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Surface Coverage Effects on the Formation of Molecular Hydrogen on a Graphite Surface
via an Eley—Rideal Mechanism

Anthony J. H. M. Meijer* -
Department of Chemistry, Usrsity College London, London WC1H 0AJ, United Kingdom

Andrew J. Fisher*
Department of Physics and Astronomy, bbisity College London, London WC1E 6BT, United Kingdom

David C. Clary*

Department of Physical and Theoretical Chemistry, OxfordJdrsity, South Parks Road,
Oxford OX1 3QZ, United Kingdom

Receied: June 25, 2003; In Final Form: October 3, 2003

The associative desorption of,(#t) on a graphite(0001) surface via an Elgyideal mechanism has been
studied using a time-dependent wave packet method. In particular, the importance of a coverage of other
light H atoms on the surface was investigated. We find that thenblecules are formed less vibrationally
excited than in previous studies with no surface coverage of H atoms. We also find that the presence of other
(nonreactive) hydrogen atoms does have an effect on the formation probabilitieg/pféspecially at low
translational energies of the incoming H atom and at resonances.

1. Introduction as a model for interstellar grains, because graphite is also the

The current paper is a continuation of reseéréfinto the material used in current laboratory experiments at UCL on this

. e . reactiont-11

formation of H in interstellar space via surface-catalyzed ) ) )
associative desorption. The primary motivation for studying the ~ Génerally speaking, the formation okldn dust grains can
formation of H and its isotopic analogues on graphite lies in Occur through two reaction mechanisms, the Langmuir
astrophysics. bis the most abundant molecule in interstellar Hinshelwood mechanism and the EteRtideal mechanisrty
space, which makes its formation an important astrophysical !N the Langmuir-Hinshelwood mechanism, both particles
process. K plays an important role as a coolant gas in the involved in Fhe reaphon are initially adsorbed. on the surface
collapse of interstellar clouds, leading to the formation of stars, @nd thermalized to it. Subsequently, these particles move across
It is also the starting point of many interstellar gas-phase the surface by tunneling or by diffusion. Upon encountering
reactions leading ultimately to the formation of complex €ach other, they react and desorb. The energy released will be
molecules in space. Note that H itself is the starting point for Partly absorbed by the surface and partly taken away by the
most gas-surface reactions. It has been studied extensively in Product molecule. In the (direct) EleyRideal mechanism, only
recent years, both experimentdit® and theoretically;3.14-28 one particle is adsorbed on the surface and thermalized to it.
Other related systems have been studied as3VeéA. The second particle collides with the first particle without first

Despite the importance of Hits formation is still poorly thermalizing_ to the surfgce, forrr_]ing a molecule which_can
understood. It is generally accepted that the dominant reactiondesorb. Which process is most like the actual process in the
mechanism for the formation of Hn interstellar space is via interstellar medium is heavily depe_ndent on the actual morphol-
surface-catalyzed associative desorption on interstellar dusto9y of the dust grains. However, in general, one can say that
grains33-36 This is the only explanation for the current observed the mechanlsms desc_:rlbe_d here are extremes and_that the actual
abundances of +n space’’ In the early universe, other reaction Hz formation mechanism is most likely a combination of both.
mechanisms, following a radiative association pathway via either Oné such combined mechanism is the so-called *hot atom”
H* or H-, would have been important as well, in particular mechanism, in which the incoming hydrogen atom first moves
before the formation of dust grains. The precise nature of these@round on the surface (without thermalizing to it) before
dust grains is not known, and they may contain many com- encountering the adsorbed “target” hydrogen atom and reacting
pounds. However, there is observational evidence from the to form Hy. In a recent reaction kinetics study by Cazaux and
“extinction hump” at 2200 A that the dust may at least partially Thielens, this process was found to work very efficiently at low
be coated in graphif® 4! Therefore, most models include temperatures!
reactions on carbof?.In our calculations, we use graphite (0001) These general reaction mechanisms do not imply anything
by way of the time the formed Hneeds to desorb from the

* To whom correspondence should be addressed. E-mail: a.meijer@ surface. The precise nature of the desorption, which is deter-
ngmﬂgggghem(g;é%tﬂk%;c Ca)“drew-f'Sher@“C'-aC-“k (AJF): mined by the graphiteH, interaction, will have a significant

t Present Address: Départrﬁeht of Chemistry, University of Sheffield, effect on the final H rovibrational distributions. Note there is
Sheffield S3 7HF, United Kingdom. some experimental evidence based on temperature programmed

10.1021/jp035809n CCC: $25.00 © 2003 American Chemical Society
Published on Web 11/21/2003



Formation of Molecular Hydrogen on a Graphite Surface

desorption data that the;Hesidence times on the surface may
be significan€

In the theoretical study of the formation obHsome studies
have focused on the LangmuiHinshelwood mechanisif;28
although most attention has been on the ElRydeal reaction
mechanisni 3142126 The hot atom mechanism has not been
studied yet for this reaction, although some quasiclassical
calculations for the formation of Hon Ni(100) have been
published®>~48 Both steps of the EleyRideal reaction mech-
anism, i.e., the adsorption of the initial H atoms and the
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reaction, because the formation of HD is often studied as a
template for the formation of Hfor experimental reasons.
When we compare the current theoretical results to the
experimental data currently available from the Cosmic Dust
experiment at UCL, it has to be noted that no states higher than
v = 2 andj = 3 have been measured yétMoreover,
preliminary analysis of the data suggests that less than 50% of
the available energy is in thesHinolecule, when it is detected.
Additionally, evidence of the barrier of 0.2 eV (or approximately
2300 K) toward adsorption of H on graphite, which was

subsequent reaction with another H atom, have been investigated®reédicted by DFT calculations, has now also been found

extensively.

With regards to the initial adsorption of hydrogen on dust
grains the focus of the discussion has mainly been on the
question of whether the initial H is chemisorbed or physisorbed
on the surface and whether there is a barrier to chemisorption.
Initially, calculations on the adsorption of hydrogen on coronene
by Jelloaica et ak? which show a barrier to chemisorption of
approximately 0.2 eV and a puckering of the C atom directly

experimentallyt3 A barrier of this height would make it almost
impossible for hydrogen to adsorb on graphite under interstellar
conditions or under the conditions in the UCL cosmic dust
experiment? although physisorption is of course still possible.
In that case, however, one would expect there to be little
interaction between the H atoms and the surface as well as
between the formed Hand the surface. This would mean that
approximately 4.7 eV has to be accommodated by the H
formed, contradicting the available experimental data. One

underneath the adsorbing hydrogen, were contradicted by ,,sgible explanation for the discrepancies between calculation

calculations done by Farebrother et al. on the adsorption of
hydrogen on graphite(0001) using density functional theory with
periodic boundary conditionsin the latter calculations, no
puckering or barrier was found. Later, Sha and Jack&on,
Allouche et al 26 and Meijer and Fishé?found that with a more
converged description of the Brillouin zone in the study of
H-graphite using periodic DFT one also finds puckering of the
underlying C and a barrier to adsorption of the hydrogen atom.

and experiment is that in the experiment relatively high flux
conditions (compared to the interstellar medium) are used and
that in the experiment graphite is used, which is not a single
crystal and which will undoubtedly have many defects. This
may mean that there could be other H atoms on the surface,
which might be able to siphon energy away from the formed
H, molecule, leading to a molecule with less internal energy
detected than might be expected based on the calculations.

Recent experimental results also appear to corroborate the Tne significant rovibrational excitation predicted by theory

presence of a barrier to chemisorptigri3

The different potentials and different fits to the potentials
lead to very different results in the subsequent dynamics

should make it easy to observe highly exciteglitdinterstellar
space via features in the-b um spectral range. Attempts so
far, however, have been unsuccesstuHowever, if the H

calculations. Part of the discrepancy is caused by the treatmentmolecule leaves the surface with much less internal excitation

of the “unpuckering” of the puckered C atom. Because most
approaches do not take this into account dynamically, it has to
be dealt with via the potential. Here, two treatments are
possible: the C atom can unpucker on the time scale of the H
+ H—graphite reaction (adiabatic approdc##} or it does not
unpucker on the time scale of the H H—graphite reaction
(nonadiabatic approack}>16Note that the potential based on
the calculations of Farebrother etldlas a similar exothermicity
for the formation of H, a comparable Hgraphite adsorption

than currently predicted by theory, then that may also explain
the nondetection of highly excited,Hhn interstellar space. In
that case, the features in the-3 um range, which would be
indicative of highly excited blmay be so weak that they fall
below the detection limit of the telescope used in the observa-
tions. An additional source of discrepancy between the calcula-
tions and the astronomical observations is our poor knowledge
of the composition and morphology of cosmic dust grains. These
grains will have significant contamination with elements other

energy, and a similar decrease of the PES after the interactionthan carbon and will not be highly crystalline. Both factors will

region as H leaves the surface as the Sha potential for a slow-
moving C. Therefore, the results obtained on the latter potential
can be compared directly to the results of the Farebrother

obviously significantly impact the reaction dynamics for the
formation of H.
In this paper, we have set out to investigate the role that other

potential. Another source of discrepancies between the different(nonreactive) H atoms may play in the outcome of the reaction.
results lies in the different fitting methods and/or model To study this systematically, we have placed a uniform
potentials used to obtain a global PES from the ab initio points. Monolayer of H atoms on top of a crystalline graphite surface.

Even so, a number of general conclusions can be drawn from
all of these calculations. First,zk formed vibrationally highly
excited (e.qg., vibrational quantum number 0—52v =4—72!
or average vibrational quantum numh@ri= 6'6.1). Second,

H, is also formed rotationally excited (e.g., rotational quantum
numberj = 8—11°j ~ 132 or average rotational quantum
numberljll= 5—619). Third, there is a significant isotope effect
in that the precise reaction geometry, H-on-surface vs D-on-
surface and incoming H vs incoming D, has a big influence on
the final reaction probabilitie1217This means that one has to
be careful applying state-resolved results obtained for HD to
the formation of H, because the dynamics for the formation of
the two different molecules will be different. This could also
have significant implications for laboratory experiments on this

In wave packet calculations, we then let an H atom collide with
a designated H atom on this modified graphite surface 40 H
via the Eley-Rideal reaction mechanism. Only zero impact
parameter collisions are considered, and only one of the
nonreactive H atoms is allowed to vibrate. The potential for
this reaction was obtained from plane wave density functional
theory calculations. For more details, we refer to section 2.
This article is setup as follows. Section 2 describes the theory,
and section 3 describes computational methods used. Section 4
discusses the results, and section 5 gives the final conclusions.

2. Theory

2.1. Coordinate System, Model System, and Basis Sets.
We start by introducing some notation. The incident H atom
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has Cartesian coordinat&s= (x;, Y, z), whereas those of the  that including thefg(d) term in the calculations improved the
target H atom are given ag = (X, Y, z). We find it more long-range behavior of the potentidf'®55These potentials will
convenient to use Jacobi coordinates in our calculations. Thus,be called modified LEPS (MLEPS). Note that there is a slight
we use the relative position vector= x; — x; and the center- difference in our use of thig(d) term compared to the approach
of-mass position vectoX = (mx; + mx)/(m + my), wherem taken by, e.g., Sha, Jackson and Lemdira.their calculations,
and m are the masses of the incident and target atoms, fg(d) is always one for the incident atom and not necessarily
respectivelyr is most conveniently expressed in polar coordi- one for the target atom, which introduces a asymmetry in the
natesr = (r, 9, ¢), wherer is the length ofr and? andg are potential for exchange of the two hydrogen atoms. Therefore,
the polar and azimuthal angles, respectivefy.is used in we have chosen to treat all hydrogens equal, which means that
Cartesian coordinates = (X, Y, Z), whereX, Y, andZ indicate there is ondg(d) for all atom—surface interactions. This ensures
the position of the center-of-mass of the molecule above the that in an exchange-type reaction, where effectively at the end
surface. As well as the two reacting atoms, we include a of the reaction the incoming and target atoms have exchanged
nonreactive spectator H atom into some of our calculations. This places, the potential at the beginning and at the end of the
has the Cartesian coordinates= (Xs, Ys, z). All other atoms calculation are identical.
on the surface are assumed to be frozen in their equilibrium  Starting from the LEPS potential defined above, we build
configuration. We assume that there is a full monolayer coveragethe potential for the entire covered graphite surface. We do this
of hydrogen on the surface initially, i.e., two hydrogens per unit by viewing V(z, z, r) as the interaction potential between
cell. hydrogen atomk andl, writing asVi(z z, rv). The interaction

To make our calculations tractable, we make the following potential 7’for the entire system is then build up from these
assumptions. We assume that the surface is fixed, i.e., phonongair-potentials as
are excluded from our calculations. This should be a reasonable
approximation for the dynamics of this system, because of the N
mass difference between H and C. Also, Ruttigliano and co- T2y o 2 Vg oos Tean) = Z V(s 2 1) —
workers have showfiin a mixed classical-quantum calculation ~1=
in which the phonons were included (classically) that energy
transfer to the solid is small. Also, as mentioned above, all
hydrogens on the surface, except for the spectator and target

atoms are frozen in their minimum energy positions. We also  hareN is the total number of atoms in the hydrogen layer.

3.53“(“9 that the spectator hydrr(])geﬂ can onlyl move in(zj.thel The last two terms in eq 5 are included to avoid problems with
irection. Moreover, we assume that there are only perpendicu acounting interactions more than once. This term has this specific
zero impact parameter collisions. This will allow us to determine ¢, pacause each atom is involved M 1) pairs. Therefore

a lower limit for the influence of the nonreactive hydrogens on (y _ 2y atom-surface interactions must be subtracted to obtain
the reaction probability. This does mean that we do not assume

N

N N
N=2)Y U z) + (N—2 5
( )kZl ad2d + ( )kZl|Qas(Zk)| (6)

the surface to be flat as in previous calculatiéfs.

The basis functions i#, r, andz,, as in ref 2, are “wrapped”
sinc-DVR (discrete variable representation) functiefs?

2.2. Potential.As in our earlier calculationd3 we have used
a LEPS (Londor Eyring—Polyani-Sato) potential, adapted for
use with surface%! This potential is given as

V(z, 7, 1) = Updz) + U{z) + U {r) — {[Q.{2z) +
Qul@)]? + Qu(r) — QudNIQu{z) + QI (1)
where aa indicates an ateratom interaction and as an atem

surface interaction. The terntdy(d) and Qg(d) with g € {aa,
ag andd € {z, z, r} are defined as

(2 + 6Afi(d)e 9] (2)
_ Dﬁ —2a5(d—dp)
Qs(d) = m[(l +37g)e T —

(6 + 2A,)f,(d)e” ¥ Y] (3)

In our earlier paper§s(d) equalled 1. Those potentials will be
designated standard LEPS (SLEPS). Ti{d) term is defined
asd

ay(d — dy) ] @

flg(d)Z EXF{—l n efa”ﬁa/;(dfd'/;)

It was found in fitting DFT calculations for the Nt H, system

the correct potential. The potential as given in eq 5 shows the
correct asymptotic behavior with respect to removal of any of
the hydrogens atoms from the surface. It also reverts to the single
adsorbed atom potential, if the distances between the H atoms
on the surface become very large.

2.3. Hamiltonian, Propagation, Analysis, and Initial States.
Our choice of coordinates gives the following Hamiltonian:

H=——>——-_——>—-_—"—""4V(zr,R (6

2my, 5z7°

wheremy is the mass of the hydrogen atom, is the reduced
mass of the hydrogen molecule, ang, is the mass of the
hydrogen molecule. FinallyV(z, r, R) is the interaction
potential. A pictorial representation of the coordinates is given
in Figure 1.

The initial wave function is generated as a functiorgpfs,
andz, the heights of the incident, spectator, and target atoms
above the surface, respectively, as

1
J2rp

Here,qo(z, z) is the lowest eigen state of the two-dimensional
vibrational Hamiltonian, which governs the two atoms that are
initially in the hydrogen layer. However, the interaction between
the target and spectator atoms is very isotropic, which means
we can assume thato(z, z) = vo(z)Wo(Z), wherevy(z) and
Wo(zs) are the lowest eigenfunctions of the one-dimensional
vibrational Hamiltonians for the target and spectator atoms,
respectively. For the propagation, this initial wave function is
transformed from thez, z, z) coordinates to theZ r, z)

07,2, = ==¢ e oz @)
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a) the state selected reaction probabilities add up to one. The
nonreaction probability can be defined in a similar way(g),
only in this case the surface lies ai The fact that the
probabilities always sum to one for a converged calculation is
________________ a diagnostic on the quality of the calculation. Note that we plot
T P(E) in section 4, wheré&; is the initial translational energy of
the incoming H atom.

. graphite, which is labeled by. Division by P(E) ensures that

R 3. Computational Details

. 3.1. Potential.3.1.1. Electronic Structure Calculationall
electronic structure calculations were performed using density
functional theory including gradient corrections, using the
Perdew and Wang-94 exchange-correlation functional. The
///////// ////// program used was VASP 4.4%58 All calculations were run
on the SGI Origin 2000 at the HiperSpace center at University
College London. We used a & 3 x 1 Monkhorst-Pack
sampling for thek points. This was sufficient to reproduce the
graphite-H interaction potential as calculated by Sha and
Jacksor who used morek points in their calculations. The
box size in our calculations was 13.92 bohr by 13.92 bohr by
----------------- 60 bohr (7.37x 7.37 x 31.75 A), which is large enough to
r exclude the interaction of particles with their mirror images.
We used the standard “ultrasoft” pseudo potentials, which have
plane wave cutoffs of 286.744 eV for C and 349.404 eV for H.
R The procedure to calculate the potential energy points was
as follows: First we optimized the distance of a complete H
Z layer with respect to a single layer of carbon atoms. The
optimum distance was found to be 6.63 bohr (3.51 A) above
//////////// /// the surface with a binding energy of 92 meV of the complete
layer to the graphite surface. The energy needed to extract a
Figure 1. Coordinates included in calculation: (a) 2D calculations single H atom from that layer was found to be 2.50 eV. The
and (b) (2-1)D calculations. exothermicity of this potential was found to be 2.05 eV, which
is considerably lower than the exothermicity of 2.75 eV for the
potential with a single adsorbed H atom, which was used for
the calculations in refs 2 and 3.

Subsequently, we generated about 90 potential energy points,
mainly concentrating on the entrance and interaction regions
of the potential energy surface. If we had used a spline-fit to fit
our surface, this would not have been sufficient. However,
because we use a simple model potential, this is sufficient.
During these calculations all nonreactive atoms were supposed
. : . ,to be in their minimum energy position, apart from the Carbon
the wave packet is damped at the edges of the grid t0 avoid 5¢om girectly beneath the target H atom, whose position was
unphysical reflection& optimized.

The ];'Qf_leg analy_S|s is performed using a flux-ba_sed 3.1.2. Fitting of Model Potential.There are 8 (14) fit
method?"*+°% In this method, the total reaction probability, —;ameters for the SLEPS (MLEPS) potential. Of these, three
P/(E), is calculated from the energy-dependent flux through a (six) model the &-H interaction, and three (six) model the-H

surface in the exit channel af, = 7.9 A. The reaction {nicraction. The final 2 parameters are the Sato paramigrs,
probability as a function of total energi(E), is defined as which model the coupling between the two interactions.

First, we fitted the H-H parameter®p, am, anddy, for the
P(E) = ﬂlm W (E)|FZ) ¥ (E)D (8) SLEPS potential, and th®m, om, dm o, o, and d.,

b)

coordinates. This requires interpolation @f{(z) and wo(zs),
which is straightforward, since both are very smobth.

The wave function is propagated in time using the real wave
packet method of Gray and Balint-KuPi->° In this method,
reaction probabilities are calculated from only the real jgart
of the wave packe'. g is propagated in time using a modified
Schralinger equation wherd is replaced by a function of itself,
f(H). For a judicious choice of(H), the propagation is given
by a Chebychev recursion relatiéf£85°During the propagation,

m? m?
parameters for the MLEPS potential. This was done by

whereu is the reduced mass obHndF(Zy) is the flux operator ~ calculating the rovibrational energies ofzHh a potential
for the flux through a surface & W+(E) is the scattering ~ 9enerated by a specific set of parameters. These were subse-

wave function. The state-resolved reaction probabify(E), ~duently optimized against the 320 experimentally observed
is simply obtained by introducing the projection operatr,, rovibrational level$270using a least-squares fitting algorithm.
which is defined =8 Because this calculation is quite time-consuming, we first fitted

a subset of eigenvalues with random start-up parameters. The
y best results from this procedure were subsequently used as
L= p(E)|U H(NW(Z) LW, (Z)v, ()] ©) startup parameters for the complete set. For the least-squares
fitting part of our program, we used subroutine EO4UNF from
which projects®+(E) onto the vibrational eigenfunctions of the NAG library’?
the H, molecule, which are labeled byand onto the vibrational After the calculation of the HH parameters, we fitted the
eigenfunctions of the bond between the spectator atom and theremaining parameters to the DFT points. As mentioned above,
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TABLE 1: Table of Fitting Parameters include ther and R coordinates into our calculations. This
parameter SLEPS MLEPS coordinate system is identical to the one used in the 2D
calculations in refs 2 and 3. In the second set of calculations,
iiﬁ _8:227845 hartree _O_gff96§908 hartree we also included thes coordinate in our calculations. These
Olos 0.70000 bohrt 0.49007 bohrt calculations will be indicated (21)D calculations.
as 6.57 bohr 6.61449 bohr To facilitate our calculations, we use the sorting algorithm
s 0.0 0.40592 bohrt of Groenenboom and Colbé¥tas well as the point selection
"‘,gs 0.0 6.68939 bohr algorithm of Meijer and Goldfiel&? We performed our calcula-
d. 0.0 7.50049 bohr . = .
Doy 0.174559 hartree 0.174559 hartree  tiOns on the 48 processor Origin 2000 at the Hiperspace Center
Aca 0.27 0.433609 at University College London using the DDPHP (doubly
Claa 1.045838 bohrt 1.021897 bohrt distributed paralleHW®) method, recently developed by one of
aa 1.40547 bohr 1.411680  bohr us’2The key idea behind this algorithm is to distribute the entire
Ua 8-8 g-gg?ggg ggm wave packetwice, so that each processor in the calculation
g,aa 00 3521245 bohr contains twadifferentslices of the wave packet. This means

that no communication between the processors is required for
all computations. The wave packet only needs to be resynchro-
nized after eacW iteration. The result is that the percentage
of the wave packet that has to be transferred in each iteration
decreasesvith an increasing number of processors. This is in
contrast to an algorithm in which the wave packet is only
distributed once, because in that case the percentage of the wave
packet to be transferred in each iteration actualtyeaseswith
increasing number of processors. The efficient communication
characteristics of the DDPHP algorithm combined with an
10 efficient computational layout means that the algorithm scales
linearly with an increasing number of processtrtlse of the
R (A) DDPHP algorithm greatly reduced the turn-around time for our
2 calculations.

Bt
L

—

L

-L’-rluol\)-hmmo

r (&)

10
Figure 2. Model potentials: (green) SLEPS fit and (red) MLEPS fit. 4. Results

these were mainly in the entrance and interaction regions of 4-1. 2D Calculations.The SLEPS results in this paper will
the PES. We had to scale the DFT points by 4% to get the be compared to the results for the single H adsorbed situation,

proper dissociation energy for,HThe C—H and Sato param- which were published in refs 2 and 3. To aid in the discussion,
eters were optimized by hand to obtain a fit that was as close Wf?l have reprlntedhpanel a}offFlgﬁreh%ltréLe;3 as F'gll"e.shc‘ k\1N €
as possible to the DFT points without introducing artifacts in W/ Not compare the results for the potential with the
the potential. This could not be done automatically, since such results from the;e referencgs, pecause the fgnctlonal forms of
artifacts were unavoidable in that case, because certain areat € LE&prséentlaITt a;e ?I:“tesﬁgfsrsem' V\llte ‘3’_'” only (aort?plare
were only sparsely populated with electronic structure points. ese resufts o the resufts discussed below.

. 4.1.1. SLEPS PotentialThe 2D results for the SLEPS
tia;;h:réegsisglnn% Priﬁ[anit(?rrrsne;‘%rc)ttZitill_sEapri ;g(tjte'\glfslzs;‘upn%t?:r; potential are plotted in Figure 3a. Comparing these results to
of r andR at the equilibrium distance af in Figure 2, parts a Figure 3c shows that the change in potential has led to a drop

. i in the vibrational excitation of the product,Hnolecule. We
g“F‘E'rb- 'I_'hte MLEF? pcl)tem"’#] shovtvs better ?gre?r”r‘f”.t vgth tthe note here that the drop cannot be due to the kinetic energy part
th ptOIntS,r;? |i)ar Icu ?r: n tte etf‘ rancei r(?gt;rl]on. i Ist'lsl _lL_Jhe O of the Hamiltonian used, because the one used here is identical

1€ extra teérmi; term in the altractive part ot the potential. TS 4, 1he one used in ref 2 and 3, even though they describe
gives the fit some extra flexibility to accommodate the almost

. o . e completely different dynamical systems.
harmonic potential in which the target atom moves within the pietely y ystel N
H layer. Comparing these results to the earlier results plotted in Figure

. . o 3c, itis clear that the change in potential has brought a decrease
Finally, we have to point out here that approximations have i the maximum H vibrational quantum number from = 6
to be made in the construction of the PES, both in the electronic (channel opens at 1000 K) to= 4 (channel opens at 250 K).

structure calculations, where, e.g., we had to restrict ourselvesa|so, we find at low energy that the most populated states are
to using DFT, which has known problems in describing ,, = 2 andv = 3, where as before it was = 3—5. Another

physisorption interactions, and in the fitting process, where, €.9., gifference is that the current reaction probabilities fluctuate more
we predetermined the form of the interatomic potential. yith increasing translational energy than the earlier results. In
Therefore, this potential can only be considered to give a Figure 3a, we also find two resonances at 280 and 920 K,
qualitative rather than a quantitative description of the “real” comparable to the feature found at 1150 K in Figure 3c. These
interaction potential. However, similar approximations were resonances are most likely excited states of vithin the

the earlier results should give meaningful results. Moreover, cajculating time-independent wave functions, which lies outside
these calculations should give us a good idea of the influencethe scope of the current work. Between 400 and 600 K, we
of the changes in the potential on the dynamics and the giso see significant changes in the reaction probabilities, in
Subsequent state-resolved reaction prObabilitieS. particu]ar a decrease in= 2 and an increase in = 3, very

3.2. Quantum Dynamics CalculationsWe performed two similar to the resonances found for the formation of HD from

sets of calculations. In the first set of calculations, we only adsorbed H in ref 3, although in this case it is not accompanied
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Figure 3. Reaction probabilities as a function of the initial translational . . L _
energy of the incoming H atom for the 2D calculations: (a) SLEPS Figure 4. Percentage translational, vibrational, and excitation energy
potential and (b) MLEPS potential. of the total available energy as a function of the initial translational

energy of the incoming H atom for the 2D and{®)D calculations:

. . a) SLEPS potential and (b) MLEPS potential.
by a sharp decrease in the total reaction probabilities. If the( ) P ®) P

area between 400 and 600 K is also a (broad) resonance, the'?ranslational energies than in the case of the SLEPS potential,

itis of a d_|fferent type than the ones at 280 and 920 K, where which has to be due to the wider entrance channel in the MLEPS

changes in the reaction probabilities are much more abrupt.  .o<q \yhich leads to lower excitation energies for the adsorbed
In Figure 4a, we plotted the average translational energy for j and H,. We can find no evidence of any features, which might

the product H molecules as a percentage of the total available pe proad resonances, like the one found for the SLEPS potential

energy as a function of the initial translational energy of the petween 400 and 600 K.

incoming H atom. The percentage translational energy varies 1pq higher vibrational excitation of the Hproduct is also

around 40%, which is similar to the result obtained in ref 2. q\igent from the plot of the translational energy as a percentage

The main difference with the earlier work is the much wider o ihe total energy as a function of the initial translational energy,
variation in Figure 4a. The sharp resonances from Figure 3 arepiotted in Figure 4b. Here, we find only 20% translational energy

clearly still present. Note that we find a much lower percentage 5nq 804 vibrational energy, compared to 40% and 60%,

translational energy for theaproduct between 400 and 600 K respectively in Figure 4a. Also, the MLEPS curves are fluctuat-

than anywhere else. o _ ing less with initial translational energy than in the SLEPS case,
4.1.2. MLEPS Potentialt is clear from comparing partato  which is entirely consistent with the reaction probabilities.

part b of Figure 3 that using the MLEPS form of the potential 4 2 (2+1)D Calculations.4.2.1. SLEPS Potentidh Figure
leds to higher vibrational excitation of the product. This hasto 53 we plotted the reaction probabilities for the+@D

be due to the wider entrance channel of the MLEPS potential. ca|culations summed over all states of the spectator atom.

This leads to a much less tight transition from entrance channel comparing these results with the results for the 2D calculations
to exit channel. In classical terms, the wider entrance channelj, Figure 3a, we see that the two are broadly similar. The main
leads to a larger portion of phase space becoming accessiblegifferences are the suppression of the resonance at 920 K and
including areas in which the adsorbed H has a relatiVE‘ly Iarge the emergence of a resonance at 100 K. The broad feature
vibrational distance upon entering the interaction region. between 400 and 600 K is not affected as much as the
Interestingly, the wider entrance channel also makes the resonances. This picture is emphasized if we investigate the
dependence of the reaction probabilities on the initial transla- state-resolved reaction probabilities, summed over afitbtes.
tional energy of the incoming H atom much smoother and less These are plotted in Figure 6a per statef the spectator atom
variable. We find two sharp resonances, one at 200 K and oneas a function of initial translational energy. The resonances at
at 600 K. Again, these correspond most likely to excited states 200 K and around 900 K show significant excitation of the
of Hy in the H layer. These resonances are found at lower initial spectator atom, whereas the broad feature between 400 and
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Figure 5. Reaction probabil_ities summed over all states of the spectator Figure 6. Excitation probabilities for the spectator H atom summed
atom for the (2-1)D calculations: (a) SLEPS potential and (b) MLEPS  gyer all H, vibrational states as a function of the initial translational
potential. energy of the incoming H atom: (a) SLEPS potential and (b) MLEPS
potential.

600 K shows almost none. Also, around the new resonance at
100 K, we see significant excitation of the spectator atom as  4.2.2. MLEPS PotentiaComparing the reaction probabilities,
was to be expected based on the other resonances. summed over all spectator states, for the-12D calculations

In Figure 4a, we also plotted the percentage translational in Figure 5b with the reaction probabilities for the 2D calcula-
energy, H vibrational energy, and spectator vibrational energy tions in Figure 3b, we see more differences than in the case of
for the (2+1)D calculations. It is clear from this figure that only  the SLEPS potential. The resonance at 600 K has shifted to
a small percentage of energy will end up in the spectator mode lower energies, and we see changes in the reaction probabilities
for the SLEPS potential. However, it is also clear that introduc- &t 800 K. However, most importantly, we see a reversal of the

ing the spectator mode does introduce a redistribution of energyCUTVes for they = 3 andv = 4 states at energies below 150 K.

in the reaction. At 100 K, according to Figure 4a we see aflow  1he differences between the 2D andHDD calculations
away from vibrational excitation of the product Irholecule. between 150 and 600 K appear to be small. This is despite the
This is corroborated by Figure 7a, in which we plotted the fact that if one looks at the reaction probabilities summed over

populations of the vibrational levels)(for the 2D calculations aIIng Stf‘tfs’ ofn;ehfinds atc?nsi(ierabllt_ahpoEulation ingke 1 h
(sticks) together with the populations of the ) levels of the and £ states of the spectator atom. IS happens over a muc

(2+1)D calculations (histogram). Here, we see a clear decreaseWider range of energies than in the SLEPS case, where excitation

in the population for the @1)D (v = 3.£ = 0) state compared of the spectator modes appeared to be restricted to resonance

e - energies. This has to be caused by the fact that the potential for
to the 2D ¢ = 3) state. This is only marginally compensated : :
) ) the spectator atom is much shallower for the MLEPS potential,
by higher populations for thev(= 2, =0), (v =1, & = 0), P P

. . making the energy differences between states much smaller and
and ¢ = 3, £ = 1) states, leading to an overall conclusion that g,psequently making excitation to higher-lying states easier.
fo_r the SLEPS pote_ntlal at 100 K |_ncI_US|on of the spectator bond If we look at the (2-1)D reaction probabilities at 97 K and
will lead tg lower vibrational excitation. ) o compare those to the 2D reaction probabilities (Figure 7b), we

Interesting enough, we also see a change in the vibrationalsee that the effect of adding the spectator bond is a decrease in
and translational energy percentages, where there is almost nqhe ¢, £ = 0) probabilities. However, for thev(= 2, &) and
population in excited spectator modes, e.g., between 400 and(y = 3, £) levels, this is compensated by the addition of
600 K. This means that, even if no excited spectator atoms arepopulation in the = 1 and 2 levels. As a result, the average
present after the collision, this bond is still used during the vibrational energy in the JHimolecule does not change signifi-
collision as a reservoir which enables energy transfer from one cantly in going from the 2D to the (21)D calculations. This
mode to another. is clear from Figure 4b. This figure shows that the energy needed
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Figure 7. Reaction probabilities for the 2D calculations (stick) and thel(}D calculations (boxes): (a) SLEPS potential at 97 K and (b) MLEPS
potential at 99 K.

for the excitation of the spectator bond is mainly coming from 5. Conclusions

translational energy for the energy range plotted. Moreover, over ) ) ) .
most of the energy range, the percentageibirational energy In this paper, we investigated the surface catalyzed formation

increases instead of decreases. The largest changes occur at 6(% Ha on graphite, a mltzdel for interstellar dust. ".‘ “gh.t of recent
. . . experimental result&! that show much less vibrational and
K, where we also see a large increase in the population of the

) . rotational excitation than previous theoretical wotk>1719.21
& = 2 and 3 levels. Around this energy there is also a small P

lati fthet — 4 and 5 but this is | han 104 and in light of recent observations that show no evidence of
population of thef = 4 and 5 states, but this is less than 1%. pjany excited H, we investigated the influence of the presence

Therefore, these curves were left out to make Figure 7b easierst oiher (nonreactive) H atoms on the surface on the reaction
to comprehend. The next largest change occurs at 200 K but ISdynamics. This was done by assuming a monolayer of hydrogen,
not accompanied by a large change in the population levels of physisorbed on a graphite surface. The influence of the layer
the spectator mode, which means that also here we see that thgyas investigated by comparing collinear 2D calculations, in
spectator bond also functions as a reservoir to affect energywhich all nonreactive atoms of the layer are fixed, te-{3D
redistribution at specific energies, even though no energy endscalculations, in which also one nonreactive atom is allowed to
up in the spectator bond after the collision. vibrate.
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To perform our calculations, we developed a new model (hZ) Me}i1jer, A. J. H. M.; Farebrother, A. J.; Clary, D. C.; Fisher, A. J.
: : : : J. Phys. Chem. 2001, 105 2173.
potential whlch could take into account multiple atoms on a (3) Meijer. A. J. H. M.. Farebrother, A. J.: Clary, D. @.Phys. Chem.
surface. This was done by taking the LEPS formul&tiarsed A 2002 106, 8996.
previously and using it as a pair potential for each pair of H (4) Gough, S.; Schermann, C.; Pichou, F.; Landau, M.; Cadez, |.; Hall,
atoms. Two different LEPS forms were fitted to points generated R- |-5A3t|20f1- Aatf_or;:hysl%fi |395B$]37- o Pironello. V.- Vidali G
using periodic DFT: the standard LEPS form (SLEPS) and the Astrgaghyst?lgg'é 51215m3?0n5, - biham, ., Firronefo, V., vidal, &.
modified LEPS form (MLEPS). We have to point out here that (6) Vidali, G.; Pirronello, V.; Liu, C.; Shen, LAstrophys. Lett1998
these potentials, like the potentials used before, are highly 35, 423. _ _ o
qualitative and that significant changes in the reaction prob- | 152)7 Zgg”l‘_el”?f’i V.; Biham, O.; Liu, C.; Shen, L.; Vidali, Gstrophys.
abilities can occur if more ac;curate potentials é}fe U§Qd. Our ™ (8)’PirroneIIO,‘V.; Liu, C.; Roser, J. E.; Vidali, Q\stron. Astrophys.
results also show that for this system the precise fit is also 1999 344 681.
important, because the MLEPS and SLEPS reaction probabilities =~ (9) Biham, O.; Furman, I.; Katz, N.; Pirronello, V.; Vidali, Glon.
are distinctly different, in particular with regards to the presence '°L R- Astron. Socl998 296 869.
ety NP 9 ) the p (10) Perry, J. S. A; Gingell, J. M.; Newson, K. A.; To, J.; Watanabe,
and position of resonances. The SLEPS potential show lower N : price, S. D Meas. Sci. TechnoR002 13, 1414.
overall vibrational excitation, most likely due to the potential, (11) Perry, J. S. A,; Price, S. Bstrophys. Space S@003 submitted.

i i i (12) Zecho, T.; Gtiler, A.; Sha, X.; Lemoaine, D.; Jackson, B.; Epers,
which shows a much narrower entrance channel and mteractlonl Chem, Phys. Let2002 366 188,

region than the MLEPS potential. (13) Zecho, T.; Gtiler, A.; Sha, X.; Jackson, B.; iipers, JJ. Chem.
The addition of the extra vibrational degree-of-freedom has Phys.2002 116, 3063.

some effect on both the SLEPS and the MLEPS calculations, (14) Parneix, P.; Bighignac, P Astron. Astrophys1998 334, 363.

; ; ; (15) Jackson, B.; Lemoine, . Chem. Phys2001, 114, 474.
in that at low translational energies and at the resonances the (16) Sha, X.: Jackson, Burf. Sci.2002 496, 318,

maximum H vibrational quantum number is lower in the (17) Sha, X.; Jackson, B.; Lemoine, D.Chem. Phy2002 116, 7158.
(2+1)D calculations than in the 2D calculations. Also, at low (18) Ree, J.;Kim, Y. H.; Shin, H. KChem. Phys. Let2002 353, 368.
energies and at the resonances, we find significant excitation20(()119)34%“2%“3”& M.; Cacciatore, M.; Billing, G. DChem. Phys. Lett.
of the spectator H-graphite mode. The effect is much more (20) Jeloaica, L.; Sidis, VChem. Phys. Let1.999 300, 157.
pronounced for the MLEPS potential than for the SLEPS  (21) Morisset, S.; Aguillon, F.; Sizun, M.; Sidis, ¥hys. Chem. Chem.
potential, which again is assumed to be due to the much wider Phys.2003 5, 506. _
entrance channel and interaction region for the MLEPS potential. , (22) Tine, S.; Williams, D. A.; Clary, D. C.; Farebrother, A. J.; Fisher,
. . A. J,; Meijer, A. J. H. M.; Rawlings, J. M. C.; Davis, C. Astrophys.
We_also have to point out that the poss_lble effect Qf t_he Space Sci2003 in press.
additional vibrating H would be much larger in a calculation in (23) Takahashi, JAstrophys. J2001, 561, 254.
which we would also allow nonzero impact parameters, which (gg) ;?;]kahaéh_'vFJAS”OD*}YS}S,JZOOﬁ 5‘\5/1_ \8/4d3'|' Betronhvs. 1200
obviously more closely resembles the experimental setup. 55é 5)95.' am, O.; Furman, I; Pirronello, V.; Vidali, @strophys. J2001
We have also seen that even when there is no significant (26) Ferro, Y.; Marinelli, F.; Allouche, AJ. Chem. Phys2002 116,
excitation of the spectator H atom a significant redistribution 8124. o
of the available energy can take place. This means that the . (27) Ferro,Y.; Marinelii, F.; Allouche, AChem. Phys. Let2003 368
spe_ctator-graph¢e bond_ can function as a reservoir of energy " 2g) Farebrother, A. J. Formation of Diatomic Molecules at Surfaces.
during the reaction. This energy can then be released or bePh.D. Thesis, University College London, London, U.K., 2001.
retained during the Hdesorption. (29) Masuda, K.; Takahashi, J.; Mukai, Astron. Astrophys1998 330,

. - . . 73.
N_O evidence of f_]lghl_y excited Hhas been _found sofar _'n (30) Takahashi, J.; Masuda, K.; Nagaoka,Mbn. Not. R. Astron. Soc.

the interstellar medium in any of the astronomical observations. 1999 306, 22.

Moreover, experiments done on this reaction at University h(31) ﬁl-Halabi, A, Kleyn, A. W.; van Dishoeck, E. F.; Kroes, G.1J.

pati P Phys. Chem. /2002 106, 6515.

Collgge Lpndon shoyv much Iess vibrational excitation thap (32) Zecho. T.. Gtiler, A.: Kiippers, JChem. Phys. Let2003 370

predicted in any previous theoretical work. Therefore, the main zg¢°

purpose of our calculations has been to investigate the discrep- (33) van der Hulst, H. CRec. Astron. Obsl949 XI(ll).

ancies between the results from earlier calculations and obser- (34) Gould, R. J.; Salpeter, E. Bstrophys. J1963 138 393.

: : : : (35) Hollenbach, D.; Salpeter, E. Bstrophys. J1971, 163 155.
vational and experimental data in order to be able to ascertain (36) Williams, D. A.. Herbst, ESurf. Sci.2002 500, 823.

which processes might have been wrongly ignored previously.  (37) buley, W. W.; Williams, D. Alnterstellar ChemistryAcademic
Via that route, we hoped to further our understanding of this Press: London, U.K., 1984.

fundamental astrochemical process. Our calculations show that21§33)25""athis' J.S.; Rumpl, W.; Nordsieck, K. Hstrophys. J1977,

the presence of ot_her light atoms or_molecules_ _(§uch 8S H " (39) Fitzpatrick, E. L.; Massa, DAstrophys. J. Suppl. Set99q 72,
would significantly influence the reaction probabilities for the 163.
formation of H in the interstellar medium. Therefore, their g% ||5l, A. GEGTFEFTbFFQ,tJIi N%Stfft)r'k“ASUO%h)qSl?_gg 32T_3 |566- A

H H raine, b. 1. Ininterstellar bus: amandola, L. J., llelens, A.
presence m,ay l,)e a pOS.SIbI.e explanatlon f(,)r the mUCh, IOWerG. G. M., Eds.; Kluwer: Dordrecht, The Netherlands, 1989; p 483, vol.
degree of vibrational excitation found sofar in the experiment 135 of AU Symposium

and the absence of evidence for highly excited iH the o (42) gaﬁ)olt\lllzht R, <A30tnart:1, gl.;gguigiis,z(;g Nenner, |.; Reynaud, C.;
1 i z - ron. I .
observational studie®:" O(litsaqu'ley, D.SD.C;J Ridgalc,)pE.yKNatSre 1%40 146, 401.
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