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ABSTRACT Copper oxide nanoclusters have a wide range of catalytic applications, such as the
selective oxidation of hydrocarbons. O, binding to the catalyst, activation, and release upon reagent
oxidation are key events in these catalytic chemistries. These events are expected to be
accompanied by significant structural changes of the Cu clusters, because O atoms integrate into
the cluster, rather than bind to its surface. Topping the complexity of the problem, partially
oxidized Cu clusters are known to exhibit strong fluxionality, and feature diverse and
interconverting structures and oxygen contents in conditions of oxidative dehydrogenation (ODH).
Hence, a significant dynamic coupling between the ‘hot’ O, molecule impacting the cluster at
reaction temperatures and the cluster fluxionality can be expected. In this work, we focus on the
dynamics of dioxygen integration into a partially oxidized Cu cluster supported on hydroxylated
amorphous alumina — a system recently reported to be an exceptionally selective catalyst for
cyclohexane ODH with very little CO produced, whose mechanistic underpinnings are of utmost
interest. The statistics over a swarm of adsorption and scattering trajectories where O, hits various
sites on the cluster at reaction temperature shows that the O, binding does not only follow the
minimal energy paths. O, also rarely integrates into the cluster in a single step, and instead first
binds to a single Cu atom via either n*-O, or n?-O, mode. Surprisingly, this step often has higher
barrier than the subsequent O, integration and dissociation, which in turn take multiple steps and
complete the oxidation process. Dynamic trajectories starting from the key transition state of
integration of the adsorbed O, can also lead to different intermediate structures during or right after
the dissociation, due to the energy released from the transition state and the thermal intra-cluster
effects. From these activated O, chemisorbed structures, O, dissociation occurs with moderate
barriers (~0.5 eV), producing multiple final oxidized Cu,O, states. Hence, a diversity of reaction
profiles for the attack of supported Cu cluster by O, emerges due to the dynamic effects, with

implications for mechanisms, kinetic models, and catalyst design principles.
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Introduction

Selective oxidation is a major catalytic reaction for the conversion of hydrocarbons into valuable
compounds. In this class, oxidative dehydrogenation (ODH) appears a key reaction to valorize
alkanes, overcoming the thermodynamic limitation of direct dehydrogenation. Reducible oxides
as V205, MoOs, Co304 and recently CuO are used as catalysts."* The reaction is structure
sensitive, both for its activity and selectivity to alkene, so that the size and shape of the catalytic
particles and the nature of the support are important.

Sub-nano metal clusters have received considerable attention in heterogeneous catalysis due to
their remarkable and tunable catalytic activities. Sub-nano clusters can provide solvent-free
aerobic oxidative transformation and a large number of active sites due to their small sizes. Among
different metal clusters, copper has gained growing interest, due to its low toxicity and cost. Copper
oxide nanoclusters have a wide range of catalytic applications, such as already mentioned selective
oxidation of hydrocarbons,” as well as reduction of nitrogen oxides,” and reduction of carbon
dioxide’, due to the varying oxidation states of Cu. Vajda et al. reported partially-oxidized Cu and
Pd clusters as catalysts for the ODH of cyclohexane to cyclohexene and benzene.® They found that
Cu oxide cluster has the highest selectivity towards the desirable cyclohexene, and is more
selective than bulk Cu oxide catalysts. Riisager et al. synthesized CuO nanoparticle catalysts for
the oxidation of benzyl alcohol to benzaldehyde with excellent selectivity under aerobic
conditions.’

However, cluster structural diversity and fluxionality make them extremely complex,
obfuscating the experimental characterization and computational modeling. Recent studies show
that a large number of metastable isomers are thermodynamically accessible under realistic
catalytic reaction conditions, and in some cases metastable structures are predicted to be more
catalytically active than the lowest-energy structure (the global minimum, GM).'" Thus, a
cluster catalyst should be represented by a statistical ensemble of many thermodynamically-
accessible structures, instead of a single structure, and multiple reaction pathways jointly represent
the catalytic mechanism. Cluster isomers can interconvert before or during catalytic reactions due
to thermal effects or induced by adsorption of small molecules. The rearrangement of the cluster
could couple with the reaction coordinate, depending on the relative timescales of the cluster
fluxionality and the reaction. Thus, the thermodynamic study of the minimum energy path (MEP)

alone may not describe the catalytic activity appropriately.



In this study, we explore the adsorption and dissociation of O, on the CusO; cluster deposited
on amorphous alumina using both static thermodynamic methods and ab initio molecular
dynamics (AIMD) simulations®. A previous theoretical study used the grand canonical basin
hopping method to show the presence of a wide range of low free energy CusOx structures with
various O content (from 2 to 5) under realistic catalytic conditions (T = 473 K, pO, = 0.5 bar)."?
Of all the accessible cluster compositions and their relative affinities to dioxygen, the oxidation of
Cuy40, with O, appears to play an important role in the most promising catalytic cycle of oxidation
reactions, being involved in the regeneration of the catalyst structure after the hydrocarbon

21-24 and

oxidation. In previous studies, the adsorption and dissociation of O, on copper clusters
copper/copper oxide surfaces™ >’ has been investigated experimentally and theoretically.
However, the potential energy landscape and dynamics of O, adsorption and dissociation on
copper oxide clusters has not been directly addressed. In this work, we compare the MEPs and the
molecular dynamics simulations on different reaction sites. The ab initio MD and quasi-classical
trajectory, AIMD-QCT, approach,” ™’ with vibrational zero-point energy (ZPE) imparted to the
molecule, is used to simulate O, impinging on the cluster and forming an intermediate along the

path of O, dissociation. Calculations of the subsequent steps of O, integration and dissociation,

their mechanistic bifurcation, and energetics complete this work.

Methods
The GM structure of Cu,O, deposited on a periodic model of the amorphous alumina support

2% is chosen as the model system. Since our dynamics

(Figure 1a), reported in a previous study,
study focuses on the local region of the catalyst containing a deposited Cu,O, cluster, reducing the
computational expense was possible by using a cluster model (Figure 1b). It consists of the Cu,O,
cluster and a portion of the support containing a sufficient number of O and Al atoms, i.e. 19 O
atoms and 6 Al atoms. The truncated surface terminates with O atoms, whose previously bonded
Al atoms are replaced by H atoms. We use potentials with partial valency for some terminal H to
neutralize the system. The terminal H are relaxed first, with other atoms staying at their original

positions. During the dynamics simulations and reaction paths searching, all the atoms, except the

terminal O and H, are allowed to move.



Figure 1. (a) Optimized structure for Cu,O, deposited on a periodic model of the amorphous
alumina support (top view), with unit cell boundary shown as dashed lines, and atomic Bader
charges on Cu,O, and nearby atoms. (b) Optimized cluster model for Cu,O, deposited on the
amorphous alumina support, which is modeled by 19 O atoms (4 moving O) and 6 Al atoms.
Atomic Bader charges on Cu,O, and nearby atoms are shown for comparison with the full model
in (a).

We benchmark the cluster model against the original periodic system. The bond lengths and

atomic charges of the cluster model are very close to those of the full system, with differences in

bond length less than 0.16 A and charge differences less than 0.06 e, indicating similar chemical
bonding and reactivity (Figures la, 1b, S1). The model adequacy is further confirmed by the same
electron density on its highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) as in the original system (Figure S1).

In this study, electronic structure calculations and AIMD simulations are carried out using the
DFT-based Vienna ab initio simulation package (VASP).** The projector augmented-wave
(PAW) potentials are used to describe the interactions between the ionic cores and the electrons™*,
and the one electron functions are developed on a basis set of plane-waves with a cutoff energy of
400 eV for O, adsorption dynamics and 450 eV for MEPs and O, integration dynamics. The
exchange-correlation effects are treated using the Perdew-Burke-Ernzerhof (PBE) functional.”” To

take into account the strong self-interaction of the Cu d electrons, the Hubbard model*® with U =

2.0 eV for the d orbitals of Cu is used, which is benchmarked in the previous study.'” The spin-



polarized calculations are employed to treat spin multiplicities. The dimensions of the unit cell are
20A x 20A x 25A, and the separation between periodic images is larger than 9 A, which is
sufficient to prevent their interaction. A 1X1Xx1 Monkhorst-Pack k-point grid centered at the I'-
point is used in all calculations, and the convergence criterion for the SCF is set to 10° eV for
MEP search and 107 eV for AIMD simulations. The transition states and reaction paths are located

d,””* and the calculations are

using the climbing image nudged elastic band (CI-NEB) metho
considered converged when the residual forces are less than 0.02 eV/atom.

The AIMD calculations®® are performed in an NVE ensemble. The AIMD-QCT approach,*'’
with vibrational zero-point energy (ZPE) imparted to the molecules, is used to simulate O,

impinging on the cluster and forming an intermediate along the path of O, dissociation.

Minimum Energy Paths for O, Adsorption and Dissociation

To study the adsorption and dissociation of O, on Cu,0,/Al,O;, we first located the MEPs on
different reaction sites. Figure 2 shows the lowest-barrier path (also recomputed on the full slab,
to support the validity of the cluster model — Figure S2a, as well as a free energy profile — Figure
S2b), which consists of multiple steps. The O, molecule will first bind to a single Cu atom via one
or two O atoms, to form either a n*-O, or a n?-0, binding mode (Figure S3). The Cu-O bond
length is 1.9 - 2.1 A depending on the Cu site, and the O-O bond is elongated by 0.04 - 0.07 A
compared to the gas-phase molecule. The adsorption energies for the four Cu sites are slightly
different within the range of -0.21 eV to -0.43 eV. We note that the adsorption of O, causes
structural change in the Cu,O, cluster by pulling the binding Cu atom out of the cluster up by 0.17
-0.58 A. The onset of this structural change is rather late, when O, is only 3.0 - 3.5 A away from
the adsorption site. Thus, from the study of the PES, it is unclear whether or not the cluster would

be able to relax to the MEPs during dynamics simulations.
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Figure 2. Lowest-barrier minimum energy path (Path 1) and optimized structures (‘S’ represents
a local minimum, and ‘TS’ represents a transition state) along the path for O, adsorption and
dissociation on Cu,0,/Al,O,. The reaction coordinate is defined as the geometry difference
between two structures given by (ds)? = Y18, ¥3_ (dx,;)?, where x,; is the i*" Cartesian
coordinate of atom n, and the reaction coordinate is set to zero at the initial asymptotic geometry.
The energy of each structure relative to the asymptotic structure is also shown.

It is known that O, is likely to dissociate over a Cu-Cu bond, so we investigated the dissociation
over four different Cu-Cu bonds. On three of the four MEPs, we found another two intermediates
before O, dissociation, as shown in Figures 2, S3b and S3c. In the first one (state S3), O, adopts a
u-n*: n'-0O, binding geometry, in which each O atom binds to one of two adjacent Cu atoms and
the O-O bond is almost parallel to the Cu-Cu bond. This state is triplet with spin density localized
on O and adjacent Cu atoms. The O-O bond length is increased to 1.31 - 1.38 A, depending on the
path, which is 0.02 - 0.11 A longer than that in state S2. We note that state S3 with u-n': -0, is
energetically less stable than state S2, with positive adsorption energies on path 1 (Figure 2) and
path 3 (Figure S4). This remains the case even on the free energy pathway, where the S2 state is
destabilized due to the entropy loss of O, binding. On path 1, the formation of S3 is the rate
limiting step, with a barrier of 0.92 eV relative to nominal intermediate state S2, and 0.719 eV
relative to the initial asymptotic geometry. This relatively high barrier is due to the cleavage of a

Cul-Cu3 bond. The other intermediate (state S4) forms, depending on the path, either a pu-nt: n2-



O, or u-n?: n?*-0, binding mode, in which the O-O bond is skew or perpendicular to a Cu-Cu bond.
Different from state S3, the multiplicity for this state is singlet. O, is further activated with the O-
O bond elongated to 1.42 - 1.44 A. The formation of S4 is endothermic with a barrier of 0.21 -
0.60 eV. The last step is O, dissociation, and its barrier can be very different depending on the
paths: from 0.07 (path 1, Figure 2) to 1.19 eV for path 2 (Figure S4). We note that the rate-limiting
step varies for different sites, but might be associated with cluster restructuring upon O, attachment
rather than O, dissociation, at least from the MEP of path 1. All steps tend to involve Cu,O,
isomerization. The formation of the u-n': n?-0O, or u-n?: n?-0, species and the dissociation of O,
(discussed in more detail below) may involve spin flipping. In some cases, the intersystem crossing
point appears to be very close to the TSs, rendering the DFT treatment imperfect. These effects

will not alter our ultimate conclusions, since the TSs in question are not rate-limiting.

Dynamics of the O, attack

However, it is dubious that the MEPs would provide an appropriate description of the reaction,
given a variety of initial cluster structures that are thermodynamically accessible, the large
momentum carried by the incoming O, molecule, and the relative timescales of the reaction and
of the cluster isomerization being presumably close. To study the cluster structural changes during
the course of the reaction, we employed AIMD simulations on O, adsorption and the formation of
p-n': nt-0, binding structure in Path 1 which involves a Cu-Cu bond breaking.

For the O, adsorption, the AIMD simulations are performed at cluster temperatures of 400 K
and 700 K. The initial conditions for the cluster (velocities and displacements from the equilibrium
structure) are sampled from an equilibrated configuration pool. More details can be found in the
supporting information. The O, molecule is initially placed 6.5 A above the cluster, where the
interaction with the cluster is weak, and the horizontal position (X, Y coordinates) is randomly
sampled within a rectangular region, whose boundary is 1.5 A away from the cluster. Given the
high vibrational energy of the stretching mode, we only consider O, initially in the vibrational
ground state, with ZPE imparted to it. The incident translational energy is set to 0.19 eV,
corresponding to a velocity pointing downward of 0.01 A/fs. 128 production runs are performed
for 1 ps with a time step of 0.5 fs. The simulation time is chosen so that the n*-O, or a n?-O, state
is formed or the molecule is scattered back for most trajectories. Due to the relatively short

simulation time, the dissipation of energy into the support may not be sufficient. Note that the



number of AIMD trajectories used in this study is relatively small, so the calculated adsorption
probability will have a relatively large standard error. However, the focus of this study is not to
have a quantitative prediction but a qualitative investigation of dynamic coupling. At the end of
the trajectories, we observed two outcomes: adsorption and scattering. O, is considered scattered
if it moves away from the cluster and is at least 3.0 A away from the impact site at the end of the
trajectory. For adsorption trajectories, O, is considered to have adsorbed on the cluster when the
Cu-O distance reaches 2.2 A.

Given the initial velocity, it takes ca. 400 fs for O, to arrive to the cluster. As O, approaches, the
cluster fluxionality is appreciable, which can be measured by the Root-Mean-Square displacement
(RMSD) between the structure at time ¢ and the equilibrium structure. Before the O, adsorption
event, the calculated RMSD in Cu,O, is 0.20 - 0.25 A at 400 K, and 0.25 - 0.30 A at 700 K.
However, these structural changes contain both the O,-induced and the intrinsic thermal cluster
fluctuations. In order to distinguish between them, we perform the same number (128) of reference
runs with O, removed, while the initial conditions of Cu,O, and the support remaining the same as
in the production runs. The O,-induced cluster fluxionality can be quantified by the structural
divergence of a production trajectory from its reference trajectory, defined by the RMSD between
the two trajectories. The typical adsorption and scattering trajectories thus visualized relative to
the thermal dynamics of the cluster alone are shown in Figure 3a and 3c. The trajectory can be
viewed as consisting of three stages, which can be discussed separately: (i) O,-induced cluster
dynamics during the O, approach, (ii) cluster dynamics coupling to O, binding or scattering, and
(ii1) cluster dynamics following the O, binding or scattering due to nuclear momentum exchange
upon collision and/or electronic changes. These stages are marked by vertical dashed lines in
Figure 3.

When O, approaches the cluster and before it reaches a distance of 4.0 A from Cu (the first
vertical dashed line from the left in Figure 3), in both adsorption and scattering, the effect of O,
on the cluster dynamics is minor. The divergence is 0.012 + 0.003 A and 0.018 + 0.012 A, at
cluster temperatures of 400 K and 700 K, respectively (Figure S5). This oxygen-induced cluster
dynamics is an order of magnitude weaker than the native thermal fluxionality of Cu,O,, because
the interaction between O, and the cluster at such distances is weak (as also seen in the MEPs).

Therefore, when O, approaches the cluster, the majority of the cluster fluxionality is driven by



thermal effects. In addition, the vibrational motion of O, retains its gas-phase behavior and does
not couple to the cluster (Figure 3b and 3d).

The interaction starts to increase at a O,-Cu distance of 3.0 - 3.5 A. At distance below 3 A
(second from the left vertical line in Figure 3) the O,-induced dynamics becomes apparent (Figure
3a, 3c and Figure S6). For most trajectories the largest O,-induced structural change is related to
the impact Cu atom being pulled out of the cluster (purple line in Figure 3a), which is consistent
with the change on the MEPs. However, the O,-induced cluster fluxionality is still limited when

O, arrives at the impact site.
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Figure 3. Typical structural divergences between production trajectories and their reference
trajectories for (a,c), and the evolution of the kinetic energies in Cu,O, and O, (b,d), in an
adsorption case (impact site: Cu4) — top row, and a scattering case (impact site: Cul) — bottom
row. Both are plotted at 400 K. In (a,c) the dashed blue and green lines represent the distance
between O, and the impact atoms. In (b,d), the solid black and blue lines represent kinetic energies
in Cu,O, and O, for the production trajectories, and the dashed lines represent energies in Cu,O,
for the corresponding reference trajectories without O,. The vertical dashed lines in all panels mark
the times when the distance between O, and the impact Cu site reaches 4.0 A, 30 A, and O,
adsorption.
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For adsorption trajectories, it only takes 85 fs on average for the O,-Cu distance to reduce from
3.0 A to 2.2 A. During this short period of time, the average structural divergences increase to
0.062 + 0.031 A at 400 K and 0.072 + 0.037 A at 700 K. The O,-induced dynamics becomes most
obvious in the timeframe after O, adsorption (to the right of the third dashed line in Figure 3a and
3b). Here we have energy transfer from O, to the cluster causing the reshaping of the Cu,O, core,
and the vibrational mode of O, mixing with the cluster’s modes affecting cluster dynamics (Figure
3b). The whole O,-adsorbed Cu,O, system eventually relaxes to a lower-energy adsorbed state. A
variety of adsorbed minima are produced upon the dynamic O, attachment (Figure 4) - a
substantially richer reactivity picture than the MEPs. Note that these structures differ mainly in the
configurations of the bound O,, which, however, can impact the outcome of the subsequent step
of O, integration into the cluster. In this study, we only explore the dynamics with a certain amount
of incident transitional energy imported into O,. With different incident translational energy, we
expect different amount of energy transferring into the cluster, accordingly, leading to different
degree of cluster fluxionality.

Part of the incident energy will eventually dissipate into the support. As shown in Figure S10
(a), in the adsorption trajectory the plot of kinetic energy in the support starts to diverge from that
in the reference trajectory at about 550 fs, about 50 - 100 fs latter than the O,-induced cluster
change, indicating the transfer of incident energy into the support. This can also be seen in the
comparison between the support average RMSD of adsorption trajectories and reference
trajectories without O,: the average RMSD in the cluster starts to increase at 350 fs, while the
support average RMSD starts to increase at 400 fs. We also note that the average RMSD in the
support is small compared to that in the cluster (Figure S6), and the support RMSD reaches
equilibrium within the 1000 fs. However, given the small size of our model and relatively short

simulation time, the energy dissipation may not be sufficient in our simulation.
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Figure 4. Unique products of O, attachment seen in the dynamics at (a) 400 K and (b) 700 K,
obtained by optimizing the final structure from each adsorption trajectory to the nearest local
minimum. Structures are grouped by the Cu atom on which adsorption occurs. The minima that
are seen on the MEPs in Figures 2, S2,S3 are outlined in a red box. The energy of the isomer and
the number of trajectories producing that isomer (in parentheses) are also shown.

In most of the scattering trajectories, O, either immediately leaves the strong O,-Cu interaction
region, where the O,-Cu distance is less than 3.0 A, within 350 fs, or does not enter this region.
The scattering trajectories are affected just by the energy exchange of the cluster with O, upon
collision, causing the changes of atomic velocities in the cluster, but featuring smaller divergences
that eventually diminish after O, leaves the cluster surface (Figure S5). The average structural

divergences at the shortest O,-Cu distances are: 0.073 4+ 0.041 A at 400 K, and 0.105 4+ 0.057 A
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at 700 K. In some scattering trajectories, O, adsorbs first and then desorbs from the cluster. In this
case, the O,-induced structural changes are slightly greater (0.150 + 0.076 A at 400 K, and 0.167
+ 0.135 A at 700 K), due to the longer interaction times. No scattering trajectories result in
complete cluster isomerization to new minima.

In Figure 5, we plot the top view of O, impact sites, defined as the position of O, when it adsorbs
on Cu,0, (0,-Cu distance first reaches 2.2 A), or when the O,-Cu distance is shortest if it never
reaches 2.2 A. The adsorption probabilities of O, on different Cu sites are shown in Table 1. When
computing the adsorption probability, we ignore the trajectories where O, lands on the support

rather than the cluster (i.e. where the distance between O, and any Cu atom is larger than 2.2 A).
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Figure 5. (a) (b) Top view of O, impact sites, defined as the position of O in O, when the Cu-O
distance first reaches 2.2 A or when the Cu-O distance is shortest if it never reaches 2.2 A. Results
are shown for adsorption trajectories (red points) and scattering trajectories (void blue circles) at
(a) 400 K and (b) 700 K. The void black and green circles represent the Cu and O atoms in Cu,0O,.
(c) (d) Vertical velocity of O, in each trajectory along the path (positive values indicate that O, is
moving towards the cluster); results are shown for collisions on (c) Cu2 (the more likely scattering
site) and (d) Cu4 (the more likely adsorption site).
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Table 1. Adsorption probability with statistical error for each impact Cu atom and the total

adsorption probability at the cluster temperatures of 400 K and 700 K.

Cu impact site 400 K 700 K

Cul 14+54% 25+ 6.1 %
Cu2 12+7.8 % 0+00%
Cu3 39+92% 42 +£10.1 %
Cu4 70 £ 9.6 % 83+79 %
Total 32+44 % 37+4.6 %

We note that, although the Cu2 and Cu4 sites have similar O, adsorption energies, close to -0.4
eV and ~0 eV barrier height, for their most stable adsorbed states (Figure S3), the adsorption
probability on Cu4 is much higher than that for Cu2. This can be rationalized by the ‘sudden’
behavior of O, adsorption, i.e. the reaction occurs rapidly without gradually relaxing to the MEPs.
Given the relatively small O,-induced cluster fluxionality, most trajectories do not follow the
MEPs towards the most stable adsorbed states (Figure 5c, 5d and S7). Despite similar energy
profiles along the MEPs, the two Cu atoms may have different energies for the paths leading to
metastable and unstable states. In order to study this effect, we plot the O, vertical velocity for
collisions on different Cu atoms in Figure Sc and 5d and S6, in which the positive value indicates
O, moving towards the cluster while the negative value indicates O, scattering away from the
cluster at different O,-Cu distances. Initially, all the O, molecules have the same velocity towards
the cluster, and the decrease/increase in the velocity is due the repulsive/attractive interaction
between O, and the cluster. We find that the vertical velocity of O, starts to decrease early at an
0O,-Cu distance of 4.0 A over the Cu2 site (Figure 5c), and in some trajectories O, reaches the
turning point and scatters before 3.3 A. This indicates relatively small attraction, or even repulsion
between the cluster and O, when O, is close to the Cu2 site in these trajectories starting from the
meta-stable and unstable structures. In other words, the energy on the PES increases rapidly when

the cluster is displaced from its structure in the lowest energy adsorbed state, leading to relatively
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high barriers for O, adsorption. Thus, most O, are scattered on the Cu2 site. However, on the Cu4
site (Figure 5d) the O, vertical velocity is only barely decreased or even increased at an O,-Cu
distance of 3.5 A, suggesting a relatively flat PES upon associated cluster structural change,
consistent with the observation in the dynamics simulations. The cluster appears more flexible in
this area. Therefore, the dynamics simulation provides a more appropriate description on the site
activity than the MEP study, since it includes the contribution of meta-stable and unstable states,
and shows clear differences in sticking coefficients on different Cu sites.

Finally, we notice that the adsorption probability is larger at a higher cluster temperature,
especially at the Cul and Cu4 sites (Table 1). The reason for this temperature effect is that at 700
K Cu,0, accesses configurations further from equilibrium, some of which have higher adsorption
energies. Indeed, as shown in Figure S8, structures with greater RMSD feature the greatest
adsorption probabilities, particularly the structures within larger RMSD in the range of 0.34 - 0.42
A, accessible only at 700 K.

Dynamics of the O, integration into the cluster

O, incorporation into the cluster is accompanied by cluster reorganization on MEP and
corresponds to descending from the highest TS on the MEP in Path 1, creating a metastable non-
dissociated O, structure (S3 on Figure 2), the precursor to the O-O dissociation. Hence, we may
expect possible further dynamic coupling between this reaction step and the cluster motion.
However, it is likely to be considerably less dramatic compared to the first step of O, attack, since
now there is no new input of kinetic energy. AIMD simulations were performed on the
representative process of the formation of this u-n*: n*-O, species in Path 1 (Figure 2), which
involves the cleavage of a Cu-Cu bond. The purpose of this simulation is not to exhaust all possible
reaction paths from state S2 or all intermediates preceding deeper O, integration, but to gain a
qualitative insight into the degree of possible dynamic coupling for this process, compared to the
MEDP. The simulations start from the transition state TS2 in Figure 2 (rate-limiting for this MEP),
propagating in backward to the reactant (states S1 and S2), and forward to the product (state S3).
The initial vibrational states of TS2 are sampled from the Boltzmann distribution at 400 K.*** An
independent harmonic oscillator model with random phase is used to generate the initial velocities
and displacements from the transition state. Corrections are made for modes with large

anharmonicities using the correct anharmonic potential energy surfaces calculated using the DFT
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(see SI for details). The translational energy of the reaction coordinate samples a classical

Boltzmann distribution. We performed 20 simulations for 0.5 ps along each direction, with a time

step of 0.5 fs.
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Figure 6. (a) Optimized geometries for the reactant (S2), transition state (TS2) and product state
(S3) from the MEP of step 2 in Path 1. The atomic charges on O, from Bader charge analysis are
also shown. (b) MEP (solid line) and the Cul-Cu3 and Cu2-O1 bond lengths along the path (dashed
lines). (c) Distributions of the cluster RMSDs in the reactant and product structures relative to the
S2 and S3 equilibrium structures, respectively. (d) Optimized product geometries and atomic
charges on O, obtained from Bader charge analysis. The structures are extracted at 500 fs of the
forward trajectories and relaxed to the nearest minima. The minimum that is seen on the MEP
(state S3) is highlighted. The energy of the isomer and the number of trajectories producing that
isomer (in parentheses) are also shown.

On the MEP, the largest structural changes in Cu,O, during this step are the formation of the
Cu2-0O1 bond and the cleavage of the Cul-Cu3 bond (Figure 6b). We note that these two bonds’
lengths change concurrently in the AIMD trajectories. For trajectories propagating to the reactant
state, the formation of the reactant from TS2 (i.e. the Cul-Cu3 bond reaching the equilibrium bond
length of 2.7 A in state S2, Figure 6a and 6b) takes on average 283.9 fs. Figure 6¢c shows the
distributions of the cluster RMSDs in the reactant (red) and product (blue) structures, extracted at

500 fs of the trajectories, relative to the S2 and S3 states, respectively. The trajectory-averaged

16



cluster RMSD in the reactant structures is slightly larger than that of the TS structures from which
the trajectories were launched. From the trajectories going backward from TS2, we optimized the
final geometries to the nearest minima. Interestingly, 8 out of 20 trajectories go back to S1where
0, is detached from the cluster, with the Cu-O distance larger than 3 A. After geometry
optimization, five of these structures relaxed to the gas-phase molecule and the bare cluster, as the
energy released from the TS supplies sufficient kinetic energy to overcome the desorption barrier.
This implies that TS2 can be reached dynamically directly from the gas phase O,, bypassing S2
and therefore decreasing the overall costly barrier, contrary to what is seen from the MEP. This is
perhaps not unexpected from looking at the free energy profile (Fig. S2b), where the S2 state is
destabilized and rendered no longer a local minimum on the MEP due to the loss of entropy upon
binding the O, molecule. In the remaining trajectories the system forms different stable adsorption
states with either n-O, or n%-0, binding mode.

For trajectories going forward, towards the product state, S3, the average time to form the Cu2-
O1 bond (i.e. reaching the equilibrium Cu2-O1 bond length of 1.9 A) is 131.5 fs. As shown in
Figure 6¢ (blue), the RMSD distribution of the product state shifts to higher values compared to
the reactant and the initial TS2, indicating more diverse cluster structures. The product structures,
extracted at 500 fs and relaxed yield four isomers shown in Figure 6d, one of which is S3 and the
other three being more stable than S3 by up to 0.5 eV. Note that only 8 out of the 20 trajectories
follow the MEP and produce the S3 state. In all other final states, we observe the cleavage of the
Cul-Cu2 and Cu2-Cu4 bonds, which apparently have been weakened by the formation of the Cu-
O o bonds. These product states would not be found in pure MEP calculations. The reason they
are found in the dynamics is probably that the energy released from the TS, combined with the
cluster thermal effects, is sufficient to break these weakened Cu-Cu bonds, and assist cluster
isomerization in the course of the dissociation and right after the dissociation. Therefore, although
starting from the same TS, the reaction may lead to different product structures in the dynamics,
which will complicate the reaction network by opening up new reaction paths, and producing new
intermediates or product states.

None of trajectories started from TS2 resulted in O-O bond breaking. This final step can start
from the four different product structures in Figure 6d. The corresponding MEPs for O,
dissociation are shown in Figure S9. The barriers to dissociation range from 0.4 to 0.8 eV, and are

the lowest (0.4 to 0.6 eV) for the two alternative paths that start from the same lowest-energy
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product state in Figure 6d (Figure S9a,b, Note S1). These two profiles are exothermic, and yield
products that that are close in stability to S8 (Figure 2). Starting from the second lowest energy
product state from Figure 6d, the barrier to dissociation is slightly higher (0.65 eV, Figure S9c),
and the process is endothermic. However, this barrier remains below that of TS2. The only O,
dissociation that has a barrier surpassing that of TS2 starts from the third lowest energy product in
Figure 6d (which is nonetheless more stable than S3 in Figure 2). Due to its higher energy, we
would expect this path to be followed less preferentially. On all paths, the O-O bond dissociation
involves significant Cu core rearrangement, indicating that the cluster continues to be most
fluxional during the process of O, incorporation. Overall, these results illustrate how every MEP
of O, attachment to the supported Cu,O, cluster can correspond to a myriad of mechanistic
possibilities when dynamics is considered. Therefore, the overall cluster oxidation kinetics has to
be incredibly complicated. Also, our findings suggest that O-O bond breaking can be energetically
less costly than the initial O, binding to the cluster and the accompanying cluster rearrangement —

a counterintuitive result.

Conclusions

In this study, we locate the MEPs and perform the molecular dynamics simulations for the
adsorption and integration of O, to the Cu,O, cluster deposited on an amorphous alumina support.
This process plays a key role in oxidation catalysis by supported Cu, clusters, as it is the most
viable path to catalyst regeneration.'” The comparison between the static MEPs and the dynamical
trajectories uncovers a rich dynamic picture of nano cluster catalysis, hidden if just MEPs are
considered, and quite contrasting to what is possible on extended metal surfaces. The dynamics of
O, adsorption to form the u-n': n*-O, species induces only minor cluster rearrangements, but
produces a wide variety of conformations, most of which are not seen on the MEP. Surprisingly,
the step of O, adsorption to the cluster, can be most energetically costly. The subsequent O,
integration into the cluster takes place with somewhat less dramatic dynamic effects, but with
substantial cluster core reorganizations. The motion of Cu,O, mixes with the O, motion. The
energy released from the TS associated with O, integration and the thermal vibrational excitations
can promote the cluster core isomerization, again producing a variety of different intermediates
not seen on the MEPs. This effect is attributed to cluster fluxionality, easily triggered both

thermally, and by interactions with reagents in reaction conditions. The final O, dissociation can
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follow several different paths, producing multiple final oxidized Cu,O, states. Thus, a great
diversity of reaction profiles for the attack of supported Cu cluster by O, emerges due to the
dynamic effects. The kinetics of oxidation reactions catalyzed by the studied Cu oxide clusters
would be non-trivially affected by these dynamics, and it is clear that the MEP brings limited
information. Dynamics, similar to the one uncovered in this study, would be characteristic of the

oxidation of every thermally-populated isomer of the reduced cluster.
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