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The role of dynamic restructuring of catalytic interfaces under reaction conditions is of
unquestionable importance. Sub-nanocluster catalysts, consisting of just a few atoms
on a metal oxide support, are known to be highly fluxional. They are able to populate
and interconvert between multiple isomers with similar energies. Computational cost
has hitherto restricted first-principles treatment of sub-nanocluster fluxionality to the
assumption of thermodynamic equilibrium, where the relative isomer populations are
Boltzmann distributed. Here, we exploit the advent of fast and accurate machine-
learned interatomic potentials (MLIPs), coupled with an automatic process explorer
(APE) approach, to systematically evaluate the kinetics of fluxional behavior of sub-
nanoclusters. Specifically, we explore the size-dependent restructuring kinetics of Pdz—
Pd;; clusters on a fixed MgO(100) support. Propagation of the constructed
comprehensive isomerization networks shows that the timescale for relaxation to
thermodynamic equilibrium can vary by several orders of magnitude upon changing the
number of Pd atoms in the cluster by only one. There is also no simple correlation
between the overall relaxation timescale and the amount of time spent in individual
(metastable) isomers. Comparison of the timescales of cluster restructuring to a typical
rate-limiting catalytic barrier of 1 eV shows that typical fluxional restructuring occurs on
comparable to (much) faster timescales, depending on cluster size and specific isomer
geometry. Thus, it becomes clear that explicitly resolving the state-to-state dynamics of
fluxional sub-nanoclusters is essential for the development of mechanistic
understanding of their catalytic performance.

Introduction

Advances in the capabilities of operando catalyst characterization and first-
principles modeling of catalysts has determined beyond a doubt that as-
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synthesized catalysts generally undergo dramatic restructuring upon exposure to
reaction conditions.'” In fact, the dynamics of this restructuring has been shown
to be key for catalytic processes both thermal®** and electrocatalytic.">** In the
past decades, it has been posited that a “flexible” or dynamic surface may in fact
be key to catalytic performance.**** The computational treatment of this pre-
catalyst activation and restructuring has, however, hitherto primarily focused
on treating the restructuring of a catalyst as taking place on timescales entirely
separate from its reactivity. One prevalent approach is to explore the stability of
restructured surface terminations under different reaction conditions with ab
initio thermodynamics,*'**® which are then used as a static substrate for further
multiscale modeling, for which the reaction mechanism is prepared by hand.
Another approach is to explicitly explore the restructuring of a surface during the
first part of a loop, after which the reactivity of the surface is evaluated, typically
using severe approximations.**?” Additionally, there has been MD-based explo-
ration of catalyst dynamics, which can provide insight into the short-timescale
dynamics of the catalyst,”®* but cannot access the longer timescales which are
critical for long-term operation of catalysts associated with the rate events of
overcoming ie. the rate determining step.?

The inclination toward an assumed separation of timescales, as well as the
significant approximations made to assess reactivity and restructuring together,
arise predominantly from the prohibitive cost that exploring the full range of
surface restructuring and associated kinetics with first-principles methods would
incur, especially for extended surfaces. Systems which are more computationally
accessible are those of cluster catalysis, i.e. where the active material is dispersed
in the form of sub-nanoscale metallic clusters consisting of just a few atoms on
typically an oxide support. These clusters are known to be highly fluxional, that is,
they are able to populate and interconvert between multiple structural motifs, or
isomers, with similar energies.**** These sub-nanoclusters are known to have
size-dependent physical**?*® and catalytic®*” behavior, and computational work
which takes into account the isomeric diversity of structures of these fluxional
clusters shows improved agreement with experimental work.*”-* In fact, it has
been shown that the observed catalytic performance may even be attributed to
metastable isomers, rather than the most stable structure.>-*°

Due to the small size of these clusters, first-principles sampling of their
structural ensemble, (though often in the gas-phase)*~** and the catalytic reaction
mechanism on multiple structures has been feasible.?**”*%*° However, up to now
explicit treatment of sub-nanoscale cluster catalysts has operated exclusively
based on the assumption of thermodynamic equilibrium, assuming that the
catalytic performance of a given cluster size can be determined by taking
a weighted average of the reactivity of each isomer, based on their relative
Boltzmann populations.***® A truly comprehensive exploration of the kinetics of
the cluster restructuring instead remained largely elusive beyond gas-phase or
simple systems,*"*>** due to both the cost of the involved barrier calculations, and
the complexity of ensuring that all kinetic transitions between isomers have been
found.***® Evaluation of catalytic reaction mechanisms that account for fluxional
restructuring have therefore been implicit rather than explicit*® - and they
focused on small systems, such as Pt,H,/Al,05* or Pt3(H,)/Al,03,*® or Pt;/Al,03,*
using hand-prepared reaction networks.
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Nevertheless, these works have already shown that even such small and
apparently simple systems can exhibit significant kinetic trapping under mild to
moderate reaction conditions,”” and that there can be multiple timescales of
kinetic restructuring involving the restructuring of the cluster core vs. diffusion of
adsorbates.*”** Most notably, it has also been shown theoretically that just by
changing the kinetic barrier for fluxional interconversion between two different
cluster active sites, the entire kinetic performance of a cluster catalyst can
change.® In light of these results, it is thus imperative to develop a workflow that
can rapidly and thoroughly explore the kinetic restructuring of sub-nanoclusters
to get a complete real-time picture of their fluxional behavior, and the resulting
impact on their catalytic performance.

Recent advances in fast and accurate machine-learned interatomic potentials
(MLIPs), such as GAP* or MACE,*** can reduce the computational cost of such
sampling by orders of magnitude. Furthermore, the development of the automatic
process explorer (APE)* provides a powerful tool that can automatically calculate all
barriers between restructured states directly from the potential energy surface (PES)
of the system. The coupling of MLIPs with APE thus promises a computationally
tractable surrogate model for the PES exploration. En route to the application to
extended surface catalysis,” we here demonstrate this for the size-dependent
restructuring of Pd,/MgO clusters. Benefiting from the finite size of the dynami-
cally restructuring sites, we exhaustively explore the state-to-state dynamics of these
systems. These reveal the kinetic contribution to the fluxionality of sub-
nanoclusters. Each cluster size is found to have a unique relaxation behavior to
thermal equilibrium, the timescale of which can vary by several orders of magni-
tude. Furthermore, we find that simply assessing the thermalization timescale of an
ensemble is not enough to capture the detailed state-to-state dynamics of the
system. Instead, calculated residence times, which identify the amount of time
a given structure will remain in a specific structural state before isomerizing, give
a better impression of the degree of kinetic restructuring inherent to fluxional sub-
nanoscale clusters. While the timescales for relaxation to thermal equilibrium can
be quite long, the amount of time spent as a specific structure can be short for most
isomers, highlighting the great separation of timescales associated with fluxional
behavior. In fact, with the exception of a minority of kinetically-trapped metastable
isomers, most isomers’ structures would not persist for long enough to support an
entire catalytic cycle, indicating that fluxional restructuring of sub-nanoscale
clusters will contribute to their catalytic performance.

Methods
MACE-APE active learning

In order to explore the fluxional behavior of Pd,/MgO clusters, we first train
a MACE potential on the region of chemical space in which we are interested.
Initial structures are generated using the foundational MACE-MPO potential,*
taking a fixed MgO(100) support, randomly placing between 3 and 11 Pd atoms on
it, then performing (a) local geometry optimization, (b) molecular dynamics, and/
or (c) randomly-initiated dimer searches centered on all Pd atoms present. A
subset of 400 of these initial structures are selected to perform DFT single-point
calculations, and construct the training set of the initial potential. An active-
learning loop using APE as the structure generation step is thereafter used to
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ensure that the MACE potential is ideally suited to identify restructured states,
and the barriers between them. The approach here is a slight update to ref. 54 and
the corresponding workflow is outlined in Fig. 1. In order to explore the range of
compositions of interest to this paper (Pd clusters containing between 3 and 11
atoms on a fixed MgO support), we run APE for each independent composition.
After 500 (new) elementary processes per independent APE run have been iden-
tified, all corresponding local minimum (LM) and transition state (TS) structures
are added to the DFT dataset. Structures are selected as new if they contain atomic
environments that cannot be assigned to any of the local environment groups
from the existing training set, using the fuzzy classifier DECAF*® with default
settings. This is then iterated until no new LM and TS structures are found to add
to the training set. For further MACE details and accuracy of the final potential,
see SI Note 1.

The training set is constructed from single-point spin-polarized DFT calcula-
tions, performed with the Vienna Ab initio Simulation Package (VASP) version
6.3.2,°° using the PBE exchange-correlation functional® with D3-dispersion
correction.® We used a kinetic energy cutoff of 700 eV, and used a (2 x 2 x 1)
I'-centered k-point grid for the (16.71 x 16.71) A 256-atom MgO(100) supercell,
which serves as the support for all Pd cluster sizes explored. The entire MgO
support was always kept fixed, to focus solely on the dynamics of the Pd,, clusters.
SCF energy convergence was set to 10~ ® eV. Both DFT energies and forces were
included in the training set for MACE. We note that GGAs are known to have
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Fig.1 Schematic summarizing the MACE-APE active learning approach. Left panel: active
learning loop, starting with DFT data, that is used to train the MACE potential. APE is then
run using this MACE potential, until 500 new processes are identified. New local minimum
(LM) and transition state (TS) structures are selected from the corresponding APE struc-
tures. This is done by scanning the APE structures for local atomic environments that are
not represented in the existing DFT training set. The new structures are then added to the
DFT training set, and the process is iterated until there are no new APE structures that
cannot be represented by the training set. Right panel: summary of the APE workflow. A
single input structure is given, of which all local atomic environments are classified. A
representative of each environment is added to the to-explore list, which is used to start
dimer transition state searches (TSSs). These TSSs yield elementary processes consisting of
an initial, transition, and final state, providing the process barrier, which can be converted
into a rate constant. Finally, all new structures are subjected to local environment clas-
sification, and any structures with new local environments are added to the to-explore list.
This is iterated until there are no more local environments to explore.
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issues with the calculation of oxide materials,** and that physical properties of
late transition-metal clusters are known to be functional-dependent.®® However, it
has also been shown that GGAs can produce barriers of comparable accuracy to
hybrid functionals.** Thus, we use PBE-D3 to calculate barriers until we can
directly validate them with experiment.

The APE algorithm is outlined in detail in ref. 53. Briefly, a single input
structure is given, of which all atomic environments are then classified using the
DECAF method.*® We then select a representative of each unique atomic envi-
ronment, and use these to start our single-ended TS searches using the dimer
algorithm.® The dimer algorithm is initiated by randomly displacing the selected
atom in the initial state (IS), as well as all atoms within a specified distance cutoff.
Subsequently, the final state (FS) structure is obtained via local geometry opti-
mization, starting from the TS structure with atomic positions slightly displaced
away from the IS. The IS, TS, and FS structures define the given elementary
process. From them, we calculate the activation energy barrier for the forward and
reverse processes, which is thereafter converted into a rate constant for the
process using harmonic transition state theory,>**¢”

N
ks T [ v —AE,
foiw = —— =L _— 1
y= e @
I v
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3N
Il v
where the preexponential factor %3%7 is calculated automatically via APE
e

using the harmonic vibrational modeé v;, vj at the IS and TS, respectively, and the
activation energy AE, is the energy of the TS structure minus the energy of the IS
structure.

All thus identified and defined elementary processes are added to the APE
process list, which is a collection of globally unique elementary processes con-
necting many metastable states. The FS structures of all elementary processes are
scanned for new atomic environments. Any structures with new ones are then
added to the to-explore list, sorted by ascending energy. APE then iterates until
there are no new atomic environments to explore, proceeding in order of the next
most stable structure. For a list of APE parameters, see SI Note 2.

For cluster sizes larger than Pd;/MgO, APE did not reach a point where no new
local atomic environments were found. For these clusters, we terminated the
search once the FS structure that is explored as new IS was >1.5 eV above the most
stable IS structure. Based on the ensemble of geometries that we have obtained
for each cluster size shown here, we believe that the structural space has been well
sampled for most cluster isomerization; however we do not claim that APE is
a rigorously complete thermodynamic sampling approach, and it is possible that
we would obtain new relevant states if we continued to sample.

Post-processing of APE

The end result of the APE sampling is a large library of elementary steps for each
cluster size. While the diversity-driven approach of APE reduces redundant TS

This journal is © The Royal Society of Chemistry 2026 Faraday Discuss.
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Fig.2 Schematic summary of the APE post-processing workflow. The APE output is in the
format summarized to the left. Each state represents a structure which was used as the
initial structure for TS searches. Within each state, there are a number of processes, which
are globally unique elementary processes. To convert the APE output into usable form,
step (1) involves the clustering and classification of local atomic environments of the Pd
atoms within each structure. These are used to reduce the set of globally unique
elementary steps into symmetry-equivalent processes, producing a highly inter-con-
nected network, such as is shown in the middle panel. Next, this network undergoes
processing step (2), which eliminates all processes which are too fast to be considered
stable (aka with barriers <0.1 eV, see text). This involves either merging of multiple states
into one, or bypassing one state in the path between two others. For details and examples,
please see the SI. This then yields the final isomerization network seen in the right panel,
which is used to evaluate the state-to-state dynamics of the system.

searches, it still only relates structures which are globally equivalent. In order to
construct the final isomerization network, we need to identify all clusters which
are locally equivalent via rotation, translation, or permutation symmetry. This
post-processing workflow is outlined in Fig. 2.

As a result of the APE workflow, the library of elementary processes is structured
as shown in the left-hand panel of Fig. 2. For the detailed workflow, see Fig. S1. The
list of all processes starting from the initial IS is followed by the list of all processes
starting from the next IS that was worked on in the to-explore list, and so on and so
forth. Each process uniquely connects the IS to a FS; however, there are many more
processes than there are connections between states. On the one hand this is due to
symmetry redundancies in the IS and FS. To curate this and construct a fully-
connected isomerization network, we classify the local atomic environments of
all IS and FS structures obtained with APE, and perform fuzzy classification to
assign them to equivalence groups using DECAF.*® These groups are used to
construct a key, which identifies all clusters which are symmetrically equivalent.
These cluster keys are then used to classify processes, which reduces the hundreds
to thousands of APE processes to tens to hundreds, depending on the cluster size.
This is summarized as step (1), leading to the center panel in Fig. 2. A second reason
why there are more processes than connection between states is that APE can
identify multiple TS structures between the same two endpoints. We therefore note
that each of the processes represented by the double arrows in the center panel of
Fig. 2 may actually be a collection of transition states, each associated with
a different barrier. We will outline below how this duplicity is handled in the
evaluation of the reaction network that results from this post-processing step.

Faraday Discuss. This journal is © The Royal Society of Chemistry 2026
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The isomerization networks obtained for the various clusters have elementary
processes with barriers ranging from <0.1 eV, to almost 2 eV. To this end, we note
that states connected by processes with barriers <0.1 eV are not dynamically stable
at catalytically relevant temperatures, as they would only spend times in the state
that are comparable to molecular vibrations. The second curation step in the post-
processing of the APE library, c¢f. process (2) in Fig. 2, therefore involves the
merging of states which have forward and reverse barriers <0.1 eV into a single
state, or bypassing a state which has one exiting barrier <0.1 eV. For the bypassing
process, this means that three states that are connected by two processes are
reduced into two states connected by a single process. In the SI Note 3, we detail
this reduction step for the Pd;/MgO and Pd,/MgO networks for clarity. We note
here that we additionally eliminated fragmented clusters from the consideration
of cluster networks, as our focus is exclusively on the isomerization dynamics of
intact clusters of a given size, rather than cluster migration, Ostwald ripening, or
cluster coalescence. Thus, we are excluding the possibility of cluster coalescence
at this point in our simulations, though we acknowledge that sub-nanoclusters
are particularly sensitive to sintering - though even here, they exhibit size-
dependent behavior.?*

Kinetics simulations

The minimal isomerization network that results from the post-processing anal-
ysis represents all possible transitions between inequivalent states and is the
basis for exploration of the state-to-state dynamics of each cluster size. As is
common in kinetics, we assume that the state-to-state dynamics can be repre-
sented as a Markov jump process.**® Thus the vector P of the populations of the
different isomers obey the master equation:

d

dr
where the infinitesimal generator G - also called a rate matrix - is an N x N matrix
for N isomers. It is connected to the rate constants via

Gy = ki — 05y ki, 3)
!

P(1) = GP(1), (2)

This enables us to build our rate matrix from the minimal isomerization networks
c.f. above. Details about the conversion of the network to the rate matrix are in SI
Note 4, but in essence, each entry of the matrix represents the sum of all rate
constants from state i into state j, based on the index of the rows (i) and columns
(/)- On the diagonal, we have the negative sum of all entries in the column: that is,
the sum of rates leaving the state. This ensures the conservation of probability. All
rates associated with different TSs between two given endpoints (as noted above)
are automatically accounted for, though these will be dominated by the fastest
one.

The construction of the isomerization networks from APE means that the rate
matrix representing the state-to-state dynamics is irreducible, i.e. every state can
be accessed by every other state by a sequence of elementary steps. As the system
is closed and non-driven, the state-to-state dynamics will relax to thermal equi-
librium. Therefore, the unique stationary distribution for each cluster size is the
Boltzmann distribution, and fulfills detailed balance. G is therefore

This journal is © The Royal Society of Chemistry 2026 Faraday Discuss.
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diagonalizable, with real non-positive eigenvalues Aq, 4;...4y, sorted in descend-
ing order, where 4, = 0 corresponds to an infinite relaxation time, and the cor-
responding eigenvector v,, when normalized, is the stationary - or Boltzmann -
distribution. The relaxation time is then simply given by the slowest non-
stationary mode**°®

T = —1/A;. (4)

We obtain the eigenvalues and eigenvectors of the rate matrix G via eigende-
composition using a python library for arbitrary precision calculations,* due to
the several orders of magnitude difference between the slowest and fastest rates
included in the rate matrix.

Equally, we can calculate the residence time of isomer ¢

Tres,i — I/Zky (5)

to estimate the amount of time a given cluster will remain in a particular state
before jumping to another; this is simply one over the sum of all rates exiting state
i

Another approach that we can use to solve the master equation, in order to
track the real-time evolution of isomer populations with time is to use the
exponential matrix formalism, where we use the rate matrix G,

P(1) = exp(tG)P(0), (6)

to explore the evolution of isomer populations as a function of time P(t), starting
from an initial population P(0) at time ¢ = 0. With this, we can explore how the
populations of all isomers of a given cluster size evolve as a function of time. This
is possible due to the tractable size of the rate matrix G, which has a maximum
size of (106 x 106) for the Pd,,/MgO network.

We note that the observed cluster population dynamics depend heavily on
the accuracy of the barriers in the isomerization network, which are used to
construct the rate matrix G. Even a small error (i.e. 0.1 eV) in a given barrier can
lead to an order of magnitude difference in rate constants due to the expo-
nential in eqn (1).7%”* While analysis of these errors is beyond the scope of the
current work, future work will concern the sensitivity analysis of the kinetic
networks for all clusters, to understand which barriers have the most significant
impact on the fluxional restructuring of different cluster sizes.””*

Using the methods outlined above, we identify the isomerization networks
for MgO-supported Pd;-Pd;; clusters, and explore their characteristic state-to-
state dynamic evolution of isomers. Our goal is (a) to identify whether there is
a kinetic contribution to the size-dependent fluxional behavior of these sub-
nanoscale clusters, and (b) compare the timescales of kinetic restructuring to
typical catalytic timescales, to understand the extent to which fluxional cluster
restructuring might play a role in catalytic performance. We define catalytic
timescale as the time between two rate-limiting events for a typical catalytic
process. For this we assume a barrier of 1 eV.

Faraday Discuss. This journal is © The Royal Society of Chemistry 2026
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Results and discussion
Kinetics of the Pd;/MgO system

We begin by exploring the Pd;/MgO system in detail to illustrate how the meth-
odology works on a simple system. The four dynamically stable structural isomers
can be seen in Fig. 3(a). These are not the only unique local minima structures
identified from the APE output; they are, however, the structures with barriers
>0.1 eV exiting them, meaning that they are likely to persist for timescales longer
than structural vibrations; two structures which where thusly identified as
unstable were removed from the ensemble. For the complete ensemble, including
fragmented clusters which were removed as we are only interested in cluster
isomerization rather than coalescence at this stage, please see Fig. S3. Global
optimization approaches that only identify LM structures would not distinguish
between such dynamically stable vs. unstable structures; therefore, APE provides
valuable information about the kinetic relevance of a given structure.

Fig. 3(b) shows the minimal isomerization network which connects all isomers
in (a). The arrow representing the transition between each state is colored by its
barrier height, corresponding to the associated label. Only the lowest barrier for
each elementary step is shown here; however for almost all processes there were
multiple transition states between each pair of endpoints, which were incorpo-
rated in the construction of the rate matrix. Fig. S6 shows an example. This
isomerization network is then converted into a rate matrix, as described above,
which is used to explore the kinetic evolution of states shown in Fig. 3(c) using the
matrix exponential approach. The evolution of isomer populations as a function
of time is shown, starting from equal populations of all isomers. The relaxation
process to the steady-state for even a cluster as simple as Pd3/MgO is not a simple
single exponential relaxation; initially, the population of isomer 2 grows rapidly,
dramatically overshooting its steady-state (or Boltzmann) population. After this, it
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Fig. 3 (a) APE-obtained structural ensemble for Pdz/MgO, and (b) the associated isom-
erization network, with the lowest barrier between each pair of states shown in eV. Each
pathway between the states is also colored with the associated barrier height corre-
sponding to the label. (c) Real-time evolution of the Pds/MgO ensemble at 300 K, starting
from equally populated states (0.25 fractional populations) is shown in the main panel. The
dashed vertical line represents the characteristic relaxation time for the isomerization
network, calculated from 7o, = —1/A1, where 1, is the first non-zero eigenvalue of the rate
matrix constructed from the network in (b). The right-hand panel shows the Boltzmann
populations of each isomer, calculated based on their relative energies.
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decays while the populations of isomers 0 and 1 grow to reach their steady-state
populations, which are shown in the right-hand panel of (c). Notably, the time it
takes to relax to the steady-state corresponds with the grey vertical dashed line on
the plot, which indicates the relaxation time 7, (eqn (4)). The relaxation time
calculated from the eigendecomposition of the rate matrix coincides with the
kinetics explored using the matrix exponential approach, as is to be expected.

Visual inspection of Fig. 3(b) can provide intuitive insight into the origin of the
observed state-to-state dynamics and kinetic trapping outlined above. Isomer 2
clearly has the highest barriers exiting it, and thus will be kinetically trapped
compared to the rest of the isomers. This kinetic trapping means that, when
starting from equal populations of all isomers, isomer 4 will quickly convert into
isomer 2, which will become initially over-populated, after which it slowly decays
to populate isomers 0 and 1 to reach thermal equilibrium.

Next, 7, is explored as a function of temperature, from which we can extract
an effective barrier that has to be overcome for the system to reach thermal
equilibrium using an Arrhenius plot (Fig. 4(a)). Constructing a rate matrix for
each temperature, the rate for relaxation is calculated as 1/7, of which the
natural logarithm is taken and plotted against 1/T. From this, we identify that the
effective barrier for the relaxation of the Pd;/MgO ensemble is 0.51 eV. Interest-
ingly, this is higher than the simple numerical average of all lowest barriers used
to construct the rate matrix, indicating that the connectivity of the isomerization
network also plays a role in determining how the system relaxes.

Condensing all of the kinetics within even such a simple reaction network as
for Pd;/MgO into the single number of an effective barrier for relaxation overlooks
a lot of the detailed state-to-state dynamics, however. Beyond just the evolution of
the overall populations of different isomers, the amount of time a given isomer
might persist for a given cluster, before restructuring into a different isomer, is
also of interest. This residence time for isomer 7 (. ), calculated via eqn (5), is
shown in Fig. 4(b), showing how the residence time of each isomer changes as
a function of temperature.

(a) Pd3/MgO | AE, = 0.51 eV | A =424 x 571 Lot ©)
2
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Fig. 4 (a) The Arrhenius plot for Pd3/MgO. The rates are calculated as 1/t,¢, calculated
from the rate matrix for temperatures between 300 and 800 K, of which the natural
logarithm is taken. From this we can calculate the effective barrier that must be overcome
for the system to reach its steady-state population at thermal equilibrium. (b) Plot of the
residence times of each Pds isomer as a function of temperature. Note that the range of
residence times extends over more than 6 orders of magnitude.
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Residence time is a key factor to consider when evaluating cluster isomers as
possible catalytic active sites. Previously, when ensembles of subnanoclusters are
considered to provide a variety of catalyst active sites, the activity of the rate
determining step is evaluated on each cluster, and scaled by their relative pop-
ulations.**** This assumes that the rate determining step occurs faster than/
independently to interconversion between cluster isomers/active sites. Peters has
shown for a simplified system that by only changing the rate constant for catalyst
active site interconversion, the entire catalytic performance can change.* By eval-
uating the residence time of individual metastable isomer structures, we directly
evaluate the timescales for active site interconversion to identify their relevance.

Contrary to considering a single barrier for the relaxation to thermal equilib-
rium, we see that the residence times of each Pd;/MgO isomer can vary by as
much as 6 orders of magnitude, depending on the temperature. Therefore, while
7.1 and associated effective barrier tells us that Pd;/MgO can rapidly reach its
steady-state or Boltzmann populations, 7., tells us that the amount of time spent
in each isomer can vary significantly. In fact, the most thermodynamically stable
state (isomer 0) does not have the longest residence time; it is isomer 2, which is
0.13 eV less stable, that can persist for much longer. Note that the residence time
depends solely on the kinetic barriers required to exit the state, rather than the
thermodynamic stability. Fig. S7 shows the histogram of residence times per
isomer for Pd;/MgO at 300, 500, and 700 K. Also shown is the rate required to
overcome a 1 eV barrier at the given temperature. Regardless of temperature, all
isomer lifetimes are shorter than this rate. No isomer would persist long enough
to support multiple occurrences of a rate-determining step of 1 eV. However,
notably, there can be orders of magnitude differences in the residence time of
different isomers. Thus, it becomes clear that most Pd; isomers will not persist
long enough to act as a “static” active site to support multiple consecutive cata-
lytic cycles. Instead, restructuring of Pd;/MgO could occur as part of a catalytic
reaction mechanism. This means that, for a system at thermal equilibrium, while
the time-average population of each relevant isomer will be the associated
Boltzmann population, a single cluster will be converting between isomers. For
the case of Pd;/MgO, for instance, while the structural motif associated with
isomer 0 will be present more often than isomer 2, the amount of time a structure
will remain as isomer 2 before changing into another structure will be longer than
for isomer 0. This has significant implications for the evaluation of clusters as
catalytic active sites.

Size-dependent kinetics

Now that we have explored the simplest case, we apply the same analysis to larger
clusters to explore size-dependent effects, i.e. we systematically explore the
dynamic behavior of Pd,/MgO-Pd,,/MgO. Using the same APE post-processing
approach as above, we construct the minimal isomerization networks for each
cluster size. Fig. 5 shows these networks for (a) Pd,/MgO, (b) Pds/MgO, and (c)
Pd,/MgO. For the ensemble of dynamically-stable structures associated with each
state (those with barriers >0.1 eV exiting them), please see Fig. S8-S10. The rest of
the isomerization networks can be seen in Fig. S11.

As expected, as cluster size increases, so too does the complexity for restruc-
turing. For Pd, and larger, visual inspection of the network can no longer provide
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(a) Pd4/MgO (b) Pd/MgO (c) Pd;/MgO

Barrier Height (eV)
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Fig.5 Minimal isomerization networks for (a) Pd4/MgO, (b) Pde/MgO, and (c) Pd;/MgO, to
illustrate the increasing complexity of the isomerization networks as the number of atoms
increases. To see the corresponding structures, see Fig. S8-S10.

intuitive insight into the state-to-state dynamics of restructuring due to the large
number of connections. For the most complex network, Pd,,/MgO, we have 108
dynamically stable states, though we had >200 initially, before removing the
dynamically unstable states (see Fig. S16), with 386 elementary restructuring
processes connecting the states. This level of complexity cannot be treated by
hand; APE is essential for the PES sampling and subsequent construction of the
isomerization network. As a result, we rely on systematic analysis of the rate
matrices to explore the state-to-state cluster dynamics. We note that the isomer-
ization networks for Pd,/MgO and Pd,/MgO in Fig. 5 are more interconnected
than those for Pt,H,/Al,O; and Pt;/Al,03,*>*” highlighting the thoroughness of
APE sampling in going beyond human intuition in identifying connections
between restructured states, and the benefit of MACE-accelerated PES sampling.

We use the networks in Fig. 5 and S11 to construct the rate matrices for the
isomerization of each cluster size at temperatures between 300 and 800 K to
explore their state-to-state dynamic behavior. Starting from the most coarse-
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Fig. 6 Plot of relaxation times vs. cluster size as a function of temperature. Note that the
total time required for the system to relax to thermal equilibrium (Boltzmann or steady-
state populations) can vary widely based on the cluster size and the given temperature.
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grained level of analysis, we identify the relaxation times 7. to thermal equilib-
rium for each temperature. These results are summarized in Fig. 6 for all cluster
sizes. Note that each column of points contains the data corresponding to the
Arrhenius plot for the equivalent cluster size in Fig. S17, from which we can
extract the effective relaxation barrier for the isomerization network of each
cluster size, which are shown in Table 1.

Fig. 6 shows the span of relaxation times as a function of temperature for each
cluster size; there is no monotonic change in relaxation time with cluster size.
Thus, the number of atoms in a cluster is not a descriptor one can use to estimate
how long it would take for the system to reach thermal equilibrium. Broadly it
takes longer for larger clusters to relax, but this is not a simple linear trend.
Instead, the shape of the PES, which dictates the kinetics of cluster restructuring,
must be the determining factor; and it is unlikely that this can be captured in
such a simple descriptor.

Beyond the highly size-dependent relaxation times for each cluster size, we see
a dramatic difference in the timescales required for each cluster size to reach
thermal equilibrium. At 300 K, these differences span ~10 orders of magnitude. As
would be expected, they decrease as the temperature is increased, but we still see
a span of ~4 orders of magnitude even at such high a temperature as 800 K. Many
cluster sizes (e.g. Pd,, Pde, Pd;,) have relaxation times that reach several seconds to
hours even at temperatures as high as 400 K. Any sub-nanocluster catalysts which
operate under mild to moderate conditions may thus experience significant kinetic
trapping on up to industrial timescales, in agreement with ref. 47.

Next, we consider the effective barriers that have to be overcome for each
cluster size to reach thermal equilibrium, compiled in Table 1. Reflecting the wide
variation in relaxation times, these barriers vary significantly, from less than
0.4 eV to more than 1 eV. Intriguingly, they are not consistently higher or lower
than the numerical mean of all low-barrier processes connecting the networks in
Fig. 5 and S11. These mean barriers show less spread than the effective relaxation
barriers, clustering between ~0.6-0.7 eV. For the most part, the mean barriers are
somewhat (e.g. for Pd;) to significantly (e.g. Pd,,) lower than the effective relax-
ation barriers. The exception is for Pds, where the mean barrier is much higher
than the effective relaxation barrier. These differences arise from differences in
the connectivity of the isomerization networks. None of the established Pd; to

Table 1 Effective relaxation times for each studied cluster size, calculated from the
Arrhenius plots for each cluster size in Fig. S17, and the numerical mean of all processes for
the associated networks shown in Fig. 5 and S11

Cluster size Effective relaxation barrier (eV) Mean barrier (eV)
Pd;/MgO 0.51 0.47
Pd,/MgO 0.77 0.71
Pds/MgO 0.35 0.68
Pd¢/MgO 1.02 0.62
Pd,/MgO 0.93 0.63
Pdg/MgO 0.73 0.64
Pdy/MgO 0.86 0.56
Pd,,/MgO 1.00 0.56
Pd,,/MgO 0.82 0.57
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Pd;; networks is fully connected, i.e. there are no single step connections between
all states. As illustrated in Fig. S8-S10 and S12-S16, there is instead a partial
connectivity, which is in fact higher than might be expected from the structural
diversity exhibited in the structural ensembles of the clusters. The effective
relaxation barrier results therefore from the dominant pathways for relaxation in
these partially connected networks.

As mentioned before in the detailed analysis of Pd;/MgO, reducing the
complexity of the cluster isomerization network to a single number per cluster
size removes thus a significant amount of detail about how precisely each cluster
size relaxes to thermal equilibrium. It is correspondingly essential to move
beyond consideration of 7., and develop an understanding of how the cluster
populations evolve, as well as the characteristic residence times of each isomer.
From this we can determine how long a given geometry might persist, and
whether it makes sense to consider each isomer as a static active site, or if
dynamic restructuring is critical.

The evolution of different isomer populations as a function of time for Pd,,
Pde, Pd;, and Pdg can be seen in Fig. S18. Each cluster size has a unique
combination of slow and fast relaxation processes. For all cases, which start with
equal populations of all isomers, there are some isomers which initially become
over-populated, and then decay to their appropriate steady-state populations,
while other isomer populations grow to reach the steady-state. The exact way that
the cluster populations relax to equilibrium will depend on the initial pop-
ulations, however. As this starting point is almost impossible to predict in
experimentally-prepared clusters, a more relevant fine-grained feature to explore
is the residence time (t,;) for each isomer i of a cluster of a given size.

Fig. 7 shows the corresponding per-isomer residence times for (a) Pd,/MgO, (b)
Pds/MgO, and (c) Pd,/MgO associated with the isomerization networks in Fig. 5.
Immediately, two things become clear. First, the residence time across all isomers
can vary by several orders of magnitude for a given temperature. Second, the resi-
dence time of the isomer has no relation to its relative thermodynamic stability. For
Pd,/MgO, we see that the structure with the longest residence time is isomer 0, the
most stable structure. The next most persistent structure is isomer 10. For Pds/MgO
and Pd,/MgO, however, we see that the multiple most persistent isomers are more
or less randomly distributed in energy relative to the most stable isomer. The
persistence of a given isomer therefore has no relationship to its thermodynamic
stability; it relies only on the energy barrier that must be overcome to exit a given
metastable state. This is in agreement with the Pd;/MgO results above, clearly
showing that the amount of time a single cluster might reside within a specific state
is not related to the stability of the associated structure.

The residence times for the rest of the Pd,/MgO clusters can be seen in
Fig. S19-S26. There remains no trend relating the thermodynamic stability of
a given isomer to the extent of kinetic trapping that it experiences, with dramatic
variation in 7. ; present across all cluster sizes. The temperature dependence of
the residence times follows the expected patterns; as temperature increases, the
residence times of the longest-persisting structures decrease much faster than the
structures which already have a short persistence time. By the time we reach 800
K, while there is still some significant variation between residence times, it is over
many fewer orders of magnitude than at 300 K. Notably, even then the residence
times can still vary by 2-4 orders of magnitude (Fig. S19-526). Based on this, while
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Fig. 7 Residence times of each isomer of (a) Pd4/MgO, (b) Pde/MgO, and (c) Pd;/MgO.
Note that for these clusters, the residence timescales can vary by ~10 orders of magni-
tude, depending on the temperature. Furthermore, the thermodynamic stability of the
isomer has no correlation to the residence time; it is purely a function of the shape of the
PES around each specific metastable state, reflected in the kinetics.

we can conclude that these fluxional clusters undergo highly dynamic restruc-
turing at high temperatures, we cannot truly claim that they have become liquid,
which would involve equal populations or residence times across all states. We
note that the isomerization networks exclude isomers that have dissociated
atoms, meaning that the state-to-state dynamics of the network at the highest
temperatures might be somewhat artificially constrained, especially as we neglect
cluster coalescence. We would not expect this to have a significant impact on the
isomer-specific residence times. Nevertheless, it is very likely that the state-to-
state dynamics explored here will impact the catalytic performance of clusters,
similarly as has been explored for a gas-phase gold cluster with metadynamics.**
Despite this, the time-averaged population of a given isomer is still dictated by
their Boltzmann populations; what is critical here is rather how long a cluster
remains as a given isomer before restructuring, and how that timescale compares
to that of the rate determining step of a catalytic process. As can be seen in
Fig. S27, when comparing the residence times of the Pd,/MgO, Pds/MgO, and Pd,/
MgO isomers to the time required to overcome a 1 eV barrier (a typical value for
the rate determining step of a catalytic process), we see that isomer restructuring
typically occurs faster than the time between two catalytic events.

Analysis of the state-to-state dynamics of different cluster sizes enables the
sorting of cluster sizes into an order of kinetic trapping. There is, however, not
a universal order that we can use for kinetic trapping, because it depends on the
descriptor that is chosen. For a coarse-grained analysis, we can order the cluster
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sizes by increasing relaxation time: Pds < Pd; < Pdg < Pd, < Pdy; < Pdy < Pd; < Pd;,
~ Pde. Alternatively we can list the cluster sizes in terms of increasing residence
time of the most kinetically trapped isomer at 500 K (see Fig. S19-526): Pd; < Pd; <
Pdg < Pdg < Pd; < Pdy; < Pdg < Pd;q < Pd,. In these two analyses, the order of the
clusters changes. Broadly we can say that Pd,, and Pd, clearly experience the most
kinetic trapping, while Pd;, Pds, and Pdg experience the fastest state-to-state
dynamics, based on both of these metrics. However, other cluster sizes have
totally contradicting results, such as Pd, having a relatively short relaxation time,
but a rather long maximum residence time at 500 K. The kinetic behavior of
a given cluster size cannot be adequately summarized using a single descriptor;
instead, a full analysis of the state-to-state dynamics is essential to properly
understand the kinetic contribution to fluxional behavior.

Ultimately, we find that not only do Pd,/MgO (n = 3-11) clusters exhibit size-
dependent kinetic behavior, with timescales for relaxation to thermal equilib-
rium spanning several orders of magnitude, but that they also exhibit isomer-
specific kinetic trapping. While the ensemble average proportions of different
isomers approach their Boltzmann populations within a given time frame, the
amount of time that a cluster might spend in a given structure before isomerization
can vary significantly. Many metastable isomers experience this kind of kinetic
trapping. Overall, it is clear that all Pd,, clusters are highly fluxional, and can readily
interconvert on catalytically relevant timescales. We note that this is for clusters in
the absence of adsorbates, and that cluster dynamics will inevitably change upon
exposure to a reactive gas phase and subsequent adsorption. Adding adsorbates,
however, seems unlikely to eliminate all structural dynamics,**” especially given
the long-standing consensus that catalytic interfaces become increasingly dynamic
under reaction conditions compared to UHV surface-science conditions.>*'**

Conclusions

In this work, we used our MACE-APE approach to explore the size-dependent
kinetic contribution to the fluxionality of Pd,/MgO (n = 3-11) clusters. We ob-
tained a rich library of elementary processes for the restructuring of each cluster
size, which we post-processed to yield a final minimal isomerization network that
captures all state-to-state restructuring dynamics. These networks were then
converted into rate matrices, from which we extracted information about the real-
time kinetic evolution for the isomers of each cluster size.

The kinetic behavior of the Pd,/MgO clusters was assessed on multiple levels.
On the coarsest level, the state-to-state dynamics of relaxation of the Pd,
ensemble to thermal equilibrium could be represented by a relaxation time, with
an associated effective barrier. There is no monotonic relationship between
cluster size and time required to relax to thermal equilibrium, highlighting that
the size-dependent physical behavior of sub-nanoclusters extends to their
kinetics. The effective relaxation barrier furthermore is not equivalent to the
numerical mean of all kinetic barriers, highlighting the critical component that
PES connectivity plays in the relaxation process.

For a finer-grained analysis, we analyzed both the evolution of different isomer
populations with time, as well as the amount of time that would be spent in each
metastable state. Different cluster isomers have multiple modes of fast and slow
relaxation to thermal equilibrium, spanning a wide range of timescales, in
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agreement with ref. 48. However, this was shown to be highly cluster size dependent.
Having multiple relevant timescales for the state-to-state dynamic restructuring of
sub-nanoscale clusters appears to be a universal feature of these fluxional species,
even in the absence of adsorbates. Furthermore, the complexity of the timescales for
interconversion between different active sites aligns nicely with ref. 49, indicating
that such state-to-state fluxional dynamics of catalyst active sites would have
a consequent impact on the catalytic performance. Calculated residence times for
each individual isomer for a given temperature give insight into how often a given
cluster would undergo restructuring. Isomer residence times vary by several orders
of magnitude, even at the highest temperatures, with significant kinetic trapping
occurring for some (metastable) structures. However, the majority of cluster isomers,
regardless of their size, will rapidly interconvert with one another at catalytically
relevant temperatures. This highly dynamic behavior is reminiscent of studies
exploring the “molten” or liquid-like behavior of sub-nanoclusters, which has been
used to explain their unique catalytic performance.*”* We emphasize however that,
for the Pd,/MgO clusters studied here, the variation in residence time across the
isomers indicates that, while highly dynamic, these clusters cannot be considered to
be truly liquid. Furthermore, much of the state-to-state dynamics explored here go
well beyond those which can be accessed directly with e.g. molecular dynamics.
These results align nicely with the work by Gabor Somorjai, which concluded that
more “flexible” or dynamically restructuring surfaces were better substrates for
catalytic processes,"*** with the high dynamic behavior of these clusters perhaps
helping to explain their unique behavior compared to their bulk counterparts.
Finally, analysis of the degree to which a given cluster size experiences kinetic
hindering can be assessed in one of two ways. For the coarse-grained analysis, the
timescale required for the entire ensemble to relax towards equilibrium, can be
evaluated. On a finer-grained note, the clusters may be ordered by the length of time
the most kinetically hindered metastable isomer will persist. Interestingly, these two
analyses do not yield identical results, though Pd,, and Pd, are shown to exhibit the
slowest state-to-state dynamics, and Pds; and Pd; exhibit the fastest. Ultimately,
fluxional sub-nanoclusters are shown to experience significant - though variable -
dynamic restructuring on timescales comparable to or faster than catalysis.
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