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The influence of vibrational excitation and collision energy on the ion-molecule reaction
NHF (v,)+NDj; has been investigated using a recently constructed quadrupole-octopole-quadrupole
mass spectrometer. The NH; reagent ions are prepared state selectively with 0-7 quanta in the »,
umbrelila bending mode by (2+1) resonance enhanced multiphoton ionization through the B or C’
Rydberg states of ammonia. Reactive collisions between the mass-filtered ion beam and a thermal
distribution of neutral reagent molecules occur with controlled collision energies (0.5-10.0 eV
center of mass) within the octopole ion guide, enabling product ions to be collected independent of
scattering dynamics. The reaction of NH; with ND; has three major product channels: (1)
deuterium abstraction, (2) charge transfer, and (3) proton transfer. Each of these channels exhibits
a strong dependence on ion vibrational excitation and collision energy. Product branching ratios and
relative cross sections are reported and compared with previous results. Briefly, both deuterium
abstraction and charge transfer are enhanced by vibrational excitation, whereas proton transfer is
suppressed. As the collision energy increases, the branching fraction for charge transfer increases
sharply, that for proton transfer decreases, and that for deuterium abstraction remains nearly
unchanged. These results point to a short-lived collision complex in which vibration and translation

play inequivalent roles.

1. INTRODUCTION

In attempting to understand reaction processes at a more
fundamental level, chemists prepare known reactant states
and determine the resulting product branching ratios and dis-
tributions of product states. State-to-state studies of dynam-
ics are well-known for neutral-neutral reactions but much
less so for ion-molecule reactions. The ease of charged par-
ticle manipulation, such as velocity control and charged par-
ticle detection, is a significant advantage in the study of ion-
molecule reactions. However, with charged particles, the
strong ion-dipole or ion-induced dipole forces present can so
dominate the reaction dynamics that more subtle features of
interest are hidden, limiting the accessible information. In
this paper we study a particular ion-molecule reaction,
NHJ (v,)+ND;, in which we can control the internal and
translational energies of the reagent ion and measure their
influence on the product channels identified by mass spec-
trometry. We find that despite the charged particle effects, the
product branching ratios and cross sections are sensitive
functions of reagent internal and translational energy, reveal-
ing a rich competition between different factors influencing
the outcome of a reactive collision event.

One- or multiple-photon ionization is typically used to
produce cationic reagents for ion-molecule studies of the in-
fluence of internal excitation on reactivity.! In such studies
the photoelectron energy distribution serves as a diagnostic
label for the internal energy of the resulting ion. Coincidence
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detection of photoelectrons produced by one-photon ioniza-
tion and product ion signals has been widely employed to
study the reactivity of ions with controlled internal energy.>*
Preparation with vibrational*™!! and even rotational'>'? se-
lectivity has been achieved using (n+1) resonance enhanced
multiphoton ionization (REMPI). These ionization tech-
niques can often allow access to a wider range of internal
energies than is ftypically available with neutral reagents,
provided a significant change in geometry occurs in going
from the ground state of the neutral molecule to the ground
state of the ion. In neutral systems, studies of the reactivity
of vibrationally excited neutral reagents can be complicated
by reaction of unexcited neutrals that remain in the ground
state; this problem is overcome for positively charged ionic
reagents because only those molecules that actually absorb a
photon produce ionic reagents. Although ionization presents
some definite advantages in preparing vibrationally and rota-
tionally excited reagents, ionization, in general, does not pro-
duce high concentrations of reagents, making state-to-state
measurements difficult'*~"7 and for many systems impos-
sible. Tonic reagents, by virtue of their charge, also allow
access to a much greater range of collision energies than
techniques typically used in neutral reaction studies, such as
molecular beam seeding or fast atom production by photo-
dissociation.

Over the past ten years a growing number of research
groups have adopted radio-frequency (rf) ion-guide tech-
niques for studying ion-molecule reactions;'®** much of this
work has been reviewed in a recent article by Gerlich.” The
use of guided ion beam techniques for the measurement of
integral cross sections in ion-molecule reactions was pio-
neered by Teloy and Gerlich® over fifteen years ago. In sub-
sequent work, Anderson et al.'® first coupled state-selective
one-photon VUV ion preparation with guided ion techniques
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in their study of the effects of vibrational excitation and
translational energy on the dynamics of the reaction Hy +H,
and its isotopic variants. Shao and Ng**** extended the work
on the state-selected reactivity of the H; +H, system using a
quadrupole-octopole-quadrupole mass spectrometer; addition
of the quadrupole mass filter prior to the rf-only octopole
allowed the reaction to be studied without isotopic labeling.
With the addition of a second octopole ion-guide and third
quadrupole mass filter Ng and co-workers'® have also been
able to measure absolute state-to-state cross sections using
differential reactivity to probe the ionic product state distri-
butions. Another approach to product state detection in an rf
guided ion beam instrument was demonstrated by Scherbarth
and Gearlich,26 who used laser-induced photodissociation to
examine OF product state distributions in the charge transfer
reaction Ar*+0, carried out at center-of-mass collision en-
ergies as low as 0.04 eV. In this study Scherbarth and Gerlich
also extracted kinetic energy release information from the
product ion time-of-flight profiles. Anderson and
co-workers®~?® have recently coupled state-selective prepa-
ration of molecular ions using multiphoton ionization (MPI)
as a reagent ion source with a guided ion beam mass spec-
trometer to study the reactivity of C,H; and OCS™ ions. In
addition to their use in measurements of reactive cross sec-
tions for atomic and molecular ions, rf octopole ion guides
have been used to study collision induced dissociation®>!
and reactions of ionic clusters.>*~3* The work mentioned ear-
lier represents only a sampling of the applications of guided
ion beam techniques.

The reaction of the ammoniumy} ion, NH , with ammo-
nia was one of the first ion-molecule reactions in which the
influence of vibrational excitation on the reaction outcome
was investigated. This system is truly ideal for investigating
the influence of reactant ion internal excitation because the
large change in geometry in going from the ground state of
the neutral to the ground state of the ion (pyramidal—planar)
allows ions to be produced with as many as 13 quanta (1.66
€V) in the v, umbrella bending mode.>>® In pioneering work
Chupka and Russell®” used one-photon VUV photoionization
to produce NHj(»,=0-10) and investigated the
NH3 (,)+NH; reaction. They observed that the relative
cross section for the formation of NH; decreases by a factor
of 2 as the vibrational excitation was increased from
v»,=0-10. This reaction

NHj +NH;—NH +NH, (1)

is strongly exothermic, AH=-0.9%0.2 eV (Refs. 38-45)
and proceeds at the collision limit predicted by average di-
pole orientation theory (ADO) (Ref. 46) under thermal con-
ditions ((=2.1-2.5%10"° cm® s molecule™!) (Refs. 40,
41, and 47). Chupka and Russell proposed that the reaction
of NH;' with NH; proceeds through a long-lived intermedi-
ate complex. They presented statistical arguments that the
decrease in NH; formation with increasing internal excita-
tion was caused by competition of the NH; channel with
both charge transfer and decomposition of the NHj -NH,
complex to its original reagents. Several years later Chesnav-
ich and Bowers* carried out phase space calculations for
this reaction system and found poor agreement with the ex-
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perimental results of Chupka and Russell leading Chesnavich
and Bowers to suggest that this reaction is nonstatistical.
The thermoneutral charge transfer reaction produces
NHY product ions that cannot be differentiated from unre-
acted NH; ions in many experiments. Huntress et al.** used
15N labeled NHj to probe the relative rates for formation of
the charge transfer and NH; products in.nonstate-selected
ion cyclotron resonance (ICR) experiments over collision en-
ergies ranging from thermal to 50 eV. They found that the
charge transfer rate at thermal energies was negligibly small
but increased with kinetic energy while the proton transfer
rate dropped. Closer examination of the system also reveals
two possible mechanisms for formation of NHy, proton
transfer and hydrogen atom abstraction, which are indistin-
guishable without isotopic labeling of éither the ionic or neu-
tral reagent. Using a mixture of N and '“N labeled NH;
Huntress and Pinizzotto® determined the relative rates for
hydrogen atom abstraction and proton transfer, kg a/kpy t0
be 0.28+0.04, at thermal collision energies. In the same pa-
per these authors also report that the rate constant for reac-
tion (1) falls as the energy of the ionizing electrons is in-
creased and, hence, the internal energy of the resulting
reagent ions is increased. A similar dependence of rate con-
stants on internal energy was obtained by Sieck, Hellner, and
Gorden™ using direct one-photon VUV photoionization to
prepare NH5 in the: vibrational ground state (k=2.3%10""
em® s~ molecule ) and with vibrational excitation. Further
evidence for the presence of hydrogen atom abstraction as
well as proton transfer channels was provided by the selected
ion flow tube (SIFT) experiments of Adams et al. 7 in reac-
tions of ND3 with NH; they observed a branching ratio. be-
tween the deuteron transfer and the hydrogen atom abstrac-
tion channels of 17:3. Adams ef al. noted that although
hydrogen atom abstraction is an exothermic process in the
reactions of NH; with H,O and H;, in both cases the rate is
significantly smaller than the Langevin or ADO collision
rates.
Baer and Murray®! were the first to look at the influence
of both vibrational excitation and collision energy on the
charge transfer channel as well as proton transfer, using time
of flight (TOF) to distinguish between product ions and un-
reacted NH in a photoion-photoelectron coincidence
(PIPECO) experiment. Their observation of a decreasing
proton transfer cross section with increasing vibrational ex-
citation at collision energies of 0.1-1.0 eV corroborated the
earlier results of Chupka and Russell.’’ Baer and Murray
also investigated the influence of collision energy on proton
transfer. The cross section decreased with increasing colli-
sion energy as expected; however, at low collision energies
the cross section for proton transfer was greater than that
predicted by Langevin or ADO theory whereas at collision
energies greater than 0.5 eV it was less than that predicted by
either theory. This behavior argued against the reaction pro-
ceeding exclusively. through a long-lived intermediate. In
contrast, the charge transfer cross section increased with vi-
brational excitation, although the change in cross sections
with », was not nearly so large as the change in Franck—
Condon factors between 1,=0 and v,=1. Baer and Murray
developed a semiquantitative impact parameter model to de-
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scribe the observed behavior. This model classified collisions
leading to charge transfer as either intimate or large impact
parameter interactions. They suggested that vibrational exci-
tation of the reagent ion was only important in collisions
with an impact parameter exceeding the Langevin orbiting
impact parameter.

Subsequent PIPECO experiments carried out by van
Pijkeren er al.*® at thermal collision energies confirmed that
proton transfer is suppressed by vibrational excitation. Sta-
tistical modeling of this data suggested that a limited number
of internal degrees of freedom participate in energy redistri-
bution within the intermediate complex. These authors also
state that dynamical constraints on the proton transfer reac-
tion become more important as the collision energy is raised
from thermal to 1 eV based on their results and those of Baer
and Mun'ay.51

As mentioned earlier, without isotopic labeling of either
the ionic or neutral reagent in the ammoniumyl ion/ammonia
system it is impossible to distinguish between proton transfer
and hydrogen atom abstraction, and charge transfer can only
be studied with difficulty. Previously in this laboratory, Con-~
away eral** studied two isotopic variants of this
system: NH7 +ND; and ND; +NHj as a function of vibra-
tional excitation in the », umbrella bending mode of the ion
and collision energy. The reagent NH; and ND; were pre-
pared in a state-selective manner with 0-10 quanta in the v,
mode using (2+1) REMPI through either the B or C' Ryd-
berg states.” The experiments were carried out using a tan-
dem quadrupole mass spectrometer with a static collision
cell located between the two quadrupole mass analyzers.
Conaway et al.* found that neutral atom abstraction was en-
hanced by as much as a factor of 6, charge transfer increased
by factor of 2, and proton/deuteron transfer decreased by a
factor of 2 as the vibrational excitation in the umbrella mode
was increased from »,=0 to »,=10. These results led them
to propose a simple model to explain the behavior of this
ion-molecule reaction system. They suggested that the vibra-
tional motion in the », mode, which corresponds to motion
along the reaction coordinate for neutral atom abstraction,
promotes this reaction channel; this same motion is orthogo-
nal to the reaction coordinate for proton/deuteron transfer
and suppresses the process.

The experimental configuration used by Conaway
et al.* unfortunately precluded direct comparison of the sig-
nal arising from different product channels and, hence, the
measurement of product branching ratios and reaction cross
sections because forward-scattered product ions were de-
tected more efficiently than side- and back-scattered prod-
ucts. Consequently, their work was limited to exploring the
influence of vibrational excitation and collision energy
within a given product channel, and it was impossible to
explore the subtle interplay between the three major product
channels for this ion-molecule reaction. Tomoda, Suzuki, and
Koyano‘m-a) subsequently measured relative cross sections
for the three major product channels of the reactions
NH; (v,=4, 6, 8, 11)+ND; and NDJ (v,=4, 6, 9, 12)+NH,
over center-of-mass (c.m.) collision energies ranging from
0.9-4.5 eV using threshold electron secondary ion coinci-
dence (TESICO). Their measurements showed general
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agreement with the trends observed by Conaway et al. To-
moda ez al. invoked a model based upon nonadiabatic tran-
sition theory to explain the observed behavior; they sug-
gested that H/D atom abstraction could actually be viewed as
stepwise electron transfer followed by H*/D* transfer.*’

In this paper we report relative cross sections and prod-
uct branching ratios for the ion-molecule reaction

NH; (1,=0-7)+ND;—NH;D* +ND,

(deuterium abstraction) (2a)
—NH;+NDj

(charge transfer) (2b)
—NH,+ND;H*

(proton transfer) (2¢)

measured at c.m. collision energies ranging from 0.5-10.0
eV using a recently constructed quadrupole-octopole-
quadrupole instrument that incorporates laser multiphoton
ionization to prepare reagent ions in selected levels of the 1,
umbrella bending mode. A detailed description of this instru-
ment is provided in the previous article.’? The octopole ion
guide was added to the collision cell region of the tandem
quadrupole apparatus used previously by Conaway et al* to
improve product ion collection efficiency and to remove
dynamics-dependent discrimination in product ion detection
inherent in the static collision cell design. Our relative cross
section and product branching ratios extend the previous
work on this ion-molecule reaction system. In addition, di-
rect comparison of our results with TESICO data of Tomoda
et al.®® and PIPECO results of Baer and Murray”" allows us
to evaluate the performance of this instrument. Models to
explain the experimentaily observed behavior are proposed.

il. EXPERIMENT

The quadrupole-octopole-quadrupole mass spectrometer
(Fig. 1) used in this work to investigate the roles of vibra-
tional excitation and collision energy in the ion-molecule re-
action NH7 (v,=0-7)+ND; is described in detail in the pre-
vious article on the N* +0, ion-molecule system.” The most
significant difference between the two studies is the ioniza-
tion scheme used to generate the reactant ions. The previous
study used electron impact ionization to generate the N*
reactant ions, whereas this study uses REMPI to prepare the
NH; reactant ions in a state-selective manner. The state se-
lection requires some additional procedures that are de-
scribed below along with the details of the photoionization
method. '

We begin with a general overview. of the instrument.
Reagent ions are prepared with vibrational state selectivity
by (2+1) REMPI in a pulsed molecular beam of ammonia.
The resulting ions are then focused and injected into the first
quadrupole mass filter, which removes any ionic fragments
produced in the ionization process. After acceleration to the
desired kinetic energy, the ion beam enters the rf octopole
ion guide,®?2?* into which the neutral target gas is admit-
ted. The unreacted reagent ions and product ions are guided
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FIG. 1. Schematic illustration of the quadrﬁpolc-octopo[e-quadmpolé mass spectrometer employed to study ion-molecule reactions with state-selective
preparation of the reagent ions by resonance enhanced multiphoton ionization. (QMF is the quadrupole mass filter, MCP is the microchannel plate.)

by the octopole to the second quadrupole for mass analysis
and subsequent detection. The product and reactant ion in-
tensities are used to calculate product branching ratios and
relative cross sections, which are monitored as both the re-
agent ion kinetic energy and vibrational excitation are varied.

A. Laser photoionization source

The laser photoionization source used to generate the
NH; reactant ion beam consists of a pulsed molecular beam
and a pulsed (10 Hz) frequency-doubled Nd:YAG-pumped
dye laser (Quanta Ray DCR-1A, PDL-1, WEX). The mo-
lecular beam composition is 10% NHj (Liquid Carbonic, an-
hydrous NH;, 99.99%) seeded in He (Liquid Carbonic,
99.995%). The ionizing UV laser beam (275-340 nm, 4-15
mJ/pulse) is focused with an f=250 mm lens and intersects
the molecular beam approximately 1.7 ¢cm beyond the mo-
lecular beam collimating plate in a vacuum chamber main-
tained at 3X 10~ Torr.

The NHj () reagent ions are selectively prepared with
excitation in the umbrella bending mode using (2+1)
REMPI through either the B or C' Rydberg states. Previous
photoelectron  spectroscopy (PES) measurements® have
shown that one-photon ionization from these intermediate
Rydberg states, which have nearly the same equilibrium ge-
ometry as the ionic ground state, favors the Ay=0 transition,
producing NH;y with vibrational state selectivity ranging
from 74%—100 %. Because of the large change in geometry
in going from the pyramidal neutral to the planar ion, NH;
photoions can be prepared with up to 10 quanta in the »,

umbrella mode, which corresponds to 1.25 eV (Ref. 36) of
internal excitation.

B. Quadrupole-octopole-quadrupole mass
spectrometer

' The instrument configuration presented in the previous
paper* is unchanged for this photoionization work, although
some additional features were used. The laser crosses the
molecular beam ~1 cm downstream from the point where
electron impact ionization occurred. The ions produced by
the laser travel with the molecular beam for approximately
1.5 cm (<<10 us) before being deflected at right angles onto
the ion beam axis by a dc quadrupole turning element.>*~>
At the point in the molecular beam expansion where ioniza-
tion occurs, collisions have ceased. Any collisions that occur
between the vibrationally state selected NHZ ions ‘and the
helium carrier gas as the ions are extracted from the molecu-
lar beam should not perturb the vibrational state-selection
because helium is an inefficient collider for vibrational relax-
ation. Because the ionizing laser and molecular beam are
both pulsed, no ion beam chopping is required to eliminate
background ions. : .

Nominal collision energies are determined by the poten-
tial difference between the laser ionization region and the
octopole float voltage. We studied the NH5 +ND; reaction at
collision energies of 0.5-10.0 eV in the center-of-mass
frame (0.93-18.50 eV lab frame). At the lowest collision
energy studied, 0.5 eV c.m. the NH; (,) will exit the octo-
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pole less than 150 us after it is state-selectively prepared by
(2+1) REMPL Mauclaire et al.’® have obtained qualitative
results indicating that NH7 ions produced in highly excited
umbrella bending mode (v,) levels of the ground electronic
state have lifetimes of 10-20 ms with respect to radiative
relaxation and internal conversion to the long-lived stretch-
ing mode (7>300 ms). Hence, relaxation of the vibrationally
excited reagent ions is unimportant on the time scale of our
experiment.

The flow of the neutral collision gas, ND, (Cambridge
Isotopes Laboratory 99.5% or MSD Isotopes 99.1%), leading
to the leak valve is regulated to maintain a backing pressure
of 15 psi. The pressure in the line leading from the leak valve
to the collision cell is maintained at 1 Torr, which causes a
pressure of 1X107® Torr in the vacuum chamber containing
the octopole and collision cell (base pressure 21077 Torr).
The geometry of the octopole precludes an accurate determi-
nation of the actual cell length, and accurate pressure mea-
surements in the region are difficult. Therefore, we currently
do not attempt to measure absolute cross sections but report
instead relative cross sections for the major product chan-
nels.

Single-collision conditions are ensured by monitoring
the ionic product of the secondary reaction between the
charge transfer product and the neutral target gas

NDJ +ND;—ND; +ND,. - (3)

The resulting ND (m/e=22 a.m.u.) signal decreases with
decreasing pressure and levels off at 2%-3% of the product
signal. The pressure dependence and TOF profile for the m/e
=22 a.m.u. signal are consistent with formation of a second-
ary product ion. Measurements are made at the lowest colli-
sion gas pressure possible while maintaining reasonable
signal levels. The secondary reaction (3) has a larger cross
section than the primary reaction channels (2) because the
kinetic energy of the ionic reagent ND; is lower than the
main ion beam of NHJ ; as a result, the ND; product cannot
be totally eliminated. The total product ion signal under our
operating collision gas pressures is less than 1% of reagent
ion beam signal. The main reagent beam is attenuated by less
than 10% when the neutral target gas is introduced to the
collision region.

As described in the N +0, experimental section,’? the
combined analog and ion counting schemes provide the ca-
pability to measure ion intensities of greatly varying magni-
tude. The output from the chevron microchannel plate ion
detector (Galileo Electro-Optics FTD-2003) is fed to a dual
output preamplifier (LeCroy 612A); one output connects to
the analog detection electronics and the other output con-
nects to the ion counting electronics. In the analog detection
scheme, a slow amplifier/integrator (EG&G Ortec 474) re-
ceives the output of the preamplifier. The amplified and in-
tegrated signal is fed info a transient digitizer (LeCroy
TR8837F). The transient digitizer is located in a CAMAC
Crate (Kinetics Systems, Model 1502), which is interfaced to
a digital computer (486-33 MHz IBM compatible). The
digitizer is read out by the computer on a shot-to-shot basis.
The ion counting is accomplished by first discriminating
(LeCroy 4608C) the output of the preamplifier, and taking

Posey et al.: Reaction NHj (1,)+ND4

the discriminator output into a multichannel scalar (home
built with DSP QS-450 100 MHz quad scalar front end). The
scalar is connected to the CAMAC Crate and, hence, to the
computer. The reagent ion peak intensity (50—200 ion counts
per laser shot) is too large to measure with ion counting and,
hence, is measured with the analog detection scheme, while
the significantly weaker product signal (<0.1 counts/shot) is
detected by ion counting. All data acquisition is computer
conirolled using the CAMAC interface.

Raw data are recorded as time-of-flight profiles (see
Figs. 3 and 4, vide infra). The TOF profiles have proven to
be an indispensable tool in optimizing and diagnosing ma-
chine conditions. The reagent ion TOF profile is used to op-
timize the source conditions and the ion optics voltages. All
settings are adjusted to yield the maximum TOF profile
height, which occurs simultaneously with the narrowest pro-
file width, resulting in the greatest number of reagent ions
with the least amount of perturbation to the ion packet.

Using the octopole ion guide to transport the unreacted
reagent ions and product ions to the second quadrupole mass
filter eliminates the discrimination in product detection that
hindered previous state-selected ion-molecule reaction stud-
ies in this laboratory.5*7-% As a result, the present study
can determine product branching ratios and relative cross
sections, quantities that require direct comparison between
different product channels.

In the study of the N*+0, reaction system with the
current instrument,>* the reagent N* ion beam kinetic energy
spread was characterized and its effect on the overall colli-
sion energy uncertainty was discussed. Much of that charac-
terization and discussion is directly applicable to this
NH +ND; study and will be briefly summarized. The re-
agent ion kinetic energy has two components: a radial com-
ponent, orthogonal to the ion beam axis, and an axial com-
ponent, parallel to the ion beam axis. The radial component
of the velocity spread arises primarily from the interaction of
the reagent NH3 ions with the rt potentials in the first quad-
rupole and the octopole ion guide. The axial component of
the velocity spread arises from convolution of the initial ve-
locity spread of the ionized molecules with the overall instru-
ment function, which includes the interaction of the ions
with the static optics and rf fringing fields.

The ion trajectory simulations discussed in the previous
article’? showed that most of the variation in radial kinetic
energy of the NHY ions is caused by the range of positions
with which the ion can enter the octopole; the larger the
off-axis positions upon entering the octopole, the greater the
radial kinetic energy component. The preceding paper found
that (1) the radial energy spread in our apparatus is approxi-
mately independent of the axial energy of the ion, and (2) the
radial energy spread is such that 50% of the time the ions
have a radial energy less than 0.1 eV and 90% of the time
less than 0.5 eV.

Summarizing the basic energy relationships for the
NH{ +ND; system, the center-of-mass collision energy is
given by the expression

M\ :
Ec.m.=(w)51ab=0-5451ab, ' 4)
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where E),, is the kinetic energy in the lab frame, m is the
mass of the reagent ion (m=17), and M is the mass of the
thermal neutral reagent (M =20). The collision energy distri-

bution, full width at half maximum,® is

m 1/2
= o 12
A Epym [ll-l(mw)km_m} 0.36(Eqn) "%,
©)

neglecting any spread in the ion beam energy. At collision
energies of 1.0 and 10.0 eV the collision energy spreads,
AEgwum, are 0.36 and 1.14 eV, respectively.

In addition, we must also take into account the spread in
the radial energy of the NH; in the octopole ion guide. This
contribution is most significant at the lowest axial energies,
which is typically a center-of-mass energy of 1.0 eV, corre-
sponding to a laboratory energy of 1.8 eV. The estimates of
the radial energy component obtained in the previous
N*+0, study yield radial energies less than 0.5 eV 90% of
the time. Adding this value (0.5 eV) to the worst case axial
energy (1.8 eV) increases the collision energy A Epwy [Eq.
(5)] by only 0.05 eV. Consequently, we conclude that the
spread in the radial energy of the NH; ion seldom affects the
value of the collision energy.

Using an instrument this complex to monitor and inter-
pret variations in product channel intensities raises the issue
of possible bias for or against the collection of particular
product channels. The static optics that couple the octopole
and the second quadrupole, the mass resolution of the second
quadrupole, and the optics that couple the quadrupole and
the detector are all potential sources of product ion discrimi-
nation. The extent of possible bias is difficult to accurately
predict because of the number of variables that must be con-
sidered for each instrumental component involved, in con-
junction with some knowledge of the product formation
characteristics. Unfortunately, these product characteristics
are often the objective of the measurement. A comprehensive
check of all these influences can be accomplished by mea-
suring the branching ratios for a well-characterized ion-
molecule system that has characteristics similar to the sys-
tems of primary interest. Any discrepancies observed
between the accepted and the measured branching ratios
would indicate problems in product ion collection. We have
carried out a comparison of this type using the ion-molecule
reaction system N +0,, which is described in the preceding
paper.>> The comparison of the measured product branching
ratios to the existing values revealed no significant discrimi-
nation in product ion detection above collision energies of
1.5 eV c.m. The ordering of the product ion intensities was
correctly reproduced, and the largest difference between the
two measurements was in the OF branching fraction, which
we observed to be approximately 0.15 lower than the mea-
surement of Neynaber et al.®! With this comparison estab-
lished, we can proceed with presentation and interpretation
of the observed product ion intensities knowing the measure-
ments have not been significantly tainted by instrumental
discrimination for collision energies at least down to 1.5 eV
c.m.
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NHZ + NH, I
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FIG. 2. Energetics for the NHf +NH;—NH] +NH, reaction compiled from
experimental and theoretical work (see text). The relative positions of reac-
tant and product asymptotes, entrance and exit channel complexes, and the
barrier between the entrance and exit channels are shown.

lll. RESULTS

A. Energetics

To provide a framework for the discussion of the experi-
mental results and the construction of models to explain the
behavior of this system, Fig. 2 shows the relative energetics
for the reactant and product asymptotes as well as the en-
trance and exit channel complexes for the reaction
NH; +NH;—NH; +NH,. As mentioned in Sec. I, literature
values for the overall reaction exothermicity range from
—0.74 to —1.10 eV.**% A binding energy of 0.790.05 eV
was determined for the NH; -NH, entrance channel complex
using one-photon molecular beam photoionization by Ceyer
et al.** More recent photoionization measurements of Kamke
et al.®? suggest that the binding energy for this complex may
be as high as 1.10 eV. The photoionization thresholds ob-
tained for the (NH;), complex represent an upper limit for
the adiabatic ionization energy and, as a result, the entrance
complex binding energy calculated using this value is a
lower limit. Calculations by Greer er al.%® suggest that the
measured ionization threshold corresponds to a nonvertical
transition from the cyclic asymmetric neutral ammonia dimer
to the hydrogen-bonded NH; -NH; complex; they note that
an additional 0.31 eV in excess of the photoionization energy
is required to activate the intracluster proton transfer reaction

NH; -NH;—NH} +NH,, (6)

which is consistent with the experimentally observed appear-
ance potential for NH; in dimer ionization studies.%? Ab ini-
tio calculations by Radom and co-workers®*® suggest that
the NHy -NH, entrance channel complex may be as tightly
bound as 1.43 eV with respect to the separated reagents,
They predict a barrier to rearrangement from the entrance
channel complex to the NH; -NH, exit channel complex of
0.44 eV. Although the exit channel complex NH; -NH, is
thermodynamically more stable than the dimer NH3 -NH;,
an N,H{ species with two equivalent N’s and six equivalent
H’s, apparently corresponding to the entrance channel com-
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FIG. 3. Raw time-of-flight (TOF) spectra for (a) the unreacted reagent
beam, NHJ (1), and the three major product channels, (b) NH;D™, (c) ND7,
and (d) ND;H*, as well as (e) the secondary reaction product, ND; . The
data are for NH;3 (v,=0) at a collision energy (E.) of 3.0 eV. The TOF
profiles are arbitrarily normalized to highlight the profile shapes rather than
the relative signal intensities. The average number of ion counts detected on
each laser shot is indicated for each channel.

plex, has been isolated in a matrix at 77 K.% Ab initio mo-
lecular orbital calculations by several groupsm“"’5“"”"“6tj esti-
mate the binding energy of the NH} -NH, complex relative
to the separated products at 0.87—1.17 eV.

Despite the spread in values given for these thermody-
namic quantities, several trends are apparent from Fig. 2. The
entrance and exit channel complexes, NHf-NH; and
NH; -NH,, are at least as stable thermodynamically as the
reaction products and significantly more stable than the re-
agents in this exothermic reaction. In the absence of a sig-
nificant barrier to reaction the entrance channel complex will
not be stabilized under single-collision conditions and will

Posey et al.: Reaction NH; (1,)+ND3

&
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FIG. 4. Raw time-of-flight (TOF) spectra for (a) the unreacted reagent
beam, NH; (1), and the three major product channels, (b) NH;D*, (c) NDF ,
and (d) ND;H", as well as (e) the secondary reaction product, ND7 . The
data are for NH7 (#,=7) at a collision energy (E.,) of 3.0 eV. The arbi-
trarily normalized TOF profiles highlight the profile shapes. The average
number of ion counts detected on each laser shot is indicated for each
channel.

proceed directly to products. Comparison of thermal rate
constants with collision rate constants calculated using ADO
and ADO with conservation of angular momentum (AADO)
theories*®* indicates that reaction of the ammoniumyl ion
with ammonia proceeds on nearly every collision, suggesting
that no significant dynamical barrier to reaction exists. This
observation is consistent with the ab initio prediction® that
the barrier to rearrangement from the entrance channel com-
plex, NHj -NH, to the exit channel complex, NHj -NH,, is
located roughly 1 eV below the asymptote for the separated
reagents and 0.44 eV above the potential minimum corre-
sponding to NH7 -NH;.
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B. Data

1. Characterization of product channels

Figures 3 and 4 present typical time-of-flight profiles for
the different product channels as well as the primary ion
beam. From such data product branching ratios and relative
reaction cross sections are determined. The three primary
product ion signals observed in our investigation of the re-
action of state-selectively prepared NH; with ND; at colli-
sion energies of 0.5-10.0 eV c.m. occur at mass-to-charge
(mle) ratios of 19, 20, and 21. These features in the mass
spectrum are assigned to the deuterium abstraction product
NH3;D*, the charge transfer product ND; , and the proton
transfer product ND;H™*, respectively. Under all conditions
these mass channels account for over 90% of the product ion
signal measured. Along with these major channels there are
two other low mass species occurring at m/e =18 and 22 that
warrant discussion. The species with m/e=22 is thought to
be the secondary reaction product N_DI , which was dis-
cussed previously in Sec. II. Evidence for this assignment
includes the dependence of the signal intensity on the colli-
sion gas pressure and its TOF profile (see the following).
Typically, this ionic species represents 2%—3% of the total
product ion signal. A second minor feature appears in the
mass spectrum at m/e=18 as the collision energy is in-
creased. The TOF profile of this species is sharply peaked
with roughly the same width as that of NH;D" (see the fol-
lowing). We tentatively assign this species as NH,D* formed
by decomposition of the energized deuterium abstraction
product, NH;D*. Loss of a D atom from this product is
indistinguishable from the ionic reactant NH3 . At 3.0 eV
collision energy the m/e=18 ion accounts for less than 2%
of the product ions; at 10.0 eV, 5%—6% of the product signal
arises from this feature.

In contrast to the previous work of Conaway et al.,* no
condensation products were observed in the mass range m/e
=32-36. Since the formation of protonated hydrazine
(N,H,D5 and N,H,D7) is endothermic by 1.12 eV,** these
products would be expected at higher collision energies
based purely on energetic grounds. Conaway et al. observed
masses at m/e=35,36, which they attributed to protonated
hydrazine ions, and at higher energies they observed masses
at m/e=32-34, which they interpreted as resulting from
elimination of H,, HD, and D, from the condensation com-
plex (NH;-ND;)*. Protonated hydrazine (N,HZ) formed in
high pressure (0.01—1 Torr NH3) electron impact ion sources
has also been observed using mass spectrometry with a rate
constant for formation of 1X107'! cm® molecule ™! s™!.707!
The branching ratio for this product increases sharply with
pressure. Derwish and co-workers’™ suggest that the NH;
reagent that forms protonated hydrazine may be electroni~
cally excited. Two possible explanations for the apparent ab-
sence of the high-mass products in our experiments are pos-
sible. In the previous work of Conaway and co-workers the
pressures in the collision cell coupled with its length may not
have been sufficiently low to ensure single-collision condi-
tions; as a result, the condensation product could have been
stabilized by a secondary collision. The secondary product
jon, ND;, was evident in the mass spectra for the
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FIG. 5. Relative cross sections for each of the three major product channels
in the reaction NHj (1,=0~7)+NDj plotted as a function of vibrational
quanta in the », umbrella bending mode of NH7 at three collision energies,
E.m =10, 5.0, and 10.0 eV. )

NH; (1,)+ND; reaction obtained by Conaway et al. Al-
though it was not possible to quantify the ND; signal with
respect to the primary reaction products because of variation
in product detection efficiencies, the presence of NDj in the
mass spectra was significant. It is likely that this secondary
reaction product was detected less efficiently than primary
reaction products. For product ions to be detected in a tan-
dem quadrupole apparatus with a static collision cell, they
must have a significant velocity component in the laboratory
frame directed toward the detector. BEach reactive collision
can reduce this velocity component and introduce off-axis
components (see the discussion of time-of-flight data given
later). In summary, detection of any ND; in the static cell
configuration indicated a large number of secondary colli-
sions. An alternative explanation for the absence of conden-
sation products in this work is that the rate constant for this
channel is too small for detection with our experimental ap-
paratus. The product signal level under our current experi-
mental conditions is sufficiently low (<1 product ion per
laser shot) that we would expect to have some difficulty de-
tecting product ions having rate constants for formation three
orders of magnitude lower than the major product channels.
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FIG. 6. Relative cross sections for the three major product channels in the
reaction NH7 (,) +ND; plotted as a function of the center-of-mass collision
energy, E. ,, , at three umbrella mode excitations, #,=0, 3, and 7.

2. Time-of-flight profiles

Figures 3 and 4 show two typical sets of time-of-flight
profiles for (a) the NH3 (v,) parent ion; the three major prod-
uct channels, (b) deuterium abstraction, (¢) charge transfer,
and (d) proton transfer; and (e) the ND; secondary reaction
product. These data are recorded for »,=0 and 1,=7 at a
center-of-mass collision energy of 3.0 eV. The TOF traces
are arbitrarily normalized to highlight the shapes of the TOF
profiles rather than the relative intensities of these features.
In actuality, 100-150 NH3 (1) ions are detected per laser
shot, whereas less than one product ion per laser shot is
recorded in all product channels.

Figures 3 and 4 show that fundamental differences exist
between the product channel profiles. The TOF profiles re-
flect the projection of the product ion velocity vector on the
ion beam axis of the instrument. These profiles can be used
to examine the kinetic energy distributions of product ions as
has been demonstrated by Scherbarth and Gerlich®® in an
investigation of energy partitioning in the reaction of
Ar*+0, carried out in an rf ion guide and Dressler et al.” in
their study of the reaction of N3 with H,0 and D,0 in a thin,
static collision cell. The TOF distribution of the NH;D™ deu-
terium abstraction product is only slightly broadened in com-
parison to the reactant ion beam. Qualitatively, it appears that
the velocity vector of the reagent ion that abstracts a deute-
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FIG. 7. Product branching ratios for the reaction NHy (»,)+ND; plotted as
a function of 1, excitation at three center-of-mass collision energies,
E.n=1.0, 5.0, and 10.0 eV.

rium atom from the neutral NDj; is relatively unchanged in
the course of the reaction, which is consistent with the NH
ion “plucking” a deuterium atom from a neutral ND; mol-
ecule as it passes by without forming a long-lived interme-
diate complex. Little of the initial velocity of the reagent ion
in the lab frame is lost to product recoil. In contrast, charge
transfer and proton transfer, which result in the thermal neu-
tral molecule becoming charged, have much broader TOF
profiles. One possible explanation for these broadened TOF
distributions is incomplete transfer of momentum to the ther-
mal neutral reagent in the course of reaction. This explana-
tion suggests a relatively short-lived complex leading to
backscattering in the center-of-mass reference frame. Unlike
the TOF profiles for the piimary product ions, the TOF data
for the m/e=22 ion (ND}) shown in Figs. 3(e) and 4(e) are
unstructured and extend well beyond the 2000 ms data col-
lection window typically used. The abundance of low kinetic
energy product ions in the m/e=22 channel is consistent
with formation of the secondary ion ND; by reaction of the
charge transfer product ion ND3 with ND;, especially at
higher ND; pressures. The velocity of many of the ND7
charge transfer products is reduced in the lab frame relative
to the reactant ion beam as illustrated by Figs. 3 and 4. Fur-
thermore, those product ions with the lowest velocities have
the highest collision cross sections giving rise to the broad,
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poorly defined TOF spectra for secondary products.

The TOF profiles show sensitivity to both collision en-
ergy and vibrational excitation of the reactant ion. Definitive
conclusions, however, cannot be made concerning their in-
formation content at this point. We defer a detailed discus-
sion of the TOF profiles to future work and concentrate on
the relative cross sections and product branching ratios that
can be derived from these data.

3. Relative cross sections

We determine relative cross sections for the different
product channels by taking the ratio of the integrated TOF
product ion spectra, obtained by single ion counting, to the
integrated parent ion signal, obtained by digitizing the analog
wave form. The relative cross section measurements allow us
to see directly which channels are becoming hindered of en-
hanced as a function of either collision energy or vibrational
excitation. Our cross section determinations are limited to
relative measurements for several reasons. With our collision
gas inlet configuration, the cell path length is poorly defined,
and it is difficult to measure the pressure accurately in the
collision region. In addition, the parent ion signal is too large
to use single ion counting, so we do not have a direct mea-
sure of the number of parent ions, which would be required
for determining absolute cross sections. In future work we
believe we can calibrate our system using a reaction with a
known absolute cross section, such as Ar*+H, (Ref. 19) or
Art+N, (Ref. 73).

Figure 5 shows the relative cross sections of each of the
primary product channels as a function of umbrella mode
excitation of NHZ for three center-of-mass collision ener-
gies. Clearly, the effects of vibrational excitation are stron-
gest at the lowest collision energy, 1.0 eV, and are attenuated
at higher collision energies. At 1.0 eV deuterium abstraction
[Fig. 5(a)] is enhanced by a factor of 3 in going from 7,=0
to =7 in the umbrella mode. The charge transfer channel
[Fig. 5(b)] increases by nearly a factor of 2, whereas proton
transfer [Fig. 5(c)] is reduced by a factor of 2 as the excita-
tion in », is increased from »,=0 to »,=7. At 5.0 and 10.0
eV collision energies both deuterium abstraction and charge
transfer show a small incréase with increasing vibrational
excitation in the umbrella mode. The proton transfer channel
decreases slightly with vibrational excitation at 5.0 eV and is
constant at 10.0 eV.

Figure 6 displays the effect of center-of-mass collision
energy on the relative reaction cross sections for the three
product channels when NH? is prepared in 1,=0, 3, and 7.
With only the zero-point vibrational energy in NH5 (»,=0),
the relative cross sections for charge transfer yielding ND5
and for deuterium abstraction yielding NH;D™ are almost
unaffected by increasing the collision energy from 0.5 to
10.0 eV. In contrast, the proton transfer channel (ND;H™)
decreases sharply by over a factor of 10 for the same colli-
sion energy range. As excitation of the umbrella mode in the
reagent NH7 jon is increased, charge transfer and deuterium
abstraction show more dependence on collision energy; how-
ever; the proton transfer channel continues to show the stron-
gest dependence.

1.00

0.75

0.50

0.25

0.00

i
o
=)

| b Vi —o— D Abstraction, NH| D* i
R —m— Charge Transfer, l*«ﬂ.'}3
—A— H' Transfer, ND JH"

o
~J
o

T

Branching Ratio
o [=}
> 3
] i
1

0.00}-
1.00}-'

075

0.50 +

0.25

0.00 i i =
0.0 2.0 4.0 6.0 8.0 10.0
ECM (GV)

FIG. 8. Product branching ratios for the reaction NHJ (1,)+NDj; plotted as
a function of the center-of-mass collision energy (E.) for three umbrella
mode excitations, »,=0, 3, and 7.

4. Product branching ratios

Product branching ratios are also determined from the
integrated TOF profiles. Figure 7 shows product branching
ratios at three collision energies plotted as a function of vi-
brational excitation in the umbrella mode of the reactant ion.
These plots indicate a marked dependence on both vibra-
tional excitation and collision energy. At the lowest collision
energy of 1.0 eV [Fig. 7(a)], the sensitivity to vibrational
excitation is greatest. At the highest collision energy [Flg
7(c)] little or no effect is evident as excitation in the umbrella
mode is increased. Evidently, the energy conmbuted to the
reaction complex by translational energy overwhelms the ini-
tial vibrational excitation of the ion. At collision energies of
5 eV or less, deuterium abstraction and charge transfer are
enhanced by excitation of the », mode in NH3 , whereas
proton transfer is suppressed.

The product channel branching ratios are also sensitive
to collision energy, as shown in Fig. 8. At the lowest colli-
sion energies, proton transfer is the strongest channel. As the
collision energy is increased, charge transfer, which is negli-
gible under thermal conditions (k=<4X10""" cm®s™") rela-
tive to proton transfer and deuterium abstraction
(k=1.8%10"% em®s™"),* becomes the dominant channel.
Interestingly, the collision energy at which the branching
fractions for proton transfer and charge transfer are equal is

J. Chem. Phys., Vol. 101, No. 5, 1 September 1994

Downloaded 23 Feb 2012 to 171.64.124.19. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



3782

T T I T T T T T T T T

S a) -dn-\"::ﬂ ]
-=Vy=3

41 -I—\?zs:'}' 7

3 ..

8

=g 2k

3 1 -

g3 1F .

E I 1 | I [ 1 1 1 [ i I

5 0 2 4 6 8 10

g Ecy (€V)

% T 1 T T T T i I

a4 5+ b) -ﬂ-E{M:lEV 1

¢>} By =5eV

g 4} ~Egy=10eV

)

&gl A——m—\\/ .
2L -
L M |

1 1 I} [ — L 1 1 ]
0 2 4 6 8
V, (quanta)

FIG. 9. Summed relative cross sections for the primary reaction channels,
deuterium abstraction, charge transfer, and proton transfer, plotted as a func-
tion of (a) center-of-mass collision energy, E,,, and (b) vibrational quanta
in the umbrella mode (1) of the NH3 reagent.

lowered as the vibrational excitation of the reagent ion in-
creases. At all collision energies deuterium abstraction is a
relatively small channel accounting for less than 20% of the
product ions. In addition, at high collision energies and high
vibrational excitation the proton-transfer branching ratios ap-
proach the deuterium-abstraction branching ratios.

5. Relative cross section for all product channels

Figure 9 shows the relative reaction cross section
summed over the three major product channels plotted as a
function of both the center-of-mass collision energy and vi-
brational excitation. The total reaction cross section drops
sharply as a function of collision energy [Fig. 9(a)]. At col-
lision energies below 1 eV, this decrease is typical of Lange-
vin behavior. Figure 9(b) displays the relative cross section
tfor three different collision energies as a function of the
number of quanta in the v, umbrella mode. The total relative
cross sections at a fixed collision energy are independent of
vibrational excitation. Thus, the magnitude of the total cross
section appears to be controlled by the collision energy
rather than the degree of internal excitation of the reagent
ion, consistent with the Langevin model for ion-molecule
collisions that treats the ion as a point charge.”* The reagent
ion vibrational excitation does influence, however, the
branching between product channels

IV. DISCUSSION

We have determined relative cross sections and product
branching ratios for the reaction NH3 (v,=0-7)+NDj at col-

Posey et al.: Reaction NH3 (1)+NDj

lision energies ranging from 0.5-10.0 eV c.m. Although the
three major product channels for this reaction [Eq. (2)] re-
flect simple processes of electron or atom (H* or D) transfer,
a complex interplay takes place between the reaction chan-
nels. Several significant trends are observed in these data.
The relative cross sections for deuterium atom abstraction
and charge transfer both increase with vibrational excitation
of the ionic reagent, while proton transfer decreases (Fig. 5).
The relative cross sections for the three major product chan-
nels decrease with increasing collision energy, just as the
Langevin capture cross section behaves. Proton transfer ex-
hibits a much more pronounced decrease with increasing col-
lision energy than the other two channels (Fig. 6). From the
product branching ratios we find that the branching fraction
in the smallest channel, deuterium abstraction, increases
slightly with vibrational excitation and that high collision
energy and vibrational excitation favor charge transfer over
proton transfer.

A. Comparison with previous work

One objective in this work was demonstration of the
performance of our quadrupole-octopole-quadrupole mass
spectrometer. The study that compares most directly with our
work is that of Conaway et al.** Qur experimental results
show qualitative agreement with the trends observed for each
reaction channel by Conaway efal. in their study of
NHJ (v,)+ND; using a tandem quadrupole mass spectrom-
eter with a static collision cell. A notable difference between
the two data sets is that we observe an enhancement of deu-
terium abstraction by a factor of ~3 in going from »,=0 to
v,=7 at 1.0 eV, whereas Conaway et al. saw enhancement
by as much as a factor of 4.5. In both experiments the en-
hancement of the deuterium abstraction channel diminishes
with increasing collision energy. The inhibition of proton
transfer in the two experiments was similar, roughly a factor
of 2 in both cases. In the work of Conaway et al. the depen-
dence of the relative cross section for proton transfer on vi-
brational excitation disappears within experimental error at
collision energies above 8 eV; similar results were observed
in our work [Fig. 5(c)]. Charge transfer increased by a factor
of 1.5 in both experiments over the range of v,=0-7 excita-
tion. The enhancement of the charge transfer cross section
was observed by Conaway er al at all collision energies
(2-12 eV). In our work the enhancement of charge transfer
with vibrational excitation (v,=0~7) is clearest at low colli-
sion energies [Fig. 5(b)]; some enhancement, although re-
duced, is present at higher collision energies.

Conaway et al.** observed that neutral atom abstraction
was the dominant product channel, contrary to all previous
work on this reaction system; they attributed this behavior to
discrimination in product detection. Qualitative interpreta-
tion of our TOF profiles (Figs. 3 and 4) for the three major
product channels provides insight into the results of Con-
away ef al. Our TOF distributions clearly show why NH;D*
was detected more efficiently than the other ionic products in
these earlier experiments. The velocities of NH;D* products
in the lab frame are virtually unchanged from the velocity of
the reagent ion beam. In contrast, the TOF profiles for the
proton and charge transfer products have low kinetic energy
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tails in the laboratory frame. The discrimination in product
ion detection prevented direct comparison of the influence of
vibrational excitation and collision energy on the branching
between the three major product channels as well as the de-
pendence of the relative cross section on collision energy. As
a result, it is not possible to make further comparisons be-
tween our work and the work of Conaway ef al.

Tomoda et al.*® report relative cross sections and prod-
uct branching ratios for NHZ (#,) +ND; and NDj (,)+NH;
obtained using the TESICO technique. Qur product branch-
ing ratios show good agreement with their data at low colli-
sion energies (=3.1 eV) and significant deviations at higher
collision energies. Anderson and co-workers’”” have seen
similar discrepancies at high collision energies between cross
sections and product branching ratios measurements made
using guided ion beam techniques and the TESICO measure-
ments of Honma ez al.”® for the system C,D5 (v,) +H, made
using the same apparatus used by Tomoda ez al.**® Ander-
son and co-workers carried out measurements for the
C,H; +D, reaction on two different guided ion beam instru-
ments and found good agreement in both sets of experimen-
tal data. The most probable explanation for the disagreement
at high collision energies is discrimination in product ion
collection at higher energies in the TESICO apparatus.

Other studies have investigated the role of reagent exci-
tation in the symmetric system: NH (,)+NH,. Care must
be taken in comparing results from the symmetric system
with our data because hydrogen atom abstraction and proton
transfer are indistinguishable and the symmetric system has
the additional channel of resonant charge transfer. Chupka
and Russell®’ observed that the cross section for NH; forma-
tion decreased at »,=9 by a factor of 2 relative to »,=0 at
several collision energies. The decrease in the relative cross
section for NH; production over the same internal energy
range measured at thermal collision energies by van
Pijke:r@m“3 was not as great (factor of 1.4). In our work the
sum of the relative cross sections for deuterium abstraction
and proton transfer at 1.0 and 5.0 eV decreases by factors of
1.4 and 1.2, respectively, from »,=0 to ,=7. In PIPECO
experiments Baer and Murray’' found that NH; formation
was inhibited by umbrella mode excitation and that this ef-
fect increased with collision energy over the range 0.1-1,0
eV. At 1.0 eV a decrease in the relative cross section by a
factor of 10 over the range »,=0-9 was observed. In the
same study charge transfer was enhanced by a factor of 2.4
2.6 at v,=9 relative to 1,=0 at collision energies from 1.0-
10.0 eV. In our work the enhancement of charge transfer with
vibrational excitation is only a factor of 1.5. The differences
between our data and that of Baer and Murray may reflect
the influence of resonant charge transfer which is expected to
play an important role in the symmetric system. Interestingly,
in the work of Baer and Murray the effect of vibrational
excitation is most pronounced at higher collision energies, in
marked contrast with our observations that the influence of
vibrational excitation appears to be “washed out™ at higher
collision energies. We have also noted that the branching
between charge transfer and heavy particle (proton and atom)
transfer is much more heavily weighted towards charge
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transfer in the work of Baer and Murray than in ours. We do
not know the origin of this behavior.

Thus, our measurements seem to be in good overall
agreement with those of other workers where direct compari-
sons can be made. We believe these comparisons give us
confidence that our new quadrupole-octopole-quadrupole
mass spectrometer can provide reliable data on state-selected
ion-molecule reactions. ;

B. Nature of the collision complex

One of the major conclusions that can be drawn from our
study of the influence of vibrational excitation and collision
energy on the reaction of NH{ (,)+NDj is that this reaction
does not proceed through a long-lived collision complex.
Chesnavich and Bowers*® were the first to predict a short-
lived intermediate complex for this system when statistical
phase space calculations showed poor agreement with the
dependence of NH; formation on vibrational excitation ob-
served by Chupka and Russell.”” In attempting to model ex-
perimental data at thermal collision energies as a function of
vibrational excitation, van Pijkeren et al.® concluded that a
limited number of degrees of freedom participated in energy
redistribution within the collision complex, consistent with a
short lifetime. Our relative cross section and product branch-
ing ratio measurements as well as the raw time-of-flight data
confirm this picture of a short-lived complex.

Collision energy and vibrational excitation play in-
equivalent roles in this reaction. Figure 9 clearly shows that
collision energy controls the total cross section for the
NH; (v,)+ND; reaction, whereas vibrational excitation ap-
parently has no effect. The AADO theory,” which models
NHy as a point charge, is able to predict the thermal rate
constant within experimental error. If AADO theory also ap-
plies to this reaction at higher collision energies, then the
total reaction rate constant would be expected to be indepen-
dent of the internal energy of the ionic reagent. In addition to
controlling the collision cross sections, translational energy
contributes to the internal energy of the collision complex.
From Figs. 7 and 8 it is apparent that an increase in the
energy available to the collision complex either through vi-
brational excitation of the NH; reagent ion or from greater
translational energy of the reagent ion enhances the charge
transfer branching fraction and reduces the proton transfer
branching fraction. The point at which the branching ratio for
charge transfer crosses that for proton transfer in Figs. 7 and
8 provides some insight on the relative effectiveness of vi-
brational excitation and collision energy in supplying energy
to the collision complex. Collision energy is roughly one-
third as effective in energizing the collision complex as vi-
brational excitation. In a sufficiently long-lived complex
both collision energy and reagent vibrational excitation are
expected to be statistically redistributed within the collision
complex, which implies that total energy rather than a spe-
cific type is important in determining the reaction outcome.
This behavior is in contrast to our results.

In addition, if the reaction proceeds through a long-lived
complex, an electron can be transferred many times between
the nonbonding orbitals of the NH; and ND; moieties during
the complex lifetime. Such rapid electron exchange removes
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the distinction between the charged and neutral reagents. The
resulting NH;D* and ND;H" branching ratios would be
equal, each having contributions from neutral atom (H/D)
abstraction and H¥/D* transfer. At the collision and internal
energies investigated, branching fractions into the apparent
proton transfer and deuterium abstraction channels, ND;H*
and NH,D", are not equivalent. Only at high collision ener-
gies (=10 eV) do the branching fractions for the two heavy-
particle transfer channels begin to approach each other. Other
evidence expected for a long-lived complex is isotopic
scrambling of the products, namely, the appearance of
NH,D; , NH,D*, and ND,H*. Unfortunately these products
cannot be distinguished by mass from the primary products.

The product TOF data (Figs. 3 and 4) provide additional
support for the view that the reaction complex for this sys-
tem is short lived. The TOF profile for the deuterium atom
abstraction channel NH;D™ is sharply peaked and not sig-
nificantly broader than the profile for the unreacted NHji
beam, suggesting little perturbation of the NH; ion beam
velocity in the process of picking up a deuterium atom from
the thermal ND; collision gas. In contrast, the TOF profiles
for charge transfer and proton transfer are much broader with
low kinetic energy tails. Qualitatively, it appears that the ma-
jority of the product ions have slower velocities than the
center of mass. One interpretation of this observation is that
the product ion in charge transfer and proton transfer have
motion characteristic of the thermal neutral reagent, that is,
the collision complex does not live long enough for the full
momentum of the ion beam to be transferred. To go beyond
the current qualitative interpretation of the TOF data, further
analysis must be carried out, namely, we must convert from
TOF to kinetic energy in the c.m. frame.

It is not surprising that the reactive collision complex is
short lived based on the energetics of the NHf +ND, system.
At the lowest collision energy, 0.5 eV c.m., and no vibra-
tional excitation of the reagents, the reagent energy is at least
1.29 eV above the entrance channel complex and 2.11 eV
above the exit channel complex (Fig. 2). Without stabilizing
collisions to remove some of the excess energy, the system
cannot be trapped in either of these potential wells. Stabili-
zation in the entrance channel would require a large barrier
to product formation, which is ruled out because the reaction
occurs on nearly every collision under thermal conditions. In
addition, calculations by Radom and co-workers®® predict
that the barrier for formation of NH; is located 0.99 eV
below the entrance channel. The absence of condensation
products is consistent with a short-lived collision complex.

C. Models

1. Heavy-particle transfer

Several models have been proposed to rationalize the
behavior of the NH +NH, system and its isotopically la-
beled variants, particularly, the dependence of product for-
mation on reagent ion vibrational excitation. The earliest
work®’ on this ion-molecule reaction used unlabeled reagents
and focused on the vibrational dependence of the NH; prod-
uct channel. Formation of this product was attributed to pro-
ton transfer, which subsequent studies have verified to be the

Posey et al.: Reaction NHj (v,)+NDy
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FIG. 10. Illustration of direct models for (a) deuterium abstraction, (b) pro-
ton transfer, and (c) charge transfer in the reaction NH; +ND;.

major heavy-particle transfer channel. In all the experimental
work on this reaction, proton transfer was found to be inhib-
ited by vibrational excitation in the umbrella mode (v,) of
NH; . The behavior of the proton transfer channel, Eq. (2c),
has been explained by a direct model**** in which a proton
passes from the NHJ ion to the central nitrogen atom in the
neutral reagent [Fig. 10(b)]. Excitation of the umbrella mode
results in motion orthogonal to the reaction coordinate for
proton transfer. For a direct reaction, it might be expected
that this process would be hindered by such motion resulting
in a decrease in the relative cross sections as the umbrella
mode excitation is increased. Our relative cross section re-
sults [Fig. 5(c)] are consistent with such a model, showing a
factor of 2 decrease as excitation is increased from v,=0 to
1,=7 at 1.0 eV.

Deuterium abstraction has been described alternately as
either a one-step transfer of an atom or a two-step process
consisting of electron transfer followed by proton transfer.
The data do not allow us to distinguish between these two
models. In the direct atom transfer model,***® illustrated in
Fig. 10(a), the umbrella bending motion is viewed as motion
along the reaction coordinate. To bind a fourth H/D to the
central nitrogen atom, the ion must bend from its planar
equilibrium structure. In the reagent approach geometry
shown for direct atom transfer [Fig. 10(a)], the orientation of
the neutral dipole with respect to the ion is unfavorable; this
provides a possible explanation for the small branching ratio
(=20%) for this process. In contrast, the two-step model*’
attributes the enhancement in deuterium abstraction with in-
creasing umbrella-mode excitation of NH3 to promotion of
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the initial charge transfer step by improved Franck—Condon
overlap between the ion and neutral at higher values of »,. A
possible argument against the two-step model is that if the
electron can move between the two reagents on a time scale
that is short compared to the collision complex lifetime, we
would expect that proton transfer and deuterium abstraction
would be equally probable. Only at high collision energies
do the branching ratios for the two heavy-particle transfer
channels begin to approach each other (Fig. 8). It is possible
that electron exchange becomes important at higher collision
energies, Whether deuterium abstraction proceeds by D
transfer or by electron transfer followed by D transfer, the
vibrational excitation of the », umbrella mode of NH; seems
to facilitate this channel by causing motion along the reac-
tion coordinate. Perhaps studies of the reactivity and product
branching ratios when NH is prepared with excitation in
different vibrational modes will allow a distinction to be
made between these two models.

2. Charge transfer

Like deuterium abstraction, charge transfer is also en-
hanced by increasing the v, vibrational excitation of the
NH; ion. The branching ratio for this nearly thermoneutral
reaction channel also increases sharply with collision energy.
At thermal collision energies the rate constant for formation
of the charge transfer product is 2 orders of magnitude
smaller than the rate constant for heavy-particle transfer,*
whereas at collision energies as low as 0.5 eV charge transfer
accounts for over 15% of the reaction products. The symmet-
ric charge transfer system, NHF /NHj, is doubly degenerate
and, hence, the system will be split by the exchange interac-
tion into a double-well potential energy surface for the
ground electronic state, corresponding to charge localization
on one of the ammonia moieties, and a single-well potential
energy surface for the first excited state. At thermal collision
energies the barrier between the two potential wells in the
ground electronic state impedes transfer of the electron from
the nonbonding orbital on the nitrogen atom of the neutral
NH, to the half-filled nonbonding orbital on the nitrogen
atom in NH{ . The nonsymmetric system also has a barrier to
charge transfer; however, resonant charge transfer is not pos-
sible because of the vibrational frequency mismatch between
NH,/NH; and ND/NDj . Both vibrational excitation and
reagent translation can supply the energy to the system re-
quired to surmount this barrier.

Orbital overlap arguments suggest that an approach ge-
ometry in which the nonbonding orbital on the ion points
toward the filled nonbonding orbital on the neutral would be
most advantageous for electron transfer. This appears to be a
favorable geometry for reagent approach because the dipole
of the neutral is directed toward the charge. A number of
investigators have suggested that the enhancement in charge
transfer results from the increase in Franck—Condon overlap
between the ion and neutral with increasing excitation in the
umbrella mode;**1""7 however, the enhancement is smaller
than expected if Franck—Condon overlap was the sole gov-
erning factor.-The Franck—Condon factors increase 30 times
in size in going from »,=0 to »,=5 in the umbrella mode.
The enhancement of the charge transfer channel with in-
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creasing internal excitation of the ionic reagent and collision
energy may simply reflect a shorter interaction time between
the reagents; any reactive complex can fall apart after the
electron jumps but before a heavier particle is transferred.

V. CONCLUDING REMARKS

The quadrupole-octopole-quadrupole mass spectrometer
in combination with REMPI is a versatile tool for studying a
variety of ion-molecule reaction systems. Our results on the
NH; (v,) +ND; reaction demonstrate the performance of this
instrument. The reaction of NHj (»,) with ND; is character-
ized by three competing channels whose dynamics depend
on vibrational excitation and translational energy of the re-
agent. Vibrational excitation and collision energy show dif-
fering efficiencies in delivering energy to the reaction. For
this system simple ideas concerning motion along the reac-
tion coordinate or orthogonal to it, taken from neutral reac-
tion dynamics, offer a qualitative picture consistent with ob-
servations.
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