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Seven-dimensional microcanonical treatment of hydrogen dissociation
dynamics on Cu„111…: Clarifying the essential role of surface phonons
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A simple picture of the hydrogen dissociation/associative desorption dynamics on Cu�111� emerges
from a two-parameter, full dimensionality microcanonical unimolecular rate theory �MURT� model
of the gas-surface reactivity. Vibrational frequencies for the reactive transition state were taken from
density functional theory calculations of a six-dimensional potential energy surface �Hammer et al.,
Phys. Rev. Lett. 73, 1400 �1994��. The two remaining parameters required by the MURT were fixed
by simulation of experiments. These parameters are the dissociation threshold energy, E0

=79 kJ/mol, and the number of surface oscillators involved in the localized H2/Cu�111� collision
complex, s=1. The two-parameter MURT quantitatively predicts much of the varied behavior
observed for the H2 and D2/Cu�111� reactive systems, including the temperature-dependent
associative desorption angular distributions, mean translational energies of the associatively
desorbing hydrogen as a function of rovibrational eigenstate, etc. The divergence of the statistical
theory’s predictions from experimental results at low rotational quantum numbers, J�5, suggests
that either �i� rotational steering is important to the dissociation dynamics at low J, an effect that
washes out at high J, or �ii� molecular rotation is approximately a spectator degree of freedom to the
dissociation dynamics for these low J states, the states that dominate the thermal reactivity. Surface
vibrations are predicted to provide �30% of the energy required to surmount the activation barrier
to H2 dissociation under thermal equilibrium conditions. The MURT with s=1 is used to analytically
confirm the experimental finding that � “Ea�Ts�” /�Et=−1 for eigenstate-resolved dissociative
sticking at translational energies Et�E0−Ev−Er. Explicit treatment of the surface motion �i.e.,
surface not frozen at Ts=0 K� is a relatively novel aspect of the MURT theoretical approach.
© 2006 American Institute of Physics. �DOI: 10.1063/1.2208362�
I. INTRODUCTION

Hydrogen dissociative chemisorption on Cu�111� is of-
ten considered to be the quintessential model system for gas-
surface reactivity.1–3 Calculation of the reactive H2/Cu�111�
potential energy surface remains a formidable challenge for
electronic structure theory even though it involves the sim-
plest molecule dissociating on a closed shell, first row, tran-
sition metal surface.4 The wealth of detailed experimental
data on the H2/Cu�111� reactive system3,5–18 provides unsur-
passed opportunities for testing theoretical models of gas-
surface reactivity. With the recent interest in developing al-
ternative energy sources �e.g., H2 fuel cells�, achieving a
molecular-level understanding of the surface reactivity of the
H–H bond is an increasingly pressing scientific concern.
There is currently no consensus amongst experimentalists
and theorists on the threshold energy for H2 dissociation on
Cu�111�. The roles of dynamical steering and surface atom
motion have been largely neglected or decoupled by theory,
even in the most recent, high level, quantum dynamical
calculations.4,19–27 In this paper, we employ a full dimension-
ality microcanonical unimolecular rate theory28–30 �MURT�
to model a large number of experimental results and arrive
at a simple unified description of the dissociative
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chemisorption/associative desorption dynamics. The two re-
quired MURT parameters fixed by experiments are the dis-
sociation threshold energy, E0=79 kJ/mol, and the number
of surface oscillators involved in the localized H2/Cu�111�
collision complex, s=1.

Early experiments by Rendulic and co-workers mea-
sured the initial dissociative sticking coefficient S of hydro-
gen on Cu�111� as a function of translational energy using
seeded supersonic molecular beams.16,17 Further beam ex-
periments by Auerbach and co-workers showed that both vi-
brational energy and normal translational energy �i.e., En

=Et cos2 �� promote the dissociative sticking of H2 and D2

on Cu�111�.8–10,13 The kinetic isotope effect in these experi-
ments, approximately 1.3 for H2 versus D2, is sufficiently
small that tunneling is not considered to play a major role in
the reactive dynamics. Thermal associative desorption ex-
periments are able to explore the roles of molecular vibra-
tional, rotational, and translational �Ev ,Er ,Et� energies on
the dissociative sticking via the principle of detailed
balance.8,31 Detailed balance asserts that the thermal associa-
tively desorbing hydrogen flux should exactly balance the
flux of hydrogen that would successfully dissociatively stick
under thermal equilibrium conditions, even at quantum-state-
resolved levels of detail. In this way, studies of associative
desorption can provide detailed information about the re-

verse process, dissociative sticking. The angular distribution
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of associatively desorbing hydrogen is peaked around the
surface normal as �cosn � with 10�n�19 dependent on
surface temperature Ts. The �60 kJ/mol mean translational
energy for D2 desorbing from Cu�111� at Ts=1000 K pro-
vides evidence for exit channel repulsion over a substantial
barrier to dissociative chemisorption.18 Auerbach and co-
workers measured the translational energy distributions of
desorbing hydrogen as a function of rovibrational state
�� ,J�.8,10,12 They pointed out that a distribution of barriers to
reaction is sampled during dissociative chemisorption ex-
periments due to uncontrolled averaging over molecular ori-
entation, vibrational phase, and impact position across the
surface unit cell.32 Progress was made by asserting that dif-
ferent rovibrational states experience different effective dis-
sociation barriers that can be quantified, to some degree, by
fitting rovibrationally resolved translational energy distribu-
tions of recombinatively desorbing hydrogen to an empiri-
cally derived error-function �erf� based sticking form.8,10,33

At low J, the �Et�� ,J�� of hydrogen that successfully sticks
increases slightly with J up until J�5, consistent with the
effective barrier to reaction increasing with rotational energy
and rotational energy hindering sticking. The decrease in
�Et�� ,J�� at higher J is consistent with a lowering of the
effective barrier to reaction with J and so further rotational
energy enhances sticking. The preference for helicoptering
rotational alignment �i.e., with angular momentum vector J
along the surface normal such that the molecular bond is
broadside to the surface� of the successfully sticking mol-
ecules was found to decrease with increasing translational
energy and increase with increasing rotational energy.6,7 By
monitoring the associative desorption of H2 and D2 from
Cu�111�,5 Murphy and Hodgson determined surface tempera-
ture dependent, molecular eigenstate-resolved relative stick-
ing coefficients and calculated “effective activation energies”
“Ea�Ts�”=−kB� ln S /��Ts

−1�. The effective activation energies
for the molecular eigenstate-resolved sticking decreased lin-
early with the molecular translational energy �i.e.,
� “Ea�Ts�” /�Et�−1�. In sum, this diverse set of detailed ex-
perimental observations provides a challenging set of criteria
by which to critically assess models of gas-surface reactivity.

Gross et al.26 used time-independent quantum scattering
theory applied to two-dimensional �2D� and five-dimensional
�5D� potential energy surfaces �PESs� derived from general-
ized gradient approximation �GGA�-density functional
theory �DFT� to calculate sticking coefficients that were
compared to values derived from H2 dissociative chemisorp-
tion and associative desorption experiments.14 The theoreti-
cal S�Et� sticking coefficient underestimated the experimen-
tal sticking by a �Et shift of �20 kJ/mol which led the
theorists to suggest a threshold energy for reaction of E0

	48 kJ/mol instead of the E0=70 kJ/mol value of their 5D
GGA-DFT PES. Quantum scattering theory26 was also used
to calculate the �Et���� and angular flux distribution of des-
orbing hydrogen for comparison to experimental values mea-
sured by Comsa and David.18 Reasonable agreement was
obtained for the mean translational energies, but the calcu-
lated angular distribution was considerably sharper than the
experimental cosn � fit �i.e., ntheory=25 for H2/Cu�111� ver-

sus nexpt=8 for D2/Cu�100� at Ts=1000 K �Ref. 18��. Re-
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cently, on a more fully converged GGA-DFT-derived PES,
Sakong and Gross found the threshold energy for reaction to
be E0=48.5 kJ/mol,20 in good accord with the expectation of
the earlier scattering study.

A benchmark GGA-DFT-derived six dimensional �6D�
PES calculated by Hammer et al. also has a threshold energy
of E0	48 kJ/mol.25 The transition state has H2 parallel to
the surface and centered over a bridge site. Transition state
vibrational frequencies from this PES are used in our MURT
modeling below. Recent 6D wave packet calculations, which
include all molecular degrees of freedom but not the surface
degrees of freedom, have examined the behavior of
eigenstate-resolved H2 and D2 scattering from Cu�111� using
several PESs with E0 varying from 52 to 69 kJ/mol.4,21 Dai
and Light have explored the role of steric effects on the
dissociation of hydrogen and have determined that “helicop-
ter” rotational motion �i.e., angular momentum vector J
along the surface normal� promotes reaction more than “cart-
wheel” rotational motion �i.e., J in the surface plane�.22,23

Holloway and co-workers have theoretically studied the
effects of surface temperature on the reactivity of hydrogen
on Cu.19,27 They simulated recombinative desorption experi-
ments similar to those of Murphy and Hodgson5 using high
dimensionality wave packet calculations on a four-
dimensional �4D� PES coupled to a single Einstein surface
oscillator.19 The 4D PES had a reaction threshold energy of
E0�67.5 kJ/mol for broadside approach of H2 on Cu�111�.
The wave packet calculations gave Arrhenius dissociative
sticking behavior for D2��=1,J=0� with a slope of
� “Ea�Ts�” /�Et=−0.86 over the range of 29 kJ/mol�Et

�35 kJ/mol, while at higher Et the slope diminished rapidly
towards zero. Experimental values of � “Ea�Ts�” /�Et were
−0.92 and −0.97 for H2 and D2, respectively, in the ground
vibrational state over the range of 5 kJ/mol�Et

�60 kJ/mol.5 A semianalytical quantum mechanical model
and a semiclassical surface mass model34,35 that couples the
surface to molecular reactive and energy transfer processes
were compared by Wang et al.19 and it was argued that
Arrhenius behavior should be seen with � “Ea�Ts�” /�Et ap-
proaching −1 for all gas-surface processes characterized by a
high threshold energy and multiphonon excitation.

Dynamical steering has been theoretically explored for
H2 on Cu�111� using a variety of quantum and classical dy-
namics techniques.36,37 The idea is that slowly translating
and rotating molecules may be most easily steered by long
range forces into the most favorable orientation for reaction
�e.g., by application of torque for sufficient time� and thereby
experience enhanced sticking. Conversely, molecules trans-
lating and rotating quickly �i.e., in high J states, particularly
when executing the relatively unfavorable cartwheel motion�
cannot be easily steered into the preferred broadside geom-
etry as they approach the surface and, therefore, have lower
sticking coefficients. Reduced dimensionality wave packet
calculations including only the cartwheel component of rota-
tional motion were able to reproduce the qualitative trends of
the experimental �Et�� ,J�� behavior but this consistency was
lost when azimuthal rotation was included in full three-
dimensional �3D� rotor simulations.37 Since quantum and

classical dynamics simulations give similar dissociative
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sticking results as a function of energy, quantum effects, such
as tunneling, do not seem to play an important role in the
reactivity of hydrogen on copper.36

If dynamical steering is strong then the initial alignment
of the incident molecules should be irrelevant to their stick-
ing and so by detailed balance associatively desorbing mol-
ecules should exhibit relatively little rotational alignment.
Experimentally, this seems to be the case for low J�5.7 For
J�5 there is an increasing preference for helicoptering rota-
tional alignment with increasing J and the alignment de-
creases with increasing translational energy.6 Consequently,
with increasing J, dynamical steering diminishes and the
steric importance of broadside attack of hydrogen on
Cu�111� becomes increasingly evident. However, as the
translational energy increases at fixed high J, and the total
energy available to surmount the reaction barrier increases,
the molecules need not take the very minimum energy path-
way to dissociate �i.e., broadside approach� and the impor-
tance of sterics diminishes as evidenced by diminishing ro-
tational alignment as the translational energy increases.

A three-parameter MURT local hot spot model of gas-
surface reactivity has sufficed to quantitatively treat the dis-
sociative chemisorption dynamics of polyatomic molecules,
such as CH4,38–40 SiH4,41 and C2H6,42 on several different
surfaces. In this paper, we employ transition state vibrational
frequencies from the 6D GGA-DFT PES of Nørskov and
co-workers for the H2/Cu�111� reactive system24,25 to for-
mulate a MURT model with only two adjustable parameters.
Of particular interest is to assess the applicability and limi-
tations of the statistical MURT model for the H2/Cu�111�
reactive system, presumably the gas-surface system where
the MURT approximation of ensemble-averaged microca-
nonical randomization of the initial energy in the gas-surface
collision complexes is likely to be most tenuous and where
quantum effects are most likely to be observable. Perhaps
surprisingly, the two-parameter MURT model quantitatively
captures much of the observed hydrogen dissociative stick-
ing behavior. The full dimensionality MURT model is also
helpful as a statistical baseline against which dynamical ef-
fects, such as steering or rotational energy conservation, can
be identified when they occur.29,40,42 The surface plays an
essential role in the gas-surface reaction dynamics and
roughly 30% of the energy required to surmount the activa-
tion barrier for H2 dissociation on Cu�111� derives from the
surface under thermal equilibrium conditions.

II. PHYSISORBED COMPLEX-MICROCANONICAL
UNIMOLECULAR RATE THEORY „PC-MURT…

The MURT local hot spot model28–30 is illustrated sche-
matically in Fig. 1 and assumes that the activated H2 disso-
ciative chemisorption kinetics can be described microcanoni-
cally as

�1�

The zero of energy E* �=Et+Ev+Er+Es� occurs at 0 K with
infinite separation between the surface and H2. Hydrogen

incident on the surface forms a transient gas-surface collision
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complex consisting of the molecule and a few adjacent sur-
face atoms represented as s surface oscillators. This local hot
spot is an energetic, transient intermediate species, which is
not in thermal equilibrium with the remainder of the sub-
strate. Energy in this transiently formed physisorbed com-
plex �PC or H2�p� in Eq. �1�� is assumed to be microcanoni-
cally randomized in an ensemble averaged sense either
through the collision process itself or through rapid intramo-
lecular vibrational energy redistribution �IVR�. A PC formed
with total energy E* subsequently either competitively des-
orbs or reacts with Rice-Ramsperger-Kassel-Marcus�RRKM�
rate constants kD�E*� and kR�E*�. Ultrafast PC desorption
rates at reactive energies for the H2/Cu�111� system lead to
negligible energy exchange with the surrounding substrate.
The physisorbed complex-microcanonical unimolecular rate
theory �PC-MURT� neglects energy transfer between the PC
and surrounding surface heat bath �e.g., by setting the energy
transfer rates R�E� ,E� to 0 in Fig. 1 kinetics�, and thereby
treats the PC as an adiabatic system.

Applying the steady state approximation to the H2�p�
coverage of Eq. �1� yields an expression for the initial disso-
ciative sticking coefficient that is measured experimentally,

S = 

0

�

S�E*�f�E*�dE*, �2�

FIG. 1. Schematic depiction of the kinetics and energetics for the activated
dissociation of H2 on Cu�111�. Surface coordination numbers have been
suppressed in the kinetic equation and the zero point energies are implicitly
included in the 2D potential energy curve along the reaction coordinate.
where
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S�E*� =
WR

‡�E* − E0�
WR

‡�E* − E0� + WD
‡ �E*�

�3�

is the microcanonical sticking coefficient, Wi
‡ is the sum of

states for transition state process i, E0 is the apparent thresh-
old energy for dissociation, and

f�E*� = 

0

E*

f t�Et�

0

E*−Et
fv�Ev�

	

0

E*−Et−Ev
fr�Er�fs�E* − Et − Ev − Er�dErdEvdEt

�4�

is the flux distribution for creating a physisorbed complex at
E*. The f �E*� results from the convolution over the individual
energy distribution functions for each degree of freedom: the
flux weighted translational energy, vibrational energy, and
rotational energy of the incident hydrogen, along with the
surface energy distribution for s surface oscillators vibrating
at the mean Cu phonon frequency, �s= 3

4kb
Debye/h, of
175 cm−1. Centrifugal and anharmonic corrections were used
in determining the hydrogen rotational and vibrational en-
Downloaded 13 Jul 2006 to 128.143.230.189. Redistribution subject to
ergy levels. The vibrational energy levels were calculated as
Ev���=��e−���+1��exe and the rotational energy levels
were calculated as Er�J�=hc�BeJ�J+1�−DeJ

2�J+1�2�.43

Nuclear spin statistics were incorporated in the PC-MURT
under the assumption that spin flips did not occur during the
PC residence time on the surface �e.g., para-H2 incident on
the surface could only desorb as para-H2 or dissociate�. Con-
sequently, dissociative sticking from the ortho and para mol-
ecules was calculated separately and then averaged in the
experimentally observed abundance ratios of 3:1 for H2 and
2:1 for D2.44

Molecular beam studies of H2 dissociative chemisorp-
tion on Cu�111� find that the initial sticking coefficient scales
with the translational energy directed along the surface
normal,13En=Et cos2 �. Consequently, we discount parallel
molecular translational energy as a spectator or inactive form
of energy over the course of the reactive gas-surface colli-
sions and apply the dynamical constraint that only normal
translation will contribute to Et in the equations above �i.e.,
set Et=En alone�. In accordance with experimental observa-
tions, we further assume that the molecular beam nozzle

FIG. 2. Absolute dissociative sticking
coefficients for thermally populated
molecular beams of �a� H2 �Ref. 8�
and �b� D2 �Ref. 10� at specified
nozzle temperatures �points� are com-
pared to PC-MURT simulations
�lines�. The sharp slope of the experi-
mental sticking as a function of energy
suggests a high entropic factor and a
loose reactive transition state. The
ARD between the molecular beam
sticking and the PC-MURT is 206%.

FIG. 3. Experimental �solid points and
bold lines� �Refs. 8 and 10� and PC-
MURT �open points and thin lines� an-
gular distributions and cosn 
 fits for
H2 and D2 recombinative desorption
from Cu�111� at various surface tem-
peratures are displayed. 5D quantum
calculations predict a sharply peaked
angular distribution of cos25 
 for H2

on Cu�111� at Ts=1000 K �Ref. 26�.
The ARD=23% for these angular
distributions.
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temperature Tn, sets the vibrational and rotational tempera-
tures of the beam molecules as Tv=Tn and Tr=0.9Tn,
respectively.8

In past examples where the PC-MURT was applied to
dissociative chemisorption of polyatomic molecules, full
characterization of the transition state was not directly avail-
able from electronic structure theory calculations and so
three adjustable parameters were used to characterize the
transition state: s, the number of surface oscillators vibrating
at the mean substrate phonon frequency that are able to
freely exchange energy within the PC; E0, the threshold en-
ergy for reaction; and �D, a mean vibrational frequency char-
acteristic of the three frustrated rotations and the vibration of
the molecule along the direction of the surface normal at the
transition state. All other vibrational frequencies of the tran-
sition state were assumed to be the same as in the gas-phase
molecule far from the surface.

For the hydrogen/Cu�111� system, we chose to take the

FIG. 4. Experimental mean translational energies for recombinative desorp-
tion as a function of angle �solid points� �Ref. 18� are compared to 5D
quantum calculations �open points� �Ref. 26�, van Willigen model calcula-
tions �dashed line� �Ref. 46�, and PC-MURT predictions �solid line�. The
ARD between the experiment and �i� the PC-MURT is 33%, �ii� the 5D
quantum calculations is 39%, and �iii� the van Willigen model is 59%.
Downloaded 13 Jul 2006 to 128.143.230.189. Redistribution subject to
vibrational frequencies for the transition state from the 6D
GGA-DFT PES of Nørskov and co-workers and allow only s
and E0 to be free parameters in our MURT modeling. The
transition state for desorption is taken to occur when hydro-
gen is freely rotating and vibrating in the gas phase far from
the surface. The reactive transition state is characterized by s
surface oscillators vibrating at the mean Cu phonon fre-
quency of 175 cm−1, the cartwheel and helicopter frustrated
rotations, and the vibration of H2 along the surface normal.
The H–H vibrational mode is sacrificed as the reaction coor-
dinate. From the 6D PES, the vibrational frequencies of the
frustrated rotations �cartwheel and helicopter� and perpen-
dicular vibration within the physisorption potential well are
1050, 805, and 405 cm−1, respectively.24,25 The two adjust-
able parameters, E0 and s, of the resulting PC-MURT are
fixed by minimizing the average relative discrepancy �ARD�
between theoretical predictions and experimental values,
e.g., for sticking, according to

ARD = � �Stheor − Sexpt�
min�Stheor,Sexpt�


 . �5�

A strength of the MURT analysis is that once the transi-
tion state characteristics have been defined by fits to experi-
mental data or �in principle� by electronic structure theory
calculations, the dependence of an experimental sticking co-
efficient on any dynamical variable �Ts, Et, Ev, etc.� can be
predicted on the basis of Eq. �2� by averaging the microca-
nonical sticking coefficient over the probability for creating a
physisorbed complex at E* under the specific experimental
conditions of interest. Worth explicitly noting is that the PC-
MURT provides a statistical description of the dissociative
chemisorption dynamics as can be seen from the microca-
nonical sticking coefficient of Eq. �3� which is simply the
ratio of the available exit channels through the reactive tran-
sition state to the total number of exit channels available
through either the reactive or desorptive transition states.

FIG. 5. �a� Surface temperature de-
pendent, relative dissociative sticking
coefficients obtained from recombina-
tive desorption experiments �solid
points� �Ref. 5� have been scaled to
give optimal agreement with PC-
MURT predictions �lines� based on ab-
solute molecular beam sticking coeffi-
cients �Refs. 8 and 10�. Despite the
scaling, the ARD=1106%. �b� Effec-
tive activation energies derived from
Arrhenius plots of the sticking coeffi-
cients shown in �a� are plotted for ex-
periment �solid points� �Ref. 5� and
PC-MURT simulations �open points�.
The ARD=176% and there is a verti-
cal offset in effective activation ener-
gies of �30 kJ/mol. However, the
PC-MURT correctly predicts that the
slope � “Ea�Ts�” /�Et=−1, as shown in
Table I.
 AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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III. RESULTS AND DISCUSSION

The optimal parameters for H2 dissociation on Cu�111�
were obtained by iteratively simulating a variety of state-
averaged and eigenstate-resolved experimental data. The PC-
MURT parameter set was determined to be �E0

=79 kJ/mol,s=1� based on ARD optimization of the experi-
mental data of Figs. 2 and 3, 5�b� and 7. All PC-MURT
calculations reported throughout the paper employ this single
set of parameters.

A. Internal state-averaged dissociative sticking
and associative desorption

Hydrogen dissociative sticking coefficients derived from
experiments8,10 employing supersonic molecular beams with
heated nozzles are compared with PC-MURT predictions in
Fig. 2. The ARD for Fig. 2 is 206% and although the PC-
MURT is roughly able to reproduce the order of magnitude
of the dissociative sticking, the predictions increasingly di-
verge from experiment at low normal translational energies.
This is predominantly because the slope of the experimental
sticking coefficients is steeper than the PC-MURT predicted
slope, �S /�En. Baer and Mayer45 have discussed the depen-
dence of an analogous slope for gas-phase polyatomic mol-
ecule dissociation rates on the entropy �i.e., the frequencies
and degeneracies� of the transition state. A steep slope indi-
cates a loose transition state and lower vibrational frequen-
cies than in the reactants. Thus, lower transition state fre-
quencies than those of the 6D PES of Nørskov and co-
workers might improve the PC-MURT fit to the experimental
dissociative sticking coefficients.

The angular flux distributions for hydrogen and deute-
rium associative desorption8,10 are shown in Fig. 3. The PC-
MURT predictions are in excellent agreement with experi-
ment giving an ARD of 23%, with theory predicting slightly
sharper distributions. Five dimensional quantum scattering
calculations26 predict H2 desorption from Cu�111� at Ts

=1000 K should have a cos25 � angular distribution which
seems overly sharp considering that the distribution for H2 at
Ts=800 K is cos10 � and the distributions generally become
broader with increasing surface temperature �cf., cos8 � for
H2 desorption from Cu�100� at Ts=1000 K�.18 Somewhat
surprisingly, a one-dimensional model developed by van
Willigen46 calculates the angular distributions well using the
equation

P��� =
E0 + kBT cos2 �

�E0 + kBT�cos �
exp�−

E0 tan2 �

kBT
� . �6�

The van Willigen model assumes that only normal transla-
tional energy En aids in overcoming the reaction threshold
energy E0 and that the sticking coefficient is unity for all
molecules with En�E0. The only adjustable parameter
within the van Willigen model is the barrier height E0 which
determines the sharpness of the angular distribution. For the
angular distributions shown in Fig. 3�a�, the van Willigen
model46 with E0=24 kJ/mol reproduced the experimental

data with an ARD of just 23%.
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Figure 4 shows mean translational energies as a function
of desorption angle for D2 associative desorption.18 These
data were simulated using the PC-MURT, but were not in-
cluded in the earlier optimization of the PC-MURT param-
eters. PC-MURT predictions are for �Et���� to decrease with
increasing �, while 5D quantum scattering calculations26 and
the van Willigen model yield increasing �Et���� with increas-
ing �. Experimentally, �Et���� stays almost constant as a
function of angle through to 35°. The ARD between PC-
MURT and experiment is 33%, whereas between the 5D
quantum scattering calculations26 and experiment the ARD is
39%. The ARD between the van Willigen model and the
experiment is 59%. The mean translational energy as a func-
tion of angle in the van Willigen model is

�E���� =
E0

2

�E0 + kBT cos2 ��cos2 �
+ 2kBT . �7�

While the van Willigen model can reproduce the experimen-
tal angular flux distributions with E0=24 kJ/mol, it predicts
that �Et���� goes to infinity as � increases to 90° based on
Eq. �7�. Although the limiting behavior of the van Willigen
model Eq. �7� is unphysical for finite E0 as �→90°, for E0

=0 it returns the correct angle-independent result, �Et����
=2kBTs. The �Et���� variation predicted by the PC-MURT is
the outcome when the activated dissociative sticking obeys
normal energy scaling and the pooled energy from many
degrees of freedom is available to surmount the activation
energy. The limiting PC-MURT value at high angle, �Et��
→90° ��=2kBTs, results from detailed balance because trans-
lational energy parallel to the surface does not participate in
dissociative sticking and so there is no reactive bias away
from the incident translational energy distribution that strikes
the surface as �→90° under thermal equilibrium conditions.

B. Eigenstate-resolved dissociative sticking
and associative desorption

Associative desorption experiments by Murphy and
Hodgson5 revealed the Arrhenius surface temperature depen-
dence of molecular eigenstate-resolved dissociative sticking
coefficients and defined effective activation energies for the
H2 and D2 sticking. PC-MURT predictions of eigenstate-
resolved sticking coefficients S�Et ,Ev ,Er ;Ts� as a function of
inverse surface temperature are compared to relative sticking
coefficients measured experimentally in Fig. 5�a�. The rela-
tive sticking coefficients were scaled by a single factor �i.e.,

TABLE I. Comparison of linear fits to experimental and PC-MURT effec-
tive activation energies “Ea�Ts�” as a function of translational energy as
displayed in Fig. 5�b�.

H2��=0,J=1� /Cu�111� D2��=0,J=2� /Cu�111�

Slope
Intercept
�kJ/mol� Slope

Intercept
�kJ/mol�

Experimenta −0.92 56 −0.97 62
PC-MURT −1.00 86 −1.00 94

aReference 5.
1/9075.8� to give best agreement with the PC-MURT pre-

 AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



024704-7 Hydrogen dissociation dynamics on Cu�111� J. Chem. Phys. 125, 024704 �2006�
dictions of absolute sticking coefficients. Despite the extra
freedom necessarily introduced by having to scale the ex-
perimental relative sticking data, the ARD=1106% for Fig.
5�a� is high. Figure 5�b� shows the effective activation ener-
gies “Ea�Ts�” for H2 and D2 derived from the data of Fig.
5�a� along with best fit lines as a function of translational
energy. There is an offset of �30 kJ/mol in the
“Ea�Ts�”-intercept values for experiment versus the PC-
MURT, but the slopes agree well with � “Ea�Ts�” /�Et�−1
for both experiment and theory. These values are compared
explicitly in Table I.

The PC-MURT can be used to analytically derive
� “Ea�Ts�” /�Et=−1 for a single surface oscillator able to
freely exchange energy within the PC and the reactive tran-
sition state. We start with the Tolman relationship for the
nonequilibrium effective activation energy28

“Ea�Ts�” = − kB
� ln S�Ts�
��1/T �

= �Es�R − �Es� , �8�

s

tution leads to the final result
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where �Es�R is the mean surface energy of the successfully
reacting PCs,

�Es�R =
�0

�EsS�Es + Et + Ev + Er�fs�Es�dEs

�0
�S�Es + Et + Ev + Er�fs�Es�dEs

, �9�

and �Es� is the mean surface energy of all the PCs formed,

�Es� =
�0

�Esfs�Es�dEs

�0
�fs�Es�dEs

. �10�

Since the mean surface energy of all the PCs formed is in-
dependent of the molecular translational energy, ��Es� /�Et

=0, there remains to solve only for ��Es�R /�Et. Rewriting
�E � in terms of E*=E +E +E +E yields
s R s t v r
�Es�R =
�Et+Ev+Er

� �E* − Et − Ev − Er�S�E*�fs�E* − Et − Ev − Er�dE*

�Et+Ev+Er

� S�E*�fs�E* − Et − Ev − Er�dE* . �11�

The classical surface energy distribution for s surface oscillators can be written as

fs�Es� =
1

kBTs�s − 1�!
� Es

kBTs
�s−1

exp� Es

kBTs
� . �12�

Assuming a single surface oscillator participates in the reactive transition state �i.e., s=1� and substituting into �Es�R yields

�Es�R =
�Et+Ev+Er

� �E* − Et − Ev − Er�S�E*��1/kBTs�exp�− �E* − Et − Ev − Er�/kBTs�dE*

�Et+Ev+Er

� S�E*��1/kBTs�exp�− �E* − Et − Ev − Er�/kBTs�dE* . �13�
All common terms independent of E* can be brought outside
the integrals and canceled, yielding

�Es�R

=
�Et+Ev+Er

� �E* − Et − Ev − Er�S�E*�exp�− E*/kBTs�dE*

�Et+Ev+Er

� S�E*�exp�− E*/kBTs�dE* .

�14�

Taking the derivative of Eq. �14� with respect to the Et gives
a complicated expression according to the Leibniz integral
differentiation formula. However, because the microcanoni-
cal sticking S�E*�=0 for E*�E0 the lower bounds of the
integrals can be replaced by E0 for Et�E0−Ev−Er. Substi-
� “Ea�Ts�”
�Et

=
��Es�R

�Et
=

�E0

� �− 1�S�E*�exp�− E*/kBTs�dE*

�E0

� S�E*�exp�− E*/kBTs�dE*

= − 1 for Et � E0 − Ev − Er. �15�

Equation �15� also holds true for a single quantum surface
oscillator where the density of states is essentially indepen-
dent of energy �i.e., 
�Es�=�n��Es−nh�s� is a regular picket
fence across energy and h�s is small�, just like the single
classical oscillator. Because the density of states becomes
energy dependent for s�1 �e.g., proportional to the preex-
ponential of Eq. �12�� we have not found an analytical route
to prove � “Ea�Ts�” /�Et=−1 for s�1 although numerically
this is found to be approximately true for reasonable bounds
on s, Et, E0, and Ts.
Figure 6 provides a graphical illustration of how
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“Ea�Ts�” is calculated using Eq. �8�, “Ea�Ts�”
=−kB� ln S /�Ts

−1= �Es�R− �Es�. Averaging the microcanonical
sticking coefficient S�E*� over the f�E*� probability distribu-
tion for creating a PC at energy E* according to Eq. �2� at
specific values of Et, Ev, Er, and Ts as shown in Fig. 6�a�
yields eigenstate-resolved sticking coefficients
S�Et ,Ev ,Er ;Ts� of the kind displayed in Fig. 6�b�. Surface
temperature dependent effective activation energies at a spe-
cific Et can be obtained by performing an Arrhenius analysis
of the sticking coefficients or from the Tolman relationship
defined in Eq. �8�. Figures 6�c� and 6�d� graphically demon-
strate these two approaches. Equation �11� is used to calcu-
late �Es�R and Fig. 6�a� shows f�E*�= fs�E*−Et−Ev−Er�
at two values of Et: 0 and 160 kJ/mol. A possibly more
instructive route for calculating �Es�R in the context of Fig.
6�a� begins with calculating the mean energy of the reacting

FIG. 6. Surface temperature dependence of molecular eigenstate-resolved dis
sticking is calculated as S=�0

�S�E*�f�E*�dE*, where E*=Et+Ev+Er+Es and
as a function of surface temperature over a range of Et values in increments
that successfully react and for all those that are collisionally formed which
energy” “Ea�Ts�”=−kB� ln S /�Ts

−1= �Es�R− �Es�. �d� Graphical demonstration
are identical whether they are calculated from the slopes of �b� or directly f
PCs,
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�E*�R = 

0

�

E*S�E*�f�E*�dE*, �16�

and noting that since generally �E*�R= �Et�R+ �Ev�R+ �Er�R

+ �Es�R,28 then for these molecular eigenstate-resolved ex-
periments �Es�R= �E*�R− �Et+Ev+Er�. Consider first the case
of f�E*� with Et=0 kJ/mol. Because E0 is the threshold en-
ergy for reaction and S�E*� is zero at energies E*�E0, it is
only the high energy tail of the f�E*� distribution beyond E0

that contributes to the integral of Eq. �16� that yields �E*�R.
The rapidly increasing nature of S�E*� near threshold tends
to skew the mean reactive energy towards higher values and
for this example �Et=0 kJ/mol, Ev=0 kJ/mol, Er

=1.4 kJ/mol�, �E*�R=92 kJ/mol and consequently �Es�R

=90.6 kJ/mol �cf. E0=79 kJ/mol�. In this instance, almost
all of the energy required to surmount the activation barrier

tive sticking coefficients S�Et ,Ev ,Er ;Ts� as Et is varied. �a� The dissociative
�= fs�E*−Et−Ev−Er� are shown for two Et values. �b� Arrhenius plots of S

kJ/mol. �c� Plotted separately are the mean surface energies for those PCs
ear in the Tolman relationship for the nonequilibrium “effective activation
� “Ea�Ts�” /�Et=��Es�R /�Et=−1 for Et�E0−Ev−Er, where “Ea�Ts�” values
�c�.
socia
f�E*

of 20
app

that
rom
derives from the surface. In contrast, when there is molecular
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energy in large excess of the reaction threshold energy, as is
the case for Fig. 6�a� f�E*� distribution with Et

=160 kJ/mol, then the slowly varying nature of S�E*� at en-
ergies well above threshold tends to yield �E*�R= �Es�R+Et

+Ev+Er, with �Es�R→ �Es�. Consequently, at sufficiently
high molecular energies “Ea�Ts�”= �Es�R− �Es�→0, as illus-
trated in Figs. 6�c� and 6�d�. The flattening of the slope
� “Ea�Ts�” /�Et away from −1 occurs rapidly after Et exceeds
�E0 in Fig. 6�d�.

We have rigorously shown above that � “Ea�Ts�” /�Et

=−1 for Et�E0−Ev−Er and one surface oscillator involved
in the physisorbed complex within the PC-MURT model of
gas-surface reactivity. By way of comparison, the 5D wave
packet calculations of Wang et al.19 involving D2��=1,J
=0� reacting with a single surface oscillator of Cu�111� over
a reduced dimensionality 4D PES with E0�D2��75 kJ/mol
gave � “Ea�Ts�” /�Et=−0.86 over the Et range from
29 to 35 kJ/mol with the slope diminishing rapidly towards
zero at higher Et �cf. Fig. 6�d� for �=0�. The PC-MURT
prediction for the break in the “Ea�Ts�” slope away from −1
for D2��=1,J=0� reacting on the PES of Wang et al. would
be at Et�E0−Ev−Er	39 kJ/mol, in reasonable accord with
the wave packet calculations.

Mean translational energies for associatively desorbing
hydrogen as a function of rovibrational state are plotted in
Fig. 7 along with PC-MURT predictions.8,10 The ARD be-
tween theory and the experiments is 14%. At low rotational
quantum number J, the PC-MURT predictions of �Et�� ,J��
are substantially higher than experimental values. However,
for H2 with J�4 and D2 with J�6 there is good agreement
between theory and experiment. The discrepancy at low J
suggests that dynamical effects are important at low rota-
tional energy. This discrepancy may be the result of dynami-
cal steering where long range forces from the surface are
able to reorient incident molecules into the broadside attack
geometry that favors dissociation. As discussed in the Intro-
duction, dynamical steering should fall off in importance
with increasing J and Et of the incident molecules because of
the increasing torque required to reorient the molecules dur-
ing their approach to the surface and the decreasing collision

time over which to accomplish the reorientation. Because
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dynamical steering involves molecular reorientation accom-
plished through long range forces before the molecule
reaches the transition state, the transition state MURT model
cannot account for steering’s effects on the gas-surface reac-
tivity. It may be that low energy collisions in which a mol-
ecule is steered into the ideal broadside collision geometry
for reaction are less energy randomizing and so reactive
channels, rather than the typically more numerous desorptive
channels, are relatively more easily accessed �i.e., Eq. �3�
statistical limit is not realized�. Such a tendency would raise
the sticking coefficients at low translational energies and
bring down the �Et�� ,J�� values at low J as compared to the
statistical limit over the range of Et and J where steering is
significant. At high J�5, where steering is unlikely to be
important,6 theory and experiment agree that �Et�� ,J�� falls
off with increasing J, consistent with rotational energy par-
ticipating like normal translational energy in statistically
overcoming the activation barrier for dissociation.

A remaining question is whether the modest experimen-
tal �Et�� ,J�� values within the steering domain at low J are
energetically compatible with the reaction threshold energy
of E0=79 kJ/mol determined by PC-MURT analysis. Taking
H2��=0,J=0� associative desorption at 925 K in Fig. 7 as an
example, the experimental value of �Et�v=0,J=0�� is
53.5 kJ/mol which must also equal �Et�R,expt for dissociative
sticking from the H2��=0,J=0� state in thermal equilibrium.
The PC-MART prediction for the mean surface energy of
PCs formed from successfully reacting H2��=0,J=0� at
925 K is �Es�R=46 kJ/mol. By detailed balance, the mean
energy of the PCs formed from reacting H2��=0,J=1� mol-
ecules at 925 K can then be estimated as �E*�R= �Et�R,expt

+ �Ev�R+ �Er�R+ �Es�R which totals 99.5 kJ/mol, more than
enough to surmount a reaction threshold energy of
79 kJ/mol. The point is that the surface at a temperature of
Ts=925 K is a flexible energy reservoir �e.g., see Fig. 6�c��,
typically supplying considerable energy to the reacting PCs,
and so the minimum �Et�� ,J�� values of Fig. 7 cannot di-
rectly define the threshold energy for dissociative sticking on
the PES.

FIG. 7. Experimentally observed
mean translational energies �solid
points� �Refs. 8 and 10� are plotted as
a function of rovibrational state for re-
combinatively desorbing �a� H2 and
�b� D2. PC-MURT simulations �open
points� agree well with experiment for
J�5. The divergence of the experi-
mental results from the theoretical pre-
dictions at low J suggests that dynami-
cal steering is important when the
angular momentum is low. The ARD
for these state-resolved mean energies
is 14%.
The undeniable participation of the surface in the disso-
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ciative sticking of hydrogen on Cu�111� is most clearly evi-
dent in Murphy and Hodgson’s experimental determination
of “Ea�Ts�” at low J in Fig. 5�b� where “Ea�Ts�” values can
exceed 50 kJ/mol. The �30 kJ/mol offset between experi-
mental and PC-MURT predictions of the “Ea�Ts�” values
may be due to dynamical steering effects limited to low J
such that agreement between theory and experiment would
improve if the experimental measurements were repeated for
molecules at high J. Despite the internal inconsistency that
the low J sticking diverges from our statistical model’s pre-
dictions and is presumably influenced by dynamical effects
such as steering, let us nonetheless employ the statistical
Tolman relation, “Ea�Ts�”= �Es�R− �Es�, and the assumption
that one surface oscillator participates in the reactive PCs to
estimate an upper bound for the reaction threshold energy
using experimental measures. For the H2��=0,J=1� state of
Fig. 5�b� with Er=1.4 kJ/mol at Et=5 kJ/mol, “Ea�Ts�” is
52 kJ/mol. Assuming a temperature of Ts=600 K, �Es�
=4 kJ/mol and so �Es�R=“Ea�Ts�”+ �Es� is 56 kJ/mol. The
mean energy of the reacting PCs for H2��=0,J=1;Et

=5 kJ/mol� sticking at 600 K is then �E*�R=62.4 kJ/mol
which must exceed E0. Based on this somewhat internally
inconsistent analysis of the experimental data, E0 should be
less than 62.4 kJ/mol. However, if this were the case, in-
stead of E0=79 kJ/mol, it would be impossible to theoreti-
cally recover agreement with the experimental falloff of
�Et�� ,J�� at high J using the PC-MURT.

This discrepancy over the upper bound for E0 makes it
worth briefly scrutinizing the robustness of Murphy and
Hodgson’s5 extraction of “Ea�Ts�” values that hinge on con-
sistently normalizing surface temperature dependent,
eigenstate-resolved, relative sticking coefficients derived
from measurements of eigenstate-resolved translational en-
ergy distributions of associatively desorbing molecules at
different surface temperatures. By detailed balance, Hodgson
employs

P�Et,�;�,J,Ts� � f t�Et,Ts�S�Et,�;�,J,Ts�

� Et exp�− Et/kBTs�S�Et,�;�,J,Ts� �17�
to relate the translational energy distribution of associatively
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desorbing �� ,J� state-selected molecules to the flux weighted
thermal translational energy distribution times the state-
resolved sticking coefficient. Relative S�Et ,� ;� ,J ,Ts� values
derived from experiments at different Ts were then normal-
ized to one another under the physically reasonable assump-
tion that the sticking coefficients will go to a common lim-
iting value, independent of the surface temperature, in the
limit of sufficiently high Et �e.g., 100 kJ/mol�. Just this kind
of Ts-independent sticking behavior is observed at high Et in
Fig. 6�b� according to the PC-MURT. The P�Et ,� ;� ,J ,Ts�
translational energy distributions of associatively desorbing
D2 spanned a range of Et from 0 to 100 kJ/mol which al-
lowed Murphy and Hodgson to directly apply Eq. �17� to
normalize the relative sticking coefficient curves to one an-
other using the sticking at high Et. To avoid using only a
limited range of the desorption data at high Et to normalize
the relative sticking curves, Murphy and Hodgson went fur-
ther and were able to fit the P�Et ,� ;� ,J ,Ts� translational
energy distributions over the wide Et range from
0 to 100 kJ/mol using an empirically derived erf-functional
form for the sticking coefficients such that the relative stick-
ing coefficients could be analytically extrapolated to high Et

for consistent normalization. Murphy and Hodgson obtained
excellent agreement between the normalization by the erf
fitting procedure and by direct inversion of the high Et ex-
perimental data. Although the consistency of the relative
sticking curve normalization is clearly important for the
eventual extraction of accurate values of “Ea�Ts�”
=−kB� ln S /�Ts

−1= �Es�R− �Es�, it seems that Hodgson’s meth-
ods are exemplary. Consequently, for reactive systems that
behave statistically �perhaps, not H2/Cu�111��, Murphy and
Hodgson’s new desorption technique for determining
“Ea�Ts�” values for molecular eigenstate-resolved sticking
coefficients can provide a useful upper bound for the disso-
ciation threshold energy E0 through calculation of the aver-
age energy �E*�R of the reacting PCs as detailed above.

The rotational distributions for hydrogen and deuterium
desorbing from Cu�111� at Ts=925 K are plotted in Boltz-
mann form in Fig. 8. Experimental values were normalized

FIG. 8. A comparison of experimental
�solid points� and PC-MURT �open
points� rotational energy distributions
for recombinative desorption of �a� H2

�Ref. 8� and �b� D2 �Ref. 10� is pre-
sented. Lines through the experiment
represent an Arrhenius fit to the low J
data assuming that the rotational tem-
perature is equal to the surface tem-
perature �i.e., Tr=Ts=925 K�. A simi-
lar fit to the PC-MURT predictions
yields rotational temperatures of 5571,
and 2923 K for H2 in the �=0 and 1
states and 6411, 4296, and 2399 K for
D2 in the �=0, 1, and 2 states, respec-
tively. The ARD for the rotational en-
ergy distributions is 489%.
by asserting �P�E�,J�=1 over the �, J range of measured
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eigenstates. The PC-MURT P�E�,J� values sum to 1.000 over
the theoretically considered �=0–5 and J=0–26 range of
eigenstates and sum to �0.95 over the more limited experi-
mental range of measured eigenstates. The vibrational state-
resolved experimental data are well fitted through to J�7 by
Boltzmann plot lines representing P�,J=gn�2J+1�exp�−Er /
kBTr�, where Tr=Ts and gn is the nuclear spin degeneracy.8,10

The PC-MURT predictions do not correlate well with the
experimental measurements and the Fig. 8 ARD is 489%.
Arrhenius fit lines drawn through the PC-MURT predictions
give the following effective rotational temperatures: for H2

in the �=0 and 1 vibrational states Tr=5571 and 2923 K,
respectively, and for D2 in the �=0, 1, and 2 vibrational
states Tr=6411, 4296, and 2399 K, respectively �cf. Tr=Ts

=925 K for experiment at low J�. Interestingly, the intersec-
tion points between the �=0 PC-MURT and experimental
data are observed at almost the same J states at which the
�Et�� ,J�� values begin to agree in Fig. 7—presumably those
J states that mark the end of the domain of dynamical steer-
ing. The PC-MURT predicts much higher Tr values than Ts

because it assumes that rotational energy is fully participa-
tory in promoting dissociation. Out of a 925 K thermal rota-
tional distribution incident on a surface at thermal equilib-
rium, rotationally hotter molecules should preferentially
dissociatively stick and so by detailed balance a higher Tr

should characterize the associatively desorbing molecules.
Experimentally, this behavior is clearly not observed at low J
where Tr=Ts and one might be tempted to argue that rota-
tional energy is simply a spectator to dissociative chemisorp-
tion. The lack of variation of �Et�� ,J�� with J displayed in
Fig. 7 at low J is certainly consistent with this interpretation
but why then does experiment follow the PC-MURT
�Et�� ,J�� predictions at higher J? The answer may be that
dynamical steering dominates the sticking at low J and its
rolloff in efficacy with J tends to move �Et�� ,J�� upwards
while an increasing efficacy of utilizing rotational energy
statistically tends to move �Et�� ,J�� downwards such that the
net experimental result is a relatively flat �Et�� ,J�� variation
with J at low J and hence Tr=Ts in Fig. 8 at low J. Certainly,
the experimental associative desorption population in �=0 at
high J in Fig. 8 moves above the Tr=Ts=925 K line, consis-
tent with a higher effective rotational temperature and in-
creased utilization of rotational energy in dissociative chemi-
sorption at high J. In summary, although the experimental
data of Figs. 7 and 8 support some involvement of rotational
energy in promoting the dissociative sticking of hydrogen, at
least at high J, the data do not demand complete participation
of rotational energy in the way assumed by the PC-MURT.

C. Thermal dissociative sticking

Emboldened by some success at reproducing the results
of state-averaged and eigenstate-resolved dissociative stick-
ing experiments, let us now turn to the prediction of thermal
dissociative sticking coefficients. Figure 9 displays PC-
MURT predictions of H2/Cu�111� dissociative sticking co-
efficients for an effusive thermal beam at temperature Tg

incident at �=0° on a surface at temperature Ts,

S�Tg ,Ts ;0° �, and for an ambient gas of temperature Tg inci-
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dent from all angles onto a surface at Ts, S�Tg ,Ts�. The ther-
mal equilibrium sticking coefficient is ST=S�Tg ,Ts�, with T
=Tg=Ts. The other nonequilibrium sticking coefficients are
simply the ones that might be measured using thermally pre-
pared gas and surface at low pressures where Tg and Ts can
be independently varied and maintained. A similar family of
nonequilibrium S�Tg ,Ts ;0°� and S�Tg=300 K,Ts� experi-
mental measurements was recently made for CH4 and C2H6

activated dissociative chemisorption on Pt�111�.39,42 The
H2/Cu�111� thermal sticking coefficient is well described by
an Arrhenius expression ST=S0 exp�−Ea /kBT� where S0

=1.37 and Ea=79.6 kJ/mol over the temperature range of
300 K�T�2000 K. At sufficiently high T, ST rolls over to a
limiting value of 1. The sticking coefficients of Fig. 9 vary
by 14 orders of magnitude and likely underestimate the ex-
perimental sticking47 because of the relatively high E0 value
used in the PC-MURT calculations and the nonstatistical be-
havior of hydrogen at the low J states that are most easily
thermally accessed �e.g., Fig. 7�. The nonequilibrium stick-
ing coefficients generate a variety of opportunities to mea-
sure effective activation energies, “Ea�Ts�”=−kB� ln S /�Ts

−1

that are readily interpreted using Eq. �8� Tolman relation
“Ea�Ts�”= �Es�R− �Es�. For example, S�Tg ,Ts ;0°� measure-
ments at relatively high Tg and relatively low Ts in the upper
right of Fig. 9 should show “Ea�Ts�”�0 because the reacting
system can use the more flexible high Tg gas heat reservoir to
supply virtually all its energy needs to surmount the activa-
tion barrier for dissociation. As Ts begins to exceed Tg on the
left side of Fig. 9, the system can increasingly draw energy
to react from the surface. An important point is that such
“effective activation barriers” are very much dependent on
the specific experimental conditions of their measurement
and are not as easily related to the threshold energy for re-
action E0 as is the thermal activation energy Ea which is
generally not more than a few kBT above E0.28

FIG. 9. PC-MURT predictions for the dissociative sticking of H2 gas as a
function of Tg and Ts, assuming that the gas is incident at 0° �solid lines�
from an effusive molecular beam source or angle integrated �dashed line�
from an ambient random gas onto a Cu�111� surface. The thin lines are for
Tg=300–2100 K in 300 K increments, while the bold lines are for Tg=Ts.
The dashed bold line gives the thermal equilibrium sticking.
Although the PC-MURT incorporates only a single sur-
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face oscillator in the reactive transition state, Fig. 10 illus-
trates why the sticking coefficients of Fig. 9 can exhibit
strong variation with Ts. Mean energies for the reactive spe-
cies and fractional energy uptakes, defined as f i

= �Ei�R / �E*�R or the mean energy derived from the ith reac-
tant degree of freedom for those PCs that successfully react
divided by the mean energy of the reacting PCs, indicate that
nearly 30% of the energy necessary to overcome the activa-
tion barrier to thermal dissociation derives from the surface
phonons. Thus, the surface plays an essential role in the dis-
sociative sticking of hydrogen and should not be discounted
in theoretical modeling. Figure 10 shows that for the thermal
dissociative chemisorption of H2, rotations, normal transla-
tion, and surface phonons all have comparable f i�30%,
whereas molecular vibration with fv�10% plays a lesser
role in overcoming the activation barrier to dissociation ac-
cording to the PC-MURT.

D. Underpinnings of the PC-MURT model

Figure 11 illustrates the sum of states for reaction and
desorption along with the PC density of states for the
H2/Cu�111� system using the Beyer-Swinehart-Stein-
Rabinovitch48 density count method. The HD/Cu�111� phy-
sisorption well has been experimentally characterized by ro-
tationally mediated selective adsorption where it was found
Downloaded 13 Jul 2006 to 128.143.230.189. Redistribution subject to
that physisorbed HD is a free rotor with an adsorption energy
of Ead=2 kJ/mol and a vibrational frequency along the di-
rection of the surface normal of �ph�45 cm−1.49 For the pur-
poses of Fig. 11, we have neglected nuclear spin statistics
and assumed that the PC of the H2/Cu�111� system has
Ead=2 kJ/mol and �ph�55 cm−1. The PC density of states
exceeds the typical threshold level of 10 states/cm−1 for IVR
�Ref. 50� once the energy of the reactive complex E* exceeds
about 50 kJ/mol. Consequently, the PC-MURT’s premise
that the incident PC energy will become microcanonically
randomized, in an ensemble-averaged sense, at energies in
excess of the threshold energy for reaction, E0=79 kJ/mol,
may be approximated by some combination of �i� direct col-
lisional mixing as trajectories access the highly anharmonic
region of PES in the neighborhood of the transition state51

and �ii� rapid IVR over the RRKM lifetime for desorption
which is �D�3 ps at reactive energies.28 Some key observa-
tions that tend to support statistical state mixing at reactive
energies are that once the threshold energy for dissociation is
surpassed, there are more than 1000 open rovibrational chan-
nels for desorption �i.e., WD

‡ �E*=E0��, the PC density of
states is greater than 10 states/cm−1, and the PC will have
access to the anharmonic transition state region of the PES.
The breadth of the PC energy distribution f�E*� is always
significant, even for the molecular eigenstate-resolved stick-

FIG. 10. PC-MURT predictions of �a�
the mean energies of the reacting phy-
sisorbed complexes that derive from
different gas and surface degrees of
freedom, and �b� the fractional energy
uptakes from the different degrees of
freedom �e.g., f i= �Ei�R / �E�R� for ther-
mal sticking. Under thermal equilib-
rium conditions, about 30% of the en-
ergy required to surmount the barrier
for dissociative chemisorption derives
from the surface phonons.

FIG. 11. �a� Desorption and reaction
sum of states are shown along with the
density of states for the physisorbed
complexes. The PC density of states
does not reach the intramolecular vi-
brational energy redistribution �IVR�
threshold of 10 states/cm−1 �dotted
line� until E*�50 kJ/mol. �b� Unimo-
lecular time constants �ki�E*�−1� for
desorption and reaction are shown
along with the microcanonical sticking
coefficient, S�E*�=�D�E*� / ��D�E*�
+�R�E*��.
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ing experiments of Fig. 6�a�, because of the breadth of the
thermal surface energy distribution. Consequently, calcula-
tion of the experimental sticking will usually require consid-
erable energetic averaging of the kind described in Eq. �2�.
Further ensemble averaging over the molecular vibrational
phase, orientation, and impact position across the surface
unit cell is also experimentally incurred. It is widely believed
that extensive experimental averaging will tend to support a
statistical theoretical model even if the statistical limit is only
approximated for the microcanonical sticking coefficient of
Eq. �3�.52 This lack of exactness does not detract from the
value of a statistical model with few parameters if it captures
the essential physics of the reactivity and can accurately pre-
dict experimental outcomes. Salin’s recent classical trajec-
tory calculations on a 6D GGA-DFT PES with E0

=57 kJ/mol for H2 dissociative chemisorption on Cu�110�
support a normal over-the-barrier transition state model for
hydrogen dissociation on Cu.53 Good agreement with state-
averaged experiments was obtained with the high dimension-
ality trajectory calculations that failed to observe some of the
dynamical effects predicted by earlier reduced dimensional-
ity calculations. The gas-surface reactivity was argued to be-
have more statistically as more of the experimental dimen-
sionality was made theoretically available—an effect
commonly observed in studies of gas-phase reactions.54 The
current two-parameter seven-dimensional �7D� PC-MURT
study of hydrogen dissociative chemisorption is believed to
treat all the primary molecular and surface degrees of free-
dom relevant to the reaction because ultrafast desorption of
the PCs at reactive energies serves to limit energy dissipation
and dynamical involvement of the surrounding surface at-
oms.

IV. CONCLUSIONS

A simple, two-parameter, full dimensionality, “local hot
spot” model of gas-surface reactivity is found to describe
much of the state-averaged and eigenstate-resolved dissocia-
tive chemisorption and recombinative desorption experi-
ments for hydrogen on Cu�111�. The threshold energy for H2

dissociation is predicted to be E0=79 kJ/mol, roughly 50%
higher than recent electronic structure theory calculations.
Only one surface oscillator participates in the reactive tran-
sition state. Nonetheless, the surface phonons are critically
important for reactivity, supplying approximately 30% of the
energy necessary to surmount the dissociation barrier under
thermal equilibrium conditions. The PC-MURT was used
to analytically confirm the experimental finding that
� “Ea�Ts�” /�Et=−1 for eigenstate-resolved dissociative
sticking at translational energies Et�E0−Ev−Er. The dis-
crepancy between associative desorption measurements of
hydrogen rotational distributions and �Et�� ,J�� in low J ro-
tational states with PC-MURT predictions is taken as evi-
dence for the importance of dynamical effects, presumably
either dynamical steering or rotational motion acting ap-
proximately as a spectator degree of freedom, in the disso-

ciative sticking at low J.
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