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We have studied the dynamics of energy-rich hydrogen molecules produced on a graphite surface through H(g)
+ H(ad)/C(gr) → H2(g) + C(gr) at thermal conditions mimicking the interstellar medium using a classical
trajectory procedure. The recombination reaction of gaseous H atom at 100 K and the adsorbed H atom on the
interstellar graphite grains at 10 K efficiently takes place on a subpicosecond time scale with most of the
reaction exothermicity depositing in the product vibration, which leads to a strong vibrational population
inversion. The molecules produced in nearly end-on geometry where H(g) is positioned below H(ad) rotate
clockwise and are more highly rotationally excited, but in low-lying vibrational levels. The rotational axis of
most of the molecule rotating clockwise is tilted from the surface normal by more than 30o, the intensity
peaking at 35o. The molecules produced when H(ad) is close to the surface rotate counter-clockwise and are
weakly rotationally excited, but highly vibrationally excited. These molecules tend to align their rotational axes
parallel to the surface. The number of molecules rotating clockwise is eight times larger than that rotating
counter-clockwise.
Key Words : Graphite, Hydrogen, Classical trajectory, Interstellar, Vibration

Introduction
The recombination reaction of gas-phase atomic hydrogen
with adsorbed hydrogen atoms on a solid surface has been
known to occur in a direct gas-adatom collision.1-7 An
amorphous graphite surface is one such system on which
hydrogen recombination has been studied extensively in
recent years as a result of astrophysical interests. Atomic
hydrogen is by far the most abundant gaseous constituent in
the interstellar medium. When graphite grains are highly
porous, hydrogen atoms which interact weakly with the
surface sites can be trapped interstitially. In such an
environment, the weakly adsorbed atom can be formed on a
graphite site8 where it interacts with the incident gas atom,
and their recombination on interstellar dust grains is believed
to be the leading hypothesis for the formation of H2 in cold
interstellar clouds.9-15
In ref. 16, we have studied the reaction of gas-phase
atomic hydrogen reacting with adatoms in the limits of
chemisorption and physisorption. In the chemisorption limit
the adatom-surface interaction is considered to be the typical
C-H bond energy (3.30 eV), whereas in the physisorption
limit it is a weak van der Waals (vdW) interaction (39.3
meV). On the other hand, density functional theory (DFT)
shows17 that hydrogen atoms exclusively chemisorb on top
of a carbon at short range (around 1.5 Å), the region which
has been considered in recent studies.18-21 The DFT study
also shows the existence of a physisorption region around
3 Å and the presence of both adsorption regions separated by
a barrier.17 The latter study indicates that the physisorption
*
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description is consistent with the vdW model. We have
already explored the role of this region in the formation of
hydrogen molecules.16
In this paper, as an extension of the work in ref. 16, we
study the recombination dynamics of hydrogen atoms on a
graphite surface at the thermal conditions appropriate to the
interstellar medium, where the interstellar grains are near 10
K and the gas is at 10-100 K,18 using the physisorption
region consistent with the vdW model.16 In the physisorption
limit, vibrational and rotational states are found to be highly
excited. The major focus of our study is to elucidate the
vibrational and rotational distributions and extent to which
these distributions are related to rotational orientation and
alignment in the interstellar medium. From the solution of
equations of motion of primary system atoms, we first establish the occurrence of reaction and extents of vibrational
and rotational excitation. We then study the dependence of
reaction probability on the impact parameter, rotational and
vibrational population distributions in relation to the
orientation of product molecules.
Interaction Model
The incident gas atom H(g) approaches a graphite surface
on which hydrogen atoms are adsorbed. We consider the
reaction between H(g) and H(ad) preadsorbed on the center
atom C(0), which is surrounded by 12 nearby carbon atoms of
three benzene rings. H(g) is in interaction with all 12 surface
sites C(i), i = 1-12. Figure 1 shows the numbering of these
atoms on the surface layer and definitions of the pertinent
coordinates. The reaction zone atoms are the incident gas
atom H(g), the preadsorbed atom H(ad) and the center
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with the collision energy E when the adatom takes the initial
values of (rCH, θ, φ). Thus, the occurrence of each event can
be determined by studying the time evolution of the H(g)surface distance Z, the H(ad)-surface bond distance rCH and
the H(g)-to-H(ad) distance rHH for the ensemble of gas
atoms approaching the surface from all directions.
Each reactive events can be described in terms of the
interactions of H(g) with H(ad), C(0), 12 adjacent carbon
atoms and N chain atoms. We construct an analytical form of
the potential energy surface (PES) by combining a modified
London-Eyring-Polanyi-Sato (LEPS) potential energy
function with the θ, φ-hindered rotational motions and the
harmonic motions of the (N+1)-chain atoms including the
vibration of C(0).23 The complete PES is
U = {QHH + QHC + QHS − [AHH2 + AHC2 + AHS2 − AHHAHC
− (AHHAHC)AHS]1/2} + 1/2kθ(θ − θe)2+ 1/2kφ(φ − φe)2
+ ∑ (1/2MCωej2ξj2)
j

+ ∑ (terms of type 1/2MCωc,j2ξj-1ξj,
j

Figure 1. Interaction model showing the gas-phase atom H(g)
denoted by H(ρ, Z, Φ), interacting with the adsorbed atom
H(rCH, θ, φ), H(ad), adsorbed on C(0), which is coupled to the Natom chain and is surrounded by 12 sites. The Nth atom of the
chain is coupled to the heat bath. The H(g)-to-C(i) distance is
denoted by zHS,i. For clarity, the 2nd and 3rd surface atoms are not
shown.

graphite atom C(0). The model considers C(0) as the 0th
member of the (N+1)-atom chain which links the reaction
zone to the heat bath, providing a quasiphysical picture of
energy flow between the reaction zone and the chain atoms
and, in turn, between the chain and the heat bath.22,23
A total of six degrees of freedom is necessary to describe
the motions of H(g) and H(ad) above the surface. Although it
is straightforward to transform these coordinates to the
center-of-mass and relative coordinate systems, we find that
it is convenient to describe the collision system in terms of
the atomic coordinates for the gas atom H(xH, yH, zH) and for
the adatom H(xH’,yH’,zH’).16,23 The H(ad) coordinates are xH’
= rCHsinθcosφ, yH’ = rCHsinθsinφ, and zH’ = rCHcosθ, i.e.,
H(xH’, yH’, zH’) = H(rCH, θ, φ), where rCH is the adatom-toC(0) distance and θ, φ determine the orientation of the
adatom-C(0) bond with respect to the surface normal and the
x-axis, respectively; see Figure 1. The H(g)-to-H(ad)
distance rHH is (ρ2 + z2)1/2, where ρ is the distance between
H(g) and H(ad)-surface normal axis, and z is the vertical
distance from H(g) to the horizontal line determining the
position of H(ad). Note that the initial (t → - ) value of ρ is
the impact parameter b. The projection of rHH on the surface
plane is oriented by the angle Φ from the x axis. Thus, the
coordinate (xH, yH, zH) can be transformed into the
cylindrical system (ρ, Z, Φ), where Z is the normal H(g)-tosurface distance. The vertical distance z is then z = ZrCHcosθ. The initial state of the reaction zone is the gas atom
approaching the surface at the initial condition of (ρ, Z, Φ)

ó

1/2MCωc,j+12ξjξj+1, etc.),

(1)

where kθ and kφ are force constants, θe and φe are the
equilibrium angles, MC is the mass of the carbon atom, ξ’s
are the vibrational coordinates of the (N+1) atoms, ωej is the
Einstein frequency, and ωcj is the coupling frequency
characterizing the chain. The explicit forms of the coulomb
terms (Q’s) and exchange terms (A’s) written in the Morsetype functions are well known. These energy terms contain
the adjustable Sato parameters (∆’s). In the reaction zone, we
have three interactions, namely H(g)-H(ad), H(ad)-C(0) and
H(g)-C(0). For these interactions, the coulomb and exchange
energies are
Qk = 1/4[Dk/(1+∆k)][(3+∆k)e(zke-zk)/ak − (2+6∆k)e(zke-zk)/2ak],
(2a)
Ak = 1/4[Dk/(1+∆k)][(1+3∆k)(zke-zk)/ak − (6+2∆k)e(zke-zk)/2ak],
(2b)
where k = HH, H(ad)C(0) and H(g)C(0) for H(g)-H(ad),
H(ad)-C(0) and H(g)-C(0), respectively. Here, zke is the equilibrium value of the kth atom-atom distance zk and ak is the
Morse-type range parameter. The H(g)-H(ad), H(ad)-C(0)
and H(g)-C(0) distances are
zHH = {ρ2 + [Z − (dCH + xCH)cosθ]2}1/2,

(3a)

zHC = (dCH + xCH) + ξ0,

(3b)

zHS(0) = {Z + [ρsinΦ + (dCH + xCH)sinφ]
2

2

+ [(dCH + xCH)sinθ + cosΦ]2}1/2,

(3c)

respectively, where xCH is the displacement of the H(ad)-C(0)
distance from its equilibrium value dCH i.e., rCH = dCH + xCH.
We now add the 12 terms of the interaction between H(g)
and adjacent surface sites to QHS(0) and AHS(0) and refer to the
sum as the H(g)-surface interaction:
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QHS = QHS(0) + 1/4[DHS/(1 + ∆HS)] Σ[(3 + ∆HS)e(zHSe-zHS,i)/aHS
− (2 + 6∆HS)e(zHSe-zHS,i)/2aHS],
AHS = AHS(0) + 1/4[DHS/(1 + ∆HS)] Σ[(1 +

(4a)
3∆HS)e(zHSe-zHS,i)/aHS

− (6+2∆HS)e(zHSe-zHS,i)/aHS],

(4b)

where zHS,i is the distance between H(g) and the ith carbon
atom. Since each H(g)-to-surface atom distance zHS,i is
zHS,i(rCH,θ,φ,ρ,Z,Φ), the potential energy surface has the
functional dependence U(rCH,θ,φ,ρ,Z,Φ,{ξ}), where {ξ}=
(ξ0, ξ1, ,ξN) for the vibrational coordinates of the (N+1)chain atoms.
0
For the H-H interaction, the binding energy is D 0 =4.434
24
eV at zHHe=0.7414 Å. With the frequency ωHH/2πc = 4401
cm−1,24 we find the exponential range parameter aHH =
0
(DHH/2µHH)1/2/ωHH = 0.257 Å, where DHH = D 0 +1/2 h ωHH
and µHH is the reduced mass.
The vibrational frequency of the van der Waals bond
between H(ad) and the graphite surface can be determined
using the inverse-power-law potential V(rCH) = DvdW
× [(σ /rCH)10−(σ/rCH)6] in the WKB eigenvalue expression25

Î

1
( 8 µ ) - r*CH
1/2
---------------[ E v – D HS – V ( r CH ) ] dr CH =  v + --- ,

h ∫r**CH
2
1/2

(5)

where r *CH and r **
CH are the outer and inner turning points,
respectively. Using σ = 3.38 Å and the well depth DvdW =
39.3 meV,8 we find the vibrational frequency 188 cm−1 for
the weak H(ad)-C(0) bond. The range parameter for the vdW
bond is found to be 0.387 Å. We use the same Sato
parameters as in Ref. 16. The set is ∆HH = 0.30 for H(g)H(ad), ∆H(ad)C(0) = 0.40 for H(ad)-C(0), and ∆HS = 0.40 for
H(g) to each of the 13 surface-layer graphite atoms.
To study the reactive event, we follow the time evolution
of the reaction system by integrating the equations of
motion, which describe the motions of the reaction-zone
atoms and N-chain atoms. An intuitive way to treat the
dynamics of the reaction involving many surface atoms is to
solve the motions of the reaction-zone and N-chain atoms in
the presence of 12 H(g)-C interactions governed by the
molecular time scale generalized Langevin set of the
equations of motion.22 The details of the formulation of
these equations have been described elsewhere,26 but will be
reviewed briefly here with several relevant expressions. The
equations of motion for the gas atom and adatom are in the
form
m j Y·· j ( t ) = − ∂ U ( r CH , θ , φ , ρ ,Z, Φ , { ξ } )/Y j ,

(6)

where Yj’s are Z,ρ,Φ,rCH,θ,φ for j = 1, 2, ..., 6, respectively,
with m1 = mH, m2 = µHH, m3 = IHH, m4 = IHH, and m5 = m6
= IHH. Here µ is the reduced mass and I is the moment of
inertia. For the (N+1)-atom chain dynamics, we have23
··
2
2
ξ 0 ( t ) = − ω e0 ξ 0 ( t )+ ω c1 ξ 1 ( t )
–1

−M c ∂ U ( z HSi , θ , φ , ρ ,Z, Φ , { ξ } )/ ∂ξ 0

(7a)
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··
2
2
2
ξ j ( t ) = − ω ej ξ j ( t )+ ω cj ξ j – 1 ( t ) + ω c,j + 1 ξ j + 1 ( t ),
(7b)
j = 1,2,.., N−1
··
·
2
2
ξ N ( t ) = −Ω N ξ N ( t )+ ω c,N ξ N – 1 ( t ) − β N + 1 ξ N ( t )+f N + 1 ( t )
(7c)
Here, ΩN is the adiabatic frequency and fN+1(t) determines
the random force on the primary system arising from
thermal fluctuation in the heat bath. The friction coefficient
βN+1 is very close to πωD/6, where ωD is the Debye
frequency. The Debye temperature of graphite is 420 K.27
All values of the frequencies and friction coefficients have
been presented elsewhere.28 The initial conditions required
to solve these equations have already been given in an earlier
paper.26
The numerical procedures include extensive use of Monte
Carlo routines to generate random numbers for initial
conditions. The first step is to sample collision energies E
from a Maxwell distribution at the gas temperature Tg and to
weight the initial energy of H(ad)-surface and all chain atom
vibrations by a Boltzmann distribution at the surface
temperature Ts. In sampling impact parameters, we take the
flat range of 0 < b < bmax, where bmax = 2dCC = 2.842 Å. Also
sampled are the initial values θ0, φ0 and Φ0. Thus, each
0
trajectory is generated with the set (E, b, E CH , θ0, φ0, Φ0,
0
{ξ}0), where E CH is the initial energy of the adatom-surface
vibration and {ξ}0 represents the initial values of {ξ0, ξ1, ....,
ξN}. The total number of trajectories sampled is 30000. We
follow each trajectory for 50 ps, which is a sufficiently long
time for H2(g) to recede from the influence of surface
interaction, to confirm the occurrence of a reactive event
forming H2(g). Furthermore, we confirm that each trajectory
can be successfully back-integrated in the computational
procedure. We take the chain length of N = 10.28
Results and Discussion
A. Reaction Probability. The probability of H2 formation
in the reaction H(g) + H(ad)/C(gr) → H2(g) + C(gr) is 0.248
at Tg = 100 K and Ts = 10 K, and the H2 formation occurs in
a direct collision between H(g) and H(ad) on a subpicosecond scale. It can be compared with the probability of
0.534 at different thermal conditions for the same system (Tg
= 1500 K, Ts = 300 K).16 The ensemble-averaged reaction
time is 0.198 ps. Thus the recombination takes place
efficiently at such an extreme thermal condition which
mimicks the interstellar medium. But, it is interesting to note
that this probability is significantly smaller than that for the
hydrogen chemisorbed surface. That is, Farebrother et al.18
showed that at the gas temperature 100 K for which the most
probable energy is 0.013 eV, the recombination is more
efficient for the hydrogen chemisorbed surface. Somewhat
larger probabilities 0.4-0.6 are found at the collision energy
0.1 eV in the calculation by Parneix and Bréchignac,15 who
have used DCH = 0.665 eV, while Farebrother et al. used DCH
= 1.58 eV.18 On the other hand, the probability based on DCH
= 0.57 eV, the calculations of Jeloaica and Sidis17 represent-
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Figure 2. Dependence of the reaction probability P(b) on the
impact parameter b. The thick solid line is for the cw orientation
and the thin solid line for ccw.

ing relatively weak chemisorption sites, is 0.503 at Tg = 100
K and Ts = 10 K.20
In Figure 2, we show the dependence of H2 formation on
the impact parameter in the range from b = 0 to bmax = 2.84
Å. (We will discuss the two curves denoted by “cw” and
“ccw” in the next section.) Except near 0.2 < b < 1.2 Å
collisions, the opacity function takes a significant value, in
particular in the collisions where b > 2.4 Å. Nine carbon
sites are configured in the range between this distance and
2dCC = 2.842 Å. This result indicates that H(g) approaching
close proximity to the surface with an impact parameter
falling in this range tends to move toward H(ad) on C(0). At
short range, the surface atoms produce a repulsive wall and
steer H(g) in the direction of H(ad) for H2 formation. We
note that the total reaction cross section defined as σ =
2π ∫ P(b)bdb is as large as 9.22 Å2. Sha and Jackson, using
quantum scattering methods and the energy of the physisorbed H of 0.036 eV, reported cross section to be about 8 Å2
around Ei = 0.1 eV for the physisorbed H case.21
B. Reactive Trajectories. In Figures 3a and 3b we show
two trajectories, each representing the representative
trajectory producing the same direction of orientation of H2
when it begins the upward journey from the surface. To
study this orientation problem, we first note that in both
figures, the trajectories at the instant of the initial impact
(i.e., the first minimum of the H(g)-surface distance) are
below the H(ad)-surface distance. When H(g) approaches
close range to the surface, its interaction with H(ad) weakens
the H(ad)-surface bond. The upward motion of H(ad) when
H(g) approaches the first H(g)-surface minimum represents
this situation and the motion results in the H(ad)-surface
distance being increased by nearly 1 Å. As shown in Figure
3a, after reaching the first minimum H(g) begins to attract

Figure 3. Time evolution of the H(g)-surface, H(ad)-surface, and
H(g)-H(ad) distances for (a) the cw orientation and (b) the ccw
orientation.

the outgoing H(ad) to form H(g)-H(ad), i.e., H2. The wellorganized oscillation of the H-H distance beyond the first
maximum confirms the formation of a stable H2 molecule. It
is important to notice that the first minimum of the H(g)surface distance and the first maximum of the H(ad)-surface
distance occur at nearly the same instance, thus indicating
that H2 forms with nearly end-on (or vertical) geometry with
H(g) at the bottom. In Figure 3b, H(g) rebounding from the
surface after the initial impact affects the adatom to form H2.
In this case, unlike the previous case shown in Figure 3a,
H(ad) is now closer to the surface at the instant of the H2
formation. For some trajectories, the H(g)-surface and
H(ad)-surface distances are not significantly different from
each other, but the H(ad) end is still closer to the surface. We
now discuss this difference between the two representative
trajectories.
For the representative trajectory shown in Figure 3a, H(g)
at the second minimum is as close to the surface as that at the
minimum (the first impact) at which H2 is formed. But
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thereafter the minima of the H(g)-surface distance diverge.
In a nonzero-b collision, H(g) of the rotating H2 immediately
after the H2 formation is attracted toward the surface site
which has just released H(ad). As the nascent molecule
begins its journey away from the surface, this attraction
causes the H(g) end to move toward the axis normal to the
C(0) site so that the molecule commences a clockwise (cw)
rotation. In particular, since the forces of the subsequent
impacts (second in the representative case) exert a large
torque, the receding molecule is hurled into a high rotational
state with the cartwheeling-type rotation. A similar result
has been observed in the scattering of N2 on Ag(111).29
Nearly 89% of the reactive trajectories undergo this type of
rotation. In this case, the reaction takes place on a subpicosecond scale when H(g) reaches the first turning point,
so the incident angle determines the angle at which H2
forms.
In Figure 3b, on the other hand, the second minimum of
the H(g) surface distance is now much farther away from the
surface than the first minimum. It is more than 2 Å farther.
As shown in Figure 3b, the dynamics of this representative
case is very different from that of Figure 3a. In particular, the
incident atom approaches the surface much closer than in the
case shown in Figure 3a and then rebounds to a larger
distance before it is attracted back by H(ad) to form H2. In
this case, when the H(ad)-surface bond breaks and H2 forms,
the H(ad) end of H2 tends to move away from the surface
site, thus causing the nascent molecule to begin a counterclockwise (ccw) motion. The product molecule for the rest
of reactive trajectories (11%) undergoes this type of orientation. We now note that, as H(g) turns around the corner at the
closest approach and bounces back to the first maximum, a
significant amount of acceleration of the trajectory occurs.
This acceleration produces strong vibrational excitation as
seen by a large amplitude motion with a large vibrational
period of the H-H distance beyond the first maximum of the
trajectory (compare the H-H distance in Figure 3b with that
in 3a).
Now we return to Figure 2 to discuss the cw and ccw
curves. The hydrogen molecule produced in a large-b
collision has a strong tendency to rotate clockwise. Where b
> 2.4 Å, the probability of forming such molecules is significantly large. This range is 3 dCC < b < 2dCC, corresponding
to the region near H-C(i), i = 2, 3, 4, 6, 7, 8, 10, 11 and 12.
However, in H(g)-H(ad) interactions where the impact
parameter is smaller than 1.0 Å, the probability of forming
cw molecules diminishes. On the other hand, the ccw
probability takes maximum values near b = 0, and decreases
to zero in the region where the impact parameter is larger
than 0.4 Å. In Figure 2, the ccw and cw curves show their
maximum near b = 0 and 2.8 Å, respectively, corresponding
approximately to the regions near H(ad)-C(0) and near H-C(i),
i = 2, 3, 4, 6, 7, 8, 10, 11 and 12, respectively. This calculated
rotational orientation arises from corrugation in the gassurface interaction potential.
The dynamics of H(g) approaching the surface closer than
the H(ad)-surface separation implies that the incident angle,
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Figure 4. Relative intensity distribution of the alignment angle Γ
for the molecules undergoing cw and ccw orientations. The dotted
lines is the sum of cw and ccw components.

θinc defined in Figure 1, is larger than 90o. In a direct
collision, which takes place on the subpicosecond scale, the
value of this angle at the instant of the H2 formation is
strongly correlated with the alignment of the H2 rotational
axis. The angle Γ between the axis of rotation of H2 and the
surface normal at the instant of H2 formation can be
determined from this angle, and its distribution provides the
information on the rotational alignment of H2. In Figure 4,
we plot the distribution of Γ for all reactive trajectories. The
cw case has the maximum distribution near 35o. That is,
when H(g) is closer to the surface and binds with H(ad), the
product molecule tends to leave the surface in an intermediate state between the cartwheel-like and helicopter-like
rotations. It is interesting to compare this result with the
cartwheeling-type rotation of N2, when it scatters from
Ag(111) in nearly end-on geometry.29 On the other hand, for
the majority of H2 leaving the surface with ccw rotation, the
rotational axis is over 80o, in particular the maximum
distribution occurs near 90o, indicating cartwheel-like
rotations when H(ad) is closer to the surface and binds with
H(g) in nearly head-on geometry. The molecule, which starts
out with such head-on geometry, is not particularly efficient
in carrying a large amount of rotational energy. As shown in
Figure 4, we find no product molecules with the rotational
axis perpendicular to the surface.
C. Vibrational and Rotational Energies. The difference
between the H-H and H-surface interaction energy is 4.751
eV, so the energy available to the product state is 4.751 + E +
0
E CH . The vibrational motion is found to share most of the
reaction exothermicity, thus producing vibrationally highly
excited H2 molecules. The ensemble-averaged vibrational
energy of H2 is as large as 3.43 eV.
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Figure 5. Relative intensity distribution of the vibrational population for the cw and ccw molecules. The solid line is the sum of cw
and ccw components.

Figure 6. Relative intensity distribution of the rotational population
for the cw and ccw molecules. The solid line is the sum of cw and
ccw components.

The vibrational energy of H2 for the representative trajectory considered in Figure 3a is 0.750 eV, whereas that in
Figure 3b is 3.45 eV. Such a large difference can be expected
from a qualitative comparison of the H-H distance shown in
the two figures. Here we have determined the energy
deposited in the vibrational motion of H2(g) from the usual
expression Evib = p2/2mH2 + DHH[1−e(zHHe−zHH)/2aHH]2, sum of
kinetic and potential energies. To mimic the quantum
vibrational distribution, we use a binning procedure of
assigning quantum number v corresponding to Evib through
the relation v = int[Evib/E(v)], corresponding to the values of
Kolos et al.30 As shown in Figure 5, the intensity of
vibrational population distribution for hydrogen molecules
produced in the reaction is trimodal (see the curve for the
sum), which is an overlap of the distributions of cw and ccw
rotating molecules. The population distribution is the largest
for v = 9, but the intensity is still significant event near the
dissociation threshold. On the other hand, it is interesting to
note that the vibrational excitation for the chemisorbed
case16 shows the population maximum appearing at v = 3. In
general, for both cw and ccw cases vibrational energies are
highly excited, and the resulting population deviates seriously from the Boltzmann distribution. In particular, highly
vibrationally excited states are dominated by H2 rotating
ccw. As noted above in Figure 3b, a significant amount of
acceleration of the trajectory occurs after turning the closest
approach, resulting in such high vibrational excitation.
The distributions of rotational population are shown in
Figure 6, where the rotational quantum number J corresponding to the calculated energy Erot is determined using
the same binning procedure introduced above: J = int[Erot/
E(J)] with Erot = L2/2µHHrHH2 and E(J) = J(J+1) h 2/2IHH,

where L is the angular momentum µHH(z ρ· −ρ z· ). The cw
trajectory receives a torque from the steep side of the H(g)surface interaction as the H(g) end rapidly goes around the
turning point (see Figure 3a). As a result, a closer approach
of H(g) to the surface at the second impact after the first full
rotation results in strong rotational excitation. These cw
molecules begin their orientation and alignment when the
two atoms combine in nearly end-on geometry and the
highest cw population occurs at J = 4. However, the distribution of ccw rotational population is concentrated at lower
rotational states. Since low rotational excitation leaves more
energy for vibration, a ccw rotating molecule usually has a
larger amount of vibrational energy compared with a cw
molecule. The ensemble-averaged vibrational energy is 4.69
eV for the ccw molecules, but the corresponding energy is
only 3.27 eV for the cw case.
Concluding Comments
We have studied the recombination of gaseous hydrogen
atoms with weakly adsorbed hydrogen atoms on a graphite
surface at the thermal conditions mimicking the interstellar
medium. The recombination reaction is very efficient and H2
formation occurs on a subpicosecond time scale. Product
molecules are strongly vibrationally excited and their population deviates seriously from the Boltzmann distribution.
The rotational motion of H2 can be oriented either clockwise or counter-clockwise. We have determined the orientation by following the trajectories at the very early stage of
recombination. Clockwise orientation results for the molecule forming from near end-on geometry on the surface. The
molecules rotating clockwise are in low-lying vibrational
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levels. However, the molecules rotating counter-clockwise
have the rotational alignment closely parallel to the surface
with weak rotational excitation. The molecules with rotational
motion oriented counter-clockwise are highly vibrationally
excited. The number of molecules oriented clockwise is
significantly larger than that of molecules oriented counterclockwise.
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