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Vibrational and collisional energy effects in the reaction of ammonia ions
with methylamine
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~Received 16 November 2000; accepted 16 April 2001!

We have investigated the reactions of vibrationally state-selected ammonia ions with
d3-methylamine over the center-of-mass collisional energy range of 0.5 to 10.0 eV and for ammonia
ion vibrational states ranging fromn251 – 9. Under these conditions, five major products appear:
NH4

1 , NH3D
1, CD2NH2

1 , CD3NH2
1 , and CD3NH3

1 . The cross section for each product is a
decreasing function of collision energy and also a decreasing function of energy in then2 mode of
the ammonia ion, except for CD2NH2

1 that shows about a twofold enhancement with increasing
internal energy, most notably at low-collision energies. Examination of the velocity scattering
profiles shows that the mechanism for formation of each major product does not involve complex
formation in this energy range. Branching ratios for each product are measured, and a comparison
is presented for CD2NH2

1 and CD3NH2
1 arising from reactions with ammonia ions prepared in two

nearly isoenergetic states. One state has no quanta in the symmetric stretch and five quanta in the
umbrella bending mode (1025) and the other has one quantum in the symmetric stretch and two
quanta in the umbrella bending mode (1122). Comparison indicates that this reaction is
vibrationally mode selective, although the extent of mode selectivity is small. ©2001 American
Institute of Physics.@DOI: 10.1063/1.1377605#
ny
o

t
f-
a

io
a
ng
e
us
u
s

rv
ov
tu
th
th

a-
am

a

io
p

s
n–
by
ex-
om
t
rmic
of

of
ton

hy-
sing

ies
his
ion
ci-
so
so
rly
r-

for-

ion
y
ans-
n
on
s,

nto

ar
I. INTRODUCTION

Ion–molecule reactions play an important role in ma
chemical environments including plasmas, upper atm
spheric chemistry, interstellar space, and the environmen
low-Earth orbiting spacecraft.1 To understand better the e
fects of different types of energy and the partitioning of th
energy on reactivity, we have studied the NH3

1–CD3NH2

system. In particular, we examine how collision energy,
internal energy, and ion vibrational mode influence the re
tion efficiency, product branching, and product scatteri
Because single-collision conditions are maintained, the m
surement of product recoil velocity distributions helps
gain insight into the elementary reaction mechanism prod
ing each product. Also, by measuring cross sections a
function of collision energy and internal energy, we obse
the competition between these two types of energy in g
erning the outcome of a chemical reaction. The present s
allows us to determine whether it is the total energy of
system or the partitioning of that energy that controls
reaction outcome.

The NH3
1–CD3NH2 system is interesting for several re

sons. First, previous to this study, this laboratory has ex
ined reactions of ammonia ions with small hydrides, such
D2, D2O, CD4, and ND3, exclusively.2–5 Methylamine,
though still small by chemical standards, offers a react
where many more product channels are energetically o
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~27 internal degrees of freedom!. Second, in those previou
studies we have hypothesized that mode selectivity in io
molecule reactions involving the ammonia ion is driven
the Franck–Condon overlap between the vibrationally
cited ammonia ion and the neutral ammonia resulting fr
charge transfer.6 The NH3

1–CD3NH2 system is an excellen
test of this hypothesis because this system has an exothe
change transfer channel. Finally, the ammonia ion is one
the few ions that can be prepared with a wide variety
specific internal states owing to the nature of the multipho
ionization scheme utilized.7

State-selected ion–molecule reactions involving met
lamine as the neutral target have been studied before u
phenol as the state-selected ion.8 In that reaction, proton
transfer was the only product seen at the collision energ
studied, 0.1–2 eV. The cross section for formation of t
product was found to be a decreasing function of collis
energy for the three different ion preparations studied. Ex
tation into two different normal modes of the phenol ion al
inhibits reactivity over the collision energy range. It was al
found that the product ion velocity distributions show nea
perfect forward–backward symmetry at low-collision ene
gies, which indicates a mechanism mediated by complex
mation.

Adams, Smith, and Paulson9 reacted ammonia ions with
methylamine at thermal collisional energies in a selected
flow tube ~SIFT!. Under their experimental conditions, the
observed three major products corresponding to charge tr
fer ~50%!, proton transfer~35%!, and hydrogen abstractio
~15%!. They found the binary rate constant for this reacti
to be 1.831029 under energetically thermal condition

-

y,
© 2001 American Institute of Physics

 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



al
a

lo
ti

ee

ed
b

o

lly

th
-t
ed

ai

e
th
rri
ne
le
ia
e
e
on
ry
e
am

-of-

by
to

The
a-
r the
th
ept

ll of
ared
os,
lar
er

tios
hey
ror

rt
e-
t
nc-
e
n
tru-
on
me
e-
uct
o-

d,
the
d
er-
tru-
a-

nd

mal
ri-
en-
ction
-
sets
for
nels
en-
ops
to
gy

125J. Chem. Phys., Vol. 115, No. 1, 1 July 2001 Reaction of ammonia ions with methylamine
comparable with the theoretical@average dipole orientation
~ADO!# value of 2.0631029.

The reaction of ammonia ions withd3-methylamine un-
der hyperthermal energetic conditions presented here
produces charge transfer, proton transfer, and hydrogen
straction, along with several other products. Shown be
are the energetics for some possible products of this reac

NH3
11CD3NH2→5

NH4
11CD3NH '20.9 eV

NH2D
11CD2NH21H '14.2 eV

NH3D
11CD2NH2 '21.2 eV

NH31CD2NH2
11D '10.1 eV

NH21CD2NH2
11HD '10.3 eV

NH31CD3NH2
1 '21.1 eV

NH21CD3NH3
1 '21.0 eV

.

~1!

The energies reported areDHrxn at 298 K.10 Note that two
different reactions produce products withm/z518 and 32.

II. EXPERIMENT

The experimental method used in this study has b
described in detail elsewhere.11 Briefly, ammonia cations are
produced in specific vibrational states using~211!
resonance-enhanced multiphoton ionization~REMPI! by
crossing a pulsed molecular beam of ammonia~5% in He!
with the frequency-doubled output of a NG:YAG pump
dye laser. Two normal modes of the ammonia cation can
accessed using this arrangement. Then1 symmetric stretch-
ing ~‘‘breathing’’! mode can be prepared with either zero
one quanta, whereas then2 symmetric bending~‘‘umbrella’’ !
mode can be excited with zero to ten quanta of energy.12,13A
particular vibrational state is described as 1m2n wherem is
the number of quanta in then1 mode andn is the number of
quanta in then2 mode. The ions are extracted orthogona
from the ionization region by a direct current~dc! turning
quadrupole and injected into a quadrupole mass filter
selects only those reactant ions with the correct mass
charge ratio (m/z517). The reactant ions are then focus
into an octopole ion guide14 that is concentric with a colli-
sion cell containing the neutral target gas~methylamine-d3 ,
Cambridge Isotope Laboratory, 98% D!. The
d3-methylamine is introduced through a leak valve to obt
a pressure in the collision cell of;30 mTorr. The octopole
ion guide ensures that all ions with some forward compon
of velocity in the lab frame are collected and focused into
second quadrupole for mass analysis. Ion detection is ca
out using fast microchannel plates. Using a multichan
scaler and a current transient recorder, time-of-flight profi
for both product and reactant ions are measured sequent

The collision energy between the ammonia ions and n
tral methylamine is controlled by varying the dc pole offs
of the octopole ion guide relative to the field-free ionizati
region, which is kept constant at ground. The laborato
frame collision energy,ELAB , set by the dc pole offset on th
octopole rods can be converted into the center-of-mass fr
collision energy, ECM , according to ECM5ELAB@m/(m
Downloaded 22 Apr 2004 to 171.64.124.7. Redistribution subject to AIP
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1M )#, wherem is the mass of the neutral molecule andM is
the mass of the ion. Thus, a voltage range of20.75 to
215.00 V on the octopole rods corresponds to a center
mass collision energy range of 0.50–10.0 eV.

We report relative integral cross sections calculated
normalizing the counted signal for a particular product ion
the integrated current of the unreacted ammonia ions.
term ‘‘relative’’ refers to the fact that we are unable to me
sure absolute cross sections because we know neithe
exact pressure in the collision cell nor the effective pa
length. Because the pressure in the collision cell was k
nearly constant for all of the experiments reported here, a
the cross sections presented in this work can be comp
with each other. We also report product branching rati
calculated by dividing the counted intensity of a particu
product ion by the counted intensity of all product ions und
the same experimental conditions. Although branching ra
contain less information than relative cross sections, t
have the advantage of dividing out any experimental er
that has an equal multiplicative effect on all products.

Owing to the timing of the experiment, where a sho
laser pulse~'10 ns! determines the start time and a tim
sensitive detector~t,5 ns! counts the ions, the time-of-fligh
of the product ions can be measured. If the instrument fu
tion is well known, then the time-of-flight profiles can b
converted into the velocity domain yielding informatio
about the reactive scattering of the ion products. The ins
ment function is estimated by simulating the guided-i
beam to determine the correlation between ion flight ti
and ion velocity in the octopole. The velocity profiles r
ported here are a histogram vs the projection of the prod
velocity onto the instrument axis. The instrument axis is c
incident to the initial velocity of the ammonia ions an
therefore, to the velocity of the center-of-mass because
average speed of the CD3NH2 is small compared to the spee
of the ammonia ion. Therefore, although a complete diff
ential cross section cannot be measured using this ins
ment, the velocity histogram can accurately yield inform
tion on the degree of forward or backward scattering.

III. RESULTS AND DISCUSSION

A. Low-mass products

1. Collisional energy dependence

The minor products with mass-to-charge ratio of 18 a
19 have been identified as hydrogen abstraction, NH4

1 , and
deuterium abstraction, NH3D

1, respectively. There is also
evidence in the scattering data that a small amount of for
isotope exchange, NH2D

1, also takes place under the expe
mental conditions studied. Figure 1 shows the collisional
ergy dependence of these low-mass channels for the rea
of NH3

1 ~1025!1CD3NH2. The data in this figure and all sub
sequent figures represent the mean of at least three data
while the error bars represent one standard deviation
those data sets. The relative cross sections for both chan
are decreasing functions of the center-of-mass collision
ergy. The cross section for hydrogen abstraction dr
abruptly by just less than a factor of 3 in going from 0.5
2.0 eV, then levels off upon increasing the collision ener
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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from 2.0 to 10 eV. The cross section of deuterium abstr
tion, on the other hand, decreases smoothly by about a fa
of 10 upon increasing the collision energy from 0.5 to 10 e

The behavior of these channels with respect to collis
energy is very similar to the deuterium abstraction chan
observed in the reaction of ammonia ion with metha
(NH3

11CD4→NH3D
11CD3).4 This type of behavior,

where the cross section is a decreasing function of collis
energy, is typical for ion–molecule reactions with no thres
old energy.

2. Vibrational energy dependence

Figures 2 and 3 show the dependence of the rela
cross sections for the formation of NH4

1 and NH3D
1 on the

number of quanta excited in then2 mode of the ammonia
ion. All collision energies studied are shown in the figur
The amount of internal energy ranges from 0.12 to 1.08
in going from n251 – 9. This amount is about one-tenth

FIG. 1. Relative reaction cross sections~arbitrary units! for the reaction of
NH3

1 ~1025!1CD3NH2 as a function of center-of-mass collision energy
form NH4

1 ~NH2D
1) and NH3D

1. The error bars represent one standa
deviation (6s).

FIG. 2. Relative reaction cross sections~arbitrary units! for the formation of
NH4

1 (NH2D
1) as a function of ammonia–ion vibrational state~quanta in

n2! at the center-of-mass collision energies of 0.5, 2, 6, and 10 eV. The e
bars represent one standard deviation (6s).
Downloaded 22 Apr 2004 to 171.64.124.7. Redistribution subject to AIP
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the collision energy range. Both abstraction channels are
hibited with increasing energy in then2 mode of the ammo-
nia ion. These trends are most notable at the lower collis
energies where the cross section for hydrogen abstrac
decreases by about a factor of 2 at 0.5 and 2.0 eV. The c
section for deuterium abstraction decreases by just less
three times for the two lowest collision energies. At high
collision energies~6.0 and 10 eV! the cross sections for H
and D-abstraction are essentially unaffected by vibratio
excitation of the umbrella bending mode of the NH3

1 .
Upon inspection of the figure illustrating the collision

energy dependence of these two channels~Fig. 1!, it is clear
that for both abstraction channels, the trend in vibratio
energy is very similar to the trend seen vs collision ene
when viewed over the same energy range~about 1 eV!.
Therefore, it is the sum of vibrational and collision ener
that governs the cross sections of these two products.
partitioning of the energy between vibration and collisi
seems to have little to no effect on the outcome of the
straction reactions for this system.

3. Product scattering

Figures 4 and 5 show the velocity profiles of the H- a
D-abstraction products in the laboratory frame at four diff
ent collision energies. The velocity of the center-of-mass
well as the prediction of the spectator-stripping model is
dicated by the vertical lines. The spectator-stripping mo
assumes that no momentum is transferred during the rea
encounter. In the case of abstraction, the velocity of the n
tral CD3NH (CD2NH2) fragment is equal to the initial veloc
ity of the CD3NH2 reagent. This limit is calculated in th
case of H-abstraction according to

wNH
4
15

mCD3NH

mNH
4
1
A2ECMmNH

4
1

MmCD3NH2

,

where mi is the mass of speciesi in kilograms,wi is the
center-of-mass frame velocity of speciesi in meters per sec-

or

FIG. 3. Relative reaction cross sections~arbitrary units! for the formation of
NH3D

1 as a function of ammonia–ion vibrational state~quanta inn2! at the
center-of-mass collision energies of 0.5, 2, 6, and 10 eV. The error
represent one standard deviation (6s).
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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127J. Chem. Phys., Vol. 115, No. 1, 1 July 2001 Reaction of ammonia ions with methylamine
ond, andM is the total mass of the system in kilograms. F
both H- and D-abstraction, the velocity profiles are seen
scatter predominately in the forward direction where th
approach the spectator-stripping limit.

This type of scattering is typical for ion–molecule rea
tions because of the large impact parameters characteris
the strong charge-induced dipole forces that tend to domi
these systems. This type of near spectator-stripp
scattering is similar to scattering observed f
NH3D

1~NH3
11CD4→NH3D

11CD3)4 and D2OH1~NH3
1

1D2O→D2OH11OD).3

Interestingly, the velocity profile of them/z518 channel
indicates that two different products or mechanisms m
compete above 4 eV. Because product detection is achie
using a quadrupole mass filter and microchannel plates,
fering scattering dynamics is a unique way to differenti
products having the same mass-to-charge ratio. Figur
shows that at 6 eV, a substantial amount of product begin
scatter slightly in the backward direction, which indicate
perhaps, a different mechanism for producing a product w
m/z518. A reaction that accounts for this observation
formal isotope exchange, NH2D

11CD2NH21H (DHrxn

'4.2 eV). A possible mechanism for formation of NH2D
1 is

a two-step process: collision-induced dissociation of the a
monia ion resulting in the formation of a short-live
@NH2CD3NH2#1 complex that decays to products. This lab
ratory has investigated three other systems that result in

FIG. 4. Laboratory-frame velocity histograms for NH4
1 ~NH2D

1) and
NH3D

1 at center-of-mass collision energies of 0.5 and 2.0 eV. The velo
of the center-of-mass and the predictions of the spectator-stripping m
are shown.
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same type of isotope exchange product with a threshold
formation of about 4 eV, namely reactions of ammonia io
with D2 , D2O, and CD4. In the reaction with D2 , the precise
mechanism for the formation of NH2D

1 could not be deter-
mined owing to the kinematics of the system~the center-of-
mass of the system nearly coincides with the ammonia
throughout the reactive encounter!. However, this type of
isotope exchange mechanism or a direct stripping mec
nism followed by decay of the NH3D

1 product is thought to
describe the mechanism in that case. In the NH3

1–CD4 sys-
tem, the mechanism thought to describe the CD3

1 product is
also collision-induced dissociation of the ammonia ion
methane molecule, resulting in a short-lived complex t
then decays to products. Like the NH2D

1 product in the
present system, the CD3

1 product was also seen to be slight
backward scattered, indicating that the lifetime of the co
plex is less than a typical rotational period.

Another mechanism, suggested by the referee, that
plains the appearance of NH2D

1 is unimolecular decompo
sition of NH3D

1 formed via small impact parameter coll
sions. This mechanism accounts for the slightly backwa
scattered velocity distribution of the product where
D-abstraction, from small impact parameter collisions,
sults in backward-scattered NH3D

1 with enough internal en-
ergy to rupture a N–H bond. Large impact parameter co
sions lead to stable NH3D

1 that is forward scattered. A

y
el

FIG. 5. Laboratory-frame velocity histograms for NH4
1 ~NH2D

1) and
NH3D

1 at center-of-mass collision energies of 6.0 and 10 eV. The velo
of the center-of-mass and the predictions of the spectator-stripping m
are shown.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



e
th

e
.

ng
ac
y

se
e-
V
os
he

a

tw

th

xo
g

y
ng
.
ti

ea
er
1

tion
r
or
to

the
ual
tal
in

oss

data
n for

tion
.
ies
1.6

to
e

bars

bars

128 J. Chem. Phys., Vol. 115, No. 1, 1 July 2001 Flad et al.
low-collision energies~Fig. 4! there is both forward and
backward-scattered products form/z518 and m/z519
~NH4

1 and NH3D
1! formed by direct hydrogen or deuterium

abstraction, respectively. These distributions are nearly id
tical, suggesting a common abstraction mechanism. As
collision energy is increased~Fig. 5!, the amount of
backward-scatteredm/z518 product increases while th
amount of backward-scatteredm/z519 product decreases
Small impact parameter collisions are effective in drivi
kinetic to vibrational energy transfer, whereas large imp
collisions are effective in driving kinetic to rotational energ
transfer. Consequently, as the collision energy is increa
NH3D

1 formed from small impact parameter collisions b
come progressively more vibrationally excited until, at 6 e
there is enough internal energy available to decomp
NH3D

1 by H- or D-atom loss. Figure 5 shows that as t
backward-scattered component of them/z518 velocity dis-
tribution increases, an analogous decrease in the backw
scattered component of them/z519 distribution occurs, as
would be expected for NH3D

1 decomposition to NH2D
1.

We are presently unable to distinguish between these
possible mechanisms and perhaps both mechanisms
competing.

B. High-mass products

1. Collisional energy dependence

Figure 6 shows the collisional energy dependence of
high-mass channels in the reaction of NH3

1~1025!1CD3NH2.
The most abundant product at all collision energies is e
thermic charge transfer, CD3NH2

1 . Products correspondin
to dissociative charge transfer (CD2vNH2

1) and proton
transfer (CD3NH3

1) have also been identified, in part, b
results from isotopic substitution experiments involvi
ND3

1 as the reagent ion and CD3ND2 as the neutral target
Like the abstraction products discussed above, the rela
cross sections for formation of all three products are decr
ing functions of collision energy at the hyperthermal en
gies studied. Increasing the collision energy from 0.5 to

FIG. 6. Relative reaction cross sections~arbitrary units! for the reaction of
NH3

1 ~1025!1CD3NH2 as a function of center-of-mass collision energy
form CD2vNH2

1 , CD3NH2
1 , and CD3NH3

1 . The error bars represent on
standard deviation (6s).
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eV causes just over a threefold decline in the cross sec
for CD2vNH2

1 , a sixfold decline in the cross section fo
CD3NH2

1 , and an ninefold decline in the cross section f
CD3NH3

1 . The drop in these cross sections is comparable
the decline seen above in the abstraction products. Like
abstraction products, we attribute the drop in each individ
cross section to result from the overall decline of the to
collision cross section with increasing collision energy,
accordance with the Langevin model.15

2. Vibrational energy dependence

The vibrational energy dependence on the relative cr
sections for CD2vNH2

1 and CD3NH2
1 are shown in Figs. 7

and 8. Each point represents the mean of at least three
sets and the error bars represent one standard deviatio
those data sets. It is interesting to note that CD2vNH2

1 is the
only product that shows an enhancement in its cross sec
upon increasing energy in then2 mode of the ammonia ion
This trend is the greatest at the lowest two collision energ
studied. The cross section increases by a factor of 2 and

FIG. 7. Relative reaction cross sections~arbitrary units! for the formation of
CD2vNH2

1 as a function of ammonia–ion vibrational state~quanta inn2! at
the center-of-mass collision energies of 0.5, 2, 6, and 10 eV. The error
represent one standard deviation (6s).

FIG. 8. Relative reaction cross sections~arbitrary units! for the formation of
CD3NH2

1 as a function of ammonia–ion vibrational state~quanta inn2! at
the center-of-mass collision energies of 0.5, 2, 6, and 10 eV. The error
represent one standard deviation (6s).
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129J. Chem. Phys., Vol. 115, No. 1, 1 July 2001 Reaction of ammonia ions with methylamine
at 0.5 and 2.0 eV, respectively. Above these energies,
amount of vibrational energy shows no influence in the f
mation of the dissociative charge transfer product. Figur
shows that the cross section for the charge-transfer pro
decreases slightly at all collision energies studied. The c
section for proton transfer~Fig. 9! decreases by less than
factor of 2 at all collision energies after increasing and pe
ing at n257. More investigation needs to be performed
order to explain the nonmonotonic behavior of the pro
channel withn2 excitation. We believe, however, that th
behavior is quite real because there appears to be a c
sponding nonmonotonic decline in the cross sections
charge transfer and dissociative charge transfer atn257, es-
pecially at low-collision energies.

As in the case of the abstraction products, it is the to
energy of the system, instead of the specific partitioning
that energy that governs the production of CD3NH2

1 . The
cross section for charge-transfer drops to the same ex
with respect to internal energy as it does over the same
lision energy range~about 1 eV!. On the other hand, disso
ciative charge transfer is enhanced by vibrational ene
whereas it decreases with increasing collision energy. O
possible explanation for this behavior is that chang
Franck–Condon factors with increasingn2 excitation may
increase partitioning of the available energy to internal
ergy of the charge-transfer product, thereby enhanc
dissociation.

3. Product scattering

Figures 10 and 11 show the velocity profiles for t
charge transfer, dissociative charge transfer, and pro
transfer products in the laboratory frame at a collision en
gies of 0.5 and 2.0 eV and 6.0 and 10 eV, respectively. T
vertical line shows the center-of-mass velocity. All thr
products are backward scattered at all four collision ener
studied, indicating mechanisms not mediated by comp
formation. Because the velocity profiles of the charge tra
fer product are backward scattered at each collision ene
studied, we conclude that the mechanism for charge tran

FIG. 9. Relative reaction cross sections~arbitrary units! for the formation of
CD3NH3

1 as a function of ammonia–ion vibrational state~quanta inn2! at
the center-of-mass collision energies of 0.5, 2, 6, and 10 eV. The error
represent one standard deviation (6s).
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in this system is dominated by long-range electron trans
Long-range charge transfer is not always the domin
mechanism for large reactant molecules. For exam
charge transfer to phenol from ND3

1 requires intimate colli-
sions for which considerable momentum transfer to the p
nol cation occurs.16 This mechanism, intermediate betwee
long-lived complex formation and long-range electron ho
ping, may also be important for charge transfer to met
lamine at or below 0.5 eV via a hydrogen-bonded compl
The velocity profile for dissociative charge transfer lies
most exactly under the profile for charge transfer, provid
evidence that the mechanism for formation of CD2vNH2

1 is
a two-step process, electron transfer followed by a disso
tion reaction that occurs on the charge-transfer surface. N
ertheless, because the velocity distributions of all three hi
mass products are similar, we cannot rule out the possib
that another mechanism operates, whereby first proton tr
fer occurs followed by loss of molecular hydrogen~HD!.
Both mechanisms~dissociative charge transfer and dissoc
tive proton transfer! may, in fact, be competing.

C. Mode selectivity

The degree of vibrational mode selectivity in ion
molecule reactions involving NH3

1 can be determined by
comparing the reactivity of ammonia ions prepared in nea
isoenergetic states with differing concerted motion of t
ion’s nuclei. In particular, Fig. 12 compares the reactivity

rs

FIG. 10. Laboratory-frame velocity histograms for CD2vNH2
1 , CD3NH2

1 ,
and CD3NH3

1 for center-of-mass collision energies of 0.5 and 2.0 eV. T
velocity of the center-of-mass is also shown.
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ammonia ions prepared with one quantum in then1 all-
symmetric stretching mode and two quanta in then2 sym-
metric bending mode~1122; Eint50.63 eV! with ammonia
ions prepared with five quanta in then2 symmetric bending
mode ~1025; Eint50.60 eV!. Product branching ratios fo
each product are displayed as a function of center-of-m
collision energy. Branching ratios are used to demonst
mode selectivity because they have the advantage of ca
ing out any experimental error that has an equal multipli
tive effect on all products. The amount of NH3

1 formed in the
combination state (1122) is about one-third the amount pro
duced in any of the pure bending states. The scheme we
to integrate the analog signal to calculate cross section
nonlinear for small reactant peak heights. This treatm
causes underestimation of reactant signal that, in turn, le
to cross sections that are systematically larger than their
value, making comparison of the 1122 and 1025 cross sec-
tions difficult. The error bars in the figure represent t
pooled standard deviation for both sets of data multiplied
Student’st at a 95% confidence level (tspooled).

17 The degree
of mode selectivity in this reaction can be deduced from
branching ratios by determining the extent of overlap
tween the error bars on the one set of data with the other
set. Comparison of the branching ratios for the charge tra
fer and dissociative charge transfer channels indicates
this reaction is vibrationally mode specific.

More dramatic instances of mode specificity are know
such as the reactions of H atoms18–21 and Cl atoms22 with

FIG. 11. Laboratory-frame velocity histograms for CD2vNH2
1 , CD3NH2

1 ,
and CD3NH3

1 for center-of-mass collision energies of 6.0 and 10 eV. T
velocity of the center-of-mass is also shown.
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vibrationally excited HOD molecules, where H or Cl sele
tively abstracts either the H or D atom from HOD dependi
on the vibrational excitation of the HOD reagent. Neverth
less, mode selectivity is clearly present in this reaction a
has been observed before in reactions involving ammo
ions in this laboratory6,23 and by Andersonet al.24 In each
ammonia ion/molecule reaction where mode selectivity
observed, the system has an open charge transfer cha
The charge transfer reaction in this system involves fast e
tron transfer. Evidence for this direct mechanism is su
ported by the fact that we do not observe forward-backw
symmetry in the velocity distributions~Figs. 10 and 11!. Fur-
thermore, the electron transfer is fast compared to the t
scale of nuclear motion. Because we observe difference
reactivity based on the particular preparation of the ammo
ion, we can conclude that the internal energy of the ammo
ion has not had time to relax or be randomized via intram
lecular vibrational relaxation throughout the course of t
experiment. It should be pointed out that this experim
takes hundreds of microseconds to perform whereas the
for state-selected ions to relax has been determined to b
the order of milliseconds.25 Therefore, the observed differ
ence in reactivity is a direct result of the concerted motion
the nuclei of the ammonia ion. This reaction, with 27 degre

FIG. 12. Product branching ratios as a function of center-of-mass collis
energy. Reactions of both NH3

1 (1025) (Eint50.60 eV) and NH3
1 (1122)

(Eint50.63 eV) are shown. Error bars represent the pooled standard d
tion for both sets of data multiplied by Student’st at a 95% confidence leve
(tspooled).
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of internal freedom, represents one of the largest system
which mode selectivity has been demonstrated.

Unlike the NH3
11ND3 system, it is not the charge

transfer channel that is enhanced by having more energ
then2 mode of the ammonia ion. Rather, dissociative cha
transfer is enhanced primarily at the expense of the cha
transfer channel in going from ammonia ions prepared
1122 to 1025. This conclusion is consistent with Fig. 7 th
plainly shows that the dissociative charge transfer produc
the only product of this reaction that is enhanced with
creasing quanta in the ‘‘umbrella’’ bending mode of the a
monia ion. Moreover, this fact lends further evidence to o
conclusion that the channel withm/z532 is dissociative
charge transfer because the only ion–molecule reaction
volving ammonia ions that have been shown to be m
selective are those where charge transfer products have
observed. Similar behavior is seen in another reaction s
ied in this laboratory, NH3

11THF.6 As in the methylamine
reaction, a dissociative charge-transfer product was see
be enhanced with increased partitioning of the internal
ergy into then2 mode of the ammonia ion.

It is no coincidence that reactions involving ammon
ions display mode selectivity only when there is an energ
cally open charge transfer channel~NH3

11ND3, C4H8O, and
CD3NH2!. In reactions involving the ammonia ion where th
charge-transfer channel is energetically closed~NH3

11D2,
D2O, and CD4! no mode selectivity is observed. We ascri
the mode selectivity seen in this reaction of NH3

1 with
d3-methylamine, and in ammonia ion–molecule reactions
general, to result from increased Franck–Condon overlap
tween the ammonia molecule excited in then2 vibrational
mode and the nascent neutral ammonia molecule resu
from charge transfer. This explanation is the inverse of
same principle that explains the ability of ammonia ions
be prepared with varying degrees of excitation in then2 vi-
brational mode. Thus, it appears that in systems with m
degrees of freedom, the identity of the neutral reagent m
ecule is unimportant as long as it can donate an electro
the ammonia ion. Further work is required to determine h
general this behavior is.

IV. CONCLUSIONS

The reaction of ammonia molecules wi
d3-methylamine produces five primary products in t
center-of-mass collision energy range of 0.5–10 eV. T
most abundant product at all collision energies results fr
exothermic electron transfer (CD3NH2

1). Additional exo-
thermic products arise from proton transfer (CD3NH3

1) and
from H and D abstraction (NH4

1 ,NH3D
1). Evidence is also

given that another product withm/z518 (NH2D
1) is

formed at collision energies above 4.0 eV. A thermoneu
product is also observed withm/z532 that corresponds to
CD2vNH2

1 . This product likely results from dissociativ
charge transfer, that is, from a dissociation reaction that
curs on the charge-transfer surface. All three of the h
mass ion products~m/z532, 34, 35! are backward scattere
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in the center-of-mass frame whereas the two low mass
products~m/z518, 19! are forward scattered, approachin
the spectator stripping limit.

The relative cross section for formation of each prod
is a decreasing function of collision energy at all ammo
vibrational states studied. This behavior is typical for ion
molecule reactions with no threshold energy. Furthermo
the relative values of the reaction cross section for each p
uct, aside from CD2vNH2

1 , decreases with increasing en
ergy in then2 mode of the ammonia ion reactant. The cro
section for CD2vNH2

1 , on the other hand, shows about
two fold enhancement at low collision energies in goi
from n251 to n259, corresponding to a vibrational energ
range of 0.12–1.08 eV in the ammonia ion. This trend
cross section vs vibrational energy is opposite to the re
observed vs collision energy, which indicates that these
forms of energy are not equivalent in the formation
CD2vNH2

1 . Comparison of the branching ratios for th
products withm/z532 and 34 obtained from ammonia ion
prepared in the nearly isoenergetic 1025 and 1122 states in-
dicates that this reaction is vibrationally mode specific. T
mode specificity is consistent with the picture6 that such be-
havior is to be expected when the charge-transfer chann
open and competing with other channels in reactions w
ammonia ions.
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