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Abstract:
For years, one of the primary goals in the field of gas - phase ion chemistry has been a “bridging of the
gap” between operative energetics in gas phase and solution phase chemistry. For accurate comparisons
to be made between identical chemical systems in different solvent environments, gas - phase
energetics must be studied under pressures high enough to ensure a thermal distribution of relevant
energetics. In addition, many gas - phase kinetic and equilibrium processes display significant pressure
- dependent behavior. The work presented here characterizes four studies that investigate the impact of
buffer gas pressure and identity on chemical behavior. The first section examines buffer gas effects on
kinetic processes operative in the electron capture behavior of azulene. It was found that, at conditions
commonly employed in electron capture methods, thermal electron detachment (TED) processes
display a positive temperature dependence that significantly lowers detection limits for low electron
affinity compounds. The second section investigates the pressure dependence of the electron capture
reaction of POC13. In this work, for the first time, the competitive dissociative and resonance EC
product pathways were found to display a significant pressure dependence. This pressure dependence
was modeled with Boltzmann energy distributions and RRK kinetic theory. The third section
characterized a significant, pressure - dependent source of error in PHPMS studies of ion - molecule
kinetics. Specifically, at low pressures, molecular flow conditions in the ion source lead to an
enhancement of neutral reagent concentrations yielding inflated apparent rate constant measurements.
Source parameters such as pressure and aperture dimensions were manipulated to characterize this
phenomenon. The final study examined ion - molecule cluster equilibria in order to create a method for
stabilizing low electron affinity compounds against TED and side reaction processes that ultimately
limit detection limits for EC - based methods. To achieve this goal, the Lewis acid SiF4 was used to
cluster low electron affinity compounds containing oxygen and this method has potential applications
in explosives residue analysis as well as trace analysis work with electron capture mass spectrometry
(ECMS).
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ABSTRACT
For years, one of the primary goals in the field of gas —phase ion chemistry has been a
“bridging of the gap” between operative energetics in gas phase and solution phase
chemistry. For accurate comparisons to be made between identical chemical systems in
different solvent environments, gas —phase energetics must be studied under pressures
high enough to ensure a thermal distribution of relevant energetics. In addition, many gas
- phase kinetic and equilibrium processes display significant pressure - dependent
behavior. The work presented here characterizes four studies that investigate the impact
of buffer gas pressure and identity on chemical behavior. The first section examines
buffer gas effects on kinetic processes operative in the electron capture behavior of
azulene. It was found that, at conditions commonly employed in electron capture
methods, thermal electron detachment (TED) processes display a positive temperature
dependence that significantly lowers detection limits for low electron affinity
compounds. The second section investigates the pressure dependence of the electron
capture reaction of POCI3. In this work, for the first time, the competitive dissociative
and resonance EC product pathways were found to display a significant pressure
dependence.
Tliis pressure dependence was modeled with Boltzmann energy
distributions and RRIC kinetic theory. The third section characterized a significant,
pressure - dependent source of error in PHPMS studies of ion - molecule kinetics.
Specifically, at low pressures, molecular flow conditions in the ion source lead to an
enhancement of neutral reagent concentrations yielding inflated apparent rate constant
measurements. Source parameters such as pressure and aperture dimensions were
manipulated to characterize this phenomenon. The final study examined ion - molecule
cluster equilibria in order to create a method for stabilizing low electron affinity
compounds against TED and side reaction processes that ultimately limit detection limits
for EC - based methods. To achieve this goal, the Lewis acid SiF4 was used to cluster
low electron affinity compounds containing oxygen and this method has potential
applications in explosives residue analysis as well as trace analysis work with electron
capture mass spectrometry (ECMS).

I

I

INTRODUCTION
The field of gas phase ion chemistry (GPIC) has experienced a period of
remarkable growth over the past 30 years (1-5). As a result of this expansion, GPIC
phenomena and mass spectrometric techniques currently find application in areas of
science ranging from biochemistry to astrophysics.
Accompanying GPIC research into applied technology is the development of
techniques probing ion molecule systems in search of theories bridging the gap between
gas phase and solution phase chemical behavior. As Speranza has pointed out, there is
currently much debate regarding the value of the intrinsic chemical information typifying
GPIC research (6). One school of thought suggests that investigation of solvent - free ion
- molecule behavior serves no useful purpose since solvent effects play such a large role
in chemical reactivity. In contrast, many opine that direct comparison between gas
phase and solution chemistry is the only way to truly separate intrinsic reactivity from the
solvation and ion ^ pairing effects that often dominate chemical behavior in condensed
phases.
In order to draw proper comparisons between gas - phase and. solution - phase
chemistry, gas - phase data must be collected under the same classical kinetic, structural
and stereochemical methodologies as the solution phase analogue where all relevant
species are in a state of thermal equilibrium. In more formal terms, all gas phase species
must have Boltzmann energy distributions for all degrees, of freedom; i.e. the system
must be in a state of thermal equilibrium with its environment (7).
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Regardless of formation method, an isolated, gaseous ion is thermalized by either
radiative emission or buffer gas collisional stabilization. Radiative relaxation processes
are sometimes observed with complex molecules, however, collisional stabilization is the
dominant relaxation mechanism for the majority of gas phase ions (6). To fully explain
the role of buffer gas in ion - molecule reactivity, it is necessary to develop a model of
gas phase energetics that accounts for the role of buffer gas on system kinetics and
thermodynamics. Before addressing these issues, however, it is important to develop^
many unique features of ion - molecule reaction coordinates.

Model of Gas Phase Ion - Molecule Reaction Energetics

In 1977, Brauman et al. (8) studied nucleophillic substitution kinetics reactions
for ,a series of anionic nucleophiles and neutral substrates. While interpreting the data in
terms of nucleophillicity, leaving group ability, and steric effects, Brauman and
coworkers determined that traditional theories of reaction coordinate energetics were
insufficient for proper characterization of observed kinetics. Of particular interest was
the large variation in observed reaction rate constants - ranging from collisional to values
almost beneath detection capabilities. While many ion - molecule reactions are slow due
to entropic, dynamic, or steric effects, the chemical series of this particular study were,
relatively speaking, structurally similar. It was not possible to explain these variations
with past theories of gas phase reaction coordinate energetics. Particularly problematic
was the Cl" / CH3Cl system where experimental SN2 kinetics led directly to the proposal
of a novel reaction coordinate.

I
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Under traditional notions of reaction energetics, the [Cl ° CH3 => Cl]" transition
state must be either the minima of an attractive potential energy surface or the maxima of
a traditional reaction coordinate where reactants and products are separated by a
relatively high energy transition state barrier.

Simple attractive electrostatic forces

between the nucleophillic anion and neutral substrate rule out the possibility of a
traditional reaction coordinate with no attractive minima. Conversely, if the reaction
proceeds through an intermediate representing the potential energy surface minima, then
there are no barriers to transition state formation and the observed rate constant should be
one - half the collisional rate constant for formation of the C f o CH3Cl association
species. However, the experimental rate constant for this system was about 0.3 % of the
collisional rate constant which invalidates the possibility of a single intermediate with no
formation barriers. In addition, the symmetry of this system suggests that a low - energy
intermediate with formation barriers would only be possible on a potential energy surface
containing three minima. The kinetic data could also be interpreted in terms of a double
well potential energy surface that has become the accepted model for ion - molecule
systems of this type. In Figure I (reproduced from Speranza (6)>, a gas phase double
well potential (Curve A) is seen to evolve from a solution phase potential energy surface
(Curve C) as the degree of solvation is reduced. Figure I demonstrates the energetic
variations occurring in different chemical reaction environments.

In particular, the.

transition state moves from a high energy state, relative to reactants, to an energy that is
roughly equal to that of the reactants. The quite dramatic variation in the kinetic data
discussed previously can now be interpreted with respect to this new understanding of

4
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Figure I.

Potential energy surface for a reaction under unsolvated (Curve A)
conditions, monosolvation of the ionic reactant (Curve B), and solution phase conditions
(Curve C).
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gas phase ion - molecule energetics where the rate of nucleophillic substitution can now
be envisioned to vary as a function of relative central barrier height.
With this new insight, the kinetics of gas phase nucleophillic substitution
reactions can be interpreted by the mechanism outlined in equation I.

kc
X- + RY

^
kb

kp
XoRY

kb’

^
XRoT ^
k_p
k/

RX + Y'

(I)

In this reaction sequence, also outlined in Figure 2, kc represents the rate constant for
formation of an ion / neutral association complex which, from this point, will be referred
to as an entrance channel complex. The entrance channel complex is formed with an
excess energy equal to the enthalpy of formation for the thermalized cluster species.
Conversely, kb expresses the rate constant for unimolecular dissociation of the entrance
channel complex back to reactants. Upon formation, the entrance channel complex,
barring dissociation by kb, isomerizes by passage through the transition state, kp, to form
the exit channel complex, XR ° Y , which can ,either dissociate to form products, kb’, or
reisomerize to the entrance channel complex, kc’. Ifkb > kp, then the overall reaction rate
will be less than half of kc with relative values of kb and kp determining overall reaction
rate. If k_p is assumed to be negligible, then the bimolecular rate constant is given by
koveraii = (kckp) / (kb + kp). This assumption is valid, for these systems, because, for
exothermic reactions, kb’ > kb, and product formation is energetically favored if the two
reactions are sufficiently similar entropically.

For thermoneutral reactions, all rate
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Figure 2. Mechanism and potential energy surface for a representative gas phase
nucleophillic displacement reaction.
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constants lie below collision^ levels indicating that Icb’ = kb »

kp. Once the central

barrier is overcome, the exit channel complex immediately dissociates to products
making the assumption stated above valid for the Cl / CH3CI system as well as general
gas phase Sn2 reactions like Cf / CHgBr.
This model demonstrates that the overall reaction rate will vary as a function of
relative dissociation and isomerization rates of the entrance channel complex. These
rates vary as a function of the relative barrier heights, depicted in Figure 2 as E0 and E0’.
If E0’ is larger than Eq, the overall reaction rate will be slow with unimolecular
decomposition back to reactants providing a dominant pathway to the entrance channel
complex. Conversely, a small central barrier will result in the isomerization pathway
becoming the dominant loss mechanism for the entrance channel complex. Ifthe central
barrier is comparable to the energy of the separated reactants, the impact on kinetic
behavior is more difficult to interpret. In this case, the kinetics can be interpreted with
statistical theories describing relative isomerization and dissociation rates in terms of the
transition state associated with each competing kinetic pathway. The dissociation
pathway proceeds through a relatively “loose” centrifugal bottleneck while the
isomerization pathway proceeds through a relatively “tight” transition state configuration.
As depicted in Figure 3, the dissociation pathway is favored entropically due to the
higher state density associated with the centrifugal barrier configuration. This theory is
supported by the observed negative temperature dependencies associated with this type of
reaction.
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Reaction Coordinate

Figure 3. Plot demonstrating qualitative energy level spacing between the two
transition states operative in the gas phase SN2 reaction coordinate.
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Model for Pressure Dependent Gas Phase Ion - Molecule Kinetics
The Sn2 reaction between Cl and CHgBr has served as a gas phase prototype for
comparison between experiment and theory (9-11).

Experimentally, this reaction

displays a negative temperature dependence and positive pressure dependence; it is the
pressure dependence that will be the focus of the following discussion.
Under

nonthermal

conditions,

the

nascent

entrance

channel

complex

preferentially decomposes back to reactants due to favorable statistical factors for this
process. However, if the complex undergoes enough buffer gas collisions to completely
remove excess energy imparted to the complex prior to isomerization or dissociation, the
energy distribution for the complex will assume a thermal distribution above the zero
point energy of the reaction coordinate surface. In this case, reaction kinetics can be
treated with traditional Arrhenius plots of Log (k0bS) vs. T"1 which provide information
regarding the magnitude of the central energy barrier. This scenario is often referred to
as a high pressure limit of kinetic behavior (HPL) and it is under these conditions that
direct comparison between gas phase and solution phase chemistry is valid.
In the HPL, dissociation of the thermal complex to reactants or isomerization to
products will proceed through a thermal activation process described by. simple transition
state theory (TST) shown in equation 2 (12 - 13).

k=f

#

2'

-E o /

e

nr

(2)

& 8x8a

In this expression, Q*, Qa, Qb are the partition functions (electronic, vibrational
and rotational) of the activated complex and reactants A and B, T is the temperature of
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the buffei gas. Eg represents the transition state energy relative to the zero point energy of
the entrance channel complex and / is a transmission coefficient for passage through the
transition state . This transmission coefficient is invoked to account for the possibility of
a nascent exit channel complex reisomerizing through the central barrier to form the
entrance channel complex.

Barrier recrossing has been observed in trajectory

calculations of gas phase Sn2 systems by Hase (14 - 18) and successfully employed to
interpret kinetic data with TST modeling by Grimsrud and coworkers (10). The fraction
of species crossing the transition state without recrossing is assumed to approach unity as
the buffer gas pressure is increased (12).
Conversely, in a low pressure environment the entrance channel intermediate
energy distribution will not be described by a Boltzmann distribution. When the kinetic
time scale for a chemical intermediate is much smaller than the time between buffer gas
collisions, the kinetics occur via a “chemical activation” process typifying low pressure
limit (LPL) kinetic behavior.

The method invoked for analysis of subsequent

unimolecular kinetics, the RRKM (Rice, Ramsperger, Kassel, and Marcus) theory, is
provided in equation 3 (19 - 20).

k(E) =

G (E-E0)
hN(E)

(3)

In this expression, G(E-E0) is the sum of vibrational and internal rotational
quantum states for the transition state configuration at energies above the transition state
barrier, E0. N(E) is the density of states for, in the systems referenced here, the entrance
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channel complex of a double well potential energy surface. As portrayed in Figure 2, the
fate of the entrance channel complex, in the absence of thermalizing buffer gas collisions,
is described by the ratio of the isomerization and dissociation rate constants. This ratio is
described by extending the RRECM treatment into equation 4.

kp

kb

_ G (E -E 0 — E rqt)
G (E -E o )

^

In this expression, AErot is a correction to the internal energy of the forward
transition state allowing for angular momentum conservation. Relative rates of
isomerization and backdissociation can be described by integration of equation 4 over an
appropriate energy distribution (8,19). RRKM theory also assumes that the hyperthermal
entrance channel complex energy is randomized to allow for statistical treatment of the
unimolecular decomposition.
Due to varying degrees of collisional energy quenching, most ion - molecule
reactions occur under conditions somewhere between the thermal and hyperthermal
regimes described by RRKM and TST theories. This results from a partitioning of the
entrance channel intermediate between thermal and hyperthermal energy distributions each of which is characterized by unique rate constants for the dissociation and
isomerization processes.

The introduction of buffer gas collisions to this reaction

sequence is demonstrated in equation 5 and Figure 4 which utilizes a generic X" + Y
nucleophillic substitution reaction.
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Reaction Coordinate

Figure 4. Reaction coordinate for the prototypical gas phase SN2 reaction between Cl' /
Ch 3E i-. Curve A represents the energy distribution for the reactants in thermal
equilibrium with the buffer gas. Curve B represents the energy distribution for the
entrance channel complex under conditions of “chemical activation.” Curve C represents
the energy distribution for a complex under conditions of “thermal actwation.”
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kc
X" + RY
A

kp
(X-oRY)*

kb

^

k -P
kq[M]
V

kb’

XRoY-

RX + Y"

(S)

f
kp’-

X"o RY ----------------

In this sequence, the intermediate, X" o RY, will be subject to either thermal
activation (TST), chemical activation (RRKM) or a combination of processes depending
on the operative experimental'pressure.

This reality obviates the need for explicit

knowledge of pressure conditions prior to kinetic data interpretation. Most instrumental
techniques have a limited pressure range and, therefore, many kinetic measurements are
subject to significant pressure - related variation reflecting intrinsic entropic factors
associated with the system of interest.

Instrumental Methods Utilized in the Studwof Gas Phase Ion Chemistry

Figure 5 shows a variety of ion - molecule instrumental techniques and the wide
range of pressures available to investigators in the field.

Noteworthy within this

instrumental ensemble are the ion cyclotron resonance (ICR) techniques operating at
pressures ranging from IO"2 Torr to IO"8 Torr (21 - 22) and the flow tube methods (FA
and SIFT) which operate around I Torr and are most similar to the techniques utilized
here.

Another instrumental method, relevant to this work, is ion mobility mass

spectrometry (IM - MS) which is capable of operating at pressures of approximately I
atmosphere (23 - 28). '
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Figure 5. A survey of the primary instrumental methods used for the investigation of
ion - molecule phenomena. The operative pressure range of this instrumentation spans
approximately 11 orders of magnitude.
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ICR methods, commonly employed in the study of ion - molecule chemistry
under conditions of low pressure ( « I Torr), are responsible for a plethora of gas phase
ion - molecule kinetic data. One key advantage associated with this technique is the
ability to measure gas phase chemical kinetics as a function of reactant or product ion
kinetic energy (29 - 32). However, due to low operating pressures, ICR methods collect
data under hyperthermal conditions that complicate modeling of observed chemistry
since ion energies are often poorly defined.
In flowing afterglow (FA) and selected ion flow tube (SIFT) instrumentation,
ionization is achieved in a pure carrier gas, typically helium, by a hot cathode electron
emitter (33).

The resulting plasma, consisting of electrons, positive ions and a small

amount of negative ions, is constrained to the carrier gas flow and charged particles are
thermalized as they move away from the ionization region.

Downstream from this

ionization region, an ion source gas is added to the discharge afterglow to generate ions
that will react further downstream with reagent gases to create the chemistry of interest.
Like ICR methods, FA methods provide some degree of control over ion - molecule
interaction energies enabling determination of energy dependent reaction kinetics (34 35). SIFT techniques are quite similar to the FA methods, but vary in the method of ion
introduction. Specifically, in SIFT experiments,, generated ions are mass - selectively
passed to the flow tube through a quadrupole mass filter.

This eliminates many

background and secondary ion products - that frequently interfere with proper data
collection. Both of these techniques have a relatively narrow operating pressure range
(between 0.5 and I Torr) that, in contrast to the ICR methods, makes them a mid -
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pressure technique where thermalization of ionic reactants is possible and can lead to
■experimental energies defined by Boltzmann distributions.
As seen in Figure 5, the vast majority of instrumental methods operate below 10
T°rr. However, one technique, currently enjoying extensive use in our laboratory, is ion
mobility mass spectrometry (IM-MS) which operates at approximately atmospheric
pressures (36-38). With IMS instrumentation, ions are formed in a source region lined
with a Ni6j radioactive foil. Periodically, ion packets are released from the source region,
via a pulsed gate lens, and moved into the drift tube region where they are pushed along
by an electric field running the length of the tube. At sufficiently high pressures, this
drift region acts as a plasma chromatograph - separating the ions formed in the source
region on the basis of mass and shape. Detection is achieved with a Faraday plate and,
for some instruments, a mass spectrometer samples ion signal through a pinhole aperture
in the Faraday plate. The salient feature of this instrument, with respect to this work, is
its ability to monitor ion - molecule chemistry at pressures exceeding ICR and FA
■methods by anywhere from 3 to 11 'orders of magnitude.

These high - pressure

conditions can have a dramatic impact on experimental measurements.
Although IMS instrumentation plays a role in some of the results presented here,
most of the data was collected on a pulsed high pressure mass spectrometer (PHPMS)
operating at pressures of around I to 10 Torr. In many ways, this method is analogous to
FA techniques in terms of operational temperatures and pressures. However, the PHPMS
samples ion wall currents generated by ambipolar diffusional processes following a
stationary afterglow produced in the ion source. This instrument will be described in

17
detail in the following section, but it is important to note that the key feature of the
PHPMS, relative to the other techniques discussed, is its relatively wide pressure range
that enables pressure dependent kinetics and thermodynamics to be easily and rapidly
determined.
The next section of this work will be a detailed description of the PHPMS
instrument and generated data.

This will include an in - depth discussion of the

ionization process as well as the nature of the collected ion signals as well as error
analysis for typical PHPMS measurements. This discussion will be followed by four
sections featuring a variety of research projects that examine ion - molecule pressure
effects from both a theoretical and analytical perspective. The first section will deal with
the effect of pressure and buffer gas identity on observed kinetics for the thermal electron
attachment of azulene. The second section investigates product branching fractions and
pressure effects on the thermal electron attachment of POCl3. The third section looks at
the impact of pressure, buffer gas identity and sampling aperture size on PHPMS kinetic
measurements. The final section investigates the use of SiF^ Lewis bases to minimize
loss mechanisms, operative at high pressure, that negatively impact high pressure
detection limits for low electron affinity compounds.
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INSTRUMENTAL DESIGN AND PRINCIPLES OF OPERATION

A detailed description of the original PHPMS instrument and the basic operating
principles has been provided by Kebarle (39). However, the instrument used to complete
the work comprising this text has many unique features that merit a detailed discussion of
the instrumental layout and the nature of the generated ion signals.

Instrumental Design

The PHPMS consists of the three major components shown in Figure 6: a Gas
Handling Plant (GHP), a high - pressure ion source featuring an electron gun assembly,
and a quadrupole mass spectrometer.

Gas Handling Plant
The gas handling plant (GHP) region of the PHPMS instrument consists of a 5
liter glass bulb reservoir customized to include a septa - fitted injection region, and
numerous connections, regulated by bellows valves (Varian All - Metal UHV), that
control buffer gas flow into and out of the GHP volume. During instrument operation,
the GHP is pressurized to approximately 800 Torr and reagents, for ion production and
neutral concentrations, are added through the septa port in quantities that produce desired
ion source concentrations. Methane and nitrogen are most commonly used to pressurize
the GHP; however, argon and helium also find periodic application. All buffer gases
were passed through multiple impurity traps and filters prior to GHP introduction. This
purification scheme included standard water and oxygen traps (Alltech Associates, Inc.)
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Figure 6. Schematic of the PHPMS Apparatus: (a) vacuum envelope, (g) electron gun,
(j) wire screen, (k) skimmer lens, (I) electrostatic lens element, (m) quadrupole rods, (n)
secondary electron multiplier, (o) diffusion pumps, (p) heated gas mixture inlet line, (q)
insulated box, (r) 5 L glass bulb, (s) septum inlet, (t) capacitance manometer, (u) all metal
on / off valve, (v) all metal fine metering valve, (w) mechanical pump, (x) buffer gas inlet
line
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positioned just upstream of a second indicating gas purifier (Model OMI - I, Supelco,
Inc.) that removed any residual moisture or oxygen. Following pressurization, the GHP
contents are leaked into the ion source region through a needle valve (Nupro - BM Series
Bellows Metering Valves) that controls ion source pressure. Following use, the GHP
contents are evacuated, in roughing mode, by a rotary pump (Edwards - E2M5) and high
vacuum is then established with a 2” diffusion pump (Edwards - MK2 Series) backed by
the rotary pump. The GHP setup enables the establishment of pressures, monitored by a
capacitive manometer (MKS Instruments, Inc. PDR - D - I), ranging from approximately
I to 1000 Torr. The GHP glass bulb is housed in an insulated metal box heated by two
1550 Watt finned strip heaters connected to a Variac power supply (Powerstat, Inc.) with
temperature monitored by a Type J thermocouple connected to a temperature display unit
(Watlow - Series 873).

Ion Source and Electron Gun Assembly
Shown in Figure 7, the ion source of the PHPMS is the most unique feature of the
instrument. The ion source is connected to the GHP by a I / 4 “ stainless steel transfer
line that is temperature controlled by a heating tape (Thermolyne, Inc.) and monitored by
a Type J thermocouple.

The source volume is 5.5 cm3 with a distance of 1.8 cm

separating the front and back ends. Two of the source walls contain apertures - one
serves as the sampling site for ion wall currents generated within the source and the other
creates the entrance for electrons generated by the electron gun assembly. A third wall of
the ion source consists of a repeller plate, which during standard operation, is held at
ground potential along with the rest of the source block volume.
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G

\

Figure 7. Expanded View of PHPMS Ion Source and Electron Gun Assembly: (A) Ion
Source Block, (B) Repeller Electrode, (C) Ion Beam Exit Aperture, (D) Electron Beam
Entrance Aperture, (E) Gate Lens, (F) Filament, (G) Skimmer Lens, (H) Support Bracket
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High voltage biases are required in the electron gun assembly, however, and this
is achieved with two high voltage power supplies (Tennelec, Inc. - TC 95) connected to
the electron gun lenses. The pulsed nature of the ionization process stems from pulsing
the voltage bias of a gate lens with a square - wave form generated by a commercial pulse
generator (Global Specialties —4001). During the period between ionization pulses, a
gate lens is biased negative (- 3000 V) relative to the filament (-2975 V). However,
during a pulse,- the bias of the gate lens is dropped to -2900 V releasing a “packet” of
electrons past the gate lens where two sets of focussing lenses then direct the high energy
electron beam into the ion source.
The source is temperature controlled by a series of I / 8” ceramic cartridge heaters
inserted into machined slots in the source block. The ceramic cartridges were threaded
with .01

tantalum wire that provided resistive heating when conducting electrical

current. In addition, the transfer line upstream from the ion source is heated by I / 8”
ceramic cartridge heaters inserted into an aluminum block secured around the transfer
•V'
line. Temperature programming for the'source block and transfer line was achieved with
two relays (Watlow —Series 804), controlled by Type J thermocouples, that supplied
Variac AC power to the cartridge heaters. Type J thermocouples were also positioned in
opposite walls of the source block to provide, along with the heater relay input, three
separate measurements of ion source temperature. The ion source pressure is monitored
(MKS - Baratron pressure gauge) in the transfer line upstream from the ion source. The
vacuum region around the source volume is, during operation, held at pressures of
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approximately 5 x 1 0

Torr. Vacuum is achieved with a 6” diffusion pump (Edwards -

Diffstak MK2 Series) backed by an Edwards E 2-M 18 rotary pump.
Mass Spectrometer
As shown in Figure 6, the mass spectrometer region of the PHPMS instrument
consists of a quadruple mass analyzer leading to an ion counting detector (Galileo Extrel Multiplier - No. Y61). Ion wall currents generated in the source are sampled by
the ion exit aperture and focussed by a screen grid assembly and skimmer lens positioned
just outside the exit aperture. The skimmer lens separates the source region from the
mass spectrometer region of the vacuum envelope and experiences a pressure differential
of approximately IO4 Torr. Vacuum in the mass spectrometer envelope is typically in the
IO'6 Torr range during operation with pumping provided by a 4” diffusion pump
(Edwards - Diffstak MK2 Series) backed by the same Edwards E 2 -M 1 8 rotary pump
\
that supplies backing pressure to the ion source envelope diffusion pump.
After passing through the skimmer, ions are passed through a lens stack and
focussed into a quadrupole mass filter controlled by an Extrel C - 50 quadrupole control
system. After mass selection by the quadrupole assembly, the ions are detected by a
particle multiplier (Galileo 4870E) operated in a variety of configurations (positive ion,
negative ion, pulsed counting, analog, etc.) depending on the system of interest. The
majority of the time, the instrument was operated in pulsed counting mode which utilized
a pre - amplifier (Model F - IOOT, Modern Instrumentation Technology, Inc.)
capacitively decoupled from the detector. Pre - amplifier output was monitored by a
multichannel scalar (EG & G Ortec —ACE MCS) program controlled by a 386 IBM PC
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as well as a XY chart recorder (Kipp & Zonen - BD 90) used to obtain “hard copies”,of
mass spectra.

Principles of Operation

The principles of PHPMS ionization and operation are reviewed in a variety of
publications and a short summary is provided here (39). The following description of the
instrumental operation will reference the gas phase SN2 reaction of Cf with CH3Br
discussed previously.

Ion Production and Source Dynamics
The nature of ionization in PHPMS techniques evolved from early studies of high
- pressure gas radiolysis and resulting ion - molecule chemistry (40). By the late 1960’s,
advances in pump technology had enabled researchers to operate at ion source pressures
in the low Torr range (41).

This advance, along with the development of a pulsed

electron beam (42 —45), led to modern PHPMS instrumentation which has evolved into
arguably the most productive method available for the study of gas phase ion - molecule
thermochemistry and kinetics.
At the low pressures operative in early gas radiolysis studies, ions were destroyed
by free flight to the ion soilrce walls limiting their lifetime to a low microsecond time
scale. Modern instrumental pressures of I to 10 Torr introduced a distinctly different ion
(
loss mechanism known as ambipolar diffusion (46). The time scale of this diffusional
loss can be several orders of magnitude longer than the free flight destruction process and
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enables creation of ions with lifetimes of several hundred milliseconds which greatly
expands the number of chemical systems amenable to study by PHPMS methods.
At the start of an e - gun pulse, high - energy electrons (-3000 eV) are focussed
into the ion source volume where they collide with the high pressure buffer gas. The
deenergization of these initial electrons results in the formation of a plasma consisting of
approximately 100 thermal electron / positive charged particle pairs per initial high energy electron (39). . Subsequent dissociative or resonance electron capture reactions
generate the ions of interest. In the Cl' / CH3Br system, for example, carbon tetrachloride
(CCI4) is used as a thermal Cl generating reagent since CCI4 dissociatively captures
electrons to form Cl and CCl3 . Freon —12 is sometimes used as a Cl generator since it
also dissociatively captures thermal electrons. The electron attachment process will be
discussed in much greater detail later in this text.
Following electron introduction, the initially formed plasma quickly establishes a
positive ion - electron diffusional loss mechanism to the ion source walls. Conservation
of charge principles dictate that electrons and positive ions diffuse to the ion source walls
with a single diffusional coefficient representing what is commonly known as positive
ion - electron ambipolar diffusion (46). Shortly after the ionization event, however,
electron attachment processes begin to establish a negative ion population in the source
that ultimately leads to a breakdown of the positive ion / electron ambipolar diffusion.
Subsequent ion loss then results from a second ambipolar diffusion process that is the
negative ion - positive ion analog of the original diffusion dynamic.

Particularly

important is the fact that the negative and positive ions diffuse to the ion source walls at a
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uniform rate that is mass independent. If this were not the case, ion sampling would be
biased and ion ratios in the source would not be reflected in the signals sampled at the
source exit aperture.
Figure 8 shows a typical ion signal generated by the pulsed ionization of the
PHPMS. Salient features of Figure 8 include the time delay (~2 or 3 msec) between the
appearance of negative ion signal and the beginning of the pulse period as well as the
logarithmic decay of the ion signal following the signal maxima. The delay in negative
ion signal onset reflects the time required to establish positive —negative ion ambipolar
diffusion.

Similarly, the logarithmic nature of the ion decay reflects first order

diffusional loss mechanisms of the ion signal governed by a diffusional rate constant
equal to D / X2 where D is the ambipolar diffusional constant and X is a characteristic
dimension of the ion source volume. This dimensional term and its exponential nature
are responsible for the dramatic variations in experimental time scale as a function of
instrumental ion source dimensions.

Determination of Ion - Molecule Reaction Kinetics in the PHPMS Ion Source
Addition of neutral reagents, such as CHgBr. lends an additional loss mechanism
to the ion signal decay. In Figure 9, the CF ion signal decay is shown under conditions of
increasing CH3Br concentration in the ion source. This figure clearly demonstrates the
nature of PHPMS kinetic measurements where chemical loss is superimposed on
diffusional loss. The ion signal decay in the absence of the CH3Br represents pure
diffusional loss and, as will be shown, provides important information in the
interpretation of kinetic data. It is important to note that measurements of this type are
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Figure 8. Typical chloride ion signal obtained with a PHPMS.
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Figure 9. Plot of Cl' signal under conditions of increasing neutral number density. The
slope of the decay profiles is V0bs and the increase in slope is due to higher rates of loss to
nucleophillic displacement.

29
conducted under conditions of pseudo first order kinetics where the number density of the
neutral is much larger than the ion number densities. These factors lend themselves to a
representation of PHPMS bimolecular kinetics of the form shown in equations 7 - 9. This
equation utilizes the Cl" / CH3Br system where first order kinetic loss of Cl" is represented
by a unimolecular reaction frequency, v (sec"1) (39). Equations 7-9, however, apply to all
bimolecular kinetic systems studied with PHPMS.

-d[Cl"]/dt

=

vobs[Cr]

vobs (sec"1) = D I X 2 + vim
Vim

= kim[CH3Br]

(7)
(8)
(9)

The form of equation 8 quantitates the diffusional and chemical losses responsible for ion
decay in the PHPMS. In addition, integration of equation 7 leads to equation 10 which
indicates that a logarithmic plot of the time —dependent Cl signal decay should provide a
linear plot whose slope is equal to vobs.

-Aln [Cl']/At

=

vobs

(10)

Experimentally, the values Ofkimand D / X2 can be obtained by plots of the type shown in
Figure 10 where vobs is plotted as a function of the neutral concentration. The slope of
this plot yields kim and the intercept yields the diffusional rate constant, D / X2. Rate
constants obtained in this manner are evaluated as a function of instrumental
temperatures and pressures yielding a wealth of kinetic and thermodynamic information.

2000

[CH3Br] (1012 molecules cm"3)
Figure 10. Plot of experimental V0bs values plotted as a function OfCH3Br neutral
number density. The slope and intercept of this plot yield kimand vD, respectively.
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Rate constants measured as a function of temperature can be modeled in an Arrhenius type fashion to obtain estimates of preexponential statistical factors and activation
energies. Most of the work presented here examines the effect of pressure on observed
kinetics and infers the impact of buffer gas interaction on system mechanism.
Ion - Molecule Equilibria in the PHPMS
In addition to the kinetic analysis, ion —molecule equilibria can also be studied
with the PHPMS over a wide range of pressures and temperatures. These equilibria
usually involve the formation of ion —molecule clusters (adduct formation) or electron
transfer equilibria established between compounds of different electron affinity.
PHPMS ion - molecule equilibria is demonstrated in Figure 11 for a clustering
reaction between Cl and an alkyl chloride. This figure is expanded into a normalized
plot shown in Figure 12. These figures demonstrate the steady state nature of the ion
signals after the establishment of equilibria. This steady - state situation arises from the
ambipolar diffusional processes, discussed previously, that dictate the diffusional losses
of ions formed in the source will occur at the same rate - independent of mass (39)
Therefore, after establishment of equilibria, the relative amounts of the species in
equilibrium will be fixed. The normalized plots reveal the relative ion intensities and,
through the relationships expressed in equations 11 - 14, allow determination of the
equilibrium constant and relevant thermodynamics (13).

X" +

Y

^

X

+ Y"

(H)
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Figure 11. Juxtaposition of Cf signal and Cl" / RCl signal. The equivalent slope,
established approximately halfway through the decay time period, is indicative of
equilibrium in the PHPMS.
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Figure 12. Normalized plot depicting the establishment of ion - molecule equilibria in
the PHPMS
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Therefore, after establishment of equilibria, the relative intensities of equilibrium
"species will be fixed. Normalized plots (Figure 12) quantitate relative ion intensities and,
through the relationships expressed in equations 11 - 14, allow determination of the
equilibrium constant and relevant thermodynamics (13).

X" +
K =

Y

^

X +

Y"

[X"][Y]/[X][Y-]

AG =

-RTlnK

AG = AH - TAS

(H )
(12)
(13)
(14)

Analogous to the pseudo first order kinetics discussed above, the neutrals, X and
Y of equation 11, are present at much greater concentrations than the source ion densities.
Therefore, equilibrium constants can be determined with Icnowledge of neutral ion source
concentrations and ion intensity ratios of the type shown in Figure 12. In addition, van’t
Hoff plots allow determination of AH0 and AS0 values for a given ion - molecule reaction
by evaluation of the equilibrium constant temperature dependence.

Error Analysis for PHPMS Kinetic and Thermodynamic Measurements

' The collection of PHPMS thermodynamic and kinetic data requires the use of
multiple experimental parameters. The uncertainty of these values and their impact on
subsequent calculations is discussed below. In Table I, typical operating conditions and
associated error for all-important instrumental parameters are tabulated. Standard
methods of analysis, taken from Bevington and Skoog and West (47,48), are applied in

.3 5

,

this treatment where the relative uncertainties of kinetic rate constants and equilibrium
constants are determined. It should be noted that the calculation of thermodynamic or
kinetic, values requires the use of all parameters in Table I.

Table I. Typical Operating Conditions for the PHPMS
Physical Parameter
GHP Pressure
GHP Temperature
GHP Volume
Ion Source Pressure
Ion Source Temperature
Neutral Injection Volume
Experimental vobs
Relative Signal Intensity

Typical Setting
800 Torr
100 Celsius
6.4 liters
5 Torr
150 Celsius •
10 pikers
1000S"1
0.5

Uncertainty
± 10 Torr
+ 2 Celsius
+ .04 liters
± .05 Torr
± 2 Celsius
± 10 %
± 10%
± 10%

The most important experimental quantity for PHPMS measurements is the
neutral reagent ion source concentration represented by the expression given in equation
15.

[Neutral] =

(3.238x10'*) ( X ^ ^ ) (Psource)(298/Tsoun=)

(15)

In this expression, 3.238xIO16 is the gas number density at I Torr and 298 K, XNeutrai
represents the fraction of neutral in the GHP and Psource and Tsource represent the ion
source operating conditions.

The relative uncertainty of the neutral reagent number

density is determined by the relative uncertainties associated with each of the parameters
expressed in equation 16.

A(ENeutral)) = V(A(XNeHto,))2 +(A(Psource))2 +(A(Tsource))2

(16)
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Calculation of the XNeutrai quantity and its associated relative uncertainty are
shown in equations 17 -20. The relative uncertainties of the experimental variables are
obtained from Table I and lead to an uncertainty of approximately 5 % for this quantity.

XNeutrai -

# moles Neutral

# moles Neutral
# moles in GHP
A(X Neu.rai)

=

=
=

/

# moles in GHP

(17)

(ml inj.) ( p Neutral) (M.W. Neutral)

(18)

(P qhp V ghp)' /

(RT qhp)

V(AM ^ b ))' + (A(Pghp))2 + (A(Vghp))2-+ (A(Tqhp))2

(19)
(20)

Again utilizing the information provided in Table I, the relative uncertainties of Psource
aUd T80Urce are calculated to be I % and 0.6% respectively by the expressions provided in
equations 21 and 22.

A(#moles neutral) = ^(A(ml inj.))2
A(# moles in GHP) = V(a CPqhp))2 + (A(Vghp))2 + (A(Tghp))2

(21)
(22)

Using the form of equation 16 leads to an uncertainty in the neutral source ion
concentration of about 5 % and implies that the greatest uncertainty in neutral
concentration stems from sample introduction and neutral passivation in the transfer lines
of the instrument.
Referring to equations 7 - 9 , it is seen that determinations of Vobs ultimately yield
the rate constant, kjm, for a reaction of interest.

The estimation of slope for the

logarithmic decay of the ion signal is considered to contain about 15 % relative error,
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which defines the certainty in a given point of a plot like Figure 10. Using equation 23,
where Vq —D / X , the calculated relative error of 5% for the neutral concentration and
15/o percent for v0bSleads to equation 24 which shows the calculation of ion —molecule

Vobs = vD + kim[Neutral]
kim =

(vobs -

vd)

/

(23)

[Neutral]

(24)

rate constants using a vobs value with [Neutral] —0 molecule / ml for thevp parameter.
The representative v values of Tablel and the estimate of 15% relative error associated
with these measurements, provide absolute errors for the Vobs and vD terms. This allows
calculation of the relative error associated with the

(V obs

-

vd)

term and yields a value

of approximately 18%. Combining this information with the relative uncertainty of the
[Neutral] value (~5%), indicates a relative error for the ion - molecule rate constant, kim,
of approximately 20%. It should also be noted that a full linear regression analysis Ofvobs
plots, shown in Figure 10, usually provides a standard deviation, at the 95% confidence
level, of about 10% which is indicative of the relatively high degree of precision
accompanying these measurements.
Equilibrium measurements with the PHPMS make use of the relationships
expressed in equations 11 -14 for a hypothetical ion - molecule adduct formation,. X" + Y
- X'°Y. The 5% relative uncertainty in the ion source neutral concentration has been
discussed above and focus will turn to the relative ion signal intensity. Equilibrium
measurements on the PHPMS are typically under conditions of relaxed resolution which
minimize potential mass bias and improve the quality of the equilibrium ratio
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measurement. However, mass selective focussing, variability of the e - gun filament
current, and off —peak - centroid ion sampling lead to significant uncertainties in ion —
molecule equilibrium measurements that are not easily quantitated.

Traditionally,

measurements of this type have been given relative uncertainties of + 100%. Although
this error is quite large, thermodynamic information is usually reported with respect to
changes in free energy, i.e. AGrxn- Taking the uncertainty of the equilibrium constant and
ion source temperature from Table I leads to equation 25. In this expression, AG, AT and
AK values represent absolute uncertainties as opposed to the relative errors used in the
discussion of the errors associated with kinetic measurements.

A(AG) = ^/(RlnK)-(AT)" + (RT/K)2(AK)2

(25)

The contribution of the temperature dependence uncertainty is negligible and,
using the values provided in Tables I, leads to an uncertainty in AG423 of about 0.7 kcal /
mole.
The foregoing description of the PHPMS instrument, measurement capabilities,
and propagation of error leads into the bulk of this work which consists of five separate
studies examining the impact of pressure on a variety gas phase ion - molecule
thermodynamics and kinetic measurements. This discussion will begin with a look at the
effects of buffer gas pressure and identity on the electron attachment kinetics of azulene.
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EFFECT OF BUFFER GAS ALTERATIONS ON THE THERMAL ELECTRON
ATTACHMENT AND DETACHMENT REACTIONS OF AZULENE
An important consequence of the introduction of chemical ionization mass
spectrometry in 1966 (49 - 50) was the recognition that negative ions, as well as positive
ions, can be readily produced within high pressure ion sources by the attachment of nearthermal energy electrons to specific compounds (51 - 55).

Subsequently, methods

predicated on molecular anion production in high pressure ion sources by electron
capture (EC) reactions have proven to be particularly useful in the environmental (56 59) and biomedical (60 - 63) sciences, where exceedingly high levels of sensitivity and
chemical specificity are required for proper detection of target compounds. The high
chemical specificity of electron capture mass spectrometry (ECMS) arises from the fact
that only a small fraction of compounds react with thermal energy electrons (64 - 65). In
order to undergo an EC reaction, the parent molecule must have a positive electron
affinity and, upon initial electron attachment, form a molecular anion that either
dissociates immediately or is sufficiently long - lived to undergo collisional quenching
by buffer gas molecules (65). The high sensitivity of ECMS is attributed to the fact that
the rate constants of EC reactions can be very large, often exceeding rate constants for
fast ion-molecule processes by more than two orders of magnitude (65 -66). Detection
and analysis schemes employing ECMS typically desire the compound of interest to
undergo EC predominantly by resonance electron capture (REC), rather than by
dissociative electron capture (DEC) processes, because REC reactions lead to intact
molecular anions that are directly indicative of the parent compound of interest (65).
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The elementary steps involved in REC reactions are shown in equation 26.

e

+

M

ki

k3[B]

^
k2

M"* ■ ^
E4[B]

M"

(26)

By this mechanism, a short-lived excited molecular radical anion, M"*, is first
formed by the attachment of a thermal energy electron to M with second-order rate
constant k ,. The M * species contains excess internal energy equal to the electron
affinity of M and undergoes autodetachment with first-order rate constant, k2, if it is not
first stabilized by collisions with the buffer gas, B, with second-order rate constant, k3, to
form a thermal energy molecular radical anion, M . Finally, the product, M , can also be
collisionally reactivated back to the intermediate state, M"*, with second order rate
constant, Ic4.

This reverse process is expected to be important, however, only for

compounds with relatively weak electron affinities of less than about 20 kcal mol'1'(65).
In equation 26, it is clear that, if thermal-energy M ions are to be efficiently
produced by REC reactions, the buffer gas pressure must be high enough to ensure
collisional quenching of the M"* species is rapid relative to autodetachment (that is, k3[B]
)) k2). This condition is called the high pressure limit of kinetic behavior for the REC
process in which (assuming E4 is negligible relative to other kinetic pathways) the overall
observed rate constant, Erecj is expected to equal to the initial attachment rate constant,
ki- Unfortunately, E2 values have been measured for only a few REC-active compounds
and these measurements have been made primarily at room temperature. Therefore, the
buffer gas conditions required for a HPL of EC behavior is generally not known.

41
Jolmson gt al. (67) have provided some measurements of autodetachment
lifetimes for the molecular anions, M *, of a set of substituted nitrobenzenes formed at
room temperature, and from these measurements some speculation concerning the HPL
for substituted nitrobenzenes can be provided. The 'measurements by Johnson et al.
indicated that 1(2 values for the molecular anions of substituted nitrobenzenes varied by
approximately an order of magnitude with a maximum value of about IxlO5 s'1 for the
molecular anion of p-fluoronitrobenzene. To assess the minimum methane buffer gas
pressure required to reach the HPL for REC by p-fluoronitrobenzene, it is also necessary
to know the efficiency, (j)B, of the buffer gas collisions for removing energy from the M"*
species since 1<3 =

(|)b

x kCoi (kC0| ~ 1.0x10 9 cm3s 1 for this ion in methane (I)). Since <|>b

for the excited molecular anion of p-fluoronitrobenzene is not known, only a rough
estimate can be obtained from previous investigations of the collisional relaxation of
other vibrationally excited ions in a variety of buffer gases (68 - 70). From these studies,
a rough estimate of (J)8 for this case might lie somewhere between I.OxlO"11 and LOxlO"10
cm s . Assuming a methane buffer gas pressure of 1.0 Torr and ion source temperature
of 150 C (where [B] = 2.3x1016molecules cm 3), k][B] is then expected to fall between
2x105 and 2x106 which is about 2 to 20 times greater than k2 = IxlO5 s'1. From these
considerations, it appears that the REC reaction of p-fluoronitrobenzene would be just
into its HPL of kinetic behavior under these buffer gas conditions provided that the Ic2
used here is valid at 150°C. If k2 for p-fluoronitrobenzene is substantially greater at
150°C than at room temperature, the HPL might not be obtained for this compound in I
Torr methane buffer gas at 150°C. In addition, many other classes of compounds that
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readily undergo REC might be expected to have ks values that are significantly larger
than those of substituted nitrobenzenes due to differences in relevant molecular
parameters such as electron affinity and the number of vibrational modes of freedom.
Therefore, it cannot be assumed that the HPL of REC processes, in general, are achieved
for REC-active compounds over the 0.1-to-1.0 Torr buffer gas conditions commonly used
for ECMS. For REC-active compounds for which the HPL is not attained under standard
ECMS conditions, the observed magnitude of Lrec will be reduced relative to that of kj in
accordance with the expression, kREC = k,k3[B] / (Ic2Hhk3[B]) (65). Ifk 2 » k3[B] under a
given condition, Icrec = k,k3[B] / k2 will become exceedingly small relative to Iq.
In the present study, additional insight into the dynamics of a REC process is
provided by n investigation of the thermal electron detachment (TED) reaction of the
molecular anion of azulene (Az'), Ci0H8", under a variety of buffer gas conditions by
pulsed e-beam high pressure mass spectrometry (PHPMS). While several studies of the
TED reaction of azulene have previously appeared in the literature (71 - 73), the present
study adds additional detail to these'by including the effects of buffer gas and
temperature changes over the pressure range of I to 6 Torr. The detailed steps in the
TED reaction of Az" are indicated in equation 27.

Az"

LifB]

k2

^
Az"*
k3[B]

-A-

Az

+

e

(27)

Inspection of the previous two equations indicates that the overall TED process is,
in fact, the reverse of the overall REC process and that the rate constant assigned to the
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individual steps in equations 26 and Tl are the same. While azulene is known to capture
thermal electrons rapidly (74), it is also Imown to have an electron affinity, about 17
kcal/mole (71,75), of only moderate magnitude. Therefore, TED by Az' can be readily
observed with use of moderately high ion source temperatures. The electron attachment
step (ki) has not been included in equation 27 because this step will be intentionally
prevented in the present study by the inclusion of an electron scavenger (CF2Cl2) in the
buffer gas. From the set of TED measurements provided here, the buffer gas conditions
under which the HPL might be expected to be reached for the REC reaction of azulene
will be deduced.

Experimental

The pulsed e-beam high pressure mass spectrometer used in these measurements
is essentially the same configuration described previously (76 - 78). In addition, a study
of the TED reaction of Az using a very similar technique has also been previously
reported (71). The significant difference between the present and former study of TED
for Az' by PHPMS is that the present study focuses much more intensely on the effect of
buffer gas changes on Icted for Az'. In the present experiment, a mixture of gases with
suitable composition flows into a thermostated ion source of 5.5 cm3 volume at various
rates selected to produce total ion source pressures between I and 6 Torn In the present
study, the gas mixture exits the ion source only by passage through the electron beam
entrance and ion exit slits (both 25x1000 pm).

Gas mixtures were prepared in an

associated gas-handling plant and consisted of relatively small quantities of azulene and
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CFaCla added to much larger amounts of either methane, nitrogen, argon, or helium gas.
Due to mass-dependent molecular flow through its narrow entrance and exit slits,
concentration enrichment (76 - 77) of the heavier components in a gas mixture will occur
in an ion source of the present design. However, this factor is not important in the
present study because accurate knowledge of the component concentrations will not be
required. Nevertheless, the appropriate correction for this enrichment has been applied to
all ion source concentrations reported here.
A short (j O ps) pulse of 3000 V electrons produces positive ions and electrons
within the ion source. At the total pressures used here, thermalization of the secondary
electrons occurs quickly with rapid electron capture by azulene and CF2Cl2 leading to the
formation of Az' and Cl", respectively. The ion number density is sufficiently low to
ensure that the dominant ion loss mechanism is first-order diffusion to the ion source
walls (39). The diffusional wall current is measured by an associated quadrupole mass
spectrometer that monitors Az and Cl ions as a function of time after the e-beam pulse
as ions diffuse to all points of the source walls. A multichannel scaler accumulates the
results of many such experiments that are repeated at a frequency of about 10 HZ for a
duration of about I minute.

Results and Discussion

Figure 13 displays the results typically obtained with the use of relatively Iov/ ion
source temperatures (50°C). In this example, the ion source contains about 0.1 mTorr
azulene and about 6 mTorr CF2Cl2. The buffer gas is methane set to a total pressure of
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Figure 13. A typical PHPMS result obtained with use of a relatively low ion source
temperature. The buffer gas is methane at a pressure of 3 Torr and temperature of 50°C.
The partial pressures of azulene and CF2CI2 are 0.18 and 12 mTorr, respectively. Data
points A indicate the observed time dependence of the Cl" ion and data points B indicate
the observed time dependence of the Az" ion.
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3.0 Torr. Under these conditions, the only reactions of importance are DEC by CF2Cl2 to
form the Cl fragment ion and REC by azulene to form the Az molecular ion. After
about 5 msec, all of the secondary electrons have been captured and a first-order
diffusional mode (39) for the transport of all ions to the ion source walls is established.
When the relative concentrations of CF2Cl2 and azulene were altered at this source
temperature, the only observed effect was a change in the relative intensities proportional
to the altered concentrations of CF2Cl2 and azulene. However, the slopes of the observed
Log intensity-versus-time plots for each ion were not altered by these changes.

In

addition, if either CF2Cl2 or azulene, alone, was added to the ion source along with buffer
gas at a relatively low temperature, the time dependence of the resulting Cl" or Az' ion
signal took the same form and displayed the same decay rate as shown in Figure 13.
These results indicate that the only means of loss for either of these ions at low ion source
temperatures is their simple diffusion to the walls of the ion source. In addition, these
experiments demonstrate the anticipated lack of reactivity between Cl ions and azulene
molecules as well as Az ions and CF2Cl2 molecules (39). Experiments of the type
displayed in Figure 14 allow determination of a first-order rate constant for diffusional
Az loss. Vdif (CH4,

j

Torr, 50°C), is obtained (71) under these conditions from the

relationship, Vd if = 2.303 x slope (where slope = ALog intensity / At over the period of the
first-order diffusional mode between t = 5 and 18 ms). The magnitude of Vdif for Az at
higher ion source temperatures and other ion source pressures is then deduced from
(CH4, 3 Torr, 50°C) from the expected (71) relationship,

Vdif

Vdif

(CH4, X Torr, Y°C) = vdif

(CH4, 3 Torr, 50°C) (3/X) ((Y+273)/323)2. Analogous measurements and this equation
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were also used for determining vdif for Az in all other experiments perfonned at higher
temperatures in nitrogen, argon, and helium buffer gases.
In Figure 14, a set of results obtained under conditions of moderately high ion
source temperature (180oC) and methane buffer gas at 6.0 Torr pressure is shown. For
all experiments A-E, the ion source contains 0.1 mTorr azulene and the time dependence
of the Az signal is shown. While a Cl ion of much greater intensity is also observed
when CF2CI2 is present, the time dependence of this ion is not required for subsequent
determinations of Icted for Az and is not included in Figure 14. In experiment A of
Figure 14, no CF2Cl2 was added to the ion source and, therefore, only Az' was made by
the initial capture of the secondary electrons. At this temperature, it is noted that a simple
first-order diffusional loss rate of Az was not observed as it was in Figure 13 with use of
a lower ion source temperature. This is due to the faster TED reaction of Az' at 180°C
that maintains a relatively large concentration of electrons within the ion source
throughout the course of the measurement.

These electrons undergo another REC

reaction with Az or diffuse to the walls of the ion source. The simultaneous presence of
electrons with negative ions in the source gas introduces a complexity (72,39) to the
diffusional process resulting in the non-linear relationship observed between Log
intensity and time. These complications invalidate any attempts to extract meaningful
kinetic information from experiments performed under condition A.
In experiment B of Figure 14, it is seen that the addition of 5.0 mTorr CF2Cl2 to
the ion source causes a dramatic change in the time dependence of the Az' signal. It is
then noted that the slope, ALog intensity / At, is much greater and constant throughout
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time (ms)
Figure 14. Time dependencies of the Az ion observed with use of a moderately high
ion source temperature for five different experiments using five different partial pressures
of CF2CI2. The buffer gas is methane at a pressure of 6.0 Torr and temperature of 180°C.
In all cases the partial pressure of azulene was 0.1 mTorr. The partial pressures of
CF2Cl2 are 0.0 (A), 5 (B), 10 (C), 16 (D), and 29 mTorr (E).
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most of the experiment. This change is caused by rapid CF2CI2 scavenging of electrons
which eliminates the diffhsional loss complexities referred to above that are operative
when electrons as well as negative ions are present in significant abundance (71,39). In
addition, the presence of CF2Cl2 prevents the reattachment of electrons to azulene during
the period of diffhsional loss. As a result, the Vaz- values obtained from experiment B of
Figure 14 by the relationship, Vaz. = 2.303 x slope, can be expressed (71) by equation 28.

v Az-

=

kjED

+

Vdif

(28)

In experiments C, D, and E in Figure 14, progressively greater amounts of the electron
scavenger, CF2Cl2, were added to the buffer gas. While this decreases the amount of Az
initially produced by the capture of the original secondary electrons, it is seen that vAz- is
not significantly changed by these large increases in the concentration of CF2Cl2. This
indicates that electron reattachment to azulene has been effectively prevented in all
experiments B - E in Figure 14 and again indicates that, as expected (39), Az' does not
undergo a bimolecuiar reaction with CF2Cl2.
As described above, measurements of Vaz- and Vd,f were obtained in methane,
nitrogen, argon and helium buffer gases over a pressure range from I to 6 Torr, a
temperature range from 150 to 200°C, with 10 to 20 mTorr CF2Cl2 present in the ion
source. By equation 28, dgterminations of Eted were then obtained under each of these
conditions. The values of

Icted

obtained at an ion source temperature of 190°C, for

example, are shown in Figure 15. From these measurements, it is clear that Eted is
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distinctly dependent on the choice of buffer gas and on the magnitude of the buffer gas
pressure.
To better understand the variations of Icted shown in Figure 15, it is useful to
develop a more detailed model of the processes represented in equation 27. The rate,
constant, Ic3, can be set equal to the rate constant, kcoi, for collisions of the M"* by each
collision (k3 = ObIcc0I). If K is defined to be the equilibrium constant for the first step in
equation 27 (that is, K = W k3), then l<4 = KOBkc0I. By application of the steady-state
approximation to the species M * of equation 28, the following general expression for
Ic j e d

is then obtained.

Wed

=

k? K Ob kcoi [B]
-------------------O b kcoi [B] + kz

(29)

The HPL for equation 29 would be obtained when Ob kcoi[B] » k?. Under this condition,
equation 29 would be simplified to the form, Wed (HPL) = WK, for which no change in
Wed would be expected with changes in either identity of the buffer gas or the ion source
pressure. Since such changes are, in fact, evident in Figure 15, the TED reaction of Az'
has clearly not reached its HPL of kinetic behavior under most of the buffer gas
conditions represented in this figure.
In order to determine the magnitudes of some of the individual constants included
in equation 29, it is useful to rearrange equation 29 into the form of equation 30.
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Figure 15. Rate constants observed for the TED reaction of Az" as a function of ion
source pressure at a temperature of 190°C. The buffer gases used are methane (A),
nitrogen (o), argon (D), and helium (o).
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(30)
O blcCoiK[B]

KlC2

Equation 30 predicts that a plot of I / Eted versus I / [B] should produce a straight
line for measurements made with a specific buffer gas at a specific temperature and the
intercepts and slopes of these plots should be equal to (Kk2)"1 and (Okc0IK)'1,
respectively.

In Figure 16, the experimental results shown in Figure 15 have been

replotted in the form of equation 30 and it is seen that straight lines are then obtained.
The results obtained at all other also produced linear plots of this type and their intercepts
and slopes are listed in Table 2.

Table 2. Slopes, Intercepts, and k 2 / Ob Deduced From Plots of I / kpso versus I / [B]
Buffer Gas
CH4

intercept (s)
slope (s / cc)
k 2 / <j>B (s *)

150°C
1.3x10-"
I.IxlO13
8.3x10*

170 °C
5.IxlO"4
7.3x10^
IAxlO7

190 °C
1.6x10"4
SJxlO 1Z
2.0xl07

200 °C
1.2x1 O'4
3.IxlO12
2.5xl07

Ar

intercept (s)
slope (s / cc)
k 2 / (|)b (s'1)

1.4x10"3
2.7xl613
I.IxlO7

4.9x10^
1.7xl013
1.9x107

UxlO"4
9.6x101Z
2.?xl07

1.3x10"4
8.IxlO12
3.4xl07

N2

intercept (s)
slope (s / cc)
k 2 / ())b (s"1)

1.3 xlO"3
2.0xl013
9.9x10*

5.0x10^
1.2xl013
LSxlO7

1.7x10"4
7.3x10^
2.7xl07

1.2x10"4
5.IxlO12
2.7xl07

He

intercept (s)
slope (s / cc)
k 2 / <j>B (s ])

1.3 x I O"3
3.8xl013
1.6x107

4.5x10"4
2.7xl013
3.3xl07

2.2x10"4
1.4xl013
3.6x107

IJxlO"4
9.IxlO12
3.7x107
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Figure 16. Rate constants for TED by Az at 190°C plotted in the form of Equation 30.
The buffer gases used are methane (A), nitrogen (0), argon (D), and helium (o).
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From these intercepts and slopes, it would be possible to determine the
magnitudes of Ic2 and O3 under each ion source condition if the magnitudes OfkcoI and K
were both known. Values for kC0| can be reliably calculated by means of the Langevin
equation (I). At all temperatures, kco, is predicted to be LOlxlO"9, 0.64x10"9, .54x109,
and 0.54x10"9, for buffer gases CH4, N2, Ar and He, respectively. The magnitudes of K
at each temperature cannot be reliably obtained by independent means. It is therefore
useful to also consider the slope-to-intercept ration of each of these plots in which K
cancels out and is expected to equal the quantity, Ic2 / O3 kC0|. Since kcoi is known, the
ratio, k2 / O3, is thereby obtained from these measurements and this quantity is also
indicated in Table 2 for each ion source condition.
In assessing the data shown in Table 2, the observed intercepts are expected to
equal the quantity, K Ic2 *, and, in addition, should not vary significantly with changes in
the identity of the buffer gas at a given ion source temperature. This expectation appears
to be reasonably well met. On the other hand, the observed slopes are expected to equal
the quantity, (O3 kcoi K ) ', and are expected to vary somewhat with changes in the
identity of the buffer gas due to their differences in O3 and kcoi. This expectation is also
met and, since the kC0| values are known, the ratio of observed slopes at a given
temperature (where K will be a constant value) provides a means of determining the
ration of the O3 values for the four different buffer gases. Since the collision efficiency
for methane is consistently observed to be the greatest among the buffer gases used here,
it is useful to also define the term relative collision efficiency, Ob’ = O3 / Ocm- By
assessing the observed slopes in this manner, the O3’ values for each buffer gas were
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obtained at each of the four temperatures and have been plotted in Figure 17. The
average Og values in nitrogen, argon and helium al all temperatures were found to be
about 0.85, 0.75, and 0.55 respectively.

The degree of variation noted in these

measurements of Ob’ from one temperature to another is thought to result merely from
uncertainties associated with the measurements and not from real effects of temperature
change. The Icted measurements that were previously presented in Figure 15 can now be
presented in the alternative manner of Figure 18 where the

Icted

values observed in all

buffer gases at 190°C have been plotted as function of the combined quantity, kCoi Ob’[B].
When plotted in this form, the expected differences in quenching rates of the different
buffer gases are accounted for and a relatively continuous curve is then observed. From
this curve, it is apparent that the HPL for the TED reaction of Az' is being reached only
under the conditions shown where the collective term, kcoi Ob’[B], is relatively large. In
addition, these data suggest that the HPL is reached in methane buffer gas only if the ion
source pressure is set at 3 Torr or greater. In Figure 19, the same type of plot is shown
for all measurements of Icted made at all four temperatures. Inspection of the curves
shown indicates that the point at which the HPL for the TED reaction of Az' is reached
also varies significantly with ion source temperature. At 150°C, the HPL appears to be
reached at a magnitude ofkco, O3 ’ [B] that is approximately I / 4 as great as that required
to reach the HPL at 200°C.
In order to deduce the magnitudes of k2 values from the measurements of k2 / O b
listed in Table 2, it would be necessary to know the magnitudes of O3 for each buffer gas
at each temperature and this information is not available. In the interest of obtaining
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Figure 17. Relative collisional quenching efficiencies, <£B’ = O8 / 0 CH4, observed for
nitrogen (0), argon (D) and helium (o) at four different ion source temperatures.
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Figure 18. Rate constants for TED by Az at 190°C as a function of the collective
term, kcoiOB’[B], using buffer gases methane (A), nitrogen (o), argon (□) and helium (o).
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Figure 19. Rate constants for TED by Az" observed at ISO0C (o) 170°C (D) IQfi0C
(o), and 200°C (A).
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rough estimates of k.2, it will be momentarily assumed that the efficiency of methane for
collisional stabilization of the Az"* species of interest is the same as that reported by
Ahmed and Dunbar (70). In this study, the authors found a value for the collisional
stabilization of photo excited bromobenzene positive ions of CDch4 = 0.025.

If it is

assumed that this 0 CH4 value can be applied at all temperatures used here, the
corresponding Ob values for the other three buffer gases at each temperature are then also
set by the relationship, Og = 0.0250g% and the Og’ values indicated in Figure 17. The k.2
values thereby obtained from all measurements of k2 / O8 indicated in Table 2 are shown
in Figure 20.

From this figure, the lifetime (I / k2) of the A z species against

autodetachment is suggested to decrease with temperature from about 5 ps at ISO0C to 2
ps at 200°C. In work by Chaney et al. (74), a thermal system REC formed Az"* species
was found to have a lifetime of about 7 ps against. Therefore, at least an approximate
level of agreement appears to be reached between the present data and measurements
from this previous work.

Conclusions

It has been shown that the HPL for the TED reaction of Az' is not reached in
methane buffer gas unless ion source conditions are elevated to a pressure of about I Torr
and temperatures approaching 150°C. At 200°C, the HPL for Az' TED is apparently
reached at ion source pressures of about 4 Torr. Since the individual steps associated
with REC reactions are the same as those associated with TED reactions, it is reasonable
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Figure 20. Estimates of the autodetachment rate constant, k2, for the Az"* species as a
function of ion source temperature in buffer gases methane (A), nitrogen (o) argon (□)
and helium (o).
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to 'assume that the buffer gas pressures required for attaining the HPL for REC reactions
will be the same as those required for the corresponding TED reactions. Therefore, the
present study provides evidence for an important point of concern in the application of
ECMS foi the sensitive detection of REC-active compounds. In common applications of
the ECMS technique, methane buffer gas is typically at a pressure between 0.1 and 1.0
Torr. Due to limitations of the pumping systems commonly associated with ECMS
instruments, the lower value of 0.1 Torr is most often selected. In addition, the ion
source temperature is typically greater than 150°C and is commonly in excess of 200°C.
The selection of lower ion source temperatures is difficult with routine ECMS
instruments because of the close proximity of an e-beam filament.
Therefore, the present results suggest that the HPL for the REC reaction of
azulene would not be reached in an attempt to detect azulene using standard ECMS
instrumentation. In fact, the sensitivity achieved in such an analysis would fall far short
of that which could potentially be achieved using some other specialized ECMS
instrument designed specifically to ensure that the HPL for this reaction was reached.
For example, with use of an ECMS ion source of 0.1 Torr methane buffer gas and 200°C,
the present measurements indicate that only about 8% of the initially - formed Az"* ions
would be stabilized buy collisions with the buffer gas, resulting in a corresponding loss of
sensitivity. It seems likely that the problem elucidated here for the case of azulene will
also be operative for many other REC-active compounds.

62
EFFECT OF TEMPERATURE AND PRESSURE ON THE ELECTRON CAPTURE
BEHAVIOR OF POCl3
The reaction of POCl3 with thermal electrons was previously studied over the
temperature range of 296-552 K using the flowing afterglow Langmuir probe (FALP)
technique (80). In that study, the rate constant for the POCl3 electron attachment reaction
was found to be large (~ 2 xlO'7 cm3/s) and relatively independent of temperature. At
296 K i n a l Torr helium bath gas, electron attachment to POCl3 was observed to proceed
through a branched reaction in which a non - dissociative channel, yielding
approximately 29% POCl3", competed with two dissociative channels, producing 70%
POCl2" and 1% Cl". This study examines the effect of buffer gas pressure on the electron
attachment reaction products of POCl3. A convenient starting point, for examining the
origin of the pressure dependence, is equation 31 which shows all of the elementary
reaction steps involved in the gas phase electron attachment o f POCl3.

kb[B]
POCl3 + e ^ POCl
3

kr[B]

P ° Cl3

(31)

-» POCl3
For simplicity,, the dissociative attachment channel yielding Cl" has not been included due
to its low abundance over the temperature ranges covered in this study. By the above
mechanism, a short-lived excited molecular anion, POCl3"*, is created by attachment of a
thermal electron to POCl3 with a rate constant, ka. Upon initial formation, the excited
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intermediate, POCI3 , either reverts back to reactants through autodetachment of the
electron, Ica, or proceeds to product formation. In one product pathway, a thermal energy
radical molecular anion is formed, with a rate constant equal to kb[B], through collisions
with the buffer gas, B The competing dissociative pathway leads to the formation of the
stable even electron anion, POCI2, with a rate constant represented by kj.

Finally,

POCl3" can be thermally activated back to the excited intermediate; POCl3"*, through
collisions with the buffer gas, kr[B]. Several of these elementary steps described above
can be ignored in the case of POCl3, however. For example, since the overall electron
attachment rate constant is large and independent of temperature, the autodetachment rate
constant, k.a, is small and can be ignored. In addition, the large electron affinity of
POCl3, 1.41 eV (81), indicates that the thermal activation step back to the excited
intermediate will not be significant until temperatures much greater than 550 K are
reached (65). Incorporating these simplifications into the mechanism leads to the
following expressions for the branching fractions associated with formation of POCl3'
and POCl2".

fraction (POCK) = - ^ b^
kb[B]+kd

(32)

fraction (POCf2) = --- —----kb[B]+kd

(33)

The equations show the competition between dissociation and collisional
stabilization rates of the excited intermediate and infer that relative amounts of POCl3"
and POCl2' observed should be dependent on the pressure and temperature of the buffer
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gas. In the initial FALP study of POCl3 (80), the branching fractions were not found to
change significantly over the pressure range of 0.5 - 1.0 Torr implying that the
dissociation kinetics of the excited intermediate are more complex than described in the
above model. Several previous studies also suggest this. Feshenfeld (82) argued that the
lack of an observed pressure dependence over the range 0.1 to 1.0 Torr in the branching
ratio of SF5' to SF6" in the SF6 electron attachment reaction was the result of two excited
forms of SF6" . One set dissociated very quickly relative to the time scale of collision
with the buffer gas, while the other set was sufficiently long-lived to become collisionally
stabilized over the entire pressure range. Zook et al. (83) observed the ratio of Br" to Br2'
produced in the electron attachment reaction of various dibrominated fluorocarbons was
dependent on both the buffer gas identity and pressure. In order to explain the behavior
of these dibrominated compounds, three excited intermediates were envisioned. Like
Feshenfeld, this ensemble included a very short-lived set that dissociated rapidly to Br"
and a sufficiently long-lived set that underwent rearrangement to the Br2" product even at
the lowest buffer gas pressure. The third set of excited intermediates was thought to have
lifetimes comparable to the buffer gas collisional time scale, and it was this ensemble of
intermediates whose product distribution could be influenced by the buffer gas. Clearly,
our understanding of electron attachment reaction decomposition kinetics is not well
refined and has been limited by a lack of experimental data.
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Experimental

The anticipated pressure dependence of the POCI3 electron attachment product
distribution, combined with the low reactivity of the attachment products towards oxygen
and water (84), make this an ideal system to examine over a large buffer gas pressure
range.

Instrumentally such measurements provide a significant challenge since most

methods have an effective pressure range that varies only by a factor of two to four.
Unlike temperature variability, which is only restricted by the materials used in the
instrument s construction, pressure variations require significant changes in instrumental
design.

To achieve wide pressure variability, we have developed a suite of

instrumentation that allows study of electron attachment reactions over the pressure range
of I - 700 Torr. In this contribution, product distributions for the electron attachment
reaction of POCl3 are examined as a function of both temperature (303 - 423 K) and
pressure (I - 700 Torr)'.

Branching Fraction Measurements in the 1 -1 0 0 Torr range
These data were collected using a pulsed high-pressure mass spectrometer
(PHPMS) equipped with either a low pressure ( 1 - 1 0 Torr) or high-pressure ( 1 0 - 1 0 0
Torr) ion source. The PHPMS, associated gas handling plant and two ion sources have
been described in detail previously (85 - 86), so only a brief summary of the instrument is
provided here. A gaseous mixture OfPOCl3 in N2 was prepared in the gas handling plant
and leaked into the PHPMS ion source at a rate sufficient to maintain the desired
pressure. A pulsed, 3000-eV beam of electrons initiates ionization and the resulting
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secondary electrons are rapidly thermalized by collisions with the N2 buffer gas and
captured by POCl3. The resulting ion signal is monitored with an associated quadrupole
mass spectrometer and detected by a particle multiplier operated in the direct negative ion
pulse counting mode. Mass spectra were normally recorded using relaxed resolution in
order to minimize mass discrimination.

Finally, product branching fractions were

obtained by integrating the appropriate ion signals and are considered accurate to within
+/-5%.
The buffer gas, high purity N2 (Air Liquide) was passed through a purifier tube
(OMI-1 Supleco) to further reduce moisture and O2 levels prior to use. POCl3 (Aldrich)
was used as received without further purification. A mixture of I part - per - thousand
(ppth) POCl3 in N2 was prepared and stored in a pressurized 13.5-L glass carboy. Airtight
syringes were used to transfer the mixture from the carboy to the gas handling plant.
Branching Fraction Measurements Made in the 60 - 700 Torr Ranee
These measurements were made with an ion mobility mass spectrometer (IM/MS)
consisting of a variable pressure ion mobility drift tube, mass spectrometer and associated
gas handling plant. This instrument has been previously described in detail (37,87) and
only a brief description is provided here. The IM spectrometer consists of a glass tube
(37 cm long by 9 cm in diameter) through which nitrogen gas flows at a rate of 300 seem.
An electric field is created along the length of the tube by applying a potential difference
across resistively coupled rings strapped to the outside of the glass tube. Ionization is
initiated by a 15-mCi 3Ni radioactive source and the resulting secondary electrons are
rapidly thermalized by collisions with the ambient buffer gas. Nitrogen gas containing
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POCl3 flows into the ion source at a rate of approximately 30 atmospheric cm3/min and,
within the ion source volume, POCl3 attaches thermal electrons to form the anion
products of interest. A portion of these ions exit the ion source and drift towards the
detection end of the IM spectrometer where they are sampled through a 50-pm aperture,
mass analyzed and detected with a quadrupole mass spectrometer and particle multiplier.
The ions can also be pulsed into the drift field by a Bradbury-Nielson (BN) gate where
they are separated by mobility as they drift down the tube. The ions are detected at a
Faraday plate and the resulting current is amplified and sent to a digital signal averager
(Nicolet 320) which captures the ion mobility arrival time spectrum.
Branching fraction measurements were determined from both mass spectra and
ion mobility arrival time spectra. Mass spectra were recorded with the BN gate left open
and relaxed resolution to minimize mass discrimination of the quadrupole mass filter.
Product branching fractions were obtained by integrating the appropriate ion signals and
are considered accurate to within +/- 5%. Peak identities in the mobility arrival time
spectrum were confirmed by obtaining mass-analyzed arrival time spectra for each of the
ions in the mass spectrum (37). A benefit of determining the product branching fraction
from the mobility rather than the mass spectra is the elimination of mass discrimination
since this data represents simple current measurements made on a Faraday plate with a
constant fraction of all ions transported to the Faraday plate (37). As with the mass
spectra, product branching fractions were obtained by integrating the appropriate ion
signals and are considered accurate to within +/- 5%.
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The nitrogen buffer gas (General Distributing, Bozeman, MT) used for the drift
and source gas flows was commercial quality and purified by the following sequence of
traps: an oxygen trap (Alltech Oxy-Trap), a moisture trap (Alltech, Indicating
Drierite/Molecular Sieve 5A), a high capacity oxygen and moisture trap (Supleco)
followed by an OMI-I indicating purifier (Supelco). POCl3 was added to the source gas
by injection of a suitable amount of the I ppth POCl3 in N2 mixture (described above)
into a I-L exponential dilution volume that is part of the source gas line.

Electron Swarm Measurements
The product distribution of the POCl3 electron attachment reaction was examined,
as a function of electron energy, utilizing the IM/MS as an electron swarm apparatus
(88,89). Electron swarm measurements were performed at ambient pressure (675 Torr)
and temperature (303 K). Some of the electrons produced by ionization of the N2 buffer
gas exit the ion source region and enter the drift region where they quickly establish a
characteristic broad equilibrium energy distribution, f iz ,E/N) (s is the electron energy and
E/N is the reduced electric field). This distribution is considered to be spatially invariant
and represents an equilibrium between the power input of the electric field and mean rate
of energy loss in collisions with the buffer gas. Within the drift region, these electrons
interact with POCl3 doped into the N2 drift gas. This instrumental configuration allows
electron attachment reactions to be studied at EZN values of 1.3x10'19 to 9x10'18 V cm2
which corresponds to a mean electron energy of about 0.04 - 0,33 eV (90 -9 1 ). Anionic
products of the POCl3 electron attachment reaction were examined at each E/N value
using the associated mass spectrometer as described above.
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Interpretation of the POCL Electron Attachment Mass Snectm

Representative mass spectra of the POCI3 electron attachment products, obtained
with the low and high-pressure ion sources of the PHPMS, are shown in Figure 21. Also
shown in this figure is a mass spectrum and corresponding ion mobility arrival time
spectrum, of the POCl3 electron attachment reaction products obtained at atmospheric
pressure with the IM/MS.

For these spectra, the quadrupole mass spectrometer’s

resolution was set high enough to allow the isotopic patterns of the individual ions to be
identified. Mass spectra obtained with the PHPMS instrument. Figure 21A (I Torr) and
Figure 21B (60 Torr), show the presence of two major ions: the dissociative attachment
product, POCI2 , and the non - dissociative product, POCl3, along with a small amount of
Cf. The most significant feature of Figures IA and IB is the difference in the relative
intensities of POCI2 and POCl3 due to the different buffer gas pressures. The relative
intensities of the Cl" (< 1%), POCl2' (69%) and POCl3' (31%) signals observed in I Torr
N2 buffer gas (Figure 21A) are in very good agreement with the previous FALP study
(80) of this molecule. However, in the FALP study, the branching fraction was not
observed to change significantly when the pressure of the helium bath gas was increased
from 0.5 and 1.0 Torr (80). The mass spectrum obtained at atmospheric pressure using
the IM / MS instrument, Figure 21C, is more complex.

This is largely due to the

presence O fN 2 adducts of the major ion products that are formed in the adiabatic the mass
spectrometer sampling aperture.

These M-(N2) clusters are “artifact” ions and their

intensities must be summed with that of the parent M" for proper branching fractions.
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Figure 21. Figure I. Spectra representing the effect of N2 buffer gas pressure on the
product distribution of the POCl3 electron attachment reaction at 303 K. (A) Mass
spectrum obtained at I Torr using the low pressure ion source of the PHPMS. (B) Mass
spectrum obtained at 60 Torr using the high pressure ion source of the PHPMS. (C)
Mass spectrum obtained at 670 Torr using the IM/MS. PO2Cl2' is a secondary product of
the reaction of POCl3 with O2 (see text and Figure 22). The additional peaks at m/z >
140 are N2 adducts of the three major ions (only POCl3 (N2) is labeled) formed in the
adiabatic expansion of the sampling aperture. (D) Ion mobility arrival time spectrum
obtained at 675 Torr using the IM/MS. Peak assignments were confirmed by mass
spectrometry.
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Unlike the lower pressure spectra, a third ion corresponding to PO2Cl2" is also
observed. This ion cannot be an electron attachment product and will be shown to result
from the unanticipated ion molecule reaction between POCl2 and molecular oxygen (see
below). The corresponding ion mobility arrival spectrum. Figure 2ID, is simpler than the
mass spectrum and contains only 3 major peaks which have been mass identified as
POCl2-, PO2Cl2- and POCI3-.
Secondary chemistry between molecular oxygen and POCl3", equation 34, is
responsible for the production OfPO2Cl2'.

POCl3 +O 2 —» PO2Cl2" + neutrals

(34)

This is demonstrated in Figure 22, which displays a sequence of ion arrival time spectra
after successive additions of O2.to the drift gas. In these experiments, the ion mobility
arrival time spectra reflect the interaction of ions with the added oxygen in the drift
region of the ion mobility tube. The sequence of arrival time spectra in Figure 22 clearly
shows that the POCl3" signal is reduced with a concomitant increase in the PO2Cl2' signal
and provides strong evidence that equation 34 is operative under these conditions. While
it had been previously observed that POCl3" did not react with O2 an upper limit of the
rate constant was placed at I x IO"12 cm3/s (84). The rate constant for equation 34 has not
been explicitly determined here, but estimates show that it is very inefficient.

For

instance, Figure 22A shows approximately 5% conversion of the POCl3" to PO2Cl2",
implying an operative rate constant of I x IO"13 cm3/s if this level of conversion is caused

Figure 22. Ion mobility arrival time spectra recorded after successive addition of O2 to
the drift gas of the IM/MS at 675 Torr and 303 K. The spectra are modified by the
POCl3' + O2 -> PO2Cl2" + CIO reaction occurring in the drift region. (A) no added O2,
reaction occurs within the ion source. (B) transition spectrum showing partial
conversion. (C) saturation spectrum showing total conversion of POCl3' to PO2Cl2'. The
integrated areas of the POCl2 peaks (6% of the total ion signal) and the sum of the
PO2Cl2 and POCl3 peaks (94% of the total ion signal) remain constant and independent
of O2 concentration. This result allows calculation of the POCl3' branching fraction from
the sum of the PO2Cl2' and POCl3" intensities.
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by the presence of I -ppm 0% (estimated level of O2 impurity in the source gas) during the
ions’ residence time (~1 second) within the source.
Of more critical importance to the present study, is the independence of.the
intensity of the POCl2" peak relative to the O2 concentration - a result strongly suggesting
that only the POCl3' product is affected by the O2 contamination. Therefore, the resulting
ion-molecule reaction product, PO2Cl2, is unique and allows the determination of the
POCl3' electron attachment reaction product to be accurately evaluated as the sum of the
PO2Cl2 and POCl3 intensities. The validity of this approach is demonstrated using the
data of Figure 22 where the integrated areas of the POCl2' peaks (6% of the total ion
signal) and the sum of the PO2Cl2" + POCl3" peaks (94% of the total ion signal) remain
constant and independent of O2 concentration.

It is recognized that the presence of O2'

within the ion source could compromise the present measurements since O2" rapidly
reacts with POCl3 via an electron transfer reaction (84). However, since the electron
attachment rate constant for O2 is much smaller (~ 2 x IO"11 cm3/s at 675 Torr N2) (92)
than POCl3 (~2 x IO'7 cm3/s), significant amounts of O2' are not expected to be formed.
With the use of I -ppm POCl3, significant amounts of O2" would not be formed unless the
O2 level exceeded 1-ppth - an unreasonably high level of contamination..

Effect of Electron Energy
It is well known that the degree to which a compound dissociates after electron
attachment can be strongly dependent on electron energy (93). Utilizing the IM/MS as an
electron swarm apparatus, the branching fractions were monitored as a function of
electron energy over the range of 0.04-0.33 eV in 675 Torr N2 at 300 K. Surprisingly, the

74
observed branching fractions were constant (90% POCI3" and 10% POCI2"), within
experimental error, over the entire electron energy range. These branching fractions are
essentially equal to those generated within the ion source under the same conditions of
buffer gas pressure and temperature.

Thus, it appears that the electron attachment

product distribution, at least at 675 Torr, is not very sensitive to the energy of the
incoming electron. It is of note, that we observe this also for the attachment to SeFo and
TeFe, but not for SFe (94). In spite of these results, precautions were taken to assure that
the POCI3 molecules were interacting with thermalized electrons.

Electron

thermalization within the ion sources of the PHPMS instrument has been previously
examined and conditions have been established to ensure a thermal secondary electron
population (65,95). Thermalization conditions applying to the PHPMS instrument are
thought to apply to the Ni ion source as well and require a low POCl3 concentration to
ensure that the time required for electron thermalization is much shorter than the electron
attachment time scale. For N2 at I Torr,-it takes ~8 ps to bring the secondary electrons
energy to within 10% of thermal energy (65). Therefore, given a mixing ratio of I -ppm
POCl3, the lifetime for electron attachment will be approximately 20 times longer than
the predicted electron thermalization time. The branching fraction was observed to be
independent of POCl3 concentration within the range of 0.1 —10 ppm, but was kept to
levels below I ppm POCl3 to ensure that electron thermalization preceded any electron
attachment reactions.
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Effect of Pressure and Temperature on POCl2 Electron Attachment Product Distributions,
From a .series of experiments partially represented in Figure 21, the branching
fractions for the POCl3" and POCl2" product channels were determined over a range of
different buffer gas pressures (I - 675 Torr) and temperatures (303 - 423 K). The Cl"
product has not been included in these measurements since its contribution to the total ion
signal never exceeded 1%. Figure 23 shows a plot of POCl3 branching fraction versus
pressure at 303, 373 and 423 K where measurements made with the low-pressure and
high-pressure ion sources of the PHPMS instrument are shown as open and partially
shaded shapes, respectively. The solid shapes represent data collected using the IM/MS
instrument. The data collected in Figure 23 provides a consistent positive correlation
between %P0C13" and buffer gas pressure. In addition, the smooth flow of data between
the different instrumental methods indicates minimal instrumental bias. For each of the
curves shown in Figure 23, the observed POCl3 fraction increases significantly with
increasing buffer gas pressure throughout the low Torr range, bends over in the 20 - 50
Torr range and essentially saturates at pressures above 200 Torr. For clarity, the POCl2'
dissociative attachment product channel has not been shown since its behavior is simply
the inverse of POCl3'.
Temperature has two major effects on the observed branching fraction versus
pressure curves. The most obvious and expected effect is that higher temperatures favor
the dissociative channel and so leads to a decrease in the fraction of POCl3" observed. In
addition, the shape of the POCl3' branching fraction versus pressure curves changes as a
function of temperature. Comparing the data at 423 K with that obtained at 303 K shows
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Figure 23. Plot of the 0ZoPOCI3' formed from the electron attachment reaction of POCl3,
at three different temperatures, as a function O fN 3 buffer gas pressure. Low-pressure
PHPMS measurements are shown as open symbols, high pressure PHPMS measurements
are represented by partially shaded symbols, and solid symbols represent the IM/MS
measurements. The solid lines show model simulations of the pressure and temperature
dependence (see text for details).
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that higher temperatures lead to a slower rate of increase in the POCl3" fraction with
increasing source pressure and that a higher minimum buffer gas pressure is required to
reach saturation. A simple model is presented in the next section that fits, in form, the
observed pressure and temperature dependence of the POCl3 electron attachment product
distribution.

Discussion

The results in Figure 23 are not well described by Equation 32 whenever a single
value for the dissociation rate constant is used. This failure lies in the assumption that all
excited POCl3'* intermediates have the same lifetime against dissociation.

The

experimental data indicates that excited intermediates have a significant distribution of
decomposition lifetimes and requires the expansion of equation 32 to accommodate
multiple dissociation states, Equation 35.

fraction (POClj) = YjX,

h[B]
x kui + ki\JBi\j

(35)

Xi represents the fraction of excited POCl3'* intermediates populating a given state and Icdi
is the corresponding decomposition rate constant. The decomposition rate constants are
considered to be state specific and independent of buffer gas temperature. The fraction of
the intermediates occupying each state is determined by the internal energy content of the
intermediate as dictated by' buffer gas temperature.

In the following sections, the

methods used to evaluate the terms in equation 35, the POCl3"* excited state populations,

78
their corresponding decomposition rate constants and the buffer gas collisional quenching
process are discussed.

Excited State Population Analysis
The energy of the excited anion intermediate arises from the thermal energy of the
reactants and the potential energy released from the electron attachment reaction equal to
■the electron affinity, BA, of POCI3. Of these two sources, only the thermal energy of the
reactants should be significantly affected by temperature. Therefore, the temperature
dependent changes in the excited state energy distribution are derived from the changes
in reactant thermal energy distributions.

Ignoring the energy of the electrons for the

moment, this treatment assumes the fraction of the population occupying a given excited
anion state, with E > EA will equal the Boltzmann distribution of internal neutral POCI3
energies that are in thermal equilibrium with the buffer gas (96). This treatment is often
referred to as a displaced Boltzmann distribution (96) and infers, for instance, that if 12%
of the neutrals occupy the ground state then 12% of the intermediates will occupy the
lowest excited state energy level. It is assumed here, that only the vibrational component
to thermal energy is important and the fraction of POCl3 molecules occupying a given
vibrational energy level is then given by equation 36.

Xi =

Ni
Qvib

Ei-Eo\
( RT }

(36)

In is the number of states at energy level E.i. above the ground state E0f, and Qvib is the
vibrational partition function (97). Using the known frequencies of the 9 vibrational
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modes of POCl3 (98) a direct state count was performed for all the vibrational states,
fundamentals, overtones and combinations up to 2.000 cm"1 (23.9 kJ/mole). This allowed
direct evaluation of Nj for each Ei up to the 2000 cm"1 cutoff and accounted for 97.8% of
populated energy states at 303K. Figure 24 shows the fraction of POCl3 molecules
expected to occupy the available vibrational energy levels for the three experimental
temperatures of Figure 23. As expected, higher temperatures decrease the occupation of
lower energy levels and increase the occupation of higher energy levels. Based on the
i
partition function, at 373 K, 9.2% of the POCl3 neutrals occupy energy levels above 2000
cm'1and, at 423 K, this fraction increases to 16%.
The excited POCl3"* energy distribution, as currently defined, is obtained by
shifting the neutral POCl3 vibrational energy level occupation probability, Figure 24, to
higher energy by an amount equal to the electron affinity of POCl3. This data has not
been plotted since it only changes the magnitude of the abscissa. Recognizing that the
neutral and excited state distributions are identical, except for the energy displacement,
now allows the population data in Figure 24 to be compared to the branching fraction
data in Figure 23. This analysis assumes that at a given pressure only those excited
intermediates created from neutrals occupying energy levels below.a certain energy
cutoff survive long enough to be stabilized to POCl3". While the decomposition of the
excited intermediates is clearly not this discrete, the use of an energy cutoff provides a
clear point of reference for the purpose of discussion and is not grossly in error. As the
intermediates below the cutoff have less internal energy and therefore longer lifetimes
and a greater probability of becoming collisionally stabilized,, whereas, those above the

80

F igure 24. Vibrational energy level occupation probability for neutral POCl3 at the
three experimental temperatures of Figure 23. The energy levels and degeneracies were
determined from experimental vibrational frequencies by direct state counting. To
illustrate the occupation probability at the higher energies, the energy levels above 1000
cm" have been grouped into 50 cm"' increments. As defined in the text, the energy level
cutoffs, at 333 cm"1and 1672 cm"1, are also shown in the figure.

81
cutoffhave higher internal energies and shorter dissociation lifetimes. Experimentally, at
303 K and I Torr, 31% POCl3 is observed. Now according to Figure 24, at 303 K, a
similar percentage (30%) of the POCl3 neutral population is found to occupy the energy
levels at or below 333 cm"1 (4.0 kJ/mole). Thus, at I Torr, the POCl3"* intermediates
created from neutrals containing 333 cm'1 or less internal vibrational energy will be
collisionally quenched and observed as POCl3 while those formed from neutrals having
internal vibrational energies in excess of 333 cm"1 will dissociate to POCl2".. Having
established the energy level cutoff at 333 cm %the higher temperature data can now be
examined. At 373 K only 17% of neutral population remains in these low energy states
and corresponds well with the observed abundance of 16% POCl3" at 373 K and I Torr.
Increasing the temperature to 423 K reduces the neutral occupation to 11% which is
larger than the experimental 5% POCl3' abundance measured at 423 K and I Torr. This
discrepancy at higher temperature suggests that electron energy may affect the product
distribution in these low - pressure measurements and should be included in the model.
Even so, the correlation between the neutral POCl3 vibrational energy population
distribution and observed branching fraction is quite good.
By analogy, a high-energy cutoff can be established and compared to the highpressure (675 Torr) branching fraction measurements. Placing the high-energy cutoff at
1672 cm

(20.0 kJ/mole), the percentage of the neutral population occupying energy

levels at or below this energy cutoff corresponds to 95% at 303 K, 85% at 373 K and
75% at 423 K. This is in excellent agreement with the observed POCl3' abundance’s of
94% at 303 K, 86% at 373 K and 75% at 423 K and 675 Torr. Notice under these high
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pressure conditions, omission of electron energy does not lead to any discemable
differences between the neutral vibrational energy population distribution and the
observed branching fraction which is consistent with the electron swarm measurements.
Thus, the major features in observed branching fraction are strongly correlated to the
neutral POCl3 vibrational energy level population distribution. This result indicates that
the excited POCl3"* intermediates retain the energy distribution of the POCl3 neutrals
from which they were created and thus supports the displaced Boltzmann description of
the excited state population.

Estimation of the Unimolecular Decomposition Rate Constants for POCI2*Ideally, RRKM theory would be employed, since it provides the best
determination of unimolecular decomposition rate constants.

However, this theory

requires considerable knowledge of the excited intermediate transition state properties
such as potential energy and structure. The evaluation of these parameters is beyond the
scope of this study and; for this work, simple RRK theory (97) Equation 37, was used to
estimate decomposition rate constants, k^, for POCl3"*.

/kdi = v\ E - E l" Y '
-

! e

(37)

In this classical RRK expression, Ej equals the total internal energy of the excited
intermediate, E0+ is the decomposition threshold energy, v is frequency of the active
oscillator and s is the number of vibrational degrees of freedom (3n-6). In this treatment,
we define the total internal energy to be the sum of internal vibrational energy of the
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neutral (ignoring the zero point energy) plus the average electron energy and electron
affinity. The average electron energy, 3 / 2 RT, is used so that this variable does not
affect the excited state distribution derived in the previous section. The electron affinity
was set equal to the experimental value of IAleV (-11,372 cm"1) (81) which defines the
total energy of the lowest energy POCl3"* intermediate to be 11,688 cm"1 (11,372 cm'1 +
316 cm 1J or 140 kJ/mole at 303 K. The decomposition threshold energy, E0+, was set
equal to the experimentally determined dissociation energy of POCl3" to POCl2" and Cl,
D(C1-P0C12) = 1.09 eV (8971 cm-1) (81). The active oscillator is assumed to be the 590
cm"1 P-Cl stretching vibration which defines v = 1.77 x IO13 s"1. Using the parameters
described above, Figure 25 shows a plot of the rate constants predicted by RRK as a
function of the total defined internal energy of POCl3"*, at 303 K.

The predicted

decomposition rate constants in Figure 25 range from LSxlO8 s'1, for excited
intermediates formed from neutral POCl3 molecules originally in the ground state, to
3.6x109 s"1for intermediates containing an additional 2000 cm"1of energy.

Collisional Quenching Efficiency of the Buffer Gas

^

In this model, thermalization of the POCl3"* intermediate by buffer gas
collisions is described by the pseudo first-order rate constant kb[B], ky is represented as a
colossal efficiency factor, Ob, times the orbiting collision rate constant, kc, and [B] is the
buffer gas number density calculated from the ideal gas law. For N2, the Langevin
equation is used to calculate a kc of 6.7x10"10 ml/s (99) Ahmed and Dunbai; (70) in their
study of photoexcited .bromobenzene ion collisional relaxation, estimated that each N2
collision removed approximately 650 cm"1 of excess vibrational energy.

(

Given the
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threshold energy of E0 , of 8971 cm 1 defined above, the excited intermediates contain
between 2717 cm 1 and ~ 5000 cm'1 of excess internal energy that must be lost through
collisions with the buffer gas if they are to be stabilized to POCl3". Ifa similar efficiency
of energy removal (650 cm"1 / collision) were operative in this study, then the excited
intermediate would need to experience between 4 to 8 collisions to lower its energy
below the dissociation threshold. While it is recognized that the collisional efficiency
term is energy dependent and excited intermediate decomposition kinetics change after
an energy removing collision, a constant collisional efficiency factor was assumed.
Using the median values for the excess energy in the excited intermediates (which is
approximately 3600 cm 1for the three temperatures) and the quenching.efficiency of 650
cm'Vcollision indicated by Ahmed and Dunbar (70) leads to a value of Ob = 0.18. This
provides a value of kb = 1.2x10 10 cm3/s and a pseudo first order rate constant for
collisional stabilization of 3.8x106 s'1 at I Torr and 303 K.

Application of the Model
It is instructive to qualitatively compare the predicted rate constants for the
dissociation and collisional stabilization processes. At 303 K, the decomposition rate
constant for the lowest energy excited intermediates was predicted to be TSxlO8 s'1.
Whereas, the collisional stabilization term, kb[B], is only 3.8 xlO6 s'1 at the same
temperature and I Torr.

The clear dominance of the decomposition process over

collisional stabilization indicates that the model will significantly underestimate the
POCl3' fraction. The model predicts that only 1% of the ion signal should be observed at
I Torr and 303 K as compared with the experimental observation of 31%. This implies
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that the decomposition process is considerably less efficient than the RRK model
predictions.

Smaller RRK rate constants can be obtained by decreasing the energy

difference between the excited intermediates and decomposition energy threshold. We
have chosen to raise the decomposition energy threshold, E0+, although the same result
could be obtained by lowering the excited intermediate energy. The uncertainty in the
D(Cl-PC)Cl2") = 1.09 eV measurement2 used to define E0+, is reported to be ± 0.1 eV
which allows the decomposition energy threshold to increase to 1.19 eV (9777 cm-1).
This modest change in threshold energy substantially changes the predicted rate
constants, as seen in Figure 25, where a new set of RRK rate constants, calculated using
this higher value of E0 , have been plotted. These decomposition rate constants show a
range of 9.2x106 s 1 to 8.OxlO8 s 1 and are comparable in magnitude to the collisional
stabilization rate constants.

Since the high-energy intermediate decomposition rate

constants are no longer much greater than the high pressure collisional stabilization rate
constants, the behavior of the excited intermediates created from the neutrals having
vibrational energies above 2000cm"1 must be addressed. Remaining neutral populations
in the high - energy tail are 2% at 303 K, 9% at 373 K, and 16% at 423 K. The excited
intermediates derived from these remaining populations are treated as a single set of
intermediates having a uniform decomposition rate constant.

Decomposition rate

constants for these high - energy intermediates were estimated by extrapolating the data
in Figure 24. It was estimated that the median energy of the neutral population above
2000 cm'1was 2150 cm'1at 303 K, 2400 cm"1 at 373 K, and 2750 cm"1 at 423 K.
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Utilizing these median energies, decomposition rate constants were calculated and
assigned to this set of intermediates.
The solid lines in Figure 23 now show POCI3 fractions predicted by the model
and provide a remarkably good simulation of the experimental data. While it is possible
to further improve the correlation between model predictions and experimental
observations by increasing the decomposition threshold energy level further and reducing
the number of normal modes (s) these additional refinements are not warranted. The
model, as presented, fits the form of the observed pressure and temperature dependencies
of the POCl3 electron attachment product distribution and represents only a starting point
for a more extensive theoretical description.

The following are the salient features

derived from the experimental data and model predictions. The internal energy of the
excited intermediate must lie above, but close, to the dissociative threshold energy. This
result makes intuitive sense since, if the energy difference were too large, the dissociative
reaction channel would predominate at all pressures and temperatures. Conversely, if the
energy difference becomes too small' or slightly endothermic then the thermalized
molecular anion will be the dominant product. Only when the energy difference is close
are conditions created where the decomposition and coHisional stabilization processes
become competitive. When the excess energy difference is small, the decomposition
process becomes very energy dependent and sensitive to changes in the energy of the
intermediate supplied by neutral vibrational energy.

The neutral vibrational energy

distribution is sufficiently broad (providing a wide range of decomposition rate constants)
that large pressure changes are needed to significantly alter the observed product ■

I
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distribution. We believe that the pressure dependent behavior observed here will be
observed in other branched electron attachment systems. xObviously, it is of interest to
examine the effect of pressure on other branched electron attachment reaction systems
and two potential candidates are meta - bromonitrobenzene (65) and
dichlorbhexafluorocyclopentene (100).

1,2-

Electron attachment to these compounds

produces significant amounts of both dissociative and non - dissociative products at low
pressure (< I Tort).

Unfortunately, the molecular anions of these molecules show

substantial reactivity towards molecular oxygen (101) and may not be amenable to study
at high pressure where oxygen contamination is inevitable. The favorable ion molecule
chemistry of the electron attachment products of POCI3 has provided us the opportunity
to present the first, full - pressure dependence study of a branched electron attachment
reaction.
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PULSED HIGH PRESSURE MASS SPECTROMETRY WITH NEAR-VISCOUS
FLOW ION SAMPLING

In characterizing the detailed mechanisms of ion-molecule reactions in the gas
phase, laiowledge of how variations in the buffer gas pressure affect the reaction rates of
interest can be of considerable assistance (I). Unfortunately, such measurements are
often difficult to perform with high levels of accuracy.

This is partially because

individual experimental methods of gas phase ion chemistry are typically restricted to
relatively narrow ranges of pressure and systematic sources of measurement error that
accompany each method often exceed the pressure dependence of the rate constant over
those limited pressure ranges. For example, we have recently shown (77) that ldnetic
determinations by the pulsed electron beam high pressure mass spectrometer (PHPMS)
are susceptible to a pressure dependent source of error that is introduced by the ion
sampling method normally used in that technique for measurements in the low - Torr
pressure range. The objective of the present study is to explore an alternative mode of
ion - sampling by which this source of error in kinetic measurements by the PHPMS
technique can be eliminated.
In the conventional PHPMS method (57), ion - exit slits or apertures of relatively
small dimensions are typically used because, in its most rigorous form, the underlying
principles of the PHPMS method state that gas flow through the ion sampling device
should be pure molecular flow. This criterion ensures that ions are transported through
the slits or apertures by simple diffusion through the buffer gas, rather than by convective
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flow with the buffer gas. The criteria for molecular flow, viscous flow and the transition
flow that exists between the two extremes are as follows (102):

Li / a

>

LO

1.0

>

Li / a

0.01

>

Lj / a

molecular flow region

(38)

transition region

(39)

viscous flow region

(40)

where a is the critical dimension of the slit (width) or aperture (diameter) and Li is the
mean-free path of either the buffer gas molecules (Lbg) or the minor components added to
the buffer gas (Lmc).

While the molecular flow condition is required for rigorous

compliance with the PHPMS method, it is also recognized that the rate of diffusion for all
neutral compounds through the slits or apertures will vary inversely with the square roots
of their masses under molecular flow conditions (77). This causes an increase in the
concentration of the relatively massive neutral compounds typically added to a relatively
light buffer gas in PHPMS experiments.- This, in turn, will cause a proportionate error in
PHPMS measurements of the rates of the reactions involving these neutral compounds
(77) if the magnitude of the enrichment effect is not accurately Icnown and taken into
account. In order to reduce the amount of enrichment caused by molecular flow through
the ion source slits, an additional means of ion source exhaust is sometimes used (39) by
which a large fraction of the source gas is removed by viscous flow. However, this
approach does not necessarily eliminate the enrichment effect in the region of the ion exit
slit and introduces additional questions concerning the creation of undesirable flow
patterns within the ion source (77).
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Compounding the difficulties related above, we have also shown (77) that the
actual flow conditions under typical PHPMS conditions are not within the pure molecular
flow range where the magnitude of enrichment can be accurately predicted, but are more
commonly in the near-molecular region of the transition flow range.

In the near -

molecular flow range, it is difficult to predict the magnitude to which the neutral reactant
becomes enriched because the magnitude changes significantly with relatively small
changes in the ion source pressure.
The reason transition flow, rather than molecular flow, is operative under typical
PHPMS conditions is the fact that L, in equations 38 - 40 is more appropriately defined
by the minor neutral components added to the buffer gas, rather than on the buffer gas
molecules themselves. Traditionally, buffer gas characteristics have been used to define
flow conditions within the ion source volume. For moderately heavy neutral molecules
added to a relatively light buffer gas, the minor-component definition (102), Lmc = (n nbg
812 [I

Mmc / Mbg] ) (where nbg is the number density of the buffer, 812 is the average

molecular diameter of the buffer gas and the minor component, and M; are the molecular
masses), leads to a significantly shorter Li in equations 38 - 40 than does the pure buffer
gas definition (102), Lbg = (21/2 tc nbg Si2) 1 (where 5] is the molecular diameter of the
buffer gas). This, in turn, leads to a significantly lower pressure at which true molecular
flow of the gaseous mixture can be expected.
In the present study, we have extended our previous characterization of flow
conditions in PHPMS measurements by the use of relatively large ion-exit and electron entrance apertures, for which the flow condition at normal ion source pressures will be in
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the near-viscous region of the transition flow range. The appealing feature of near viscous flow is that the rate of transport through the apertures will be nearly the same for
all molecules regardless of mass differences.

Therefore, no enrichment of massive

reactant compounds in a light buffer gas is expected.

On the other hand, the basic

principle described above concerning the means by which ions should be ideally sampled
in the PHPMS method would clearly be violated with use of near-viscous flow. With
near-viscous flow conditions, ion transport through the aperture wall will be primarily by
convection, rather than diffusion. Therefore, the effects of this violation of traditional
PHPMS theory must also be assessed.
Another point of interest in the present study is to explore the possibility of
extending the upper pressure range of the PHPMS technique. If one envisions a PHPMS
ion source operating at pressure as high as 100 Torr, for example, it would probably be
impossible to successfully sample the ions of this source by the molecular or nearmolecular flow that might be achieved with the use of sub-micron slits.

Aperture

sampling of such a source by near-viscous flow through apertures of 20 to 50 pm, can
easily be envisioned, however. Therefore, the present study also provides an indication
of the feasibility of this envisioned extension of the PHPMS capabilities to pressures
much higher than normally used. As in our previous investigation of near-molecular flow
conditions (77), the concentration enrichmept of CH3I in methane buffer gas is indirectly
determined here by observation of the apparent rate constant, k0bs, for the nucleophillic
displacement, equation 41.

93
•

F'

+

CH3I

->•

CH3F

+

I"

(41)

Rate constants, l<4i, for this reaction have been extensively characterized over a
wide range of temperatures by Sn et al. (103) and have been shown to occur at near
collision frequency. There is no reason known why kg should vary with pressure changes
in the low Torr range operative for these experiments. Therefore, any pressure
dependence of k0bs found here can be attributed to systematic errors in the method, such
as the enrichment of CH3I in the buffer gas by mass-dependent flow through the apertures
or a breakdown of the PHPMS, diffusion-based method under non-moleculaf flow
conditions.

Experimental

The PHPMS equipment used here is similar to the instrumental configurations
described in previous sections.

However, for these experiments, relatively large

apertures, as opposed to narrow slits, have been used for ion exit and electron entranceports within the ion source. The 4.8 cm3 interior volume of the ion source is cylindrical
in shape with a length of 1.9 cm and a diameter of 1.8 cm. Three matched pairs of
apertures, with diameters of 150, 200, and 300 pm, were used for ion exit and electron
entrance apertures. As before, reaction mixtures were prepared in a gas handling plant
(GHP) pressurized to about 800 Torr with methane buffer gas.

The gas mixture

contained about 1.5 parts per thousand (ppth) NF3, from which F' is produced by an
electron capture reaction following each e-beam pulse.

The reaction mixture also

contained from about 3 to 30 parts per million (ppm) CH3I which reacts with F" ion in
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accordance with equation 41. The contents of the GHP were IeaIced into the ion source
by control of a metering needle valve at a rate sufficient to maintain the desired pressure
in the ion source. This needle valve (Nupro, model BMG) draws gas from its nearatmospheric-pressure side through the metering portion of the valve. These combinations
of factors ensure that the flow through the valving system will be by pure viscous flow
and will pass molecules to the ion source without mass discrimination (102). The entire
gas flow exits the ion source by passage through the two identical source apertures. Ion
source pressures between 0.5 and 8 Torr were selected by control of the gas flow rate out
of the GHP. The consumption of F" by equation 41 was monitored following each ebeam pulse by an associated quadrupole mass spectrometer and multichannel scaler, as
shown in Figure 26. Plots of the observed F" decay rates (Vobs = 2.303 Alog signal / At)
versus the predicted CH3I ion source concentration, [CH3I]’, that would be expected if no
enrichment had occurred were then obtained, as shown in Figure 27. From the slopes of
plots such as these, apparent rate constants, Icobs, were obtained for various physical
conditions of the ion source, in the same manner as previously described (vobs =
kobs[CH3I]’ + vd, where vdis the diffusional loss rate constant of the F' ion).
The maximum attainable ion source pressure with a given pair of ion source
apertures was limited by the maximum operational manifold pressure (about 3x104 Torr)
observed outside the source region of the mass spectrometer. These maximum ion source
pressures were 8 Torr, 6 Torr, and 5 Torr for the 150, 200, and 300 pm apertures,
respectively.
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Figure 26. Intensity of the F" ion signal as a function of time after an e-beam pulse
using electron-entrance and ion-exit apertures of 300 pm. For time profile A, the ion
source contained about 8.2 mTorr NF3 in methane buffer gas at 5.0 Torr pressure. For
time profiles B-F, CH3I has also been added to the reaction mixture so that the F" loss
rate is increased by Reaction 9. The assumed concentrations of CH3I within the ion
source, [CH3I]’, that is based on an assumption of no enrichment by mass dependent flow
through the apertures are as follows: (B) 0.0070, (C) 0.0140, (D) 0.022, (E) 0.030, and
(F) 0.039 mTorr. Temperature is 150°C.
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Figure 27. The observed first-order F loss rates, vobs =2.303 Alog signal / At, obtained
from slopes of time profiles shown in Figure 9 as a function of the assumed concentration
of CH3I, [CH3I]’, in the ion source.
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Results and Discussion

The apparent rate constants, Icobs, observed for equation 41 at 150°C over the
pressure range, 0.5 to 8.0 Torr, using three different sets of ion-exit and electron-entrance
apertures are shown in Figure 28. The laiown value of the rate constant, Ic9 (dashed line),
and the magnitude of Icobs that would be expected if a maximum amount of CH3I
enrichment occurred by molecular flow through much smaller apertures (dotted line) are
also shown in this figure. With use of the lowest ion source pressures shown, the kobs
values significantly exceed the known value of k9. This is thought to be due to a
proportionate increase in the steady-state molar fraction of CH3I within the ion source by
a factor of about 2.5. While large, this magnitude of enrichment is not yet as great as
expected and previously observed (77) under the pure and near-molecular flow
conditions that are created with use of smaller apertures or slits.
It is also noted in Figure 28 that the Icobs values observed with all three sets of
apertures tend to converge on the known value, k9, as the ion source pressure is increased
towards the maximum pressure allowed by each aperture set. With the 150 pm apertures,
a high degree of accuracy (to within +20% of the known value) is obtained with pressures
greater than about 6 Torr.

With the 200 pm set, this accuracy level is obtained at

pressures greater than about 5 Torr, and with the 300 pm set, at pressures greater than
about 3 Torr. These results suggest that little or no enrichment of CH3I in the methane
buffer is occurring at the maximum pressures achievable with each set of apertures and,
therefore, a condition of near-viscous flow has been achieved under these conditions.
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Figure 28. Observed, kobs, for Reaction 41 obtained over a range of ion source
pressures where the following sets electron-entrance and ion-exit apertures: 150 (*), 200
(+), and 300 (X) micron diameters. The dotted line indicates the maximum value of Icobs
that would have been expected if the source gas passed through the aperture by pure
molecular flow. The dashed line indicates the known value of Ic4 = 1.8 x IO"9 cm3 s'1at
150°C determined previously by Su et al. (103).
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Additional insight into the results shown in Figure 28 can be gained by again
considering the definitions of molecular flow, transition flow, and viscous flow shown
previously in equations 38 - 40 and by the plot shown in Figure 29. In Figure 29, the
expected magnitude of Lj / a versus ion source pressure for all three sets of apertures
used here are shown, where Lj has been defined on the basis of both the pure buffer gas,
methane, and on the basis of the minor component, CH3I, within the buffer gas.
Inspection of this figure indicates that a condition of Viscous flow (where Li / a « 0.01)
is approached with the apertures and pressure ranges used here only if the minorcomponent definition, Lmc, is used. Since the results in Figure 28 indicated that nearviscous flow conditions were, indeed, reached with each set of apertures used here, the
minor-component definition of Li in Figure 29 appears to provide a better basis for the
prediction of viscous flow than that based on the pure buffer gas. It should be noted
again that the minor component definition of Li was also found to be the more useful in
our prior investigation (77) of near-molecular flow conditions within a PHPMS ion
source. Therefore, in Figure 30, the results obtained with all three sets of apertures are
shown in the form of a plot of k0bs versus Lmc / a. These data indicate a smooth approach
to the Icnown rate constant, Lt, as Lmc/ a approaches the threshold for viscous flow at Lmc
/ a # 0.01.

Model of the Ion Sampling Process

The question raised in the Introduction regarding the validity of PHPMS
experiments performed under conditions of near-viscous flow ion sampling must also be
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Figure 29. Calculations of Li / a (mean-free / aperture diameter) versus ion source
pressure for the 150 (solid line), 200 (dotted line), and 300 (dashed line) micron apertures
where Li has been defined on the basis of both the pure methane buffer gas (Lbg) and the
minor component in the methane buffer gas (Lmc).
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Figure 30. Observed rate constants, k0bs, for all measurements using all three sets of
apertures versus Lmc / a, where the mean-free path is defined on the basis of the minor
component, CH3I, in methane buffer gas. The dotted line indicates the maximum value
O f k obs that would have been expected if the source gas passed through the apertures by
pure molecular flow. The dashed line indicates the known value of Ic4 = 1.8 x IO'9 cm3 s'1
at 150°C determined previously by Su et al, (103).
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considered. To properly assess this violation of the underlying principles of the PHPMS
method, a model of the ion sampling process is envisioned in Figure 31 where the
transport of ions in the immediate vicinity of the ion-sampling aperture is driven by two
simultaneous forces.

There will be a net displacement of ions, Xd, towards the

conducting walls of the ion source caused by the simple diffusion of ions through the
concentration gradient that is set up by the neutralization of ions at the walls. It is this
process, alone, on which the PHPMS method is normally based. The rate of diffusional
transport will be decreased by increased buffer gas pressure. There will also be a net
displacement of ions, Xc, caused by the convective flow of gas through the aperture. The
rate of ion transport by this mechanism will not change significantly with changes in the
ion source pressure and will be determined entirely by the size and conductance, C, of the
aperture. Only at relatively low pressures where the flow condition is molecular (that is,
Lmc / OG > I), will the transport of ions be dominated by Xd so that the ions passing
through the aperture would reflect the true wall current, as assumed in the rigorous
version of PHPMS theory. Under the near-viscous flow conditions of interest here (that
is, Lmc / a « 0.01), however, the convective displacement component, Xc, will provide the
dominate means of ion transport through the aperture. As represented in Figure 31, the
ions being sampled by convective flow will be those caught within an approximately
hemispherical volume, Vc, of gas immediately adjacent to the ion-exit aperture. A useful
estimate of the effective size of Vc can be obtained by considering the competition that
will exist between the diffusional and convective means of ion transport throughout the
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Figure 31. A visual model of the ion-sampling dynamics thought to be operative with
near-viscous flow of the ion source contents through an aperture. Throughout the ion
source, a net displacement of ions, Xd, towards the walls of the ion source is caused by
diffusion. In the immediate vicinity of the ion-sampling aperture, an additional means of
ion displacement, Xc, is caused by the convective flow of gas through the aperture and
this dominates ion transport through the aperture. The time dependence of the ion
siignals thereby observed reflect the diffusional transport of the ions from the bulk of the
ion source into this sampled volume. Since the size of the sampled volume is very small
relative to total ion source volume, the observed time-dependence closely resembles that
of the diffusional wall currents on which the PHPMS method is predicated.
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entire source. This estimate is appropriately provided by the expression, Vc = Cu, where
C (cm / s) is the conductance of the aperture and x (s) is the time constant for the firstorder diffusional loss of all ions throughout the entire ion source. For example, if we
aPP1Y this model to the case of the 300 pm aperture at 5 Torr ion source pressure, x is
determined from curve A in Figure 26 to be about 3.0 ms (x = Vobs"1). From equations for
aperture conductance given elsewhere (34), C » 13 cm3 s"1 is deduced for an aperture of
300 pm diameter for methane buffer gas at 150°C. Thus, the effective sampling volume
thereby obtained, Vc « 0.03 cm3, is less than 1% of the total ion source volume (4.8 cm3)
and the effective sampling radius, rc, of the hemisphere is less than 3 mm under the
defined conditions.
By this microscopic view of the ion-sampling process, one can envision why the
PHPMS method of kinetic determinations can be successful under near-viscous flow
conditions.

It is true that the ions detected by the mass spectrometer are obtained

primarily by convective flow of the sampled volume rather than by ion diffusion to the
aperture, However, the outer reaches of this sampled volume extend only into a minor
portion of the total ion source volume. Therefore, it is reasonable to envision that the ion
intensities measured by the mass spectrometer during the periods between e-beam pulses
are determined largely by the rate at which ions from the bulk of the ion source arrive by
diffusion into the small sampled volume. This way, an effective “diffusional wall’ exists
a short distance from the aperture at which ions arrive by diffusion and from which these
ions are rapidly transported by convection through the aperture. Thus, the temporal

)
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profile of a PHPMS ion source measured by near-viscous flow ion sampling might still
resemble that of the wall current of interest existing throughout the rest of the ion source.
Experimental support for the validity of this model can be found in the
measurements provided here. As illustrated in Figure 27, plots of log (intensity) versus
time were invariably. linear; as expected in the PHPMS experiment if the timedependence of the ion wall currents is being accurately measured. Figure 32 provides a
plot of the experimental first-order diffusional decay rates for the F" ion in the absence of
CH3I over a range of pressures for all three aperture sizes. Figure 32 also includes F"
diffusional rates for a PHPMS ion source equipped with 30 pm slit apertures. It is seen
in this figure that the observed rate of F loss within the ion source is essentially the same
at a given pressure for all four ion-sampling systems. This suggests that the time profiles
observed by the mass spectrometer are, in all cases, dominated by diffusional losses from
the bulk of the ion source and are not significantly affected by local rates of convective
transport which would be expected to vary considerably with aperture dimension.

Conclusions

These results suggest that accurate rate constant determinations of ion-molecule
reactions can be obtained by the PHPMS technique if the flow conditions through the ion
source apertures are near - viscous. This condition is defined by the expression LmcZa »
0.01, where a is the diameter of the aperture and Lmc is the mean free path of the neutral
reactant of interest in the buffer gas. It is significant to note that the mean free path of the
buffer gas molecules, Lbg, should not be used for the definition of Li in defining the
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Figure 32. First-order diffusional decay rates for the F" ion observed in the absence of
added CH3I using three different sets of source apertures and a 30 pm slit at the following
source pressures: 1.0 (X), 2.0 (+), 3.0 (*), 4.0 (□), and 5.0 (A) Torr.
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condition of near-viscous or viscous flow of the ion source contents through the ion-exit
aperture. While the present results support the use of near-viscous flow conditions for
the measurement of IM reaction rate constants, this recommendation does not necessarily
apply to the quantitation of equilibria for reversible ion-molecule reactions by PHPMS
methods (j 9,104). F oi those applications, an additional source of experimental error is
introduced with near-viscous or viscous-flow ion sampling due to potential perturbations
in the physical conditions in the region immediately adjacent to and downstream from the
ion sampling aperture (105,106). This additional source of error will be much more
important in equilibrium measurements than kinetic measurements because much higher
concentrations of the reactant neutral are typically used in equilibrium measurements.
This condition is due to the need for reaction rates of interest to be fast relative to ion
tiansport iates within the source volume. Therefore, any physical perturbations near the
aperture are more likely to cause changes in the observed equilibrium ion intensities.
The successful PHPMS kinetic measurements reported here under near-viscous
flow ion-sampling conditions also suggest that the PHPMS method can be successfully
extended to much greater ion source pressures than previously considered feasible within
conventional views of the method. Since very few kinetic measurements of IM reactions
in buffer gases exceeding 10 Torr have been reported to date (107), future applications of
the PHPMS approach to systems at significantly greater pressures should prove to be of
considerable assistance in interrogating the physical dynamics of many gas phase IM
reactions.
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LEWIS ACID - BASE INTERACTIONS OF SiF4 WITH MOLECULAR ANIONS
FORMED BY ELECTRON CAPTURE REACTIONS
In the environmental, biomedical and forensic sciences, there is an ever —
increasing need for trace detection and analysis of specific target substances in complex
samples. Some of the most promising methods, to date, are based on the gas phase
negative ionization of compounds with positive electron affinities (EA) by the simple
attachment of thermal - energy electrons symbolized by equation 42 (56 - 63).

e

+

M

^

M"

(42)

Resonance electron capture reaction (REC) reactions of this type frequently occur with
exceedingly large rate constants, L r e c , if the ion source pressure is high enough to ensure
rapid collsional stabilization of the nascent electron capture complex. These favorable
kinetics are primarily responsible for the exquisite sensitivities available to REC methods
such as the electron capture detection (ECD) for gas chromatography (GC) (64), the ion
mobility spectrometer (IMS), and the negative chemical —ionization mass spectrometer
(NCIMS) (55,99). However, a number of associated problems have been encountered
with the use of these REC —based methods for chemical analysis. Perhaps the most
important of these complications stems from the fact that REC reactions inherently
include an elementary step called thermal electron detachment (TED) that is simply the
reverse of equation 42 (71 - 73).

From an analytical standpoint, this reaction is

undesirable since it can either partially or completely destroy the relative intensity of the

I
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molecular anion of interest, M". TED reaction rates increase strongly with increased
temperature and decreased neutral EA so that, at typical ion source temperatures of
150°C or greater, TED often becomes unacceptably fast for compounds with EA values
less than about 18 kcal / mole.
One method currently employed to overcome the detrimental effects of TED
reactions on the ECD response to low EA, REC — active compounds has been the
addition of ethyl chloride to ECD systems (108 - 109). While ethyl chloride does not
attach thermal energy electrons, it will rapidly and irreversibly react with many molecular
anions, M" + C2H5Cl -» Cl" + neutrals. With sufficient ethyl chloride quantities
present, this reaction will compete favorably with the reverse of equation 42 and prevent
the liberation of a free electron by M' and subsequent loss of ECD sensitivity. This ethyl
chloride - sensitized ECD mode has been shown to provide about two orders of
magnitude increase in the ECD response to several low —EA compounds: phenanthrene,
anthracene, pyrene, benzapyrene, and benzophenone (108). Unfortunately, this particular
method of ECD response enhancement is not as useful for MS and IMS methods where it
is essential that the negative ion detected includes the molecular entity of interest, M.
In order to improve REC responses of MS and IMS methods to low EA
compounds, a strong ion —molecule association reaction of the general type shown in
equation 43 would be useful.

M"

+

L"

^

ML"

(43)

no
In a reaction of this type, a suitable binding agent, L, would hold the M" species in
an associated form, ML , that would be stable against TED. In addition, the negative ion
observed by an MS or IMS method would include a specific response to the analyte of
interest, M. Other beneficial effects of a strong reaction 43 include the potential for
suppression of other undesirable reactions sometimes observed between molecular
anions, M", and common buffer gas impurities such as O2 and H2O. A second benefit
stems from the ability of reactions of this type to provide additional mass spectral
information about the identity of M. This would be expected if the rates of equation 43
were fast in both directions and the position of the established equilibrium was sensitive
to the detailed chemical composition of M" and even to the relatively subtle structural
differences that might exist within isomeric sets of compounds, M. In that case, a mass
spectral measurement of the intensity ratios for ML" and M' ions would provide an
additional method for the identification of M.
In order to achieve the envisioned benefits of equation 43, under typical ion
source conditions of 150°C or greater, the strength of the clustering reaction would have
to be relatively great. For example, in order to hold at least one - half of the molecular
anions, M", in complexed form, ML", the standard free energy change at 150°C, -AG423k,
would have to be at least 10 kcal / mole if the total buffer gas pressure was 1.0 Torr, and
1% of the buffer gas consisted of complexing agent, L. In addition, it is essential that the
complexing agent not undergo an electron capture reaction since this would deplete the
thermal electron population within the ion source and interfere with initial electron
attachment to M. With these criteria in mind, it is instructive to consider the results'
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obtained in a previous study by Chowdhurry et al. (HO) of equilibrium clustering
reactions (at 70°C) between molecular anions of various substituted nitrobenzenes and
the clustering agents, methanol, acetonitrile, dimethyl formamide and dimethylsulfoxide.
For the molecular anion of nitrobenzene (NB), -AG343K values for these four clustering
agents were found to be 6.3, 6.6, 6.2, and 8.6 kcal / mole, respectively (HO). Using an
estimate of -25 cal mole'1K"1 for the entropy change for these reactions, their standard
free energy changes at 150°C are expected to be about -AG423k = 4.3, 4.6, 4.2, and 6.6
respectively. Other substituted nitrobenzenes, with larger electron affinities than NB,
were found to have weaker interactions with all of the clustering agents used in this
study. Therefore, it appears that none of these classic solvent molecules, of relatively
high dipole moment, cluster sufficiently strongly to substituted nitrobenzene molecular
anions to offer the level of assistance needed to address the analysis problems discussed
above.
In order to find negative ion —neutral interactions which might be stronger than
the conventional solvent systems above, the interaction of strong Lewis acids (BCl3, BF3,
SiCl4, and SiF4) with negative ions has also been considered. These compounds have
been shown to associate strongly with monoatomic halide ions, F" and Cl", and
moderately strongly with Br" (111).

In initial tests with BCl3, BF3, and SiCl4 EC

reactions by these compounds were ubiquitous and eliminated these Lewis acids from
further consideration since gratuitous EC chemistry would almost completely deplete
electron populations in the source volume and significantly diminish analytical
sensitivities. With SiF4, however, no significant depletion of electron populations was
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observed and production of undesirable ions associated with SiF4 was minimal
Therefore, SiF4 was considered to be a candidate for favorable interactions of the kind
described in equation 43.

In this study, anions of interest are primarily formed by

electron attachment to substituted nitrobenzenes. A few other molecular anions are also
included to provide insight into the general types of molecular anions for which strong
SiF4 interactions might be expected.

Experimental
A pulsed high pressure mass spectrometer (PHPMS), built in - house, was used
for all experiments and has been described in detail previously (39). For the present
experiments, a gas mixture consisting of small quantities of M and SiF4 in methane is
prepared in the associated gas handling plant. This mixture then flows slowly through
the thermostated ion source of the PHPMS where a short pulse (~ 20 ps) of 3000 eV
electrons produces positive ions and electrons. Secondary electrons are captured by the
compound M (equation 42) to form molecular anions, M", which are rapidly thermalized
by buffer gas collisions. The M ions will then engage in an association reaction with the
SiF4 to form cluster ions of the type, M (SiF4), if such a reaction is energetically
favorable. The number density of ions within the source is' sufficiently low that the
dominant loss of charge is due to diffusion to the ion source walls.

Relative ion

intensities in the source are determined as a function of time after the e - beam pulse by
measuring the relative wall currents. A small fraction of the wall current is sampled by a
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narrow slit into an evacuated region where the ions are mass analyzed (quadrupole mass
filter), detected (ion - counting Channeltron) and time analyzed (multichannel scaler).

Results and Discussion

An example ol the results obtained in the present experiments is shown in Figure
33. The mass spectrum shown indicates that three negative ions of major intensity were
produced when small amounts of p - bromonitrobenzene (pBrNB) and SiF4 are
introduced to the ion source along with 5 Torr methane buffer gas at 150°C. As expected
for p —BrNB, a molecular anion is formed by REC along with an approximately equal
amount of bromide ion simultaneously formed by a competitive dissociated EC pathway
(112). The ion chemistry of this compound is therefore slightly more complex than other
systems studied here since the molecular anion is usually the dominant ion produced by
the EC reaction of M. In Figure 33, a SiF4 cluster of the molecular anion of p - BrNB is
also observed. In this figure, it is noted that the relative intensity of the cluster ion, Br"
(SiF4), is very small relative to p - BrNB-(SiF4) - indicating that SiF4 binds much more
strongly to p - BrNB than to Br ion. In addition, no gratuitous ions are formed by a SiF4
EC reaction, as expected.
Figure 34 displays the time dependence of the three major ions in Figure 33. For
a short period following the e —beam pulse, all negative ion signals are weak due to a
positive ion space - charge field that inhibits negative ion diffusion to the ion source
walls (39,46). As the electrons are converted to negative ions by the EC reaction of p BrNB, this space - charge field is destroyed and negative ions begin to diffuse to the

114

400

mass (m / z)

Figure 33. p - bromonitrobenzene spectra collected at 150°C in 5 Torr methane. The
three major peaks are the Br' and p - bromonitrobenzene molecular anion (M") signals at
79/ 81 and 201 / 203 Daltons, respectively. The addition of a small amount of SiF4 is
responsible for the M' / SiF4 peak at 305 Daltons. The lack of a prominent Br" / SiF4 peak
indicates that the M" / SiF4 interaction is much more energetically favorable.
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Figure 34. Temporal behavior of the ions displayed in Figure 33. The ion time
profiles of the p - bromonitrobenzene molecular anion (heavy line) and its SiF4 adduct
(light line) have a steady relative intensity indicative of ion - molecule equilibria in
PHPMS methods. The larger rate of decay for the Br" ion (dashed line) implies that this
species is not involved in the adduct formation process.
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walls prior to detection by the mass spectrometer. After about 5 ms, the intensity of all
ions decreases with time due to diffusion to the ion source, walls. While the initial EC
reaction of p —BrNB produced Br and p —BrNB ions, under the present conditions, a
state of chemical equilibrium for the clustering reaction (equation 44),

M"

+

SiF4

—

M" (SiF4)

(44)

is also achieved very quickly so the ratio of the intensities of the p - BrNB" (SiF4) and p Br NB' ions is maintained constant by equation 44 over the entire time interval from
about 4 to 30 ms after the e —beam pulse. The additional Br ion produced by the initial
EC reaction does not, in any way, interfere with the clustering reaction of interest. The
Br' ion is lost only by simple diffusion to the walls, and its diffusional loss rate is
somewhat greater than that of the p - BrNB" / p - BrNB" (SiF4) equilibrium system due to
its lower mass (39).
From measurements described above, equilibrium constants, K44, were obtained,
for all molecular anions, from the relationship,

lM "(SiF4)

K44

-

----------Im- PSiF4

(45)

where Ii is the measured intensity of the relevant ions, i, and PSiF4 is the partial pressure of
SiF4 in the ion source (in units of atmospheres). Free energies for all clustering reactions,
at a given temperature, were obtained from the relationship, AGc44(T) = -RTlnK44 (13).
Measurements of this kind were made for all molecular anions at 150°C and the resulting
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AG 44(150°C) values are listed in Table 3 along with experimental electron affinity (BA)
values for each compound. The anions included in the present study include molecular
anions formed by simple electron attachment to nitrobenzene (NB), substituted
nitrobenzenes, p - benzoquinone, and benzophenone. Also included are the phenoxy
anions formed by 1eactions of the M

ion of ortho and para substituted

bromonitrobenzenes with small amounts of oxygen added to the buffer gas.
Temperature dependencies of the equilibrium constants, K44, for several of the
species in Table 3, were monitored in order to obtain standard enthalpy (AH044) and
entropy (AS044) values via van’t Hoff plots of the type shown in Figure 35. It is expected
that changes in the value of -AG044(T) would primarily result from changes in the
enthalpic term associated with the clustering process. Therefore, the association process
should exhibit little variation in the entropic term - an expectation that is at least roughly
reflected in the data. However, since the van’t Hoff plots could be constructed over a
relatively narrow temperature range, the separation of AG044(T) into individual enthalpy
(AH 44) and entropy (AS044) terms might not be entirely reliable. For this reason, the
AG°44(423 K) values are considered to be much more reliable and the bulk of the
discussion will be referenced to these measurements.
In Figure 36, -AG°44(423 K) values for all singly substituted nitrobenzenes are
plotted as a function of the BA of M. Included with these measurements are -AG0 (423
K) values previously determined by Chowdhurry et al. (HO) for the clustering reactions
of these molecular anions with common solvent molecules methanol, acetonitrile,
dimethyl formamide, and dimethyl sulfoxide. It is noted that the -AG°44(423 K) values
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Table 3. SiF4 Cluster Strengths at 423 K
E.A.(kcal/mole)
Cl
F
Br
P-NO2
p - Quinone
0-NO2
3,5 diCF3

814
715
77.5

46.2
44.1
38.1
41.3
38.1
35.1

m-N02
o-CN
m-CN
P-CF3
lN02Nap
O-CF3
Ui-CF3
m-Br
m-Cl
p-Br
p-Cl
o-F
m-F
o-Cl
0-NO2 Phenoxide
P-NO2 Phenoxide
p-F
m-CH3
NB
O-CH3
P-CH3
2,6 diCH3*
B enzophenone **

-24.2

-26.3

-32.0

-47.8

-33.4

-46.7

15.5

-34.8

-46.7

15.6
15.7
19.8

-35.5

-49.0

13.2
7.2
7.3

8.2

34.0

9.6

216
218
29.1

24.7
214
26.3

219
22.9
213
21.9

21.9
18.7
14.3

AS(cal/moleK)

-39.7

' 36.0

30.5

AH(kcal/mole)

■ -21.0

9.2
9.5

28.4
30.7 '
32.6

.

AG423K.(-kcal/mole)
14.1
54.1
6.4
4.2

10.2
10.6
10.9
11.3
11.7
11.7
12.0
12.5
12.5
13.6
‘ ' 13.7
13.8
13.9
15.2

22.0

*Estimated from -AG483 = 17.5 kcal/mole using AS = -45 cal/moleK
**Estimated from -AG473 = 18.2 kcal/mole using AS = -26 cal/moleK
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Figure 35.

van’t Hoff plots demonstrating the temperature dependence of the
substituted nitrobenzene / SiF4 association process. Diamonds (0) represent p —
fluoronitrobenzene, triangles (A) represent p —nitrobenzene, squares (D) represent p —
chloronitrobenzenes, circles (O) represent p —methy!nitrobenzene, dashes (-) represent p
- benzoquinone, and (x) represents nitrobenzene.
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electron affinity (kcal/mole)
Figure 36. -AG044(423 K) values for substituted nitrobenzene / SiF4 interactions
juxtaposed with -AG°44(423 K) data for solvent / nitrobenzene associations collected by
Kebarle and Chowdhurry (X). The Kebarle data, originally collected at 343 K, was
converted to 423 K by assuming a AS0 of 25 cal / (moleK). Diamonds (0) represent
methanol interactions, triangles (A) represent dimethylsulfoxide interactions, squares (D)
represent acetonitrile interactions, and circles (O) represent dimethylformamide
interactions.
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for SiF4 interactions are uniformly and significantly greater than those of the common
solvent molecules. In addition, typical M / SiF4 interaction energies exceed the desired
level of -AG°44(423 K) = 10 kcal / mole for all compounds in this class possessing EA
values less than about 30 kcal / mole. As previously observed for the solvent molecules,
the -AG°44(423 K) values for SiF4 decrease continuously and smoothly with increased
EA of M. For the solvent molecules, the relationship was explained in terms of charge
distribution.

Specifically, the addition of electron withdrawing substituents to the

conjugated nitrobenzene ring system was thought to increase the EA of M by causing a
delocalization of negative charge within M" which, in turn, decreased electron density in
the region of the nitro group (113). This charge delocalization is also expected to weaken
the Coulombic attractive force between M" and the dipole moment of the solvent
molecule by increasing the distance of closest approach between the solvent dipole and
the new center of negative charge within M". The -AG°44(423 K) values for SiF4 (Figure 36) also show a smooth and continuous inverse dependence on neutral BA, however, this
dependence is much greater than that of the solvent molecules and reflects a fundamental
difference in the nature of SiF4 interactions relative to solvent interactions. Specifically,
M' and SiF4 interactions are expected to differ significantly from the solvent molecule /
ion - dipole interactions since the SiF4 interactions are expected to be very short range
Lewis acid - base interactions between a nitro group oxygen and the electron deficient Si
atom. Presumably, as the M" / SiF4 complex is formed, tetrahedral coordination about the
silicon atom changes to a trigonal bipyramidal coordination.

The strength of this

interaction would depend exclusively on the magnitude of negative charge remaining at
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the relevant oxygen atom and would not be affected by the M' charge center location.
Due to this fundamental difference in interaction mechanism, SiF4 complex binding
energies should behave very differently, as a function of charge delocalization and
neutral electron affinity, from the solvent molecule cluster analogs.
In Figure 37, a plot of -AG°44(423 K) versus EA is shown for all compounds
investigated in this work and several systems are worthy of individual examination. For
example, the AG°44(423 K) for 2,6 dimethylnitrobenzene falls within the expected range
based solely on the molecular EA value. This strong interaction might seem somewhat
surprising since the bulky methyl groups located on either side of the nitro group provide
the potential for significant steric hindrance of the SiF4 interaction. An explanation can
be provided, however, by considering the factors responsible for the anomalously low EA
of this compound (114). In the molecular anion of this compound, the two methyl groups
inhibit charge delocalization by discouraging a resonance structure where the CN bond
assumes double bond character and the nitro group becomes coplanar with the benzyl
ring. This steric effect promotes negative charge localization on the nitro group oxygen
atoms and the strength of this SiF4 interaction can then be interpreted as a function of this
unusual conformation. In addition, the out —of —plane nitro group orientation in this
conformation limits the potential for unfavorable steric effects between the methyl groups
and SiF4. Upon inspection of other ortho - substituted nitrobenzenes in Figure 37,
evidence of steric effects are noted for the molecular anions of o - fluoronitrobenzene, o
—trifluromethy!nitrobenzene, and o —dinitrobenzene for which SiF4 interactions appear
to be slightly weaker than expected from EA values.

123

25 I
O Benzophenone

20

O 2,6 CliCH3

-

0)
O
S

5
5 ^ 1

^ 4^3

C3

Jd
PO

I NO2NapO ^

10 -

7 □ 8
O O 3,5 CliCF3
8

Substituent
X

T
O
<

S

M

O p - Quinone

O
2

5 -

-F
-Cl
-Br

2
3
4

-CF3
-CN
-NO2

20

5
6
7
8

30

40

Electron Affinity (kcal / mole)
Figure 37. -AG044(423 K) values for all the systems measured in this work. Diamonds
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represent meta compounds, and circles (O) represent miscellaneous compounds labeled
directly on the figure.
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In Figure 37, the relatively low AG°44(423 K) for I —nitronapthalene suggests
that the Sip4 interactions with the molecular anions of nitro - substituted aromatic
hydrocarbons will be reduced with increased size of the extended ring system by an
amount greater than EA relationships, would suggest. This point is reinforced by our
observation that the molecular anion of azulene, CioHg', does not interact with Sip4 to any
detectable extent (-AG044(423 K)) for this compound is estimated to be less than 3.9 kcal
. / mole). Considering that the EA of azulene is only about 16 kcal / mole, this very weak
interaction with Sip4 can be attributed to the lack of a specific Lewis base sight on the
CioHg" ion amenable to approach by SiF4.
Figure 37 also shows the strength of the interaction between SiF4 and the
molecular anion of p - benzoquinone to be much greater than substituted nitrobenzenes
of similar BA. This strong interaction might be due to a greater degree of negative
charge localization on the oxygen atoms and / or less steric hindrance in the Lewis acid
interaction of SiF4 with a p - benzoquinone oxygen atom compared to the substituted
nitrobenzenes. A strong argument for the importance of low steric hindrance is provided
in Table 3 for the case of p - tiitrophenoxy anion which possesses a - AG°44(423 K) value
of 13.9 kcal / mole. This value is extremely high, since the EA for this compound is
probably greater than 60 kcal / mole, and strongly suggests that, for this system, the
clustering interaction occurs at the phenoxy site as opposed to an oxygen on the nitfo
group. This different interaction leads to less steric hindrance and a stronger association
enthalpy.
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From the information provided above, one might expect the SiF4 Lewis acid to
interact strongly with low EA compounds that, in general, have a specific Lewis base site
with which SiF4 can interact without any strong steric hindrance. By this interaction, it
should be possible to prevent TED by the molecular anion of low EA species. This
expectation is elucidated in Figure 38 which displays the EC mass spectrum of
benzophenone before (A) and after (B) the addition of 5 ppm SiF4 to IlO0C methane
buffer gas. The EA of benzophenone is quite low (~14 kcal / mole) and suggests that, at
even moderate temperatures, the TED of this molecule would be fast enough to
significantly inhibit a benzophenone - specific EC response. Thus, in Figure 38 A, the
intensity of the M ion at m / z —182 is relatively weak. Upon addition of SiF4 to the
buffer gas, however, a new ion of much greater intensity is observed at m / z = 286 and
indicates the production of the SiF4 / benzophenone cluster. Additional peaks at 287, 288
and 289 reflect contributions from the Si and C isotopes as well as a Si3F9O2 impurity
that results from unknown ion source surface chemistry. Clearly, the improved ECMS
response demonstrated in Figure 38 is caused by rapid, Lewis acid - base interactions
that convert the analyze, in this case benzophenone, to an adduct that .is immune to
destruction by TED mechanisms.

Conclusions

The work presented here has characterized a novel Lewis acid - base interaction
between SiF4 and a variety of molecular anions. This interaction appears to be quite
oxophillic and demonstrates an inverse relationship between interaction strength and

intensity
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Figure 38.

EC response to benzophenone before and after the addition of SiF4.
Spectra A is a mass spectra with only benzophenone present in the ion source. Spectra B
represents the EC behavior of benzophenone in the presence of 5 ppm SiF4.
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neutral BA. In addition, the specificity of this interaction to low BA compounds appear
to make it a valuable addition to analytical ECMS methodologies particularly for analysis
of relatively low BA compounds containing oxygen. Future work will focus on the use
Sip4 in high - pressure IMS techniques where TED rates are high and production of
molecular anions from low BA compounds is severely restricted. In particular, molecular
anions associated with explosive compounds such as TNT, DNT and nitroglycerin will be
studied at high pressure (~ I atmosphere) with reference to potential SiF4 interactions..
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SUMMARY

This work has characterized the impact of pressure on a variety of ion - molecule
kinetic and thermodynamic measurements. As discussed, the limited pressure range of
most ion - molecule experimental methods has typically obscured the significant
perturbations of reaction mechanism by collisions between buffer gas molecules and
reaction intermediates. This work has examined pressure dependent mechanisms that
potentially impact the study of resonance and dissociative electron attachment as well as
PHPMS ion - molecule kinetic studies.

In addition, a method for improving EC

responses of low electron affinity compounds susceptible to TED processes has been
developed.
The first section examined the thermal electron detachment (TED) behavior of
azulene as a function of buffer gas pressure and identity. This work determined, for the
first time, conditions required for the establishment of a high - pressure limit (HPL) of
. . electron attachment behavior. Specifically, sensitivity - reducing TED processes were
found to have a substantial positive pressure dependence over the range of PHPMS
pressure settings (I Torr - 6 Torr) reflecting incomplete collisional quenching of the
capture intermediate. These findings provide a point of concern in electron capture mass
spectrometry (ECMS) methods (operating at relatively low pressures of 0.1 Torr - I Torr
Helium) since compounds of low electron affinity would be typically analyzed under
ECMS conditions that are far from optimal from a sensitivity standpoint.
The next section demonstrated, again for the first time, the potential impact of
pressure on the identity of electron capture reaction products. This work focussed on the

iL
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thermal electron attachment reaction of POClg and the partitioning of the resonance,
POCI3 , and dissociative, POCI2 , products of this process over a pressure range of
approximately 700 Torr. It was determined that the partitioning of the two competitive
product pathways could be modeled by evaluation of the internal vibrational energy
distribution of the thermalized POCI3 neutral. State —specific rate constants for the
dissociation of the excited capture complex were modeled by invoking simple RRK
theory. Similarly, the quenching process, leading to POCl3' formation, was modeled with
a fractional Langevin rate constant that represented the quenching process. These results
demonstrate the problems associated with interpretation of dissociative electron capture
processes since energy distributions of the excited capture complex are strongly
influenced by operative pressures.
In contrast to the first two studies of pressure - dependent EC behavior, the third
section focussed on pressure - related issues of analytical importance to PHPMS kinetic ,
measurements. The kinetics of the pressure - independent SN2 reaction of F" + CH3I
were examined over a wide range of pressures, buffer gases and ion source aperture
dimensions in order to determine what impact these conditions have on a rate constant
that should assume a constant, collisional.value. If PHPMS ion source ventilation is
characterized by molecular flow conditions (low pressures and small apertures), then
ventilation will become mass —dependent and result in an enrichment of relatively heavy
neutral reagents. Conversely, at relative high pressure with large source apertures, the
ion source contents are ventilated under mass - independent, viscous flow conditions that
do not enrich neutral concentrations.' Ion source ventilation in the PHPMS was found to
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lie between molecular and viscous flow regimes and, subsequently, discrepancies
between apparent and actual neutral ion source concentrations led to experimental rate
constants that substantially exceeded the accepted reaction rate constant. This work led
directly to a new appreciation of the potentially deleterious effects molecular flow
conditions on the quality of PHPMS ion - molecule kinetic analysis.
The final section returned to the electron capture work of the first two sections
and examined methods that might inhibit the destructive TED processes and side
chemistry that degrades ECMS detection sensitivities.

This was achieved through

exploitation of Lewis acid — base interactions between SiF^ and oxygen containing
compounds of relatively low electron affinity. These interactions led to the formation of
SiF4 adducts and the stiength of these adducts displayed a substantial inverse dependence
on neutral electron affinity. Presumably, this negative electron affinity dependence was
simply a reflection of the poor negative charge distribution found in molecular anions
from low EA compounds where the majority of excess charge is held on the nitro group
oxygens. This negative charge localization leads to a stronger interaction between the
oxygen atoms of the nitro group and the electron deficient center of the SiF4 compound.
This reality increases the potential utility of this method since these SiF4 interactions are
target - specific and more efficient for low EA compounds most susceptible to TED and
side chemistry loss mechanisms.
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