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The exoergic EleyRideal hydrogen recombination on graphite surfaces is known to produce vibrationally
hot product molecules. Realistic quantum scattering calculations at normal incidence over a wide range of
collision energies show that the degree of vibrational excitation of the reaction product is a steep decreasing
function of the collision energy. This results in selective population of the lower-lying vibrational levels and
gives rise to an oscillating structure in the total reaction cross-sections at high energies, which cannot be
reproduced by classical and quasi-classical trajectory calculations. An analogous quantum structure appears
in the total collision-induced desorption cross-sections and is assigned to selective population of the metastable
states of the transient molecular hydrogen.

I. Introduction source of ambiguities in classical trajectory (CT) calculations
where, for example, the question arises of how to consider
reactive trajectories ending up with products’ internal energy
less than the zero-point value. It is therefore important to know
that these effects may manifest themselves in scattering ob-
hservables. In this letter, we show how they may appetoted
resonances on burely repulsive potential enerayv surfaces reaction cross-sections even when classical mechanics is

on purely rep P ergy ‘expected to be adequate all the way in the route from reactants
Although their presence in gas-phase reactions has beer} o . .

- . . ..~ 1o products, considering an exoergic, barrierless-gasface
predicted by quantum scattering calculations for several collision reaction. We further show that a “quantum’” structure also
systems, they are in general difficult to observe, because in " S . i
simple terms, they tend to exist over a wide range of total appears |n.the toFaI collision-induced desorption (CID) cross

sections, since this process partly proceeds through a two-step

angular momentum. Thus, for example, the time-delayed mechanism, metastable molecule formation and dissociation
mechanisrhin the H+ H; isotopic family of reactions has been \ . . )
The reaction system is the EleRideal (ER) hydrogen

attributed to the motion through a “quantized dynamical Lo > X .
bottleneck”, but only the observation of interference between "€combination on a graphite surface, i.e., the formation of H

different quantized transition-state pathways has been conclusivd"©™M the collision of an incident hydrogen atom with a target
for quantum phenomerf the observation of reactive reso- hydrogen atom chemisorbed on graphite. This reaction has

nances is limited to the atordiatom systems + HI5 and F+ become a model system to study hydrogen formation on
HD,57 and only recently has evidence been found for polyatomic interstellar dust grains, for which a number of carbonaceous
reaction$—10 models exist3?it is also of importance for the hydrogen erosion

The above-mentioned effects are related to the presence of Pf graphite-lined walls in fusion reactors and foj storage in
barrier separating products from reactants, which acts as ad'@Phite nanostructuré$.The reaction is known to produce,

i ,16 i 7—19 v i
bottleneck in the reaction dynamics. As a consequence, theybo'[h experimentalfyp1°and theoretically/** vibrationally hot

may strongly influence the reaction rate: carbon atom tunneling hydrogen molecules_ at Iow_co|||5|on energies, in ;r;glilogy with
has been reported with a tremendous effect on the low- @ NUmber of exoergic, barrierless gas-phase reactiew-

temperature isomerization rate of the 1-methylcyclobutylfluo- ever, a partlcu_lar.feature of the pre;ent regctlon system is the

rocarbené? the Feshbach resonance in the-FHD reactiof-” vibrational excitation decrease when increasing collision energy

completely determines the reaction outcome at energies below(S€€ also ref 18).

1.0 kcal mot?, and this fact could be used to achieve a great

deal of control on the products branching rdfitinderstanding  |l. Results and Discussion

such quantum effects is central to chemical reaction dynamics.
In principle, however, quantum effects may also arise from

quantization of theoroductmolecular states. This is a known

Quantum effects in chemical reactions are rarely observable
and are usually limited to light atoms, at the reaction threshold
or at relatively low collision energies. Among these, there are
tunneling through the reaction barrier, quantization of the
internal modes at the transition state, and (reactive) Feshbac

We performed quantum scattering calculations for this
collision system at normal incidence in the rigid, flat surface
approximatiort-22neglecting the role of phonon and electron
N - ) - ... hole excitations. In this approximation, one factors out the center
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Figure 1. Panel (a): Total ER cross-sections for some values of the target vibrational quantum number (full, dotted, dasheddasHetbtines
for v =0, 1, 2, and 3, respectively). Panels (b) and (c): Average vibrational (b) and rotational (c) quantum numbers for the product molecules
(lines as in (a)). Panel (d): Total CID (solid lines) and ER (dd&shed lines) cross-sections for the indicated initial states of the adsorbate.

thereby reducing the problem to a tractable three-dimensional calculations for the first four vibrational levels of the target atom
one. This approximation is expected to work particularly well in the adsorption well are displayed in Figure 1. In panel (a),
in the present system, since the-H interaction dominates over  we report the total EleyRideal cross-sections in the range
the H—surface one; dynamics is fast, and in absence of substrate0—2.5 eV. They are large, much larger than ER cross-sections
relaxation, the projectile H atom experiences a weakly cor- for the same reaction on metal surfaée?] decrease as the
rugated, essentially repulsive, physisorption potential. Phonon collision energy increases (with the exception of the low
excitations are expected to play a minor role in the dynamics, collision energy regimeico < 0.2—0.5 eV, depending on),
thanks to the mass mismatch between projectiles and substratend show an evident oscillating structure. In panels (b) and (c),
atoms and to the stiffness of the graphite surface. we report the average vibrational and rotational quantum
For what concerns the potential, several models were numbers of the reaction products, respectively. As already noted
developed in the past, differing mainly in the—Igraphite by Sha et alin a more restricted energy range, the degree of
chemisorption potential. The first periodic density functional vibrational (rotational) excitation is a decreasing (increasing)
theory (DFT) calculation was that of Farebrother et&ivhich function of the collision energy. This behavior, which is of
seemed to contradict previous results of Jeloaica and?3idis relevance for the present work, is partially responsible for the
based on cluster calculations on coronene. Indeed, thgr&ph- dynamic thresholds appearing in the total CID cross-sections.
ite results of ref 23 showed no puckering of the C atom and no These cross-sections are shown in panel (d) along with the ER
barrier to chemisorption. The corresponding -2itaphite results over an extended energy region. They are rather small,
potential was later extended and used in the first quantum particularly when the target is initially in low-lying vibrational
calculation of the above EleyRideal reaction within the rigid,  states, and show a peak structure which is clearly evident in
flat surface approximatiot. Later, Sha and Jacks®nfound the cases = 2 and 3.
that with more converged DFT periodic calculations the  The overall dynamical behavior can be understood in terms
puckering of the C atom and the barrier to chemisorption agreed of a classical picture (Figure 2). The reaction is driven by the
well with the results of Jeloaica and SidfsTheir ab initio data strong H-H interaction, and molecule formation occurs in the
were subsequently used to build two modified Loneg&yring— entrance channel. At low energy, the projectile impinges directly
Polanyi-Sato potentials for the case in which the target atom on the target, leading to vibrationally hot and rotationally cold
is initially chemisorbed on the surfaégHere, the case A  product molecules; a slight increase of the collision energy in
potential of ref 18 (that in which the substrate relaxatitime this regime results in an increase of the cross-section, since more
puckering of the C atomis expected to be slow with respect trajectories with high impact parametebs the initial asymptotic
to the reaction dynamics) was adopted. With this potential, the H—H distance projected on the surface plane) can be “captured”
hydrogen recombination reaction is exoergic by about 3.2 eV. by the target atom before being reflected by the physisorption
Quantum calculations were performed within the time- potential. Further increase of the collision energy results in a
dependent approach of Jackson and Lemé&inghich uses the loss of reactivity of the smal) trajectories (sayh < req, Where
split-operator scheme and a pseudospectral strategy to evaluateqq is the H equilibrium distance) either because the projectile
the time-evolution operator. We used two different sets of undergoes two subsequent collisions with the target and regains
coordinates (a “product” and a “reagent” coordinate set) in order much of its energy or because it is scattered away from the
to directly compute state-resolved reaction cross-sections andtarget. Reaction occurs only at high impact parametegss(b
the remaining “two-body” probabilities; then, total collision- < 2reg through a *“glancing” collision, and this leads to
induced desorption cross-sections follow from flux conservation. enhanced rotational excitation and reduced vibrational excitation
Details of the present implementation and of the calculations (see below). The resulting reactive opacity functidagy, the
will be reported in a future publication. Results of these quantum reaction probability for a given valuzof the impact parameter)
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Figure 2. A representative set of trajectories in thez plane, where is the HH distance projected on the surface planeziscthe height of

the incident atom. The target is initially placed at rest at the equilibrium position (which occurs 1.52 A, above the surface). Full and dotted lines

for reactive and nonreactive trajectories, respectively.
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Figure 3. Rotationally summed, vibrationally resolved cross-sections for'the0 (left), 1 (middle), and 2 (right) level of thenolecule. Lines
as in Figure 1a.

thus show a “hole” at small impact parameters due to “hard” distinct threshold behavior appears as a consequence of the
collisions between the projectile and the target atom. This above scattering mechanism (see Figure 3). It is clear that the
behavior is common to other EleyRideal processes, including  threshold behavior doesot depend onv and that the vibra-

H formation on meta and HCI formation on Ag%29 At tionally resolved cross-sections peak at different values of the
higher energy, higl projectiles deflected by the HH potential  collision energy.

at the first round trip bounce on the surface and become able to  Tne situation is particularly simple when the target atom is
collide from belowwith the target atom, thereby causing the iniiaily in its ground state, since in this case, the overall

onset of a sizable CID process. vibrational excitation can be quite small (Figure 1, panel (b)).

Ct)ftr ele\llaréget hberff. IS thefr?r\]/ |brat|(()jnalt eXC||tat|o|n; V|lr)]rat|onalt In this case, the oscillations in total reaction cross-sections may
(rotational) distributions of the product molecules (here no be neatly assigned to selective population of the product

Sﬁgvxpgrgrﬁurﬂgg:sn:g?& ig?lisstiiidgz(asrlﬂ itﬁgzgjsgviirt(r:ggrgir) vibrational levels. This is shown in Figure 4, panel (a), where
q ; . gy r ; . 9%he total reaction cross-section is reported along with the
0.5-2.5 eV. Analysis of classical and quasi-classical trajectory vibrationally resolved cross-sections for the lower-lying product
(QCT) calculation®! show that this behavior is due to high ¥ 0 _3’ 2. 1n panel (b) of Figure 4. the same Cfosipsection
impact parameter trajectorids £ 1.2 A). For these trajectories, o ! )
pactp ) & ) ) is compared with the results of CT and QCT €& 0)

the incident atom is only slightly deflected in its incoming " . L . .
calculations. It is clear from this figure that classical mechanics

motion, collides with the surface while the target gets nearer, | q behavi fh ‘
and picks it at a distance close to the equilibrium value (for the COf"ectly reproduces thaeragebehavior of the cross-section
but it is unable to reproduce the oscillations in the quantum

resulting highj value). Increase of the collision energy in this ;
range causes the vibrational excitation of the product molecule "€Sults. In panel (c), we report the CID cross-section for the

to steeply decrease up to a minimum where products may eventarget initially in thev = 3 state alo_ng with the vibrational
be formed with energy less than the zero-point value (this occursPopulations of the EleyRideal reaction products for some
in CT and QCT ¢ = 0) dynamics at about 2.0 eV). In classical selected values of'. In this case, a correlation between the
mechanics, product rovibrational states can be continuously collision-induced desorption and the recombination process is
populated, but in quantum mechanics, selection of the appropri-found, thereby suggesting that part of the CID process proceeds
ate final state must occur even if the collisional dynamics is through a two-step mechanism, formation of metastable H
“classic” in the reactant and interaction region; this is particularly molecules and subsequent dissociation. This can be easily
true for the widely spaced vibrational levels of the product checked with classical calculations, since rotationally excited
molecular hydrogen as we show below. H, molecules trapped by the centrifugal potential appear as
When considering the rotationally summed, vibrationally stable products (with an internal energy higher than the
resolved reaction cross-sections for low values of the vibrational dissociation limit). The results of these calculations are reported
guantum numbe#' of the product molecule, a well-defined and in panel (d) of Figure 4 where a bump in the classical results
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Figure 4. Panel (a): Thick solid line is the total reaction cross-sectiorvfer O; thin solid, dotted, dashed, long-dashed, and-dashed lines

are rotationally summed, vibrationally resolved cross-sections for product molecules:inth@, 1, 2, 3, and 4 vibrational levels, respectively;

thick dashed line is the vibrationally resolved cross-section summed over th€®—4 levels. Panel (b): The quantum cross-section of (a) (thick

solid line) and the QCT«(= 0) (points connected by solid lines) and CT (dashed lines) results. Bars represent estimated standard deviations. Panel
(c): The CID cross-section far = 3 (thick solid line, left scale) and the vibrational populations of the ER products for the indicated valies of

(right scale). Panel (d): The quantum cross-section of panel (c) (solid line) and QCT results, with (points connected by solid lines) and without
(dashed lines) the contribution of metastable hydrogen molecules.

due to formation of metastable;Hppears but is much less computing Center for having allowed the use of its computa-
pronounced than in the quantum c&3e. tional facilities.
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