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Abstract: Copper-exchanged zeolites are useful materials for step-wise methane-to-methanol 

conversion (MMC). However, methanol yields on copper-exchanged zeolites are often modest, 

spurring interest in the development of active-site species that are activated at moderate 

temperatures, afford greater yields, and provide excellent methanol selectivities. Ultraviolet-

visible, (UV-Vis) spectroscopy is a major tool for characterizing the active-sites and their 

evolution during the step-wise MMC process. However, computation of the UV-Vis spectra of 

the copper-oxo active sites using Tamm-Dancoff time-dependent density functional theory (TDA-

DFT) can be quite problematic. This has led to utilization of expensive methods based on multi-

reference approaches, Green functions and the Bethe-Salpeter equation. In this work, we 

examined the optical spectra of [CuO]+, [Cu2O]2+, [Cu2O2]
2+ and [Cu3O3]

2+ species implicated in 

MMC in zeolites. For the larger species, we examined how agreement with experimental data is 

improved with increasingly larger cluster models. For [CuO]+, we compared TDA-DFT against 

restricted active space 2nd-order perturbation theory, RASPT2. We found that signature peaks for 

[CuO]+ have multi-reference behavior. The excited states have many configuration state functions 

with double excitation character. These effects are likely responsible for the poor utility of 

conventional TDA-DFT methods. Indeed, we obtain good agreement with experimental data and 

RASPT2 after accounting for 2h/2p excitations within TDA-DFT with a previously described 

configuration interaction singles and doubles, CIS(D)-style scheme. This was the case for [CuO]+, 

[Cu2O]2+ as well as a [Cu2O2]
2+ species. Using a long-range corrected double-hybrid, ωB2PLYP, 

we provide for the first time, computational evidence for the experimental UV-Vis spectrum of 

the [Cu3O3]
2+ active site motif. 



2 
 

Keywords: Copper-exchanged zeolites, TD-DFT, methane, C-H bond activation, 

methanol, TD-DFT, long-range corrected double hybrids, double excitations       

 



3 
 

INTRODUCTION 

Around the world, there are abundant deposits of natural gas. It is used in power generation as 

well as in the manufacture of intermediate chemicals. Due to difficulties associated with storage 

and transport, utilization of natural gas is sometimes limited to the area it is extracted. It is thus of 

economic and environmental interest to convert methane to liquid derivatives, such as methanol. 

Over the years, copper-exchanged zeolites have emerged as one of the most interesting species 

for converting methane to methanol.1-7 They can be used at moderate temperatures (200 °C) where 

they generate up to 98% selectivities for methanol. Methane activation in these zeolites occurs on 

a set of copper-oxo active sites. As such, experimental characterization of these active-sites have 

helped to provide insights into the development of species that could provide improved yields and 

selectivities. Some experimental methods of characterization include X-ray diffraction, NMR, 

EPR, IR as well as resonant Raman spectroscopy. Additionally, it is quite common to compliment 

these empirical methods with computational chemistry approaches.4,5,8 

For UV-Vis spectra, quantum-mechanical analyses are useful for interpreting experimental 

observations. Specifically, electronic structure calculations are useful for explaining the origins of 

peaks within empirical spectra. Electronic structure calculations of optical spectra can be 

performed with highly sophisticated approaches such as CASSCF9 and coupled cluster methods10. 

However, as the systems of interest increase in size, it becomes more costly to run the highest 

quality calculations. As such, time-dependent density functional theory (TD-DFT11) has become 

a widely popular tool for predicting and analyzing absorption spectra and emission properties. 

This is largely due to the favorable accuracy-to-cost ratio of TD-DFT calculations.12-14 However, 

TD-DFT calculations for metal-containing active sites often provide significant errors.15-17 In 

many cases, these errors are due to intrinsic issues within TD-DFT with approximate density 

functionals. Some examples of these errors include ghost excitations, inaccurate treatment of 

charge-transfer excitations, problematic description of high-lying excited states as well as 

incorrect treatment of double excitations of electrons.12,18-20 Another important consideration is 

the difficulty associated with open-shell systems with broken-symmetry electron configurations, 

necessitating the use of rigorously spin-adapted TD-DFT.21-24    

Over the years, approaches to resolve some of the issues affecting TD-DFT have been 

developed. Nowadays, long-range corrected density functionals can provide excellent treatment 

of the charge-transfer excitations.13,25,26 Approaches for treating double electron excitations within 
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the framework of TD-DFT have also been developed.27-30 Some of these methods use approaches 

reminiscent of the perturbative treatment of doubles, CIS(D) developed by Head-Gordon et al. for 

CIS.31 There are two major advantages for using the CIS(D) scheme. Firstly, CIS(D) energies are 

size-consistent. The CIS(D) method is also fairly affordable with an O(N)5 scaling. Interestingly, 

the CIS(D) scheme was adapted for double-hybrid exchange-correlation functionals by Neese and 

Grimme.27 In the original CIS(D) formulation, the excitation energies with perturbative doubles 

corrections are written as:            

𝜔𝐶𝐼𝑆(𝐷) = 𝐸𝐶𝐼𝑆(𝐷) − 𝐸𝑀𝑃2 =
−1
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where ωCIS(D) is the doubles correction, ECIS(D) is the CIS(D) energy, EMP2 is the MP2 energy, µ−
ij

ab 

are arrays as defined by ground state correlation theories, ∆ab
ij is the difference between orbital 

eigenvalues a and i and b and j respectively, ω is the single excitation contribution, and ∑ 𝑏𝑖
𝑎𝑣𝑖

𝑎
𝑖𝑎  

is the summation of the product of excited state amplitudes and their arrays. Grimme and Neese 

modified this for the B2PLYP double-hybrid functional32 thus: 

 𝜔𝑇𝐷(𝐴)−𝐵2𝑃𝐿𝑌𝑃 = 𝜔 + 𝑎𝑐∆(𝐷) (2) 

where ω is the single excitation contribution, and ac∆(D) is the ωCIS(D) correction. ac is the 

coefficient of the electron correlation from second-order perturbation theory, MP2, in the original 

double hybrid functional.27 Essentially, the CIS(D) correction to the excitation energies is scaled 

with the same coefficient for the MP2 correlation in the parent double hybrid functional, see 3.  

 𝐸𝑥𝑐 = (1 − 𝑎𝑋)𝐸𝑋
𝐷𝐹𝑇 +  𝑎𝑋𝐸𝑋

𝐻𝐹 + (1 − 𝑎𝐶)𝐸𝐶
𝐷𝐹𝑇 +  𝑎𝐶𝐸𝐶

𝑀𝑃2 (3) 

Casanova-Paez et al. have extended this approach to long-range corrected double hybrid density 

functionals. ωB2PLYP and ωB2GP-PLYP are two examples.33 Interestingly, ωB2PLYP performs 

well for the excited state properties of titanium dioxide clusters. It is therefore interesting to 

determine whether it is useful for predicting the optical spectra of copper-oxo species. 

Despite the above-mentioned advances, TD-DFT has not found widespread usage for interpreting 

the UV-Vis spectra of copper-exchanged zeolites implicated in step-wise methane-to-methanol 

conversion, MMC. Woertink et al. computed the UV-Vis spectrum of the Cu2O
2+ species in ZSM-

5.34 They predicted a peak at 23400 cm−1, in good agreement with the band observed at 22700 

cm−1. More recently, Göltl et al. computed the absorption and photoluminescence spectra of Cu(I) 

sites in the SSZ-13 zeolite while using a time-dependent hybrid Hartree-Fock-like linear response 

scheme. The amount of Hartree-Fock exchange was parameterized by comparing a specific 
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transition to experimental measurements.1 Thereafter Göltl et al. obtained excellent agreement for 

other transitions. Interestingly, Ipek et al. computed the optical spectra of copper-oxo active sites 

with Green functions-based methods as well as the Bethe-Salpeter equation.35 Given, the 

expensive nature of these methods, we here consider the performance of TD-DFT for predicting 

the spectra of copper-oxo active site motifs implicated in MMC.  

In this work, we have carried out a systematic examination of TD-DFT using various classes of 

density functionals for understanding the UV-Vis spectrum of the [CuO]+, [Cu2O]2+, [Cu2O2]
2+ 

and [Cu3O3]
2+ species. For these systems, we used small cluster models possessing aquo ligands 

around the copper-oxo sites. In the cases of the [Cu2O]2+ and [Cu2O2]
2+, we gradually expanded 

the cluster models by including nearby aluminate tetrahedra that anchor the active sites within 

zeolites. This allowed us to determine the extent to which TD-DFT spectra of the copper-oxo sites 

depend on the size of the cluster models. Specifically, we first compare TD-DFT to restricted 

active space second-order perturbation theory, RASPT2, for the mono-copper system: CuO+. We 

used one of the best performing functionals for CuO+ to study the other active site motifs. 

2 METHODOLOGY 

2.1. Geometry Optimizations: The aquo complexes of [Cu2O]2+ and [Cu2O2]
2+ are shown in 

Figure 1. With these aquo complexes, we can more easily identify electronic excitations due to 

the copper-oxo active sites. All these and CuO+ were optimized with the B3LYP functional while 

accounting for dispersion effects with the D3 scheme36,37 and Becke-Johnson damping method.38 

We used def2-TZVPP basis sets for all geometry optimizations. For the mono-(μ-oxo) dicopper 

[Cu2O](H2O)2
2+ complex, we fixed the Cu-O-Cu bond angle at 140°. This is the experimental 

value for this structural parameter in zeolite ZSM-5.8,34 Overall, the ground states for our [Cu2O]2+ 

and [Cu2O2]
2+ cluster models are open-shell singlet states while for our [Cu3O3]

2+ model, the 

ground state is a doublet, see Supporting Information, SI. 

2.2. TD-DFT Calculations: All TD-DFT calculations were performed with the Tamm-

Dancoff approximation39 (TDA-DFT) while using the ORCA v4.2.1 software code.40,41 For CuO+ 

and the [Cu2O2]
2+species of interest, we used 21 DFT functionals for the TDA-DFT calculations. 

These include GGAs and meta-GGAs (BLYP42,43, PBE44, PW9145, mPWLYP, M06L46 and 

TPSS47), hybrids and meta-hybrids (B3LYP48-50, M06, M062X51, O3LYP52,53, PBE044,54, TPSS047 

and TPSSh47) and long-range corrected functionals (CAM-B3LYP55, LC-BLYP56 and ωB97X57).  
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In addition, we carried out TDA-DFT calculations with double-hybrid functionals which used the 

CIS(D)-style approach of Grimme and Neese27. These are referred to as B2PLYP32, B2GP-

PLYP58, mPW2PLYP59, ωB2PLYP33 and ωB2GP-PLYP33, respectively. Several workers have 

reported extensive benchmarks of TDA-DFT with double-hybrid density functionals.27,60 The 

truncated hybrid-GGA solutions used in these double-hybrid functionals are referred to as B2LYP, 

B2GP-LYP, mPW2LYP, ωB2LYP and ωB2GP-LYP, respectively.61-63 

 
Figure 1: Cluster models of the (Left) μ-(η2:η2) bent-peroxo dicopper [Cu2O2]

2+ (middle) mono-

(μ-oxo) dicopper [Cu2O]2+ and (right) tris-(μ-oxo) tricopper [Cu3O3]
2+ active site motifs. For the 

dicopper species, the aquo, larger and largest cluster models are shown from top to bottom. 

The resolution of identity and chain-of-spheres approximation, RIJCOSX, was employed for all 

TDA-DFT calculations.64,65 These were generally performed with aug-cc-pVTZ basis sets66 while 

using def2-TZVP/C resolution of identity (RI) auxiliary correlation basis sets for the RI-MP2 

portions of the double hybrids and long-range corrected double hybrids.67 We checked the 

sensitivity of our conclusions to basis set choices and sizes, see SI. TDA-DFT calculations on the 

largest cluster models were performed with cc-pVDZ basis sets. For TDA-DFT, we performed all 

calculations requesting 60- 200 states. Unrestricted determinants were used throughout. Except 

when noted otherwise, all spectra were fitted with a Lorentzian function with a 1200 cm-1 width. 

2.3. Multi-Reference Treatment of CuO+: State-average restricted active space self-

consistent field, SA-RASSCF, and multi-state RASPT227-30, MS-RASPT2, calculations on CuO+ 

were performed with the OpenMolcas code.68,69 CuO+ is used as a model system, as its size allows 
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for a quite good treatment with multi-reference methods. Interestingly, Kulkarni et al. recently 

proposed CuO+ as a possible monocopper active site motif for MMC in copper-exchanged 

zeolites.70 For RASSCF and RASPT2, we used the ANO-RCC-VTZP71,72 basis sets in addition to 

a second-order Douglas-Kroll-Hess treatment of scalar-relativistic effects.73 For RASSCF, we 

used an active space (RAS2) consisting of 14 electrons in 9 orbitals while using an outer active 

space (RAS3) containing 8 empty orbitals. A maximum of two electrons were allowed in RAS3 

while all possible excitations were considered for RAS2. The RAS2 orbitals are the 3d orbitals of 

Cu, the 2p orbitals of O and the 4s orbital from Cu. For RAS3, we used the double-shell orbitals, 

specifically the 4d orbitals of Cu and the 3p orbitals of O. This partitioning of the active space is 

shown in Figure 2. All our calculations and analysis were performed with the C2v symmetry point 

group on the triplet state of CuO+. We considered 12 electronic states, the ground state and 11 

excited states.  

 
Figure 2: Active space orbitals for CuO+. RAS2 space is on the top while the RAS3 space is on 

the bottom. The dominant atomic contributions to the molecular orbitals are given. 

For MS-RASPT2, we did not use the IPEA shift (0.0 eV)74 but we used an imaginary shift of 0.2 

a.u. (5.44 eV) to account for intruder states.75 The intensities of the calculated electronic excitations 

were obtained with the restricted active space state interaction, RASSI, module of OpenMolcas 

while using the spin-free effective Hamiltonian, adding in dynamic correlation from RASPT2.68,69 
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3 RESULTS AND DISCUSSIONS 

3.1. Multi-Reference and TDA-DFT Results for CuO+: The computed UV-Vis spectra of CuO+ 

from with SA-RASSCF and MS-RASPT2 are shown in Figure 3. SA-RASSCF predicts two peaks  

 
Figure 3: Region around 20000 and 40000 cm-1 in the UV-Vis spectra of CuO+ system obtained 

with SA-RASSCF and MS-RASPT2. 

at 22232 and 27582 cm-1. These are shifted to 24505 and 30547 cm-1 after inclusion of dynamic 

correlation effects with MS-RASPT2. Analysis of the SA-RASSCF wavefunction reveals that the 

two dominant peaks correspond largely to excitations from doubly-occupied 3d-dominated 

molecular orbitals to singly-occupied orbitals dominated by the 2p atomic orbitals of the O atom. 

However, the dominant configuration in the ground state wavefunction has a weight of 68.3%, 

with 17.8% also coming from configuration state functions (CSF) corresponding to excitations 

from 3d1+ or 3d1--dominated orbitals to singly-occupied 2py or 2px orbitals on O. This indicates 

that the ground state is significantly multi-reference. Our analysis agrees well with that of Srnec 

et al.76 The excited state wavefunctions for these peaks also have significant multi-reference 

characters. Their dominant CSFs have weights of 19.6 and 48.5%. These CSFs are formed from 

3d1+ → 2py excitations from the dominant CSF of the ground state. The excited states also have 

appreciable contributions (18.7% and 23.3%) from CSFs corresponding to 3d → 4s excitations. 

Relative to the dominant ground state CSF, these correspond to double excitations. Thus, good 

treatment of static and dynamical correlation is crucial for accurate prediction of the UV-Vis 

spectrum of CuO+. Also, double excitations will play a major role in the characters of the excited  
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states.  

The TDA-DFT spectra of CuO+ obtained with BLYP, B3LYP, CAM-B3LYP and B2PLYP while 

using aug-cc-pVTZ basis sets are compared to MS-RASPT2 in Figure 4. The most intense 3d → 

2p and 3d → 3d excitations in the TDA-DFT spectra are found around 40000 cm-1. These greatly 

overestimate the excitation energies obtained with the multi-reference methods. The spectral 

shape as well as intensities of the peaks around 40000 cm-1 are also quite different from that of 

SA-RASSCF and MS-RASPT2. Specifically, the intensities of the dominant bands from TDA-

DFT are sometimes nearly twice that from the multi-reference methods. Thus, TDA-DFT not only 

predicts the wrong excitation energies, it also significantly overestimates the band intensities. The 

poor performance of these functionals is certainly not due to the basis set sizes. The B3LYP 

spectra remains unchanged when we used def2-SVP, cc-pVDZ, def2-TZVP, ma-def2-TZVPP, cc-

pVTZ, aug-cc-pVDZ and aug-cc-pVQZ basis set, see SI. Additionally, this poor performance 

extends to all the DFT functionals that we tested. We therefore conclude that the poor performance 

of TDA-DFT relative to MS-RASPT2 is not a result of basis set limitations or an inaccurate 

treatment of charge transfer excitations or Rydberg excitations. 

 
Figure 4: Region around 20000-50000 cm-1 in the UV-Vis spectra of CuO+ system obtained with 

TDA-DFT and MS-RASPT2.  

Interestingly, we found that the double-hybrid density functionals are quite close to MS-RASPT2 

and SA-RASSCF, Figure 5. Specifically, the peaks at 35000-50000 cm-1 for hybrid functionals 
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now appear at 15000-30000 cm-1 for the double hybrid functionals. As an example, excitations at 

37940 and 43288 cm-1 with B2LYP are shifted to 22107 and 20014 cm-1 with B2PLYP. Also, for 

B2PLYP the spectral shapes and intensities of the peaks around 20000 cm-1 match well with 

results from multi-reference calculations. The observed red-shift due to the CIS(D) correction in 

the double hybrid density functionals have been previously described.27,61-63 

 
Figure 5: Region around 20000-50000 cm-1 in the UV-Vis spectra of CuO+ obtained with double 

excitations-corrected TDA-DFT and MS-RASPT2.  

By comparing the peak positions of the major TDA-DFT excitations in the 15000-50000 cm-1 

region to MS-RASPT2, we can evaluate the performance of DFT functionals. The results of these 

analyses are presented in Table 1. Overall, the GGAs, meta-GGAs, hybrids, meta-hybrids and  

Table 1: Mean absolute deviations (MAD) and mean signed deviations (MSD), in eV, of the 

dominant and smaller peaks in the TDA-DFT spectra from MS-RASPT2.  

 PBE B3LYP M06L M06 mPW2LYP mPW2PLYP B2LYP B2PLYP 

MSD 1.59 1.63 1.94 1.73 1.48 -0.21 1.41 -0.48 

MAD 1.59 1.63 1.94 1.73 1.48 0.25 1.41 0.48 

range-separated hybrids perform very poorly. They deviate from MS-RASPT2 by up to 2.0 eV. 

The truncated hybrid GGAs, B2LYP, B2GP-LYP, mPW2LYP, ωB2LYP and ωB2GP-LYP, also 

perform poorly. Good agreement with MS-RASPT2 is only achieved after inclusion of corrections 

for double excitations in the double hybrid functionals. B2PLYP and mPW2PLYP have mean 

absolute deviations, MADs, of 0.48 and 0.25 eV, respectively. B2GP-PLYP, ωB2GP-PLYP and 

ωB2PLYP also do fairly well with MADs of 0.56, 0.57 and 0.38 eV, respectively. As such, we 
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have evaluated the performance of ωB2PLYP for several copper-oxo active-site motifs implicated 

in MMC. 

3.2. UV-Vis Spectrum of μ-(η2:η2) bent-peroxo Dicopper [Cu2O2]2+: Ipek et al. reported that 

the bent μ-(η2:η2) peroxo dicopper motif has a broad band at 27800 cm-1 in the SSZ zeolite.35 This 

was considered to be due to peroxo to Cu(II) charge transfer excitations. They also assigned 

features at 20400-23800 cm-1 as well as a very weak feature at 18200 cm-1 to this active site.35  

3.2.1. Aquo complex: Given the previous description of the band at 27800 cm-1 as a charge transfer 

band, we first considered the performance of CAM-B3LYP and LC-BLYP for the tetra-aquo 

complex, μ-(η2:η2) bent-peroxo dicopper [Cu2O2](H2O)4
2+, Figure 1. These functionals predict the 

broken-symmetry open-shell singlet state to be more stable than the triplet state by 2.4 and 2.1 

kcal/mol respectively. We however realize that it is possible that the zeolite framework could 

reduce the energy gap between these two states. Thus, the TDA-DFT spectra of both states were 

considered, Figure 6. The CAM- B3LYP and LC-BLYP spectra of the singlet state have only one 

intense feature in the region between 10000 and 50000 cm-1. With CAM-B3LYP, this peak is at  

 
Figure 6: Calculated TDA-DFT spectra of the μ-(η2:η2) bent-peroxo dicopper [Cu2O2](H2O)4

2+ 

aquo complex. Experimental estimates for this motif in zeolites are shown in green lines or boxes.   
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35925 cm-1, while with LC-BLYP, it is at 37212 cm-1. These peaks are due to molecular orbitals 

involving 3d orbitals of the metal centers and 2p orbitals of the peroxo oxygen atoms, Figure 6. 

They also have significant contributions from the 2p orbitals of the aquo ligands.   

Turning to the triplet state, we see moderately intense peaks at 25396, 30972 and 38556 cm-1 in 

the CAM-B3LYP spectra, Figure 6. These peaks all have significant Cu-O2-Cu π → π* characters. 

Also, they are fairly close to the experimental peaks at 27800 and 20400-23800 cm-1.  

With ωB2PLYP, we find that the more stable singlet state has a single dominant peak at 30350 

cm-1, about 2550 cm-1 (0.28 eV) from the experimentally observed broad band at 27800 cm-1. The 

triplet state has significant Cu-O2-Cu π → π* transitions at 21484 and 25432 cm-1. These are close 

to the experimental assignments at 20400-23800 cm-1. However, taking together the singlet- and 

triplet-state results, we conclude that the aquo complex is not a suitable model for the μ-(η2:η2) 

bent-peroxo dicopper active site motif. The intense transitions in the singlet state spectra are 

particularly problematic.  

3.2.2. Larger model: With a charge-neutral and larger cluster model, Figure 1, the triplet state of 

the bent-peroxo [Cu2O2]
2+ active site motif is about 1.9 kcal/mol above the singlet state at the 

B3LYP-D3BJ/def2-TZVPP level. Interestingly, the singlet state active site is more stable than the 

triplet state by only 1.0 kcal/mol in the 8MR of zeolite MOR. This was obtained from periodic 

DFT calculations while using the PBE-D3 density functional.36,44 Details of the periodic DFT 

calculations are given in the SI.  

With the larger cluster model, B3LYP, CAM-B3LYP and LC-BLYP still do not yield spectra in 

good agreement with experiments. This is because they still predict an intense feature around 

30000-32000 cm-1 for the singlet state. The experimental assignments are only for features below 

27800 cm-1, Figure 7. By contrast, with ωB2PLYP, there is a strong feature at 27884 cm-1 in the 

TDA-DFT spectrum of the singlet state, matching quite well with the experimental feature at 

27800 cm-1. In the triplet state, the dominant feature is at 20652 cm-1, again matching the 

experimental assignment at 20400-23800 cm-1, Figure 7. However, these do not provide any peaks 

around 18200 cm-1, as assigned by Ipek et al. 

 3.2.3. Largest model: For the largest cluster model incorporating the full first-coordination sphere 

around the bent-peroxo [Cu2O2]
2+ active site motif, the singlet state has an intense peak at 26621, 

27137 cm-1, respectively, in the spectra obtained with B3LYP and CAM-B3LYP. These agree 
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excellently with Ipek et al.’s assignment of the feature at 27800 cm-1 to this moiety. For the triplet 

state, similar intense peaks are seen at 26796 and 27009 cm-1 for these functionals respectively,  

 
Figure 7: Region around 16000-40000 cm-1 in the UV-Vis spectra of the larger cluster model of 

the μ-(η2:η2) bent-peroxo dicopper [Cu2O2]
2+ active site. The experimental estimates for this motif 

in zeolites are shown with green lines or boxes.   

 
Figure 8: Region around 16000-40000 cm-1 in the UV-Vis spectra of the largest cluster model of 

the μ-(η2:η2) bent-peroxo dicopper [Cu2O2]
2+ active site. The experimental estimates for this motif 

in zeolites are shown with green lines or boxes.   
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Figure 8. Thus, using this 48-atom cluster model removes the problematic nature of peaks around 

30000 cm-1 in the smaller cluster model calculations with B3LYP and CAM-B3LYP, Figure 7. 

However, these functionals provide no opportunity for agreement with Ipek et al.’s assignment of 

features at 18200 and 20400-23800 cm-1 to this active site motif, Figure 8. For this reason, we 

shall turn to ωB2PLYP. In the singlet state, this method provides peaks at 26297, 19602, 18661 

and 16227 cm-1. For the triplet state, this approach yields peaks at 19062, 23031 and 28450 cm-1. 

The predicted peaks for both states are within 2000 cm-1 (0.25 eV) of Ipek et al.’s assignment at 

27800, 20400-23800 and 18200 cm-1 to this motif, Figure 8.  

3.3. UV-Vis Spectrum of Mono-(μ-oxo) Dicopper [Cu2O]2+: The broad feature at 22700 cm-1 

in the absorption spectrum of activated Cu-ZSM-5 has been used to monitor the kinetics of 

methane hydroxylation.34 Additionally, this signature of the [Cu2O]2+ active site has been 

observed at 21900 and 23100 cm-1 in the MOR zeolite.77 Through a combination of UV-Vis and 

resonance Raman spectroscopy, these features can be definitively assigned to the mono-(μ-oxo) 

dicopper, Cu2O
2+ active site motif.8  

3.3.1. Aquo complex: The Cu-O-Cu bond angle of the Cu2O
2+ active site motif was found to be 

140° in the 10MR of zeolite ZSM-5. As such, we optimized the structures of [Cu2O](H2O)4
2+ in 

the singlet and triplet states while constraining the Cu-O-Cu angle to 140°. Our ground state 

calculations indicate that the singlet and triplet states are rather close in energy, 2.7 kcal/mol at 

the B3LYP-D3BJ/def2-TZVPP level in favor of the triplet state.   

With B3LYP, there are two intense features centered on 28000 and 36000 cm-1 in the TDA-DFT 

spectrum of the triplet state. These features have rather complicated origins due to the heavily 

mixed natures of the orbitals involved. However, they both possess substantial oxo 2p → 3d 

charge-transfer characters. Only one feature is seen in the TDA-DFT spectrum obtained with 

CAM-B3LYP, at 26830 cm-1. Overall, the lower-energy peaks in the TDA-DFT spectra of the 

triplet state are somewhat near the experimental peak at 22700 cm-1, see SI.  

Turning to ωB2PLYP, the TDA-DFT spectra of the singlet and triplet states have only one major 

peak below 40000 cm-1. These are at 20971 cm-1 for the singlet and 20809 cm-1 for the triplet, see 

SI. Overall, the peaks obtained for [Cu2O](H2O)4
2+ with ωB2PLYP are reasonably close to the 

experimentally observed feature at 22700 cm-1 (within 1729 cm-1 or 0.21 eV). We now seek to 

determine whether the good performance of B3LYP and ωB2PLYP extend to larger cluster 

models of the Cu2O
2+ active site.  
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3.3.2. Larger model:  With a larger cluster model, Figure 1, the triplet state of [Cu2O]2+ is just 0.7 

kcal/mol more stable than the singlet state. This was obtained at the B3LYP-D3BJ/def2-TZVPP 

level. When we used periodic PBE-D3 DFT approach to optimize the structure of [Cu2O]2+ in the 

8MR of MOR, the singlet state is more stable than the triplet by 0.6 kcal/mol. These results suggest  

that both states will contribute significantly to the UV-Vis spectrum of the [Cu2O]2+ active site. 

Using the larger model, the signature peak of the [Cu2O]2+ active site is predicted by B3LYP to  

be centered at 23654 cm-1 for the singlet state and 25081 cm-1 for the triplet state, Figure 9. These 

are however rather broad peaks, due to the presence of several intense transitions in the 22000-

28000 cm-1 range. As such, we can say that B3LYP performs moderately well for this active site.  

This is in accordance to the report of Woertink et al.34 It is interesting that ωB2PLYP yields a 

dominant feature at 26124 cm-1 in the singlet state and 25876 cm-1 for the triplet state, Figure 9.  

3.3.3. Largest model:  With the largest cluster model used for the [Cu2O]2+ active site, we see that 

all functionals now predict only one dominant peak in the 20000-40000 cm-1 region, Figure 10. 

This shows that the 47-atom cluster model encompassing the full first-coordination environment 

is necessary for accurate spectra. That said B3LYP still indicates a broad feature with modest 

intensity around 32000 cm-1 for the triplet state, Figure 10. This is absent from the CAM-B3LYP  

 

Figure 9: Regions around 20000-40000 cm-1 in the TDA-DFT spectra of the larger cluster model 

of mono-(μ-oxo) dicopper [Cu2O]2+. Experimental estimates are shown with a green line.  
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Figure 10: Regions around 20000-40000 cm-1 in TDA-DFT spectra of the largest cluster model 

of mono-(μ-oxo) dicopper [Cu2O]2+. The experimental assignment is shown with a green line.  

and ωB2PLYP spectra. Focusing on the 22700 cm-1 signature peak in the experimental reports, 

ωB2PLYP is within 189 cm-1 for the singlet state and 44 cm-1 for the triplet state. Our calculations 

thus indicate that ωB2PLYP performs quite well for the [Cu2O]2+ active site, Figure 10. Analysis 

of the Kohn-Sham orbitals reveals that these excitations are of μ-oxo 2p → Cu (4s and 3d) charge 

transfer character, see inset of Figure 10.  

3.4. UV-Vis Spectrum of Tris(μ-oxo) Tricopper [Cu3O3]2+: Vogiatzis et al. and some of us have 

used DFT and wavefunction theory methods and various cluster models to compare the relative 

energies of the doublet and quartet states of the [Cu3O3]
2+ active site.78-80 Overall, many of the 

wavefunction theory methods indicate that the doublet state is more stable than the quartet.  

The experimental UV-Vis spectra of the [Cu3O3]
2+ active site in MOR shows several interesting 

features.3,81 First, there is a peak centered at around 12000 cm-1. There are no features around 

20000-23000 cm-1. There are also features at 32000, 34000 and 38500 cm-1. These set of features 

make it challenging for excited-state computational chemistry methods. As such, there has been 

no computational evidence for the UV-Vis spectra of the [Cu3O3]
2+ motif. To illustrate, we present 

the calculated UV-Vis spectra of our cluster model80 in Figure 11. We convoluted these spectra 

with Lorentzian functions with full width at half maximum of 3500 cm-1.    

According to B3LYP, the doublet state shows a weak feature at around 12200 cm-1 and other weak 

bands near 25000 cm-1. Lastly, there is a large increase in intensity starting from around 30000 

cm-1. The feature at 12200 cm-1 is due to charge transfer from orbitals dominated by μ-oxo 2py  
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Figure 11: Region around 10000-40000 cm-1 in the TDA-DFT spectra of the [Cu3O3]
2+ cluster 

model obtained with the B3LYP and CAM-B3LYP density functionals for the doublet state.   

atomic orbitals to those dominated by μ-oxo 2px and Cu 3d atomic orbitals, Figure 11. Thus, this 

transition is associated with charge transfer from one portion of the [Cu3O3]
2+ core to the other. 

There TDA-DFT spectrum from CAM-B3LYP is very similar to that from B3LYP, Figure 11. 

Again, there are only weak features near 12000 and 25000 cm-1. Interestingly, with ωB2PLYP, 

we see a good agreement with the experimental results. Indeed the TDA-DFT spectrum for the 

low-spin state of our [Cu3O3]
2+ cluster model achieves all signature features of the experimental 

data, Figure 12. First, there is a peak at 14560 cm-1. This is quite close to the peak near 12000 cm-

1 in the experimental spectra. Second, there are no significant features near 20000-23000 cm-1. 

This also concurs with the experimental data and precludes overlap with the signature feature of 

[Cu2O]2+ at 22700 cm-1. Lastly, the calculated spectrum of the doublet state has features at 30110, 

34408 and 36557 cm-1, Figure 12. These match quite well to experimental features observed at 

31000, 34000 and 38500 cm-1 by Kim et al.3 and Grundner et al.81 Interestingly, in our 

calculations, there is a peak at 25191 cm-1. This agrees quite well with the report of Ikuno et al. 

who reported of a shoulder near 24000 cm-1.82  
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Figure 12: Region around 10000-40000 cm-1 in TDA-DFT spectra of [Cu3O3](H2O)6
2+ obtained 

at the ωB2PLYP/cc-pVDZ level.   

The features in the spectrum have rather complicated origins, except for the dominant transition 

at 14560 cm-1. This transition has the identical character to the peaks near 12200 cm-1 in the 

B3LYP and CAM-B3LYP spectra, Figure 11. For the higher-energy peaks in Figure 12, there are 

several molecular orbitals contributing to each dominant excitation. However, the involved 

orbitals generally have significant μ-oxo 2p characters. As examples, the dominant excitation 

around 36557 cm-1 has significant μ-oxo 2p → Cu 4s character while the ones near 34408 and 

30110 cm-1 possess significant μ-oxo 2p → 2p characters, see inset of Figure 12.     

CONCLUSIONS 

Using cluster-model Tamm-Dancoff time-dependent DFT calculations (TDA-DFT), we have 

investigated the UV-Vis spectra of copper-oxo active site motifs implicated in methane to 

methanol conversion within the frameworks of metal-exchanged zeolites. We focused on the 
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CuO+, μ-(η2:η2) bent-peroxo dicopper [Cu2O2]
2+, mono-(μ-oxo) dicopper [Cu2O]2+ as well as 

the tris-(μ-oxo) tricopper [Cu3O3]
2+ active site motifs. Specifically, we examined how improved 

agreements with experimental data can be obtained by improving the DFT density functional 

and by increasing the size of the cluster models used for the TDA-DFT calculations. We 

investigated how utilization of double-hybrid functionals would improve the calculated spectra. 

Lastly, for [Cu3O3]
2+, we examined whether TDA-DFT could provide computational evidence 

that this active site motif is indeed responsible for the experimental UV-Vis spectra. We found 

that: 

1) Electron correlation (both static and dynamic) effects as well double-electron excitations are 

important for accurate descriptions of the excited states of CuO+. By comparing the TDA-DFT 

spectra for CuO+ against results from multi-reference wavefunction theory, we found that the 

best performing DFT-based methods are the double hybrids. In particular, MPW2PLYP and 

the long-range corrected double hybrid, ωB2PLYP, perform particularly well.  

2) TDA-DFT calculations with ωB2PLYP provide very good agreements with the experimental 

spectra of the μ-(η2:η2) bent-peroxo dicopper [Cu2O2]
2+ and mono-(μ-oxo) dicopper [Cu2O]2+ 

active sites. For these systems, the performance of B3LYP and CAM-B3LYP improves with 

larger cluster sizes. However even with the largest cluster model, they still miss two signature 

features experimentally assigned to the [Cu2O2]
2+ species. The performance of ωB2PLYP also 

improves with cluster model size. However, with the largest cluster model, this approach 

predicts features that agree well with experimental assignments but are absent with B3LYP and 

CAM-B3LYP. For the [Cu2O]2+ system, B3LYP performs rather well. However, ωB2PLYP 

matches it for accuracy. This method yields peaks within 200 cm-1 of the 22700 cm-1 signature 

peak of the [Cu2O]2+ active site. 

3) For the tricopper [Cu3O3]
2+ active site, we used a model cluster based on the 8MR of zeolite 

mordenite. This model captures the immediate first-coordination environment of the copper 

centers. B3LYP and CAM-B3LYP fail dramatically to reproduce the characteristic features of 

the experimental UV-Vis spectra. By contrast ωB2PLYP treatment of the optical spectrum of 

the doublet state reveals a peak at 14560 cm-1, no excitations near 20000-23000 cm-1 and 4 

bands at 25191, 30110, 34408 and 36557 cm-1. These match excellently well to the features at 

10000-15000, 24000, 31000, 34000 and 38500 cm-1 in the experimental UV-Vis spectra of 
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[Cu3O3]
2+-MOR. This is thus the first computational evidence that [Cu3O3]

2+ is indeed likely 

responsible for the empirically observed spectroscopic data.   

We recommend the ωB2PLYP functional for treating the optical spectra of copper (II) oxo species 

that are relevant for MMC. It would be interesting to see whether ωB2PLYP can provide a 

rigorous description of the UV-Vis spectral changes during activation of copper-oxo sites, 

methane hydroxylation as well as active site regeneration.  
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Synopsis: Copper-exchanged zeolites are useful for converting methane to methanol. The active 

CuxOy sites are often characterized with UV-Vis spectroscopy. However, the optical spectra of 

these species are often problematic to calculate with Tamm-Dancoff time-dependent density 

functional theory, TDA-DFT. Double-hybrid density functionals rectify many of these issues. 

ωB2PLYP provides accurate results for CuO+, μ-(η2:η2) bent-peroxo dicopper [Cu2O2]
2+, and 

mono-(μ-oxo) dicopper [Cu2O]2+. We provide computational evidence for the UV-Vis spectra 

of the tris-(μ-oxo) tricopper [Cu3O3]
2+ active site. 

 

 


