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Abstract:

Atmospheric Pressure lonization Mass Spectrometry (APIMS) is an established method for ultra-trace
chemical analysis. However it is infrequently applied to fundamental study of gas phase ion chemistry.
This is attributable to sampling errors which preclude the accurate observation of relative ion
abundances within the ion source. The objective of this thesis is characterization of sampling errors to
permit application of APIMS to the fundamental study of several chemical systems. Three sampling
errors are examined: 1) Perturbations encountered in sampling cluster ions, 2) mass and ion-type
discrimination effects, and 3) aperture contact potentials. The former two errors are caused by
dynamics occurring within a free jet expansion that accompanies non-effusive sampling of ion source
contents into a mass spectrometer vacuum chamber. Both can grossly perturb relative ion currents.
Contact potentials, when present, significantly diminish absolute mass spectral ion currents. The
chemical systems of study include 1) two-channel dissociative electron capture reactions, 2)
ion-molecule clustering reactions, and 3) cluster assisted decomposition reactions. It is demonstrated
that following quantitative evaluation of APIMS sampling mass bias, observed mass spectral ion
currents can be corrected to obtain accurate ion source relative ion abundances. This protocol has
revealed the important influence pressure exhibits for influencing observed relative product ratios of
two-channel dissociative electron capture reactions. From this study it is deduced that excited electron
capture intermediates have lifetimes against dissociation which allow for internal energy modification
through collisions with buffer gas, resulting in alteration of the favored channel of dissociation.
Regardless of ion source sampling conditions, it is shown that useful ion molecule relative clustering
propensities are available from APIMS from which qualitative fundamental information can be
obtained. This is demonstrated for isomer dependent clustering between nitroaromatic molecular
anions and dimethylsulfoxide. APIMS has allowed observation of previously unreported halide and
dihalide hydrate cluster ions generated in the APIMS free jet expansion, for which preferred stabilities
are noted. Investigations of new cluster assisted decomposition reactions for some perfluprinated
molecular anions explain the occurrence of unexpected ions encountered during perfluorocarbon
analysis by thermospray mass spectrometry.
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ABSTRACT

Atmospheric Pressure Ionization Mass Spectrometry (APIMS)
is an established method for ultra-trace chemical analysis.
However it is infrequently applied to fundamental study of gas
phase ion chemistry. This is attributable to sampling errors
which preclude the accurate observation of relative ion
abundances within the ion source. The objective of this
thesis is characterization of sampling errors to permit
application of APIMS to the fundamental study of several
chemical systems. Three sampling errors are examined: 1)
Perturbations encountered in sampling cluster ions, 2) mass
and ion-type discrimination effects, and 3) aperture contact
potentials. The former two errors are caused by dynamics
occurring within a free jet expansion that accompanies non-
effusive sampling of ion source contents into a mass
spectrometer vacuum chamber. Both can grossly perturb
relative ion currents. Contact potentials, when present,
significantly diminish absolute mass spectral ion currents.
The chemical systems of study include 1) two-channel
dissociative electron capture reactions, 2) ion-molecule
clustering reactions, and 3) cluster assisted decomposgition
reactions. It is demonstrated that following quantitative
evaluation of APIMS sampling mass bias, observed mass spectral
ion currents can be corrected to obtain accurate ion source
relative ion abundances. ' This protocol has revealed the
important influence pressure exhibits for influencing observed
relative product ratios of two-channel dissociative electron
capture reactions. From this study it is deduced that
excited electron capture intermediates have lifetimes against
dissociation which allow for internal energy modification
through collisions with buffer gas, resulting in alteration of
the favored channel of dissociation. Regardless of ion source
sampling conditions, it is shown that useful ion molecule
relative clustering propensities are available from APIMS from
which qualitative fundamental information can be obtained.
This is demonstrated for isomer dependent clustering between
nitroaromatic molecular anions and dimethylsulfoxide. APIMS
has allowed observation of previously unreported halide and
dihalide hydrate-cluster ions generated in the APIMS free jet
expansion, for which preferred stabilities are noted.
Investigations of new cluster assisted decomposition reactions
for some perfluorinated molecular anions explain the
occurrence of unexpected ions encountered  during
perfluorocarbon analysis by thermospray mass spectrometry.




INTRODUCTION

Background

Atmospheric Pressure Ionization Mass Spectrometry (APiMS)‘
originated from studies concerning the ion chemistry occurring
within flames, electric digcharges, and the electron capture
detector (ECD) (1-4). APTMS has evolved over the past two
decades to become an established and valuable method for
ultra-trace chemical énalysis. AéIMS is well suited for
direct real time whole air monitoring since ﬁo vacuum
interlocks are needed to introduce samples to the ionizatidn,
chamber (5-7). Because of high collision frequencies
characteristic of ambient.pressure conditions, reactant and
product ions are formed with nearly thermal energiés makiﬁg
APIMS a soft ionization technique with little mass spectral
fragmentation. The cheﬁical analytical potential of APIMS has
been well. characterized and detection limits at the femtogram
(107*®* g) 1level have been demonstrated for analytes of
environmental and biomedical interest (8;10). Several review
articles have appeared over the past,decade which summarize
the Ehronological develoPmeht of APIMS and detail iﬁportént
chemical analytical aspects wHich have provided the
motivation for study and continual innovation (11;15).

Despite the impressive applied chemical analytical
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utility of APIMS, the method has not found wide application
for fundamental study of gas phase ion chemistry. Because of
sampling errors, the observed APIMS mass spectral ion currents
cannot be assumed.to be proportional to the concentration éf
ions present witﬁin the API reaction'chamber. This has widely
been understood to be due to .the non-effusive flow
characteristics associated with the transfer of iohs and
neutral buffer gas moleculeé under ambient pressure conditions
of the ion source throggh a tiny orifice into the vacuum.
chamber of a mass spectrometer. The gross pressure difference
between the source and the expansion chamber is nearly seven
orders of m;gﬁitude. These conditions violate the normally
accepted criteria for perturbation-free ion sampling because
the mean free path is much shorter than the dimensions of the
sampling orifice (16). Such non-effusive flow dynamics result
in an adiabatic free jet expansion. Cooling which accompanies
the expansion may promote aggregation and net clustering
between ions and polar molecules entrained within the.jet. An
opposing  force to aggregation is collisionally "induced
dissociation, which may occur as ions pass through shock waves
that occur at the periphery of the expansion boundaries (12).
Eqﬁilibrium relative ion abundances which are known to exist
within the API ion source_aré‘therefore Véfy difficult to
observe due to these sampling difficulties (16) . |

Gas phase conditions provide ﬁhe necessary means'for

prbbing intrinsic chemical properties and reactivities of
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ionic species in an isolated system free of bulk solvent
effects (17,18). Broad interest in the fundamenfal aspects of
gas phase ion chemistry has propelled much of the mass
spectrometric research activity in the past quarter century or
longer. The established methods for fundamental studies, such
as the Pulsed e-beam .High Pressure Mass Spectrométer of
Kebarle (19), are all confined to pressures _very' low in
comparison to APIMS. These relatively low pressure ionization
methods presumably do not have associated significant sampling
errorg. However, because of the pressure limitations of the
established fundamental techniques, relatively little is known
of the interesting ionization conditions involving higher
reagent concentrations and higher collision frequencies which

occur with use of total pressures of one atmosphere.

Statement of Problem

To extend the utility and undefsténding of APTMS a number
of significant sampling problems will be investigated.
Following. the characterization of sampling errors, the APIMS
will be utilized for sevefal fundamental studies. The
sampling errors to be characterizgd fall into three broad
categories .

1) Cluster ion sampling pérturbations;

2) Mass and Ion type ‘discrimination effects, and

3) Occurrencesof sampling aperture contact potentials

All of these APIMS sampling errors complicate mass spectral
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ion cﬁrrent interpretation. The former two are of particular
importance because their existence precludes from direct
observation the relative ion abundances which ‘are present
within the API ion source. The third category of sampling
error, contact potentials, may totally inhibit ion transit
through the sampling orifice.

The chemical” systems to be studied for fundamental
" information fit into two broad categories. The first concerns
two-channel dissociative electron capture reactions for which
the importance of pressure will be invéstigated in determiniﬁg
the observed relative product ratios from the available
dissociation channelé. In order to approach this fundamental
problem, the characterization of mass bias errors.will be of
central impbrtance. The second category §f fundamenta; study
will involve ion-molecule clustering reactions. A range of
molecular anion structural isomers that can be made to cluster
- with dimethylsulfoxidelwill be investigated to determine if
qualitative clustering propensities are retained despite
sampling perturbations. Then the cooling dynamics éf the free
jet expansion will be employed for generation of halide and
dihalide hydrate cluster ions which ﬁave not been previously
observed. Finally a new cluster assisted‘ decomposition

reaction recently studied by PHPMS methods will be examined by

APIMS.




THEOQORY

Non-Effusive Flow Aperture Sampling

The accepted criteria for perturbation free cluster ion
sampling, as stated in the introduction, usually dictate that
the flow conditions associated with the sampling aperture be
effusive. This- means that the dimensions of the sampling
aperture must be very small in relation to the mean free patﬁ
of ions and neutrals to be sampled. The Knudson number is an
established flow dynaﬁics index for determining whether the
mass transport of a gas is'effusive (20), ﬁeaning that no
collisions occur between the gas molecules during the transit

through an orifice, and is given by equation 1,
K=A/D (1)

where A is the mean free path of a molecule or ion in the gas
to be sampled, and D is the diameter of the sampling orifice.
A Knudson number of less than 0.01 indicates viscous flow
through the aperture. A value greater than 1.0 is indicative
of effusive flow. Mean free path is a function of the gas
collision rate, vmﬁiumﬂ number density, n, and average

thermal velocity, Vv,,..r and may be estimated by equation 2,

}\’ = (Vcollision n) - Vave . ( 2 )
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At atmospheric pressure, assuming Veollision ©F 1 x 10°° cm?

1

molecule” of

ava

sec™, n of 2 x 10*® molecule cm™@, and v
2 x 10" cm sec™, one may predict an ion or neutral collision
- free ﬁrajectory of approximately 102 um. This is far below
the dimensions of the typical APIMS ion sampling aperture of
20 to 50 um. The Knudson number for sampling an atmospheric
pressure gas through a 20 um diameter-orifice from equations
1 and 2 is 5 x 107, a value four orders of magnitude below the
effusive flow limit. The high collision frequency which
' accompanies non-effusive ion and neutral buffer gas sampling
into a vacuum chamber reéults in an adiabatic free jet

expansion.

, Free Jet Expansion

The study of free jet expansions, pioneered by J.B. Fenn
and others, have been the subject of many studies involving
their unique physicél characteristics and applications for
simplification of complex moiecular spectroscopy problems
(21), and investigation of nucleation phenomena (22).

A ffée jet expansion embodies the conversion of the
random motion of gas moleéules in a high pressure reservoir
into a directed mass flow of gas molecules expanding through
a small aperture into a vacuum chamber (23) . Disregarding the
possibility for heat conduction in the expansion chamber, the
energy required for this process is provided by the internal
energy of gas molecules, thereby resulting in a self cooling

effect. Molecular vibrations and rotations can be cooled to
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temperatures far below the freezing point of the entrained gas
molecules, and are.known.to decrease into the low Kelvin range
(21) . Aggregation processes may accordingly foilow. Cooling,
which 1is proportional to the pre-expansion pressure énd
orifice diameter, is the result of two body collisions which
occur very early in a region called the silent zone, in which
gas velocities are uniform, and with éimilar trajectories.
The number dens;ty and local temperatures decrease with
increased distance from the sampling aperture. The highest
velocities are attained on axis of the diréction of flow, and
estimated at approximately 10° cm sec™. Surrounding the
silent zone, are regions of shock waves, which are the
bounaaries between the directed flow of the. jet and the random
motion of the background gas in thé expansion chamber. The
barrel shock wave is longitudinally symmetrical, and the mach
disk as a shock wave encountered normal to the direction of
flow. The sampling orifice-to-mach disk separatlon, Xy, is

estimated by the following emplrlcal equation 3 (24),
X4y = 0.67 D, (P, / P, )12 ' (3)

where D, is the sampling orifice outside diameter, P_ is the
pre-expansion pressufe, and P, is the expansion chamber

pressure. These shock waves are regions of extensive scatter
and collision. Figure 1 illustrates the approximate ffee jet

expansion dimensions as predicted by equation 3 for sampling
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from the atmospheric pressure ion source that is the subject
of this thesis. The passage of ions and neutrals from the
silent zone through a shock wave serves to raise the internal
energy of the species, and may potentially result in
éollisionally activated dissociation.

The factors governing aégregation and nucleation
phenomena in.a free jet expansion are |

(1) the molecular weight of the expansion gas,

(2) the relative-percentage of the aggregatable’
species to expansion gas,

(3) the initial upstream (pre-expansion)
pressure,

(4) the initial upstréam temperature, and

(5) the design of the sampling aperture.

Because of the very high ratio of neutral expansion gas
(atomics or polyatomics) to entrained ions, wvirtually all’
collisions experienced by ions will be with the expansion gas.
Therefore removal of ioniinternal energy is dependent upon
collision with the expansion gas. The extent of cooling of an
entrained species is dependent upon the relative velocity of
the entrained ions and neutrals and the expansion gas, since
similar velocities will result in highér collision frequencies
(point 1). The average molecular speed of a molecule is
dependent upon its mass and collisional cross section.

The varying relative velocities of expansion gas and species
entrained in the expansion gas forms the basis of the velocity

slip effect, which accounts for the relative inefficiency of




lon Source h———————- Xm ul
640 Torr

Torr

lons and Silent Mach Disk
Neutrals -vac 1S
Zone

Sampling

Aperture
Lens

Barrel Shock

Figure 1.

Illustration of the free jet expansion associated with
sampling from APl 1ion source for study apparatus shown in
Figure 2 based upon equation @), Xm = 0.67 D ( PO / Pl )1/2,
with D = 50 mn, PO = 640 Torr, and P1=5 x 104 Torr. Cooling
and condensation events may occur in region of Silent zone.
Collisions may occur upon transit through Mach disk prior to

focussing and mass analysis. Adopted from Bruins, reference
12.
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lighter mass expansion gases, such as helium, to vibra£ionally
cool entrained species (25{. The lighter the mass of the
expansion - gas, the higher its velocity relative to the
entrained spécies. Maximal cooliﬁg occurs with a heavier
expansion gas which may more efficientlyvserve to increase
residence times of entrained species within the Silent zone,
- thereby allowing for more internal energy lowering collisions
and subsequent cooling. The cooling results in enhancément of
aggregation and condensation events.

The extent of aggregation is also determined by the
probability of an encounter between entrained species. If the
number densities are very low in the expansion, few van der
Waals complexes may form (point é).

The initial pressure (point 3) will dictate the collision
frequency attainable within the silent zone of the expansion.
The initial internal energy of the expansion gas and entrained
species are influenced by the bath gas temperature prior to
‘the expansion (point 4).'Finally, the design of the sampling
aperture may strongly influence the physical characteristics
of the jet, with corresponding impact on the dimensions of the
effective Silent zone and location of shock waves (point 5).
Reflections, or scattering from surfaces, may also influence

the characteristics of the expansion.

Attainment of Gas Phase Ionic Equilibrium

A simplified rate controlled picture is presented to
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illustrate that ion-molecule clustering reactions that can be
made to occur within the API ion source will feach a state of
chemical equilibrium. The API ion sourcé is an ionization
reaction chamber maintained at ambient pressure. To ascertain
that chemical equilibrium conditions are attained within the
API ion source, an examination of the steédy state ionization
events and rate processes for ion fo;mation and destruction is
neéessary. The criteria for attainment of gas phase ionic

chemical equilibrium, as put forth by Kebarle (17) follow

1) the reactants and products must be in thermal
- equilibrium with their surroundings (carrier gas
and reaction vessel walls), '

2) The path(s) that reactively couple the ions engaged
in the equilibrium must be appreciably faster than
all other processes effecting the concentration of
ions, and

3) sufficient time allowed for chemical reactions of
interest to reach steady state equilibrium.

Thermalization is known to occur under conditions of
sufficiehtly high pressures, and are considered to be attained
within ion sources maintained in the low Torr range.
Accordingly, thermalization is certainly attained in an
ambient pressure gas by comparison. These latter two
criteria require a clear understanding of the ion férmation

and destruction mechanisms, which will be cénsidered below.

APT Rate-Controlled Picture

The API ion source that is the focus of this study,has a
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®Ni P~ activity of 15 m¢i for 5.6 x 10° B‘.ejections per
second. The average nickel-63 B‘particle energy of 19 keVlis
sufficient to produ&e approximatelys 650 thermal energy
electron-positive ion pairs for a steady state ion density 6f
nearly 2 x 10° ions cm™. The primary ionization and
electron thermalization pefiod is estimated to occur in
approximately one nanosecond (15). Fqllowing these primary
ionization events, a multitude of ion formatioﬁ and
destructiop. pProcesses rapidly occur as the ion chemistry
evolves in time. The predominant destruction mechanisms
include positive ion-electron recombination, ion diffusion to
the source walls, and bulk ventilation of the ionized gas out -
from the source interior. Ion—molecﬁle reactions continue to
proceed until the ions are destroyed by one éﬁ\the above three
loss mechanisms. The ionizatioh ultimately resides with the
chemical entity, or entities, which possess the greatest
propensity to retain the charge. It is this terminal ion
population which_is sampled by bulk ventilation into the mass
spectrometer. Kebarle has estimated the time required to
reach gas phase ionic equilibrium within the Pulsed e-beam
High Pressure Mass Spectrometer (PHPMS) ion source to be on
the order of 100 microseconds (26). Because of the much higher
pressures and higher reagent concentrations possible within
Ehe API ion source, an even shorter period of time would be

expected for attainment of equilibfium within the APIMS.
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Cluster lon Formation. Reactions 4 through 7 represent
a generalized 1ion-molecule clustering system in which
initially an 1ion of either polarity, A+ , TfTormed by
interaction with a reagent i1on R+~ (reaction 4) , is clustered
with a solvating agent, S, (reaction 5) in the presence of a
third body for the collisional stabilization of the clustering

reaction product,

~+ S + B = » " g + B ©)
A+/S + S + B V— Av-(S)2 + B ®)
A+/~-(S)n + S + B - Av-(S)md + B @)

after which many fast successive clustering steps are possible
(reaction 6), proceeding rapidly to a state of dynamic
chemical equilibrium for the particular conditions of ion
source temperature and solvating agent source partial
pressure. R+/_may be, for example, a stronger gas phase acid
or base, or a thermalized electron, which 1onizes A. S is any
suitable solvating agent such as a molecule of water or
dimethylsulfoxide. Reaction 7 constitutes the general forward
clustering reaction in which an existing cluster 1ion
successfully associates with a neutral solvating agent to form
the next largest cluster 1ion. Therefore reaction 7 is the

only clustering reaction necessary for the steady state model.
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Cluster lon Destruction. Reactions 8 through 11 are the

mechanisms for cluster ion destruction within the APl 1ion

source,
A+A(SN + B -———> Av-(S)n, + S + B ®)
AN Bo oo + Iv¢ —> Neutral (5 ©)
Av-(S)0ton ____> wall Neutralization Qo)
AN 8o o, ——> Bulk Ventilation Out )

where reaction 8 js the collisionally induced dissociation

any cluster 1ion. (the reverse of reaction 7), reaction 9

the destruction of any ion by means of ion-ion recombination
with an i1on of opposite polarity, reaction 10 is ion loss due
to contact and neutralization with the grounded surface of the
ion source walls, and reaction 11 is convective ion loss due
to bulk ventilation of ionized gas out of the 1ion source

volume.

Steady State Model. An overall steady state equation is
obtained from solving conservation equations involving ion
formation and destruction reactions 7 through 11 to yield

equation 12,

a2
A (SN kBt [S ] [B ]

A+/~(S)n kaedBt [B ] + klnJn [ B ] + kdiff + ket

In order to attain a state of clustering equilibrium, it is
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necessary that the relative rate processes allow the forward
and reverse clustering reactions of interest to be faster than
all other ion destruction mechanisms. Therefore the magnitude
of these i1on concentration controlling rate coefficients must

adhere to

koiut [B ] = Joboliet [B ] » (kimion [ 1+~ ] + XfF + KTent)

Under APl conditions, the magnitude of kot [ B ] and
“ceoiet [ B ] are approximately 500 fold greater than for PHPMS
conditions due to pressure differences. It is well-known from
diffusions! loss temporal profiles that ion-molecule
clustering equilibrium is readily established within the PHPMS
ion source maintained at | Torr. Because of their minuscule
mass, the diffusion rate coefficient for electrons is
approximately 103 fold greater than that for positive ions of
100 dalton mass. However, due to the high charge density
within the APl 1ion source, the diffusion of electrons and
positive charge -carriers are linked, due to attractive
coulombic forces. As a consequence, the free diffusional rate
coefficients are replaced by the ambipolar diffusional rate
coefficient, De. At atmospheric pressure, the Tirst order
wall diffusional loss rate coefficient , ~ ff, 1is calculated

from

kdiff Da / A2 (13)
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where A is the ion source characteristic diffusion length,
given by A = r w?, r being the diffusion volume radius, and
D, is the ambipolar diffusion coefficient mentioned above
(27) . For the APIMS ion source in this study, «r is'0.8 cm,
for a characteristic diffusion length of 0.25 cm. A
representative positive ion mass-electron ambipolar diffusion

coefficient is given by equation 14,
D, = 0.11(T/273)%(760/P) (14)

where T is the absoiute ion source temperature, and P is the
pressure in Torr (28). At 150° C and 640 Torr pressure a
typical ambipolar diffusion coefficient of 0.314 cm’sec™ is
calculated. The corresponding kg, obtained from equations 13
and 14 is approximately 4.8 sec™?, a diffusional loss rate
coefficient nearly 500 fold smaller relative to the PHPMS
conditions, because of the inversg dépendence of diffusion on
pressure.

The first order ventilation rate coefficient, k..., is
given by
vent = F / V B (15)
where F is the buffer_gas flow rate, and V is the ion source

volume. The total maximum API ion source flow operating flow

is kept at or below 1 ml sec™, and the total ion source volume
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is 1.5 cm?®, for a Kient 1088 rate coefficient éf 0.7 sec™ from
‘equation 15. The total steady state cluster ion depsiﬁy,
[A*“(8)y to-n]s within the API source is calculated from
production rate per unit volume, and was estimated above to be
approximately 2 x 10° ions cm™. The ion-ion recombination rate

for loss of cluster ions is given by equation 16,
Tateionion = Kiongon [ I7" 1 [ AY7(S)g 4oy ] (16)

Using a pseudo-first order ion-ion ldss rate coefficient,
Kionton [ I7* 1, of 1 x 107 cm® sec™ one calculates a loés rate
due to ion-ion recbmbination of 200 sec™ (29), ciose to the
experimentally determined value from Grimsrud and coworkeré
on the order of 500 sec™ for an ion source of this design
(30) . At atmospheric pressure the pseudo first order ion-ion
recombination loss rate coefficient, k... [ I' 1, is
therefore seen to be far greater thaﬁ either ky . or kn“.'
The ion-molecule clustering reactions are often nearly
collisionally limited. For an atmospheric pressure gas, the
second order collision réte coefficient is approximately 10°°
cm’ molecule™ sec™, and the number density is about 2 x 10°
molecules cm™@, leading to k,.. [ B ] of about 2 x 10%° sec™,
a pseudo first order clustering rate coefficient far exceeding
the ion destruction rates due t§ ion-iﬁn recombination, wall
diffusion, .or bulk ventilation out of the source_vdlumé.

Therefore equation 12 can be reduced to equation 17,
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A+/—(S)n+1 kclust [ S ] .
~ =K. [ 5 ] (17)

. . A+/— (S) n kdeclust

since successive ion molecule clustering ' and declustering
reactions are much faster than all possible ion destruction
mechanisms.

One may take a representative £hird.order ion-molecule

clustering rate expression
rate = kaue [ B1 [ S ] [ AY(S), ] (18)

to verify that the ion-molecule asgociation reactions are
indeed much faster than other ion loss routes. Using a
typical ternary kg, of 1072° cm® molecule™ sec™ (31), [ B j of
2 x 10*° buffer gas molecuies per mL, and [ S ] of 2 x 10¥ for
10 ppt solvating agent, one obtains an enormous pseudo-first
order clustering rate coefficient.  Hence the established
criteria necessary for ion chemistry thermodynamic equilibrium

are shown to be safely met within the API reaction chamber.

Estimation of Ion-Molecule Clustering Equilibrium

The Pulsed High Pressure Mass Spéctrometry (PHPMS)
techniques of Kebaile and others have provided a wealth of
knowledge regarding the energetics of a wide range of ion-
molecule reactions (19). For example, successive clustering
equilibrium reactions méde_to occur within the PHPMS ion

source are monitored in order to determine free energies,
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enthalpies, and entropies of solvation. Such measurements
constitute an enormous volume of thermodynamic parameters,
from which equilibrium constants may be obtained and used in
turn to determine the relative abundances of the ioné p;eseﬁt
for a given set of thermodynamic equilibrium conditions.
Negligible temperature dependencies for the parameters are
assumed. A proceduré described by-Kebarle (32), has been
adapted by which individual equilibrium cluster ion abundances
within a given ion-molecule clustering system are calculated

from established thermodynamic parameters.
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EXPERIMENTAL

7

The component parts of the API mass spectrometer that is

the subject of this thesis are described below.

API Ion Source

The API ionization source seen in Figﬁre 2 follows the
first - generation ®Ni design of Carroll and coworkers (3).
There are no restrictions to flow for gas through the source,
such that the pressure is ambient, which is typically 640 Torr .
for the 5,000 ft. elevation of Bozeman, Montana. The ion
source is machined from stainless steel, and fitted with a
platinum foil impregnated with 15 mCi of ®Ni (New England
Nuclear) which lines the walls of a 1.5 cm® cylindrical
volume. A compressed gold o-ring seals the connection between .
the ion source and.vacuum envelope flange, to which it is
securely bolted. The contents wifhin the source volume are
continually irradiated by the spontaneous B~ particle decay of
nickel-63. \ |

An axially positioned pin within the center of the ion
source has two possible‘ functions. During normal mass
spectrometric measurements this p%n is positioned at least 6
mm away from the sampling aperture, and is electronically
connected to ground. The position of the érounded pin is of no

importance whatsoever to6 mass spectral sampling.
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APIMS 1lon source and Expansion chamber

Sampling aperture
Expansion chamber

Torr )
Quadrupole
rods Detector
ECD Anode
Corona

discharge

Lens 1

foil
Differential
pumping aperture
APl lon Source
I cm

Figure 2.

Atmospheric Pressure lonization (APl) 1ion source, expansion
chamber, mass analysis and i1on detection apparatus. Axially
positioned pin may be utilized to obtain a normal ECD
function, or for corona discharge i1onization superimposed over
the continuous nickel-63 irradiation. The free jJet expansion
occurs on vacuum side (right) of aperture (See Figure 1). ion
optics (LI, L2, L3 ) shown which culminate ion beam through
clN erentfa”™ pumping aperture for mass analysis and detection.
the 1ion extraction lens. L4 is the quadrupole 1ion
transmission energy. Resistive heater cartridges (not shown)
embedded in flange make contact with the ion source block.
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When desired, a -standard ‘electron capture detector ECD
'functioﬁ may be obtained by connection of this pin to a fixed
frequency pulsing ciféuit (33) . The pin serves as a pulsed
anode (5 pusec width‘x 300 pm period, + 50 V) to which
electrons are periodically collected, for a normal ECD time °
averaged‘sténding current. The ECD response is of value for
obtaining a measure of the degree of consumption of the
thermalized electrons initially available within the ion
source'by a given sample size,

A corona ionization function (superimposed over the
nickel-63 ionization) may be obtained by ‘appropriately
positioning .and biéging this pin. The cdrona discharge is
typically very stable} both for initiation and maintenance of
discharge, a feature which may be attributed to the conﬁinual
background of beta ionization from the nickei-63. Thg corona
discharge mode of ionization was only emplqyed for the first
study to be described in Results. and Discussion, because of
the higher attainable ion densities which afforded higher ioﬁ
' currents with the smaller (22 um) diameter apertures. fhe'pin
tip.is pésitioned severai_millimeters away from the sampling
orifice for two reasons. The first is to assure sufficient
ion residence tiﬁes so that the mass sﬁectral ion signals
reflect thermbdynamig and not kineticncbntrol. The second is
to avoid‘cgpacitive aperture charging effects that are known
fo perﬁurb iéh sampling. This general topic of aperture

charging effects is also taken up in Results and Discussion.
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The total carrier gas flow rate through the ion source.isl
typically maintained at 60 mI, min™t. Prepurification of the
compressed buffer/ expansion gas is effected by ' oxygen
removing traps (Oxy-traps, Alltech) and water and contaminant
removing traps (Caso; desicgant / molecular sieve traps,
Alltech). The presence of small leaks in the system gas
lines, and about the ion source, result in a total background
water pressure estimated at about 100 ppm, or roughly 0.1 Torr
water partial pressure within the 640 Torr source pressure.

The ion source is heated by two resistive heating
_cartridgés of a Watlow temperature controller. These heaﬁer
cartridges are embedded in the wvacuum envelopé flange‘and-are
in direct contact with‘the ion source block, the exterior 6f
which is ipsulated with a blanket of fiberglaés. It was
necessary to calibrate this temperature controller because-of
the discrepancy.found to exist bethen its iower temperature
settings and ﬁhe true resulting ion source block tempefature.
This was éffected by means of insertion of a reliably
calibrated~mercury thermometer into a ho;e adjécent to thevion
source volume.(34). Hegt.paste was used to ensure optimal
-heat conduction to the thermometer bulb; and stem corrected
temperaturé readings where thereby takén to calibrate the
Watlow. Good agreement was latef obtained by this éalibration.
method and use of an iron-constantan thermoéouple thermometer
inserted intq the ién source block (Omega,Iﬁc). .The

reliability of the ion source temperature is conservafively
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estimated to be within + 2° C.

Analvte.and Solvating Agent Introduction

All chemicals.weré obtained from commercial supplieré,
(Aldrich, PCR, Matheson) and are purified by chromatographic
methods. A nitrogen preésurized 4.1 L glass carboy is
utilized for preparation of ambient temperature gaseous
samples. Successive nitrogen dilutiong of carboy samples are

performed within a glass 50 cc syringe fitted with a teflon

‘valve (B D Yale Syringe, Hamilton valve). Analyte saﬁples are

introduced into the ion source following separation by gas
chromatography (GC). Gaseous analytes are placed onto an
ambient temperature 10 ft by 1/8 inch'chromatog;aphic column
packed with 10 % SF-96 oil that is adsorbed onto Chromosorb-w,
by means of a 1.0 ml sample loop (Karle valve). Liquid
analytes are prepared in toluene and placed onto a 3 m by 340
Mm I.D. methyl silicone macrobore capillary column (Hewlard-
Packard) by means of a heated splitless injection ~port
associated with an isothermal gas chromatograph (Gow-Mac,
Bridgewater, NJ). A 1.0 Ml syringe is used for delivery of .
liquid samples intq the GC injection pdrt (Hamilton) . In one
study gaseous samples of bromotrichloromethane were introduced
onto the capillary column by means of'a 10 pul gas-tight
syringe (Hamilton), a method inferior to ﬁhe'sample loop.
The gas chromatographic eluent passes through heated transfer

lines and is mixed with the gas stream flowing through heated
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make-up lines prior to introduction .into the API ion source.

For all ion~molecule clustering experiﬁents, it  yas
necessary to introdgce a known‘partial pPressure of the‘désired
solvating agent into the source. This was effected by means
of a gas saturation device containing a 6-8 inch high column
of the desired solvating agent in liquid form. This saturator
is plumbed into the make-up line. Figure 3 shows this device
in conjunction with the gas chromatograph for the total
analyte and solvating agent introduction system. Make~up line
buffer gas is slowly bubbled upward through a column of the
liquid after passage through a fine fritted glass inlet
located at the bottom of the saturator. The entire solvating
agent saturation device is immersed in a temperature
controlled water bath. Thoroughly heafed transfer lines
connect the saturator effluent to the heated gas chromatograph
for mixing upstream from the ion source. By measuring the
‘relative flow rates of the saturator and GC, it is possible to.
determine the éaturator flow dilution factor upon mixing so
that the final partial pressure of solvating agent entering
the ion source may'be known.

The reliability of the saturator was tested by varying
the floﬁ rate from 10 to 100 mL min?, as a check for a
possible shift from the liquid-vapor phase equilibrium. No
detectable change could be observed in the cluster ion

distribution, and therefore solvating agent partial pressure.
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Gas

Figure 3.

Sample and Solvating Agent Introduction.

Gas chromatography eluent mixes In heated transfer lines with
saturator solvent vapor stream prior to introduction into ion
source. Saturator is fully immersed in temperature controlled
bath. Solvating agent partial pressure 1is determined by
relative flows, from which appropriate dilution factor 1is
obtained.
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Sampling Aperture

The mass spectral ion current results from leakage of a
portion of the total ionized gas ventilated through a small
aperture into an evacuated expansion chamber held at a typical
stagnation pressure ofA5 x 10™ Torr (nitrogen calibrated ion
gauges, KHF, Willmington, DE). Unless noted, an electroformed
nickel sampling apertufeﬁwith an inside diameter of 50 um and
20 pm thickness located in the center of a 5/8 inch disk, is
used for ventilative ion sampliné (Stérk-Veco Int’1,
Brookline, Ma). The-leak corresponds to approximately 18 mL
min™ for nitrogen, corrected for , temperature ‘difference
between éperture ana bubble flow meter (x 423/298) for a flow
of 25 mL min™. in. practice the viscous flow through an

aperture may be estimated (35) from
Flow (l/sec) = 15 D? : (19)

where D is the aperture diameter in cm. For a 50 um apertu?e
one calculates 23.5 ml min™, |

An extensive_éet of measurements concerning cluster ion
sampling -perturbations iﬁcludes work carried out with a
stainless steel, 22 + 2 pm diameter and 10 Hm thiék, laser
‘drilled aperture (Optimation, Inc, Windham, NH) . The flow with
ﬁhis . aperture . is ' predicted . from equation. 19 ﬁto be

approximately 4 mL min™.




28

Expansion Chamber and Free Jet Expansion

The ions entrained in the ambient pressure gas leaking
through the sampling orifice shown in Figure 2 enter directly
into the expansion chamber which is the first étage of a
differentially pumped vacuum envelope. The expansion chamber
stagnation pressure, as mentioned above, is typiéally
maintainable at abproximately 5 x 10™ Torr for nitrogen
carrier gas, evacuated by an 6" Edwards diffusion pump
operated with Santovac-5 oilv(Monsanto). Ions entrained in‘the
free jet expansion pass through a mach disk shock wave 3.4 dm
from the aperture for a 20 um sampling aperture, and 3.8 cm
from a 50 um aperture (from equation 3). This‘ion beam is
then directed by a set of ion optics through a 2 mm
differential pumping aperture into the second stage of the
vacuum envelope. The pressuré in the analyzer is typically
held at a stagnation preésure of 8 x 107° Torr, evacuated by
a 3" Edwards diffusion pump. Both of the diffusion pumps are
backed. with a single Edwards M18 two stage rotary pump,

operated with Invoil 20 oil.

Ion Optics

The ion optics within the expansion chamber are comprised
of three circular ion lenses shoﬁn ih Figu;e 2, and follows a
design which was guided by a combination of ion trajectory
calculatiéns by Simion (36), and trial and error for optimal

ion currents. The forth lens dictates the ion transmission
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energy through the mass filter described below.

Mags Analysis and Detection

The second stage of the vacuum envelope houses a
quadrupole mass filter with 0-500 dalton mass range
(Extranuclear,Inc, Model 162-8), and channeltron detector
(Galileo Electro-Optics,Inc, Model 4039). The quadrupole
filter mass resolves the ion beam, either by means éf-a sweep
generator for linearly mass scanning the ion beam, a peak
switching unit for simultaneously monitoring two ioné of
interest during a chromatographic run, or simply by selected
ion monitoring by means of manual tuning. The mass filter is
routinely operated at very low resolution in order to minimize
possible quadrupole mass discrimination effects.

The channeltron detector is positiéned on axis to the ion
beam, and utilized for ion counting detecéion by means of a
counting pre-amplifier which is capacitively céupled to the
channeltron. The detector high voltage DC power supply
(Fluke, Inc) is operated at a sufficiently high bias for a
plateaued ratemeter response, &hich coincides with elimination
of a>bias favoring lower mass ions. The counting preamplifier
signal is sent to a 100,000 counts sec™ full-scale ratemetér
(EG & G Ortec). The linear dynamic range for ion detection is
from 0 to 50,000 counts sec™. Because of the slow response

times associated with ion counting, mass scan rates far slower

than those attainable with the'quadrupole are required. This
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- constraint in scan rate necessitates careful adjustment of
chromatographic parameters for wide chromatographic peaks in
order to obtain mass spectra, when desired, which reflected a
constant ion source sample concentration over the mass range
of interest. Typically a scan rate of 10 to 15 amu se‘;:‘1 was
suitable for obtaining a mass spectrum free of chromatographic
artifactual effects for chromatographic peaks with 30 sec
widths at half maximum. Selecfed ion monitoring or peak
éwitching is performed in repetitive trials in every case to .
abtain reliable relative ion current measurements.

Finally the mass spectral ion signal is sent from the
ratemeter in analog form to the pen of a strip chart recorder
(Houston Inst.,Inc), from which all mass spectral measurements
are obtained. A minimum of three trial repetitions are always
secured to ensure reliability of the ion signal measurements

obtained in a given study, reported as the sum average.
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RESULTS AND DISCUSSION

This chapter is divided intg‘two broad sections which
follow the duel objectives of this thesis. The first haif of
Results and Discussion concefns the characterization of ion
sampling perturbations ﬁniquely associated with an the APIMS
ion source. The remainder of the chapter will conclude with
use of APIMS for study of fundamental gas phase ion chemistry.

Preliminary to chara&teéization of ion sampling errors, it
was first necessary to ensure that other components of the
mass spectroﬁeter are not causing measufement artifacts. Aan
examinaéion of these parameters which include the ion optics,
quadrupole mass analyzer, and ion detector, is the first

consideration for Results and Discussion.

Operating Parameters Characterization

The ion optics, quadrupoie mass analyzer} and ion
detection system have each been characterized for potential
mass discrimination effects. From these investigations it
was possible to establish a reliable set of operating
parameters for which instrﬁmental mass discrimination effects
were minimal, so that the sampling'perturbations caused by the

ion source, alone, could be characterized.
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Ion Optics

The focusing effect of each ion lens has béen examined
‘for potential mass diécrimination effects. Figure 4a shows
the absolute focusing characteristics for each ion lens.
Figure 4b illuminates potential mass discrimination effects
that may be associated with the ion extraction potential (lens
1), or the gquadrupole mass filter ion trénsmission energy
(lens 4), as seen by the relative ratio of two ions separated
by 231 daltons. The observed variation in the ratio of these
ions indicates that the first ion lens inefficiently collects
ions of lower mass, and this.effect is exacerbated as the lens
1 potential is decreased. This ion extraction focussing
behavior is generally observed to some degree for both
positive and negativé ions. The issue of non—ﬁniform ic')n-.
_collection is important if the API mass spectrometer is to be
useful for deriving fundamental measurements. This is a
subject taken up in a later section addressing mass and:idn
type bias effects. The quadrupole bias against higher mass
jons is seen to be minimized for ion transmission eneréies in
excess of 20 eV. Despite:their absolute focusing effects in
" Figure 4, neither vafiations in lens 2 nor lens 3 potentials
sigﬁificantly alter the relative abundance of ions widely
separated on the mass écale, aﬁd therefore do not appear to
introduce-fdcusing aséribed mass discrimination effects.
High ion extraction potentials result in different focusing

characteristics for maximum ion current.
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Effect of varying individual lenses on absolute ion current.

Demonstration of mass discrimination effects associated with ion lenses
LI and L4. Bias against lighter mass ions occurs at inappropriately low
ion extraction (LI) potentials. Bias against higher mass ions is observed
at inappropriately low quadrupole ion transmission energy (L4).
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Quadrupole Mass Filter

Unless indicated, the quadrupole operating parameters
are adjusted for low resolution transmission of ions in order
to eliminate the inherent nmass discrimination effects
associated with quadrupole operation at ﬁigh resolution.
Figure 5 sgshows the effects of varying resolution on the
absolute intensities for several ion signals. At higher
resolution the allowed ion trajectorles through the quadrupole
is more constralned and ion currents are accordingly reduced.
Despite the observed effect on the absolute ion currents, the
~relative ion abundances are shown to be essentially invariant
at low resolution settings. Other quadrupole tuning effects
were examined and found to be of no importance a£ low

resolution.

Detector

Detection efficiencies are known to be more sensitive to .
changes in ion lnass. and velocity, than to wvariations in.
chemical structure (37). The importance. of acceleration
voltage for ion detection is shown in Figure 6. A»dgpection
mass discrimination effect wﬁich‘favors lower mass ions is
observed at low detector voltage settings. This effect is
virtually eliminated by.selection of an appropriately high
channeltron voltage setting. Minimization in this mass bias
- effect corresponds to reaching a ratemeter response plateau,

which is obtained at appropriately high detector voltages.
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O 55+/109°

Detector bias (-volts)

Figure 6.

Effect of channeltron detector DC high voltage setting on the
observed relative abundances of various i1ons. It is seen that
mass discrimination 1is negligible above a minimum detector
bias. The APIMS 1is operated with detector bias 1In response
plateau region to minimize detector mass discrimination

effects.
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Errors Encountered for Sampling Cluster Ions

Because diffusional losses are slow at atmospheric
pressure, ion-molecule clustering reactions that Acan be
readily made to occur within the API ion source are known to
attain a state of chemical equilibrium, as outlined in Theory.
The very high total ion source pressure also allows for high
reagent concentrations not permissible in low pressure mass
spectrometric techniques from which most fundamental
measurements are obtained. Accordingly, equilibriunlréactions
which would not be favored under lower reagent concentrations
are therefore possible with APIMS. Unfortunately the
measurement of the equilibrium conditions within the API ion
source, as sampled by an orifice or slit, is known to be
problemafic due to aperture non-effusive flow dynamics.

The following section will examine érrors that may be

encountered for sampling an equilibrium distribution of

cluster ions formed by APIMS.

Hydrated Hydronium Ions as Sampling Diagnostic

The ion-molecule clusteriné reactions to be used for
characterization of APIMS sampling erfors will be the well
studied proton-hydrate system. This system was first studied
by Kebarle and coworkers -(38) in 1965 by examining the
successive élustering of water molecules to a hydronium ion,

generally shown by reaction 20,




H*(H,0), + H,0 === H* (H,0) o1 (20)

Because of the fundamental importance.in the proton hydrate
water clusters, numerous subsequent investigations have
characterized the energetic and kinetic aspects of clustering
for'this system. For these reasons, the hydrated hydronium
clustér ions were chosen as a well studied ion molecule
clustering system with which to characterize APIMS ion

sampling perturbations.

Corona Discharge Ope:atinq Parameters

In order to characterize the nature of the ion sampling
perturbations caused by the ion sampling aperture of the
- APIMS, it was first necessary to assure that the ionizing
conditions within the source truly produced a condition of
chemical equilibrium. For this reason,.the effects of vﬁrious
corona discharge ionizing parameters on APIMS signals were
first systematically examined. For a given buffer gas, the
corona ionization parameters include

1) the position of the corona needle tip relative to
ion sampling aperture, and

2) the corona discharge current, which follows the
applied voltage in a manner characteristic for each
buffer gas.

By varying the corona pin tip-to-aperture distance it is clear"
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that ionization can be made to occur under thermodynamic,
rather than under kinetic control. This feature is
demonstrated in Figure 7, in which the position of the corona
pin tip is variéd from 1 mm to 8 mm éway from the sampling
apérture; It is seen that when the tip of the corona'pin is

kept a minimum of 4 mm away from the sampling apefture, the

relative intensities of the cluster ions are unchanged, and

exactly match the ion distribution observed when ionization is
by nickel-63. For any chemically reacting system the observed
product composition may be controlled by either thermodynamic
or kinetic factors, dependent upon the allowed reaction time.
The effecté of kinetic control are ascribed at very short pin;
to-aperture separations, because it is seen that the relative
cluster ion intensities ﬁave shifted to favor the smaller
cluster ions. This result appears to reveal successive ioﬁ-
molecule clustering steps that are being interrupted prior to
. attainment of equilibrium in the~ion.source. It abpears that

the highgpositive;poiarity electrostatic fields originating at

the corona pin tip are strongly accelerating all positive ions

toward the sampling aperture, and thereby reducing ¢1uster ion
regsidence times within the source (39). Because of this

effect, the corona pin Eip is alwa&s‘pOSitioned 6 mm away

from the sampling aperture, the nearest position which

mirrored the field-free nickel-63 result, so that maximal ion

currents are obtained and thermodynamic equilibrium ionization
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Figure 7.

Importance of corona discharge needle tip position relative to
ion sampling aperture, as shown TfTor hydrated hydronium 1ion
clusters. lon source temperature is 243° C, with 4.6 Torr
water partial pressure. Nickel-63 1i1onization result 1is
Zb%%ined when the pin-to-aperture separation is in excess of
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conditions are assured. As described in Theory, nickel-63 B~ .
emission is a uniform and describable mode of ionizatibn, and
is definitély expeétéd to lead to a‘condition of'chemicél
equilibrium. = The -strong similarity between the results
obtained in Figure 7 by means of the nickel-63 ionization mode
.and. the corona discﬁarge ionizétion fesult, when pin-to-
aperture distance is greater than or equél to 6 mm, strongly
suggests that chemical equilibrium is established within the
API ion sourceé in either of these ionizing conditions. The
use of corona discharge ionization is favored in this study
due to the higher total ion currents whicﬁ accompany it,
typically showing ion current enhancément over nické1-63 by
over one order of magnitudet The stability of the corona
discharge ionization is demonstrated in Figure 8 for three
consecutive mass scans.

The corona discharge voltage wés selected in each éase
éo as to provide a uniform.discharge current of approximately
1.5 microamperes. It was clear,thét mass spectral ion
currénts always showed gradual increases with increased corona
discharge currents, .finélly reaching a }plateau. beyond 10
microamperes, but with no changes in relative ion iatios. The
magnitude of‘ﬁhe discharge current was therefore determined to
be of no importance. It is perhaps noteworthy that the
identit& of the buffer gas sighificantly effected the total

ion currents attainable. For ekample, among the study buffer
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Figure 8.

Demonstration of corona discharge stability.
Representative successive AFIMS measurements of hydrated
hydronium ion clusters formed by a I |IA corona discharge in
ambient pressure helium. The corona pin tip is positioned 6
mm from the i1on sampling aperture. lon source temperature is
200° C, with 15.5 Torr water partial pressure.
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gases, hethane, helium, and.hydroggn provided the highest mass
spectral ion currents, a characteristic that follon their
relatively high conductances through the sampling aperture;

Variation in Expansion Gas,
Temperature, and Aperture Diameter

‘It is known from the free jet expansion literature that
the dynamics occurring within an e%pansion are also very
.dependent upon the properties of the expansion gas. Figures
9 and 10 demonstrate the éffect of buffer gas for selected
conditions of ion sourée temperature and partial pressure of
water on the observed distribution of proton hydrates, sampled
with a 22 um diameter by 10 pm thick stainless steel aperture.
Three temperature conditions are shown for two water partial
pressures studied with a variety of atomic aﬁd polyatomic
" buffer gases which also act as the.ffee jet expansion gases
upon sampling. The uppermost cluster ion distribution shown
in each figure corresponds to calculaﬁed equilibrium
distributions for the indicated temperature and partial
pressure of water, using the thermodynamic paramete;s of
Kebarle (42). Since thé relative rate processes occurring
within the atmospheric pressure ionized gas favor fast
chemistry over other ion loss mechanisms, as shown in Theory,
one may expect~that these equilibrium predicfions represent
the cluster ion distributions as they exist prior to sampling

perturbatibns associated with the free jet expansion. A
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Figure 9.

Comparison between the expected equilibrium distribution of
hydrated hydronium cluster 1ions at 18.7 Torr water and 1ion
source temperatures of 66, 155, and 243° C, to APl mass
spectral measurements obtained with a 22 p.m aperture for a
variety of buffer/expansion gases. Corona discharge ionization
with a pin-to-aperture separation of 6 mm is used for all
measurements shown. Equilibrium distributions are calculated
from the thermodynamic parameters of Kebarle and coworkers,
reference 42.
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Figure 10.

Comparison between the expected equilibrium distribution of
hydrated hydronium cluster 1ions at 4.6 Torr water and ion
source temperatures of 66, 155, and 243° C, to APl mass
spectral measurements obtained with a 22 |im aperture for a
variety of buffer/expansion gases. Corona discharge ionization
with a pin-to-aperture separation of 6 mm is used for all
measurements shown. Equilibrium distributions are calculated
from the thermodynamic parameters of Kebarle and coworkers,

reference 42.
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computer algorithm allowed for convenient calculation of the
equilibrium ion abundances for a given study temperature and

water partial pressure.

Sampling with Noble Gases and 22am aperture. Searcy and

Fenn have also studied the hydrated proton hydrate water

cluster system iIn a free jet expansion @40) . The focus of

their study was aimed toward an understanding of nucleation
phenomena, and the experimental emphasis was for creating

conditions which favored free jet expansion clustering events,

rather than minimization of them. A later report followed from

Searcy (41) providing a kinetic model for the hydrated

hydronium ion clustering dynamics occurring within the jet.
The proposed model with which to describe the net aggregation
events ascribed to the free Jet expansion cooling effects
involved a cross-section for cluster and neutral association,

a cross-section for collision stabilization of newly formed

clusters, and a rate constant for unimolecular dissociation of

excited clusters. In the model to be presented here, the

growth of cluster ions is thought to occur by perturbations in
the relative rates of the reactions of reactions 21 and 22

shown below,
H+(HO)n + HXO H H+ (HO) nt/ (@4}

H+H2)mH* + B ~  H+¢HD)M + B* )
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which both occur during the initial stages of the free jet
expansion where the numper density and corresponding collision
frequencies are highest. Reaction 21 represents associatién
of a neutral water with an existing cluster resulting in a
vibrationally excited cluster with inte;nal energy in excess
of the current heat of hydration. The kinetics for collisiénal
stabilization are essentially three body for smaller clusters
which do not have the sufficient complexity with which to
dissipate the increased internal energy provided by the
enthalpy of hydration evolved upon association. For this
reason the moderating influence of a thira body is required
for removal of this excess énergy if the clustering reaction
is to occur successfully. Larger cluster ions with sufficient
heat capacity may not necessarily require a third body. Hence
the dynamics in the earliest stages of the 3jet tend to
progress froﬁ predominantly three body to predominantly two
body kinetics. The excited (fresh) cluster ion, H'(H,0),.." ,
formed in reactién 21 can therefore be unstable against the
reverse declustering reaction. The reverse of reaétion 21
will occur in accordanqe with some time constant that will
depend strongly upon the total internal energy of H'(H,0),..".
In competition with this declustering reaction, the excited
species, H'(H,0),,,” , may be stabilized against declustéring by
collision with a buffer gas molecule, B, as shown in reaction
22. In the regidn of the ion sampling aperture, the expansion

of the gas tends to lower the effective translational
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temperatures of the buffer gas and:ions which are carried
within its bulk flow. The metastable H'(H,0)_," will have
lower internal energy if formed by reaction 21 in the
expanding gas. This, in turn, will increase the lifetime éf
H' (H,0) 1" against.the declustering (reverse reaction 21) in -
the expanding gas and will increase the probability of its
stabilization by ;eaction 22._ The lower temperature of the
expanding gas will also greatly decrease the popuiation of
excited buffer gas, B* , which have sufficient energy to cause
the reverse of reaction 22. These temperature related factors
can therefore result in net cluster growth of tﬁe proton
hydrates during transit from the ionization chamber through
the aperture into the expansion chamber, primarily by
decreasing the rates of the reverse reactiops 21 and 22,

Amirov and coworkers have described the relative cooling
efficiencies for noble gas free jet expansions (25). The
efficiency of cooling within a given free jet expansion is
depeﬁdent upon a number of factoré, meﬁtionéd in Theory,.
ihcluding the initial pressure of the gas prior to expansion,
the initial temperature of the gas, aperture design,
molecular weight of the carrier gas, collisional cross-
sections, efficiency of energy transfer, and residence time in
the jet. The lowest expansion temperatures .are achieved with
noble gases because they have no vibrational or rotational
modes. For the noble gases iﬁvestigated, the efficiency of

vibrational cooling follows Xe > Ar > He. Vibrational
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cooling with helium is less favored due to its low coilisional
cross sectioh for vibronic depoéulation, resulting in less
ion-molecule clustering within the expansion. The relative
ordering of cluster growth observed in Figure 10 for helium,
argon, and xenon 1is qualitatively consistent with this
relative ordering for cooling efficiency. Searcy and Fenn
have also observed a greater tendency for cluster grqwth'in
the proton hydrate serigs for expansions of argon verses
helium (40).

The pronounced differences in the degree of clustering
observed at 66° C for the three noble gases shown in Fiéure 9
can also be ascribed to at least one other factor in addition
to the translational temperature in the expanding gas. The
residence time in the jet influences the degree of
aggregation. Longer residence times allow for more collisioné
therby affording increased opportunity for reactions 21 and 22
to occur. Because of velocity slip, described in Theory, it
is understood that the cluster ions will experience higher
collision frequencieé in an expansion of a larger, heavier
gas, because of the lower beam velocities and correspondently
longer residence times. The residence time of ions and
neutrals entrained in a free jet expansion is less for helium
than for argon, and for argon less than xenon, due to their
significant differencés in collision cross-sections, mass and
velocity. If the ?esidence time of material in the jet is

\
very short, the magnitude of any perturbations expected due to
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very low temperature conditions will be reduced. This
variation in cooling has been shown by Amifov to be important
for expansions of helium.

The inefficiency of energy transfer by helium has been
demonstrated by Dunbar (43). Because the efficiehcy of energy
transfer between the helium atoms and the ions ana neutral
molecules is pérticularly inefficient, the rate at which
internal energy is removed 'from thé éntrained ions and
molecules will lag significantly behind the decreasiﬁg
translational tempergture of the expanding gés. In an
expansion of helium or hydrogen thefe are expected to be
significantly fewer collisions ‘with the entrained proton
hydrates in cdmparison to an expansion with argon or xenon, SO
that less internal energy is removed from cluster ions with
less subsequent cooling and correspondingly less cluster
aggregation.

With use of higher ion source temperatures in Figures 9
both the exﬁected and observed distributions of cluster ions
are shifted downﬁérd in the degree of ion-molecule cluster
aggregation. In argon buffer gas, the degree of clﬁster
growth ielative to the known equilibrium distribution’is much
less prbnounced at eithér 155° or 243° C, than at 66° C. At
both of the highéf temperatures showﬁ in Figure 9,‘the ion of
greatest abundaﬁce possesses only one water molécule more than -
the most abundant proton hydrate -under the equilibrium

conditions ‘within, the source. At the higher source
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temperatures (155 and 243° C) with helium as the expansion
‘gas, the degree of aggregation is seen to be in accordanee
with the above discussion concerning relative condensation
efficiencies when compared to argen. However, with helium,
observed relative ion intensities .at the higher ion source
temperatures are sufficiently close to the known equilibrium
abundances that it appears that a reasonably accurate mass
spectral measurement of tne ion contents is demonstrated This

point will be returned to follow1ng discussion of the results

obtained from the polyatomic expansion gases.

Sampling with Noble Gases and 50 um aperture. Because

cooling and aggregation effects are known to be proportional
" to the product of upstream pressure and aperture diameter
(23), this paraneter is also examined. It is expected that
use of a larger diameter orifice will result in more
'pronounced condensation perturbations. To demonstrate this
effect, Figure 11 shows the sampling results obtained

with an 50 um aperture. The experimental conditionsfemployed
are identical'to'those described for the'22 Mm aperture that
are presented in Figure 9. It is seen that the increase in
aperture diameter indeed results in more extensive net
clustering at all temperatures examinedu However; the unusual
" bimodal contour of the cluster ion distribution observed with
both argon and xenon at 66° C is indicative of increased
collisionally induced dissociation, resulting in an

accumulation of lower mass proton hydrate cluster ion debris.
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Figure 11.

Comparison between the expected equilibrium distribution of
hydrated hydronium cluster ions at 18.7 Torr water and ion
source temperatures of 66, 155, and 243° C, to APl mass
spectral measurements obtained with a 50 “Im aperture for
helium, argon, and xenon buffer/expansion gas. Nickel-63
ionization 1is used. Equilibrium distributions are calculated
from the thermodynamic parameters of Kebarle and coworkers

reference 42.
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This effect is consistent with an increased expansion chamber
pressure observed to accompany use of a 50 Hm aperture
relative to that for a 22 um aperture. This is due to the
significahtly enhanced mass flow for the 50 Hm aperture, whiéh
increases the pumping load on the vacuum systém fourfold.

Increased ion source temperature using the 50 Hm aperture
has a similar effect as the 22. um aperture, seen by lowering
the extent of net clustering beyohd the Pre-sampling
equilibrium distributions. The use of helium buffer gas at the
higher source temperatures again provides the least
perturbation, which is consistent with the results obtained
with the 22 um aperture, despite the observed significant

accumulation of cluster collision debris.

‘Sampling with Polyatomic Gases and 22 um Aperture. A

number of polyatomics were chosen for inclusion in this studf
because of their wide use as buffer gases in high-pressure-
mass spectrometry. The use of a polyatomic as a free jet
expansion gas, as seen from thé literature (21-25), is
atypical for a number of reasons. The effective temperatures
attainable with polyatomics are not as low as those that can
be reached with atomics. This may be attributed to the higher
heat capacities associated with the polyatomic internal modes
of vibrational and rptétional motion.

The influence of hydrogen buffer/ expansion gas is seen
in Figures 9 and 10 to very closely resemble the observétions

obtained with helium. At the lowest temperature of 66° C,
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only a modest condensation effect is noted. At the higher ioh
source temperatures (155’and 243° C) the observed ion signals
closely reflect the known eqﬁilibrium ion -distribution'
exist?ng within the ion source. The same arguments for
explaining the effects seen with heiium are expected to hold
fo; hydrogen, oﬁing to their very cémparable masses, and also

very similar mass flow characteristics.

Cancellation of Opposing Forces. The effects of

collisionally induced dissociétion, which oppose those of
aggregation processes will next be considered. As seen in
Figure 9 and 10, two of the polyatomics, methane and-nitrogen
have produced sampling perturbations from the equilibrium
distribufions that afe very similar to one another, but very
different from those caused by any of the noble gases.
Inspéction of spectra shown in Figure 9 for .an ion . 'source
temperature of 66° C and 18.7 To;r water, suggests that with
either of these two buffer/expansion gases there appear to be
two opposing processes operative within their respective free
jet expansions. One of these processes results in net cluster
aggregation beyond the equilibrium distribution, as.seen by
prominent cluster ions containing eight water molecules. The
opposing process is leading to smaller than expected proton
hydrates, as evidenced by clusters containing three and four
water molecules. The general model presented above by
reactions 21 and 22 may.still be applied in the same manner

for net cluster growth, but with additional emphasis on the
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events which result‘in smaller than expected cluster ions. As
mentioned above, the effective expansion temperatures reached
in‘methane or nitrogen free jet expansions are known to above
those possible within expansions of argon. This may partially
explain why the obser;ved clustering is more extensive with
argon, in comparison ﬁo that attained with methane or
eitrogen.,The model proposed by Searcy includes a unimolecular
decomposition path for declustering of newly formed clusters
(reverse reaction 21) which may perhaps be more efficient.at
higher temperatures. = As described  in the introduction,
collisionally induced dissociation can be problematic when
sampling high-pressure gases " (16). .The static eXxpansion
chamber pressure for the apparatus employed in this study is
typically in the low 107 range with the 22 um aperfure, and
is comparable among the buffer gas. .Collisionally induced

dissociation, represented by reaction 23,
H'(H,0), + B ---> H'(H,0),, + H,0 (23)

is expected to be most probable in the mach disk shock wave
regions of the jeﬁ, but may potentially occur anywhere within
the expansion chamber. The energy required for collisionally
induced decomposition is primarily supplied by the:
translational energy of H'(H,0),. This process has been
cleariy demonstrated for argon and xenon at low temperatures

with a 50 um aperture. However,.it may not be apparent with
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the 22 um aperture results due to the lower expansion chamber
pressures, resulting in loﬁef pProbability of collisionally
.;ﬁduced dissociation. With use of the 22 um aperture and
either hydrogen or helium as the buffer/;_expénsion' gas,
reaction 23 would be expected to be ;ess important due to
their smaller cross sections for collisional activation. To
further investigate this point the expansion chamber #ressu:e
was varied to examine cdilisional activation effeéts on the
proton hydrate cluster ion distribution. It was found that a
tripling in the expansion chamber pressure from 1.5 x 10 ™ to
5 x 10 Torr helium resulted in negligible increase in
collision debris. In contrast; a noticeable inérease in the
smaller cluster ions debris is obéerﬁed when the expansion
pressure is doubled using nitrogen. If reaction 23 had been
opefative and served- to cancel a tendency for cluster
aggregation in the free jet expansion of the 22 Hm aperture,
oné'might have expected this increase in the helium expansion
.chamber pressure to result in‘ a noticeable shift in the
observed cluster ion distribution toward the smaller cluster
ions. The effect is in fact evident for helium sampled through
the 50 um aperture, where the éxpansion_chamber pressure
reaches 1.1 # 10~ Torr.

An additional test of the importance of collisionally
activated 5dissociati§n is made by increasing the ion
extraction energy. It is seen f;om Figure 12 that the proton

hydrate cluster ions are progressively declustered upon
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Figure 12.

Effect of ion acceleration by 1ion extraction potential on

subsequent collisionally induced dissociation (CID) of

hydrated hydronium cluster ions. Higher extraction 1ion
energies are seen to alter relative cluster ion abundances due

to CID effects with nitrogen buffer/ expansion gas.
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increases in the ion extraction kinetic enefgy.

It is intefesting to consider the results shown in Figure
9 and 10 with use of methane or nitrogen at the two hiéher
source temperatures (155 and 243° C). It is seen that at 155°
C, the ion currents observed in these gasés are in close
agreement with the ion abundances known to be present Qithin
the ion source under these conditions of temperature and water
partial pressure. At 243° ¢, howevér, the observed ion
abundances differ significantly from the known equilibrium
cluster ion distribution. It appears therefore that accurate
ion sampling is not occurring with use of methane or nitrogen
at the source temperature of 155° C, but rather the results
frqm methane or nitrogen at this temperature is‘attributable
to a cancellation of the opposing perturbations that have been
discussed above.

The results shown in Figures 9 and 10, in which carbon
dioxide is used as thé buffér gas, are similar to those just
described for methane and nitrqgen, but with one néticeabie
difference. For carbon'dioxide it is the ion intensities
measured at 243° C, rather thap 155° C, which appear to be in
close agreement with the known ion abundances. This again
would appear not to be a circumstance of accurate ion sampling
but as with carbon dioxide at 155° C, alresult accounted for

by the cancellation of opposing perturbations occurring

during the sampling process.
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Appearance of Accurate Ion Sampling

Following the above consideration of the variability in
sampling perturbations that can be encountered for systemé
comprised of cluster ions involving successive clustering
steps, perhaps the most interesting reéult is the appearance
of accurate.ion sampling which consistently accompanied use of
helium or hydrogen with the 22 um aperture at the two higher
dion source temperatures. This point is further investigated
by a careful temperature study performed employing heiium as
the bﬁffer/expansion gas. Figure 13 shows the result of a
temperature study from 50 to 250° C using a water partial
pressure of 4.6 Torr. The smooth curves are the ion abundances
present within the equilibrium conditions-of the ion'source,
which were again calculated from the thermodynamic parameters
for the proton hydrate cluster ions as measured in Kebarles
laboratory (42). The plotted points show the actual ion
abundances sampled through a 22 pum aperture with helium as the
buffer/ expansion gas. At the higher ion source femperatures,
very good agreement exists between the observed ion abundances
and the known pre-sampling ion abundances. It appears that
accurate cluster ion sampling is méde possible when the source
is maintained ébove 150° C, using a 22 Mm aperture and helium
as the buffer/expansion gas. A similar temperature stﬁdy was
repeated but using a much higher (18.7 Torr) partial pressure
of water. The results are presented in Figure 14, which reveal‘

the same temperature dependence for apparently accurate ion
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Figure 13.

Hydrated hydronium ion clusters, H+(H20)n, plotted as
percentage of the total sampled 1ion current using 4.6 Torr
water partial pressure as a function of 1on source
temperature. The data points corresponding to n = 2 (),
n=3((3),n=4 (A ),n=5 (®), andn =6 ( ), are
the APIMS observations using helium as the buffer/expansion
gas with a 22 (Im aperture. The solid curve is the expected
equilibrium 1i1on abundance calculated from thermodynamic

parameters of Kebarle and coworkers, reference 42.
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Figure 14.

Hydrated hydronium ion clusters, H+(H20)n, plotted as
percentage of the total sampled ion current using 18.7 Torr
water partial pressure as a Tfunction of 1ion source
temperature. The data points corresponding to n = 2 ( ).,
n=3 (0 ), n=4 (A), n=5 (¢, n=6 (™ ), and

n =1 (X )1 are the APIMS observations using helium as the
buffer/expansion gas with a 22 Jim aperture. The solid curve
is the expected equilibrium 1ion abundance calculated from
thermodynamic parameters of Kebarle and coworkers, reference

42.
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sampling, that is, above a source temperature of 150° C, using
a 22 um aperture and helium as the buffer/expansion gas, the
observations reflect the known equilibrium ion abundances.
Paulson and coworkers (44) have shown that the ‘rate

coefficient for energy transfer, k is inversely related to

ar
the bath gas temperature as
kg o< (TTH )X (24)-

The magnitude of the ~exponent, X, as well as the
proportionality constant, are empirically derived. To the
extent that the initial ion source temperature influences
clustering events downstream in the free jet expansioﬁ, such
temperature dependent energy transfer may have significance
toward an explanation of the results shbwn in Figqres 13 and
14. Other investigators have examined the merits of higher
ion source temperatures toward reduction in condensation
effects (45,46). The effect of increased temperature is
related to an increased internal energy of the buffer gas and
entrained ions which presumably provides a resistance to free

jet aggregation processes.

Test of Accurate Ton Sampling. An important test of the

appearance of accurate ion sampling by means of a 22 Jm
aperture with helium as the buffer/expénsion gas at ion source
temperatures in excess of 150° C, is presented in Figure 15.
The ion source temperature is maintained at 2005 C. while the
water partial pressure is varied from 2 to 16 Torr. Apparent

equilibrium constants are calculated for two of the successive
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- clustering reactions from the observed ion signals by means of

equation 25, which is general for any clustering reaction,
Kontr = Iy / ( I, Pup ) (25)

where K, .., is the apparent equiliﬁrium constant for addition
of one water to a proton hydrate water cluster containing n
water molecules, I, and I, are the'éxperimentally observed
ion abundances for the ntt and‘(n“'+ 1) ciusters of interest, -
and Péo is the ion source partial pressure of water. The

apparentl equilibrium constants shown are calculated from
equation 25 from measurements for which the ions involved in
the clustering reaction constituted at least 3 % of the total

ion current.‘ A variation of wafer partial pressure of nearly
one order of magnitude was possible for measurements of KL; p

and a factor of 3 variation in partial pressure was possible
for the measurements involving Ky, s- The redundancy of
measurements at a given partial preSsﬁre of water shown in
Figure 16 results from the mixing of different combinations of
dry and humidified flow rates possible that result in the same
water partial pressure. The measured equilibrium constants

for the'clustering reactions shown are seen to be indépendent

of water partial pressure, a fundamental requirement for
measured equilibrium constants. The magnitude of each
measured cohstant is essentially equivalent to those reported

by Kebarle and co-workers at this temperature, Ky, = 0.15




65

To.rr'1 and K, = 7.4 x 107 Torr™? k42). The discrepancies
between the apparent equilibrium measurements obtained from
these APIMS sampling conditions and those from PHPMS are not
unreasonable considering measurement uncertainties associated
with each method. The API result for K;,, 18 approximately 0.22
Torr™ verses the PHPMS result of 0.15 Torr'. The API result
for K, s is approximately 14 x 10~° verses the PHPMS result of
7.4 x 1073,

The evidence ﬁrovided above suggests a system for
investigation of ion molecule clustering equilibria that occur
within the conditions of an atmospheric pressure ion source.
The absence of sampling perturbations is apparent when helium
or hydrogen are used as the buffer/expansion gas at higher ion
source temperatures while employing a 22 um sampling aperture.
The possibility that the appearance of accurate ion sampling
under these conditions is due to an accidental cancellation of
opposing perturbation forces for cluster aggregation
(reactions 21 and 22) and collisionally inducgd dissociation
(reaction 23) is refuted by the experiments in which the
expansion chamber pressure was tripled. Helium was observed
to have minimal collisionally induced dissociation effects
compared to nitrogen over upon pressure doublfng. However,
very high helium expansion chamber pressures can result in

enhancement of cluster ion collision debris, as shown above in

Figure 11.




66

Minimization of Sampling Perturbations

Although the physical conditions used for ién sampling in
APIMS are in gross violation of the criteria normally
considered necessary for the accuréte'ion sampliné of a high
pressure ion source, the results discussed above suggest that
cluster ion sampling errors can be substantially minimized.
This has been effected by means of smaller sampling apertures,
inefficient expansion gases, and higher initial ioﬁ source
temperatures. Several physical properties unique to helium are

consistent with this conclusion.

1) Helium is relatively inefficient at promoting free jet
-expansion aggregation dynamics owing to a low heat capacity

and low collisional cross-section.

2) It is known that the helium is notably inefficient at
energy transfer and that this inefficiency is exacerbated at

increased temperatures.

3y Because of its high self-diffusion coefficient and
high aperture flow throughput, the residence times for

expansion entrained cluster ions may be reduced with helium.

4) Additionally, the significant mass differences
between entrained cluster ions and helium lower the Silent

zone collision frequency due to velocity slip.
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Capacitive-like Charging Events
and Contact Potentials as Sampling Perturbations

The following section will demonstrate mass spectral ion
current sampling problems thét_have been eﬁcountered when
moderate to high electric fields are in the vicinity of the
ion sampling aperture. Negative ions are notoriously
difficult to sample, much more so than positive iéns. Sigmond
has explored the effect of aperture diameter and material oﬁ
ion sampling (47). The observations to be related here are
potentially important for furthering the apprecia£ion of very
high-pressure mass spectrometric sampling whenever the
sampling orifice may be exposed to moderate or high
electrostatic fields. These ion current limiting fields may be
applied upstream from the sam?ling aperture (within the
ionization chambef) or from the expansion chamber Svagﬁum side
of sampling aperture).

Th;ee general experimental conditions have been
encountered which result in aperture charging events:

1) ECD anode pulsing
(perturbation from inside source)

2) Corona discharge ionization mode
(perturbation from inside source)

3) High Ion Extraction potentials
(perturbation from outside source)

Internally Applied Electrostatic Fields
Figure 16 demonstrates an ion sampling effect ascribed to

aperture discharging following application of periodic +50
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Figure 16.

Demonstration of aperture discharging period required iIn order
to sample negative 1ions. ECD function (+ 50 volt pulsing)
responsible for aperture charging effect is terminated at time
zero. It iIs seen that a period of two minutes must elapse for
full recovery of negative total 1ion current.

lonization by nickel-63.
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volt pulses (5 useé width x 300 usec périod) to ﬁhe ECD anode
shown in Figure 2. It is seen from Figure 16 that during and
immediately following the termination of fast ECD anode
pulsing, ions cannot be sampled, presumably evidence that a
diécharging period must eiapse prior to recovery of full ion
sampling ability. The effect is seen to effectively inhibit
negative ion sampling -for a period of 1 to 2 minutes to reach
maximal negative ion current mass spectral response after
termination of ECD anode pulsing. This particular'effect has
been observed for APIMS sampling previously (48), and is
generally ascribed to the existence of contact potentials or
space charge effects. A plasma in contact with a grounded
surface will develop a thin interface region within which
strong electric fields may exist (49). The sampling aperture
is 1located at the wall-plasma boundary-interface and 1is
therefore potentially vulﬁerable to fields which may build in
this region, and cause aperture contéct‘potentials.

Figure 17 shows an_anélogous‘effect to that shown in
‘Figure 16, but the aperture charging is by application of a
negative corona discha;ge ~with nitrogen buffér gas while
monitoring several mass resolved positive ions. The effect
of a negatively biased corona discharge is qualitatively
identical to the effect of termination of the ECD pin +50 volt
pulsing upon sampling of negative ions described above. It is
séen that a charge dissipation period must necessarily elapse

prior to full recovery of ion sampling ability accompanied by
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Figure 17.

Demonstration of aperture discharging period required in order
to sample positive 1ions. Corona discharge (biased at -1600
volts fTor 30 sec) responsible for this aperture charging
effect is terminated at time zero. It is seen that a period of
six minutes must elapse for fTull recovery of total positive
ion current, analogous to the experiment shown above in Figure
Ni Converged"™ means the mass spectral responses have
resumed to the pre-charging nickel-63 1i1onization results.
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niékelj63 ionization. The relative ion abundances are not
seen to change over the charge dissipation period. In
contrast, Figure 18 shows the effect of charging due to a
positive corona. The same set of broton hydrates are being
sampled, and in this experiment‘ a dynamical mass
discrimination effect is observed. The shift from the nickel-
63 result develops in accordance to the period of chafging,
i!e., application of the coronha discharge. Again, a bresumed
charge dissipation occurs over a time period dependent upon
the charging period, roughly analogous to a capacitor, prior

to convergence back to the nickel-63 ionization result.

Externally Applied Electrostatic Fields

Figure 19 shows the focusing effects observed by varying
the ion extraction poteptial between 0 and 400 volts on the
absolute ion intensities of bromide and dibromide ions
generated upon electron capture from 1,2-dibrombh¢xafluoro—
propane. Also shown are measuréments-obtaiﬁed three minutes
after initial adjustment of the ion extraction potential to

the indicated voltage. A modest increase is observed at the

a potential setting after 3 minutes, and conversely, at'high

ion extraction potentials, a marked decrease in ion current is
observed after 3 minutes.

Figure 20 demonstrates this charge building effect in a
more systématic manner. Plotted are the absolute ion
intensities for bromide and dibromide which are observed to be

initially enhanced upon adjusting the ion extraction potential
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Figure 18.

Demonstration of aperture discharging period required in order
to sample positive 1ions. Corona discharge (biased at +2000
volts for 40 sec) responsible for this aperture charging
effect 1is terminated at time zero. It is seen that a
dynamical mass discrimination effect, for which no explanation
has presently been found, is operative over a period of six
minutes. ""Ni Converged"™ means the mass spectral responses
have resumed to the pre-charging nickel-63 ionization results.
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Figure 19.

Effect of iIncreased ion extraction (lens 1) potential on ion
currents of bromide and dibromide generated from 1 ,2-dibromo-
hexafluoropropane. Superimposed over lens 1 focussing effects,
it is seen that an aperture charging effect that inhibits ion
sampling at high potentials, 1is building rapidly over time, as
shown by the measurements taken 3 min following adjustment of
lens 1 to the indicated potential.
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Figure 20.

(@ Demonstration of aperture charging effects caused by high
ion extraction (lens 1) potential of +250 volts, applied at
time zero from an initial 1ion extraction potential of +24
volts. Upon returning to the +24 volt lens 1 setting 35 min
I"ter, the 1on currents are virtually non-existent due to
sampling inhibition. Recovery to normal 1ion sampling occurs
during an apparent aperture discharge period of approximately
40 minutes. The bromide and dibromide ions are generated from
the dissociative electron capture branching reaction of 1,2-

dibromohexafluoropropane.

() Relative ratio of the two i1ons (Br2- / Br-) over the course
of the experiment described In (). It is seen that charging
phenomena may influence the observed relative ion currents of
interest.
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(lens 1) from +24 to +250 volts. This significant change due
to the increase in the lens 1 potenﬁial is immediately
followed by a decay in the absolute intensity for each of the
two ions shown. After 35 minutes the ion extraction potential
ig readjﬁsted from +250 to + 24 volts. .This is concémitant
with loss in the ion currents until a period éf approximately
40 minutes have elapsed, for reéovery of ion currents to the
normal +24 volt lens 1 levels (dashed line in figure).‘ Also
shown in Figure 20 are the relative intensities of dibromide
to bromide, illustrating an ion extraction potential dependent
mass discrimination effect. This effect is due to a non-
uniform effiéiency in ion extraction from the free jet
expansion, a subject that will be closely exaﬁined in the next
section of Results and Discussion. |

The aperture charging and charge dissipation effects are
presented for three halide ions in Figure 21. The chloride,
bromide, and iodide ions are genefated from very.large éamples
of carbon tetrachloride, dibromometﬂane,_ahd methyl.iodidé,
respectively, so that nearly all of the a&ailable ion source
ionization is transferred to the single.ion of interést és
these compounds individually elute through the ion source.
The'd;shed lines show thé non uniform absolute ion currents
obtained for the hélideé, indicaﬁing a mass discrimination
effect ascribed té imﬁerfect ion sampling. - If ideal or

perturbation-free ion sampling - were occurring, then the
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Figure 21.

(A) Demonstration of aperture charging effect which inhibits
ion sampling caused by high ion extraction (lens 1) potential
of +400 volts, applied at time =zero from an initial ion
extraction potential of +24 V. Upon returning to the +24 volt
lens 1 setting 95 min later, the 1ion currents are virtually
non-existant due to sampling inhibition. Recovery to normal
ion sampling occurs during an apparant aperture discharging
period of 95 minutes. The chloride, bromide, and iodide ions
are generated by dissociative electron capture of nearly 1ion
source saturation samples of CCl4, CBrmM7, and CHT7I,
respectively. 3
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absolute intensities of these different mass ions would be
identical. 1Instead, lower mass ions can be seen to be less
efficiently extracted from the free jet expansion than higher

mass ions. Again it is seen that initial increases in the ion
extraction potential K+24-to +400 volts) are accompénied by

enhanced ion currents for ﬁhe halide ions. But immediately
following this marked enhancement in ion currents, a Qradual
decay ascribed to aperture charging is manifested, after 60
minutes bringing the ions into a reéion of cdnvergence'whereby
the relative ion intensities are very neaf unity. This would
indicate a sampling condition has been attained for which a
uniform relative efficiency in ion extraction is achieved, but
at some expense of the absolute ion currents for bromide and
iodide.

It seems apparent that this observed capacitive-iike
aperture charging behavior coincides with a reduction in the
effective aperture ion sampling diémeter, resulting in
diminished, but more uniform, ion currents for bromide and
iodide. It seems reasonable that the effective sampling
diameter for chloride is also reduced, but a felative gain in
the extraction efficiency for chloride from the jet results in
the overall enhanced chloride ion current. Following the
readjustment of the lens 1 potential from +400 volts back to
the initial setting of +24 volts, the ion currents are all
lost, but again they slowly recover to the normal +24 volt.

levels as the aperture dissipates charge acquired from the ion
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extraction electrostatic fields.

The question of uniformity in ion extraction in the
region of ion current convergence after application of +460
volts (Figure 21) is examined more closely in Figure 22.. This
plot shows the mass spectral ién currents for the three halide
ions as a function of ion mass-to-charge ratio, m/e.
Perfectiy uniform ion sampling, free of mass discrimination
effects, would provide equivalent ion currents for identical
sample sizes, regardless of the mass of the ion. Figure 22

shows data obtained from Figure 21, 60 and 85 minutes

following application of the high (+400 V) ion extraction

potential of lens 1. The plot indicates an improved ion

sampling uniformity compared to the relative ion abundances

from low ion extraction potentials, but mass discrimination

has not beén eliminated as seen by the non-zero slopé.
Furthermore, the dynamical effects of aperture charging on the
absolute ion currents is still observable 85 minutes after
application of the increased ion extraction voltage.

Avoidance of Sampling Perturbations

due to Aperture Charging Effects

It has been demonstratedlby the above examples that
dynamical capacitive-like charging and discharging eﬁents may
be operative in influencing the absolute, and in some cases
relative, ion currents obtained by aperture sampling whenever
moderate fo high electrostaﬁic fields .are present.

Electrostatic fields applied from either side of the sampling
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Figure 22.

Mass Discrimination Curve for charged aperture.

The chloride, Dbromide, and 1odide near saturation ion
currents, (from Figure 21) following application of +400 volts
to lens 1 after 60 (®) and 85 ( minutes, are plotted as a
function of ionm / e. It is apparent that mass discrimination
is minimized under this high ion extraction potential sampling
condition, despite the overall reduction 1in 1ion currents
relative to those using +24 volts shown in Figure 21.
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aperture may be implicated in sampling perturbations which are

manifested by reduction or loss of mass spectral ion currents.
Therefore caution must be taken in use of ionizing discharges,
repellers, or other electric field producing elements within
the API source that may be positiéned very near the'sampling
orifice. Also the use of very high ion extraction potentials
qutside the samplipg région may be accompanied by aperture
charging events that can reduce or eliminate mass spectral ion

currents,

Mass _and Ion Type Sampling Errors

A very significant and problematic feature associated
with sampling from the API ion soufce, briefly considered in
the above section, concerns the system mass discrimination
against lighter mass ions. This'fofm of sampling error is of
particular importance if relative ion abundances, as they
exist within the ion source, are of interest. An eérlier

report by Kim and Grimsrud recognized a source of mass bias

- observed to exist between chloride and bromide mass spectral

responses (50). Sampling errors against lower mass ions have

been noticed to exist within other free jet expansions and is

often attributed to a tendency for higher momenta ions to

retain K on-axis trajectories during sampling, whereas the
lighter mass (lower momenta) ions are less prbne to remain so,
and are assumed to be more effectively sprayed or scattered

off-axis (12) . The result is a preferential enrichment of
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larger mass ions into a sampling acceptance cone dictated by
the ion optic electric field contours within the expansion
chamber. The concept regarding a preferential radial movement
of lighter masg'neutral species outéide a free jet expansion,
with subsequent enrichment in heavier mass neutral species,
-has previously been challenged. Fenn concludéd that the
cause of the relative inefficiency to sample lighter mass
species in a free jet expansion is attributable to iﬁperfect
free jet expansion sampling, and that ﬁarticular'enrichment
effects are dependent upon the associated method of sampling
(51) .

Figure 23 provides an example of ﬁhe severity of this
samﬁling error for APIMS. The electron capture API mass
spectrum of 1,2-dibromohexafluoropropane-is shown for low and
high ion source sample concentrations. For sufficiently large
sample concentrations, bromide ion formed by dissociative
electron capture of this compound may attach to a neu;ral
parent molecule- to form an adduct ion, (M + Br)-. From
inspection of Figure 23 it is apparent that ion sampling is
grossly non-uniform for ions on extremes of the mass scale.
This is seen from the loss of bromide signal due Eo adduct
formation which is not proportional to the increase in adduct
ion between the two sample concentrations shown. The increase
in the bfomide adduct ion current is seen to_be exaggerated by

apprqximately a factor of seven beyond that which might be
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Figure 23.

Demonstration of non-uniform sampling efficiency for ions of
widely differing mass. The two APl mass spectra shown are for
low and high 1#on source concentrations of 1,2-dibromohexa-
fluoropropane at 100° C with nitrogen buffer/expansion gas.
Sampling 1is by means of a 50 film aperture. A mass
discrimination effect 1is seen from the disparity between
bromide and bromide adduct 1ion currents for the two sample

concentrations.
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expected based upon the decrease observed in the bromide ion
current. -

The method for examining sampling related mass
discrimination effects to be described below is based upén
conversion of the total negative ion current available within
the ion source to one ionic species of interest. This is
possible with a nickel-63 type ion source because in the limit
of large ion source analyte concentraﬁions, only a finite
amount of analyte ionization .is possible, regardless of the
ionizable species identiﬁy. This is effected by means of
introduction of a saturation quantities of material, that are
in excess of the totai'negative reagent ion population, which
within the APIMS source is comprised of superoxide hydrates,
0,7 (H,0),., and therﬁalized electrons. The relative sampling
efficiency for a given mass ion can then be observed. Figure
24 demonstrates the approach ﬁo ion source saturation as seen
from the mass spectral ion currents for a range of ions with
different mass-to-charge ratios, m/e. The C1-, Br’,'ry SF,,

and C,;F;,” ions shown were generated by the electron capture of

carbon tetrachloride, dibromomethane, methyl iodide,
sulfurhexafluoride, and perfluoromethylcyclohexane,
respectively. The minor (M-F)~ ions formed from sulfur-

hexafluoride and perfluoromethylcyclohexane are disregarded,
since they comprise less than 5% of the ion current for these
two compounds. The relative mass spectral responses are

plotted as a function of effective ion source concentration,




Relative Q

Figure 24.

Approach to 1on source saturation. The plateau regions
correspond to sufficiently large sample sizes which
effectively consume the total available 1i1onization which 1is
thereby transferred to one desired i1on. Relative Q (equation
26) represents the total effective concentration of a
particular electron capturing species by taking into account
sample size, electron attachment rate coefficient, and eluent
chromatographic spreading. A significant mass discrimination
effect 1is demonstrated by the varying magnitudes for the
plateau APIMS saturation responses. The buffer gas Iis
nitrogen, the ion source temperature is 150° C, and sampling
is by means of a 50 |im aperture.
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or relative Q. This is a term that accounts for the molar
quantity of ionizable maﬁerial introduced, its electron
attachment rate coefficient, and for the gluent

chromatographic spreading, as shown by equation 26,
Relative Q = (g xk, ) / ( MW x PW ) (26)

where g is the quantity of compound introduced in grams, k, is
the rate coefficient for electron capture, MW is th§ compound
molgcular-weight, and PW is the elﬁent chromatographic peak
width at half maximum. The electron attachment rate
coefficients in units of cm’ sec™ used in equation 26 are ccCl,
(3.7 x 107) (52), CBr,H, (1.6 x 1077) (53), CH,I (1.8 x 107)
(53), SF¢ (4.5 x 1077) (52), C,Fy; (1.3 x 107) (53). The
calculated relative Q values shown in Figure 24 are normalized
to chloride, for which a relative Q of 5, sufficient for total -
ion source saturation, corresponds to approximately 80
nanograms of material introduced into the ion source.

All subsequeht experiments in this section regarding mass
and ion type bias will invoive API mass spectral saturation
responses in which all of the available ionization is
transferred to one ion, whereby the non-uniformity in ion
extraction from the free jet expansion may be examined. For -
| agssurance that ion source saturation is indeed attained,
samples with relative Q values in excess of 15 were utilized

by introduction of 3 ppt gaseous samples in 1 mL aliquots,
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corresponding to low microgram quantities of material.
Figure 25 is a mass discrimination curve obtaiﬁed in

nitrogen at 150° C for sampling with a 50 pum aperture showihg
relative mass spectral responses ffom ion source saturation
samples of the various ion producing analytes.. All ion
currents have again been normalized to the chloride response.
The X’s correspond to the saturation résponses from 1,2-
dibromohekafluoropropane, which dissociatively‘captﬁres an
-electron by either formation of bromide or dibromide ion. The
estimated dibromide point arises from comparison between the
bromide response from this compound (X) and that of
" dibromomethane, which has only one predominant dissociative
electron capturé channel. Since the b;pmide respornse from
1,2~-dibromohexafluoropropane is approxim;tely half that ffom
dibromomethane, the observed dibromide point (X) is half what
it would be if it were the.sole electron capture product.
Therefore,'doubling the dibrqmide saturation response from
this compound (X) provides an additional point that can be
included on the mass discrimination curve (circle) . It is
seen from Figure 25 that a fairly linear relationship-exists
for the simple atomic and diatomic halide ions, but thé
complex polyatomic molecular anions appear to form a-line of
differing slope and intercept: This may potentially ihdicate
differences in ‘the channeltrohk detector .'response
characteristics for ion structural detai;s. Alterpatively, the

polyatomic curve may indicate that molecular anions are
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Figure 25.

Data presented in Figure 24 from APl saturation responses,
normalized to chloride and plotted as a function of ion mass-
to-charge ratio, m/e. The buffer gas is nitrogen, and the ion
source temperature 1is 150° C. The X"s correspond to the
saturation responses from 1,2-dibromohexafluoropropane, which
dissociatively captures an electron by either formation of
bromide or dibromide. The estimated dibromide point (circle)
arises from comparison between the bromide response from this
compound and that of dibromomethane, which has only one
dissociative electron capture channel. Note how polyatomic
sampling appears to be preferred.
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sampled more efficiently, perhaps due to their larger cross-
sectional area for collisions that allows them to be more
effectively entrained within the free jet expansion, relative
to the simpler ions. Support for this later explanation has
been seen from experiments designed to test the degree of
scaﬁter for all of these mass discrimination study ions. It
has been observed that the polyatomic anions SF¢” and C,F,,” are
more prone to signal attenuafion attributed to collisional
scattering upon increases in the expansion chamber pressure.
It is interesting to observe that polyatomics appear to be
more efficiently sampled from the free jet expansion. This
effect may perhaps be explained by larger collisional cross
sections that allow for preferential entrainment on-axis

within the free jet expansion.

Effect of Ion Extraction Potential

Figure 26 shows the importance of ion extraction
potential on the slope of the mass discrimination curve for
nitrogen buffer/expansion gas at an ion source temperature'of
150° C. It is seen that a low lens 1 voltage sharply
accentuates the non-uniformity in the relative mass spectral
responses to API saturation responses, against the lighter
mass ions. It should be noted that electrostatic lenses do
not focus on the basis mass-to-charge ratio, but rather on ion
kinetic energy. The location in space one ion has relative to
that of anothér is also an important factor. The experiments

demonstrate that absolute ion currents of heavier mass ions
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Figure 26.
APl saturation responses at varying lens 1 ion extraction

potentials, normalized to chloride, and plotted as a function
of i1on mass-to-charge ratio, m/e. The buffer/expansion gas is
nitrogen, the ion source temperature is 150° C, and sampling
is by means of a 50 ”im aperture. The increasing slope shows
that the relative inefficiency for extraction of lighter mass
ions is greatly exacerbated at progressively lowered lens |1
settings.
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are, by comparison to the lighter mass ions; quite insensitive
té the ion extraction potential. Figure 26 also shows that
the higher lens 1 potentials greatly improve the'uniformity in
relative efficiency for ion extraction, as is seen by the
slope of the +100 volt mass discrimination curve. The

indications are therefore that larger mass ions have preferred

on-axis trajectorles over lighter mass ions which tend to be

scattered off axis much more exten31vely

Effect of Ion Source Temperature

The effect of ion source temperature was empirically
found to be of importance in determining the relative
efficiency of ion extraction from the jet. Figure 27 shows
mass discrimination curves obtained in nitrogen at 100, 150,
and 200° C. As seen’by the decreasing slopes of the mass
discrimination curves , 'the non-uniformity in sampling is
slightly minimized by use of a lower source temperature. A
correlation between aperture flow and ion source temperature
is of potential significanée toward an explanation of this
effect. Figure 28 shows aperture flow measurements obtained
by monitoring the vacuum systgm backing puﬁp effluent with a
bubble flow, meter. The reliability of this method for
monitoring aperture flow is supported by two inaépendent
means. The first is by measuring the rotary backing pump

effluent. When the diffusion pumps are isolated from the

vacuum envelope there is essentially no detectable flow (0.5

to 1 ml min™, maximum, due to foreline leaks). Upon exposing
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Intensity
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Figure 27.

APl saturation responses at three 1on source temperatures,
normalized to chloride, and plotted as a function of ion mass-
to-charge ratio, m/e. The buffer/expansion gas is nitrogen,
and sampling is by means of a 50 gm aperture.
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Figure 28.

Aperture flow measurements and analyzer vacuum pressure
plotted as a function of 1on source temperature with argon
buffer/ expansion gas for sampling with a 50 |Im aperture. The
argon TfTlow (circles) and analyzer pressure (triangles)
measurements were collected over a period of hours. Nitrogen
gﬁggwpata (hexagons) collected over a period of months is also
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the diffusion pumps to fhe vacuum envelope, and hence aperture
leak, the pump effluent is measured. The vacuum envelope hés
been leak tested, and the pump éffluent is considered to be a
direct‘measure of the aperture mass flow. A second check on
the aperture mass flow is obtained by comparing the ion soufce
effluent line flow when the vacuum envelope is vented verses
being evacuated. When vented there is no pressure
differential across the éperture and all of the ion source gas
will flow out through its effluent, or gas out line, shown in
Figure 2. However, when the vacuum envelopé is under vacuum,
the decrease in flow through the source effluent is taken as
a measure of the flow lost through the aperture into the
expansion chamber. Both of these measures of aperture flow are
identical.

Since the location of flow (heated ion source) differs
in temperature from the location of flow measurement (ambient
temperature of backihg'pump efflueﬁt), it is expected-ﬁhat'the
flow measurements shown in Figure 28 should be corrected for
temperature difference. However upon doing so, by
multiplication of flow by a '(Tsoume/'_l‘room) factor, the flow
appears to increase with increased temperature. This result
would be reasonable, however the conflict with the observed
lower vacuum pressures at higher temperature is compellipg
evidence that aberture flbw indeed decreases with increased
source temperaturg. Additionally a routinely observed

attenuation in mass spectral ion currents at increased source
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temperature is indicative of aperture diameter constriction at
higher temperatures. It appears therefore that flow through
the aperture is indeed moderately obstructed at higher
temperature. | |

Frnm the above discussion it seems reasonable to assume
that temperature is influencing some physical aspect of ion
sampling. Perhaps a minor change in the actual shape of the
free jet expansion follows a minor but real constriction in
the aperture, which effectively exacerbates the bias against

the lighter mass ions.

Effect of Buffer/Expansion Gas

The slope of the mass discrimination curve also shows a
sensitivity to the identity of the buffer/expansion gas.
Figure 29a shows the mass spectral relative responses to
saturation samples at 150° .C for three different samplirg
gases. The relative responses appear to be most uniform with
use of methane. A recentneffort to model the beam speeds and
temperature profiles within a free IJjet éxpansion has been
reported by Randeniya and Smith (54). It was shown that beam
velocity is dependent wupon expansion gas. This was
demonstratéd.for the three gases (Ar, N,, and CH,) examined in
Figure 29; whereby the highest attainable velocity in the
region nearest_to.the sampling aperture follows Ar > N, > CH,.
This trend is consistent with the observed relative ordering
of mass discrimination curves, where Ar exhibits the steepest

slope, follbwed.by N,, then CH,. Since argon expansions attain




95

m/ e

CHa

—CV)

N -

Figure 29.

(@ APl saturation responses with variation iIn the buffer/

expansion gas. Argon, nitrogen, and methane results are
normalized to chloride and plotted as a function of ion mass-
to-charge ratio, m/e. The ion source temperature is 150° C,

and sampling is by means of a 50 |im aperture.

() Relative aperture Flows for argon, nitrogen, and methane.
Note the correlation between Tflow and the slope of mass

discrimination curves shown in (a)-
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the highest beam speed (in the rénge §f 10° cm sec™) it seems
réasonable to conclude that the sampling mass discrimination
against lighter mass ioné is related to beam velocify
pharacteristics, where a lower beam Velocity'coincides with
lessened mass bias againsf lower mass ioﬁs.

It is also interesting to compare the observed trends
seen among tbe buffer gaseé for their respective mass
discrimination curves and their relative measured aperture
mass flows, shown in Figure 29b. The relative ordering
observed for the slopes of the mass discrimination curves are
seen to follow the ordering of relative aperture conductances
for the thrée gases studied. It would appear therefore that
more uniform sampling may also coincide with a higher'aperture
conductance. Degpite the highest mass flow with methane, the
beam velocities attained are lowest, as shown from the work by
Randeniya and Smith,. It is also interesting to note that
absolute ion currents are strongest in methane, and weakest
for argon, a féature not indicated in Figure 3la due to

normalization of all responses to that of chloride.

Minimization of Sampling Perturbations

The aforementioned experiments were designed to examine
the possible importance of ion extraction potential, ioq
source temperature, and buffér/expansion gas identity on the
uniformity in mass spectral ion sampling. It was shown that.
the relative responses among different mass ions appeared to

be improved by use of certain experimental parameters. The
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improvements in sampling were manifested by conditions which
resulted in decreases in the slope of the mass discrimination
curves. Of the parameters examined which improved the ion
sampling characteristics included'use of higher lens 1 ion
extraction pbtential, lower ion source températures, and
methane as the buffer/expansion gas. It was of interest to
investigate the combined effects of -these experimental
paréﬁeters op'the obser&ed relative responses for ioﬁs over
the mass range of the API mass spectrometer that was shown in
Figure 27. This collective sampling effect is demonstrated in
Figure 30, for which an ion extraction potential of +100
volts, ion source temperature of 100° C, and methane sampling
gas are used to measure the relative responses for the study
ions. Clear.improvement in the uniformity of ion sampling is
attained across the mass: range. This is seen from the
responses relative to chloride which do not exceed a factor of
two over the mass range, in contrast to the mass sampli#g
efficiency difféfences seen in‘Figufé 27, where efficiency of
sampling C,F,,” was a factor of 30 greater than for Cl-. It is
noteworthy that aperture diameter is also of importance in
determining the degree of ARiMS mass bias sampling errors.
Grimsrud and Kim found thét the relative.mass bias between
chloride and bromide with a 20 um aperture is a factor of ~2
preference for bromide over chloride ion. The results from

above for otherwise similar sampling conditions but a 50 Hm
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aperture show a factor of -4 preference for bromide to
chloride ion. Hence a larger diameter aperture exacerbates the

preferential aperture sampling for larger mass ions.

Correction for Mass Discrimination

The above sections have empirically demonstrated that an
inherent mass discrimination against low mass ioné is
operative during ion sampling from the APTI free jet expansion.
Numerical correction for this effect is made possiblé by
applicationléf a factor obtained by the slope of the mass
discrimination curve between the two ions for which a relative
ratio of ion currents is to be determined. Through
quantitative knowledge of the sampling bias that exisﬁs
between two ions of interest, it is possible to correct the
observed relative ion abundances so that interpretation of
signals in terms of ion source conditions may be made. Sin;e
the slope of the mass discrimination curve is dependent upon
the ion extraction potential, ion source temperature, and
buffer/ expansion gas identity, it is necessary to derive
correction factors for the specific experimental conditions of
interest. This procedure for mass aiscrimination correction
ig carried out in the following sectién in which dissociative
electron capture branching reactions will be examined by APIMS
for comparison to low pressure ionization sﬁudies conducted.by
other workers. The relative errors asSociéted. with the
corrected branching ratios are typicaliy on the order of

* 15 % of the reported ratio upon final propogation of error.




100

Fundamental'Information from APIMS

The difficulties associated with the mass spectrometric
sampling of ions from the  API ion source have generally
precluded its use for studies which address fundamental
questions. The previous three sections of Results and
Discussion were concerned with characterization of ion
sampling effects associated with APIMS aiming toward avoidance
or minimization of, or correction for, ion sampling erroré
encountered during mass spectrometric sampling of the API ion
source. Three sampling errors have been examined. Ion
sampling perturbations agsociated with APIMS free jet
expansion dynamics have been shown to significantiy perturb
the sampling of cluster ions, but conditions may be found
which serve to minimize their effects for the sampling of
equilibrium cluster ions. ﬁass and ion-type discrimination
effects shown to favor larger mass and more structurally
complex ions were later examined. Capacitive-like aperture
charging events which inhibit or impede mass spectral ion
currents were shown to be encountered when moderate to high
electrostatic fields are in proximity to the aperture.

It is only following a thorough characterization of these
important effects related to ion sampling that_fundamental
problems can be approached by means‘of‘APIMS.

The following section will entail application of the
knowledge of mass discrimination effects, and correction

thereof, in order to obtain fundamental insight into the
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préssure dependence of several two-channel dissociative
electron capture branching reactions. This'is information that
would have been totally unavailable prior to identification
and charaéterization of the significant ion sampling errors.
The pressure dependence for the electron capture chemistry of
bromotrichloromethane will first be consideréd; This compound
forms either chloride or bromide ion upon attachment of ;
thermaliéed electron. The bromotrichloromethane branching
reéctiont;esuits from mass discrimination corrected APIMS will
be compared to measurements obtained by anothe? atmospheric
pressure experiment, and then to measurements obtained by a
very low pressure ionization experiment. Following that
discussion, the electron capture chemistry of several
dibrominated | fluorocarbons and hydrocarbons will be
investigated. Many of these‘compounds also have two available
dissociative electron capture channels, one leading t§ bromide
ion, and the second to dibromide ion. Again mass
discrimination corrected APIMS measurements will be compared

to low pressure ionization experiments from other workers.

Pressure Dependence of EC Branching Reactions of CBrCl,

The attachment of thermalized electrons to a halocarbon
most commonly proceedé by means ‘of a single channel
dissociative electron capture mechanism shown by reaction 27,

in which a single halide ion is genefated"as the product ion,
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MX + e(th)—> M + X* @D

The presence of a low level unoccupied molecular orbital makes
electron capture feasible. Dissociative electron capture is
ascribed to electron capture which places electron density
into an antibonding molecular orbital, resulting 1iIn the
rupture of a bond, with charge retention by the most
electronegative moiety.

The capture of a thermal electron by bromotrichloro-
methane (CBrCl13), however, may proceed through one of two
possible unimolecular dissociative electron capture reaction
channels, by generation of either a bromide or chloride ion as

shown by reactions 28a and 28b,

Br + CCI3 (28a)

CBrCI13 + e (th)
A CI'" + CBrcCI2 (28b)

Previous Measurements. The atmospheric pressure electron
capture chemistry of CBrCl3 has been previously investigated
using APIMS by Kim and Grimsrud. It was shown that reaction 28
proceeds with a relative branching ratio, 28a / 28b, of 4 to
I, 1.e., 80% of the CBrClI3 molecules follow reaction channel
28a to produce bromide ion, and 20% proceed by reaction 28b to

produce a chloride ion (50). This relative branching ratio
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‘was found to be invariant over a study temperature range. of
150 to 300° C, and also showed no dependence upon either ion
source CBrCl; concentration, or variation in ion source
| residence time. The results éollectively indicated a
stoichiometric electron to CBrCl; molecule relationship of 1
to 1, as no evidepce was obtainéd for displacement reactions,
or electron capture side reactions by the neutral radical
species, CCl, or CBrCl,, formed in reactions 28a ér 28b,
respectively.

A more recent study of CBrCl, by Adams and coworkers,
using a flowing afterglow/ Langmier probe (FALP) apparatus,
indicated a substantially different dissociative electron
capture branching ratio , 28a / 28b , of nearly 1 to 1 ,

whereby 45% of the CBrCl, molecules follow reaction channel

28a to produce bromide, and 55% follow reaction 28b forming -

chloride (55). However, the FALP-experimental conditions
differ significantly from those of the APIMS, The FALP
apparatus employé a pressure that is two orders of magnitude
lower than that maintained within the API ion source.
Furthermore the FALP experiments were performed at a much
lower temperature. Specifically, the FALP experiments used 1
Torr total helium pressure that was maintained at 27 ° C. As
stated above, the APIMS bath gas comprised 1 atm total
argon/10% methane pressure and was maintained between 150 and
" 300° C.

Additionally, Adams and coworkers established that the
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neutral radical products CCI3 and CBrCl2 , formed from
reactions 28a and 28b, respectively, exhibit fast electron
attachment rate coefficients for their study conditions, as

shown below In reactions 29, 30a, and 30b,
CCI3 + e () _———> CI'" + CCI2 9

Br'* + CCI2 (30a)
CBrCl2 + e (th)
~ CI'™ + CBrcCl (30b)

This observation by Adams and coworkers 1is particularly
significant, being the first report of electron capture
reactions by neutral radical species, TfTor which no evidence
had previously been obtained by Grimsrud and Kim.

Due to these very inconsistent descriptions of the
electron capture chemistry of CBrCl3, it was of interest to
address the above apparent discrepancies by means of
ragtional APl experimentation. The original experiments
performed by Kim and Grimsrud, with correction for mass
discrimination effects, are reinvestigated by APIMS. Also,
an investigation of the electron capture chemistry of CBrCl by
means of the recently developed photo-detachment modulated-
electron capture detector (PDM-ECD) developed by Mock and

Grimsrud (&6) will be summarized.
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APIMS Measurements : CBrCl, in excess of electrons. The

APIMS observations from the current study are compared to the
previous results of Kim and Grimsrud (squares), as shown in
Figure 31. The most recent APIMS measurements, (circles and
triangles), were obtained by monitoring the ion currents of
**C1” and "Br~ while using CBrCl, ion source concentrations in
great excess of the available thermalized electrons, for a
condition of ion source saturation. ‘This was effected by
introduction of >100 nanogram gaseous samples. Consequently
there are no électrons available for any secondary electron
capture side reactions involving the neutral radicals CBrCl,
and CCl,;, and the observed branching ratio is therefore
representative of only the initial electron capture reaction
by CBrCl,. Over the range of ion source CBrCl, concentrations
that could be studied, the electron capture branching ratio
remained constant. This indicated that the electron capture
chemistry by the neutral radicals was never ﬁossible due to
the unavailability of free electrons. This also indicated
that nucieophilic displacement mechanisms are inoperative
which miéht otherwise alter the observed relative bromide and

chloride ion abundances. In relation to the earlier APIMS
study of CBrCl, by Kim and Grimsrud, squares, it is also éeen
in Figure 31 that the mass discrimination corrected branching
ratio under atmospheric pressure conditions 1is .indeed

confirmed to result in 80% bromide ion and 20% chloride ion,
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00 APIMS (20 pm, ArZCHY)

O " (50 pm, ArZCHY)
A " (50 pm, N2
X PDM-ECD
0 40-
100 200
Temperature (0C)
Figure 31.

Bromotrichloromethane dissociative electron capture (EC)
relative branching ratio represented as % Br", at
atmospheric pressure determined by APIMS and PDM-ECD over
a wide temperature range. As shown by the PDM-ECD results,
with an excess of electrons available following the initial
EC event (Reaction 28a/b), the radical species CBrCl, and

may capture electrons dissociatively to produce
additiona! chloride 1ion, thereby altering the observed
relative branching ratio. However, at higher temperatures
these radical species are apparently unable to react by
siectron capture, perhaps due to a wall destruction
mechanism. The PDM-ECD measurements were obtained from Mock
and coworkers, reference 56.
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and no temperature dependence is observed over the extended

study temperature range of 50 to 250° C.

PDM-ECD Measurements: Electrons in excess of CBrCl,. All

of the PDM-ECD measurements to be related here were provided
by R. 8. Mock. In addition to the APIMS results, Figure 31
also shows the relative-electron capture branching ratio ef
CBrCl, over the temperature raﬁge from 30 to 200° C as
determined from the PDM~ECD experiments. The electron
density within the PDM-ECD atmospheric pressure plasma was
always maintained in excess of the introduced CBrCl,
concentration, so that the observed relative branching ratio
will represent the initial electron capture reaction by CBrCl,
and any pofential secondary electron capture side reactions
which may occur by the neutral radical species CBrCl, and CcC1,.
In contrast to the APIMS results, for which CBrél3 is always
kept in excess of the available thermal electron population,
the PDM-ECD demonstrates that additional chloride ion is
produced by electron capture of the radicals at low
temperatures. This is seen to alter the observedlrelative
‘branching ratio well below the initial electron capture
reaction by CBrCl; to form 80 % bromide / 20% chloride.

It is also seen in Figure 31 that an important
temperature effect is observed for the PDM-ECD results,
indicating that only the initial electron capture branching
reaction occurs at the higher temperetures. The electron

attachment rate coefficients of CBrCl, and CCl, is not expected
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to have a negative temperature ‘dependénce. Hence it is
assumed that these neutral radica;s are precluded from
electron capture at the higher ion source tempe?atures.
Further PDM-ECD experiments were ﬁndertaken in which the
electron density was reduced. It was shown that by-limiting
the number of -electrons available for electron capture, even
at low temperatures, the eleétron capture reactions by the
neutral radicals CBrCl, and CCl, could be effeétively

inhibited.

Pressure Considerations. Since the APIMS measurements

reflect the initial dissociative electron capture'branching
ratio, and since this ratio was shown to be invariant with'
température, it becomes apparent that the discrepancy between
the APIMS results and those of FALP, are due to ionization
pressure differences, and not to differences in temperature.
Therefore, it is necessary-to consider the influencé that
collision frequency may have upon the pafticular diésociative
electron capture reaction channel taken by the initially
férméd electron capture intermediate. If the lifetime of the

intermediate species, CBrCl,™, shown in reaction 31,

CCl, + Br- (31a)

P
-
P

CBrCl, + e(th) ---> CBrCl,™ <]

S

2 cBrcl, + Cl1- (31b)
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is on the order of a mélecular vibration, or 10713 sec, the
branching reaction would not be expected to dépend upon the

buffer gas pressure.

A report by Walter and coworkers (57) has shown, by

kinetic energy release experiments, that the dissociative
electron capture reactions éf CH,I, CF;I, and CF,;Br all proceed
very rapidly through an intermediate of extremely. short
lifet;me,_on the order of a molecular vibraﬁion.' By the same
method‘Walﬁer and coworkers (58) have also demonstrated that
dissociative electron capture by CCl, and . CFCl, proceeds
through an intermediate with a sigﬁificantly ionger lifetime,
This result suggests the possibility that:the lifétime of
CBrCl,™ against dissociation could be longer than a molecular
vibration.. It is conceivable therefore that the excess
internal energy resultiﬁg from thé initial électron capture
step in reaction 31 could be at least partially removed iq

collisions with the buffer gas molecules prior to dissociation

by eithef reaction 3la or 31b. Because reaction 3la is .

energetically favored over reéction‘31b by nearly 14 kgal mol-?
(50), the prdductioh of bromide ién would bé expeéted to be
increased by removal of internal energy from the vibrationally
excited intermediaﬁe molecula;’négative ion. 1In aréon/lol%
methane, an ién will coliide.with buffer gas molecules at a
frequency of approximately 5 x 10 collisions per second.
Therefore, if the lifetime of CBrCl,” is as long as 2 x 107*

sec (approximately 100 bond vibrations), an increase in
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bromide ion production at atmospheric pressure could be
explained. Under the condition of helium at 1 Torr, used in
tbe FALP study, ions will collide with the buffer gas
- molecules at a frequency of 107 collisions per second.
Consequently removal of internal energy in collisions with the
buffer gas molecules is far less probable. Additionally,
helium is known to be relatively inefficient at removing
energy from vibrationally excited ions'(43).

Pressure dependence of EC Branching Reactions
of Dibrominated Compounds

As mentioned earlier, the attachment of thermalized
electrons to halocarbons typically proceeds by the
dissociative electron capture in which monoatomic negative
ions, (chloride, bromide, or iodide) are produced. Typically
only one monoatomic negative ion will be generated as shown
above in reaction 27. However, occasionally_more than one
dissociative electron capture channel be available, leading to
two or more possible monoatomic negative ions, as discussed
above for bromotrichloromethane.

Recently there have éppeared reports on production of
homonuclear diatomic negative ions as a product in a two
~channel disgssociative electron capturé reactioh. In particular
dibromide ions, in addition to bromide ions, havé been

observed from dibromodifluoromethane (59), and also from four

other dibrominated molecules (60). The general branching

reaction is represented below by reactions 32a and 32b,
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Br,” + M (32a)

> Br~ + MBr (32b)

where MBr, is a molecule that contains two bromine atoms that

‘are substituted on adjacent sp® carbon atoms and may capture

a thermalized electron, e(th), dissociatively, by either of

the two possible reaction channels shown.

APIMS Measurements Compared to Low Pressure Ionization.
In Figure 32 the importance of pressure_on the branching ratio
of reaction 32a/ 32b is demonstrated by comparisons between
five separate ionization methods:

A) Mass discrimination corrected APIMS at 640 Torr

nitrogen

B) flowing afterglow/ Langmier probe (FALP) at 1 Torr
- helium. (Smith and coworkers, reference 60)

C) pulsed high pressure mass spectrometry (PHPMS) at
2 Torr hydrogen (Knlghton and coworkers, .
reference 61)

D) high pressure electron capture mass spectrémetry
at 0.5 Torr methane (L.J. Sears, MSU Mass
Spectrometry Center)

E) krypton photoionization at << 1 Torr krypton.
(Alajajian and Chutjian, reference 59)
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150° C

1,2-dibromopropane A APIMS (640 Torr N2
FALP (1 Torr He)

B

C PHPMS (2 Torr H)
dibromoch loro- D
fluoromethane E

HPECMS (0.5 Torr CHY)
KPI (« | Torr Kr)

1,2-dibromoethane

1,2-dibromo-
1,1-difluoroethane

tribromofluoro-
methane

dibromodifluoro-
methane

1.2- dibromo-
1.1.2- trifluoroethane

1,2-dibromo-
tetrafluoroethane

1.2-dibromo-
hexafluoropropane

O 10 2 I 40 9D 70

Figure 32. 70 Br2

Dissociative electron capture relative branching ratios
leading to bromide or dibromide (expressed as % Br2-, 100 -
~"Br2 = %Br ) from ten different dibrominated compounds
determined by APIMS (640 Torr nitrogen) ,aFALP (@ Torr
helium) ,bPHPMS (@ Torr hydrogen) , CHPECMS (0.5 Torr
methane) , and KPl (« |1 Torr Kkrpton) .
] Smith et al (60) , IKnighton et al (6l1), cL.J. Sears, MSU,
Alajajian et al (69). See text for experiment acronyms.
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The results of thig comparlson' between 1onlzatlon at
varying total pressures spanning over three orders of
magnitude will be interpreted in terms of the importance of
collision frequency for influencing the outcome of reaction
32. Figure 32 presents the results for the dissociative
‘electron captufe branching reactions 32a/ 32b, obtained from
these five separate ionization methods, for several MBr,. It
is seen that the observed branchlng reaction 32a/ 32b is
strongly dependent upon the experimental conditions, The
results shown in Figuhe 32 for .a particular compound are
ordered according to ion source _pPressure. In all cases
production of dibromide (reaction 32) increases with.pressure.
Thus production of dibromide ion is consistently most favored
in the API ionization conditions, and least favored in the'

sub-Torr KPI experiment.

Thermochemical Considerations. The heats of reaction for

reactions 32a and 32b have been calculated and are shown in
Table 1 for those five compounds for which thermochemical data
are availeble (62,63). -These heats of reation are importaht
for the understanding of the variations observed between
compounds for relative dibromide to bromide production.

The heat of reaction for channel 32a given by equation

33,

AH,,, = H. (M) + H, (Br;) - H¢(MBr,) - EA(Br,) _ (33)
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is found. to be endothermic for dibromomethané, but exothermic
foi the other ~four compounds shown in . Table 1. These
calculations are consistent with e#periment, in.that only
dibromomethane does not pfoducé dibromide ion. Due to the

unavailability of thermochemical data, calculations of AH,,,

are all necessarily based on the assumption that the C-Br bond

enthalpy (BE) is nearly 70 kcal mol™?, an estimate expected to
be correct to within a few kcal mol™. The electron affiniﬁy.
(EA) of Br is 78 kcal mol™. The heat of reaction.fof reaction

32b is accordingly shown from equation 34,

AH,,, = BE(C-Br) - EA(Br) (34)

. to be negative. The feasibility of reaction 35, shown below,

Br,” ---> Br~ + Br ' (35)

in obscuring the results for reaction 32a and 32b, will now be
considered. Ffom the respective EA’s of Br and Br; 78 kcal
mol™ and 58 kcal molJ, éﬁd the BE of Br,, 46 kcal mol™?, the
heat of reaction for rupture of the dibromide ion sigma bond,

is estimated by equation 36,
AH,; = BE (Br,) + EA(Br,). - EA(Br) (36)

to be +26 kcal mol™.
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Table 1.

Thermochemical calculations for reactions 32a and 32b, all in
units of kcal mol™?

Compound ' "Hy (MBr,) "He (M) 2‘AHaz:. “AH,,,, .
dibromomethane -3.5 +93 +46 -8
dibromodifluoro-

methane -91 -49 -8 -8
1,2-dibromoethane -9 . +12.5  -28 -8
1l,2-dibromotetra- :

fluoroethane -189 ‘ -158 -19 -8
1,2-dibromopropane - =17 +4.8 -28 -8

! From references 62 and 63.
? Calculated from equation 33.

® Calculated from equation 34.

Table 1 shows that the exothermicity of reaction 32a, where
favorable, is unlikely to be sufficient for driving reaction
35. Despite the fact that the heat of reaction 32a exceeds
26 kcal mol™ for two of the compounds considered, it seems
improbable that the eﬁergy released could be so unequally
distributed between M and Br,” as to allow reaction 35. From
this analysis it is assumed that dissociation of dibroﬁide
does not occur and therefore does not complicate the
observation of the relative branching ratioslof reactions

<

32a and 32b.
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Effects of Temperature. Figure 33 shows the mass

discrimination corrected APIMS observations for reactions
32a and 32b as a function of ion source temperature for many

of the study dibrominated compounds. Since mass

discrimination effects are temperature dependent, as shown'

in aﬁ earlier section of Results and Discussion, it was
hecessary to apply correction factors obtained a£ each
temperature to the APIMS data presented. It can be seen that
within this group of molecules, there exists either a
modestly negative, or generally neutral dependencé on

temperature toward production of dibromide relative to

bromide ion. Similarly modest negative, or neutral

temperature dependencies for dibromide relative to bromide
ion generation were observed in FALP (60) and PHPMS (61)
temperature studies. It seems possible that for compounds
which exhibit a negative temperature dependencé, a.link
between temperature and the internal energy of the glectron
capture intermediate, MBr,”, may be evident. A negative
dependence on temperature suggests that the elecﬁron capture
channel leading to bromide ion is favored at higher MBr,™
internal energieg. For example, 1,2-dibromotetrafluoro-
ethane consistently generates less dibromide relative to
bromide ion as the temperature is increased in APIMS, PHPMS,
and FALP; One potential explanation for this effect may

concern entropic factors that are particularly significant
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CHFBrCF2Br
g CFZ2BrCF2Br
CF2Br2
0 CHZBrCF2Br
°  CHZBrCH2Br

N CH3CHBrCH2Br

Temperature (0C)

Figure 33.

APIMS temperature dependence of reaction 32a and 32b for
several dibrominated compounds. Note a relative error of
+ 15 % for indicated value.
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for production of dibromidé.. It is reasonable to'assﬁme
that reaction 32a leading to dibromide may be rélatively
sensitive to the degree of molecular order; by requiring

alignment of the adjacent bromine atoms prior to formation

- of formation of the departing dibromide ion. _ Perhaps

increased intramolecular disorder at higher ion source
températures disfavors dibromide ion production from some
MBr,, thereby resulting in the observed negative temperature

depehdence seen for 1,2-dibromoethane.

]

Effect of Preséure and Ideptitv of Buffer Gas. The
systematic effect of pressure on the observed relative
electron capture branching of dibromodifluoromethane is
shown in Figure 34. The data points shown for pressures in
the 0 £o 4 Torr range have been provided by other Qorkers
utiliiing three of the aforementioned 1low pressure
ionization ﬁethods including PHPMS (symbols), FALP (point
S), and krypton phétoionzation (point C). The point
corresponding to 640 Torr is the -mass ‘discrimination
corrected APIMS observation, with error ba; indicating the
maximum associated uncertainty after propagation of errors
for three successivé measurements and three mass 5ias
correction factorsl |

The effects of both pressure‘and buffer.gas identity
are best demonstrated by ?he .éressure variable PHPMS
measurements. It is seen from Figure 34 that a sfrong

dependence in the relative production of dibromide ion
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Nitrogen

Argon

Carbon dioxide
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Figure 34.

PHPMS measurements showing that the dissociative electron
capture branching reaction of dibromodifluoromethane
exhibits a definite collisional quenching efficiency
dependence. The APIMS result is also shown at 640 Torr.
The PHPMS measurements were obtained from Knighton and
coworkers, reference (61) . Point S is from Smith et al (60)
and point C from Chutjian et al (569).
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rests on the identity of the buffer gas, and also that a
positive pressure dependence exists for each buffer gas.
The FALP (1 Torr helium, point S), and KPI (<<1 Torr
krypton, point C), results are seen to be éonsistent with
the PHPMS data. The APIMS result coincide; with the upper
limit for dibromide ion production among the represented
experimental conditions.. |

Two fundamentally diffefent explanations may be
considered for rationalizing thé importance of buffer gas
identity and ionization pressure. The first explanation
concerns the degree of electron 'thermalization‘ achieved
within a given buffer gas. Variations in electron energy
would be expected to be important for the electron capture -
branching ratio. The second potential explanation concerns
variations in the efficiency for collisional quenching of
the vibrationally excited intermediate ion, MBr,™, which is
initially formed upon electron capture. These fundaﬁentally
different possibilities will be separately considered below.

The majority oé electrons present within the PHPMS ion
source are secondary electrons produced by interaction of a
primary electron beam with buffer gas molecules. These
secondary electrons initially have elevated energies but are
rapidly thermalized wupon collisions with buffer gas
‘molecules. Electron capture cross-sections are strongly
dependent upon electron energy. Due to the variability in

.electron capture cross section with electron energy, these
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reactions occur only after the elecfron kiﬁetic enefgy haé
been significantly lowered. Ideally the electrons would be
compleﬁely thermalized.prior to electron attachment, so that
the electrén energy'at the time of capture could be known
with certainty; Electron thermalization rates are dependent
updn the identity of the buffer gas, and Warmer and“Sauer‘
have determined the second order rate constants for electron
thermalization'for‘six of the seven gases employed in the
PHPMS study (64). A comparison between the thermal rate
constants and the_branchiné ratios from PHPMS show-that no
correlation exists. For example, Warmen and Sauer found
that argon is a far less efficient electron thermalizer thaﬁ‘
methane; argon reéuires 1.3 x 107® sec Torr, whereas méthane
requires only 2-x 107 sec Torr in order to thermalize an
electron. If differences in electroh thermalization rates
at a given pressure were important to the PHPMS stﬁdy, then
the methane experiments would have been expeéted to result
in enhanced dibromide production félative to argon.
However, as seen in Figure 34, the experimental result is
exactly opposite. Further, it is seen ﬁhat the % Br,”
values in hydrogen are similar to those obtaiﬁed in'helium,
but the electron thermalization rate coefficients of Wafmen
and Sauer indicate that hydrogén thermalizes electrons two
orders of magnitude faster than helium. It is concluded
therefore that electron thermalization is not an important

factor toward explaining'the results shown in Figure 34.
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Efficiency of Collisional Relaxation. The second

potential explanation for the wvariations in dibromide
production among the buffer gases concerns the efficiency
by which the vibrationally excited electron capture
intermediate, MBr,™, is stabilized prior to diésociation by
reactions 32a or 32b. This possibility, as discussed in the
previous section regarding bromotrichloromethane, is

feasible only if some fraction of the total MBr,™ population

have lifetimes against dissociation by either reaction 32a:

or 32b greater than the time required for collisions with
buffer gas molecules. The méss discrimination corrécted
APIMS relative branching ratio for 1,2-dibromohexa-
fluoropropane observed with four different - buffer
gases/expansion gases under three temperatﬁre conditions is
shown in Figure 35. The relative uncertaiﬁty of £ 15 %
associated with each measurement is indicated for the
nitrogen data. It is apparent that no clear depéndence
éxists on these tested buffer gases for APIMS conditions.:
A recent report by.Ahmed and Dunbar demonstrated that
the efficiency for collisional relaxation of a vibrationally
excited polyatomic ion is very dependent upon the identity
of the collision gas (43). The study surrounded the
collisional quenching of vibrationally excited.brémoﬁenzene
positive ion by a range of neutral atomic and polyatomic
collision partners. Since efficiencies for vibrational

quenching-.have been shown to depend on the molecular
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1,2-Dibromohexafluoropropane

a. Ar
b. CH4
c. Ar/ CH4
d. N2
a
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4
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Figure 35.

Demonstration that carrier gas identity is of no
discernable significance for influencing reaction 32a or
32b at atmospheric pressure. Note a relative error of

+ 15 % for indicated value, as shown for nitrogen results.
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complexity and mass of the collision partner, comparisons
between various gases require consideration of the quenching
efficiency and total pressure of a given buffer gas. The
relative collisional quenching rate (RCQR) is an index for
relative effective pressure to allow for comparisons
between collision gases at specific pressures (61). RCOR
for a given buffer gas is directly related to ion source
pressure, P, the second order collision rate coefficient,
k., and the collisionai quenching efficiehcy, ®, , as shown

in equation 37
RCOR =P x k., x @, (37)

Ahmed and Dunbar have determined ®, and k, values for the
collisional relaxation of bromobenzene positive ion for a
number of buffer gases. Despite the fact that the @, and k,
values have not been determined for vibrational relaxation
of MBr,” of interest here, it is considered to be
énalytically useful to apply these relative values to the
PHPMS and APIMS results.

Figuré 36 shows the relative branching ratios expressed
as percent dibromide obtained from Figure 34, but plotted as
a function of RCQR, rather than pressure. Thg RCQR wvalues
calculated from equatibn 37'ha6e.al; been normalized to the
RCOR found for helium at 1 Torr. It is seen from this plot

that a systematic relationship emerges that was not apparent
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Relative Collisional Quenching Rate (RCQR) treatment of the
data shown in Figure 34. RCQR (equation 37) is the relative
quenching rate coefficient Tfor collisional relaxation of
excited electron capture intermediates, MBr2'*, for a given
buffer gas and pressure. AlIl RCQR are normalized to RCQR
of helium at I Torr.

Figure 36
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from the data shown in Figure 34. The nonconformity seen for
argon and methane relative branchlng ratios is noted, and
may originate from ion dependent factors between exc1ted
bromobenzene ions and excited MBr,™ whlch are not 1mportant
for quenchlng by the other study gases The same RCQR
treatment was applied to two other dibrominated
fluorocarbons with results comparable or better‘than those
shown for dibromodifluoremethane, thereby providing suppbrt.
for the RCQR model. |

From the RCQOR model, it is apparent that dissociative
electron capture reactions 32a and 32b may be competitively
influenced by the degree of .collisional relaxation of
excited MBr," intermediate species. Table 2 lists the
relative branching ratio as percent Br,” observed for all of
the study compounds. A comparison is made between the PHPMS
low pressure limit results obtained with hydrogen buffer
gas, aad the mass discriﬁination APIMS results. It is seen
in Table 2, that regardless of the compound identity, the
propensity to produce dibromide ion from the APIMS
ionization conditions is essentially double that from PHPMS
conditions employing hydrogen buffer gas. This section will
conclude with a proposed model for dissociative electron
capture by dibrominated compounds able to generate either

bromide ion or dibromide ion upon capture of a thermalized

electron.
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Table 2.

Comparlson between PHPMS "low pressure limit" to APIMS
for % Br,” production at 150° C

Compound 'PHPMS (2 torr H,) APIMS (640 Torr N,)
. dibromomethane i 0 ) . 0
dibromodifluoro-
methane 11 ' 22
1,2-dibromoethane 3.2 . 8
1,2-dibromo- . .
1,1-difluoroethane , 4.4 11
1, 2~dibromo-
1l,1,2~trifluoroethane 10 . 26
1,2-dibromotetra- .
fluoroethane 13 . . 26
2,2-dibromoethane 0 0
1,2-dibromopropane 1.7 4
1,3-dibromopfopane . 0 0

1l,2-dibromohexa- : )
fluoropropane 37 60

* Data from Knighton and coworkers, reference 61.

Model for MBr, EC Branching Reaction. The capture of

thermalized electrons by a given MBr, may result in a

dlstrlbutlon of vibrationally: exc1ted intermediates,

*

MBr,” (V), which have characteristic lifetimes against
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unimolecular dissociation leading to bromide that are

dependent upon the degree of internal energy.

MBr2* (Vv = high)

MBr + Br"
MBr2 + e (th)----> MBrZ* (Vv = iInt)
RCQR
Xl
MBrzZ* (v = low) < M + Br,

MBrZ' of very high energy are envisioned to dissociate to
bromide on a timescale much shorter than the collision
frequency of the buffer gas, thereby precluding the
possibility for internal energy moderation of MBr2*. The
RCQR model indicates that some fraction of the excited
intermediates of intermediate vibrational energy are
sufficiently long-lived to allow for collisional relaxation
by pressures in the Torr range and above. It suggested that
these longer-lived MBrZ*(/ = int) will tend to dissociate by
bromide i1on formation, but may be channeled toward dibromide
ion as energy 1is increasingly transferred to neutral

collision partners with increases in RCQR which depopulates
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MBr,™ of intermediate energy to 1low, near ground state
thermal energy, which always  dissociate by the
thermodynamically favored dibromide chaﬁnel. If ground
state MBr,”™ are éroduced it is assumed that they
spontaneously decompose to dibromide ion, because no
molecular anions have been detected uéder any study
condition.

Precedence for the RCQR model for the dissociative-
electron capture branching reactions described above may
be found in a report concerning the electron capture
chemistry of sulfurhexafluoride. Fehsenfeld has proposed

that the lifetime for autodetachment from SF,” may depend

upon the degree of vibrational excitation (65).

ITon-Molecule Clustering Fundamentals from APIMS

In the final three sections of Results and Discussion,
the mass spectral signals observed from the API ion source
will be examined for fundamental information, bqt without
attention directed toward minimization or corraction of ion
sampling perturbations. Each of the following seéctions will
involve ion-molecule clustering reactions. The first will
demonsfrate the availability of qualitative information
concerning the electron affinity of a range of nitroaromatic
compounds from APIMS, by meahs of clustering reactions with
dimetﬁylsulfoxide. The follawing section will describe the

use cooling and aggregation effects associated with the
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APIMS free jet expansion to obtain structural'insight into
halide and dihalide hydrate cluster ions that have not
previously been Qbserved.' The final section will involve
the effects of solvation on the stability of classically
gtable molecular anions, and reveal that the API conditions,
which are conducive to high solvent partial pressures, may
potentially‘provide insight into the intrinsic stfucturél
characteristics of some widely studiéd negative ions, as
well as explain the occurrence of unexpected ions observed
during perfluorocarbon analysis by thermospray mass
spectrometry.

Nitroaromatic Molecular Anion
Clustering to DMSO

The following set of measurements pertains to the
clustering of a molecule of dimethylsulfoxide (DMSO) to a
range of substituted nitroaromatic molecular anions, and is
a follow up.to an earlier report by Kreiger and Grimsrud
(66) . Ionization of the nitroarqmatic of interest, M, is
effected by resonance electron capture, as shbwn below in
reaction 38. M with an electron affiﬁity in excess of 0.5

eV may a attach a thermal electron,
M + e(th) g== M (38)

to generate a stable molecular anion, M, upon dissipation

of the energy released throughout the available internal
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degrees of motion. The electron affinity for a neutral
molecule is intimately associated with the characteristics
of the resultant anion formed. Compounds which have high
electron affinities typically possess one or more electron
withdrawing substituents, such as a halogen or nitro group.
The ability to delocalize the negative charge in the
resultant mélecular anion will reduce the electrostatic
interactions that may occur with a given soivatiﬁg'molecule.
Conversely, minimal éharge delocalization provides a region
of high chafge density which enhances the coulombic
attraction between the anion and the dipole of a solvating
species, providing that steric factors do not interfere.
The molecular anion generated by reaction 38 may cluster
with a molecule of DMSO, as shown by reaction 39,

M~ + DMSO == M 'DMSO (39)

1

resulting in some characteristic equilibrium distribution of
unclustered to clustered molecular anions within the API ion
source, dependent upon DMSO partial pressure and
temperature.

The nitroaromatic molecules, M, investigated for
clustering of their molecular anion to DMSO include
nitrobenzene (NB), the isomers of_fluoronitrobenzene (o~FNB,
m;FNB, and p-FNB), chloronitrobenzené (o-ClNB,'m-ClNB,

p-C1NB), cyanonitrobenzene (o~CNB, m~CNB, p-CNB), and
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dinitrobenzene (0-DNB, m-DNB, P-DNB) .

The relative propensities éf the molecular énion of the
above compounds for clustering to a molecule of DMSO is
shown in Figure 37. The Qegree of ciustering is representeéd
by the observed ratio of clustered ion to unclustered
molecular anion current, M DMSO. It is seen that, despite
sampling perturbations asséciated with APIMS sampling, a
cléar correlation can be observed between electron affinity
and propensity for clustering by reaction 39. The data used
to construct the plot shown in Figure 37 are presented again
in Table 3 in order to illustrate that the observed
clustering 'ﬁropehsities available from APIMS generally
reflect the relative clﬁstering propensities derived by
PHPMS thermodynamic equilibrium conditions of Chowdhurry and
coworkers (67). It is to be noted that the magnitude of the
APIMS derived relative' clustering propensities are not
expected to match those obtained by PHPMS due to APIMS'
sampling collisionally induced dissociation effects which
have been previousl& observed for the FNB- DMSO clusters by
Krieger and Grimsrud. An exception to observation of
qualitative clustering propensities consistent with the
relative thermodynamic propensities is seen for the isomers
of fluoronitrobenzene. The reported FNB thermodynamié
clustering order is p > o > m, verses the APIMS relative

order of o > p > m.
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Figure 37.

APIMS M*DMSO clustering ratios (= M*DMSO / MY for a range of substituted
nitroaromatic compounds plotted as a function of compound electron affinity.
Compounds shown include Nitrobenzene (NB); the isomers of nitrotoluene
©~/ m-, p-NT), of fluoro-nitrobenzene (o-, m-, p-FNB), of chloronitrobenzene
(o-, m-, p- CINB), of cyanonitrobenzene (0-, m-, p-CNB), and dinitrobenzene
(o-, m-, p-DNB). DMSO partial pressure is 0.4 Torr with ion source at

150° C. Helium expansion/buffer gas sampled with a 50 pm aperture.

€ET
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Table 3.

Clustering Ratios ( = M"DMSO / M ) _
150° C and 0.4 Torr DMSO. Helium buffer/ expansion gas
sampled with a 50 um aperture.

, “Electron Clustering ‘R T C Order

Compound Affinity - Ratio reflected ?

(kcal / mole) ( x 100 ) . (Yes / No)
o-dinitrobenzene _ 36.9 16.0 Y
m-dinitrobenzene 36.9 9.5 Y
p-dinitrobenzene ' 44.3 1.7 Y
o-cyanonitrobenzene 35.8 45.8 4
m-cyanonitrobenzene 34.8 34.8 Y
p-cyanonitrobenzene 38.7 17.1 Y
‘o-chloronitrobenzene 25.7 143 Y
m-chloronitrobenzene 28.8 80 Y
p-chloronitrobenzene 28.2 87 Y
nitrobenzene 22.8 650 -
o-fluoronitrobenzene 24.2 240 N
" m-fluoronitrobenzene 27.17 143 >y
p-fluoronitrobenzene 25.0 185 °N
o-nitrotoluene 20.7 333 4 -
m-nitrotoluene 22,1 339 4 -
p-nitrotoluene . 21.2 352 ¢ -

! Electron affinities from reference 67.

2 R T C = Relative Thermodynamic .Clustering order. .Y
indicates that qualitative consistency is observed by the
APIMS DMSO Clustering and equilibrium.

® Isomer identities confirmed by retention time.

 No data for comparison.

This discrepancy was examined more closely by varying the
ion source temperature, DMSO partial pressure, and identity
of the'buffer/expansion gas. Table 4 summarizes the results
obtained from every experiment desighed to test the FNB™DMSO

FNB isomeric clustering disparity.
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Table 4.

APIMS DMSO Clustering Ratios (= MDMSO / M) for o-,m-, and
p-Fluoronitrobenzene' at 125 and 225° C.

Pouso 18 0.25 Torr. Helium buffer/ expansion gas sampled
with a 50 Um aperture.

*Isomer Temperature Clustering Noérmalized “Order
(° C) Ratio Ratio (1,2,0r 3)
ortho 125 5.05 1.00 1
3150 2.40 1.00 1
4150 0.80 ©1.00 1
225 0.16 1.00 1
meta 125 3.63 0.72 3
: 3150 1.43 0.60 3
4150 0.67 0.84 3
225 0.11 0.72 3
- para 125 4.24 0.84 2
3150 1.85 0.77 2
4150 0.71 0.88 2
225 0.14 0.91 2

! Isomer identities have been confirmed by retention times.
HP-methyl silicone wide bore capillary, 90° C, 9 mL min™,
R .(ortho) = 2:20, R.(meta) = 1:45, R.(para) = 1:55.

?0rder refers to isomer with the greatest propensity to
cluster with DMSO for the indicated experimental condition.
1 indicates the highest clustering propensity.

3 same conditions, but 0.4 Torr DMSO.

‘ Argon buffer gas, and.0.4 Torr DMSO.

Regardless of the APIMS condition studied, the same relative
‘clustering propensities (0 > p > m) were observed for the
FNB’s . The identity of the FNB isomers have been verified
by comparison of relative retention times to those for the

CINB’s, and therefore sample mix-up is not suspected. It is
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interesting to note that the PHPMS derived thermodynamic

clustering order for the CINB’s (0 > p"> m) matches the

observed by the APIMS derived relative order (o > p > m)
which would also be consistent with the APIMS FNB résults.
No explanation can be presently found to accbunt for the
alteration in the relative clustering propensities observed
for the FNB’s in the APIMS and PHPMS experiments.

From the above discussion, it’appears that APIMé allows
a means by which gqualitative isomeric information may be
obtained for anions'which caﬂ be made to cluster to a
solvating agent. It is conceivable that the relative
clustering propensities, as demonstrated here for a wider
range _bf substituted nitroaromatics than previously
reported, may find practical application for analytiéal
APIMS wherever such additional analyte information woula be
deemed valuable for structural isomer identification.

Preferred Cluster Ion Stabilities -
from APIMS

In this section the cooling and condensation dynamics
of the APIMS free jet expansion will be advantageously
employed for generation of previously unreported halide

hydrate and dihalide hydrate cluster ions. As for the

previous study involving isomer dependent clustering of .

substituted nitroaromatic molecular anions to a molecule of
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dimethylsulfoxide, only qualitative information will be
sought in the comparison of relative mass spectral ion
currents.

Gas phase cluster ioné are important systems of study
as probes into the intrinsic chemical ‘and physical
.properties of matter found at the gas to condensed phase
interface. A recent review article by Keesee and Castleman
provides an appreciation for the fundaﬁental interest which
propels research investigating the reactivities, energetics,
spectroscopic behavior, and structures of ion-molecule
cluster complexes (18). The degree of aggregation within a
cluster can significantly influence its properties and
behavior, and such aggregate dependent properties and
behavior are important factors in studies of nucleation
phenomena. - An earlier review by Derrick (37) also
highlights progress and motivatioh for the study of cluster
ions. The chemical significance of solvation of halide ions
is surveyed by Shérp (68) . ‘

A large body of measurements regarding the energetics
of gas phase ion-molecule clustering equilibria has provided
insight into the structural properties of specific ion~
solvent clustering systems; The;modynamic pafameters are
primarily obtained from Pulsed High Pressufe Mass
Spectrometry techniques. An'important question pertains to
how large a cluster must be before it will display bulk

" solution properties. Results from measuring successive
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glustering steps tend to indicate a general convergence in
the energetiés of solvation as the number of solvating
species increase. The successive attachment of ligands is
expected to become progfessively less dependent on the
nature of the cen;ral ion, and eventually the energy of
further ligand addition must asymptotically approach the
heat of condensation onto a microdroplet having some central
charge (69,70). However, well defined inner coordipation
shells are possible for certain cluster iops on the gas
phase. Abrupt changes in the enthalpy of solvation between
any two successive clustering reactions are indicative of
geometrical preferences and/or steric constraints. There
are a number of examples of preferred geometries (69;72)
involving fewer than ten solvating molecules, for example
Li*(NH,),, Li*(NH;), , Na*(NH;), , Sr*(NH,), , but no such
preferential solvation shells have been observed for K' or
Rb* ammonia solvates. For the halide hydrate cluéter ions,
there'appeafs to be little noticeable selectivity in the
successive solvation steps beyond a first coordination
sphere of 4 to 6 waters. The data is however limited for
the halide hydrates as the largest clusters, which have been
investigated by Hiraoka and co-workers by means of PHPMS
(73), do not exceed ten water molecules. This is because
experimental pressure limitations of the PHPMS technique
rarely allow for clustering of more than ten solvent

molecules about the ion of interest.
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Novel Halide Hvydrate Cluster Ions Generated by APIMS.

The halide ions of interest are formed by electron capture
within the an Atmospheric Pressure Ionization (API) source.
Fluoride ion is.generated from C,F,, upon solvation of the
parent molecular anion by waterlcofresponding clustering
induced decomposition mechanism to be discussed in the
following section (74). Chloride, bromide, and iodide ions
are generated by direct electron capture from CCl, , CBr,H,,
and CH,I, respectively. Argon - gas is humidified upon
passage through a water filled bubbler deﬁice, and this wet
Ar stream is mixed with the GC eluent for a buffervgas water
partial pressure of 10 Torr. The API ion source is
maintained at 38° C. 1Ionized gas is ventilated thrqugh a
50 um aperture into the ex?ansion chamber heid at 10™ Torr,
which comprise the conditions for a free jet expansion as
described in Tﬁeory. Extensive cooling and net clustering
occurs in the expansion on the vacuum side of the ion
sampling aperture. Figure 38 shows the resultant cold
cluster iéns formed ‘in the ve?y low (est.  20° K)
temperatures in the jet.

The extent of the condensation occurring within the
free jet expansion can be appreciated in Figure 39 which
shows the initial halide hydrate cluster ions present in the
thermally equilibrated static API ion source (38° C, 10 Torr
water) priqr to cooling and condensation in the expansion.

The pre-expansion equilibrium distributions may be
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calculated from the thermodynamic parameters of Hiroaka and
coworke:s (73) . The calculated equilibrium relative halide
hydrate cluster ion abundances seen in Figure 39%9a indicate
that hydration is most favored about the fluoride ion, with
n in F (H,0),, ranging from 4 to 8 water molecules, with the
n = 6 cluster most abundant. The observed cold flﬁoride
hydrate cluster ion distribution generated from the argon
APIMS free jet ekpansion‘shown in Figure 38a ranges from 2
to beyond 24 water molecules; with the distribution centered
about the n = 16 cluster. Similar effects are observed from
inspection of Figures 38 and 39 for the other halide hydrate
cluster ions.l | | |

Thé mass spectra presented in Figure 38 reproducibly
showed several clear discontinuitiesAin the abundénces for
specific cluster ioné beyond ten waters fér F- and C1-
hydrates. Specifically there are eségcially stable cluster
ions (so-qalled‘ "magic numbers") for the . flﬁoride

hydfates comprising 10, 12, 14, 16, 19 water molecules, and

for the chloride hydrates comprising 10, 12, 14, 16 water .

- molecules. These free jet expansion results, édnsistent
with the literature, also show that. the propensity to
exhibit preferred coordination shells indeed decreases as
the core anion radius is increased, that is progressing from
F- to I, 'Qince the enthalpy change for any particular
clustering reaction varies inversely with ionic radius;

This observation ‘is in line with the current general
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Figure 38.

Cold halide hydrate cluster 1ions fTormed by condensation
events occurringwithin the APIMS free jet expansion. lon
source temperature 38° C, 10 Torr partial pressure of water
in argon buffer/expansion gas sampled through a 50 [im
aperture. (@ fTluoride hydrates, (b) chloride hydrates,
(© bromide hydrates, and (d) iodide hydrates.
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Figure 39.

Halide hydrate clusters ions present within the thermally
equilibrated conditions of the APl 1ion source prior to
aggregation in the free jet expansion. Temperature 38° Cr
10 Torr water. Calculated from thermodynamic parameters of
Hiraoka (73) . (& fluoride hydrates, () chloride hydrates,
(¢) bromide hydrates, (d) iodide hydrates.
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description of fluoride as a so-called "structure-maker" in
aqueous solution (75). A structure-maker is an ion that
reinforcés the structure of the bulk solvent. This
classification has contrasted fluoride to thé other h;lide
ions asg solution "structure-breakers" because of much weaker
hydrogen bonding, and a concomitant surrounding region of
increased disorder. These free jet expansion results would
perhaps illuminate chloride as potentiélly a weak structure
maker based upon closer exhibited similarities to fluoride
than to bromide and iodide. _ Cleafly enhanced cluster ions
appear in the population of moderately sized fluoride
hydrates, whereas only subtle preferred cluster geometries
may be inferred within a similar series of the iodide
hydrates.

| The highly symmetric smaller core negative ions
fluoride and chloride therefore appear to have a longer
range influence on the solvation shell, at least for cold
clusters formed in the free jet expansion, than may earlier
have been exﬁected. These enhanced stability observations
are certainly explained by particularly ordered\networks of
hfdrogen bonding that are possible with a highly symmetric
solvating agent such as water. This view is supported by
other well known enhanced stability cluster ions formed in
a free jet expansioh involving a similar number. of water
molecules. One very well known exémple in the proton

hydrates series is H'(H,0), , which has been observed with
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our experimehtal apparatus and earlier by others, and is
proposed..to assume a pentagonal dodecahedron clathrate
Astructure-(37). fang and Castleman have recently reported
other special stabilities for 6, 15, 17, 24, .25, 26 %aters
 solvating the proton (76).

An additional feature of interest in Figure 38 are the
clearly alternating even/odd hydréte pattern of stability
for the smaller core negati#e'ions F~ and C1-. Such.reéeating ,
oscillation in even/odd stabilities ﬁas been reported in'
charged atomic clusters, for.example [Na,]*, for which it is
known that there ' is a corresponding oscillation~ in
ionizétion potentials for the neutral precursors (37).

The enhanced stabilities observed lead directly to
questions regarding specific cluster ion structures.
Varioﬁs coordination shell geometries may be proposed based 
upon logical placemént of‘ water molgcules, arranéed in'
hydrogen bbnded ﬁetworks, about a core anion with nobel gas
electronic‘configuration of feaéonéble radius. One such
proposed structure for F~ (H,0), is provided in Figure 40.
Such models require validation either by empirical or
theoreticél means. Energy minimization calculations are
.often the only test when no other direct experimental
evidence is available. There have been theoretiéal efforts
aimed at the'ene;getids and structure of the halide hydratés»
up to six waters (77) . . |

Lybrand and Kollman have investigated potentiai
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Figure 40.

Proposed structure for F-(H20)10 based on logical placement
for hydrogen bonded water molecules.
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functions to carefully model the interactions of importance
within wvarious simple cationic and anionic hydfates (78) .
The studies involved refinement of energy calculations,
which are ultimately used to obtain cluster . ion strqctufal
insight. The approach involved inclusion of non-additive or
many body potential function terms chosen in preference to
using standardgpair'éotentials to account for polarizability
effects - within gas phase ion hydrates. The energy
minimizatioh calculaﬁions indicated distinct differences in
the character of the solvation shells of cations verses
anions. In particular the waters solvating anions were in
-geheral predicted to be oriented in a manner much more
conducive to ordered hydrogen bonding than for cases of.
cation hydratién. The developed force fields provided
excellent agreement with experimental successive hydrétion
energies that where measured in Kebarles laboratory
(26,79) . These encouraging results by Kollman and cowodrkers
perhaps Jjustify application of such calculations for
obtaining potentially usefui insigh£ to address 'the
’ structural issues raised by the observations of unexpected
special stabilities for the moderately sized halide hydrate
cluster ions.

It is proposed that additional halide solvates may be
formed and studied by means of the condensation events of
the free jet expansion, with the objective of probing for

other potentially interesting special cluster ion
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stabilities. The next such system suggested are the X
(COz)nr which are known to cluster favorably, and have
recently been rePorted by ﬁiraoka, with up to about 8 carbon
dioxide molecules within the conditions of the PHPMS

experiment (80).

Novel Dibromide Hvdrate Cluster Ion Generated by APIMS.

Figure 4la shows the hydrates of Br,” also formed in the free
jet_ expansion. The second envelope of ions present
corresponds to the bromide hydrates already shown in Figure
38. The dibromide ion is formed in a dissociative electron
capture reaction which accompanies production of bromide
ion. These ions can not be separated prior to expansion in
the jet, hence thg two cluster ion envelopes. A pen trace
over the dibromide ion hydrate profile is shown in Figure

41b in effort to visualize these clusters from the bromide
hydrates. Inspection of the dibromide hydrate clusters shows

an enhanced stability for the 9, 11, 13 water clusters.

Relevance to Other Studies. This observation may have

some related precedent noted in reference 16 from work by

Lineberger and coworkers (81) concerning Br,” (CO,), special
stabilities and solvent caging effects in the gas phase. It
was found that photo-dissociation of cold Br, (CO,), formed
in a free jet expansion . is progressively attenuated by
successive addition éf carbon dioxide molecules final;y with

total inhibition of the photodissociation channel upon
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(0)
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n in BrAHD)n
Figure 41.

(@ Cold dibromide hydrate cluster i1ons formed in free jet
expansion, interspersed with bromide hydrate cluster ions.
Dibromide and bromide simultaneously generated by electron
capture branching reaction of 1,2-dibromohexafluoropropane.
() Pen trace of dibromide hydrates in (@ to illuminate
the dibromide hydrate cluster ions of interest.
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reaching the 13 c%uster. Weak special stabilities were
observed in the time of flight mass speétra for '8, iO, 12
carbon dioxide molecules about dibromide (82). Molecular
dynaﬁics work has met-with some success for modeling the
caging effects, whereby doubly capped minimum energy
structures are implicated in the structural control of
" caging. -Perhaps these photo-dissociation cage- effecﬁs
involving Br, (CO,), and the appearance of ephanced stability
Br; (H,0), clusters merits attention towards determining the
strﬁctural features which influence the spectroscopic and

structural properties of this ion.

Cluster Assisted Decomposition

Thié section concludes efforts toward utilization of
APIMS for fundamental information, and concerns the
unexpected decomposition of the well-studied perfluorinated
molecular anions, SF, and C,Fy, upon association with
appropriate solvatihg agents. The APIMS observations which
follow may provide additional evidence to a pool of existing
observations regarding the unﬁsual structural nature of
these perfluorinated molecular ahions, generated by
resonance electron capture. Additionally, the existence of
these unusual clustering assisted’decompésition reactions
will be related to - the thermospray analysis of
Eperfluorocarbons (PFC’s), and shown to be of potential

significance toward an éxplanation of unusual (M-F)~
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ionization products.

Previous Measurements by PHPMS. Both SF,” and C,F,,” are
among the most widely studiéd negative ions. Their neutrél
precursors are known to resonantly attach thermal électrons
exceedingly fast to form a molecular anion which is very
stable against electron transfer, exhibiting a strong"
kinetic barrier even when thermodynamically favored. While
conducting ion-moiecule clustering equilibria measurements
involving C,;F;,” and SF,  solvation by methanol using PHPMS,
Knighton observed, in addition to the expected cluster ion,
various unexpected product ions (74) . Depending upon the
experimental conditions of ion source temperature and
methanol partial pressure, (M-F)~, (M-2F)~, and F~ (HF), ions
were observed‘ which were shown to be generated by the
decomposition of the core molecular anion clustered to
methanol. The clustering-énergetics and clustering assistéd
fragmentation dynamics were subsequently examined. Knighton
showed that two decomposition mechanisms were operative for
the conditions of the PHPMS. Fragment ions are
competitively produced by unimolecular and bimolecular
processes. The first ordef feaction involves the
decomposition of the moleculér anion clustered to one
molecule of methanol. The second order reaction involves
association of the singly clustered anion with a éecond.
molecule of methanol. The dominant mechanism for methanol-

assisted decomposition of C,F,,” and SF,” was found to be
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determingd by ion source temperature, with the unimolecular
decomposition reaction becoming progressively dominant at
high temperature. Further details regarding these PHPMS

experimeénts are found in reference 74.

APIMS Methanol Solvation. Figure 42 shows the
observed cluster assisted decomposition effects for C,Fy,” in
the presence of methénol under the conditions of API ion
source. For reference, the electron capture—API'(Ec-API)
mass spectrum of C,F;;, at 150° C without the presence of a
solvating Agent is shown by Figure 42a . It is seen that
the molecuiar anion predominates, with only negligible ion
current for the (M-F)~ ion. At low ion source temperatures
the relative intensity of (M-F)~ is reduced below that shown
in Figure 42a. The EC-APIMS spectrum of C,F,, with 13 Torr
methanol partial pressure of methanol at 150° is shown in
Figure 42b. This spectrum is dominated.’by the (M-F)-~
fragment ion, and the molecular anion, Nr,”is no longern
observable. As shown in Figure 42c¢, thé EC-API mass
spectrum is further altered by thé éombined effects of 13
Torr methanol and low (40° C) ion source temperature. It is
seen ffom this spectrﬁm that the intensity of (M-F)~ is very
low, and the ion current is comprised primarily of fluoride
ion-methanol clusters, F (MeOH),, where n = 2 to 9 metﬁanol
molecules. Figure 43 shows the EC-API mass spectra for C,F,,
at 150° C over a fange of methanol partial pressures, with

each observed ion presented graphically as percentage of the
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(M-F)™

100 200 300 OO
m/z

Figure 42.

Electron capture-APl (EC-API) mass spectra of perfluoro-

methylcyclohexane with methanol vapor added to nitrogen
buffer gas.

@ 150° C 1ion source, (control).
(®) 150° C i1on source, 13 Torr methanol.
(© 40° C 1i1on source, 13 Torr methanol.
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total negative ion current. It is clear that conditions
which favor clustering progressively transfer the i1onization
to fluoride 1ion solvated by varying numbers of methanol
molecules. This trend shown in Figure 43 is consistent with
the following proposed reaction sequence in which the final
location of negative charge is influenced by the degree of

solvation of the reaction intermediate shown In reaction 40

(M-F)* + F + nS  (40a)
MS" — >[ M-- F(S)n

"*AF-(S)n + (M-F) (40b)

As the partial pressure of methanol, S, is increased,
clustering becomes more favorable and a larger number, n, of
methanol molecules will be available for clustering to the
intermediate species as the bond to a departing fTluorine
atom is lengthened. As n is made larger, the magnitude of
this stabilizing force will be much greater iIf the negative
charge 1is retained on the fluorine atom rather than the
larger portion of the iIntermediate species. Therefore, as
the partial pressure of methanol 1is increased, the preferred
location of negative charge moves from the (M-F) moiety to
the fluorine atom, with formation of fluoride solvates.

In Figure 44 the EC-APlI mass spectra of SF6 are shown
for conditions identical to those described for CHF M above.

Again, 1In the absence of added methanol vapor (Figure 44a),
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Figure 43.

Electron capture-APlI (EC-API) mass spectra of perfluoro-
methylcyclohexane at varying methanol partial pressures
from O to 80 Torr with ion source temperature of 150° C. It
is seen that more TfTavorable clustering conditions are
accompanied by enhancement in Ffluoride hydrate cluster ions
production.
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Figure 44.

Electron capture-APlI (EC-AP1) mass spectra of sulfur-
hexafluoride with methanol vapor added to nitrogen buffer
gas.

(@ 150° C ion source, (control).
() 150° C ion source, 13 Torr methanol.
©) 40°C ion source, 13 Torr methanol.
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. the predominant product ion-is the molecular anion, with
only a minor (M-F)~ contribution to the total negative ion
current. However, when 13 Torr partial pressure of methanoi
is present in the ion source, only fluoride ion—.methanoi
clusters are observed, with no evidence for (M-F)~ fragment
ions at either high (150° C, Figure 44b) or low (40° C,
Figure 44c) temperature. The (M-F)~ fragment ion was
dominant from C,F,, at 150° C and 13 forr methanol, hence
formation of fluoride solvates is seen to be more labile in
the case of SF¢ relative to C,F,,. Referring to the proposed
' decomposition schgme shown in reaction 40, it is apparent
that SF; is perhaps less able to compete with a highly
solvated fluorine atom fér retention of the'negative charge
than is C,F,;. The explanation for this difference may follow
from a consideration of size énd electron affinity factors.
It is reasonable to assume that the smailer relative size of
SFs provides less of a blocking force to solvation by
methanol molecules, thereby allowing for more access to the
fluorine atom with the lengthened bond; Also it is known
that SF; has a lower electron affinity than C,F,;, thereby

being less competitive for retention of charge (74).

APTMS Water Solwvation. The effects of water as the

cluster assisted decomposition solvating agent will be
considered next. The EC-API mass spectrum of C,Fy; at 150°
C with 15 Torr water partial pressure in shown in Figure

45a. This spectrum is seen to be very similar to that shown
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Figure 45.

Electron capture-APl1 (EC-AP1) mass spectra of perfluoro-
methylcyclohexane with water vapor added to nitrogen buffer
gas. See Figure 42a for the control spectrum.

(@ 150° C 1ion source, 15 Torr water.
(M 40° C ion source, 15 Torr water.
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in the analogous experiment‘in which 13 Torr methanol was
present in the buffer gas‘(Figure 42b) rather than water.
As in the methanol experiment, the (M-F)- fragment ion
comprises the majority of the ion current. Also in parallel
to the methanol experiment (Figure 42c¢), use of water as:
solvating agent in the low mole pércent range at low
temperature results in fluoride ion-solvates, as seen by the
envelope of F (H,0),, where n= 2 to 22. The'paiticularly
stable F~ (H,0),, cluster ion described above can be seen in
this spectrum. This distribution of fluoride hydrates does
not represent the actual cluster ion relative abundances
present within the ion source under these coﬁditions of
water partial pressure and temperature, but results from the
condensation effects of the APIMS free jet ‘expansion.
Calculations based upon the thermodynamic parameters of
Hiroaka (73) indicate that the free jet expansion associated
with sampling this low temperatﬁre ion source with a 50 ﬂm

aperture with nitrogen buffer/expansion gas have sufficient
cooling‘ effects to result in promotion of aggregation
forces. The‘calculated equilibriuﬁ distribution of F (H,0),

present within the ion source consists of n= 5 to 8, with

n = 6 being the most abundant fluoride hydrate.

APIMS DMSO Solvation. The effects of solvation by

dimethylsulfoxide (DMSO) on the EC-API mass:spectra of SF,
and C,F,, are shown in Figure 46. It can be seen that DMSO

is much less efficient at inducing fragmentation of the core
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Electron capture-APlI (EC-API) mass spectra of sulfer-
hexafluoride and perfluormethylcyclohexane with DMSO vapor
(0.07 Torr) added to nitrogen buffer gas.

CF14 at (@)

SF6 at (©

40° C, and at (b) 150° C.

40° Cf and at (d) 150° C.
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molecular anions, even when the 'conditions allow for
appreciable clustering as evidenced by very substantial
M DMSO ion eurrents._ For éxample, in Figure 46a, DMSO is
shown to cluster strongly with the C,F,, parent molecular
anion, and yet in contrast to low temperature experiments
involving either water or methanol, M  and (M-F)- comprise
a large fraction of the total negative ion current. At the
higher "ion source temperature in the ‘éresence of DMSO
(Figure 46b), (M-F)~ is less favored, in accordahce with
clustering, which is less favored. The EC-API mass spectra
of SF; in the presence of DMSO are shown in Figures 46c and
46d.  Again, at'thé low temperature (Figure 46c) where
clustering to DMSO is seen to be very favorable by the
substantial MDMSO signal, the clusﬁering assisted
decomposition of SFy is much less efficient by DMSO relative
to methanol, as evidenced by minor fragmentation leading to
(M-F)~. At the high temperature with DMSO vapor present in
the ion source, the EC-API mass spectrum oﬁ SFg is only

slightly enhanced in (M-F)~ relative to the control
conditions in which no solvating agents are present (Figure
44a). It is cbncluded that relative to methanol 6r water,
DMSO is a much.less effective solvating agent for initiation
of clustering assisted decomposition despite the éreater

propensity it has to cluster with the molecular anions of

SF, and C,F,,.
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Relevance to PFC Analysis. The APIMS measurements
described _,abov-e indicate that the molecular negative ions of
perfluorocarbohs (PFC’'s) may not be generally observa]:_)le
under electron capture or x;egative chemical ionization
conditions when polar protic compounds such as methanol or
water are present at ‘partial pressures of several Torr.
Since ambient air typicaliy contains this much water, for
example,. only cluster assisted decomposition generated
fragment ions might be expected in the analysis of PFC’s in
" whole air samples directly introduced into the APIMS ion
source.

A recent report by Huang and coworkers (8'3) relates the
predominant occurrence of (M-F)~ fragment ions during the
analysis of PFC’s , C,F,, included, by liquid chromatography/
mass spectrometry (LC/MS). it was observed thaf. the
detection of PFC’s eluting into a thermospray apparatus
req;uired use of an acéessory electron emitting filament with
water added to the‘]'..'C mobile phase. Huang proposed that a
charge exchange mechan:.sm may be 1mp1:|.cated, in, which
OH’,,(HZO)m ions transfer an electron to the parent PFC
molecule with concomitant fluorine-carbon bond 'i:upture. The
APIMS results shown in Figure 46a indiéating formation of
(M-F)~ from C,F;, under electron c’épture,conditions. in the
presence of w-ater, suggest the possibility that cluster
.assisted decomposition may account for the ‘observation‘s by

Huang and coworkers. Other PFC’s investigated by APIMS

A
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include CyF;, and C,,F,,, and it appears that cluster assisted
decomposition is very general, leading to.(M-F)“ fragment
ions at high temperatures, and fluoride solvates at lower

temperatures in which clustering is favored.

(MF_,)F~ Molecular Anion Structure, Experiménts

involving SF, by Drzaic and Braumen (84), and C,F,,” by
Grimsrud and coworkers (74), demonstrate that the photon
energy required to photodetach the electron from either of
these molecﬁlar anions is in large excess of the néutral
parent electron éffinity. SF¢” is also known to exhibit -a
high kinetic barrier to thermodynamically allowed electron
transfer reactions, either as the electron donor or
recipient. Additionallly, SF,” has been shown to undergo
fluoride transfer to stronger Lewis acids (85). Braumen has
proposed, based upon Ehis large body of evidence and
theoretical energy minimization "calculations, that the
geometry of SF,” may be significantly distorted from the
octahedral structure of neutral SF,. Specifically, it has
been suggested that SF,” may best be described as an ion-
molecule association complex of the.form.E“(MFmd).

It is interesting to consider the possibility that
the APIMS cluster assisted decomposition reactions discussed
above may offer additional evideﬁce supporting the ion-
molecule complex concept for SF; and CF,, . . Despite the
" fact that the preferred geometries for these molecular

anions may be distorted through clustering with a solvating
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agent, the appearancé of F7(H,0), under favorable solvating
conditions seems consistent with the notion of a distorted
structure which lengthens the bond to one or more fluorine
atoms. With regard to the reaction 40, this seems gntirely
reasonaﬁle, as solvation would always be initiated at>the

most accessible fluorine in the proposed distorted anion, F~

(MF__,) .
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SUMMARY

Despite the impressive analytical utility of APIMS,
this form of mass spectrometry has been*infrquently applied
to fundamental investigations of gas phase ion chemistry.
This is attributable to sampling errors which preclude the
accurate observation of relative ion abundances
representative of chemistry occurring within the API ion
source. The objective of this gstudy haé been the
characterization of various APIMS sampling errors in order
to permit application of this mass spectrometric technique
to fundamental study. Two of the three sampling errors that
have been examined originate from dynamics occurring within
an adiabatic free jet expansion which accompanies the'non-
effusive flow of the API ion source contents into a mass
spectrometer Qacuum chamber. The chemical.systems of study
fall into two broad categories : electron capture processes
and ion-molecule clustering reactions.

The first category of sampling error takes the form of
perturbations in observed equilibrium clustef ion
abundances, and is due to collisional cooling and
aggregation, as well as collisionally induced dissociation
dynamics, occurring within the APIMS free jet expansion.
_Ion-molecule clustering equilibrium sampling errors were

studied with the proton hydrate water clusters. Sampling
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errors due to the cooling and aggregation forces in ££e
APIMS free jet expansion ﬁere shown to be generally
problematic under all experimental conditions of varying
buffer/ éxpansion gas or sampling.apérture diameter at low
jon source temperatures. However, the appearance of
accurate cluster ion sampling occurred at higher ion sourcé
temperatures (2150° C) with use of a 22 um aperture and
helium or hydrogen buffer/ expansion gas. The forﬁuitous
cancellation of free Jjet expansion aggregation and
collisionally induced dissociation obvious for other gases,
is not thpught to explaip cluster ion sampling results
obtained with helium and the 22 um aperture. This is
attributed to several properties unique to helium including
a low collision cross-section, low efficiency for energy
transfer, and high self-diffusion coefficient, all factors
‘which minimize clustering and declustering forces.

It has been demonstrated.'thaf _valuable qualitative
fundamental information may be obtained from APIMS generated
relative ion currents, regardless of the sampling errors on
equilibrium cluster ion distributions. This was
demonstrated in two different studies. The first involved
the clustering of sﬁbstituted.nitroaromatic molecular anions
that can be made to cluster to a ~molecule of
dimethyléﬁlfoxide. It was shown that isomeric dependent
. propensities for clustering, which are intimately related to

the electron affinity of the neutral nitroaromatic, are
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retained. This permits use of APIMS for deriving
qualitative information regarding ion-molecule clustering
systems. The second study involved advantageous application
of the extensive cooling and aggregation dynamics of the
free jet expansion for generation of moderately sized halide
hydrate and dihalide hydrate cluster ions. Preferred cluster
ion stabilities were noted to occur frequently within the
fluoride hydrate series, F‘ﬂgO)n,'for n =10, 12, and 16.
This tendency for preferred cluster ion stabilities was
found to be less pronounced as the cOré halide ion radius
increased, and is consistent with the concept froﬁ solution
phase chemistry that the smaller radips fluoride ion is a
structure-maker. The dibromide hydrate cluster ion series;
Br,”(H,0),, also generated by the free'jet expansion, showed
preferred stabilities for n - 9, 11, and 13. These
observations regarding dibromide ion water cluster preferred
stabilities take precedence from reports of dibromide ion
carbon "dioxide clusters, Br, (CO,),, which exhibit similar
preferences for n = 8, 10, and 12, and become fésistant to
photodissociation whén n = 10.

A second sampling error resulting in significant mass
and ion type discrimination of pérticular importance for
ions of widely differing mass, has been cﬁaracteriéed. It
has been demonstrated that lower mass ions are ;lways less
efficiently sampled from the APIMS free jet expansion, and

the degree of bias is dependent upon ' the experimental
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sampling conditions. The iméortant parameters inclﬁde
choice of expansion gas, ion source temperature, sampling
orifice diameter, and ion extraction pdtential. By
quanﬁitative determination of reiative ion .sampling
efficiepcy for a given set of experimeptal conditions, the
observed ion currents may be cérrected to derive the
relative ion source abundances of interest.

This protocol for mass discrimiﬁation correction has
been applied to sﬁudy numerous two-channel dissociative
electron'capture branching reactions. By comparison to
results obtained from several 1low ionization pressure
experiments, collision frequency is revealed ﬁo be an
important variable‘ in determining the relative product
ratios. In the case of bromotrichlo;omethane, which may
capture an electron to form either bromide or chloride, it
was confirmed that the relative product ratio for the
initial electron capture reaction leadin§ to bromide and
chloride is 4 to 1, réspectively( as earlier established by
APIMS, and the Photodetachment-modulated Electron Capture
Detector which also operates at atmospheric pressure.  1In
contrast, results from the Flowing afterglow/Langmier'probe
low ionization pressure technique indicated an initial
electron capture branching ratio for bromotrichloromethane
for bromide to chloride of 1 to 1. A second study examined
the importance of ?ressure for the two-channel dissociative

electron capture reactions of numerous dibrominated
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fluorocarbons and hydrocarbons which lead to either bromide
or dibromide ion. Comparison between mass bias cérrecﬁed
APIMS (640 Torr) and several low ionization pressure
experiments including Pulsed High Pfessure Mass Spectrometry
(1 to 4 Torr), Flowing'afterglow/ﬁangmier probe (1 Torr),
and High Pressure Electron Capture Mass Spectrémetry (0.5
Torr) was possible. ~Diffe;ences in the observed relati?e
product ratios indicated the impértance of both pfessure and
identity of the buffer gas in determining the efficiency of
collisional stabilization of the excited electron capture
intermediates, MBr,™". Both two-channel dissociative
electron capture systems of study above demonstrate the
importance of collisions in modifying the internal energy of
the excited intermediates, thereby influencing the. favored
channel of‘ dissociation, tending toward the thermo-
dynamically favored product at  higher pressures

For the above to hold, the excited intermediates must have
lifetimes against dissociation by either available channel
on the timescale of thé collisions in a low Torr gas, or
approximately 100 picoseconds. ‘

A third sampling error ascribed to aperture contact
potentials was examined. It was shown that charging
events, which occur when moderate electros;atic fields are
presént, can dynamically alter absolute mass specfral ion
currents and lead to total inhibition of ion sampling.

Cluster assisted decomposition reactions recently
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observed by Pulsed High P;essure Mass Spectromeﬁry have been
investigated. by APIMS. It has -been shown that thé
perfluorinated molecular anions, SF, and C,F,,”,which have
been widely studied and are known to possess unusually high
stability against either electrop photodetachment or charge
transfer reactions can be made to decompose to varying
degrees u?on solvation with appropriate solvating agents.
As conditions which favor ion-molecule association are
enhanced the molecular anion is decomposed to the (M-F)-~
fragment ion. Further enhancement of solvation conditions
progressively-eliminates the parent molecular anion, as well
as the (M-F)~ fragment, transferring the total ion current
to solwvates of fiuoride, F‘(S)n; where é is either methanol
or water. It is speculatively noted that generation of such
fluoride - solvates may support prqposalé that these
perfluorinated molecular anions differ geometrically from
their neutral precursors, and that'a distortion associated
with the lengthening of a bond to fluorine is the site at

which cluster assisted decomposition is initiated. The
polar aprotic solvent diméthylsulfoxide is much less
effective at initiating cluster assisted decombosition of
either SF¢ or Gﬁg[; These cluster assisted decomposition
reactions, as observed by APIMS, may explain the occurrence
of unexpected (M-F)~ fragment‘ioﬁs observed during thermo-
' spray analysis of numerous perfluorocarbons when electron

capture is made to occur in the presence of water vapor.
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