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A remarkable heavy atom isotope effect in the dissociative chemisorption
of nitrogen on Ru (001)
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An extremely large isotope effedtl o= Pgisd ©°No)/Pgisd 1*N5)], has been measured in the
dissociative chemisorption of nitrogen molecules ovef(Rd). It varies from unity at kinetic
energies above 2 eV to 0.2Bf=1.4 eV. These observations are consistent with a barrier for direct
dissociation of 1.8 eV, in agreement with previous experiments and redenhitio density
functional theory calculations. It supports earlier studies that proposed tunneling as the dissociation
dynamics mechanism. @000 American Institute of Physids$$0021-96060)71119-§

The rate-limiting step of the heterogeneous catalytic amsults employs a nonadiabatic picture in which molecular ni-
monia synthesis from its elements is the dissociative chemitrogen from the gas phase switches its electronic structure
sorption of nitrogen on top of an iron-based catalysThe  upon impact to an adsorbed atomic nitro§én'°The lowest
high N—N bond energy of 9.78 eV excludes a direct thermaknergy point on the crossing seam between the molecular
dissociation process. The catalytic mechanism is thereforand atomic potentials is located at 1.8 eV above the zero gas
based on simultaneous molecular dissociation and the formahase energy for the MRu systen?. Based on this model,
tion of two weaker nitrogen—iron bonds. The microscopicthe dissociation has to proceed viduanelingmechanism at
mechanism that governs the dissociation is still open anéhcident energies below this crossing point. A minimum bar-
under discussion. The question is whether a direct dissociaier of similar magnitudé~2 eV) was recently computed for
tion mechanism takes place or one that involves a moleculahe dissociation of Blon RU001) (a fully relaxed system
intermediate, in which the nitrogen triple bond is weakenedusing density functional theo®y'® This is an improved

The most active noniron catalyst for ammonia synthesis/alue compared to an earlier study that suggested a barrier of
is rutheniun®® the subject of the present report, which only 1.35 eV*" The important role of vibrational excitation of
recently became an industrial catalyst. Consequently, théhe impinging N molecules in enhancing its dissociative
number of studies of this system has rapidly increased ighemisorption rate was indicated in Ref.(&5 confirming
recent years:* The dominant role of steps in the dissociation an earlier study. This was deduced from an observation of
of thermalN, on RU001) has recently been demonstrafed. vibrational population inversion in the recombinative desorp-
It was suggested that the weakly adsorbed nitrogen mokion of nitrogen molecules from R0O01).
ecules need to migrate from their impact position to the  The most significant theoretical prediction of the tunnel-
nearby step in order to dissociate. ing mechanism is that a measurable dynamical isotope effect

A direct dissociation in which a nitrogen molecule ap- should be observed. The dissociation of the lightat, iso-
proaching from the gas phase fragments on impact, is atbpe should be enhanced significantly relative to the heavier
alternative mechanism, in particular for the more energetiG5N2 for incident kinetic energies below the Crossing seam,
molecules>®®? It implies that dynamical variables such as where deep tunneling takes place. At collision energies
the collision energy and the initial vibrational state shouldgpove the crossing seam the isotope effect should
strongly influence the dissociation probability {sJ. vanish®®-°This major element of the theoretical model has

Evidence for this possibility has been shown in molecu-never been tested experimentally.
lar beam surface scattering studies. Orders of magnitude en- | order to address the isotope effect hypothesis and in
hancement oP s was observed upon the increase of inci- particular its kinetic energy dependence, isotopic substitution
dent kinetic energy for BWFe(111)] N,/Re(001,° and  has been introduced as a new experimental-dynamical vari-
N2/Ru(001),° including the effect of vibratio~*° At higher  aple for this system. Employing supersonic molecular beam
kinetic energies of the colliders, the crystal temperature hagchnigues, the two nitrogen isotopéd, and*®N, seeded in
only a marginal influence on the procéss’ A kinetic  hydrogen were accelerated onto a@af) single-crystal sur-
scheme based on the direct dissociation approach has thiige and their dissociation has been studied as a function of
been introduced without the involvement of an intermediatgncident kinetic energy.
molecular nitrogen state, which nicely reproduced the mea-  The experiments reported here were conducted in a mo-
sured rate of ammonia synthesis over iron catafsts. lecular beam-ultrahigh vacuuftyHV) scattering systerfi'®

A dynamical model rationalizing the experimental re-The sypersonic nitrogen beam was generated in a triply dif-
ferentially pumped section, where,Ninetic energy was
dElectronic mail: asscher@batata.fh.huji.ac.il controlled by seeding in hydrogen or helium and by varying
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the nozzle temperature. The incident kinetic energy was deduction at the hot filamentst! which would add to the popu-
termined by a time of flight instrument. A miniature 400 Hz lation of nitrogen atoms on the surface.
chopper defined the initial flight time to the ionizers of two Two gas mixtures were used: One having 1%—5%6,
separate quadrupole mass spectrometers. The first hasiraH, (**N, from Isotech, 99.68:0.15% atom purity, impuri-
crossed-beam ionizer located before the sample while thtes were'®N,O and'®NO) and the other mixture was &N,
second was at an on-axis configuration behind the sampl€99.9999% purity also in H. The mixtures were further
This setup improved the accuracy of the nitrogen moleculepurified by flowing through a 2.5 m liquid nitrogen trap, after
flight time measurements and thus our determination of inci24 h mixing time in 50 | gas bottles at total pressure of 6 atm.
dent kinetic energies. Kinetic energy distributions were charWe have repeated some of these measurements with up to
acterized byAE/E=0.25 at nozzle temperatuilg,=300 K, three such trapgtotal of 7.5 m copper tubing immersed in
which increased to 0.35 dt,=1000 K. Dissociation prob- liquid nitrogen in order to further check the level of clean-
ability measurements dfN, were independent of the nozzle liness of the gases in the beam. Identical results were ob-
material made either of hard &5 (Ref. 9 or from Mo  tained with one or three traps. Another precaution was taken
tubes. In the present study only Mo nozzles were used. Alto avoid the rare possibility of surface chemistry on the sur-
measurements reported here were performed at normal andtce of the molybdenum nozzle that may affect our measure-
of incidence. ments. By slightly varying the degree of seeding of both
The UHV chamber had a typical base pressure of 2isotopes of nitrogen in hydrogen and changing the nozzle
x 10710 Torr, rising to 4x 108 Torr when the beam is on. temperature in the range 650—850 K, the catalytic activity of
The sample was prepared and cleaned by both sputter atiie nozzle should have changed. The measured isotope effect
nealing and oxygen treatment, showing afterwards a veryn the energy range shown in Fig. 2 was insensitive to these
sharp hexagonal low energy electron diffraction pattern. Twgarameters.
Ru crystals from different sources, cut to within 0.5° of the  The data points shown in Fig. 1 were obtained from the
(001 crystallographic plane, were used during the course o$lopes of coverage versus exposure curves. A linear relation
this study. The results obtained from these two crystals scabetween nitrogen coverage and its exposure up to coverages
ter within the experimental uncertainty. Nitrogen flux wasof more than 8% of a monolayer indicates that dissociation
(1.5 0.5)x 10** molecules/crhs. All nitrogen dissociation occurs predominantly on terraces in a direct collision event,
studies were performed at fixed crystal temperature of 600 Kvhich means that defects do not significantly contribute.
to avoid any background gas adsorptiofihe dissociation These results are consistent with Ref. 5, implying a direct
yield of the impinging nitrogen molecules has been deterdissociation mechanism at the higher kinetic energigs (
mined by integrating the area under the temperature pro>1.4 eV). The data points in Fig. 1 are the result of up to
grammed desorptiofiTPD) signal of the recombinative de- three coverage versus exposure points for i, experi-
sorption peak at mass 14/15, near 950 K at a heating rate ofients and up to six points in the case *8K,. The low
12 K/s. This method is sensitive to atomic nitrogen cover-sticking probabilities at energies below 1.4 eV resulted in
ages down to 0.001 of a monolayer. All filaments were shuhonreproducible measurements. At this point, therefore, we
off during the beam exposure time to avoid ammonia prodimit our quantitative discussion to energies above 1.4 eV.
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Moreover, recent measurements suggest that there is a sig- The exponenty in the semiclassical model underesti-
nificant contribution to our TPD from bulk nitrogen atoms at mates the experimentally observed isotope effect shown in
extremely low coveragéswhich may limit the accuracy of Fig. 2. The full quantum nonadiabatic model calculatfons

our low energy data. predict higher exponent, nevertheless it also underestimates
In Fig. 1 the measured dissociative sticking probabilitiesthe measured valudsee Fig. 2
(Pgisd are presented fof*N, and >N, as a function of inci- Searching for alternative reasons for the observed dy-

dent kinetic energy at normal angle of incidence. The dataamical isotope effect, a zero point energy explanation can
points of Py 1°N,) and Py 1*N,) practically overlap for be eliminated. Its maximum value of 0.83 for the/Ru
energies above 2 eV. Below this value, they start to splitsystem is way below the experimental values and is not en-
where the heavier isotope has a lower dissociation probabikrgy dependent. Tunneling under a single adiabatic potential
ity as the energy decreases. A summary of all the measurezhergy surface can in principle explain isotope effect but it is
values of the isotope effetts= Pgisd *°N,)/Pgicd 1*N,) as a  always smaller than a nonadiabatic approach for the same
function of incidence energy is shown in Fig.124 changes potentials.
from unity for kinetic energies above 2 eV, monotonically To conclude, a very large isotope effect has been re-
dropping to 0.2 at 1.4 eV. ported here for nitrogen dissociation on(R01), for the first
A common model to explain an isotope effect while time, as a function of incident kinetic energy of the colliding
crossing a barrier is based on a one-dimensional semiclassiitrogen molecules. Model calculations based on tunneling
cal tunneling formuld® through a large barrier for dissociation of 1.8 eV qualita-
B (b tively explain the results. In particular, the model predicts
P i~ Poex;{ _ 2_j [V(q9)—EJdq| (E<Vy), correctly the oqset of the isotope effept at energies just below
h Ja the barrier. This model, however, fails to explain the actual
(1) magnitude of the isotope effect as determined experimen-

where Py, is the dissociation probability at the top of the t@lly. This might be due to a limited number of nuclear de-
barrier E=Vy), M is the mass of the tunneling particle, the 9r€€s of freedonimolecular and substrate relajeased in
integral limitsa, b are the borders of the classically forbid- the model or because of the involvement of additional ex-

den region, ang; the tunneling coordinate. In the case of the Cit€d electronic states.
N,/Ru(001) systemP,~10" 2.

Since the integral representing the area under the barri
should be mass independéftthe isotope ratio is directly
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