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Abstract:

Recent reports and observations of unexpected negative ions in spectra obtained under electron capture
(EC) conditions of high pressure mass spectrometry ion sources suggest that secondary processes are
operative concurrent with those of electron capture. The EC spectra containing these unusual negative
ions may be difficult or impossible to interpret in terms of the well-known EC reactions.

A kinetic model for the chemical events occurring within the high pressure electron capture mass
spectrometer (HPECMS) ion source is developed here. It includes four different pathways by which
unusual negative ions are produced. The processes involved in these routes to unusual ions include
reactions of gas phase free radicals, surface assisted reactions, ion-electron and ion-ion recombination
reactions, ion-wall neutralization, and wall assisted transformations of neutrals.

The kinetic model is applied to the explanation of unusual negative ions which occur in EC spectra
from various compound classes. These include the trifluoroacetic derivatives of polycyclic aromatic
amines, which have been shown to be present in materials derived from liquified coal, and derivatives
of hexachlorocyclopentadiene which are used as pesticides.

The efficiency of negative ion formation by secondary processes in high pressure electron capture ion
sources can lead to ions of greater abundance than those generated by direct electron capture. This is
supported by calculations provided by the model.

Techniques are developed which can control or eliminate the occurrence of unusual negative ions in
EC spectra. Carbon dioxide, when used as the buffer gas, can provide EC spectra which are free of ions
originating from secondary processes. Equivalent or lower analyte detection limits are demonstrated
when carbon dioxide is used as the buffer gas rather than methane.
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ABSTRACT

Recent reports and observations of unexpected negative
ions in spectra obtained under electron capture (EC)
conditions of high pressure mass spectrometry ion sources
suggest that secondary processes are operative concurrent
with those of electron capture. The EC spectra containing
these unusual negative ions may be difficult or impossible
to interpret in terms of the well-known EC reactions.

A kinetic model for the chemical events occurring
within the high pressure electron capture mass spectrometer
(HPECMS) ion source is developed here. It includes four
different pathways by which unusual negative ions are
produced. The processes involved in these routes to
unusual ions include reactions of gas phase free radicals,
surface assisted reactions, ion-electron and ion-ion
recombination reactions, ion-wall neutralization, and wall
assisted transformations of neutrals.

The kinetic model is applied to the explanation of
unusual negative ions which occur in EC spectra from
various compound classes. These include the
trifluoroacetic derivatives of polycyclic aromatic amines,
which have been shown to be present in materials derived
from liquified coal, and derivatives of
hexachlorocyclopentadiene which are used as pesticides.

The efficiency of negative ion formation by secondary
processes in high pressure electron capture ion sources can
lead to ions of greater abundance than those generated by
direct electron capture. This is supported by calculations
provided by the model.

Techniques are developed which can control or eliminate
the occurrence of unusual negative ions in EC spectra.
Carbon dioxide, when used as the buffer gas, can provide EC
spectra which are free of ions originating from secondary
processes. Equivalent or lower analyte detection limits
are demonstrated when carbon dioxide is used as the buffer
gas rather than methane.




INTRODUCTION

The use of Chemical Ionization Mass Spectrometry (CIMS)
as an analytical technique had its origins with
investigations conducted by Munson and Field' in the more
general area of high pressure gas phase ion chemistry.

The initial studies centered on the generation of positive
ion signals. A reagent gas, often methane, was introduced
to the ion source at pressures of 0.1 to 1.0 Torr. The gas
was bombarded by a beam of electrons which provided a
series of interactions that led to the formation of a set
of reagent ions: An analyte was introduced and the
resulting signal reflected the nature of the ion-molecule
reaction between the reagent ions and the sample moleculés.

It was soon discovered that different reagent‘gases
provided considerably different ahalytical signals. For
example, when methane was used as the reagent gas a proton
transfer would often occur from the reagent ion to the
analytel. The use of nitrogen would often provide positive
ion spectra by electron transfer which were similar to
those obtained under electron impact conditionsz. The
result of these initial investigations was the development
of a good understanding of positive ion-molecule reactions

which occur under chemical ionization mass spectrometry

i
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_conditions. An excellent review of the subject of positive
ion-molecule reactions has been written by Harrison®. A

summary of some of these reactions is as follows:

Proton Transfer o 'M + XH* — MH' + X (1)
Hydride Abe,tracﬁion M+ X* —> [M-H]" + XH (2)
Charge Exchange o M+ Xt —> M" + X (3)
Adduct Formation' M+ Xt —» Mmxt (4)
Self Clustering M+ M — M : (5)

Initial efforts in CIMS involved only posiﬁive
ion-molecule reactions. Theory demanded that‘high pressure
ion sources operated at relatively high ion densities
(=2 10® ions cm®) exhibit overall charge neutrality. This
implied that large dehsities of negative ions and/or
electrons must be present in addition to the commonly
observed positive ions. Daughertf3 was the first to obtain
negative ion chemical ioniztion spectra from analytical
high pressure ion sources by makiné modifications to allow
a mass sgpectrometer to detect the negative jions.
Daugherty’s first experiments involved the use of chloride
reagent ions which reacted with the analyte by way of
adduct formation. o

The majority éf the initial negative ion mass
spectrometry investigations focused on negative
ion-molecule reactions for the generation of ion signals,

which greatly increased our understanding of this subiject.
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A summary of these reactions?® is provided by the following

express8ions:

Hydrogen Abstraction MH + X~ —» M + XH (6)
Adduct Formation M + X~ —> MX™ (7)
Clustering ' M+ M —> M~ - (8)

It became obvious that certain reagent gas systéms
yvielded only positive ions and electrons uéon interaction
with an electron beam. This'léd to the utilization of the
electrons as a reagent in the formation of negative ibhs
from an analyte. .This process, which is known as electron
cap£gre (EC) , may occur through.resonant (9a) or
dissoéiative (9b) capture of a thermal electron by‘molecule

MX‘és shown by:

MX (%9a)

MX + e(thermal)

M+ X (9b)

Thermal electrons are generally produced by interactions of
a high energy electron beam with a buffer gas present in
.the ion source at 0.1 to 1.0 Torr. The buffer gas also
‘serves to provide collisional gquenching bf the inﬁerﬁal
energy of the initially formed molecular negative ion, MX™.
The overall process of EC in mass épect;ometer ion sources

has been termed High Pressure Electron Captdre Mass

Spectrométry (HPECMS) to provide a unique distinction of
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the technique from the more general field of negati&e ion
chemical ionization mass spectrometry.

The minimum requirement for generation of a mass
spectrum by HéECMS is that the analyte must have a
reasonably large electron affinity (EA). This simple
requirement provides a great deal of discrimination in
chemical analysis. A limited set of compounds will have
EA’s large enough to capture thermal electrons to form
negative ions having lifetimes of sufficient duration to
allow detection. In many instances, EC may be extended to
other molecules by simple derivatization procedures with
fluorinated reagents. This increases an analyte’s EA and
its ability to form stable negative ions by electron
capture. ‘

It has been demonstrated that exceptionally high
sensitivities are often obtainable with EC reactions?.

A simultaneous comparison of positive ion and EC
sensitivities of analytes having fast EC rate coefficients
reveals that ion signals can be three orders of magnitude
in favor of EC?. This is the direct result of the nature
of the EC reaction, shown in expression 9, which can have
rate coefficients two orders of magnitude larger than those
of ion-molecule reactions. If EC is fast, then the
majority of the analyte will be consumed by reacfions with
electrons before positive ion-molecule reactions can occur.

This will result in increased signal bias in favor of




negative ions.
High pressure electron capture mass spectrometry has
been used for the analysis of various classes of compounds.

These have included halogenated hydrocarbons® %€,

4,7,8

polynuclear aromatic hydrocarbons and derivatized

alcohols and amines® ™'l

The observed ion signals are
usually due to simple dissociative or resonance electron
capture. In these cases the observed EC spectrum is easily
interpreted in terms of the identity of the analyte
molecule.

A careful inspection of the literature provides several
examples, hoﬁever, where the observed EC spectrum is not
explainable solely by the resonance or dissociative EC
mechanisms shown in reaction 9. One of these examples
comes from investigations by Kassel, Kayganich and Watson!?
in which the EC spectra show abundant [M+Clj' ions. The
spectra were obtained in a methane plasma for compounds
which contain little or no chlorine. Another example is
the EC spectra of a series of polychlorinated pesticides
reported by Stemmler and Hites® which contain a prominent
series of ions differing by 34 amu; a mass loss which is
considered impossible for this particular set of
compounds. . McEwen and Rudatl®r16 have shown that the EC
gspectra of the tetracyano derivativés of ethylene,

quinodimethane and pyrazine in methane buffer gas include

intense ions of the types, [M+R]™ and [M+R-CN] , where R is
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either CH; or H. A series of EC spectra of various
aromatic hydrocarbons in methane buffer gas have been

recently reported by Stockl and Budzikiewicz’

and by
Hilpert, Byrd and Vogt® which included ions of the type
[M+CH2]' and [M+C2H4]". Observations of our own which
have been maée in the course of this work provide
additional examples of unusual negative ions, several of
which will be reported here.

These examples of unusual ions in EC spectra
demonstrate that secondary processes which provide
negative ions of comparable intensity to those generated by
direct EC may be very important. These processes are
largely unknown. It is, therefore, necessary to
reevaluate the overall dynamics of the HPECMS ion source.

Particular attention is given to processes which may be

kinetically favored over electron capture reactions.




STATEMENT OF RESEARCH OBJECTIVE

The goal of this research is to provide an improved
understanding of the events occurring in the high pressure
electron capture mass spectrometer ion source, especially
those which lead to the production of unexpected negativé‘
ions. The goal will be accomplished in three parts.

First, a kinetic model will be developed which will
incorporate some of the more probable processes occurring
in the high pressure electron capture ion source which may
lead to generation of unusual ions. The model will
incorporate positive ion-electron and negative jion-positive
ion recombination reactions, ion-wall neutralization, and
wall assisted reactions of neutral species; processes which
are often overlooked in the more general field of Chemical
Ionization Mass Spectrometry. Second, the model will be
used to explain unusual negative ions observed in EC
spectra. Examples will be taken from the literature and
from observations made during the course of this research.
Third, an analytical technique will be presented which is
much less prone to complications by unexpected and unusual
ion signals while maintaining the sensitivity and

selectivity of electron capture reactions.




THEORY

The development of a model which may be utilized to
predict the ion signals obtained from a high pressure
electron capture mass spectrometer source needs to be
concerned with those events that occur within the lifetime
of the analyte and all products of the analyte in the ion
soﬁrce volume. Figure 1 shows the various reaction
pathways which have been considered in this study as
potential routes for the production of unusual negative
ions. Two of these pathways, Routes C and D, have been
previously reported by others, whereas Roﬁtes A and B are
proposed here for the first time.

Route C, initially proposed by McEwen and Rudat!?®,
involves the reaction of analyte, M, with gas phase
radicals, R, to form species MR. Their studies included
the compounds 7,7,8,8-tetracyanoquinodimethane (TCNQ) and
tetracyanoethylene (TCNE). The EC spectra of these two
compounds were dominated by ions resulting from apparent
radical substitutions for cyano- groups rather that the
expected resonance or dissociative electron capture
products. McEwen and Rudat pointed out that the source of
these unusual ions could not possibly have arisen from

negative-~ion molecule reactions as no significant levels of




P*lwalls e walls
Z X MR W
/- X- MR* W~
P*jwalls P'~walls Pjwalls P* walls
Neutrals Neutrals Neutrals Neutrals

® @ © O

Figure 1. Four mechanisms for the formation of unusual
negative ions under typical conditions of high pressure
electron capture mass spectrometry.
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negative ions are generated from the interaction of
electrons with methane. They concluded that TCNE and TCNQ
underwent fast radical reactions prior to electron capture.

Route D, initially proposed by Kassel et al.,'? occurs
by the reaction of M on the walls of the ion source to form
species W. Species W then goes on to capture an electron
to form negative ions, W' . These negative ions may be
vented from the source or undergo neutralization-
reionization to form some terminal species. The EC spectra
in the study by Kassel et al., showed ions indicating
chloride addition to analytes which contained little or no
chlorine and which furthermore evolved from plasmas
containing no chlorine. The source of chlorine was
proposed to be the ion source walls which had been
previously exposed to chlorinated solvents. In the
theoretical model, a reaction coefficient, b, will be used
for the efficiency of prodﬁct formation at the source
walls. A coefficient of b = 0 indicates that no product
‘was formed, whereas, a coefficient of b =1 indicates that
100% of M was converted to W at the ion source surface
prior to electron capture.

The source of unusual negative ions in routes A énd B
are neutralization reactions involving negative ion-
positive ion and positive ion-electron recombination
reactions, respectively. In Route B, positive ions, M,

are generated by the usual positive ion-molecule reactions
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occurring in the CI source. Recombination of M" with
electrons, or neutralization at the source walls, lead to
neutral products, X, which may also be susceptible to
electron capture, forming X .

Route A is the normal electron capture process which
gives the expected negative ion, M . Recombination of M~
with positive‘iéns from the plasma or neutralization of M
at the source walls yieid neutral product, Z, which in |
turn may undergo additional electron capture to form Z°°
It is possible that in the neutralization process,‘M will
be regenerated and subsequently undergo electron capture a
second time with the same rate coefficient as the first.
An enhanced sensitivity will be observed, therefore, for
analytes which recycle from M to M. For the purpose of
later calculations a coefficient of a = 1 will correspond
to 100% regeneration of M from neutralization of M and a
coefficient of a = 0 indicates 0% regeneration of M and
100% formation of Z. Intermediate values of "a" will
correspond fo the respective quantities of both M and Z.

In the four routes shown in Figure 1, it is assumed
that any negative ion formed may be neutralized by
recombination wifh positive ions, P*, or by neutralization
at the ion source walls. Although in some instances this
may lead to a species which is no longer active to electron
capture, it is conceivable that the neutral product may be

able to capture an electron, thereby contributing to the
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observed EC spectrum. Neutralization-reionization
reactions will continue until the resulting épecies has
been ventilated from the source or has become dead to
electron capture.

In consideration of the overall model of the HPECMS ion
sourcé, one can see that the spectrum may qohsist of one or
more of the ions M, MR, W, X , or Z produced in the
ionization routes shown in Figure 1. To make qualitative
and quantitative prediétions on the importance of
occurrence of these routes to each other, it is necessary
to develop a quantitative model which -includes rate
constants for the formation and desﬁruction of all ions énd
neutrals shownlin Figure 1.‘ The next section discusses the

main fundamental processes involved and the magnitudes of

the rate coefficients of these species.

Rate Coefficients of Individual Processes

Ventilation

All processes considered must occur within the lifetime
of the analyte in the ion volume. High ventilation rates-
may favor fast processes, whereas low ventilation rates may
provide sufficient time for slower processes. The rate
coefficient for ventilation is given by F/V where F (cm®
sec”™) is the volumetric flow rate of gas through the ion
source(aﬁd V(cm®) is the source volﬁme. Typical CI ion

source volumes are on the order of 1.0 cm®. The magnitude
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of F can be related to the conductance of ;he source which
is in turn related t6 the sum of the areas of the electrén
entfance aperture and ion exit slits. Flow of bulk
material out of the ion source is independent of the ion
source pressure.  One must be aware of which region of fl&w
the ion source is operating - viscous flow or.mdlecular
flow. Typical source pressures are on the order of O.i to’
. 1.0 Torr which is somewhat nearer to mofecular flow
conditions (mean free path is greater than tﬁe diameter of

the containing vessel or tube). Dushman'?

provides an
estimate of flow when operating under molecular flow

conditions:
F(cm® sec™) = 3.64 x 10° A(T/m)"° (10)

where A is the total area of.the source slits, f is the
source temperature in degrees Kelvin and m is the ﬁolecular
weight of the bulk gas in gfams"per mole. For the ion
source initially used in this study the electron entrance
aperture had a diameter of 0.8 mm and the ion exit‘slit had
dimensions of 0.27 x 4.8 mm resuiting in a total area of
.018 cm?. |

The density of reagent specieg (electrons, positive
ions, and radicals) within‘the ion source will ultimately
depend on the rate of ventilation of bulk material. |
Réasonably accurate knowledge of the flow rate of material

out of the ion source is, therefore, essential. Generally
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one assumes that the ion source is tight Qith the 6nly exit
of bulk material beiﬁg through‘the electron entrance : )
_aperture and ion exit slit. If this is not the case, then
large errors in the estimation of flow by the abové
calculation are possible. Conseéuently'an independent
experimental mgthod for the determination of F is
desirable. This cap‘be accompiished by measuring the total:
exhaust. flow from the source féreline éumprat ambient
'pressure and determining the pressufe, P, within the
enclosed source. The rate of gas flow, F, from the ion

source is then given by

F =‘mePmm/P . . - (11)
For our ion source (F = 337 cm® sec'l) a measurement of
F_ o, = 0.160 cm® sec™! with a source pressure of 0.3 Torr

and local atmospheric pressure of P_. = 630 Torr would
indicate a tight source. Measurements of F_
significantly larger than this would indicate the existence

of ion source leaks.

Ionization

In the chemical ionization ion source of about 1 cm
‘intérnal iengthloperaﬁed at 0.1 to l.b-TorrLCH4, an
. electron beam of 300 eV is effecﬁively attenuated by':
interaction with the methane, forming positive ion-electron
pairs. Since one ion pair is created for about 35 eV

energy of each electron in the beam'’, the total ionization
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rate, S, is inen by:
s, (pairs sec™)) = 1.7 x 10* (I x E) (12

where I (uA) is the intensity of the electron beam entering
the source and E (eV) is its energy.

In methane, the positive ions initially formed are
rapidly converted by §Qsitive ion molecule reactions?! to
the terminal positive reagent ions, CH;"and CJ%+, as

shown by

o ‘CH;+ + 2e |
CH, + e —< (13)
‘CH,* + H -
cr,* + CH, ———> CH * + CH C(14)

4 5 3

o .
CH, + CH, ——> CH* + H, (15)

The magnitude of.I,can be estimated'from the filament
emission current if the efficiency of electron beam entry
into the ion source volume is known. As an approximation,
it has been assumed that measurements of emission and trap
currents made with an ‘evacuated ion source provide a

measure of electron beam entrance efficiency which would

. also apply to the source filled with methane. For the

source used in this study, an electron entrance efficiency
of 5 percent was used in all calculations. A value of'Se =
5 x 10} is predicted for our instrument using settings of

emission cgrrent of 500 uA (I = 25 uA) and electron energy

of 150 eV.
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Radical Production

Along with the positive ions produced in a methane
system as shown above, there will also be a substantial

production of free radicals. These will be formed by

interaction of the electron beam with methane by-

CH e-bedm . ex*ti+m+e (16)

4 - 3
by ion molecule reactions in methane

cut + CH, ———> CH5+ + CH

. (17)

3

and by récombination :eaétions such as

| CH, + H, : . (1l8a)

CH," + e ———<:::::
CH, + H (18b)

McEwen and Rudatl®, in the report of their study of radical
traps in HQECMS, have provided considerableﬂinformation dn
source operating conditions and on the effect of radical-
relatéd reactiohs on the spectrum. Experimental results
supported thehidea that as the electron emission current is
increased, the concentration of radicals incréases,‘
-significantly in tﬁe methane.plasma. Onelmight initially
think that increases in eleétron and positive ion density.
At‘highef charge densitieé, hoﬁever, elimination
mechanisms play an increasingly ;mportant role;(see

discussions below on radical processes and recombination

reactions). The rate of loss of ions and electrons by
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recombination and wall neutralization is considerably
faster than the raté of elimination of radicals by radical-
radical recombination and wall-induced losses. Therefore,
there is a tendency to see a larger contribution of radical
related ions in the spectrum with higher emission currents
(so long as_other parameters remain constant, i.e, sample
size, pressure, and temperature).

McEwen and Rudat also provide a’semiquantitative
estiméte‘of the relative number of'radicals producea
compared to ion pairs. For the discussion here; i£ is
adequate to aésume that for every ion pair produced by the
irradiation of methane, about 2 to 4 radicals will be'
produced. The rate of total radical production. can then

be estimated by modification of equation 127¢
S, (radicals sec™) =5 x 10" (1 x B) (19)

where I is’in uniﬁs of uA (with the electron beam entrance

efficiency term) and E in units of eV.

Ion-Molecule and Electron Capture Reactions

Second order rate coefficients for ion molecule
reactions? involving molecules of molecular weight greater
>than 30 will approximate the calculated collision rate

constants from Average Dipole Orientation theory. Values

1

typically range from 1-3 x 107° cm® molecules™! gec™?,

regardless of the neutral molecule and hydrocarbon ion

3 1

involved, with an average value of 2 x 107° cm® molecules”
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sec™!. In contrast, the fastest electron-molecule

reactions have rate coefficients of 4 x 10”7 cm®

1 1

molecules - sec™, more than two orders of magnitude
greater?. It is for the selective detection of these
molecules that high pressure electron capture mass
spectrometry has its greatest strengths. Because of the
high rates of EC reactions, detection limits in the
femtomole and attomole ranges can be realized. It is
interesting to note that exothermic electron capture
reacti@ns also can be very slow, as shown by N0217 which

has a rate coefficient less than those of ion~-molecule

reactions.

Radical Reactions

The free radical species found in the methane plasma
(H, CH;, and CH.) can react by hydrogen atom abstraction,
by addition, or by substitution with a wide range of

18,19 7The significance of gas phase radical

compounds
reactions and their effect on the resulting spectrum will
largely be dependent on the rate coefficients for the above
processes as well as the nature of the reacting pair. The
rate coefficients of these processes may vary over several
orders of magnitude with the fastest of ?he gas phase
radical-neutral reactions?’ having rate coefficients of

1 x 107 cm® molecules™ sec™t. This is about one order

of magnitude slower than fast ion molecule reactions.

Experiments conducted by McEwen and Rudat!®, in which they
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produced methyl radicals by the thermal decomposition of
di-tert-butyl peroxide, indicated that addltlon of CH, to
TCNE occurs with a rate coefficient of 1 x 107%° cm3
molecules™ sec™d. This is of particular interest to this’
study because TCNE haé a hiéh electron affinity?! and
would thus be expected to attach electrons quite readily.
As will be shown later, the observed spectrum of this
compound does not resemble a simple electron attachment

‘product, but rather is complicated by radical addition and

‘'substitution products.

Diffusion of Neutral Species to the Walls

The proposed modél suggests ﬁhat neutral species,
including neutral.radicals, may undergo various reactions
at the walls of the ioh source. The importanée of these
wall related processes must be viewed with respect to the
rate coefficient for diffusion to the source boundary. The
diffusion of neutrals is gifen by ﬁhevcollective term,
bDJIQ, where b is the efficiency of the wali reaction
(0 £b £ 1), D_ is thé diffusion coefficient of the
neutral, and £) is the characteristic diffusion lengthﬂ'of
the ion source. The magnitude of the diffusion coefficient
will be strongly dépendént upon the éou;ce temperature,
pfessure,,and mass of the buffer gas. D, can be readily

calculated??® from the equation

D_ = (v? + v,?) %/ (3n88% ) . ' | (20)
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whefe v, and v, are the most pProbable velocities of the
buffer gas molecule and neutral of interest, B is £he
density of the buffer gas, and & is the average molecular
diameter of the buffer gas molecule and neutral. Equation
20 can- be reduced to a more convenient_form from which a
good approximation of D for any rélati&ely large neutral
(MW 2 100 gm mol™!) in methane can be obﬁained (assuming

that 512'= 6 x 10™® cm for all neutrals).

D, (cm? sec™d) = 0.063(T/273)1-5(760/p) (21)

n

Eor our system, operated at 0.5 Torr methane and a
temperature of 423°K, D = 185 cm? sec”l.

McDaniel?? provides ‘a’ calculated value of Q for a
spherical~soufceu For our ion soﬁrce, a nearly cubical

volume, the closest spherical representation is estimated

and then £ is given by the radius divided by ® (Q = 0.4/x
0.13 cm). The’overa;l first order rate constant for
diffusion of neutrals to the wallS‘éf our ion sourcé-with

0.5 Torr methane and 150°C will be

.DnQ'Z = 0.063(T/273)3%2(760/P)/(0.13cm)?2 C(22)

1.1 x 10? sec™?

D Q2
n
and will be very dependent on pressure and temperature.

Diffusion of Ions and Electrons to the Walls

Ions and elect:éns‘are‘expeqted to be neutralized by

contact with the metal surface of the ion source.
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Therefore, one contribution to their overall loss rate will
be their rate of transport to the walls by diffusion
through the methane plasma.- The rate coefficient for this
process is also given by a composite term, Dgld,lwhere Q
is the same characteristic length that was described above
for neutral diffusion to the walls. D_ is the ambipolar
diffusion coefficient which applies to both ions and
electrons. High electron-ion densities will be present in
most commercially available ion sources opérated at
chemical ionization pressures. This eliminates the use of
free diffusion coefficients in describing the transport of
oppositely charged species to the walls. The free
diffusion coefficient of an electron (D) is muéh greater
than that of positive ions (D+). Therefore, there is a
tendency for electrons to escépe faster to the walls than
positive ions. If electron-ion densities are relatively
low (< 108 cm™®), then the difference in transport rates
will be unchecked. In situations where the electron-ion
density is greater than about 108 pairs cm™® (the density
in our source is approximately 1Q1° - 101 pairs cnf3), the
tendency toward free diffusion is countered by the
production of a small positive potential in the central
regions of the ion volume. This small positive potential
will in turﬁ retard the movement of the electrons. The

net result is equalization of the rate of transport of

electrons and positive ions. The electrons diffuse more




22
slowly (D_ = ldﬁbe) than under free diffusion conditionsf
and positive ions diffuse somewhat faster??, D, = 2D+.'
Also, because of the high charge‘density, the distribution
of ions and electrons in the source volume will be
relatively unaffectedgby the application of exterﬁally
applied repeller fields.. Since D, = 2D+, the ambipolar
diffusion coefficient can Ee”determined diféctly frém free
diffusion Eoefficients. These in turn can be evaluated by
the application of the Einstein equatioﬁ25 to mobility
data. Lindinger and Albritton?® made a study of ion
mobilities in which'they found the Langevin expreésion for
the mobility of ions to be in good agreement with their
experiments. Combining the Einstein and Langevin equations
results in a general expression from which D, can be

evaluated and is written as follows:

D, = 3.33 % 10'3T2/P(0LMI)°'5 ‘ (23)

where T is the plasma teﬁperaﬁure in Kelvin, P is the
pressure in Torr, O is the‘polarizability of the buffer'gas‘
in cubic angstroms, and M is the ieduced mass of the ion
and buffer gas. From this the following general expression
for D, of an ion of mass 100 amu in methane (o = 2.60 i3)

is 6btained;‘

D (cm? sec™) = 0.11(T/273)%(760/P) C(24)

a

With a pressure of 0.5 Torr and temperatﬁre of 423°K, D is

1

found to be 401 cm? sec™!. Since the mass of the ion
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appears only in the reduced mass term, using the relatively
light methane as a buffer gas provides a good approximation
of D for all ions of mass greater than 50 amu. For CHQZ
the positive ion of greatest abundance in a CI methane
plasma, the coefficient in equation 24 requires slight
adjustment from 0.11 to 0.14. The diffusion of negative
ions in an ion source having high densities of electrons
and positive ions will also be couﬁled tofpositive ion
diffusion and will be described by D .. &As with diffusion
of neutrals, the composite rate coefficient for diffusion
of electrons and ions, Daﬂ“2 will be strongly influenced by
changes in temperature and pressure. At a pressure of 0.5
Torr and temperature of 150°C, the rate coefficient will be

D Q2 = 400(0.13)% = 2.4 x 10° sec™.

Radical Losses

Free radicals produced in CI plasmas can potentially be
lést by at least three processes which include diffusion to
the walls, reacéion with a molecular species and by
radical-radical recombination. The magnitude of the first
two processes have been discussed above. A recombination
coefficient for methyl radicals?® of R, = 4 g 107t cmd

1 -1

particles™ sec”™ will be used here as a representative

value for all radical-radical recombination reactions.
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Positive Ion-Electron Recombination

A rather extensive réview of positive ion-electron
recombination has been provided by Mitchell and McGowan?’,
It was shown that as the complexity éf the positive ion
increases, the second order raté constant for dissociative
recombination tends toward a constant value, irrespective

of the species involved. 'The recombination coefficient for

' C,H,*, which is given by:
R, (cm® particles™ sec™) = 9 x 1077(300/T)°° (25)

is similar to those listed for all other polyatomic organic
posiﬁive ions. The exception té this trend occurs in
cluster positive ions such as H,0"(H,0) , where n = 2¥6L

for which R, increases continuously with n and can be
.sévéral times greater than that for simple positive.ions.
Pogitive ion-electron recombination is a two body p?ocess
at all ;elevant pressures. ‘The;efore, Re does not change
with changes in total pressure. At 150°C, equation 25
gives R, = 8 x 1077 cm® particles™ sec™!. Temperature
variatiohs within the typical operating realm of the high

pressure EC ion source, will have little effect on the

positive ion-electron recombination coefficient.

Positive Ion-Negative Ion Recombination

Biondi?® and more recently Smith and Adams®® have
reviewed positive ion-negative ion recombination. BAn

interesting feature of recombination between polyatomic
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ions is that rate coefficients vary ;ittle between ions
whether they are small ions or very large cluster ions.
Unlike ion-electron recombination, however, ion-ion
recombination rates are expected to be significantly
altéred with changes in pressure over specific ranQes'of
préssure. This is because there is a competition between
two body and three body processes in which the latter
doﬁinates at higher pressures. At pressures of 1 Torr énd
below, the two body process, only, is important. Sincé
the pressure range in HPECMS is 0.1 to 1.0 Tqrr,-the,second
.order rate coefficients for ion-ion recombination are
essentiaily constant. The following expression29 for the
recombination of NoO* and:NO; provides a good estimate of
fhe recombination coefficient, ﬁ_, for any pair of ions in

this pressure range.
R_ (cm3 particles'lisec'l) =6.8 x 1077 / T°¢ ' (26)

Thus at 423°K with 0.5 Torr methane, R = 6 x 10°% cm®

1 1

particles™ sec”™, a value about one order of magnitude
lower than the coefficient for ion-electron recombination
under these conditions. éecause the three body.process
‘dominates at higher pressures it can be expected that
values for R_ will be much larger.

The neutral products generated‘by ion-ion fecombinatiqn
may have a tremendous effect on predictions. of ion source

dynamics in HPECMS. However, little is known about the
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> neutral products of ion-ion recombination of polyatomic

species??.

In Route A from the model in Figure 1 it has
been proposed that M~, formed by the resonance electron
capture process, can be converted to an altered neutral,

Z, or revert to the molecular species M. A recent report
by Valkenburg, Krieger, and Grimsrud®® on the use of a dual
cell electron capture detector suggested that the negative
ion, SF,”, was converted predominantly to unknown altered
species, while ¢-C F, ~ (perfluoromethylcyclohexane) was
converted primarily back to-c—C7F14 upon recombination.

One might suspect that a variety of . compound dependent -

fates would be possible in ion-ion recombination reactions.

Conservation Equations

The HPECMS ion source will be considered here to be
well mixed with respect to its neutral and ionic
constituents. This allows a single expression to be
written for the concentration of each species which would
adequately describe the presence of that species throughout
the ion source. The ion source is a flow-through cell, and
the steady state assumption can be applied to all species;
the production rate of each species must be equal to the
loss rates. If chemical and physical loss rates within the

| cell are small relative to production rates, loss will then
N
N

T S
e

AN occ%@gprimarily by ventilation out of the cell.

In Figure 1, 14 species have been identified which will
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be of interest. A conservation equation may be written for
each of these which will include the various production and
loss parameters which apply to each as previously
discussed. These equations may then be manipulated to
provide 14 expressions for the steady state concentration
of each species. Equations 27 through 39 provide the
equilibrium expressions and equetions 40 through 52 provide
expressions of fQ values, which indicates the fraction of
total analyte which exists in the form Q. All of the
various rate coefficients using these expressions have been
discussed above with_values summarized in Table 1 on page
31. A sﬁmmary of all the symbols used is provided below
for the various species indicated in the equations and

represented in Figure 1,

[e] electron concentration (electrons cmf%
[P total rea?ent positive ion concentratlon
(ions cm
[R] total reagent free radlcal concentration
(radicals cm™ )
[M] original concentration of analyte compound M in the

buffer gas which is entering the ion source.

[0] steady state concentratlon of species Q
(particles cm” )

£ ratio, [Q]/[M]

S production rate of positive ions and electrons
caused by the electron beam (particles sec™)

S production rate of free radicals .(radicals sec'%

D ambipolar diffusion coefficient of ions and
electrons (cm?® sec™!)
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Q characteristic diffusion length of the ion source
(cm)

F volumetric_flow rate of buffer gas through the ion
source (cm3 sec‘H

v volume of the ion source (cm3)

D diffusion coefficient of neutral species

(cm2 sec 1)

R positive ion-electron recombination coefficient
(cm® particles'1 sec'l)

R positive ion-negative ion recombination coefficient
(cm® part:i.'cles'1 sec™)

R, radical-radical recombination coefficient (cm?
particles'1 sec™)

a efficiency of regeneration of molecular species M
from neutralization of M~ by either positive ions
or contact with the source walls (0 = 1; a = 0,
species Z is formed)

b efficiency of conversion of species M to W by
collision with the source walls (0 - 1; b = 0, no
W found)

kR rate constant for gas phase reaction of rea?ent

radical with analyte M (cm® partlcles sec

k- rate constant for reactlon of reagent positive ions
with analyte M (cm particles” “l sec 1)

k rate constant for reaction of thermal electrons
with species Q (cm® particles™ sec™)
As stated at the Eeginning of this section, the
development of a model which may be used to predict and
evaluate high pressure electron capture mass spectrometry
ion signals needs only to be concerned with those events
that occﬁr within a reasonable time frame of ventilation of
the ion soufce. The steady state equations will also

reflect only those processes which may occur within the
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ventilation time constant, although it may be possible to
describe other production and loss steps. Table 1 lists
the rate coefficients and time constants under an
established set of standard operating conditions as a
reference and guide for the development of the steady state
equations.

It has been assumed in these calculations that the
analyte concentration, [M]_, entering the ion source is
sufficiently small so as not to adversely perturb the
steady state concentrations of the three reagent species,
[e], [P*], and [R]. By making this restriction, one is
able to make predictions of relative sensitivity which
would apply to signals at the detection limit up through
about the lower 20% of the dynamic range of the system

under a given set of conditions.
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Table 1. Standard Conditions, Concentratlons, Rate
Coefficients and Time Constants for Evaluation of
the Concentration Equations.

Standard*Conditions

Buffer gas = Methane P = 0.5 Torr
Mass of Analyte = 200 amu T = 150°C
Emission Current = 0.50 mA V=1.0 cm®
Electron Energy = 150 eV Q = 0.13
Electron Entrance Efficiency = 5% :
Area of Source Slits = 0.018 cm?
Concentration of Reagent Species
S5,=5x 1014 partlcles cm™3
[e] = [P*] = 1.4 x 10!° particles cm™3
= 1.5 x 1013 2'part:Lclesz. cm™3
[ﬁ] = 3.2 x 107 partlcles cm™3
Rate Coefficients Time Congtants (u sec)
F/V = 337 cm® sec™! 2967
k,,=3x 1077 em® sec™? 240
k.= 2.0 x 1077 cm®_sec’1 35,714
k. = 1.0 x 107! cm® sec™! 3125
R, = 4.0 x 107! cm® sec™? : 17812
R = 8.0 x 107! cm® sec™l : 89
R. = 6.0 x 107° cm® sec™? 1190
DQ2% = 2.4 x 10% sec™? 42
DnQ'? = 1.1 x 10% sec™? 91
Equilibrium Expressions
P*,e: S, =R [P'I[e] + D Q?[e] + FV'[e] (27)
R: §_=R_[RI[R] + D Q2[R] + FV'}[R] (28)
M: FV''[M]_ + aR_[P*][M'] + aD Q72[M] = k, [M] [P*]
+ k [M][R] + EV'' + bD_Q 2[M] : (29)

M: k,[M][e] = RIMI[P*] + FEVTI[M] + D Q?[M] - (30)
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Z: (1-a)R [M][P'] + (1-a)DQ7%[M] = k,_ ,[Z][e]
+ k, [2] [?+] + Fv! ' (31)
z7:  k, [Z][e] = R[27][P*] + D Q7?[2"] + FV* (32)
M k'[M][PT] = R_[M'] [e] + D Q2 [M*] + FVL o (33)

X: R_[M'][e] + D Q7 Mt = k, [X1[P*] + k__[X][el]

+ PV . | (34)
X"tk [X][le]l = R[X][B*] + D [X"] + FV'[X] (35)
MR: k. [M][R] = k_ . [MR][e] + FV™* ' (36)

MR™: ko [MR][e] = k_[MR'][P*] + D Q7[MR’]

+ FVIMRT] 0 (37)
W:  bDQF[M] = k_ [W][e] + FV (38)
Wik, gIWlle]l = k_[W1[P"] + DQ?[W] + FV W] (39)

Concentration Expressions

[e] = [P*] = {-(D,Q2 + FV}) + [(EV]H?Z +

4R S V%) (2R) Y | (40)

[R] = -(FVY) + [(Fv )2 + 4R_S V'] (2RR) (41)

£, = Fvi{k_, le] + bD Q2 + k [B*} + FV! -
ak, ,lel (R_[F"] + D Q7% (R_[P*] +

DaQ'2 + Fv )=y (42)
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By = f.‘Mke,M.[e]‘ (R_[P*] + D Q2 + Fv'1)-1

f2 = £y (172) (RIPT) + D™ (k, ,le] + k+[P;“]

+ Fv-l)-l

T,- = EiK,, Tl (R [,P+'] + D Q7% + fl.r'v‘l)"‘1
-fM+ = ka+[p+] (R_[e] + DaQ-z + FV'l)'ll

x = .fM+(Re[e]' + DQ7%) (k,[P'] + k_,[e] + Fv'h~?
£y = £k, x[e1 (R_[P*] + D Q2 + Fv' i)™

fim = fl;,}.CR[R] (k, yplel + Fv-1)-1
fyr- = Furke €] (R_[P'] + D Q72 + Fv-l) -t

£ = fb"bDnQ'z (k, Lle] + FVTi)'l

= -2 -1y -1
fu = £k, y[el(R_[PT] + D Q™2 + FVY)

(43)

(44)

- (45)

(46)
(47)

(48)

- (49)

(50)

(51)

(52)

From the fQ values, one may predict mass spectral ion -

intensitiés, I , with the additional consideration of flow

Q

parameters such that

I, = [M] £ F,

where IQ is the observed ion signal, [M]o is the

('5"3 )

concentration of analyte entering the ion source, fQ_. is

the fractional amount of (M1, existing as species Q7, and

F, is the conductance (cm3 sec'l) of the ion exit slit.

le

Since [M]_  and F,  will be the same for all species, it

is
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obvious that the relative magnitudes of f,. determined from
the above calculations also provide predictions of relative

ion beam currents.

Predictions of Ion Signals for Selected Cases

In Tables 2-5, predictions of the relative
concentration (fQ x 100) for all neutral and ionic species
shown in Figure 1 are listed for various selected

conditions for the model under consideration.

The Standard Condition

Case A0 listed in Table 2 is defined to be the standard
case of operating conditions and events by which all other
examples in Tables 2-5 will be compared. In Case A0, the
- only means of forming a negative ion is electron capture by

M to form M . The standard set of conditions selected for

this case are: P = 0.5 Torr CH,, T 150°C, V=1 cm®, Q =

0.13, emission current = 500 uA (S, 5 x 10** and s.=1.5

x 1015rparticles cm™3), k., =3 x 1077 cm® molecules™

1

sec "; all other rate constants K_ K, and Ky have been

of
set to 0 as well as the efficiency coefficients, a and b.
The magnitudes of the diffusion and recombination
coefficients have been set according to the relationship
previously described. Under these conditions, the positive
ion and electron densities will be [e] = [P'] = 1.4 x 10%°
particles cm™® and the radical density will be [R] = 3.2 x

10'? particles cm 3.




34

Table 2 indicates that for the standard condition 1.2%
of the analyte will exist as M ; the expected electron
capture signal of this compound. It is iﬁportant to note
that [M] is only 7¥3% as great as [M]o. This is an
expected result as the electron capture rate constant is
fast and the electron density is large, resulting in a
rapid depletion of M by electron capture reactions. The
sum total of species relating to M is only 8.5%. This
means that most of the analyte (91.5%) has been converted
to species Z by recombination of M- with positive ions from
the plasma or by diffusion of M™ to the source walls where
it is neutralized and converted to species Z. In the Case
of A0, Z is considered to be inactive toward additional

electron capture.

Route A to Unusual Ions (Table 2)

By altering Case A0 to allow species Z of Route A to
cépture electrons at the same rate as the original parent
compound M (ke,z =3 x 1077 cm® molecules™ sec'l), the
theory predicts that a new and unexpected ion, 727, will be
present in the spectrum. It is interesting to ﬁote that
the concentration of %~ is nearly as great as M~ (1.1% and
1.2% respectively).

.The time constants in Table 1 suggest that this chain
of events in Route A ﬁight continue to occur to form

Z. Zn', so long as the electron capture

species Z7, 2,7, 2

rate constants for the respective species remain fast.
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Calculations indicate only .a modest decrease in
concentration of species Z with increasing n, thus
enabllng 31gn1flcant contrlbutlons to the spectrum s total
ion current from unusual ions arising from this route.

Table 2. Relative Amounts (f x102 ) of Neutral and Ionlc
Species Predlcted to be Present in Route A.

Case Major Change - M M~ Z 2"
A0 - std. Cond. 7.3 1.2 91.5 -
Al k__=3x10"7 7.3 1.2 6.6 1.1
A2 V7€ 22 2.4 17 - 1.8
A3 Fx2 20 1.1 16 0.88
A4 S/10 36 0.88 23 0.55
a5 S/100 84 0.22 13 0.033
A6 k_ ,/10 44 0.76 4.0 0.69
A7 a= 85 ‘15 0.0 0.0
A8 a=0.5 13 2.3 6.1 1.0

A feature of the calculations employed fdr the
prediction and occurrence of ioﬁ signals is the ability to
modify the source geometry to optimize the overall sigﬁal.
In Case A2, the ion source volume has been reduced by a -
factor of 8 by halving its linear dimensions (2 is halved
also). It is seen that this change increases both f, and
f,. by factors of 3 and 2, respectively. This result is
consistent with previous calculétions by Siegel®’, who
concluded that the conventional CI source is too large for
the optimum detéction of'strongly eleétron-captu#ing
molecules. It is also noted in Case A2 that a smaller
source tends'to weaken the intenéity of unusual ion Z~

relative to that of M~.  The above éffects of volume are
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expected due to the shortened residence time (F/V is 8
times greater) of the analyte in the smaller ion source.

Ion source residence time can also be decreased by
increasing the area of the ion exit slit. In Case A3 the
slit area has been doubled and, so that the manifold
pressure and total gas throughput is unchanged, the ion
source pressure has been halved. This change results in
f,. = 1.1%, about the same as for the standard condition.
However, due to the greater conductance of the ion.exit
slit in Case A3, the ion beam intensity derived from M~
will be about twice that of Case AO0.

Cases A4 and A5 predict the effect of lowering the
electron beam intensity by one and two orders of magnitude,
respectively. Because of the attendant lowering of
electron concentration, these changes cause large increases
in £, and a decrease in f . However, for Case A4, the
decrease in £ is relatively small (from 1.2 to 0.88%),
suggesting that use of the intermediate level of filament
emission current causes little harm to the detection of
strongly responding compounds. Since the response to
weakly responding compounds will be decreased roughly in
proportion to the decrease in filament emission current,
this change to a lower level of emission current in Case A4
is expécted to result in increased deteétion bias for
strongly responding compounds. As is clearly indicated by

the magnitude of £, in Cases A4 and A5, use of lower
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emission currénts tends to decrease the impprtance of
unusual ion Z~ in the mass spectra of strongly responding
compounds . |
In Case A6 the magnitude of k% is decreased to

M

3 x 107® cm® molecules™ sec™ while the magnitude of k, ,

3

is held constant at 3 x 10”7 cm® molecules™? sec™!. It is

seen that even though k., >k the concentration of 7~

Z M/

still does not exceed that of M. Therefore, a general
rule for assignment of Route A to the formation of unusual
ions can be stated, that is, that the intensity of the

suspected unusual ion Z~ can not exceed that of its

-suspected precursor ion, M . Also, it is important to note

in Case A6 that the sensitivity to M via formation of M  is
decreased only by a factor of two relative to Case AO-iﬁ
which ke,M was ten times greater. This observation is an
importaﬁt one; it indicates that under typical conditions

of HPECMS, sensitivity to M is not strongly dependent on

the EC rate constant as long as it is in the 1078 to 1077

3 1

cm® sec ™ range and if the coefficient a is given by a = 0.
In Case A7 the fate of M upon neutralization is to be

converted entirely back to the molecular species (a = 1).

’This possibility applies only to M~ ions high have been

formed by the resonance EC process. It is seen that both
f, and fM; are increased about one order of magnitude by
this mechanism relative to Case A0 in which M~ was

converted to %Z. Case A8 gives predictions for the
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intermediate possibility in which a = 0.5. . One half of the
M~ ions are réstored to M upon'neutralization and the -
remaining half ig converted to Z. As expected, the
'relative prominence of unusual ion Z~ in the mass spectrum~
of M is strongly decreased as the factor, a, is made

larger.

"Route B to Unusual Ions (Table 3)

If thé standard condition, Case A0, is altered by
allowing a positive ion molecule reaction of M to occur

with a rate constant of k+ = 2 x 10'9‘cm3 molecule.s'1

1

sec”™, and to allow neutral X to capture electrons at a

rate of k_ = 3 x 1077 cm® molecules™ sec™?, the

predictions shown in Table 3 for Case Bl will result.
Almost no change in the electron capture spectrum of M is

observablé; £ is still 1.2% and the potential unusual ion

M_
in Route B, X, is more than two orders of magnitude less-
than [M'].

Table 3. Relative Amounts (f xlOz) of Neutral and Ionic
Species Predicted t6 be Present in Route B.

Case Major Change M M~ Z M* X X"
A0 std. Cond. 7.3 1.2 91.5 - - -
Bl k+=2x10'9 7.2 1.2 84 0.00059 0.044 0.0076
B2 % .=2x10"° 85’ 0.0

o.M 98 6.6 0.070 0.52 0.090

The coefficients assigned to the reactions forming M'
and X~ are as large as can be expected for these processes.

Therefore, it is concluded that Route B cannot compete -
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significantly with fast electron capture reactions in the

formation of negative ions. However, if k., 4 is not fast,
14

M
Route B may then in fact generate competitive negative ion
signals. This is shown in Case B2 where the EC rate

=2 x 107° cm®

coefficient for M has been reduced to keM

1 1

molecules™ sec™™, the same mégnitude as K, for the
competing positive ion molecule reaction. Now, as seen‘in
Case B2, the unusual ion, X7, is nearly as abundant as M".
Also, Fy, = 0.09% is only about one order of magnitude
lower than F, reported in Case A0. Of significant
interest is the observation that the abundance of X~ may
actually exceed that of its precursor, M', by a small
amount. This is attributed to the fact that the rate
coefficient for recombination of positive ions with
electrons is about an order of magnitude faster than the

coefficient for negative ion-positive ion recombination,

resulting in a faster loss rate of M'.

Route C to Unusual TIons (Table 4)

Unusual ions observed by this pathway would be
initiated by gas phase reactions of reagent free radicals
with the analyte. Case Cl in Table 4 shows the expected
result if the stanaard condition, A0, is altered to allow a
relatively fast radical reaction. The rate coefficient for
molecule-radical reactions has been set to k., = 1.0 x 10710

3

cm® molecules™ sec™ and the rate coefficient for electron

capture of the corresponding unusual species in Route C is
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k, g = 3.0 x 1077 cm® molecules™! sec™!. It is seen that
even with these optimal choices of rate coefficiénts, that
Route ? is not predicted to be competitive with fast
electron capture reactions; the abundance of MR~ is one
order of magnitude less than tﬁat of M. As in Route B,
however}-Réute C can provide sensitive signals which caﬁ
dominate the spectrum of M if the electron capture rate
coefficient of M is not appreciably large.

Table 4. Relative Amounts (f _x10%) of Neutral and Ionic
Species Predicted t6 be Present in Route C.

Case Major Change M M~ 2 MR MR™
A0 Std. Cond. 7.3 1.2 91.5

c1 kR=1'x10'1°9 : 6.8 1.2 85 0.47 0.081
c2 k- ,~2x107° 49 0.056 4.1 3.4 0.59

In Case C2, k_, has been changed from 3.0 x 10”7 cm®

3 1 -1

molecules™ sec™ to -2 x 107° em® molecules™ sec™l. The
resulting predictions are valueé of f._ = 0.6% and

fy = 0.05%. Therefore, Route C appears té be potentially
important for a:unique class of molecules which react with
radicals extremely'rapidly but attach thermal electrons
with only modest speéd. Species MR, however, must have a

large rate coefficient for electron capture.

- Route D to Unusual Ions (Tablé 5)

In this pathway'to unusual ions a reaction of the
analyte is allowed to occur on the walls of the ion source.

In Case D1 the standard conditions have been altered by
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setting the efficiency coefficient, b, for surface reaction

of M to unity and by setting k,

molecules™! sec™?l.

_ ‘=7 3
w = 3 x 10 cm

The resulting values of f,. = 0.37% and

oo = 0.88% indicate that wall related processes can
compete quite favorably with_fast electroh capture

teéctions. ~The diffusion rate coefficient shows allarge
dependence on preséure.
ion source pressure, as in Case D2 in which it has been
‘halved, the abundance of W~ with respecﬁ to M~ should be

further increased. The results do indeed show this with

fy. = 0.54% and £, = 0.076%. For molécules which do not
haQe appreciably fast electron capture rates, but do
unaergo'wali sensitizétion by Route D, one might expect
very sensitive mass spectral signals of tﬁe_type W . This
can be verified by Case 53 in which the rate coefficient
for electron capture by M has been set to zero. The
abundance of W produced here by favorable‘unté D is_aé
great as that of M~ in Case A0.

Table 5. Relative Amounts (f_x10?) of Neutral and Ionic
' Species Predicted for Route D.

Therefore, by simply reducing the

Case Major Change M M- Z W W-
A0 . std. Cond. 7.3 1.2 91.5 - ‘-
D1 b=1 2.2 0.37 27 5.1 0.88

‘D2 P/2 1.3 0.076 11 9.6 0.54
D3 . k. =0 3.0 - - 7.0 1.2

€M
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EXPERIMENTAL

All mass spectra reported in this study were obtained
on a medium resolution, double focusing mass spectrometer
(VG Analytical, model 70E-HF). Ionization of the reagent
gas was accomplished by the use of 150 eV electrons
generated from either a fungsten or tungsten-rhenium
(97%:3%) filament with typical emission currents of-0.1 to
1.0 mA. Most experiments were conducted with the standard
vendor supplied ion soﬁrce, although in some instances the
electron entrance aperture.and ion exit slité were modified
to control ion source conductance and eléctron and positive
ion densities. Ion sqﬁrce~pressures were measured with a
capécitive manometer (MKS, model 270B) and typically
maintained_ét 0.1 to 0.5 Torr. Gases used in this study
included methane, iso-butane, ammonia, xenon and carbon
dioxide (Matheson, 99.995% purity) as well as nitrogen and
argon which were obtained locally. All gases were'passed
through oxygen, molecular éieve, and water traps (Alltech
Associates) where appropriate. Ion source temperatures‘
were monitored by the use of a thermocouple attached
directly to the ion b}ock. The repeller was'grbunded to
the ion source block in an effort to minimize the

occurrence of any electric fields within the ion volune
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which might affect relative ion populations. Ions were
accelerated into the analyzer region with an energy of 5000
~or 6000 eV. Ton detection was accomplished by the use of
an off-axis stainless steel conversion dynode operated‘at a
potential of +5000 volts and a 19 stage discrete dynode
analog electron multiplier (ETP, model AEM-1200) or,
alternatively, by the use of an on-axis faraday cup. Ion
signals were typically fecorded‘by the use of the
associated interface and data system (VG software, based on
the DEC PDP 11/73 series computer). All ion signals were
amplified by the instruments electrometer which was found
to be linear over its entire range of amplification (0.2 x
10™° to 1.0 x 1074 amps full scale).

The mass scale in negative ion mode was calibrated by
using a mixture of perfluorokerosene (SCM Specialty
Chemicals) and l-chloro-2-bromo-butane (Aldrich), which
provided the low mass reference ions necessary for low mass
calibration when the instrument is scanned exponentially.
Positive identification of the composition of the observed
unusual ions was made by accurate mass measurements at
resolutions of five to ten thousand using the reference
mixture mentioned above for real time mass assignments.

Samples were typically introduced to the mass
spectrometer by a gas chromatograph (Varian, model 3700)
equipped with a capillary column (J&W Scientific, DB-s 30m

x 0.25mm) interfaced directly to the mass spectrometer ion
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source. High purity helium was used as the carrier gas
after having been first passed through oxygen, water and
molecular sieve traps. Typical carrier gas flow rates were

1, adjusted at a temperature of 200°C. Samples

30 cm sec”
were also introduced by the direct probe in those instances
where sample volatility or polarity precluded the uée of
the gas chromatograph.

Some of the primary amines used in this work were
derivatized with trifluorocacetic or pentafluoropropionic
anhydride (Aldrich) by appropriate methodologies3? to give
the reépective mono-derivatized amides. All compounds used
were obtained from commercial sources with the exception of
some of the isomers of aminoanthracene and

aminophenanthrene, which were obtained from Milton Lee,

Department of Chemistry, Brigham Young University.
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APPLICATIONS OF THE MODEIL TO
ELECTRON CAPTURE SPECTRA

Reagent Ton, Radical and Electron Density

Three and possibly all four of the routes to unusual
ions discussed in Figure 1 are thought to be capable of
producing intense negative ion signals. This is possible,
only due to the relatively high concentrations of
electrons, positive iéns, and radicals believed to be
present in the source plasma of the HPECMS. Because of the
importance of this, it is necessary to justify, by
experimental verification, the density of ions within the
source.  This is readily done by biasing the ion focusing
plates with -27 volts to collect all positive ions drifting
out of the ion exit slit. The ion block was maintained at
ground potential and the positively biased side of the
potential source was connected to the instrument’s
electrometer. A positive ion current due to the collection
of all positive ions Passing through the ion exit.slit was
subsequently observed. The measurements were conducted at
source pressures ranging from 0.05 Torr to 0.5 Torr at
various emission currents, electron energies, and
temperatures. As an example, Figure 2 shows a comparison

of experimental vs. calculated ion current at a temperature




46

P =03 Torr

P =01 Torr

Emission Current (mA)

Figure 2. Measurements of total positive i1on current
emerging from the i1on source as a function of filament
emission current. lon source pressure (nethane) 1is 0.1 torr
© and 0.3 torr (X). Temperature is 150°C. The solid lines
shown are the predicted positive i1on currents obtained from

the model.
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of 150°C at 0:1 and 0.3 Torr methane as a function of
emission current at constant eleétron energy of 150 eV.
The continuous lines are the predictions for the positive
ion currents obtained from I' = [P*]F, where [P*] is
calculated from equation 40 of the model and

1 is the calculated flow from the ion exit

F = 243 cm® sec”
slit (in determining D, for the relatively light positive
ions present in a pure methane plasma, it is important to
note the effect pf the reduced mass term in equation 24;
CH;'was considered to be the only positive ion present).

It is clear from Figure 3 that the actual magnitude of the
positive ion current is 'very close to that predicted by the
model. Note that a curvature is predicted for the higher
pressure and also observed experimentally whereas a near
linear relationship between I* and emission current is both
predicted and observed at the lower pressure. The
nonlinear behavior at the higher pressure is expected due
to an increase in the relative importance of second order
.ilon-electron recombination relative to the first order
diffusional loss of ions.

Electron and radical densities are expected to be
coupled to the positive ion density by processes described
in the previous section. It may be assumed that they will
also be as large as predicted by the model. Nevertheless,

to confirm the presence of methane derived free radicals in

the ion source, the HPECMS spectrum of tetracyanoethylene
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(TCNE) and tetracyanoquinodimethane (TCNQ) were obtained

and are provided iIn Figure 3.

McEwen and Rudat have shown that TCNE, TCNQ and a few

G{ /QV (mk ) ;2:::\\ ;N

TCNB TCNQ

other select compounds act as free radical traps so that
their EC spectrum is greatly influenced by prior reactions
with the radicals present, as was shown symbolically in
Route C of Figure 1. Although the spectra in Figure 3
would seem to provide convincing evidence of the presence
of H, CH3 and C3Hs5 radicals in the irradiated methane of
our source. Additional proof was obtained by conducting an
accurate mass experiment which allowed the determination of
the elemental composition of each i1on.

Table 6. Accurate Mass Data for Tetracyanoquinodimethane.
Resoulution Equals 7500.

m/z Composition origin Observed Mass ppm dev.
168 C10HeN3 [M+CH,-C,HN, ] 168.0563 0.6
193 C12H7N3 [M+CH -CN] 193.0637 -1.5
204 M 204.0436 -1.0
205 81245“4 [M+] 205.0511 1.0
207 C13HIN3 [M+2CH -HCN] 207.0798 1.0
221 Cl4H N [M+3CH -H CN] 221.0948 -1.8
223 C14HIN [M+3CH+2H-CN] 223.1109 -0.5
235 C15HIN [M+4CH -H CN] 235.1109 2.1
248 C1=H12N4 [M+4CH3-4H] 248.1063 0.4



103

(M-H-CN)-
117
(M-CH3-CN)-
(M+2H-2CN)’
78
92
u U 1
70 110 150

M/Z

Figure 3. The HPECMS spectra of tetracyanoethylene and
tetracyanoquinodimethane in 0.3 Torr (methane) the and Temperature of 180°C.
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It can be seen from the results in Table 6 that the
composition of each ion from the EC spectrum of TCNQ does
indeed reflect the addition and elimination reactions by
the suspected free radicals in the'source plasma. As an
example, m/z = 193 is shown to have an elemental
composition of C,,H.N,, which considering the nature of the

methane plasma, must originate from [M+CH3-CN]'.

Polvhalogentated Unsaturated Hydrocarbons

Stemmler and Hites® recently reported the HPEC spectra
of 24 hexachloropentadiene derivatives. An observation
made in that study was fhe occurrence of a series of
unusual ions of the type [M+nH-nCl]', of a series of ions
differing by 34 mass units, [+nH-nCl]~, where n = 1 to 4
were observed for most compounds. In the course of this
study, £he EC spectra of some of these compounds were
obtained on the VG 70E-HF mass spectrometer; One of these
measurements for Pentac is shown in Figure 4 and is in good
agreement with that reported by Stemmler and Hites.

No molecular ion of Pentac is observed. Ions due to
[M-C1]~ and [M-2C1l]", mass 435 and 400 respectively, are
present, as well as an ion at mass 235 which is simply the
rupture of the center carbon-carbon bond. These ions are
easily rationalized by dissociative electron capture
processes. Of interest here is the series of ions,

beginning at mass 400 and differing by 34 amu. These ions
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M/Z

Figure 4. The HPECMS spectrum of Pentac. The pressure is
0.3 torr (methane) and the temperature is 180°C.
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present a considerable challenge In attempts at explaining
the basis for their occurrence.

During the course of this study, a second set of
compounds was found to have EC spectra which exhibit a
similar series of mass losses as the pentadiene derivatives
of Stemmier and Hites. The EC spectra of fluoranil and

chloranil are shown iIn Figure 5 where i1t Is seen that ions

0 0
1
F - -F a - ~ w
cl —
H [ |
0 0
Fluoranil Chloranil

of type M-, [M+H-X]" and [M-2X]", where X is either
fluorine or chlorine, are observed for both compounds. In
addition to these 1i1ons, chloranil also shows a species due
to [M+2H-2C1]". Here, as with the examples of TCNQ and the
TFA derivatives of the AA and AP isomers (shown later),
accurate mass analysis have substantiated the elemental
composition of the observed i1ons. The general appearance
of these spectra are not altered by changes in temperature.
The temperature stable EC spectra were also reported for
the eyelopentadiene derivatives6. Since these simple
molecules appear to mimic the unusual features of the more

complex molecules studied by Stemmier and Hites, an attempt
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Figure 5. The HPECMS spectra of fluoranil and chloranil.

The pressure

is 0.3

Torr (methane) and the ion source temperature is 1000C for fluoranil and

180°C for chloranil.
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was made to understand the basis of the EC spectra of
fluoranil and chloranil.

Prior to the development‘of the model, it was believed
that Route A was the likely possibility for the occurrence
of the unusual ions in the spectra of these two compounds.
However, the model developed here clearly indicates that
Route A cannot be the pathway toward generation of these
signals since the precursor ion, that which occurs by a
simple resonance or dissociative eleéctron ¢apture
. proéesges, mus; be larger than any unusual ions, Z~. Both
spectra in Figure 6 are dominated by signals due to
[M+H-X]~ which greatly exceed that due to the M~ ion.
Route B was tested, as described later in greater detail
for the trifluoroacetic anhydride derivatives of the
aminoanthracene and aminophenanthrene isomers, by adding
triethylamine (TEA) to the buffer gas. 1In this case, TEA
had no effect on the observed spectra, ﬁhich was expected.

Route B toward generation of'unusual negative ions is
only feasible when the rate coefficient for electron
capture is of the same magnitude as that for ioﬁ-moleCule
reactions. fluoranil and chloranil are believed to have
very fast EC rate coefficients due to their extremely high

electron affinities?'/43,

Route C is also not expected to
be operative since it was shown by the model. not to be
competitive with fast EC. Also, if Route C were operative,

one might expect to see other gas phase radicals, such as
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CH, and CH,, present in the épectrum, as seen from the
examples of TCNE and TCNQ in Figure 3. This leaves Route D
which has been shown by Cases D1 and D2 to be potentially
competitive with fast EC if a wall reaction does occur with
high efficiency and if the altered neutral species, W,
attaches electrons rapidly.

Convincing evidence of efficient wall reactions by both
fluoranil and chloranil under HPEC conditions has been
obtained by a series of separate experiments. The first of
those is illustrated in Figure 6 where four electron impact
(EI) spectra of fluoranil in the mass range m/z = 150-190
are shown_ Spectrum A was obtained from a recently cleaned
and baked ion source. The predominant ion is the expected
one of m/z = 180 due to the molecular species. Note that
the [M+1]" ion abundance reflects the normal isotopic
distribution of 3C found in fluoranil. Electron impact
spectrum B was obtained ten minutes later undér identical
conditions, but just after the source had been operated
under typical HPEC conditions for .a period of two minutes
and then returned to EI mode. It is seen frqm spectrum B
that a substantial incréase in the intensity of ion m/z =
182 has occurred due to the species [M+2H]Y (confirmed by
accurate mass measurements). In spectrum C, the same
experiment was repeated, this time using a five hour period
of exposureée to irradiated high pressure methane. It is

seen that a further increase in the [M+2H]' ion has
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Figure 6. The electron impact spectra of fluoranil measured () i1mmediately
after cleaning the 1ion source, after subjecting the i1on source to CH4ZHPEC
conditions (@) for 2 minutes and (© for 5 hours, and () after allowing the

ion source to remain gas- and sample-free for 12 hours. The temperature is
150°C.
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occurred. The 1on source was allowed to remain sample and
methane free overnight at a temperature of 150°C. Twelve
hours after the five hour irradiation period, El spectrum D
was obtained in which i1t i1s seen that the [M+2H]+ 1on has
been diminished, but not entirely eliminated.

In the wall sensitized spectra of fluoranil, 1t is
interesting to consider where the two hydrogen atoms add to
the fluoranil molecule. Fluoranil and chloranil are often
used iIn condensed phase reactions to aromatize other
molecules. For example, by adding fluoranil to
tetrahydrofuran, one can generate fluoranol and furan as

shown by

Fluoranil and fluoranol can be readily separated by gas
chromatography. Therefore, the possibility of co-elution
resulting In the increase iIn the [M+2H]+ species 1is
eliminated. A prominent ion in the fluoranol El spectrum
is that which is due to [M-OH]+. There is no evidence of
the occurrence of a [M-OH]+ ion in the ElI spectrum of
fluoranil in Figure 7. This indicates that the wall
induced addition of the hydrogen atoms is not at the site

of the carbonyl oxygens. The two hydrogens may add to
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eliminate a carbon-carbon double bond. This would
facilitate the loss of a HF neutral, thereby providing an
ion in the EC spectrum corresponding to [M+H-X]~.

Identical EI experiments were conducted with chloranil
which provided similar spectra. The results clearly
indicate that a wall reaction tends to hydrogenate
fluoranil and chloranil and that activation by hydrogen
loading of the ion source walls is caused by irradiation of
methane under normal HPEC conditions. These experiments
strongly point to the occurrence of Route D in the
ionization of fluoranil and ch;oranil and also suggest that
the species corresponding to W in Figure 5 for these cases
is [M+2H]. This clue provides additional insight into the
origin of the fragment ions of fluoranil and chloranil
shown in Figure 5. It means that the ions of ﬁhe types
[M+H-X]  and [M-2X]~ are more descriptively written as
[M+2H-HX] ™ and [M+2H-2HX] , respectively.

The suggestion that the two fragment ions just
mentioned come from a single species, [M+2H], finds
additional support in the experiment shown in Figure 7.
The reconstructed single ion chromatograms of a fluoranil
sample introduced by gas chromatography is shown. It is
seen that the chromatographic peak, as indicated by the
near gaussian profile of the M signal, reflects the
expected passage of the sample through the detector. The

other two ions, however, exhibit distorted time profiles
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M/Z = 142 & 162
, M/Z =180

Time (s=0)

Figure 7. The single i1on reconstructed chromatograms in
the HPECMS analysis of fluoranil. Pressure is 0.3 torr
(methane) and the temperature i1s 1000C .
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which tail significantly after the chromatographic peak due
to M" has passed. The neutral, which upon EC provides ions
m/z = 162 and 142, tends to stick'to the wall of the ion
source. Ventilation out of the source is thereby delayed
in time as shown. Since the two ions of m/z = 162 and 142
have the same distorted time profiles, Figure 7 also
suggests that these two ions come from a branched EC
reaction of the same neutral épecies, presumed here to be
[M+2H] . The corresponding experiment has also been
performed with chloranil as shown in Figure é. These
results also show a similar time distortion for the
corresponding [M+2H-HX] ™ and [M+2H-2HX]  in fluoranil, in
this case m/z = 210 and 174. Therefore, these ions are
thought to be formed from the same type of precursor,
[M+2H], as previously seen for fluoranil. Figure 8 also
provides additional significant information; the ion of
m/z = 176 due to [M+2H-2Cl]” has a unique time dependence
and is therefore not formed by EC of [M+2H].

Conclusions concerning the M~, [M+H-X]~, and [M-2X]~
ions in the HPEC mass spectra of fluoranil and chloranil

are summarized by the following sequence
e
M~ (M+2H-HX) ™~ + HX
M —< wall ei (54)
(M+2H) (M-2X)~ + 2HX
As stated in the discussion of Figure 8, the formation of

species [M+2H-2X]  does not originate from the [M+2H]
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th 08
— 06
M/Z= 176
*U 04 zZM/Z = 174 & 210
_ M/Z = 244
Time (s0)

Figure 8. The single ion reconstructed chromatograms in
the HPECMS analysis of chloranil. Pressure i1s 0.3 torr
(methane) and the temperature is 1SOCC.
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neutral. The formation of a [M+4H] neutral is not
supported by experiments shown in Figure 6. Therefore, the
following sequence is thought to occur from the continued
reaction of the wall enhanced route in expression 54

leading to the [M+2H-2C1l]  ion.

p* wall
[M+2H-HCl] ™ ——————> [M+2H-HCl] ———mmm—> [M+3H-C1]
wall
€ [M+2H-2C1]" + HC1 (55)

The first two steps in sequence 55 may occur as a single
step if neutralization and hydrogen addition can occur with
a single interaction of [M+2H~HCl]~ upon recombination with
positive ions or diffusion to the ion source walls.

Returning to the cyclopentadiene derivatives of
Stemmler and Hites, with the insight gained from the
experiments conducted with fluoranil and chloranil, it is
seen from Figure 9 that the same types of explanations can
readily be applied to the EC spectrum of Pentac.

The most intense ion in Figure 9, due to [M-~2Cl]7,
could readily come from the dissociative electron capture
of M, but could also be produced by dissociative electron
capture of species [M+2H], formed by a wall reaction, to
form the ion [M+2H-2HCl] . 1In either case, the same ion of
m/z = 400 (for *°cl - containing ions) is produced. Also
the ions at m/z = 35, 235, and 435 are probably formed by

EC of M as shown in Figure 9. The question remaining is,
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Figure 9. A suggested mechanism for the HPECMS spectrum of
Pentac shown i1f Figure 4.
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how are the ions of m/z = 366, 332, 298, and 264 formed?
One possibility is the following: if neutralization of the
[M-2Cl]™ ion by recombination or by contact with a wall
produces a neutral species which resembles or is equivalent
to octachlorofulvalene (OCF), then the sequence of ionsv
observed from m/z = 264 to 400, differing by 34 amu seen in
Figure 5 might be expected. This is because OCF itself,
produces an HPEC spectrum6 which is in near-perfect accord
with that of Pentac in this mass range.

These ions could be formed from OCF by a repeated
sequence of reactions involving wall activation
(hydrogenation), dissociative electron capture, and then
neutralization as was deduced by experiments for the case
of chloranil discussed above. If so, the total ionization
sequence of Pentac represented in Figure 9 would occur,
produciﬁg the unusual ions of 366, 332, 298, and 264. With
the formation of the final neutral, [M+4H-6Cl], no
unsaturated sites would have two chlorine atoms and either
wall activation or electron capture no longer occurs. The
suggested mechanism in Figure 9 constitutes a combination
of steps shown in Routes A and D of Figure 1. It is seen
that the intensities of the ions forming the sequence from
m/z = 400 to 264 are in reasonable agreement with general
diagnostic predictions developed in theoxry for Route A;
that is the intensity of an unusual ion can be

approximately equal to, but should not exceed, the
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intensity of the precursor ion. While some modifications
of the details of Figure 9 may be necessary as experiments
provide addiﬁional information concerning the four proposed
routes seen in Figure 1 toward unusual ions in HPECMS, the
sequence shown is viable in view of existing evidence. The
evidence is 1) the ionization mechanism demonstrated here
for fluoranil and chloranil provide precedents for the
mechanism and 2) the predictions concerning Routes A and D
in theory indicate that these two processes are
sufficiently fast as to allow all of the steps shown in
Figure 9 to occur during the passage of Pentac through the
ion source.

Pentafluoropropionic (PFP) and Trifluoroacetic (TfA)

Anhydride Derivatives of the Aminoanthracene
(AA) Aminophenanthrene (AP) Isomers

In the trace analysis of environmentally important
compounds it is often necessary to be able to distinguish
‘beﬁween positional isomers. This is especially true when
the position of a substituent is important in the
determination of carcinogenic or physiological activity.
The amines of anthracene and phenanthrene provide a
challenging group of structurally similar isomers for study
due to their mutagenic activity and their presence in the
environment as the result of coal related processes®?. The
isomers of AA and AP can be sensitively detected by HPECMS

if they are first derivatized by reaction with a
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perfluorinated anhydride33. The purpose of this step iIs to

1-AA-TFA A-AP-PFP

increase the propensity of the molecule toward electron
capture by iIncreasing its electron affinity.

Initial efforts in the HPECMS analysis of these
compounds was directed toward the generation of EC spectra
which would provide unequivocally unique i1dentification of
each positional 1somer. The results obtained with the PFP
derivatives which are shown In Figure 10 are those which
would be expected; very sensitive signals due predominantly
to 1ons of the type [M-HF]~. Ilons of the type M and
[M-2HF]~ also contributed to the EC mass spectra. However,
as can be seen from Figure 10, there are iInadequate
differences for absolute differentiation. These three 1ions
are commonly observed iIn the spectra of PFP derivatives of

amines® and are thought to result from a single, branched
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I-AA-PFA 319 9-A A-PFA
39
299
I 33i 299
=- 3 9 7 99 X-
319
2-AA-PFA 9-AP-PFA
29i 339
- [ - [ — — (— —
280 350

M/Z

Figure 10. The HPECMS spectra of the pentafluoropropionic
anhydride derivatives of I-, 2-, 9-aminoanthracene and 9-
aminophenanthrene. The pressure is 0.3 Torr (methane) and

the temperature is 180°C.
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EC reaction leading to both resonance and dissociative
products.

Analysis by HPECMS of the TFA derivatives of AA and AP,
on the other hand, did result in a more complex spectrum
which, as seen In Figure 11, provided useful unique
information for each isomer. The dominating ion in the
spectra of the AP 1isomers is due to an apparent (M-16)~
species which 1s also present to a certain extent iIn the
spectra of the AA isomers. This ion was completely
unexpected as were the i1ons of (M+14)", (M-86)~, and
(M-18)~, although i1t should be noted that the expected ions
M- and [M-HF]~ from the simple EC process are observable Iin
each case. Accurate mass experiments were performed, the
results of which are shown in Table 7, which provided
information as to the identity of the observed unusual
1ons .

The composition of m/z = 273, from Table 7, was
determined to be an oxygen loss from the molecular species.
While precedence exists for some of these i1ons, the 1ion
corresponding to [M-0]~ was particularly difficult to
rationalize. It is believed that this i1on has not been
previously reported in the EC spectrum in which the only
oxygen present occurs as a carbonyl functionality. The
sensitivity of detection allowed by the [M-O]~ ions 1is
about an order of magnitude less than that offered by the

[M-HF]~ of the PFP derivatives shown in Figure 10. This
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200 250 300

Figure 11. The HPECMS spectra of the trifluoroacetic
anhydride derivatives of the isomers of aminoanthracene and
aminophenanthrene. The pressure is 0.3 Torr (nethane) and

the temperature is 180°C.
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level of\sensitivity is, nevertheless, substantial and
suitable for the trace analysis of these compounds. The
stron§ depeﬁdence-of the spectra in Figure 11 on-isémeric.
structure also suggests a potential use of the TFA
.derivatives for their HPECMS isomer-specific analy81s
Table 7. .Aceurate Mass ﬁata of the Unusual Ions 1n.the

Spectra of the Trifluoroacetic Anhydride

Derivatives of the Aminoanthracene and
Amlnophenanthrene Isomers.

m/z Comp051tlon Origin ' Observed Mass ppm dev.

113 C,H,ONF, [M-C . 112.9843 2.8
203 C AN . [u- 031105e ] 203.0706 14

269 CoNr, | (u-mF] 269.0636 -13

271. C,CH.NF, [M-H,0 271.0645 5.5
273 CiH, NF,  [M- Zo1 273.0776 11
289  C,.H, ONF, M 289.0682 . © 3.0
303 CJH,ONF,  [M+CH,] . 303.0852 -4.0

In'atteﬁpting to defipe the origin of the [M-O]' iphs,
the four cahdidate routes to unusual ions in Figure.l‘have
been censidered. Route Afcan‘be'immediately eliminated as
a possibility because in it the unusual ion Z~ must be
accompenied by a precursor ien, M", which is at least as
intense.as Zf. For the AP isomers in Figure .11, the [M-0]"
ion greatly ekceedslfhe intensity'of any ion whiehiceu}d
conceivably be its precursor. The spectrassuggest that
Route C might be operative'to'some qegree whereby EC of
these molecules follow a prior gas phase radical reaction.

As mentioned in the discussion of Route C in the previous

section, in order for competitive sighals to be generated,
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the EC rate coefficient for M™ must be low. This certainly
seems to apply here where the [M+CH,]™ signal is a sizable
percentage of that of M". It is difficult to envision,
however, how the more prominent ions of the type [M-0]~
could be produced by this sequence. Because the positive
ionization of the AA and AP derivatives by CH;'reagent
ions is expected to occur with the usual rate of a fast iop
molecule reaction, Route B seems particularly worthy of
consideration, especially since the EC rate coefficient for
the TFA derivatives is considered to be slow. A recent

4 provides evidence that the site of

report by Morton®
protonation of these derivatives is at the carbonyl oxygen
rather than the nitrogen. Neutralization of the protonated
molecule, followed by electron capture would easily result
in an apparent oxygen loss in the EC spectrum.
Investigations by Grimsrud®® 3%, in the study of the
response of anthracene in the electron capture detector,
have shown that triethylamine (TEA) is an effective reagent
for blocking positive ion-molecule reactions. This is made
possible by creating a thermodynamically stable set of
terminal reagent positive ions which do not react with the
analyte. An additional feature of TEA is that it does.not
disturb the electron density by the formation of reagent
negative ions, therefore alléwing the desired EC reactions

to occur as they would in a pure methane plasma. The

results of this sort of an experiment are shown in Figure
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12 in which the EC spectrum of 9-AP-TFA was obtained with
and without TEA doped into the methane buffer gas by way of
the heated expansion volume accessory on the mass
spectrometer. Spectrum A of Figure 12 shows the very
dominant [M-O]~ ion observed for this derivative together
with ions M~ and [M-HF]  of about an order of magnitude
lower intensity. Spectrum B, with TEA doped into the
source, is quite different; the [M-0] ™ ion is now a minor
ion and those due to [M-HF]~™ and M~ (the expected electron
capture products) are dominant. Also, the total ion
sensitivity to 9-AP-TFA under condition B was about an
order of magnitude less than in condition A. Clearly the
éffect of the TEA in this experiment has been to reduce the
[M-O0]" ion to a small percentage of the total ion current
as compared to standard conditions, whereas the intensity
of ion M™ and [M-HF]~ has not been strongly affected by the
presence of TEA. The corresponding experiment performed on
several of the remaining TFA derivatives also resulted in
strong and selective attenuation of the [M-0]~ ion.

In the examples of fluoranil and chloranil we have seen
that certain unusual negative ions can be traced to a
particular neutral, This was done by comparing the
reconstructed ion chromatograms of the various negative
ions. Different temporal profiles indicated that different
neutrals, which had been adsorbed on the source walls, were

regponsible for the observed negative ions. The same test
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Figure 12. The HPECMS spectra of the trifluoroacetic
anhydride derivative of 9-aminophenanthrene (A under
normal CH4 and (@) with about 5% triethylamine added to the

g%gg?r gas. The pressure i1s 0.3 Torr and the temperature 1is
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for wall adsorbed neutrals as used in the EC of fluoranil
and chloranil may be used here, that is the degree of
overlap of the reconstructed ion chromatograms. The
results of the application of this test to the ion signals
generated from electron impact and positive chemical
ionization, as seen in Figure 13, show that the ion traces
provide excellent overlap. The indication is that all ions
of lower mass are the result of normal fragmentation of the
ion generated from the molecular species. Altered neutrals
which may be retained by the walls are not Precursors of
positive ions observed in these épectra. This is, however,
expected as ions which originate as gas phase fragments of
a parent ion must have the same temporal profile as that
parent ion.

In Figure 14, presenting the corregponding results of
this test as applied under EC conditions, show substantial
retardation in the overlap of the signals arising from the
unusual ions. Although we see differences in the temporal
profile of the ions in the EC spectrum of 3-AP-TFA, it does
not necessarily indicate that a Route D process has
occurred. It simply indicates that some altered neutral,
regardless of its origin, has been absorbed on the surface
of the walls. If two ion traces would provide perfect
overlap, this may indicate that the ions originate from the
same neutral. The [M~0]  ion, which has been shown by

Route B to be the result of positive ion-molecule
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M/Z =192 § 289 M/Z = 2898,290

Time (s=0)

Figure 13. The single i1on reconstructed chromatograms in
the ElI (temperature i1s 200°C) and PCI (methane) spectra of
the trifluoroacetic anhydride derivative of 3-
aminophenanthrene. The PCl pressure is 0.3 Torr and the
temperature is 250°C.
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3-AR-TFA

M/Z= 303 [M*CHO]'

M/ Z=289 M-
M/Z =273 [M-O]-
M/Z =113 [M-CwH

Time (sec)

Figure 14. The single 1on reconstructed chromatograms in
the HPECMS analysis of the trifluoroacetic anhydride
derivative of 3-aminophenanthrene. The pressure is 0.3 Torr
(methane) and the temperature is 250°C.
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reacfions, shows significant retardation by the source
walls as does the (M+14)~ ion, believed to arise through
‘Route C as the result of molecule-radical reactions. In,
these two cases, altered neutrals apparently stick to the
source walls and are later desorbed and capture an
electron.

It has been shown that the kinetic model developed here
provides a valuable guide for the interpretation of
spectra containing unusual and unexpected negative ions.
The remainder of this study will deal with techniques and
experiments which attempt to eliminate the occurrence of

the unusual negative ions in HPECMS.
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THE ELIMINATION OF UNUSUAL IONS IN HPECMS

Ion Source Surface Modifications

The prior discussion of the occurrence of unusual
negative ions in HPECMS revealed that reactions at the ion
source walls may result in the production of altered
neutral species, W. If W is EC active, unusual ions, W ;
will be generated and contribute to the overall spectrum.
As mentioned in Case D of Table 5, this wall-related
process can providé ion signals which are quite competitive
with those generated from fast EC reactions. The
contribution of wall-related reactions was effectively
demonstrated by experiments conducted with fluoranil and
chloranil:

An obvious question to consider with respect to
wall-related ion signals is what effect does the wall
material itself have on the generation of unusual neutrals
and ions? The role of the wall in the reaction may be that
of a catalyst"or an adsorbate which retains the analyte
and/or reactive radical species for a sufficient period of
time to allow a reaction to occur. By changing the surface
characteristics, it may be possible to alter the outcome of

any processes taking place at that surface.
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A modification of the ion source surfaces was
accomplished by depositing a layer of gold on the cleaned
stainless steel surface with a gold sputter coater. All
source parts, which might be exposed to the analyte, were
also coated with gold. The coating chamber was evacuated
to 10 Torr with a vacuum pump and then purged with argon.
This evacuation/purging procedure was repeated two
additional times to ensure that all oxygen was removed from
the chamber. The controls of the sputter coater were
adjusted to 1.2 KeV and argon was introduced into the
chamber to maintain a discharge current of approximately 20
mA. Gold was allowed to deposit for a period of 10
minutes. Calculations indicated the thickness of deéeposited
goid to be approximately 1200 angstroms. A magnifying lens
was used to inspect all coated surfaces. A smooth, evenly
distributed layer of gold had been deposited leaving no
exposed stainless steel. The ion source was reassembled,
installed in the mass spectrometer’s source vacuum chamber
and baked at 300°C overnight.

The series of sgspectra previously shown in Figure 6
indicated that the EI spectrum of fluoranil, obtained after
a stainless steel ion source had been exposed to irradiated
methane, provided evidence of a surface related reaction.
Two hydrogen atoms had been added to fluoranil which was
obgserved in the EI spectrum as an [M+2H]Y ion. The same

experiment was also conducted with the gold coated ion
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source. First, the walls of the ion source were exposed to
irradiated methane under HPEC conditions for a period of
one hour. Spectrum A of Figure 15 provides the EC spectrum
of fluoranil obtained after the one hour irradiation. The
wall-related negative ions, [M+2H-HF]  and [M+2H-2HF]",
which were previously observed from the stainless steel
source, are still prominent in the EC spectrum from the
gold source. The ion source was evacuated and the EI
spectrum of fluoranil was obtained after a period of two
minutes. In spectrum B of Figure 15 we see that the EI
spectrum of fluoranil from the gold source provides
evidence of the same [M+2]" ion previously observed from
the stainless source.

An additional experiment was conducted to determine if
perhaps the gold surface would change the absorption
characteristics of the altered neutral, believed to be
[M+2H]. Figure 16 provides a direct comparison of EC’
spectra and the temporal profiles of the reconstructed ion
chromatograms from the stainless steel and gold sources.
The ions of m/z = 162 and 142 are believed to arise from EC
by the altered neutral, [M+2H], and m/z = 180 is the
molecular ion of fluoranil. We see that nearly identical
results are obtained when both sources are operated under
identical HPEC conditions.

The evidence presented in Figures 15 and 16 clearly

indicates that coating the ion source with gold was not an
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Figure 15. The HPECMS spectrum of fluoranil (A obtained from a gold coated
source exposed to irradiated methane for 1 hour (pressure i1s 0.5 Torr
nl1ethane, temperature is 150°C) and (B) the El spectrum obtained two minutes
ater.
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Figure 16. The HPECMS spectrum of fluoranil from (A) the stainless steel and @B
the gold ion source. In both spectra the pressure is 0.5 torr methane and the

temperature is 150°C.
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effective solution for the elimination of wall related

negative ions.

Buffer Gases Other Than Methane

The objective in this study for using buffer gases
other than methane is to eliminate the occurrence of
unusual ions which are often observed in EC spectra from
methane plasmas. In all the examples presented in prior
discussions, the observed unusual negative ions could be
attributed to reactions involving some species arisipg from
the interaction of the electron beam with methane.
Therefore, a logical solution to these problems was sought
by the use of buffer gases which do not provide these
reactive products when irradiated with electrons.

It is apparent that the hydrocarbon gases in general
will result in large densities of free radicals and
hydrogen atoms. This was confirmed by obtaining the EC
spectra of several of the compounds presented in this study
in iso-butane. The results were comparable to those from
methane. It was also observed that ammonia provided |
reactive products, most notably hydrogen atoms, which
strongly influences the EC spectrum of fluoranil.
Generally, it may be surmised that any buffer gas used to
eliminate unuéual negative ions in HPECMS applications must
be free of hydrogen. - Other considerations of a more

general nature are the requirements that the gas should not
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be a stropg oxidizer (shortens filament lifetimes) and that
it should not form long lived negative ions, thereby
decreasing the overall electron density in the ion source.
These criteria suggest that nitrogen, carbon dioxide, and
the noble gases might be suitable alternatives. Of these,
the EC spectra obtained in carbon dioxide were found to be
the only ones which were free of unusual negative ions.
Also, detection sensitivities obtained in CO, were found to
be suitable for trace analysis. Some of the results in*COZ
are reported below.

Comparison of EC Spectra From Carbon Dioxide
and Methane

Examples From Route D Processes

The EC/CHA spectra of fluoranil and chloranil have been
shown to be dominated by unusual negative ions which occur
from wall related generation of altered neutrals. Since
the reactions resulting in the transformed neutrals have
involved hydrogen atoms, it is expected that the products
of this reaction would be eliminated by the use of CO,.

The EC spectra in Figure 17 provide a comparison of ion
signals of fluoranil and chloranil in CO, and CH,. Spectra
A and B are the EC results of fluoranil in CO, and CH,,
respectively, and spectra C and D are the respective EC
results of chloranil. The visual evidence alone is quite
convincing of the usefulness of CO, in the simplification

of the EC spectra of these two compounds. It is clear
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Figure 17. The HPECMS spectra of fluoranil in (A C02 and (B) CH4f and
chloranil In (©) CO and (@O) CH4. The pressure is 0.5 Torr and the
temperature 1is 150°C.



A-CO

B-CH

Figure 18. The HPECMS spectra of Pentac in (A CO2 and (B) CH . The pressure
is 0.5 Torr and the temperature 1is 150°C.
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that use of CO, as a buffer gas in HPECMS does not result
in production of any negative ions related to wall
transformations of neutrals.

Similar results are observed in the case of Pentac,
shown in Figure 18, where the unusual negative ions
observed from methane are believed to be related, in part,
to a Route D mechanism. The EC/CO2 spectrum provides
negative ions which are readily predictable from
dissociative or resonance EC of the molecule:

In the cases of the halogenated quinones and Pentac,
the sensitivity based on the ions arising from dissociative
and/or resonance electron capture in CO, are equivalent to

or greater than the respective ions in CH,.

Examples From Route C Processes

It has been shown that TCNE and TCNQ are extremely
effective trapping agents for hydrocarbon based gas phase
free radicals. The EC/CHA spectra of TCNE and TCNQ are
nearly totally obscured by radical related reactions as
seen in Figure 19b and -19d. 1In contrast, the EC/CO2
spectra of these compounds, in Figure 19a and 19c¢, show
only the expected dissociative and resonance EC products.
All spectra were recorded under identical conditions of
pressure, temperature, electron energy and beam current,
and sample concentration. No gas phase free radical
reactions with TCNE and TCNQ prior to EC are indicated in

these spectra.
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(M-CN)"
102

Figure 19. The HPECMS spectrum of tetracyanoethylene in (A C02 and (B) CH ,
and tetracyanoquinodimethane in (C) C02 and (@) CH4. The pressure is 0.5 Torr
and the temperature is 150°C.
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Examples from Route B Processes

The TFA derivatives of AA and AP have been demonstrated
to undergo positive ion-molecule reactions followed by
neutralization by either recombination with electrons or
diffusion to the walls. The result of fhe neutralization
was the generation in the EC spectrum of an unusual ion of
[M-0]", a loss which would not normally be expected,
especially from a carbonyl oxygen. Contributions to the
negative ion signal through Route B can only be significant
if EC is slow, thereby makiﬁg positive ion-molecule
reactions competitive. With this in mind, it follows that
for compounds which attach electrons slowly, Route B will
have the potential to remain active irregardless of the gas
used ‘to pressurize the source. The difference will lie in
the product formed as the result of the initial positive
ion-molecule reaction.

A comparison of results of the EC spectra of. the
trifluoroacetic anhydride derivative of 3-aminophenanthrene
N

(3-AP~TFA) obtained in CH,, CO and N(C2H5)3 is

2t Tar
presented in Figure 20. 1In spectrum A, m/z = 273 has been
found to be due to an oxygen loss, initiated by a prior
positive ion-molecule reaction.

The CO, spectrum of .3-AP-TFA, as seen in spectrum B,
provides us with an ion at m/z = 303 which is believed to

have a composition of [M-H+0]  which might be more

descriptively written as [M+CO,-H,CO]". The ion at
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M/Z

Figure 20. The HPECMS spectrum of the trifluoroacetic
anhydride derivative of 3-aminophenanthren in (A CH , ®
CO02, © N2, and (@O N(CLH5)3. The pressure i1s 0.5 Torr and
the temperature i1s 1SOCC.
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m/z = 139 is due in part to the side chain functionality of
3-AP-TFA, and has the probable composition of [NCOZCFBI.
This ion probably originates from fragmention of m/z = 303
by the sequence of M + CO, - C, H,CO. Again, these ions
are‘likely the result of prior positive ion-molecule
reactions involving COZ+, followed by neutralization and
then electron capture.

Spectrum C is the net EC result when using N, as the
buffer gas. Here, the primary reagent positive ion is Ngﬂ
The dominant ion in spectrum C is m/z = 302 which has been
determined by accurate mass measurements to be [M+N-H]~.
.The ions of m/z = 178 and 204 have been found to contain
nitrogen originating from the ion source plasma. These
ions are also thought to originate from prior ion-molecule
reactions of 3-AP-TFA with positive reagent ions. The
final gas used in this comparison was (CJ%)BN, which as
seen in D, provides a spectrum which has the closest
resemblance to the desired EC reaction. The transfer of a
‘préton from the reagent ion to 3-AP-TFA is not expected to
occur as the result of differences in proton affinifies.
It may, however, be reasonable to expect adduct formation
of the type MBH' or MB* where BH and B are the protonated
and non-protonated buffer gas molecule respectively. Upon
neutralization and electron capture it would be conceivable
to generate a species such as [M-H] as obse;ved in

spectrum D.
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The spectra in Figure 20 indicates that CO, does not
eliminate the occurrence of unusual negative ions for this
sét of compounds. Additional;y, Figure 20 effectively
demonstrates that in order to achieve ion signals
representative of only EC for molecules that folloﬁ Route B
processes, it 'may be necessary to eliminate the occurrence
ofupositive ion-molecule reactions.

The discussion and comparison of EC spectra from co,
and methane has indicated that CO, may be well suited as a
buffer gas in HPECMS. The occurrence of unusual negative
ions has generally beeﬁ eliminated by the use of CO,. The
observed sensitivity in CO, has been found to be equal to
or better than the sensitivity "in CH,. A point to consider
ié why CO, is such a good candidate for a buffer gas in
HPECMS? The nex£ section will answer this question through
a discussion of the role of the buffer gas'in HPECMS ion

sources.
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THE ROLE OF THE BUFFER GAS IN HPECMS

Two generai requirements of the buffer gas in HPECMS
have already been briefly mentioned. These are 1) its
inability to form long-lived negative ions which perturb
the electron density in the ion source and‘possibly lead to
negative ion-molecule reactions, and 2) it should not
present a highly oxidative environment which would tend to
shorten filament lifetimes and result in possible side
reactions with the analyte. Assuming that these general
requirements have been met, there are three additional
considerations for selection of a buffer gas in HPECMS.
One of these involves the pfinciple subject of this study;
that is the ability of the gas to minimize the occurrence
of unusual negative ions. The other two considerations
involve more fundamental characteristics of the gas itself

and are discussed below.

Attenuation of the Energy of the Electron Beam

The thermalization of the electron beam may be divided
into four distinct steps characterized by the energy range
over which they occur. These are 1) ionization (= 35 eV),
2) sub-ionization relaxation (1 - 35 eV), 3f sub-excitation

relaxation (0.10 - 1.00 eV), and 4) relaxation of electrons
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having energies below vibrational or rotational thresholds
of the moderator gas (0.00 - 0.10 eV).
The initial step involves energy loss through the

ionization process by

B + e, > Bt + e, + e, (56)

1

where B is the buffer gas molecule, e, is the ionizing
electron (assumed to have an energy of 150 eV), an‘d‘eB is
the electron removed from B in the ionization process. In
high pressure sources it typically requires 30 - 35 eV to
create an ion pair. This quantity of energy, lost from the
ionizing electron, will be divided between the formed ion
pair. The radical cation, B*", will distribute its excess
energy through fragmentation processes and collisions with
the buffer gas and e, will lose its excess energy in one of
the succeeding relaxation steps. The ionizing electron,
ey retains sufficient energy to create an additional

3 - 4 ion pairs.

Ions and electrons generated in the initial step of
electron thermalization contribute to the steady-state
equilibrium as defined by the system dynamics. The
attenuation of electron energy by ionization of the buffer
gas will be expected to proceed with ﬁearly equal rates and
efficiency for most gases used in HPECMS. Differences will
be minor and will reflect the relative electron impact

cross sections of each species, provided that pressures are
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relatively high and‘equinaient for each gas.

The second step, defined here as relaxation of
electrons having subionization energies, involves a series.
of elastic collisions. At this level of the overall
thermalizatien process, differences in the ability of
various buffer'gases to attenuate the eiectron‘energy will
become apparent. The aifferences will be characterized by
the ability of-the gas to absorb energy in the range of 1 -
to 35 eV. The rate of energy transfer from the electron to
the buffer gas during an elastic collision.would provide
valuable insight for the selection of appropfiate buffer
gases for use in HPECMS ion sources. Perhaps as important
would be knowledge of the relative tlme constants for
electron energy exchange at a glven pressure. ‘The time
‘constants may be cpmpared directly with the time constants
in Table 1 for the various processes which are expected to
occur in a well therma;ized ion source.

Warman and Sauer3’ have proviaed calculations of
thermalization times, o,,. These times have been
deternined over the energy range of the electrons,
beginning at the time following ionization and ending at
the time where reactions of the eléctrons may proceed by "
attachment or recombinatién at their thermalized rates.
’Values for thermalization times at i Torr are listed in

Table 8 and were obtained by the relationship

G

o = 2:303(k_ x N )'[1l+log(p p, "t - 1)] (57)
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where k is the energy exchange rate coefficient, N is the
concentration of the buffer gas, “b”ufl is the ratio of
thé enefgy of the electron just following iénization to the
energy at approximately 10% of the ﬁean energy of the
medium. Warman and Sauer base the magnitude of this ratio
on experimental observations. It was found to have an
approximate value of 25.

" The energy exchange rate coefficients for CO, and NH,
are an order of magnitude greater than those observed for
CH,. This suggests that CO, and NH, may be exceptionally
efficient as attenuators of electron energy. The
corresponding rates of the monatomic gases are quite slow.
The time constants for thermalization by these simple)gases
suggest that the mean energy of the electrons in the ion
source may be far from thermal. Therefore, less than
optimum conditions will be provided by the monatomic gases
for efficient electron capture.

Overall rate coefficients for electron attachments are
typically dependent upon electron energy39, particularly in
the region close to thermal energies. The electron capture
cross sections of most molecules possessing positive
electron affinities substantialiy increases with decreasing
electron energies. This enables an apparent faster rate of
attachment with subsequent increases in signal intensities.
A potential problem in the EC process arises when the time

for energy relaxation of the electrons becomes comparable
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to the time required for electron capture. Aﬁ interesting
series of experiments conducted by Warman and Sauer37'using
cci, (kemx14 =3 x 1Q'7 cm® sec™!) ‘as an energy pfobe in
argon, a gés whicﬁ was'determined to have a slow energy

exchahge coefficient (kp = 1.3 x 10713 cm? sec'”,

IA-r

confirmed that signal intensities improved considerably as
one changes to a fast electron energy exchange gas..
Table 8. &Energy Exchange Coefficients, Thermalization

Times, and Collision Efficiencies of
Selected Gases.

Gas | _E;ar cm® sec”?! _C,..2 sec Torr !  gP
Ar 1.3 x 10713 1.3 x 1073 77
Ne 2.5 x 10713 6.7 x 1074 . 100
He 6.4 x 10712 2.6 x 107> 150
N2 2.2 x 10712 7.6 x 10°€ 70
CH, 8.6 x 10710 2.0 x 1077 40
co, 5.8 x 107° 2.9 x 107 18
NH, 5.9 x 107° 2.8 x 1078 -

2 Warman and Sauer>’
b aAhmad and Dunbar??

The third step in the relaxation process occurs for
electrons haviﬂg energies between thermal conditioﬁé énd-a
few tenths of an eV; a region which provides di#ect
vibratiqnal and rotational excitation of the buffer gas
ﬁolecule; _Christqphorou;‘et.al.,39'hasrshown by
calculations tﬂat the time required to thermaiizé an
electron is constant for electrons having initial energies
of 0.2 to 1.2 eV. The thermalization rate, howéver,

increases rapidly as the energy of the electron approaches
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the vibrational excitation threshold of the moderating gas.
The vibration excitation threshold of CO, and CH, are 0.085
eV and 0.162 eV respectively. It is expected that those
moderators having the lowest thresholds would be more
effective at providing a large population of electrons of
thermal energies, assuming that vibrational excitation of
the moderator is the final mode of energy loss from the
electron.

At energies between thermal and 1.0 eV, the mobility of
the electron in the particular buffer gas should be
considered with respect to capture by the analyte. Highly
mobile electrons would tend to be lesg‘amenable to capture
than those of lower mobility. Calculations have been

%° who has considered the mobility

provided by Christophorou
of electrons in various gases at-l Toxrr. Of significance
here is that the mobility, ﬁ, in Co, remains relatively
constant and low (0.5 to 0.8) over the energy range of .04
to 1.0 eV. This is contrary to the mobilities of the
electron in various hydrocarbon gases, includipg‘methane
which ranged from u = 8 at 0.04 eV, to u = 20 at 0.14 eV
(very near the vibrational excitation threshold of CH,),
and falling to a value of about u = 4 at 1.0 eV. The
mobility of the electron at thermal energies is over an.
order of magnitude lower in CO, than methane, sugéesting a

.possible enhancement of the electron capture process when

using CO, as the buffer gas. An important point to
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consider is the correlation between the electron mobility
and the ambipolar diffusion coefficient, D;. A decrease in
the mobility of the electron must result in a decrease in
the rate at which ions and electrons migrate to the walls
of the ion source. The number of ions lost by wall-related
neutralization will be decreased, thereby providing the
potential for increased detection of negative ions related
to the analyte.

‘The final step’whiéh may be of importance with some
buffer gases is their ability to capture electrons into
very short-lived states which rapidly undergo
autodetachment. The attachment-autodetachment will not
affect the electron density, provided the intermediate
negative ion has a sufficiently short lifetime (< 1077
seconds). This process may, however, contribute
substantially to electron energy thermalization by
"indirect" vibrational excitation of the buffer gas.
Indirect vibrational excitation can occur by the formation
of intermediate compound-negative ion resonance states.
Electrons that autodetach from these resonance states will
have energies considerably lower than electrons which had
induced direct vibrational excitation. The ultimate rate
and degree of thermalization may not be determined by the
actual vibrational excitation threshold of the buffer gas,
but'rathér on the ability of the buffer gas to form these

compound-negative ion resonance states. Although not all
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gases used to thermalize electrons would be expected to
provide this mode of energy relaxation, there is evidence
available which supportg this process in the case of COZMK

Christophorou®®

notes that such processes would possibly
occur with very high crossections, providing an extremely
efficient mechanism in electron energy attenuation.

Collisional Stabilization Efficiency
of the Negative Ion

In addition to the efficiency of thermalization,
careful consideration must be given to the ability of the
buffer gas to stabilize the initially formed molecular
negative ion through collisional quenching. Ahmed and
Dunbar! have recently discussed this subject and provided
information as to the relative efficiency of various gases
as gquenching media. Their experiments involved the
formation of bromobenzene positive ions in an ion cyclotron
resonance cell by two-photon dissociation in the presence
of a specific pressure of quenching gas. By monitoring a
predetermined energy loss with respect to time at a known
orbiting velocity, they were able to determine the absolute
number of collisions required to provide the necessary
guenching. The results of their experiments are provided
in Table 8 for the gases of interest in this study. The
value, Z, is the absolute number of collisions required to
reduce an ion’s energy from 2.48 eV to 0.35 eV. Although

the absolute values will vary considerably under different
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operating conditions, the important point is that relative
values when comparing one gas to another should remain
constant under identical conditions,

Experiments Involving Potential HPECMS
' Buffer Gases

Gregor and Guilhaus?? have evaluated the use of various
gases in terms of their abilities to provide maximum EC
signals. Their investigations utilized anthragquinone and
bis (N, N-~diethyldithiocarbamato) -nickel (II) as electron
capturing agents, both of which provide about 98% of the
analytical signal as M in well therﬁalized systems. The
results indicated that for these two probes the optimum
signal was obtained by the use of CO, as the moderator.

The other gases considered followed the general series of

He < Ne = N, < CH, = Ar = Kr < Xe < i—C4H10 < CO

2 4 2

A study of electron attachment to NO, has been conducted by
Christodoulides et.al,>® in'a series of charge exchange
gases. Although the EC rate coefficient for NO, is not
exceptionally fast, the relative signal intensities may
still provide a useful guide to the use of these gases
under EC conditions. The observed ion intensity in the

gases considered in their study follow the order of
He < Xe < Kr < Ne < Ar < N,

The work of Christodoulides and Gregor coﬁcerning the




102 ,
relative utility of various buffer gases for providing
intense EC ion signalé provides useful experimental
evidence concerning the overall processes.of electron
energy attenuation and collisional quenching of the
negative ion. To complement the data, similar experiments
were performed which involved selected compounds and buffer
gases. Seven compounds were chosen which were anticipated
to have relatively fast EC rate coefficients and large
positive electron affinities. The eighth compound,
azulene, was chosen because it is known to be sensitive to
temperature variations of the ion source through thermal
autodetachment of the electron as thermal conditions are
altered?®. The temperature of the ion source and pressure
of the buffer gas were carefully adjusted to 130°C and
0.450 Torr respectively. Each compound listed in Table 9
was introduced to the ion source by the gas chromatograph
at a concentration of 10 ng per component. Relative signal
intensities of each component in the individual buffer
gases were reported by measuring the total ion current of
the chromatographic profile.

An interesting observation of the data in Table 9 is
that for every compound, the relative signal intensity is
larger in argon than helium. This might suggest, based on
the information in Table 8, that the efficiency of
collisional stabilization may be a more important parameter

for consideration of optimization of signal intensities
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‘than that of electron energy exchange rétes; The general
trend in the data is for increased signal intensities'when
going from poor electron energy exchange and collision
stabilization gases to good energy exchange and collision
stabilization géses (z is not known for NH3). The two
exceptions are nitrobenzene and p-bromOjnitrobenzene. Here
" the EC signals are less than those obﬁained in methane but
still substantially larger than. any other non-hydrogen
éontaining gas.. These two exceptions certainly do not
warrent the exclusion of co; in HPEC.

Table 9. Cémparlson of Relative HPECMS Signal Intensities
' with the use of Different Electron Energy
Moderatlng Gases. Temperature is 130°C, Pressure

is 0.45 Torr, and the Concentration of Each
Component is 10 ng. ]

Compound? XE He - Ar N, _NH,_ CH _CO

by Lo
’4

Fluoranil .0004 .011 .039 .120 .540 .903°'1.000
m-CF,-NO ,benzene .0013 .007 .026 .037 .346 .854 1.000
p-F- NOz-ﬁenzene .0012 .005 .017 .035 .605 .984 1.000
NO_-Benzene .0006 .005 .011 .026 .852 1.000 .852
m—%l —-NO,-Benzene .0010 .009 .071 .037 .492 .926 1.000
~p-Br-NO,-Benzene .0003 .007 .050 .038 .535 1.000 .820
p- (NO,) ,-Benzene - .012 .041 .019 .302 .516 1.000
Azulene .0002 .0014 .004 .004 1.000 .913 .001

2 The electron affinities (eV) of each.compound are as
follows in order of their appearance in the table: 2.27%,
1.34, 1.05, 0.96 , 1.19, -- , 1.89, 0.75.

Value based on m/z=180; including the unusual ions, the
value is 2.021. :

The remaining case of azulene is somewhat of a mystery.
Azulene follows the same general trend of increasing

sengitivity as we go from slow electron energy exchange and
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collision stabilization gases to fast energy exchange and
collisional stabilization gases, until we come to co,.
Here it is only a marginally responding compound. The
signal intensities observed in CH, and NH, suggest that the
rate coefficient for EC is certainly adequate for
detection, and that conditions of thermalization and
collisional stabilization would also seem to be adequate.
From these considerations, azulene should provide an EC
signal in CO, at least equivalent to those observed in CH,
and NH, and yet it does not; the signal resembles those of
the other charge exchange gases. The experimental data at
hand does not provide sufficient clues for the solution to
this unexpected result. A couple of points, however,
should be elaborated upon.

First, for whatever significance, all gases in which
azulene gave poor signals are typically used as charge
exchange gases in positive chemical ionization ion sources.
Second, the relative quenching efficiency, %, was
determined specifically for the bromobenzene positive ion.
Generally, positive ions are more stable than the
corresponding negative ion. It may be reasonable to expect
collisional stabilization efficiencies to be somewhat
different for negative ions than positive ions. Also,
individual negative ions may show a preference for
increased stability in one gas over another. Therefore,

the poor sensitivity for azulene in CO, may be due to poor
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thermalization of this negative ion in co,.

Additional Experiments Using Carbon Dioxide

It has been shown that irradiation of methane by the
electron beam has resulted in the generation of a variety
of reactive products. These reactive species from the
methane plasma have been observed in the EC spectra of
several compounds presented in this study. The irradiation
of CO, by electrons is expected to yield several neutfal
and ionic species, yet it has been shown that EC/CO2
spectra are generally free of species originating from the
CO, plasma. To understand why the products of irradiated
CO, are not seen in subsequent EC spectra, it is necessary
to provide a brief discussion of the various reactions
which lead to a steady-state condition in the CO,/HPECMS
ion source.

Meisels et al.?® have described the interaction of the
ionizing electron with CO, at pressures used in CI sources
in addition to the normal fragment formation as the result
of ionization by high energy electrons. Expected ﬁroducts

of low pressure EI ionization are

co, + e > coz+ + 2e (58)

> cot + o0 (59a)
co.*

2 > co- + of (59b)




106

Reactions at CI pressures would include

Co, + e ——> CO* + 0 +e (60)

Co, +e ——> CO + 0 + e (61)

o} +~e —_— 07 (62)

co,** + Co, ———>  (CO,),*" | - (63)

Qxygen’atoﬁs and O" ions, CO molecules CO' ions, and co,*
 dimers are all possible. The oxygen atoms are expected to

be extremely reactive and would, therefore, be rapidly lost

by
0+ co, ——> co, . (64)
O+e ———> 0O , (65)
0+0 —> 0, 4 - (66)

Although reactién 66 could certainly occur, the abundance
of oxygen-atomé in ﬁhe‘gas phase ‘is éxpécted té be quite
low, thereby reducing the significance of 0, formétion.
Support for this is provided by observations‘of the
negative ion‘background of CO, which is void of 0O, .
 Present in a small amount is.O'_which is shown to occur by
reaction 65, ;nd CO{'which may occur'bf the EC of CO, -
produced in reaction 64.' It is anticipated that the
majority of fhe,oxygen atoms fofmed in the plasma will.be
found as CO; and CO3' species and therefo?e will not be
available for reactions with analytes which exist in.

4

.concentrations orders of magnitude less than‘Coz. Although
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CO,” is present as a reagent ion in the.CO2 plasma,
calculations have shown that it contributes to
approximately 2 - 5% of the total negative species in the
steady-state system. This density of reagent negative ions
is not expected to provide competitive signals from
negative-ion molecule reactions with strongly responding EC
compounds. The only perturbation expected would be in
quantitative curves at higher analyte concentrations where
electron densities would be depleted at a somewhat faster
rate causing a loss of linearity. This is not considered
to be a problem for trace analysis.

It has been previously shown that fluoranil is altered
at the ion source walls by a reaction involving two
hydrogen atoms. These hydrogen atoms, which originate from
a hydrocarbon plasma, were apparent in the EI spectrum of
fluoranil as é [M+2H]" ion. The EC spectrum of fluoranil
provided negative ions which are believed to be due to the
wall-altered neutral. - An experiment is reported here which
evaluates the effects of irradiated CO, on the EI and EC
spectra of fluoranil after the‘ion source had been exposed
to irradiated CH,. Spectrum A of Figure 21 sﬁows the EC
spectrum of fluoranil obtained after the source walls had
been exposed to irradiated methane for a period of 1 hour.
The unusual ions of m/z = 162 and 142 contribute a
subgstantial amount to the total ion current. To show the

lingering effects of methane irradiation, the electron
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Figure 21. The HPECMS spectrum of fluoranil after (A) the i1on source had
been i1rradiated with CH for 1 hour under HPEC conditions, (B) the EIl
spectrum two minutes later, () the HPECMS spectrum after 1 hour irradiation
of CO2, (O the ElI spectrum immediately after the C02 exposure, and (E) the
El spectrum of fluoranil after the ion source had been exposed to non-
irradiated CH4 for 1 hour. The pressure for HPECMS is 0.5 Torr and the
temperature is 150°C.

80T
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impact spectrum was obtained which, as seen in spectrum B,
provided comparable results to the same experiment
previously conducted; that is, thére is a substantial
elevation of the [M+2]" signal due to the attachment of 2
hydrogen atoms to the fluoranil neutral.

Previous experiments, the results of which were
presented in Figure 6, have shown that the [M+2H]' ion
persists in the EI spectrum of fluoranil for as long as
twelve hours. During that 12 hour time period the source
was free of sample and buffer gas. Here, rather than
remaining gas free, the ion source was exposed to
irradiated CO,. This exposure was conducted for a period
of 1 hoqr under the same EC conditions which preceded
spectrum A of Figure 21. Spectrum C shows the EC/CO2
results of fluoranil after the 1 hour CO, irradiation. It
is totally void of any of the unusual ions associated with
CH, and provides only the expected EC response. A
continuation of this experiment provides the EI spectrum of
fluoranil obtained immediately following the co,
irradiation. It is seen in spectrum D that there are no
lingering effects of the prior use of CH, or CO,.

To confirm that the wall contamination arises from
products’generated by the interaction of the e-beam with
methane, the ion source was exposed to 0.5 Torr of non-
irradiated methane for a period of 1 hour. The EI spectrum

of fluoranil was then obtained, and as seen from spectrum E
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of Figure 21, there is no indication of the prior presence
of methane. lThis result confirms that the source wall
effects observed in the spectra of fluoranil and chloranil

are indeed due to products of irradiated methane.

An interesting question arises with regard to the time
required for removal of all effects of irradiated CH, from
the source walls by exposure to irradiated CO,. The
combined data presented in Figures 22 and 23 represent a
series of experiments which begins wifh exposing the ion
source walls to irradiated CH, at 0.5 Torr for a period of
1l hour. After the one hour time period the system was
switched to CO, at the same pressure and e-beam intensity
used with CH,. Spectrum A of Figure 22 provides the
observed EC spectrum of fluoranil as obtained after the 1
hour CH4 exposure (labeled as time 0). The three
succeeding spectra, B, C, and D, provide the EC results
obtained as a function of total exposure time of irradiated
Co,; 0.5, 1.25, and 2.75 minutes, respectively. As
observed in this series of spectra, there is a substantial
decrease in the occurrence of the wall related ions in a
relatively short period of Co, irradiation. |

A more significant representation of this "cleansing"
effect of CO, is the plot of the background ion current as
seen in Figure 23. The background negative ion signal was
measured as a function of time when switching from 0.5 Torr

CH4 to 0.5 Torr CO2 under identical electron currents and
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Figure 22. The HPECMS spectrum of fluoranil () iIn methane after the ion
source had been irradiated for 1 hour, and the HPECMS spectra of fluoranil in
CO02 B 0.5 minute, (© 1.25 minutes, and (@O) 2.75 minutes after the methane
exposure. The pressure is 0.5 Torr and the temperature is 150°C.
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Figure 23. The normalized signals of the HPECMS negative ions background
(solid line), m/z = 180 from the EC spectra of fluoranil (dashes) and the sum
of the 1ion currents of m/z = 162 and 142 (dots). The data represents the
observed signals when switching from CH4 buffer gas (time 0 to CO (time O-
18 minutes) . The pressure is 0.5 Torr and the temperature is 150°C.
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energies. As seen from the solid line, the background
increases rapidly at time zero when Co, is imitially
introduced, to a value of nearly an order of magnitude
larger than experienced with CH,. It then falls over a
period of 18 minutes at a near exponential rate to a
level which is an order of magnitude less than the initial
CH, background. The spectrum obtained of the background at
maximum intensity as scanned over the mass range of
70 - 250 amu is provided in Figure 24. The background
spectrum is indicative of a hydrocarbon homologous series
differing by 14 mass units. Presumably these negative ions
occur by some interaction of the CO, plasma with products
contained on the source walls from irradiated methane,
followed by electron attachment.

Presented with the background data in Figure 23 is the
ion current of m/z = 180 (dashes) and the combined ion
currents of the unusual ions, m/z = 162 and 142 (dots).
These plots were obtained from the total GC peak profile of
fluoranil as a function of time of exposure of the walls to
irradiated CO,. This data set is more revealing as to the
true relationship of the relative ion signals of the EC
spectra seen in Figure 22. Rather than remaining constant,
the signal due to m/z = 180 follows the same pattern
exhibited by the background negative ions. We see a
substantial increase in the observed intensity for the

molecular ion of fluoranil with sustained exposure to co,.
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Figure 24. The HPECMS spectrum taken from the apex of the background signal
in Figure 23.

147"
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This is followed by an apparent exponential decay of ion
signal. The initial increase occurs with a concurrent
decrease in intensity from the wall activated ions,
m/z= 162 and 142.

There is insufficient experimental data to explain the
increase in M intensity for fluoranil, howevetr, the model
of the HPECMS dynamics provides a guide for evaluating
possible causes of this result. The intensity of the
m/z = 180 ion is essentially the same in CH, and Co, as
seen from time 0 and the extrapolated time of 25 minutes
from Figure 23 (the actual value at 25 minutes was measured
and found to be the same as the wvalue at time 0). This
suggests that the amount of neutral, M, available to form
M~ is the same in both gases in a well equilibrated ion
source. The large increase in M ion signal when switching
from CH4 to CO2 can be due to only two possibilities; an
increase in the amount of available neutral, M, or a
decrease in the loss of M~ by neutralization processes.

The model, shown in Figure 1, provides two possible
routes for increased availability of the neutral analyte in
the case of fluoranil. First, we know that fluoranil forms
unusual negative ions through wall assisted transformation
of the neutral fluoranil moleéule. It may be reasonable to
expect that during the change-over period from CH, to CO,,
those wall related processes which form neutrals,_W, may be

perturbed. This in turn may lead to increased availability
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of M, thereby providing greater M~ ion signals. Second, we
have seen that Route A provides an increase in M~ signals
through a recycling process of M to M through
neutralization processes. Perhaps a disturbance in wall
related processes as the result of a "cleansing" effect by
CO, could initiate this recycling event. It seems
unlikely, however, that an order of magnitude increase in
signal strength could be brought about by one of these
processes for increasing the amount of available neutral.
This is because the typical HPECMS ion source is dominated
by loss mechanisms such as recombination and neutralization
at the source walls.

The probable cause for such a large increase in M~ ion
intensity is a perturbation in the rate of loss of M. It
has been shown that negative ion-positive ion recombination
is a major mechanism of loss of negative ions. A change in
the apparent recombination loss rate of M would certainly
provide increased signal strengths. 1In Figure 23, it was
shown that there was a significant increase in the negative
ion background. These background negative ions will
undergo recombination with positive ions with the same fast
rate coefficient as the negative ions which~originaté from
M. The loss of background negative ions through
recombination with positive ions will result in a decrease
in positive ion density. This loss of positive ions, if

significant, would provide a decrease in the loss of M~
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through the process of recombination. - The overall result
is an increase in the amount of available M for detection.

The discussion presented in the-preceding two |
paragraphs may nbt provide a definitive explanation for the
observed increase in fluoranil signal during the change-
over period from CH4 to COZ. It does, however, prdvide a
basis for future experiments. It is interesting to
speculate whether the addition of some compound to the
buffer gas, which results in the production of a stable set
of nonreactive negative ions, would be an effective
technique for providing increased levels of analytical
signal. An order of magnitude increase in detection of
negative ions related to the analyte would certainly

enhance the use of HPECMS in many applications.
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SUMMARY

A series of electron capture spectra have beén presented
which contained unusual negative ions. The negative ions in
these spectra, which do not arise from the princple electron
capture process, have not been adequately explained in the
literature. Explanations for these spectra have been
provided here. Additionally, techniques for the elimination
or control of secondary processes which lead to unexpected
negative ions have béen described. This has been for the
purpose of providing simple spectra which reflect the
principle electron capture process.

Four different pathways to the formation of unusual
negative ionis in a high pressure electron capture mass
spectrometer ion source have been examined. These routes
have been incorporated into a kinetic model which provides
a qualitative and quantitative description of the ion
source dynamics. Two of these routes for the formation 6f
unusual negative ions have been proposed heré for the first
time.

Route A has been shown in the model, presented in
Figure 1, to be a potential mechanism for production of
unusual negative ions as the result of negative ion-

positive ion recombination followed by an EC reaction of
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the recombination product. Although no examples were
presented which explicitly follow Route A, it has been
suggested that the spectrum of Pentac is, in part, due to
recombination reactions.

Route B involves the formation of unusual negétive ions
by way of recombination of positive ions with electrons
with subsequent electron capture by the recombination
generated neutral. Negative ions produced by Route B will
provide competitive signals in EC spectra only if the .EC
rate coefficient of the analyte is slow. The contribution
of signals by this route has been effectively demonstrated
in the EC speétra of the trifluoroacetic anhydride
" derivatives of the isomeré of -aminoanthracene and
aminophenanthrené.

The importance of radical-molecule reactions prior to
electron capture is emphasized by Route C. Here, gas phase
radicals, generated by the interaction of the electron beam
with the buffer gas react with the analyte to form altered
neutrals. Electron capture by the altered analyte may
result in the formation of an even electron negative ion if
a radical additionvhad occurred. An even electron negative
ion would be expected to show increased stability'over odd
electron molecular negative ions. The EC spectra of
tetracyanoethylene and tetracyanoquinodimethane have been
shown to be dominated by negative ions which have

originated from prior reactions of these molecules with gas
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phase free radicals.

The final pathway in the kinetic model for the
generation of unusual ions involves the formation éf,én
altgred neutral through a wall activated transformation of
the analyte. Route D has the potential to produce very
intense negative ions even though the EC rate coefficient
of the parent molecule is very fast. The EC spectrum of
fluoranil, chloranil, and Pentac are shown to be greatly
affected by tﬁis mechanism.

The occurrence of unusual and unexpected negative ions
in HPECMS has been shown to complicate the normal EC
spectrum as they do not reflect the direct dissociative or
resonance elecﬁron capture by the analyte. Generally,
these complications are undesirable. However, the presence
of unusual negative ions can also be beneficial. It has
been shown that negative ions, produced by the routes shown
in the model, are directly responsible for isomer-
dependent EC spectra. The presence of unusual negative
ions may, therefore, provide extremely valuable information
in selected analytical applications. The model developed
here may serve as a useful guide in the development of new
analytical techniques in HPECMS which utilize the more
sengitive routes toward negative ion production.

The second portion of this study has dealt with the
dévelopment of techniques which may be used to eliminate or

control the occurrence of unusual negative ions. The




121
modification of the ion source walls by coating with a
layer of gold was found to provide no change in the
observed EC spectrum of fluoranil. Additionally, the
absorption of - -altered neutral speciés on the source walls
was unchanged with surface modifications as demonstrated by
the temporal profiles of reconstructed ion chromatograms.

Some of the EC spectra presented in this study indicate
that many of the observed unusual negative ions are the
result of using méethane as the buffer gas. It was shown
that the use of non-hydrocarbon buffgr gases resulted in EC
spectra which were generally free of unexpected negative
ions. Although the spectra were simplified, the
sensitivities obtained in helium, argon, and nitrogen were
generallf inadequate for trace-analysié. Carbon dioxide,
when used as the buffer gas, was found to provide simple
spectra; demonstrated by a series of figures comparing EC
results obtained carbon dioxide and methane. Additionally,
ion intensities obtained from carbon dioxide were found to
be greater than oxr equivalent to those observed from
methane.

A discussion of the characteristics desireable in a
buffer gas revealed that carbon dioxide might be uniquely
suited for use in HPECMS. The ability of carbon dioxide to
form short lived negative ion-molecule resonance states
érovides an added mode of electron energy attenuation which

is not available to most buffer gases used in HPECMS. The
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relative rate of collisional stabilization of ion energy,
for a given ion, was found to proceed with exceptional
efficiency in carbon dioxide. Support for the combined
efficiencies of electron thermalization and collisional
stabilization of carbon dioxide was found here in the
relative ﬁC sensitivities of wvarious compounds‘in this’

buffer gas.
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