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The associative desorption of HD (ν,j) and D2 (ν,j) on a graphite(0001) surface via an Eley-Rideal mechanism
has been studied theoretically using a time-dependent wave packet method. We find that product molecules
are formed rovibrationally excited and translationally hot. When comparing the different products to earlier
calculations on the formation of H2 on graphite(0001), we find significant isotope effects and possible resonant
transitions during the reaction, which might have consequences for the possible detection of highly excited
H2 in dense intermolecular clouds.

1. Introduction

The current paper is a continuation of previous theoretical
studies on the formation of H2 by associative desorption on a
graphite surface.1,2 Associative desorption is the reverse reaction
from dissociative adsorption, a process that has been studied
extensively, both experimentally (see, e.g., refs 3-6) and
theoretically (see, e.g., refs 7-14).

Generally speaking, there are two distinct mechanisms
through which associative desorption can occur, the Langmuir-
Hinshelwood mechanism and the Eley-Rideal mechanism.15

In the Langmuir-Hinshelwood mechanism both particles
involved in the reaction are initially adsorbed on the surface
and thermalized to it. Subsequently, these particles move across
the surface by tunneling or by diffusion. Upon encountering
each other they react and desorb. The energy released will be
partly absorbed by the surface and partly taken away by the
product molecule. In the (direct) Eley-Rideal mechanism only
one particle is adsorbed on the surface and thermalized to it.
The second particle collides with the first particle without first
thermalizing to the surface, forming a molecule that desorbs.
In the Eley-Rideal mechanism more excess energy will be
available to the product, because only one bond with the surface
has to be broken.

The Langmuir-Hinshelwood mechanism has been studied
more extensively than the Eley-Rideal mechanism, because of
its importance in catalysis. However, in recent years, reactions
in which the Eley-Rideal mechanism plays an important role
have also been found.4,16-23 Theoretically, most research has
been done on catalytic systems,24-30 although some astrophysi-
cally relevant systems have also been studied.1,2,31-35

The primary motivation for studying the formation of H2 and
its isotopic analogues on graphite lies in astrophysics. The
hydrogen molecule is the most abundant in space, especially in
dense molecular clouds. Its formation mechanism has been a
subject of much debate in the past. However, currently, the
generally accepted mechanism for the formation of H2 is via
associative desorption on interstellar dust grains.36-39 This
mechanism is the only one proposed that can explain the
abundance of H2 in the interstellar medium. Note that the nature

of these interstellar dust grains is not precisely known. However,
there is evidence from the analysis of meteorites that dust may
be coated in carbon.40-42 Other evidence is available as
well.43-45 Therefore, most models include amorphous carbon.46

In our calculations we use graphite(0001) as a model for
interstellar grains.

In previous papers we studied the formation of H2 on
graphite.1,2 We concluded from our calculations that H2 formed
in highly excited rovibrational states. This has important
consequences for reactions in the interstellar medium, because
the excess energy can be used to overcome reaction barriers in
endothermic reactions. We also find that H2 is formed transla-
tionally hot, which can lead to localized heating of molecular
clouds due to inelastic collisions.

In this paper, as in our previous papers,1,2 we only study the
formation of H2. The formation of the H-graphite system is
not considered in our calculations but is taken as an initial
condition. The precise structure of this system, i.e., whether H
will be physisorbed or chemisorbed on the graphite surface, has
been the subject of some discussion recently. Experiments on
the formation of HD on graphite surfaces show that H and D
can be physisorbed on the surface with a very low mobility
across the surface.47-49 In a different experiment the physisorp-
tion well depth was measured to be 43( 0.5 meV.50 In DFT
calculations Sha and Jackson find a well depth of 7.75 meV
for the physisorption well with a barrier to chemisorption of
0.2 eV and essentially no barrier to diffusion across the surface.32

This value compares well to an earlier calculation by Sidis et
al.,51 who found a value of 8 meV. Our own calculations show
a physisorption well and barrier to chemisorption as well (See
Figure 2 of ref 2). However, the number of DFT points in the
area is not large enough to give us an accurate estimate of the
barrier height and of the physisorption well depth. The barrier
of 0.2 eV found by Sha and Jackson would make it unlikely
that an H atom will chemisorb on a bare graphite surface.
However, we wish to point out here that DFT is generally not
considered to describe physisorption processes well, because
they are dominated by dispersion interactions. Note that the
possible barrier to chemisorption on a graphite surface does not
mean that chemisorption of H will not occur on interstellar dust,
because interstellar dust will not be pure graphite and because
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other molecules will be adsorbed on the dust as well, which
will significantly change the potential energy surface (PES).

Our dynamics results can be compared with other studies on
the surface-catalyzed formation of H2 on graphite, which have
appeared in the literature since our previous calculations. Sha
and Jackson32,52 recently reported on quantum mechanical
calculations on a new ab initio density functional theory (DFT)
surface in which they also included the influence of subsurface
carbon atoms. Their potential shows a comparable exothermicity
for the formation of H2, comparable H-graphite chemisorption
energy, and a similar fast decrease of the PES, once the formed
H2 leaves the frozen surface. Also, they find that their PES has
a small barrier, whereby it should be noted that a method such
as DFT is not expected to give highly accurate reaction barriers
for such a system. As a result they find that reaction probabilities
decrease with decreasing temperature. For energies of astro-
physical interest they find H2 with an average vibrational
quantum number,〈ν〉, of approximately 6 and an average
rotational quantum number,〈j〉, of 2.32 In quantum mechanical
calculations based on earlier DFT calculations by Jeloaica and
Sidis,53 Jackson and Lemoine31 found that H2 is formed with
〈ν〉 ) 8-9 and〈j〉 ) 5-6. Using a potential based on the same
DFT calculations, Rutigliano, Cacciatore, and Billing34 find in
their semiclassical calculations, which include phonon motion,
that H2 is formed rovibrationally excited (ν ) 3-6 and j )
8-11) with a maximum rotational quantum numberj of 22.
Finally, in classical trajectory calculations including a model
for the surface phonons, Ree, Kim, and Shin35 find that H2 is
formed vibrationally excited with a maximum atν ) 3 and
still significant excitation inν ) 8-10. We wish to emphasize
here that all calculations discussed here make approximations

in the potential and its fitting as well as in the description of
the dynamics of the reaction. This will obviously influence the
results.

In the current paper we discuss the formation of HD and D2

on a graphite surface via the Eley-Rideal mechanism. The
motivation for this is to investigate the influence of changing
the mass combinations of the particles involved on the reaction
probabilities. Also, we use the isotope-substituted reactions as
a way to get a better insight into the precise reaction dynamics
of the H2 reaction. Thus, we have calculated the probabilities
of producing HD and D2 in specific rovibrational states as a
function of initial translational energy using a time-dependent
wave packet formalism. We investigated the formation of HD
both from the situation in which H was initially adsorbed as
well as from the situation in which D was initially adsorbed.
For our calculations we used the same potential as in ref 1.

The paper is organized as follows. In sections 2 and 3 we
discuss the theory and some computational details. In section 4
we discuss our results, and in section 5 we discuss our
conclusions.

2. Theory

Most of the theory used in this paper has been published
before.1 Therefore, we will just highlight some important details
and refer the reader for a more in-depth discussion to ref 1.

2.1. Coordinate System and Potential.We start by intro-
ducing our notation. The Cartesian coordinates of the incident
atom are given asxi ) (xi, yi, zi), whereas those of the target
atom are given asxt ) (xt, yt, zt). However, we find it more
convenient to use Jacobi coordinates in our calculations. Thus,

Figure 1. 2D reaction probabilities for the H-H, H-D, D-H, and D-D reactions.
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we use the relative position vectorr ) xt - xi and the center-
of-mass position vectorX ) (mixi + mtxt)/(mi + mt), wheremi

and mt are the masses of the incident and target atoms,
respectively.r is most conveniently expressed in polar coordi-
natesr ) (r, ϑ, æ), wherer is the length ofr andϑ andæ are
the polar and azimuthal angles, respectively.X is used in
Cartesian coordinatesX ) (X, Y, Z), whereX, Y, andZ indicate
the position of the center-of-mass of the molecule above the
surface.

In our calculations we use the fixed, flat surface approxima-
tion. This means that we neglect the influence of both surface
phonons and corrugation on the reaction probabilities. This
approximation implies that no energy transfer will occur between
the forming H2 molecule and the solid. This should be a
reasonable approximation for the dynamics of this system,
because of the mass difference between H/D and C. Also,
Ruttigliano and co-workers have shown34 in a calculation in
which the phonons were included (classically) that energy
transfer to the solid should be around 0.1 eV independent of
the temperature of the solid, making the energy transfer a small
percentage of the available exothermicity. The fixed, flat surface
approximation has been used extensively and successfully in
the past.1,24-26,31,54It allows the dynamics to become indepen-
dent ofφ, X, andY. Thus, the potentialV depends only onZ, r,
and ϑ, reducing the six-dimensional calculation to a three-
dimensional one. The basis functions inZ andr, like in ref 1,
are “wrapped” sinc-DVR (discrete variable representation)
functions.55-58 We use a Gauss-Legendre DVR basis inϑ.59,60

This basis is symmetry-adapted in the case of the formation of
H2 and D2,61,62allowing us to perform calculations for odd and
even rotational states separately.

Our potential is of the LEPS (London-Eyring-Polyani-
Sato) form, adapted for use with surfaces.63 It is an eight-
parameter interaction potential, based on earlier DFT calcula-
tions.1,2 Its complete form is given in ref 1. This potential is
used here (rather than, e.g., the potential by Sha and Jackson32),
so we can report on a thorough study of isotope effects by
comparing with the previous results on the formation of H2.

2.2. Hamiltonian, Propagation, Final Analysis, and Initial
State. With our current choice of the coordinate system, the
Hamiltonian is written as

whereM andµ are the total mass and the reduced mass of the
product molecule, respectively. This Hamiltonian is equal to
the one commonly used to study dissociative adsorption, when
the surface is assumed to be flat and fixed. The equations-of-
motion corresponding to the Hamiltonian in eq 1 and the current
choice of the basis are given in ref 1.

The wave function is propagated in time using the real wave
packet method of Gray and Balint-Kurti.64-67 In this method
reaction probabilities are calculated from only the real partq
of the wave packetΨ. q is propagated in time using a modified
Schrödinger equation whereĤ is replaced by a function of itself,
f (Ĥ). For a judicious choice off (Ĥ), the propagation is given
by a Chebychev recursion relation:

whereHs ) asH + bs. as andbs are chosen in such a way the

Figure 2. Vibrational adiabatic curves as a function of the hyperradius for the H-H, H-D, D-H, and D-D reactions. The arrow indicates the
vibrational adiabat followed in the time-independent scattering calculations.
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eigenvalues ofHs lie between-1 and+1, wherebyH is the
matrix representation ofĤ. The wave packet is adsorbed at the
edges by the damping matrixA to avoid unphysical reflections.68

The final analysis is performed using a flux-based method.65,69,70

In this method the total reaction probability,Pr(E), is calculated
from the energy-dependent flux through a surface in the exit
channel atZs ) 10 bohr. The state-resolved reaction probability,
Pνj(E), is calculated by projecting the energy-dependent wave
functions used in the calculation ofPr(E) onto the rovibrational
energy functions of the H2 molecule, which are labeled by the
vibrational quantum numberν and the rotational quantum
numberj. In this paper we only deal with collisions that are
initially perpendicular to the surface. Therefore, the azimuthal
rotational quantum number,m, equals zero. For more details,
see refs 65, 69, and 70.

In both the 2D and the 3D calculations we calculate line
widths and lifetimes for resonances in the total reaction
probabilities by fitting sharp peaks in the total reaction prob-
ability to the Breit-Wigner function

where the fit constantsa, Er, and Γ are the strength of the
resonance, the resonance energy, and the resonance line width,
respectively. FromΓ we can calculate the resonance lifetimeτ

through the energy-time uncertainty principle, i.e.,τ ) p/Γ.
We only calculate the resonance lifetimes in cases where the
resonance is well separated from other resonances, because eq
3 is not well suited if two resonances overlap. This fitting
procedure to obtain lifetimes has been used successfully in gas-
phase scattering calculations (see, e.g., refs 71 and 72).

The initial wave function is generated as a function ofzi and
zt, the heights of the incident and target atoms, respectively,
and the impact parameterb as

Here,V0(zt) is the vibrational ground state of the atom adsorbed
on the surface.k0 is the initial linear momentum of the incident
atom andz0 is the initial center of the wave packet. The initial
distribution inb, F(b), is given as

where Ab is the normalization constant ofF(b). After
Ym)0(zi,zt,b) is generated, the initial wave function is trivially
transformed to the (Z, r, ϑ) coordinates.1,64 Note thatF(b) is
not an eigenstate of the radial Hamiltonian. Therefore, it is
possible for the final solution to depend onz0, because of
spreading and distortion of the wave packet. We removed this
difficulty by making the initial wave packet quite diffuse,
choosingγ ) 0.2 bohr-1, bmax ) 5 bohr, andz0 ) 14 bohr.

3. Computational Details

Most parameters used in our calculations are similar to the
ones used in our time-dependent study on the formation of H2.1

We used a slightly different approach from the previous paper1

in that for the 2D calculations we use two different wave
packets. The first wave packet is broad and has very low
translational energy. The second wave packet is narrow with a
relatively high initial translational energy. For the 3D calcula-
tions we found that at low translational energy the results from
the high-energy wave packet and the low-energy wave packet
were identical. Therefore, our results for the 3D calculations
are only based on the narrow wave packets with high initial
translational energy. The consequence of this strategy is that
the reaction probabilities have been calculated for much higher
energies than reported on here. We will only report reaction
probabilities for the same energy range as in ref 1 for
comparison purposes and reserve the other results for a later
publication. The use of a higher energy wave packet did mean
that for the calculations on HD and D2 we had to increase the
number of DVR points in theZ coordinate to 250 and 300,
respectively and the number of DVR points in ther coordinates
to 350 and 450, respectively. Note that for the 3D calculations
in the case of deuterium colliding with deuterium adsorbed on
graphite and of hydrogen colliding with adsorbed hydrogen, we
can perform calculations for the odd and even rotational states
of the resultant H2 or D2 molecules separately, effectively
halving the size of the calculation. For H colliding with adsorbed
D and for D colliding with adsorbed H all rotational states have
to be included in one calculation.

The implementation of the various algorithms was also mostly
identical to ref 1, apart from some optimizations. We still use
the sorting algorithm by Groenenboom and Colbert56 and the
point selection algorithm by Meijer and Goldfield.70 However,
instead of running the computer code on a single processor of
a 48 processor Origin 2000 at the Hiperspace Center at

Figure 3. Average final translational energy as a percentage of the
total energy available to the system for the four mass combinations
for the 2D calculations.

Figure 4. 3D total reaction probabilities for the H-H, H-D, D-H,
and D-D reactions.
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University College London, we performed our calculations using
the DDPHP (doubly distributed parallelĤΨ) method, recently
developed by one of us.54 The key idea behind this algorithm
is to distribute the entire wave packettwice, so that each
processor in the calculation contains twodifferentslices of the
wave packet. This means that no communication between the
processors is required for all computations. The wave packet
only needs to be resynchronized after eachHq iteration. The
result is that the percentage of the wave packet that has to be
transferred in each iterationdecreaseswith 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
actually increaseswith the increasing number of processors.
The efficient communication characteristics of the DDPHP
algorithm combined with an efficient computational layout
means that the algorithm scales linearly with an increasing
number of processors.54 Use of the DDPHP algorithm greatly
reduced the turnaround time for our calculations.

4. Results

In this section we first discuss the results of our 2D
calculations. Subsequently, we will discuss the results for the
3D calculations. In the discussion of our results we use the
following notation: A-B denotes a calculation with atom B
colliding with A-on-graphite or in other words A(ad)+ B(g)
f AB(g), where A and B are H or D.

4.1. 2D Results.The 2D reaction probabilities are given in
Figure 1. The total energy range that can be described correctly

extends far beyond an initial translational energy of 2300 K to
an initial translational energy of approximately 20 000 K. We
only plot the region up to 2300 K to facilitate comparison with
our earlier calculations and because it is the most relevant region
for astrophysics. Note that this large energy range is a direct
consequence of our decision to use two wave packets for the
2D calculations, a broad, low-energy wave packet and a narrow
high-energy wave packet. All four isotope calculations have also
been calculated with a time-independent method, as was done
in ref 1. This allows us to get an idea of the lower energy limit
for which our calculations still describe the physics of the
reaction correctly. We find excellent agreement with the time-
independent results. From that agreement we conclude that our
calculations are definitely converged for energies down to 100
K.

All calculations shown in Figure 1 are converged apart from
the quick oscillations in the D-H panel at just above 2000 K,
which we will discuss later. The propagation times for the four
different mass combinations vary from 3.137 and 4.821 ps for
D-D and H-D, respectively, to 7.269 ps for H-H and 24.13
ps for D-H. The sharp oscillations in the D-H figure at just
above 2000 K are most likely caused by the fact that at that
energy the incoming hydrogen atom has just enough energy to
excite the adsorbed deuterium atom to its first excited state for
which 2025 K is needed. The result for a nonreactive collision
is subsequently that the scattered hydrogen atom does not have
enough energy to escape the system and will form a very long-
lived complex with the adsorbed deuterium until reaction or
de-excitation has occurred. A similar oscillatory pattern can be

Figure 5. 3D reaction probabilities (total) and percentage of total energy in translation, rotation, and vibration for H-H, H-D, D-H, and D-D
reactions.
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found in the H-H and H-D total reaction probabilities around
2800 K (not pictured) where the incoming hydrogen/deuterium
excites the adsorbed hydrogen to its first excited state, which
lies 2801 K above the ground state. No such feature is found in
the D-D total reaction probabilities, however.

Not only from the differences in total propagation time but
also from the differences between the panels in Figure 1, it is
clear that changing the mass combination in the calculations
leads to a significant change in the dynamics. Nowhere is this
more clear than when comparing the H-D and D-H results.
Despite the fact that in both cases the same molecule (HD) is
formed, the total reaction probabilities and state-resolved
reaction probabilities are completely different. For the total
reaction probabilities we find for H-D only very broad
resonances, whereas for D-H they are much sharper.

A number of observations can be made regarding the state-
resolved reaction probabilities. First, H-D is formed vibra-
tionally hotter than D-H, because the maximum probability is

for ν ) 5 in the former case versusν ) 4 in the latter. Second,
the behavior of the reaction probabilities as a function of initial
translational energy across the resonances in the total reaction
probability is completely different. For H-D, we see for
example a steady increase inν ) 6 across the first resonance
coupled to a decrease inν ) 5. This trend is reversed after the
resonance, where an increase inν ) 5 is coupled to a decrease
in ν ) 6. For the D-H calculations, the situation is different.
Here, e.g., for the first resonance, we also see a sharp increase
in the ν ) 6 reaction probability coupled with decreases in all
other reaction probabilities. However, in contrast to theν ) 6
reaction probability for the H-D reaction here theν ) 6 reaction
probability peaks at the minimum in the reaction probability.
Note that this is similar to the resonance feature in the H-H
state-resolved reaction probability at approximately 1200 K,
which is accompanied by a tiny dip in the reaction probability.

For each of the resonances in Figure 1 that can be considered
to be resolved, we calculated the resonance lifetime using eq
3. The lifetimes are given in Figure 1. Together with the
resonance energies, they are given in Table 1. Initially, one
would think that the resonance structure for the H-D reaction
can be expected, because this reaction geometry is a classic
example of the heavy-light-heavy reaction. Many examples
of such resonances have been found in 2D (collinear) calcula-
tions on gas-phase reactions. Most research on these systems
was done on symmetric systems, such as, e.g., Cl+ HCl,73,74 I
+ HI,75,76 or F + HF,77,78 Asymmetric systems such as, e.g.,
Cl + HBr75 have been studied as well (this list is by no means
exhaustive; see, e.g., also refs 79 and 80 and references therein).

Figure 6. 3D state-resolved reaction probabilities for the H-D reaction at initial translational energies of 96.3, 295.6, 998.1, and 2004.2 K. Labels
indicate the rotational quantum number of final rovibrational state.

TABLE 1: Resonance Energies and Lifetimes from the 2D
Reaction Probabilities for the H-H, H-D, and D-H
Reactions

reaction resonance energy (K) resonance lifetime (fs)

H-H 1177.0 51.2
H-D 653.9 62.6

1402.4 36.9
1934.1 50.5

D-H 936.5 98.6
1244.4 102.3
1571.4 275.9
1909.0 302.1
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For a symmetric system these resonances occur with a spacing
of approximately one vibrational quantum of the LH molecule.
However, for our calculations the spacing between the resonance
energies is much less than the H-graphite vibrational spacing,
which is 2801 K for the first excited state and also much less
than, e.g., the energy difference between theν ) 5 andν ) 6
states of H-D, which is 3886 K. Therefore, it must be due to
vibrations of the HD molecule on the surface. To investigate
this further, we have looked at the vibrational adiabatic levels
of this system. These levels are calculated in the time-
independent (TI) calculations we used to calibrate our time-
dependent (TD) calculations and are therefore readily available.
They are plotted for each of the mass combinations as a function

of the hyperradiusF ) xS2+s2 in Figure 2, whereSands are
the mass-weighted analogues ofRandr, respectively. The state
that is followed in the TI calculations is the solid red line
indicated by the arrow (for more information on these types of
calculations see, e.g., ref 2). For each of the mass combinations
the vibrational adiabats contain local minima (some even show
two!), which indicates the possibility of resonances. However,
the precise differences in resonance lifetimes or the spacing
between the resonances are most likely caused by subtle
differences in the vibrational adiabats. They cannot be charac-
terized so easily by a qualitative examination of the vibrational
adiabats. Instead, this would require the calculation of the TI
wave functions at the resonance energies, which falls outside
the scope of the present work.

In Figure 3 we show the average final kinetic energy as a
percentage of the total amount of energy in the system as a

function of the initial translational energy. Here, it becomes clear
that HD formed in the H-D reaction is indeed vibrationally
hotter than the DH formed in the D-H reaction. It is also
interesting for H-D that, despite the resonance structure in the
total reaction probability and the sharp changes in the state-
resolved reaction probability, the percentage average final
translational energy is still more or less constant. This is in
contrast to the H-H results and the D-H results, where the
resonance structure in the state-resolved reaction probabilities
from Figure 1 is more or less retained in the curves in Figure
3. This is another indication of the different resonance charac-
teristics of the H-D reaction with respect to the D-H and H-H
reactions.

4.2. 3D Results.The total 3D reaction probabilities are given
in Figure 4. As mentioned before, these were generated using
a high-speed, narrow wave packet. For the D-D system we
were able to split the calculation into two parts corresponding
to even and odd rotational states, like we did for H2 in ref 1.
The calculations show that there is almost no difference in the
reaction probability between the formation of ortho-D2 (even
j) and the formation of para-D2 (odd j). We did not include the
nuclear spin of the atoms in our calculations. Thus, for all other
reaction probabilities reported here, we simply averaged the
ortho and para results.81 Recent model calculations by Taka-
hashi82 suggest that H2 on graphite will be formed in the
“normal” 3:1 ortho:para ratio, which suggests also that D2 should
be formed in a 2:1 ortho:para ratio. There are no experimental
measurements of the ortho:para ratio for H2 or D2 formed in a
surface-catalyzed reaction.

Figure 7. 3D state-resolved reaction probabilities for the D-H reaction at initial translational energies of 96.6, 296.0, 996.4, and 2004.6 K. Labels
indicate rotational quantum number of final rovibrational state.
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From the total reaction probabilities in Figure 4 it is clear
that the clean resonances from the 2D calculations are gone.
We can still see some resonance structure. This is most clear
for the H-D reaction, which is the heavy-light-heavy (HLH)
reaction. If we ignore the substructure of the resonances, we
can fit them to eq 3 to get the lifetimes. These are given in
Table 2. The table clearly shows that that the resonances lie at
different initial translational energies than in the 2D calculations.
The lifetimes are of the same order of magnitude as in the 2D
calculations. Such HLH reactions have been extensively studied
in gas-phase reactions (see, e.g., refs 83-87). In gas-phase
reactions the spacing of the oscillations is of the order of the
spacing of the rotational levels of one of the constituent HL
molecules. The oscillations are caused by a hindered rotation
of the HL molecule in the HLH complex and do not involve
rapid transfer of the light atom between the heavy atoms as in
the 2D case. As a result, similar oscillations can also be found
in nonreactive systems, like Ar-HBr.84 In our calculations the
spacing between the resonances is not similar to the rotational
spacing in the resulting HD molecule. However, we still think
that a similar explanation possibly holds here as well with a

restricted bending motion of the HD molecule on the graphite
surface taking the role of the hindered rotation from the gas
phase.

We also investigated how the total energy available to the
reactants is, on average, distributed between rotational, vibra-
tional, and translational energy, where the partition between
rotational energy and vibrational energy is done by assuming
that the energy difference between theν, j ) 0 state and theν,
j state is solely rotational energy and that the energy difference
between theν ) 0, j ) 0 state and theν, j ) 0 state is purely
vibrational energy. An alternative way of investigating this
would have been to look at the averagej and ν quantum
numbers.32,34 However, that would have made comparison
between the mass combinations impossible, because of different
rovibrational energy spectra. For each of the four mass
combinations, the fraction of the total available energy in each
of the three types of energy together with the total reaction
probability is given in Figure 5. For the H-H reaction and
especially for the H-D reaction we find a correlation between
maxima in the rotational energy fraction and maxima in the
reaction probability. For the D-D reaction the situation is
somewhat more complex. Here, we find correlation between
the rotational energy fraction and the reaction probability at low
initial translational energies. However, at high energies we find
almost perfect correlation between the vibrational energy
fraction and the reaction probability. The D-H reactive system
is completely different from the other mass combinations. Here,
at high energy we find correlation between the rotational energy
fraction and the reaction probability, whereas at low energy there

Figure 8. 3D state-resolved reaction probabilities for the D-D reaction at initial translational energies of 96.6, 296.0, 996.4, and 2004.6 K. Labels
indicate rotational quantum number of final rovibrational state.

TABLE 2: Resonance Energies and Lifetimes from the 3D
Reaction Probabilities for the H-D Reaction

resonance energy (K) resonance lifetime (fs)

241 60.5
607 36.3

1240 30.4
1702 64
2053 21
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is no correlation at all. Here, the rotational energy fraction has
a maximum after the reaction probability, where the vibrational
energy fraction has a maximum before the reaction probability.
In general, we find that for all mass combinations (apart from
D2) at almost all energies maxima in the average vibrational
energy correspond to minima in the reaction probability. The
reasons for these correlations cannot be determined from our
calculations. Further elucidation therefore will require calculat-
ing TI wave functions at the resonance energies.

In the 2D calculations, the H-D reaction shows a lower
translational energy fraction than the other mass combinations.
For the 3D calculations the situation is different. Here, the
translational energy fraction is higher than the translational
energy fraction for the D-D and D-H reactions and similar to
the translational energy fraction for the H-H reaction. Changing
the mass combinations mainly affects the rotational energy
fraction, whereas the vibrational energy fraction is more or less
independent of the mass combination, especially at high initial
translational energies. In general, we can say that adsorbing H
on the graphite leads to a lower rotational energy fraction than
when D is adsorbed on the surface, especially at high initial
translational energies.

In Figures 6-8 we have plotted the normalized state resolved
reaction probabilities for the H-D, D-H, and D-D reactions
for four different initial translational energies,∼96, ∼296,
∼1000,∼2000 K (note that the energies differ slightly between
different mass combinations). Interestingly, the maximum
rovibrational state occupied for each of the mass combinations
has approximately the same energy in each case (approximately
20 000 cm-1 for T ≈ 96 K). Each mass combination has states

that are significantly more populated than the neighboring states.
The population in each of these states is highly dependent on
the initial translational energy. For example, for the H-D
reaction the (ν ) 1, j ) 20) and (ν ) 2, j ) 15), which are
very prominent at 96 K are almost completely gone at 296 K.
At 2004 K the most prominent states are (ν ) 1, j ) 17) and
(ν ) 3, j ) 18). Similar observations can be made for the D-H
and D-D reactions. On the other hand some rovibrational levels
appear to be suppressed with respect to their neighbors, e.g.,
the (ν ) 0, j ) 19), (ν ) 1, j ) 17), (ν ) 3, j ) 5), and (ν )
5, j ) 6) rovibrational states for DH at 97 K.

Inspection of the energy spectrum for each of the reactions
correlated with the reaction probabilities shows that there are
clusters of states, some of which are enhanced and some of
which are suppressed. We have listed a characteristic example
for each of the H-D, D-H, and D-D reactions at the lowest
translational energy in Table 3. In this table we have indicated
the vibrational and rotational quantum numbers, the rovibrational
energy and whether the state is enhanced (+) or suppressed
(-) with respect to its neighbors.( means that no definite
assignment can be made. For each of the mass combinations
the spread in the asymptotic rovibrational energies is ap-
proximately 300 cm-1. As is clear from the table, there appears
to be a correlation between the increased intensity in some states
and the decreased intensity in other states. It is also clear when
checking different energies in Figures 6-8 that this correlation
is dependent on the initial translational energy. For example,
for the D-H reaction atT ) 296 K the (ν ) 1, j ) 17) state is
enhanced, whereas the (ν ) 3, j ) 10) and (ν ) 2, j ) 14)
states, which lie close to this state are suppressed. No such

Figure 9. 3D state-resolved reaction probabilities as a function of final rovibrational energy for the H-D reaction at initial translational energies
of 96.3, 295.6, 998.1, and 2004.2 K. Arrow indicates maximum available energy.
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correlation can be seen for this initial energy between the states
listed in Table 3. Also, it is clear that the states showing a
correlation for the H-D reaction do not show any correlation
for the D-H reaction. Possible explanations for this correlation
between product molecule rovibrational states include restricted
bend states on the graphite surface having significant overlap
with more than one asymptotic state or high∆j transitions in
the exit channel.

The possibility of resonant high∆j transitions in the exit
channel is interesting in itself. If these transitions are also
probable in collision with, e.g., other H2 molecules, then that
might mean that the highly rotationally excited H2 molecules
that are predicted in our calculations will not be found in the

interstellar medium, because they will have de-excited before
they can be detected. We are currently investigating this de-
excitation path further.88

In Figures 9-11 we plotted the normalized state selected
reaction probability as a function of the final rovibrational
energy at identical initial translational energies as in Figures
6-8. It is clear from each of the figures that the minimum
amount of translational energy of the products is approximately
2000 cm-1 or about 10% of the total available energy. A similar
conclusion was drawn for the H-H calculations in paper I.
When the three figures are compared with Figure 8 in paper I,
we find that for the D-H reaction the low rovibrational states
are much less populated than, e.g., for the H-D reaction, with
the H-H and D-D reactions lying between those two extremes,
but more like the D-H reaction than the H-D reaction. We
think that this is another manifestation of the fact that for the
H-D reaction we are dealing with a heavy-light-heavy
system, although this has not been mentioned before in the
literature. A more definite answer to this would be provided by
the calculation and characterization of all states in the interaction
region.

There are no other calculations to compare our results with.
Moreover, there is only one set of experiments on the formation
of HD.47-49 These experiments were setup with two atom
sources, one in which H atoms were formed by dissociating H2

and one in which D atoms were formed by dissociating D2.
The dissociation of H2 or D2 is not complete. However, HD
can only be formed on the surface, which means that this does
not have to be taken into account. The formation rates for HD

Figure 10. 3D state-resolved reaction probabilities as a function of final rovibrational energy for the D-H reaction at initial translational energies
of 96.6, 296.0, 996.4, and 2004.6 K. Arrow indicates maximum available energy.

TABLE 3: Rovibrational Energies of States, Which Are
Enhanced or Suppressed in the 3D Reaction Probability at
96 K for the H-D, D-H, and D-D Reactions

reaction state rotational energy (cm-1) change

H-D ν ) 0, j ) 17 11749.8 -
ν ) 1, j ) 14 11751.3 +
ν ) 2, j ) 10 11427.0 -
ν ) 3, j ) 5 11618.3 (

D-H ν ) 0, j ) 19 14140.6 -
ν ) 2, j ) 13 13946.3 -
ν ) 3, j ) 9 13822.3 +
ν ) 4, j ) 3 13993.8 -

D-D ν ) 0, j ) 26 16883.7 -
ν ) 2, j ) 21 16963.8 +
ν ) 3, j ) 18 16870.5 (
ν ) 4, j ) 15 17058.4 (
ν ) 5, j ) 11 17009.5
ν ) 6, j ) 5 16964.3
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were subsequently used to predict rates for the formation of H2

in the interstellar medium,47,89 neglecting any isotope effects
in the formation of H2 or its isotopomers. However, our
calculations suggest that isotope effects in this reaction will be
large. This means that caution is needed in using the results for
the formation of HD in predicting rates for the formation of
H2.

Unfortunately, these temperature-programmed desorption
experiments did not yield any state-resolved results, making a
detailed comparison with our calculations impossible. Moreover,
they were performed at very low coverages of H and D on the
graphite surface (<1%). For these low coverages the Eley-
Rideal mechanism is not expected to be important. However,
they did conclude that the H atoms did not move across the
surface, making it possible that at higher coverages the Eley-
Rideal reaction mechanism becomes the dominant reaction
mechanism. Thus, we are currently developing a new potential
that incorporates a much higher coverage of H/D on the graphite
than the calculations on which the current potential is based. In
the case of a full monolayer of H/D on the graphite surface we
can also expect that cooperative effects within this monolayer
will be important. We will therefore attempt to incorporate this
in our calculations.90

5. Conclusions

We have performed both 2D and 3D calculations on H
reacting with D adsorbed on graphite(0001), D reacting with H
adsorbed on graphite(0001), and D reacting with D adsorbed
on graphite(0001), leading to the formation of HD, DH, and

D2, respectively. These calculations were performed to inves-
tigate possible mass effects in the formation of H2 on graphite,
an important process in the formation of H2 in the interstellar
medium, which was reported on in previous papers.1,2 For the
current calculations, we used similar approximations as for our
calculations on the formation of H2. Thus, we neglected the
corrugation of the surface and kept the surface fixed. The
potential used was that developed in ref 1. As is the case with
all potentials developed for this system, the potential can only
be expected to have qualitative accuracy. A more accurate
potential combined with a more rigorous description of the
dynamics will obviously change our results to some extent.

The 2D calculations show remarkable differences between
the different mass combinations. Moreover, we find evidence
for resonances in the formation of H2, DH, and HD. The
resonances are associated with states of the adsorbed HD, DH,
and HH molecules on graphite. The behavior of the resonances
as a function of initial energy and the fraction final vibrational
energy of the total energy suggest that the reaction of D with
adsorbed H (i.e., the formation of H-D in a heavy-light-heavy
reaction geometry) has a reaction mechanism different from the
reaction of H with adsorbed D (the formation of D-H) and the
reaction of H with adsorbed H. No resonances were found in
the reaction of D with adsorbed D. In all cases we find
vibrationally highly excited products.

Most of the resonance structure in the 2D total reaction
probability has disappeared in the 3D total reaction probabilities.
Also, we find much less vibrational excitation, as in the 2D
case, although the products are highly rotationally excited. We

Figure 11. 3D state-resolved reaction probabilities as a function of final rovibrational energy for the D-D reaction at initial translational energies
of 96.6, 296.0, 996.4, and 2004.6 K. Arrow indicates maximum available energy.
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can still identify some resonance structure, particularly in the
H-D reaction. As with the 3D heavy-light-heavy (HLH)
reactions in the gas phase, we attribute this to restricted bend
states. The main difference with the gas phase is that in a gas-
surface reaction the restricted bend state is of the molecule on
the surface and not of the one LH molecule in the HLH complex.
We find clear correlations between increases in the rotational
energy fraction of the total energy and increases in the total
reaction probability. We also find energy-dependent correlations
between final rovibrational states, which are clearly enhanced
with respect to other states and other final rovibrational states,
which are clearly suppressed. Two possible explanations are
given. We also find that in the formation of H-D no low-energy
rovibrational states are occupied compared to the situation in
the formation of D-H. This is tentatively attributed to the fact
that the H-D reaction is a heavy-light-heavy reaction,
whereas the formation of D-H is not.

Concluding, we can say that HD and D2, like H2, will be
formed rovibrationally excited and translationally hot. This
finding could have important implications for the interstellar
medium, because initial vibrational excitation and high trans-
lational energy can significantly enhance the reactivity of H2

and its isotopomers. We also find strong isotope effects, which
has consequences for the use of experiments on HD to predict
the formation rates of H2.
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