6504 J. Phys. Chem. A997,101, 6504-6512

Dynamics of the GH," + ND3 Reaction: A Vibrational-Mode-Selective Scattering Study
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The GH," + NDj; reaction has been studied using mode-selective preparation of,Hye @&actant in
conjunction with measurements of the product ion recoil velocity distributions. The only product channels
observed over a collision energy range from 0.1 to 5 eV (CM) arg"NBD;H*, and NOJH. No evidence

for the formation of covalently bound intermediates is found, despite the existence of several strongly bound
isomers of GHsN*. Also not observed is H atom abstraction. The absence of these channels is surprising
in light of their importance in the energetically similaptG* + CH, system. The NB' charge-transfer
reaction is found to proceed at low collision energies via a weakly bousld,[SDs]" intermediate with
lifetime around 1 ps. At high energies, charge transfer occurs mostly by long-range electron hopping. Proton
transfer is direct at all energies, though the time scale of the collisions approaches 300 fs at low energies.
Vibrational effects are mode-specific and change with collision energy and product channel. A collision
energy and vibrational-mode-dependent reaction mechanism is proposed.

I. Introduction collision energy and acetylene CC-stretch excitation but en-

We have been studying the reaction dynamics of small hanced by excitation of the.£," bend.

polyatomic cations; 2! choosing systems that show many of In addition to these complex-mediated reaction channels, H
the complexities of larger systems but that are still simple atom abstraction is observed, and this becomes the dominant
enough to be probed in detail, experimentally and theoretically. reaction at collision energies abovel eV. Both isotope
A combination of several tools is needed to work out the labeling and recoil velocity measurements show that the
dynamics of these reactions. We measure the integral crossmechanism is direct, switching from a short-lived1(-ps)
sections for all the observed products as a function of collision complex at low energies to a stripping mechanism at high
energy and vibrational state of the reactant cation. Vibrational- energies. This product channel-4sl50 meV endoergic, and
mode specificity is a sign that some transition state (€@jly as might be expected, reaction is enhanced by collision energy
in the collision is controlling the reactivity and that particular  in the threshold energy range. Acetylene CC-stretch excitation
types of motion or reactant distortion can enhance or inhibit has little effect, however, and bend excitation produces a large
passage through the TS. The TS must be early, before theenhancement that persists well past the threshold energy range.
intimate collision can scramblg the_|n|_t|ally prepared vibrational The strong bending enhancements were taken as evidence
_mode. We measure the velocity d|str|bl_Jt|ons fo_r all the product that there must be at least twearly bent transition states,
ions, and this provides several types of information. The degree . ' ; )

controlling the direct and complex-mediated reaction channels.

of forward—backward symmetry provides insight into the . o
importance of complex-mediated vs direct reaction mechanisms..SUbsequemly’ Klippenstéffreported arab initio study of the

. . i .
For direct mechanisms, the distributions allow further clas- |mpor|ta(rjlt Etatlonary pomtfs on theleel:z /ill-ut?urface..g:ls
sification as stripping-, rebound-, or glancing-type collisions. €vealed three separate forms of weakly bountiC:CH,
Finally, by extracting the recoil energy distributions from the complexes with transition states, leading either @i or

velocity information, we can determine energy partitioning and CsHe™ complexes. He also reported transition-state theory
also look for the effects of exit channel barriers. Of course, Ccalculations of vibrational effects and found qualitative agree-

we also take advantage of standard techniques such as isotopBent with our results.

labeling, etc. A simple potential energy diagram for thekG"/NH3 system
The GHzt + NH3 system was chosen because it is isoelec- is shown in Figure 1. Only product species and covalently
tronic with, and energetically similar to, the @™ + CHy bound intermediates are shown, though analogy with the

system, where we previously have found interesting dynamics, methane system suggests that weakly boungH{@IHs]*
including the largest vibrational-mode effects observed totfata. minima may also exist in the entrance channel. Energetics for
(The fact that the two systems are isoelectronic influences whatthe various local minima were calculated using data from the
electronic surfaces are likely to be important and thus has Somecompilation of Lias et al* There are many points of similarity
relevance to a nonadiabatic reaction.) The potential surface forin the energetics for £1,7/CHs. There are a number of
the GH,"/CH, system has a number of deep wells correspond- ¢qyalently bound @HsN* species that could serve as intermedi-
ing to various isomeric forms of covalently boungHg™. At ates in a complex-mediated mechanism. These species are
low collision en'ergies., the dominant rgactions correspond to actually more stable than the analogousi§ complexes, and

H, Ha, or CHy e"”_“”a“on from a long-lived GHs" com_ple_x, . lifetimes'* in the 100-ps to 10-ns range would be expected for
and when deuterium labels are used, the product distribution our collision energies. Just as in the methane system, there are

e e el of e g OMBEX eugergc channescaresponing t H arsminaton o
y 9 y the GHsN* complex, and the reaction analogous to :CH

* Author to whom correspondence should be addressed. eliminati.on (i.e., NH elimination) woulpl giye the H atom
® Abstract published ifAdvance ACS Abstractguly 15, 1997. abstraction products. H atom abstraction is about 60% more

S1089-5639(97)00722-6 CCC: $14.00 © 1997 American Chemical Society



Dynamics of the gH,™ + ND3 Reaction

J. Phys. Chem. A, Vol. 101, No. 36, 199505

Reactants| Intermediate Products
150 + Species
H-Atom Proton Charge T A
& 100 -+ . Abstraction Transfer Transfer | TTelimination | Hy-elimination 1 4 q
2

g 50 + + [02H++ NH, ]
S 3+ "My N
= 0 NHy 0 D
) CHLCN "+ H )
g 50 + . o
w (NH; + CH ] w
£ -100 4 — L1403
5 INHg + Co] 02
o - L
g 150 + S

200 + ., CHNCH' +H T-2.0

4 +
-250 + f’é CHCNH™ +H .
CHLNH + Hy

-300 + T-3.0

350 L CH,CH=N"

-400 + T 4.0

-450 + .

CH,=CHNH,

Figure 1. Potential energy diagram, showing reactants, potential products, and covalently bound intermediates.

endoergic for NH than CH, but note that this is still small

can also be prepared by (2 1) MPI via av, progression in

compared to the energy available except at our lowest collision the A4 state. In addition to the preparation of ions with

energies.

There are two exoergic channels fosHz™ + NH;z not seen
in the methane case. The proton affinity of N(8.85 e\Ld) is
large enough to make proton transfer exoergic, while fog CH
(PA = 5.7 eV) this reaction is endoergic. For methane, PT is
not observed over the-b-eV collision energy range; however,
it does occur for reaction of £1,* that has been vibrationally
excited near its dissociation limi€. Similarly, charge transfer
from GH," to NHs is 1.24 eV exoergic, while for CHit is

excitation in the FranckCondon-allowedv, (C—C-stretch)
mode, ionization via mixed intermediate levels can produce ions
with 2vpeng €Xcitation. From our photoelectron spectra, it was
not possible to identify which bend was excited, and we
tentatively pickedvs (cis bend) based on rotational contour
symmetry. While we cannot rule out the trans bend, the effects
on reactivity in the reaction of ££1,* with methan&2and with
OCS9 support the cis-bend assignment.

State-selected ions are produced in the center of a quadrupole

endoergic by 1.1 eV. Perhaps more important is the difference in guide by MPI of a pulsed, differentially pumped supersonic

in vertical ionization energies (IE’s), since both £&hd NH;
undergo large geometry changes upon ionization. Foy, iié
vertical IEL” is ~0.8 higher than the adiabatic IE; thus, vertical
charge transfer is-0.4 eV exoergic. For Ckionization only
begins to have reasonable Franckondon factors about0.8

beam. A combination of focusing in the ion guide and time-
of-flight (TOF) gating is used to reject fragment ions produced
in MPI and narrow the kinetic energy distribution. The mass-
selected reactant ions are then injected into a short segment of
octapole ion guide where they pass through a scattering cell

eV above the adiabatic IE; thus, the vertical charge-transfer cqntaining NG at a pressure of & 10°5 Torr, as measured by

process is>2 eV endoergic, and this channel is not observed. 4 capacitance manometer (MKS Baratron Type 390HA-001).
From the comparison of the two systems, we expected similar Np, (Cambridge Isotope Labs;99%) is used to distinguish

dynamics, though with product branching modified by the atom/proton-transfer processes and atom scrambling. Product
presence of the two additional exoergic channels. We have notigns and the remaining reactant ions are collected by the
found in the literature any studies of thetG™ + NH3 reaction octapole, guided through a second, longer octapole segment,
except in a compilation of 300 K ICR measurements by mass analyzed, and counted by a Daly detector. Reactant and
Huntress'® He reported observing only proton-transfer and proquct ion velocity distributions are measured using time of
charge-transfer products, with a 0.31:069 branching ratio. We flight (TOF).

would expect similar product branching at the lowest energies Integral cross sections were measured for each reactant

in our experiments but possibly quite different chemistry as the vibrational state at collision energies ranging from 0.1 to 5 eV

increasing collision opens endoergic channels and channels with o
barriers 9 P 9 (center of mass). The data for all vibrational levels were taken

consecutively to ensure reliability in the comparisons, and the
Il. Experimental Details _entire set of expe_riments was repeated s_e\_/era_ll tir_nes._ For
) integral cross sections, the final electrode injecting ions into
A. Instrumentation and Operating Conditions. The the octapole guide is set and/or pulsed so that product ions
guided ion beam tandem mass spectrometer used in thesdackscattered in the LAB frame are reflected and thus guided
experiments, along with our operating, calibration, and data to the final mass filter.
analysis procedures, has been described previduslye MPI The quadrupole and octapole ion guides are driven at 3.8
routes that we use to prepare state-selected reactants have beefhd 6.1 MHZ, respectively. Each is powered by a homemade
discussed in detal??° (3 + 1) MPI via the GII, origin, 2, high-power oscillator, directly coupled to the guide. The
and % bands results in production of,8," in the ground, operating frequency can be adjusted over a wide range, and the
=1, andv, = 2 levels, with high purity. The same ion levels rf amplitude can be precisely controlled, either manually, or by



6506 J. Phys. Chem. A, Vol. 101, No. 36, 1997 Qian et al.

computer. Amplitude control is important both for energy We find that the NRH* apparent cross section increases as
selection in the quadrupole and for measuring radial velocities the pressure is lowered, but the effect is only at the 5% level.
(see below) in the octapole. In addition of the dc potential Proton exchange is reporf&dio be highly efficient at low
applied to set the ion energy, the rf supplies allow a differential energies, but for this case, we expect that momentum transfer
dc bias to be applied for effective potential calibration. Finally, in the initial reaction will reduce the chance of producing very
the rf can be turned off and ramped up under control of a TTL slow NDsH™ that would undergo efficient secondary reaction.

pulse to allow rejection of unwanted ions. In presenting the data below, we have simply added thg"ND

B. Correction for Secondary Reactions. Measurements  sjgnal to the mass 20 signal before calculating the cross sections,
were made for NBscattering gas pressures ranging from3  j e, assumed that all N came from reaction la. This
107 to 1.5x 1074 Torr to assess multiple collision effects. It probably overstates the magnitude of the mass 20 cross section
appears that our typical operating range{80~° Torr) is low by about +-2% and may underestimate the cross sections for

enough to make mU|t|p|e collisions of the primary ions NDZHJr and NQH+ by 3—6%. Inthe moreimportant question
insignificant. Another problem is important, however. As of comparing cross sections from the reaction of differeit.C
shown below, many of the product ions are backscattered inyiprational states, we believe that the error introduced by this
the CM frame, corresponding to low LAB frame velocities. assumption is negligiblenone of our velocity distribution
These slow ions have a hlgh prObabi”ty for Secondary reactions measurements show a Signiﬁcant dependence Onzthgf@tate;

with the ND; in the scattering cell, e.g., thus, the secondary reaction probabilities should also be state
N + independent.
CoH," + ND3 (+ND3) =~ ND3™ + CoH, + ND; — C. Product lon Velocity Distributions and Analysis. In
ND," + C,H,+ ND, (1a) addition to the integral cross sections, we also measured the
recoil velocity distributions for all the product ions, for a range
C2H2+ + ND; (+ND,) — ND2H+ + C,HD + ND,— of collision energies. Some measurements were made for all

n the GH,* reactant vibrational states, but since the effects on
ND," + C,HD + NDH (1b) the recoil energies are insignificant, the bulk of the measure-
N . ments focus on the reaction of ground-stai£.
C,H," + ND; (+ND,) =~ ND,H" + C,HD + ND, — Two types of measurements were made. We attempted to
ND3H+ + C,HD + ND, (1c) determine true doubly-differential cross sections using the TOF/
variable guiding field approach developed by GerfighThe
where the second step in each sequence is a isotopic variant ofdea is simple and takes advantage of the cylindrical symmetry
the reaction NH" + NH; — NH4t + NH,, which occurs near  of the experiment. In this symmetry, any product recoil velocity

the collision rate for low-energy iorfd. vector can be broken down into components parallel and
The practical lower limit on the NPpressure is set by our  perpendicular to the octapole axiBaia and vragiar (The
need for a reasonable (%) probability for the primary @," velocity distribution is two-dimensional because the experiment

+ NDj; reactions, and this is not sufficient to completely is azimuthally symmetric.) The distribution afxiai can be
eliminate the secondary reactions. What we have done is tomeasured by recording the TOF distribution of the product ions,
try to identify which primary products contribute to the and by measuringaxa distributions for a range of octapole rf
secondary product ion signal. This is done by comparing amplitudes, it is possible to extract the full two-dimensional
apparent cross sections taken at high, normal, and low ND velocity distribution. For this system, the primary ion/product
scattering gas pressures. There are four masses with significanton mass ratio results in poQkadial resolution. The analysis

ion signal. Mass 19 corresponds to pHD)', mass 20 is NB" below is based omayiq distributions measured at high octapole

and possibly NBH,™, mass 21 is NEH™, and mass 22 is NfJ. rf amplitude, i.e., the projections of the full velocity distributions
A 3 x 1075 Torr, the apparent NJJ cross section at low  on the octapole axis.

collision energies is-3 A2, increasing to~16 A2 as the pressure Because, on averagey (the relative velocity in the colli-

is raised to 1.5x 107 Torr. Over this same pressure range, sions) is coaxial with the ion guide, much of the important
the mass 20 apparent cross section drops from 35.5 t0223 A dynamical insight, such propensity to forward/backward scat-
The fact that these two cross sections have almost equal butiering, can be obtained directly from inspection of thga
opposite effects indicates that the bulk of thefBignal comes  distributions. Quantitative analysis requires fitting the experi-
from NDs™ — ND4" (reaction 1a). This is expected since mental data, as follows!? A trial recoil velocity distribution
charge transfer, especially if resonant channels exist, may yieldis assumed and then fed into a Monte Carlo simulation of the
ions that are very slow in the LAB frame. These ions therefore experiment, accounting for broadening factors such as the ion
spend a long time in the Nfilled scattering cell and react  beam and target velocity distributions, target rotational energy
with high probability. distribution, etc. The simulation givesyiy and vyagia distribu-
The ND:H* product has a much weaker pressure dependence.tions and also correctly averaged values#gr, Eco, Ve, and
indicating that this “charge-transfer” isotopomer is less likely E,;, respectively, the relative velocity, and collision energy,
to undergo secondary reaction than the maingNProduct. the LAB velocity of the center of mass, and the total energy
Since the intrinsic reactivity of the two isotopomers must be available to the products. The trial velocity distribution is then
similar, the implication is that there are fewer very slow (and adjusted until the resultingaxia/vragiai distributions are in
thus reactive) NBH™ product ions. This is to be expected since agreement with experiment. The accuracy of the calibration/
the atom scrambling needed to produce,ND must result in  TOF-to-velocity inversion/simulation process is tested by using

some momentum _tran_sfer. ~velocity distributions measured forBs* produced in reaction
The other question is to what extent proton exchange might of C;H,* with CH,. As required by kinematics and the reaction
convert the N@H* primary product to NQ*: mechanisn¥, the result is a sharp peak symmetric abWy.
Since the experiment primarily gives axial projections of the
C,H," + ND, (+ND;) — ND;H" + C,H + ND, — full product velocity distributions, there is a uniqueness problem

4 in fitting trial two-dimensional distributions to the data. The
ND," + CH + ND,H (2a) best we can do is to use a physically reasonable model for the
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dynamics to generate trial velocity distributions. The resulting CoHy* (v) +ND,

fits are therefore reasonable but necessarily somewhat model- 40

dependent. The trial velocity distributions are based on the

“osculating complex” model of Fisk et &t. It is assumed that ND,H* —e— Ground State
the colliding reactants form a complex with lifetinagmpiexand 30T —8— Vpeng = 2
rotational periodr. In addition, it is assumed that the products —O— CCstretch =1
recoil in some directionfpeay relative to the rotating frame of 20 1

the complex. In this modelo/Tcomplex < 1 corresponds to a

collision where the complex makes at least a full rotation and 10 4
therefore loses all directional “memory” prior to product recoil.
This results in a velocity distribution that is isotropic in the
scattering plane. Conversely, a large value f#/Tcomplex
corresponds to a short, direct collision where products will be

o

-
[=]
o

scattered close t6peak cﬂ\l: 80
The clock for the dynamics is the complex rotational period, ~
Tro.  Classically, this can be estimated by = 2lcompiesdfil, & 601
wherel complexiS the moment of inertia arld= uveb is the orbital g 40 - \ 5 S collision
angular momentum of the reactants £ reduced masg) = n N /ol /
impact parameter). For reasonable valuesl@hpex and | & o0
(estimated from the magnitude of the cross section), the £ i ety ——"—
rotational period works out to about 1 ps. Within the uncertain- © 0 ' " y n; ;
ties associated with and lcompex this 1-ps period is ap- 40

proximately independent of the collision ener@d), because
the changes inve (=[2Eco/u]?) are offset by changes in the
range of impact parameters leading to reaction g~ mbmad
varies from~140 to~15 A2 asE. varies from 0.1t0 5 ev).
To complete the trial velocity distribution, we use the
following recoil energydistribution to specify the recoil speeds:

P(E oeo) = ex;{— (fwidth(ErecoiI B fpealEavail) 2)
recoil

Eavai |

Collision Energy (CM, eV)

This is a Gaussian in energy, with a peak energ¥p&iEavai
and a width proprotional t@Eayaiffwian. In the simulation Figgr_e 2. Cross sections f_or aI_I observed products as a function of
program, the high-energy tail of the distribution is truncated collision energy and g1." vibrational state.

on a collision-by-collision basis to ensure that the total energy
is conserved. Other functions that include angle-speed coupling
have been tried, but this gives an acceptable fit with a minimum
of parameters.

The nice thing about this model is that it allows description
of a wide variety of recoil velocity distributions with just four
parametersfeak fwidth, Opeak aNdTiodTcompley, all of which are
physically meaningful. Since much of the dynamical insight
comes from comparison of velocity distributions for different
products at different energies, we try to fit the_ data using ;4 ~50%, and it decreases slowly t040% at 5 eV.
parameter sets that are as consistent as possible {g4., _ One ambiguity in the data is that mass 20 may have
parameters that vary smoothly with gnergy). quther deta.|ls contributions from both NB" and NDH, ", i.e.. both CT and
and tests of hqw well the data constrf\m the resulting dynamics PT. We can, however, set a reasonable upper limit on how
can be found in our paper on thet&" + CHy systent: large the NBH,* contribution might be. If we assume that H
and D are completely equivalent in the PT reaction, as might
occur in a complex-mediated mechanism, then the ratio of

The integral cross sections for all observed product ions are ND;H," to NDsH™ should be about 3:2. In fact, our velocity
plotted as a function of collision energy angHg* vibrational distribution results (below) show that the PT reaction is better
state in Figure 2. To our surprise, only three of the many described by a proton-stripping mechanism, and this strongly
possible product channels have significant intensity. This was favors the NBH™ isotopomer. Virtually all PT is direct at high
expected for low collision energies, since the thermal energy energies, and at least half is direct even at our lowest energy.
measurement of Huntréddiad found only charge-transfer (CT)  This suggests that the NB,™-to-ND3;H™ ratio is~3:7 at low

at low energies and an estimated hard-sphere cross section at
high energies dcapture drops belowonardsphereat ~1 €V). At
energies below about 0.5 eV, the total cross section is equal to
the capture cross section within experimental uncertainty,
indicating reaction with unit efficiency. This is consistent with
Huntress’s thermal rate constant of 3<1107° cm?® s™! and
suggests that our collection/detection efficiency is quite good,
even though many products are backscattered. By the time
collision energy reaches 1 eV, the reaction efficiency is down

Ill. Results

and proton-transfer (PT) products. (Huntress studigdhC -+ energies and essentially zero at high energies. This, in conjunc-
NH3 and was unable to distinguish between CT with and without tion with the observation that the cross section at mass 2@ (ND
H atom exchange.) + NDzH,") is 3.5-4.5 times larger thany; (NDsH™), suggests

All three channels have similar collision energy dependence, that ND,H,™ contributes~15% of the mass 20 signal at our
being strongly inhibited by increasing energy. For reference, lowest collision energies but is insignificant at higher energies.
the total cross section for the reaction of ground staté,Cis Except where it matters, we will generally refer to the mass 20
plotted as a heavy dashed line in the center frame of the figure.signal as NQ'.

Also plotted in the center frame is an estimate of the collision  Itis interesting to note that the CT:PT branching ratio found
cross section, taken to be the iedipole capture cross secti®n at our lowest collision energy (0.1 eV) is 80:20, assuming all
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Figure 3. Vibrational effects: ovin/0groundstate

mass 20 is NB". This compares to a CT:PT ratio of 69:31
found by Huntress under thermal conditions, corresponding to
an average collision energy about half our lowest energy. If
we take 15% of the mass 20 signal and assign it to PT rather
than CT, then the CT:PT ratio is 71:29, i.e., in excellent
agreement with Huntress.

Vibrational effects are relatively small in this system but are
mode-specific. Figure 3 plots the ratio of the cross sections
for C;Hz* with CC-stretch or 2uengeXxcitation to that for reaction
of ground-state gH,". The solid line is the analogous ratio
for the total cross section. Since the product distribution is
dominated by N@Q*, the vibrational effect fowia followed
that for NDs;*. As the collision energy increases, the vibrational

Qian et al.
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effects become less certain, because the cross sections are much

smaller. The structure, such as the fluctuation in the CC-stretch
effect on NQH* between 1.5 and 2.5 eV, is not real, but the
larger scale effects are reproducible.

Excitation of the GH,™ CC stretch (1814 cri ~ 225 meV)
inhibits both the N@" and NQyH™ channels by about 25% at
low energies. This is-50% less inhibition than would be gotten
by putting the same 225 meV of reactant excitation into collision
energy. At higher energies, the effect is smalieughly a
~10% inhibition. The NDH™ isotopomer of the CT channel
is essentially unaffected by CC stretching.

The effect of GH," 2vpeng €Xcitation is larger. All three
channels are enhanced 580% at low energies. For the two
CT products, the enhancement dies off with increasing energy,
and there may be a small inhibition above 2 eV. For the PT
channel, the enhancement rises~+60% by 1 eV and then
declines slowly with increasing collision energy.

Figure 4 gives representative axial recoil velocity distributions
for three different collision energies. Since the vibrational
effects on recoil are small, we only plot data for the ground-
state reaction. The velocity scale is in the LAB frame, and the
dotted vertical line in each frame ¥cu. Product ions with
velocities higher thaWcy are forward scattered in the CM frame
(i.e., in the direction of the incident8,"), while those with
lower velocities are backscattered in the CM frame (direction
of the incident NI neutral). Defining “forward” as product
ion recoil in the direction of the reactant ion beam is the usual
convention for ior-molecule scattering. It can be a bit

V 5g (M/sEC)

Figure 4. LAB frame axial velocity distributions for three different
collision energies. The vertical dashed line indicates the velocity of
the center of massvtw).

confusing for reactions such as PT and CT where the charge is
transferred in the reaction. In this case, rebound scattering is
in the forward direction, while stripping gives “backward”
scattering-i.e., exactly opposite to the usual sense of forward
and backward.

For these velocity measurements, the final electrode injecting
ions into the octapole guide is kept at a potential below that of
the guide. lons that are backscattered in the LAB frame are,
therefore, lost (their velocities can’'t be measured anyway). In
addition, due to the inevitable presence of small potential barriers
in the octapoles, ions scattered at low LAB velocities are likely
to be lost or have their flight times significantly perturbed. In
this case, it is clear that we are losing ions with LAB velocities
less tham~750 m/s, corresponding to ions with energie60
meV. In fitting the velocity distributions, we therefore disregard
the velocity range below 750 m/s.

Considerable dynamical insight can be gotten simply by
inspecting the raw distributions. The two CT isotopomers
(ND3z™ and NDH™) have very similar recoil velocity distribu-
tions. Atthe lowest energy, the distributions are consistent with
forward—backward symmetry, and the shapes suggest that there
may be a substantial tail of the distribution that is scattered at
low or negative LAB velocities and thus lost. This is confirmed
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Figure 5. Recoil velocity distribution contour plots resulting from simulations of the data in Figure 4.

by the fact that when the octapole injection lens voltage is raised TABLE 1: Simulation Results
to reflect the backscattered product ions, there is a substantial yoqyct  Eo@  Eaall Frecld AEweco)®  ErecolEavail)
increase in the CT signal. As the collision energy is raised,

"
Vew shifts forward in the LAB frame, but the peak of both CT nglj 8'32 1'28 8'13 8'22 8'22
recoil distributions shifts backward. Already by 0.51 eV, there Np.H+ 032 127 0.29 0.24 0.23
is a small forware-backward asymmetry, and by 3 eV, the ND,Ht* 0.52 1.80 0.50 0.41 0.28
distributions are strongly backward-peaked. Particularly at the NDs* 0.52 1.80 0.50 0.41 0.28
highest collision energy, it is quite likely that a substantial NDsH" 052 146 036 0.28 0.25
; ; P ND,H* 3.0 4.29 2.04 0.90 0.48
fraction and possibly even the peaks of the CT recoil distribu- ND.* 30 429 526 088 052
i i < 750 m/s : ' ' ' ' '
tions are scattered Wlth_AB . ND3H* 3.0 3.95 1.97 0.89 0.49

In contrast, the PT product (NBI™) shows a clar propensity
to backscatter at all collision energies. The tendency to
backscattering is found even at collision energies as low as 0.1
eV, indicating that the PT reaction goes at least partly by a existence of many other energetically accessible product chan-
direct mechanism, even at near-thermal energies. nels. Given the many similarities between thgig/NHz and

The recoil distributions have been fit, as discussed above. C,H,"/CH, systems, it is remarkable that the product distribu-
The best fits are selected visually and lie within the scatter of tions are completely orthogonal. For methane, reaction at low
the data points over the entire velocity range greater than 750energy is dominated by the formation and decomposition of a
m/s. Contour maps of the resulting velocity distributions are covalently bound gHs* complex, while at high energies, a
shown in Figure 5, and Table 1 summarizes some of the results.direct H atom abstraction reaction dominates. For ammonia,
Because the simulations for NB™ and ND;*™ are similar, only ~ despite the existence of several strongly bouplds8I* species
the latter are plotted. Keep in mind that the fitting is somewhat (Figure 1), it appears that the system does not explore the
model dependent and also that we may be missing the stronglycovalently bound part of the potential surface at all. This
backscattered part of the distribution. The tabulated fraction conclusion is based on the consideration that if suchHsE*
of Eavail appearing as recoil should therefore be regarded as acomplex formed, it is inconceivable that the H-elimination
lower limit. product channels would not be a major decomposition pathway.
Other products (e.g., Helimination) would also likely result
from decay of such a complex, but for H elimination, there is

A. Missing Channels. The biggest surprise in this reaction no chance that there might be an activation barrier blocking
is that only CT and PT reactions are observed, despite thethe reactiorf® Apparently, there is either a substantial barrier

a Quantities in angle brackets are mean values. Unit is’@Vidth
(as standard deviation) @&coi distribution.

IV. Discussion
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or a severe dynamical bottleneck that prevents the reactants fromaverage recoil velocitylEecoil) is about 23% 0Egyai. As the
forming the covalently bound £IsN* complex at all. collision energy is increased, the fraction of energy going in to
Also not observed is the H atom abstraction reaction recoil increases as We”, to about 50% at 3 eV. Note that

producing GHs™ + NH,. This is especially odd in light of the ~ Pecause of collection problems with ions scattered, a <
importance of the analogous, and energetically similar, channel 750 M/s, these are lower limits. In any case, itis clear that the
in the GH,*/CH, reaction. It seems unlikely that there would fraction going |r)to recoil is far higher thgn the 5.5% that would
be a substantial exit channel barrier for thisioadical product ~ D€ observed with energy equally partitioned to all degrees of
pair. Furthermore, it is clear that there is no entrance channelfréédom. This is all consistent with a direct stripping mecha-
barrier since the proton-transfer reaction is highly efficient at M'SM.

low energies. Finally, this reaction in thet;™/CH,; system The PT reaction is about ¥320% efficient at low energies,

is direct; thus, it seems unlikely that the barrier/bottleneck that dropping to~5% at high energies. This also seems to be
prevents GHsN* complex formation would also prevent H atom consistent with the proposed mechanism. At higher energies,
abstraction. We are left with the conclusion that there must be the direct proton-stripping reaction presumably requires a
a dynamical bottleneck that effectively shuts down H abstraction. collision geometry where the nitrogen lone pair collides with
One possibility is that the iondipole interaction between the  one of the GHz™ protons and, further, that the NB product
approaching éH," and ND; orients the reactants so that-G* is able to miss cplhdmg with the heavy atoms in the remaining
always attacks on the nitrogen end of NDThis would occur C,H r_nmety. Evidently other geome'gnes do _not contribute to
both by locking the N dipole to the intermolecular axis and ~ the high energy PT reaction, and this explains the rather low
also by the fact that the ion approach should lift the degeneracyeff'c'ency- As collision energy is decreased, the reaction is still

of the double-well NQ bending potential, effectively forcing ~ direct, but the collision time scale increases to several hundred
the D atoms away from the approachingHz". femtoseconds, and this may allow the reactants time to adjust

for at least small deviations from the ideal geometry, thus
increasing efficiency.

Over our entire energy range, the PT reaction is enhanced
by C:H,* bending excitation and inhibited by the CC stretch.
A possible explanation for the vibrational effects at low collision
energies is given in the next section. The bending enhancement
at high collision energies is unique to the PT channel and thus
§ must be due to some influence on the probability of proton
stripping. Bending in H," disrupts the sp hybridization to
some extent and, thus, may weaken the CH bonds, thus
facilitating stripping. On the other hand, this reaction goes at
considerably less than unit efficiency, possibly due to the steric
effects just mentioned. One could imagine that bending might
reduce the interference to some extent. A definitive answer
will probably require more information about the stationary
states early on the &8,"—NH3 potential surface.

C. ND3*: Change Transfer without H/D Exchange. The
dynamics of charge transfer are somewhat different. At energies

This argument is appealing from an intuitive point of view.
Without additional information on the early portions of the
C.H,":NDj3 potential and probably some trajectory calculations,
it is not clear whether the orienting effect and the resulting steric
hindrance would be large enough to explain the complete
absence of H atom abstraction. Another possible rationalization
might be that the presence of exoergic competiingct channels
is enough to block the H-abstraction reaction. In the case o
C,H,1/CHy, the competing exoergic channels are all complex-
mediated, and both our resdlend Klippenstein's calculatiot’
indicated that the complex/direct branching was controlled early
on in the collision. For ammonia, the PT and CT reactions are
each direct and efficient. The problem with this competition
hypothesis is that we would expect a non-zero branching toward
H atom abstraction, especially at high collision energies.

B. Proton Transfer. The dynamics for the proton-transfer
reaction are clearly revealed by the data. The raw velocity
distributions are backward peaked, even at 0.1 eV collision up to about 0.5 eV, the NI recoil velocity distribution is
energy, and at high energies, the signal is almost entirely in aforward—backward s,ymmetric consistent with the bulk of CT
sharp backscat.tered peak. Whgt thi; tellg us is that even at lowbeing mediated by a complex ,With lifetime greater thahps.
collision energies, the reaction is direct in the sense that the a the coliision energy is increased, the recoil velocity distribu-
average collision time is less than300 fs (i.e., about one-  yion ghifts backward in the CM frame so that by 3 eV, most of

third of the~1-ps complex rotational period). As the collision  he products are scattered at low LAB velocities. The CT
energy is increased, the sharply backscattered dlstnbutlonefﬁciency (©ctlocoision) for ground-state g,* drops from

requires that the time scale of the collision be even shorter. _g5o4 at low energies t0-35% at 1 eV and then is roughly
Within the framework of the osculating complex model constant at higher energy.

discussed above, the best fit collision time-~i5% of zcompiex The strong backscattering at high energies implies a mech-
or about 50 fs. anism where the charge is transferred with little momentum

Strong backward peaking is the signature of a proton-stripping transfer, leaving the N§J product with near zero LAB velocity.
reaction, in which NI3 captures a proton from8l;" and then  Thjs type of mechanism is not unexpected for exoergic charge
continues on its way with little momentum transfer. Inthe limit {ransfer between polyatomic molecules. The density of product
of pure spectator strippirj,we would expect the distribution  yiprational states gives a reasonably high probability of there
for Eco = 0.32, 0.51, and 3.0 eV to peak backwards-atL 70, being near-resonant CT channels where little energy/momentum
—1510, and-3690 m/s, respectively, in the CM frame. Inthe transfer is required to conserve energy. This allows CT by
simulations (Figure 5), the peaks of the distributions do approach electron hopping at long-range curve crossings, giving rise to
these limits as the collision energy is raised. It is hard to say high-energy CT cross sections that can be quite taspenetime
how closely the dynamics approach spectator behavior becausgarger thanoharasprere That is the case, for example, in the
these limiting velocities are all at LAB velocities 750 m/s. C,H,1/OCS systend,while for C;H,™/NDj3 the high-energy CT
Certainly the results are consistent with an approach to spectatorcross section is only approximately one-thirghrasphere

behavior. For a truly long-range mechanism, the CT efficiency can be
This reaction is exoergic by 0.95 eV, and it is interesting to rationalized by a FraneckCondon/energy gap mod&#82°where

see how much of this energy is partitioned into recoil. At a CT is most probable for states that are near resonant and that

collision energy of 0.32 eV, the total energy available to the also have sizable FraneiCondon overlap with the initial

products Eava) is 1.27 eV. The simulations suggest that the reactant state. This gives a plausible explanation for why the
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high-energy CT probability is so low. #,, when ionized,
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D. ND,H* Enigma. The H/D-scrambled CT product,

undergoes only a small expansion of the CC bond length, andND,H*, is observed to have a collision energy dependence and
the dominant states produced in the ion are the ground staterecoil velocity distributions quite similar to the dominant CT

and the first few members of a progression 1p3° For
neutralization, we expect a similar propensity for only a few
levels ofv;, to be Franck-Condon active. For Np) the large

geometry change accompanying ionization leads to a photo-

electron spectruid with a long progression in, the umbrella
bend. If we assume that most of the CT exoergicity has to be
taken up as NB" umbrella motion, then to achieve resonance
with the reactant state, excitationitg~ 13 would be required.
Judging from the photoelectron spectra, the Frar€endon
factor for the NQ* (v2 = 13) <— ND3 (v2 = 0) transition is
only about 10% of the peak FranekCondon factor#, = 5—7).

Of course, it is likely that other Ng&¥ or GH,, vibrational states

product, NQX*. At low collision energies, this is entirely
reasonable. CT appears to go via a complex-mediated mech-
anism, and in this case, we expect to find a fraction of CT
products where some H/D scrambling has occurred.

More surprising is that this product is observed at high
collision energies, where CT is dominated by long-range electron
hopping. There is, however, bound to be some CT occurring
in more intimate collisions, and these would allow the necessary
H/D exchange. The real puzzle is that the recoil velocity
distribution for the NQH* product is quite similar to that for
NDs*, even at high energies. It would seem that any collisions
intimate enough to allow H/D exchange should also result in

may take up some of the excess energy, but the point is thatsignificant momentum transfer and, thus, products that are not

the aggregate FranelCondon factors for near-resonant CT are
quite poor. CT still takes place primarily at long range, as
shown by the strongly backward-peaked velocity distribution,
but the probability is relatively low. In this energy regime, both
CC stretch and bend excitation inhibit CT by-120%, and the
effect is larger for the higher energy stretch excitation. This
could be a FranckCondon effect, but it may also be due to

so strongly backscattered.

We considered the possibility that our BDeactant was
somehow undergoing exchange in the inlet system so that there
was significant NDH contamination. This was checked by
electron impact ionizing the Nfinside the octapole guide, just
at the exit of the scattering cell. The mass spectrum shows no
peaks at odd masses, indicating insignificant H contamination.

larger energy gaps. We are unable to estimate the gaps becaus@ne might also think that NfBi™ might arise from decomposi-

the vibrational level spacings are not known at the higher
energies required to achieve resonance.

At low collision energies, the much increased CT efficiency,
together with the forwardbackward symmetric recoil distribu-
tions, indicate that a new CT mechanism is dominating. The
logical mechanism is CT mediated by a complex with-ps
lifetime. This is clearly not a covalently bound KN*
complex, since the H and#¢€limination products from such a
complex are not detected. This must simply be a complex of
the [GH2:NH3]* form, weakly bound by electrostatic forces.

The fact that a substantial cross section is observed for the H/D-

exchanged CT product (NBBI™) is consistent with a complex-

mediated mechanism, though clearly this is not a case where
the H/D atoms are completely scrambled, since that would lead

to a predominance of Nfi* over ND;*. Evidently H/D
migration is inefficient in this [@H2:NH3] ™ complex, probably
due to the short lifetime, and this also explains the fact that the
complex-mediated mechanism does not lead to muchHND
PT product.

At low energies, the vibrational effects are quite mode-
specific. CC-stretch excitation inhibits CT by25%, and 2pend
excitation enhances CT by30%. Since the dominant low-

tion of nascent NBH' product. The problem with this
hypothesis is that the net reaction

C,H, + NDy— ND;H" + C,H—ND,H" + H + C,H

is endoergic by 4.5 eV, so this channel is closed over most of
our collision energy range.

The data, therefore, indicate that there is some subset of
collisions that can exchange an H/D pair along with the charge
but without substantial momentum transfer. Actually, there is
evidence suggesting that some momentum transfer does take
place in the collisions, leading to NBI*. Although the velocity
distributions in Figure 4 look identical for Nf and NDQH™,
when we raise the potential on the lens injecting ions into the
octapole so that backscattered ions are collected, the signal for
NDs* increases by~30%, while the NDH™ signal is un-
changed. This indicates that the BHD" product is less
backscattered than the ND Still, the degree of backscattering
is quite surprising, and it is really not clear what collision
dynamics lead to this.

This two most likely scenarios might be thought of as D
transfer followed by H backtransfer:

energy CT mechanism seems to be complex-mediated, theC2H2++ ND3—>NDZ:C2H2D+—>ND2H+:C2HD—>

vibrational effects must originate early in the collision, prior to
formation of the [GH2:NH3]™ complex. The reasoning here is
that the initially prepared vibrational modes would be scrambled

ND,H" + C,HD

in the complex; thus, the observed and mode specificity requiresOr H* transfer followed by D atom backtransfer:

that the rate-limiting step be prior to complex formation.

In fact, the vibrational effects on all three channels are similar
at low energies, and the net effect is that total reactivity is
enhanced by g4, bending and inhibited by CC stretching.
This suggests a reaction mechanism where ity Cvibration

influences the probability of a successful reactant approach,

C,H," + ND;— ND;H":C,H — ND,H":C,HD —
ND,H" + C,HD

Both would have to occur in a very short-lived encounter
complex to be consistent with the observed strongly peaked

while the branching between the product channels is determinedrecoil distribution. The first seems unlikely, since we might

later in the collision by factors (e.g. geometry or total energy)
not strongly dependent o8, vibration. One possibility is
that vibration is controlling the probability for transition to the
NDs;*™ + C,H, charge state, early in the collision, and that
NDzH* and NDH™ products, as well as the CT products, form
in this charge state. It is not clear what aspect of thEC
vibrations enhances or inhibits the likelihood of a reactive
collision, and theoretical insight would be very helpful.

expect that in some collisions the products would separate after
the first step, giving rise to a £,D" channel that is not
observed. The second possibility simply corresponds to proton
transfer but where a backtransfer @ D atom occurs before

the products can separate. In this mechanism, product separation
before backtransfer simply would give the observed PT product
channel. We might expect, however, that the ratio ofsND

to ND,H™* would increase with collision energy, since the time
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available for the backtransfer is decreased. In fact, this ratio is

found to be approximately energy-independent.

V. Conclusions
We have found that the £, + NH3 system has some very

interesting and complex dynamics. The combination of reactant
ion state selection and product ion velocity measurements

Qian et al.
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C:HsN* complex formation and the H atom abstraction reaction.

Both of these processes were expected to be important from

comparisons with the ££1," + CH, reaction. To further explore
this system, we are currently running similar experiments on
the NHs™ + C,H, system, where we can also mode-selectively
excite the reactant ion.
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