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The effect of crystal temperature on the dissociation dynamics of nitrogen on a catalytic metal
surface is studied. The framework is a nonadiabatic mechanism where the nitrogen crosses from the
physisorption potential energy surface to a dissociative chemisorption potential. Within this
framework the quantum dynamics is solved in three degrees of freedom including surface
vibrational excitation. In general, surface vibrations promote the dissociation. However, if the
nonadiabatic coupling potential is peaked at a restricted geometry, exciting the surface vibrations
can hinder dissociation. This effect is maximized for the N2/Fe mass ratio which leads to a negative
temperature effect on the dissociation. For higher surface metal masses this effect disappears
~N2/Ru! and even reverses to a positive temperature effect for the N2/Re mass ratio. ©1995
American Institute of Physics.
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I. INTRODUCTION

Dissociation of nitrogen on an iron catalyst is the ra
determining step in ammonia synthesis.1,2 This system has
therefore become a paradigm of heterogeneous cataly
spurring extensive studies in trying to unravel the detail
mechanism of the reaction. Focussing on the rate determ
ing step two approaches have been suggested:

–A direct dissociation mechanism.
–A precursor mediated mechanism.
This study follows the approach of the direct dissoci

tion mechanism.
Verifying a chemical mechanism requires consisten

with the known experimental observations. Specifically fo
the catalytic dissociation of nitrogen on metal surfaces t
experimental evidence can be divided into two types:~a!
Bulk type experiments under high pressure conditions whe
the rate of ammonia production is measured.3–6 ~b! Molecu-
lar beam-single crystal experiments where the dissociat
event can be isolated.7–11

The most significant experimental observation has be
the striking increase in the dissociation probability with im
pinging kinetic energy of the molecule. In a molecular bea
experiment for the nitrogen on iron system, an enhancem
of 6 orders of magnitude in the dissociation probability ha
been observed,7 reaching a saturation at energies above 1
eV. Similar behaviour has been observed on rhenium11

tungsten12 and on ruthenium.13When the incident vibrational
energy of the impinging nitrogen was varied it was found
be less effective than translational energy in promoting t
dissociation.8,11There is also evidence for dependence of th
dissociation probability on crystal orientation. These obse
vations on different metals and on different metal faces su
gest a direct universal mechanism for the dissociation eve

Universal behaviour was not found in the dependence
the dissociation probability on crystal temperature. In th
N2/Fe system a decrease in dissociation probability w
crystal temperature was observed.7 In the N2/Re system an
opposite effect was observed while the N2/Ru system seems
to be insensitive to crystal temperature.13–15Within the indi-
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rect mechanism framework these observation were use
indicate the existence of a precursor state.

Considering bulk type experiments, where the rate
ammonia production is measured, the observed activa
energy in the range of;0.8 eV in rhenium to;1 eV in iron
is an order of magnitude larger than the temperature effe
the single crystal experiments. The activation energies
quite close to the saturation energies found in the molec
beam experiments.

The direct dissociation paradigm has been based o
universal quantum nonadiabatic picture where a gas p
nitrogen molecule approaches on the physisorption pote
surface and crosses to the chemisorption surface where
molecule dissociates. In most experimental conditions
accessible energy is below the nonadiabatic crossing s
Thus the reaction mechanism can be classified as atunneling
event. This is a theoretical explanation to the super sens
ity for the incident kinetic energy.

Calculations based on this model in two and th
dimensions9–11,16as well as in full dimensionality17–19 have
shown that the striking dependence of the dissociation p
ability on kinetic energy can be reconstructed. The dynam
on the suggested potentials show an enhanced effective
of the incident kinetic energy over vibrational energy in p
moting dissociation. Also it is not surprising that the tunn
ing mechanism predicts strong isotope effects. A crucial
servation is the strong isotope enhancement to dissocia
of the lighter14N2 compared to15N2 reaching 25% at room
temperature.10 Finally the direct mechanism has been sho
to reproduce the bulk high pressure ammonia synth
data.20

The purpose of this study is to address the crystal t
perature effect within the paradigm of the direct dissociat
mechanism. It is suggested that the difference between
als can be attributed to their mass. Since the Debye freq
cies of the metals studied are very similar, the difference
mass translates to a difference in the amplitude of sur
motion. It will be shown that this difference leads to t
crystal temperature effect.

At this point it should be emphasized that a chemi
94751)/9475/7/$6.00 © 1995 American Institute of Physics
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9476 G. Katz and R. Kosloff: Nitrogen dissociation on metal surfaces
mechanism cannot be proven in a mathematical form. T
analysis can only lead to circumstantial evidence support
the validity of the model. An explanation of the temperatu
effect based on a precursor state has been suggested
Rettner.21 This study is meant to show that the crystal tem
perature effect can be explained within the direct dissociati
mechanism. Moreover the influence of the bulk temperatu
on nonadiabatic transitions is of universal importance.

II. DYNAMICAL MODEL

The dissociation dynamics is described as a quant
mechanical nonadiabatic event where nitrogen amplitu
crosses from the physisorption potential to the dissociat
chemisorption potential. Two main obstacles hamper the e
ecution of a full simulation of the dynamics. The first ob
stacle is the very large number of degrees of freedom p
ticipating in the dissociation event. The second proble
involves the dissociative chemisorption potential which
extremely difficult to calculate from first principles. Cur
rently there is only very limited ability to realistically pro-
vide convergedab-initio potentials of nitrogen on transition
metal surfaces. With these restrictions in mind the approa
followed in this study is to perform a converged quantu
dynamical calculation on a limited dimensionality model o
the reaction. Thus the study provides a qualitative framewo
enabling the identification of the dominant physical phenom
ena in the dissociation dynamics.

The process is modeled by solving the coupled time d
pendent Schro¨dinger equation:

i\
]

]t S cp

cc
D 5S Ĥp V̂int

V̂int* Ĥc
D S cp

cc
D , ~2.1!

wherecp/c are the wavefunctions on the physisorption an
chemisorption potentials.Ĥp/c are the surface Hamiltonians
Ĥi5T̂1V̂i , where T̂ is the kinetic energy operator andV̂i

the surface potential.V̂int is the nonadiabatic coupling ele-
ment.

A quantitative analysis of the dynamics, requires a thr
stage process. First, the wavepacket and the operators
represented in a form accessible to computers. The wa
packet evolution is simulated numerically. The last stag
which is the goal of the calculation, is to analyse the evol
ing wavepacket in terms of measurable quantities.

A. Representing the system

The coordinate system used in the calculation is sho
in Fig. 1. Out of the six degrees of freedom of the nitroge
molecule two are retained, the internuclear distancer and the
molecule surface distancez. The surface motion is repre-
sented by a collective vibrational coordinatex. This reduced
dimensional description amounts to freezing the motion
the other coordinates.

This coordinate system includes coupling in the kinet
energy operator between thez and r coordinates. The coor-
dinate system is convenient in describing the potentials a
the initial wavefunction. The dynamics is carried out on
mass scaled coordinate system.
J. Chem. Phys., Vol. 103, N
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B. Potential energy surfaces

In the diabatic framework for this system two atomic or
molecular chemical species can be defined on a metal su
face. The first is the physisorbed state in which the gas phas
molecule is attached to the surface by a weak bond induce
by polarization forces. It is characterized by the nitrogen
molecule only slightly perturbed from its gas phase state.
Similarly the metal vibrations are also only slightly per-
turbed. The physisorbed potential is described by three
terms:

V̂phys~z,r ,x!5V̂N22S~r ,z!1V̂N2
~r ,z!1V̂S2S~x!, ~2.2!

where a Morse function represents the attraction of the mol-
ecule to the surface:

V̂N22S~r ,z!5DN22S~12e2aN22S~z2ze!!2, ~2.3!

as well as the molecular binding

V̂N2
~r ,z!5DN2

~12e2aN2
~z!~r2r e!!2. ~2.4!

Finally an harmonic potential is used to describe the surface
metal motion:

V̂S2S~x!5 1
2Mvp

2~x2x0!
2, ~2.5!

wherevp is the surface Debye frequency.
The atom surface potential is also described by three

terms:

V̂chem~z,r ,x!5DN2S~12e2aN2S~z2ze!!21Ade
2ad r

1 1
2Mvc

2~x2x0!
2 ~2.6!

which represents a repulsive force between the nitrogen ada
toms as well as a softened lower surface frequency. The pa
rameters of the potentials are summarized in Tables I and II
The above potentials are similar to the ones used in previou
calculations.11,16

For the nonadiabatic coupling function two functional
forms were used. The first represents an exponential decay i
all coordinates:

V̂int~z,r ,x!5Cae
2ar re2azze2axx. ~2.7!

FIG. 1. The coordinate system used in the calculation.r is the intermolecu-
lar distance.z is the distance of the molecule from the surface, andx is the
surface atom vibrational coordinate. Other degrees of freedom not indicate
are frozen.
o. 21, 1 December 1995



9477G. Katz and R. Kosloff: Nitrogen dissociation on metal surfaces
TABLE I. Potential parameters.

V̂phys(z,r ,x)

V̂N22S(r ,z) 5DN22S(12e2aN22S(z2ze))2 DN22S50.738 eV aN22S56.4 Å21

ze52.45 Å
V̂N2

(r ,z)5DN2
(12e2aN2

(z)(r2r e))2 DN2
50.103 eV aN2

52.016 Å21

r e51.1 Å

V̂S2S(x)5
1

2
Mvp

2(x2x0)
2

vp50.02 eV x051.6 Å

V̂chem(z,r ,x)

V̂N2S5DNS(12e2aN2S(z2ze))2 DN2S51.01 eV aN2S50.845 Å21

ze51.8 Å
V̂N2N5Ade

2adr Ad50.46 eV ad51.2 Å21

V̂S2S5
1

2
Mvc

2(x2x0)
2

vc50.0122 eV x051.8 Å

V̂int(z,r ,x)

Cae
2ar re2azze2axx Ca5.007 eV az55 Å21 ar52 Å21 ax55 Å21

Cbe
2gr (r2r i )

2
e2gz(z2zi )

2
e2gx(x2xi )

2 Cb5.01 eV gz53 Å22 g r52 Å22 gx53 Å22

zi51.5 Å r i50.6 Å xi51.6 Å
t

n

o

n

t

t
t
th
th
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r

The second nonadiabatic coupling function is peaked a
specific coordinates value:

V̂int~z,r ,x!5Cbe
2gr ~r2r i !

2
e2gz~z2zi !

2
e2gx~x2xi !

2
. ~2.8!

The justification for the second form is a tight transitio
configuration. The differences in the electronic structure
the two surfaces dictate a favored geometrical nuclear c
figuration in terms of bond lengths of the N2 molecule and
the surface atoms. Only in close vicinity to this transitio
structure can significant amplitude of the wavefunction cro
from one electronic surface to another. The diabatic poten
surfaces and the nonadiabatic coupling potential are sho
as cuts in Fig. 2 and Fig. 3.

With the potential forms set, the next step is to form
three-dimensional grid to represent the wavefunction and
Hamiltonian operator. The coordinate system describing
potential includes kinetic energy coupling terms between
molecular motion and the surface motion. To uncouple
kinetic energy operator a transformation to a new set of
ordinates was applied wherex andr are unchanged andz is
transformed toz85z1x. The kinetic energy operatorT̂ was
calculated by the Fourier method22 by a three-dimensional
FFT to k space and back. The parameters of the grid can
found in Table II.

TABLE II. Grid and propagation parameters.

GRID PARAMETERS nz564 nr564 nx532

Dz50.04 Å Dr50.04 Å Dx50.1 Å

z051.2 Å r 05.45 Å x050

Order of Chebychev expansion Nch564 Dt510 a.u.
Flux dividing line r52.21 Å
J. Chem. Phys., Vol. 103, N
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FIG. 2. Stereoscopic view of the potential energy surfaces in thez,r coor-
dinates for three values of the surface vibration coordinatex (xeq51.6 Å,
x151 Å, x250.6 Å!. The entrance valley~largez! represents the physisorp-
tion potential. The potential emerging from the left~large r ! represents the
atomic chemisorption. The interaction potentialVint is shown in the middle
@Eq. ~2.6!# which has significant amplitude only close to equilibrium nuclea
configuration. All plots are to the same scale.
o. 21, 1 December 1995
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9478 G. Katz and R. Kosloff: Nitrogen dissociation on metal surfaces
C. The initial state

The initial wavefunction was chosen to represent a g
phase molecule approaching the surface on the physisorp
potential.

cp~ t50!5f t~z!fv~r !fs~x!. ~2.9!

The wavefunctions therefore becomes a product of wa
packets in the three coordinates. In thez coordinate a Gauss-
ian wavepacket was chosen with adjustable momentum
ward the surface. In ther and x coordinates vibrational
eigenfunctions were used, calculated by the relaxat
method.23 Figures 4 and 5 show cuts of the initial wavefun
tion.

D. Propagation and analysis

Subject to the initial state the wavefunctionc(0) was
propagated to a final timec(t f). The propagation method
was based on the Chebychev scheme.24 The total integration
time was 30 to 60 fs, enough to describe a complete enco
ter of the nitrogen hitting the surface and recoiling. Only
minute part of the wavepacket crosses to the dissocia
surface. Within this scheme, the flux crossing a dividing s
face is integrated using the analytic properties of the Che
chev expansion with no extra numerical effort.25 Imaginary

FIG. 3. Stereoscopic view of the potential energy surfaces in thez, x coor-
dinates for differentr values in Å. Notice that the potential is bound in th
surfacex coordinate and in the chemisorption potential. Also the surfa
vibrational frequency in the physisorption potentialvp is higher than in the
chemisorptionvc . Superimposed is the coupling potentialVint .
J. Chem. Phys., Vol. 103,
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negative potentials were placed at the boundaries of the g
to absorb the outgoing amplitude.26–29The dissociation prob-
ability is obtained by integrating the flux at a surface perpen
dicular to the dissociation direction indicated by a line in Fig
4. The calculation was repeated for different surface vibra
tions, incident kinetic energies and for different metal surfac
atoms.

III. RESULTS

The effect of surface temperature can be recast into th
effect of surface vibrational excitation. This effect has to b
studied with respect to the incident kinetic energy which i
the dominate mode in promoting dissociation. Once the in
fluence of individual surface excitations is known it is
weighted by Boltzmann factors and the effect of surface tem
perature is reconstructed.

A. Dissociating flux as a function of surface vibration

The surface vibration participates both actively and pas
sively in the nonadiabatic tunneling event. Active participa
tion occurs when the surface degrees of freedom supply
extract energy from the reaction coordinate. Passive partic
pation occurs when the surface configuration due to atom
motion becomes less favorable to dissociation. For activ
participation the time scale of dissociation has to be comp

ce

FIG. 4. The initial wavefunction in thez,r coordinates superimposed on the
potential. Thev50 state of the molecular nitrogen is shown.

FIG. 5. The initial wavefunctions in thez,x coordinates representing the
v52 surface vibrational excitations of the crystal superimposed on the p
tential.
No. 21, 1 December 1995
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9479G. Katz and R. Kosloff: Nitrogen dissociation on metal surfaces
rable to the surface motion. Of the metals studied, Fe with
mass of 59 is best matched to N2 with a mass of 28. Figure
6 shows the accumulation of flux for the N2/Fe system for
the two interaction potentials. Most of the calculations a
carried out at an initial kinetic energy of 0.3 eV which com
pared to the lowest crossing point of 0.6 eV is well in th
tunneling region.

The dependence of the dissociation flux on surface
bration has an opposite effect for the two interaction pote
tials. The uniform interaction potential shows an enhanc
ment with vibrational excitation which is due to active
participation of the surface vibration in the dissociatio
event. The restricted geometry interaction potential show
negative effect. This is due to passive participation, i.e.,
vibration motion is excited the probability of the favore
configuration decreases.

Figure 7 compares the dissociating flux for the thre
metals for the restricted geometry non-adiabatic potenti
The only difference between the the calculations is the s
face metal mass. The time scale of the reaction is appro
mately 10 fs and longer for the N2/Re system.

Examining Fig. 7 it is clear that the surface vibrationa
effect on dissociation is reversed when the mass increa
from Fe to Re. Since the surface frequencies are identica
the calculation the mass difference translates to a larger a
plitude of motion for the lighter mass. As a result the heavi
metals stay closer to the favorable configuration. The e
hancement with vibrational excitation in the heavier meta
is then due to active participation of the surface motion in t
dissociation.

B. Dissociating flux as a function of surface
temperature

Experimentally the initial surface vibration can be con
trolled by varying the surface temperature. The crystal te

FIG. 6. The flux to the dissociation channel as a function of time for the tw
nonadiabatic interaction potentials for different initial surface vibration
The surface mass was 59~Fe!. Upper panel~a! shows the flux for the
uniform nonadiabatic interaction potential, the bottom panel~b! shows the
flux for the restricted geometry nonadiabatic potential. Notice the inversi
of the vibrational levels. The incident kinetic energy is 0.3 eV, the time is
femtoseconds and the flux scale is the same.
J. Chem. Phys., Vol. 103, N
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perature effect can be reconstructed by weighting the indi-
vidual calculations starting with different initial surface
vibrations with Boltzmann factors. Figure 8 shows the influ-
ence of temperature on the dissociation for the two non-
adiabatic interaction potential studied.

o
.

n
n

FIG. 7. Dissociation flux as a function of time for different metals. The
geometrically restricted non-adiabatic potential is used. The incident kinetic
energy is 0.3 eV, the time is in femtoseconds.

FIG. 8. Arrhenius plot of the dissociation probability as a function of in-
verse temperature for different metals and different nonadiabatic coupling
potentials. The dashed line represents the results using the restricted geom
etry non-adiabatic coupling potential. The solid lines represent the results o
the uniform coupling. The graphs have been shifted vertically to fit on the
same plot. The incident kinetic energy is 0.3 eV.
o. 21, 1 December 1995
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9480 G. Katz and R. Kosloff: Nitrogen dissociation on metal surfaces
The enhancement of dissociation by vibrational energ
translated to a positive temperature effect. This can be s
as a negative slope in Fig. 8 for all metals using the unifo
nonadiabatic potential and for the heavier metals in the
stricted geometry non-adiabatic coupling potential. The ‘‘a
tivation’’ energies are small which basically means that
surface vibration is only weakly coupled to the reaction c
ordinate. The slope of all plots vanishes at low surface te
peratures, due to the quantum discrete level structure. In
restricted geometry non-adiabatic coupling potential,
largest negative temperature effect is for the lighter N2/Fe
mass ratio. A small negative temperature effect is found
the N2/Ru system while the N2/Re shows the same positiv
temperature effect for both coupling potentials.

The ability of the metal surface to recoil from the im
pinging nitrogen molecule can lead to a significant reduct
in the dissociation probability. If the mass ratio of the mo
ecule to the metal atom is small the kinematically availa
energy for dissociation decreases.16,30It is therefore expected
that the reduction in dissociation probability is largest for t
lightest N2/Fe system. Figure 9 compares the dissociat
probability as a function of kinetic energy for the N2/Fe and
the heavier N2/Re systems at two surface temperatures.

The figure it shows that the recoil effect is maximizes
low incident kinetic energies where the nonadiabatic tunn
ing process dominates. These observations are consi
with previous analysis of this effect.16,30 Compared to the
strong dependence of the dissociation probability on the
cident kinetic energy, the surface temperature effect is q
small. Moreover the effect is almost independent of the
netic energy which is consistent with the experimen
observation.21

IV. DISCUSSION

The story unravelled by this study as well as previo
ones describes a fast dissociation event. The timescal
which amplitude is transferred from the physisorption pot

FIG. 9. Dissociation probability as a function of incident kinetic energy
Fe and Re for the restricted geometry non-adiabatic coupling potential.
lower line for Fe corresponds toT5500 K and the higher one to 100 K. Fo
Re the order is reversed. The graphs were shifted to fit the same high e
asymptote.
J. Chem. Phys., Vol. 103,
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tial surface to the dissociative chemisorption potential su
face is on the order of 10-20 fs. This timescale is dictated b
tunneling which is fast even at very low energies. This time
scale then limits the degrees of freedom which are able
participate actively in the dissociation. The dominate fa
modes are the translational and vibrational modes of the
trogen molecule. In comparison the surface modes, due
the heavy mass of the metals, are slow. An exception is t
N2/Fe system which, due to the unit mass ratio and the re
tively low surface vibrational frequency, the iron atom ca
recoil from the impinging nitrogen and reduce the effectiv
energy for dissociation. In retrospect the separation of time
cales is the justification for the reduced dimensionalit
model. The slow modes can be considered as an inhomo
neous background on the dynamics of the fast modes.

The transition metal surfaces also differ in their elec
tronic properties, or more precisely in their ability to bind
nitrogen atoms or molecules. In the framework of potentia
used in this study, the physisorption potential is almost un
versal since it is determined by dispersion forces.31 On
Fe~111! and on Ru surfaces, molecular chemisorption stat
have been identified32,33 no such state has been found fo
Re.34 In the present model these states were not included.
the nonadiabatic framework a third potential energy surfa
would described such a surface chemical species. Nonad
batic calculations on three potential surfaces,16 show a re-
markable different dependence of dissociation on the inc
dent kinetic energy. It is argued that these states play only
minor role in the dissociation event.

The atomic chemisorption potential energy surfaces po
sess different binding energies of the nitrogen atom to t
metals. This defines the asymptotic value of the chemisor
tion well. As a result the position and hight of the crossin
seam between the physisorption and chemisorption pote
tials can vary from metal to metal. The variance of the bind
ing energy with crystal face has been found to be small. T
surface phonon frequencies are similar for Fe and Re b
higher for Ru making it a more rigid surface.

Equally as important is the difference in the nonadiabat
coupling strength with the metals and metal surfaces. In t
nonadiabatic framework for the dissociation dynamics, th
nonadiabatic coupling functionV̂int , becomes the major
agent of variability. This variance reflects an electronic prop
erty due to charge transfer from the metal to the nitroge
molecule. For example the variance inV̂int can explain the
extreme structural sensitivity to the crystal face and orient
tion. It has been found that different surface faces can chan
the dissociation probability two orders of magnitude35,36

while the binding of the adatom is only slightly altered. Evi
dence for crystal orientation dependence has also be
observed.37,38The temperature effect is based on a tight tran
sition configuration, which is reflected in the sensitivity o
the nonadiabatic function to the local surface structure.

Since the purpose of the calculation was to gain insig
the surface mass effect, the potential parameters were k
constant. By adjusting the potential parameters for ea
metal, their individual character can be represented. To str
this point Fig. 10 shows a fit to the Fe/N2 system crystal
temperature effect. To fit the data at high crystal temper
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9481G. Katz and R. Kosloff: Nitrogen dissociation on metal surfaces
tures the nonadiabatic potential parameters were slightly
justed from their values in Table I.

The graph was fit to the high temperature limit since
low temperatures the model which includes only a sin
surface vibrational mode is deficient. At low temperatu
due to the discrete vibrational levels the Boltzmann fact
eliminate the contribution of the excited vibrations to t
dissociation. This discrepancy would be eliminated if mo
lower frequency vibrational modes were included in the c
culation.

To conclude, it was shown in this study that the negat
temperature effect for the N2/Fe system can be explaine
within the direct dissociation paradigm provided a tight tra
sition configuration is assumed. For the heavier metal
small positive temperature effect is obtained. Combined w
previous calculations based on this model9–11,16–19 the
nonadiabatic-tunneling mechanism is consistent with all
isting experimental evidence.
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FIG. 10. Comparison between the best fit to the experimental crystal
perature effect~dashed! ~Ref. 7! to the calculated one~solid! for the
N2/Fe~111! system. The incident kinetic energy is 1.05 eV. The nonadiab
potential parameters were changedCb from 0.01 to 0.012 eV, andgx from 3
to 7 Å22. Other parameters were kept constant. All vibrational states u
v54 were included.
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