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ABSTRACT: Quasiclassical trajectory calculations and vibrational-
state-selected beam-surface measurements of CH, chemisorption on
Ir(111) reveal a nonthermal, hot-molecule mechanism for C—H bond
activation. Low-energy vibrationally excited molecules become trapped
in the physisorption well and react before vibrational and translational
energies accommodate the surface. The reaction probability is strongly
surface-temperature-dependent and arises from the pivotal role of Ir
atom thermal motion. In reactive trajectories, the mean outward Ir
atom displacement largely exceeds that of the transition-state geometry
obtained through a full geometry optimization. The study also
highlights a new way for (temporary) surface defects to impact high-
temperature heterogeneous catalytic reactivity. Instead of reactants
diffusing to and competing for geometrically localized lower barrier
sites, transient, thermally activated surface atom displacements deliver low-barrier surface reaction geometries to the physisorbed
reactants.
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B ecause among the many elementary steps involved in a
chemical reaction on a solid surface, dissociative
adsorption is very often the rate-limiting one, “bond-breaking
upon chemisorption is perhaps the most important role of a
catalyst”." This is the case, in particular, for the heterogeneous
catalytic steam reforming of natural gas used in industry to
produce molecular hydrogen, which is rate-limited by the first
C—H bond-breaking of methane and proceeds at high
temperatures of ~1000—1300 K.” This has motivated a large
number of well-controlled surface science experiments using
supersonic molecular beams (SMB) that have investigated the
effect of the surface temperature, T, and the methane
molecule’s translational energy, E;, and vibrational state on
the initial reactive sticking probability, S,. (See, for example,
refs 3—7 and references therein.) The main common signature
observed for many transition-metal surfaces is an abrupt
increase (up to five orders of magnitude) in S, with increasing
E; (i.e,, 0S,/0E, > 0, see, e.g, figure 29 of ref 4) simply due to
the growing number of accessible dissociation pathways.
Nevertheless, on Ir(111),*” Ir(110),* and Pt(110),”"°
methane molecules at low impact energies (E; < 0.1 eV)
show an initial decrease in the Sy(E;) curve (i.e., Sy/0E; < 0)
that is considered to be a fingerprint for a precursor-mediated
(or trapping-mediated) chemisorption mechanism.

In a precursor-mediated mechanism, the approaching
molecule first dissipates enough of its incident kinetic energy
to become a resident in a transient precursor state in a
potential-energy well resulting from the interplay of long-range
attractive and short-range repulsive interactions between the
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adsorbate and the substrate. The depth and location of such a
well certainly depends on the nature of the molecule—surface
interaction (here we focus only on the so-called intrinsic
precursors that do not involve the presence of preadsorbed
species''), but, in general, trapping-mediated dissociation is
more efficient for low translational energy molecules whose
modest E; is most easily transferred to other degrees of
freedom (DOF) or dissipated in a single molecule—surface
collision. Trapping allows the molecules to remain near the
surface for a longer time and have an increased chance of
finding a favorable pathway for dissociative chemisorption.'”
As E; increases, trapping-mediated dissociation drops roughly
exponentially due to the sharply decreasing probability of
trapping into the precursor state, Py, At higher E;, direct
dissociation prevails. In between these two regimes (~0.1 eV
for CH,/Ir(111)*”), both mechanisms contribute significantly
to the observed E; and T, dependence of S, which is the sum
of precursor-mediated and direct dissociation probabilities (S,
= Sy + Stmpp). This explains the nonmonotonic shape of the
So(E;) curve. Other molecule—surface systems also exhibit a
low-E; precursor-mediated channel, for example, H, on various
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surfaces of Pd,"* Ni,"* W,"* and Pt,'° N,/W(100),""" 0,/
Pt(111),%° and ethane/Ir(110),”' but in all of these cases, the
precursor-mediated reactivity is most pronounced at low
surface temperatures and ceases when T, increases (3S,/dT, <
0). In contrast, the precursor-mediated reactivity of CH,/
Ir(111) increases with increasing T up to 1000 K (9S,/0T; >
0)® despite the expected short surface residence lifetime for the
weakly bound precursor.”” The differing manifestations of this
reaction channel and its potential importance in high-
temperature industrial catalysis, in which a majority of
molecules contain chemically significant internal vibrational
energy but modest E; ideal for trapping, motivate our work.

The long-standing wisdom about precursor-mediated
chemisorption and, in particular, its T, dependence, supposes
that after a molecule is trapped, it thermally equilibrates in the
precursor state. Then, the dissociation probability is
determined by the competition between the thermal rate
constants for chemisorption (k.) and desorption (ky): kg,
Vg, exp[—Eq4./(ksT,)], where kg is the Boltzmann constant and
E4 (E.) and v4 (v,) are the corresponding energy barriers and
pre-exponential factors for desorption (chemisorption),
respectively. However, vibrational state-resolved measurements
of methane in its ground vibrational state (v = 0) and v = 1
C—H stretching states undermine this assumption. They show
that S, for CH,(v3 = 1), is significantly greater than that for
CH,(v = 0), so the full thermalization of vibrational states does
not occur in the precursor state.” The authors cite the kinetic
competition between the surface residence time of physisorbed
CH, molecules™ and the vibrational energy dynamics to argue
that molecules most likely desorb before significant vibrational
energy redistribution or quenching occurs on the surface.”*
Others have raised questions about the role of weakly bound
precursor states for methane at high real catalysis temper-
atures,”” and recent studies of CO(v = 2) scattering from
Au(111) provide further evidence of a slower than expected
vibrational relaxation of physisorbed molecules on surfa-
CeS.25_27

The complicated interplay between direct and precursor-
mediated mechanisms and the lack of a priori justification for
the use of thermal rate constants motivate our use of dynamical
simulations to study the low-E; reactivity of methane on a
catalytically active transition-metal surface. The goal is to
disentangle experimentally observed reactivity patterns and
reveal the role and mechanism of direct and precursor-
mediated chemisorption for the most relevant values of E; and
T, under real-catalysis conditions. Performing calculations that
account for the coupled time evolution of both molecular and
surface degrees of freedom presents formidable technical
challenges and guides our choice of method. Integration times
of tens of picoseconds (the mean lifetime of the precursor
state”) are required with a time resolution of a tenth of a
femtosecond to properly describe the fast methane vibrations,
resulting in up to ~10° time steps per trajectory. Acceptable
statistical errors for the calculation of S, values as small as
~107* can require up to ~10"° trajectories per impact
condition. The necessary computational effort for an ab initio
molecular dynamics calculation™® would be about four to five
orders of magnitude beyond the currently attainable limit.

In this work, we overcome this limitation through
quasiclassical trajectory (QCT) calculations that make use of
a highly accurate Tersoff-like”” reactive force field (RFF)
constructed from a large set of density functional theory
(DFT) data.’®®' The DFT calculations made use of the

2212

semilocal Perdew—Burke—Ernzerhof (PBE) functional® for
electronic exchange and correlation, and we have added a long-
distance van der Waals empirical correction to the RFF to
properly account for methane physisorption. Details of the
RFF parametrization and its performance and the DFT and
QCT calculations are provided in the Supporting Information.
Our RFF-based approach allows us to treat the DOF of both
molecular and metal atoms on an equal footing. Its relatively
low computational cost makes it possible to integrate a large
number of trajectories to obtain statistically converged results,
even in the present case of low sticking probabilities and long
adsorbate—substrate interaction times. We report dissociative
adsorption probabilities of CH, in its ground vibrational state
CH,(v = 0), and in the excited antisymmetric C—H stretching
state CH,(v3 = 1) on Ir(111) at high surface temperatures
close to those of real catalysis. The calculated results are
compared with previously published state-resolved measure-
ments of S, at T, = 1000 K,” conventional beam surface
measurements Sy,” and previously unpublished state-resolved
measurements performed at a range of E; and T values as low
as 600 K. For these new measurements, a supersonic molecular
beam of methane impinged on a clean Ir(111) surface was held
at the desired T,. The molecular beam source was held at or
slightly above room temperature for all of the measurements,
and seeding techniques were used to vary the incident kinetic
energy of the methane molecules. Under these conditions, very
few thermally excited vibrational states were present in the
beam, and vibrational ground-state molecules, v = 0,
dominated the measured S, The reactivity of the v; = 1
state was measured using a narrow-line-width infrared laser to
selectively excite a significant fraction of v = 0 molecules in the
beam to the v; = 1, ] = 2 vibrational and rotational level. A
comparison of the measured reactivity with and without laser
excitation yielded the state-resolved values of S, for CH,(v; =
1) presented here. Reference 7 details the relevant
experimental methods and data analysis procedures. Our
QCT calculations give results in excellent agreement with
experiments and allow us to shed new light on the way that
precursor-mediated chemisorption takes place for CH,/
Ir(111) and its influence on the E; and T, dependence of S
at high surface temperatures close to those of real steam
reforming catalysis.

In Figure 1, we compare QCT results for S, of CH,(v = 0)
and CH,(v; = 1) on Ir(111) with available experimental
data.”” Our simulations provide results in very good agreement
with experiments in many respects. For T, = 1000 K (Figure
1a), they reproduce well the strong increase in S, with
increasing E; above ~0.10 eV (in what follows, referred to as
the high-energy regime) and also its decrease (9S,/0E; < 0) at
lower energies (the low-energy regime). Thus our results
properly account for the existence of two distinct dissociation
mechanisms: one favored by small and the other by large
impact energies for both CH,(v = 0) and CH,(v; = 1). Our
QCT calculations also predict values of S, for CH,(v5 = 1) that
are significantly higher than those for CH,(v = 0) in both the
low- and high-energy regimes in very good agreement with
experiments, although for E; 2 0.1 eV, the theoretical
vibrational efficacy, 7, is somewhat smaller than the
experimental one: 77,;, = 90/360 meV = 025 vs 0.42. A
slight overestimation of experimental sticking probabilities for
ground-state molecules and good agreement for vibrationally
pre-excited ones have also been found in a similar DFT—PBE-
based QCT description of CH,/Pt(111).*"** QCT results can
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Figure 1. (a) Sy(E;) for initially nonrotating CH,(v = 0) (black) and
CH,(v; = 1) (red) at normal incidence for T, = 1000 K. The shaded
areas account for statistical errors of theoretical results (present
work): ASy = (Sp X (1 — SO)/ijS)I/Z, where Ny is the number of
computed trajectories. The symbols represent experimental data: @,
M.’ (b) Arrhenius plot: S, as a function of 1000 K/ T, for CH,(v = 0)
(theory, open symbols (present work)) and under laser-off conditions
(experiments, filled syrnbolsS) at normal incidence. }, E =111 eV;
W:E =041 cV; @ E = 031 cV; ®: E = 025 ¢V; A: E, = 0.065 eV.
(c) Same as panel b but for CH,(v; = 1) (theory and experiments
(present work)): @, E; = 0.25 eV; @, E, = 0.065 eV.

be affected by artificial intramolecular vibrational redistribution
(IVR).”® Part of the energy initially deposited in the v
antisymmetric stretching mode might flow to other vibrational
modes, in particular, those with a similar frequency like the v,
symmetric stretching mode. However, the good agreement
with experiments obtained here for CH,(v; = 1) suggests that
IVR is small or S, is not very sensitive to this IVR, probably
due to a moderate mode selectivity. Further clarification of this
issue certainly deserves further investigation. The T effects
observed experimentally are also very well reproduced for both
CH,(v = 0) (Figure 1b) and CH,(v; = 1) (Figure 1c): S,
increases moderately with increasing T, for E; ~ 1 eV and
much more significantly at lower E;. Theory and experiment
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both have 9S,/0T, > 0, irrespective of the initial molecular
impact energy. Thus the dominant dissociation mechanisms in
the high- and low-energy regimes are both affected by T in
qualitatively the same way, although quantitatively much more
strongly at low impact energies. The very good overall
agreement with experiments makes us confident about the
validity of our theoretical approach for investigating in more
detail precursor-mediated chemisorption and its interplay with
the direct mechanism. Because the E; and T, dependences of S,
for CH,(v = 0) and CH,(v5 = 1) are basically the same, we
focus our analysis on the case of CH,(v5 = 1), for which
statistical errors can be reduced more easily due to the higher
sticking probabilities.

To quantify the role of the precursor-mediated and direct
mechanisms, we have associated all of the trajectories where
the molecule remains close to the Ir(111) surface after more
than four rebounds with trapping (i.e., Ny, > 5). We call Nieapp
(N?rapp) the number of molecules that chemisorb (desorb) after
being temporarily trapped and Ng; (N4,) the number of those
that chemisorb (are scattered back to vacuum) directly, that is,
with N, < 5. Hence, the total number of chemisorbed
(unreactive) trajectories is N° = Ny, + Ng, (N' = Ni,,, +
NY.); the trapping-mediated (direct) chemisorption proba-
bllltY is Strapp = Ngrapp/Ntraj (Sdir = Néir/Ntraj)l and the traPPing
PrObabﬂity is Ptrapp = (Nfrapp + N?rapp)/Ntraj) Where Ntraj is the
total number of integrated trajectories.

The values of Sy, Sgiv and Sy = Spp + Sy Obtained for
CH,(v; = 1)/Ir(111) at T, = 1000 K are shown in Figure 2a.
They show that the initial decrease in S is due to the E;
dependence of S,,, that decreases exponentially when E;
increases (e.g.,, by a factor of ~50, from 0.01 to 0.20 eV). In
contrast, 0Sy,/0E; > 0 over the entire range of impact energies
considered. This E; dependence dominates S, for E; 2 0.1 eV,
for which the direct dissociation mechanism dominates.
Interestingly, the trapping-mediated pathway and the non-
monotonic behavior of S, for CH,(v; = 1)/Ir(111) are
completely lost at T;= 1000 K if we remove the van der Waals
correction from our RFF (dashed line in Figure 2a). (In Figure
2a, Sy (NO vdW) is smaller than Sy, because removing the van
der Waals corrections results in the reflection of low-energy
molecules back into the vacuum far from the surface.) Thus
trapping-mediated is observed in the simulations only when
long-distance van der Waals interactions are taken into
account. The definite proof that molecules are trapped in the
physisorption well is provided by Figure 2b. It shows that the
distribution of the molecular heights above the surface
recorded at interaction time t = S ps (red area) is entirely
restricted to the region of the physisorption well of the RFF.

We have examined the dependence of Py,,, on E, T, and
the methane vibrational state. When T, = 1000 K, P, ~ 0.7
in the limit E; — 0, and it decreases exponentially as E;
increases (Figure 2a). Very similar results are obtained for
lower temperatures because P, barely depends on T; (Figure
2c). In this respect, our results are consistent with the
experimental data of Mullins and coworkers® and agree well
with the results of molecular dynamics simulations based on an
empirical unreactive molecule—surface potential.”* Finally, it is
worth mentioning that the values of Py,,, do not depend on
the initial vibrational state of the molecules, which is in line
with experiments performed by Beck and coworkers for
methane on Pt(111).>* The superposition of Py, and S, X

trapp trapp
const (const = 1520) in Figure 2a clearly shows that the E;

https://dx.doi.org/10.1021/acs.jpclett.0c00260
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Figure 2. (a) S, (red), Sy, (orange), Strapp (blue), and Prapp (green) for CH,(v5 = 1)/Ir(111) at T, = 1000 K. Dashed red line: S, obtained without
including van der Waals corrections into the RFF. Blue @: S, X 1520 depicted to help the comparison with Py, (b) CH,/Ir(111) interaction
potential at a long distance from the surface with the van der Waals correction and the Z_, distribution of trapped molecules at time ¢t = S ps (red
area) for CH,(v; = 1), E; = 0.01 eV, and T, = 1000 K. (c) Arrhenius plot for S, ~ 0.19 X exp(—0.53 eV/kT,) (blue), S, ~ 0.10 X exp(—0.53

eV/kyT,) (orange), and Py,,,/1520 (black) for CH,(v; = 1)/Ir(111) (E; = 0.01 eV).
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Figure 3. (a) Translational kinetic energy distribution of CH,(r3 = 1) molecules scattered back to vacuum from Ir(111) at T, = 1000 K. (b)
Distribution of translational linear momentum perpendicular to the surface of CH, (15 = 1) molecules trapped near Ir(111) for different interaction
times at T, = 1000 K. (c) Panel b but for a momentum directed parallel to the surface.

dependence of S, comes from the Py, dependence on E; loss does not imply that molecules are translationally

Thus Strapp(Ei, v, T,) can be factorized as follows thermalized on the surface after only five rebounds, as will
be shown later.

Strapp(Ei) v, T) = Ptrapp(Ei) x a(v, T) (1) Figure 2c shows Arrhenius plots for Sy, and Sy;, for CH,(v3

= 1) with E; = 0.01 eV. Both Strapp and Sy, increase with surface

where a(v, T,) is the fraction of trapped molecules that temperature and present an Arrhenius-like T dependence with

dissociatively chemisorb, which depends on the initial apparent activation energies, E,,, that are very similar (~0.53

molecular vibrational state (denoted by v) and T, but not on eV). This is surprising because of the significantly different

E,. Because o does not depend on E;, our results show that after characteristic interaction times involved in both mechanisms (a

only five rebounds, trapped molecules lose memory of their fraction vs tens of picoseconds) and suggests a similar origin of

initial translational kinetic energy. Nevertheless, this memory the T effect in both cases. The usual way to rationalize the T
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dependence of Sy, (or similarly, that of the coefficient a) is
to assume that trapped molecules thermalize on the surface.
Then, a results from the competition between thermal rate
constants of chemisorption and desorption from the
physisorption well

k 1

aly, T,) = —— =
ke+ kg 1+ n/y expl—(E; — E)/kyT]
)
Nonetheless, our QCT calculations unambiguously show that
molecules temporarily trapped in the physisorption well never
reach thermalization on Ir(111) at 1000 K. Figure 3a shows
that the molecules returning to vacuum present a translational
energy distribution characterized by a temperature well below
T, whether we consider all reflected molecules, only those that
are reflected directly, or only those that come back to vacuum
through a trapping—desorption mechanism. Figure 3b shows
that no matter how long the molecules are trapped in the
physisorption well, they will never fully thermalize in the
physisorption well on Ir(111) at 1000 K. Trapped molecules
with an absolute value of the translational momentum
perpendicular to the surface (p.,.) larger than 20 au are not
stable in the physisorption well and are absent from this
distribution because they have enough kinetic energy
perpendicular to the surface to escape toward vacuum and
desorb. Figure 3¢ shows that molecules that remain trapped in
the physisorption well for longer and longer times slowly
approach a distribution of translational momentum parallel to
the surface p,, (and also Pem,y DOt shown) corresponding to
the surface temperature. However, it must be mentioned that
the fraction of molecules that remain trapped in the
physisorption well for ~40 ps (the largest time considered in
Figure 3b,c) represents a very small fraction of the initially
trapped molecules because the great majority of them desorb
at shorter times. Vibrational energy redistribution and
quenching processes are typically even slower than those of
translational degrees of freedom, which explains why in the
low-energy precursor-mediated regime, S, strongly depends on
the initial vibrational state of impinging molecules.” If the
vibrations of trapped molecules rapidly thermalized on the
surface, then Sy would barely depend on the initial molecular
vibrational state.

Interestingly, very small reactive sticking probabilities on flat
metal surfaces are often attributed to reactive events taking
place on the experimentally unavoidable surface defects (e.g,,
steps) that offer reaction Eathways with energy barriers lower
than those on terraces.””® In particular, at low impact
energies, the cross section of such more reactive sites increases
because trapped molecules can more extensively explore the
surface. Then, it might be argued that the low-energy
mechanism observed experimentally might consist of molec-
ular trapping followed by dissociation in steps. However, our
calculations properly account for the contribution and the
energy range where precursor-mediated dissociation is more
relevant, without the need to include surface defects in the
model. This points to the nonsignificant role of the steps in the
experiments reported by the groups of Mullins® and Utz.”

Once we have shown that trapped molecules do not fully
thermalize in a shallow physisorption well on a surface at 1000
K, it is clear that statistical concepts cannot be used to
rationalize the T dependence of S, nor that of the & coefficient
representing the probability of a trapped molecule to
chemisorb. Still, the fraction of trapped molecules that finally
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chemisorb will depend on (nonthermal) temperature-depend-
ent desorption and dissociation rates. We have found that
larger surface temperatures favor desorption, and the mean
lifetime of trapped molecules reduces from ~20 ps at 800 K to
~13 ps for 1000 K. Accordingly, the mean distance traveled by
reactive molecules before dissociation also reduces, for
example, from ~90 A for 800 K to ~60 A for 1000 K. To
shed some light on the origin of the T, dependence of S,
and Sy, and, in particular, their Arrhenius-like behavior
(intriguingly with similar E,,p values, as shown in Figure 2c),
we have analyzed in detail the configurations for reactive
molecules at the time that they dissociate directly and via the
precursor-mediated mechanism. In line with the practically
identical apparent activation energies, we have found no
significant differences in the reactive geometries for these two
mechanisms. In particular, we have found that in both cases,
low-energy molecules only dissociate on top of an Ir atom that
is instantaneously shifted up with respect to its nearest
neighbors of the outermost surface layer. In Figure 4a, we
represent the distribution of heights of reactive Ir atoms (at the
dissociation time and relative to its six nearest neighbors in the
surface plane), AZ;,, on which dissociation takes place for T, =
1000 K and E; = 0.01 eV. In this distribution, we consider both
direct and precursor-mediated dissociation events. The blue
vertical line indicates the optimum AZ;, value (ie, AZP =
0.17 A) obtained in a full geometry optimization of the lowest
energy transition state for CH, dissociation on Ir(111).* Tt is
observed that at low impact energies, most molecules
dissociate on Ir atoms shifted up well above AZ? for the
minimum energy transition state. Such AZ; displacements
larger than AZ{P show that very low-energy molecules
dissociate only through very low-energy barriers found for
AZ, ~ 04 A. (Here we talk about energy barriers without
considering the energy cost of the lattice distortion that can be
supplied by thermal fluctuations at high surface temperatures,
Ef, in Figure 4b,) It is worth mentioning that a similar
conclusion has recently been reached by Guo and Jackson for
CH,/Ni(211) at T, = 500 K.*” Thus a word of caution is
needed here about the use of the energy of transition-state
configurations obtained (as usual) through the full geometry
optimization of both molecular and surface DOF without first
checking if thermalization of the molecule—surface system is
actually attained.

Interestingly, the distribution of heights of reactive Ir atoms
is almost the same if we consider molecules that quickly
dissociate through a direct mechanism or those that dissociate
after having been trapped for a long time. The green and
orange vertical lines in Figure 4a indicate the positions of the
mean value of AZ; (<AZ,>) for direct and precursor-
mediated dissociation events, respectively, for T, varying
between 800 and 1000 K. The lowest <AZ;> values are
obtained for the lowest temperatures because the probability of
a molecule encountering an Ir atom that is significantly shifted
up is smaller. The fact that the <AZ;> values for both direct
and precursor-mediated dissociation mechanisms are similar
indicates that at the high temperatures considered, Ir atoms are
not much affected very much by the interaction with the
molecules, even in the case of long interaction times. As
previously mentioned, thermal fluctuations that create the
lattice distortions give the molecules the possibility of
encountering relatively low energy barriers for dissociation
(see Figure 4b) with a probability that increases with surface
temperature. For instance, a molecule that encounters an Ir
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Figure 4. (a) Distribution of vertical displacements of the Ir atom,
AZ;, closest to CH,(v; = 1) when dissociation takes place for
molecules with E; = 0.01 eV and T, = 1000 K. The green and orange
vertical lines indicate the mean values of AZ;, <AZ, > obtained for
direct and trapping-mediated dissociation events, respectively, for T =
700, 800, 900, and 1000 K. (b) Energy barrier for CH, dissociation on
Ir(111) as a function of AZ;, for the Ir atom closest to the molecule
(Eg¥, red line with symbols) the and energy cost of producing the
displacement AZ;, (AEj, black line with symbols). Note: The energy
barrier, B, computed (as usual) including the energy cost of
producing the lattice distortion is Ey, = Ei + AEy.. (c) Distribution of
vertical displacements, AZ;, of the outermost-layer Ir atoms of clean
Ir(111) for different surface temperatures.

atom shifted up by AZ;, ~ 0.37 A (approximately the <AZ;,>
value for T, = 800—1000 K) must overcome an effective
energy barrier, Ef, of only 0.25 eV, which is much more
accessible for CH,(v; = 1) than for CH,(v = 0) because of its
higher vibrational energy. The important point here is that
such a lattice distortion that costs ~0.5 eV is not frequent but
occurs with some non-negligible probability at 1000 K due to
thermal fluctuations. (See Figure 4c.)

The similarity between 0.53 eV (i.e,, the E,,, value obtained
for both Strapp(Ts) and S, (T;) for E; = 0.01 eV, Figure 2c) and
the 0.5 eV necessary to produce an Ir displacement AZ;,

<AZ;>1 8001000k 18 Dot likely to be fortuitous. In fact, values

of E,, similar to the energy cost of producing AZ, =

<AZ;>1 _g00-1000k are also found for higher energy molecules.

For instance, for CH,(v = 0) and E; = 0.31, 0.41, and 1.11 eV,
we have obtained <AZ; > & 0.23, 0.18, and 0.05 A, for which
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AE,, is ~0.21, 0.12, and 0.02 eV, respectively (see Figure 4b),
all being close to the E,,, values obtained in the QCT
calculations for these impact energies (Figure 1b). Thus the
apparent activation energy derived from the Arrhenius plots of
both Sy, and S, seems to be connected to the energy cost of
producing the right lattice distortion required for the
molecules to be able to dissociate either directly or after
being trapped for a while. This is consistent with a picture of
heavy Ir atoms moving almost independently of the interaction
with the molecules whose temperature-dependent dissociation
probability mostly depends on the typical instantaneous
positions of the Ir atoms due to thermal fluctuation.
Interestingly, using the sudden lattice model (SLM) widely
employed to describe the T, dependence of direct methane
dissociation on transition-metal surfaces (see, e.g, ref 38 and
references therein), we have found values of S, in good
agreement with those shown in Figure 2a, even at low impact
energies for which precursor-mediated dissociation is im-
portant. This is surprising a priori because precursor-mediated
dissociation is certainly not a sudden process. (Its character-
istic time is much longer than the typical period of lattice
vibrations.) However, the weak dynamic coupling between
molecular and lattice DOF in the precursor state allows Sy,
to be properly estimated while keeping the metal atoms fixed
during the dynamics, as far as their positions are taken
according to the thermal distribution of lattice distortions for
the considered T, value. Still, it is important to point out that
the nonsudden character of the trapping process is put in
evidence, for instance, by the too-large values of the precursor
state lifetime obtained when using the SLM for T, = 1000 K
due to the lack of molecule—surface energy exchange.

In summary, we have performed molecular dynamics
simulations to study the dissociative adsorption of CH, on
Ir(111) as a function of impact energies and surface
temperature, for molecules in the ground vibrational state
and vibrationally excited state. Our QCT calculations give
results that are in excellent agreement with experiments and
allow us to shed new light on the way that precursor-mediated
chemisorption takes place for CH,/Ir(111) and its influence
on the E; and T, dependence of S, at high surface temperatures
close to those of real steam reforming catalysis. We have shown
that dissociation proceeds through two distinct mechanisms
depending on the impact energy of the molecules: precursor-
mediated and direct. In contrast with the usual assumption
about precursor-mediated chemisorption, both theory and
experiments show that molecules do not thermalize in the
physisorption well at the high temperatures for which catalytic
steam reforming takes place in industry, that is, at ~1000 K.
Still, the weakly bound physisorbed state derived from the
long-range molecule—surface interaction plays a crucial role in
the low-energy precursor-mediated regime. It allows the
molecules to become temporarily trapped, increasing the
probability of finding active sites. However, in contrast with
the usual belief, such active sites are not necessarily static
defects (e.g., steps) but metal atoms instantaneously activated
by the lattice distortions due to thermal fluctuations. The
probability of a molecule finding such instantaneously active
metal atoms sharply increases with surface temperature, and
being induced by thermal fluctuations, this activates both
direct and precursor-mediated mechanisms in a similar way. In
the case of precursor-mediated dissociation, this thermal
activation compensates for the reduced lifetime of the
precursor state at high surfaces temperatures typical in

https://dx.doi.org/10.1021/acs.jpclett.0c00260
J. Phys. Chem. Lett. 2020, 11, 2211-2218


https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00260?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00260?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00260?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00260?fig=fig4&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c00260?ref=pdf

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

heterogeneous catalysis. To the best of our knowledge, this is
the first time that such a theoretical description of precursor-
mediated chemisorption dynamics of methane on metal
surfaces from first-principles is reported in the literature. Our
analysis introduces a fresh new way to think about and
understand important underlying mechanisms happening in a
catalyst during bond-breaking chemisorption.
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