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:IONS AND ELECTRONS IN THE ELECTRON CAPTURE DETECTOR
 QUANTITATIVE IDENTIFICATION BY ATMOSPHERIC PRESSURE ION-

IZATION MASS SPECTROMETRY
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TSUMMARY

The atmospheric pressure ionizer (APT) for mass spectrometry (MS) is essenti-
ally an electron capture detector (ECD) in which negative and positive ion densities
are measured instead of electron deasity. In API-MS the ECD exhaust gas with ions
entrained enters a vacuum chamber equipped to focus and mass analyze ions. When
ECD response is saturated, negative and positive ion densities are equal. With cleanup,
negative ions disappear but positive ion density changes only slightly. Inclusion of
space charge dynamics in ECD theory resolves the discrepancy between the starting
assumptions in many ECD models and the observations described. The mass spectral
information of API-MS further aids modeling of ECD response.

INTRODUCTION

The electron capture detector (ECD)'? remains, after nearly twenty years of
practical development and theoretical analysis, a device whose response is related to
the size and nature of the sample more by calibration than by calculation. The ob-
served average electron density is determined by the interaction of time-dependent

- functions describing the electron production mechanism, the neutral species present,
the numerous species of positive and negative ions, and by the details of the measure-
ment technique itself. Terminal equilibrium states of ion-molecule and electron-
raolecule reactions are observed, so the detector respoase depends not only on the
sample and carrier gas identities but significantly on the trace-level contaminants in
each. Despite this potentially delicate dependence on details, there is little obser-
vational information about the actual ion 1dent1ty in even the cleanest ECD devices.

The atmospheric pressure ionizer (API)*-%, a newly developing ion source for
high-sensitivity mass spectrometry (MS), is in 1ts mechanical realization an obvious

" descendent of the ECD, on which its design is based; indeed, it is easy to visualize a
. sm,le device operable in either ECD or API-MS modes. The contrasting new re-

*To whom cofmpondence should be addressed. Full address: Extranuclear Laboratories,
Inc., P.O. Box 11512, Pittsburgh, Pa. 15238, U.S.A.
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qu.rement for APIis that the ECD gas outiet be a gas and ion sa.mphng aperture into )
the MS vacuum system. With moderately fast vacuum pumps, the entire gas flow
typical of ECD operation can be accomcdated to a pressure suitablé for operation of -
the MS. Additional requirements for the API-MS arc external to theionizationregion.
They consist of electrostatic lenses in the vacuum to separate ions from the gas jet
and focus them into the entrance aperture of the MS, and appropriate electrical
circuitry to bias the MS for selection and detection of posif:ive»or negative mass ana-
lyzed ions. From the point of view of the ECD user, the API-MS is an ECD fully
instrumented so that its macroscopic current response can be correlated with the
microscopic details of the positive ion, negative ion and free ¢lectron densities.

APPARATUS

To give the reader a clear picture of how the API icn source and the associated
MS system can be compared to an ECD and its associated instrumentation we begin
with a description of the apparatus.

API source

The source described is designed for direct injection of microlitre liquid sample
aliquots without chromatographic preseparation. Inspectiou of the simplified drawing
(Fig. 1) shows that introduction of GC effluent in place of liquid samples should be
straightforward. Important design features include: (1) The active volume is elec-
trically isolated, so its potential can be established for interfacing to the mass spec-
trometer. (2) Materiais and construction techniques are compatible with operation
and bakeout temperatures in the 200-400° range. (3) Gas flow paths are designed so
as to maximize the fraction of sample delivered to the active volume and vacuum sys-
tem while residual fiashback material is continuously flushed away from the active
region. (4) The device can be easily removed for cleaning, aperture replacement, etc.

With the addition of 3 collection electrode, for example an axial pin?, the API
could clearly be operated as an ECD by monitoring the average electron density. Al-
ternatively, the total negative ion current emerging from the aperture can be mea-
sured, giving a signal complementary to the usual ECD signal.

Vacuum system :

To maximize system sensitivity all the carrier gas (0.1-1.0 aim ml sec™?)
should enter the vacuum system. A pumping speed of the order of 10001 sec™?! is
required to maintain a pressure sufficiently low that ions can be electrostatically
separated from the gas jet and focussed into the mass analyzer without serious scatter-
ing losses (< ca. 3 X 107° torr). The appropriate aperture diameter is typically 25—
50 #m. The mass analyzer and particle multiplier require a still lower pressure, a few
times 10~ 5torr at most, and preferably of the order of 10-Storr. A differentially pump--
ed system is most appropriate, maintaining approximately 3 X 10~% torr in the low-
pressure focus chamber and approximately 1 x I_Q"f’torrmthe massanalysischamber.
We use two 800 I sec™! turbomolecular pumps in our apparatus (Airco Temeseal
Model TMP 814). To minimize scattering and optical losses, the distance fmm the
ion source aperture to the mass analyzer entrance aperture should be o more than
5-10 cm, the distance required to clear gas dynamic efiectsand physically accoquate
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Fig. 1. Sckematic diagram of AP] ion source.

the low-pressure optics. Since the pumps have 2 42.5-cm throat diameter, the mass
analysis chamber is constructed with a ““top hat’ deeply re-eafrant into the low-
pressure focus chamber.

Ion focts—mass analyzer—signal system

- Xons diverge from the API source aperture entrained in the gas flow for a few
millimeters, until the gas density is sufficiently low that electrostatic lens forces can
dominate their motion. A four-element lens (partly constructed of mesh for trans-
parency to gas flow) is used to refocus these ions into the mass analyzer entrance aper-
ture. A filament attached to the lenses can act as ar -yceasional electron source provid-
ing an electron impact spectrum during mass calibration.

Mass analysis is by a quadrupole mass filter equipped with a particle multiplier
detector and ion-counting electronics (Exttanuciear Labs, spectrEL, modified). The
operating background level of the detection system is less than 5 counts sec™’, and the
counting-type particle multxpher is usable to about 10° counts sec™ . Typical count

“rates on large reactant ion peaks (e.g., H;O* - H.O)approach 10° countssec ™! at better
than unit resolution. Data are accumulated by 2 multiple ion detection (MID)®
" technigue using four single-channel scalers or by similar techniques with the instru-



- ment under software control by a mmtcomputer, or by a ratemete and oscilloscope
;.for chart recorder d.splay for broad mass. scans B

N ION DENSITY ELECTRON DENSITY AND ION LURRENT

I_nthrs dxscussron posxtrve mn, negatlve ion, an& eleutron densmea and currents -
. will be evaluated in several limiting cases and in general 'I'he notatmn is'as ﬁ)ﬂows.,,

() Al densmes are symbthed by 1. (2). n° refers to densmes in the qmescent, Le., .
clean, no-sample, state: (3). n® refers to densrtles in the saturated’ iey very-large-'-'*
sample state. (4) 7 without a superscript refers to’ mtermedrate ‘states. (3} #,, nyand- -
n_, with or without superscnpt always refer to electron, posmve ion and negatwef“
ion densities, respectlvely (6) n.. is used to symbolize equal uharge densities of each
sign. Thus n symbolizes equal quiescent values of positive ion and electron deénsity,

ne symbohzes equal saturation values of positive ion and negative ion densities, andf
n + without superscript symbohzes a posmve ion: densrty equal to the sum of negatwe :

© ien and electron densities.

_ It is generally assumed i in the ECD h*erature that in the qmescent state ‘the
_ carrier gas and detector body are suﬂicrently free of gas phase electronegatrve mole-
_cules that the negative charge resides almost- entirely in a- thermal electron cloud. -
Given this assumption and the phys:cal parameters of the device, itis strai chtforw;vard '
to estimate the charge densities. At equilibrium the ion—electron pair preductlon rate
. due to primary electrons (¥Ni f-rays) is balanced by three loss mechanisms: flow
loss carried by the gas stream, wall loss due to diffusion, and recombination loss be-
tween positive ions and thermal electrons. For a 1-mCi $Ni primary source with good
- geometry theion-electron pair producuon rate, S,isabout 1.8 X 10'° sec™?, assuming
17keV average primary energy”® and one pair per 35eV primary euerg};7 Flow loss
and diffusion loss rates are linear in the respective ion. and electron derxsxtrec and the
-.recombination loss rate depends on the product of these two densities.
Taking the usual assumption that the electron and positive ion clouds dxﬁ'use
mdependently, for the clean qmescent detector the relevant rate equatrons are: “ o

S=Fn,+an ——RoVnen+ SIS - @a)
c_Fn+TkD+n++R°Vn " a AR 3 - (p)

where Fisthe gas ‘fow-rats (approxxmately 0.3 ml sec™ 1), D, and D are the dxﬁ'uszon,

constants for positive ions and electrons (approximately 0.05 and 50 cm? sec™t, re-
‘spectrvely at 1'atm®, R, is the ion-electron recombination rate (approxrmately 3x

10-°mlsec™), kisa geometnca.l constant determined by the radius and'the length

of the active volume (k A2 16 cm for 0.25 cm length and 0.3 cm: radms)m, and Vis the
- source vqiume (approximately 0.1 mi) ‘Substituting these valués into eqns-1aand 1b’
- gives Y & 5.6 X 10°mi~! and n? &~ 7.4 X 10° mi~%, ‘the smaller- eIectron' denaty

- being due to the assumed more rapid electron diffusion to the walls{ '
Thxs conventlonal treatment whrch yrelds the fam.rhar ~resu£ that tne p srtrve

. 'Themaxnnumﬁ-rayenergy:sﬁ&ke\' ﬂxeaveragebemgeo 13 be
i -:mx:lear transmonenergy:ssha:edbetweentheﬁ-rayandamtrmo See, g.,:zef




'0_11 densrty'far exweds even the' quxeseent (or clean) eiectron deusu:y in an ECD ne-
. glects an important space: charge ‘effect which couples the electron and positive ion

. }dxifusxon rates. When charge: densmes exceed: approxzmately 107 m!i~7%, the aegative.

- ‘and positive charge clouds begm to interact sufficiently. strong!y that the Contents of
. _fthe active volume must. be treated as a plasma, with local charge neutrality being the

- rule. ‘The space charge interaction causes the electron diffusion rate to be strongly
- decreased, and the ion diffusion rate to be shghtly increased, such thzt both electrons

and pos;tlve ions become eharactenzed bya smale (amblpolar) dxﬁ‘uswn coefficient!*.

. DKe—rDeK+ R e

) Da + o . 2
where K, and K, are the respectwe mobll.tles in an electnc field (<:mzse':‘1 VY. It
is easdy shown that when ions, electrons and neutrals are all characterized by the same
temperature, D, ~ 2 DL. Eqns. 1a and lb then reduce to one equation for the single
. valued charge deus1ty Ry = n+ = n= : : v

S=Fnl + kDb + RVEY | )

The solution gives 7, =~ 2.4 X 105 mi~L
' - - Typical numbers are of a size such that flow and diffusion losses have only a
small efiect compared to the dominant recombination processes, SO

S S -
n*_w(m,) o R @

o ‘We now consxder the caseof an ECD—API saturated by a large sample density.
_The above arguments about dynamical space charge effects remain applicable. We
- expect ‘and find experimentally, that in the API with a high concentration of electron
- capturing 1mpunt1es the positive and negative ion densities are equal and the electron
~ density is so small as to be undetectable by normal ECD mstmmentatmn The equal

positive and- negatlve ion densmes durmg saturatlon, R =n= , are determi-
- neu by ' : ‘
S Fm.—.—kDin.,_ : NGQ valt ©)

' rwhere we have s..t D.,. = D_ =D_. ,wbere Q is the rate constant for three—body

.-,‘recombmatxon of posmve and negative ions mediated by the carrier gas; and where

) - N, is thé carrier gas density. Typical values of O are of the order of 2 X 10725 mI? -

o sect®; and Ny is approximately 2.5 X' 10"" ml“1 so the product Ny @ ineqn. 5 is

-~ of the same’ order of magmtude as Ro in eqn lb It thus follows thati m the saturated :
response wse :

s n“’ (M,Q) L ©
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: Smce the cueﬁiczem of 7 in eqn. G isnear u:mty, cniy smaIE changes i cﬁarged par-:-;
tzcie deasﬁ:? aecempaay ‘the introduction of even larger samgies,, RN .
“In the gensral case where it is mecessary to mclucie posréNe o1, negatxve mn-

and eleciron densities, there are three czmgfea rate eqmeﬁs

dﬂ;..( A‘S ’ } - » ) o ‘ .i i -““', ‘

—a—-—f?—/"ﬁ3fie1§+‘_ Rem—ne - o ) «?‘f' {?3}
an. S S -

37 =:—y'——R1(IIA—II__)IZ=—.R°IFeIt+ S 7oy
dg; =Ryn.(ry,—n)—Rn.n_ o 7(7;1':)

Here R, is the phenomenological rate constant for negative ion-positive ion recombi-

" nation (explicitly denoted N,Q above), and R is the electron attachment rate constant
for sample molecules of type A. n, is the sample density of A in the carrier gas stream .
before it reaches the reaction volume where the sample molecule density is less than

"n, due to sample depletion by negative ion formation. For simplicity diffusion and
flow losses have been omitted, since their effect is easily shown to be small in normal
circumstances. It is implicit in these rate equatlons thatn, =n, + n.

At equilibrium each derivative is zero. In the no-sample anii saturating-
sample regimes these equations effectively reduce to eqns. 4 and 6, respectively. In.
the intermediate regime where the negative charge cloud contains significant electron -
and negative ion densities numerical fechniqués are required to obtain a sofution.
However, in the quasi-linear regime characteristic of small samples, where n_ < n,,
i.e., the practical ECD operation regime, it is easily shown that as a first approxima-
tion

2, ~ o ~ (8a3)

n, ~ n2 : (8b)
R . ‘ : ] - i

n_ ~ Fl n, <n, - (8¢c)

Reimposing the reqmtement of tota! charge neutrahty y1eld= asa second ap-
proximation to the e!ectmn density .

:ngésizzr—fz;r ) S - (9a)

E“(&V) ”Ar o o S )ffi/’j{%}

) n't being the pnmary svznal in ECD that i is,- before backmg—oﬁ' s xmgosed An in-
- terestmg pomt revealed by these eq:.atxons appears to be madequate{y empﬁas:zed m‘




A We Would slqo hke to expand on our conclusxon via’ eqn. 6 that tne magmtude
: 'of the charged partlcle density in an ECD or APILis. refa.twely constant and indepen-
g dent of whether ormot electron capmnng spemes are present in excess. ‘This statement
i hmg&e on our. assemon that pos:twe mn—negatxvelon recombmatton rates at atmos-’
" pheric. pressure are typxcaﬂy of the same order of magmtude as positive ion—electron
‘ recombination rates. The size of these rate constants is well established for simple
’spacxes of atmosphenc interest, ‘and the hterature strongly supports us in stating that
_inthesecdses 'Ry and R, are quite’ comparable‘-’ In contrast, it has become entrenched
AN the ECD literature that R, éxceeds R, by ﬁve to eight orders of magnitude [see
refs. 14 (especxally pp- 163 and 171) and 15}. We feel certain that even for complex
“organic molecules this is not possible. The reaction cross-sections are almost entirely
- determined. by the very strong coulomb interaction between oppositely charged par-
ticles, and the geometrical factors due to molecular size can only slightly increase the
- rate constants for large organic molecules over sxmple species. Since the ratio of charg-
ed partxcie densities in quiescent and saturated cases is determined by the square root
of the ratlo ‘of the corresponding recombination rates, even in the most extreme cases
we can envision there would beless than an. order of magnitude change in charge den-
s;ty when passing from quiescent to saturated states.
: For completeness we add that at large but incompletely saturating sample
'levels the total electron density is mversely proportzonal to the sample concentration
, 'n the camer gas stream

S :

—_— R HA v (10a)

'Iz; =
and -
Cn. AN ( G ) , o , 4 | (10D |
We are now able to compare the signals obtamed in ECD and API-MS fera

A gwen sample density n,. In the ECD with standing current backed off, 2 measurement
g of the electron denszf:y yxelds a dlﬁ’erence current _

I——'V —Cen V . T . ‘V(lla)

: If{_'—CeEizA V ) R B R o 7(11b) ,

: ,fwhere e IS tne electron charge and, C isa cons;ant descnbmg the samphng proces». In
" the pulsed mode Cis equalio the plse rate in Hz if each pulse clears the active volume
- of electrons and the pulses are suﬁicxently mfrequent that equ:hbnum is res:ored
aetween tnem. o
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ik eF"“{O - atsaturation” (12)

~ er B, <<I for gﬁialifsémﬁiéé (i'fz&)‘:
I_._—“Q,Fn_.f@\{ : ) o T, B
;éF-nf,’i ' ,',—l 2 X 10‘“A at saturatmn ' o (12e)_

The change in ECD current (eqn. 1 lb) is c'early eqmvalent to the API negatwe
~ion current (eqn. 12d}.. '
- An experimental check of the ion densxty ca!culatlcns has been made by ab-"
- 'solute current measurements using apparatus such as is depleted in Fig. 2. “The mea-
- _sured positiveion current or negative ion current at saturation is about 0.5 x 10~
- A, about 40% of the calculated value. Given the 1deahzatmns mvoked in the calcu-. :
lation, we consider the’ agreement quite: reasonable. - : ,
... The measured electron current’is much smalter than the valu\. of Ie glVen byf
" eqn. 12b. This is because charge density equahty (ambxpolar dzﬁusmn) is the fule only
~ -at distances greater: than one: Debye lengih from a boundary surface, in “this ‘case
- about 50 ,um16 Since the aperture diameter and thickness are comparable to the Debye
»Iength the electrons in the aperture are 1ost by dlﬁ‘u ion at about 1000 tunes e rate -
,posxtlve and negatwe ions are lost. - . K
‘ e Fmally, we point out that me noise on the ECD eumnt is determmed by the -
statistical fluctuations associated w1th the standing current.’ Backing. off the standmg»
current does not reduce thisnoise and in fact somewhatworaens the measurementneise. ~
-These fluctuations set the limit on ummate sensntnnty (smallest detectable sample -
. density). In contrast an API-MS systein measures the negative ion. densxty dxrecﬂy
Its-ultimate sensitivity is set by the background counting rate of the ion counting SYs-
‘tem, and therefote should considerably exceed that of ECD" detecuon. This conclusxon :
-appears to be connrmed expenmentaﬂy (refs. 4 and 17 and references m ref 17)

THE QUIESCENT SPECI'RLM

: Tﬁe ECD is assumed fo be clean and ready for use when after some bakeout»

; »penod no further increase in elethon current is observed. Thisciiteriondoesnot guar=
- antee that’ electron’ capturing species have been ehmmated only that. their. concen-
-—,,tra.tton in the detector has reached an ethbnum fevel. In' contrast, wﬁh API—MS % e ‘
_“can observe the dxsappearance of the negative jon spectrun leans up:
when the: negatxve ions are: cone,the source is’ clean, .
o “ To. ensure cleanimess, niaterials and pr_oeedm
E.CD work are employed The API itselfis of all .
- 1:101:1, M.xitzple gas ﬁow paths thhmthe API Provide for contmual ushmg of the ce <
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‘Fig. 2_ Schematic diagram of apparatus used to measure total charge (of either sign) from API ion
source into vacuum chamber.

ramic parts, so migration of retained impurities from ceramic surface irregularities
into the active volume is eliminated. Materials, construction techniques, and cleaning
procedures identical to those used or ultra-high vacnum components are employed.

The API parts are then subjected to a “supercleaning” and silanization procedure in-
clhd_mg ultrasonic treatment with hot KOH in methanol, appropriate rinsing, ultra-
sonic treatment with hot dichlorodimethylsilane in toluene, appropriate rinsing, pre-
drving for 1 hin clean flowing nitrogen at 80°, and an overnight bake in clean flowing
nitrogen at 400°. The carrier gas used is ultra-pure nitrogen or the boiloff from sealed
liquid nitrogen dewars; even with these precautions an occasional tank must be re-
jected. Gas pressure regulators are of the ultra-high purity type, with welded stainless-
steel dxaphragms. The gas is filtered through a stainless-steel trap filled with 13X
‘molecufar sieve, followed by a stainless-steel particle filter. The trap and filter are
baked every night at about 300° with gas flowing. Ultra-fine metering valves of all
-welded stainless-steel construction are employed for flow control. Alfl gas lines are
stainless steel, and all connections are made with stainless-steel Swagelok™ fittings.

Upon installation and from time to time thereafter the gas lines and fittings are flamed
‘to a cherryxeci color wzth a vzgorous gas ﬂow movmg from tank to API source. The
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: API source is actually operated at shghtly above atmosphenc pressure, whlch pro'ades-f ,
dynamical sealmg and allows convement regula‘mn of internal pressure (rather than
i ﬁow-rat.) by means of a long overflow tubé terminated aboutS cm under water. -~
A " When a source is first installed it'is mvanably the case that no-. matter How- -
scrupulous previous chemrcal scrubbmg has been, negatlve and posmve ion- spectra:ji
" are so dense with mass peaks as to be nearly umnterpretable the uniform feéature is" -
that total negative ion current is equal to total positive ion current, and the magm*ude -
of the total currents is- nearly independent of the: spectrai details. If the chemical -
" scrubbing has been adequate, then after about 1 h at 400° the positive ion spectrum :
will be dom.nated by H;0* -(H,0), and the negative ion spectn_m wﬂl be dominated
by CI- (HZO),, ‘and frequently 0,7 -(N,),; the total negative ion current. will still -
equal the total positive ion current. After another hour, the negatlve ion spectrum will
" usually contain only: C1~, sometimes with some 02 . Thereafter the C17'i ion current
will begin to decrease, falling essentially to zero after about 12h bakmg at 400°.
There is occasionally a small residual O, peak, usually traceatle to carrier gas con-
" tamination. The total positive ion current usually drops 20-50% from its initial value
(sze eqn. 5). If the chemical scrubbing has been faulty, copious negative ion currents
-may be seen for several days. If after cleanup the source has to. be rapidly cooled,
. removed as for blowing out a clogged aperture and’ repxaced -with only a 10-min
exposure to air, in situ cleanup is again required but takes about 1 h instead of 12 h.
‘Our pre-cleaning procedure and our choice of materials appear to be at least as good
as those employed in normal GC-ECD work. The i impressive time which must then
be devoted to in situ hi gh temperature baking to eliminate resldual negative ions leads
us to question whether very many of the ECDs in current use are ever truly clean
enough to have electrons as the only negative charge carriers. This question may be
artxcularly pertment to ECDs using tritium in occluded form as the active foil..
When the APIsourceis clean and' negatxve iors have been eliminated, the stn k-
- ing feature of the quiescent positiveion spectrum is the extent to which it is dominated
by minute traces of water vapor in the carrier gas. It might normally be expected that
w1th a nitrogen carrier the dominant spectrum ‘would be N,* (Nz)ag and, ‘to a lesser
~ extent, N+ -(N,),. These ions have indeed been seen in an API using a corona dis-
: charge (where the ions can be produced in close physical proximity to the vacuum-
aperture) but with $Ni sources the dominant ions are H:O% - {(H,0).-(N2) -
The formation route for H30+ (HZO),. has been proposed as -

’N—he——>N2 +2e R “,(l3a)

' +2Nz-—>N‘ N, ‘i e T -75(13b)
-1-H20—>H201'4-2N, e (I3c)

- f-Hzo+ +Hzo—>H_,,0**T oH- o R (l3d)

| HO* 4 B0+ Na > HO™ #50) + "ﬂ'(tse)' ’

It is not yet entu'ely clear whether thxs scheme is consrstent thh our 'otservaﬁons
“A good understandmg of the formauon route of the qmescent state spectrum 1s Te-
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» Fxg. 3. (a) Posntwe 1on sgectrum of Bewly mstalled API ion soume, before in situ bakmg. The upper

trace isan mtegra.l spect:um (amplitude at any mass number represents total of all heavier ions), the

- lower trace is 2 normally resolved spectrumu The mass ccale in the integral spectrum is stretched by a

v factor of 9/7. (b) A negative ion spectmm simultaneous with 3a. Comparison of counting rates below
‘the !owest r&olved mass. (e g pomts A and A’) shows the equahty of posmve a.nd ncgatwe ion.
] densm&s. . :

{'1quu:ed because response to a samp!e may be dommated not by mteractxons with
- HiO% -’(HzO),, {N2) s But: by-interactions ‘with intermediate ions never observed in.
.:._;the quiescent state. This is of relevance fo the ECD user as well as to the API user
":mterested »m’»nasgtzve ion detectton, beczuse n some cases the formatlon cf negatzve» v
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. ioms may be-preceded: by a.ttack on the sample moleeule b)eposmve ‘ons or ftee rad—'
i icals whose presence depend on the detzuls of the posmve Ion-formmg mlpuntxes in
: the carrier-gas.. @ -
B F'gs 3aand 3b show theposmve and negatzve ion spectta obtamed from a chem-
e lcally scmbhed but- newly installed API. Ineach case the’ upper trace is an integral
I org total ion spectrum and the Tower traceis a normaﬂy resolved spectrum. The integral
o spectra, examined at Iow mass (e.g., points’ A and A") demonstrate the equahty of
. ,posmve and riegative ion currents from the APL. ’
) Flgs. 4a and 4b show the eﬁ'ect of" apprommately 12 h of cleanup at 400°.

- Response to severat zzlustmtzve samples .

- - The response obtained from the APTi is complementary and supplementary to
: .'the ECD response for an equ.valent sample under similar operating conditions:com-
o plementary in that measuring the total negative ion signal is equivalent to measuring

. ‘the decrease in electron density, and supplementarym that positive and negative ion
spec:es are identified and quantified by the mass spectrum.
ST . The accompanying figurés show data on three sample and responsc, types.
M2, 3 7,8-tetrachlorodibenzo-p-dioxin (TCDD) observed as the parent negative ion,
- €2) 2.4 S-mchlorophenoxyacetlc acid (2,4,5-T) observed as the trichlorophenoxide

" negative ion, and to demonstrate response in the posxtlve ion mode (3) nicotine ob~-
- served as the MH* positive ion.

o ~In each case l-yl benzene solution samples were introduced by syringe directly
. vmto the qz.artz tube leading to the reaction volume (Fig. 1). Formation of solvent
positive ions modifies the positive ion spectmm the effect this has on response in the

: pos1t1ve ion mode having been previously discussed by other authors®.

For the purpose of discussing the data, modification of the positive ion spec-
.t;um is of secondary importance. On the other hand, in our experience the best avail-

" able benzene always contains a suﬁimently high concentration of electron-attaching

' _impurities that a negative ion spectrum (usually dominated by Cl~) is seen even from
. “blank” samples. Thus were it not for mass spectral separation or chromatographic
preseparation, the API would be useless as an analytical detector for samples in so-
lution. Even with mass spectral separation, the solvent impurities compete with the
: sample for the ‘nearly fixed available electrca charge, and solvent purity often deter-
- mines the smallest practical detectable sample. For these reasons, as well as for ease

- of spectral 'nterpretatlon, we anticipate that the' GC-API-MS combination will

" ultimately be used to best explmt the API method. The following data nevertheless
" speak for themselves in demonstratmg the sensmvxty and spec:ﬁmty of API-MS in

companson with GC-ECD.
) - Fig. 5 shows detector. response to 250 fg of TCDD inlulof benzene with two
: sample m,ectmns separated by a blank solvent mjectlon. The trace is obtained by re-
. cording vs. time the output of a ratemeter while the mass spectrometer is set to monitor
t“e moleculas negatlve ion TCDD™ at 322 a.m.u. (the most abundant isotope).
7 Fxg. 6shows a mass spectzum of the tnchlorophenoxxde negatlve ion at mass

o 195 aﬂd lsotopes, obtained from a 2,4,5-T sample. Approximately 1 pg of 2,4,5-T
;"?‘zs reqmred to obtain a continuous spectrum of this quality, obtained by a signal
-’ averaging devxce [Prmceton ‘Applied Rezsarch (PAR) Waveform Eductor (109 chaa-

7 nels}] While the mass rancre 1s raptdly and repetmvely swept for apprommatexy 30 sec;
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F:g. 6. Rmolved spectrum of 2,4, S-T as the tnch!orophenoxxde negatxve xon at 195, 197 199 a.nd 701 .'
_amu. A large sample (1 pg) is reqmred to obtain a continuous spectrum, ‘but by MID. techniques-

100 fg can be detected with'a signal-to-noise ratio of about 3:1. The steps in the zmoni are cha_rac
teristic ofthe lO&channel sxgnal averagaz (see text).- : DR o

begmmng _]U.St before sample mjectlon Usmg the multxple ion. countlng detectxon .
‘technique, a detecnon limit of 100 fg is attained- and essentially linear response to ap-
prox:matcly 2000 fzis observed Data demonstratmg this sensxtnnty and linearity have
“been pubhshed previousiy®. With 2,4, 3-T- several other ions are o’cserved less sensi-
tively. These mclude several fi ragments as both posmve and negatwe lons, and a dlmer
neganve ien. -
-Fig.7 shows detector response to a series of nicotine samples, in whzch the"‘- N
- protonated nicotine ion (MH") is monitored at 163 a.m.u. The limit of detectabihty
is in this case de:.ermmed by the mcotme ‘content of the solvent,: 'seen: to be about.
2 pg/yl Q ug/t)- Other ions observed in the scam:!mg mode are singly fonized nico- -
tyrene and protonated mcotyr"ne at 158 and 159 a.m.w, and smgly 1omzed mcotme at' oL

GOOdslsec I

;olvent oontamxﬁatxon. RER
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162 a.m-u. The tmgrotonated nicotine and mcotyrene peaks decay in time about five
- times as :ap-diy as the peaks corresponding to the protonated fons, indicating the
ex:stence of important but as yet not understood dynamical efiects.

" A: compendium of various’ posmve and negatwe ions observed in several
i API—MS conﬁguraﬂons has been grven inref. 4. .
) Applzcatlort.s‘ of mass .spectral mformatwn to ECD theory and technology
- Cur previous discussion has emphasized the relevance to ECD theory and tech-
-nology of the'total negative and positive ion densities determined by an API instru-
-.ment;, and-has touched only briefly on the extent to which mass spectral information
might be uset‘u[. The reason is twofold:

. The resuits of the total ion density measurements are simple, completeiy
general, and can be immediately incorporated into new theoretical treatments and
experimental interpretations. In contrast, the mass spectral observations during re-
spobse to sample are often complicated by the observation of several positive and
negative ion species associated with one sample type. They are specific to the relatively
small number of sample types tried, and they have mainly been of large molecules,
the details of whose interaction with the API-ECD plasma are at best speculative.

We can anticipate several ways in which a body of API-MS data, particularly
data en the positive ion spectra of simple molecular gaseous species, will eventually
aid in the optimization of ECD operation when there are specific requirements such
as high sensitivity, large dynamic range, etc.

Differential sensitivity. For example, consider an application in which it is
necessary to distinguish delicately befween samples of nearly c¢qual size. From eqgn. 6
we see

dn_ . R;_ ;
T =R | 19

where R, is the rate constant for electron attachment to sample A and R, is the nega-

' tive ion—positive ion recombination rate. R; depends weakly on the nature of the car-
rier gas (mediating three-body attachment), but R, can depend strongly on the specific

- positive ion type present. By selecting a carrier gas, of Dy irace doping of the carrier,
to produce positive ions having a small value of R, in recombination with the negative
dons from A, the derivative (eqn. 14) can be made relatively large, i.e.. the response
can be made very sensitive to small changes in n2,. To be specific, positive ion—negative
ion recombination is faster when the positive ions are clustered than when they are
simple®3:2%, so if high differential sensitivity is required, clustered positive ions should
be avoided. .

Ultimate sensmvzty. Unity signal-to-noise ratio in the ECD occurs at the sample
density for which the captured current is equal to the statistical fluctuation current
due to the standing electron density. Defining the sample density n] as the lowest

“defectabie value of n,, eqns. 8c and 4 give '

o _ sl‘;Rz . :
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mx:zmg R, the. posmve mn—electron recombmatxon rate"' 20 ‘but RD rather than Ry

. appears in the denominator, ‘and the denommator decreas..s only shghﬂy thh de-'f '
creasing degree of clustering. : L

... Dynaniic range. A useful measure of the maximum usable sample densrty is

' prowded by theintersection of the straight line describing negative ion density (foss

- of ‘electron densn:y) at small values of n,; with the straight line éescr;,bmg eleetron
density at large values of-n,. Denotmg the value of nA at the mtersectron by ni A,

: eqns & and 10a gwe e '

UL S*Rz (16)

CORA = _Rl Vi
Tke dynamic range is thus
'nqA ——’;Rzi,"/ ’ T - ) h o .

Consxderatxons 1dentxcal to those argued in the prevxous case mdxcate that itis agam '
“desirable to minimize the degree of cluctermg : o
" Ttis interesting to observe that differential sensmvrty ultlmate sensrtwltv and
dynamic range in the ECD can all be controlled by smali concentratxons of dopants_
in the carrier gas affecting only the positive ion spectrum. Yetthe posmve xon spectrum )
has heretofore been ertirely ignored in ECD work. .
There may be a variety of considerations apphcable to. the detaxled negatwe.
ions present in the ECD. We will illustrate with a single example.

, Mechanisms of rzeurralzzmg ‘negative. ions. The residence time of a sampie
molecule in‘an ECD is typically. of the order of 0.5 sec. The hfetxme against electron
capture for strongly attachmg speciesis of the order 0f 0.05 sec. Suppose that a ‘sample
molecule attaches an electron to form the negatlve molecular ion and then recombines
with 2 positive ion by mutual neutralization to regenerate the original sample mole- -
cule. (Recombination rates are larger by a factor of 10° than electron. attachment rates
and do noi perturb the argument) The- recvr‘led neutral can consume the order of
ten electrons duringits passage throngh the ECD and the reductionin electron denszty :
will be registered as a strong ECD response.. To enhance this effect it may be ad-
vantageous to use low gas flow-rates. By contrast, | sappose | that the uegatme ion orits’ k
recombination products unde-ga complex dissociation ox rearrangement to -produce
neutrals ‘with: either zero or very small electron attachment rate cocfiicients. Then y
clearly each initial sample molecule can only remove one electron during its passage"
‘through the ECD, producing a relatively weak ECD response. A hlgh flow-rate under -

- these conditions. would promote the entry of, fresh electron. attachmg neutrals and;._fzw
consequent!y increase the change in the time’ averaged electron depsity. A k_nowledge w

* of the negativeions produced in the ECD should allow systematl tailoring c the ﬁow-{ g
_ rate and other parameters to enhance sensmv:‘y. S : L i,
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CONCLUSION .

AEI—-MS has already made what we anticipate will be an important contribu-
tion to the initial assumptions going into ECD theories by demonstrating that (1)
positive and negative charge densities are numerically equal in the active volume and
(2) the charged particle density is relatively insensitive to whether the negative charge
consists of electrons or negative ions. Furthermore it is shown that relevant ECD
descriptors such as differential sensitivity, ultimate sensitivity, and dynamic range can
be strongly affected by the nature of the positive ions present, and the positive ion
spectra of various carrier gas mixtures can be productively studied by API-MS. The
inter-relationship between negative ion dynamics and external factors such as flow-
. rate and temperature is pointed out, and it is shown that API-MS can be used to
identify the terminal negative ions in an ECD active volume, making it possible to
decide systematically the proper operating conditions for specific sample types.
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