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Abstract: 

 

In the past, Cu-oxo or -hydroxy clusters hosted in zeolites have been suggested to enable the selective 

conversion of methane to methanol, but the impact of the active site9s stoichiometry and structure on 

methanol production is still poorly understood. Herein, we apply theoretical modeling in conjunction with 

experiments to study the impact of these two factors on partial methane oxidation in the Cu-exchanged 

zeolite SSZ-13. Phase diagrams developed from first-principles suggest that Cu-hydroxy or Cu-oxo dimers 

are stabilized when O2 or N2O are used to activate the catalyst, respectively. We confirm these 

predictions experimentally and determine that in a stepwise conversion process, Cu-oxo dimers can 

convert twice as much methane to methanol compared to Cu-hydroxyl dimers. Our theoretical models 

rationalize how Cu-di-oxo dimers can convert up to two methane molecules to methanol, while Cu-di-

hydroxyl dimers can convert only one methane molecule to methanol per catalytic cycle. These findings 

imply that in Cu clusters, at least one oxo group or two hydroxyl groups are needed to convert one 

methane molecule to methanol per cycle. This simple structure-activity relationship allows to intuitively 

understand the potential of small oxygenated or hydroxylated transition metal clusters to convert 

methane to methanol. 

 

Introduction: 

 

Methane, the main component of natural gas, is a greenhouse agent, which is up to 85 times 

more potent than CO2. Its transport requires elaborate infrastructure, and it is difficult to convert 

to higher value products. For these reasons, natural gas is an undesirable byproduct in the 

extraction of oil in remote locations and is in many cases flared at the extraction site. Flaring of 

natural gas is a significant contributor to global CO2 emissions. Accordingly, the selective 

conversion of methane to higher-value and easier-to-transport chemicals is highly desirable. 

Currently, industry converts methane using an indirect route, whereby methane is first converted 

into synthesis gas, which is then catalytically transformed into long-chain hydrocarbons1, higher 

alcohols2, or methanol3. However, this process requires high pressures and temperatures and is 

feasible only at a large scale. Thus, a direct route for the conversion of methane to higher-value 

chemicals that can be practiced in remote locations and at smaller scales would be very valuable. 
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Breaking the first C-H bond in methane is more difficult than the activation of subsequent C-H 

bonds, imposing an inherent selectivity challenge. As a result, most catalysts do not stop 

methane9s conversion at methanol but causes over-oxidizing to CO2
4. One class of materials that 

can selectively convert methane to methanol is metal-exchanged zeolites,5312 and in particular 

Cu-exchanged zeolites have attracted attention. After activation at high temperature in an 

oxidative environment, Cu-oxo13,14,23,24,15322 and Cu-hydroxy clusters,25,26 active in the conversion 

of methane, are stabilized in these zeolites. Although the catalytic conversion of methane with 

low conversion27 rates or low selectivities28 to methanol has been reported, the reaction is most 

often pursued in a stepwise process25.  

 

Despite intense research efforts in this area, the exact nature of the active sites in Cu-exchanged 

zeolites is still under debate. Many different site structures and stoichiometries, ranging from Cu-

oxo dimers13,15,18,29331 and trimers17, Cu-hydroxy dimers21,25,26,32, single or paired Cu-hydroxy 

monomers33335, or even Cu-oxo dimers stabilized by extraframework Al species36,37, have been 

proposed to be present in different zeolite structures. This uncertainty has led to the notion that 

many different Cu-oxo or Cu-hydroxy sites might be present in Cu-exchanged zeolites, and that 

many of them are able to convert methane to methanol5. However, a detailed understanding of 

the impact of active site structure on methane conversion to methanol is still lacking.  

 

In this contribution, we combine first-principles modeling with experimental measurements to 

explore the impact of active site structure on the conversion of methane to methanol over Cu-

exchanged SSZ-13. Following previously-developed design principles for zeolite catlaysts38,39, we 

use phase diagrams developed from first-principles to design experimental measurements at 

conditions where Cu-hydroxy dimers and Cu-oxo dimers are stabilized. We confirm the presence 

of the desired sites using UV-vis-NIR and Raman spectroscopy. Lastly, we explore the impact of 

site structure on methane conversion by combining activity measurements and theoretical 

modeling of the respective reaction pathways.  

 

Results: 

 

Phase Diagrams: The conversion of methane to methanol over zeolites usually follows a stepwise 

process:25,40  (i) the zeolite is initially exposed to an oxidizing agent at high temperatures (e.g., 

723 K); (ii) the system is cooled to lower temperatures (e.g., 473 K) and exposed to methane; and 

(iii) methanol is extracted. The duration of each step is on the order of hours40, and therefore, 

given the mobility of Cu ions in zeolites41, we assume that the system is thermodynamically 

equilibrated at the end of each step. For such an operation protocol, phase diagrams are an ideal 

tool to explore the nature of the Cu sites after activation. Here, the chemical potential of Cu in 

different bonding environments is compared to identify the thermodynamically most stable 

structure over a wide range of conditions25,39. In the following, we will focus on SSZ-13, a small 

pore zeolite that, due to its small primitive unit cell, is an ideal zeolite model system.42 Its Cu-

exchanged form is an industrially applied redox catalyst,41,43345 and it has been extensively 

studied in the conversion of methane to methanol.13,15,18,21,25,26 In a previous study, we developed 

phase diagrams for Cu-SSZ-13 activated in an O2 atmosphere, and we will use this model as a 

basis for our current analysis.25  
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SSZ-13 is a zeolite in the chabazite structure with a primitive unit cell that contains only 12 T-sites 

(T stands for either Si or Al) and 24 O atoms (see Figure 1). Siliceous zeolites, i.e., zeolites that 

contain only Si but no Al, are chemically inert, but the framework can be chemically activated by 

the presence of Al. In protonated zeolites, a proton is associated with each Al atom, but using ion 

exchange, Cu can be introduced to the system and replaces H atoms. The difficulty in constructing 

phase diagrams is connected to the fact that, in a realistic zeolite, a distribution of Al atoms is 

present. These Al atoms serve as anchoring points for Cu sites, and depending on the relative 

position of the Al atoms, different exchange positions exist in the framework.25,46348 Here, we use 

a model for medium to high Si/Al ratio zeolites (Si/Al>8), which includes six different Al 

configurations with either one or two Al atoms per unit cell for Cu monomers (2Al-A through 2Al-

E, 1Al) and four different Al configurations for Cu dimers and trimers (D-A through D-D, see Figure 

1). For Cu monomers,  we consider Cu(I), Cu associated with 1 Al atom and formally in a +1 

oxidation state, and Cu(II), Cu associated with two Al atoms and formally in a +2 oxidation state,  

bonded with up to six water molecules as well as Cu-OH bonded with up to five water 

molecules49. For the dimer/trimer exchange sites, we study all different Cu2OyHz structures with 

1 fyf2 and 0fzfy and Cu3O3Hz with 0fzf325. We do not consider any larger Cu structures 

since, to the best of our knowledge, they have not been observed experimentally. This leads to a 

total of 36 dimer/trimer structures and 125 monomer structures. Henceforth, CuxOyHz in dimer 

anchoring configuration D-X (X = A, B, C, or D) will be labeled as X-CuxOyHz. Structures and 

preferred spin states for Cu trimers in the D-C and D-D exchange position are given in the 

Supporting Information, section S2 and structure files are provided in the supporting structures 

file. All other structures and their respective spin states have been previously published in the 

literature25,49, and a graphical representation of all dimers and trimers studied is given in Figure 

S3 in the Supporting Information. To take the finite number of Cu atoms in the zeolite matrix 

after ion exchange into account, we do not include a metallic or metal-oxide reference state for 

Cu in our phase diagrams. Accordingly, we will display phase diagrams that include all four dimer 

anchoring configurations and one monomer anchoring configuration. These phase diagrams 

allow the identification of the overall most stable sites. However, in a realistic zeolite, a 

distribution of Al configurations is present,44 which is determined by materials synthesis50. To 

identify the Cu sites present for each part of the distribution of Al configurations, phase diagrams 

for all combinations of one dimer exchange configuration and one monomer exchange 

configuration are therefore shown in the Supporting Information, Figures S4 and S5. A detailed 

legend to phase diagrams is given in Figure S14 in the Supporting Information and more details 

regarding this model are given in the literature.25  
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Figure 1: Atomistic representation of the main cage of SSZ-13. In the center, the main cage with 

adjacent double six-ring units, as well as the primitive unit cell is displayed. On the left, different 

Cu monomer exchange positions in the six ring (6R) and eight ring (8R) and Al configurations for 

Cu monomer anchoring are displayed. On the right, different exchange positions in the eight ring 

(8R, D-A, and D-B) and bridging the six ring and eight ring (6R/8R, D-C and D-D) and Al anchoring 

configurations for Cu dimers and trimers studied in this work are shown. In atomistic images, 

yellow atoms correspond to Si and red atoms to O, respectively. Ring structures for ion exchange 

are represented in a ball and stick model, while the remainder of the cage is displayed in a stick 

representation. Dashed lines are used to highlight the position of exchange sites with respect to 

the main cage. In schematic representations, black lines correspond to a Si(Al)-O-Si link, Si atoms 

are positioned at the vertices, and red circles indicate the position of the Al atoms. 

 

In the past, different Cu monomers46,47,49,51,52 and dimers13,15,18,21,25 have been suggested to be 

present in Cu-SSZ-13. As a first step, we ask the question: which Cu sites can theoretically be 

stabilized in this material as a function of experimental conditions? To achieve this goal, we focus 

on phase diagrams where the chemical potential of Cu in a Cu site with stoichiometry CuxOyHz 

(� ) is calculated with respect to the abstract quantities �  and � , the chemical potential 

of hydrogen and oxygen, respectively. These phase diagrams reveal that Cu2O, Cu2O2, Cu2OH, and 

Cu2O2H2 can be stabilized in SSZ-13. At the same time, we find, that in SSZ-13 trimers will not be 
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stabilized under any conditions. A detailed discussion and all phase diagrams are provided in 

Section S3.2 of the Supporting Information.  

To translate the abstract quantities �  and �  to realistic gas phase conditions related to 

experiments, we explored two different sets of conditions, namely, activation in: (1) O2 

atmosphere and (2) N2O atmosphere. The mathematical expressions of �   in an O2 

atmosphere and in an N2O atmosphere are given in Supporting Information, Section S3. Phase 

diagrams for O2 and N2O, including all four dimer anchoring configurations and monomer 

anchoring configurations 1Al and 2Al-A are shown in Figure 2 (a)-(d). A complete set of all possible 

phase diagrams for an O2 atmosphere containing only a single dimer anchoring configuration can 

be found in our past study,25 while a full set of phase diagrams for N2O containing only a single 

dimer anchoring configuration is shown in Supporting Information, Figure S5. Additionally, 

�  for all Cu species at activation and reaction conditions in an O2 and N2O atmosphere are 

shown in Figures S6 and S7 in the Supporting Information. Comparing these two sets of 

conditions, we find that under reaction conditions in the stepwise conversion process for 

methane to methanol, the hydroxylated Cu dimers Cu2O2H2 and Cu2OH are stabilized in an O2 

atmosphere, while Cu2O2 sites are stabilized in an N2O atmosphere (see Figure 2 (f)). An analysis 

of the orbital diagrams of selected sites (see Supporting Information section S6) indicates that in 

an N2O atmosphere, Cu dimers with higher oxidation states of Cu are stabilized compared to O2. 

This agrees with the intuitive understanding that the presence of a stronger oxidant (N2O 

compared to O2) leads to the formation of sites with a higher oxidation state of Cu. We 

furthermore see that for the 2Al-A configuration for monomer anchoring, where two Al atoms 

are located at opposite ends of the same six-ring of the zeolite structure, Cu monomers are 

preferred for both types of activation for many monomer and dimer anchoring configuration 

combinations, which is undesirable for the conversion of methane to methanol (see Figure 2 (b) 

and Figure S5 in the Supporting Information). Lastly, we emphasize that in an experimental setup, 

changing gas pressures is a fast process, while heating or cooling is comparatively slow. Phase 

diagrams for dimer anchoring configuration D-A in an O2 environment imply that the preferred 

Cu site changes from A-Cu2OH present at activation conditions to A-Cu2O2H2 at reaction 

conditions (see Figure 2 (e)). Cooling in the presence of the oxidant will increase the time the 

system is exposed to conditions where the thermodynamically preferred site at reaction 

conditions is most stable. This protocol helps to mitigate potential kinetic restrictions for site 

formation and helps to ensure that the thermodynamically favored site is indeed present under 

reaction conditions. 
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Figure 2: (a)-(d): Phase diagrams for Cu-exchanged SSZ-13 with respect to �  and T ((a), (b), and 

(e)), and �  and T ((c) and (d)) for all four dimer exchange sites and monomer exchange sites 

1Al ((a), (c)) and 2Al-A ((b), (d)). The standard pressure P0 is defined as 1 bar. The 

thermodynamically preferred sites are indicated by regions of identical color, and the site type is 

indicated by the labels. The included Al configurations are indicated by schematic representations 

on the right side of the phase diagrams, which correspond to Figure 1. In (a) through (d), 

activation conditions (AC) and reaction conditions (RC) are marked by a black dot. (e): Potential 

reaction paths in the stepwise conversion with respect to �  and T. In path 1, marked by red 

arrows and labeled 1, first �  is reduced, and then the system is cooled, while in path 2, marked 

by blue arrows and labeled, the system is first cooled in O2 and then �  is reduced. (f): The most 

stable sites for activation in O2 and N2O for the four different dimer exchange sites under reaction 

conditions (RC). In atomistic representations, Si is shown in yellow, O in red, Al in grey, Cu in blue, 

and H in white, respectively. Schematic representations of dimer/trimer exchange sites 

correspond to Figure 1. (For detailed explanations of phase diagram legends, see Figure S14 in 

the SI. 
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Based on the points discussed above, we can derive three design principles for Cu-SSZ-13 in the 

stepwise conversion of methane to methanol from phase diagrams: (i) changing the oxidizing 

agent during catalyst activation from O2 to N2O will change Cu sites from hydroxylated to Cu-oxo 

dimers, (ii) the pairing of Al atoms in the same six-ring should be avoided to maximize Cu dimer 

formation, and (iii) when cooling the material after catalyst activation, it should still be exposed 

to the oxidizing agent to mitigate potential kinetic barriers for site formation and ensure that 

thermodynamically preferred sites are present when the reaction starts.  

 

Characterization: To confirm these theoretical predictions, we relied on experimental 

measurements. Following a synthesis protocol that minimizes Al pairing, we synthesized SSZ-13 

with a Si/Al ratio of 14.726,50. After ion exchange with Cu(CO2CH3)2, we arrived at a sample with a 

Cu/Al ratio of 0.41. The experimental protocol is given in Supporting Information, Sections S1.1.1 

and S1.1.2. Subsequently, we activated the zeolite to 723 K in either O2 or N2O and cooled the 

sample in the oxidizing agent to room temperature. We characterized the zeolite using UV-vis-

NIR spectroscopy and compared experimental spectra to our previous theoretical predictions 

obtained by using a combination of time-dependent density functional theory in combination 

with spin orbit coupling26. Following activation in O2, the sample showed a broad signal below 

20500 cm-1 with three distinct shoulders at 11500 cm-1, 13400 cm-1, 16230 cm-1, as well as weak 

shoulders at 20000 cm-1, and 21600 cm-1 (see Figure 3 (a)). These signals can be explained by a 

combination of theoretically predicted signals from three different hydroxylated Cu-dimer sites 

predicted to be most stable in phase diagrams for the different hydroxylated Cu-dimer exchange 

sites26, namely A-Cu2O2H2, B-Cu2O2H2, and D-Cu2OH, as well as signals of a Cu monomers bound 

to a silanol defect, but not by signals of various Cu-oxo dimers. Additionally, the high 

wavenumber peak around 41000 cm-1 is assigned to Cu monomers.  

 

Following activation in N2O and cooling the system to room temperature in the presence of the 

oxidizing agent, a different picture emerged (see Figure 3 (a)). While there is also a signal in the 

low wavenumber range with shoulders at 11500 cm-1 and 13400 cm-1, the main difference 

resulting from activation in N2O is a broadening of the high wavenumber peak in the 29000 cm-1 

to 37000 cm-1 range. To better illustrate these differences, we show the difference in UV-vis NIR 

spectra after activation in O2 and N2O in the Supporting Information, Figure S8. Comparing these 

results to theoretically predicted optical spectra for Cu-oxo dimers reported in the literature (see 

Figure 3 (a)), we find that this broadening corresponds to the signal of the A-Cu2O2 and B-Cu2O2 

sites. Further, the A-Cu2O2 site is responsible for the signal at 13400 cm-1, and again we attribute 

the remaining signal at 11500 cm-1 to a defect bound Cu monomer.  Notably, we do not find any 

signals associated with C-Cu2O2 or D-Cu2O2, the predicted most stable sites for dimer exchange 

positions bridging the six-ring and eight-ring. However, an additional signal of Cu monomers is 

observed in the UV-vis-NIR difference spectrum (Figure S8 in the Supporting Information). This 

indicates that C-Cu2O2 and D-Cu2O2 sites might not be present after activation in N2O. 
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Figure 3: (a): Experimentally measured UV-vis-NIR spectra after activation and cooling to room 

temperature in O2 (Experiment-O2) and N2O (Experiment-N2O), and theoretically predicted optical 

spectra for the Cu dimers A-Cu2O2H2, B-Cu2O2H2, D-Cu2OH, A-Cu2O2, and B-Cu2O2 (atomic 

structures shown to the right of the respective spectra). Experimentally, spectra were measured 

in a glove box atmosphere. For better readability, the full spectrum is shown on the right, and 

magnified spectra in the 10,000 cm-1 to 25,000 cm-1 range are shown on the left. Spectra are 

displayed as black, solid lines, and peak positions are marked by dashed, vertical lines. Numerical 

values are given in the vertical color legend. Additionally, the blue shaded area marks a region 

where a peak broadening is seen in experiments. For comparison, experimental spectra for 

activation in N2O and O2 are given as blue and red dashed lines (near the top of the left panel), 

respectively. (b): Experimentally measured Resonance Raman spectra after activation in O2 

(Experiment-O2) and N2O (Experiment-N2O) after cooling to reaction conditions (T=473 K) in 

oxidizing agent flow, as well as theoretically modeled Raman spectra for selected Cu dimers (A-

Cu2O2H2, B-Cu2O2H2, and A-Cu2O2; atomic structures shown to the right of the respective spectra). 

Spectra are shown as black, solid lines and peak positions are marked by blue and red shaded 

areas, respectively. The color code of atomistic representations in A and B corresponds to Figure 

2.  
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(T=473 K) in oxidizing agent flow, and collected the Raman spectra (see Figure 3 (b)). Using a 

Raman laser with a wavelength of 785 nm ensured that we optically excite vibrations associated 

with Cu-oxo or Cu-hydroxy dimers. For both oxidizing agents we identified well-defined signals 

around 485 cm-1 and 615 cm-1. After activation in O2, the intensities of both signals were 
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to the signal at 615 cm-1 after activation in N2O than that in O2. To understand these signals, we 

modeled Raman spectra of the most stable Cu-oxo and Cu-hydroxy dimers by Fourier 

transformation of the velocity autocorrelation function of the Cu-O distances in the dimers 

obtained from molecular dynamics simulations51. Relevant spectra are shown in Figure 3 (b), and 

Raman spectra of the other dimer structures as well as computational details are given in 

Supporting Information, Section 1.2.2 and Figure S9, respectively. In all assignments, we focus on 

major peaks to avoid overinterpretation of spectra. Our simulations show that A-Cu2O, A-Cu2O2 

and A-Cu2O2H2 are characterized by significant, broad signals with maxima between 467 cm-1 and 

487 cm-1, respectively, while B-Cu2O2H2 has a characteristic signal at 615 cm-1. In combination 

with information from phase diagrams and UV-vis-NIR spectroscopy, we assign the experimental 

spectrum observed after activation in O2 to A-Cu2O2H2 and B-Cu2O2H2, the most stable Cu sites 

at reaction conditions for dimer anchoring configurations D-A and D-B in the eight-ring (Figure 2, 

(a) and (b) and phase diagrams published in the literature25). For activation in N2O, we assign the 

experimental signal around 485 cm-1 to A-Cu2O2, the most stable Cu dimer sites for dimer 

exchange site D-A at N2O reaction conditions (Figure 2, (c) and (d), and Figure S5 in Supporting 

Information). The origin of the weak signal at 615 cm-1 could again be assigned to B-Cu2O2H2, 

which, depending on the exact conditions, could be formed as a minority species. Notably, we 

cannot exclude the presence of a spectator Cu species or a weak framework vibration leading to 

the signal at 615 cm-1.  Importantly, the three Cu dimers used in our peak assignments are 

optically active at 785 nm (12740 cm-1), while other sites that we do not observe in our 

measurements are inactive for optical activation at this specific wavelength.  

 

Reactivity: So far, a combination of phase diagrams, UV-vis-NIR, and Raman spectroscopy point 

towards a change in the stoichiometry and geometry of Cu dimers with the applied oxidizing 

agent, namely the presence of hydroxylated Cu dimers after activation in O2 and the presence of 

Cu-oxo dimers after activation in N2O. To understand the impact of Cu-site stoichiometry on 

methane conversion, we subsequently evaluated the ability of the zeolite to convert methane to 

methanol in a stepwise process using these two distinct activation protocols. Similar to the 

treatment protocol used above, we (i) activated the zeolite at 723 K in O2 or N2O for 8 hours, (ii) 

cooled to 473 K in the presence of the respective oxidizing agent, (iii) exposed the system to 

methane for 2 hours at 473 K, (iii) purged excessive CH4 using He, and (iv) extract methanol via 

H2O vapor. A detailed experimental protocol is given in Supporting Information, Section S1.1.5. 

Following this protocol, we found that activation in both oxidizing agents leads to similar, small 

amounts of CO, CO2, and di-methyl ether (DME) (3.03 mol/g CO, 1.47 mol/g CO2, 0.25 mol/g 

DME after activation in O2 and 3.09 mol/g CO, 2.66 mol/g CO2, 0.27 mol/g DME after 

activation in N2O, respectively; see Figure 4 (a)). We attribute the presence of products besides 

methanol to either catalytic methanol oxidation53 or methanol coupling to DME over Bronsted 

acid sites54 during the extraction process. However, the zeolite produces more than twice as 

much methanol after activation in N2O (23.23 mol/g) compared to activation in O2 (9.55 

mol/g). Even if taking the methane conversion into all observed products into account, 

activation in O2 leads to a total conversion of 14.55 mol/g of methane, while activation in N2O 

leads to a total conversion of 29.52 mol/g. At the same time, conversion numbers indicate that 

only a small amount of Cu is active in the conversion of methane. This indicates that our zeolite 
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only contains a limited number of exchange positions where sites can form that are active in the 

conversion of methane to methanol.   

 
Figure 4: (a): Experimentally measured conversion of methane per cycle after activation in O2 

and in N2O. (b) and (c): Calculated Free Energy diagrams at 473 K for the conversion of methane 

to methanol for four distinct active sites: A-Cu2O2H2 ((b), green), D-Cu2OH ((b), dark red), B-

Cu2O2 ((c), purple), and D-Cu2O2 ((c), red). Maximum in curved lines denotes a transition state. 

For each reaction, reaction intermediates are schematically displayed, and energies are 

reported as Gibbs9 Free Energies in eV. Atomistic representations of intermediates of partial 

reactions, transition states, and of intermediates, and preferred spin states are provided in 

Supporting Information, section S5. 
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of methane to methanol over four different site structures that are stabilized under the specified 

0

-0.35

+1.45+1.51

-0.60

+0.14

D-Cu2OH

A-Cu2O2H2

O
2
a
tm

o
sp
h
e
re

0

+1.02

-0.35

-2.86

-3.03

-3.67

-3.39

-2.07

-1.65

-2.51

-2.68

B-Cu2O2

D-Cu2O2

+1.07

N
2 O

 a
tm

o
sp

h
e

re

(a) (b)

(c)



11 

 

experimental protocols. More specifically, we focused on A-Cu2O2H2 and D-Cu2OH, the most 

stable sites for activation in O2 (see Figure S6 in the Supporting Information), for sites located in 

the eight-membered ring or bridging six- and eight-membered rings, respectively. We also 

studied B-Cu2O2 and D-Cu2O2, two sites that are most stable after activation in N2O for the two 

different site geometries in SSZ-13. Since the system is kept at fixed conditions for an extended 

period during activation, we assume that the system is thermodynamically equilibrated. In the 

analysis of the free energy diagrams, we therefore first focus on the reaction energy as a measure 

of whether methane will be converted to methanol. Subsequently, we calculated the activation 

energy to understand the reaction kinetics. For all pathways, different spin states were evaluated 

for all intermediates and transition states; only the lowest energy spin states are reported. For 

some of the sites, conversion of methane to methanol is a multi-step process. Only the energies 

of the initial and final states and the effective activation energy are shown in the main text. All 

partial reactions studied, atomistic representations of intermediates, and preferred spin states 

are provided in Supporting Information, Section S7. Atomistic structure files for all relevant 

intermediates and transition states are provided in the supporting structures file. Details of the 

computational strategy are given in Supporting Information, Section S1.2.3.  

 

Conversion of methane over the two Cu-dimers stabilized in an O2 atmosphere varies significantly 

(see Figure 4 (b) and Figures S10 and S11 in Supporting Information). Only methane conversion 

over A-Cu2O2H2, where methane is converted to methanol and a water molecule, shows a 

negative reaction energy (-0.60 eV). For D-Cu2OH, on the other hand, where methane is 

converted to a methyl group bound to a Cu atom of the dimer and a water molecule, the reaction 

energy is positive (+0.14 eV). Even though both sites show similar activation energies of 1.86 eV 

and 1.80 eV, respectively, the reaction energies imply that only the Cu-dihydroxyl dimer can 

convert one methane molecule to methanol.  

 

The situation for the two Cu-dimers stabilized in an N2O atmosphere is different (see Figure 4 (c) 

and Figures S12 and S13 in Supporting information). Here, the conversion of the first methane 

molecule is favored and, in both cases, a Cu-dimer with one hydroxyl- and one methoxy-group is 

formed. Reaction energies are vastly negative (-2.33 eV and -2.16 eV, respectively), and activation 

energies are reasonably low (1.37 eV and 1.42 eV, respectively). The resulting sites have the 

potential to convert a second methane molecule. Again, both sites show a negative reaction 

energy (-0.81 eV and -0.36, respectively) and a low activation energy for methane conversion 

(0.79 eV and 1.38 eV, respectively) and will therefore convert a second methane molecule.  

 

At the same time, the analysis of the reaction energy for the conversion of methane over the Cu-

OH monomer is positive (+0.38 eV), which indicates that this site, which represents the majority 

of Cu species in our zeolite sample, as indicated by UV-vis spectra in Figure 3 (a), is inactive for 

the conversion of methane to methanol. 

 

Discussion and Conclusions: 

 

We can now use these insights to rationalize the experimentally observed differences in methane 

conversion between O2 and N2O as oxidizing agents: In O2, hydroxylated Cu dimers are stabilized, 
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which, depending on their location in the zeolite framework and their exact stoichiometry, can 

convert either one or zero methane molecules to methanol. In N2O, however, Cu-dioxo-dimers 

are stabilized, which, depending on their exact structure, can convert two methane molecules. 

Therefore, when N2O is used as the oxidizing agent, more than twice as much methane will be 

converted to methanol compared to when O2 is used as the oxidizing agent. Interestingly, A-

Cu2O2H2 shows turnover rates of about one methane molecule  per hour, a conversion rate that 

agrees well with experimental measurements in the literature40. 

 

In the past, the impact of active site structure of Cu site structure on the conversion of methane 

to methanol has been widely discussed9,13,14,16,17,20,21,29,30,34,35,52,55359. However, in most cases the 

focus was only on Cu-oxo sites and the conversion of the first methane molecule. The present 

study goes beyond this limit and asks how many methane molecules each active site can convert. 

The reaction paths analyzed in this work indicate that bond formation between H or CH3 and Cu 

is endothermic compared to CH4 and a sufficient number of O or OH groups need to be available 

to accommodate these reaction intermediates. This implies that there may be a more general 

structure/property relationship for the conversion of methane to methanol over small Cu-oxo 

and hydroxy clusters. More specifically, at least two hydroxyl groups are necessary to allow for 

the formation of one methanol and one water molecule, while only one oxo group is required to 

achieve a similar conversion. These findings indicate that at least two hydroxy groups or one oxo 

group must be present in a small transition metal cluster to convert one methane molecule to 

methanol. We suggest that this simple rule provides an intuitive understanding of the ability of 

small transition metal-oxo and transition metal-hydroxy clusters in zeolites to convert methane 

to methanol. Further experimentation with other metals, zeolites, and reaction conditions37 will 

be needed to develop additional insights for the design of zeolite catalysts for the efficient 

conversion of methane to methanol.  
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