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The simplest nonclassical carbonium ion is £H It is an
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measure its high resolution infrared spectiiithe highly fluxional I Wiz

Energy

important ion in the interstellar medium, where it is formed via 1 o] CHY

radiative association of GH and H.2 The ion was first observed a4 .

in a mass spectrum in the 1950snd later shown to dissociate z NRCE i
upon neutralization by charge exchartgéowever, it has only been B T §
within the past 10 years that Oka and co-workers were able to & g

character of the Ckt zero-point wave function and the “quantum
deconstruction” of the IR spectrum using a global potential energy
surface (PES) was recently reporfethe H atoms freely exchange  Figure 1. Energy level diagram showing the two energetically accessible
by passage over low energy isomerization barrier€oénd C,, dissociat_ion Iimits_ of CH and where on _the n_eu_tral_st_Jrface the (0Bl
symmetry. The neutralization of GHby dissociative recombination formed via DCE with Cs. The three-body dissociation limit is nearly resonant

f . . . . with the 3s state and was not observed.
with free electrons is of importance in astrophysics, and there has
been some controversy about the product branching ratios from
ion storage ring and flowing afterglow measureméitErom a
fundamental perspective the attachment process serves as a prob
of the nascent phase space ofZH

In the current work, the product branching ratios in the
dissociative charge exchange (DCE) of £kvith Cs are examined
and compared to predictions using quasiclassical trajectory calcula-
tions on accurateab initio potential energy surfaces. In these
experiments, fragment channels (1) and (2) are detected in
coincidence, yielding product kinetic energy release (KER) distribu-
tions and the branching ratios.

'{CH,.+I—I1

. 1
CH,+H

distributions are corrected to yield P(KER) probability distributions

accounting for any loss of products owing to the kinematics as
iscussed in the Supporting Information (SI). Integration of the
P(KER)s over KER yields product branching ratios from a single
data set.

To simulate the experiment, quasiclassical trajectory (QCT)
calculations were performed in the classical FranClondon
approximation, i.e., by making vertical transitions from thesCH
phase space to GHising anab initio PES for CH.2° The CH;*
phase space was obtained from trajectories with the quantum zero-
point energy of roughly 11000 crh on anab initio CHs™ PESH
. In addition to these vertical trajectories, two other batches were

CHs — CH, + H @ run with initial kinetic energy to be consistent with the experiment
CHg— CH, + H, ) for the “requant” and “nonresonant” cases, as o_Iescribed below
and in detail in the SI. Product branching ratios, internal energy
i i . . i distributions, and the KER distributions were obtained from roughly
The comparison with theory provides experimental evidence for 5540 (rajectories with zero total angular momentum for each of

the fluxional _nature of CHf. ) these cases. For diagnostic purposes, trajectories were also per-
The experimental apparatus has been described elsewhere anfjormed at the CH equilibrium geometry with standard normal

W.i" ch)nly b? discussed b.riEfl9'CH5+. was fI?rmed _V\k/]ith a. p.ulsed mode sampling of initial conditions appropriate for a semirigid
disc arge in a supersonic expansion (1 kHz) with a 1'9_'6Q/CH moleculé?for both the vertical transition and the nonresonant case.
Ar/H, mixture. This source is expected to producesChbith a Experimentally, the neutral GHs formed slightly (0.1 eV)

rotational temperaturg of 2660 K and a vibrational t.emperature. above the predicted energy of the 3s Rydberg sfatether than
less than 1660 K as discussed further in the Supporting Information directly on the ground neutral surface, as assumed in the calcula-

(SI). The cations were skimmed, accelerated to 16 keV, and MaSS+inns. The transition to the neutral surface is assumed to be vertical.

selected by time-of-flight. Before reaching the_Cs cellallions with 0 wvo lowest dissociation channels are nearly isoenergetic as
thﬁ ex.c.eptlon of Cﬁ# arehdeflectr(:g: The tr§n3|enF Chs forn)e.d shown in Figure 1. Although Hoss is kinematically more favorable
when itis passed throug &m_“? mtergctlon region contaln_lng to detect, H atom loss is found to be the dominant dissociation
~1 x 107° Torr of Cs. Remaining Ckt is deflected into an ion

S channel.
detector: The neutrql fragments ﬂ%l,o cm .to.a multlpgrtlcle tlme-. The difference in energy between the ground vibrational state
and position-sensitive detector. Using this information along with ¢ CHs" + e and the dissociation limit of CH+ H from the

the parent mass and ion beam vel_oc_|ty, the fragment masses ancf)resent PESs is 8.0 eV, in agreement with the experimental estimate
center-of-mass KER of each dissociation channel can be calcula'[ed,Of 8.0 + 0.5 eV (This is further discussed in the SI.) For the

yielding experimental N(KER) distributions. These experimental case of resonant charge exchange with Cs, the neutral is formed

t University of California. 3.9 eV below the cation, yielding a maximum KER (KER of
* Emory University. 4.1 eV, approximately the same for both product channels.
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Figure 2. (a) P(KER) distribution for CH— CH4 + H and (b) CH —

CHs + H,. The open circles represent the experimental KER, while the
solid line is the theoretical KER, with KER noted.
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Figure 3. Classical HH bond length distribution of GHwith zero-point

to the H, moiety in CH™ and a long bond length arising from the
other HH distances. The distribution correlating with £H H,
shows a larger contribution from the short HH distance than the
long one. Examination of the trajectories leading to highly
vibrationally excited H indicates a greater contribution from the
large HH bond length in the correlated distribution than from the
short HH bond length. It is important to note that the corresponding
correlated distribution from the normal mode sampling is unimodal
for both the vertical and nonresonant cases with a peak at the HH-
moiety equilibrium distance. Also the corresponding sCH H,
P(KER) for the nonresonant case shows less probability at low KER
than that seen for the theoretical P(KER) with fluxional phase space
sampling shown in Figure 3. The vibrational distributions ofCH
and H are shown in the Sl.

QCT calculations are not exact dynamics, and there are also
uncertainties in the CHPES. However, both represent the current,
feasible state-of-the-art calculations for a problem this complex.
With these caveats in mind, the agreement between the experimental
and theoretical branching ratios provides evidence that the quantum
mechanically predicted fluxional nature of @H® is responsible
for the experimental branching ratio. However, the lack of quantita-
tive agreement between the calculations and experiment for the more
dynamically detailed KERs, in particular, the bimodal distribution
in the CH; + H, channel, may indeed result from these caveats.
Neglect of the coupling of the 3s Rydberg state to the ground
electronic state in the present calculations may also play a role in
the discrepancy.

DCE experiments on selected isotopologues ofsGhhamely
CD;H;*, CD,HT, and C3*, have also been performed. Comparison

energy (dashed curve) and magnified part of that distribution that correlates f)f those results with QCT simulations will be reported and discussed

with the CH; + Ha products. The shoulder near 2.0 Bohr corresponds to
the H, moiety, whereas the peak at 3.5 Bohr corresponds to thélH
distances with H atoms in the GHjroup.

However, the experimentally observed KERis ~5 eV. This may
be a result of some vibrational excitation in €Has well as
nonresonant charge exchatfgeading to the production of neutral

states above the resonant level. Experimentally, the branching ratio

is 114 2:1, for H loss to Hloss. The results from the three batches
of trajectories described above using the correct “fluxional” phase-
space sampling of C#i are 14:1 (vertical), 11:1 (resonant), and
9:1 (nonresonant) in very good accord with the experiment. The
results from standard mode sampling are 34:1 (vertical) and 18:1
(nonresonant) which are not in agreement with experiment. This
result provides a strong consistency argument for the fluxional
nature of the parent GH cation determining the experimental
branching ratio.

The P(KER) for the dominant channel, ¢H H, is shown in
Figure 2a, along with the theoretical prediction. Both exhibit a peak
with a shoulder at lower energy. It is clear that most of the energy
goes into internal excitation (vibrational and rotational) of the,CH
as shown by the small probability for products at KER

The P(KER) for the molecular hydrogen loss channel is shown
in Figure 2b. This channel exhibits a bimodal distribution, with
peaks at 1.0 and 2.9 eV. The theoretical KER peaks at ap-
proximately 2.8 eV but does not reveal the bimodal distribution
seen experimentally; however, a shoulder at around 1.3 eV is
observed.

The explanation for this shoulder comes from consideration of
the HH bond length distribution in the parent €Hand more
significantly the portion of that distribution that correlates with{CH
+ H, products; both are shown in Figure 3. The full classical
distribution, which agrees well with quantum diffusion Monte Carlo
calculations'® is bimodal with a short bond length corresponding

in a later publication.
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