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Abstract

The fluxionality of subnanocluster catalysts is essential for understanding their be-
havior at an atomistic level. Up until now, when it is at all considered, fluxionality has
been treated primarily thermodynamically, representing relevant isomer populations
as their Boltzmann populations. Previous work supported this, suggesting that the
Pt;/Al,03 ensemble should be kinetically accessible within ns, based on the barrier
heights for isomerization. In the current work, we explore the isomerization kinetics of
gas-phase and surface-supported Pt H, clusters, using kMC to explore the evolution of
isomer populations with time as a function of temperature. We additionally revisit the
previously-obtained Pt;/Al,O3 network. This allows us to determine the temperature-
dependent timescales at which the ensembles of these subnanoclusters reach thermal
equilibirum. Gas-phase clusters readily thermalize by 350 K, while surface-supported
clusters require temperatures between 500-700 K. These thermalization timescales de-
pend on how structurally distinct the cluster isomers are within their ensemble. The
greater the structural difference there is between low-energy structures, the longer it
requires to reach thermal equilibrium. We show that it is essential to compute the
barriers for isomerization between low-lying isomers in order to accurately determine
either thermalization timescales, or non-equilibrium steady-state populations. Finally,
we find that these thermalization timescales can extend to longer than catalytically-
relevant timescales, depending on the reaction in question, indicating that isomerization

is an essential feature of the reaction coordinate of a catalytic reaction.
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Introduction

The use of metallic subnanoclusters as catalysts is highly desirable, since they display unique
activity and selectivity relative to their bulk counterparts,!™ breaking past scaling relations
that typically limit the performance of bulk catalysts.* Furthermore, these clusters consisting
of just a few atoms on a support have a much greater atom utility than bulk, saving precious
metal while operating to the same or greater effect. They can even have properties specific to
their given size, such as the increased activity of Al,Os-supported Pt; clusters relative to Pty
and Ptg clusters® for ethylene dehydrogention, or the sinter-resistance of Pt; and Pt; clusters
on TiO,® or Pt, and Pt; clusters on a-Al,05.% These subnanocluster have also been shown
to be highly fluxional, meaning that they can populate and interconvert between multiple
isomers at catalytically relevant temperatures,”® and even dramatically change morphology
within the ensemble as the partial pressure of reactants changes.? So far, the treatment
of fluxionality has been predominantly based on the thermodynamic picture, with cluster
ensembles represented by Boltzmann populations (p;) of each isomer, calculated via the

energy difference AF; between the lowest-energy structure and each higher-lying one:

exp —AE; /kgT
S exp—AE; [T

This operates on the underlying assumption that it is possible for these clusters to reach to-
tal thermal equilibrium on timescales relevant for the chemical reaction they are catalyzing.
Or in other words, that the barriers for interconversion between isomers are small compared
to the barriers for reaction, and that isomerization happens much more often than the rare
event of a rate-determining step.

This has been assumed to be the case, and indeed produced good qualitative agreement
with experiment, for size- and composition-specific activity and selectivity in thermal catal-

3,10-13

ysis, such as oxidative and non-oxidative dehydrogenation, or size-dependent sinter-

resistance.® To substantiate the assumption of the simple Boltzmann statistics, several stud-
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ies were conducted. We have shown that the Al,Os-supported Pt; ensemble is broken down
into two superbasins, each of which is kinetically accessible within ns, based on the heights of
barriers computed between isomers in that ensemble.* We also showed that kinetic energy
exchange upon the binding or scattering of reagents causes substantial additional cluster
isomerization, helping equilibration.>'® However, these studies only indirectly support the
Boltzmann ensemble representation. To truly capture the timescale for equilibration of an
ensemble of subnanoclusters, kinetic Monte Carlo (kMC) simulations must be performed
over a range of relevant temperatures, from which the final steady-state populations of each
isomer could be extracted. This would reveal at what temperatures and timescales steady-
state populations of isomers would be reached, and how those compare to the Boltzmann
distribution. The nature of the steady state ensemble and the timescales of reaching it, when
compared to the reaction rates, would provide critical mechanistic information about cluster
catalysis. Recent work which has revealed the importance of this kinetic trapping explored
the ability of Pt,Ge clusters to dehydrogenate ethane selectively to ethylene.'? As the system
becomes poisoned and incorporates a C, unit, the active Pt,GeC, isomer is expected to be
over-populated relative to its Boltzmann population due to the high barrier for isomerization
to the inactive state, while the corresponding Pt,C, clusters can more readily access the inac-
tive form.!? Similarly, recent work by Peters!” developed a simple kinetic model that treated
reactivity of two different isomers as well as the fluxional conversion between them. He
found that simply changing reactant concentrations and fluxionality parameters could result
in dramatically different outcomes, even when equilibirum constants are kept constant. This
suggests that just using the equilibrium populations of isomers is likely insufficient to predict
which isomers in the ensemble contribute the most to the observed reactivity. Furthermore,

recent work by Yan et al'®

investigated the populations of y-Al,Os-supported Pt3H, o clusters
as they underwent isomerization in conjunction with H, adsorption and desorption. They
identified that multiple timescales are important for the restructuring of the Pts cluster upon

the adsorption and desorption of H,, finding that the restructuring of PtsH, was essential for
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the favorable desorption of Hy under conditions relevant for the dehydrogenation of propane.
In our work, we address the more complex system of Pt,H, (x=1-3), and explore the role
that H coverage has on the kinetic accessibility of the entire ensemble relative to the limiting
case of thermal equilibrium. It has been previously shown that increasing CO coverage on
gas-phase Aug clusters reduces the barriers for isomer interconversion.'® Thus we wanted
to explore the role of H coverage on kinetic accessibility of Pt H, cluster ensembles. We
additionally revisit the Al,Os-supported Pt; system of previous work.!* Our goal is not to
identify any specific reaction channels, but to identify the temperatures and timescales at
which the given ensembles reach thermal equilibrium (if the equilibrium can even be reached
on the timescales of our simulations), and to reveal the influence of H coverage and the pres-
ence of a support on the process of equilibration. Pt ,H, was chosen as a relatively simple
model that still retains enough degrees of freedom to reveal the complex relationship between
kinetic and thermodynamic fluxionality.

Here, we find that gas-phase clusters can typically reach thermal equilibrium at lower tem-
peratures than surface-supported clusters, and that variable adsorbate coverage has a non-
monotonic effect on ensemble kinetic accessibility. Additionally, we find that the entire Pt;
ensemble is thermally accessible within ps at 700 K, a timescale which corresponds to the
maximum barrier height for the interconversion between the two lowest energy isomers. Ul-
timately, even such small supported clusters as Pt;H3/Al,03 can exhibit significant kinetic
trapping resulting in non-Boltzmann steady-state populations up to 500 K. This kinetic trap-
ping is likely highly relevant for catalytic processes that take place at temperatures below
500 K, such as electrocatalytic processes, hydrogenation, or CO oxidation. For processes
such as dehydrogenation which require very high temperatures (e.g. 900 K), it is safe to

assume thermal equilibration of cluster catalyst ensembles.
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Methods

DFT Calculations

The gas-phase and Al,Os-supported Pt H, ensembles were computed using in-house global
optimization code, using a BLDA approach to generate starting structures that are chem-
ically reasonable.?® This global optimization was performed using plane-wave DFT using
VASP version 5.4.4.2! The exchange-correlation function used was PBE,?? with PAW pseu-
dopotentials,?® and dDSC vdw correction,?*? to be consistent with previous work.?¢ A
plane-wave cutoff of 400 eV was used, with an energy convergence criteria of 107 eV. Ge-
ometries were considered converged when the maximum force on any atom was less than 0.02
eV A~1. Gas-phase clusters were placed in a 15 x 15 x 15 Avacuum box. Surface-supported
clusters were placed on a 5-layer 3 x 3 supercell of a-Al,O5 with a 15 Avacuum gap as pre-
viously optimized.® I'-point sampling was used for all calculations. Barriers between Pt,H,
isomers were computed using climbing-image nudged elastic band (CI-NEB) calculations as
implemented in VI'ST.?"% Isomer pairs for the identification of isomerization barriers were
matched based on a rough structural similarity between either the underlying Pt core, or
the arrangement of H atoms on different Pt cores. During the optimization of the CI-NEB
between isomer pairs, if any local minima were found between the endpoints, a geometry
optimization was performed on the intermediate structure, and full CI-NEBs were computed
between each endpoint and the intermediate. If multiple intermediates were found, this was

done iteratively until all local minima and saddle points were converged.

Kinetic Monte Carlo Simulation

Once all of the isomerization barriers were computed, a network connecting all of the isomers
was constructed, and used as the basis for kinetic Monte Carlo (kMC) simulations. The

barriers between states were converted into rates using harmonic transition state theory,
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following the equation

keT — —AE,
9
T e (2)

ki—j =

where AFE, is the calculated energy barrier between states i and j. Within this approximation
we neglect the change in vibrational entropy between the initial and transition states, which
typically only changes the rate constant by a factor less than an order of magnitude.?® The list
of pairs of isomers and the barrier between them served as the representation of the network,
and were fed into an in-house, rejection-free KMC code. This code was built to handle higher
temperature, low barrier transitions that typically hinder KMC simulations. To achieve this,
the user defines the mesh (in time) for sampling trajectory populations. As trajectories pass
points along this mesh, their state is recorded, limiting the amount of memory required for
simulations at higher temperatures. The user also defines the end time for their simulations
and environmental temperature, which, along with the barrier matrix, completely define
the kMC simulation. The implementation of pythonic classes integrates features for parallel
kme, visualization, and checkpointing. Further algorithmic tricks were used to leverage C-
interfaced packages in python such as batched random number generation, checkpointing,
and numba/jit. This code is freely-available at https://github.com/santi921/kmcluster.

In order to evaluate the evolution of isomer populations with time, 10,000 kMC trajectories
for each network at a given temperature were launched, each one starting from a randomly-
selected isomer. This random initial population of isomers may represent the case where
atomically-precise subnano clusters are deposited on a support in a kinetically trapped state.
The 10,000 kMC trajectories were run until all trajectories reached 0.0001 s, or 100 ps. The
isomer populations were sampled every 0.1 us along the trajectories for visualization and
population analysis.

The temperature ranges used varied somewhat for each system composition, as each one has
a different range of low energy barriers which limit the advance of the kMC clock with each
step- a common problem in kMC.3? For the gas-phase clusters, kMC simulations between 100

and 450 K were performed, enough to explore the thermalization of the full networks. For the
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surface-supported clusters, the simulations could also generally be performed up to 450 K,
however this was not enough to identify the temperature/timescales at which the networks
reach thermal equilibrium. In order to reach higher temperatures, the surface-supported
networks were coarsened to (a) only the most relevant pathways and (b) to barriers between
states that were > 0.2 eV in both directions, collapsing any states with a low barrier between
them into a single state represented by the lowest energy of the multiple states.

Once the kMC trajectories were complete, isomer populations were assessed as a function of
time. The final isomer populations were compared with the Boltzmann populations of the
ensemble at the corresponding temperature. Additionally, the time taken for the cluster to

reach a steady-state was assessed.

Results and discussion

Gas-Phase Clusters

We first explore the isomerization of gas-phase Pt H, x=1-3 clusters, and study the effect
of hydrogen coverage on cluster isomerization. Varying coverages can be accessed by Pt
clusters under different reaction conditions, and as a function of the stage of the catalyzed
reaction. The adsorbate coverage is known to cause changes in ensembles and relative ener-
getic ordering of the isomers.®! The global optimization and of Pt H, (x = 1-3) gas-phase
clusters was performed, followed by CI-NEBs to determine isomerization barriers. The net-
works connecting all isomers are shown in Figure 1 (a)-(c). The ensembles of structures for
each network are shown in Figures S1-S3.

These networks provide useful general chemical information: For instance, somewhat sur-
prisingly, the barriers for H migration on the Pt, core are not significantly smaller than the
barriers involving restructuring of the Pt, core. This means that when considering reactiv-
ity involving adsorbate migration, cluster isomerization can be an important aspect of the

reaction coordinate, as was recently shown for PtsH,.'® However, for Pt H,, we find much
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Figure 1: Isomerization networks for gas-phase (a) Pt H;, (b) Pt,H,, and (c¢) Pt Hj, with
isomer relative energies shown above. Each node is an isomer, labeled in the order of in-
creasing energy (starting index 0). Edge labels represent barriers between isomers, direction
indicated by value closest to arrow heads. Isomer distributions for each composition from
100 - 450 K after 107 s are shown in (d) - (f); the left-hand bar displays the isomer pop-
ulation at the end of each kMC simulation (100 ps), while the right-hand bar displays the
Boltzmann populations at each temperature. Node colors in (a)-(c) map to isomer colors in

(d)-(f)- 10
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less separation of H migration and Pt restructuring. kMC sampling is performed on the
shown networks, in order to explore the time evolution of isomer populations across a range
of temperatures. The evolution of the relative populations of each isomer over the 100 pus
simulations are then plotted for each temperature, to show how isomer populations change
with time (see Figure S4 - S6). The final isomer populations of each of these simulations
at each simulated temperature are plotted in Figure 1 (d) - (f), and compared to the corre-
sponding Boltzmann populations of the isomers.

It is immediately clear that Pt,H; reaches the thermal equilibrium at the end of the kMC
simulation by 200 K. Looking at the time-resolved isomer populations, however, we see that
this takes up to 2 us. By 250 K, however, it takes ca. 50 ns. In contrast, Pt,H, and Pt,H;
require higher temperatures to reach thermal equilibrium within the timeframe of the sim-
ulations. For Pt,H, it takes 25-30 us at 350 K, and ca. 2 us at 400 K. For Pt H; it takes
80 us at 350 K, and 5 ps at 400 K. Clearly, as the hydrogen coverage of the gas-phase Pt,
clusters increases, the thermal equilibration is slowed down.

The differences in the networks show in Figure 1 (a) - (c¢) hold an explanation for the ob-
served behavior. Pt,H; has a fairly simple and closely-connected network; many isomers are
accessible from multiple other isomers, and the global minimum (GM) isomer (index 0 in
network) and next-lowest isomer (index 1) are directly connected. This is because they are
structurally quite similar (see Figure S1), and do not pass through an intermediate structure
upon isomerization. Converting between most isomers does not require multiple steps with
significant geometric rearrangement. Almost every isomer can be reached from every other
isomer via one intermediate. The same cannot be said for Pt,H, and Pt Hs.

For the Pt,H, network in Figure 1(b), we see that the pathways to reach other isomers can be
quite long, with multiple intermediate states. Furthermore, the two lowest energy isomers, 0
and 1, are separated by the isomer 7, with a barrier of 0.77 eV for isomer 0 to reach isomer
7. (Figure 2(a)) The reason for this is structural: (see Figure 2(a)). While isomers 0 and

1 have a similar Pt, core, the migration of H between the atop sites must go through an
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intermediate with a bridging H. Within the Pt,H, ensemble, isomers with bridging H atoms

(@ o
0 77 eV ‘ 0 14 eV /R
o 44 eV 0 yprall o
0.0eV 033 eV 0.13 eV
(b)

2

'y

/& 028eV /)—T:\Jw)

O 25 eV
0.13 eV 0.16 eV

Figure 2: Representative isomerization pathways between gas-phase Pt ,H, isomers, with
typically low and high barriers. The shown isomer energies are relative to isomer 0. Barriers
are given relative to the starting structure.

are generally higher in energy than those with only atop H atom coordination. Thus, any H
migration between Pt atoms will inevitably go through a high-energy intermediate, crossing
a high barrier. In contrast, in the isomerization between isomers 1 and 2, breaking the Pt-Pt
bond has a low barrier, of only 0.28 eV (Figure 2 (b)). However, to access 2 from 0 still
requires that the system passes through isomer 7. Additionally, just by visual inspection,
the ensemble of structures for Pt,H, features a much greater structural diversity than that
for Pt4H; (Figure S1 vs. S2). The low-lying isomers are therefore separated by much higher
energy intermediate structures, creating kinetic hindrances for the thermalization. Even the
addition of just a second H atom can cause a slowdown of ensemble thermalization.

The behavior of Pt H; is even more extreme than Pt,H,, with isomers 0 and 1 separated by 5
intermediates, and a network structure that is much more branching than Pt,H; and Pt,H,.
This is because having 3 H adds a significant number of degrees of freedom, in particular
allowing for more H arrangements on each possible Pt, core structure. The variety in the Pt,
core structures is also greater at this coverage. The structural diversification and network
complexity lead to slower thermal equilibration compared to Pt,H; and Pt H,, as reflected
in Figure 1(f). This is despite the fact that, based on Boltzmann populations, the ensemble
is more thermally accessible, as reflected in the higher Boltzmann populations of metastable

isomers shown in in Figure 1(f). This arises from metastable isomers being closer in energy
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to the GM isomer, as reflected in the plot of isomer energies in Figure 1(c). However, as
these structures which are similar in energy are structurally very different, we get kinetic
trapping.

Here we have found that, for gas phase clusters, increasing H coverage results in longer ther-
malization times (or higher temperatures). This is due to the fact that that adding H causes
more significant structural differences between low-lying isomers, and that results in higher
barriers to isomerization between them. Essentially, increasing the number of adsorbates
results in a more jagged, difficult to traverse PES. Next, we examine the added effect of the

support.

Surface-Supported Clusters
Pt,/Al,O4

The full isomerization network for Pt; on a-Al,O3 was previously published.® The Pt;/Al,Oq
structures can be seen in Figure S7. In order to access reasonable temperatures and timescales
with kMC, a small amount of coarsening was done to yield the isomer energy distribution
and network shown in Figure 3 (a) and (b), respectively. This coarsening consisted of com-
bining structurally similar states that were separated by barriers less than 0.1 eV into a
single state. These states are highlighted in Figure S8. We were able to perform kMC simu-
lations up to 400 K with this network, the final isomer distributions of which are compared to
the corresponding Boltzmann populations in Figure 3 (c¢). Much like for gas-phase clusters,
lower temperatures result in many isomers remaining present in kinetically-trapped states,
while at higher temperatures the system relaxes to populations of just a few key isomers.
However, this Pt; network does not thermalize within accessible simulation temperatures.
Even by 400 K, the system is stuck with a population of isomer 1 that is dramatically higher
than its equilibrium population. (0.65 vs 0.11). For temperatures between 200 and 350 K,
some isomer populations are still evolving at the end of the 100 us run, albeit very slowly

(Figures 3 (d), S9). In contrast, at 400 K we see that the populations of isomers 0 and
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1 are essentially flat, indicating that the system has reached a quasi-steady state, with an

artificially high population of isomer 1. While this line looks very flat, we can fit the linear

(a) Pt;/Al,05
i | NN [
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Figure 3: Pt;/Al,O3 isomer energy distribution (a) and isomerization network (b) taken
from!* and slightly coarsened to run with kMC. (c) Comparison of the full network kMC
simulations with time (left bars) with the Boltzmann populations at the corresponding tem-
peratures (right). (d) and (e) show stacked plots of isomer populations for 250 K and 400 K
respectively, highlightng a kinetically-trapped system, and one that is thermalizing, but on
timescales longer than 100 us. The color representing isomers in (c) - (e) matches the labels
in the network in (b).

portion of the line and extrapolate to the point at which the population of isomer 1 would
reach 0.89, which is its corresponding Boltzmann population at 400 K, as can be seen in

Figure 3 (¢). This yields a time of 0.53 s, which is many orders of magnitude longer than we
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could simulate with kMC. This is only a rough estimate of the lower limit of the time taken
to reach the Boltzmann population of the GM only, as growth of the GM population should
not stay linear, but rather should turn asymptotic over time. We note in passing that the
timescales at which different isomers relax to a steady state at the same temperature differ.
(Figure S9).

Running kMC on the Pt;/Al,03 network in Figure 3 (b) does not allow us to directly deter-
mine the timescales required at any temperature to reach thermal equilibrium. To access this
information, we instead use a sub-network that captures the important information about
the superbasins around minima 0 and 1, as these are the two isomers with significant popu-
lations at the end of the kMC simulations. This was previously determined through analysis
which separated the network down into two superbasins.* To do this, we reduce the network
from Figure 3 to just the chain of states connecting isomers 0 and 1. This sub-network is
highlighted on the network displayed in Figure 3(b). The isolated chain of states is shown
in Figure 4 (a).

We performed kMC simulations on this chain of states from 300 K to 700 K in order to
ensure that the low-temperature behavior of the full network was suitably approximated.
The relative populations of 0 and 1 of the sub-network are similar to that of the full network
at 300 K and 400 K, allowing us to trust the behavior at higher temperatures. Ultimately,
we are most interested in when isomers 0 and 1 reach thermal equilibrium with each other.
Isomer 1 was previously shown to be more catalytically relevant than 0 for ethylene dehy-
drogenation,?® so understanding the conversion between them is relevant. We note that, for
both the full and minimal chain Pt;/Al,O3 networks, we see a significant over-population
of isomer 1 in kinetically trapped states compared to the corresponding Boltzmann popu-
lations. This is because more of the ensemble structures are within the superbasin around
isomer 1,'* and thus relax preferentially to population isomer 1 instead of isomer 0.

For the minimal system, we see that at 600 K the system thermalizes within ca. 60 us.

At 700 K, the time to thermalize becomes on the order of ca. 5 ps. If we compare this
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Figure 4: (a) Relative energies of the most revenant isomers and the path connecting only
Pty isomers 0 and 1. (b) Isomer distributions at the end of the 100 us kMC simulation (left
bar) and their corresponding Boltzmann populations (right bar) for each temperature. Note
that much higher temperatures an be accessed with this simpler approach, showing that the
Pt; system has reached thermal equilibrium within ps by 600 K.

to the estimated rate of passing a 0.936 eV barrier, which is the effective maximum barrier
between isomers 0 and 1, we find a rate of 2.66 x10° Hz, or a timescale of ca. 3.8 x107".
This is within one order of magnitude of the estimated timescale given by the kMC sim-
ulation. Therefore, one can get a decent estimate of the timescale for the equilibration of
a system dominated by two superbasins by identifying the maximum barrier between the
minima of each basin. Likely this could be extended to systems with more than two basins

by considering the maximum barriers between the basins. T

Pt,H,/Al,O,

Next, we study the Al,O5- supported Pt H, clusters, and explore the interaction between ad-
sorbate coverage and binding to a support on the kinetic accessibility of ensembles. For the
surface-supported Pt H, clusters, we again perform a global optimization for each composi-

tion, match up the isomers in a pairwise fashion, and compute the barriers for isomerization
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using CI-NEB. The resultant networks are shown in Figure 5 (a) - (c). The corresponding
ensembles of structures are shown in Figures S11-S13.

For H-covered Pt, clusters, the presence of the a-Al,O5 surface results in a dramatic in-
crease in time or temperature required for thermalization, compared to the corresponding
gas-phase clusters. This makes sense; the clusters are interacting strongly with the sup-
port, suppressing isomerization, as more bonds must be broken than in the gas phase. A
one-to-one comparison of the cluster isomerization in the gas phase and on the support is
difficult, because the presence of the support changes the accessible ensembles of clusters.
However, for the isomerization processes involving similar Pt and H motions, the barriers
are significantly higher when the clusters are supported versus in the gas phase.

We analyze the thermalization rate of supported clusters as a function of H coverage (Figure
5 (d)-(f)). Pt4Hy/AlyO3 reaches thermal equilibrium at 550 K (the highest temperature that
could be reached with any full network) within ca. 40 us. However, neither Pt,H;/Al,O4
nor Pt,;Hs/Al,O3 even approach thermal equilibrium within 100 ps at 450 K (the highest
temperature accessible via kMC on the full networks, in these cases). See Figures S14 and
S15 for the time evolution. The difference in thermalization ability as a function of H cover-
age is due to differing structures of the networks seen in Figure 5 (a) - (c¢). For Pt,H, (Fig.
5b), most isomers are connected to multiple others, leading to a strongly inter-connected
network. Pt,H;Al,O3 and Pt,H3Al;O5, on the other hand, have networks with long chains
and significant branching. Thus, some isomerization paths are very long, passing through
many intermediate structures, reducing the chance of moving forward with isomerization,
rather than backward. Furthermore, the full Pt,H,/Al,O5 ensemble has fewer high energy
intermediate structures overall, compared to Pt,H;/Al,O3 and Pt;H3/Al,O5 - see isomer
energy distributions in Figure 5 (a) - (c¢). Thus it does not have as many high-energy iso-
mers separating lower-energy isomers. This results in a flatter potential energy surface of
Pt,Hy/Al,O5 that is easier to traverse.

For Pt,H,/Al,03 and Pt H3/Al,O3, the low-lying isomers are more structurally distinct from
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Figure 5: (a)-(c) Networks for Pt,H; 3 on a-Al,Oj.
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comparing distributions at the end of the kMC simulation (left) and Boltzmann populations

(right) at each given temperature.
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each other, and must pass through multiple higher-lying structures during thermalization.
(See Figures S11, S13) In other words, the low-lying Pt H; 3/Al,O3 isomer structures are
more ”separate” from each other on their respective PESs than is the case for Pt;H,/Al,O3.
Interestingly, this degree of "separation” of the most stable local minima is not a func-
tion of how many isomers are thermally accessible based solely on their energy differences.
Pt,H3/Al,O3 has many more ”thermally accessible” isomers than Pt ,Hy/Al,O3, as can be
seen by the Boltzmann distribution of isomers in Figure 5 (b) and (c). By 450 K, isomers
0 through 5 gain significant enough populations during a kMC trajectory, with isomer 0
only consisting of 0.65 of the entire ensemble. Pt,H;/Al,O3 is similar- the GM takes up
only 0.60 of the entire ensemble at 450 K. However, much of the rest of the ensemble is
populated by isomer 1, with a fraction of isomer 2. Thus, while the GM represents a smaller
fraction of the ensemble, the entire Pt H;/Al,O5 ensemble has less diversity in thermally
accessible isomers. Pt H,/Al,O3, in contrast, is mostly dominated by the GM, indicating
that less of the ensemble is thermally accessible. This is despite the fact that its ensemble is
more kinetically accessible than the other two H coverages. Hence here we see the paradox
between thermal accessibility and kinetic accessibility for fluxional subnanoclusters. The
more "thermally accessible” an ensemble is, with more distinct low-energy isomers, the less
kinetically accessible it becomes, due to the significant rearrangement required to isomerize
between the low-lying states.

An attempt was made to produce minimal networks for Pt,H,/Al,O3, in order to access
simulations with higher temperatures to try and reach thermal equilibrium. We focused
only on the isomers that dominated the kinetically trapped ensembles in Figure 5, produc-
ing the networks in Figure S17 (a) - (¢). The comparisons between kMC populations and
Boltzmann populations can be seen in the Figure S17 (d) -(f). Despite detailed balance
being maintained, the populations fail to equilibrate to the Boltzmann statistics within the
simulation timescale. PtyH;/Al,O3 reaches an isomer 0 population at the end of the kMC

simulation that is higher than the equivalent isomer 0 Boltzmann population. For Pt,Ho,
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at high temperatures, isomer 8 population in the kMC simulations is higher than its cor-
responding Boltzmann population. The network for Pt,H3/Al,O3, in contrast, is similar to
that of Pt;/Al,O3, where two structurally distinct low-lying isomers are separated by a long
path consisting of many intermediates. And much like Pt;, the Pt,H3/Al,O5 network shows
kinetic trapping even up to 750 K (Figure S17).

The observed differences in isomerization kinetics, including the dramatic isomerization slow-
down, are governed by the structural diversity within the ensembles, due to two distinct but
interdependent degrees of freedom: the structure of the Pt, core, and the placement of the
H atoms on this core. Increased H coverage tends to open up the Pt core and diversify
the accessible geometries.? This adsorption-driven diversification of the core structures ap-
pears to lead to greater kinetic trapping, compared to ensembles with minimal structural
diversity, as it results in many lengthy, multi-step isomerization pathways between low-lying
intermediates. A possible limitation of this work is incomplete sampling, despite the effort
to make it as exhaustive as possible. However, we can draw several general conclusions.
For both gas-phase and surface-supported clusters of varying compositions, trapping follows
the ”distance” between the lowest local minima on the PES, as measured by the number of
intermediates along isomerization paths, or by significant structural differences. This effect

depends on the structural ensemble of clusters.

Thermalization versus Reaction Timescales

In order to place the thermalization timescales in comparison to timescales of typical cat-

L at

alyzed reactions, we estimated the effective barriers for reactions with TOF of ca. 1 s~
a range of temperatures. These estimations are summarized in Table 1. We then compare
these barriers to (a) the maximum barriers between low-lying intermediates for each system,
and (b) to the effective barriers for the systems where we directly observe the thermalization

timescale (Table 2). It is immediately obvious that, for the gas phase clusters which have

smaller networks, the approximated barrier based on the thermalization timescale matches
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Table 1: Effective barriers that must be overcome for catalytic reactions from
300 - 900 K with a TOF of 1 57!, to compare with the barriers for thermalization
of Pt,Hx and Pt,.

Temperature (K) Effective E, (eV)

300 0.52
400 0.71
500 0.89
600 1.08
700 1.27
800 1.46
900 1.66

well the maximum barrier between low-lying intermediates. The one exception is Pt,H;,

though this is because we take the highest barrier leaving state 0. The effective barrier for

Table 2: Comparison between the maximum barrier extracted from the isomer-
ization network, and the effective barrier for thermalization extracted from kMC
simulation outputs.

Cluster Max. Barrier (eV) Effective Barrier (eV) Thermalization (K)

Pt,H, 0—2 = 0.39 0.29 << 300
Pt,H, 0—1 = 0.64 0.58 300-350
Pt,H, 0— 1 =0.64 0.60 350

Pt,/ALO, 0— 1 =094 1.07 600

Pt,H,/ALO;  0—1=1.19 0.85-0.95 450-500

Pt,H,/ALO;  0— 4 = 1.37 0.946 550

Pt,H;/ALO;  0— 1= 167 1.12-1.22 600-650

thermalization is lower, because the network does not have distinct basins, and with a ran-
dom distribution of initial isomer states, the heights of the barriers going from a high energy
state to a lower one are also important. For Pt;/Al,O3, we also see that the estimated effec-
tive barrier based on thermalization timescale is quite close to the actual maximum barrier
between isomers 0 and 1.

For the surface-supported Pt H, clusters, however, the situaiton is different. Only for
Pt,Hy/Al,O5 can we directly access the thermalization timescales with our kMC simulations.
For Pt4H,/Al,03 and Pt,H;/Al,O3, we estimate the timescale for thermalization based on

the extrapolation of a linear fit of the isomer 0 population to its Boltzmann population.
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We note that this is likely a crude lower bound for the effective barrier. To estimate the
extent to which this is a crude lower bound, we did the same kind of linear fit for the 500 K
Pt,H,/Al,O5 simulation, doing a linear fit between 5 pus and 25 us. This yielded an effective
barrier of 0.88 eV, compared to the effective barrier of 0.946 eV extracted from the 550 K
fit. Thus we estimate that the barriers for Pt4H; 3/Al,O3 should be at least 0.1 eV higher.
We do note, however, that the relative effective barriers with increasing H coverage match
roughly relative increase of the maximum barriers extracted for each cluster composition.
This suggests that for the H-decorated Pt, clusters, the maximum barrier between low-lying
states is alone not enough to estimate the timescale for equilibration.

Taking the effective barriers for thermalization, we compare them to the effective barriers for

catalytic processes with a TOF of 1 s7!

in Table 1. From the comparison, we estimate the
temperatures at which the clusters would reach thermal equilibrium on the same timescales
as a reaction at a given temperature. We note the difference between the thermalization we
observed in kMC (within 100 ws), and within the timescale relavant for catalysis (relative
to a TOF of 1 s7!). The gas-phase clusters thermalize within the trajectory timeframe by
300-400K, and therefore treating them as thermally equilibrated for any process that runs
at room temperature and above, such as any electrochemical process, would be an accu-
rate approximation. However, surface-supported clusters tend to reach thermal equilibrium
within the temperature range of 500-650 K during the trajectory. This means that in electro-
chemical processes, which take place at room temperature, the ensemble of cluster catalysts
would not be fully-equilibrated. Processes such as hydrogenation or CO oxidation, which
occur at temperatures from 400-550 K are borderline cases, where the full equilibration of
the system might not take place. Equilibration within superbasins is more likely. For very
high-temperature processes, such as dehydrogenation, which take place at 900 K, it is safe

to assume that the cluster ensembles are fully thermalized.
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Conclusion

In the past, Boltzmann statistics have been assumed to be sufficient to describe the fluxional
nature of metallic subnanocluster catalysts. This approach, over the treatment of a single
stable structure, has yielded results in better agreement with experiment for aspects such
as cluster size- and composition-dependent activity, selectivity, and interpretation of spec-

3,6,10-13,31.32 Barrier heights for the isomerization of the Pt;/Al,05 ensemble suggested

tra.
that sub-ensembles should be fully accessible within ns.'* However, this approach has al-
ways assumed that the entire ensemble of structures reaches thermal equilibrium between
each step of the catalytic reaction. This would require the barriers for cluster isomerization
in the presence of adsorbates to be lower than the barriers for each elementary reaction
step. In order to assess the validity of this assumption, we developed a kMC protocol to
evaluate the thermalization timescales at variable temperatures. Pt clusters are shown to
exhibit thermalization timescales that are support-, coverage-, and size-dependent. Some
clusters exhibit significant kinetic trapping even up to 700 K. The degree of kinetic trapping
depends on the nature of the isomerization network of a given cluster composition. En-
sembles where low-lying isomers exhibit large structural diversity are more likely to become
kinetically trapped, as significant rearrangement through multiple high-energy intermediates
is required to convert between them. This kind of diversity in cluster structure is promoted
by reactant adsorption, as previously shown for Ptg clusters,” Pt, and Pt,Ge clusters,'®!3
as well as observed in the current work. Based on the temperatures at which our ensem-
bles thermalize, we predict that thermal equilibration of cluster ensembles on the timescales
faster that the rection TOF, occurs for processes that require very high temperatures, such
as dehydrogenation. In contrast, room-temperature processes such as electrocatalysis likely
experience significant kinetic trapping of ensembles. Catalytic processes that operate under
moderate conditions, such as hydrogenation or CO oxidation, are borderline cases, where the

precise operation conditions of experiment are required to determine if the cluster ensemble

can be treated as thermalized on the timescales faster than the reaction TOF.
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Consideration of specific, kinetically-driven cluster ensemble thermalization as part of the
catalytic reaction coordinate is therefore clearly important, for the accurate identification
of active sites and realistic reaction mechanisms. We note that small clusters are among
the most fluxional catalytic systems, with arguably the greatest structural diversity. More
bulk-like fluxional catalytic interfaces, such as dynamic amorphous films or surfaces of larger
nanoparticles, may in fact exhibit less kinetic trapping because the structural diversity in
their ensembles may be strongly restricted by the bulk structure beneath. This would mean
shorter isomerisation pathways and faster thermalization. On the other hand, if the bulk
structure imposes higher isomerization barriers, thermalization can be slowed down. Ther-

malization of such interfaces will be subject of future studies.
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networks and isomer distribution plots for Pt,H, /Al Os.
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