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Resonance enhanced multiphoton ionization has been applied to the production of vibration ally 
state-selected ion beams. Ammonia ions are selectively formed with a specific number of 
vibrational quanta in the V 2 umbrella bending mode. The effect of vibrational excitation of this 
mode on thereactionofNH3+ (X, v = 0 to 9) withD2 is examined over the 0.5 to 10eV center-of­
mass kinetic energy range in a tandem quadrupole mass spectrometer. Under these conditions, 
( 1) abstraction of a D atom to form NH3D + is the dominant reaction channel, (2) NH3D + 
having sufficient internal energy may decompose to yield NH2D + and this decomposition process 
is enhanced by vibrational excitation of the NH3+ reagent, and (3) NH2D + is also formed by 
direct hydrogen--deuterium exchange of NH3+ with D2, but this channel appears as a minor 
contribution which is insensitive to the vibrational excitation of the NH3+ . A spectator stripping 
model is able to account for the ratio ofNH2D+ to NH3D+ as a function of the NH3+ 
translational and vibrational energy. 

I. INTRODUCTION 

In the field of ion-molecule reaction dynamics, state­
resolved studies were first pioneered by Chupka, Russell, 
and Rafaey, I who examined the vibrational dependence of 
the reaction Ht (v) + H2 -+ H3+ + H. The H2+ ions were 
produced in selected vibrational levels by direct one-photon 
vacuum ultraviolet (VUV) photoionization ofH2. The rela­
tive yields of H2+ and H3+ as a function of the ionization 
wavelength were compared to give the vibrational depen­
dence of the reaction cross section. The VUV photoioniza­
tion technique is still in extensive use.2 A second technique 
for selecting ions in specific vibrational states is that of pho­
toion-photoelectron coincidence developed by Baer and co­
workers3 and by Tanaka and Koyano.4 The sample gas is 
photoionized by a vacuum ultraviolet lamp or by synchro­
tron radiation. The ejected photoelectrons and the pho­
toions, after drifting through the neutral reactant gas, are 
then detected in coincidence to determine the internal ener­
gy state of the ions. Bowers and co-workerss have used selec­
tive charge transfer reactions to produce ions of varying in­
ternal energy for reactive studies in a tandem ICR mass 
spectrometer. Ions such as CO2+, Xe+, Kr+, and Ar+ are 
formed by electron impact and allowed to charge transfer 
with the neutral sample. This leaves the ionized sample mol­
ecule with a characterizable amount of internal excitation 
before reaction. The ftowing afterglow technique used by 
Ferguson et 01.6 has also made important contributions to 
the study of vibrational effects on ion-neutral reactions. 

The approach used in the present study is to prepare 
reagent ions in a quantum-state-specific manner using reso­
nance enhanced multiphoton ionization (MP!).7 This tech­
nique takes advantage of the high similarity between the 
structure of the resonant intermediate Rydberg state and the 
structure of the ion ground state. Direct ionization from a 
vibrational level in the Rydberg state follows the Franck-
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Condon principle and hence predominantly favors the tran­
sition to the same vibrational level in the ion.8-IO The ion 
vibrational level is selected simply by tuning the laser fre­
quency to be resonant with the same vibrational level of the 
Rydberg intermediate state. Thus, it is possible to use n + 1 
MPI to produce high densities of pure, vibrationally state­
selected ions for reaction dynamics studies. 

Ammonia is an ideal candidate for state-selective ioni­
zation by this method and, in addition, possesses rich ion 
chemistry. Because reactions to form NHt are important in 
many chemical systems, the reactions of NH3+ and H2/D2 
have been ofinterest. The earliest studies on this system were 
performed on mixtures of NH3 and D2 in the ionization re­
gions of mass spectrometers and the reaction was found to be 
extremely inefficientY·12 The beam-gas study by Eisele 
et 01.13 detected both the exothermic deuterium abstraction 
product and the thermoneutral hydrogen--deuterium ex­
change product: 

NH3+ + D2 -+ NH3D+ + D, !::J[ = - 1.04 eV, (1) 

NH3+ + D2 -+ NH2D+ + HD, !::J[ = - 0.02 eV. 
(2) 

No indication of isotopic scrambling was found suggesting 
that the NH3+ + D2 reaction does not proceed through a 
long-lived complex at the center-of-mass energies examined 
(0.5-10 eV). The angular distribution ofthe products indi­
cates that the reaction is strongly forward scattered, provid­
ing additional evidence that the reaction proceeds by a direct 
mechanism. The observed increase in NH2D+ at kinetic en­
ergies above 4 e V in the center-of-mass (c.m.) was attributed 
to the opening of a new channel for NH2D+ formation: 

NH2D+ +H+D 
NH,+ +D2 ..... [NH,D+j· +D( 

NH,+ +D+D 

(3) 

Additional evidence suggested the existence of an early bar­
rier in the abstraction channel which was attributed to the 
repulsion of the D2 by the hydrogen atoms on the NH3+ . 
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The ICR study of Kim, Theard, and Huntress14 and the 
flowing afterglow study of Fehsenfeld et al. 15 have estab­
lished the near-thermal abstraction rate coefficient to be 
';;;SX 10- 13 cm3 S-1 and to depend strongly on the ion kinet­
ic energy. A 90 me V barrier was also postulated to occur 
early in the abstraction channel based on this strong kinetic 
energy dependence. 15 Low temperature studies by Smith 
and Adams16 using a selected ion flow tube and by Luine l7 

and Barlowl8 in Dunn's laboratory using a He cooled ion 
trap indicate that complex formation and quantum mechan­
ical tunneling become important at very low temperatures. 

The effect of vibrational excitation of the H2/D2 on the 
abstraction channel has been noted by Fehsenfeld and co­
workers15 to increase the reaction efficiency. Photoioniza­
tion studies by Karachevtsev et al. 19 suggest that the reaction 
cross section increases with vibrational excitation of the 
NH3+ , but the authors fail to mention the appearance of the 
exchange channel. Most recently, Kemper and Bowers20 

have examined the kinetic energy dependence (0-1 e V) and 
internal energy dependence (I-S eV) of these reactions in a 
series of tandem ICR experiments using selective charge 
transfer reactions. They concluded that the formation of 
NH2D+ is driven predominantly by vibrational energy 
whereas the formation of NH3D+ is driven predominantly 
by kinetic energy. Complex formation was found to be im­
portant only below 100 K. 

The present tandem quadrupole study investigates the 
effect on reactions (1) - ( 3) of varying the kinetic energy of 
the NH/ ion from O.S to lOeVin the center-of-mass and the 
vibrational excitation of the V 2 umbrella-bending mode from 
0-1.1 e V (v = 0 to v = 9). The results are compared with 
other experiments and with simple theoretical models. 

II. EXPERIMENTAL TECHNIQUES 

A.Overvlew 

Figure 1 shows a schematic diagram of the experimental 
apparatus. The apparatus was described briefly in a previous 
publication,7 and several major improvements have been in­
corporated into the system since that time. The first im­
provement has been the addition of a quadrupole mass filter 
in front of the reaction cell to provide mass selection of the 
primary ion beam. The second has been a change in the 
method by which the kinetic energy of the primary ions is 
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varied. These improvements have helped to reduce the back­
ground signal at the product ion masses and to improve the 
product ion collection efficiency. 

The current system is operated as a tandem quadrupole 
mass spectrometer with a pulsed laser ionization source. The 
state-selected ions formed by the laser are first collimated 
into a beam, mass selected, and then focused at controlled 
kinetic energy into a field-free static gas cell containing the 
neutral reactant partner. The secondary ions formed as pro­
ducts of the reaction are collected, mass analyzed, and de­
tected. The effect of the initial primary ion quantum state on 
the individual product ion channels can be examined at var­
ious kinetic energies. 

The system in principle is similar to conventional tan­
dem mass spectrometers used in the study of ion-molecule 
reactions in that it provides a mass-selected reactant ion 
beam and mass analysis of the product ions.21 However, 
rather than create the ions by electron impact ionization or 
by chemical ionization, which produce distributions over the 
various possible ion states, the ions are formed in a highly 
specific, vibrationally state-selective fashion by laser multi­
photon ionization. The initial state selection will remain in­
tact if the ions react before collisional or radiative relaxation 
can occur. In addition, weak coupling of the excited mode to 
the other vibrational modes in the ion limits randomization 
of the energy for small polyatomic ions. 

B. Vibrational state selection of ammonia ions 

The ]j and (;' electronic states of ammonia have been 
studied quite extensively by 3 + 1 and 2 + 1 multi photon 
ionization.22-28 The V 2 umbrella-bending mode vibration 
connects the planar geometry of the Rydberg states with the 
pyramidal geometry of the ground state. As shown in Fig. 2, 
a long progression in this vibrational mode (960 cm - I, 120 
meV) dominates the spectrum of the]j and (;' states. Al­
though these two states overlap, sufficient cooling of the 
sample in a supersonic expansion allows the spectra to be 
resolved cleanly. Cooling also concentrates population in the 
lowest rotational levels. Calculation of the Franck-Condon 
overlap between these Rydberg states and the ion ground 
state indicates that the transitions are nearly diagonal. Thus, 
it is predicted that direct ionization will produce the same 
vibrational level in the ion as the resonant vibrational level in 
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DISCRIMINATOR, 

COUNTER 

FIG. 1. Schematic diagram of the tan­
dem quadrupole mass spectrometer 
with laser multiphoton ionization 
source. 
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FIG. 2. 2 + I MPI spectrum ofthe am­
mOniaBand C' states in the 275-345 nm 
range showing the interleaved progres­
sion in the V2 bending mode. Individual 
vibrational bands have not been normal­
ized to constant laser power. The rota­
tional temperature is 12-15 K. 
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the Rydberg state. This has been confirmed experimentally 
by examining the kinetic energy distribution of the photo­
electrons produced in the ionization step.28 As shown in Fig. 
3, photoelectrons produced by the av = 0 transition are the 
single dominant feature in the MPI -photoelectron spectra of 
both the jj and C I states. 

The C I state has been used exclusively in this study due 
to its simpler MPI spectrum and high efficiency of the 
av = 0 transition, as seen from its MPI-photoelectron spec­
tra. Due to the high laser power densities used in the experi­
ment to maximize the ion yield, it has been found that subse­
quent absorption of additional photons by the ammonia ions 
leads to a measurable amount offragmentation.7,23 This situ­
ation is further complicated in studies where ND3 is used 
and accidental overlaps with the 14NH2D, 14NHD2, 14NH3, 
and analogous 15N isotopic resonances cause additional 
mass contamination of the ion beam. Consequently, a quad­
rupole mass filter is used to mass select the ion beam before 
reaction. 

C'(O> 

12 10 8 6 4 2 

0.0 1.0 2.0 

PHOTOELECTRON ENERGY (eV) 

FIG. 3. Photoelectron kinetic enerp distribution produced by 2 + I MPI 
resonant with the v = 0 level of the C' state. The horizontal ladder indicates 
the corresponding vibrational levels of the ion ground state. 

C. Vacuum system 

The vacuum system is divided into three major regions: 
( 1) the differentially pumped molecular beam source, (2) 
the ionization chamber, and (3) the reaction/detection 
chamber. With the pulsed nozzle operating at 10 Hz and 20 
psia backing pressure, the nozzle and differential chamber 
pressures are _5XIO- 6 Torr (-7XIO-4 Pa) and 
-1 X 10-7 Torr (-1 X 10-5 Pa), respectively. The ioniza­
tion chamber permits the laser to be focused onto the molec­
ular beam and houses the primary ion beam quadrupole 
mass filter. The pressure in this chamber is - 5 X 10-8 Torr 
with the molecular beam source operational. The reaction 
chamber contains the reaction cell and the detection quadru­
pole mass filter. With a continuous gas flow to maintain t~e 
reaction cell pressure at 1.0 mTorr, the chamber pressure IS 

- 5 X 10-6 Torr. The chamber itself is mounted on linear 
rails which allows easy access to both the pulsed nozzle 
source and to the ion optics system. 

D. Ion source 

The ion source is composed of three major components: 
( 1) the molecular beam source, (2) the photon source, and 
(3) the mass-selection quadrupole. A commercial pulsed 
nozzle (Lasertechnics LPV -1) with a 0.1 mm orifice is used 
to provide a supersonic expansion of a I: 10 ammonia-argon 
mixture. Typical pulse durations are 100-150 J.LS. The expan­
sion is skimmed (Beam Dynamics skimmer) and collimated 
before it enters the ionization region. The rotational tem­
perature of the ammonia at the laser focus was determined to 
be 12-15 K from its 2 + 1 MPI spectrum. The ortho and 
para forms of ammonia have slightly different rotational 
temperatures since they relax at different rates in the expan­
sion, as pointed out by Raymond and Kay.29 

The ionizing laser radiation is provided by the frequen­
cy-doubled output of a 10 Hz Nd:Y AG-pumped dye laser 
system (Quanta Ray DCR-IA, Quanta Ray PDL-l). Ultra­
violet output over the range 275-315 nm covers the V 2 v = 0 
to v = 9 levels of the C' Rydberg state. Within each level, the 
frequency was adjusted to the intense Q branch rotational 
line. Typical pulse energies ranged from 0.5 to 3.0 mJ, de­
pending on the vibrational level. This results in the produc­
tion of an estimated lOS state-selected ammonia ions per 
shot. 
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The laser is brought to a focus by a 250 mm lens between 
a pair of repeller and extractor plates, 9.2 cm downstream of 
the nozzle. The ions are drawn out of the ionization volume 
at a right angle to the molecular beam by a 5 V cm -1 electric 
field and pass through an aperture in the extractor. A small 
field is also applied transverse to the molecular beam to can­
cel the initial velocity component of the ion resulting from 
the translation of its neutral precursor. A symmetric einzel 
lens is used to focus the ion packet into the mass-selection 
quadrupole (Finnegan Series 3000) operated in a fixed mass 
mode. After exiting the quadrupole, the ions are refocused 
by another symmetric einzel lens and accelerated into the 
reaction chamber. 

E. Reaction cell 

Before entering the reaction cell, the ions are deceler­
ated by a periodic focusing potential applied to a system of 
seven cylindrical ion lenses. The stainless steel reaction cell is 
1.5 cm long and is located - 50 cm from the laser focus. 
Entrance aperture and exit aperture serve to define the phys­
ical extent of the cell and to maintain a pressure differential 
with respect to the remainder of the reaction chamber. Reac­
tant gas is admitted to the cell through a gas port and the 
flow is regulated by a leak valve (Granville Phillips Series 
216). The cell pressure is monitored by a capacitance ma­
nometer (MKS Baratron Type 220-BHS) and can be used to 
control the leak valve to maintain a set pressure. The preci­
sion of the capacitance manometer pressure measurement is 
0.1 mTorr (0.013 Pa). A cell pressure of 1.0 mTorr (0.13 
Pa) was chosen which results in a 10% attenuation of the 
primary ion signal. This insures that reactions are occurring 
under single-collision conditions and that only - 1 % of the 
ions are undergoing multiple collisions. The mean free path 
of the deuterium at this pressure is 8 cm. 

Reactions in the cell occur under field-free conditions. 
A product ion must be forward scattered in the laboratory 
reference frame with sufficient velocity to pass through the 
exit aperture to be collected by the quadrupole. The kinema­
tics of a heavy + light ~ heavy-light system permits nearly 
all of the product ions to be strongly forward scattered out of 
the cell. However, for isotropically scattered product ions 
(in the lab reference frame), the ratio of the cell length to the 
exit aperture diameter determines the fraction of ions that 
will escape the reaction cell. With the cell dimensions given 
above, it is calculated that roughly 10% of these ions would 
be collected. 

F. Product Ion detection 

Product ions and unreacted primary ions are focused by 
an asymmetric einzellens into the mass-analysis quadrupole 
(Extranuclear Laboratories #4-270-9 with Model 12 High­
Q Head) operated under external computer control. The 
ions are detected by a channel electron multiplier array (Ga­
lileo Electronics FTD-2002) at a gain of 107

• Product ion 
pulses are amplified (EG&G Ortec 574) and fed into a 100 
MHz discriminator (EG&G Ortec model 436 ) and accumu­
lated by a 20 MHz gated counter (EG&G Ortec model 776). 
The intense primary ion signal, which would overrun the 

discriminator/counter, is instead fed into a current amplifier 
(Keithley model 427 ) and boxcar integrator (Princeton Ap­
plied Research 162/164). 

G. Computer control 

A Z-80 based miniprocessor (Altos Computer Systems) 
is used for controlling the experiment as well as for perform­
ing the data collection and analysis. The kinetic energy of the 
primary ion beam through the reaction cell corresponds to 
the difference in potential between the ion region and the 
reaction cell. By applying a dc offset voltage via a program­
mable power supply (Kepco BOP model 36-5M) to the en­
tire ion-optics system upto the reaction cell, the kinetic ener­
gy of the ion through the cell can be scanned by the computer 
from I to 50 e V in the laboratory reference frame. 

For each vibrational level, the system is set up to scan 
through the ion energy while recording the ion counts at 
each product mass. Due to the pulsed nature of the experi­
ment, only one mass can be collected on each shot. A scan 
consists of stepping the ion energy and reading each product 
ion count after a set number of laser shots. The intensity of 
the primary ion beam is measured at the beginning of each 
scan to provide the means for normalizing the runs. This 
process is repeated ten or more times and a typical run lasts 
2h. 

H. Ion energy calibration and energy spread 

The actual laboratory ion energy can differ by several 
e V from that estimated from the potentials in the ionization 
region. It is therefore necessary to calibrate the offset by 
measuring the ion time of flight through a fixed pathlength 
as a function of the potential in that region. A nonlinear least 
squares curve fit of the flight times gives the actual zero of 
energy in the laboratory reference frame with an uncertainty 
of ± 0.5 eV. The primary ion flight time to the reaction cell 
is - 25 p,s and, depending on the ion energy, the flight time 
to the detector is 40 to 50 p,s. The spread in the laboratory 
energy was estimated to be at most leV using the retarding 
field technique. Since this is much greater than the estimated 
spread from the finite extent of the laser focus in the ion 
source, this is attributed to the spread acquired in the qua­
drupole mass filter. 

All energies are reported in the center of mass reference 
frame of the reagents. The kinetic energy in the center-of­
mass, Ec.m., is related to the laboratory kinetic energy, E lab , 

by 

(4) 

where m 1 is the ion mass and m2 is the target molecule mass. 
This assumes that the velocity of the thermal target molecule 
is negligible with respect to the velocity of the ion. The lab 
energy to center-of-mass energy conversion factor for the 
NH3+ + D2 system is 0.19. Hence, there is at most a 0.2 eV 
energy spread in the center-of-mass frame for this particular 
reaction system. 

The collection efficiency and resolution of the final qua­
drupole mass filter both depend on the energy of the product 
ions. This has two subtle consequences: (1) The product ion 
signal is further dependent on the kinetic energy of the pri-
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mary ions, and (2) the various product mass channels may 
be detected preferentially if the associated kinetic energy re­
lease of the channels differ. For these reasons, the data are 
presented in terms of relative ion intensity rather than as an 
absolute cross section, which many other experiments are 
better suited to measure. 

III. RESULTS 
The mass spectrum in Fig. 4 shows the product masses 

observed for the reaction ofNH3+ with D2. The peak at mass 
19 is assigned to the abstraction product, NH3D+ [reaction 
( 1 ) ]. The peak at mass 18 is assigned to the exchange pro­
duct, NH2D + [reactions (2) and (3) ]. Although other iso­
tope combinations are possible at these masses if one consid­
ers a scrambling mechanism to be operative, experiments 
performed with this apparatus on ND3+ + H2 confirm that 
these assignments are correct and indeed unambiguous. No 
other products at higher or lower mass are observed. Despite 
the inefficiency of this reaction, count rates on the order of 
1-2 counts per shot are measured at high kinetic energies. 

The dependence of the product ion peak intensities with 
kinetic energy are shown in Fig. 5 for three different initial 
vibrational excitations of the ammonia ion. The data have 
been normalized to constant primary ion flux across the ki­
netic energy range and from vibrational level to vibrational 
level. The NH3D+ channel increases monotonically with ki­
netic energy upto 4-5 eV, where it levels off and begins to 
fall. The NH2D+ product is very weak at low NH3+ kinetic 
energy, but increases dramatically at higher kinetic energy. 
The onset and magnitude of this increase correspond direct­
ly with the decrease observed for the NH3D+ product ion. 

>­
~ en z w 
I-
~ 

z 
Q 

Vibrational excitation appears to have little effect on 

0.0 

.... .... .' 
.' '_ /":::""'!t--... ••••• ' ~. 

/

i/;-':--- '~.<:: . .....-/ 

Ii;/; 
i 

. .. 

2.0 4.0 6.0 

. 

(a) 

i 
14 

i I I iii 
16 18 20 22 

MASS 

(b) 

i 
14 

i I 

18 20 22 

MASS 

FIG. 4. Mass spectrum with 5 eV c.m. NH1+ ions: (a) without reactant gas, 
and (b) with 1.0mTorrofD2 present. Theunreacted NH1+ appears at mass 
17, NH2D+ appears at mass 18, and NH3D+ appears at mass 19. 

either channel below 4-5 eV. Above this energy, increasing 
the vibrational level of the incident NH3+ ion tends to de­
crease the NH3D+ product ion intensity at any given energy 
and increase the NH2D+ product ion intensity, suggesting 
that the two product channels are not independent of one 
another. The variation of the signals with v is smooth and 
there is no evidence of any resonance effect. Vibration does 
not affect the total product ion yield within the experimental 
uncertainty of ± 10%. 

The data is simplified by plotting the branching ratio 

Total .. ..... .... 

8.0 

...... 

v=o 

10.0 

FIG. 5. Kinetic energy dependence 
of the product ion signals for three 
different NHt (v) vibrational lev­
els. The dotted line is the total pro­
duct ion yield, including the estimat­
ed NHt product. The total ion yield 
is independent of v within the experi­
mental uncertainty of 10% which 
arises from the normalization of the 
primary ion signal at each laser fre­
quency. 
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between the NH2D + and the NH3D + products. The full 
data set from u = 0 to u = 9 are plotted in this manner in Fig. 
6. Plotting the data as a ratio of the two products eliminates 
the uncertainty associated with normalizing each data set to 
a constant primary ion flux. Additionally, this eliminates the 
instrumental biases that vary with the primary ion kinetic 
energy as discussed in the previous section, assuming that 
both product channels behave in a like manner. The amount 
ofNH2D+ formed at low kinetic energies is less than 10% of 
the total product ion yield. At high kinetic energies, there is a 
clear shift in the onset of the NH2D+ channel with increas­
ing vibrational excitation of the V 2 mode of the NH3+ . The 
addition of nine quanta of vibrational energy (1.1 eV) has 
the effect of shifting the branching ratio curve by nearly 2 e V 
to lower translational energy. This shift is in excess of the 
energy of the vibrational excitation of the NH3+ (u) ion. 

IV. DISCUSSION 

One of the goals of contemporary chemical dynamics is 
to determine those factors that influence the efficiency with 
which a particular molecular system reacts. Of prime impor­
tance is the examination of how the various forms of energy 
possessed by the reactant molecules (rotational, vibrational, 
electronic, and translational) are channeled into the pro­
ducts of a reaction. In this study, the NH3+ (u) + D2 reac­
tion has been examined as a function of ammonia ion transla­
tional and internal (the V 2 umbrella-bending mode) energy. 
The results show that the NH2D+ and NH3D+ products 
observed at high kinetic energy are strongly related. The 
NH2D+ product increases beginning at 4-5 eV, implicating 
reaction (3) as the main source of the NH2D+ product at 
high kinetic energy. This is in agreement with the results of 

v 

8.0 10.0 

FIG. 6. Branching ratio plotted for 
v = 0 to v = 9 showing the increase in 
NH2D+ and decrease in NH3D+ as 
function of kinetic and V 2 vibrational en­
ergy. 

Eisele et al., 13 who suggested that the NH2D + is formed in a 
two-step process in which NH3D+ is created with excess 
internal excitation, leading to decomposition by the loss of 
an H atom. (Of course, the loss of the D atom is also possible, 
but the NH3+ product cannot be distinguished easily from 
the primary ion beam.) The initial vibrational excitation of 
the NH3+ is apparently an important contribution to the 
decomposition step. At first glance, this might suggest that 
excitation of the V 2 mode plays some important dynamical 
role in the formation of NH2D +, but further considerations 
argue against this interpretation. 

The internal energy deposited in the NH3D + abstrac­
tion product can be calculated from a simple spectator-strip­
ping model. 30 This model assumes that ( I ), the reaction pro­
ceeds in a direct manner, and (2), the internal energy of the 
NH3+ ion is completely retained in the NH3D+ product. 
The spectator-stripping model has been shown to be valid for 
a number of different systems at energies above leV. 31.32 In 
the ideal limit, the incident NH3+ ion picks up one D atom 
while the other D atom acts as a spectator to the reaction. 
The spectator D atoms has the same velocity both before and 
after the collision so that there is no exchange of momentum 
with the incident ion. From the kinematic constraints of the 
model, the internal energy, W, of the NH3D+ product ion as 
a function of the NH3+ translational energy, E, and the vi­
brational energy, Ev, is given by 

W = E sin2 f3 + Ev - t::Jf, (5) 

where 

sin2 f3= [m(D)m(NH 3+ +D2 ) ]/[m(NH3D+)m(D2 )]· 

(6) 

J. Chem. Phys., Vol. 84, No. 10,15 May 1986 

Downloaded 02 Jun 2011 to 171.66.83.218. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



Morrison et a/. : Reactions of ammonia ions. I 5533 

3.0 

FIG. 7. Branching ratio as a function of 
the NH3D+ total internal energy as cal­
culated from the classical spectator­
stripping model [Eq. (5) 1 for the u = 0 
to 9 data set. 
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For the NH3+ + D2 system, sin2 fJ is 0.55 and I::Jl is the 
reaction exothermicity of - 1.04 eV. The data in Fig. 6 can 
be replotted as a function of the NH3D + internal energy 
calculated from Eq. (5). The result, illustrated in Fig. 7, 
shows that the vibrational energy scales directly with the 
kinetic energy contribution of the NH3+ (v) ion to the 
NH3D+ total internal energy. The agreement of the data sets 
is sensitive to the fractional contribution of the NH3+ kinetic 
energy (sin2 fJ) to within 0.55 ± 0.05. Thus, it appears that 
excitation of the V2 umbrella mode of the NH3+ need not 
playa dynamical role in the formation of NH2D + . 

Karachevtsevetal. 19 also observed the NH3D+ produc­
tion to peak at just over 4 e V in the center-of-mass, in agree­
ment with this study. However, they did not give an account 
of the behavior or existence of the NH2D+ product. They 
reported that 1 e V internal excitation results in over a factor 
of 2 increase in the abstraction cross section at an energy of 
0.5 eV. Because the ion signals in the present experiment 
decrease drastically below 1 eV, their observation could not 
be corroborated. 

The tandem ICR experiments of Kemper and Bowers20 

were conducted at higher vibrational excitation and at much 
lower kinetic energy than can be reached in the present 
beam-gas experiment. They found that kinetic energy affect­
ed the abstraction rate much more than the exchange rate at 
4 eV internal excitation. This is in agreement with an early 
activation barrier picture and is consistent with the data pre­
sented here. In addition, they found that vibrational energy 
affected the formation ofNH2D+ much more than the for­
mation of NH3D+ at thermal kinetic energies. If the 
NH2D+ that they observe is due strictly to molecular split­
out [reaction (2) ], then the large vibrational effect that they 
observed is not present at higher kinetic energies. On the 
other hand, if the NH2D + is produced by decomposition 

[reaction (3)], then this confirms that vibration makes a 
direct energetic contribution to NH3D+ decomposition. 

The classical spectator-stripping model gives a most 
probable value for the internal energy of the NH3D+ for a 
particular combination ofNH3+ translational and vibration­
al energy. If the distribution of energies about this value were 
a delta function, then a step function would be observed at 
5.5 eV in Fig. 7, corresponding to the difference in enthalpy 
between NH3D+ and NH2D+ + D. This assumes that the 
dissociative lifetime of the NH3D+ is much shorter than the 
microsecond time scale of the detection. Due to the spread in 
the incident ion kinetic energies and in the distribution intro­
duced by the reactive collision itself, some of the NH3D+ 

:: I : 
... ; .... : .. " .. ': 

•• ~.... .. .. " ;0° 

-4 -2 0 2 4 

Deviation of NH3D + Internal Ener9Y about S.S.M. (eV) 

FIG. 8. The deconvolution of the u = 0 to 9 data sets to yield the distribu­
tion of the NH3D+ internal energy. 
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product ions will be formed with more or less internal energy 
than the model predicts. This distribution can be deconvo­
luted from the data curves in Fig. 7. At any particular ener­
gy, the fraction of ions appearing as NH3D+ is a measure of 
those ions having internal energies below the dissociation 
energy. Those that have internal energies above 5.5 eV de­
compose and are detected as NH2D+ (through loss of a H 
atom) or as NH3+ (through loss of a D atom). The NH3D + 
internal energy distribution is the derivative of the fraction 
of ions appearing as NH2D + (and phantom NH3+ , assumed 
to be one-third ofthe NH2D+) out of the total ion yield. 

Figure 8 shows the results of such an analysis showing 
the NH3D + internal energy distribution relative to the ener­
gy predicted from the spectator-stripping model. The spec­
tator-stripping model treats the reaction as a highly con­
strained system in which none of the energy is channeled into 
the spectator D atom. It is very unlikely that this is actually 
the case and one expects additional interaction between the 
species. A mathematically similar approach is to assume a 
pairwise interaction between the NH3+ and one of the D 
atoms in the laboratory reference frame, but without the 
kinematic constraints on the second deuterium. This allows 
the deuterium to interact in the abstraction mechanism and 
can result in a broad distribution of internal energy in the 
products. 33 A plausible intermediate for the hydrogen ab­
straction mechanism involves linear approach of the D2 mol­
ecule along the C3 axis of the ammonia ion 

H 
1+ 

N ----0-0 
/ ...... . 

H H 

similar to that proposed by Bowers and co-workers for H 
abstraction in the NH3+ IH20 system.34 The D2 molecule 
can interact directly with the electron density on the nitro­
gen in this configuration. Other configurations such as the 
above but with the D2 rotated by 90· or an in-plane approach 
appear less favorable. Ab initio and semiempirical calcula­
tions of portions of the NH/ potential energy surface indi­
cate that the above configuration represents a minimum en­
ergy approach and that the system must overcome a small 
barrier to form the highly stable NH3D+ ---D complex. 35-37 

Vibration in the V 2 umbrella-bending mode is directed 
along the reaction coordinate in such a transition state. In­
creased vibration in this mode deforms the system towards 
the geometry of the tetrahedral product, which might sug­
gest an increase in the total reaction cross section, but the 
experimental results show that the total reaction cross sec­
tion is roughly independent of the V2 excitation. Whether 
steric hindrance from the hydrogens on the ammonia, the 
small mass of the spectator partner, or some other factor 
account for this behavior is presently a matter of conjecture. 

V. CONCLUSIONS 

We have successfully demonstrated the application of 
resonance-enhanced multi photon ionization in the study of 
the ion-molecule reaction dynamics of NH3+ . Multiphoton 
ionization is a highly specific technique for producing vibra­
tionally state-selected ion beams. The ion intensity is suffi-

cient to carry out studies on systems with low reactive cross 
sections such as NH3+ ID2• 

Both NH3D+ and NH2D+ appear as products of the 
reaction of NH3+ with D2. Hydrogen abstraction [reaction 
( 1 )] is the dominant reaction channel over the entire 0.5 to 
10 e V kinetic energy range in the center-of-mass. Hydrogen­
deuterium exchange by molecular split-out [reaction (2)] 
appears as only a very minor channel. Vibrational excitation 
of the V2 mode of the ammonia ion does not affect either 
reaction (1) or reaction (2) within the experimental uncer­
tainty, but markedly affects the ratio ofNH2D+ to NH3D+, 
as a result of reaction (3). 

Formation of NH2D + by the initial production of inter­
nally excited NH3D + followed by the loss of atomic hydro­
gen [reaction (3) ] becomes a significant pathway above a 4-
5 e V onset. The initial vibrational excitation of the NH3+ (v) 

is an important contribution to the total internal energy de­
posited in the NH3D + product ion and promotes the decom­
position to form NH2D +. The energetic of this process are 
described quite well by a simple spectator-stripping model. 
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