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Mass Spectrometry—Not Just a Structural Tool:
The Use of Guided Ion Beam

Tandem Mass Spectrometry

to Determine Thermochemistry
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Guided ion beam tandem mass spectrometry has proved to be a robust tool for the
measurement of thermodynamic information. Over the past twenty years, we have elucidated
a number of factors necessary to make such thermochemistry accurate. Careful attention must
be paid to the reduction of the raw data, ion intensities versus laboratory ion energies, to a
more useful form, reaction cross sections versus relative kinetic energy. Analysis of the kinetic
energy dependence of cross sections for endothermic reactions can then reveal thermodynamic
data for both bimolecular and collision-induced dissociation (CID) processes. Such analyses
need to include consideration of the explicit kinetic and internal energy distributions of the
reactants, the effects of multiple collisions, the identity of the collision partner in CID
processes, the kinetics of the reaction being studied, and competition between parallel
reactions. This work provides examples illustrating the need to consider this multitude of
effects along with details of the procedures developed in our group for handling each of

them.
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hen does a mass spectrometer become an ion
Wbeam instrument? Is this defined by the in-

strument, by whether the operator is an ana-
lytical or physical chemist, or by the experiments done?
All mass spectrometers utilize ion beams, but the un-
spoken definition of an ion beam instrument is an
apparatus that can be used to make quantitative phys-
ical measurements. In this regard, the capabilities of the
instrumentation and the intent and training of the
operator are all important factors. Whereas a mass
spectrometer is often used as an identification tool
through the use of mass spectral patterns, by taking
advantage of the ability to easily change the kinetic
energy of ions, it can also be a powerful instrument for
the determination of thermodynamic data.

In this article, I lay down some of the founding
principles behind our use of tandem mass spectro-
metry, and in particular, so-called guided ion beam
mass spectrometry to elucidate thermochemical infor-
mation. This is achieved primarily by examining the
kinetic energy dependence of endothermic ion-mole-
cule reactions and determining their energy thresholds.
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Although many types of instruments have been used to
perform such measurements, the link between such
studies and guided ion beam techniques is a strong one.
Indeed, the NIST Webbook [1] states in its section on
Determinations of Reaction Endothermicity that “more
commonly a so-called guided-beam apparatus is uti-
lized for such determinations.” Considering that there
are only about a dozen such laboratories worldwide,
this is a testament to the ability of this particular kind of
apparatus to provide a plethora of high quality infor-
mation. However, such information requires attention
to myriad details, which are outlined in this article.

Two fundamental types of reactions can be used to
acquire thermodynamic information: Bimolecular ex-
change reactions, process 1, and collision-induced dis-
sociation (CID), process 2.

M* + AB—>MA" + B (1)
MA* + Rg—>M" + A + Rg ()

Reactions 1 can be either exothermic or endothermic.
The threshold for an endothermic bimolecular exchange
reaction is given by the difference between the bond
energy for the AB reactant, D(AB), and the MA™
product, DIMA™). As D(AB) is generally known, mea-
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Schematic diagram of one of our guided ion beam tandem mass spectrometers. The main

sections of the apparatus are indicated along with pumping capabilities and ion source possibilities.

surement of the threshold, E;, provides D(MA™)
straightforwardly. CID processes 2 are intrinsically en-
dothermic as a stable bond is being broken. Hence the
CID threshold is simply equal to D(MA™). For both
types of systems, the equivalence of thresholds with
such thermodynamic properties relies on the assump-
tion that there are no activation barriers in excess of the
endothermicity of the reactions. In many respects, this
is a key reason to perform such studies with ions
because the intrinsic long-range ion induced dipole
potentials involved help overcome the types of small
barriers commonly observed for neutral systems [2, 3].
Certainly, this assumption need not apply in all systems
studied; for instance, restrictions resulting from spin or
orbital angular momentum conservation can occur [3,
4]. Such issues must be assessed for each system of
interest. For CID processes, the quantum mechanical
properties of the electronic potential energy surfaces
have been evaluated [5], and confirms that this assump-
tion is applicable for heterolytic bond cleavages,
whereas systems that dissociate homolytically need
individual assessment.

The range of systems amenable to guided ion beam
studies is extremely broad. For example, we have used
reactions 1 to measure the binding energies of ionic
transition metal atoms and clusters to ligands such as
H, OH, (x = 0-1), NH, (x = 0-2), CH, (y = 1-4, x =
0-2y + 1), SH, (x = 0-1), and SiH, (x = 0-3). CID
studies have encompassed an even broader range of
systems including metals throughout the periodic table
and ligands such as rare gas atoms, H,, N,, CO, NO,
CO,, H,O, NH;, CH,, larger alkanes, C,H,, larger
alkenes, alkynes, alcohols, amines, ethers, aldehydes,

ketones, crown ethers, benzene, substituted benzenes,
azoles, azines, amino acids, and nucleic acids. In our
laboratory, studies have included over 50 different
elemental ions. Continued work in our group and
others is only expanding this list.

The Guided Ion Beam Tandem Mass
Spectrometer (BOQ)

Our guided ion beam tandem mass spectrometers
(GIBMS) have been specifically designed and con-
structed to allow precise control over the kinetic energy
of reactant ions in the region where they interact with
neutral reagents. In this regard, they differ from most
commercial instruments in that the interaction region is
physically larger than the mass spectrometers. Further,
the design principles centered around the idea that
transmission of the ions is more important than mass
resolution. Otherwise, accurate absolute reaction cross
sections cannot be measured. One of our GIBMS instru-
ments is shown in Figure 1 [6, 7]. Both of our instru-
ments have three sections in a BOQ (magnetic sector,
octopole, quadrupole) arrangement sandwiched be-
tween the ion source and detector. The second appara-
tus differs from that shown primarily in the source
region and because it has no second octopole [8].

A magnetic sector was chosen for the initial mass
analysis device to provide unit mass resolution, good
transmission, and a well-focused ion beam. As most
experiments generally employ only a single reactant
ion, this magnetic sector does not need to be actively
scanned during experiments. Focusing lenses before
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Figure 2. The reduced effective potential of an octopole and
quadrupole radiofrequency trap as a function of the fractional
distance between the center of the device and the rods.

and after the sector enhance ion transmission. An
exponential retarder lens system is used to decelerate
the ions to low energies while retaining a good focus
and low energy dispersion [9]. This provides an ion
beam with well-defined energies along the axis of the
instrument and low radial velocities (in contrast to the
use of an initial quadrupole mass analyzer).

The octopole ion beam guide is a rf-only device
pioneered by Teloy and Gerlich [10, 11]. Details of such
inhomogeneous radiofrequency devices are provided in
a comprehensive review by Gerlich [12]. The advan-
tages of a rf trapping field in the interaction region
include enhanced collection efficiency of scattered reac-
tant and product ions and the ability to extend the
usable energy region below about 1 eV (lab) down to
thermal energies, about 0.04 eV (lab). The key advan-
tage of an octopole over the conceptually similar rf-only
quadrupole is that a more homogeneous trapping field
is obtained with more rods. In addition, the time-
averaged radial trapping field of a rf multipole device
can be shown to vary as r” 2 where r is the distance
away from the center of the device and p is the number
of poles [6, 12]. Thus, a quadrupole has an effective
trapping field that is quadratic, p — 2 = 2, whereas the
octopole field varies as r°. These fields are shown in
Figure 2. Because the octopole field has a relatively flat
region in its center, it perturbs the ion energy in the
radial direction much less than the quadrupole field,
providing much better defined ion energies. In addi-
tion, the depth of the trapping field varies as (p/2)* such
that the octopole field provides a four-fold stronger
potential than the quadrupole for the same applied
voltage, as shown in Figure 2. In the apparatus shown
in Figure 1, a second octopole has recently been added
[7]. This device is designed for chemical physics exper-
iments in which the velocities of the ions are measured
in both the axial and radial directions, such that full
three-dimensional maps of the product ions can be
ascertained [7, 12-14]. For the experiments discussed in
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the present work, the presence of this second octopole is
largely benign, being neither beneficial nor a hindrance.
We chose a quadrupole mass filter for the second
mass analyzer because this device provides good
throughput for ions having widely varying trajectories
(as product ions tend to display). In general, the quad-
rupole is operated at the lowest resolution necessary to
resolve reactant and product ions in order to keep
transmission high. A key component of this instrument
is the lens system between the octopole and quadru-
pole. These lenses need to efficiently transport ions
emerging from the octopole (which can have large
radial velocities because of the rf voltages) into the
quadrupole. Finally, the detector chosen was a Daly
detector [15], which incorporates a high voltage first
dynode held at about 25 kV or higher. This detector
provides near unit sensitivity for counting ions.

Ion Sources

Another feature of our GIBMS instruments is the ver-
satility of the ion sources. In early work, we utilized
electron impact and surface ionization sources as a
means to alter and control the extent of internal energy
in the reactant ions produced. Later, we developed a
flow tube source that provides extensive collisional
cooling of the ions (about 10° collisions) and allows
chemical reactions (notably, three-body condensation)
as well [16]. For ion production, the flow tube can be
connected to microwave discharge, dc (glow) discharge,
electron impact, or laser vaporization ion sources. To
study reactions of metal cluster cations, we also devel-
oped a laser vaporization/supersonic expansion source,
in essence a mini-flow tube [17]. This source is still
unique in that it uses a copper vapor laser operating at
7 kHz, thereby making a quasi-continuous metal cluster
ion beam. Presently, we are also developing an electro-
spray ion source to couple to the flow tube. This variety
of sources provides great flexibility in generating ions
under well-controlled conditions, as illustrated in the
results described below.

Conversion of Raw Data

In a typical GIBMS experiment, reactant ions are se-
lected using the initial momentum analyzer and fo-
cused into the collision cell containing the reactant
neutral of choice. A mass spectrum of the resulting ions
is taken using the quadrupole mass filter to determine
what products are formed. Generally, this is performed
at several ion kinetic energies, which are determined by
varying the dc voltage applied to the octopole. Ion
intensities of the reactant and product ions are then
measured while sweeping the ion kinetic energy, in-
cluding through the region where the reactant ions no
longer have enough energy to pass through the octo-
pole. On alternate energy sweeps, the neutral gas is
directed into the vacuum chamber, but not into the
collision cell. The resultant raw data are reactant and
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product ion intensities (both with and without gas in
the cell) as a function of the ion kinetic energy. To
convert these data to a more usable form that is inde-
pendent of the instrument used to acquire the data,
several transformations are required. One involves con-
verting from the kinetic energy of the ion, the labora-
tory energy, to the center-of-mass energy, the energy
available to the reaction system for chemical transfor-
mations. A second involves converting the ion intensi-
ties to cross sections, which represent the intrinsic
probability for reaction.

Absolute Zero of Energy

If the energy scale for reaction is to be known accu-
rately, then it is clearly important that the zero of this
scale be ascertained. Indeed, we have documented
examples in the literature where an understanding of
the reaction was hindered for years by the failure to
independently assess where the absolute zero of energy
was located [18]. Experimentally, this can be difficult
because the potentials where the ions are formed and
where they react may not equal the applied potentials.
Differences of several volts can be realized as a conse-
quence of contact potentials, field effects (especially in
the ion source), space charge effects, and surface charg-
ing. In our instruments, the zero of the ion energy is
routinely determined for each experiment by measur-
ing the reactant ion intensity as a function of the dc bias
potential applied to the entire octopole as this is swept
through the zero of energy. This sweep gradually cuts
off ions with less energy than the applied voltage.
Because the retarding measurement and reactions are
performed in the same physical region of the apparatus,
ambiguities with regard to contact potentials and field,
space charge, and surface charging effects in the ion
source are eliminated. These latter effects are less likely
in the reaction region because of the much lower ion
intensities here. In early ion beam experiments, retar-
dation methods were notoriously difficult because the
slow moving ions were very easily lost. However, such
problems are avoided here because of the trapping
characteristics of the octopole ion beam guide. The
resulting retardation curve is differentiated to yield a
direct measurement of the distribution of ion kinetic
energies. Ordinarily, this curve is nearly Gaussian in
shape. By fitting a Gaussian function to the entire data
set, the center of the peak, which equals the absolute
zero of energy, can be determined with a precision of
0.05 eV (lab). The full width at half maximum varies
with the ion source, but widths of 0.2 eV (lab) are
routinely obtained. Such retardation measurements can
be adversely influenced by potential barriers along the
octopole (e.g., when it is dirty), such that the energy
zero can be shifted to slightly higher energies. How-
ever, the accuracy of the energy scale measured using
this retardation procedure has been verified by time-of-
flight measurements [6, 7], which are more time con-
suming than the retardation methodology but are based
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on a potential averaged over the entire length of the
octopole. The agreement between the two methods
indicates that the retardation measurements are ade-
quate for routine work as long as the cleanliness of the
octopole is maintained.

Laboratory to Center-of-Mass Energies

In measuring thermodynamic quantities, it is critical to
know how much energy is available to the reaction
system. In any collision experiment, the translational
energy of the two colliding particles can be broken
down into two parts: The relative translational motion
of the two reactants and the motion of the entire
collision system through the laboratory. Because of
conservation of linear momentum, the energy tied up in
the latter part is conserved and therefore unavailable
for inducing chemical change during the reaction.
Hence the relative kinetic energy of the two particles,
the so-called center-of-mass energy, Ecy, is the quantity
of interest in determining threshold phenomena. In
beam-gas experiments like those performed using our
GIBMS instruments, the neutral reactant is essentially
stationary (on average, this is explicitly so) whereas the
ion has an appreciable velocity defined by its laboratory
energy, Ey,,. This circumstance leads to a particularly
simple expression for converting from E,, to Ecyy
namely, Ecy; = Ey, m/(m + M) where m and M are the
masses of the reactant neutral and ion, respectively.
This formula accurately describes the mean of the
energy distributions, however, the kinetic energies of
both the ion and the neutral have distributions that
must be explicitly considered in the data analysis, as
described further below. In addition, this expression
fails if the entire distribution is not present, such as
when the ion beam energy distribution is truncated at
low energies. Corrections for such truncations are
straightforwardly made and are necessary at very low
kinetic energies [6].

The necessity for the laboratory to center-of-mass
conversion is nicely illustrated in Figure 3. Here, cross
sections for reactions 3 and 4 are displayed on both the
laboratory and center-of-mass energy scales.

W™+ H,>WH" +H 3)
W* + D,—>WD" + D @)

Because the H, and D, reactants are so much lighter
than the W reactant, the m/(m + M) factors are very
small, 0.011 and 0.021, respectively, but differ from each
other by a factor of approximately 2. Note that the
experimental results for H, and D, differ appreciably
when plotted versus E,,, but are nearly superimpos-
able when plotted versus Ecy,, as expected for chemical
processes that differ only by isotopic substitution. In-
deed, the small differences that remain are real and
result from the zero point energy differences in Dy(H,)
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Figure 3. Experimental cross sections for reactions 3 (open
circles) and 4 (closed symbols) as a function of laboratory energy,
part a, and center-of-mass energy, part b. Arrows in part b
indicate the bond energies of the H, and D, reactants at 4.478 and
4.556 eV, respectively.

= 4.478 eV versus Dy(D,) = 4.556 eV [19] and Dy(WH™)
versus Dy(WD™) [20].

A further verification that the center-of-mass scale is
the appropriate scale for thinking about chemical ob-
servations comes from the position of the peaks of these
two cross sections. In both cases, the probability for
forming WH* (WD™) reaches a maximum at the energy
where the product can begin to dissociate in the overall

processes 5. These reactions have onsets equal to Dy(H,)
and Dy(D,).

W* + H, (D) >W* + 2 H (D) (5)

Note that the cross sections peak very close to these
energies on the center-of-mass scale, but no such corre-
spondence is associated with the laboratory scale en-

ergy.

Correction for Background Signals

Because there is a background pressure of the neutral
reagent in the instrument, reactions can occur both
inside the collision cell and outside. In our instruments,
the octopole is at least twice as long as the collision cell,
such that the regions immediately outside the gas cell
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(where the pressure might still be appreciable) are still
inside the octopole, Figure 1. Thus, the kinetic energy of
the ions does not vary throughout the region where
ion-molecule collisions are probable. This feature is a
distinct advantage and differs from triple quadrupole
(QQQ) instruments where the gas cell extends to the
end of the central quadrupole. In most QQQ designs,
collisions outside the gas cell occur in the other two
quadrupoles, where the ion energies differ because they
are chosen for mass resolution and transmission pur-
poses.

Even in our instruments, however, the contributions
of reactions outside the confines of the collision cell
need to be accounted for because, although the pres-
sures may be low, the path lengths can be long. In our
experiments, this is accomplished by measuring the
product and reactant ion intensities with the neutral gas
no longer directed to the gas cell, but merely allowed
into the vacuum chamber. This provides the same
background pressure of neutral gas in all regions of the
instrument but the collision cell. Hence, product ion
intensities resulting from reactions outside the collision
cell along with background noise in the detection cir-
cuitry are explicitly measured and subtracted from the
signals obtained with gas directed to the cell. These
corrections are particularly important for threshold
measurements, where it is critically important to know
where zero signal is (so you know when you have a
non-zero signal). Approximately half of the time spent
in all our experimental measurements is used in deter-
mining where zero signal is.

Intensities to Cross Sections

The reaction cross section, o, is the intrinsic property in
collision/reaction theory that describes the probability
that two particles, here an ion and a neutral, collide and
proceed to products. A cross section has units of area
and is profitably thought of as the effective size of the
ion-molecule collision pair. Hence, units of 10~ '® cm? or
equivalently, A2 are generally used. Multiplication of
the cross section by the relative velocity of the reactants,
v, gives a rate constant, k(E) = ov. Averaging over a
Maxwell-Boltzmann distribution gives the more famil-
iar k(T) = <ov>,g. Thus, a cross section can be thought
of as a microscopic reaction probability directly related
to the rate constant for reaction at a specific kinetic
energy.

Calculation of the cross section from the ion intensi-
ties utilizes a relationship that is directly analogous to
the Beer-Lambert Law, specifically,

I =1, exp(—pot) (6)

where [ is the reactant ion intensity after passing
through the collision cell, I is the reactant ion intensity
entering the collision cell, € is the length of the collision
cell, and p is the number density of the neutral reactant,
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= P/kgT where P and T are the pressure and tempera-
ture of the gas and kj is the Boltzmann constant. Clearly
if no ions are lost during the collision and detection
process, then Iy — I = EIP, the sum of the intensities of
all product ions. As noted above, one of the key
advantages of the guided ion beam method is to en-
hance the collection efficiency of product and scattered
reactant ions, such that this relationship is effectively
realized. In the thin-target limit, which can occur for
either small € or p, the exponential term in eq 6 reduces
to (1 — pot) and we can write that I, = I, — I = Ipat
or that o = 3I,/(Iopt). We ordinarily use the exponen-
tial form to reduce our data. Reaction cross sections for
individual product ions are given by o, = o (I,/ZL).
To experimentally evaluate the cross section, each of
the terms in eq 6 must be determined. Certainly the
measurement of ion intensities is straightforwardly
done in mass spectrometry, although efficient collection
and detection is clearly important if the final absolute
cross section is to be accurate. Measurements of the
pressure (good to about 10%) and temperature (very
accurate) of the neutral reactant, as needed for p, are
also straightforwardly made. Technically, there is really
a pressure profile for any collision cell because of the
open apertures necessary to let the ions in and out,
Figure 1. The effects of this profile are generally incor-
porated into the quantity €, which could simply be the
physical length of the collision cell, but is generally
defined as an effective length, meaning that it accounts
for the distribution in pressures across its length. In our
instruments [6—-8], we designed our collision cells to
have central regions of well-defined length and pres-
sure with tubes that tightly surround the octopole,
Figure 1. The pressure is presumed to decrease linearly
in these tubes to the background pressure, which is
about 100 times smaller than the cell pressure given the
pumping in our instruments. This gives a trapezoidal
pressure profile such that the effective length of the
collision cell is equal to the length of the central portion
plus one/half the length of the two tubes. The accuracy
of this characterization, presumed to have an uncer-
tainty of about 10%, is evaluated as described next.

Assessment of the Accuracy of the Absolute Cross
Sections

When we assembled our first GIBMS, we sought to test
whether the assumptions regarding the gas cell length
and collection efficiency were valid. In doing this, we
examined several test systems where absolute cross
sections had been measured previously by others. Our
original idea was to use these previous results to
empirically determine our effective gas cell length, but
such comparisons have consistently shown that no
empirical correction is needed. Our instruments pro-
vide absolute cross sections that are the equal of any
measured elsewhere.

One of these systems, Ar* + H, — ArH" + H, was
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Figure 4. Experimental cross sections for the reaction of N with
H, (closed symbols) as a function of laboratory energy, upper
x-axis, and center-of-mass energy, lower x-axis. Open circles and
triangles show results taken from Turner et al. [23] and Hierl et al.
[24], respectively. At low energy, open diamonds indicate several
room temperature rate constants approximately converted to cross
sections. The dashed line indicates the theoretical collision cross
section [25]. Vertical bars on a few data points indicate 20 % uncertainties
in the guided ion beam results.

published and clearly demonstrated the abilities of the
GIBMS to measure accurate absolute cross sections as a
function of energy [6]. We found excellent agreement
between our data and that from previous beam studies
that measured cross sections at higher energies and
drift tube studies that determined rate constants as a
function of energy at lower energies. Subsequently, we
also tested our methods directly against theory, show-
ing for instance that the exothermic O*(*S) + H, (D,) —
OH" (OD") + H (D) reactions have cross sections
within a few percent of theoretically predicted cross
sections at low energies [21]. Another example is shown
in Figure 4, which shows early, unpublished work on
the exothermic reaction Ny + H, — N,H™ + H,
confirmed some eight years later by subsequent studies
[22]. The figure shows that our cross sections agree very
well with two previous studies [23, 24], which span a
typical energy range for ion beam experiments without
ion guides. At low energy, our cross sections also agree
nicely with several room temperature rate constant
measurements (see [22] for references) approximately
converted to cross sections and with the theoretical
collision cross section [25]. The deviations between
experiment and the predicted collision cross section at
intermediate energies (>0.02 eV) are real and discussed
in detail in our subsequent work [22]. In this work, our
cross sections at low energies were converted to a
thermal rate constant of 1.7 = 0.4 X 10~? cm®/s. This
can be compared with eleven literature values, which
range from 1.4-2.2 X 10™° cm®/s and average to 1.7 =
0.3 X 107? ecm®/s, and with the collision rate of 1.56 X
107% cm®/s [25].
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Important Factors in the Data Analysis

Over the course of the last two decades, our research
into the kinetic energy dependence of ion-molecule
reactions has evolved considerably. We have elucidated
a number of factors that must be considered in order to
extract accurate thermodynamic information from such
studies. These various factors are described and illus-
trated in the following sections.

A Simple Model for the Kinetic Energy
Dependence of Reactions

There is no simple theory that describes the kinetic
energy dependence of chemical reactions. The closest
most chemists come to such an expression is the Arrhe-
nius equation, k(T) = A exp(—E,/kzT), which is really
just a simple empirical means of parameterizing the
temperature dependence of rate constants over finite
temperature ranges. To elucidate the kinetic energy
dependence of reactions, we similarly turn to a simple
empirical formula:

o(E) = o (E — Eg)"/E™ @)

where E is the energy available to the reaction system
(Ecap)s Eo is the threshold for reaction, oy is an energy
independent scaling factor that controls the magnitude
of the cross section, and n and m are parameters that
control the shape of the energy dependence. At energies
below E,, the model predicts that o(E) = 0. The history
of this model form has recently been reviewed [26], but
can be traced to a variety of different functions (having
different values of n and m) that all were developed to
describe the kinetic energy dependence of chemical
reactions. In addition, it can be noted that multiplying
eq 7 by the velocity and averaging over a Maxwell-
Boltzmann distribution does yield an Arrhenius-like
function for k(T), although A exhibits a temperature
dependence that is specified by the particular n and m
values.

Over the course of time, we have determined that the
use of eq 7 with m = 1 generally provides an adequate
treatment of the kinetic energy dependence of ion-
molecule reactions and one that can be theoretically
justified [27]. However, we [28, 29] and others [30] have
documented exceptions to this conclusion associated
with reactions that are limited by coupling between
reaction surfaces of different spin. In such cases, an
additional E~'/? factor needs to be introduced such that
m is effectively 1.5. As discussed in detail in our most
recent work [29], this expression can be justified by
appealing to a Landau-Zener model [31, 32] and agrees
with several modern theoretical treatments [33, 34] for
the kinetic energy dependence of the crossing probabil-
ity between diabatic surfaces of different spin multiplic-
ities.

The parameter n is an empirical representation of
various factors that change the reaction probability and
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Figure 5. Experimental cross sections for reaction 3 (circles) as a
function of laboratory energy, upper x-axis, and center-of-mass
energy, lower x-axis. The dashed line shows the model of eq 7
with the parameters given in the text, and a variation of this model
at high energies that accounts for reaction 5. The full line shows
this model convoluted with the kinetic energy distributions of the
reactants. The arrow indicates the bond energy of the H, reactant
at 4.478 eV.

generally varies with the complexity of the system
being studied. As discussed elsewhere, values of n can
be related to the phase space available to the reaction
[26]. For the case of CID reactions, we have recently
performed experiments that demonstrate a relationship
between the n parameter and the efficiency of energy
transfer in the initial collision [7]. This work bolsters the
use of eq 7, and its derivatives below, in modeling the
kinetic energy dependence of CID reactions.

Translational Motion of the Reactants: Doppler
Broadening

In interpreting the thresholds of reaction cross sections
using the model function, eq 7, the kinetic energy
distributions of the reactants must be included. This
was first recognized by Chantry [35], who outlined the
mathematical treatment required for the kinetic energy
distribution of the neutral species. Lifshitz et al. later
extended this to include the kinetic energy distribution
of the ionic reactant [36]. The importance of this effect
can be seen by examining Figure 5, which shows cross
sections for reaction 3 [20]. It can be seen that the
apparent threshold, the energy at which the experimen-
tal cross section first deviates from zero is about 1.5 eV
and then the cross section gradually rises. Combined
with Dy(H,) = 4.48 eV, such a threshold energy would
mean that D(W*"-H) ~ 3.0 eV. This disagrees grossly
with a theoretical prediction of 2.16 eV [37].

Figure 5 also shows our model function, eq 7, as the
dashed line. When convoluted with the motion of the
neutral, so-called Doppler broadening, we obtain the
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full line. The kinetic energy distribution of the ionic
reactant is negligible here because of the large lab to
center-of-mass energy conversion factor. Clearly, the
convoluted model reproduces the data with excellent
fidelity throughout the low energy range and into the
noise level. This good agreement is obtained when the
parameters of eq 7 are 0, = 6.7, n = 1.1, and E, = 2.18
eV. This threshold yields D(W*-H) ~ 2.3 eV, in reason-
able agreement with the theoretical value. (Our more
refined experimental value, Dy(W*-H) = 2.27 = 0.05 eV
[20], requires careful consideration of the internal en-
ergy effects, as discussed below). The Doppler broad-
ening is particularly severe in this case because the
neutral reactant is light such that it has a large velocity
distribution at room temperature. The accuracy of this
treatment has been verified many times and the need to
account for the kinetic energy distributions is unambig-
uous.

The need for including Doppler broadening in the
analysis is also illustrated at high energies in Figure 5.
As noted above, the dissociation process 5 can begin at
Dy(H,) = 4.478 eV. To account for this new process, we
incorporate another empirical representation of the
kinetic energy dependence of this secondary process, as
described in detail elsewhere [38]. In the analysis shown
in Figure 5, the model holds the threshold for the
dissociation process 5 at its thermodynamic value,
adjusting only a parameter that describes the rapidity of
the decline. Despite this restriction, the model cross
section reproduces the high-energy behavior with very
good accuracy. The effects of the thermal motion of the
neutral reagent are again evident as the difference
between the convoluted and unconvoluted models,
Figure 5.

Internal Enerqy of the Reactants: Electronic

In seeking to understand threshold phenomena, it is
important to know about all the energy available to the
reactants. In our early work on the reactions of transi-
tion metal ions, it became clear that different electronic
states of the metal ions could have a strong influence on
the observed reactivity [39-43]. This became particu-
larly evident when the reactivity was examined as a
function of kinetic energy, as thresholds for reaction
would shift depending on the presence or absence of
different electronic states. Because the energies of such
states can be large (although for transition metal ions,
they can also be deceptively small), such shifts can be
obvious. An example taken from recent work on the
reaction of Cr* + CS, [44] is shown in Figure 6. Three
experimental results, which differ in the source used to
produce the metal ion, are shown. The coldest source,
surface ionization (SI), provides a beam that is 100 %
ground state Cr*(°S). Analysis of this cross section
using eq 7 yields a threshold of 1.79 = 0.12 eV and thus
a Cr'-S bond energy of 2.71 * 0.13 eV. When the ions
are formed by a dc discharge/flow tube combination
(dc/FT), the cross section shows the same cross section
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Figure 6. Experimental cross sections for the reaction of chro-
mium cations with carbon disulfide (symbols) as a function of
laboratory energy, upper x-axis, and center-of-mass energy, lower
x-axis. Results are shown for chromium cations produced in three
different ion sources: Surface ionization at 1550 K (open triangles),
dc discharge/flow tube (dc/FT) source with methane gas added
(closed squares), and the dc/FT source with no cooling gas added
(open circles). The dashed lines show the model of eq 7 and full
lines show these models convoluted with the kinetic energy
distributions of the reactants.

at high energies (>1.5 eV) along with a new feature at
low energies that exhibits no threshold, i.e., an exother-
mic reaction similar to the behavior observed in Figure
4. These results indicate that most of the Cr* ions
formed in the dc/FT source are in the °S ground state,
but electronic states of Cr" having energies in excess of
1.79 eV are present. Such states include the second
excited state, “D, and above [45]. Methane has been
shown to react efficiently at thermal energies with these
higher lying states [39, 46—-49]. Consequently, when
small amounts of methane gas are present in the flow
tube source, the excited states are removed leaving
behind ions that yield the third cross section shown.
This shows an endothermic feature at energies below
the threshold for the Cr*(°S) cross section. Modeling
these low energy data gives a threshold that is 1.36 =
0.16 eV below that for reaction of Cr*(°S). This energy
corresponds nicely to the average excitation energy of
the °D first excited state, 1.522 eV [45]. This state is
known not to react with methane at thermal energies
[49]. Clearly, electronic energy, E, is available to the
reactants and can drastically alter the appearance of the
cross sections and the thresholds observed. Therefore,
we alter eq 7 to include this source of energy yielding eq
8.

o(E) =0y (E+ E4q — E)"/E 8)

If more than one electronic state is involved in the
observed reaction, then the expression needs to include
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a sum over all states and the fractions of each state in
the reactant ion beam.

Internal Energy of the Reactants: Vibrational

Compared with electronic excitation, the influence of
vibrational energy on reaction thresholds is more diffi-
cult to ascertain unambiguously for two reasons. First,
the energies involved can be much less than electronic
excitation. Second, except for rare state-specific experi-
ments [50], vibrational excitation is generally available
as a distribution characteristic of the temperature of the
reactants, meaning that sharp features, such as those
observed in Figure 6, are not observed. Because of this
distribution of vibrational energies, the shape of the
model function, eq 7, is altered by introducing more
curvature. Thus, the determination of accurate thresh-
olds cannot be performed by simply adjusting the
threshold measured for the average vibrational energy,
which we have shown explicitly [3, 51]. To obtain the
most accurate thermochemistry from threshold analy-
ses, the entire vibrational energy distribution must be
included as an explicit sum over all vibrational states, as
shown in eq 9,

0(E) =092 gy (E+ Eyyp, — E)"/E )

where gy, is the population and E,, is the energy of
each vibrational state.

One means to determine whether vibrational energy
must be included in threshold modeling is to examine
systems in which the thermochemistry is already
known. An example of such a system is lithium ion
water clusters, Li*(H,0),, which have been studied by
both CID [52] and high pressure mass spectrometry
(HPMS) [53]. Our CID results for the x = 2 and 5
clusters are shown in Figure 7. The model of eq 9 is
shown convoluted over the kinetic energy distributions
of the reactants. Unconvoluted models, i.e., for reactants
having internal energies of 0 K and monoenergetic
interaction energies, are also shown. It can be seen that
the apparent thresholds for these systems are about 1
and 0 eV, respectively. Equilibrium measurements of
the (H,O)Li*-OH, and (H,O),Li*-OH, bond energies
obtained by Dzidic and Kebarle [53] using HPMS
provide 298 K bond energies of 108 = 4 and 58 * 4
kJ/mol. These values can be converted to 0 K bond
energies for comparison to our threshold measurements
using molecular constants calculated by ab initio theory
[54]. These values, 1.11 and 0.57 = 0.04 eV, respectively,
are also shown in Figure 7 by the arrows. Clearly, the
HPMS values agree nicely with the onsets of the uncon-
voluted models (dashed lines), but not with the appar-
ent thresholds. Average internal energies of these two
clusters at room temperature are 0.11 and 0.38 eV,
respectively, values that account for much of the differ-
ence between the unconvoluted and convoluted mod-
els. Without including vibrational energy in the analysis
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Figure 7. Experimental cross sections for collision-induced dis-
sociation of Li*(H,O), (expanded by a factor of five) and
Li*(H,O)s with Xe as a function of center-of-mass energy. The
dashed lines show the model of eq 9 for reactants with no internal
energy. The full lines show these models including the internal
energy distributions and convoluted with the kinetic energy
distributions of the reactants. Arrows indicate the bond energies
for these complexes measured by equilibrium methods at 1.11 and
0.57 eV, respectively [54].

of these data, bond energies for the Li*(H,0), com-
plexes would differ appreciably from those determined
by equilibrium methods. When these internal energies
are included, bond energies obtained by CID and
HPMS agree within experimental uncertainty for x = 2,
3,4, and 5 (no value was measured by HPMS for x = 1).
These values also agree well with high level ab initio
calculations [54]. Similar agreement has been obtained
for a variety of other complexes, making it clear that
vibrational and translational energy are both available
to drive reactions.

Internal Energy of the Reactants: Rotational

Elucidating the influence of rotational energy on reac-
tion thermochemistry is even more difficult than for
vibrational energy because the amounts are so small.
Contributions can be kgT/2 (0.013 eV at 298 K) for each
rotational degree of freedom in the reactants, leading to
a maximum total rotational energy contribution of 0.08
eV for two nonlinear reactants. Conceptually, including
rotational energy seems reasonable as the collision
event can thoroughly mix the various sources of energy
available to the reactants. Conservation of angular
momentum could conceivably limit how much rota-
tional energy is available, but rotational angular mo-
mentum is mixed with the orbital angular momenta of
the reactants and products, and the latter are ordinarily
much larger. In most systems studied experimentally,
the rotational energies are comparable or less than the
uncertainties in any threshold determinations, such that
comparisons with other experiments or theory cannot
provide a definitive answer. In a few cases, it has been
demonstrated that rotational energy is available, e.g., in
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the reactions of C* + H,, HD, D, and N* + H,, HD, D,
[18, 55-57]. Viggiano and Morris have concluded that
rotational and translational energy are equally available
for driving slightly endothermic charge transfer pro-
cesses [58]. In other cases, the precision afforded by
analysis of competitive CID processes (see below) has
permitted evaluations which suggest that rotational
energy is not active in promoting proton transfer reac-
tions [59, 60]. At present, there are no guiding principles
that elucidate which systems should or should not
include rotational energy. As there is no good concep-
tual reason to exclude this source of energy at present,
we have consistently included it in our threshold deter-
minations.

To include all sources of reactant internal energy
(electronic, vibrational, and rotational), we presently
use eq 10 as our standard model.

o(E) = 09 2g,(E + E; — EQ)"/E (10)

Here, there is an explicit sum over all states i represent-
ing all rovibrational and electronic states of the reac-
tants with energies E; and populations g;, where 2g; = 1.
This requires molecular parameters (electronic, vibra-
tional, and rotational constants) of both reactants along
with information regarding the populations of these
states. These parameters can be experimental values
when available or obtained from ab initio calculations.
To properly define the populations, we note that the
neutral is usually at room temperature and when the
flow tube source is used to generate ions, the ions can
also be characterized as having a room temperature
internal energy distribution. A well-characterized ion
source is therefore a key component in accurate ther-
modynamic work.

Single versus Multiple Collisions

In many circumstances, the pressure in the collision cell
can be operated low enough that the probability of
secondary collisions is sufficiently small so that result-
ing perturbations in the reaction cross sections are
small. However, experimentally, there is no such thing as
truly single collision conditions. Unless there is only a
single neutral reactant molecule in the collision cell,
there is always a finite probability that a reactant ion
can undergo sequential collisions with the reactant
neutrals. Even though true single collision conditions
cannot be achieved in the laboratory, reaction cross
sections for single collisions can be measured straight-
forwardly by extrapolating cross sections measured at
different pressures to the zero pressure limit, rigorously
single collision conditions.

Does it matter whether multiple collisions take
place? If you are trying to obtain accurate threshold
information, then the answer is a definitive yes, unless
you explicitly account for multiple collisions in the
modeling. The advantage of dealing with single colli-
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sions is that the energy of the ion-molecule reaction is
well defined, whereas in multiple collisions, each colli-
sion leads to increased variability in the distribution of
reactant velocities. The effects of multiple collisions can
be most obvious in bimolecular reactions, as was ap-
parent in some of our earliest studies [6, 21, 55]. For
example, in the reaction of Ar" + H,, the dominant
product channel is ArH" + H, but charge transfer is
also observed at low energies [6]. The H; product of
this reaction goes on to react with H, to form Hy + H
very efficiently. Clearly, H3 cannot be formed in a
single bimolecular encounter between Ar" and H.,.
Examination of the pressure dependence of these pro-
cesses shows that the intensities of the ArH™ and Hj
product ions increases linearly with pressure, as ex-
pected for eq 6 at low pressures. In contrast, the Hy
intensity increases quadratically, as expected for the
product of a secondary reaction. The slope of these lines
at zero pressure accurately gives the single collision
cross sections. Alternatively, one can convert the inten-
sities to apparent cross sections using eq 6. Then,
o(ArH™) and o(H3) are found to be constants at low H,
pressures, whereas o(Hj) increases linearly with pres-
sure and is zero at zero pressure. Hence, an extrapola-
tion of the cross sections to zero pressure provides the
required single collision cross sections.

A somewhat more subtle pressure effect is observed
for CID reactions because here the product ions do not
change. However, multiple collisions can deposit more
energy than a single collision at the same laboratory ion
energy such that the threshold for product formation in
reaction 2 shifts to lower energies. This effect is system-
atic and omnipresent, although some systems are more
sensitive than others, for reasons outlined below. An
example of this pressure effect is shown in Figure 8 for
the CID of Na*(benzene) with Xe. Results for two
pressures of Xe (0.07 and 0.20 mTorr) are shown and
correspond to single collision probabilities in our in-
strument of 2.5 and 8%, respectively (calculated using
eq 6 with the cross section measured at high energies, 15
A?). Extrapolating these results (along with results for
an intermediate pressure, not shown for clarity) to zero
pressure of Xe yields the line shown in Figure 8.
Analyses of these three data sets finds thresholds that
are shifted to lower energies by 0.04 eV at 0.07 mTorr
and 0.10 eV at 0.20 mTorr. Thus, even though the results
shown correspond to what is generally considered
single collision conditions, i.e., the probabilities of sec-
ondary collisions are only 0.6% at the highest pressure,
the effects of secondary collisions definitely skew the
measured thresholds. Further, Figure 8 illustrates that
the observation of such pressure effects is subtle and
requires high precision data, but the effects on the
threshold analysis are distinct. Ultimately, analysis of
CID data that has not been corrected in this fashion
provides only a lower limit to the correct thermochem-
istry.
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Figure 8. Experimental cross sections for collision-induced dis-
sociation of Na*(C¢H,) with Xe as a function of laboratory ion
energy, upper x-axis, and center-of-mass energy, lower x-axis.
Data obtained at a pressure of 0.07 (open circles) and 0.20 (closed
circles) mTorr of Xe are shown. The line is an extrapolation of
these data to zero pressure of Xe, rigorously single collision
conditions.

Collision Partner in Collision-Induced Dissociation

The neutral reagent in collision-induced dissociation
experiments, Rg in reaction 2, is optimally chosen to
provide efficient kinetic to internal energy transfer
during the collision, while minimizing the amount of
energy removed after the collision. Both principles can
be realized if there are long-lived collisions in which the
transient M™(A)(Rg) complex dissociates statistically.
Presuming the ligand A is modestly complex, there are
many more internal modes than translational modes
such that statistical behavior puts most of the reactant
kinetic energy into internal energy of the complex. (This
has been explicitly demonstrated by kinetic energy
release distributions, which find that the maximum
kinetic energy of receding products is near zero for
statistical dissociations; see for example [61]). The
amount of energy removed by Rg can be further re-
duced by the use of monatomic gases, e.g., the rare
gases, which have no internal modes.

In order to maximize the probability that the MA™ +
Rg collision will form a long-lived complex, Rg should
bind as strongly as possible to ions. Thus, Rg should be
polarizable, and among the rare gases readily available,
Xe has the highest polarizability. Therefore, the use of
Xe as an efficient collision gas for CID experiments can
be rationalized. The relative efficiency of collisional
energy transfer with Xe versus the other rare gases has
been empirically demonstrated in a number of studies
in our group [16, 51, 62-64]. In some cases, we have
documented that other competing reactions, e.g., charge
transfer [16] or ligand exchange [65, 66], can adversely
affect the desired CID process, in which case, one of the
lighter rare gases may prove to be a better choice as a
collision gas.
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Kinetic Shifts

All energized complexes have finite lifetimes for disso-
ciating. Such complexes can be formed in a bimolecular
reaction, e.g., reaction 1 forms MAB?" as a transient
intermediate that always has enough energy to dissoci-
ate to reactants and, depending on the energetics, may
also dissociate to products. Alternatively, collisional
energy transfer to MA™ in the CID reaction 2 can yield
MA™ as the energized complex. In our GIBMS experi-
ments, such energized complexes move through the
laboratory towards the detector (otherwise they are
never detected) with a time scale of about 10 * s (5 X
107* s in the double octopole apparatus). For small
molecules, the rates of reaction (dissociation) are suffi-
ciently rapid that MAB™ is never observed (under
single collision conditions) and CID of MA™ occurs
faster than the flight time of the ions once the internal
energy of the complex exceeds the bond energy. As the
molecules get larger, there are an increased number of
places in the complex where energy can be stored that
do not lead to reaction. Consequently, the lifetime of the
complex increases, and can eventually exceed the ex-
perimental timescale. Under these circumstances and
for a given sensitivity, the onset for product formation
is shifted to higher kinetic energies, resulting in a
kinetic shift. Increasing the energy in such long-lived
complexes increases the dissociation rate, enhancing the
probability of seeing products. Indeed, this effect is why
CID processes are particularly sensitive to multiple
collisions, because the extra collision deposits addi-
tional energy into the complex, such that its dissociation
rate can be increased by orders of magnitude at energies
near threshold.

If accurate thermochemistry is to be obtained from
the analysis of data plagued by kinetic shifts, then the
kinetics of dissociation must be included in the analysis.
This first became obvious to us in our studies of the CID
of transition metal cluster cations [8]. Subsequently, we
have refined our treatment upon several occasions [67,
68]. Presently, we use eq 11, which incorporates inte-
gration over a unimolecular dissociation probability.

E+E~Eo
o(E) = (noy/E) 2, gif [1 — ¢ *E+E—AE)T]

0

X (AE)" " d(AE), (11)

Here, AE is the energy that remains in translation after
collision, 7 is the average experimental time available
for dissociation (the ion time-of-flight from the collision
cell to the quadrupole mass analyzer, on average 100
and 500 ws in our two GIBMS instruments), and k(E +
E; — AE) = k(E*) is the unimolecular dissociation rate
constant, calculated using Rice-Ramsperger-Kassel-
Marcus (RRKM) statistical theory; see for example [69].
When the dissociation rate, k(E*), is faster than the
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time-of-flight of the ions, as for smaller ions, this
integration recovers eq 10.

Information necessary to utilize this model are mo-
lecular parameters for the energized molecules (for CID
reactions, this is the same information needed to assess
the internal energies of the reactant ions) and for the
transition state (TS) leading to products. For many
processes, we have argued [68] that the latter can be
accurately assessed assuming that the TS is loose and
located at the centrifugal barrier for product formation,
a so-called orbiting TS or phase space limit TS. This
should be true as long as the threshold for dissociation
corresponds to the asymptotic products, which is gen-
erally true for ion-molecule systems for the reasons
discussed above. In cases where a tight TS and barriers
are involved, this may be identified and the molecular
parameters provided by ab initio calculations. In such
circumstances, the threshold obtained corresponds to
the energy of the transition state, and no longer to the
product asymptote.

Our metal cluster cation work provided the first
examples of systems where the influence of kinetic
shifts was obvious [8, 70, 71]. In these cases, thresholds
for dissociation of My clusters would increase gradu-
ally until they exceeded bulk phase heats of vaporiza-
tion by factors of two for the largest clusters studied.
When kinetic shifts were included in our analysis, the
M, " bond energies would approach the bulk phase
limit for these larger clusters. Our best test of the
accuracy of these values is to examine the cohesive
energies of the clusters, defined as the sum of the bond
energies divided by the number of atoms. When kinetic
shifts are included, these values extrapolate to the bulk
phase heat of vaporization within 10% [71].

Another striking example of the need to assess
kinetic shifts is shown in Figure 9 for dissociation of the
complex of Na* with the 18—crown-6 cyclic polyether
[72, 73]. Here the apparent threshold is about 6 eV,
whereas analysis performed using eq 10 (without ki-
netic shifts) gives a threshold of 7.37 = 0.24 eV. Using eq
11 (with kinetic shifts) yields a threshold of 3.07 = 0.20
eV, which can be favorably compared with results from
ab initio theory of 3.44 eV [74]. (Indeed, at the level of
theory used, the bond energies of Na™ to other simple
ethers, where kinetic shifts should not be influential, are
systematically overestimated by 12 = 8%, which corre-
sponds to a shift of 0.37 = 0.25 eV in the 18—crown-6
system [73].) Such systems make it evident that kinetic
shifts must be included in the analysis of such larger
complexes. However, it should be realized that the accu-
racy of the estimated kinetic shift is limited by the models
used, including statistical RRKM theory, and the assump-
tions made regarding the transition states for the appro-
priate dissociation. In our work, generous uncertainties
are assigned to the molecular parameters used in eval-
uating the kinetic shifts, which should provide reason-
able uncertainties in the final threshold values.
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Figure 9. Experimental cross sections for collision-induced dis-
sociation of Na*(18—crown-6) with Xe as a function of laboratory
ion energy, upper x-axis, and center-of-mass energy, lower x-axis.
The dashed line shows the model of eq 11 that includes lifetime
effects but no internal energies. The full line shows this model
convoluted with the kinetic and internal energy distributions of
the reactants. Arrows indicate the bond energies for this complex
measured using eq 10 (no RRKM, which excludes lifetime effects),
using eq 11 (with RRKM), and calculated (theory) [74].

Competitive Shifts

Anytime two or more reactions occur in parallel, there
is the possibility that they can compete with one an-
other. Evidence for competition is abundant and may or
may not influence the thresholds for reaction. For
example, Figure 10 shows results for the reaction of W*
with perdeuterated methane [75]. The dominant pro-
cess observed is dehydrogenation, reaction 12, but at
higher energies, two additional processes of conse-
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Figure 10. Experimental cross sections for reactions 12-14 (sym-

bols) and their sum (line) as a function of laboratory ion energy,
upper x-axis, and center-of-mass energy, lower x-axis.
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quence are observed, reactions 13 and 14. (Others are
also present but have much smaller cross sections.)

W* + CD, —WCD," + D, (12)
—WD" + CD, (13)
—WCD*+D+ D, (14)

It can be seen that the total cross section behaves
smoothly with energy, indicating that the sharp decline
in the cross section for WCD; is a result of competition
with the other two channels. For reaction 14, this can
simply be decomposition of the WCD, product by loss
of a D atom, but WD" + CD; cannot be formed by
decomposition of WCD;. The explanation is that all of
these reactions occur via the transient intermediate,
D-W*-CD;, which at low energies can rearrange to
eliminate D, in reaction 12, but at higher energies, can
simply break the W-C bond to yield reaction 13. The
latter process is kinetically favored such that when its
threshold is reached, the intermediate preferentially
decomposes along this pathway, thereby reducing the
amount of this species that can rearrange to yield
reaction 12.

Another example of competition that illustrates the
effects on thermochemistry directly is competitive CID,
processes 15.

(LyM*(L,) + Rg—>M"(L,) + L, + Rg (15a)

—M*(L,) +L; + Rg (15b)
We first studied such processes in bisligated Li" com-
plexes of alcohols and water [76]. An example is shown
in Figure 11. Here the bond energy of Li* (H,0) is only
0.20 * 0.03 eV weaker than that of Li"(CH;OH), yet the
appearance of the two cross sections differs apprecia-
bly. The lower energy channel, Li"(CH,OH) + H,O,
has a cross section that rises rapidly and then levels out
once the second channel starts. This latter cross section
rises much more slowly but continues to rise as energy
is increased. The explanation for both behaviors is that
the same energized molecule, collisionally excited
(H,O)Li" (CH;0H), decomposes into both products. At
lower energies, only one pathway is open, Li"(CH;OH)
+ H,O, so this cross section rises rapidly from its
thermodynamic threshold. As the threshold for forma-
tion of Li*(H,0) + CH;OH is exceeded, the complex
can now decompose by two pathways. Statistically, the
number of states available to the lower energy channel
is much greater than to the higher energy channel, such
that the cross section for the second channel rises slowly
from its thermodynamic threshold, a victim of compe-
tition with the lower energy channel. As this second
channel opens, the formation of the first product chan-
nel slows, such that the cross section levels out. As the
energy increases further, the statistical difference in the
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Figure 11. Experimental cross sections for collision-induced dis-

sociation of (H,O)Li"(CH;OH) with Xe as a function of laboratory
ion energy, upper x-axis, and center-of-mass energy, lower x-axis.
The dashed lines show the model of eq 16 that includes lifetime
and competitive effects for reactants with no internal energy. The
full lines show these models convoluted with the kinetic and
internal energy distributions of the reactants.

two channels diminishes and the magnitudes of the two
cross sections approach one another more closely.

To quantify the effect that such competition can have
on the threshold determinations of such processes, we
have devised a statistical model for simultaneous anal-
ysis of such cross sections [76]. This is accomplished
using eq 11 as a template and simply including the fact
that there are multiple channels available. The equation
used to model competitive CID data is

_ oy, EPECE G(EY) s
9B =" 2 8 f kB

t 0

X (AE)"" Y d(AE), (16)

where indices j refer to a particular product channel and
ki = 2k;, where all rate constants are calculated using
RRKM theory. The ratio of dissociation rates ki/k..
introduces the coupling between product channels ;.
The scaling factors oy; are ideally the same for all
product channels. Our early work [76] indicated that
separate scaling was sometimes needed in order to
model the data well, however, more recent work iden-
tifies additional statistical factors (e.g., the symmetry
numbers of internal rotors) that are needed to provide
accurate modeling of the competition without the need
for empirical scaling factors [77].

In the case shown in Figure 11, independent analyses
of these two product cross sections yield a difference in
thresholds of 0.47 * 0.07 eV, whereas simultaneous
analysis of both channels using eq 16 provides a differ-
ence of 0.24 = 0.01 eV. This value agrees well with our



432 ARMENTROUT

recommended difference of 0.20 = 0.03 eV, which is
obtained by combining the relative threshold informa-
tion along with directly measured bond energies for
Li"(H,O) and Li*(CH;OH), which differ by 0.23 + 0.16
eV [78], and relative values from equilibrium measure-
ments, 0.20 eV [79]. Note that the precision of such a
competitive analysis is quite high, a consequence of the
requirement that two cross sections must be reproduced
simultaneously.

Conclusions

Guided ion beam tandem mass spectrometry has
proved to be a versatile means to examine the kinetic
energy dependence of a wide variety of ion-molecule
reactions. For endothermic processes, an analysis of this
dependence can provide thermodynamic information.
To ensure that such information is accurate, a number
of effects must be carefully considered in the conversion
of the raw data to instrument-independent cross sec-
tions and then in elucidating the thresholds for reaction.
These effects are illustrated and outlined in this manu-
script. The resulting thermodynamic information has
been verified in many systems throughout the years,
both by comparison to other experiments and to theory.
In many cases, however, such thermochemistry is un-
available from other sources, and it is here that reliable
GIBMS studies can have the strongest impact.

However, lists of thermodynamic information are
only the beginning. By providing comprehensive ther-
mochemistry on many related systems, insight into the
multitude of factors that control and influence bond
energies can be provided. Elucidating such trends al-
lows substantial predictive capabilities that transcend
the gas-phase environment where the thermochemistry
is measured. It is this descriptive information that
provides part of the intellectual challenge and the
driving force for much of our work. Unfortunately, a
review of the many stories that lie behind the thermo-
chemistry is beyond the scope of this article. Such
thermodynamic information has been compiled, re-
viewed, and coupled with explanations of the trends in a
number of recent sources. These include a reassessment of
all our early transition metal work [80], an updated
version that focuses on transition metal carbon bond
energies [81], articles that involve only transition metal
clusters [71, 82], a review of our transition metal sulfide
thermochemistry [83], and a recent comprehensive review
of noncovalent metal-ligand bond energies 84].
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