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The reaction of vibrationally state-selected ammonia ions with deuterated water is investigated with a
quadrupole-octopole-quadrupole apparatus. Relative integral reaction cross sections for all ionic products
are measured for collisional energies from 0.5 to 10.0 eV (center of mass) and ammonia ion vibrational states
1020710 and 122. The predominant charged products have masses of 18 and 21 amu and are shown to be
NH,D* (formal isotope exchange) and@H" (proton transfer), respectively. Small amounts of product are
also observed at masses 19, 20, and 22 amu. The cross section for proton transfer decreases with increasing
collisional energy, but it increases with increasing internal energy at all collisional energies studied. The
cross section for formal isotope exchange increases with increasing collisional energy and increases with
increasing internal energy only at low collisional energies. Comparing the reactivity gf(l&F) to that

of NH3*(1'2?) (internal energies of 0.60 and 0.63 eV, respectively) shows whether the system is sensitive to
the specific vibrational motion, or only to the total amount of internal energy. The present system is shown
not to be vibrational-mode selectiv¢he two internal preparations having comparable reactive cross sections
at all collisional energies studied. The projection of the product velocity onto the ion-beam axis is obtained
by transforming the experimentally measured product time-of-flight profiles. These velocity profiles contain
information regarding energy released into product recoil. The isotope exchange products scatter tightly (0.6
eV, hwhm) about the center of mass and display forwdrackward symmetry. The proton-transfer products
yield a bimodal velocity distribution with one peak in the backward direction and another on the center of
mass. The data observed for the isotope-exchange product indicate a reaction mechanism in which the first
step is collision-induced dissociation of the ammonia ion (or water molecule), resulting in a hydrogen
(deuterium) atom and an [NB,O]* ([INH3OD]*) complex. This complex may decay to form the products
NH,D* and OD (OH). The majority of the DH" product is formed via direct proton transfer.

Introduction the translational energy is experimentally controlled. After the

Elaborat thod ft to det ine the fi reactive collision we measure the relative abundance of all ionic
aborate methods are often necessary to determine the finet, .y, otg. irrespective of scattering angle, as well as the

details that comprise complex processes, especially if the event rojection of each ionic product's velocity onto an axis in the

g.rllgerl conS|de_raf[|on are not dlrectl}[/ cl)bser\{ablle. Ind.t.hese laboratory frame. These results and their implications are
Ificult cases It Is necessary to control precisely conditions presented below; however, the observed channels are presented

precg(_jing the event, as well as accurately observe many of thenere for the sake of the present discussion. The observed
conditions of the system after the process has taken place. 'fchannels are

the system under investigation is the chemical reaction of two
polyatomic molecules, the conditions before the reactive

+
encounter that may be controlled include the internal state D,OH" + NH, +0.92eV
distribution (rotational, vibrational, and electronic) of each NH, " (v) + D,O—{ NH,D" + OD —0.29 eV
reactant, the relative speed with which the individual reactants NH2D+ +OD+H +510eV

approach each other before colliding, and the relative orientation

of the reactants. The properties of the system available for (Reported values for the energies of the reactionsAdet 0
observation following the reactive event include the identity of K.2) Although some factors are not controlled rigorously (e.g.,
all the products (and their likelihood of formation were the the internal energy of the water molecules) and many properties
experiment to be repeated many times), their internal state after the collision are not measured (internal states of the
distributions, their relative orientation, and the velocities with products, abundance of neutral products, etc.), we are still able
which they recoil from the location of the collision. To date, to extract much information from the experimental results.
there is a substantial history of this type of detailed investigation  Ours is not the first study of the reaction of ammonia ions

of chemical reactions. with water molecules. In 1968 Chupka and Russekasured
The present study is an investigation of the reaction of an the efficiency of the reaction of internally excited BHwith
ammonia ion (NH") with a deuterated water molecule AD) H.O to form both NH* and HO*. The ammonia ions were

in which the vibrational state of the ammonia ion as well as prepared with various amounts of internal energy by means of
photoionization, which was quite a feat before the advent of
*To whom correspondence should be addressed. lasers in the chemistry laboratory! They reported a slight (10%)
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enhancement of the reaction to form NHupon the addition drastically different energetic conditions, the insight gained from
of ~1.5 eV of internal energy in the ammonia ion. Formation comparison with past results has been limited.
of H3O" was seen to be a factor of 100 less probable than  Qur investigation of this reaction is unique not only because
formation of NH;* under their experimental conditions. of the high collisional energies involved but also because we
Nine years later the problem was taken up by Anicich, Kim, have direct control of the internal state of the ammonia ion.
and Huntresé. They employed two different ICR methods to  This control is possible as the ions are prepared via resonant
determine the product branching and rates of reaction for the multiphoton ionization. In addition, more than one normal
reaction of internally excited Ngt with H,O. They determined  vibrational mode may be excited upon ionization, allowing the
that ammonia ions in the ground vibrational state react with investigator to test the sensitivity of the reaction to the
water to form only NH*, whereas internally excited ammonia vibrational mode of the ion, not just the total internal energy.
ions produce both Nt and O™ (15% and 85%, respectively).  This type of mode-selective investigation has been done for both
Moreover, they showed that the overall rate of reaction of neutral/neutral and ion/neutral reactidfisAlthough statistical
internally excited ammonia ions is much faster than that of theories have seen much success in describing the behavior of
ground-state ions. ion—molecule reactions, a few cases exist where mode selectiv-
Chesnavich and Bowersompared the results of both above- ity is observed. Past work in this laboratory on the reaction of
mentioned experiments with the predictions of statistical phase ammonia ions with fully deuterated ammonia molectiies
space theory and concluded that the reactions in questionShOWGd charge transfer to be enhanced for ammonia ions with
proceed nonstatistically. energy in the “umbrella” bending mode,f compared to ions
Adams, Smith, and Paulsbreacted ammonia ions with water ~ With energy in the symmetric stretching mode)( Anderson
molecules at thermal collisional energies in a SIFT. As with and co-workers have also seen mode-selective behavior in
Anicich et al., they observed only N from this reaction under ~ "éactions of both state selectively prepared acetylené4ansl

energetically thermal conditions. They found the binary rate State selectively prepared ammonia iéhsThese previous
constant for this reaction to be3 x 10~ —much less than  investigations of mode-selective behavior of temolecule

the theoretical (ADO) value of 2.38 1079, reactions seem to indicate that energy in vibrational modes
whose motions are along the reaction coordinate tend to en-
hance reactivity; however, there are also cases where excitation
in a mode whose motion seems to be along the reaction
coordinate does not enhance reactivity. For example, while

charge transfer from ammonia ions to fully deuterated ammonia
is enhanced with “umbrella” bending, the proton transfer is not

Kemper et al. used their own measurements, along with those
of Anicich et al.# to probe the internal energy deposited into
the ammonia ion after charge transfer from one of several
molecular ions or rare gas ions. In this study they used the
reaction of ammonia ions with water molecules as an indicator

of the total amount of internal energy deposited in the ions by ™= =" . / . .
charge transfer. They first calibrated the scheme with rare gaSS|gn|f|can'gly enhanced ‘.N't.h the symmetric stretchlng_ motion.
The reaction of ammonia ions with deuterated water is a good

ions as the charge carrier, using ener balance and the L ) . .
9 9 gy test case for the criteria for mode-selective behavior because it

measured kinetic energy release to determine the amount ofh | q h s b b dq ch
internal energy in the ammonia ion. Once the charge-transfertr‘:’illisfr’,:;r east two product channels but no observed charge

reactions are well characterized, the amount of internal (total
vibrational and rotational) energy in the ammonia ions from a )
chemical ionization source is known, and the dependence of Experimental Method
chemical reactions on ammonia ion internal energy can be
studied for each observed channel.s@H and NH;* were the
observed products.) The rate to forrg®t was seen to increase
sharply at ammonia ion internal energies above 2 eV, whereas
that to form NH;" decreased gradually over the range3leV

and remained very low at higher energies. They estimated the

collisional energy of the reactions to be less than 0.2 eV for stretching (“breathing”) mode and-A.0 quanta of vibrational
these ICR measurements. energy in thev, symmetric bending (“umbrella”) modé:18 A

Tachibana et d.have performed detailed density functional particular vibrational preparation is described &2"lfor m
theory calculations on the present system as well as the reactionauama in the’; mode anch quanta in thes, mode. The ions
of ammonia ions with ammonia and hydrogen fluoride. Al-  gre extracted orthogonally from the molecular beam and injected
though they calculated the energies for many of the pertinent jnto g quadrupole mass filter that passes only ions with a mass-
species discussed in the present work, their discussion dweltio.charge ratio of the desired reactant ion. The reactant ion
mainly on the hydrogen abstraction reaction, which is nearly peam then passes through a collimating lens and into an octopole
unobservable at high collisional energies. ion guidé® in which the reactive collisions occur. The presence

More recently, Green and Zdrestudied the reaction of  of the ion guide ensures the collection of all products, regardless
ammonia ions with water molecules (both fully deuterated) in of scattering anglé The neutral collision gas (#, Aldrich,
abulb. They investigated the reaction of ammonia ions in both >99.99%) is introduced through a leak valve and into a short
the ground and the first excited vibrational statg)( They collision cell that is concentric with the octopole ion guide. To
measured rotational distributions of OD from the reaction ensure single-collision conditions, the branching ratios for the
channel NR* + DO — ND4* + OD and found them to agree  various products were measured over a broad collision cell
well with the predictions of statistical theory. pressure range (roughly &0 uTorr) and were found to be

It is surprising that, although the species under investigation independent of pressure. The reaction collisional energy is
in this study are both common in nature and increasingly experimentally controlled by changing the dc float voltage of
accessible to theoretical calculation, ours is the first study of the octopole ion guide. The voltage of the field-free ionization
this system at collisional energies significantly above thermal region is kept constant at 6.00 V. Changing the octopole dc
energies. Because we are investigating this reaction underfloat voltage over the range 5.682.50 V corresponds to a

The experimental method employed is described more fully
elsewheré®15only a brief description is given here. Ammonia
ions are prepared vibrational state selectively with-+21)
resonance-enhanced multiphoton ionizafdREMPI) of am-
monia in a pulsed molecular beam. This scheme is used to
prepare ammonia ions with 0 or 1 quanta in thesymmetric
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center-of-mass collisional energy range 0-30.00 eV. The =
product ions and remaining reactant ions drift through the
octopole and are mass-selected with a second quadrupole. The (a) Ecm =05eV
time-of-flight profiles for reactants and products are then N 2 - - o - NILD'
2 1

recorded simultaneously with a multichannel scaler and a current
transient recorder.

We report relative integral cross sections that are calculated
by normalizing the counted signal for the product in question
to the integrated current of the reactant ion. Here “relative”
refers to the fact that we are unable to measure absolute cross
sections because we know neither the pressure in the collision
cell nor the effective path length. Although the units are arbi- 0
trary, all of the cross sections reported in the present work may
be compared with each other, as the pressure in the collision
cell was kept constant for all the experiments (assuming that
the conductance between the leak valve and the cell remained 3 T
constant).

Signal coming from sources other than reactions in the
collision cell was checked at all collisional energies by repeating
the experiment without introducing ;D into the reaction
chamber. These background cross sections were found to be
the highest for species having a mass-to-charge ratio of 18 but
were insignificant even in this case. We suspect this background
to be from reaction either with ambientO in the chamber to
form NH,D* or a hydrogen abstraction reaction from hydro-
carbon species in the chamber to form NH The time-of-
flight profiles were corrected for collisions outside the collision
cell by acquiring data with gas flowing directly into the chamber 0 2 4 y_ 6 8 10
(not into the collision cell). These background time-of-flight 2

profiles were subtracted from the reactive time-of-flight profiles Figure 1. Vibrational energy dependence of the reaction o6NE#2")

before the velocity transformation (see below)'. with DO to form D,OH* and NHD* at (a) 0.5 and (b) 10.0 eV
Because the reactant ions are generated with a pulsed lasegoliisional energy (com). The ordinate is the relative reactive cross

(=10 ns) and ions are measured with a fast detector, the timesection for the reaction forming each channel (arbitrary units). The

taken by the reactants and products to traverse the length ofabscissa is number of quanta of excitation in thenormal mode of

the instrument can also be measured. These time-of-flight the ammonia ion (vibrational spacing 0.12 eV).

profiles can then be transformed into the velocity domain if .

the instrument function is sufficiently well-known. The instru- €Y. v2 = 0—10) have mass-to-charge ratios of 18 and 21 amu.

ment function is estimated by simulating the guided-ion beam These products are assigned to be,NH (*formal isotope

to determine the correlation between ion flight time and ion €xchange”) and BDH' (“proton transfer”), respectively. These

velocity in the octopole. The accuracy of this lookup table is assignments are based on se\(eral different sources of_ mforr_na-

tested by comparing two different reactant time-of-flight profiles ion: the masses of the major products for other isotopic

recorded under conditions in which all conditions were held Variations of the reaction (N + H,O, NDs* + D0, and

constant except the float voltage of the octopole. This calibra- NHs™ + H20), energetic constraints, and product scattering.

tion is performed in every experiment for which time-of-flight 1 here are also small amounts of product with mass-to-charge
data are recorded. ratios of 19, 20, and 22; however, they are below the intensity

level at which our instrument ceases to be trustworthy. That
there is little product at mass 20, one unit less than a major
product, attests to the purity of ourD sample. A significant
HOD or HO impurity would have yielded product at masses
20 and 19, respectively.

D,OH*. The formation of DOH" is enhanced with increas-

—— DZOH+

cross section /x10

-10

cross section /x10

Owing to the nature of the octopole ion guide, only the
projection of the product velocity onto the instrument axis can
be known. The instrument axis is approximately parallel to the
velocity of the center of maswvdy) because the fast ammonia
ion beam collides with a thermal sample of@vapor. The

average speed of the,© molecules is small compared to the . S Lo R .
ge sp ©2 P ing ammonia ion vibrational energy and yet is inhibited with

speed of the ammonia ion. Therefore, while we cannot . : o g
determine the degree to which the products of a reaction side!"cré@sing collisional energy as can be seen in Figures 1 and 2.
This behavior could be attributed to the fact that all of the energy

scatter, we can accurately determine whether the products are

forward- or backward-scattered in the center-of-mass frame. N internal modes of the reactants is available to the collision
" complex, while only part of the collisional energy may be

available to the system. For example, if the impact parameter
is large (a justifiable assumption in light of the scattering
Observed Products. Because product detection is ac- information presented below), the centrifugal barrier will

complished with a quadrupole mass filter and a charged particle consume increasing amounts of collisional energy. These data
detector, only ionic products are observed. Conservation of could also be taken as evidence in favor of a late barrier along
charge dictates that any reaction channel will have at least onethe reaction coordinate, in which case translational energy would
positively charged product. The major products of the reaction be expected to be much less effective than internal energy in
of ammonia ions with deuterated water under the experimental enhancing reactivity. Although several models might be put
conditions discussed above (single collisi@g, = 0.50-10 forward, we are reluctant to make strong claims.

Results and Discussion
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Figure 2. Collisional energy dependence of the reaction of 30
NHs™(12?) and NH;™(1°2%) with D,O to form DOH" and NHD™. Ve
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Figure 2 includes the reactivities of two nearly isoenergetic '$_> N : +
vibrational preparations of Ngi: NH3"(1122) and NH;™(1925) X 15 ' (b) NH2D
(BEnt = 0.63 and 0.60, respectively). A simple prediction of = : Backward: Forward:
mode-selective behavior based on motion along the reaction § 1g ; 0.53008 < — 0.46992
coordinate might be that proton transfer would be enhanced & !
with increasing energy in the; symmetric stretching mode. 5 - :
However, no measurable difference exists in reactivity between :
the two isoenergetic vibrational preparations at any of the 0 :
collisional energies investigated. This behavior indicates either T | I T
that DOH™ results from a complex that lasts long enough to 0 5 10 15 20
randomize internal energy or that the effect is too small to be Velocity km/s

observed in the present experiment. _ S
Figure 3a shows a sample velocity distribution for the reaction 1';1'2L:’[Eeagt.iO\I‘fecl)(f)ﬂg*zjjl_ggl)b\tjvtilt?\nljf% (;)1%Oe|;|/+c?3r|]|i(lisybrzall\lzggfror'phe
of NH3+(1021) with D20 to form DZQHJ.r at_a C_enter'Of'mas_s abscissa is the lab frame velocizty of the product in the octogole after
collisional energy of 10 eV. The distribution is bimodal with eaction. The floating scale is the total center-of-mass energy in product
one peak on the center of mass and one strongly backward-recoil.
scattered peak. (The forward direction is defined by the initial
direction of travel of the reactant ion.) Figure 4 shows how products. A second possible cause for the slight disagreement
the velocity distribution changes with collisional energy and With the spectator-stripping model is that the slowest ions would
with ammonia ion vibrational state. be susceptible to perturbation by nonideal electric fields in the
The scattering of this product is consistent with the predictions instrument. For example, heating could be caused by imperfec-
of the spectator-stripping modeh which the velocity of the  tions in the trapping field of the octopole or fringing fields at
NH. fragment, the spectator, is assumed not to change throughthe exits and entrances of the various rf devices. Also note

out the reactive event. The predicted velocity of thgdBI* that off-axis scattering (a deviation from true spectator-stripping
product is readily calculated using this assumption according behavior) would tend to make the axial projection of the velocity
to the following equation: seem more forward scattered.
The velocity distribution in Figure 3a shows a minor amount
My, {ZEcmmDZOH+ 12 (~30%) of product scattering with velocities near that of the
Wp o+ = — center of mass. A careful inspection of the absolute intensities
’ szOH+\ MmNHf of this peak in Figure 4c (note different vertical scales) seems

to indicate that this slower contribution is not enhanced by
wherewp,ont is the velocity of BOH* in the center of mass  vibrational energy, unlike the fast backward-scattered peak. Both
frame, Ecry is the center-of-mass collisional enerdy, is the the scattering along the center of mass and the fact that formation
total mass of the system, anah, is the mass of species A. To  of these products is not enhanced with increased vibrational
obtain the lab-frame velocity, these center-of-mass velocities energy indicate that this contribution could be caused by
are added to the velocity of the center of mass. This prediction formation of a complex, similar to that for NB™, described
is indicated in Figure 4 byvsd'. The experimentally measured in detail below.
velocities of the BOH™ product are slightly faster (in the lab NH,D*. The eludication of the dynamics leading to the
frame) than the predictions of the spectator-stripping model. formation of NHD™ is not as straightforward. This channel
This behavior indicates that the Niffagment may have losta  shows several curious features. First, its relative cross section
small amount of momentum during the reactive event. The (Figure 2) shows two distinct collisional energy trendalling
agreement with the spectator-stripping model is the worst at at low collisional energy and rising again starting~eb eV
the lowest collisional energy studied (0.5 eV, com) where all (com). Second, although up to 10 eV of energy is available to
the available energy is needed to overcome the endothermicitythe system in the form of kinetic energy of the reactants, very
of the reaction and cannot therefore go into scattering of the little energy goes into product recoil. This conclusion is clearly
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Figure 4. Velocity distributions for DOH" from the reaction of ~ Figure 5. Velocity distributions for NHD™ from the reaction of
NH3*(1929) (solid lines, left-hand axis) and N(1°28) (dashed lines, NH3"(192% (solid lines, left-hand axis) and N#(1°28) (dashed lines,
right-hand axis) with RO at center-of-mass collisional energies of 0.5, Tight-hand axis) with BO at center-of-mass collisional energies of 0.5,
6.0, and 10 eV. The velocity of the center of mass is indicated with 6.0, and 10 eV. The velocity of the center of mass is indicated with
vem. The prediction of the spectator-stripping model is indicated with vem Note the different scaling for the two curves in each plot.
vss Note the different scaling for the two curves in each plot.

via a direct stripping of a deuterium atom followed by a
shown by Figure 3b as the product is seen to scatter tightly to unimolecular decay, significant amounts of piH would be
(0.6 eV, hwhm) and symmetrically about (53% faster, 47% expected to form at collisional energies below the threshold for
slower) the center of mass. Figure 5 demonstrates that thisformation of NHD™. Moreover, NHD™ from this mechanism
behavior is observed at all collisional energies. Third, a product would most likely scatter in the forward direction.
showing similar collisional energy dependence and product A model that accounts for all of these observations is one in
scattering has been obser¢&tbr the reactions of N~ with which the NHD™ is formed by a two-step mechanism: a
D, and COy—both of these reactions turning on at roughly 5 collision-induced dissociation-mediated complex formation fol-
eV (com) and depositing very little energy into product recoil. lowed by the dissociation of this complex into products.
Fourth, practically no product was observed at mass 19 at anyAccording to this model, formation of a long-lived complex is
of the collisional energies studied. If the MPI" were formed contingent on the breakage of either an ammoniaH\bond
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or a water O-D bond. After this collision-induced dissociation observed in the isoelectronic reaction of ammonia ions with
step, sufficient energy has been lost by bond rupture that thedeuterated ammonia was mainly driven by the large Franck
remaining complex ([NED,O]* in the former case or [Ni Condon overlap of the charge-transfer channel. This type of
DOJ" in the latter) has a lifetime sufficiently long to transfer mode selectivity would obtain only for iesrmolecule reactions.
one or more of the hydrogen isotopes prior to dissociation. If We suggest that other reactions of ammonia ions that include a
this description is the true mechanism yielding 20, however, direct charge-transfer product might also demonstrate some
these complexes still have short lifetimes, as we are able todegree of mode selectivity. Future experiments are being
detect neither the complexes, themselves, nor see evidence foplanned to test the hypothesis of Frarckondon control of
metastable species in the second quadrupole. We place an uppenode selectivity in iorr-molecule chemistry.

bound of 20us on the lifetime of the complex.
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