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Abstract

The encapsulation of noble metals into zeolites is a promising route to generate controlled
size distributions of stable metal catalysts. Pinning of single metal atoms to particular binding
sites represents the optimal atom-efficiency and is a desirous outcome, despite the
propensity of metal clusters to sinter. Currently, sintering resistance of noble metals in
siliceous frameworks is incompletely understood, while the role of influencing factors such as
adsorbates and exchange of metal type, have not been ascertained. Here, we investigate the
binding and migration pathways of atomic Pt and Au in the siliceous zeolite framework LTA,
via density functional global structure optimisation and kinetic Monte Carlo simulations. We
show that strong binding of Pt atoms to the framework severely hinders migration, while Au
diffuses freely through the pore. Reducing agents CO and H; change the preferred binding
site of Pt, induce volatility, reduce migration barriers and thereby promote particle growth.
This work provides an atomistic picture of single atom kinetics inside high-silica zeolites,

which represent a fundamental basis for understanding nano-catalyst deactivation.
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sintering resistance.



1. Introduction

Small nanoparticles and clusters of noble metals, in particular Pd, Pt and Au have prompted
much interest in the last 20 years as highly active and selective catalysts for a wide range of
industrially important reactions.[1-5] These applications range from redox reactions for
exhaust emissions abatement,[6, 7] to hydrocarbon upgrading for biofuels,[8, 9] to fine
chemical transformations in the pharmaceutical industry.[10, 11] In all cases, however, the
great expense and low stability of noble metal catalysts is a problem to be solved. High
cohesive energies lead to deactivation via agglomeration in the liquid phase and to migration
and sintering in the case of surface-supported heterogeneous catalysts.[12, 13] A promising
solution to both issues is encapsulation of the active species into inert frameworks such as
zeolites or MOFs,[14-22] which hinder sintering by two mechanisms: physical restriction to
growth by confinement in the zeolite pore, and pinning of single atoms and clusters to

particular binding sites in the framework.[23-25]

In the case of physical confinement, there are several recent synthetic methods which
produce trapped particles of Pt or Pd inside zeolite pores, either by co-precipitation of
precursors of both metal and zeolite, or by mechanical trapping via the 2D to 3D condensation
of the framework, as was recently demonstrated for MWW by Corma et al.,[26, 27] and IPC-
2 and IPC-4 by Cejka et al.[28, 29] It is difficult to precisely maintain the size distribution and
thermal stability of the produced clusters via chemical means. However, these methods have
shown excellent promise in catalytic tests towards reactions such as nitroarene

hydrogenation and dehydrogenation of propane to propylene.[30, 31]

In the case of atom trapping, which represents the maximum efficiency of single atom
catalysts (SAC), ion exchange in isomorphously substituted frameworks is a common source
of highly-dispersed noble metal atoms.[32] Exchange of alkali metal cations by Cu, Pd, Pt at

aluminium sites leads to oxidised single atom sites and small metal-oxo clusters, which are



used in several industrial applications. However, this method suffers from low concentrations

of active species, and a lack of atomistic understanding of the nature of the catalyst.

Several publications have highlighted the unusually high stability of single atoms and small
clusters of Pt in dehydrated, high-silica zeolites.[26] These works raised the question of the
nature of the atom-trapping ability of zeolites, in particular small pore frameworks such as
chabazite (CHA). By understanding the conditions, choice of framework and metal by which
such trapping is maximised, the rational design of encapsulated SAC may ultimately be
reached. We recently showed that in high silica Linde Type A (LTA), Pt atoms are bound tightly
to Al sites via an insertion mechanism into the Brgnsted acid AlO-H bond. More strikingly, we
observed that even in cages where no Al is present, Pt atoms can be strongly bound to the
framework, via a spontaneous, cage-breaking insertion mechanism at the six-ring.[33] Hence
it is not only the presence of Al that promotes sintering resistance; the local coordination
environment of the zeolite framework also plays a major role and is a general factor that

applies to other topologies, including CHA, FAU and SOD.

An additional complication to understanding the behaviour of zeolite-encapsulated single
metal atoms is the role of adsorbates. The application of encapsulated metal atoms/clusters
in heterogeneous catalysis requires the adsorption of small molecule adsorbates from the gas
phase. These adsorbates are non-inert with respect to oxidation/reduction of the metal, and
to the kinetics and dynamics of cluster migration, growth and redispersion.[34] In the case of
CO, it is unclear whether the adsorbate promotes or hinders particle growth. While CO may
destabilise the metal-support complex, enhancing metal lability in the form of M(CO),, and
therefore accelerate the thermodynamically favourable sintering process, it has also been
reported to lead to trapping of the metal atom at Al sites in zeolites, for example in the form
of M(CO); (M=Rh). Furthermore, CO has been proposed to be responsible for fragmentation
of M-M bonds, both experimentally,[35-37] and computationally for Pt clusters.[38, 39]

Hence, the precise role of CO in the dynamics of labile metal sites in zeolites is not resolved.

In this work, we extend our analysis of the Pt-zeolite interaction in high-silica zeolites, to

examine the effects of common reducing adsorbates CO and H; on the stability, migration



routes and dissociation energetics for Pt, and estimate the kinetics of migration via a
microkinetic model. Furthermore, the effect of exchanging the metal with another

catalytically relevant noble metal, Au is investigated.

2. Models and Methods

2.1. Model

The zeolite model is the purely siliceous LTA, which contains 24 T sites. The structure of LTA
is made up of sodalite cages (volume 718.4 A3), denoted B-cage, which are connected to the
larger a-cages (volume 974.8 A3) via six-rings of diameter 2.8 A. Alpha cages are connected
together via eight-rings of diameter 4.3 A, forming a porous system that is connected in 3
dimensions. In a previous publication,[33] we developed a naming system for single atom
binding sites in LTA, based on previous conventions. In this system ring sites are labelled S1,
S2 and S3, for the six-ring, eight-ring and four-ring, respectively.[40] Intermediate sites in
which Pt binds to the framework oxygen which connects two rings are labelled S1/S2, S1/S3
and S2/S3. Where necessary, an a or B is included in superscript to denote the cage in which
the site is located. A further notation to denote a broken framework bond is the asterisk *.

For Pt@LTA, this occurs only for the S1*.
2.2 Computational Method
2.2.1 Global Structure Optimisation

The optimal structures of LTA-encapsulated metal atoms were located via a global
optimisation approach as described in a previous publication.[33] A basin-hopping
algorithm([41, 42] was employed at the PBE-D3[43, 44] level with loose convergence criteria
for 500 steps within the ASE package.[45] The wavefunction cutoff, energy difference and
force criteria were 450 eV, 10* eV and 2 x 1072 eV/A, respectively. A Cartesian moveclass of
metal cluster translations with a maximum stepwidth of 1.2 A, and a Metropolis temperature
of 200 K ensured a good balance to efficiently explore configuration space. Subsequent

reminimisation of all low-energy minima, was then performed with tighter convergence



criteria, allowing full relaxation of all atoms. The plane-wave wave function cutoff was chosen
to be 700 eV, with energy and force criteria of 10 eV and 102 eV/A, respectively. For CO-
covered clusters in vacuo, the structures are located via a recursive global optimization
scheme. First, 2500 candidate initial structures of the appropriate composition were
randomly generated, with Pt atoms inside a sphere of 5 A, and CO molecules randomly
arranged in the shell from 5-5.5 A, using the Molclus code.[46] Local minimisation of
candidate structures was performed within a tight binding approximation, using the XTB code
of Grimme.[47] Promising candidates were then tightly reoptimized with VASP. For CO-
covered clusters in the zeolite, CO molecules were added to the putative global minimum

structure for the bare Pts@LTA obtained in our previous work.[33]

Gaussian smearing of electronic states was applied, with a smearing width of 0.1 eV. K point
sampling was restricted to the gamma point. Spin unrestricted calculations were employed
for both zeolite-bound and gas phase metal clusters. Charge analysis was performed using
the Bader charge partitioning scheme.[48-51] Migration barriers were calculated by locating
transition state between local minimum, via the climbing image nudged elastic band and

dimer method in the TST package of VASP.[52-54]

The incorporation energy for species X at a site in the zeolite is defined as the energy required

to bring X to a particular site in the zeolite from the vacuum at infinite distance, for example:
Einc(PtCO) = E(PtCO@LTA) — E(LTA) — E(PtCO(g))

where E is the total electronic energy, as approximated by the density functional. The
adsorption energy is a measure of the average energy required to connect n adsorbates to a
Ptn cluster with respect to the optimal separated configuration. In the vacuum phase, the
reference is the Pty cluster in isolation and a CO/H, molecule in isolation. In the zeolite, the

reference is the cluster in its optimal encapsulated configuration and CO in the zeolite pore.

Eads(PtaCOm(g)) = E(Ptn(CO)m(g)) — E(Pta(g)) — m*E(CO(g))



for the given configuration, whether encapsulated into the zeolite or isolated in the vacuum.

2.2.2 Kinetic Monte Carlo

To investigate the kinetic properties of encapsulated single metal atoms in the low
concentration limit, we developed a kinetic Monte Carlo (kMC) code. The potential energy
surface is reformulated as a graph, in which the nodes are associated with the set of minima
{i} and are connected by transition states. For exemplary transition i->j, the transition state
has energy Ei* = E™Si5j— Ei. Note that in this notation, Ej* = E™ji= Ei*+ (Ei-Ej). The first order

rate constants for each transition are calculated via kinetic rate theory, in which the rate (k)

is given by:
kpT Z] 7= ) , ) . ,
k= 7 ¢, where kg is Boltzmann’s constant, T is the temperature, h is Plank’s constant
i

and Z*/Z; is the quotient of the partition functions for the transition state and initial state of
the step. As the reaction network contains no (non-frustrated) translations, rotations or

desorption steps, the partition functions are modelled by the vibrational partition function:
1

_Ea
1 — eksT

Zl-=Ha

Where a runs over all vibrational normal modes. Tests showed that the results were
insignificantly affected by the approximation Zi*/Z; = 1, and so the Arrhenius pre-factor is
reduced to ksT/h, which simplifies simulations and avoids the disproportionate errors which

are known to result from inaccurately approximated low-frequency modes.

In each step (n) of the kMC simulation, the list of possible endpoints {j} for a microkinetic step
starting from site i is populated, based on the currently occupied site. j is selected at random,
from a block vector weighted by the individual rate constants for the i—j transition, r;. The
occupied site is then updated, and the time t advanced based on a Poisson distribution, with

equation:



In (x)
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th1 = th —

where x is a random number in the range [0,1). The equilibration time (t) for the system is
defined as the simulation time required for the distribution of occupation probabilities to
reach convergence (Supplementary Information). Five simulations from each initial site, of
duration t > t were then run, from which the average site occupation lifetimes <ti> were
calculated for all i. Synthesis procedures for Pt@zeolites often involve calcination steps at
temperatures of 540 °C (813 K), and catalytic experimental temperatures reach temperatures
of 400-500 °C (673-773 K). Hence, we choose a temperature range which extends from room
temperature to these extreme temperatures (300-800 K) for PtCO and PtH; and extend this

range to 1000 K for Pt, which is more difficult to equilibrate at low temperatures.
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Figure 1 Schematic of the computational process employed in the current work



3. Results

3.1. Encapsulation of Pt in Zeolite LTA

3.1.1. Pt1@LTA

Pt atoms that are encapsulated into the siliceous LTA zeolite are preferentially located in the
centre of the six-ring, in the plane of the ring, in sites which are denoted S1* (Figure 2). In this
site, an Si-O bond is broken, giving rise to a defective framework, with a near-linear O-Pt-O
group in the plane of the broken six-ring. This structure was confirmed to be stable, via higher
quality hybrid and meta-GGA DFT calculations, and at finite temperature via NVT ab initio MD
simulations at 1500 K.[33] This global minimum structure has an incorporation energy of -
2.39 eV. Migration from the S1* site is hindered by high barriers to adjacent local minima,
with the exception of the ring-closing step S1*->S1, which only leads to further migration via
the ring re-opening reverse step and is therefore a dead-end branch on the energy landscape.
Diffusion through the zeolite pore proceeds with a minimum effective barrier of 1.69 eV, via
a multiple step path which passes through the eight-ring site (denoted S24): S1* - S1/S3, >
S2/S3¢ 524->52/S34 - S1/S34 - S1*.

The exceptional stability of the S1* is related to the hybridisation with oxygen 2p states, via
the formation of covalent bonds to the framework. Additional charge is transferred to the Pt
atom from the framework by this interaction (around 0.2 electrons). By contrast, in the $S1/534
site, which is the adjacent intermediate site along the diffusion pathway and does not exhibit
any framework breakage, negligible charge is transferred to Pt (< 0.1 electrons). The DOS for
S1/S34 (Figure 2c) shows an unfilled Pt s-d state at +0.76 eV and does not benefit from the
strong stabilising interaction that results from local framework breakage, giving rise to a

significantly smaller incorporation energy of -1.22 eV.
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Figure 2 a) Graph representation of the potential energy landscape of Pt@LTA. Incorporation energies in blue (eV),
elementary step barriers in red (eV). Reverse barriers are in parentheses. b) Projected density of states (pDOS) for global

minimum S1* site. c) Structure and pDOS of the S1/S3, site.

Analysis of the Boltzmann-weighted distribution of occupation probabilities (Table 1) shows
that the landscape is dominated by occupation of the S1* site over the synthetically and
catalytically relevant temperature range. The probability of S1* occupation only decreases
below 90 % at T > 1510 K, far above the temperatures of catalysis or post-synthetic
calcination. Despite the energetic preference for the six-ring site, the eight-ring sites are deep-
lying kinetic traps on the potential energy surface, with high escape barriers. Therefore, it is

instructive to estimate the kinetics of the migration process between binding sites.

Kinetic Monte Carlo (kMC) simulations were performed to estimate the equilibration times of
the system, and the average occupation lifetimes of each site, at various experimentally
relevant temperatures (Table 1). At 300 K and 500 K, the equilibration time was longer than
the available maximum simulation time. At 800 K, the equilibration time is 2.3 ms, and at 1000
K it is 15.7 ps. The energetically sub-optimal eight-ring site, S24, which acts as a bridge
between adjacent cages, is observed to be the longest-lived minimum (Table 1), with an

average lifetime of 1.6 pus (59 ns) at 800 K (1000 K).



Table 1 Kinetic data for Pt@LTA

. Boltzmann Population (%) Occupation Lifetime (s)
site 300 500 800 1000 800 1000
s1* 999 99.9 98.9 97.1 2.57x10° 2.79x10°10
s1 6.17x10% 7.48x102 0.11 0.27 2.87x1011 7.63x1012
2, 1.24x107 4.52x10* 0.045 2.07x10 1.61x10° 5.86x10%
26 2.22x10°V7 6.42x10°10 1.00x10° 2.46x10 5.56x100  8.77x101

S1/S2, 4.46x10°21 3.88x1012 4.11x107 1.91x10° 2.29x101* 6.50x10-12
$1/534 2.18x10-18 1.59x10%0 4.18x10 1.23x10 1.60x10%°  2.96x1071
$2/534 1.45x10-19 3.14x101 1.52x10° 5.44x10° 6.26x1011  1.43x10.1
S1/S3; 1.08x1014 2.63x108 1.02x10* 1.58x103 7.88x1011 1.72x101!

3.2. Adsorbate Interactions with Pt@LTA
3.2.1. Pt:.CO

We investigated the effect of CO incorporation on the Pt@LTA system, via an exhaustive
search of the configuration space of PtiCO@LTA. CO binds to Pt in preference to the zeolite
framework (EincCO =-0.23 eV). CO is observed to dramatically affect the energetics of Pt inside
the zeolite. The incorporation energies of PtCO are substantially smaller than Pt: Einc for the
global minimum of PtCO is -1.38 eV, while for Pt it is -2.39 eV. Hence adsorption of CO greatly

weakens the binding of Pt to the framework.

The global minimum site for Pt changes from the S1* to the S1/S34 site upon incorporation of
CO. In general, ring sites (S1, S1*, S24 and S2¢) are disfavoured upon CO adsorption. Several
minima, including S1, S24 and S26 are no longer stationary points on the potential energy
surface. This can be explained by comparison of the electronic structure of Pt@LTA and
PtCO@LTA. In the absence of CO, the S1* site has a HOMO-LUMO gap of 2.92 eV and a
negative charge on Pt. The presence of CO therefore is not needed to provide electronic
stabilisation. When CO is included, a weak bond is formed between CO and Pt (Figure 3). The
C-0O bond is only moderately strained, from 1.143 A (in vacuo) to 1.158 A. By contrast, in
S1/S3,, the formation of a covalent bond via hybridization of the CO s-p orbitals and the
partially filled Pt s-d states is stabilizing to the complex, and leads to a lengthening of the C-O
bond to 1.169 A.



é vy \_r Y, 120 LI S S e p—— )
a) N // \ b) 1:3 - S1* Pt s/d states |
- -, N\ ' N 2 - 4
3/\ J‘i’ /\ \)‘v\*\ ( 60 L |
’\L_ ] 40 m
P \?:-e a 20k L l l i
172 ofbcd 11 | \
51/53; 132 390 200 | LI
2.80 0.54 S qsimgaRW “or CO 2s+2p states 1
» _60 Il 1 1 1 1 1 1
0.48
0.03 (3.14) ( 3 2 1 0 1 2 3 4 5
(2.45) 0.26 \ Energy (eV) J
¥ S1/53, (0.16) I e ——— 3
+11.:03|. _%7'38; c) 122 i S1/s3, Pt s/d states |
‘ : ) 7~ G \\ 60 - -
- J-—/ Y N
\ \ 's\ _gya s1/s2 s1/s2, g 40t -
>9 > (( 1.23 “Crossing 8RW 8 L |
e Fay \,._ )J 0 H—t+
\ .
a7\ f\/\‘_ -20 |- ” T
NN -40 - CO 2s+2p states E
) f { .60 1 1 1 I | | 1
AN 3 2 44 0 1t 2 3 4 5
\ 7 VAN Energy (eV) Yy,

Figure 3 a) Graph representation of the potential energy landscape of PtCO@LTA. Incorporation energies in blue (eV),
elementary step barriers in red (eV). Reverse barriers are in parentheses. b) Projected density of states (pDOS) for the S1*

site. ¢) Structure and pDOS of the S1/S3, site.

The S1/S3g is the only local minimum site for Pt inside the smaller beta cage. However, CO is
unable to pass through the six-ring, and the concerted migration of PtCO through the six-ring
has an unfeasibly high barrier of 2.80 eV, so PtCO is unable to occupy this site. The loss of ring
sites and S1/S3g upon CO adsorption changes the energy landscape for Pt migration. The most
favourable route to Pt diffusion between cages is S1/S3q¢ >52/53q = S2/534 = S1/S34. This
pathway has an effective barrier of 1.16 eV; substantially lower than for Pt@LTA (1.69 eV).

The presence of CO therefore enhances the diffusion of Pt.

The S1/S3g site is neglected for the purposes of calculating Boltzmann occupation
probabilities, due to its inaccessibility. Table 2 shows that the S1,* site is also predicted to be
unoccupied at all relevant temperatures. For a-cage sites, the lowest energy site, S1/S34 is
dominant, although a non-negligible minority occupation of other sites is predicted. The
degree to which the flattened potential energy surface of PtCO affects migration was
determined via kMC simulations. The equilibration time is short at 300 K (0.09 s) and therefore
also for all elevated temperatures: 0.79 ms at 500K, and 30 us at 800 K. By comparing with Pt

at a common temperature (800 K), the presence of CO speeds up equilibration by four orders



of magnitude. The occupation lifetimes show that the lowest energy site, S1/S3, has the
longest lifetime at all temperatures, which at room temperature is approximately 0.1 ms. At
800 K, the lifetime of the global minimum is 6.0 ns, which is three orders of magnitude shorter
than the longest-lived Pt site, in the eight-ring (S24). Hence CO not only reduces the overall
energetic barriers to migration, it also exhibits dramatically accelerated migration between

adjacent minima, both within and between cages, with negligible trapping at individual sites.

Table 2 Kinetic data for PtCO@LTA

. Boltzmann Population (%) Occupation Lifetime (s)
St 300 500 800 300 500 800
S1,* 0 0 0 0 0 0
$1/534 90.8 782 65.3 1.82x10% 2.59x107 6.04x10°
$2/534 391 19.4 273 3.76x107 6.67x10° 6.72x1010
S1/S2, 0.27 2.40 7.40 7.65x107° 5.99x10%0 1.32x101°

3.2.2 Pt1(CO)m

The role of CO loading on the stability of Pt in LTA was considered, by binding of multiple CO
molecules to Pt@LTA and Pt(g). For both isolated and zeolite-encapsulated Pt, the limiting
number of CO molecules (m) which associate with Pt is four. The complexes in the zeolite are
structurally similar to those in vacuo (Figure 4). Pt(CO).is a bent linear complex, Pt(CO)s is a
trigonal planar structure and Pt(CO)s adopts a tetrahedral configuration. The adsorption
energy of CO is substantially reduced in the encapsulated complexes with respect to the vacuo
complexes (Table 3). Furthermore, the adsorption energy per CO decreases monotonically
with increasing m for both vacuum and encapsulated Pt(CO)m complexes. The weakening Pt-
CO bonds are reflected in the increasing average Pt-C and decreasing average C-O bond

lengths as the loading of CO molecules increases.



Table 3 Energetic data for Pt(CO)m complexes. Values in parentheses are for corresponding vacuum complexes

n Eads (V) / CO Einc (eV) q(Pt) (e) <r(Pt-C)> (A) <r(C-0)> (A)
1 -2.95 (-3.84) -1.38 +0.05 (+0.03) 1.780 (1.757) 1.169 (1.167)
2 -2.18 (-3.12) -0.63 +0.16 (+0.16) 1.878 (1.833) 1.159 (1.157)
3 -1.80 (-2.46) -0.74 +0.32 (+0.29) 1.922 (1.924) 1.158 (1.158)
4 -1.51 (2.04) -0.84 +0.34 (+0.33) 1.954 (1.954) 1.156 (1.156)

The most significant effect of CO loading on encapsulated Pt is to detach the Pt atom from
the framework. For m>1, the Pt(CO)m complex becomes volatile, occupying the free space in
the a-cage, with no covalent bonds to the framework. The powerful effect of CO in dispersing
Pt clusters into smaller units is well-established in the literature, both on oxide surfaces and
in zeolites.[35, 37, 55-57] The global minimum configurations for all volatile complexes are
found to involve one CO molecule occupying the centre of the eight-ring. This is a dispersion-

driven effect, with no formation of covalent bonds or strain of the eight-ring.

The incorporation energies of the Pt(CO)m complexes show the preference for incorporation
of the entire complex into the zeolite. Einc is therefore a combination of energetic
contributions, including binding energy to the framework, dispersive stabilisation in the pore,
and steric strain due to confinement in the alpha cage. The total incorporation energy
decreases in magnitude from PtCO to Pt(CO),, which is consistent with the loss of the Pt-O
framework bond. Einc then increases in magnitude from Pt(CO), to Pt(CO)s, as additional CO
molecules stabilise the volatile complex in the pore. For all CO loadings, Einc is negative, which
implies that overall, the loss of framework binding is overcome by the gain in favourable

dispersive interactions between Pt(CO)m and the zeolite framework.
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Figure 4 Structures of global minimum Pt(CO)m complexes (m<5) in a)vacuo, b)LTA (Pt Bader charge is labelled).

Ab initio dynamics simulations were performed for Pt(CO)m, in order to determine whether
any atom trapping was present, despite the lack of framework-association on the potential
energy surface. 10 ps equilibration simulations were run at 450 K. In all cases, except PtCO,
which is bound to the framework, the complexes moved freely inside the a-cage, and did not
transfer between cages on the timescale of the simulation. No bond formation between
complex and framework was observed. For m = 1, 2 and 3, the complex was stable, while
Pt(CO)s exhibited transient dissociation and re-association of one CO molecule, which is
consist with the findings that Pt(CO)s and Pd(CO)s are not stable at room temperature.[58,
59]

3.2.3. Dissociation of Pt,(CO)m clusters

In order to observe the effect of adsorbates on the association and dissociation of Pt clusters,
we calculated the dissociation energies according to various dissociation channels for
Pt5(CO)m (Mm=1-6) in vacuo and encapsulated within LTA (Figure 5). Clusters were generated
via global optimisation in the vacuum phase, and transferred to the zeolite pore, followed by
local structure relaxation. For CO loadings up to m=5, the smallest dissociation energy in the

zeolite was found for the process Pt5(CO)m = Pta(CO)m-1 + PtCO. This implies that the loss of



a PtCO unit from the larger cluster is easier than CO detachment, or the loss of a single metal

atom.

The dissociation energy to produce PtCO is consistent for m=1-4, between +1.94 and +2.08
eV. This value decreases sharply at m=5 (Eqiss = +1.48 eV). The reduction in energetic cost at
high CO loading is likely due to the release of steric strain on the highly covered Pt cluster.
The same trend is observed for the Pt5(CO)m = Pts(CO)m-1 + CO channel. However, the weak
binding of CO to the zeolite framework ensures that this channel is uncompetitive until m=6,
at which point, the loss of CO becomes the energetically favourable channel. The channel
Pts(CO)m = Pta(CO)m + Pt is uncompetitive over the full range of m, despite the strong binding
of the bare Pt atom to the framework. Other channels leading to the release of Pt(CO)m (m>1)
are uncompetitive due to the loss of binding to the framework of such species. Hence, PtCO
is likely to be the species which detaches and migrate in the framework during dissociation

and re-association processes.

By contrast, the vacuum clusters do not show the same dissociation energy trends. The lowest
energy channel is CO loss (Pts(CO)m = Pt5(CO)m-1 + CO), (Supporting Information) as the
dominant energetic contribution to vacuum cluster is the Pt-Pt bonding. Similar findings are
observed for Pt4(CO)m (m=1-4). Hence, the zeolite framework is crucial to the dissociation
behaviour of the cluster; providing a necessary environment for the stabilisation of small PtCO

fragments, which in turn are more mobile than Pt atoms.
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Figure 5 a) Dissociation energies for various channels from Pts(CO)n, encapsulated in the a-cage of LTA, b) initial structures

of the CO-covered Pts clusters

3.2.4. PtH;

The introduction of H, to Pt atoms in LTA leads to dissociative adsorption and the formation
of framework-associated PtH; species. The incorporation energies of PtH, are smaller than for
both PtCO and Pt; Einc for the global minimum site (S14) is -1.08 eV (Figure 6). The S1* site is
unable to bind Hz and is therefore substantially destabilised upon H incorporation. This can
be observed in the electronic structure (Figure 6). The hydrogenic states remain unhybridized
with Pt and energetically deep-lying, while the HOMO and LUMO are of Pt s-d character,
similar to Pt in the S1* site in the absence of adsorbates. The H-H bond is marginally
lengthened from 0.750 A to 0.757 A, while the minimum Pt-H distance is 2.759 A. By contrast,
H> binds to Pt in the S1/S3, site (Figure 6). Pt d states hybridize with H s states in a band
between -3 to -4 eV, forming a covalent bond, leading to a stable complex which remains
bound to the framework. The H-H bond is broken, forming two Pt-H bonds of length

1.531/1.532 A.
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Figure 6: a) Graph representation of the potential energy landscape of PtH,@LTA. Incorporation energies in blue (eV),
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site. ¢) Structure and pDOS for the S1/S3, site.

Ring sites are available to PtH,, including S14 and two iso-energetic rotational isomers at the
S3 site, which lie over the four-ring, denoted S3-1 and S3-2. These ring sites differ from those
available to Pt, as they no longer lie in the plane of the ring, owing to the steric hindrance of
the additional hydrogen atoms. The S1;g site, inside the sodalite (B) cage is present for PtH,

but occupation is severely hindered by a high barrier of 1.45 eV from the S1, site.

Overall, the energy landscape for Pt migration is flattened in the presence of H,. Migration
barriers among and between a-cage sites are considerably lower for PtH; than for PtCO or Pt,
with a maximum barrier height of 0.48 eV for a ring-crossing step between S3-1 and S3-1 via
the eight-ring. The lowest effective barrier for a diffusion through the pore system is 0.52 eV
and proceeds via the route S14 >51/S34 = S3-14 >53-1¢ = S1/S34 = Sla. The incorporation
of Haremoves the special stabilisation of Pt in the six-ring, while activating diffusion between
pores. Given the inaccessibility of the S1g site, it was excluded from the site list for calculation
of Boltzmann probabilities. Among the accessible sites, the flattened energy landscape is

manifested in the non-negligible occupation of energetically suboptimal minima, such as S3-



1 and S3-2 sites in addition to the S1,, At 500 K (800 K), the maximum occupation probability

of any site is only around 50 % (40 %).

The kinetics of PtH, migration were examined via kMC simulations. The equilibration time is
72 us at 300 K, 2.2 us at 500 K, and 0.32 us at 800 K. Therefore, sampling of configurational
space is fast, and the migration necessary for particle growth to occur is possible on
timescales far below those of any catalytic application. The occupation lifetimes of sites range
from the nanosecond to the picosecond scale at all temperatures, with the minority species
S3-2 the longest-lived, from 173 ns (0.2 ns) at 300 K (800 K). This maximum lifetime is shorter
than that of PtCO and Pt.

Table 4 Kinetic data for PtH,@LTA

. Boltzmann Population (%) Occupation Lifetime (s)

site 300 500 800 300 500 800

S1* 2.71x10%8 1.19x1016 3.79x10°%0 0 0 0

Sla 69.5 52.8 40.5 2.50x108 7.94x10°10 9.43x1011
$1/S3, 0.45 2.58 6.14 2.34x1010 4.19x1011 1.12x101*

$3-1 14.8 20.8 22.7 8.97x10°8 1.33x10° 1.01x101°
$2/S3, 0.02 0.40 1.92 8.51x1011 1.67x1011 5.32x1012
S1/S2, 0.45 2.58 6.14 2.35x107° 1.64x101° 2.70x101*

$3-2 14.8 20.8 22.7 1.73x107 2.53x10° 1.96x101°

3.3.  Encapsulation of Au into Zeolite LTA
3.3.1 Au;@LTA

In order to determine the effect of the electronic structure of noble metals on their behaviour
upon encapsulation, we replaced platinum with gold. Isolated Au exhibits a d%?! electronic
configuration and therefore retains the open 6s orbital. Upon encapsulation, the DOS reveals
that the electronic structure is not significantly perturbed by the presence of the framework
(Figure 7a). The d band is filled in both cases, while the s states remain half filled, with a 6s
orbital around 0.6 eV above the Fermi level. Thus, interactions between Au and the

framework do not benefit from any electronic stabilisation, unlike for Pt.



Global structure optimisation of Aui@LTA reveals that Au interacts weakly with the
framework, primarily through dispersion. There are only four stable sites for Au in LTA: S1q,
S1g, S2 and S3. These sites, all of which are in the centre of rings, do not involve the formation
of covalent bonds, and therefore have small incorporation energies (-0.38, -0.58, -0.41 and -
0.34 eV, respectively). The occupation of six-ring sites is preferred for both Pt and Au,
although the nature and strength of the interactions are different. The minimum Au-O
distances are 3.229, 3.469, 3.501, 3.335 A, for S1g, S2 and S3, respectively, which indicate a

weak interaction, in contrast with the strong binding of Pt@LTA.
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Figure 7 a) The pDOS for an isolated Au atom inside the LTA pore (top), and vacuo (bottom). Spin up and spin down channels
are depicted by solid and dashed lines, respectively. b)The incorporation energies (in eV) of adjacent structures in the a and

B cages of Pt@LTA and Au@LTA

Migration barriers between sites in the a-cage (S14, S2 and S3) are all below 0.1 eV. Therefore,
Au atoms may diffuse unhindered through the pore system of siliceous LTA via a-cages
connected by eight-rings. The global minimum site (S1g) is connected to all other sites by a
migration route through the six-ring window. This migration is severely hindered, proceeding
via a transition state in which Au lies in the plane of the unbroken six-ring, with a barrier of
1.24 eV from S1g -S1q (1.04 eV for the reverse step). This step represents a significant
departure from the behaviour of Pt in LTA. While the plane of the six-ring window is the site
of the two most stable minima for Pt (S1 and S1*), it is the highest energy transition state for

Au (Figure 7b). Hence, the migration kinetics of Au in LTA will consist of fast diffusion through



the pore system, with occasional trapping in the B-cage. The lack of framework interaction

and small migration barriers suggest a poor resistance to sintering.

3.3.2 Au-X@LTA (X=CO,H)

The effect of adsorbates on the energetics and structures of Au@zeolite configurations was
probed using CO and H, molecules. We find that the Au(CO)m complexes exhibit somewhat
different geometries to the Pt(CO)m complexes. For m=1, the PtCO complex remains attached
to the framework, while AuCO shows no framework attachment, and adopted a bent
structure. This has previously been observed in calculations of vacuo AuCO complexes.[60,
61] For m=2, Pt(CO); has a bent-linear geometry, while Au is linear. For m=3, the structures
are similar. However, for all cases, the binding energies to Au are significantly lower than to
Pt. AuCO, Au(CO); and Au(CO)s all adopt configurations in which the CO molecule occupies
the eight-ring, and no strong interactions are formed between the metal site and the
framework (Figure 8). Unlike in the case of Pt(CO)m, the binding energy of CO is not
significantly reduced upon confinement within the pore (Table 5). No local minimum was
obtained for the Au(CO)s complex, which implies that the Au atom has a smaller capacity for

CO binding than Pt.

Table 5 Energetic data for Au(CO)n, complexes. Values in parentheses are for corresponding vacuum complexes

n Eads (€V) / CO Einc (€V) q(Pt) (e7) <r(Au-C)> (A) <r(C-0)> (A)
1 -0.90 (-0.84) -0.69 +0.02 (-0.05) 1.969 (1.970) 1.160 (1.162)
2 -1.01(-1.17) -0.55 +0.29 (+0.29) 1.919 (1.919) 1.166 (1.166)
3 -0.80(-0.92) -0.72 +0.33 (+0.32) 1.973 (1.973) 1.160 (1.160)

Au forms weak complexes with Hy, with long Au-H bond lengths of greater than 2 A (c.f. 1.53
A for PtH,). The H-H bonds are increased negligibly, from 0.750 A to 0.777, 0.778 and 0.779
A'in 2, 51 and S3, respectively. Overall, Au is a poor attractor of reducing adsorbates, and is

largely unperturbed by the presence of the zeolite framework, in contrast to Pt.



Figure 8 Structures of global minima for Au(CO)m (m<4) in a)vacuo, b)LTA, in addition to the global minimum for AuH,@LTA

(bottom right).

4. Discussion

CO is known to accelerate the sintering of zeolite-encapsulated metal (M) particles, while
oxidants, such as 02/NO reverse the process, although the means by which the sintering is
accelerated remain unclear. These findings are primarily derived from aluminium-containing
frameworks. In such zeolites, the initial binding sites of single M atoms are at Al sites. This has
been shown in the case of the metal atom (M) acting as a charge-compensating cation via
ion-exchange, in which case the oxidation state may be M* or M?*, depending on whether
isolated or paired Al-sites are present. We have shown in our recent work that isolated Al
sites can lead to the trapping of Pt as Pt*, even without the replacement of the charge
compensating ion. Pt inserts into the O-H bond at a Brgnsted site, forming a [PtH]* moiety.
Therefore, in the presence of framework Al, Pt is likely to always be oxidized to some degree.
Hence, the role of oxidisers such as O2/NO, or reductants such as CO/H- is different from the

case in the current study, in which a purely siliceous zeolite form is the encapsulating medium.



Despite the difference in the type of binding site available for M-framework bonding in
siliceous frameworks, and therefore the resulting oxidation state of the metal atom, we find
that both H; and CO assist in the weakening of framework bonding, and the reduction of
migration barriers. In the case of H,, these barriers are sufficiently low for facile migration at

room temperature.

CO is also known to weaken Pt-Pt bonds in Pt clusters supported on metal oxide films, and
therefore may aid, counter-intuitively, in the dissociation of Pt clusters. We observe that CO
does indeed reduce the energetic cost to dissociation of clusters, by providing channels which
release Pt atoms in the form of PtCO. This dissociation channel is more facile than for single
Pt atoms, and is less endothermic inside a zeolite matrix, than in vacuo. This promotion of
Ptn(CO)m dissociation upon encapsulation into the zeolite is an example of a strong metal
support interaction (SMSI) effect, which is well established for two-dimensional surface
supports. PtCO represents an energetic compromise between the high stabilisation of the
isolated Pt atom in the framework ( Pt1in S1* is the most stable configuration) and less stable,
volatile species which are too bulky to pass through the eight-ring (PtCO, (n>2)). The
intermediate strength of PtCO binding to the framework allows the species to move through
the pore system, with reduced barriers with respect to Pt, and bind favourably to larger

clusters without destabilising them through overburdening with CO.

Ostwald ripening mechanisms involve the migration of small clusters/atoms to connect with
larger clusters. These processes often involve detachment from small clusters before
migration to locate larger particles. PtCO is the complex with the smallest dissociation energy
from larger clusters inside the zeolite and is therefore the most likely candidate for such
processes. It should be noted however, that detachment of any kind is endothermic (2 eV),
and at the temperatures required to reach such energies, cluster mobility is likely to be high.
Hence, one cannot rule out the migration of small clusters as a major component of sintering
processes. Such a possibility requires the simulation of long timescale dynamics of Pt clusters,

which is the subject of an ongoing investigation.



The difference in the strength and type of bonding between metal and framework implies
that Au and Pt represent two distinct regimes. For Au, the zeolite is an inert framework which
represents a physical limit to migration and growth. For Pt, the zeolite is a chemically reactive
support, which is traversed via bond breaking and bond forming steps. For both Pt and Au,
the a and B cages are separated via high barriers, and therefore form distinct regions of
configuration space, with interconversion between cages a rare event. The role of the six-ring
in this interconversion is different between the two. This is an example of the importance of
electronic structure in the chemistry of encapsulated metals. Whether the metal can form
covalent bonds to the framework determines whether the six-ring behaves as a

thermodynamic trap or a high barrier.

A further effect of the different electronic structures of Pt and Au is the role of adsorbates.
While the structure of M@zeolite complexes varies drastically with adsorbate type and
loading for Pt, it is largely unaffected for Au, which bind adsorbates more weakly, and is

agnostic towards the framework.

The energetic differences between bare and adsorbate-covered metal atoms manifest
themselves kinetically, as shown by the results of microkinetic modelling. The simulations
represent the idealized case of an infinitely low concentration of Pt atoms in the zeolite. They
reveal that the naked Pt atom requires high temperatures to equilibrate on a timescale
shorter than the laboratory scale. Therefore, at low (room) temperature, it is reasonable to
expect that non-equilibrium Pt distributions may be observed. Several studies have shown
that in high-silica zeolites, single atoms and small clusters can be observed in high resolution
TEM, despite the thermodynamic preference for sintering and expulsion from the pores. It
remains an open question whether the trapped metals are all at Al sites, or whether some
remain in siliceous cages or region of the framework. Our results suggest that in siliceous
framework, any such resistance to cluster growth is lost in the presence of reducing
adsorbates, which occupy sites for short times, and equilibrate on much shorter timescales

than observation can take place, even at low temperature (300 K).



5. Conclusions

Via thorough, unbiased global structure optimization and kinetic Monte Carlo simulations, we
have elucidated the potential energy landscapes and kinetics for the binding and migration of
noble metal atoms Pt1 and Aus inside the pore system of silicious zeolite LTA, in the presence
(and absence) of common reducing adsorbates CO and H,. We find that for Pt, which exhibits
a strong chemical interaction with the siliceous framework, adsorbates weaken attachment,
lower the barriers to migration and thereby dramatically reduce sintering resistance. This is
related to the electronic stabilization that is achieved upon formation of strong covalent
complexes comprised of adsorbate, metal and framework. We predict that sintering
mechanisms involving adsorbate-bound Pt atoms, in particular Pt1CO, are likely to be
significant contributors to the sintering processes of Pt particles. We observe that the nature
of the metal dramatically affects resistance to migration, and thereby growth, as Au, a group
11 metal, exhibits a weak interaction with the framework and adsorbates, with negligible

migration barriers through the pore system.
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