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urface reaction rates by ring
polymer molecular dynamics and neural network
potential: role of anharmonicity and lattice motion

Chen Li,a Yongle Li *b and Bin Jiang *a

Elementary gas–surface processes are essential steps in heterogeneous catalysis. A predictive

understanding of catalytic mechanisms remains challenging due largely to difficulties in accurately

characterizing the kinetics of such steps. Experimentally, thermal rates for elementary surface reactions

can now be measured using a novel velocity imaging technique, providing a stringent testing ground for

ab initio rate theories. Here, we propose to combine ring polymer molecular dynamics (RPMD) rate

theory with state-of-the-art first-principles-determined neural network potential to calculate surface

reaction rates. Taking NO desorption from Pd(111) as an example, we show that the harmonic

approximation and the neglect of lattice motion in the commonly-used transition state theory

overestimates and underestimates the entropy change during the desorption process, respectively,

leading to opposite errors in rate coefficient predictions and artificial error cancellations. Including

anharmonicity and lattice motion, our results reveal a generally neglected surface entropy change due to

significant local structural change during desorption and obtain the right answer for the right reasons.

Although quantum effects are found to be less important in this system, the proposed approach

establishes a more reliable theoretical benchmark for accurately predicting the kinetics of elementary

gas–surface processes.
1. Introduction

Heterogeneous catalysis plays an irreplaceable role in large-
scale chemical production and energy conversion. But
achieving a predictive understanding of heterogeneous catalysis
remains a grand challenge, as each catalytic reaction may
involve a chain of interfacial elementary processes.1 Accurate
kinetics of elementary reactions at catalyst surfaces are thus
crucial for reliable microkinetic modelling of whole catalytic
processes across a wide range of reaction conditions that can
guide rational catalysis design.2 Experimental methods for
measuring surface reaction rate coefficients were limited until
very recently. Wodtke, Kitsopoulos and coworkers have accu-
rately measured the thermal rates of a number of representative
elementary reactions at metal surfaces by detecting velocity-
resolved kinetic traces via ion imaging techniques.3–11 Such
experiments not only shed valuable light onto site-dependent
surface reaction mechanisms,5 inspiring further ab initio
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molecular dynamics (AIMD) investigations,12,13 but also reveal
quantum effects in the thermal recombination of H2 at metal
surfaces.10 These experimental data are of great value for
benchmarking surface reaction rate theories.6

On the other hand, theoretical predictions of surface reac-
tion rate coefficients, especially in heterogeneous catalysis, rely
largely on traditional transition state theory (TST)14,15 using
energetic information of stationary points that can be routinely
optimized by density functional theory (DFT). However, the
traditional TST method for surface reactions16 oen invokes
several over-simplied assumptions. Firstly, it considers only
the transition state (TS) with the lowest energy and neglects
multiple site-dependence. Secondly, it uses a harmonic
approximation to estimate partition functions. Finally, it
assumes that the partition function of the surface site is
unchanged by adsorption/desorption and neglects coupling
between molecular and surface degrees of freedom (DOFs), not
to mention the intrinsic absence of recrossing and quantum
tunneling in the TST. With such simplications, TST-predicted
surface reaction rate coefficients sometimes deviate heavily
from experimental data.5,10 Improvements have been made to
the TST for surface reactions by using, for example, the
hindered translator and hindered rotor models17–19 or complete
potential energy sampling.20 Lattice vibrational modes (i.e.
phonons) and dynamical effects (i.e. recrossing) were, however,
rarely included in these improved TST models. One exception
Chem. Sci., 2023, 14, 5087–5098 | 5087
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was the recent work by Jackson21 who calculated the TST rate
constant for CH4 dissociation on Ir(111), adding 81 lattice DOFs
to the partition functions.

There are several theoretical studies on surface reaction
kinetics which try to go beyond this TST framework and include
lattice motion. Gillan and Alfè derived the formulae for calcu-
lating the thermal desorption rate of the adsorbate(s) with
varying coverage on a surface based on chemical potentials,22

which can be compared with a temperature programmed
desorption (TPD) experiment. They applied this approach to the
desorption of H2O/D2O on MgO(001) using an empirical
potential23,24 or AIMD at the DFT level.22,25 Wang and Zhao
calculated the diffusion rate coefficients of H on Ni(100) and the
dissociation/recombination rate coefficients of CH4 on Ni(111)
using the quantum instanton approach based on embedded
diatomics-in-molecules force elds.26–28 Recently, Chen et al.
computed thermal diffusion rates of CO on Ru(0001) with AIMD
using a novel enhanced sampling scheme.29 Galparsoro et al.
directly calculated the reactive ux for thermal recombinative
desorption of hydrogen from Cu(111) via classical AIMD and
compared it with a thermal desorption experiment based on
a high-temperature permeation method.30 These studies,
however, suffer from either the low accuracy of the empirical
potential or the high cost of the AIMD simulation.

A recently proposed ring polymer molecular dynamics
(RPMD) approach offers a promising way to calculate rate
coefficients with high accuracy.31–33 Exploiting the isomorphism
between the statistical properties of a quantum system and
those of a classical system in which each particle is represented
by the centroid of a ring polymer,34 the path integral-based
RPMD method has proven to yield correct quantum mechan-
ical rate coefficients in the harmonic potential, high-
temperature, and short-time limits.31,35 The RPMD rate theory
has been widely applied in calculating rate coefficients of
bimolecular reactions in the gas phase based on highly-accurate
ab initio potential energy surfaces (PESs) and has been shown to
be able to properly describe quantum effects, e.g., zero-point
energy and tunneling, representing a superior alternative to
TST-based methods.36–50 However, RPMD has rarely been
applied in surface reactions, where many more DOFs are
involved. In an early study, Suleimanov applied RPMD rate
theory to calculate the diffusion constants of hydrogen on
Ni(100) with an embedded atom method interatomic poten-
tial.51 More recently, non-equilibrium RPMD simulations for
gas–surface scattering was carried out to calculate dissociative
sticking probabilities52–55 and diffusion constants of hydrogen
on a single-atom catalytic surface.56

On the other hand, recently developed machine learning
methods have greatly facilitated the construction of high-
dimensional gas–surface PESs57–61 with rst-principles accu-
racy, which offer a new opportunity for the efficient prediction
of surface reaction rates. In this work, we combine RPMD rate
theory with a state-of-the-art neural network (NN) based PES
including all relevant DOFs. This combination allows us to
compute thermal rate coefficients of elementary gas–surface
processes efficiently and accurately. We chose to study the
desorption of NO on Pd(111) as the rst example, for which
5088 | Chem. Sci., 2023, 14, 5087–5098
accurate velocity-resolved kinetic data between 620 K and 800 K
have beenmeasured very recently.8 Our work differs from recent
work by Chen et al., who calculated the diffusion constants of
CO on Ru(0001) with a neural network potential on a rigid
surface.62 As we will show below, surface relaxation can signif-
icantly affect the entropy change and thus the desorption rate
coefficients.

The rest of this article is organized as follows. Section 2
presents the potential energy surface of the system of interest
and an overview of the general RPMD rate theory adapted to
gas–surface reactions. Section 3 discusses how the harmonic
approximation and the neglect of surface DOFs affect the
desorption rate coefficients of NO from Pd(111) where entropy
plays a critical role. We provide conclusions in Section 4.
2. Computational details
2.1. Potential energy surface

A global PES including all relevant molecular and surface DOFs
is necessary for computing rate coefficients using MD-based
approaches. To achieve high efficiency, an analytical PES for
the NO + Pd(111) system was constructed in this work by the
recently developed embedded atom neural network (EANN)
method, which has been detailed elsewhere.63–65 In the EANN
approach, the total energy is expressed as the sum of atomic
energies and the complexity of the PES thus scales linearly with
system size. Each atomic energy is dependent on its atomic
environment, which is represented by an array of embedded
atom density (EAD) descriptors.66 Such EAD descriptors are
obtained from the square of the linear combination of
Gaussian-type orbitals (GTOs) located at neighbor atoms inside
a cutoff sphere with a radius of 6 Å, serving as the input vector of
each atomic NN to output the atomic energy. The GTO is
expressed as,

4(rij) = xlxylyzlz exp(−ajr − rsj2), (1)

where rij and r are the Cartesian coordinates of the embedded
atom i relative to atom j and its norm respectively; the param-
eters a and rs determine its radial distribution; while orbital
angular momenta (lx, ly, lz) specify its spatial distribution. In
practice, a and rs were set as a = 0.2 Å−2 and rs = 0, 1.0, 2.0, 3.0,
4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0 Å, and the total orbital angular
momentum (L = lx + ly + lz) was set to 0, 1, or 2. This setup led
nally to 33 EAD descriptors in the input layer of each atomic
NN consisting of two hidden layers with 40 and 60 neurons.

The training dataset containing 2503 DFT points with both
energies and forces was generated by a trajectory-free active
learning strategy.67,68 All DFT calculations were performed by
the Vienna ab initio simulation package (VASP)69,70 with spin-
polarization using the revised Perdew–Burke–Ernzerhof
(RPBE) functional.71 The at surface of Pd(111) was modeled by
a four-layer slab, which has a 3 × 3 surface unit cell with the top
two layers relaxed and a vacuum region of 15 Å in the Z direc-
tion. The kinetic energy in the plane wave basis set was trun-
cated at 400 eV and the Brillouin zone was sampled by a 5 × 5 ×

1 Monkhorst–Pack k-point mesh. The adsorption energy was
© 2023 The Author(s). Published by the Royal Society of Chemistry
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found to converge within a few dozens of meV with respect to
the number of layers and k-points.
2.2. Ring polymer molecular dynamics

The RPMD rate theory has been well established elsewhere,72 so
here we give only a brief summary. The quantum mechanical
expression of the thermal rate coefficient was rst formulated in
terms of the Kubo-transformed ux–side correlation
function,73–75

kðTÞ ¼ cfsðt/NÞ
QrðTÞ ; (2)

where Qr(T) is the reactant partition function and cfs(t) the
Kubo-transformed ux–side correlation function. In the RPMD
framework, Craig and Manolopoulos derived a path-integral
version of the Kubo-transformed ux–side correlation func-
tion,31,33 namely,

cfsðtÞ ¼ 1

ð2pħÞ3Nn

ð
d3Nnp

ð
d3Nnq e�bnHnðp;qÞd½sðqÞ�vsðp; qÞh½sðqtÞ�:

(3)

Here Hn(p,q) is the ring-polymer Hamiltonian of the N-atom
system,

Hnðp; qÞ ¼
XN
i¼1

Xn
j¼1

 ��piðjÞ��2
2mi

þ mi

2
un

2
��qiðjÞ � qi

ðj�1Þ��2!

þ
Xn
j¼1

V
�
q1

ðjÞ;.; qN
ðjÞ�; (4)

where each atom is replaced by a ring polymer consisting of n
beads that are interconnected via harmonic springs with
a spring frequency of un = 1/(bnħ); bn = 1/nkBT is the n-bead-
reduced reciprocal temperature; pi

(j) and qi
(j) are the

momentum and position vectors of the jth bead of the ith atom;
mi is the atomic mass of the ith atom; and V is the original PES of
the N-atom system. In particular, �s(q) in eqn (3) is the dividing
surface dened in terms of reaction coordinate x(�q), namely,

�s(q) = x(�q1, ., �qN) − x‡ (5)

and �vs(p,q) is its conjugated speed,

vsðp; qÞ ¼
XN
i¼1

vsðqÞ
vqi

pi
mi

; (6)

where x‡ is the reaction coordinate at the position of the
dividing surface; �pi and �qi are the centroid momentum and
position vectors of the ith atom. h[�s(qt)] in eqn (3) is a Heaviside
function of the dividing surface, which counts the fraction of
trajectories passing through the dividing surface to the product
side at time t. It is worthwhile pointing out that the RPMD rate
coefficient is independent of the choice of the dividing surface
and naturally reduces to the classical MD result when using
a single bead.33

To describe molecular desorption from the surface, we
dened the reaction coordinate x(�q) as the difference between
© 2023 The Author(s). Published by the Royal Society of Chemistry
the height of the molecular center of mass (COM) and the
average height of the top layer of the surface as

xðqÞ ¼
XNad

i¼1

mizi

Mad

�
XNs

i
0¼1

mi
0zi0

Ms

; (7)

where Mad (Nad) and Ms (Ns) are the mass (number of atoms) of
the adsorbate and the top layer surface; �zi and �zi′ are the z
coordinates of the ith atomic centroid of the adsorbate and the
i′th atomic centroid of the top layer surface. Since the NO
desorption is barrierless, the TS is assumed to be the free
molecule plus the clean surface in the asymptote; the position
of the dividing surface x‡ is thus placed in the asymptotic area
(here, x‡ = 13.4 bohr above the uppermost surface layer).

In practical calculations, it is advantageous to rewrite the
RPMD rate coefficient in the Bennett–Chandler form,76,77

k(T) = k(t / N)kQTST(T). (8)

Here, k(t / N) = cfs(t / N)/cfs(t / 0+) is the transmission
coefficient in the long-time limit accounting for the recrossing
effect at the dividing surface, which can be calculated by
sampling trajectories constrained at the dividing surface (x‡)
with constant temperature and propagating them to a sufficient
long time with constant energy to estimate the ratio of the two
ux–side correlation functions,

kðt/NÞ ¼ hd½sðqÞ�vsðp; qÞh½sðqtÞ�i
hd½sðqÞ�vsðp; qÞh½vsðp; qÞ�i : (9)

On the other hand, kQTST(T) = cfs(t / 0+)/Qr(T) is the
centroid-density quantum transition state theory (QTST) rate
coefficient in the short-time limit.33 The QTST rate coefficient
can be conveniently evaluated by the centroid potential of mean
force (PMF) along the reaction coordinate,

kQTSTðTÞ ¼ 1

ð2pbMadÞ1=2
e�bW ðx‡ÞÐ

x\x‡
e�bWðxÞdx

; (10)

where the PMF, W(x), can be obtained via some standard
enhanced sampling approaches like umbrella sampling78 and
umbrella integration.79 All RPMD calculations have been per-
formed with a modied version of the RPMDrate program.41

For comparison, we also computed rate coefficients with
a harmonic TST (HTST) model,

kðTÞ ¼ k
kBT

h

Q‡0
g Qs

Qad

exp

�
� E0

kBT

�
; (11)

where the transmission coefficient k is simply assumed to be
one; E0 is the zero-point energy (ZPE)-corrected binding energy;
Q‡0
g is the partition function of the free NO molecule in a (1 × 1)

unit cell excluding its translation in the z direction (i.e. the
reaction coordinate); Qs is the clean surface component and Qad

is the adsorbate–surface system. Note that in common TST
implementations, the partition function of the surface compo-
nent is generally assumed to be unchanged during desorption,
so that Qs will be cancelled out and Qad will depend only on the
DOFs of the adsorbate.
Chem. Sci., 2023, 14, 5087–5098 | 5089
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In both RPMD and HTST calculations, since the electronic
DOFs were not explicitly taken into account, as suggested in the
experimental work,8 we introduced approximate electronic
partition functions, namely Qel

g = 2 + 2 exp(−DE1/2/3/2/kBT)
where DE1/2/3/2 = 120 cm−1 is the energy separation between
the two lowest spin–orbital states of NO80 and Qel

ad = 2, for the
free and adsorbed NO molecules, respectively.
3. Results and discussion
3.1. Potential energy surface

Consistent with previous theoretical studies,81–83 the NO mole-
cule is found to adsorb perpendicularly on the fcc site with the
N-terminal facing down with an adsorption energy of 1.844 eV
on the relaxed Pd(111) surface. Aer the ZPE correction, the
calculated binding energy E0 is 1.773 eV, very close to the
experimental value (1.766 ± 0.024 eV) derived by tting the
measured data to a hindered-translator TST model.8 The NO
adsorbate can diffuse on Pd(111) from the fcc site to the hcp site
(∼0.045 eV higher in energy) through the bridge site and the
corresponding barrier is 0.320 eV, in good agreement with the
experimental estimate (0.29 ± 0.11 eV).8 It should be noted that
the experimentally tted diffusion barrier was not super accu-
rate because the C3v symmetry of the Pd(111) surface was not
held well by simply using two orthogonal one-dimensional
potentials.8 On the other hand, the dissociation barrier of NO
on Pd(111) was reported as 2.7 eV using the RPBE functional.81

Experimentally, NO dissociation was also never detected at
surface temperatures from 620 K to 800 K.8 This implies that NO
dissociation is much more difficult than its desorption on
Pd(111) and would not affect the computation of desorption
rates. Consequently, the NO + Pd(111) EANN PES in this work
covers only the region where the N–O distance (r) is less than 1.8
Å. A two-dimensional cut of the PES is illustrated in Fig. 1,
demonstrating the energy barrierless feature of molecular
Fig. 1 Two-dimensional contour plot of the EANN PES as a function of
Z (the distance from the COM of NO to the Pd(111) surface) and r at the
fcc site of a frozen Pd(111) surface with other coordinates optimized.

5090 | Chem. Sci., 2023, 14, 5087–5098
desorption and the smoothness of the PES that is benecial to
long-time MD simulations.

The prediction root mean squared errors (RMSEs) of the PES
with respect to the total energy and atomic forces are 37.7 meV
(per cell; that is, ∼1.9 meV per mobile atom) and 37.3 meV Å−1,
respectively. The stationary points of the PES compare well with
the DFT data, as shown in Table 1, where the geometries and
vibrational harmonic frequencies of NO are listed. The good
agreement indicates that the EANN PES faithfully reproduces
the DFT description along the reaction coordinate for NO
desorption from Pd(111).
3.2. Convergence tests on PMF

In the RPMD rate theory, the rate coefficient is obtained by
calculating the transmission coefficient k(t / N) and QTST
rate coefficient kQTST(T), separately. Specically, kQTST(T)
depends on the PMF along the reaction coordinate. Here, the
PMF is calculated by umbrella sampling78 and umbrella inte-
gration.79 In umbrella sampling, one denes a number of
windows along the reaction coordinate x(�q) and a biased ring-
polymer Hamiltonian, ~Hn = (p,q), is constructed at each
window,

~Hnðp; qÞ ¼ Hnðp; qÞ þ 1

2
nklðxðqÞ � xlÞ2; (12)

where kl is the strength of the umbrella potential at the lth

window and xl is the reaction coordinate at the position of the
lth window. Note that here, these windows are evenly separated
by a xed interval (Dxl) with an identical strength of the
umbrella potential. Aer sampling the biased probability
density distributions of x(�q) in each window, the PMF prole is
calculated by umbrella integration along the reaction
coordinate.

As the rst RPMD application for a surface desorption
process, we performed extensive convergence tests in calcu-
lating the PMF prole. For simplicity, we rst tested in the
frozen surface calculations with one bead (RPMD-1, or classical
MD) the inuence of some parameters, including the strength
of the umbrella potential (kl), the window interval (Dxl) as well
Table 1 Comparison of properties of stationary points on the EANN
PES and calculated by DFTa

Species Property EANN PES DFT

Isolated NO r (Å) 1.174 1.176
n (cm−1) 1848.0 1897.2

Adsorbed NO Z (Å) 1.923 1.931
q (°) 0 0
r (Å) 1.217 1.216
n1 (cm

−1) 1553.8 1547.5
n2 (cm

−1) 432.4 433.6
n3 (cm

−1) 432.3 433.1
n4 (cm

−1) 320.6 324.6
n5 (cm

−1) 182.0 184.7
n6 (cm

−1) 182.0 183.0

a q refers to the angle between the vector pointing from N to O and the
surface normal.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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as the single trajectory time. In the umbrella integration, the
probability density of x(�q) in each window follows a normal
distribution centered at xl. It is advisable to have a sufficient
overlap between the probability density distributions of neigh-
boring windows. The ratio between the crossing point of two
adjacent normal distributions and their average height was
dened as an overlap factor (l), which correlates kl with Dxl,
namely,

kl ¼ 8kBT

Dxl
2
ln l�1; (13)

and was used in our tests in practice. As shown in Fig. 2, the
PMF prole is relatively insensitive to these parameters over
a reasonable range. Specically, 64 windows (or equivalently Dx
= 0.2 bohr) and 100 consecutive trajectories each with
a sampling time of 125 ps can well converge the PMF prole to
less than 1 kJ mol−1. However, including surface DOFs signi-
cantly enlarges the conguration space, thus requiring a much
longer sampling time to cover the space. Consequently, the
number of consecutive trajectories increases to 400 at 600 K and
800 K and even 600 at 700 K so as to converge the PMF prole on
a relaxed Pd(111) surface with the top two mobile layers,
reaching a maximum sampling time of 4.8 ms. For example,
Fig. 2 Convergence tests of RPMD-1 (MD) calculations. (a) PMF profiles
with Dxl equal to 0.2 bohr. (b) PMF profiles at Dxl of 0.2, 0.4 and 0.8 bohr
PMF profiles sampled by evolving 30 trajectories for 50, 75, 100, 125, 150
numbers of trajectories for the relaxed surface at 800 K with l = 0.75, D

© 2023 The Author(s). Published by the Royal Society of Chemistry
Fig. 2d shows that the PMF prole at 800 K converges well with l

= 0.75, Dxl = 0.2 bohr, and 400 trajectories with 125 ps of each
single trajectory.

The converged PMF results with one bead on the frozen and
relaxed surfaces at different temperatures are compared in
Fig. 3. As expected, the increasing temperature gradually lowers
the free energy of desorption, promoting the desorption of NO
on Pd(111). Interestingly, the surface motion modies the
shape of the PMF prole, leaving the prole less harmonic
along the reaction coordinate from the adsorbate (minimum) to
the asymptote (TS). This is likely to be due to the involvement of
surface DOFs allowing for anharmonic coupling between the
molecular and surface vibrations, which may soen the
frequency along the reaction coordinate. However, the overall
free energy change is less affected by the lattice motion, the
reasons for which will be discussed below. Moreover, to check
the effect of NO diffusion on PMF convergence, snapshots of
two representative trajectories at 700 K in the window near the
PMF well are taken every 0.5 ps and are shown in Fig. 4. Clearly,
NO can jump to neighboring sites and diffuse across unit cells.
The diffusion occurs faster on the frozen surface than on the
relaxed surface, because the kinetic energy of NO cannot
dissipate to surface phonons in the former case. This explains
for l = 0.25, 0.5 and 0.75 obtained by evolving 30 trajectories for 50 ps
sampled over 30 trajectories evolved for 50 ps with l equal to 0.75. (c)
ps with l and Dxl set to 0.75 and 0.2 bohr. (d) PMF profiles at different
xl = 0.2 bohr, and 125 ps for a single trajectory.
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Fig. 3 Converged PMF profiles for the frozen (solid lines) and relaxed
(dotted lines) surfaces at 600 K (black), 700 K (blue) and 800 K (red),
obtained by RPMD-1 (MD) calculations where one bead is used.

Fig. 4 Exemplary RPMD-1 (MD) trajectories showing NO diffusion on
the relaxed (red) and frozen (blue) Pd(111) surfaces during the umbrella
sampling in the adsorption well for 125 ps after thermostatting of 20 ps
at 700 K. The top Pd atoms of the relaxed and frozen surfaces are
represented by cyan and gray circles, respectively. Both trajectories are
initiated from the fcc site.
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why convergence of the PMF proles for the relaxed surface is
more difficult than for the frozen surface. In practice, the
sufficiently long-time umbrella sampling by hundreds of
consecutive trajectories adequately describes the diffusional
behavior and guarantees the molecular traversal on the surface
in determining the desorption PMF proles.
Fig. 5 PMF profiles calculated by RPMD calculations with 1 bead
(black solid line), 4 beads (red dashed line), and 8 beads (blue dotted
line) at 700 K where Pd(111) is frozen.
3.3. Quantum effects

The RPMD rate theory is known to approximately capture
quantum effects with multiple beads. While this has been
5092 | Chem. Sci., 2023, 14, 5087–5098
routinely validated in polyatomic reactions in the gas phase,84

multi-bead RPMD simulations in gas–surface systems that
involve many more DOFs remain very time-consuming. Fortu-
nately, since all atoms in this NO + Pd(111) system are heavy, it
is unlikely that the quantum tunneling effect will play any
signicant role. The ZPE change from the adsorbed NO to the
free NO molecule is the most probable source of quantum
effects. To check this possibility, we have calculated PMFs for
NO desorption on a frozen Pd(111) at 700 K with different
numbers of beads and the results are compared in Fig. 5. It is
clear that the PMF prole barely changes with the number of
beads increasing from one to eight, indicating a negligible
quantum effect in this system. Unlike hydrogen atom diffu-
sion51,85 (at low temperatures) and recombination10 on the metal
surface where remarkable nuclear quantum effects were iden-
tied, our results suggest that quantum effects are less impor-
tant in the case of molecular desorption of a heavy adsorbate, at
least at high temperatures. Indeed, the diffusion of a hydrogen
atom was also found to be not greatly inuenced by quantum
effects at moderate temperatures (e.g., 300 K).56 This is under-
standable since the molecular desorption (rather than recom-
bination) process involves neither the breaking of a strong
chemical bond nor a big change in ZPE. In addition, the
binding energy is so large that the desorption has to occur at
a very high temperature. It is thus encouraging that a classical
description (one bead) is sufficient to converge the PMF of this
process, which is adopted for all subsequent calculations.
Hereaer, the corresponding single-bead results with and
without consideration of the transmission coefficient are
referred to as MD and classical TST (cTST), respectively.
3.4. The effect of harmonic approximation

One of the major advantages of the RPMD method over the
traditional TST is that the PMF is accurately determined from
MD trajectories rather than invoking the harmonic
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Comparison between cTST rate coefficients (blue solid line with circles) and HTST ones (red dotted line) on the frozen Pd(111). (b)
Changes in the free energy (black), internal energy (red) and the entropy (blue) estimated by umbrella sampling in cTST (solid lines) calculations
and by analytical partition functions (dashed lines) where the adsorbedNOon the frozen Pd(111) is describedwith six harmonic oscillators and the
x and y translational partition functions of the asymptotic NO molecule are calculated in a (1 × 1) unit cell.
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approximation at static stationary points. To analyze the inu-
ence of anharmonicity alone, the surface is temporarily xed at
its equilibrium and the transmission coefficient is temporarily
neglected. In this case, the MD rate coefficients reduce to the
cTST ones, which are compared with those obtained by the
HTST based on DFT-optimized energies and harmonic
frequencies of stationary points on the frozen surface at various
temperatures in Fig. 6a. Not surprisingly, the cTST rate coeffi-
cients are about 3–4 times lower than the HTST ones. To clearly
analyze this difference, the changes in thermodynamic vari-
ables in the desorption process are evaluated. In the cTST case,
the internal energy along the reaction coordinate U(x) was
calculated from centroid virial theorem86 with the system con-
strained at the reaction coordinate x via the umbrella potential,

UðxÞ ¼
*XN

i¼1

jpij2
2mi

þ 1

2n

XN
i¼1

Xn
j¼1

�
qi

ðjÞ � qi
� vV�q1ðjÞ;.; qN

ðjÞ�
vqi

ðjÞ

þ1

n

Xn
j¼1

V
�
q1

ðjÞ;.; qN
ðjÞ�+

x

; (14)

and the associated entropy S(x) was given by TS(x)= U(x)−W(x).
In the HTST case, the thermodynamic variables were computed
from their relationships with partition functions. The differ-
ence in the rate coefficients can be ascribed primarily to the
difference in entropy changes from the adsorbate to the free
molecule (at the dividing surface) calculated by the two
methods, as shown in Fig. 6b. It is clear that the internal energy
changes (DU) are quite close from the two methods, as they are
mainly determined by the binding energy of NO. However, the
harmonic approximation seems to more strongly underesti-
mate the entropy of the adsorbate (with more low-frequency
modes) than the free molecule (with a single high-frequency
vibrational mode), leading to higher TDS values in the HTST
model, and thus lower free energy barriers than those in cTST.
Our results suggest the importance of anharmonicity in all
adsorbate modes.
© 2023 The Author(s). Published by the Royal Society of Chemistry
3.5. The lattice effect

Another important advantage of the current RPMD method is
that the couplings of DOFs belonging to the molecule and the
substrate are fully included. In comparison, the traditional TST
method is typically implemented by including vibrational
frequencies associated with the adsorbate motion alone, while
most of the time neglecting partition functions of surface DOFs,
although the optimized stationary structures are obtained with
surface relaxation. If the interactions between the adsorbate
and the substrate in the reactant and barrier regions are very
different, lattice motion could play a signicant role. To check
this possibility, the calculated cTST rate coefficients with frozen
and relaxed surfaces are compared in Fig. 7a. At rst glance, it is
surprising that the desorption rate coefficients in the two cases
are almost identical. This phenomenon can be rationalized
aer investigating the changes in internal energy, entropy and
free energy separately in the desorption process, as shown in
Fig. 7b. It turns out that the internal energy change on the non-
frozen surface is higher than that on the frozen surface by about
71 meV, due largely to the increased binding energy via surface
relaxation. In contrast, the entropy change on the non-frozen
surface also becomes higher than that on the frozen surface
by about 103 meV. The increase in entropy change in the former
case can be understood as follows. Specically, the molecule–
surface interaction in the favorable adsorption site is so strong
that the local surface conguration has been largely rearranged
and the three Pd atoms closest to the NOmolecule deviate most
from their equilibrium positions, as shown in Fig. 8. This
interaction connes the surface structure and leads naturally to
a lower entropy than that for the unconstrained equilibrium
surface structure aer the molecule desorbs. This part of
entropy change is absent in the frozen surface approximation. A
similar entropy change of molecules adsorbed at different sites
has actually been discussed before in the desorption of Pb from
Mo(100) by Starr and Campbell, who found a large difference in
the entropy of the adsorbates between the strongly bound step
Chem. Sci., 2023, 14, 5087–5098 | 5093
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Fig. 7 (a) Comparison between the cTST rate coefficients for the frozen (blue solid line with circles) and the relaxed Pd(111) surfaces (red dashed
line with triangles). (b) Changes in the free energy (black), internal energy (red) and entropy (blue) estimated by umbrella sampling for the frozen
(solid lines) and relaxed (dashed lines) surfaces in cTST calculations.

Fig. 8 Rearrangement of local Pd(111) surface structures upon NO adsorption where the largest displacements (in Å) among Pd atoms before
and after adsorption are marked and the displacement directions are indicated by black arrows. The O, N and Pd atoms with and without the
adsorbate are represented by red, blue, cyan and gray spheres, respectively.
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site and the weakly bound terrace site.87 What is different is that
the change in surface structure is essential for the entropy
change here.

Overall, the effects of the changes in internal energy and
entropy due to the lattice motion cancel out, leaving similar free
energies and rate coefficients with or without surface DOFs.
Similarly, in the RPMD calculations of H diffusion on Ni(100)
with either one bead (classical) or multiple beads (quantum),
a very minor lattice effect was also found on the diffusion
coefficient, especially above the quantum-classical crossover
temperature (70 K).51 For the dissociation of CH4 on Ir(111),
Jackson also found that the lattice vibrational modes only lead
to a slight change to the HTST rate constant.21 This is possibly
because the entropy change in the dissociation of CH4 is mainly
contributed by the breaking of the C–H bond rather than
a change in the lattice structure.
3.6. The transmission coefficient

While the transmission coefficient (k) is oen neglected in the
traditional TST, the RPMD rate theory accounts for this factor in
5094 | Chem. Sci., 2023, 14, 5087–5098
a quantitative way, by the ratio of the ux–side correlation
function in the long-time limit to that at time zero. In Fig. 9a,
the time-dependent transmission coefficients for the frozen and
relaxed surfaces at 700 K are compared. Interestingly, the
transmission coefficient exhibits completely different behaviors
in the two cases. For the frozen surface, k experiences a plateau
at the very beginning (the rst ∼1 ps) and then decreases quite
rapidly. Its value decays to∼0.1 at 100 ps and appears to further
decay to zero when the time is long enough. This behavior is
uncommon in gas-phase reactions, where k typically converges
within tens to hundreds of fs.45,46 For the relaxed surface,
however, the transmission coefficient converges to 0.92 very
quickly at ∼4 ps. This indicates that the recrossing is practically
insignicant in this process, which is consistent with the
experimental observation.8 The large difference in k in the two
cases may have to be understood in terms of energy dissipation.
Fig. 10 illustrates the evolution of the kinetic energies of the NO
molecule moving towards the surface and of Pd atoms in the top
two layers, and the associated reaction coordinate (x) as
a function of time during two representative trajectories for
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Time-dependent MD transmission coefficients for the desorption of NO from the relaxed (red) and frozen (blue) Pd(111) surfaces at 700
K. (b) Time-dependent MD transmission coefficients for the relaxed Pd(111) surface at 600 (black), 700 (red) and 800 (green) K.
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computing k on the frozen and relaxed surfaces. In any case, NO
molecules slide from the TS to the adsorption well and are
accelerated by the attraction. When the surface is frozen, the
kinetic energy of NO has no way to dissipate and only exchanges
Fig. 10 The reaction coordinates and kinetic energies of the NO
molecule and the Pd atoms in the upper two layers as a function of
time for two exemplary trajectories for the frozen (a) and relaxed (b)
surfaces at 700 K.

© 2023 The Author(s). Published by the Royal Society of Chemistry
with the potential energy. Thanks to conservation of energy, the
total energy of NO on the frozen surface is always larger than the
adsorption energy. As a result, the highly energetic NO adsor-
bate will scatter back aer sufficient time and recross the
dividing surface with a velocity towards the vacuum (Fig. 10a),
which makes a negative contribution to eqn (9). In this way, k
decays to zero in the long-time limit. By contrast, on the relaxed
surface, the molecular kinetic energy can largely transfer to
surface Pd atoms, which stabilizes the adsorbate and prevents
recrossing (Fig. 10b).

In addition, Fig. 9b shows that k on the relaxed surface
decreases slightly with increasing temperature, possibly
because the recrossing is enhanced at a higher temperature as
the adsorbate has a higher thermal energy. These results
underscore the importance of considering energy dissipation in
the adsorption/desorption rate calculation. Therefore, the
transmission coefficients are included in the following
comparison of MD rate coefficients with experimental ones. Our
observation is somewhat different from that in the RPMD
calculations for the site-to-site hopping of hydrogen on the
Ni(100) surface, where the recrossing was found not to be
affected signicantly by the lattice motion.51 It is likely that the
diffusion of the adsorbed hydrogen is weakly coupled with the
surface motion.
3.7. Comparison between the HTST and experiment

In Fig. 11, the MD rate coefficients of NO desorption on the
movable Pd(111) surface are compared with the measured
velocity-resolved kinetic data.8 The MD results give a good
prediction of the shape of the log k ∼ 1/T curve and the tted
activation energy (Ea = 1.731 eV) is very close to the experi-
mental one (Ea = 1.71 ± 0.03 eV), as evidenced by the good
agreement with the experimental binding energy E0 shown
above. Whereas absolute rate coefficients are 3–4 times larger
than experimental ones, because the calculated pre-factor (A =

1016.37 s−1) relying on the multi-dimensional topography of the
PES deviates from experimental data (A = 1015.65±0.20 s−1). This
Chem. Sci., 2023, 14, 5087–5098 | 5095
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Fig. 11 Comparison between two sets of HTST rate coefficients (blue
solid line and green dashed line), MD ones (red solid line with triangles)
for the relaxed surface including transmission coefficients and the
experimental data8 (black ×). The HTST (Relaxed-6D) (blue solid line)
model only considers partition functions of the NOmolecule based on
the optimized DFT parameters on the relaxed Pd(111), while the HTST
(Relaxed-FD) (green dashed line) model additionally includes the
surface partition functions via the harmonic approximation and DFT-
determined frequencies of surface phonons.
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discrepancy may have multiple sources of errors. For example,
the diffusion barrier is probably too high so that the adsorbate
entropy is underestimated, leading to desorption rate coeffi-
cients that are too large. In addition, the 3× 3 supercell may not
be large enough to eliminate the adsorbate–adsorbate interac-
tions and/or perfectly reect the surface structure change
closest to the adsorbate so that the surface entropy change is
underestimated. Another possibility is the neglect of the inter-
action of the adsorbate and metallic electron–hole pairs which
is expected to be much stronger for the adsorbed NO than for
the asymptotic NO, as observed for the NO + Au(111) case.88 This
nonadiabatic effect may slow down the molecular motion so as
to lower the desorption rate coefficients. In fact, Gu et al. have
found that H* diffusion is slowed by electronic friction due to
interaction with surface electron–hole pairs, leading to better
agreement with experiment.56 More investigations in this
direction will be interesting.

Also compared are two sets of HTST results assuming k = 1.
It is important to note that the effect of surface entropy was not
well realized in common TST applications. Instead, the effect of
surface relaxation on the binding energy was taken into account
by including surface DOFs when optimizing stationary struc-
tures, but only the partition functions associated with the
adsorbate DOFs were usually considered. According to our
analysis above, the absence of entropy change contributed by
lattice motion will overestimate the free energy change. On the
other hand, the harmonic approximation will underestimate
the free energy change. The combination of both approxima-
tions will thus result in an articial error cancellation in the
commonly used HTST model, rendering a spurious coincidence
5096 | Chem. Sci., 2023, 14, 5087–5098
with the MD results, as displayed as HTST (Relaxed-6D) in
Fig. 11. In comparison, the full-dimensional HTSTmodel (HTST
(Relaxed-FD)) considering all surface vibrational modes yields
much higher rate coefficients than the MD and experimental
results. Note that experimental data were used to t a hindered-
translator TST model in ref. 8, assuming a square symmetry of
the Pd(111) surface to determine the diffusion barrier and
parallel translational frequencies, while all parameters here are
taken from DFT calculations. Our results to some extent justify
the use of the traditional TST model with the assumption of
neglecting the surface entropy, at least in the molecular
desorption process. More investigations for other surface reac-
tions will be interesting.

4. Conclusions

In this work, we combine RPMD rate theory with a newly-
constructed machine-learned PES from rst principles to
calculate desorption rate coefficients of NO from Pd(111)
including all relevant DOFs. This treatment moves beyond the
traditional TST for surface processes, including anharmonicity,
adsorbate–substrate coupling, dynamical recrossing, and
quantum effects. In particular, we nd that the harmonic
approximation underestimates the entropy of the adsorbate,
resulting in an overestimation of desorption rate coefficients.
When the surface is relaxed, the local surface structural change
increases the surface entropy change during the desorption
process, which offsets the increase in binding energy and keeps
the free energy change close to that in the frozen surface
approximation. Our results indicate that the commonly-used
harmonic TST approach relying on stationary points and ener-
gies with surface relaxation but only considering partition
functions of the molecule DOFs actually suffers from error
cancellation. Moreover, we nd that the transmission coeffi-
cient is physically sound only when the energy dissipation
between the adsorbate and substrate is considered with
a movable surface. Overall, while the binding energy is well
captured, the theoretical desorption rate coefficients remain 3–
4 times higher than the experimental ones, suggesting the need
for further improvement in the current PES or the adiabatic
dynamics based model. The proposed computational scheme
will be useful for including quantum effects that are expected to
be more important in surface reactions with light atoms10,51

from rst principles instead of using parametric models and be
applicable to more general elementary surface reaction rates
towards accurate microkinetic modeling of heterogeneous
catalysis.
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42 R. Pérez de Tudela, Y. V. Suleimanov, J. O. Richardson,
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