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ABSTRACT: Understanding the adsorption and mobility of 4
metal—organic framework (MOF)-supported metal nanoclusters is
critical to the development of these catalytic materials. We present
the first theoretical investigation of Au-, Pd-, and AuPd-supported
clusters in a MOF, namely MOF-74. We combine density functional
theory (DFT) calculations with a genetic algorithm (GA) to reliably |
predict the structure of the adsorbed clusters. This approach allows :
comparison of hundreds of adsorbed configurations for each cluster.
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From the investigation of Aug, Pdg, and Au,Pd, we find that the

organic part of the MOF is just as important for nanocluster adsorption as open Zn or Mg metal sites. Using the large number of
clusters generated by the GA, we developed a systematic method for predicting the mobility of adsorbed clusters. Through the
investigation of diffusion paths a relationship between the cluster’s adsorption energy and diffusion barrier is established,
confirming that Au clusters are highly mobile in the MOF-74 framework and Pd clusters are less mobile.

B INTRODUCTION

Metal—organic frameworks (MOFs) are a class of nanoporous
materials synthesized by mixing metals with organic ligands to
produce a periodic framework."”> MOFs can be made with
different pore and cavity diameters, and a large number of one-
dimensional (1D), 2D, and 3D connected MOFs have been
reported.® The chemical environment of a MOF can be tuned
by exposing the open metal sites, changing the MOF building
blocks, or by functionalization. The diversity with which these
parts can be combined makes it possible to generate thousands
of different MOFs.*”® MOFs show promisin% applications in
78 9,10 . 1 12

gas-separation”” and storage,” " drug delivery,” sensing,”~ and
catalysis."> "> In the context of catalysis, MOFs have been
shown to be capable of stabilizing nanosized metal clusters with
a cluster size comparable to the pore diameter of the
MOF.'"'® These pore diameters are typically less than 2
nm, which is an ideal size for catalytically active particles.'* This
observation, combined with the possible interplay between the
framework and the metal cluster in a catalytic reaction makes
MOF-supported metal clusters interesting as possible catalysts.

The first report on metal loading in MOFs was made by
Fischer et al. in 2005 for Pd in MOF-5.>° Later investigations
have focused on either MIL-101,'"%*'"?* ZIF-8,'7?*7%¢ or
MOF-5'820927 using Au, Ag, Pd, and Ru deposition. Jiang et al.
have shown how Au supported in ZIF-8 can catalyze the CO-
oxidation reaction.'” Gu et al. showed that Au—Pd clusters
adsorbed in activated MIL-101 effectively catalyze the
dehydrogenation of formic acid.'® Recently Lu et al. reported
how an array of different metal particles can be distributed
homogenously in ZIF-8 by coating the metal clusters prior to
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synthesizing the MOF around the clusters.”® Since this

technique builds the MOF around the clusters, it improves
the likelihood of the clusters being inside the framework instead
of on the surface of the MOF, which is a significant
concern.”"**

Although theoretical calculations have answered many
questions associated with MOFs,**** to our knowledge no
theoretical investigations have been made for the adsorption of
metal clusters in MOFs. One reason is the complicated surface
structure of MOFs, making it difficult to convincingly predict
the most stable geometries of adsorbed metal clusters. If this
challenge can be overcome, calculations could be valuable in
predicting and understanding which local environments in the
MOF stabilize the metal particles the most. It is, for instance, an
open question whether or not open metal sites, like those in
MIL-101 and Cu-BTC, play a crucial role in metal particle
adsorption as they do in CO, and H, adsorption.*"**

While there are no previous theoretical studies of metal
clusters in MOFs, a large literature exists associated with
theoretical descriptions of small metal clusters on two-
dimensional surfaces.*>** In this paper, we adapt some recent,
efficient methods from previous work on flat surfaces® to
predict the structure and mobility of small metal clusters in a
MOF. In particular, we show how density functional theory
(DFT) calculations combined with a genetic algorithm (GA)
can be used to predict the structure of MOF-supported metal
clusters. The investigation will focus on the adsorption of Au
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and Pd. Au is chosen because of its interesting applications in
catalysis and the challenges associated with immobilizing Au."
Pd is chosen because it is expected to have a stronger
interaction with the MOF and because synergistic effects exist
between Au and Pd for reactions such as the acetoxylation of
ethylene®® and dehydrogenation of formic acid.*” The Au and
Pd clusters will be adsorbed in MOF-74.3* MOF-74, with the
formula Zn,(2,5-dihydroxyterephthalate), consists of infinite
helical rods of Zn connected by DHBDC linkers forming a 1D
connected network. The structure within a given rod alternates
between a chain of Zn/O atoms and a benzene ring (see Figure
1). The Zn atoms are open metal sites since they only

Aromatic Ring
Centered Start

Figure 1. Side view of MOF-74. A cylindrical coordinate system is
used to describe positions within the MOF. The MOF has a six-fold
rotational symmetry. The boxes used to generate random starting
populations for the GA runs are shown. Atoms are shown in red

(oxygen), gray (carbon), white (hydrogen), and light purple (zinc).

coordinate to five oxygen atoms. MOF-74 is thus a good MOF
for probing the importance of open metal sites for metal cluster
adsorption. Variants of MOF-74 can be synthesized with Zn
substituted with Mg, Mn, Co, or Ni,** which will be exploited
in this contribution to investigate both the Zn and Mg variants.

To provide fundamental insight into metal cluster adsorption
in MOFs, we present a systematic investigation of the
adsorption of Au, and Pd,, followed by the adsorption of
Aug, Pdg, and Au,Pd, as found with the GA. Although it is not
readily possible with DFT calculations to investigate signifi-
cantly larger clusters, we show that from these clusters it is
possible to gain insight into the importance of the open metal
sites and the stability of the different metals in the MOF. Our
calculations assume that the clusters are directly coordinated
with the MOF, not covered in any kind of capping ligand.
Although most experiments with metal clusters in MOFs to
date have used routes that generate ligand-capped clusters, bare
clusters have been extensively examined in experiments with
solid substrates.

There is no topological feature of MOF-74 that limits the
growth of metal particles within each rod of the framework. In
thermodynamic equilibrium it is thus expected that all metal
loaded into each rod of the MOF will agglomerate together.
However, from the large number of structures found for Aug
and Pd; upper bounds can be calculated for the diffusion
barrier for motion of the metal clusters along the framework
pore. These results provide information regarding the time
scale over which agglomeration into larger particles will happen.

It is important to investigate the diffusion of these particles in
the MOF, since arguably the biggest challenge in Au catalysis is
the difficulties associated with stabilizing isolated Au clusters
with a diameter less than a few nanometers.'?

B COMPUTATIONAL METHODS

To study metal cluster adsorption in a MOF a computational method
is needed which describes both the formation of covalent bonds and
includes the flexibility of the framework. The standard method for
such investigations is a DFT-based approach. The present study uses
the grid-based projector augmented wave (GPAW) DFT code®*
which is based on the PAW formalism by Blchl*" with a real-space
grid based (GB) basis. Besides the GB basis, GPAW also offers a linear
combination of atomic orbitals (LCAO) basis. For the systems we
studied, a total energy calculation with the LCAO basis is
approximately 6 times faster than with the GB basis. We therefore
used the LCAO basis to do fast initial relaxations and then the GB
basis for a more precise relaxation for each structure considered.** For
the LCAO calculations a dzp-basis was used, and a grid spacing of 0.19
A is used for all calculations in both modes. Except when otherwise
stated, the calculations are without spin.

The accuracy of a DFT calculation is largely determined by the
choice of exchange-correlation functional. We used the standard
Perdew—Burke—Ernzerhof (PBE) generalized-gradient approximation
(GGA) functional.®® The PBE functional successfully describes
covalently bonded systems although its description of Au*>** tends
to underestimate the interaction between small Au clusters and
substrates.®® To gauge the reliability of the PBE functional the meta-
GGA M06-L* was used for a limited number of calculations. M06-L is
a fitted functional that includes the kinetic energy density besides the
quantities used by GGAs. The MO06-L functional has been shown to
improve the description of molecular systems** while also improving
the description of Au clusters** and benzene adsorption.* It has been
termed “dispersive aware”®’ and for some systems outperforms the
widely used hybrid B3LYP.*® The MO06-L functional is however
computationally more expensive than the PBE functional and has
inherent numerical instabilities, making an investigation with only this
functional too costly.

The experimental crystal structure of MOF-74 was obtained from
ref 38, and a 2 X 1 X 1 replication of the primitive cell was used for all
adsorption studies. A side view of the structure is shown in Figure 1.
All calculations were performed with lattice parameters obtained from
DEFT optimization of the MOF. The volume of the optimized unit cell
expands by 5.5% compared to the experimental structure. The DFT
optimized primitive unit cell is (a, b, c) = (6.96 A, 15.42 A, 1542 A),
(a, B, 7) = (117.78°, 98.65°, 98.65°). The angles and the ratio between
a and b are, within experimental uncertainties, unchanged compared to
the experimental ones. For optimizing the unit cell a k-point spacing of
2 X 1 X 1 was used, while gamma-point calculations are sufficient for
all adsorption studies in the 2 X 1 X 1 supercell. The typical spacing
between the studied clusters in the 2 X 1 X 1 supercell is 7—8 A.

A severe challenge in understanding the structure of nanoclusters of
atoms is the very large number of possible atomic configurations that
can be formed.*** ™" It is computationally feasible to systematically
explore the configurations available to clusters containing 1—3 atoms
“by hand”, but for a reliable treatment of larger clusters, methods that
automatically generate a diverse range of candidate structures are
required. All adsorbed cluster geometries were found with a recently
implemented genetic algorithm (GA) developed for adsorbed
clusters.>® The GA follows the scheme proposed by Deaven and
Ho* with several improvements making the method more suitable for
use with computationally expensive DFT calculations.*

A GA consists of several steps. First a random starting population is
generated. For cluster adsorption on surfaces which have a small unit
cell compared to the cluster, this starting population typically spans
several unit cells.*® For adsorption in a MOF, where the unit cell is
comparable or larger than the cluster, care needs to be taken in how
the starting population is distributed. MOF-74 has a cylindrical pore,
so the cylindrical coordinate system shown in Figure 1 is used to
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describe positions in the MOF. We ensured that clusters were tested
throughout the unit cell by characterizing each cluster by its center-of-
mass and verifying the presence of clusters throughout the cell. To
ensure that clusters are tested for all combinations of (z, ¢), two
separate runs of the GA are made for each stoichiometry. One run is
made with the starting population centered on ¢ = 0°, while the other
is centered on ¢ = 30°. To ensure a uniform distribution in the z
direction, the starting population is varied such that its center of mass
varies from z = 0 A to z = 6.96 A, corresponding to one unit along the
z axis. Each starting candidate is generated by randomly distributing
the atoms within a box as shown in Figure 1. The length of the box in
the z direction is equal to one unit cell height (6.96 A). A candidate is
discarded if an atom is unreasonably close to another atom either in
the cluster or the framework. For each run a starting population of 40
candidates is used and each run of the GA includes between 139 and
255 tested candidates.

The starting population is treated as all other proposed candidates
generated by the GA. The candidates are first relaxed in LCAO mode
and subsequently with the GB basis until the maximum force on any
atom is below 0.05 eV/A. A population of the 15 lowest energy and
structurally different candidates is maintained and used to propose
new structures. Both energy and internal structure are used to
determine if two GA structures are equivalent. For two structures to be
considered equivalent, the energy difference between the two
structures needs to be smaller than AE = 0.02 eV, while the relative
signed difference between a sorted list of all interatomic distances for
each cluster needs to be smaller than d,; = 1.5% with no single
difference larger than d,,, = 0.7 A%

To ensure a survival of the fittest scheme the most stable candidates
need to be selected for pairing more frequently than their less stable
counterparts. In ref 52 it is proposed to assign a fitness (F;) to each
candidate in the population and select candidates with a probability
(P;) proportional to this fitness. To help ensure a diverse population
we chose to multiply P; with a uniqueness factor U, that decreases the
probability of candidate i if it has previously been used for pairings or
structures existing similar to it outside of the population. F; and U; are
defined as

E — Epin
)
E - Emin

‘max

E= %[1 —tanh(2p, - 1)], p =

1 1
J1+mn Vﬂll +my

where P; = F;U,. E;, (En.) is the minimum (maximum) energy of
any structure in the population, n; is the number of times candidate i
has participated in a pairing, and m; is the number of candidates which
are structurally similar to the ith candidate but not included in the
population. The functional form of U; is constructed such that unique
new structures do not have their fitness reduced and old candidates are
not penalized too heavily. The inclusion of U is a new addition to GA
optimization methods.

When two structures have been selected for pairing, they are paired
together using the cut-and-splice operator proposed by Deaven and
Ho.* After pairing there is a 50% probability that the candidate
undergoes one of two mutations: (1) rattling of 40% of the atoms in a
random direction with random amplitude up to 1.6 A or (2) one pair
of atoms with different atomic numbers is permutated. Both mutations
have been reported elsewhere.”> For more details on the GA we refer
the reader to the Supporting Information of ref 3.

For the analysis of the adsorbed atoms and clusters it is helpful to
look at the charge arrangement in the MOF. We employ the density
derived electrostatic and chemical (DDEC)>*** net atomic charges
method for this. The DDEC method has been shown to reproduce
chemically meaningful charges for a large set of both condensed and
porous materials, and it is therefore suitable for this investigation.

ke

B RESULTS AND DISCUSSION
Adsorption of Au, and Pd; in MOF-74. Before studying

the adsorption of clusters it is instructive to study the
adsorption of single metal atoms to gauge the different

12809

adsorption sites in the framework. To systematically test the
adsorption of Au; and Pd, a grid of 25 candidate positions was
distributed across the unique part of the unit cell. Five unique z
values were chosen (corresponding to 1.39 A between each
candidate), and five values of ¢ were chosen to span the 60°
interval. The radial coordinate was adjusted to follow the shape
of the MOF pore. Using these estimates as starting positions,
Au and Pd were relaxed separately. Both the metal atoms and
the atoms making up the MOF framework were allowed to
relax in these calculations. The four most stable configurations
are shown in Figures 2 and 3 for Au and Pd, respectively. For

Y .

Figure 2. The four most stable Au, adsorption configurations. The
yellow atom is Au. Bond distances are shown in Table 1.

Figure 3. The four most stable Pd; adsorption configurations.
Palladium is colored dark blue. Bond distances are shown in Table 1.

Au the calculations were done with spin polarization with an
initial magnetic moment on the Au atom since Au has one
unpaired 6s electron. Adsorption energies and local coordina-

Table 1. Adsorption Potential Energies, Local Coordination,
and DDEC Charge of the Adsorbed Metal Atoms Seen in
Figures 2 and 3

structure E, (eV) bond lengths (A) DDEC charge (e)
Au, (Figure 3a) —0.66 Zn: 2.6, C: 2.5 —0.24
Au, (Figure 3b) —0.61 Zn: 2.5 -0.29
Au, (Figure 3c)  —045  C:22 -013
Au, (Figure 3d)  —024  C:24 —0.16
Pd, (Figure 42)  —144  C:2.1,22, Zn: 2.8 0.16
Pd, (Figure 4b)  —138  C:21,22 0.18
Pd, (Figure 4)  —121  C:21 0.14
Pd, (Figure 4d)  —0.88  Zn: 2.5, 0: 22 0.13
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tion are reported in Table 1. The adsorption energies are
defined as

Ey = Ei = (Enior + Enetal) (1)

with E, being the energy of the MOF including the adsorbed
atom, Eyop the energy of the relaxed MOF-74 framework
without any adsorbed species, and E_ ., the energy of the metal
atom alone in the same super cell as the MOF. Bond lengths
are reported for all atoms within a distance of 15% of the
shortest distance observed for two such atoms.

It is clear from Table 1 that Pd is bound more strongly to the
MOF than Au. This is unsurprising since Pd is generally more
reactive than Au. What is surprlsm% is that the open metal site,
which plays a crucial role in H,” and CO,* adsorption in
MOF-74 and Mg-MOEF-74, respectively, does not offer
significantly stronger binding sites than the aromatic ring.
The best adsorption site for both Au and Pd involves the joint
attachment of the metal atom to both Zn and C atoms in the
framework. For Au the second best adsorption site is
coordinated only to a Zn atom, with the Au—Zn bond pointing
away from the framework. The loss of bonds to the aromatic
ring decreases the binding by 0.0S eV relative to the most stable
site, whereas a binding site only involving the ring system
reduces the binding energy by 0.21 eV. For Pd the three most
stable adsorption sites all involve carbon, but only one of them
involves Zn. In this case the decrease in bond strength going to
a Zn-free adsorption site is only 0.06 eV, compared to the most
stable site not involving the aromatic ring having a binding
energy that is 0.56 eV weaker.

The DDEC charges in Table 1 show that Au adsorbed on the
Zn site gains more charge from the framework than when
adsorbed on sites not involving Zn. This charge transfer is not
surprising since the electronegativity of Au is significantly
higher than that of Zn. The charge gained by the Au atom is
not, however, transferred directly from the Zn atom. For the
two most stable Au adsorption sites the charge difference on
the Zn atoms before and after Au adsorption is —0.23e and
—0.22e. The Zn atoms thus also gain charge during Au
adsorption, with the charge mostly being transferred from
neighboring O atoms which lose 0.34¢ and 0.37¢ in the two
cases. The remaining charge is donated from the C atoms. For
Au the weak binding can thus be understood as an unfavorable
charge rearrangement in the framework. For Pd the charge
rearrangement in the framework can be described more simply.
For the three most stable adsorption sites the charge lost by the
Pd atom is donated directly to the C atoms in the vicinity of the
adsorption site. For all four adsorption sites the charge
difference on the C atoms are within 0.02¢ of the charge lost
by the Pd atom. The binding is thus a clear covalent bond with
charge redistribution between the Pd atom and the nearby
carbon atoms.

Adsorption of Aug, Pdg, and Au,Pd, in MOF-74. Having
established that all parts of the MOF can bind both Au and Pd
with no clear preference for any part of the MOF, we now
move on to the more complex investigation of cluster
adsorption in the framework. The first part of this section
will focus on the identification of the relevant Aug, Pdg, and
Au,Pd, structures with the later part analyzing the observed
structures.

The interior surface of MOF-74 exposes Zn, C, O, and H
atoms organized in a nonsymmetric way within each unit cell.
An approach to convincingly predict the structure of an
extended cluster in this framework must necessarily involve

some kind of systematic method. GAs have shown success in
this area®>> and we chose, as already described in the
computational section, to use such a method. Two separate
runs of the GA are performed for each stoichiometry, one
centered on the Zn chain (referred to as metal in the figures)
and one on the aromatic ring (referred to as ring in the figures).
As an example of this approach, the adsorption energies of all of
the Aug clusters examined are shown as a function of their
center of mass coordinates in Figure 4. This data set includes
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Figure 4. Aug CM distribution along the pore height, z, and azimuthal
angle, ¢, around the axis of the pore. The dashed lines indicate when
the data is repeated due to periodic boundaries, making it easier to
follow the data on the boundary between two unit cells.

406 distinct clusters that are distributed throughout the unit cell
of the MOF. Every point on this figure represents a local
minimum of the cluster’s energy surface relaxed until the
maximum force on any atom is below 0.05 eV/A. The large
number of distinct minima that exist is a clear illustration of the
need to use a means of automated structure generation to
explore these systems. Analogous plots showing the adsorption
potential energy of the Pdg and Au,Pd, clusters we examined
are shown in Figures S and 6. These include 421 and 645
distinct clusters, respectively.

Figures 7—9 show the most stable candidate found from each
run for each stoichiometry. The adsorption potential energy,
local coordination, and DDEC charges for each structure are
reported in Tables 2 and 3. Bond lengths are reported in Table
S1 in the Supporting Information [SI]. The definition of when
two atoms are coordinated was given in the previous section,
and the adsorption energies are calculated using eq 1. To
calculate Ey a reference structure for the isolated (i.e., gas
phase) cluster is needed. For Aug the structure is taken from ref
56, for Pdg, from ref 57, and for Au,Pd, the GA was run to
obtain the most stable structure. The isolated structures are
shown in Figure 10 with more structures of Au,Pd, shown in
Figure S1 (SI). During the adsorption process the framework
and cluster rearranges into a geometry optimizing the
interaction between the MOF and cluster. If the cluster was
not adsorbed in the framework, a deformation energy E4 would
be associated with this rearrangement. By removing the cluster
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Figure 5. Pdg CM distribution along the pore height, z, and azimuthal
angle, ¢, around the axis of the pore.
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Figure 6. Au,Pd, CM distribution both along the pore height, z, and
azimuthal angle, ¢, around the axis of the pore.

from the framework but keeping the geometry of the
framework and cluster intact, this deformation energy can be
calculated. The deformation energies Eqpor and Eggyer
reported in Table 2 are calculated as the difference between
the optimal geometry of either the MOF or the cluster
compared to the geometry they are in when adsorbed. The
total deformation energy during the adsorption processes is

Ed,total = Ed,cluster + Ed,MOF

The deformation energy is an energy paid to optimize the
interaction between the cluster and the framework, and the
total interaction energy between the two is thus the difference
between the adsorption energy and the deformation energy:

E; = Ey — Eyona ()
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7b Top

7a Side

Figure 7. Top and side view of the most stable Aug candidate found in
(a) the ring-centered run and (b) metal-centered run of the GA.

ﬂ ﬂ
8a Side !‘ 8b Side

Figure 8. Top and side view of the most stable Pdg candidate found in
(a) the ring-centered run and (b) metal-centered run of the GA.

9b Side

Figure 9. Top and side view of the most stable Au,Pd, candidate
found in (a) the ring-centered run and (b) metal-centered run of the
GA.

For Aug the lowest energy structures from the two GA
calculations are very different in their geometries and bond
characteristics. The structure in Figure 7a has a planar structure
closely resembling gas phase Aug (see Figure 10), whereas the
structure in Figure 7b, in contrast, is strongly deformed and has
more bonds to the framework. This observation is reflected in
the deformation energies for each structure; the structure in
Figure 7a has a deformation energy of only 0.05 eV whereas the
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Table 2. Adsorption Energies and Deformation Energies for
Structures Shown in Figures 7—9 Calculated Using Eqs 1-3“

Eb Ed,MOF Ed,cluster Ed,total EI
Aug - ring -1.02 0.75 0.05 0.79 —-1.81
(Figure 7a)
Aug - metal —1.20 2.60 0.71 3.31 —4.51
(Figure 7b)
Pdg - ring —3.04 1.81 0.40 221 =5.25
(Figure 8a)
Pdg - metal -3.32 3.43 0.61 4.04 -7.37
(Figure 8b)
Au,Pd, - ring -2.30 3.00 1.42 442 —6.73
(Figure 9a)
Au,Pd, - metal -2.09 1.26 1.04 2.30 —4.39
(Figure 9b)

“All Energies in eV.

Table 3. Coordination and DDEC Charges for Each
Structure Shown in Figures 7—9

coordination coordination

(Au) (Pd)
2Zn, 1C, 1H — —0.22 -

charge (Au) charge (Pd)
o o

Aug - ring
(Figure 7a)
Aug - metal  2Zn, 4C - —0.20 -
(Figure 7b)

Pdy - ring —
(Figure 8a)

Pdg - metal —
(Figure 8b)
Au,Pd, - 27Zn
ring

(Figure 9a)
Au,Pd, - 27Zn
metal

(Figure 9b)

3Zn, 20, 6C - —0.11
47n, 20, 6C - —0.12

2Zn, 6C —0.33 0.24

1Zn, 6C —0.44 0.28

one in Figure 7b has a deformation energy of 0.71 eV. The
same trend is seen in the surface deformation energies where
the structure in Figure 7a has a surface deformation energy
almost 4 times smaller than the one in Figure 7b. Although the
structure in Figure 7a has the smallest deformation energy of
the two, it is the one in Figure 7b that is the most stable cluster
overall, with a binding energy 0.18 eV stronger than that of the
structure in Figure 7a. When comparing the coordination of the
two structures, it is seen that the one in Figure 7b coordinates
to two atoms more than the structure in Figure 7a. It is
surprising that two extra bonds can result in twice the
interaction energy, but when comparing the bond lengths
reported in Table S1 (SI) with the bond lengths for Au, it is
seen that the structure in Figure 7b has Au—Zn and Au—C
bond lengths much closer to the Au, ones.

For Pdg it is also the structure from the Zn-centered run of
the GA which gives the most stable cluster. The cluster
deformation energy is similar for the most stable cluster from
the runs of the GA, but the framework deformation energy is
almost 2 times larger for the structure in Figure 8b than for the
one in Figure 8a. The framework deformation for the structure
in Figure 8b is so large that one Zn atom is translated more
than 1.6 A from being an open metal site in the neighboring
pore to coordinating directly to the Pd cluster. This explains
why the structure in Figure 8b can be coordinated to four Zn
atoms even though there are only three directly available and is
a clear example of how framework flexibility plays an important
role when strong covalent bonds are formed. The DDEC
charges for Pdgy show that this cluster gains charge from the

framework, unlike the Pd monomer, which donated charge to
the framework. This charge, however, is distributed across eight
atoms so that the cluster can be considered almost neutral.
Charge transfer is also small for Aug. Comparing the bond
strengths of Aug and Pdg, it is seen that Pdg is bound almost 3
times more strongly to the framework than Aug This
observation is consistent with the strongest Pd; bond being
more than twice as strong as for Au,. Table 3 shows that Pdg
coordinates to 10 atoms in the framework, whereas Aug only
coordinates with up to S atoms, emphasizing that Au has a
lower affinity toward the framework than Pd.

We now consider the alloyed cluster Au,Pd, The net
binding energy observed for this cluster lies between Aug and
Pdg, as might be expected. One measure of the energy gained
by alloying the two metals is

E(Aug) + E(Pdy)
2 (3)

For the isolated clusters in Figure 10, E, ,cpum = —0.33 eV,
showing that in the gas phase there is a considerable energy

E, = E(Au,Pd,) —

Figure 10. Lowest energy vacuum structures of Aug (ref 56), Pdg (ref
57), and Au,Pd,, respectively.

gained by forming two Au,Pd, clusters instead of having one
Aug and one Pdg cluster. This is consistent with bulk
calculations where 0.12 eV/atom is gained for the AuPd alloy
compared to the pure metals.>® For the supported clusters there
is only a very weak bias toward alloying; for the most favored
structure E, gppored = —0.04 €V.

The structures of the most stable Au,Pd, clusters from each
GA run are both centered on the aromatic ring, even though
the structure in Figure 9b was produced from the metal-
centered start population. This bias toward the ring is
confirmed by looking at the azimuthal distribution in Figure
6, where both the metal-centered and ring-centered runs of the
GA find structures primarily around 30°, corresponding to the
top of the aromatic ring. This is in contrast to the nonalloyed
clusters, where the most stable sites are on top of the Zn atoms
and the azimuthal distributions in Figures 4 and S are close to
being uniform across the cell. For both clusters, Pd atoms
coordinate directly to the framework with Au atoms covering
the Pd ones. This is consistent with the stronger binding of Pd
to the framework and also consistent with Au having a 26%
lower surface energy than Pd.>*®° The charge transfer in the
adsorbed clusters is dominated by charge exchange between the
Au and Pd atoms with a magnitude similar to the isolated
cluster, which has a charge transfer of —0.50e from the Pd to
the Au atoms.

To gauge the accuracy of the PBE results we reexamined the
structures from Figures 7—9 with the meta-GGA MO06-L
functional. The agreement between the two functionals should
be good for Pd, but for Au larger changes might occur since the
interaction between an aromatic ring and Au is underestimated
with PBE.* The lattice parameters for MOF-74 with the M06-
L functional are calculated and used for these calculations. The

dx.doi.org/10.1021/ja305004a | J. Am. Chem. Soc. 2012, 134, 12807—-12816



Journal of the American Chemical Society

shape of the unit cell is unchanged, but the volume of the cell is
9.1% larger than the experimental value, which is a larger
deviation from the experimental result than with the PBE
functional. The metal cluster binding energies have been
calculated with the MO6-L functional both in the PBE
optimized and MO06-L optimized cell. The cluster binding
energies change less than 0.01 eV, showing a very weak
dependence on lattice parameters.

The calculated adsorption energies and deformation energies
for each functional are reported in Table 4 and the structures

Table 4. Comparison between PBE and M06-L Adsorption
Potential Energies and Deformation Energies for the
Clusters Shown in Figures 7—9“

PBE Mo06-L
Eypee —

Euppe  Eappitotl  Evomost Edamosiotal Eqmo61
Aug - ring -1.02 0.79 —2.61 0.59 1.59
(Figure 7a)
Aug - metal —1.20 3.31 —1.68 3.22 0.48
(Figure 7b)
Pd; - ring —-3.04 221 —3.86 245 0.83
(Figure 8a)
Pdg - metal —-3.32 4.04 —4.49 4.31 1.17
(Figure 8b)
Au,Pd, - ring  —2.30 4.42 -3.15 4.67 0.84
(Figure 9a)
Au,Pd, - 209 230  -266 276 0.57
metal
(Figure 9b)

“All Energies in eV.

are shown in Figure S3 (SI). All structures are bound more
strongly to the framework with the M06-L functional. For Pdg
and Au,Pd, the change is close to a constant shift of 1 and 0.7
eV, respectively. The energy gains are very different for the two
Aug clusters we examined, however, leading to a change in
which structure is the preferred. It is surprising that the
structure in Figure 7b only gains 0.48 eV with the MO06-L
functional compared to the 1.59 eV that the structure in Figure
7a gains, since the deformation energy for both structures is
reduced by a similar amount. This increase can be understood
by an increased interaction between Au atoms and the aromatic
ring. With the PBE functional the distance between the
aromatic ring and the Au cluster is around 3.8 A, whereas for
the M06-L functional this distance decreases to around 3.3 A.
This finding is in agreement with previous studies of benzene
adsorbed on Au(111) where it was shown that the PBE
functional does not describe any significant binding but the
MO6-L functional gives a binding energy of 0.5 eV when the
benzene ring is 3.2 A from the Au surface.* Although these
results point to some sensitivity in the relative energies of Au
clusters to the DFT functional, performing calculations for the
full range of clusters we explored in our GA calculations with
MO6-L or other functionals is beyond the scope of this article.

Mobility of Aug and Pdg in MOF-74. Understanding the
equilibrium structure of adsorbed clusters of fixed size in MOEF-
74 gives only partial information about the form and size that
adsorbed metals in this MOF can be expected to take. In most
environments containing multiple metal clusters, there is a
driving force for smaller clusters to agglomerate into larger
clusters. One way that this can happen is by net diffusion of
clusters. In this section, we introduce methods that give some
insight into the diffusional mobility of Au and Pd clusters along

the pores of MOF-74. The methods developed here are
transferable to the alloyed clusters, but an investigation of alloy
diffusion is outside the scope of this contribution.

There are a variety of examples where a linear relationship
exists between the adsorption enthalpy and the transition state
energy for a given reaction.’”®> This relation is known as the
Bronsted—Evans—Polanyi (BEP) relation,®*** and it hints that
the diffusion barrier for Pdg will be higher than for Aug since
Pdg is bound about 3 times stronger to the framework. Having
established the optimal structure of Aug and Pdg in MOF-74 we
are in a position to calculate a lower bound on the diffusion rate
of these clusters in the framework. The large number of
candidates found distributed through the MOF unit cell makes
it possible to find a good initial guess for a diffusion path from
one unit cell to the next through the identified structures.
Nudged elastic band (NEB) calculations® together with the
climbing image NEB method®® (CI-NEB) can then be used to
interpolate and refine this initial guess until a full path including
one or several transition states is found.

Since the number of Aug and Pdg adsorption geometries
found is 406 and 421, respectively, an algorithm is needed that
can give the shortest path through these structures from an
initial structure to that same structure translated one unit cell
along the z direction. To calculate the distance between two
structures a distance measure must be defined. For two
configurations i and j the distance between the two clusters is
defined as

dy = min | 3 (7(k) = 71, ())"
k=1

with f,, returning the mth permutation of the integers 1-8.
Changes in the framework structure are ignored in this
expression since the sum is only over the cluster indices. For
each pair i and j there are 8! = 40320 distances that need to be
compared, and for N configurations there are N>-8!/2 in total,
with the factor of 2 coming from d; = d; . When a table of all
N?/2 shortest distances has been calculated, Dijkstra’s
algorithm®” can be used to calculate the shortest path from a
given start candidate to all other candidates. If d;; is used as the
distance between two candidates, the shortest path from the
start to end configuration will be the direct path without any
intermediate states. Since we want to identify intermediate
states to pass through, we instead use d,-zj as a distance measure
since it will increase the cost of long distances, thus making the
shortest path pass through intermediate configurations. To
further improve on the path, a requirement on the energy can
be imposed. For Aug (Pdg) we chose to only consider
structures that lie within 0.50 (1.0) eV from the starting
candidate.

We first consider this process for the diffusion of Aug. We
limit the investigation to the structure in Figure 7a since it is
the most stable structure with the M0O6-L functional. A full NEB
path is shown in Figure 11, with the two unique structures
proposed by the shortest path algorithm marked with an S.
Local minima along the path are indicated with red triangles,
and NEB calculations have been performed between each of
them. Square (circular) markers indicate segments computed
with CI-NEB (NEB) forces. CI-NEB calculations are done on
all segments containing significant maxima. The motion of Aug
starts by detaching the topmost Au in Figure 1la from the
aromatic ring. After this atom is free, the Au cluster moves
forward by alternate rotations around the right and left Au
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Figure 11. NEB path for the diffusion of Aug in the framework. The
start and end points consist of the structure in Figure 7a, and
structures marked with an S were found using the shortest path
algorithm. Squares (circles) indicate points along a CI-NEB (NEB)
path. Triangles indicate stable local minima.

atom shown in Figure 11a—c. The transition state energy Er,,
is the highest energy along the diffusion path relative to the
starting structure, which for the path we have considered is 0.49
eV. The transition state energy is similar to the binding energy
of Au,, which is not surprising since the diffusion proceeds by
breaking one Au—substrate bond at a time. It is important to
remember that this diffusion barrier is only an upper bound and
it is possible that transitions with lower activation energies exist.
With a transition state energy less than 0.5 eV it is clear that
Aug clusters will be mobile in MOF-74 even at low
temperatures because of the low energy barrier for net diffusion
of these clusters.

Now considering Pdg, the shortest path method can again be
used to find a good initial guess along the path. We chose here
only to investigate the structure in Figure 8b, since it is the
structure bound most strongly to the framework. Figure 12
shows the resulting diffusion path together with three
characteristic configurations. The initial path again contains
two unique structures with an additional six local minima found
along the path. The net diffusion barrier is in this case Eppg =
1.59 eV. The diffusion of Pd; follows a considerably different
path than Aug. For Aug the overall shape of the cluster is
unchanged along the path, whereas the Pdg cluster remains
compact and deforms considerably as it moves along the MOF
by what can be described as a rolling motion. Although, as
above, this calculation provides only an upper bound on the
diffusion activation energy of the cluster, our results suggest
that Pd clusters are considerably less mobile in MOF-74 than
Au clusters.

Comparing the diffusion barrier for Aug and Pdg we see that
the ratio between the adsorption potential energy E, and the
diffusion barrier E1 is ~2.1 for both species, hinting that the
mobility of adsorbed particles can be predicted from their
adsorption energies. This is a result that to our knowledge has
not been observed before for the diffusion of nanosized Au and
Pd particles using ab initio methods. From the diffusion barriers
it is now possible to calculate the rate of diffusion by assuming
an Arrhenius equation for the diffusion rate and assuming an

Energy Relative to Start / eV

0 10 20 30 ) 40 50
Reaction Coordinate / A

b 4

Figure 12. NEB path for the diffusion of Pdg in the framework. The
start and end points consist of the structure in Figure 8b, and
structures marked with an S were found using the shortest path
algorithm. Squares (circles) indicate points along a CI-NEB (NEB)
path. Triangles indicate stable local minima.

attempt rate of 1.0 X 10'* s™'. At room temperature Aug will
jump more than half a million times per second, whereas the
diffusion of Pdg will happen 18 orders of magnitude slower, i.e.
once every 10'% s. It is thus likely that Pdg will remain dispersed
throughout the framework whereas Aug particles will not. The
successful use of MOFs as an Au support framework will thus
require either a stronger interaction between the MOF and the
Au cluster, by functionalizing the Au or by changing the MOF,
or the framework needs some geometrical feature, such as
narrow windows, to limit the diffusion. One experimental
example combining both effects is the adsorption of Au in ZIF-
90. The narrow windows (3.5 A) of ZIF-90 combined with the
aldehyde groups in the framework are enough to localize Au
particles in a size matching the size of the cavities.”® Another
example is the adsorption of functionalized Au, and Au,
particles in a MOF containing fluorinated channels. The
combination of functionalizing the Au before adsorption
together with the very reactive hydrophobic channels of the
MOF is enough to stabilize the small clusters under
atmospheric conditions for up to six months.%®

Framework Alterations. The correlation between the
diffusion barrier and adsorption energy of adsorbed clusters
suggests that the energy barrier for diffusion can be increased if
the cluster’s adsorption energy is increased. This would be
desirable in an effort to develop systems in which adsorbed
metal clusters were stable (or perhaps metastable) against
agglomeration. One way to increase the adsorption energy
would be by altering the MOF-74 framework to make it more
reactive. MOF-74 is one of a set of isostructural MOFs where
the Zn atoms can be substituted by Mg, Mn, Co, or Ni.*! For
H, adsorption a 35% increase in binding energy is observed
using Mg instead of Zn in the MOF.*" Since the metal clusters
coordinate primarily to C atoms the effect of a metal
substitution is expected to be less in this case, although charge
rearrangements or other electronic effects might affect the
result. The binding energies of the structures from Figures 4
and S with Zn substituted with Mg are shown in Table 5. These
calculations are done using the DFT optimized unit cell of Mg-
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Table 5. Adsorption Potential Energies for Structures Shown
in Figures 7—9 with Alterations Done to the Framework"”

Mg-MOE-74 pyridine

E, Egtotal E, Ej ol
Aug - ring —1.03 0.52 -1.53 0.93
(Figure 7a)
Aug - metal —-0.48 3.07 —-1.04 3.08
(Figure 7b)
Pdy - ring —2.88 1.60 —2.58 2.11
(Figure 8a)
Pdg - metal -2.07 4.47 -3.36 3.03
(Figure 8b)
Au,Pd, - ring -1.95 2.51 -2.02 4.47
(Figure 9a)
Au,Pd, - metal —1.88 1.98 -1.82 243

(Figure 9b)
“All Energies in eV.

MOEF-74, which has a volume 1.1% larger than MOF-74; a
change which is in good agreement with experiments.>’ From
Table $S it is seen that all candidates are bound more weakly to
the Mg-MOF-74 framework than to MOF-74, except the
structure in Figure 7a that is unchanged. The adsorbed
geometries are shown in Figure S4 (SI). It may be possible
that the full GA approach would identify configurations that
bind clusters more strongly in Mg-MOEF-74, but the limited
evidence from our results suggests that using the Mg material
will not significantly enhance cluster binding energies.

Another plausible, although not experimentally tested,
substitution is to replace the aromatic ring with a pyridine
molecule, since an N atom is expected to have a stronger
interaction with surrounding atoms than a CH group. The
orientation of the pyridine molecule is chosen such that the N
atom is close to the adsorbed cluster (see Figure SS [SI]). The
adsorption energies for these substitutions are also reported in
Table 5. The calculations are done using the DFT optimized
unit cell of N-MOF-74, which is changed by 1.1% compared to
MOFEF-74. These calculations assume that the N-substituted
MOF is isostructural to MOF-74; we know of no experimental
evidence to test this assumption. In this case the structure in
Figure 7a has its binding energy increased dramatically, which is
not surprising since the top Au atom in Figure 7a is now
coordinated directly to a N atom instead of a CH group. All
other clusters, however, bind similarly or more weakly to the
framework than in MOF-74. This initial set of calculations for
pyridine-substituted MOF-74 hints that framework substitu-
tions of this kind may be an avenue to enhancing the binding
energy of adsorbed metal clusters in MOFs, but conclusive
results require rerunning the GA.

B SUMMARY

The adsorption of Au, Pd, and AuPd in MOF-74 has been
investigated with a genetic algorithm (GA) employing DFT
calculations for local relaxations. This is the first time that the
structure of metal clusters adsorbed in a MOF has been studied
theoretically. From the investigation of Aug, Pdg, and Au,Pd, it
can be concluded that Au is bound roughly 3 times more
weakly to the framework than Pd and that at this cluster size no
significant energy is gained by alloying the two metals.
Although MOF-74 includes open metal sites, our results
indicate that these sites do not play a special role compared to
the rest of the framework in the stabilization of metal clusters.

A key aspect of our results is that our method generates large
numbers of distinct cluster structures. The results from these
calculations give a degree of confidence in predicting the
structure of these complex clusters that could not be achieved
by examining a small number of candidate clusters “by hand”.
From the large set of clusters found for Aug and Pdg, a method
was developed for calculating an upper bound on the diffusion
barrier for these adsorbed metal clusters. It was shown that a
linear relationship exists between the adsorption energy and the
diffusion barrier, which shows that, if one wants to decrease the
mobility of supported Au clusters, one needs to increase their
binding energy. Two alterations to the framework were tested,
but no systematic increase in binding energies was observed.

An alternative approach to making small metal clusters that
are stable against agglomeration is to consider other MOF
frameworks as potential hosts for adsorbed clusters. Two
complementary avenues could be explored. The first one relies
on increasing the binding energy of the adsorbed cluster. In the
case of Au this does not seem likely without making a very
reactive framework, which for catalytic applications might
produce other difficulties. A second avenue is instead to rely on
geometrical features of the MOF. Although MOFs with a wide
variety of pore topologies exist, a particularly interesting
situation is MOFs consisting of a combination of cavities
with a diameter of 1—2 nm separated by narrow windows of 0.5
nm or less. The diffusion of clusters larger than 0.5 nm through
these windows will therefore be associated with a large barrier
due to steric hindrance. The ideal MOF for cluster adsorption
would have a topology such that there is an energetically
optimal cluster size due to the limiting confines of the
framework, while still keeping the clusters accessible for
catalytic reactions.
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