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Vibrational and collisional energy effects in the reaction of ammonia ions
with methylamine
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We have investigated the reactions of vibrationally state-selected ammonia ions with
ds-methylamine over the center-of-mass collisional energy range of 0.5 to 10.0 eV and for ammonia
ion vibrational states ranging from,=1-9. Under these conditions, five major products appear:
NH; , NHsD*, CD,NH, , CD;NH, , and CQNH; . The cross section for each product is a
decreasing function of collision energy and also a decreasing function of energyiig thede of

the ammonia ion, except for GNH, 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 CINH, and CDNH, 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 P2°) and the other has one quantum in the symmetric stretch and two
quanta in the umbrella bending mode '2%). Comparison indicates that this reaction is
vibrationally mode selective, although the extent of mode selectivity is small20@L American
Institute of Physics.[DOI: 10.1063/1.1377605

I. INTRODUCTION (27 internal degrees of freedgnBecond, in those previous
_ _ _ studies we have hypothesized that mode selectivity in ion—
lon—molecule reactions play an important role in manymolecule reactions involving the ammonia ion is driven by
chemical environments including plasmas, upper atmothe Franck—Condon overlap between the vibrationally ex-
spheric chemistry, interstellar space, and the environment Qfiied ammonia ion and the neutral ammonia resulting from
low-Earth orbiting spacecrattTo understand better the ef- charge transfet.The NH; —~CD;NH, system is an excellent
fects of different .ty.pes of energy a”O! the partitioning of thateq of thig hypothesis because this system has an exothermic
energy on reactivity, we have studied the f-CD;NH, change transfer channel. Finally, the ammonia ion is one of

system. In particular, we examine how collision energy, ion,[he few ions that can be prepared with a wide variety of

internal energy, and ion vibrational mode influence the reac- ... . . .
. . : ~“specific internal states owing to the nature of the multiphoton
tion efficiency, product branching, and product scattering. .~ . .
) - " o jonization scheme utilized.
Because single-collision conditions are maintained, the mea- ) _ . _
State-selected ion—molecule reactions involving methy-

surement of product recoil velocity distributions helps us, h | h b died bef )
gain insight into the elementary reaction mechanism producl-am'ne as the neutral target have been studied before using

ing each product. Also, by measuring cross sections as Bhenol as the state-selected fon that reaction, proton.
function of collision energy and internal energy, we observeransfer was the only product seen at the collision energies
the Competition between these two types of energy in govstudied, 0.1-2 eV. The cross section for formation of this
erning the outcome of a chemical reaction. The present studgroduct was found to be a decreasing function of collision
allows us to determine whether it is the total energy of theenergy for the three different ion preparations studied. Exci-
system or the partitioning of that energy that controls thetation into two different normal modes of the phenol ion also
reaction outcome. inhibits reactivity over the collision energy range. It was also
The NH; —CD;NH, system is interesting for several rea- found that the product ion velocity distributions show nearly
sons. First, previous to this study, this laboratory has examperfect forward—backward symmetry at low-collision ener-
ined reactions of ammonia ions with small hydrides, such agjies, which indicates a mechanism mediated by complex for-
D,, D,0, CD,, and ND,, exclusively’™> Methylamine,  mation.
though still small by chemical standards, offers a reaction  Adams, Smith, and Paulsbreacted ammonia ions with
where many more product channels are energetically opegethylamine at thermal collisional energies in a selected ion
flow tube (SIFT). Under their experimental conditions, they
dpresent address: Department of Chemistry, Trinity University, San Anto-0bserved three major products corresponding to charge trans-

Mo, TX 78212. _ - fer (50%), proton transfe(35%), and hydrogen abstraction
)Present address: Department of Chemistry, College of William and Mary,(lso/) They found the binary rate constant for this reaction
Williamsburg, VA 23187. 9.

“Electronic mail: zare@stanford.edu to be 1.8<10 % under energetically thermal conditions,
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comparable with the theoreticghverage dipole orientation +M)], wheremis the mass of the neutral molecule dvids

(ADO)] value of 2.06<10™°. the mass of the ion. Thus, a voltage range -60.75 to
The reaction of ammonia ions withs-methylamine un-  —15.00 V on the octopole rods corresponds to a center-of-

der hyperthermal energetic conditions presented here als@ass collision energy range of 0.50—10.0 eV.

produces charge transfer, proton transfer, and hydrogen ab- We report relative integral cross sections calculated by

straction, along with several other products. Shown below\ormalizing the counted signal for a particular product ion to

are the energetics for some possible products of this reactiae integrated current of the unreacted ammonia ions. The

( NHZ+CD3NH ~—0.9 eV term “relative” refers to the fact that we are unable tq mea-
sure absolute cross sections because we know neither the
NH,D"+CD,;NH,+H  ~+4.2 eV exact pressure in the collision cell nor the effective path
NH;D*+CD,NH, ~—1.2 eV length. Because the pressure in the collision cell was kept
n _ nearly constant for all of the experiments reported here, all of
NH3 +CD;NH,— NHz+CDNH; +D ~+0.1 ey the cross sections presented in this work can be compared
NH,+CD,NH, +HD  ~+0.3 eV with each other. We also report product branching ratios,
NHg+CD3NH; ~—1.1 eV calculated by dividing the counted intensity of a particular
N product ion by the counted intensity of all product ions under
\ NHz+CDsNH; ~-10 eV the same experimental conditions. Although branching ratios

@ contain less information than relative cross sections, they
The energies reported afeH,,,, at 298 K!° Note that two  have the advantage of dividing out any experimental error
different reactions produce products witliz=18 and 32. that has an equal multiplicative effect on all products.
Owing to the timing of the experiment, where a short
laser pulse(~10 n9 determines the start time and a time-
Il. EXPERIMENT sensitive detectofr<5 n9 counts the ions, the time-of-flight

The experimental method used in this study has beeF_?f th_e product ions can be megsured. I_f the instrument func-
described in detail elsewhetkBriefly, ammonia cations are tion is well known, then the time-of-flight profiles can be
produced in specific vibrational states usin@+1) converted mto_ the veloqty doma|_n yielding information
resonance-enhanced multiphoton ionizatiREMPI) by about the n_'-:actl_ve scgttenng of the ion products. The instru-
crossing a pulsed molecular beam of ammo@i% in He ~ ment function is estimated by.simulating the gqided—_ion
with the frequency-doubled output of a NG:YAG pumped beam to determme the correlation between_ ion fllght time
dye laser. Two normal modes of the ammonia cation can b@nd ion velocity in the octopole. The velocity profiles re-
accessed using this arrangement. Thesymmetric stretch- Ported here are a histogram vs the projection of the product
ing (“breathing”) mode can be prepared with either zero Oryelpcny onto the' instrument axis. The instrument axis is co-
one quanta, whereas tirg symmetric bending‘umbrella”) incident to the initial yelocny of the ammonia ions and,
mode can be excited with zero to ten quanta of en&?gyA therefore, to the velocity of_the center-of-mass because the
particular vibrational state is described 4821 wheremis  average speed of the GRH; is small compared to the speed
the number of quanta in the, mode anch is the number of of t_he ammonia ion. Therefore, although a complete differ-
guanta in thev, mode. The ions are extracted orthogonallye”t'a| cross section cannot be measured using this instru-
from the ionization region by a direct curre(dc) turning ~ Ment, the velocity histogram can accurately yleld. informa-
quadrupole and injected into a quadrupole mass filter thafon on the degree of forward or backward scattering.
selects only those reactant ions with the correct mass-to-
charge ratio (/z=17). The reactant ions are then focused!!l. RESULTS AND DISCUSSION
into an octopole ion guidé that is concentric with a colli-
sion cell containing the neutral target gasethylamine-d,
Cambridge Isotope Laboratory, 98% ).D The
ds-methylamine is introduced through a leak valve to obtain ~ The minor products with mass-to-charge ratio of 18 and
a pressure in the collision cell 6£30 uTorr. The octopole 19 have been identified as hydrogen abstraction, Nind
ion guide ensures that all ions with some forward componendleuterium abstraction, NJB™, respectively. There is also
of velocity in the lab frame are collected and focused into theevidence in the scattering data that a small amount of formal
second quadrupole for mass analysis. lon detection is carrigdotope exchange, NI, also takes place under the experi-
out using fast microchannel plates. Using a multichannemental conditions studied. Figure 1 shows the collisional en-
scaler and a current transient recorder, time-of-flight profileergy dependence of these low-mass channels for the reaction
for both product and reactant ions are measured sequentiallgf NH; (1°2°)+CD;NH,. The data in this figure and all sub-

The collision energy between the ammonia ions and neusequent figures represent the mean of at least three data sets
tral methylamine is controlled by varying the dc pole offsetwhile the error bars represent one standard deviation for
of the octopole ion guide relative to the field-free ionizationthose data sets. The relative cross sections for both channels
region, which is kept constant at ground. The laboratory-are decreasing functions of the center-of-mass collision en-
frame collision energyE g , Set by the dc pole offset on the ergy. The cross section for hydrogen abstraction drops
octopole rods can be converted into the center-of-mass framabruptly by just less than a factor of 3 in going from 0.5 to
collision energy, Ecy, according to Ecy=E ag[mM/(m 2.0 eV, then levels off upon increasing the collision energy

A. Low-mass products

1. Collisional energy dependence
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FIG. 3. Relative reaction cross sectigasbitrary unit$ for the formation of
FIG. 1. Relative reaction cross sectiofasbitrary unit3 for the reaction of ~ NH3;D" as a function of ammonia—ion vibrational stétgianta inv,) at the
NH; (1°25)+CD;NH, as a function of center-of-mass collision energy to center-of-mass collision energies of 0.5, 2, 6, and 10 eV. The error bars
form NH; (NH,D*) and NHD*. The error bars represent one standard féPresent one standard deviations).
deviation (=s).

the collision energy range. Both abstraction channels are in-

from 2.0 to 10 eV. The cross section of deuterium abstrachibited with increasing energy in the, mode of the ammo-
tion, on the other hand, decreases smoothly by about a fact@iia ion. These trends are most notable at the lower collision
of 10 upon increasing the collision energy from 0.5 to 10 eV.energies where the cross section for hydrogen abstraction

The behavior of these channels with respect to collisionjecreases by about a factor of 2 at 0.5 and 2.0 eV. The cross
energy is very similar to the deuterium abstraction channesection for deuterium abstraction decreases by just less than
observed in the reaction of ammonia ion with methanehree times for the two lowest collision energies. At higher
(NH3 +CD,—NH3D*+CD;).* This type of behavior, collision energieg6.0 and 10 eY the cross sections for H-
where the cross section is a decreasing function of collisioand D-abstraction are essentially unaffected by vibrational
energy, is typical for ion—molecule reactions with no thresh-excitation of the umbrella bending mode of the NH

old energy. Upon inspection of the figure illustrating the collisional
energy dependence of these two chan(elg. 1), it is clear
2. Vibrational energy dependence that for both abstraction channels, the trend in vibrational

Figures 2 and 3 show the dependence of the relatlv§vr;12rr?yv;zvtll§éyOS\'/rgr'I?Léostgrietreenndersee?avs cgllljf|2ne(iyr1ergy
cross sections for the formation of ijHand NHD* on the o e energy od . ’
: : . Therefore, it is the sum of vibrational and collision energy
number of quanta excited in the, mode of the ammonia .
: 2 . . . : that governs the cross sections of these two products. The
ion. All collision energies studied are shown in the figures.

The amount of internal energy ranges from 0.12 to 1.08 e\Partmonlng of the energy between vibration and collision
. . - . . seems to have little to no effect on the outcome of the ab-
in going from v,=1-9. This amount is about one-tenth of

straction reactions for this system.

30— T T T T T T T T 3. Product scattering
300 - ce 056V i Figure_s 4 and 5 shqw the velocity profiles of the H-_and
- 20eV D-abstraction products in the laboratory frame at four differ-
50— . :f. ?&ezv 7 ent collision energies. The velocity of the center-of-mass as
- well as the prediction of the spectator-stripping model is in-

o dicated by the vertical lines. The spectator-stripping model

assumes that no momentum is transferred during the reactive
encounter. In the case of abstraction, the velocity of the neu-
- tral CD;NH (CD,NH,) fragment is equal to the initial veloc-

ity of the CD;NH, reagent. This limit is calculated in the
case of H-abstraction according to

N
Quanta in v, McpNH 2ECMmNH4
WNH, = ,
. . . . . . 4 mNHI M Mco NH,
FIG. 2. Relative reaction cross sectiqasbitrary unit$ for the formation of
NH; (NH,D") as a function of ammonia—ion vibrational stdtpianta in

v,) at the center-of-mass collision energies of 0.5, 2, 6, and 10 eV. The erroVh€re m; is the mass of speciesin kilograms,w; is the
bars represent one standard deviatiars). center-of-mass frame velocity of speciggs meters per sec-

Relative Cross Section
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FIG. f Laboratory-frame velocity histograms for WKNH,D™) and _ FIG. 5. Laboratory-frame velocity histograms for KIKNH,D") and
NHsD™ at center-of-mass collision energies of 0.5 and 2.0 eV. The velocityny,p+ at center-of-mass collision energies of 6.0 and 10 eV. The velocity

of the center-of-mass and the predictions of the spectator-stripping modelt the center-of-mass and the predictions of the spectator-stripping model
are shown. are shown.

ond, andM is the total mass of the system in kilograms. For
both H- and D-abstraction, the velocity profiles are seen tsame type of isotope exchange product with a threshold for
scatter predominately in the forward direction where theyformation of about 4 eV, namely reactions of ammonia ions
approach the spectator-stripping limit. with D,, D,O, and CL). In the reaction with D, the precise
This type of scattering is typical for ion—molecule reac- mechanism for the formation of NJ®* could not be deter-
tions because of the large impact parameters characteristic ofined owing to the kinematics of the systéthe center-of-
the strong charge-induced dipole forces that tend to dominatmass of the system nearly coincides with the ammonia ion
these systems. This type of near spectator-strippinghroughout the reactive encounteHowever, this type of
scattering is similar to scattering observed forisotope exchange mechanism or a direct stripping mecha-
NH3;D*(NH; +CD,—NH;D"+CD;)* and D,OH"(NH;  nism followed by decay of the Ny®* product is thought to
+D,0—D,0OH"+0D).2 describe the mechanism in that case. In the;NBD, sys-
Interestingly, the velocity profile of the/z=18 channel tem, the mechanism thought to describe the;GDoduct is
indicates that two different products or mechanisms maylso collision-induced dissociation of the ammonia ion or
compete above 4 eV. Because product detection is achievedethane molecule, resulting in a short-lived complex that
using a quadrupole mass filter and microchannel plates, dithen decays to products. Like the BB product in the
fering scattering dynamics is a unique way to differentiatepresent system, the GDproduct was also seen to be slightly
products having the same mass-to-charge ratio. Figure backward scattered, indicating that the lifetime of the com-
shows that at 6 eV, a substantial amount of product begins tplex is less than a typical rotational period.
scatter slightly in the backward direction, which indicates, = Another mechanism, suggested by the referee, that ex-
perhaps, a different mechanism for producing a product wittplains the appearance of NBI* is unimolecular decompo-
m/z=18. A reaction that accounts for this observation issition of NH;D™ formed via small impact parameter colli-
formal isotope exchange, NB"+CD,NH,+H (AH,, sions. This mechanism accounts for the slightly backward-
~4.2eV). A possible mechanism for formation of pIB{" is  scattered velocity distribution of the product whereby
a two-step process: collision-induced dissociation of the amb-abstraction, from small impact parameter collisions, re-
monia ion resulting in the formation of a short-lived sults in backward-scattered NBI* with enough internal en-
[NH,CD3;NH,]* complex that decays to products. This labo- ergy to rupture a N—H bond. Large impact parameter colli-
ratory has investigated three other systems that result in th&ions lead to stable NJ®* that is forward scattered. At
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FIG. 7. Relative reaction cross sectigasbitrary unit$ for the formation of

v ; e Y ;
FIG. 6. Relative reaction cross sectidasbitrary unit$ for the reaction of ~CD2=NH; as a function of ammonia~ion vibrational stateianta inv,) at
NH; (1°2%+CD,NH, as a function of center-of-mass collision energy to the center-of-mass collision energies of 0.5, 2, 6, and 10 eV. The error bars

form CD=NH; , CD;NH; , and CQNH; . The error bars represent one represent one standard deviatian).
standard deviationXs).

eV causes just over a threefold decline in the cross section

low-collision energies(Fig. 4) there is both forward and for CD=NH; , a sixfold decline in the cross section for
backward-scattered products fan/z=18 and m/z=19 CD;NH; , and an ninefold decline in the cross section for
(NH; and NHD™) formed by direct hydrogen or deuterium CD3NH§_. The drop in th_ese Cross sections is compara_lble to
abstraction, respectively. These distributions are nearly iderfh€ decline seen above in the abstraction products. Like the
tical, suggesting a common abstraction mechanism. As thabstraction products, we attribute the drop in each individual
collision energy is increasedFig. 5), the amount of Cross section to result from the overall decline of the total
backward-scatteredn/z=18 product increases while the collision cross section with increasing collision energy, in
amount of backward-scatterat/z=19 product decreases. accordance with the Langevin model.

Small impact parameter collisions are effective in driving

kinetic to vibrational energy transfer, whereas large impacg. Vibrational energy dependence

collisions are effective in driving kinetic to rotational energy The vibrational energy dependence on the relative cross
transfer. Consequently, as the collision energy is increasedections for CB=NH, and CD;NH, are shown in Figs. 7
NHD" formed from small impact parameter collisions be-and 8. Each point represents the mean of at least three data
come progressively more vibrationally excited until, at 6 eV,sets and the error bars represent one standard deviation for
there is enough internal energy available to decomposghose data sets. It is interesting to note that-EINH, is the
NH;D" by H- or D-atom loss. Figure 5 shows that as theonly product that shows an enhancement in its cross section
backward-scattered component of tnéz=18 velocity dis-  upon increasing energy in the, mode of the ammonia ion.
tribution increases, an analogous decrease in the backwartthis trend is the greatest at the lowest two collision energies

scattered component of thie/z=19 distribution occurs, as studied. The cross section increases by a factor of 2 and 1.6
would be expected for NsD* decomposition to NED™.

We are presently unable to distinguish between these two
possible mechanisms and perhaps both mechanisms ai

T T T T T T T
competing. ol ¢ {

00 g 05eV { } """" } .

600 [~ -

1400

B. High-mass products

1. Collisional energy dependence

Figure 6 shows the collisional energy dependence of the
high-mass channels in the reaction of NE°2%) +CD;NH,.
The most abundant product at all collision energies is exo-

Relative Cross Section

thermic charge transfer, GRH, . Products corresponding “ y S

to dissociative charge transfer (GBNH;) and proton wl ¥ - -i— 1‘§‘:-; T E- i _____ _.-‘—i:--; .
transfer (CQNH;) have also been identified, in part, by TTE- 71T
results from isotopic substitution experiments involving T S
ND; as the reagent ion and GBD, as the neutral target. Quanta in v,

Like the abstraction products discussed above, the relative

- . FIG. 8. Relative reaction cross sectigasbitrary unit$ for the formation of
cross sections for formation of all three products are decreas: + ) Clidasbitrary units .
DsNH; as a function of ammonia—ion vibrational stétgianta inv,) at

ing funCtif)nS of C0||i§i0n energy 5}'[ the hyperthermal ener-he center-of-mass collision energies of 0.5, 2, 6, and 10 eV. The error bars
gies studied. Increasing the collision energy from 0.5 to 1Qepresent one standard deviations).
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£ 7
] ]
at 0.5 and 2.0 eV, respectively. Above these energies, thq 2
amount of vibrational energy shows no influence in the for-| § -
. . . . . =
mation of the dissociative charge transfer product. Figure 8| ~ )
shows that the cross section for the charge-transfer produc
decreases slightly at all collision energies studied. The cros: 3000 “‘4000 o
section for proton transfeFig. 9) decreases by less than a Velocity Projection (m/s)

factor of 2 at all collision energies after increasing and peak-
ing at v,=7. More investigation needs to be performed inFiG. 10. Laboratory-frame velocity histograms for €BNH; , CD;NH; |,
order to explain the nonmonotonic behavior of the protonand CDNH; for center-of-mass collision energies of 0.5 and 2.0 eV. The
channel withv, excitation. We believe, however, that this Velocity of the center-of-mass is also shown.

behavior is quite real because there appears to be a corre-

sponding nonmonotonic decline in the cross sections for

charge transfer and dissociative charge transfes at7, es- 'Ii]o;h'Srszszergﬁzrdgmgpaarfg% rbﬁslogg;rir:v%z esletcr:reon dtor;?r?faenrt.
pecially at low-collision energies. 9 9 9 4

As in the case of the abstraction products, it is the totarnechamsm for large reactant molecules. For example,

energy of the system, instead of the specific partitioning tharg(? tranhsfter]r to phdenoltrlr om I\IDre?uwets mU;naE[e ;? - h
that energy that governs the production of 8Bl . The slons Tor which considerable momentum transter to tne phe-

npl cation occurs® This mechanism, intermediate between

cross section for charge-transfer drops to the same exterOn lived complex formation and lond-ranae electron ho
with respect to internal energy as it does over the same col- g P g-rang P

lision energy rangéabout 1 eV. On the other hand, disso- ping, may also be important for charge transfer to methy-

ciative charge transfer is enhanced by vibrational energ;lfr?;mvzlaotcict)r b?g;’l\;(}'o‘r’r ((aj\i/sglo&(l:iZtir\]/)(/adL?]%?néb?rgii:‘je??izsplzf
whereas it decreases with increasing collision energy. On y P 9

possible explanation for this behavior is that changingmc_’St exactly under the prgfile for chargg transfer, pfroyiding
Franck—Condon factors with increasing excitation may evtldencte that the meclha:usmtfor f(f)rm]:'itlllon OLZGbE]Hé.'S .
increase partitioning of the available energy to internal end tWo-step process, electron transter followed by a dissocla-

ergy of the charge-transfer product, thereby enhancin%On reaction that occurs on the charge-transfer surface. Nev-
dissociation. rtheless, because the velocity distributions of all three high-

mass products are similar, we cannot rule out the possibility
that another mechanism operates, whereby first proton trans-
fer occurs followed by loss of molecular hydrog€dD).
Figures 10 and 11 show the velocity profiles for the goth mechanismgdissociative charge transfer and dissocia-

charge transfer, dissociative charge transfer, and protofye proton transfermay, in fact, be competing.
transfer products in the laboratory frame at a collision ener-

gies of 0.5 and 2.0 eV and 6.0 and 10 eV, respectively. Th
vertical line shows the center-of-mass velocity. All three
products are backward scattered at all four collision energies The degree of vibrational mode selectivity in ion—

studied, indicating mechanisms not mediated by complexnolecule reactions involving NH can be determined by

formation. Because the velocity profiles of the charge transeomparing the reactivity of ammonia ions prepared in nearly
fer product are backward scattered at each collision energgoenergetic states with differing concerted motion of the
studied, we conclude that the mechanism for charge transféon’s nuclei. In particular, Fig. 12 compares the reactivity of

3. Product scattering

%. Mode selectivity
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FIG. 11. Laboratory-frame velocity histograms for €BNH; , CD;NH; , Econ, em (€V)
and CDNHj for center-of-mass collision energies of 6.0 and 10 eV. The . . . .
velocity of the center-of-mass is also shown. FIG. 12. Product branching ratios as a function of center-of-mass collision

energy. Reactions of both NH1°2%) (E;,=0.60eV) and NH (1'22)
(E;x=0.63 eV) are shown. Error bars represent the pooled standard devia-
tion for both sets of data multiplied by Student’at a 95% confidence level

ammonia ions prepared with one quantum in the all- (tSo00ed)
pooled -

symmetric stretching mode and two quanta in ihesym-
metric bending modé1'2?; E;,=0.63e\} with ammonia
ions prepared with five quanta in the symmetric bending
mode (1°2°% E;,=0.60e\). Product branching ratios for vibrationally excited HOD molecules, where H or Cl selec-
each product are displayed as a function of center-of-madévely abstracts either the H or D atom from HOD depending
collision energy. Branching ratios are used to demonstraten the vibrational excitation of the HOD reagent. Neverthe-
mode selectivity because they have the advantage of cancééss, mode selectivity is clearly present in this reaction and
ing out any experimental error that has an equal multiplicahas been observed before in reactions involving ammonia
tive effect on all products. The amount of §Hormed in the  ions in this laborator§* and by Andersoret al?* In each
combination state (*22) is about one-third the amount pro- ammonia ion/molecule reaction where mode selectivity is
duced in any of the pure bending states. The scheme we usbserved, the system has an open charge transfer channel.
to integrate the analog signal to calculate cross sections iEhe charge transfer reaction in this system involves fast elec-
nonlinear for small reactant peak heights. This treatmentron transfer. Evidence for this direct mechanism is sup-
causes underestimation of reactant signal that, in turn, leagsorted by the fact that we do not observe forward-backward
to cross sections that are systematically larger than their truymmetry in the velocity distribution&igs. 10 and 1L Fur-
value, making comparison of the*2? and 1°2° cross sec- thermore, the electron transfer is fast compared to the time
tions difficult. The error bars in the figure represent thescale of nuclear motion. Because we observe differences in
pooled standard deviation for both sets of data multiplied byreactivity based on the particular preparation of the ammonia
Student’st at a 95% confidence Ieverls(poom).17 The degree ion, we can conclude that the internal energy of the ammonia
of mode selectivity in this reaction can be deduced from thaon has not had time to relax or be randomized via intramo-
branching ratios by determining the extent of overlap bedecular vibrational relaxation throughout the course of the
tween the error bars on the one set of data with the other daexperiment. It should be pointed out that this experiment
set. Comparison of the branching ratios for the charge trangakes hundreds of microseconds to perform whereas the time
fer and dissociative charge transfer channels indicates th&br state-selected ions to relax has been determined to be on
this reaction is vibrationally mode specific. the order of millisecond®’ Therefore, the observed differ-
More dramatic instances of mode specificity are known.ence in reactivity is a direct result of the concerted motion of
such as the reactions of H atofig! and Cl atom® with  the nuclei of the ammonia ion. This reaction, with 27 degrees
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of internal freedom, represents one of the largest systems fan the center-of-mass frame whereas the two low mass ion
which mode selectivity has been demonstrated. products(m/z=18, 19 are forward scattered, approaching
Unlike the NH;+ND; system, it is not the charge- the spectator stripping limit.
transfer channel that is enhanced by having more energy in  The relative cross section for formation of each product
the v, mode of the ammonia ion. Rather, dissociative chargés a decreasing function of collision energy at all ammonia
transfer is enhanced primarily at the expense of the chargeébrational states studied. This behavior is typical for ion—
transfer channel in going from ammonia ions prepared irmolecule reactions with no threshold energy. Furthermore,
1122 to 1°2°. This conclusion is consistent with Fig. 7 that the relative values of the reaction cross section for each prod-
plainly shows that the dissociative charge transfer product isict, aside from CB=NH, , decreases with increasing en-
the only product of this reaction that is enhanced with in-ergy in thev, mode of the ammonia ion reactant. The cross
creasing quanta in the “umbrella” bending mode of the am-section for CB=NH, , on the other hand, shows about a
monia ion. Moreover, this fact lends further evidence to outwo fold enhancement at low collision energies in going
conclusion that the channel wittn/z=32 is dissociative from v,=1 to v,=9, corresponding to a vibrational energy
charge transfer because the only ion—molecule reactions imange of 0.12-1.08 eV in the ammonia ion. This trend in
volving ammonia ions that have been shown to be modeross section vs vibrational energy is opposite to the result
selective are those where charge transfer products have beebserved vs collision energy, which indicates that these two
observed. Similar behavior is seen in another reaction studerms of energy are not equivalent in the formation of
ied in this laboratory, NEI+THF.® As in the methylamine CD,—=NH, . Comparison of the branching ratios for the
reaction, a dissociative charge-transfer product was seen foducts withm/z=32 and 34 obtained from ammonia ions
be enhanced with increased partitioning of the internal enprepared in the nearly isoenergetit2? and 1122 states in-
ergy into thev, mode of the ammonia ion. dicates that this reaction is vibrationally mode specific. This
It is no coincidence that reactions involving ammoniamode specificity is consistent with the pictBitaat such be-
ions display mode selectivity only when there is an energetihavior is to be expected when the charge-transfer channel is
cally open charge transfer chaniiiH; +ND3, C,HgO, and  open and competing with other channels in reactions with
CD3NH,). In reactions involving the ammonia ion where the ammonia ions.
charge-transfer channel is energetically clogsith; +D,,
D,0O, and CD) no mode selectivity is observed. We ascribe
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