
  

 

COMMUNICATION 

  

Please do not adjust margins 

Please do not adjust margins 

Received 00th January 20xx, 

Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 
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Cu-exchanged zeolites are promising materials for the selective 

conversion of methane to methanol. Their activity is attributed to 

the presence of small Cu-oxo and Cu-hydroxy clusters, but the 

nature of active centers in various zeolite structures is still under 

debate. In this contribution, we combine time dependent density 

functional theory with spin-orbit coupling to predict the optical 

spectra of various Cu monomers and dimers in SSZ-13. We 

furthermore compare theoretical results to experimental 

measurements and find that the presence of Cu-hydroxy dimers 

and Cu monomers could potentially explain the experimentally 

observed UV-vis-NIR spectra. 

 
Natural gas is often an unwanted by-product during crude oil 
production, which is practiced in remote locations. Methane, 
the main component of natural gas, is a potent greenhouse gas 
and very difficult to transport. For these reasons, natural gas is 
often flared at the extraction site. Converting methane into an 
easier to transport commodity chemical would be economically 
and environmentally desirable. At the industrial scale, the 
chemical conversion of methane follows a two-step process[1], 
where methane is first converted into synthesis gas and then 
converted into higher value products such as long chain 
alkanes[2] or methanol[3]. However, this two-step process 
requires harsh reaction conditions and is only feasible at large 
scale, requiring a high capital cost, which renders its application 
in remote extraction sites impossible. Therefore, research has 
recently focused on identifying methods that can be applied at 
remote methane production sites and at a small scale. One 
promising solution, that has received significant attention, is the 

stepwise conversion of methane to methanol over Cu- and Fe-
exchanged zeolites[4–13]. In this process, a transition metal 
exchanged zeolite is first activated in an oxidizing atmosphere 
at high temperatures, subsequently methane is converted to 
surface bound methoxy species and finally methanol is 
extracted using water[14,15].  
 
A key question in the conversion of methane to methanol 
relates to the nature of the active center(s) when the reaction 
is taking place (in situ). For Cu-exchanged zeolites, a variety of 
different active centers have been proposed, which include Cu-
oxo dimers[5,7,15–20], hydroxylated Cu dimers[19,21], hydroxylated 
Cu monomers[22], as well as Cu-oxo trimers[6]. Recently, we 
performed a detailed thermodynamic analysis and 
demonstrated that for Cu-exchanged SSZ-13 (Cu-SSZ-13) 
activated in an O2 atmosphere, hydroxylated Cu dimers would 
be exclusively preferred[14]. The thermodynamically most stable 
sites during materials activation in an O2 atmosphere and in the 
methane to methanol conversion step for different dimer 
anchoring sites from this study are shown in Figure 1. This 
theoretical prediction was surprising, especially since the 
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Figure 1: All Cu exchanged SSZ-13 sites included in our analysis of UV-vis-NIR 
spectra. We focus on the most stable dimer structures in SSZ-13 for four 

different Al configuration during activation and reaction conditions[14], as well 
as divalent Cu monomers, which are either anchored to two Al atoms in close 
proximity (e.g., Cu(II), only Al atoms in the same ring are displayed)[33] or at a 

silanol defect (e.g., defect-Cu)[23]. Additionally, Cu-hydroxyl species anchored 
to one Al atom (CuOH)[33]. In atomistic representations, Si is shown as yellow, 
O as red, H as white, Al as grey, and Cu as blue, respectively 
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presence of hydroxylated Cu dimers in SSZ-13 had never been 
confirmed experimentally before or proposed as an active 
center.  
One method that can provide detailed information about Cu 
sites present in zeolites is UV-vis-NIR spectroscopy. At an 
experimental level, spectral intensities vary between different 
zeolite materials and different materials pre-treatment 
methods[17]. However, making unambiguous assignments with 
respect to the observed spectra is challenging, since static DFT 
calculations, the most commonly applied methodology in 
electronic structure calculations, are in principle unable to 
predict excited states correctly. Only most recently, calculations 
based on time-dependent density functional theory calculations 
have been able to reproduce spectral features of monovalent 
Cu monomers in SSZ-13 with errors in wavenumbers for peak 
positions that were smaller than 1%[23]. Interestingly, 
assignments for Cu-SSZ-13 after activation in an O2 atmosphere 
using the same methodology were not possible, which was 
attributed to the potential presence of many different active 
sites, which leads to overlapping spectroscopic signals[21]. 
However, the knowledge about the thermodynamically 
preferred Cu structures in SSZ-13 under various conditions, as 
presented in our recent study, would help with assigning 
experimentally observed spectroscopic signals to theoretically 
calculated spectra[24]. 

In this contribution we combine time-dependent density 

functional theoretical calculations, including spin-orbit 

coupling, and experimental measurements to characterize the 

Cu sites present in SSZ-13 after activation in O2 via UV-vis-NIR 

spectroscopy. We measure UV-vis-NIR spectra for Cu-SSZ-13 

after activation in O2 and compare the results to theoretically 

predicted spectra for the most stable Cu sites in SSZ-13 and 

several Cu monomers. 

In a first step, we synthesized SSZ-13 with an Si/Al ratio of 14.7 

following a synthesis protocol that minimizes Al pairing[25]. This 

approach ensures separation of Al atoms, which in turn reduces 

the complexity of the encountered Cu distribution and 

facilitates the spectroscopic assignment of the encountered 

species. All details regarding the experimental protocols are 

given in Supporting Information, section S.1.2. Cu was 

introduced to this sample using liquid phase ion exchange of 

Cu(NO3)2 and we obtained a sample with a Cu/Al ratio of 0.41. 

Subsequently this sample was activated at 450 °C in an O2 

atmosphere for 8 hours and after removing the sample from the 

furnace, UV-vis-NIR spectra were measured at room 

temperature in a glove box atmosphere (<1ppm H2O, O2). The 

resulting spectrum after applying the Kubelka-Munk correction 

is displayed in Figure 2. We find a broad signal in the low 

wavenumber region (i.e., wavenumbers between 10000 cm-1 

and 25000 cm-1) with the highest intensity peak at 13400 cm-1 

and shoulders at 11500 cm-1, 16230 cm-1, 20000 cm-1, and 

21600 cm-1 (ordered from highest to lowest intensity). 

Additionally, a high intensity peak with a maximum at 41000 cm-

1 is present. The peak positions agree well with data in the 

literature for similar materials after similar pretreatment 

routines[7,21,26], even though for our material the intensity of 

signals in the low wavenumber region is lower.  

To identify the sites that lead to the spectroscopic signals 

observed in experimental measurements we turned to 

theoretical modeling. In the past, time dependent density 

functional theory has been shown to be particularly successful 

in predicting UV-vis-NIR spectra of Cu sites in zeolites[21,23,27]. 

We perform calculations based on an approach that was 

successful in modeling spectra of monovalent Cu centers in SSZ-

13[23]. Here, a time-dependent hybrid functional with 40% exact 

exchange is used to predict spectra for a large number of 

structural snapshots obtained from an MD simulation for a 

single active site (see Supporting Information section S1.1 for 

additional details). Spectra for all structural snapshots are then 

averaged to give the overall spectroscopic signature of the 

corresponding Cu site. It has furthermore been shown that the 

inclusion of spin-orbit coupling is crucial to accurately capture 

potential singlet-triplet transitions in photoluminescence of Cu 

centers[23]. We therefore also include spin-orbit coupling in the 

calculation of optical spectra. An analysis for the A-Cu2OH site 

in the Supporting Information, Figure S2 shows that both, 

averaging spectra over a series of structural snapshots and 

including spin-orbit coupling, significantly modify the obtained 

spectra. Further analysis in the Supporting Information, section 

S2 reveals that changes in spectra upon inclusion of spin-orbit 

coupling are most likely due to the correct capture of singlet-

triplet transitions and that similar trends are observed in static 

calculations for all studied hydroxylated dimers and the CuOH 

site. All our calculations are carried out in the primitive, 

rhombohedral unit cell of SSZ-13[28] using periodic boundary 

conditions as implemented in VASP[29,30], version 5.4.1. 

Computational details are given in Supporting Information, 

section S1.1.  

Figure 2: Experimentally measured UV vis spectra, and theoretically predicted optical 

spectra for the most stable dimers (A-Cu2O2H2, B-Cu2O2H2, C-Cu2OH, D-Cu2OH) in Cu-

SSZ-13 between 10000 cm-1 and 25000 cm-1 (left panel) and 10000 cm-1 and 50000 

cm-1(right). Spectra are shown as solid black lines and the zero-intensity line for each 

spectrum is shown as a horizontal dashed black line. Experimentally observed peaks and 

shoulders are marked with dashed, vertical lines in various colors. For better visibility, 

spectra in the left panel have been multiplied by the factor indicated in the respective 

legend. Colors in atomistic pictures on the right correspond to Figure 1. Theoretically 

predicted spectra are reported as absorption, experimentally measured spectra are 

reported as reflectance R% after applying the Kubelka-Munk correction. 
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As a next step, we apply the proposed methodology to model 

optical spectra for the hydroxylated Cu dimers that were 

predicted to be most stable in SSZ-13 after activation in an O2 

atmosphere[14] (structures in Figure 1) with the corresponding 

spectroscopic signals in Figure 2 and Figure S5. Overlap in 

spectroscopic signals from different Cu sites makes quantitative 

assignments based on peak intensity difficult. On top of that, it 

has been discussed in the literature that the Kubelka-Munk 

correction applied to the experimentally measured spectra of 

Cu-exchanged zeolites influences relative intensities of different 

peak positions[31]. Additionally, superposition of different 

signals might lead to shifts in peak positions of up to 500 cm-1. 

In our assignments, we will therefore focus on the main peak 

positions and will only consider differences in intensities of 

about one order of magnitude or more as significant. 
Indeed, we find that all sites show signals in the low 
wavenumber range. More specifically, Cu2O2H2 sites show 
signals around 13400 cm-1 and 20000 cm-1 (B-Cu2O2H2) or 13400 
cm-1 and 21600 cm-1 (A-Cu2O2H2), while Cu2OH sites either show 
signals at 21600 cm-1 (C-Cu2OH) or 16230 cm-1 (D-Cu2OH). While 
some of the sites show broad background signals at higher 
wavenumbers, the major peaks lie close to 50000 cm-1, which is 
outside the illumination range of the experimentally used lamp. 
These spectroscopic signals indicate that hydroxylated dimers 
are potentially present in the material, even though the sites 
show overlapping spectroscopic signals, which makes a clear 
assignment based on UV-vis-NIR spectroscopy alone 
impossible. Only the presence of C-Cu2OH seems unlikely, since 
it shows a strong signal at 21600 cm-1 (note the 2.5x zoom on 
this spectrum in the left panel of Figure 2), whereas only a low 
intensity shoulder at this wavenumber is observed in 
experiment. Additionally, we studied the spectrum for A-Cu2OH 
(the spectrum is shown in the Supporting Information, Figure 
S5), a site predicted to be stable under activation conditions, 
but unstable at lower temperatures[14]. We find that this site 
shows signals at 20000 cm-1 and 16230 cm-1, but also shows a 
significant peak around 31520 cm-1. Since such a peak is not 
observed experimentally, the presence of A-Cu2OH in Cu-SSZ-13 
using our synthesis and activation protocols is unlikely. 

The analysis of spectra for the dimer structures reveals that four 

of the five signals in the low wavenumber range can be assigned 

to the presence of hydroxylated dimers. Only the signals at 

11500 cm-1 and 41000 cm-1 could not be assigned so far. It is 

conceivable that these signals originate from Cu monomers that 

are also present in the material. In the material synthesis we 

adapted a Na-free approach that has been reported to minimize 

Al pairing in six-rings of the SSZ-13 framework[25,32]. We 

therefore focus on two different potential site types present in 

SSZ-13, namely Cu bound in a unit cell, where Al atoms are 

close, but not paired in the same six-member ring, and CuOH, 

which represents the limiting case of well separated Al 

atoms[33]. Both Cu sites are shown in Figure 1. Phase diagrams 

indicate that CuOH and Cu should be present without a water 

coordination shell during activation. However, exposure to a 

glove box environment might lead to water adsorption to Cu 

monomers. For these sites, we therefore explore scenarios 

where they are coordinated to up to four (Cu(II)) or three 

(CuOH) water molecules and the calculated spectra are shown 

in Figure 3, Figure S5 (Cu(II)+1H2O, Cu(II)+2H2O, Cu(II)+4H2O), 

and Figure S6 (CuOH+1H2O and CuOH+3H2O). It is immediately 

apparent that the presence of CuOH and Cu(II) sites that are not 

coordinated to H2O molecules is unlikely, since CuOH shows a 

very distinct peak around 36890 cm-1 and Cu leads to a broad 

signal above 20000 cm-1, which are both not observed in 

experiments. CuOH coordinated to H2O molecules shows a 

weak signal around 15000 cm-1 (the exact position depends on 

the H2O coordination) and an additional signal centered around 

41000 cm-1. Cu sites coordinated to H2O also show weak low 

wavenumber transitions and either a broad signal between 

25000 cm-1 and 45000 cm-1 for Cu coordinated to one H2O or a 

broad signal with highest intensities above 40000 cm-1. Even 

though the exact water coordination of the different sites is 

unknown, in particular the presence of CuOH coordinated to 

one or two water molecules would explain the presence of the 

experimentally observed peak at 41000 cm-1 and would also 

contribute signals in the low wavenumber range. At the same 

time the presence of other Cu monomers as minority species 

cannot be excluded. However, most signals in the low 

wavenumber region for Cu monomers are low in intensity and 

also none of the Cu dimer sites considered here can explain the 

presence of the 11500 cm-1 peak. 
To understand the origin of the 11500 cm-1 signal, we 
furthermore studied divalent Cu sites anchored in a silanol 
defect (defect-Cu shown in Figure 1) with up to two water 
molecules adsorbed and the resulting spectra are shown in 
Figure 3 and Figure S6 in the Supporting Information. Indeed, 
we find that all three water coordination environments show a 
major signal around 41000 cm-1 with an additional signal at 
either 11500 cm-1 for Cu coordinated to one H2O molecule or 
around 10000 cm-1 in the other two cases. 
These results show that a mixture of different sites is present 
after activation in O2 because no one site can reproduce all the 

Figure 3: Theoretically predicted optical spectra for different Cu monomers in Cu-SSZ-13 

between 10000 cm-1 and 25000 cm-1 (left panel) and between 10000 cm-1 and 50000 

cm-1(right) . Spectra are shown as solid black lines and the zero-intensity line for each 

spectrum is shown as a horizontal dashed black line. Experimentally observed peaks and 

shoulders are marked with dashed, vertical lines in various colors for readability. For 

better visibility, spectra in the left panel have been multiplied by the factor indicated by 

each spectrum. Colors in atomistic pictures on the right correspond to Figure 1. 
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peaks observed. We find that several hydroxylated Cu dimers 
are present in the material, which contribute to spectroscopic 
signals at 13400 cm-1, 16230 cm-1, 20000 cm-1, and 21600 cm-1. 
Furthermore, CuOH coordinated to either one or two H2O 
molecules contributes to a major peak at 41000 cm-1. These 
assignments agree well with phase diagrams published in 
previous work[14], which predict the stabilization of 
hydroxylated Cu dimers after activation in O2, as long as the 
respective anchoring points for these sites are available. The 
only site modeled in this contribution that agrees with the 
experimentally measured peak at 11500 cm-1 is a divalent Cu 
atom bound to a silanol defect and one H2O molecule. 
Additionally, this site contributes to the experimentally 
observed peak at 41000 cm-1. The presence of such a defect-
anchored Cu site has not been suggested before and could 
either be attributed to silanol defects present in our material or 
to other Cu sites bound at the surface or at grain boundaries of 
the zeolite particle, where a Cu atom encounters a bonding 
environment similar to framework defects. More specifically, 
defect-anchored Cu shows similarities to Cu atoms supported 
on alumina[34], which have been shown to convert methane to 
methanol. We therefore hypothesize that these sites might not 
be innocent in the conversion of methane to methanol. 
In the past, Li et al. also modeled the UV-vis-NIR spectra of Cu 
sites in SSZ-13 using time dependent DFT[21]. In their analysis 
they concluded that the spectra resulted from the superposition 
of various spectroscopic signals from different sites, but an 
unambiguous assignment based on their results was not 
possible due to the complexity of the encountered site 
distribution. However, their study focused only on a limited 
number of Cu sites and did not include spin orbit coupling, 
which we have shown to be crucial to arrive at quantitatively 
accurate peak positions (see supporting information section 
S2).  

In the experimental literature, the same UV-vis-NIR signals have 

mainly been attributed to the presence of different Cu 

monomers, CuOH, or Cu-oxo sites[7,17,31]. More specifically, 

different Cu-oxo dimers (Cu2O, Cu2O2) have been suggested to 

be present in the material and show spectroscopic signals in the 

low wavenumber range (10000 cm-1 – 25000 cm-1). To 

understand whether these species can lead to the 

experimentally observed peaks, we modeled their spectra, 

which are shown in the supporting information Figure S7 and 

Figure S8. Indeed, no Cu2O and Cu2O2 site shows the 

experimentally observed signal at 16230 cm-1. Additionally, all 

studied Cu-oxo dimers lead to strong spectral intensities 

between 20000 cm-1 and 40000 cm-1, which are not observed in 

our experimental measurements, even though they have been 

observed for Cu-SSZ-13 samples obtained from different 

synthesis and/or pretreatment protocols[26,31]. Hence, we 

conclude that Cu-oxo dimers are at best a minority species 

following the synthesis and materials preparation protocols 

applied here.  

Interestingly, we find that the signal intensity in the 

wavenumber range between 10000 cm-1 and 25000 cm-1 in our 

experimental measurements is lower compared to reports in 

the literature[7,17,21,26]. This indicates that in the material we 

synthesized fewer Cu dimer sites, which contribute to these 

signals, are formed compared to measurements in the 

literature[7,17,21,26]. This observation holds true, even though we 

chose a synthesis route that reduces the number of Cu 

monomers anchored in six-member rings with Al pairs that are 

thermodynamically more stable than dimers during catalyst 

activation. If the presence of specific Cu monomers in SSZ-13 

was the only mechanism that reduces dimer formation during 

catalyst activation, a larger number of Cu dimers should be 

present in materials obtained from our synthesis approach. 

However, this is not the case, and a possible explanation is that 

the change in synthesis approach does not only modify the Al 

pairings in six-member rings but might lead to a change in 

availability of dimer exchange sites. Alternatively, the distance 

distribution between Al atoms in materials obtained from our 

synthesis approach might be skewed towards larger Al-Al 

distances, which would only allow for the formation of a smaller 

number of dimers during activation[35]. 

Conclusions 

In this contribution we studied the UV-vis-NIR spectrum of Cu-
exchanged SSZ-13 after activation in an O2 atmosphere. We 
calculated optical spectra for the most stable sites in Cu-SSZ-13 
using time dependent density functional theory in combination 
with spin orbit coupling and compared our results to 
experimentally measured spectra of Cu-SSZ-13 after activation 
in an O2 atmosphere. We found that a combination of 
spectroscopic signals caused by hydroxylated Cu dimers and 
extraframework and defect bound Cu monomers can explain all 
observed spectroscopic signals. Additionally, signals of Cu-oxo 
dimers[7,17], which have been previously suggested to be 
present in Cu-SSZ-13, are absent in experimental spectra. 
These results make the presence of hydroxylated Cu dimers in 
SSZ-13 after activation in O2 following the synthesis and 
preparation protocol applied in this work highly likely, which 
agrees with theoretically calculated phase diagrams presented 
in the literature[14]. In the future it will be interesting to see how 
we can use these insights to better understand the ability of Cu-
SSZ-13 in particular and Cu-exchanged zeolites in general to 
convert methane to methanol.  
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