest Q4
value measured at T = 1000 Msec, and’the ratios, 02/01, are
shown for numerous experiments using puise perlods ranging
from T = 20 to 1000 usec. .The-conditions of flow rate and
average efedtron population exlsting during these determ-.
inations were made similar to those used for the creation of

model behavior in Figure 33, so that a visual comparison of




Fig. 35.

Experimental ly determined Q1, Q2, and Q2ZQ1
responses of the tandem detectors by the repeated
analyses at different pulse periods of these
compounds: (A) CCl4 (B) CFC13, (C) SFg (D) C7F14,
and (E) C7Fq . Also shown (XZs) 1is the calculation
of 6 by equation 19 to measured values of Q1zZQ2
and 1. Flowrate i1s 1.0 mlZsec, detector
temperature 1is 150° C.

0 au so



Fig. 35 - Continued
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the experlimental results In Flgure 35 wlth the predictlons
In Elgure 33 are valld. Because the resulfs of these
experliments have not yet been assigned as Case I or Case II
poéslbllltles, In which the rate constant measured may
represent ¢ or (1 - §>%, a new term 0, is deflned to
desc¢ribe the experlmentally determined rate coefflclent
Also lncluded-ln Figure 35, and labeled on the right hand
Y-axls of each chart, are the values of V) calculated from

the 02/01 ratios according to ‘equatlion (33)

(Q/Gp - 1) (33>

& -

The magnitude of.ﬁ;'at eachaT was determined from the
measured detector current in accofdanee with equatlon (18).
For the determinations shown, only data collected at T
values for which the greatest accuracy ls'expected have been
used. In accordance with equatlon (32>, these'generall§
occurred when the measured ratio, G;/Q,, fell between the
ranée 1.5 to 5. For a given set of experimental conditlons
the reproduclibility of the method was quite high.

To ensure the validlity of the method and the conformity
between theory and experiment, the experimental parameters
of sample slize, flow rate,‘and detector temperature were
also examined to assess thelr effects on the analysis.
Changes In detector temperature may shift the mechanlism of

response from stable resonance electron capture to
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dissociative capture or vice versa and temperature studies
were conducted to ensure that the proper mechanlsm was known'
for the compound being studied.

In Figure 36 the effects of varied sample éizes on
measured 02/01 ratios are shown at three different pulse
periods for two of the compounds studied. As clgarl&
indicated in this figure, tﬁe measured Qo/Qy ratios? from
which the rate coefficients, 6, were obtainéd, were not
dependent on the choice of sample siée;'provided the maximum -
current response did not exceed 10%‘of-fhe standing current.v
This result was expected and reafflrms the constancy of

average electron density, N,

e» in both cells. Similar

results were also obtaiﬁed for SFg and CoFg.

Experimental determinations of 0 (Equation 33) with
varying flow rates are shown in Figures 37 and 38 for four
of the compounds examined. ' The floQ rates were adjusted by
changing the amount of make-up gas entering the detector so
that the chromatographic pulse of the compound into the
detector would rémain constant;‘ Flow rates were selected
from within the range of flow rates these detectors are
known to produce successful coulometric results, whereby a
well mixed reactor could still be assumed. The ratio of
02/01 is known to change with flow rate. For example, with.
slower flow rates, the residence time of the sample within
the déteqtor_is increased, and a larger efficlency of

reaction with electrons is expected. This Is seen as an




Fig. 36.

150

25 —
200 "sec

RELATIVE CONCENTRATION

RELATIVE CONCENTRATION

Effect of varied sample size on measured peak
ratios, Q1ZQo for (A) C7Fg and (B) C7F14, at 3
different pulse periods; (X) = 200 jjsec, (4 )
400 psec, and (0O ) = 600 Msec. Detector
temperature i1s 150° C. Flowrate 1s 1.0 ml/sec.
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" increase in the'Ql response and concgrrent decreasé in the
G, signal.

For a proposed Case I example, such as CCl,, the most
acCurafe results are expected at higher flow rates. A
larger rénge of pﬁlse periqdé are capable of belng used for .
. the determination, within the limitation of the 1.5 to 5
'Ql/Qz ratio scope. Froﬁ the data in Figure 31, supposing
thaf C7F14 is responding in a Case I manner also, the most
accurate 0Kdeterminatiohs Qould be favored by lower flow
rateé, thereby inéreasing the efficiency of reaction and
allowlng the possibllity of larger differences between the
Q1 and 02 response. The ﬁagﬁitude of the,variafioné in 6
with F, shown in Figures 37 and 38, are of the same order of
magnitude as the estimated uncertainty of the mgthod at a.
given fiow rate,vabout +30%. Therefore, it is conéluded
fhat'this test of flow rate variation is also consistent
with expectat1§ns.

General trends in the 6 values measured for the
compounds are included in Table 5 and are cbmpared to the
experimental conditions of pulse period, flow rate and
détector temperature; Because these general trends in 0
values were noted with varying with flow rate and ﬁ;, it is
apparent that equation (33> QOes not completely describe 6
and some systematic error is present in the equation. There.
Is no reasonable explanation. for the variatlions In theApulse

perlods observed, partlicularly slnce this affect appears to
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Fig. 37. Measurements of of rate coefficient, d , for (A)
C7F8 and (B) CFClg using several different carrier
gas flowrates. Flowrates are 1.0 <x ),

1.2 <+ > 15<0 ), and 1.9 Co) ml/sec.
Detector temperature Is 150° C.
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Measurements of of rate coefficient, d , for (A)
ANN14 anc™ (B) CCI4 using several different carrier
gas flowrates. Flowrates are 0.25 Cd-),

0.5 <X ), 0.75 ( O ), 1.0 <o), 1.2 (0),

1.5 (© ), and 1.9 ( 0 ) ml/sec. Detector
temperature 1i1s 150° C.
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Table 5 General trends of calculated 6 varlations to
experimental parameters?.

Molecule Pulse Flow Rate ' Detector .
Perliod .o Temperature

CoFq4 - ' + C -

CCly - + + -

CoFg R ' : e ‘ 1 -

CFClq ~ Lo e -

SFg + | E ' | -

a (+) indicates an increase in @ with ‘the ‘increasing
experimental parameters, and a ¢(-) indicates an inverse
relationship.

be compound speclfic. Therefore, all the pulse perlod data -

falling within the 1.5 to 5.0 Q;/Q, ratio limitation is
included lﬁ the overall result<(s), with the error range
shown.

With higher flow rates there appeared to be a smaller
range of differences in 6 measured over the range of pulse
perlods used. A posslible explanation for the observations
at low flow_rates s that the.detector cannot be considered
to be a well-mixed reactor. This effect ls aggravated by
the use of small pulse periods, which cause a decrease in
the size of the region where negatively charged species
reside, according to the space charge model previously
discussed. The tendency of the calculated 0 to get larger

with Increases In flow rates could also be the result of a
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systématic error in calculating the'temperature corrected
flow rate for these studies. Our detector oven is Variac
controlled and does ndf inciude anfan,.resulting in
femperature gradients of ‘as much as 10 degrees within the
':detector héusing. Thus, the temperature that is“measured
could possib]y be in’error relative to the actual detector:
temperature.: Thié error would alter the temperaturé
corrected flow rate used in equation ¢33).

Decreases in the calculated 6 value with Increases in
detectof temperature can be attributed, at.leasf, in part,
to the sum of these variables:. changes iﬁ k1 (the electron
.attachment rate), changes in the régombination rate between
pogitive and:hegative ions, e]ectron detachment occurring at‘
the higher detectdr temperatures, or alchange in fhe degree
of dissociative electron capture compared to resonance
électron capture; Individually, none of thése effects are.
capable qf explaining the magnitude of change ih 0 seen with
the different detecto; temperatures studied, so .a cumulative
effect may be Eespoﬁslble.

It is easily seen in equafibn (33) that a faster rate
constant was obtained by an increase in the Qy7/Q5 ratio.

One exp]anatlon'p:opbsed for a faster 0 measured at the low
temperature (1009 (09 caﬁ be ;nférred from thelprevious |
discdssion on sensitization. After the uée df carrier gas
scrubbers, the concentration of oxygen present in the sysfem

was reduced to a concentration of approximately 1 ppm or
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less. 'It is known that the degree to which 02 sensitization

'occurs ls often favored by lower detector temperatures which

provide a larger equlllbrium concentration of the 02'

reagent lon Therefore the posslblllty exlsts, and 1t seem

reasonable, that 02 Is sensitizing the response in the first

cell to some extent. In the second cell, the same degree of

sensitization would not be achieved because-the sensitizing
specles, 0,, was destroyed In the first céll. This would
result then, In a higher 01/02 ratlo and subsequently the
determlnation of a hlgher calculated 6 value.l Many
scenarlos can be envlsloned for other gsensitlizing specles
similar to the one Just described for 02.'

The potentlal thatig systematlic error was lnduced by
positive lon-molecule feacﬁlons was also cdnsldered, since
an addltional loss term for molecule A could be described,
based on the results of positive lon formation acqulred-rn"
this investligation. Thls posslblllty was'tested for by
measurlng the Q»/Q4 ratio with 100 ppm. triethylamxne (TEA)>
doped lnto the detector gas. With TEA present ln.the
detector gas, no slgniflcant differences were noted in the
Qz/oi,ratios over the pulse pe;lod range between 20 and 1000
usec, relative to the undoped.dondltlon. "Theoretlcally, -
this-was a possiblllty with up to 20% deviatlons at small
pulse perlods The use of small concentratlions of analyte
‘and the low PA of the molecules examlined probably.-caused

this éffect to become unimportant. The moderate proton
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affinlty of CH, to produce the CHg* ion, and its
concentration at 10% wlthln thé argon detector gas, probably
Insured the positive ioanatlon-of solute to be minimal and,

therefore, no effect was observed.
Extent of Regeneration by Ion-Ion Recombination

By coﬁparlng the rate coefficlenf, 6, meésured.by the
Gz/dl ratios, with'a'p;ior determfnétion of ¢ for each
compound, it iIs pbssibfe to determine the magnl tude of, 5,
the regenératlon of A by recombination. Through inspectioﬁ
of equatlons ?24), (31>, and (35),-1t 1s apparent that the
.equatlon, 6 = (1 -89, deécrlbes both Case I analysls
(where & = 0) and the Casé_II analysis,- Thls equatlon, upon
rearrangement, vields equation (34),'descr1bing the extenf

of regeneratlon.’

'5 =1 - 6/9 (345'

The uncertalntynof 8 will be dependent on the accuracy
of the determinatlons of @ and ¢ and Is répresented In

equation (35).

% =¢71 192 + 9429212 R ¢<1-H)

The values 93 and 0‘¢ represent the uncertaintlies in 6 and ¢.
The accuracy of the results In 6, determined by the Qx/Q4

ratlos ls taken as twice the standard devlatlon of the
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results obtained. This is relative to the mean'from the
data points determined when the ratios were within the 01/02
limitations.

The overall results for the five compounds studied is
Included in Table 6. In this Table are the determinations
of_0 by the tandem cell mefhod and their expected accuracy.
Prior determinationé-of_kl or ¢ using different instrumenta-
tion is also shown. - The method of ¢ determinations with the
Flowing-Afterglow/Langmuir Probe (FALP) uséd by Smith et
QL.28,29’ is conéideréd to encompass the most ‘accurate
procedure. This is related to the facts thaf the procedure
is relatively free from systematic error, the electron_
population is well thermalized, aﬁd ¢ values are reported at .
several temperatures. For C-Fg, ﬁhe data were taken from
.the work of Chrlstophorouso. ‘For the remalnder of -
compounds, data weré taken from the pulsed HPECMS techniques
of Grimsrud, Chowdhury and Kebarle®8, = The pulsed HPECMS
" technique is also expected to give reasonable values for the
determination of'a-relétive ¢, since the technique gave
results compatible to the FALP procedure when determinations
were made for the same compound. Also included in Table 6
are the determinations of 6, which describe the extent of
regeneration calculafed for each of these compounds.

The results obtained for those compounds known to
respond by a dissociative mechanism are supported by the

information at 150° C given in Table 6. Compounds that
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.Table 6 Summary of results for the determ1natxon of ¢ and 8
" by tandem cell ana]ysis

Molecule 0 x 1077 ¢ x 10°7 L sc
' <em® sec™1)a (em® sec™1rb: g
L CPFig
.150° ¢d 0.36 + .13 1.2 + 0.2 0.70 + .12
100° ¢ 0.43°+ .12 1.0 + 0.2 - 0.57 + .15
150° ¢ - 0.40 # .07 1.2 £ 0.2 0.67 + .10
200° C - 0.31 + .06 1.4 + 0.3 " 0.78 + .10
CCly - :
11500 cd 9.6 + 1.9 3.8 + 0.8 0.00
100° ¢ 12,0 + 3.0 4.0 £ 0.8 £ 0.00
150° c. 7.0 + 1.7 3.8 + 0.7 0.00
200° ¢ 7.4 + 0.6 3.6 + 0.7 0.00
150° cd 5.4 + 1.6 3.0 + 1.5 0.00
100° ¢ 8.1 + 2.0 0.00
150° ¢ - " 3.7 + 0.5 3.0 + 1.5 -0.00
200° ¢ . 3.4 % 0.5 ' © 0.00
CFCls . i N
1500 ¢d 4.7 £ 1.2 3.4 + 0.7 0.00 + .24
100° ¢ 6.5 + 0.7 3.1 + 0.7 0.00
150° ¢ - 4.4 + 1.0 3.4 + 0.7 0.00
200° ¢ - 3.7 + 0.5 3.6 + 0.3 0.00
SFg
150° cd 4.1 + 0.7 4.2 + 0.8 0.02 + 0.3
100° ¢ 5.0 + 1.7 3.7 + 0.7 0.00 + 0.4
150° ¢ 3.7 + 0.5 4.2 + 0.8 0.10 + 0.2
200° ¢ 2.7 + 0.5 4.4 + 0.9 0.38 + 0.2

'acomposlte rate coefflcent determined by tandem eells.
bbest literature value for electron attachment coefficient

Cefficiency of molecu]ar regeneration by 1on fon
recomblnation

daverage of values determined at 150° C with varying
flow rates
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respond by dissociative capture shouldAbe characterized By.
the Case I model, where regeneration of a molecular anion ié
not possible. The data given for CF013 agrees quite well
with theory, and the meashréd rate constants are within the
experimenta] error of the data presented by Smith et gl29.
No indication of regeneration was calchlated for CFCls..

Data presentéd for CCl,4 also indicate that fegeneration
was not occurring. However, the rate constants megsured
here are éignificantly faster than the electron capture rate
constant measuréd by Smith et al.29. . These "high" rate
constants are calculated when the ratio Q705 is Iarger than
what is predicted by theory. Some possihle explanations for

this héve'been given in the discuésion,on the trends of @

variations with experimental parameters. CFC13 and CCl4

both have similar EC attachment rates. One very significant'

differenqe involved in their mechanism of response was their
neutral radicals remaining after the dissociatiQe electron
capture reaction. CF013 dissociatés to produce a 7CFC]2
radicaf and CCl4 dissociates with the capture of an electron
to produce the fCCls radical. Subsequent indirect or direct
electron capture reactions with the parent molecule, or
these newly formed neutrals, may be one possible reason for
the differences iﬁ the caléulated 0 values.

For those compounds responding‘by a resonance electron
capture mechanism, a Case II model should best describe the

response, where the molecular anion is regenerated through
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an electron trénsfer_to a positive ion. The results of
experiments wlth'C7F14 indicate a statistically significaht
degree,of regeneration, The value of regeneration at 0.70 i
0.15 allows for &6 to fall in the range 0.55 to 0.85. The
APIMS mass spectrum of C7F14, shown previously in Figure 34,
Indicated that the dissociative electron capture product,
C7F13'; constituted about 9% of the total negative ion
productlon by electron attacﬁment'to CoFy4 at 150° C. Since
bosltlve'ion recomblnatlon of fhe‘C7F13‘ ion could not lead
to regeneration of CoFy4, the maximum possible'valﬁe of an
experimentally determined 8_vélue Is 0.91. The uncertalnty
assigned to the measured value of §, therefbre, allows the
conclusion that from about 60 to 93% of the mo]ecufar anion,
C7F14 » 1s converted to the CyF(4 molecule upon -
recombination with positive lons.

C7F8 is also assigned as a stable resonance electron
capture fesponse. The'reéults from odf experiments conclude
that regeneratlion ls only slightly occurring for this
compound. Unfortunately, no APIMS data was collected for
thlis compound, and the maximum possible value of
regeneration could not been determined. The electron
attachment rate has only been reported at 300° K61; and a
large approxlimation was necessary to describe a ¢ value for
423° K. From the data presented in Table 6, a maximum value
for & of 0.3 was within the uncertalnty of the experimental

results. Elther a dissoclatlve product, much.llke the
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mechanism of response for CF013 is effective,_or the molecu-

-lar anion is simply incapable of significant regeneration.

Further stuqies with this particular compound ére needed to»
give an accurate evaiuation of these results.

APIMS mass spectral data at 150° ¢ (Figure‘34) indicate
that SF6 was responding predominately by a stable resénance
electron capture mechanism. The maximum extent of regenera—

tion due to a small amount of dissociative capture was

‘again, .91, the same as C-Fi4. 'However, the results at 150°

C suggested that'only 0.02 + 0.26 of the molecular anion was

being regenerated."Therefore, the values of @ and ¢ listed

for SFg in Table 6 appear to be essentially equal, and the

‘total electron capture/recombination mechénism of SFg

appears to be best described by Case I, in which the
molecular species,'SF6 is not regenerated with high
efficiency by the recombinétion,readtion.

The electron affinities.for SF6 and C7F14 havé recently
been shown to be almost identical,jl.OS + 0.1 eV and 1.06 +
0.15 eV, respectivelyse. This property, the similarity of ¢
values listed in Tablé 6, and the fact that both are
believed to respond by stable resonance electron capture,
suggest that diffe}iﬁg fates of thé SFs‘ ion and C7F14‘ ion.
upon recombination with positive ;ons are causing the
differences in 8 calculated for these two compounds with the
tandem cell téchnique. In the determination of the EA

values, an unusually high entropy change was shown to be
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assoclated with the negative ionization of SFg. For the -
process, SF6 —_———D SFs‘; an entropy increaée of about SC =
11 e.u. was deducea ffom nuﬁerous measurements of electron
transfer reactionsse. The corresponding entropy_.
measurements for the change, CoFi4 ————> CoFi4 » revealed -
SO = 0 e.u.

-~ Large changes in entropy values are believed to be
indicative of intramqlecular geometric changes accompanying .
the negative ioniiation of the molecule. SFg™ would then
differ considerably ih geometry from that of SFé.
Phofodetachmeﬁt studies by Drazic and Brauman®2 also found a
large entropy change with electron éttachment.to SF6, and a
low symmetry ion, of the type SF5:F'; was proposed. This
ion would differ greatly from the octahedralustructure of
molecular SFG. If this were the case, the failure of SFG_
to form SFg upon recombination is easily theorized. Another
possibie explana;ion for the failure 6f SFé‘ to reéombine
Qith positive ions can be enQisioned by the processes
involved in the recombinant event. The electron traﬁsfer
process occurs at some point in time as the oppositely
charged ions are accelerated towards each other by the
coulomblic force. Immediately following the instant of the
eléctron transfer, the two participanfs, which are now
neutrals, will momentarily possess exceés intefnal energqgy
from the electron transfer reaction and excess kinetic

energy from the coulombic attraction. However, both ions
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wlll.retaln thelr characteristic geometries. Therefore,
SF6‘ may not be efficiently converted to SFg neutral upon
recomblnatlon with posltlve lons because of the add!tlional
. vibratlonal enefgy Imparted to the SFg neutral as it is
formed with a éonfiguratlon of much higher energy than the
ground state neutral. Dissocliative pathways and the total
recombination energy can then éombiné to destrof the
molecule. In a sense, this can be considered an indirect
. dissociative procésé where dissoclation is not.occurring
.upon eleétron attachment, th, Is rather occurffng wlith the
unstable neutral generated in the recombinatlon process.
These neutrals would be no longer capable of attaching
thermallzed electrons. This latter explanation may also
suggest why It ls difflcult for molecules to achleve 100%
efficliency of molecular regeneration in the ECD.

For the case of C7F14, ﬁO'great geometric differences -
between the molecule and the anlon were suggeéted by the
entropy measurements dlscussed above. It Is reasonable to
expect that for C,Fy4 , a conflguration close to that of the
stable molecular specles exists at the Instant of electron
trénsfer in its recomblination event. The numerous
vibrational states available for energy dispersion within
the C7F14lmo]ecule may also be an ihportant factor in
asslsting Iln its survival. Thls favors the malntenance of
the C7F14 species, thle the total recombination energy is

dissipated by collision with carrier gas molecules._
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In another experiment, a number of substituted
NOszenzenes were investigated to determine a 6 value by the
tandem cell techniqué. These compounds also are thought to
be reactive by a stable resonance electron capture process.
This anal?sis required a different chromatographic. system,
énd also required the_GC oven to be heated, whereés heating.
was not needed in the pfevious studies. Eecause a FF pulser
waé used In this study, the stahding currents at the longer
pulse perliods detgriorated significantly as a result of
increased impurities bleeding from the chromatographic
system. Standing currents were monitored at all pulse
perlods; the larger decrease In electron population was
measured and allowed for !n equation (33),

The results for compounds studied at a 200 usec pulse
perlod are lncluded in Table 7. A pulse period at 2Q0 usec
was chosen for the following reasons; 1) fhe standing
currents measured were in agreement between the.two
detectors; 2> the selection of a smé]l pulse perlod gave
the largest and most. accurate determination of the Q4/Q5 -
ratio for these weakly responding compounds, although the
ratios did not always satisfy the criteria that they be
larger than 1.5, 3)_using only one pulse period would allow

.for meaningful comparisons between the different compounds,
4) coulometry by tandem cell analysis was reasonably
accurate at a minimum pulse period of around 200 usec, and

5) knowledge galned from the pfeylous trends of 6
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calculatléns tb pulse peripd variations could'be applied.to
the information §resentéd here,lsince these compounds ‘
" fol lowed the general trends seen with thg otheE cqmpounds

previously studied.

" Table 7 Measurements of 6 and 8 at 200 usec as determined -
' . by tandem cell analysis, detector temperature ’

165° C.
AMoleculé 6 x 1078 é x 10~8 : s¢
< ‘ Ccm® sec—1)a CcmS sec: ~1,b ~
CoFyy g '6.2'+2 . . 12.0 + 3.0 - . .48 + .3
- Meta-Cl- = 2.8 . 9.6 + 1.9 . . .40
NO2-benzene ' - : :
Meta~CFg- 2.6 | 7.2 + 1.4 . .64
NO2-benzene . S : :
Para-Fl- - 2.2 . - 2.420.5 . 0
NO2-benzene ' : o -
NO2-benzene 1.8 . 1.2 £ 0.2 0

a composite rate coefficent determined by tandem cells.

b electron attachment coefficient relative to C F %s
determ1ned by HPECMS exper1ments of Kebarle et g_

c efflciency of molecular regeneratlon by ion- ion
recombination
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The compbunds, C7F 14, meta—Cl—nitrobenzene; aﬁd meta-
CFg-nitrobenzene all exhibited a calculated value for some.
degree of regeneration. 'The two compounds, nitrobenzene and
para-F-nitrobenzZene, did not show a calculatéd'value for
regeneration. The Q;/Q, ratios were below the 1.5 minimum

previbus]y'estab]ished so the uncertainty in their measure-

ments was quite high. The larger ratios for the first three

compounds mentioned did give céltulated values for some
degree of'regenefation and, when assuming an‘increasfng
value of 0 with increases in bulse beriod, the degree of
regeneration could be eohsideréd to be even smaller. AThe-
uncertainty in these measuremenfs pfevents any serious
determination of a recombination value,

The general trend between the measurements of‘the
substituted benzenes do agree with theory. If a similar
' degrée of regeneration is assumed for compounds with similar
structure,; then the 6 values determined, relative t§ each
other, when compared with ¢ values determined 5y Kebarle gt

21,58

, are In agreement in the order of their values. The
expected magnitude of reiative @ values (assumlng accuracy
in measurement) does not correlate with the reported ¢
values, with this possibly attributed to'either differences
in the degree of regeneration by recombination, or the
degree of dissociatioﬁ in the electron capture reaction.

Overall, a concluslive statement for 0 and @ values cannot be

given for this class of compounds. because of the increasing
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‘uncertainty in the tandem cell techniq&e as the‘value of 6

. décreages) . Possibly, a tandem ECD system could be desfgnedk
" for Increased efficieﬂcies éf reactlons éo that compounds .
with'eléctron attéchment rate consténts similar to thosejdf

. the Substltut‘edu HOZ—Benzer;es ‘CC.JU.l.d have their § values more

‘accurately'asdertalned.
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SUMMARY

This investigation involved‘the examination of the

-reactive chemical dynamics affecting the response of the

constant current pulsed ECD (CC-ECD). Chemical dopants, the

compoundé analyzed, and the instrumentation used, were’
carefully selected to control and measure the individual
reactions occurring within the EC cell. The éxperiments
were initially interp;eted using the existing theories of
the resonance eléctron,capturé process, and, as a‘result of
this, improveménts were made in theoretical models. Compu-

ter modeling of the resonance electron capture reaction

showed that the steady-state approximations of the negative .

ion density were valid for the compounds studied in the
CC-ECD. The computer modeling also suggested that non-
linear calibration curves observed for weakly responding
compounds were, in part, due to a dlfference in the récombi—
nation rates of electrons and negative ions wlth'positive
ions. |

With an Increased understanding of the response
mechanlsms involved, and the results reported, further
application and accurate prediction of the ECD repsonses to

a larger number of compounds becomes possible. Coulometric
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analysis can be pérfarmed for more compounds if the mecha-
nism ofvresponse is understood.

Another contribution of this study, was a reduction in
the requirement for numerous calibrations by linearizing £be
response of the detector to'analyte concentration. .This was
accomplished through either chemical doping and sensitiza-
tion or by accounting for deviations in linearity with
improved response functions.’ |

A significant contribution of this study was the
development of a new method for the analysis of low EA PAH’s
iﬁ the ECD by the use of alkyl chlofide sensitization. Thié
adds a new dimension to the analytical methods for the
analysis of'énvironméntally important compounds that were
previously insgnsitive to‘norﬁal'EC detection. |

The amine dopants, TMA and TEA, were useful in
demonstrating the importance of the pﬁsitive ion/élebtron
re&ombination'rate, and correcting the W-peak-shaped
character that Is often seen with the aromatic'hydrocarbﬁns.'
The amihe dopants, with their stabillzing éffect'on the
normally dynémic nature of positive ions within the uhdoped
ECD, allowed the measured response to reflect more
accurately the electron capture of the substance. ‘When used
fn conjunction with the monochloroalkane dopants, the
sensitized responses were even furthef improved by

eliminating the effect of variations in the average positive
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lon/electron recombination rate'that is often seen with the
aromatic hydrocarbons. Togéther, the two dopants provide
lineap calibration curves with ‘high sensitivity to those
compounds known to enhancg. |

'In the TMA or EtCl ‘doped ECD analysis of strongly

responding compounds there were no'det:imental effects seen

and the normal EC signai was retained. By combiningAthese‘
two dopants improvements in the baseline nofse“bf the
.detector'was accomplishéd by eliminating the limited
sensitized response to non-electron capturing impdrities,
Only beneficlal effects with TMA were noted; The.
stabflizing effect of the amine doped posltive fons and
‘their electron recombination rate simplifies the .reaction
~dynamics occuring within the ECD. Ah éddifiona] advantage
of TMA doping, which applies to both weakly and, more
importantly, strongly electron attachlﬁg compounds, is-thaf'
.the TMA dopant can prevent the loss of analyte molecules fo
protonation in the detector. A.conclusion f;om'this study
is that TMA should be used as a permanent addition to the
ECD detector gas, particularly when analyzing large aromatic
hydfocafbons or in future applications of the ECD which
‘Involve theoretical computations.

The development of a theoretical model for élky}mono—
chloride sensitization has been useful in the prediction of
-those compounds that would show an enhanced response. The

model also describes the limitations of the technique.
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Sensitization is only possible for those compounds which
produce negative lons unstable to electfon detachment. This
sensitization is further limited to only those unstable
anions caéab]e of reactling with_the.alkyichloride. This
réaction is of no benefit to fhose strongly responding
compounds which produce stable negatlive lons. At hoderate
detector temperatures there is no detrimental effect seen
wifh the dopihg of monochlofoélkanés, except for only a
~minor lncrease of detector baseline In the CC-ECD.

One practical application that can be envisioned for
the use of the alkylchloride doping schemes presented here
Is In the analysis 6f environmental samples or fosslil fuel
extracts containing PAH’s. After fractionation by'high
pfessure liquid chromatography, the neutral fractions
containing unsubstituﬁed PAH;s would be well sulted to
compound identiflicatlon b§ alkylchloride sensitizatioﬁ.and
GC retention times, especially when quantitation of spécifid
representative compounds is desired. For those HPLC
fractlions cohtainlng PAH’s with NO, substituted groups tﬁe
ECD. already has hlgh sensltlvity, |

In comparison, oxygen doping ls also known to sensitize
the résponse of PAH’s and enhancements of up to two orders .
of magnitude have been reported (32,33). 0, significantly.
dgstroys the baseline of the detector with a concurrent
Increase In the nolse level. This noise level Is often

Increased by as much as 10x over the normal response, thus
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an enhancement value of 80 may only represent a 8x increase
in the signal to noise ratio. The reagent ion, 057,
produced with O, doping, is reactive to a very ]afge
proporpion of compounds. This makes the normally selective
ECD capable of providing a sensitive response to many
compounds in a chromatogram. In a sense, it defeats the
aanntage of using selective detectors for gas'
chromatography. Thus, 0, doping is not recommended for
‘those compounds that enhance by alkylchléride doping.

‘The_chemical_doping experiments reported.in this study
utilized an exponential diluter to intrqduce the dopants
into the detector gas. This readily allowed modifications
in dopant'type and concentration. For routine app]icatfoﬁ
of GC-ECD chemical doping, this techniéue,wou}d not be
desirable. The use df specially prepared gas tanks. or
permeatlon‘tubés would be a befter adaptation for the_
addition of chemical dopants,'particularly when automafed GC
systems are used.
| In-tbe study of ion-ion recombination proceéses with
the tandem cells, it was shown that the response of the:
detector to resohance electron capturing compounds can be
sensitive to the regeneration of the parent molecﬁle by
-lon-ion recombination. The response of the ECD, known to be
sensitive to the electron attachmeﬁt rate, is also sensitive
to the degree of this regeneration. The intensity of signal

between the tandem ECD cells reflects both of these
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processes and values for regeneration can be calculated when
the compound’s electron attachment rate is accurately known.
When the efficiency of reaction with electrons is low,
iittle effect is expected by a recombination/regeneration
reaction. Since criteria for the Case I analysis scheme ére
'similar to the criteria neceséary for successf&l coulometry, .
it may be possible fo exploit this relationéhip to further
develop the tandem ECD technique for coulometric aﬁalysis.'A
From the expebimenfs reported iﬁ this stdd? it has been
"observed that thé value of 6 is dependent on the instfumeh—
tal variables of pufse period, detector temperature, and
flow rate. If the two theories are combined; with the
regeneration theory included into the criteria established
for céulometry, the possibility exists that the instrumen§a1
paraméters can be adjusted so that the ratio of responses in
the cells yvields a Vafue, 6 , that agrees with the literature
value of ¢. At these instrumental conditions we‘mlght
expect accurate coulometric results; Coulometry wou}d
continue to be effective only for a Case I analysis, but
these additional criteria would quickly establish whéther or
not a compound is susceptible to coulometric analysis and’
would. suggest the properloperating conditions necessary for’
the measurement. Based on our observatibns, SFG, a
resonance electron capturing compound, would be expected to-

be a viable candidate for coulometry.
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‘Overall, this study'haé pfoduced considefable_lnsight
into.the chehicél reactions wﬁich can affect the response of
" the ECDf Chemical doping hés jmpr6§ed the versétility éf |
the ECﬁ'by altériﬁg'fhe chemical selectivity and has given
additidnal contrsl‘and stabiiizétion over the react;on
dynamics wi£hin the'électfon éaptureldetechr. anwiédge
ga;ned.from‘thesg studies,'thougb it d;rectly applies to
improvements of’thé'ECD, will‘hopefully also aid inAthe
design and interpretation of response for other aﬁalytical
instrumeﬁts‘fﬁat'aléo déal witﬁ iénic reaqtioné.in thé,gas

phase.-'
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50 REM  INITIAL CONDITONS
51 TEXT '
52 ETHCL = 0
53 INPUT "NCETHYL CL) = 0, 0.K.? ";YL
54 TF YL = 0 THEN INPUT "NCETHYL CL) = ";ETHCL
56 KETHCL = 1E - 9 _
© 57 INPUT "K(ETHYL CL) = 1E-9, 0.K.? ";YK ,
58 IF YK = 0 THEN INPUT "K(ETHYL CL) = ";KETHCL
60 1 = 2E10 -
62 INPUT "I=2E+10, 0.K.? ";¥M
64 IF YM = 0 THEN INPUT "I= *;I
66 K1 = 5E - 9
67 INPUT K1 = 5E-9, 0.K.? ";¥N
68 IF YN = 0 THEN INPUT "Kt = ";Ki
70 KREV = 1E4 . : :
71 INPUT "KREV = 1E4, 0.K.? ";Y0
72 IF YO = 0 THEN INPUT "KREV = ";KREV
75 WRECOMB = 500
76. INPUT "RN+ = 500, 0.X.? ";YP.
77 1IF YP = 0 THEN INPUT "RN+ = ";WRECOMB
80 FO = 0 -
81 INPUT "BASELINE FREQ = 0, O0.K.? ";YQ
82 IF YQ = 0 THEN INPUT "BASELINE FREQ = ";F0
84 INCT = 2E - 6, . ,
85 INPUT "INC T = 2E-6, 0.K.?";YR
86 IF YR = 0 THEN INPUT "INC T = ";INCT
88 NSAMPLE = 1E13 '
89 INPUT "NSAMPLE = 1E+13, 0.K.?";YS
90 IF YS = 0 THEN INPUT "NSAMPLE = ";NSAMPLE
96 INPUT "ARE ALL INITIAL CONDITIONS OK?";SQ
98 IF SQ = 0 THEN GOTO 50
101 J =0
102 NE =
103 C1 =
104 T =0
105 C2 = 0
106 NNEGA
107 NANLC
4
0

108 S
110 H
1M1 XT =1

113 DIM X(279,2)

Flg. 39. Resonance ECD computer modellng program.
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119 ¢t =¢C1 + 1
120 REM :CALC ‘RATES FOR N(E)> AND N(A-)
122 RE = (S + KREV % NNEGA) - ((Ki % NSAMPLE + WRECOMB) % NE)
126 RANEG = K1 # NSAMPLE x NE - (KREV + WRECOMB + KETHCL % ETHCL)
- % NNEG A
130 REM : CALC NEW NCE) AND N(A-)
134 NE ='NE + RE % INCT
136 NNEGA = NNEGA + RANEG # INCT
140 REM CALC T
142 T = T + INCT
144 IF J =1 THEN GOTO 350 -
150 REM HAS: HAS STANDING CURRENT BEEN REACHED?
152 IFNE/ T > =1 THEN GOTO 119
‘154 IF J = 1 THEN GOTO 376
155 IF KREV = 0 THEN GOTO 200
160 REM : HAS N(A-) REACHED A CONSTANT VALUE?
162 PRINT NNEGA,¢(1 / T - F0)> / NSAMPLE,T / INCT
164 1IF NNEGA < = NANLC % 1.00001 THEN GOTO 200
170 REM : UPDATE N(A-) LAST CYCLE
171 C2 = C2 + 1
172 NANLC = NNEGA
180 REM : PULSE RESETS T AND NCE), BUT NOT N(A-)
182 NE =0
184 T=0
186 GOTO 120
200 REM : PRINT RESULTS
202F=1/T
203 PRINT O
' 206 PRINT "F = ";F
208 FINCR = F - FO
210 PRINT "F(0) = ";F0
212 PRINT "RESPONSE = “;FINCR .
214 PRINT "N(SAMPLE) = ";NSAMPLE
215 PRINT "MOLAR RESPONSE = ";FINCR / NSAMPLE
216 PRINT 0 :
217 PRINT "T = ;T
218 PRINT "N(A-) = ";NNEGA
220 PRINT "NCE) = ";NE -
222 PRINT "INC T = ";INCT
224 PRINT "S = ";S
226 PRINT "K(-1) = ";KREV
228 PRINT "K(1) = *;K1-

Fig. 39 - Contlnued
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230 PRINT "I = ";I

231 PRINT "NE/ T=";NE/ T

232 PRINT "RN+ = ";WRECOMB

234 PRINT "T / INCT = ";T / INCT
236 PRINT "#C1 LOOPS = ";Ci

238 PRINT "#C2 LOOPS = ";C2

244 IF H =1 THEN GOTO 390
250 . INPUT "WANT N VS T ARRAY TO BE MADE?";J
252 IF J = 0 THEN STOP

254 X(0,0) = 0
255 X(0,1) = 0
256 X(0,2) = NNEGA

258 PRINT 0,0,NNEGA
260 GOTO 172

- 350 X(XT,0) =T
© 354 X(XT,1> = NE
- 358 X(XT,2> = NNEGA

362 PRINT T,NE,NNEGA

366 XT = XT + 1 i

370 IF XT < 279 THEN GOTO 152
371 PRINT "ARRAY TOO SMALL"

372 STOP

376 INPUT "WANT RESULTS AGAIN?";H
378 IF H=1 THEN GOTO 200

380 GOTO 500

390 INPUT "WANT ARRAY AGAIN?";J2
392 IF J2 = 0 THEN GOTO 500

400 FOR LW = 0.TO XT

404 PRINT X(LW,0) X(LW 1),X(LW, 2)
406 NEXT LW

408 GOTO 376

500 INPUT "WANT PLOT OF NE, NA- VS T°" LY
910 IF LY = 0 THEN END

520 HGR

922 HCOLOR= 3

531 LET NNEG = NNEGA

532 IF NE > NNEG THEN GOTO 540
534 LET XDIV = NNEGA

538 GOTGC 544 ,

540 LET XDIV = NE

544 FOR GD =0 TO T / INCT
560 LET PT = X(GD,0> / INCT
565 LET PE = 159 - X(GD,1) % 159 / XDIV
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965 LET PE = 159 - X(GD,1) % 159 / XDIV

570 HPLOT PT,PE

975 LET PN = 159 - X(GD,2) % 159 / XDIV

580 HPLOT PT,PN
580 NEXT GD

588 HPLOT 0,0 TO 279,0 TO 279,159 TO 0,159 TO 0,0
594 PRINT "T=";T;" I=";I;" Ki1=";K1;" K-1=";KREV;" NS=";NSAMPLE;" NECL="
sETHCL;" INC T=";INCT

600 END

TERM

VARIABLE NAME UNITS
ETC1 [ETCL] molecules/cc
KETHCL "Ry cc™! % sec!
I Standing Curfent, electrons/sec
K1 kl cc™l % secl
KREV k_1q . cc"1 # sec™!
XRECOMB Ry sec™l
WRECOMB Ry sec™1
FO ‘Baseline sec™1
Frequency :
NSAMPLE [(Samplel molecules/cc
INCT Smallest time unit seconds -
for Integration
NNEGA Np- mélecules/cc
NANLC Na_ last Cl loop molecules/cc.
NE Ne— molecules/cc
RE dNg-7/dt rate of change
RANEG dNp-/dt rate of change

Flg. 39 - Continued
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Line #

50 -113 Initial Values

Cl Loop C2 Loop

Calculate Rates
dN./dt, dNa-/dt

MAKE ARRAY
T =T +AT X(XT,0) =T
X(XTFfI) = Ne
X(XT,2) = Na-
Make Array Print to monitor
Pu Ise
Print N Molar Response, and T/AT
to monitor
1.00001 of Ilast N
C2—- >C2 + 1
7 PRINT RESULTS
NANLC

Want to make ARRAY?

STOP

Repeat Results?
PRINT ARRAY
Want Plot of N

HGR Plot

Fig. 40 Resonance ECD computer modeling flow chart
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