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ABSTRACT: A key challenge for metal-exchanged zeolites is the
determination of metal cation speciation and nuclearity under
synthesis and reaction conditions. Copper-exchanged zeolites,
which are widely used in automotive emissions control and
potential catalysts for partial methane oxidation, have in particular
evidenced a wide variety of Cu structures that are observed to
change with exposure conditions, zeolite composition, and
topology. Here, we develop predictive models for Cu cation
speciation and nuclearity in CHA, MOR, BEA, AFX, and FER
zeolite topologies using interatomic potentials, quantum chemical
calculations, and Monte Carlo simulations to interrogate this vast
configurational and compositional space. Model predictions are
used to rationalize experimentally observed differences between
Cu-zeolites in a wide-body of literature, including nuclearity populations, structural variations, and methanol per Cu yields. Our
results show that both topological features and commonly observed Al-siting biases in MOR zeolites increase the population of
binuclear Cu sites, explaining the small population of mononuclear Cu sites observed in these materials relative to other zeolites such
as CHA and BEA. Finally, we used a machine learning classification model to determine the preference to form mononuclear or
binuclear Cu sites at different Al configurations in 200 zeolites in the international zeolite database. Model results reveal several
zeolite topologies at extreme ends of the mononuclear vs binuclear spectrum, highlighting synthetic options for realization of zeolites
with strong Cu nuclearity preferences.
KEYWORDS: catalysts, cations, zeolites, hydrocarbons, metal clusters

■ INTRODUCTION
Active site heterogeneity is a key concept in heterogeneous
catalysis and a primary challenge is identifying active sites and
their distribution.1−4 Active site heterogeneity can stem from
differences in ligands and atomic environments,1,5−7 including
variations in the nuclearity of metal active sites.8−11 Materials
containing a distribution of metal active site nuclearities can
show drastic differences in reactivity for reactions including
ethylene hydrogenation,12−14 D2 exchange in CH4,

15 and
partial methane oxidation (PMO).8,16−22 Copper-exchanged
zeolites in particular have shown sensitivity to active site
nuclearity for a number of reactions including the selective
catalytic reduction (SCR) of NOx

4,23,24 catalytic or stepwise
PMO,16,18,20 and NO oxidation.25 Here, we develop condition-
dependent computational models for Cu speciation in a wide
variety of zeolite topologies and compositions. We use our
models to rationalize reported trends and observations in a
wide body of experimental literature and determine specific
zeolite topologies that favor the formation of either
mononuclear or binuclear Cu complexes.
The nuclearity of ion-exchanged Cu is sensitive to structural

and compositional features of the zeolite host. Zeolites are

nanoporous aluminosilicates consisting of TO4 tetrahedral
primary building units (T = Si or Al), which connect to form
different size rings and cages known as secondary building
units (SBUs) that comprise different 3D crystalline zeolite
topologies (Figure 1). Substitution of Al in the zeolite lattice
creates anionic sites ([AlO2]−) that are charge compensated by
extra framework cations. The speciation of those cations is
dictated by the arrangement of anionic Al configurations26−30

and exposure conditions.29−32 For example, in the presence of
H2O at low (<473 K) temperatures, these cations form
solvated complexes detached from the zeolite framework, such
as Cu(H O)2 4

2[ ] +, and are less sensitive to specific Al
arrangements and zeolite topologies.31,33,34 However, at higher
temperatures, Cu ions bond to the zeolite framework and form
structures such as Z22−Cu2+ or Z−Cu+, where Z denotes an
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anionic charge ([AlO2]−) in the zeolite framework.
4,31,35 The

parent zeolite’s Al distribution is mainly determined by the
synthesis conditions,28,36,37 although postsynthesis protocols
such as hydrothermal aging and dealumination can alter the Al
distribution.38−40 However, once the parent zeolite is
synthesized with charge-compensating cations such as Na+,
H+, or NH4+, literature evidence suggests

1,3,23,41 that the
thermodynamics of Cu cation exchange largely dictates the
formation of different Cu sites because framework Al is
relatively immobile under typical ion exchange condi-
tions.41−43

The nuclearity and ligand environment of Cu sites depend
on exposure conditions, Al distribution, and zeolite top-
ology.1,4,23,32,44−46 Figure 1a shows CHA and MOR, two
zeolites that are topologically different (other zeolite top-
ologies are discussed below). We hypothesized that these
topological differences may result in variation of Cu speciation,
even at similar compositions (Si/Al and Cu/Al). For example,
Z2Cu monomers (Figure 1b) preferentially occupy 2Al
configurat ions in six-membered rings (6MR) in
CHA27,31,47,48 and other zeolites,36,49 while 8MRs in CHA,
MOR, and other zeolites such as MFI and MAZ, appear to
demonstrate a preference for multinuclear Cu species (Figure
1c).18,32 Isolated Z2Cu sites have been shown to be inactive for
PMO reactions,18,50,51 whereas multinuclear Cu spe-
cies,18,52−55 or proximal mononuclear Cu species,56 are
suggested as active sites. Although the exact nature of Cu
active sites for PMO is debated, various forms of multinuclear
Cu sites, and Cu dimers most commonly, have been implicated
as active sites.8,18,32,52,53,57 The abundance of multinuclear Cu
species in zeolites such as MOR could in part explain their
higher methanol yields (per Cu) compared to other zeolites
such as CHA,18,52 where redox-resistant isolated Z2Cu species
may inhibit PMO reactivity. Similarly, for high temperature
(>523 K) SCR and oxidation of NO or NH3,

11,25,58,59

framework-coordinated Cu dimers in CHA have been

implicated as active sites, and their number and speciation
may impact high temperature performance when comparing
zeolites with different Al distributions and topologies. While
these observations support zeolite composition and topology
as important factors in Cu speciation, many unknowns remain.
Why does MOR appear to have a higher population of
multinuclear Cu species than CHA at most compositions?
More broadly, why (at equivalent exposure conditions) do
certain Al distributions and zeolite topologies show a
preference for forming Cu monomers or dimers, and can this
preference be predicted?
Here, we use a combination of machine learning-based

interatomic potentials, DFT calculations, and Monte Carlo
simulations, to estimate the relative populations of different Cu
species across a wide variety of zeolite topologies. We show
that the nuclearity of Cu species depends sensitively on
temperature and the availability of specific 2Al configurations,
and the multiplicity of these configurations is zeolite topology-
dependent. Our results rationalize experimentally observed
differences in PMO performance between different zeolites,
and experimentally quantified variations in Cu dimer
populations as a function of temperature and topology. Finally,
we show that a machine learning-based classification model,
using geometry and void space descriptors, is capable of
discriminating the propensity to form mononuclear or
binuclear Cu sites at specific 2Al configurations in zeolite
topologies across the international zeolite database (IZDB).

■ RESULTS AND DISCUSSION

Al Configuration-Dependent Free Energies of Cu Motifs

Extra framework Cu cations charge-compensated by zeolite
framework Al (Z) can form either mononuclear or multi-
nuclear complexes. The type of complex formed is dictated by
the sample history and external conditions (temperature and
pressures), the macroscopic composition of the zeolite (Si/Al
and Cu/Al), and at a given composition, the distribution of Al
arrangements. Ensembles of multiple Al result in a distribution
of environments for cation siting. To make the resulting
configurational space tractable, we limit our analysis to 1Al and
2Al configurations, oxidizing hydrothermal conditions (O- and
H-containing Cu motifs) relevant to chemistries such as PMO
and high-temperature SCR, and monomer and dimer Cu
nuclearities. To determine the relative likelihood for different
Cu species to form in a variety of zeolite topologies (vide
infra), we computed Cu exchange free energies (all energies
were computed using DFT, see Methods and Section S5 for
free energy approximations) at each symmetry distinct 1Al,
and 2Al configuration within an Al−Al separation distance of
10 Å. At distances longer than 10 Å, both Al are treated as
functionally isolated 1Al sites and are assumed to exchange
only ZCuOH (see Methods). For each 2Al configuration, the
computed Cu motifs (Figure 1b,c) included monomers: Z2Cu
and 2ZCuOH, and dimers: Z2Cu2O, Z2Cu2O2 (trans, cis, and
η2: η2 isomers), Z2Cu2OH, and Z2Cu2(OH)2. These species
were selected because they are the most thermodynamically
stable Cu2+ motifs reported in previous experimental and
computational studies over a wide range of oxidizing
conditions,17,31,32,35,48,60−65 although under some oxidizing
conditions, a minority fraction of these species may
“autoreduce” to ZCu (vide infra). For a given Cu motif and
Al configuration, the free energy to exchange Cu for the
Brønsted acid sites in the proton form zeolite can be computed

Figure 1. Different ring structures and extra framework Cu species
present in zeolites (a) CHA framework (top) and MOR framework
(bottom), (b) Cu-monomer species, (c) Cu-dimer species.
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for a set of gas conditions (T, PHd2O, POd2
) and relative to a Cu

reference state. We chose CuO(s) as a convenient reference
state, which results in the following general equation for cation
exchange

x
y x z

z

Z H (s) CuO(s)
(2 2 2)

4
O (g)

( 2)
2

H O(g) Z Cu O H (s)
G

x y z

2 2 2

2 2
species

+ + +

+
(1)

For example, this equation reduces to the following for three
of the possible Cu motifs

Z H CuO Z Cu H O
G

2 2 2 2
Z2Cu+ + (2)

Z H 2CuO Z Cu O H O
G

2 2 2 2 2
Z2Cu2O+ + (3)

Z H 2CuO 2ZCuOH
G

2 2
2ZCuOH+ (4)

DFT energies were computed for all Z2H2 structures with
different 2Al configurations, and details of the free energy
calculations, structure generation, and sequential optimizations
for all Cu-containing structures are reported in Methods
section and Sections S2 and S4. The result of these calculations
is an exchange free energy for each of the six Cu motifs at each

2Al configuration (e.g., the 21 2Al configurations in CHA that
obey Löwenstein's rule, Figure 2a, result in 126 computed free
energies).
To evaluate the probability of forming a certain Cu species

(s) relative to others at a given aluminum configuration (i), we
used the relative exchange free energies (ΔGi,s) for each species
and assumed they follow a Boltzmann distribution and are
kinetically accessible. Therefore, the probability (pi,s) for
species s to form at 2Al site i is

( )
( )

p
exp

exp
i s

G

RT

s
G

RT

, All Cu species

i s

i s

,

,
=

(5)

This approach does not assume any Al distribution and gives
Cu speciation probabilities for all 2Al configurations in each
zeolite. To begin, we chose CHA and MOR (other zeolite
topologies are discussed later) due to their topological
differences (Figure 1a) and because previous studies have
shown that Cu-dimers are the majority Cu motif in MOR at a
wide range compositions,8,66−68 whereas prior experimental
and computational results show Cu preferentially occupies the
6MR in CHA forming Z2Cu monomers.

27,31,47,48,69,70

Figure 2a,b reports the Cu speciation predictions for each
distinct 2Al configuration in CHA and MOR, respectively, at

Figure 2. Probability of dimer formation computed by eq 5 at 10−6 kPa H2O, 20 kPa O2, 973 K, for the (a) 21 symmetrically unique 2Al
configurations in CHA and the (b) 100 symmetrically unique 2Al configurations in MOR. Each square in the upper two panels represents
symmetrically unique 2Al configurations in ascending exchange free energy order as numbered in the upper left panel. Schematics of respective 2Al
configurations for CHA are shown in the (a) lower panel. (c) The lowest Cu2+ exchange free energies of monomers and dimers computed using eq
1 for each 2Al configuration within an Al−Al distance of 10 Å. The marks that form linear columns with roughly constant monomer exchange free
energies are 2Al configurations that have 2ZCuOH (Figure S4.3) as the most stable monomer.
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973 K, 10−6 kPa H2O, and 20 kPa O2. This condition is
representative of a high-temperature oxidative treatment in dry
air and yields analogous results to 773 K at 10−8 kPa H2O and
20 kPa O2 (other conditions at lower temperatures and
variable H2O kPa are explored below and in Section S6). For
ease of visualization, the summed probabilities for both
monomers are compared to the summed probabilities of the
four dimers, and the most exergonic monomer and dimer
exchange energy for each 2Al configuration is reported in
Figure 2c. Each square in the grid represents a 2Al
configuration, and all 2Al configurations are treated as equally
likely here. The squares are ordered in ascending order of Cu
exchange free energies (using the most exergonic exchange
energy among all Cu species) from left to right, and top to
bottom, as numbered in Figure 2a upper panel, placing the
most thermodynamically preferred exchange reaction among
all 2Al configurations in the top-left corner and the least
favorable in the bottom-right corner. The equilibrium
populations of Cu monomers and dimers will depend on
both the relative exchange energies and the abundance of
specific 2Al exchange configurations, which is explored in the
next section. For CHA, the 3NN-6MR configuration has the
lowest Cu exchange free energy (Figure 2a, lower panel)
followed by the 2NN-6MR configuration, and both config-
urations exchange Cu as Z2Cu monomers consistent with prior
studies.27,31,70,71 Similarly, in MOR, the lowest Cu exchange
free energy occurs at a 2Al site in a 3NN-6MR configuration

located in the side pockets of MOR (Figure 1a) and exchanges
Cu as a Z2Cu monomer (Figure 2b). In both zeolites, the
lowest free energy Cu dimers are predominately located at
8MR 2Al sites, and dimers form only up to 2Al separation
distances of 8.2 and 9.4 Å, in CHA and MOR, respectively
(Figure S5.1). These results show that both CHA and MOR
have several 2Al exchange sites that preferentially exchange
either monomers or dimers; rationalizing the observed
differences in Cu speciation between the two zeolites requires
knowledge of the 2Al configuration multiplicities and the Al
distribution.
Figure 2c shows the most exergonic exchange energy for a

monomer and dimer at each 2Al configuration in CHA and
MOR. The competition between dimer and monomer
formation at each 2Al configuration (i) is dictated by these
relative exchange energies, as indicated by the blue and red
shaded regimes separated by the purple line (ΔGi,monomer =
ΔGi,dimer) in Figure 2c. For example, if the monomer exchange
free energy is less than the dimer exchange free energy
(ΔGi,monomer < ΔGi,dimer), that 2Al configuration thermody-
namically favors Cu monomer exchange, and vice versa. The
upper right quadrant shows configurations that exchange Cu
endergonically at these conditions, which for CHA consists of
7 2Al configurations (7-2ZCuOH), and for MOR 11
configurations (11-2ZCuOH). Thermodynamically, Cu speci-
ation will be biased toward more exergonic 2Al exchange

Figure 3. Predicted Cu speciation for a random Al distribution at conditions of 10−6 kPa H2O, 20 kPa O2 at 973 K (a) in CHA zeolite and (b) in
MOR zeolite as a function of material composition (Si/Al and Cu/Al). The Cu dimer heatmaps report the summation of all types of dimers, as
shown in Figure 1c. The population of all Cu species in Cu-CHA and Cu-MOR with fixed Si/Al = 12 as a function of Cu/Al is shown in the
bottom panels.
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configurations and corresponding species for a given zeolite,
provided that each 2Al configuration is available in the zeolite.
Cu Speciation as a Function of Zeolite Composition

To assess equilibrium macroscopic Cu speciation as a function
of Si/Al and Cu/Al in CHA and MOR zeolites at 973 K, 10−6

kPa H2O and 20 kPa O2, we used Monte Carlo (MC)
simulations31,72−75 as detailed in Methods. In brief, using an
ensemble of large zeolite supercells, we titrate 2Al sites with Cu
motifs according to the computed Cu exchange free energy
probabilities (eq 19, more exergonic exchange free energies
correspond to higher probabilities) and record the identities of
the Cu species and the 2Al configurations they populate. The
aluminum distribution of a zeolite depends on the synthesis
protocol28,76,77 and postsynthetic modifications.37−40,78−80 We
initially assumed a pseudorandom aluminum distribution
(referred to as random Al) in our MC simulations; other Al
distributions are explored further below. We excluded the 1NN
2Al configurations when populating Al because such 2Al pairs
are unlikely to form in synthetic zeolites according to
Löwenstein’s rule.81

Figure 3 reports the computed fraction of Cu corresponding
to each species (divided by total Cu) for varying Cu/Al and
Si/Al compositions. In CHA (Figure 3a), Z2Cu monomers are
the majority species at low Cu loading and Al rich
compositions, consistent with ca. zero Cu dimer formation
probabilities at these sites for CHA (Figure 2a). However, the
fraction of Z2Cu monomers decreases as Cu/Al and Si/Al
ratios increase in CHA, due to saturation of the available 6MR
2Al sites. The Cu/Al and Si/Al values that 6MR 2Al sites
saturate with Z2Cu at are identical to previous studies.

31,75

With increasing Cu loading, the fraction of Cu dimers
increases, with a maximum population of Cu dimers (0.49)
reached at Si/Al = 21 and Cu/Al = 0.26. This saturation
phenomena is similar to Cu-exchange of zeolite-Y,82 where Cu
is first exchanged as Cu2+ monomers at proximal 2Al sites and
at increasing Cu loading forms primarily [Cu−O−Cu]2+
dimers separated by longer Al−Al distances. Conversely, in
MOR, the majority Cu species are dimers (Figure 3b) and the
total fraction of Cu dimers is close to constant over a wide
range of Cu loadings (Cu/Al < 0.6) and Si/Al ratios (Si/Al <
40). For a given Si/Al, the saturation of Z2Cu in CHA (Figure
3a) indicates that the Z2Cu population is limited by the
availability of 6MR 2Al exchange sites (2Al configurations 1
and 2 in Figure 2a) in a random Al distribution, whereas the
constant dimer fraction in MOR indicates the abundance of
2Al sites in a random Al distribution that preferentially
exchange Cu as dimers. Nevertheless, at the highest Si/Al and
Cu/Al (upper right corner of the heatmaps), ZCuOH
monomers are the majority species in both zeolites, due to
the low number of Al per unit cell, statistically limiting (for a
random Al distribution) the formation of 2Al sites within 10 Å,
which are required to form either Z2Cu monomers or Cu
dimers as detailed in Section S5.3.
The fraction of Cu dimers depends on the zeolite topology;

for all compositions, the fraction of Cu dimers is higher in
MOR than in CHA (Figure 3a,b). This difference stems from
MOR facilitating dimer formation even at low Cu/Al, whereas
in CHA, Cu dimers populate only after a threshold Cu loading
(that increases with decreasing Si/Al) is achieved due to
saturation of 6MR 2Al configurations. In MOR, despite the
lowest exchange free energy 2Al configuration forming Z2Cu
monomers, a Cu/Al threshold for dimer formation does not

exist because the lowest energy Cu-exchange 2Al configuration
(upper-left square in Figure 2b) has a lower statistical
probability of occurrence than other 2Al configurations that
form dimers with slightly higher exchange energy (+5 to 20 kJ
mol−1, see Figure S7.1b) due to differences in the multiplicities
of the four symmetry distinct T-sites in MOR.
At high temperature and dry conditions (973 K, 10−6 kPa

H2O and 20 kPa O2), Z2Cu2O accounts for >90% of all dimers
across a wide range of compositions in both CHA and MOR
zeolites (Figure 3-bottom). Consequently, independent MC
simulations at these conditions with only Z2Cu, ZCuOH, and
Z2Cu2O species show only a small decrease (≈5%) in the total
dimer population (Section S6.6). These results suggest that
Z2Cu2O is a reasonable computational probe for estimating the
equilibrium total dimer fraction at high temperature dry
conditions. Moreover, previous experimental studies have
shown spectroscopic evidence for Z2Cu2O as the majority
Cu dimer site in Cu-MOR,61,66,68,83 Cu-MFI,53,84,85 and
zeolite-Y86 following exposure to high temperature dry air
treatments. Therefore, for the next set of widely used zeolites
we studied, BEA, AFX, and FER, we used computed free
energies for only Z2Cu, ZCuOH, and Z2Cu2O species.
Figure S6.2 shows the dimer formation probabilities for

BEA, FER, and AFX. The AFX zeolite has a probability map
similar to CHA, where the lowest energy Cu exchange 2Al sites
are Z2Cu monomers, followed by dimers and ZCuOH.
Consequently, the MC-generated composition diagrams for
AFX, shown in Figure S6.3b, are very similar to that of CHA,
which is unsurprising because CHA and AFX have similar ring
sizes, the same SBUs, and share the same double six-membered
ring composite building unit, although the connectivity and the
cage sizes are different.87 Zeolite BEA, a large pore zeolite with
12−6−5−4 rings, has a much lower percentage of 2Al sites
that preferentially form dimers (Figures S6.2c and S6.3a)
compared to CHA, MOR, and AFX zeolites at similar
conditions. FER and MOR have different ring topologies, yet
MC simulations reveal that the Cu speciation in both zeolites
show no threshold Cu/Al required to form dimers despite
Z2Cu monomers being the most exergonic Cu species in both
zeolite topologies. Lack of a Cu/Al threshold for dimer
formation indicates that, for a random Al distribution, 2Al sites
that preferentially exchange Cu2+ dimers are abundant in both
zeolites (Section S7). However, more ZCuOH form in FER
(Figure S6.3c) than in MOR at similar compositions and
conditions. Although these MC simulations with random Al
distributions serve as a useful benchmark, both synthetic Al
distributions (discussed below) and kinetic limitations for
reaching equilibrium Cu dimer populations will play a role in
determining Cu speciation.
Temperature Effects on Cu Speciation
Figure 4 reports the temperature-dependent Cu speciation
(from MC simulations at different temperatures) for CHA and
MOR at fixed compositions (Si/Al = 12 and Cu/Al = 0.4, 2.1
wt % Cu) representative of commonly reported synthetic
zeolites.18,80,88,89 The Z2Cu fraction is roughly constant across
different temperatures in both zeolites. At temperatures below
700 K, the majority of dimers are Z2Cu2(OH)2. As
temperature rises from 600 to 1000 K, the Z2Cu2(OH)2 and
ZCuOH populations decrease, and the Z2Cu2O population
increases. The increasing population of Z2Cu2O is entropically
driven through liberation of water by the reactions

Z Cu (OH) Z Cu O H O2 2 2 2 2 2+F (6)
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and

2ZCuOH Z Cu O H O2 2 2+F (7)

Consistent with this role of H2O, Figure S6.6 shows that the
temperature where Z2Cu2(OH)2 and 2ZCuOH transition to
Z2Cu2O depends sensitively on H2O pressure. Lower H2O
pressures (10−7 to 10−8 kPa H2O) promote formation of
Z2Cu2O at lower temperatures. Only ZCuOH pairs charge-
compensating 2Al within a maximum separation of 8.2 Å
(CHA) and 9.4 Å (MOR) of each other (Section S5.3)
convert to Z2Cu2O with increasing temperature; further than
these distances, 2ZCuOH remain lower in free energy than
possible dimers.
Spectroscopic and kinetic experiments have suggested that

2 Z C u OH m o n o m e r s m a y c o n v e r t t o C u
dimers33,44,48,58,63,68,90−92 under a variety of reaction con-
ditions. Pappas et al.50 observed a decrease in νCuOH (ca.
3650 cm−1) using in situ FT-IR, and a concomitant increase in
Raman features assigned to Z2Cu2O from 523 to 673 K in their
CHA materials. Similar observations and proposals of
monomeric sites converting to dimers have been invoked for
MOR using XANES,61 CO-TPR,68 electron paramagnetic
resonance, operando UV−vis, in situ photoluminescence, and
FT-IR.56 Moreover, the proximity of ZCuOH sites, altered by
varying Si/Al and Cu/Al for a given zeolite, has been identified
as an important factor for achieving higher methanol yields
(per mol Cu).50,93 This proximity requirement is consistent
with our finding that only 2Al configurations within Al−Al
separations of <8.2 Å (CHA) and <9.4 Å (MOR) convert to
dimers (Figure S5.1) at high temperatures. Therefore, our
temperature-dependent MC simulations corroborate such
monomer-to-dimer conversions and predict the majority of
ZCuOH monomers will convert to dimers in the 600−900 K
temperature range in both CHA and MOR. Kvande et al.68

inferred (using in situ XAS during CO-TPR) that proximal
ZCuOH may be depleted by ca. 673 K in MOR. Similarly,
Pappas et al.50 observed a gradual decrease in νCuOH from
523 to 673 K in CHA, and the ZCuOH population continued
to slowly decrease when temperature was held at 673 K for 150
min. Although our MC simulations for both MOR and CHA
predict a decrease in proximal ZCuOH pairs and Z2Cu2(OH)2
populations in the same temperature range the above authors
observe, our thermodynamic models suggest that conversion of
these species to Z2Cu2O will continue past 673 K, and kinetic

limitations for proximal ZCuOH to dimerize may play an
important role.
Our simulation results at 10−6 kPa H2O for CHA and MOR

both predict Z2Cu2(OH)2 persisting as the majority dimer
species until ≈750 K, which is ≈100 K higher than conditions
where Z2Cu2O has been reported the majority dimer
species.50,61,68,94 This discrepancy between the simulated and
experimental temperatures for the transition between
Z2Cu2(OH)2 and Z2Cu2O likely reflects differences in the
actual H2O pressure for dry air treatments, which is
challenging to quantify experimentally. Simulations spanning
10−4 to 10−10 kPa H2O (Figure S6.6) show that Z2Cu2O
becomes the majority species at 773 K when the H2O pressure
is ≤10−7 kPa and will require even lower temperatures to
become the majority Cu species with a continued decrease in
H2O pressure. Thus, the trend of increasing Z2Cu2O
populations with increasing temperature (and decreasing
H2O pressure) is consistent with many reports and may
rationalize the need for high-temperature oxygen-activation
treatments in PMO cycles.
Our MC model for Cu speciation makes two assumptions

that may be violated due to kinetic factors or the presence of
Cu+. The population of peroxides (Z2Cu2O2) is likely
underestimated at lower temperatures because our model
ignores kinetic limitations, so even if mechanistically peroxides
form first and then convert to other species,50,94,95 the
peroxides could be trapped at lower temperatures before
converting to more thermodynamically stable species at higher
temperatures. At the highest temperatures, the population of
peroxides increases due to the weak entropic driving force from
the exchange reaction

Z H 2CuO(s)
1
2

O Z Cu O H O
G

2 2 2 2 2 2 2
Z2Cu2O2+ + +

(8)

however, desorption of O2 from Cu will also be entropically
favored at high temperatures, potentially resulting in some
amount of Cu+

Z Cu O 2ZCu O2 2 2 2+F (9)

which is not captured in our model due to exclusion of Cu+
species. Minority fractions of Cu+ are commonly reported
following high-temperature oxidative treatments. The mecha-
nism and kinetics for this “autoreduction” phenomena are
debated, but Cu speciation and proximity have been implicated
as important factors.8,96

Figure 4. Temperature dependence of Cu speciation at 10−6 kPa H2O, 20 kPa O2 for a random Al distribution in (a) CHA and (b) MOR.
Compositions for simulations were fixed at Si/Al = 12 and Cu/Al = 0.4 for both zeolites.
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Cu Speciation for Nonrandom Al Distributions

Only certain zeolite types, such as CHA synthesized with
specific protocols, evidence a pseudorandom aluminum
distribution,97,98 whereas zeolites such as commercial MOR
commonly show nonrandom Al distributions.99−102 The
organic structure directing agents (SDAs), inorganic cations
present in the synthesis media, and synthesis conditions
(temperature and time) largely determine the Al distribu-
tion.28,97,103,104 Although quantifying the populations of
specific 2Al configurations remains a challenge, techniques
such as Co2+ titration,39,97 high-field 27Al NMR,80,105 and a
combination of X-ray absorption and NMR106 give informa-
tion on macroscopic Al distributions. For nonrandom (biased)
Al distributions, Cu speciation may change significantly due to
changes in the populations of 2Al sites that have the most
favorable exchange free energies. To test how biasing Al
distributions affects Cu speciation, we chose several scenarios
where experiments provide additional rules for Al-siting.
We ran MC simulations for CHA at 973 K (673 K

simulations are in Section S6.1) that prohibit 2NN-6MR and
3NN-6MR 2Al configurations to populate (the lowest energy
Cu exchange sites according to Figure 2a), still obey
Löwenstein’s rule, but otherwise populate Al randomly. The
prohibition of these Al pairs has been observed following the
synthesis of CHA with TMAda+ in the absence of inorganic
SDAs such as Na+.37,97 The probabilities used for MC
simulations are the same as Figure 2a because the probability
of dimer formation for a given 2Al configuration is

independent of the macroscopic Al distribution and only
depends on exchange conditions. However, Figure 5 shows
that the absence of 2NN-6MR and 3NN-6MR configurations
in the CHA lattice resulted in significantly higher total dimer
fraction (60%−80% of total Cu) than in a random Al
distributions (Figure 3) and a negligible amount of Z2Cu
(<10% of total Cu). The majority of (>95%) Z2Cu that
populate are in 2NN-8MR 2Al configurations (configuration 9
in Figure 2a) where dimer formation is only marginally
exergonic (−4 kJ mol−1) compared to monomer exchange,
resulting in a nonzero Z2Cu formation probability, and
consequently a mixture of dimers and monomers exchange at
this 2Al configuration. At Si/Al = 12 (Figure 3a-bottom),
dimers populate in the CHA framework even at low Cu
loadings (Cu/Al < 0.05), and as Cu loading increases, the total
dimer fraction slowly declines at Cu/Al ≈ 0.35 due to the
saturation of Al pairs that favor dimer formation and increasing
population of ZCuOH. This Cu speciation pattern differs
significantly from a random Al distribution CHA (Figure 3a)
but is similar to that of a random Al distribution MOR (Figure
3b). Referring back to Figure 2a,b, once the first two 2Al
configurations in CHA are eliminated, Cu is expected to
occupy the next lowest energy 2Al configurations, which favor
Cu dimers. This results in a macroscopic Cu speciation similar
to MOR, but reaches a lower maximum dimer population.
In the second scenario, we ran MC simulations for MOR

obeying Löwenstein’s rule and prohibiting 2NN 2Al
configurations, as observed for 5MR-containing zeolites with

Figure 5. Predicted Cu speciation for biased Al distributions at conditions of 10−6 kPa H2O, 20 kPa O2 at 973 K for (a) CHA zeolite and (b) MOR
zeolite as a function of material composition (Si/Al and Cu/Al). The Cu dimer heatmaps show the summation of all types of dimers, as shown in
Figure 1c. Heatmaps in (b) show large gradients at Si/Al = 8 due to the different MOR Al biasing rules used for Si/Al < 8 and Si/Al > 8. Speciation
of Cu-CHA and Cu-MOR with fixed Si/Al = 12 is shown in the bottom as a function of Cu/Al.
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Si/Al > 8,107−111 while constraining Al T-site occupancies to
experimentally quantified populations for commercial MOR
zeolites (Section S8.1).99 Although different experimental
methods79,99,105 and calculations101,112 show varying Al
occupancy probabilities (5%−10% deviation), a similar trend
in Al occupancy is reported: T3 (43%) > T4 (29%) > T1
(18%) > T2 (10%),79,99,101,102,113 which are significantly
different than the theoretical occupancies for a random Al
distribution: T3 (16.7%) = T4 (16.7%) < T1 (33.3%) = T2
(33.3%). The abundance of Al in T3 and T4 sites and the
absence of 2NN 2Al configurations (for Si/Al > 8) in the
biased Al distribution gives a higher dimer population (Figure
5b) compared to a random Al distribution (Figure 3b). The
most thermodynamically favored Cu exchange configuration in
MOR is a 2Al T1-T2 pair that exchanges Z2Cu, and the next
most favorable exchange site is T4−T4, which exchanges Cu
dimers. This preference is consistent with previous studies that
show 2Al sites with T3−T3 and T4−T4 combinations form
more stable Cu dimers than T1−T1 or T2−T2 combina-
tions.66,102,114 Therefore, increasing the %Al in T4 sites, and
decreasing %Al in T1 and T2 sites, contribute to the observed
increase of dimers. This effect is further enhanced by the
increased multiplicity of other T3- and T4-containing 2Al
configurations (Section S7) with slightly higher Cu dimer
exchange energies (5−40 kJ mol−1) than those discussed above
because the abundance of such 2Al configurations makes those
sites statistically favorable for Cu exchange. The biased Al
distribution and higher multiplicity of dimer-preferred 2Al sites
may enable MOR to reach close to the theoretical maximum
methanol yield of 0.5 mol CH3OH/mol Cu for Z2Cu2O sites,
as observed by Pappas et al.8 (0.47 mol CH3OH/mol Cu).
Biasing Al distributions could be a powerful synthetic strategy
to increase the number of dimeric (or monomeric) Cu species
in applications such as PMO, where binuclear sites are
desirable. Both MOR and CHA Al biases considered above
increase the dimer fraction, and notably, biasing the Al
distribution causes CHA to behave similarly to MOR. Even
within the same zeolite topology, Al distribution could alter the
Cu speciation significantly such that zeolites with the same
macroscopic Cu/Al and Si/Al may have dramatically different
Cu nuclearities.
For BEA and FER MC simulations, we prohibited Al−O−

Si−O−Al for Si/Al > 8, consistent with several stud-
ies,107−109,115 while imposing Löwenstein’s rule. However, for
Si/Al < 8, we only applied Löwenstein’s rule as those Si/Al
ratios cannot mathematically be achieved without forming Al−
O−Si−O−Al sequences. For BEA and FER, MC simulations

for different experimentally observed Al biases are shown in
Section S6.4. Al biases forcing 6MRs to contain a lower
amount of Al than in a random Al distribution significantly
increases the dimer population in BEA (Figure S6.4b,c) and
FER (Figure S6.5a,b), similar to CHA. However, the
elimination of Al from the T1 site in FER, consistent with
the Al bias reported by Deďecěk et al.109 yields 100%
monomers (Figure S6.5c). These results for BEA and FER
reinforce that sample-specific Al distributions can strongly bias
the Cu dimer population in a given zeolite.
Topology-Dependent Structural Features of Z2Cu2O

Geometric features of Cu dimers, such as Cu−O−Cu angle
and Cu−Cu distance, are reported as important parameters for
PMO activity116−118 and potentially other reactions. Signatures
of these geometric features are typically detected using
resonance Raman (rR),85,119 UV−vis,68,102,117 and
EXAFS.68,91 To determine how zeolite topology influences
geometric features of Z2Cu2O dimers, the most populous
dimer species at high temperatures, we analyzed DFT-
optimized Z2Cu2O structures in the five zeolite topologies:
CHA, MOR, BEA, AFX, and FER. Experimentally detected
distances (EXAFS) and angles are averaged over populated
species, therefore, in our computational analysis (Figure 6), we
exclude dimers that form at 2Al configurations that prefer
monomer exchange. For completeness, we include geometric
features of all DFT-computed Z2Cu2O structures in the
Section S10.1.
The violin plots in Figure 6 report the distribution of Cu−

O−Cu angles, and Cu−Cu/Cu−Ob distances (where Ob is the
oxygen bridging two Cu) of Z2Cu2O structures. The Cu−Ob
distances fall within a narrow range, and the Cu−Cu distances
are strongly correlated with Cu−O−Cu angles. We observe a
bimodal distribution of Cu−O−Cu angles centered at 120°
and 140° for MOR, consistent with previous studies reporting
a bimodal distribution for Cu−O−Cu species and an-
gles68,102,120 for MOR. These angles do not correlate with
spin states, as both parts of the distribution have (Figure
S10.2) a mix of singlet and triplet ground states. Vanelderen et
al.102 reported two distinct [Cu−O−Cu]2+ sites in Cu-MOR
by observing two absorption bands in their O2-TPD
experiments and rR spectra, and estimated Cu−O−Cu angles
to be 137° ± 1° and 141° ± 1°, based on normal coordinate
analysis of the rR vibrations. While we observe both of these
Cu−O−Cu angles in our MOR distribution, the smaller Cu−
O−Cu angles in our calculations are more skewed toward
lower (≈120°) values, consistent with angles reported in their

Figure 6. Geometric feature distributions for DFT-optimized Z2Cu2O (mono-μ-oxo) dimers in CHA, MOR, BEA, FER and AFX zeolites. (a) Cu−
O−Cu angle, (b) Cu−Cu distance, and (c) Cu−Ob distance where Ob is the bridging oxygen between two Cu2+ ions. Above distributions only
include Z2Cu2O dimers associated with 2Al configurations that preferentially exchange Cu as dimers, indicated by red squares in Figure 2a,b.
Distributions including all dimers computed are shown in Section S10.1.
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later study on MOR,9 which could be a consequence of Al
distribution. The Cu−O−Cu angles in CHA show a wider
distribution, including 120° and 140° Z2Cu2O dimers117 and
one outlier at 90° at the 3NN-8MR 2Al configuration. The
AFX, BEA, and FER zeolites show narrower Cu−O−Cu angle
and Cu−Cu distance distributions compared to CHA and
MOR, indicating that the populated dimer sites are more
homogeneous in those zeolites.
Correlation between Cu Dimer Fractions and Methanol
Yields
Although the methanol produced in cyclic PMO over different
zeolites depends on the Al distribution, activation condi-
tions,19,55,88,121−125 and Cu-exchange protocol,8,126−128 some
zeolite topologies,18,88,129 and specific compositions for a given
topology, have generally been reported to have higher
methanol per Cu yields. While we emphasize our goal here
is not to determine specific active sites and activities for PMO,
we next tested if observed trends in methanol yields correlate
with our predicted total dimer populations. We used our MC
predicted total Cu dimer fractions at 973 K, where dimer
populations have largely saturated, as an upper bound for the
total dimers in a zeolite sample with a specific Si/Al and Cu/
Al. We used this number as a conservative upper-bound for the
total dimer populations because the precise temperature for O2
treatments varies, and as discussed above, analogous dimer
populations are obtained at lower temperatures (673−973 K)
with variation of H2O pressures between 10−8 to 10−6 kPa.
Further, higher CH4 pressures are demonstrated

19,55,123 to
increase the pool of active sites engaged, supporting the use of
total dimer fractions as an upper bound.
Figure 7 shows the predicted equilibrium fraction of Cu

dimers in CHA (random-Al distribution) and MOR (biased-Al

distribution) versus experimentally reported mol CH3OH/mol
Cu in the literature (additional details in Section S9). We used
a random Al distribution for CHA because the reported
zeolites either used inorganic SDAs or were commercial
samples. Similarly, the reported MOR samples are all
commercial, so we used the biased Al distribution discussed
above that is representative of many commercial MOR zeolites.
For CHA, all reported mol CH3OH/mol Cu fall near to or
below the line demarcating 1 CH3OH per predicted Cu dimer,
showing a correlation between the maximum achievable mol
CH3OH/mol Cu as a function of composition (Si/Al and Cu/
Al), and the predicted number of binuclear Cu sites at a given
composition. With the exception of one data point with mol

CH3OH/mol Cu = 0.6, MOR data also fall near to or below
the 1 CH3OH per predicted Cu dimer threshold, but there is
far less variation in the total dimer fraction at different Si/Al
and Cu/Al ratios (Figure 5b). The majority of experimental
data for both CHA and MOR fall well below the line
demarcating one CH3OH per predicted Cu dimer. This result
suggests that in most samples only a fraction of the total
binuclear Cu sites react with CH4 to form CH3OH at the
reported O2 and CH4 activation conditions, consistent with the
observations of many experimental reports.8,57,61,68,130

To compare across MOR, CHA, BEA, AFX, and FER, we
used the most common Al distribution biases described in the
literature for each zeolite along with Löwenstein’s rule.
Specifically, we prohibited Al−O−Si−O−Al configurations
for MOR, BEA, and FER, used the Al T-siting bias described
above for commercial MOR materials, and random Al
distributions for CHA and AFX. Our simulations show that
on the extreme ends, MOR has the highest fraction of Cu
dimers at all compositions, and BEA has the lowest dimer
population, which is consistent with the significantly lower
PMO yields reported for BEA compared to CHA and MOR
with similar compositions.18,19,126,131 The mol CH3OH/mol
Cu values for AFX, FER, and BEA are again near to or below
the line demarcating one CH3OH per model-predicted
binuclear Cu site (Figure S9.2). FER methanol yields132 for
a random Al distribution (Figure S9.3b) are far above this
threshold, suggesting these FER materials do not contain Al−
O−Si−O−Al configurations at Si/Al > 8, as reported by
previous studies.107,109 At a typical composition of Si/Al = 12,
Cu/Al = 0.3, the ordering from most to least Cu dimers is
MOR(0.92) ≫ CHA(0.45) > FER(0.34) > AFX(0.32) >
BEA(0.28), consistent with the ordering of the maximum mol
CH3OH/mol Cu that is reported for these five zeolites at
similar compositions18,88,131 (Si/Al 8−15, Cu/Al 0.3−0.5)
following cyclic PMO treatments. Caution is warranted for this
comparison because of the uncertainty in Al distributions of
these materials. Taken together, our results reinforce that the
equilibrium population of higher nuclearity Cu species is a
factor in determining the maximum achievable CH3OH yields,
however, under the vast majority of cyclic conditions and
sample compositions not all of these higher nuclearity Cu sites
may be kinetically accessible, reactive, or selective.
Classification of Zeolite Topologies

Differences in zeolite topologies create variations in Al−Al
distances, ring sizes, T-site connectivities, and pore volumes,
which may determine whether a specific 2Al exchange site
populates with mononuclear or binuclear Cu sites. Our MC
simulations show that zeolites with 8MRs have more 2Al pairs
that exchange dimers (MOR, CHA, and AFX) compared to a
zeolite with larger pores (BEA). We aimed to identify such
patterns in Cu speciation in a high-throughput fashion using a
machine learning model. Similar models have been reported
for predictions of mechanical and chemical properties of
zeolites and metal−organic frameworks,133−135 2D zeolite
constructions,136 zeolite-OSDA interactions governing syn-
thesis,104,137 and C−H activation barriers at [Cu−O−Cu] 2+
sites hosted in different zeolites.118 The international zeolite
database (IZDB) contains 254 zeolites87 (composed of
tetrahedral sites) that have been experimentally synthesized,
and our goal is to screen these structures and identify zeolites
with a strong preference for Cu monomers or dimers. To
achieve this aim, we used our prior DFT results to build a

Figure 7. Experimentally reported mol CH3OH/mol Cu versus the
MC-predicted fraction of total Cu dimers at 10−6 kPa H2O, 20 kPa
O2, 973 K for (a) CHA and (b) MOR. Details for the zeolite
compositions and references corresponding to each data point are
reported in Section S9.
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predictive model for dimer formation probabilities and applied
it to zeolites in the IZDB.
To correlate structural features of a given 2Al site with the

preference for that site to exchange Cu as a dimer or monomer,
we trained an XGBoost decision tree binary classification
model (detailed in Methods) using our DFT-computed dimer
formation probabilities for five zeolites (CHA, MOR, AFX,
BEA, and FER) as the targets of the classification model.
Initially, as input descriptors, we used the Al−Al distance (Å)
and the nearest neighbor connectivity (one plus the number of
T atoms between Al−Al along the shortest path) correspond-
ing to each 2Al configuration (within 10 Å) for all five zeolites,
resulting in 318 total training data points (CHA-21 data
points, MOR-100, BEA-154, AFX-43, and we held out FER-84
as a validation set). The DFT-computed dimer formation
probabilities are rounded to 0 (monomer) or 1 (dimer) to
generate the target for this binary model. With these simple
descriptors, the model had 80% accuracy (10-fold cross-
validation). We hypothesized that an important feature not
captured by these descriptors is the volume of void space
spanning 2Al. Corroborating our hypothesis, the accuracy of
the model improved to 95% after adding void space
descriptors, which we derived from random sphere packing
in zeolite void space as described in the Methods section.
Feature importance scores (Figure S11.5) of the XGBoost

model show the aggregate score (mean, min, max, and std.
dev.) of the void space descriptors as the most discriminating
feature of the model, followed by NN connectivity and Al−Al
distances, which are similarly scored. Figure 8a reports the
distance (Å) and void space (dimensionless) spanning each of
the 318 2Al configurations used to train the model. Red and
blue circles indicate preferential exchange of Cu dimers, or
monomers, respectively, and the size of each circle reflects the
exergonicity of the corresponding exchange reaction. The most
stable Cu monomer exchange sites are clustered near Al−Al
distances of 5−6 Å with low (0.05) void space, which
correspond to exchange at the 6MRs present in all five zeolites,
and monomer exchange at 4MRs and 5MRs is unfavorable.
The most stable binuclear Cu sites generally fall into two
clusters, 5−6 Å with low void space (analogous to monomers),
and a broader cluster spanning ca. 7−8 Å and void space >0.1,
roughly double the amount of void space needed for the most
stable monomers. These two clusters are representative of the
bimodal Cu−O−Cu angle distributions in MOR and BEA
(Figure 6a), with the lower void space cluster accounting for

the shorter Cu−O−Cu angle sites and the one 90° outlier
structure in CHA.
Next, we made predictions using this binary classification

model for 200 zeolites out of 254 zeolites in the IZDB,
excluding 54 zeolites due to the high computational cost of
generating graph-isomorphism-derived features for large super-
cells. For all unique 2Al configurations in each zeolite, the
model predicts whether each 2Al configuration (within 10 Å)
exchanges Cu as dimers or monomers. For example, there are
100 predictions for MOR (Figure 2b). Using these predictions,
we defined a metric “Dimer 2Al Site Fraction ( f)” that
represents how many of those 2Al configurations favor Cu
dimer formation

f
w p

w
dimer 2Al site fraction ( )

i i

i

,dimer=
(10)

where wi is the multiplicity of the ith 2Al configuration in the
zeolite supercell based on the graph-isomorphism test
(Methods and Section S1.1) and pi,dimer is the binary
probability of dimer formation (0 for a monomer and 1 for a
dimer) at 2Al configuration i, as predicted by the classification
model.
Figure 8b shows the model predictions as a histogram,

where zeolites have been sorted into f = 0.05 bins. The order of
FER, BEA, CHA, AFX, and MOR is generally consistent with
their MC simulation results, suggesting this is a reasonable
approach for estimating nuclearity preferences for zeolite
topologies. Zeolites sharing all SBUs generally appear together,
for example, the CHA-AEI-AFT-AFX family of small pore
zeolites all appear in the f = 0.35−0.45 regime. The majority of
zeolites show f ≪ 0.5, indicating that most known zeolites have
higher populations of 2Al configurations that favor monomer
exchange, likely a consequence of the commonality of 6MR
SBUs across zeolites. At the extreme end, the zeolites OSI,
BEC, ASV, and IWR have zero predicted 2Al configurations
that favor dimer formation, indicating that they should only
form mononuclear Cu sites, regardless of their Al distribution.
These zeolites all have 6MRs and do not have 8MRs.
In contrast, zeolites favoring binuclear sites are rare, and

none of the zeolites has f = 1, indicating that there will always
be a possibility of Cu monomer formation. The model
identified 2Al configurations in zeolite topologies with 8MRs
and no 6MRs as the zeolites with the highest fraction of 2Al
configurations that favor dimers, although we note that some

Figure 8. (a) Cu exchange free energy as a function of average projected void space and Al−Al distance for each 2Al configuration in the training
and validation data set excluding Löwenstein’s rule violations and Al−Al distances >10 Å. Larger circles represent more exergonic exchange free
energies, and the colors show the identity of Cu species populated at the corresponding 2Al site. (b) Classification model-predicted number of
symmetry distinct 2Al sites that preferentially exchange Cu as dimers divided by the total number of symmetry distinct 2Al sites, for 200 zeolites in
the IZDB. The five zeolites used for model training and validation are highlighted with green boxes.
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of these topologies have not yet been synthesized as
aluminosilicates, such as SBN. In zeolites that are not heavily
biased toward monomers or dimers, the relative Cu exchange
free energy rankings and Al distribution will play an important
role in determining Cu speciation, and the descriptors used in
this model are incapable of predicting accurate Cu exchange
free energies. However, our results discern the important
structural features of each zeolite’s 2Al environments that lead
to equilibrium Cu nuclearity biases and identify zeolite
topologies on the extreme ends as candidates for further
computational and experimental exploration.

■ CONCLUSIONS
MOR zeolites have been experimentally observed to have a
high population of multinuclear Cu sites at a wide range of
compositions (Si/Al and Cu/Al). Across all compositions, our
Cu exchange free energies (computed using DFT energies)
combined with MC simulations show that MOR has a higher
equilibrium population of binuclear Cu sites than CHA, AFX,
BEA, and FER due to two factors. First, MOR has a larger
number of 2Al configurations than these other zeolites that
preferentially exchange Cu dimers. Second, commercial MOR
materials universally show Al-siting biases that reduce 2Al sites
required for monomer exchange and increase the population of
2Al sites that are responsible for the lowest Cu dimer exchange
free energies. The Al-siting bias for CHA to contain no 6MR
2Al configurations yields a higher fraction of Cu dimers than a
random Al distribution and causes CHA to have Cu speciation
that is more similar to MOR but with lower maximum dimer
fractions. Such tunability of Cu speciation within the same
zeolite topology via changing the Al distribution gives targets
for rational design of SDAs that bias Al to specific T-sites.
Exposure conditions play an important role in Cu speciation.

At ambient conditions, Cu will form H2O-solvated
Cu(H O)2 4

2[ ] + monomer complexes that are detached from
the zeolite framework.23 Increasing temperature and (or)
decreasing H2O pressure yields the heterogeneous distribu-
tions of Cu species explored here; however, even once Cu ions
are bonded to the zeolite framework further condition-
dependent speciation changes occur. Our MC simulations
corroborated experimentally observed trends for proximal
2ZCuOH converting to Cu dimers at increasing temperatures
(600−1000 K) through entropy-driven transformations of
2ZCuOH or Z2Cu2(OH)2 to Z2Cu2O. The specific temper-
atures where these monomer−dimer or dimer−dimer con-
versions occur depend on the relative stability of each species
at different 2Al configurations and subtle changes in H2O
pressure. Such conversions may rationalize the need for high-
temperature oxygen-activation dry air treatments in PMO
cycles. Further, comparisons with methanol yields (per Cu) in
cyclic PMO, shows a general trend of increasing mol CH3OH/
mol Cu with increasing model-predicted total Cu dimer
fractions for CHA at different compositions and in
comparisons across different zeolite topologies. However, our
results reinforce that the complexity of methane activation and
methanol selectivity is unlikely to be explained by a single
active site or set of conditions, and there are likely a
distribution of active sites engaged, which depend on the Al
distribution, reaction conditions, and Cu proximity and
nuclearity.
Conversions between different Cu monomers, or monomers

and dimers, may play an important role in the hydrothermal

aging (HTA) of these materials at high temperatures and H2O
pressures, which is of critical importance for commercial SCR
catalysts. Changes in Cu speciation have been observed
following HTA treatments.138−140 Our thermodynamic model-
predicted depletion of ZCuOH sites at high temperatures is
consistent with observations in these studies, however,
capturing the microscopic details of speciation changes in
HTA environments likely requires accounting for Al
extraframework species and Al mobility.140−143

At equivalent exposure conditions, certain Al distributions
and zeolite topologies show a preference for forming Cu
monomers or dimers due to both structural features of the 2Al
sites available, and the multiplicity of those 2Al sites. Dimer
exchange probability calculations for all unique 2Al config-
urations in different zeolite topologies show that the majority
of Cu dimers form at Al−Al distances ranging from 5 to 9 Å
and require a higher void space between 2Al compared to
monomers. These requisites lead to 8MRs and 10MRs
promoting dimer formation across different zeolite topologies.
Conversely, 6MRs promote monomer formation, and 4MRs
and 5MRs are less favorable Cu exchange locations in general,
because of steric repulsions. Due to the scope of the
configurational space explored, our models do not address
defect sites and higher nuclearity (>2 Cu) clusters;144,145

however, similar structural requirements for local environ-
ments likely persist in these scenarios.
Our binary classification model showed that across 200

zeolites in the IZDB, most zeolites have more 2Al
configurations that bias toward exchange of Cu monomers.
This is because 6MRs, which are the ideal hosting environ-
ments for Z2Cu monomers, are ubiquitous across the IZDB.
Conversely, the minority populations of zeolites with 3MRs
and 8MRs, or 8−10MRs and negligible 6MRs, have the highest
population of 2Al configurations that thermodynamically
prefer Cu dimers over monomers. Realization of aluminosili-
cate forms of some Cu dimer-biased zeolites with reasonable
Si/Al ratios may be challenging, which presents an interesting
conundrum. Zeolites with many 2Al configurations that
exchange multinuclear Cu sites are rare, and similar geometric
features to those used here may be useful for assessing the
fidelity of hypothetical zeolites.146 Further, the specific Al
distribution of each zeolite and the relative exchange free
energies for each 2Al site, which are not captured by this ML
model, will be critical factors in determining Cu speciation.
Although our analysis here specifically focused on Cu-zeolites,
our methods are readily generalizable to other extraframework
cations exchanged in zeolites that evince a distribution of
nuclearities, such as Co, Pd, Ga, Mo, and Fe, to more broadly
discern cation nuclearity preferences.

■ METHODS

Initial Structure Generation
To generate initial structures, we started by enumerating all
symmetrically unique 2Al pairs for each selected zeolite topology.
The zeolite unit cells, in their pure silica form, were obtained from the
international zeolite association database (IZDB),87 and we repeated
the zeolite unit cell in each direction until all cell vectors were at least
10 Å. Next, for a given zeolite topology, we generated supercells
containing each of the possible 2Al configurations (Z2) with Al−Al
distances within 10 Å. The choice of a 10 Å cutoff distance is justified
because at longer distances, 2ZCuOH is more stable than Z2Cu or Cu
dimers (Section S5.3) for most 2Al configurations, and the % of 2Al
sites populated by Z2Cu and Cu dimers is negligible at longer (>9.4
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Å) Al−Al distances (Figure S5.1). Löwenstein’s rule is the observation
that Al−O−Al bond formation is unlikely to be observed in synthetic
zeolites,81 and therefore, Z2 configurations with Al−O−Al were
removed when enumerating 2Al configurations, except for CHA
zeolite, which we kept Al−O−Al configurations for to benchmark
relative Z2Cu energies with previous work (these Al−O−Al structures
are not used in the Results and Discussion sections).27 To determine
crystallographically unique 2Al configurations, we used a connectivity-
based graph isomorphism test using the python NetworkX code.147

This graph isomorphism test is a binary comparison,148 where all 2Al
substituted zeolite unit cells connectivity of Al and Si atoms were
compared to each other. The graph isomorphism test significantly
reduces the number of 2Al configurations; for example, for the 36 T
site CHA cell, we initially generated 630 (36 choose 2) 2Al
configurations and only 25 of those 630 2Al configurations are
symmetrically distinct. We also retrieve the multiplicity of each unique
2Al configuration from the isomorphism test. For example, in the 36
T site CHA unit cell, the 6MR-2NN configuration statistically occurs
36 times, and 6MR-3NN configuration only occurs 18 times. From
the isomorphism test, we record these multiplicities of each 2Al
configuration and the indices of Al atoms that result in the same 2Al
configuration.
To generate the initial structures for mononuclear Z2Cu, ZCuOH,

and binuclear ZCuOCuZ, ZCuO2CuZ, ZCu(OH)CuZ, and ZCu-
(OH)2CuZ, we first added the extraframework species to the
symmetry unique 2Al configurations in zeolite unit cells. For Z2Cu
structures, the metal ion is placed inside a zeolite ring using the vector
equation27

Al Cu Al O Al O( ) ( )1 2= + (11)

for each unique 2Al configuration. The bold letters indicate each
atom’s position vectors, and O1 and O2 are the oxygen atoms bonded
to one of the Al under consideration. Figure 9a,b shows how this

method places the Cu inside a zeolite ring on the same plane
generated by Al−O1 and Al−O2. This method of generating initial
guess Cu structures is repeated for every possible choice of bonded
oxygen atoms, for example, the 2Al configuration in Figure 9a has four
oxygen associated with each Al resulting in 12 initial Cu positions. We
used another graph isomorphism test to remove similar Z2Cu
structures based on the connectivity of Cu, Al, and Si in the structure,
for Figure 9a, this reduces the unique Cu locations to 6. We extended
this vector addition method to generate initial structures for the
species shown in Figure 9c−f and for ZCuOH, as discussed in
Sections S1.2−S1.4, respectively.

High-Throughput Structure Screening
The above workflow results in numerous initial guess Cu structures
for each 2Al configuration and each Cu motif. For the 2Al
configuration in Figure 9a, before symmetry reduction 12 Z2Cu, 36
ZCuOCuZ, 36 ZCuO2CuZ, and 36 2ZCuOH structures are
generated. For all 2Al configurations in CHA, 3000 total structures
were generated, and 12,000 structures for MOR. After symmetry
reduction, these numbers reduce to 2100 and 10,200 for CHA and
MOR, respectively. To evaluate all of these structures with DFT
would be computationally expensive and likely result in many unstable
high-energy structures that may fail SCF-convergence. Thus, starting
from the database of structures generated through vector addition, we
optimized structures using two different force fields in series to
downselect structures for spin-polarized DFT-optimizations (Scheme
1).
First, we performed global optimizations for all Z2Cu, ZCuOCuZ,

and ZCuO2CuZ structures using a physics-based interatomic potential
that we developed (full details provided in Section S2) to determine
energy and forces and basin hopping as the optimization
algorithm150,151 as implemented in the Python Scipy package.152

Each structure from vector addition was input to basin hopping, and
we obtained the global minima computed for each structure (still
2100 total structures for CHA). Subsequently, each of these
structures, along with all of the vector addition-based structures for
2ZCuOH, was optimized to a local minimum using the FLARE153

version 0.2.4 Gaussian process-based interatomic potentials that we
trained individually for each Cu motif; full details of the method and
training is in Section S3. Unlike the physics-based potential, the
FLARE potential accurately predicts relative energy differences in
Z2Cu structures but is not effective for global optimization because it
lacks training data representative of structures far from local minima.
The lowest energy structures computed with FLARE for each Cu
motif at a given 2Al configuration were then used as input structures
for subsequent DFT calculations; additional structure selection details
are reported in Section S3. For example, we optimized 6 symmetry
distinct CHA-Z2Cu structures using the physics-based potential
followed by the FLARE potential and then picked the two lowest
energy structures of the six for subsequent optimization with DFT. To
downselect Cu dimer species, we checked the connectivity of each
extraframework Cu motif and the zeolite framework. For example, in
Z2Cu2O, we checked if Cu−O−Cu bonds were preserved, and no Si−
O or Al−O bonds were broken in the zeolite framework. If either of
these were violated, the structure was discarded. Altogether, filtering
structures using this approach resulted in a significant reduction
(3000 to 190 for CHA and 12,000 to 640 for MOR) in the number of
initial guess structures for DFT calculations. We emphasize that all of
the results reported in Results and Discussion use only DFT-
computed energies.
We predicted the minimum energy Z2H2 structures for each 2Al

configuration using the ZH energies computed for each symmetry
unique T site and structural descriptors of vector addition-generated
Z2H2 structures. Our model for predicting relative energies of Z2H2
structures (details in Section S4.3) is based on DFT calculations
reported by Nystrom et al.,154 where we use Al−Al and H−H
distances evaluated before DFT-geometry optimization to estimate
the relative energy of Z2H2. From this screening, we acquired the
lowest energy Z2H2 structure for each unique 2Al site and then used
DFT to optimize and obtain the energy of the selected Z2H2
structure. This method results in significant downsampling to
approximately one structure input to DFT for every 16 Z2H2
structures generated.
We calculated the energies of all 2ZCuOH structures generated for

CHA and MOR using DFT, and our results suggest that if Al−Al
separation distances are >10 Å, the energy of exchanging Cu into two
isolated ZH motifs to form 2ZCuOH is approximately equal to the
energy of exchanging 2Cu at Z2H2 to form 2ZCuOH structures. Full
details are reported in Section S4.4. Therefore, past 10 Å, we
approximated 2ZCuOH exchange energies with 2× ZCuOH exchange
free energies. For AFX, BEA, and FER, we used these mean-field

Figure 9. Initial geometry generation: (a) vector addition method and
geometries generated for (b) Z2Cu, (c) Z2H2, (d) Z2Cu2O, (e)
Z2Cu2O2, and (f) Z2Cu2OH using vector addition method. Atomic
structures were visualized using the VESTA package.149
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2ZCuOH energies computed for each T site pair instead of
computing 2ZCuOH energies separately for each 2Al. The majority
of ZCuOH structures optimize to 3-fold coordinated Cu centers,
however, a minority of sites form 4-fold coordinated ZCuOH (with
three bonds to extraframework oxygen), consistent with previously
reported structures.155

DFT Calculations and Exchange Free Energies
To compute Cu exchange free energies (ΔGspecies) at each 2Al
configuration, we optimized all the Z2H2, Cu monomer, and Cu dimer
structures (selected from our structure screening described above)
using the Vienna Ab Initio Simulation Package156 (version 5.4.4).
Structures files for optimized structures are provided as a Supporting
Information attachment. Our spin-polarized DFT calculations used
the projector-augmented wave156,157 method of core valence
interactions and a plane wave cutoff energy of 400 eV. The first
Brillouin zone was sampled at the Γ point only, as appropriate for the
large supercells (cell vectors for all zeolites multiplied until >10 Å) of
these insulators. The generalized gradient approximation functional of
Perdew−Burke−Ernzerhof (PBE)158 was used to describe the
exchange−correlation potential with the Becke−Johnson damping
method [D3(BJ)vdw] included for dispersion corrections.159,160

Motivated by recent literature reports,161 and limitations in the
accuracy of energies for some Cu-ion complexes computed using
DFT,62,161−163 we also tested the sensitivity of our predictions to PBE
+ U (Section S5.4) with a U parameter calibrated with crystalline Cu
dimer compounds.161 All electronic energies were converged to 10−6

eV and atomic forces to less than 0.03 eV/Å. Harmonic vibrational
frequencies were computed with finite differences on atomic forces
with displacements of 0.015 Å for all the atoms. Zero point vibrational
energies (ZPE) were computed as

hvZPE
1
2i

i=
(12)

To calculate the vibrational entropy of each dimeric and
monomeric species (Z2CuxOyHz(s)), we included frequencies >100
cm−1, and frequencies <100 cm−1 were set to 100 cm−1.164

S k ln(1 e )
i

hv k T
vib. B

/i B=
(13)

To compute the exchange free energy of species (ΔGspecies), we
used eq 1 and the DFT-computed (including ZPE’s for all species)
exchange reaction energy (ΔEx,y,z) computed as follows

E E E xE

y x z
E
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(2 2 2)
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( 2)
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+
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Treating the system as closed with respect to the Cu concentration
gives the free energy as
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where the chemical potentials Δμi of gas species and free energy of
CuO (ΔGCuO(T)) are evaluated as follows
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G T G T G( ) ( ) (0 K)CuO
o o= (17)

using free energy values interpolated from the NIST JANAF
thermochemical tables.165

To avoid many computationally expensive frequency calculations,
we assumed ΔZPEx,y,z and Svib.(x,y,z) are independent of 2Al
configuration and zeolite topology and depend only on the specific
Cu motif. To estimate the ZPE and Svib. corresponding to each Cu
motif, a number of structures were sampled, these results show
minimal variation for a given Cu motif and were averaged for use on
other 2Al configurations (Section S5). Based on these calculations, we
expect the errors introduced by assuming such 2Al configuration
independence is negligible compared to the other terms such as
ΔEx,y,z. The CuO(s) formation energy

Cu(s)
1
2

O (g) CuO(s)2+ (18)

is incorrectly predicted by the PBE (−131 kJ mol−1) functional, and
therefore, we corrected the energy of CuO such that it reproduces the
experimentally reported formation enthalpy (−154 kJ mol−1).165
However, we did not apply this correction to our PBE + U
calculations (Section S5.4), because the PBE + U functional more
accurately predicted the CuO formation enthalpy (−152 kJ mol−1).
We compared exchange free energies obtained from PBE with PBE +
U (with U = 6 eV161 and all other parameters kept the same as PBE)
and observed only minor changes in relative exchange free energies
between the Cu motifs, as shown in Section S5.4.
Monte Carlo Simulations
To estimate the equilibrium fraction of different Cu species in a
macroscopic zeolite system, we used Monte Carlo (MC) simulations
based on the computed Cu exchange probabilities for each species at
all 2Al sites in the corresponding zeolite supercell. The zeolite
supercells used for our DFT calculations were repeated 3 × 3 × 3
times to improve the sampling of 2Al configurations.
For a given Si/Al ratio, we generated a 3 × 3 × 3 zeolite supercell

and populated with Al up to the desired ratio, according to the rules
described below. Subsequently, every possible 2Al configuration in the
cell is enumerated, and relative probabilities for exchange of each of
the six Cu motifs for each 2Al configuration are computed (eq 19).

Scheme 1. Workflow for Generating Structures for DFT Calculations; Initial Structure Generation, Sequentially Optimized
Using the Physics-Based Force Field and Machine Learning Potential; Finally, DFT Calculations Are Used for Exchange
Energy Evaluations
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These probabilities are used to generate a weighted list of all
possible Cu exchange events and a random number between 0 and 1
is chosen to select the exchange event, then the identity of Cu species
and the 2Al configuration populated is recorded. Once a 2Al site is
occupied by a dimer or monomer, we remove that Al pair from our
2Al list, generate a new probability list, and repeat the Cu exchange
until all the 2Al sites in the zeolite are exhausted. For each Si/Al ratio,
we averaged 20,000 independent MC simulations and created 1-D
interpolations of the occupied Cu fraction as a function of Cu/Al for
each species. Subsequently, all the 1-D interpolations for Si/Al = 3−
55 were combined to generate the 2-D interpolations of species, as
shown in Figure 3. We verified the convergence of our MC
simulations by executing a separate MC simulation with 10,000 2Al
configurations (Section S8).
When populating Al for our MC simulations, we excluded the 1NN

2Al configurations (Al−O−Al), obeying Löwenstein’s rule.81

Otherwise, each Al is populated randomly or follows a T site bias
according to the required macroscopic T site occupancy by Al
(Section S8.1). Sample code for the MC simulations has been
provided as a Supporting Information attachment file.

Binary Classification Model for Predicting Dimer
Formation
To identify the 2Al configurations for a given topology that favor Cu
exchange as dimers, we trained an XGBoost166 decision tree
classification model. Based on the dimer formation probabilities
(pi,s) at Cu exchange conditions of 10−6 kPa H2O, 20 kPa O2 at 973
K, calculated using eq 5, we labeled all 2Al configurations in CHA,
MOR, AFX, and BEA as 1 (pi,s ≥ 0.5) or 0 (pi,s < 0.5). To generate the
structural descriptors for the model, we used the Atomic Simulation
Environment (ASE)167 and NetworkX147 python packages. For all
unique 2Al configurations, Al−Al distances (in Å) in unoptimized
zeolite cells and the nearest neighbor connectivity’s (integer, refer to
Section S11.1 for details) were generated as the first set of descriptors
for the classification model.
We generated the second set of descriptors using random sphere

packing to improve the classification accuracy. We sample the zeolite
void space by randomly placing points in the zeolite unit cell with an
average density of 1 point Å−3. Then, we removed all points within 2.0
Å of framework atoms, thereby only retaining points that fill the
zeolite void space (Figure S11.1). This 2.0 Å cutoff was chosen to
capture Cu-framework oxygen interactions where Cu−O bonds are
≈1.95 Å.27,60 We derived a custom descriptor, “projected void space”
defined as

Projected void space e
d

d

mid (Al Al) to sphere distance ( )

All random spheres retained
( )=

(20)

to capture the nature of the random packing, where d is the distance
measured from the bisection point of Al−Al to all the random spheres
retained, and α is a hyperparameter for the projection. Additional
details and figures for this approach are located in Section S11.1.
Statistics (minimum, maximum, average, and standard deviation) of
the projected void space were generated from 2000 independent
random sphere packing simulations for each 2Al configuration. Al−Al
distance, nearest neighbor connectivity, and statistics of random
sphere packing were used as features in our classification model.
Therefore, our training data set consists of six descriptors and 318
data points (CHA-21, MOR-100, BEA-154, AFX-43), and FER data
was held out as a validation set.
We used the XGBoost classifier as implemented in the open source

Python code from Chen et al.168 because boosting tree algorithms
have proven robust for small data sets.169,170 The hyperparameters of
the XGBoost model and α in void space projection were optimized
using grid searches (Section S11). The 10-fold cross-validation

accuracy of the model was used as the metric for comparing different
models. More details on hyperparameter optimization and model
accuracy can be found in Section S11. The training data set has more
2Al sites that favor monomer formation (69.5% of 2Al) than dimers
(30.5% of 2Al), indicating a mild class imbalance. Therefore, we
tested ML models with and without adjusting for class imbalance
(Section S11.3) and found similar performance for both models.
To identify the features that are the most important when deciding

a 2Al configuration’s dimer (or monomer) preference, we used the
“feature importance score”, defined as how many times a feature is
selected for splitting (making a decision), weighted by the squared
improvement of the model gained by each split, and averaged over all
trees.171,172 The final XGBoost model is provided as a Supporting
Information attachment file.
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