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The role of molecular alignment of nonpolar molecules in
gas–surface interactions has so far escaped direct experimen-

tal investigations. We have employed a novel technique to
prepare highly aligned supersonic beams and we show that
ethylene molecules that impinge on silver surfaces precovered
with molecular oxygen as “helicopters” have a higher sticking
probability than “cartwheels” (Figure 1). The sticking prob-

ability, S, of reactant gas-phase molecules impinging on a
metal surface is a key parameter for the quantitative under-
standing of heterogeneous catalysis at the gas–solid interface.
Herein we report the dependence of S on molecular align-
ment for ethylene, an apolar molecule, interacting with a
metallic surface, specifically O-recovered Ag (001). The
observed steric effect is large, thus strongly influencing
adsorption. The study of such a prototype system is very
important to clarify the dynamics in the entrance channels of
the potential energy surfaces controlling the catalytic epox-
idation of unsaturated hydrocarbons.

Measuring S for a molecule in a well-defined quantum
state represents a major goal of physical chemistry.[1] The
extensive use of molecular beams in conjunction with the
well-known retarded reflector method[2] allowed the deter-
mination of the dependence of S on translational energy and
angle of incidence and on surface temperature and coverage
for a wide set of gas–surface adsorption systems already in the
first years of surface science.

However, the characterization of the dependence of S on
the molecular internal state became accessible only recently,
mainly as a result of the availability of high-power lasers,
which allowed the preparation of molecules in well-defined

Figure 1. Ethylene molecules rotating along the principal axes impinge
perpendicularly on Ag (001) metal surface precovered with O2 and may
stick in some favorable cases. A net variation of the coverage depen-
dence of the sticking probability S when changing the geometry of
approach of the C=C bond to the surface is observed: “helicopters”
(d) stick better than “cartwheels” (b and c) or “cigars” (a).
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rotational[3] and vibrational states.[4] Relevant information has
been obtained by measuring the quantum state of molecules
scattered off the surface and by applying detailed balance
arguments.[5] The role of the spatial orientation of molecules
impinging on a surface, or more specifically of the polar-
ization of their rotational angular momentum J, has thus far
not been investigated in much detail, even though the steric
factor has often been addressed as a topic of fundamental
interest.[6] The first investigations, performed by using elec-
trostatic devices suitable to select which end of a polar
symmetric top (A species showing two identical moments
along two of the three principal inertia axes, one of which
coincides with the molecular symetry axis) molecule hits the
surface, shed light on the behavior of a symmetric NO-like
species[7] and subsequently on polar polyatomic projectiles
such as CH3F

[8] and ND3.
[9] Other methods to generate

molecular orientation or alignment have been developed and
include high electric or magnetic fields,[10a,b] polarized laser
light,[10c] and intense nonresonant laser fields.[10d] Unfortu-
nately, they work only for molecules that exhibit particular
features, for example, large dipole moments or large polar-
izability anisotropies.

An alternative approach is based on the use of seeded
molecular beams, for which the alignment of J is naturally
generated by collisions during a supersonic expansion[11] and
exploits the dependence of the resulting alignment degree on
the final molecular speed.[12] This is a general phenomenon, as
demonstrated by the study of a variety of molecules such as
O2 (paramagnetic),[12] N2 (diamagnetic),[13] C6H6 (aro-
matic),[14] and very recently C2H2 and C2H4 (unsaturated
aliphatic hydrocarbons).[15] For the lighter molecules, the
experiments described above[12,13,15] suggest that: 1) When the
nozzle source is operating at room temperature they are
basically relaxed in the lowest rotational levels (essentially
J= 1 and 2). 2) The slow speed tail (ST) of the molecular
beam velocity distribution (corresponding to velocities lower
than 0.95 times the peak velocity) is essentially composed of
molecules with an isotropic spatial distribution of J. In the
language of angular momentum physics, such zero-alignment
situations correspond to equally populated helicity states in
which the helicity defines the projection of J, and indirectly
also the orientation of the molecular rotational plane with
respect to the molecular beam velocity direction. 3) The fast
speed tail (FT) of the same velocity distribution (involving
velocities larger than 1.05 times the peak velocity) consists of
molecules with a high Jalignment degree, that is, with marked
nonstatistical helicity state population. Specifically, 85� 10%
of molecules in the FT populate particular helicity states (zero
helicity in the case of O2, N2, and C2H2).

[16] The cited
studies[12, 13,15] also suggest that it is often sufficient to perform
a proper velocity selection to control molecular speed and
molecular alignment simultaneously, as also proved by recent
gas-phase scattering experiments.[17]

Therefore, when the molecular beam impinges at normal
incidence on the surface, as in the case of the present
experiments with C2H4 (an asymmetric top molecule), FT
essentially provides “cartwheels”, molecules with their C=C
bond rotating parallel to the molecular beam axis, whereas ST
supplies about two thirds of “helicopters”, that is, molecules

with the C=C bond rotating perpendicularly to the beam
direction.

In work described herein, the choice of the C2H4–Ag(001)
system is motivated by a previous observation of a strong
rotational dependence of the physisorption probability[18] and,
even more importantly, by the fact that the ethylene–silver
interaction is sufficiently weak so that steering effects are
expected to play only a minor role. The well-known role of O2

precoverage is to promote a measurable ethylene adsorp-
tion.[19, 20] Chemisorption occurs in the p-bonded state, with an
adsorption energy of � 0.4 eV/molecule[21] and with the
molecule lying flat on the surface.[20]

The Ag (001) single crystal was cleaned by following the
usual procedure,[18] which consists of sputtering and annealing
cycles to 700 K. The base pressure in the chamber reads 2 B
10�10 mbar and increases to 3 B 10�10 mbar when the super-
sonic beam is introduced. The uptake from the background is
thus negligible during the timescale of the experiment.
Aligned molecules in the FT, are separated from those
statistically distributed, flying in the ST, by using a novel
mechanical velocity selector (described in detail elsewhere[22])
positioned along the supersonic molecular-beam path, in the
second stage of its collimation.[23] The beam flux is calibrated
by a spinning rotor gauge and is corrected for the transmission
of the velocity selector, which is measured by comparing the
increase in the partial pressure caused by the unselected beam
with that observed when selecting ST and FT. Notably, the
angular divergence of the supersonic beam entering the
ultrahigh-vacuum chamber is determined by the diameter of
the collimators inserted along the beam path and reads 0.28,
thus ensuring the same beam intensity profile across the
sample for STand FT. Moreover, STand FTexperiments were
performed with nearly identical fluxes. The diameter of the
spot illuminated by the molecular beam is smaller than the
sample diameter (10 mm), as determined by examining the
ordered LEED (Low Energy Electron Diffraction) structures
which form after exposing a clean Pd (100) sample to a
supersonic O2 beam seeded in He.

The upper panel of Figure 2 reports the backscattered
C2H4 flux F versus time, measured by exposing the sample, at
normal incidence, to a molecular beam of ethylene seeded in
He (incident energy E= 0.36 eV). The corresponding
dependence of S on ethylene coverage (VEt) which was
obtained by integrating S over time and multiplying by flux, is
shown in the lower panel. Uptake experiments were per-
formed at T= 110 K. The Ag (100) sample is precovered with
a defined amount of O2 prior to each ethylene uptake by
dosing O2 with a supersonic beam seeded in He. The O2

coverage (VOx) can thus be accurately controlled and
reproduced. The data reported in Figure 2 were obtained
with VOx= 0.03 ML. The data obtained without the oxygen
precoverage (VOx= 0 ML) are also reported in Figure 2 for
comparison (shifted).

It is apparent from Figure 2 that: a) for the bare Ag (001)
surface (VOx= 0 ML) there is no difference between mole-
cules in FT and ST; b) for the O2-precovered surface (VOx=

0.03 ML) the initial sticking probability increases, but does
not depend on molecular alignment; c) with increasing C2H4

coverage, S increases for molecules in the ST but decreases for
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the FT. A large difference in S is already measured when
selecting molecules in ST and FT with the ethylene coverage
at only a few percent of a monolayer.

The difference in S between the two sets of velocity-
selected molecules from the same molecular beam cannot be
due to the small difference in translational energy, as
demonstrated by performing the measurements at the same
O2 precoverage with ethylene seeded in Ne, for which the
translational energy differs by a factor of three (Figure 3). The
lower panels of Figures 2 and 3 shows that a qualitatively
similar steric effect is found for the two very different incident
energies. Moreover, the effect cannot be due to a possible
change in the J distribution between ST and FTwhich would
yield a lower average J, and hence a higher S, for FT
molecules,[18] contrary to experimental evidence. We are
therefore confident that the different behavior of ST and FT
can only arise from the different degree of rotational align-
ment of the selected molecules. Points a) and b) clearly
indicate that the interaction of incoming ethylene with bare
silver atoms and with chemisorbed O2 molecules is indepen-
dent of the initial alignment of the incoming C2H4.

Point c) can only be accounted for if 1) ethylene molecules
that are not scattered immediately after the first hit with the
surface are temporarily trapped as a mobile and non-
thermalized precursor with a memory of their initial align-
ment, and 2) “cartwheel” molecules in such a precursor state

have a higher chance of being scattered back into the gas
phase than “helicopters”, when colliding with already chem-
isorbed flat-lying C2H4 molecules. The role of the mobile
precursor is introduced to explain the strong dependence of S
both with VEt as well as with VOx. Because the ST and FT
sticking curves already deviate at VEt= 0.01 ML, we deduce
that the molecules in the precursor state “memorize” their
initial rotational alignment for the time needed to explore a
radius of some ten lattice spacings around the initial point of
impact. When an ethylene in such a precursor state collides
with a chemisorbed C2H4, it may be scattered off the surface
with different probability, depending on the specific rota-
tional mode involved.

In conclusion we have shown herein that a novel
technique can be successfully applied to determine the role
of molecular alignment in gas–surface interactions. We
demonstrated that the steric effects can be quite large when
interactions between transiently trapped and already chem-
isorbed molecules come into play, as is the case for the
ethylene–Ag system reported herein. As hydrocarbon
adsorption on metal surfaces often occurs through a precursor
mechanism,[24] the present result may also be relevant for
other adsorption systems. In fact, we have already observed
similar alignment effects for propylene interactions with bare
Ag (001), whereas no effect was observed for the more
strongly bound O2–Ag (100) and C2H4–Pd (100) systems in
which s bonding occurs.
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Figure 2. Scattered C2H4 flux F versus time (upper panel) and sticking
coefficient S of C2H4 versus coverage VEt (lower panel) on an Ag (001)
surface precovered with oxygen (VOx=0.03 ML). Data are reported for
the interaction of ST (continuous) and FT (dotted) of an ethylene
beam seeded in He. The initial increase in the C2H4 flux corresponds
to the introduction of the molecular beam into the ultrahigh-vacuum
chamber, where an inert flag intercepts the beam to prevent it from hit-
ting against the surface. When the flag is removed (t=0), the scat-
tered flux decreases owing to the gettering action of the surface of the
crystal. The upper traces (shifted) in the upper panel show the results
for the bare Ag surface (VOx=0).

Figure 3. As in Figure 2, but for a molecular beam of ethylene seeded
in Ne.

Zuschriften

5314 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de Angew. Chem. 2004, 116, 5312 –5315

http://www.angewandte.de


[1] a) R. N. Zare, Z. Phys. D 1988, 10, 377 – 382; b) G. O. Sitz, Rep.
Prog. Phys. 2002, 65, 1165 – 1193.

[2] D. A. King, M. G. Wells, Surf. Sci. 1972, 29, 454.
[3] M. Gostein, G. O. Sitz, J. Chem. Phys. 1997, 106, 7378 – 7390.
[4] a) R. D. Beck, P. Maroni, D. C. Papageorgopoulos, T. T. Dang,

M. P. Schmid, T. R. Rizzo, Science 2003, 302, 98 – 100; b) R. R.
Smith, D. R. Killelea, D. F. DelSesto, A. L. Utz R, Science 2004,
304, 992 – 995.

[5] a) M. J. Weida, J. M. Sperhac, D. J. Nesbitt, J. Chem. Phys. 1996,
105, 749 – 766; b) A. Hodgson, Prog. Surf. Sci. 2000, 30, 1.

[6] a) U. Heinzmann, S. Holloway, A. W. Kleyn, R. E. Palmer, K. J.
Snowdon, J. Phys. Condens. Matter 1996, 8, 3245 – 3269; b) H.
Hou, S. J. Goulding, C. T. Rettner, A. M. Wodtke, D. J. Auer-
bach, Science 1997, 277, 80 – 82.

[7] E. W. Kuipers, M. G. Tenner, A. W. Kleyn, S. Stolte, Nature 1988,
334, 420 – 422.

[8] T. J. Curtiss, R. B. Bernstein, Chem. Phys. Lett. 1989, 161, 212 –
218.

[9] M. E. La Villa, S. I. Ionov, Phys. Rev. Lett. 1992, 68, 129 – 132.
[10] a) B. Friedrich, D. R. Herschbach, Nature 1991, 353, 412 – 414;

b) H. J. Loesch, J. Moller, J. Chem. Phys. 1992, 97, 9016 – 9030;
c) Z. Karny, R. C. Estler, R. N. Zare, J. Chem. Phys. 1978, 69,
5199 – 5201; d) H. Stapelfeldt, T. Seideman, Rev. Mod. Phys.
2003, 75, 543 – 557.

[11] a) M. P. Sinha, C. D. Caldwell, R. N. Zare, J. Chem. Phys. 1975,
61, 491 – 503; b) D. P. Pullman, B. Friedrich, D. R. Herschbach, J.
Chem. Phys. 1990, 93, 3224 – 3236.

[12] V. Aquilanti, D. Ascenzi, D. Cappelletti, F. Pirani, Nature 1994,
371, 399 – 402.

[13] V. Aquilanti, D. Ascenzi, D. Cappelletti, R. Fedeli, F. Pirani, J.
Phys. Chem. A 1997, 101, 7648 – 7656.

[14] F. Pirani, D. Cappelletti, M. Bartolomei, V. Aquilanti, M.
Scotoni, M. Vescovi, D. Ascenzi, D. Bassi, Phys. Rev. Lett. 2001,
86, 5035 – 5038.

[15] M. Bartolomei, PhD thesis, UniversitK di Perugia (Italy), 2002,
available online at http://leo.tech.ing.unipg.it/TESI/tesimax.pdf.

[16] The alignment degree of ethylene has been determined in a
scattering experiment carried out in Perugia.[15] Ethylene is a
planar polyatomic asymmetric top species. The analysis of
scattering results[15] indicates that, despite such peculiarities in
the molecular structure, ethylene molecules behave like dia-
tomic species of similar mass (O2, N2) and reach a comparable
degree of collision-induced alignment. To maintain the same
qualitative alignment degree in the present surface-scattering
study, we operated the supersonic molecular beam source under
the same conditions as those used in the Perugia experiment.

[17] a) V. Aquilanti, D. Ascenzi, D. Cappelletti, S. Franceschini, F.
Pirani, Phys. Rev. Lett. 1995, 74, 2929 – 2932; b) V. Aquilanti, D.
Ascenzi, M. Bartolomei, D. Cappelletti, S. Cavalli, M. DeCa-
stro Vitores, F. Pirani, Phys. Rev. Lett. 1999, 82, 69 – 72;

[18] L. Vattuone, U. Valbusa, M. Rocca, Phys. Rev. Lett. 1999, 82,
4878 – 4881.

[19] L. Vattuone, L. Savio, M. Rocca, Int. J. Mod. Phys. B 2003, 17,
2497 – 2526.

[20] S. Gao, J. R. Hahn, W. Ho, J. Chem. Phys. 2003, 119, 6232 – 6236.
[21] L. Vattuone, L. Savio, M. Rocca, L. Rumiz, A. Baraldi, S. Lizzit,

G. Cornelli, Phys. Rev. B 2002, 66, 85403(1) – 85403(5).
[22] F. Pirani, D. Cappelletti, F. Vecchiocattivi, L. Vattuone, A.

Gerbi, M. Rocca, U. Valbusa, Rev. Sci. Instrum. 2004, 75, 349 –
354.

[23] M. Rocca, U. Valbusa, A. Gussoni, M. Maloberti, L. Racca, Rev.
Sci. Instrum. 1991, 62, 2172 – 2176.

[24] J. A. Stinnett, R. J. Madix, J. C. Tully, J. Chem. Phys. 1996, 104,
3134 – 3142.

Angewandte
Chemie

5315Angew. Chem. 2004, 116, 5312 –5315 www.angewandte.de � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.de

