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A wave packet study of the dynamics of, fbrmation through a collinear EleyRideal mechanism that
explicitly handles the substrate relaxation effects is presented. The substrate used is a planar PAH which
exhibits some strong similarities with a perfect graphite (0001) surface. The collision energy range investigated
lies between 0.4 meVI(= 5 K) and 0.46 eV. The reaction probability is large, except at very low collision
energy. Most of the available energy goes into thevidration, which is much more excited than the substrate.
Focusing on the surface relaxation effects, the results are compared with two widely used approximations,
namely, the sudden approximation and the adiabatic approximation.

1. Introduction experimentally manipulating H atoms and determining the
internal state of the FHImolecules in the extreme conditions of
the IMS (T &~ 10 K) is a tremendous challenge. From a
Ilheoretical point of view, an exact solution of the problem is
by far out of reach of today’s capabilities: the low temperature
requires a very accurate description of the potential energy
surface (PES); the light H atoms behave very quantally; the

It is now commonly admitted that the formation of molecular
hydrogen in cold clouds of the interstellar medium (ISM)
proceeds through a chemical reaction at the surface of interstellal
dust grains. Three mechanisms are generally invoked: in the
Eley—Rideal (ER) mechanism, an H atom, initially adsorbed
Ic;r;gi]s gsfgf:?aeétlSr;;t:gzr:h?nstﬁzofgngrﬁLoHr?nZﬁQv%i(??a_%hase’des_cription of the dynamics cannot pretend to be exact without
mechanism, both H atoms are initially adsorbed on the surface.t""k'ng_Into account the relaxation of the grain. )
During their diffusion on the surface, they can meet together _ Basically, three approaches have been used to determine the
and eventually recombine and desorb. Finally, the hot atom (HA) PES. The first approach consists of modeling the potential either
mechanism is somewhat intermediate between the ER and LHPY & sum of “pairwise” interactio3'’ (e.g., H-H, H—surface),
mechanisms: one of the H atoms is trapped on the surface; the?r by a Londor-Eyring—Polanyi-Sato (LEPS)-type PES:*
second one, Coming from ’[he gas phase' is tempora"y trappedln both cases, the parameters Of the mOdel are Chosen to m|m|C
on the surface but reacts before its thermalisation. the characteristics of known systems. The second approach used

The rate of these mechanisms is obviously of crucial in our group by Sidis et &2’ consists of modeling the dust
importance as it determines the/H abundance ratio in the ~ 9rain by a PAH, namely, the coronene molecule. The PES
ISM. Moreover, the amount of energy deposited by the reaction calculation is done at the density functional theory (DFT) level.
in internal and external degrees of freedom of the nasceig H ~ Farebrothéf initiated the third approach, which consists of
also important because it governs the infrared emission of the computing at the DFT level the interaction of two H atoms with
interstellar cloud€:3 That is the reason why in recent years a @ graphite surface represented by a periodic slab. The PES they
considerable amount of experimental work has been devotedobtained significantly differs from the one of SidisThis has
to the Study of H formation on surfaceg—'g which have often first been attributed to the difference in the model used.
been phenomenologically interpreted within the framework of Surprisingly, another DFT-PES obtained using a periodic slab
the LH mechanism®12 Very recently, a number of theoretical ~ calculation by Sha et &P.is very close to the one of Sidfs
works have been undertaken, mainly to investigate the dynamicsand thus different from Farebrother's one. One of the main
of the (ER) mechanisi# 23 In all these works, the dust grain  differences is that the chemisorption of one H atom requires an
has been modeled by a graphite surface or a polyaromaticSP® hybridization of the C atom involved in the graphitel
hydrocarbon (PAH) molecule. Indeed, although the chemical bond for both Sha’s and Sidis’ PES but not for Farebrother's
nature of the interstellar dust is not yet precisely established, PES. Very recently, two other groups have obtained a PES using
there are strong indications in favor of a carbonaceous composi-a periodic slab at the DFT level. They also concluded that some
tion 24,25 sp® hybridization of the C atom is observed when H is

Despite the large number of works on the subject, the problem chemisorbed®2° The origin of the discrepancy between the
of the formation of H is far from being solved. Indeed, slab DFT calculations is not elucidated. Nevertheless, as Sidis’
PES is in close agreement with three of these PESs among four,
T Part of the “Gert D. Billing Memorial Issue”. we have confidently used it in the present paper.
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The quantal study of the ER dynamics has been undertaken
in three groups. In the groups of Claby6and Jacksot$20.21

guantal calculations have been performed in a reduced geometry

where two or three degrees of freedom are considered. Recently
we have also studied the dynamics of ER reaction 1 down to
very low temperature (4 K) in a quantum mechanical approach
involving two degrees of freedofi.In the above-mentioned

works, the relaxation of the surface was not taken into account.
Most of them use a sudden approximation, where the surface
relaxation time scale is assumed to be much longer than the
reaction time; Jackson and co-workers have also used an
adiabatic approximation where, on the contrary, the relaxation

of the surface is assumed to be much faster than the reaction.

Nevertheless, because the reaction involves a short-lived
complex?? we have estimated that the vibration period of the
carbon out of the surface plane is comparable with the collision
time, namely, a few tens of femtoseconds. In such conditions,
neither of the two approximations are expected to be valid.
The surface relaxation effects have only been investigated
either in a purely classical framewdfi® or a semiclassical
descriptiont” where the classical motion of the H atoms is
coupled to the quantum bath of the phonons. The aim of the
present work is to investigate the role of the surface relaxation
at a quantal level. We shall examine what happens when the C
atom bound to the H atom is allowed to move perpendicularly
to the surface plane. The paper is organized as follows: the

PES and the dynamics method are presented in sections 2 and

3, respectively. Section 4 is devoted to the results and their
discussion. Section 5 gives the concluding remarks.

2. Potential

The description of the PES calculation has been done in a
previous publicatioff and will only be summarized here. The
graphite (0001) basal surface is simply represented by a large
polycyclic aromatic hydrocarbon (PAH), namely, coronene,
Cy4H12, hereafter denoted cor. The problem of molecular
hydrogen formation then amounts to the study of the chemical
reaction

cor—H +H—cor+ H, Q)

In coronene, the C atoms form a planar hexagonal mesh and
the H atoms serve only to passivate the pending bonds of the
Ca4 cluster. The calculations are done within the framework of
density functional theory (DFT), using the ABfFcomputer
code. The exchange-correlation density functional includes the
local functional of Vosko et a2 and the PW9% generalized
gradient correction. The KohfSham molecular orbitals are

Morisset et al.

Figure 1. Cuts of the PES obtained at various valueg ot = 0.65
is the equilibrium position of the C* atom in the ceiH moleculez=
0 is the equilibrium position of the C* in the coronene molecule.

is 0.44 eV; the minimum energy path (MEP) for the coro-

expanded as linear combinations of atom-centered SIater-type”ene—H association exhibits a rather high barrier (0.25 eV above

orbitals; triple¢+polarization (TZP) bases have been u3ed,
leading to a substantial improvement of the results with respect
to the formerly published worké based upon the use of double-
C+polarization (DZP) bases. The spin polarization is allowed
for by letting the spin up and spin down densities be different.

The main characteristics of the potential energy surface (PES)
of the cor-H compound are the following:

(1) The H atom can be bound either in a chemisorption or a
physisorption well.

(2) The equilibrium position for chemisorption is reached
when the H atom is located just on top of one C atom of the
coronene molecule. In the following, we shall denote this
particular C atom by C*. The equilibrium distance between the
H atom and the coronene plane is 285The C* atom is
displaced outside the coronene plane toward the H atoma®.65
above the coronene plane. The depth of the coroneheell

the dissociation limit).

(3) The physisorption induces virtually no changes in the
coronene geometry. The equilibrium edd distance is 7.&,
and the physisorption well depth is about 8 meV. These numbers
are almost independent of the site of the H atom above the
coronene plane.

The work presented here corresponds to a situation where
the exchanged H atom is initially in the chemisorption well.
Our goal is to investigate the dynamics of reaction 1 in a time
dependent framework at low temperature. As this type of
calculation is computationally heavy, we have restricted our-
selves to a constrained geometry: the two H atoms can move
on a line perpendicular to the coronene plane, just on top of
the C* atom, which belongs to the inner ring of the coronene
molecule. The C* atom is also allowed to move perpendicularly
to the coronene plane. Figure 1 shows some cuts of the cor
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typical wavelengths of the incoming wave packet are very large.
Then, the size of the grid has to be made very large, which
makes the calculation very time-consuming. To keep the amount
of computation at a reasonable size, we have used two
nonstandard features. First, as in our previous stédye use

the valence-like coordinatesandy. The advantage of using
these coordinates is that one can very efficiently sample the
region that is energetically accessible to the system using an
L-shaped grid® The size of the grid scales linearly with the
wavelength that has to be represented. The Hamiltonian that

Distances (ao)
(A9) A

Figure 2. Minimum energy path (MEP) for the title reactiomis the governs the time evolution of the system is

reaction coordinate. Full line: potential along the MEP. Dashed line

and dotted line: distance between the H atoms and the coronene plane. . pxz f)yz f)xf)y r)zz

Dash-dotted line: distance between the C* atom and the coronene plane. H= m + om” m + M + V(xy,2) (6)

The inset shows the energy barrier in the entrance valley.

The volume element associated with the wave function is simply
dx dy dz. Actually, form 6 of the Hamiltonian cannot be used
as is, because it is not numerically hermitian. To ensure
x=H—H, y= coronene planeH, hermiticity, it has to be written in the following wé¥

andz = coronene planeC* (2)

H—H PES obtained at fixed positions of C*. The coordinates
used in this figure, and throughout this paper, are the following:

~_B@p—B)  BB,—B) P

The binding energy between the chemisorbed H atom and the H= m & + & pém + M +Vxy2 (7)

coronene molecule is 0.44 eV. The binding energy gfrHts

v = 0 ground state is 4.49 eV. The exoergicity of the reaction Second, as the wavelength associated withxtoeordinate is

is 4.05 eV, and the Hmolecule can be formed in its first 12 much larger at large than at smallx, we use a nonuniform

vibrational states at zero collision energy. grid spacing which samples more efficiently the phase space
An important feature of the PES is the existence of a barrier available to the systeff,especially in thex direction. Efficient

in the entrance valley. This barrier is very small: when taking mapping procedures have been proposed by different gfé&ps.

into account the zero-point energy of the degrees of freedom Here we use the mapping procedure proposed by Boffsov,

perpendicular to the minimum energy path (MEP), its height is which is easier to implement. Technically, the idea of the

9.2 meV. The DFT-PES calculation is probably not precise mapping procedure is to introduce a new coordinate, that we

enough to guarantee such an accuracy. Nevertheless, the samghall denotex, related tox by

barrier has been found by different DFT-PES calculafifis

This barrier is seen in Figure 2, which shows the potential along J= d_X, (8)
the MEP as a function of the intrinsic reaction coordin#tes dx
defined by and to use a wave functiop(x',y,2) defined by
(d9)* = (dRy)* + (drng” + (02,9 (3) _y
Y= 5 )

Rms andrys are the mass-scaled Jacobi coordinates,zzgts
the mass-scaled coordinate associated with the nawral in such a way that the volume element associated with the new

coordinate: wave functiony is simply d¢ dy dz. The Hamiltonian operator
_ that governs the time evolution af is formally identical to
Rus =Xty the unmapped Hamiltonian 6:
Tms=Y A A A B (D B A2
N px’(sz’ - py) py(py - px’) P; .
M H= >m + om + M +V(X\y2 (10)
2= EZ (4)

It only differs by the expression of the linear momentum

wherem (respectively M) is the mass of an H atom (respec- Operator associated with the mapped coordinate:
tively, a C atom). The main advantage of this intrinsic reaction

coordinate is that the kinetic energy operator associated with a Py =v—"—%=+5——= (11)
motion along the MEP is simply VA2 OVE
R h2 52 Provided the wave functiop is equally sampled on a regular
T=- Ml (5) mesh in the three direction§ y, andz, the Hamiltonian is easily
o8’ evaluated using the standard Fourier technitj(fdnen, the only

task consists of choosing the Jacobian functioof eq 8 in
such a way that a constant spacing corresponds to an
The dynamics calculations are performed using a wave packetadequate spacing of the grid in theepresentation and then to
propagation technique. Indeed the reaction is so exoergic thatintegrate eq 8 in order to expregsas a function oik. Since
the number of states which should be included in a time the two expressions 7 and 10 of the Hamiltonian are mathemati-
independent calculation is very large; in such conditions, a wave cally equivalent, different] functions should yield the same
packet approach is more efficient. As we want to study the physical results, although they may have very different numer-
dynamics down to very low collision energy (< 10 K), the ical efficiencies. In the present work] is chosen to be

3. Dynamics



8574 J. Phys. Chem. A, Vol. 108, No. 41, 2004

0 H T

xeq X (ao)

Figure 3. Full line, VmappindX), as defined in eq 13. The dashed line
shows the minimum of the actual potential on the whole rangg of

values, when the carbon atom is kept fixed at its equilibrium position

in the coroneneH compound.

proportional to the de Broglie wavelength associated with an

ad hoc potentiaWmappindX) at a fictitious energyEmapping

51 \/ 27’
;LO m(Emapping_ Vmappinéx))

In the above equationjy is just a length that is formally
introduced in eq 12 to ensure thhis a dimensionless number;
its numerical value does not matter at &happingis the highest
energy present in the initial wave pack®mappindX) is built
analytically:

12)

(X = XV + AXV i,
(X = %o + AX

Vmappingix) = (13)

The four parameter8/min, Ve, Xeq and Ax are such that
VimappindX) is slightly smaller than the minimum of the actual
potential within the whole range of values,z being fixed at
its equilibrium value in the cerH compound (Figure 3). This
choice ofVimappingyields a largedx grid spacing in the entrance
valley, whereV is large, and a smafix when the two H atoms

Morisset et al.

Lyi
y
Figure 4. Shape of the grid used in the calculation.

the grid, andA is the width of the absorption zone. The initial
wave packet is written

Y(Ry.zt=0) = F(Ry,,, (¥.2) (16)
Y, IS the vibrational eigenstate of the edd compound.
Because in the interstellar medium this compound is always in
its ground vibrational state;; andv, have been set to R is
the Jacobi coordinate in the entrance chanRek(x + y), and
F(R) is chosen to be a Gaussian wave packet

1/4 R— R)2

JT

Ry is the initial position of the center of the wave packet; it has
to be chosen large enough to ensure that the system is not in
the interaction region. The energy window of the wave packet
is defined byKy ando. In principle, a single run could handle
the whole energy domain encompassed within the initial wave
packet. In practice, efficient absorption of the wave packet
becomes difficult when the energy range is too broad. Then,
we have covered the desired collision energy range (0.4 meV
< Econ < 0.46 €V) in three runs, with wave packet energies
centered at 0.008, 0.1, and 0.29 eV. For the lowest energy run,
the grid extends between € 0.18, y = 1.3ag, z = —1.5a)

and & = 130ag, y = 22ay, z = 1.53p), corresponding to 128

are close together. This choice has been validated on a test 2000ints to cover thé., range, 32 for théy range, 180 for thé,

computation, with the value kept fixed az = 0.65a. It has
been possible to reduce the number of grid points inxhe
direction typically by a factor 5, with virtually no loss of

range, 32 for thé, range, and 48 in thedirection (see Figure
4 for the definition of theL and| quantities). An efficient
absorption requires an absorbing zone as large agiB@he x

accuracy. The number of Fourier transforms needed to evaluatedirection, and 18 in they direction, and absorption parameters
Hamiltonian 10 is twice what would be required to evaluate as small agx = 4.1 107 au andpy = 8.0 10°° au.

form 6 of the same Hamiltonian. That is the price to pay for

the use of the mapped valence coordinétdhis price is more

Just before reaching the larg@bsorption zone, the reactive
part of the wave packet is analyzed by a standard method: the

than compensated by the use an L-shaped mapped gridtime dependent projections of the wave packet onto the H
Altogether, the gain in numerical efficiency is estimated to be Vibrational eigenstate§, and onto the eigenstatés of the

a factor 8, compared to a standard grid based on Jacobi orvibrating coronene molecule

hyperspherical coordinates. Of course, this gain gets larger when

the collision energy decreases.
The time dependent Schiimger equation (TDSE)

L = Ry — IV, fx ) (14)

is solved using the Lanczos algoritHfiThe negative imaginary

potential—iVapsis added to the actual Hamiltonian operator at

large values ok or y in order to avoid spurious reflections at
the edges of the grid. It is defined by

Vab;q) = ﬂq(q - qmax+ A)3
Vabiq) =0 if g =< Omax — A

whereq stands forx or y, gmax is the value ofg at the edge of

if q> Omax — A
(15)

Cu®= [ [ GLOOE@uR*X 2 dX dz  (18)

are analyzed in term of their energy components by a time-to-
energy Fourier transform.

<Euy’(E) = \/%n‘f_wwcuz/’(t) exq%a) dt

In eq 18,R is the Jacobi coordinate in the product valley:

(19)

R=y+5 (20)
Its valueR'* in eq 18 is such that the analysis line is located in
the asymptotic zone of the PES, that is, in a region whére
does not depend oR'. The reaction probabilityPe{E,v,0")
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depends on the total ener@yand on the vibrational states of 1

J

the H, and coronene molecules according to 2 -
= 08 |
© L4
o () h’KK!, [€,,(E)I? 1) S o6 f
V)= |
"" 2n?  |F(K)? § o4
©
In the above equations andK, are related to the total energy 2 |
E and to the internal energyof the cor-H(v1=v,=0) + H or ot
to the internal energy, , of the cor¢') + Hx(v) systems by 0.0
2ur 2
thz h KUU'
——+te=E and +ée,=E 22 1+
2am € am " Cw (22) 2 L
_ = 08|
andF(K)is theK component of the Fourier transform B{R). § 06 |
The functions Pe{E,v,v") are the most detailed results ‘g Tl
provided by this state-to-state calculation. We shall also present £ 0.4
some less detailed results, such as the probability to fogin H S 02!l ,
a givenv state: © NPz
0 100 200 300 400 500
PHZ(E7U) = Zprea(E!U'U ) (23) Eco"/kB (K)
v

Figure 5. Reaction probability at high collision energy (fram_e A_) or
or the probability to produce the coronene molecule in a given low collision energy (frame B). Bold line: 3D calculation. Thin line:

' state: 2D adiabatic approximation. Dotted line: 2D sudden approximation.
' Squares: QCT calculation. Triangles: capture model.
Pcor(E‘v') = zprea(E’U’U') (24) 0.2 T
v

or finally the total reaction probability

. 0.1
Po(E) = ZPrea(E,u,v) (25)
v
For comparison purposes, we have performed a few quasi-
classical trajectory calculations (QCT) with the same geometrical %_0 011 012 0i3 oi 2
constraints to compare classical and quantal results. We have E_(eV)

coll

also performed 2D quantal calculations using two different Figure 6. R probability in the coronene(=5) + Hx(z=9) channel.

approximations: in thesudden approximatigrthe C* atom is
not allowed to move, that i is kept fixed at its equilibrium  probability becomes low at low collision energy. It reaches 50%

valuezegqin the cor-H compound. In th@diabatic approxima-  atE., = 9.3 meV (i.e., aE/kg = 107 K). This is related to the

tion, the C* atom adiabatically follows the andy motions. above-mentioned barrier in the entrance channel, which, when
Basically, the equations that govern these 2D calculations aretaking into account the zero-point energy, is 9.2 meV high. The
the same. The Hamiltonian is written role of the barrier is demonstrated by the comparison of the

N on oo na exact reaction probability with the prediction of a capture model,
= Pd2P— By n Ry(Py — P FV,xy) (26) where the reaction probability is assumed to be 1 as soon the
2m 2m 2DV system overcomes the barrier in the entrance valley. Clearly,
the barrier plays a prominent role in the low-energy reaction
probability.

The state-to-state reaction probabilities have a much more
complicated energy dependence (Figure 6), and exhibit many
V,p(Xy) = min(V(x,y,2)) (adiabatic approximation) complicated structures, which have probably to be related to

(27) resonances. Indeed, the time evolution of the wave packet shows
that parts of the system can be trapped in the reaction region
during about 2 ps. In the considered collision energy range there
are always more than 273 open vibratiomal' states for the
Hy(v) + cor(') system. Therefore, when summing over all
contributions, the structures observed in each state-to-state

Exact Calculation. The so-callecexactresults refer to the channel are washed out.
situation where the C* atom in the coronene molecule vibrates. Thewv,»' state-to-state reaction probability is shown in Figure
The corresponding reaction probability is shown in Figure 5: 7 at three different collision energies. The overall shape of the
it grows at low energy and remains close to 1 as soon as thedistribution of the products does not depend much on the
collision energy is larger than about 25 meV. The same behavior collision energy. It is seen that the IFholecule is formed in its
is observed in a quasi-classical trajectory calculation, although highest energetically allowed vibrational levels. The coronene
the latter obviously fails to reproduce the low-energy behavior. molecule is comparatively much less excited. The same features
From an astrophysical point of view, this low collision behavior can be observed in Figure 8, which shows how the available
is very important. One can see in Figure 5 that the reaction energy is shared between the internal and external degrees of

whereV,p is

Vop(XY) = V(XY,z) (sudden approximation)

The mapping procedure described in e@sl8 has also been
applied for the 2D calculations.

4. Results and Discussion
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Figure 7. State-to-state reaction probability Bfoy = 0.01, 0.1, and
0.4 eV from top to bottom. The gray zones correspond to closed
channels.
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Figure 8. Expectation value of the Hnternal energy, coronene internal
energy, and translation energy. Upper frame: sudden approximation.
Middle frame: adiabatic approximation. Lower frame: exact calculation
(full line) and QCT calculation (symbols).

freedom of the reaction products. In the whole collision energy
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Branching ratio

Figure 9. Hy vibrational distribution at three different collision
energies. Full line: 3D calculation. Dashed line: 2D adiabatic
approximation. Dot-dashed line: 2D sudden approximation.

oscillates as a function of the collision energy (Figure 5). These
oscillations have been attributed to short-lived resonances with
lifetimes on the order of a few tens of femtoseconds. Just as in
the exact calculation, the reaction probability strongly decreases
at low collision energy. Whatever the collision energy is, the
H, molecule is formed with a substantial internal energy, the
most populated level being almost always the highest possible
one (Figure 9). The amount of energy left in the coronene
molecule is fixed by the sudden approximation, which prevents
the C* atom from moving during the collision. The coronene
molecule is left with a substantial amount of potential energy.
The translational coronenéH; relative energy is low.

Except for a few regions exhibiting resonances, the energy
dependence of thediabaticreaction probability is on the whole
rather smooth, except within a few regions where two different
types of resonances can be observed. A first type of resonance
appears in the collision energy range between 0.12and 0.15 eV.
The very sharp structures are associated with very long-lived
resonances corresponding to the trapping of thenblecule in
its physisorption well (Figure 10). From the time evolution of
the outgoing flux, the lifetimes of these very sharp resonances
have been estimated to be about 2 ps. Incidentally, it should be
mentioned that though the propagation time is as long as 22
ps, our calculation gets in trouble in the regions of these
resonances; this is witnessed by the magnitude of the reaction
probability which becomes larger than 1 at resonance. Probably,
our method is not accurate enough to correctly predict these
long time scale phenomena. A second type of resonance is
associated with the opening of inelastic channels<{¢t{v=1)

range studied here, the main part of the available energy goest H at 0.21 eV, corH(v=2) + H at 0.43 eV). Just as in the

into the K vibration, which is excited up te = 10 even at
low collision energy (Figure 9). The energy left in the coronene
molecule is typically 6 times lower, and the translational energy
of the nascent His even smaller (Figure 8).

Approximate Methods. The results obtained in theudden
approximation have been presented elsewBened will only
be summarized here. The total reaction probability smoothly

other cases, thestnolecule is formed with considerable internal
energy (Figure 9). The amount of energy left in the coronene
molecule is fixed to zero by the adiabatic approximation. The
translational coronereH; relative energy is always low.
Discussion. The sudden approximation assumes that the
relaxation of the coronene molecule is much slower than the
reaction. On the contrary, the adiabatic approximation assumes
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1 2 3 4 5 Figure 11. Time evolution of the distances of the three atoms with
X (ap) respect to the coronene plane during the reaction in a classical

calculation. The collision energy is 0.011 eV. One clearly sees that the
C* atom moves from one side of the coronene plane to the opposite
side during the reaction.

Figure 10. Snapshot of a wave packet obtained in the adiabatic
approximation after a propagation time of 2.16 ps. The energy
distribution of the initial wave packet is 14t 13 meV, i.e., on the

third resonant structure observed in Figure 5. The wave packet is still

trapped in the physisorption well of the exit valley. The Holecule atom in the coronene plane is not chemically attractive for the
is in its » = 10 vibrational level and is trapped in the second H atom, while it becomes attractive when it moves out of the
vibrationally excited state of the physisorption well. plane toward the H atom. This is probably related to the change

] ) in the hybridization state of the C* atom from % the
that the relaxation of the coronene is much faster than the coronene plane to 3mut of that plane. Then, as the C* atom
collision. Actually, the real situation lies somewnhere in between. i, the exact calculation moves very quickly toward the coronene
One could thus naively expect that the exact results are piane, and even explores negatwabscissas, the G*H bond
somewhat intermediate between the sudden results and thgs jikely to become very weak in the exact calculation, and even
adiabatic results. In fact, this is not the case: the exact reactionyegker than in the adiabatic one. Considering actuaHH
probability is almost always larger than those predicted by the grajn interactions in the IMS, the discussed effect is probably
approximations. This is especially the case at the very low |ess pronounced when taking into account the dissipation of
collision energies (Figure 5) which are of astrophysical interest. he yibration energy of the C* atom into the grain. Nevertheless,
At low energy, one may think that the activation barrier is e have checked on a rough classical calculation based upon
responsible for this behavior. (Notice that the activation barrier he Brenner Il model potentiithat the dumping of the C atom
is not the same in the exact calculation and in the approximate \;ipration is not as fast as the reaction studied here.
ones owing to the zero-point energy of the coordinates  The results concerning the energy sharing between the three
perpendicular to the reaction coordinate.) Actually, the activation gegrees of freedom after the reaction (Figure 8) are less
barrier is not the main reason. To show this, we have comparedsyprising. All three calculations predict that the translational
the exact reaction probability with the prediction of a capture gnergy is low. By construction, a significant amount of energy

model. In the capture model, the reaction probability is the (g 89 ev) has to be left in the coronene molecule in the sudden
transmission coefficient in one dimension of a particle whose gpproximation, while this energy is 0 in the adiabatic ap-

time evolution is governed by the Hamiltonian proximation. The exact calculation predicts that this energy is
_— about 0.4 eV, which is intermediate between the two ap-

H=— h” o + Vyes(d) (28) pr(_)ximations. When Ioo_king at theslihternal state distr_ibutio_n
2m 54 (Figure 9), one also finds that the exact calculation gives

intermediate results between the sudden and the adiabatic
whereVuep(s) is the potential along the minimum energy path approximations.
shown in Figure 2. One clearly sees in Figure 5 that the capture  Comparison with Previous Studies.As mentioned in the
model nicely fits the exact calculation. Now, the approximate Introduction, a number of recent works have been devoted to
calculations do not behave in that way. We have shown in a the study of H formation on graphite through the ER mecha-
previous papéf that the sudden reaction probability is about nism. A first comparison can be made with the quantal study
50% smaller than the prediction of the capture model. This of Sha et al2! which was not restricted to the collinear geometry
means that the motion of the C* atom makes the reaction easierbut which does not handle the surface relaxation effects. Like
in the sense that it helps the system turn the corner of the PESin the present work, they find that the reaction is easier in the
in the interaction region. At first sight this result is surprising. adiabatic approximation than in the sudden approximation. At
Indeed, since the motion of the C* atom in the exact calculation moderate collision energyEfy < 0.1 eV), the H vibrational
is of relatively small amplitude compared to the motions of the energy they find, although slightly smaller than ours (Figure
H atoms (Figure 11) one might think that its exact position is 8), is also very high: & = 30 meV,2[~ 5.5 in the sudden
of little effect on the reactivity. Actually, the effect of the C*  approximation, andz[J~ 8 in the adiabatic approximation. At
atom motion can presumably be interpreted in a mechanical collision energies larger than 0.2 eV, they find that the rotation
picture very similar to the role of the umbrella bending motion energy becomes more important, which of course we cannot

of the NHs* ion in the reactiof? guess. Nevertheless, the translational energy always remains
small.
NH," +H,— NH," +H (29) A second comparison can be made with the work of

Rutigliano et all” to which Gert Billing contributed. The
Very simply, the point is that the strength of the bond between approach they used differs from ours in many points. First, the
the chemisorbed H atom and the C* atom is very sensitive to motion of the H atoms is handled classically, while the coupling
the distance between C* and the coronene plane. Indeed, theo the crystal phonons is handled quantally. Second, the PES
DFT calculatior®2” of the cor-H system has shown that a C*  they use is not the same as ours, although both PESs have strong
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similarities. Notwithstanding these differences, their results are if the H atom is first physisorbed, which is probably very easy
very close to the present ones. The collision energy dependencen the ISM conditions. It would then tunnel through the barrier
of the reaction probability they find increases from (Eaj = in an excited state of the chemisorption well and finally relax
0 to about 1 wherEcq ~ 0.04 eV, reaching 50% d.q ~ in the chemisorption ground state. This process, which is still
0.01 eV, which is very close to the present findings. On the open to investigation, is undoubtedly very slow compared to
other hand, the product energy distribution of Rutigliano éfal. the time scale of the title reaction, still it could be very fast
at Ecoy below 0.1 eV is typically 10% in the surface heating, compared to the time scales of the chemical evolution of
20% in the translational energy, and 70% in the ihternal interstellar clouds.

energy. As seen on Figure 8, these numbers are in reasonable

agreement with our results. In particular, we agree on the  acknowledgment. The authors thank Guillaume Pineau des
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results do not show as large a vibrational excitation energy asGredel, RAstrophys. J1995 449, 178.
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