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Abstract: An experimental and computational study has been performed to investigate the bond-forming
reactivity between Ar?" and NHs. Experimentally, we detect two previously unobserved bond-forming
reactions between Ar?" and NH; forming ArN™ and ArNH™. This is the first experimental observation of a
triatomic product ion (ArNH) following a chemical reaction of a rare gas dication with a neutral. The intensity
of ArNH* was found to decrease with increasing collision energy, with a corresponding increase in the
intensity of ArN*, indicating that ArN* is formed by the dissociation of ArNH™. Key features on the potential
energy surface for the reaction were calculated quantum chemically using CASSCF and MRCI methods.
The calculated reaction mechanism, which takes place on a singlet surface, involves the initial formation
of an Ar—N bond to give Ar—NH3?*. This complexation is followed by proton loss via a transition state, and
then loss of the two remaining hydrogen atoms in two subsequent activationless steps to give the products
SArN*® + HT + 2H. This calculated pathway supports the sequential formation of ArN* from ArNH*, as
suggested by the experimental data. The calculations also indicate that no bond-forming pathway exists
on the ground triplet surface for this system.

1. Introduction dication—molecule reactivity has been growing steadily since
519 1980s. These efforts have revealed a rich and varied
ication—molecule chemical reactivity. For example, experi-
pental studies have shown that, at both high (keV) and low

(eV) collision energies, the major ionic products of dication
molecule reactions are often two singly charged species; that
is, a single electron transfer occurs from the neutral species to
the dication (eq 1§:°14.15

The gas-phase reactions between dications and molecules ar
of importance in the context of “extreme” environments such
as planetary atmospheres, the interstellar medium, and othe
natural and man-made plasnad. However, until recently,
studies of gas-phase ieimolecule reactivity have concentrated
on monocatiorrmolecule interactions. This focus is not surpris-
ing when one considers that, following an ionizing event, the
majority of products are monocationic. This dominance of
monocationic products is due to their stability, relatively long
lifetimes, and the larger cross sections for single ioniz4tibn )
than for multiple ionization. However, in the last two decades, ~ HOWever, such electron-transfer reactions are not the only
it has been shown that many molecular doubly charged ions possible o_utcome_of dication/neutral _collls_lons. Blrr_lolecular
(dications) possess one or more long-lived:(us) metastable bond-forming reactions can also oceur, in which cht_emlcal bonds
electronic state®? In addition, the double ionization cross &€ made, broken, and rearranged within the collision system.
sections of many dication precursors have been shown to be'”_ 1989, it was shown that the molecylar oxygen digation reacts
largely underestimated in most early experiments due to the With NO to yield NG, and O".1¢ Stimulated by this study,

inefficient detection of the highly energetic products of double Price and co-worket$ investigated the bimolecular reactivity
ionization5-710-13 |n light of these discoveries, interest in of 44 molecular dication/neutral collision systems. This survey

revealed a large number of bond-forming reactions. Since this

X7 4+Y, =X +Y," 1)
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initial work, a significant number of both experimental and

similar mechanisms, in which a collision complex is formed

theoretical investigations of the mechanisms, dynamics, and between the dication and the neutral, followed by internal H
energetics of the bond-forming reactions of molecular dications atom rearrangement and finally fragmentation of the complex

with neutrals have been perform@@14.151#25

Despite this focus on the chemical reactivity of molecular
dications, the bond-forming reactivity of atomic dications with
neutrals has received less attention, particularly at low collision
energies. In 1986, bond-forming reactions were identified
following collisions between atomic transition metal dications
and alkane$?26.27Perhaps more surprisingly, a bond-forming
reaction between Af and N> was recently observed by Tosi
et al. (eq 28 in which a doubly charged molecular product
was detected for the first time:

Ar** + N, —ArN*" + N 2)
Following this study, Tosi et al. also reported the formation
of ArC2* from collisions of At with CO and CG2° and
Ascenzi et al. detected ArOand ArG*" products following
collisions of AP™ with O,.3° Estimates of the integral cross

to products. Ascenzi et al. have also provided the energetics of
the entrance and exit channels for the bond-forming reaction
pathways that result from collisions of Zrwith O,,3° showing

that the formation of the Ar®and ArG** product ions in their
ground and some excited states is exothermic.

In this paper, to complement the experimental results, we
present a quantum chemical investigation of the key features
of the calculated potential energy surface (PES) for the bond-
forming reaction A#" + NHz; — ArN* + H™ + 2H, which
reveals a reaction pathway that is consistent with the experi-
mental data. Significantly, we find that the bond-forming
pathway lies on a singlet potential energy surface and is not
accessible for A in its ground £P) state.

2. Experimental Details

The apparatus used in these studies has been described in detail
before®!4 and a diagram of the experimental apparatus is shown in

sections for these reactive processes are of the order of?.1 A Figure 1. Briefly, reactant dications are produced by electron ionization

or smaller8:30

of a suitable precursor gas. In this case, Ar is introduced into the source

In the current paper, we present the results of a series of'egion and is bombarded with 100 eV electrons to yield predominantly

experiments using time-of-flight mass spectrometry (TOFMS)
to quantify the products following collisions betweerfAand
NHs. In these experiments, we detect both ArNehd ArN',

and we also find that the ratio of the experimental ion intensities
of these two products)[ArNT)/I[ArNH*], increases with

monocations and dications. The pressure of Ar as measured by an ion
gauge is 5x 106 mbar, low enough to ensure very few ieneutral
collisions. It is well established that electron ionization of the heavier
rare gases results, at high electron energies (around 200 eV), in a beam
comprised of an approximately statistical distribution of #e D,

and 'S states from the groundyf®) electronic configuration of the

collision energy. This collision energy dependence is interpreted dication3* Thus, we would expect our At ion beams to contain both

as resulting from an increasing propensity for ArNflagmen-
tation with increasing available energy.

There currently exist only five published accounts of quantum
chemical investigations of bond-forming dicatieneutral reac-
tions. The first of these, by Meek et al2? presented the

calculated ground-state stationary points on the potential energy

surface of the reaction G& + H, — HCO" + H* + O. The

geometric parameters of the stationary points along this potential

energy surface were provided in a later study by Tafadar®t al
A recent study by Roithdvat al32 characterized the stationary

singlet and triplet states arising from the*3mnfiguration. Indeed,

the reactions of both singlet and triplet states in such beams have been
observed®3 The ions resulting from the electron impact are then
extracted from the ionization region, collimated by various optics, and
focused into a velocity filter. The dication of interest, in this cas& Ar

is selected by a velocity filter, and the resulting dication beam is
decelerated to the required collision energy. The dications then enter
the source region of a TOFMS, which also serves as thernoolecule
collision region. The neutral collision gas, NHs admitted into the
interaction region as an effusive jet, at right angles to the incident
dication beam. Both the product and the reactant ions are then extracted

points on the potential energy surfaces leading to the formation from the source region and identified and quantified by time-of-flight

of the bond-forming product ion CHDCIfrom collisions of
the [CHCIP" dication with Dy. We have also recently completed
an investigation of the potential energy surface for the bond-
forming reaction between GF and HO to give OCF, HT,

and HF33 All three of these reactions appear to proceed via
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mass spectrometry. To achieve this, the voltage on the repeller plate
in the source region is pulsed from 04100 V. For each such pulse,

a “start” signal is sent to the time to digital converter (TDC). The voltage
pulse extracts both the unreacted dications and the product ions from
the source region of the TOFMS, which is oriented orthogonally to
both the incident dication beam and the jet of neutral species. These
unreacted dications and product ions are then accelerated through a
second acceleration region and into a field free drift zone. The ions
are then detected by a pair of microchannel plates (MCP). When an
ion reaches the MCP detector, the resulting signal is presented to a
constant fraction discriminator (CFD) which generates a “stop” signal
for the TDC. The difference between these start and stop signals is the
time-of-flight for an ion. The flight time for each ion detected is added
to a histogram, which makes up a complete mass spectrum. The
intensity of an ion signal is given by the area of its peak in this mass
spectrum, which corresponds to the number of ions detected with that
particular range of flight times. The pressure of the neutral collision
gas in the interaction region is carefully maintained throughout the
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Figure 1. Diagram of the experimental apparatus used in this study. The TOFMS is positioned orthogonally to the incident dication beam.

experiment to ensure single collision conditions (a typical pressure is optimizations. Vibrational frequency analyses were used to obtain zero-
4 x 1078 Torr). Experiments were carried out at collision energies point energies and to characterize the transition states, and intrinsic
between 1 and 14 eV in the laboratory frame. The zero of energy is reaction coordinate (IRC) calculations were performed on all transition
determined by both retarded field and time-of-flight analysis. Given states to verify that they are indeed on the same reaction path as their
the experimental conditions in this study, the energy uncertainty at each adjacent minima.
experimental collision energy is conservatively estimated ta-De? Single-point energy calculations were then performed on the
eV in the LAB frame. CASSCF-optimized geometries using the multireference configuration
Our data processing procedures have been described before in thénteraction (MRCI) method with the same basis set. The same full
literature!® and only a brief overview follows. Each mass spectrum valence active space as we employed for the geometry optimizations
recorded following collisions between atomic dications and neutral was used. To minimize computational costs, only those reference
molecules is corrected to allow for signals arising from stray ions within - configurations with a weight greater than 0.01 were selected. For each
the chamber. These stray ions produce a small nonzero baseline in thecalculation, the square of the normalization coefficient for the wave
mass spectrum. Mass spectra are also recorded in the absence of thiinction made up from these selected configurations was always greater
neutral collision gas. Any relevant ion signals in such “collision gas than 0.997. The CASSCF®and MRCF**°calculations were carried
free” spectra are appropriately normalized and then subtracted from out using MOLPRO v.2002.3.
the product ion signals recorded in the presence of collision gas. This
correction removes any contribution to the final ion signals from

collisions between the reactant dication and residual gas present within = 4 1 Experimental Results.Mass spectra were recorded
the chamber or from impurities present in the dication beam. This following collisions between &+ and NH; at center-of-mass

porre_cﬂon is very small, typically only a few percent of the total prodl_Jc_t frame collision energies of between 0.3 and 4.2 e¥14 eV
ion signal. At least three sets of spectra were recorded at each collision.

energy. A single set of spectra comprises three spectra recorded with" th_e laboratory frame)._After the corrections described in
the collision gas on and two with the collision gas off. section 2 have been applied, the spectra show the presence of
H*, Nt, NHT, NH,™, NH3z", Art, ArNT, and ArNH". All of
3. Computational Details these ions except ArNand ArNH" may be assigned as the
The key features on the potential energy surface (PES) for the prOdUCtS of dissociative and nondissociative electron-transfer
reaction AP + NH; — ArN* + H* 4+ 2H were calculated. In certain ~ reactions. The competition between dissociative and nondisso-
regions of the PES, such as those associated with H atom loss fromciative electron transfer can be readily explained by the degree
singlet structures such as ArNH and ArNH*, we observed high of internal excitation in the primary products (Aand NH;")
(>2%) values of thél-diagnostic in trial CCSD(T)//B3LYP calcula-  of the electron-transfer process. If stable states ofNafe
té?gb?fﬁgfﬁggﬁjt;g tls a m”easurz of the S.'gglfs a?pl'tu?_es '? t::e populated, nondissociative electron transfer results. Conversely,
ypically used as a guide for the qually of the if dissociative states are populated, the libn fragments to

wave function. A T;-diagnostic of greater than 2% is generally . . . .
interpreted as an indication that the single-reference wave function is Yi€!d @ daughter ion. Electron-transfer reactions of atomic and

not accurately describing the system. We therefore employed multi-
; i 37) Werner, H.-J.; Knowles, P. J. Chem. Phys1985 82, 5053.
reference metho_ds_ in _aII of the calculations r(_eported here. _ (38) Knowles, P. J.: Werner. H-Them. Phys. Letl985 115 259.
Geometry optimizations were performed using the complete-active- (39) werner, H.-J.; Knowles, P. J. Chem. Phys1988 89, 5803.
)
)

4. Results and Discussion

7
8
9
space multiconfigurational self-consistent field (CASSCF) method and (40) Knowles, P. J.; Werner, H.-Chem. Phys. Lettl98§ 145 514.

the aug-cc-pviz basis set. A full valence active space was used, Where(4l MOLPRO is a package of ab initio programs written by H.-J. Werner and

. . . i P. J. Knowles, with contributions from R. D. Amos, A. Bernhardsson, A.
the N 1s and the Ar 1s, 2s, and 2p atomic orbitals were kept inactive Berning, P. Celani, D. L. Cooper, M. J. O. Deegan, A. J. Dobbyn, F. Eckert,

but allowed to relax during the geometry optimizations. The resulting C. Hampel, G. Hetzer, T. Kornoa, R. Lindh, A. W. Lloyd, S. J. McNicholas,
f i isted of up to 32 000 confiquration state functions F. R. Manby, W. Meyer, M. E. Mura, A. Nicklass, P. Palm|er|,_R. Pitzer,
wave functions consis p g G. Rauhut, M. Schutz, H. Stoll, A. J. Stone, R. Tarroni, and T.

(CSF). No symmetry constraints were imposed during the geometry Thorsteinsson.
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m/z 7 eV, and these reactions are experimentally observed to involve

Figure 2. Mass spectra at (a) 0.3, (b) 2.1, and (c) 4.2 eV collision energy
in the center-of-mass frame showing the signals corresponding td ArN
and ArNH" detected following collisions of At with NHz. The spectra
clearly show that the ratio of ArNto ArNH* increases with increasing
collision energy. Processing the intensities of the Adhd ArNH" ions

in these spectfaindicates that, as the mass spectra show, the sum of the
reactive cross sections for forming these product ions is constant, within
experimental error, over this range of collision energies.

molecular dications, in this collision energy regime, have been
shown to be well modeled by the LandaZiener reaction
window theory*2~44 The details of the electron-transfer reactiv-
ity in this collision system will be discussed in a future
publication and will not be considered any further in this Article.
The ions ArN™ and ArNH", corresponding towz = 54 and
55, respectively, clearly come from bond-forming chemica
reactions. Representative mass spectra, as a function of collisio

energy, are shown in Figure 2. As is often the case, the cross’ .

sections for forming these new adduct ions are small as

compared with those of the electron-transfer reactions observed®
in the same collision system. For example, the total signal arising

from ArN* and ArNH" is only approximately 5% of the signal
arising from the electron-transfer product™Ar
As has been discussed before in the literature, we must alway

consider the possibility that mass discriminating effects operate

in our TOFMS apparatu®.However, as shown below, we are
confident that such effects do not significantly affect the relative
detection efficiency of ArN and ArNH™ in the present

experiments. Mass discrimination between different product ions

can arise in our apparatus as a result of the differing kinetic

energies that these ions can possess perpendicular to the axi

of the TOFMS. A significant velocity component transverse to
the axis of the TOFMS may result in ions striking the walls of
the drift tube and not reaching the detector. lons with different

transverse kinetic energies will not travel the same transverse

distance as they fly down the TOFMS. Thus, there is the
possibility of varying fractions of the product ions being

detected, a different detection efficiency for ions of different
mass. To estimate any variations in detection efficiency for the

product ions, we can calculate the length of the source region
from which ions reach the detector, for a given transverse kinetic
energy of the ion. To estimate the transverse kinetic energy of
the product ions of dication reactions, we use the fact that the
kinetic energy release for these reactions is dominated by
electrostatic repulsion, giving an energy release of approximately

(42) Rogers, S. A,; Price, S. D.; Leone, S. R.Chem. Phys1993 98, 280.
(43) Zener, CProc. R. Soc. London, Ser. ¥932 137, 696.
(44) Landau, LPhys. Z. Sowjetunioh932 2, 26.

forward scattering:?1-2245When we correct our mass spectral
data in the above manner, to allow for any transverse ion losses,
we produce relative ion intensities in good agreement with other
measurements in the literatufeHowever, for the detection of
ArN™ and ArNH", because the ions have very similar masses,
the relative discrimination between these ions is small. For
example, given the mechanistic conclusions presented below,
we consider the ArN and ArNH' to be formed via a charge
separating dissociation of ArNA™ to ArNH,™ + H, with the
ArNH,* subsequently dissociating sequentially to yield ArNH
and eventually ArN. For this mechanism, we calculate that
our detection efficiencies as a function of center-of-mass kinetic
energy are the same (within 3%) for Afhand ArNH". Hence,

| we conclude that our relative detection efficiency of Araind
r10\rNH+ is the same within experimental error over the experi-

mental range of collision energies we employ. Identical conclu-
sions have been reached before for the relative detection
fficiency in our apparatus of product ions with similar masses,
resulting in experimental data which agree well with those in
the literature®* Hence, we consider the ratio of intensities
[[ArN *J/I[ArNH*], which we derive from our mass spectra to

S'be representative of the ratio of the cross sections of the reactive

processes forming these ions.

Figure 3 shows the ratio of the bond-forming product ion
intensities)[ArN*]/I[ArNH*], as a function of collision energy.
The figure clearly shows th&fArN *]/I[ArNH *] increases with
increasing collision energy. Figure 2 demonstrates that an
increase in the ArN ion yield is accompanied by a correspond-
'@g decrease in the ArNHion yield. This variation is consistent
with ArN* being formed via the dissociation of ArNH

4.2. Computational Results.Figure 4 shows the stationary
points calculated along the PES of the reaction ofAwith
NH3 to produce ArNH and ArN*. The mechanism first
involves the formation of the ArN bond to give ArNHZ",
the global minimum for the pathway. This is followed by loss
of a proton from the complex via transition state 1 with an
activation energy of 5.74 eV to give ArNH+ HT. An H atom
then dissociates from ArNg to leave ArNH™ + H. The last
remaining H atom can also dissociate from ArNHeaving
SArN* and an H atom in their ground states. The final products
are hencArN™ + H* + 2H. For each stationary point, geo-
metric parameters and symmetries are given in Table 1, and
the total energies and zero-point energy corrections are given
in Table 2.

(45) Herman, Z.; Jonathan, P.; Brenton, A. G.; Beynon, Lhkem. Phys. Lett.
141, 433.
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Table 1. Geometric Parameters of CASSCF-Optimized Structures h *AN* +H
on the Singlet Potential Energy Surface for Ar2* 4+ NHz — SArN* /x
+ H* + 2H (See Figures 4 and 6)2 -1 4 4
%
structure Ar-N N-H Ar-N-H H-N-H = /
INH; 1.022 [3] 105.1 [3] ° 2 T
IANH 2+ 1.817 1.056[3] 1050[3]  113.6[3] =
transition state 1 1.863 1.042[2], 98.6T [2], 115.3 [2], E x

(singlet) 2.811 118.9 107.6 3 / o1+
transition state 2 1.825 1.056 [2], 99.87, 134.7 N}

(singlet) 2.522 126.7 4 b
LArNH, 1951 1.044[2]  95.80[2] 104.6 c ()
2ArNH 2+ 1.737  1.065[2]  1147[2] 132.0° -4
2ArNH* 1.911 1. .
3A;N+ 1.386 059 96.05 r[ArN-H]'fangsIroms
IArN* 1.841

Figure 5. The results of a series of restricted geometry optimizations tracing
the final two stages of the reaction mechanism shown in Figure 4: (a) the

a All bond distances are in angstroms (A). The number of degenerate dissociation of ArNH" to ArNH* + H; (b) the dissociation of ArNH to
bond lengths and angles are given in square brackets. No symmetry3ArN* + H. In both cases, all geometric parameters were allowed to

constraints were imposed du

ring the calculations.

Table 2. MRCI Total Energies and Zero-Point Energy Corrections
for Optimized Structures on the Singlet Potential Energy Surface
for Ar2* + NHz; — SArN* + H* + 2H (See Figures 4 and 6)

total energy/ zero-point energy
structure hartrees correction/hartrees
NH3 —56.46732203 0.03385888
IArNH32+ —582.44642014 0.03827394
transition state 1 (singlet) ~ —582.22404000 0.02695533
transition state 2 (singlet) —581.60535030 0.01298255
IArNH, " —582.41605214 0.02516017
2ArNH 2+ —581.72068632 0.02205933
2ArNH* —581.66198209 0.01108234
SArN* —581.08684331 0.00122156
IArN* —581.02111624 0.00126389
SAr2t —525.46144255
1Ar2t —525.39628688
H —0.49982118

optimize at each point except for one-N bond distance, which is plotted
on thex-axis. Energies are given relative to the sum of the energies of the
fully optimized ground-state geometries of the products.

As can be seen in Figure 4, the loss of an H atom both from
ArNH," and from ArNH'" does not proceed via a transition state.
To verify that the last two steps of the reaction mechanism are
indeed activationless, a series of restricted geometry optimiza-
tions were performed to map the potential energy surface for
removal of an H atom from ArNkt and from ArNHY. In both
cases, all geometric parameters were optimized except for the
N—H bond distance corresponding to the reaction coordinate
r, which was held fixed over a range of values between 1.0 and
6.3 A for the dissociation of ArNK and between 1.0 and 11.8
A for the dissociation of ArNH. Due to a nearby curve crossing
with the ArNH+ H* pathway, restricted geometry optimizations
for the dissociation of ArNE" were not continued past=
6.3 A. These calculations were performed using the CASSCF

The calculated mechanism shown in Figure 4 confirms that method and aug-cc-pvtz basis set as described above. It should
ArNH* and ArN" are formed from the same reactive channel, pe noted that to successfully plot the surface for the dissociation
as indicated by the experimental results. Itis interesting to note of ArNH,* to ArNH™ + H, a slightly larger active space than
that the bond-forming dication complex ArNH is found to
be stable with respect to dissociation to"Ar NHz™ only when

formed in the singlet state; attempts to converge a geometryenergies, the shape of the surface is not expected to change.
optimization to a stable triplet structure were unsuccessful. Such  The results of the restricted geometry optimizations are shown
an effect is not surprising when one considers that the lowestin Figure 5. All energies are given relative to the sum of the

energy electronic configuration of the triplet AriH complex

involves the promotion of an electron from a bonding to an clearly show the lack of an activation barrier for the loss of an
antibonding orbital, lowering the ArN bond order and increas-
ing the total energy of the complex. Therefore, it appears that surprising, as the reverse processes correspond to attractive
only singlet states of A, not the ground triplet state, contribute
to bond-forming reactivity in this system.
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that used for the ArNK™ stationary point was needed. Although
this larger active space may result in a lowering of the relative

energies of the products, calculated individually. These plots
H atom from either ArNH* or ArNH*. Such a result is not

cation—neutral associations. Figure 5b also shows that the
energy of the dissociation limit corresponds to that of the
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Figure 6. A schematic representation of the stationary points on the
potential energy surface of an alternate pathway for the reabfich +

NH3z — 3ArN* + HT 4 2H, in which the adduct dication decomposes via
neutral loss, not charge transfer (see Figure 4).

SArN™ + H product asymptote, confirming that AfNis formed
in its ground triplet state.

As can be seen in Figure 4, breaking ar-iN bond in the
ArNH,*" ion requires an excitation of 6.54 eV, and breaking
the N—H bond in the ArNH complex requires an additional

reactants will always have sufficient energy to form ArNH
because the amount of internal energy of the AsktHon lost

to the H atom in the neutral loss step should be small, less than
1 eV. However, the kinetic energy release of the charge
separation of ArNE" to ArNH™ and H" will reduce the
internal energy of ArNH to approximately—6 to —8 eV (in
Figure 6). As described above, in this situation again the
probability of the ArNH' ion having enough internal energy to
fragment to ArN- and H will increase with increasing collision
energy. This would also result in the experimentally observed
increase in the ArN ion yield with a corresponding decrease
in the ArNH" ion yield with increasing collision energy. In
trying to decide which pathway is operating to form ArNH

we expect the pathway in which charge separation occurs first
to be kinetically favored, as its rate-limiting transition state lies
2.86 eV lower in energy than that of the neutral loss pathway.
In addition, we would expect a small dication such as AgkiH

to favor decay via initial charge separation to achieve the 5.24
eV stabilization of the ArNH"™ + H™ state relative to the
ArNH,2" + H state. Indeed, the vast majority of dications
derived from small molecules predominantly decay via charge
separation rather than neutral 1338249.50Pathways such as
the one shown in Figure 6, in which neutral loss occurs in the

1.78 eV. The reactants lie at an energy of 15.27 eV above thefirst step, may be of importance in larger systems where there
ArNH>* + H* asymptote; therefore, every reactive event in g greater stabilization of the dipositive charge.

principle begins with enough energy to reach completion and
form ArN*. However, such an analysis neglects the energy re-

moved from the system, in the form of kinetic energy, during
the charge separating dissociation of ArfdHto form ArNH,*

and H". The measured kinetic energy release distributions for

such processes are typically centered aroun@ &V, with a
width of several e\?%=22 The loss of such large amounts of

energy significantly reduces the internal energy content of the

ArNH," ion. Specifically, for collisions at a center-of-mass

energy of 0 eV, the charge-separating dissociation will reduce

the internal energy contents of the ArpHions to a range of
values from about-6 to —8 eV in Figure 4. Only those ArNyt
ions that are formed with an internal energy-66.95 eV or
greater will proceed to the product asymptéteN " + HT +
2H, while those ArNH* ions formed with less thar6.95 eV
will only go as far as the ArNH + H™ + H asymptote. With

increasing collision energy, the residual internal energy of

ArNH* will be higher, increasing the probability of complete
dissociation to ArN. Thus, increasing the collision energy
increases the yield of ArNand correspondingly decreases the
yield of ArNH*, reproducing the behavior that we observe ex-

perimentally. Such sequential dissociations have been observe
before for similar endothermic fragmentation steps in the bond-

forming reactions between rare gas ions and moled6iés.

It is also of interest to consider an alternative pathway to the

formation of ArN* and ArNH" that involves neutral loss in

5. Conclusions

Crossed-beam collision experiments were performed between
ArZt and NH;. A previously unobserved bond-forming reaction
channel, which leads to the formation of the molecular ions
ArNH* and ArN*, was detected. We believe this to be the first
report of the formation of a triatomic molecular ion following
a bond-forming reaction between a rare gas dication and a
neutral. The product ion intensitf ArNH*] was found to
decrease with increasing collision energy, with a corresponding
increase in thd[ArN*] product ion intensity, indicating that
ArN™ is formed by the dissociation of ArNH The important
features of the potential energy surface of the reaction were
calculated quantum chemically and were found to be in agree-
ment with the sequential mechanism suggested by the experi-
mental results. These calculations reveal a reaction mechanism
in which an ArNH?* complex is formed, and then loses a proton
followed by two H atoms in three endothermic steps. An
alternative mechanism in which the proton loss occurs following
an initial H atom loss was also determined. It is expected that

he pathway in which charge separation occurs first will be
avored, because 2.86 eV less energy is required to overcome
the rate-limiting transition state relative to H atom loss.
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