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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) - Hz(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 thahe3ttensity

peaking at 35 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.
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Introduction description is consistent with the vdW model. We have
already explored the role of this region in the formation of
The recombination reaction of gas-phase atomic hydrogehydrogen molecule.
with adsorbed hydrogen atoms on a solid surface has beenin this paper, as an extension of the work in ref. 16, we
known to occur in a direct gas-adatom collisidnAn study the recombination dynamics of hydrogen atoms on a
amorphous graphite surface is one such system on whidraphite surface at the thermal conditions appropriate to the
hydrogen recombination has been studied extensively imterstellar medium, where the interstellar grains are near 10
recent years as a result of astrophysical interests. Atomik and the gas is at 10-100 K using the physisorption
hydrogen is by far the most abundant gaseous constituent iegion consistent with the vdW mod&In the physisorption
the interstellar medium. When graphite grains are highhimit, vibrational and rotational states are found to be highly
porous, hydrogen atoms which interact weakly with theexcited. The major focus of our study is to elucidate the
surface sites can be trapped interstitially. In such arvibrational and rotational distributions and extent to which
environment, the weakly adsorbed atom can be formed onthese distributions are related to rotational orientation and
graphite sit® where it interacts with the incident gas atom, alignment in the interstellar medium. From the solution of
and their recombination on interstellar dust grains is believe@quations of motion of primary system atoms, we first esta-
to be the leading hypothesis for the formation efitHcold  blish the occurrence of reaction and extents of vibrational
interstellar cloud$*® and rotational excitation. We then study the dependence of
In ref. 16, we have studied the reaction of gas-phasesaction probability on the impact parameter, rotational and
atomic hydrogen reacting with adatoms in the limits ofvibrational population distributions in relation to the
chemisorption and physisorption. In the chemisorption limitorientation of product molecules.
the adatom-surface interaction is considered to be the typical
C-H bond energy (3.30 eV), whereas in the physisorption Interaction Model
limit it is a weak van der Waals (vdW) interaction (39.3
meV). On the other hand, density functional theory (DFT) The incident gas atom H(g) approaches a graphite surface
shows’ that hydrogen atoms exclusively chemisorb on topon which hydrogen atoms are adsorbed. We consider the
of a carbon at short range (around 1.5 A), the region whicheaction between H(g) and H(ad) preadsorbed on the center
has been considered in recent stuiésThe DFT study atom Gg), which is surrounded by 12 nearby carbon atoms of
also shows the existence of a physisorption region arounthree benzene rings. H(g) is in interaction with all 12 surface
3 A and the presence of both adsorption regions separated biges G, i = 1-12. Figure 1 shows the numbering of these
a barriett” The latter study indicates that the physisorptionatoms on the surface layer and definitions of the pertinent
;f_oordinates. The reaction zone atoms are the incident gas

ﬁi:‘gcfo\év:;w ;é) rkrrespondence should be addressed. E_m"’"a'tom H(g), the preadsorbed atom H(ad) and the center
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= & Hip.Z D) with the collision energf when the adatom takes the initial
L;"‘ e P values of £cn, 6, @. Thus, the occurrence of each event can
X il A A be determined by studying the time evolution of the H(g)-
e, ” ozl " surface distancg, the H(ad)-surface bond distaneg and
b the H(g)-to-H(ad) distanceny for the ensemble of gas
Hi{k m? . i.-'". T 13 atoms approaching the surface from all directions.
__F‘. B i Each reactive events can be described in terms of the
e

(T L # interactions of H(g) with H(ad), & 12 adjacent carbon
EI"‘—“ = "Q Eﬁﬁ__ _J;' atoms andN chain atoms. We construct an analytical form of
T —— ’Eji__ . P 100 the potential energy surface (PES) by combining a modified
— LA 3L London-Eyring-Polanyi-Sato (LEPS) potential energy

2l function with the8, g-hindered rotational motions and the

harmonic motions of theN¢1)-chain atoms including the

= vibration of Go).?® The complete PES is
' U ={Qun + Quc + Qus — [Aun? + Auc? + Aus® — AunAnc
? = (AurAH)AS] Y3 + 12K 8- 6™+ 112k 0~ @)
.11‘ + z (1/2%%1252)
i

| Heat hath | +y (terms of type 1/2Mw 2&.16;,

j
Figure 1. Interaction model showing the gas-phase atom H(g) 1/2|\/|cwcj+12«fjfj+1. etc.), (1)

denoted by H§, Z, @), interacting with the adsorbed ato
H(rew, 6, @), H(ad), adsorbed on, which is coupled to thel- — \yhere ky and k, are force constantsk and @ are the

atom chain and is surrounded by 12 sites. Nite atom of the P .
chain is coupled to the heat bath. The H(g)-tp-@istance is equilibrium angles, Mis the mass of the carbon atoffs

denoted byzs,. For clarity, the 2nd and 3rd surface atoms ate no @re the vibrational coordinates of t+() atomsga, is the
shown. Einstein frequency, anduw; is the coupling frequency
characterizing the chain. The explicit forms of the coulomb
terms (Q's) and exchange term&g) written in the Morse-
type functions are well known. These energy terms contain
rpe adjustable Sato parametéx's). In the reaction zone, we
%ave three interactions, namely H(g)-H(ad), H(ad)-&hd

graphite atom (. The model considers de as theOth
member of theN+1)-atom chain which links the reaction
zone to the heat bath, providing a quasiphysical picture
Zﬂg,r?z thI]or\r/]v gitt\vl\\//:?] :Eg Lig?:}'%?\;?ﬁg ﬁ:;%ghc.ham atonﬁ(g)-(_:(o). For these interactions, the coulomb and exchange
X . . energies are

A total of six degrees of freedom is necessary to describé
the motions of H(g) and H(ad) above the surface. Although it Q, = 1/4|D,/(1+A)][(3+A) %% — (2+6\,)ee 2]
is straightforward to transform these coordinates to the (2a)
center-of-mass and relative coordinate systems, we find that o) A
it is convenient to describe the collision system in terms of A = 1/ADW/(1+A)][(1+3A) e — (6+20) e,
the atomic coordinates for the gas atomqtif+, z4) and for (2b)

the adatom H¢ .yw,z+)."*** The H(ad) coordinates arke  where k=HH, H(ad)Go and H()G for H(g)-H(ad),
= ronSINGCosy Y = renSINgsing andzy = rewcosd, i€, H(ad)-Go) and H(g)-Go), respectively. Hereze is the equili-
H(w, Y, Z4) = H(en, 6, @), wherercy is the adatom-10-  priym value of thekth atom-atom distanca andax is the

Cp distance andf, ¢ determine the orientation of the \orse-type range parameter. The H(g)-H(ad), H(as)-C
adatom-G, bond with respect to the surface normal and theyng H(g)-G, distances are

x-axis, respectively; see Figure 1. The H(g)-to-H(ad)

distanceryy is (0% + z2)Y2, wherep is the distance between  zuy = {0? + [Z - (dcn + XcH)cosd| 3 12, (3a)
H(g) and H(ad)-surface normal axis, ands the vertical _

distance from H(g) to the horizontal line determining the ¢~ (Gen +xcr) + &o, (3b)
position of H(ad). Note that the initial { - o) value ofp is Znso) = {Z2 + [psSin® + (dcn + Xcr)singl?

the impact parametér The projection ofyy on the surface . 12

plane is oriented by the angte from thex axis. Thus, the + [(don + Xer)sing + cosPI} (3¢)
coordinate Xu, Y, z4) can be transformed into the respectively, whergcy is the displacement of the H(ad}C
cylindrical systemg, Z, @), whereZ is the normal H(g)-to-  distance from its equilibrium valuk i.e., ren = den + Xch.
surface distance. The vertical distancas thenz = Z- We now add the 12 terms of the interaction between H(Q)
rcucod. The initial state of the reaction zone is the gas atonand adjacent surface sitesQgs( ) andAus) and refer to the
approaching the surface at the initial condition®mfZ, ®) sum as the H(g)-surface interaction:
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Qus = Quso)+ L/4Dwg/(L +An9)] Z[(3 + Angdelsers Vs (1) = —wly& (D) +wii& o (1) + @l 18, (D),
- (2 + BAng)e?Hse?s V2], (4a) j=1,2,.,N-1 (7b)
Avs = Auso)+ L/ADRS/(L +Aug)] [(L + Bug)dhseisds &) = ~QRE(D)+ah yEn_1(1) = Bys 1En(D)+Hy, 1 (1)
— (6+20g)ePHseHs Vang], (4b) (7c)

Here, Qy is the adiabatic frequency amfg(t) determines
the random force on the primary system arising from
thermal fluctuation in the heat bath. The friction coefficient
Bu+1 is very close tormw/6, where an is the Debye
frequency. The Debye temperature of graphite is 430 K.
All values of the frequencies and friction coefficients have
been presented elsewhétd he initial conditions required
to solve these equations have already been given in an earlier
paper®

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

wherezys; is the distance between H(g) and itirecarbon
atom. Since each H(g)-to-surface atom distangg is
Zusi(ren, 6,002, @), the potential energy surface has the
functional dependenc®(rcw,0,¢0.Z ®{E}), where {&}=

(&0, é1,7+-,€én) for the vibrational coordinates of thi+1)-
chain atoms.

For the H-H interaction, the binding energyD% =4.434
eV atzune=0.7414 A%* With the frequencyu/27c = 4401
cmt? we find the exponential range parametgr =
(DHH/ZI,IHH)UZ/(AMH = 0.257 A, WhereDHH = Dg +1/2h CHH
andpyy is the reduced mass.

The vibrational frequency of the van der Waals bond

between H(ad) and the graphite surface can be determinefré)r.n a Maxwell distribution at the gas temperaffyand to

using the inverse-power-law potentid(rcy) = Duvaw weight the initial energy of H(ad)-surface and all chain atom

10_ el . vibrations by a Boltzmann distribution at the surface
x [(0fren)**~(alren)’] in the WKB eigenvalue expressfon temperaturds. In sampling impact parameters, we take the

82 o i 10 flat range of O < < bmax, Wherebmay= 2dcc = 2.842 A. Also
(—H)—h J’ri” [E,—Dys—V(rew)l drCH=E/+ >0 (5) sampled are the initial value®, @ and ng Thus, each

cH trajectory is %enerated with the sé&, 1§, E-,,, 6, @, P,
{&}o), whereEg,, is the initial energy of the adatom-surface
Vibration and £} o represents the initial values afo{ &1, ....,

39.3 me\® we find the vibrational frequency 188 ¢nfor énJ- The total n_umber of trajectories sgmpled IS .30000' we
follow each trajectory for 50 ps, which is a sufficiently long

the weak H(ad)-@ bond. The range parameter for the Vthime for H(g) to recede from the influence of surface

bond is found to be 0.387A. We use the same Sat?nteraction to confirm the occurrence of a reactive event
parameters as in Ref. 16. The sefig = 0.30 for H(g)- ’

_ i _ forming Hx(g). Furthermore, we confirm that each trajectory
H(ad), Aueaco= 040 for H(ad)-G@), and Aus=0.40 for " successfully back-integrated in the computational
H(g) to each of the 13 surface-layer graphite atoms.

H 2,

To study the reactive event, we follow the time evolutionprocedure' We take the chain lengtthof 10%°

of the reaction system by integrating the equations of

motion, which describe the motions of the reaction-zone
atoms andN-chain atoms. An intuitive way to treat the

dynamics of the reaction involving many surface atoms is to A. Reaction Probability. The probability of H formation
solve the motions of the reaction-zone &hdhain atoms in In the reaction H(g) + H(ad)/C(gn H(g) + C(gr) is 0.248

: . atTy = 100 K andls = 10 K, and the kformation occurs in
the presence of 12 H(g)-C m'geractlons goyemed by th% direct collision between H(g) and H(ad) on a subpico-
molecular time scale generalized Langevin set of the

equations of motio® The details of the formulation of second scale. It can be compared with the probability of

these equations have been described elsehauewill be 251354(3?2 |f_|f_er:n?t(t)ge}r(r;lgl_rchoenc:rt:ggrsngggsesrgme%ss/sggwog
reviewed briefly here with several relevant expressions. Th%me is 0 1598 ps THus the recombinationg takes place
equations of motion for the gas atom and adatom are in thgfﬁciently .at such. an extreme thermal condition which
form 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, Farebrathat'®
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 Bréchigiiagho
¥ 2 2 have use@cH = 0.665 eV, while Farebrothet al usedDcH
$o(t) = ~weoo(t) + e &1(1) = 1.58 e\!8 On the other hand, the probability baseden

—Mgl 0U(z4s:,6,0,0,Z,®,{ &})/0¢, (7a) = 0.57 eV, the calculations of Jeloaica and Sidepresent-

whererg,, and¢, are the outer and inner turning points
respectively. Usingr=3.38 A and the well deptByaw =

Results and Discussion

mYj(t) = =0U(rcy, 6.0.0.Z, 2.{ E})1Y;, (6)

whereY;'s areZp,®rcu,6,pforj=1, 2, ..., 6, respectively,
with my = mu, Me= tup, Mg = lun, My = lun, andme = me
=Iwn. Hereu is the reduced mass ahds the moment of
inertia. For the+1)-atom chain dynamics, we have
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Figure 2. Dependence of the reaction probabilfh) on the

impact paramete. The thick solid line is for the cw orientation 8

and the thin solid line for ccw.

ing relatively weak chemisorption sites, is 0.503 @t 100 : N H(ad)-surf

K andTs= 10 K? '
In Figure 2, we show the dependence affétmation on 4+

the impact parameter in the range from 0 tobmax = 2.84

A. (We will discuss the two curves denoted by “cw” and

“ccw” in the next section.) Except near 0.B<1.2 A

collisions, the opacity function takes a significant value, in

particular in the collisions where> 2.4 A. Nine carbon o bbb b e b L
sites are configured in the range between this distance at 0z 0l 00 o 02 03 04 03
2dcc = 2.842 A. This result indicates that H(g) approaching Time (ps)

close proximity to the surface with an impact parameteirigyre 3. Time evolution of the H(g)-surface, H(ad)-surface, and
falling in this range tends to move toward H(ad) @#. @t H(g)-H(ad) distances for (a) the cw orientation and (b) the ccw
short range, the surface atoms produce a repulsive wall arorientation.
steer H(g) in the direction of H(ad) for.Hormation. We
note that the total reaction cross section defineras  the outgoing H(ad) to form H(g)-H(ad)e., H.. The well-
27'1]'P(b)bdbis as large as 9.22?Asha and Jackson, using organized oscillation of the H-H distance beyond the first
quantum scattering methods and the energy of the physisorbraximum confirms the formation of a stablerHolecule. It
ed H of 0.036 eV, reported cross section to be about 8 Ais important to notice that the first minimum of the H(g)-
aroundE; = 0.1 eV for the physisorbed H cade. surface distance and the first maximum of the H(ad)-surface
B. Reactive Trajectories In Figures 3a and 3b we show distance occur at nearly the same instance, thus indicating
two trajectories, each representing the representativhat H forms with nearly end-on (or vertical) geometry with
trajectory producing the same direction of orientation of H H(g) at the bottom. In Figure 3b, H(g) rebounding from the
when it begins the upward journey from the surface. Tosurface after the initial impact affects the adatom to fosm H
study this orientation problem, we first note that in bothin this case, unlike the previous case shown in Figure 3a,
figures, the trajectories at the instant of the initial impactH(ad) is now closer to the surface at the instant of the H
(i.e., the first minimum of the H(g)-surface distance) areformation. For some trajectories, the H(g)-surface and
below the H(ad)-surface distance. When H(g) approachekl(ad)-surface distances are not significantly different from
close range to the surface, its interaction with H(ad) weakensach other, but the H(ad) end is still closer to the surface. We
the H(ad)-surface bond. The upward motion of H(ad) whemow discuss this difference between the two representative
H(g) approaches the first H(g)-surface minimum representtrajectories.
this situation and the motion results in the H(ad)-surface For the representative trajectory shown in Figure 3a, H(Q)
distance being increased by nearly 1 A. As shown in Figurat the second minimum is as close to the surface as that at the
3a, after reaching the first minimum H(g) begins to attractminimum (the first impact) at which His formed. But
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thereafter the minima of the H(g)-surface distance diverge I I ' ! I I ! l
In a nonzerds collision, H(g) of the rotating Hmmediately i
after the H formation is attracted toward the surface site |-
which has just released H(ad). As the nascent molecul
begins its journey away from the surface, this attractior |
causes the H(g) end to move toward the axis normal to th
C( site so that the molecule commences a clockwise (cw
rotation. In particular, since the forces of the subsequer
impacts (second in the representative case) exert a lar
torque, the receding molecule is hurled into a high rotationg
state with the cartwheeling-type rotation. A similar result
has been observed in the scattering efaN Ag(111)%°
Nearly 89% of the reactive trajectories undergo this type o
rotation. In this case, the reaction takes place on a sul |
picosecond scale when H(g) reaches the first turning poin
so the incident angle determines the angle at whigh H
forms.

In Figure 3b, on the other hand, the second minimum o
the H(g) surface distance is now much farther away fromthe .~ o 20 30 40 so & 70 s 0
surface than the first minimum. It is more than 2 A farther.
As shown in Figure 3b, the dynamics of this representativi
case is very different from that of Figure 3a. In particular, theFigure 4. Relative intensity distribution of the alignment anfgle
incident atom approaches the surface much closer than in tifor the molecules undergoing cw and ccw orientations. The dotted
case shown in Figure 3a and then rebounds to a larg/n€s is the sum of cw and ccw components.
distance before it is attracted back by H(ad) to formlii
this case, when the H(ad)-surface bond breaks affafids, Bnc defined in Figure 1, is larger than®90n a direct
the H(ad) end of KHtends to move away from the surface collision, which takes place on the subpicosecond scale, the
site, thus causing the nascent molecule to begin a counteralue of this angle at the instant of the tdrmation is
clockwise (ccw) motion. The product molecule for the reststrongly correlated with the alignment of the fdtational
of reactive trajectories (11%) undergoes this type of orientaaxis. The anglé  between the axis of rotation pahtl the
tion. We now note that, as H(g) turns around the corner at theurface normal at the instant of, Hormation can be
closest approach and bounces back to the first maximum, determined from this angle, and its distribution provides the
significant amount of acceleration of the trajectory occursinformation on the rotational alignment og.Hn Figure 4,

This acceleration produces strong vibrational excitation asve plot the distribution of  for all reactive trajectories. The
seen by a large amplitude motion with a large vibrationakcw case has the maximum distribution neat. Jhat is,
period of the H-H distance beyond the first maximum of thewhen H(g) is closer to the surface and binds with H(ad), the
trajectory (compare the H-H distance in Figure 3b with thafproduct molecule tends to leave the surface in an inter-
in 3a). mediate state between the cartwheel-like and helicopter-like

Now we return to Figure 2 to discuss the cw and ccwotations. It is interesting to compare this result with the
curves. The hydrogen molecule produced in a large- cartwheeling-type rotation of AN when it scatters from
collision has a strong tendency to rotate clockwise. Winere Ag(111) in nearly end-on geometdOn the other hand, for
> 2.4 A, the probability of forming such molecules is signifi- the majority of H leaving the surface with ccw rotation, the
cantly large. This range ig3 dcc < b < 2dcc, corresponding  rotational axis is over 80 in particular the maximum
to the region near H{; i =2, 3, 4, 6, 7, 8, 10, 11 and 12. distribution occurs near 90 indicating cartwheel-like
However, in H(g)-H(ad) interactions where the impactrotations when H(ad) is closer to the surface and binds with
parameter is smaller than 1.0 A, the probability of formingH(g) in nearly head-on geometry. The molecule, which starts
cw molecules diminishes. On the other hand, the ccwout with such head-on geometry, is not particularly efficient
probability takes maximum values néex 0, and decreases in carrying a large amount of rotational energy. As shown in
to zero in the region where the impact parameter is largefigure 4, we find no product molecules with the rotational
than 0.4 A. In Figure 2, the ccw and cw curves show theiaxis perpendicular to the surface.
maximum neab = 0 and 2.8 A, respectively, corresponding C. Vibrational and Rotational Energies The difference
approximately to the regions near H(adgr&nd near H-@, between the H-H and H-surface interaction energy is 4.751
i=2,3,4,6,7,8,10, 11 and 12, respectively. This calculatedV, so the energy available to the product state is 4. B51 +
rotational orientation arises from corrugation in the gas-EgH. The vibrational motion is found to share most of the
surface interaction potential. reaction exothermicity, thus producing vibrationally highly

The dynamics of H(g) approaching the surface closer thaaxcited H molecules. The ensemble-averaged vibrational
the H(ad)-surface separation implies that the incident anglesnergy of His as large as 3.43 eV.

Relative Intensity

Alignment Angel I" (degree)
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Figure 5. Relative intensity distribution of the vibrational popula- Figure 6. Relative intensity distribution of the rotational population
tion for the cw and ccw molecules. The solid line is the sum of cwfor the cw and ccw molecules. The solid line is the sum of cw and
and ccw components. ccw components.

The vibrational energy of Hor the representative trajec- whereL is the angular momentupayn(zp—pz). The cw
tory considered in Figure 3a is 0.750 eV, whereas that itrajectory receives a torque from the steep side of the H(g)-
Figure 3b is 3.45 eV. Such a large difference can be expecteirface interaction as the H(g) end rapidly goes around the
from a qualitative comparison of the H-H distance shown irturning point (see Figure 3a). As a result, a closer approach
the two figures. Here we have determined the energpf H(g) to the surface at the second impact after the first full
deposited in the vibrational motion ok(g) from the usual rotation results in strong rotational excitation. These cw
expressiorEyip, = p%/2my, + Dun[1-€%HHe 2H/24H]2, sum of  molecules begin their orientation and alignment when the
kinetic and potential energies. To mimic the quantumtwo atoms combine in nearly end-on geometry and the
vibrational distribution, we use a binning procedure ofhighest cw population occurs &t 4. However, the distri-
assigning quantum numbercorresponding td&.i, through  bution of ccw rotational population is concentrated at lower
the relatiorv = int[E.ir/E(V)], corresponding to the values of rotational states. Since low rotational excitation leaves more
Kolos et al*® As shown in Figure 5, the intensity of energy for vibration, a ccw rotating molecule usually has a
vibrational population distribution for hydrogen molecules larger amount of vibrational energy compared with a cw
produced in the reaction is trimodal (see the curve for thenolecule. The ensemble-averaged vibrational energy is 4.69
sum), which is an overlap of the distributions of cw and ccweV for the ccw molecules, but the corresponding energy is
rotating molecules. The population distribution is the largesbnly 3.27 eV for the cw case.
for v=9, but the intensity is still significant event near the

dissociation threshold. On the other hand, it is interesting to Concluding Comments
note that the vibrational excitation for the chemisorbed
casé® shows the population maximum appearing=a8. In We have studied the recombination of gaseous hydrogen

general, for both cw and ccw cases vibrational energies artoms with weakly adsorbed hydrogen atoms on a graphite
highly excited, and the resulting population deviates serioussurface at the thermal conditions mimicking the interstellar
ly from the Boltzmann distribution. In particular, highly medium. The recombination reaction is very efficient and H
vibrationally excited states are dominated by rbttating  formation occurs on a subpicosecond time scale. Product
ccw. As noted above in Figure 3b, a significant amount oimolecules are strongly vibrationally excited and their popu-
acceleration of the trajectory occurs after turning the closedation deviates seriously from the Boltzmann distribution.
approach, resulting in such high vibrational excitation. The rotational motion of fHcan be oriented either clock-
The distributions of rotational population are shown inwise or counter-clockwise. We have determined the orienta-
Figure 6, where the rotational quantum numbetorre-  tion by following the trajectories at the very early stage of
sponding to the calculated enerBy: is determined using recombination. Clockwise orientation results for the mole-
the same binning procedure introduced abdveint[Eq/ cule forming from near end-on geometry on the surface. The
EQ)] with Eot=L%2unnraw® and EQJ) =J(J+1)h%2luu,  molecules rotating clockwise are in low-lying vibrational
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levels. However, the molecules rotating counter-clockwise 9.
have the rotational alignment closely parallel to the surfacé0-
with weak rotational excitation. The molecules with rotational
motion oriented counter-clockwise are highly vibrationally 1,
excited. The number of molecules oriented clockwise is
significantly larger than that of molecules oriented counter-13.
clockwise.
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