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Abstract: There is an ongoing debate regarding the role of [Cu3O3]
2+ in methane-to-methanol 

conversion (MMC) by copper-exchanged zeolites. Here, we use electronic structure analysis and 

localized orbital bonding analysis, LOBA, to probe the redox chemistry of its Cu and μ-oxo sites. 

Also, the X-ray absorption near-edge structure, XANES, of methane activation in [Cu3O3]
2+ is 

compared to the more ubiquitous [Cu2O]2+. Methane C-H activation is associated with only the 

Cu2+/Cu+ redox couple in [Cu2O]2+. For [Cu3O3]
2+, there is no basis for the Cu3+/Cu2+ couple’s 

participation, at the density functional theory (DFT) ground state. In [Cu3O3]
2+, there are many 

possible intra-zeolite intermediates for methane activation. In the 9 possibilities that we examined, 

methane activation is driven by a combination of the Cu2+/Cu+ and oxyl/O2- redox couples. Based 

on this, the Cu 1s-edge XANES spectra of [Cu2O]2+ and [Cu3O3]
2+ should both have energy 

signatures of Cu2+ → Cu+ reduction during methane activation. This is indeed what we obtained 

from the calculated XANES spectra. [Cu2O]2+ and [Cu3O3]
2+ intermediates with 1 Cu+ site are 

shifted by 0.9-1.7 eV while those with 2 Cu+ sites are shifted by 3.0-4.2 eV. These are near the 

range of 2.5-3.2 eV observed experimentally after contacting methane with activated copper-

exchanged zeolites. Thus, activation of methane by [Cu3O3]
2+ will lead to formation of Cu+ sites. 

Importantly for future quantitative XANES studies, involvement of O- + e- → O2- in [Cu3O3]
2+ 

implies a disconnect between the overall reactivity and the number of electrons used in the 

Cu2+/Cu+ redox couple. 



 

2 
 

Keywords: Copper-exchanged zeolites, active sites, methane activation, X-ray absorption 

spectra, redox chemistry, time-dependent density functional theory, oxidation states.      

 



 

3 
 

1. INTRODUCTION 

Natural gas reserves are abundant across the globe. Natural gas consists mostly of methane, which 

is a valuable source of energy and industrial chemicals.1,2  As such, conversion of methane to 

liquid derivatives like methanol is the target of many research efforts. Efficient and direct 

conversion of methane to methanol will likely be more cost-effective than current liquefaction 

techniques.3,4 Of the various systems that are active towards the methane C-H bond, copper-

exchanged zeolites have garnered great interest.5-13 The active sites for converting methane to 

methanol in these zeolites are known to be small copper oxo species. There however is some 

debate about the exact nature of these species.14-16 Several mono-copper, dicopper and tri-copper 

species have been proposed.17,18 However, invocation of a unique tri-copper tri-oxo, [Cu3O3]
2+,19-

25 active site species complicates established description of the Cu2+/Cu+ redox couple as the driver 

for conversion of methane to methanol.26 Quantum-mechanical calculations revealed the presence 

of mixed-valence Cu2+/Cu3+ oxidation states for the Cu centers in [Cu3O3]
2+.14 Additionally, two 

of the μ-oxo sites in [Cu3O3]
2+ possess oxyl character, which were suggested as being suitable for 

methane C-H activation.14 This implies that methane-to-methanol conversion, MMC, is associated 

with no change in the oxidation states of the Cu centers. However, Cu2+/Cu3+ components of its 

wavefunction would suggest that MMC is driven by the Cu3+/Cu2+ redox couple in [Cu3O3]
2+, at 

least in part. Thus, analysis of its electronic structure during methane C-H activation is required. 

This will allow for detailed understanding of how methane C-H activation affects the [Cu2+, 2Cu3+, 

3O2-]2+ or [3Cu2+, 2O-, O2-]2+ configurations of [Cu3O3]
2+.12   

Until recently, there was little computational evidence for the spectroscopic properties of zeolites 

containing [Cu3O3]
2+. Initially, Grundner et al.22 fitted the EXAFS spectrum of [Cu3O3]

2+ in 

zeolite mordenite, MOR, to the calculated spectrum of a structure obtained from density functional 

theory, DFT.12,27,28 However, we more recently showed that the broad absorption bands at 31000 

and 38000 cm-1 in the UV-Vis spectra are linked to [Cu3O3]
2+.29 For this, we employed a long-

range corrected double hybrid density functional for Tamm-Dancoff time-dependent DFT, TDA-

DFT, calculations.30 This functional is ωB2PLYP.31-33 ωB2PLYP also captures the decrease in the 

intensities of the 30000 and 38000 cm-1 bands upon contact with methane.34 This agrees very well 

with the experimental data.22,35,36 These reports on computational evidence for the spectroscopic 

properties of [Cu3O3]
2+ are encouraging. However, there has been no detailed analysis of how 

methane C-H activation affects the formal oxidation states of the Cu and μ-oxo sites in [Cu3O3]
2+. 
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Additionally, there are currently no reports in the literature for quantum-mechanical computations 

of the Cu 1s-edge X-ray absorption near-edge structure, XANES, spectra for [Cu3O3]
2+. 

Interestingly, XANES spectra of [Cu3O3]
2+ can reveal how the oxidation states of its Cu sites are 

altered after methane hydroxylation. Indeed, it remains to be seen whether changes induced by 

methane activation in the XANES spectra of [Cu3O3]
2+ are similar to those for other copper-oxo 

active sites. 

2. METHODOLOGY 

2.1. Systems of Interest: A cluster model for the mono-(μ-oxo) dicopper, [Cu2O]2+ active site 

in zeolite ZSM-537 is shown in Figure 1. This active site has been extensively characterized in 

various zeolites.6,10,12,38-41 As such, we can use it as a reference for comparing the [Cu3O3]
2+ 

system. The cluster model, 1A, has been used by us previously.29,34 This 47-atom model includes 

the complete first- and second-coordination spheres around the dicopper active site. After 

activating methane, there are several possible intermediate species that can be formed. These are 

also shown in Figure 1. At low methane pressures, the methyl group can rebound to another 

[Cu2O]2+ site, 1B, while the abstracted proton is bound to the reacting [Cu2O]2+, 1C.  However, at 

high methane pressures, the separated methyl could rebound back to the reacting [Cu2O]2+ site,  

 

Figure 1: Optimized structures of the cluster models of [Cu2O]2+. A is the cluster model for the 

active site. B-E are intermediates formed after methane C-H activation. 
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forming a [Cu-O(H)(CH3)-Cu] moiety, 1D. Structures 1B-1D have been previously proposed. We 

also need to consider the situation where the methyl group is stabilized at a basic framework oxo 

atom. In this situation, only 1C is of interest. If the separated methyl group stabilizes at a Brønsted 

acid site, in exchange for the acidic proton, then 1C and 1E are of interest. In Table 1, we provide 

a summary of the properties of 1A-1E. 

Table 1: Summary of [Cu2O]2+ species of interest. 

 1A 1B 1C 1D 1E 

Copper-oxo cluster Yes     

C-H activation intermediate  Yes Yes Yes Yes 

High/Low Methane pressures Both Likely low Likely low Possibly high Possibly both 

A cluster model for the [Cu3O3]
2+ site in the eight-membered ring, 8MR, of MOR is shown in 

Figure 2. This model has been used previously by various workers.14,29,34 In addition to [Cu3O3]
2+, 

2A, we considered several possible intermediates formed after C-H activation. In some of these, 

the methyl group and H from methane are coordinated to two μ-oxo atoms at the active site. These 

are labeled as 2B, 2C and 2D in Figure 2. However, the methyl group could rebound back to the 

reactive μ-oxo atom, leading to 2E. If the methyl is stabilized at a Brønsted acid site, in exchange 

for the acidic proton, then 2F and 2G are of interest. At high pressures, 2 methane molecules can   

 

Figure 2: Optimized structures of the cluster models of [Cu3O3]
2+. A is the cluster model for the 

active site. B-J are possible intrazeolite intermediates formed after methane C-H activation. 
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can be activated by [Cu3O3]
2+, leading to the structures shown as 2F and 2H. In 2H, both methyl 

groups rebound to the extra-framework copper-oxo site. This structure is very similar to that 

examined previously by Zheng et al.42 In 2F, both methyl groups are stabilized away from the 

active site. Lastly, if both methyl groups are remotely stabilized via exchange with Brønsted acid 

sites, then 2I and 2J are of interest. The possible intra-zeolite intermediates for [Cu3O3]
2+ are 

definitely more numerous than for [Cu2O]2+. In Table 2, we provide a summary of the properties 

of 2A-1J. 

Table 2: Summary of [Cu3O3]
2+ species of interest. 

 Copper-oxo cluster C-H activation intermediate High/Low Methane pressures 

2A Yes  Both 

2B  Yes Likely low 

2C  Yes Likely low 

2D  Yes Likely low 

2E  Yes Likely low 

2F  Yes Possibly both 

2G  Yes Possibly both 

2H  Yes High 

2I  Yes High 

2J  Yes High 

2.2 Geometry Optimizations: The cluster models were all optimized with the B3LYP-D3BJ 

43-46 functional while using def2-SVP47 basis sets. Vibrational frequency analyses were performed 

in order to confirm the local minimal of these structures. We neglected 1-2 low frequency 

imaginary modes, less than 150 cm-1, associated with the terminating protons.   

2.3     Localized Orbital Bonding Analysis: Single-point calculations were performed on the 

optimized geometries at the ωB2LYP/cc-pVDZ, B3LYP/cc-pVDZ, ωB2LYP/cc-pVTZ and 

B3LYP/cc-pVTZ levels.48,49 B3LYP is often used to study transition metal complexes50, while 

ωB2LYP provides a good description of the ground state electronic structures of copper oxo 

species.29,34 Localized Orbital Bonding Analyses, LOBA, were carried out on the converged self-

consistent-field solutions in order to determine the formal oxidation states of the atoms in our 

cluster models.51 The threshold for performing LOBA was set to 46-50%. This was sufficient to 

ensure that the sum of the oxidation states of all atoms was 0. All calculations were performed 

with the unrestricted DFT formalism. 

2.4       TDA-DFT Calculations of Near-Edge X-ray Absorption Spectra: X-ray absorption 

spectra for the Cu K-edge were also calculated with TDA-DFT. In all cases, the Cu 1s core orbitals 
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were localized and only excitations from these into virtual orbitals were allowed. We requested 

200-450 excited states in our calculations. Quadrupole corrections to the oscillator strengths were 

also calculated. Scalar-relativistic effects were accounted for with the Zeroth Order Regular 

Approximation, ZORA.52 We used minimally-augmented ma-ZORA-def2-TZVPP basis sets.53,54 

For XANES TDA-DFT calculations, we used the B1LYP functional with 20% Hartree-Fock 

exchange and 80% DFT exchange.49,55,56 This functional, B1LYP-20%, provides the least relative 

deviations for the pre-edge features of two Cu complexes. The benchmark dataset used for this 

comparison were from the report by Wieghardt et al.57, Supporting Information (SI). Calculated 

XANES spectra were fitted with Gaussian functions with FWHM of 1.3 eV (10485 cm-1). 

2.5.     Software: All DFT and TDA-DFT calculations were performed with the Orca software 

code, version 4.2.1.58,59 We used the Multiwfn software for LOBA.60     

3. RESULTS AND DISCUSSIONS 

3.1. Localized Orbital Bonding Analysis and Electronic Structure Analysis 

We first discuss the oxidation states and electronic structure properties of the [Cu2O]2+ and 

[Cu3O3]
2+clusters. We compare their properties to those of intrazeolite intermediates formed after 

methane activation. 

3.1.1 Mono(μ-oxo) dicopper active site: The calculated oxidation states for the Cu and μ-oxo 

atoms of [Cu2O]2+ in 1A are shown in Figure 3. Oxidation states after methane activation to form 

1B-1E are also shown. Before methane activation, the [Cu2O]2+ site has a [2Cu2+, μ-O2-] character. 

LOBA shows that methane activation is facilitated by reduction of 2 Cu2+ sites to Cu+, Figure 3. 

There is a Cu+ site in 1B and another in 1C. In essence, 1B and 1C both have [Cu+, μ-O2-, Cu2+] 

characters. 1D and 1E both have 2 Cu+ sites and are thus of [Cu+, μ-O2-, Cu+] character. In all 

cases, the oxidation state of the μ-oxo atom remains unchanged at -2, Figure 2.  

The results from LOBA can be explained by examining the canonical orbitals for the singlet state 

of [Cu2O]2+. [Cu2O]2+ has a restricted singlet state ground state. However as we used unrestricted 

DFT, we are left with singly-occupied MOs. Before methane activation, there are four occupied 

frontier molecular orbitals, MOs, that are heavily dominated (60-75%) by contributions from the 

μ-oxo atom, Figure 4. These contain four electrons (2α and 2β). There are also significant μ- oxo 

2p contributions to several other MOs, ranging from 6-30%. One of these is shown in Figure 4. It 

is thus reasonable that the oxidation state of the μ-oxo atom is -2, corresponding to a full octet. 

Both Cu atoms have only minor contributions, < 3%, to these high-lying valence orbitals. In 1B 



 

8 
 

 

Figure 3: Formal oxidation states from LOBA for Cu and μ-oxo atoms of [Cu2O]2+ in various 

structures. cc-pVDZ and cc-pVTZ basis sets were used with B3LYP and ωB2LYP. 

and 1C, the nature of the frontier orbitals change dramatically, Figure 5. The μ-oxo 2p orbitals 

are stabilized, due to hybridization with orbitals of the separated methyl group and proton from 

methane, Figure 5. To allow this, an electron is shifted out of a μ-oxo 2p orbital in 1B and 1C into 

Cu 3d orbitals, which now dominate the highest occupied MOs, Figure 5. A similar mechanism 

is responsible for reduction of 2 Cu2+ sites in 1D and 1E. 

 

Figure 4: Frontier orbitals of the α-electron manifold in [Cu2O]2+, 1A, at ωB2LYP/cc-pVTZ level. 
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Figure 5: Frontier α-orbitals in [Cu2O]2+ after methane hydroxylation. Some orbitals of the μ-oxo 

atom with CH3 and H from methane are shown with transparent lobes for better visualization. 

3.1.2 Tris(μ-oxo) tricopper active site: We now discuss the results from LOBA and electronic 

structure analysis for [Cu3O3]
2+ and the possible intra-zeolite intermediates formed after its 

reaction with methane, Figure 2. Before methane C-H activation, 2A, the three Cu centers in 

[Cu3O3]
2+ are all Cu2+, Figure 6. This concurs with Löwdin spin densities of 0.84, -0.79 and 0.85 

on these sites, at the ωB2LYP/cc- pVTZ level. The oxidation states of the three μ-oxo atoms are 

-1, -1 and -2, in agreement with the previously described anisotropy of [Cu3O3]
2+.12 Thus, 2A has 

a configuration of [3Cu2+, 2O-, O2-]2+, with 2 oxyl sites available for interaction with methane.  

For the intermediate species, we first consider the species in which the separated methyl group(s) 

is(are) stabilized at μ-oxo atom(s) of the active site. These are 2B-2D as well as 2H. We first 

differentiate between 2B and 2C on the one hand and 2D on the other. For 2B and 2C, LOBA 

with B3LYP and ωB2LYP reveal that the oxidation states of the Cu centers remain unchanged, 

Figure 6. For these 2 structures, methane C-H activation is seemingly accompanied by reduction 

of both oxyl sites, 2O- + 2e- → 2O2-. This transfer of electrons can be seen by examining the 

canonical MOs, Figure 7.  Prior to methane activation, the frontier orbital, HSOMO to HSOMO-

3 are delocalized over the μ-oxo oxyl and O2- sites. After C-H activation in 2B, the occupied 

frontier orbitals are localized on an erstwhile oxyl, converting it into O2-. Indeed, LOBA indicates  
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Figure 6: Formal oxidation states from LOBA for Cu and μ-oxo atoms of [Cu3O3]
2+ before and 

after methane hydroxylation. These were performed on converged solutions with cc-pVTZ basis 

sets. For structures 2D, 2F and 2G, we present LOBA results from ωB2LYP and B3LYP. 

 

Figure 7: Frontier orbitals of the α-electron manifold in [Cu3O3]
2+, 2A, (top) and after (bottom) 

methane C-H activation in structure 2B. 
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that the CH3 group has an oxidation state of +1, suggesting electron transfer of the sort: CH3
. + 

O2- + O- → CH3
+ + 2O2-. Hybridization with H 1s converts the other oxyl site to O2-. In 2C, both 

oxyl sites are hybridized with H 1s and C 2p orbitals, converting them both to O2-. This 

corresponds to CH3
. + H. + 2O- → CH3

+ + H+ + 2O2-. 

For 2D, we obtained different results from LOBA on the ωB2LYP and B3LYP solutions, Figure 

6. For ωB2LYP with cc-pVTZ and cc-pVDZ basis sets, both oxyl sites are reduced to O2-, just as 

in 2B and 2C. However, with B3LYP, only one oxyl site is reduced to O2-. The other electron is 

transferred to a Cu2+ site, reducing it to Cu+. This result from B3LYP suggests that methane 

activation to yield 2D is associated with partial contributions from the Cu2+/Cu+ and oxyl/O2- 

redox couples. B3LYP is a global hybrid with 20% Hartree-Fock (HF) exchange while ωB2LYP 

is a truncated range-separated hybrid functional with 53% and 100% HF exchange in the short- 

and long-range, respectively. Thus, ωB2LYP likely favors excessive localization of electrons.  

We can provide some clear statements about our findings, Figure 6. First, these ground state DFT 

and LOBA results provide no support for involvement of the Cu3+/Cu2+ redox couple in methane 

activation by [Cu3O3]
2+. Second, the Cu2+/Cu+ redox couple definitely plays a role in methane 

activation by [Cu3O3]
2+. Indeed, we are quite confident that LOBA’s assignment of three Cu2+ 

and three O2- sites for 2D with ωB2LYP is due to a borderline partitioning threshold. To explain 

this, let us revisit 2B and 2C, briefly. The μ-oxo 2p-dominated frontier orbitals of the new O2- 

(erstwhile oxyl not bound to H or CH3), Figure 7, actually contain 12.7-28.6% contributions from 

Cu. This is at the ωB2LYP/cc-pVTZ level, demonstrating clearly that 2B and 2C also have 

appreciable Cu+ characters. Turning back to 2D, with B3LYP, the contributions from Cu to 

HSOMO, HSOMO-1 and HSOMO-2 are 38.3%, 35.0% and 42.6%, respectively. As such, LOBA 

assigned an electron to a Cu site and one oxyl site remains, Figure 6. However with ωB2LYP, 

contributions from Cu to these orbitals are slightly lower, 42.5%, 34.6% and 37.9%, respectively. 

This functional also slightly reduces delocalization to framework aluminate oxos. As such, LOBA 

assigned both electrons to the erstwhile oxyl site, resulting in an oxidation state of -2, Figure 6. 

These analyses reinforce our conclusion that methane activation by [Cu3O3]
2+ is driven by a 

combination of the Cu2+/Cu+ and oxyl/O2- redox couples. Thus, spectroscopic characterizations 

of this active site must indicate signatures of intrazeolite Cu2+ → Cu+ reduction during MMC. 

This must be especially true for 2D, and indeed for 2B and 2C, albeit likely to lesser extents. 
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Overall, our analysis for these intermediates indicate that there would be 1 mole of Cu+ produced 

for each mole of activated methane.  

All other [Cu3O3]
2+ intermediates involve the Cu2+/Cu+ redox couple, to some extent, Figure 6. 

2E involves Cu2+ + e- → Cu+ and O- + e- → O2- with B3LYP and ωB2LYP. Interestingly, 2F 

involves 2Cu2+ + 2e- → 2Cu+ and O- + e- → O2- as well as O- → O + e- at the B3LYP/cc-pVTZ 

level. At the ωB2LYP/cc-pVTZ level, the only redox process is 2O- + 2e- → 2O2-. Similarly, 2G 

involves only 2Cu2+ + 2e- → 2Cu+ with B3LYP but Cu2+ + e- → Cu+ and O- + e- → O2- with 

ωB2LYP. The differences are related to the amount of HF exchange in the functionals. 

For species considered to be relevant at high methane pressures, 2H and 2I involve 2Cu2+ + 2e- 

→ 2Cu+ and 2O- + 2e- → 2O2- while 2J involves Cu2+ + e- → Cu+ and 2O- + 2e- → 2O2-. In these 

cases, B3LYP and ωB2LYP agree with each other. For 2H and 2I, 4 electrons are released from 

2 methane molecules, whereas for 2J, a methyl group departs with 1 of the released electrons. The 

formal oxidation states of all μ-oxo atoms in 2H and 2I are -2. Both oxyl sites and two Cu2+ sites 

are reduced, Figure 6. As noted earlier, the Löwdin spin densities of the Cu atoms in 2A are 0.84, 

-0.79 and 0.85 at the ωB2LYP/cc- pVTZ level. After activation of 2 methane molecules, these are 

0.00, 0.01 and 0.83 in 2H. This is clear evidence for 3Cu2+ + 2e- → 2Cu+ + Cu2+. Similarly, the 

spin densities on the μ-oxo atoms were -0.53, -0.41 and 0.97 in 2A. In 2H, they are 0.05, 0.08 and 

0.00, evidence for 2O- + O2- + 2e- → 3O2-. We see similar trends for 2I.  

3.2. TDA-DFT XANES Spectra for [Cu2O]2+ Models 

In this section, we consider the Cu 1s edge spectra of the [Cu2O]2+ sites as well as the intermediate 

species shown in Figure 1. This is interesting as XANES spectra have been extensively used to 

quantify the amount of Cu+ produced after contacting copper-exchanged zeolites with methane. 

At the Cu 1s-edge, a rising edge peak near 8986 eV is assigned to 1s → 4p electronic transitions 

in Cu2+ centers. These are shifted to about 8983 eV after Cu2+ → Cu+ reduction. This 2.5-3.2 eV 

shift after Cu2+ one-electron reduction has been reported by various workers.22,61-63 One would 

thus expect that the calculated near-edge X-ray absorption spectra of our [Cu2O]2+ cluster models 

would also show some shift. This would be a way to confirm the involvement of the Cu2+/Cu+ 

redox couple in methane activation by [Cu2O]2+ and [Cu3O3]
2+, Figures 3 and 6.  

The calculated spectra for the [Cu2O]2+ species are shown in Figure 8. The first dominant electronic 

transition is calculated to be at 8992.7 eV in 1A. After methane activation, the earliest dominant 

transitions are at 8991.2 and 8991.1 eV in 1B and 1C, respectively. The XANES spectra are shifted 
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by 1.5 and 1.6 eV, respectively. These are below shifts of 2.5-3.2 eV observed empirically.22,61-63 

The absolute transition energies from TDA-DFT are somewhat inaccurate. However, we are 

mainly interested in comparing the XAS shifts with [Cu3O3]
2+ systems.  

 

Figure 8: Calculated Cu 1s-edge spectra of [Cu2O]2+ species, 1A-1E. Pre-edge 1s → 3d and near-

edge 1s → 4s/4p peaks are of interest in characterizing the Cu oxidation states. 

For, 1D and 1E, the 1s → 4p transitions are shifted by 4.1-4.2 eV, Figure 8. These are greater than 

the 2.5-3.2 eV shifts often observed experimentally. 1D-1E both have 2 Cu+ sites while 1B-1C 

only have a Cu+ site, Figure 3. It thus appears that the XAS shifts predicted by TDA-DFT are 

related to the number of Cu+ sites in our cluster models.  

3.3. TDA-DFT XANES Spectra for [Cu3O3]2+ Models 

For the [Cu3O3]
2+ system, the most intense Cu 1s → 4s/4p transition is at 8992.3 eV in 2A, Figures 

9 and 10. Thus, prior to methane C-H activation, the Cu 1s → 4p transition energies are essentially 

the same in [Cu3O3]
2+ and [Cu2O]2+.  This makes sense, given that the Cu centers in these species 

are all Cu2+, Figures 3 and 6. For the intermediates, the first dominant Cu 1s → 4p transitions are 

shifted to 8990.9, 8991.4, 8990.6, 8990.2, 8990.7, 8989.3, 8988.0, 8988.1 and 8988.0 eV for 2B, 

2C, 2D, 2E, 2F, 2G, 2H, 2I and 2J, respectively, Figures 9 and 10. Relative to 2A, the XAS spectra 

of 2B, 2C, 2D, 2E, 2F, 2G, 2H, 2I and 2J are shifted by 1.4, 0.9, 1.7, 2.1, 1.6, 3.0, 4.3, 4.2 and 

4.3 eV, respectively. The shifts for 2B-2D and 2F are less than shifts of 2.5-3.2 eV shifts observed 

experimentally. 22,61-63 By contrast, the calculated shifts for 2H-2I are significantly larger than 2.5-  
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Figure 9: Cu 1s-edge spectra of [Cu3O3]
2+ species, 2A-2E. The earliest dominant pre-edge Cu 1s 

→ 4s/4p peaks are indicated with dashed lines. 

 

Figure 10: Calculated Cu 1s-edge spectra of [Cu3O3]
2+ species, 2A as well as 2F-2J. The earliest 

dominant pre-edge Cu 1s → 4s/4p peaks are indicated with dashed lines. 

3.2 eV while that of 2G falls within the range of empirical data. This is similar to the situation for 

[Cu2O]2+ species. Species with only 1 Cu+ site, Figure 6, yield XAS shifts smaller than 2.5-3.2 eV 

while species with 2 Cu+ sites predict XAS shifts significantly larger than 2.5-3.2 eV. Indeed, the 
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shifts obtained for 2B-2F match well to those obtained for 1B-1C, while those for 2H-2I match 

well with results for 1D-1E. This confirms the presence of one or more Cu+ sites in the [Cu3O3]
2+ 

species. Moreover, for the [Cu3O3]
2+ species, the lowest-energy dominant Cu 1s → 4s/4p 

transitions are from the 1s orbitals localized precisely on the Cu atoms involved in Cu2+ → Cu+ 

reduction. We conclude that [Cu2O]2+ and [Cu3O3]
2+ sites would show identical signature energy 

shifts due to Cu+ in XANES spectra. This is quite likely to be the case at low- or high-methane 

pressures. Our results in Figures 6 and 9 strongly indicate that, assuming 100% selectivity, 1 mole 

of Cu+ will always be produced per mole of methane activated by [Cu3O3]
2+. 

3.4. Impact of Cluster Model Size and Structural Dynamics 

We have also checked the dependence of our results on the size of our cluster models as well as 

the structural dynamics under finite temperature conditions. We first enlarged our models by 

adding more framework atoms, Figure 11. For these larger clusters, we considered species 

analogous to 1A, 1C, 2A, 2F and 2I. Details for the computational protocols for these larger 

clusters are given in the Supporting Information. In all cases, results from LOBA for the larger 

models species are the same as for their smaller counterparts. Thus, our smaller models are 

sufficient for describing the electronic structures of the copper-oxo sites. As noted earlier, the 

smaller models already capture the first- and second-coordination spheres of the active sites.  

We also carried out ab initio molecular dynamics (AIMD) simulations on the periodic structures 

of species corresponding to 2A, 2F and 2I. For each, 3 simulations were carried out for 8 ps, 

using initial structures from an initial 8 ps equilibration step. Our AIMD protocol is similar to 

that used previously by Li et al.64 We randomly selected 20 structures from the post-equilibrium 

trajectory files. Cluster models similar to those in Figure 2 were constructed from the selected 

structures. The positions of the Cu, O, Al and Si atoms were kept fixed while the positions of 

terminating hydrogen atoms were optimized.  

 

Figure 11: Larger cluster models of the [Cu2O]2+ and [Cu3O3]
2+ species. The dicopper complex 

is shown in (A) while 2 views of the tricopper species are given in (B) and (C). 
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LOBA results for all AIMD structures for 2A and 2I were unchanged from results presented in 

Figure 6. For 2F, structures from AIMD involve Cu2+ + e- → Cu+ and O- + e- → O2- at the 

B3LYP/cc-pVTZ level. This is compared with 2Cu2+ + 2e- → 2Cu+; O- + e- → O2- and O- → O 

+ e- for the DFT-optimized structure. Crucially, all AIMD and DFT geometries involve the 

Cu2+/Cu+ reduction. Calculated XAS shifts for AIMD geometries are shown in Table 3. Overall, 

spectra for 2F and 2I are respectively shifted by 0.9-2.4 and 2.9-4.2 eV relative to 2A structures. 

These ranges cover the shifts of 1.6 and 4.2 eV obtained with DFT-optimized structures, Figure 

10. Thus, structural dynamics are important for accurate reproduction of the Cu 1s-edge spectra 

of the copper-oxo species. However, regarding the crux of the current work, the calculated XAS 

shifts indicative of Cu2+ → Cu+ reduction still exist after using structures sampled from AIMD 

trajectories. These XAS shifts will be evident in [Cu2O]2+ and [Cu3O3]
2+ species. 

Table 3: Calculated shifts (eV) in Cu 1s-edge spectra of several [Cu3O3]
2+ species. 

 2A 2F 2I 

DFT geometry 8992.3 8990.7 8988.1 

Calculated Shift 0.0 1.6 4.2 

AIMD geometries 8992.0-8992.8 8990.4-8991.1 8988.6-8989.1 

Calculated Shift 0.0 0.9-2.4 2.9-4.2 

CONCLUSIONS 

We have investigated the redox behavior of Cu and oxo atoms in 2 active sites capable of 

converting methane to methanol in copper-exchanged zeolites. Specifically, we compared the 

[Cu3O3]
2+ and [Cu2O]2+ active sites. We analyzed the electronic structures of these systems with 

Density Functional Theory (DFT) and Localized Bond Orbital Analysis, LOBA. We used 

Tamm-Dancoff Approximation DFT, TDA-DFT, to compute the Cu 1s-edge X-ray absorption 

spectra (XAS) of these species. We also considered intra-zeolite intermediates formed after 

methane C-H activation at low- and high- methane pressures, for both copper-oxo sites.  

Prior to methane activation, the ground state of [Cu3O3]
2+ has a configuration of [3Cu2+, 2O-, 

O2-]2+, at the DFT level. This configuration indicates three Cu2+ sites, 2 oxyl sites and an O2- 

site. By a similar token, [Cu2O]2+ has a [2Cu2+, O2-]2+ configuration.  

Methane activation in [Cu2O]2+ is associated with the Cu2+/Cu+ redox couple. If the methyl group 

rebounds to another active site, [Cu-OH-Cu]2+ and [Cu-OCH3-Cu]2+ are formed. These are of 

[Cu+, O2-, Cu2+] character. If the methyl is stabilized at the reacting active site, then [Cu-
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O(H)(CH3)-Cu]2+ is formed. Stabilization of the methyl remotely at Brønsted acid site, BAS, 

leads to formation of [Cu-OH-Cu]2+ or [Cu-O(H)(H)-Cu]2+, with the latter involving proton 

exchange between the active site and the BAS. The overall processes leading to these 3 species 

still utilize the Cu2+/Cu+ redox couple. 

By contrast, there are many more possible intermediates for methane activation by [Cu3O3]
2+. 

We considered 9 possibilities. Species where the methyl group is stabilized at the μ-oxo atoms 

are driven by a combination of the Cu2+/Cu+ and oxyl/O2- redox couples. One electron is 

transferred to an oxyl site, reducing it to O2- and the other electron is transferred to a Cu2+ center. 

Thus for these species, one mole of Cu+ is produced for each mole of methanol, assuming high 

selectivities. This is supported by examination of the canonical molecular orbitals and LOBA. 

Interestingly, when the methyl group is stabilized at a remote location (for example at BASs in 

exchange for a proton), Cu+ is still formed in the active site. Thus, the Cu2+/Cu+ couple still 

participates for [Cu3O3]
2+ when separated methyl groups rebound to Brønsted acid sites. This is 

the same for species that are likely relevant at high methane pressures. Based on these findings, 

we hypothesized that methane activation on [Cu3O3]
2+ will be associated with spectroscopic 

features indicative of Cu2+ → Cu+ reduction. The signatures for Cu2+ → Cu+ reduction must also 

be similar for [Cu3O3]
2+ and [Cu2O]2+. 

In a search for these spectroscopic signatures, we computed Cu 1s-edge XAS, before and after 

methane activation by [Cu2O]2+ and [Cu3O3]
2+. For the [Cu2O]2+ and [Cu3O3]

2+ intermediates 

containing 1 Cu+ center, there is a shift of 0.9-1.7 eV. For intermediates containing 2 Cu+ centers, 

we obtained shifts of 3.0-4.3 eV. These encompass shifts of 2.5-3.2 eV observed experimentally. 

Central to this work however is the fact that XAS shifts obtained for [Cu3O3]
2+ intermediates 

are similar to those of comparable [Cu2O]2+ species. Even with larger cluster models and a 

modest inclusion of structural dynamics, the [Cu3O3]
2+ intermediates still show significant XAS 

shifts. Our results favor a conclusion that activation of 1 or 2 methane molecules by [Cu3O3]
2+ 

will lead to formation of Cu+ sites. Lastly, involvement of O- + e- → O2- in the [Cu3O3]
2+ systems 

implies a disconnect between overall reactivity and the number of electrons utilized in the 

Cu2+/Cu+ redox couple.  
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Synopsis: Details of methane activation by [Cu2O]2+ and [Cu3O3]
2+ active sites are investigated 

with DFT calculations, localized bonding orbital analysis (LOBA) and calculated Cu 1s-edge 

XANES spectra. For [Cu2O]2+, methane activation is clearly linked to the Cu2+/Cu+ redox 

couple. Although, there are many possible intra-zeolite intermediates, methane activation by 

[Cu3O3]
2+ involves the Cu2+/Cu+ and oxyl/O2- redox couples. This finding is supported by the 

calculated XANES spectra.  


