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Abstract 

The intermediates formed upon the interaction of methane with Cu-modified ZSM-5 zeolites 

(Cu/H-ZSM-5) have been analyzed with solid-state NMR spectroscopy and DFT methods. 

Methane activation by Cu/H-ZSM-5 zeolites gives rise to three distinct surface methoxy-like 

species (–O–CH3) detected by 13C MAS NMR spectroscopy with specific chemical shifts in 

the range of  53–63 ppm. DFT calculations on representative cluster models of different sites 

potentially present in Cu/H-ZSM-5 have been used to assign these signals to (i) methanol 

adsorbed on two neighboring Cu sites (Cu–(HOCH3)–Cu, 62.6 ppm), (ii) methanol adsorbed 

on zeolite Brønsted acid site (52.9 ppm) and (iii) lattice-bound methoxy groups (Si–O(CH3)–

Al, 58.6). The formation of these methoxy-like intermediates depends on the Cu loading and, 

accordingly, the type of Cu species in Cu/H-ZSM-5 zeolite. For the sample with low (0.1 

wt.%) Cu loading containing exclusively mononuclear isolated Cu species, only the 

intermediates (ii) and (iii) have been detected. The Cu-bound intermediate (i) is formed upon 

methane activation by multinuclear Cu sites featuring Cu–O–Cu bridging moieties present in 

the materials with relatively higher Cu loading (1.38 wt.%). The presented results indicate 
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that methane activation by Cu/H-ZSM-5 can be promoted by both mono- and multinuclear Cu 

species confined in the zeolite matrix.  

1. Introduction  

Rising demand on the petrochemicals and limited crude oil reserves force the search for 

alternative feedstocks to produce valuable compounds. Methane, being major component of 

natural gas, is cheap and widely accessible raw material.1 The conversion of methane to 

higher hydrocarbons or oxygenates over zeolite-based catalysts has attracted a considerable 

attention of the scientific community as a basis for future efficient gas-to-liquid 

technologies.2-12 Despite great potential of methane as the feedstock for chemical industry, 

there are several important challenges hampering the efficient chemical processing of 

methane to such versatile chemical intermediates as, for example, methanol.13  The key 

challenges are related to the low intrinsic reactivity of methane in combination with higher 

reactivity of the products of its conversion. In the context of oxidative conversion of methane, 

the desired products such as methanol and formaldehyde are much more susceptible to 

oxidation than methane resulting in severe loss of selectivity. Despite substantial efforts of 

both the academic and industrial research communities, the one-pot selective methane 

oxidation process that would be highly preferable in industry for the valorization of small-

scale natural gas reserves has not been realized yet. The current indirect process involving the 

high-temperature methane conversion to syngas is highly energy and capital intensive.14 The 

search for alternative efficient ways to convert methane to valuable chemicals, such as 

methanol, formaldehyde, acetic acid and various aromatic compounds, is an important 

challenge for contemporary catalysis science.15-16   

Among different potential catalytic systems, Cu-containing zeolites have attracted a 

particular attention for selective oxo-functionalization of methane.12, 17 The first attempts to 

use this type of catalysts for methane partial oxidation were inspired by some similarities 

between Cu-modified zeolites and methane monooxygenase (MMO), the enzyme which can 

perform methane-to-methanol conversion at ambient temperature.18-19 In 2005, Groothaert et 

al.20 discovered the ability of Cu-modified ZSM-5 and MOR zeolites to convert methane to 

methanol at a relatively low temperature of 398 K. It was suggested that [Cu2(µ-O)2]2+ core 

was the active site for the reaction. Later, the nature of the active site in Cu-ZSM-5 zeolites 

was revised on the basis of the results of Raman spectroscopy and density functional theory 

(DFT) calculations, and a [Cu2(µ-O)]2+ species was proposed to be responsible for the low-

temperature methane oxidation.21 More recently, alternative active site proposals on the role 
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of trinuclear ([Cu3(µ-O)3]2+)22-23 and mononuclear ([Cu-OH]+)24 active species have been put 

forward. Kinetic experiments on the isotope effect have shown that С–H cleavage is the 

limiting step of the methane conversion mechanism.21  Quite a few works have been 

published on the influence of the structure of the active site,23, 25 zeolite confinement,26 and  

water addition27-28 on the efficiency of methane activation on Cu-containing zeolites. 

However, there is still lack of experimental data on the nature of the surface intermediates 

formed upon methane activation by Cu/H-ZSM-5 zeolites.  

High-resolution solid-state NMR technique is a powerful tool to clarify the pathways of  

methane activation mechanism on metal-containing zeolites.2, 5, 7-8, 10, 29-37  13C MAS NMR 

spectroscopy can be fruitfully applied to inquire into the properties of Cu-loaded zeolites with 

respect to methane-to-methanol conversion.  The approach is based on the analysis of 13C 

MAS NMR spectra of methane adsorbed on the zeolite: the number of signals detected, the 

chemical shifts and the intensity of the signals. However, the assignment of the signals based 

on the observed chemical shifts is not straightforward in some cases.  

So far, few works have been reported on the utilization of the 13C MAS NMR method to 

study methane activation by Cu-containing MOR and ZSM-5 materials.38-41 The signals with 

specific chemical shifts of various methoxy species (52–67 ppm)  were observed in the 13C 

MAS NMR spectra. Three signals at 61, 56 and 53 ppm were observed for Cu-MOR, which 

were assigned to Cu–O(CH3)–Cu, Si–O(CH3)–Al and adsorbed methanol molecules.38 For 

Cu-ZSM-5, methane activation gave rise to two signals at 59 ppm and 53 ppm, attributed to 

Cu–OCH3 and the adsorbed methanol, respectively.40  

Two recent works39, 41 have reported similar results from a combined 13C MAS NMR and 

FTIR study on the nature of methoxy-like intermediates formed upon methane activation by 

Cu-MOR. In both cases, the signals at 58–59 ppm and at 50–54 ppm were detected and they 

were assigned to Si–O(CH3)–Al species and methanol adsorbed on Brønsted acid sites (BAS), 

respectively. The formation of the signal at 62 ppm was detected only in one of the studies,39 

and it was assumed to correspond to methanol adsorbed on Cu(I) sites. In addition to these 

main spectral features, methane activation by Cu-zeolites may give rise to additional 13C 

NMR signals due to dimethyl ether (DME) adsorbed on zeolite BAS (63–64 ppm)39, 41 or 

reduced Cu(I) sites (66–67 ppm).39 Our recent 13C MAS NMR study  demonstrated that 

methane interaction with Cu-ZSM-5 gives rise to a spectrum (Figure 1) featuring three signals 

at 52.9, 58.6, and 62.6 ppm which may correspond to different methoxy-like species on the 

surface of the zeolite. It is clear, that for both MOR and ZSM-5 topologies methane activation 
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by extra-framework Cu sites results in  quite similar 13C MAS NMR spectra for the surface 

species characterized by three main signals with slightly varying chemical shifts at 50–54, 

56–59, and 61–64 ppm. Unfortunately, there is no clear consensus on the assignment of these 
13C NMR signals. For instance, the signal at 61–64 ppm was assigned to Cu–O(CH3)–Cu 

species,38  methanol on Cu(I)39 or dimethyl ether on BAS.41  

   

Figure 1. 13C CP/MAS NMR spectrum of surface intermediates formed from methane-13C 

adsorbed on a Cu-ZSM-5 zeolite. The sample was spun at 3.0 kHz. Asterisks (*) indicate 

spinning side bands.  

To resolve this ambiguity and improve our understanding of the products of methane 

oxidation by Cu-zeolites, herewith we have performed a combined experimental 13C MAS 

NMR and computational DFT study. NMR experiments have been carried out to monitor the 

species formed from methane on Cu/H-ZSM-5 zeolite under different conditions, while DFT 

calculations of 13C chemical shifts of various methoxy-like species in zeolites, formed at 

methane activation, have been carried out to support  the signals assignment.  

2. Experimental Section 

Reagents and Materials. Copper(II) acetate monohydrate (≥ 98% purity), benzene 

(anhydrous, 99.8 % purity), methane-13C (≥99% 13C) and methanol-13C (≥99% 13C) were 

purchased form Aldrich Chemical Co. Inc. and were used without further purification. 

Molecular oxygen, industrially produced gas, was used after water removal at liquid nitrogen 

temperature via freezing and thawing circles.  

Zeolite Samples Preparation.  The H-form of ZSM-5 zeolite (Si/Al = 17) was provided by 

Novosibirsk Chemical Concentrates Plant (Novosibirsk, Russia). ICP-OES analysis 

(Inductively coupled plasma optical emission spectrometry) showed 2.05 wt.% of aluminum 

in the zeolite sample.  The relative amount of extra-framework aluminum species was 4 % as 

–20020406080100
δ / ppm

* *
* ** * *

13CH4

62.6
52.9

58.6
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revealed with 27Al MAS NMR (Figure S1). 29Si MAS NMR spectroscopy (Figure S1) 

confirmed the Si/Al ratio for the sample to be 17. 

The Cu-modified zeolites were prepared with an ion exchange procedure,42-43 which leads 

to a partial substitution of zeolite proton sites for hydrated Cu2+ cations. Parent H-ZSM-5 

zeolite powder was suspended in an aqueous copper(II) acetate solution with pH = 5 and 

solution/zeolite weight ratio = 10. The suspension was stirred for 48 h at ambient temperature 

followed by the powder filtration, washing with water, drying at 393 K for 2 h, and 

calcination in air flow at 773 K for 4 h. Copper(II) acetate solution concentration was 0.0015 

and 0.039 M for the preparation of the samples with low and high copper loading, 

respectively. ICP-OES analysis has shown that the sample with low loading contained 0.10 

wt.% of copper (denoted as Cu(0.1)/H-ZSM-5, sample I) and the sample with higher loading 

contained 1.38 wt.% of copper (denoted as Cu(1.4)/H-ZSM-5, sample II). The determined 

loadings give Cu/Al atomic ratio of 0.02 and 0.29 for sample I and sample II, respectively. To 

confirm the proton sites (bridged Si–O(H)–Al groups) substitution by Cu2+ cations, the 

concentration of Si–O(H)–Al groups (Brønsted acid sites, BAS) was measured with 1H MAS 

NMR method with benzene being used as internal standard according to the procedure 

described previously.44-45 The composition of the unit cell of the zeolite samples was 

estimated based on the 1H MAS NMR quantitative data (Table 1).  

NMR Samples Preparation. The NMR monitoring of the intermediates of methane 

activation were performed by sealing a sample of a zeolite, either sample I or sample II, inside 

axially highly symmetrical glass ampule of 3.5 mm outer diameter and 10 mm length, capable 

to fit perfectly into 4 mm zirconia MAS NMR rotor. The zeolite samples of about 25 mg were 

activated at 673 K under vacuum for 24 h with the residual pressure of less than 10–7 bar. 

Further, molecular oxygen pretreatment was performed by exposing the sample to 500 mbar 

of dry O2 followed by heating at 673 K for an hour and evacuation at 423 K for an hour. After 

the activation procedure, the adsorption of 13C-labeled methane or methanol of 300 

µmol/gzeolite was performed at the liquid nitrogen temperature, controlled with vacuum gauge 

(DVR 5, Vacuubrand, Germany). Afterwards, the glass tube with the sample was sealed by 

flame while keeping the sample under liquid nitrogen to prevent the sample heating. 

Solid-State NMR Experiments. MAS NMR spectra were recorded at 9.4 T on a Bruker 

Avance  spectrometer equipped with a broad-band double-resonance 4 mm MAS NMR probe. 

Zirconia rotors with the inserted sealed glass ampoules were spun at 3-5 kHz by dried 

compressed air. In order to record 27Al and 29Si MAS NMR spectra, 4 mm rotors were filled 
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with the powder sample of a zeolite which was preliminary kept under moist atmosphere for 

several hours. The rotor with the powder inside was spun with the spinning rate of 15.0 and 

8.0 kHz for 27Al and 29Si MAS NMR spectra, respectively.  

The chemical shift was referenced to tetramethylsilane (TMS) as an external standard for 
1H, 13C and 29Si NMR spectra and to 0.1 M Al(NO3)3 solution for  27Al NMR  spectrum with 

an accuracy of ±0.1 ppm. 

Hahn-echo pulse sequence (π/2−τ−π−τ−acquisition) was used to record 1H MAS NMR 

spectra, where τ equals one rotor period (200 μs for 5.0 kHz spinning rate). The excitation 

pulse length was 5.0 μs (π/2), and typically 32 scans were accumulated with a 60 s delay. 13C 

MAS NMR spectra using either only a high-power proton decoupling or in combination with 

the cross-polarization (CP) technique (13C CP/MAS NMR) were recorded at ambient 

temperature. The strength of the proton high-power decoupling field BRF was 11.7 G, 

corresponding to 5.0 μs length of π/2 1H pulse and nutation frequency  νRF = γ/2π BRF = 50 

kHz. For the spectra recorded with CP technique, the contact time was 2 ms at the 

Hartmann−Hahn matching condition of 50 kHz, the delay between scans was 2 s, and the total 

number of scans was 40000. 13C MAS NMR spectra were recorded with 2000 scans using a 5 

s delay. 27Al MAS NMR spectra were obtained with a short 0.6 μs pulse (π/10), and 10 000 

scans were accumulated with a 0.5 s recycle delay. 29Si MAS NMR spectra were recorded 

with a 5.0 μs pulse (π/2) and 60 s repetition time, and 1000 scans were acquired for signal 

accumulation. 

Ultraviolet–Visible Near Infrared Diffuse Reflectance Spectroscopy. A Shimadzu UV-

2501 PC spectrophotometer equipped with an ISR-240 A diffuse reflectance accessory was 

used to record the UV–vis DR spectra. The spectral range of 11000–53000 cm–1 was 

monitored with respect to the BaSO4 reflectance standard. The spectra were obtained at 

ambient temperature. The obtained spectra are presented in the Kubelka–Munk units: F(R) vs 

wavenumbers. The samples of Cu(0.1)/H-ZSM-5 and Cu(1.4)/H-ZSM-5 were placed inside 

special quartz cell  equipped with UV-grade quartz window. The samples were activated via 

the same procedure described for NMR samples preparation.  

DFT calculations. To model the local coordination environment in ZSM-5 zeolite, a cluster 

model representing a 10-membered framework ring from the straight channel (10-MR) 

(Figure 2) was directly cut from the crystal MFI structure obtained from the zeolite 

database.46 To introduce anionic negative charge an aluminum atom was placed at the T1 

framework position in the cluster. This site has earlier been postulated as the most probable 
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Al localization site in the MFI structure.47 To model the structures featuring dicationic species 

(e.g. containing binuclear Cu sites), a second aluminum atom was placed at the T6 framework 

position that is separated by two silicon atoms from the T1 site.21 Dangling bonds on the 

boundary of the cluster fragments were saturated with hydrogen atoms at 2.5 Å distance from 

T sites. These clusters were used to model  the formation of various methoxy-like 

intermediates, potentially formed upon methane activation, and simulate their 13C NMR 

chemical shifts.  ChemCraft program was used to visualize molecular structures.48  

  

Figure 2. ZSM-5 zeolite framework of MFI type (a).46 The cluster fragment used to represent 

ZSM-5 zeolite framework (b). 

Spin-unrestricted DFT calculations were carried out using ORCA code49 with the B3LYP 

exchange-correlation functional.50 During the optimization of the geometries of the molecular 

models, all Si atoms were constrained in their crystallographic positions.21 Dangled H atoms 

were also constrained to avoid unrealistic distortions of the model during geometry 

optimization.51  6-31G*52-53 basis set was used for all (Si, Al, O, H*) atoms of the zeolite 

(a)

(b)
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cluster, whereas a larger 6-311+G* 54 basis set was employed for the atoms (Cu, C, H, O) 

from the extra-framework species. 

NMR chemical shielding constants were computed using the GIAO method55 in 

combination with the PBE0 functional56 and aug-cc-pVDZ57 basis set. Such method, 

functional and basis set were chosen considering the analysis reported in ref.58 where 

reasonably small mean absolute error of 1.71 13C ppm was demonstrated for this approach. 
13C chemical shift was calculated by the following formula:  

δ = σref – σ + δref., 

where σref and σ are isotropic chemical shielding of the reference and the examined structures, 

respectively. Tetramethylsilane was chosen as the reference (δref = 0) for which  σref value was 

calculated in this study to be 194.9 ppm. 

3. Results and Discussion 

3.1. Cu/H-ZSM-5 Samples Characterization. 

Figure 3 shows UV–vis DR spectra for the samples of Cu-containing zeolites under study, as-

prepared and activated under vacuum. As-prepared sample I and sample II exhibit the bands 

at 12300 cm–1 (d-d transition) and related bands at 49000 cm–1 (ligand-to-metal charge 

transfer, LMCT) which are typical of hydrated [Cu(II)(H2O)6]2+ and [Cu(II)(OH)(H2O)5]+ 

cations introduced via the ion exchange and located at cation-exchange sites of the zeolite 

framework (Si–O––Al sites).43, 59-60  An adsorption band at >38000 cm–1 is accounted for by 

the fundamental absorption edge (FAE) of ZSM-5 zeolite (see UV–vis spectrum of parent H-

ZSM-5 zeolite in Figure S2). Dehydration of the zeolites under vacuum followed by O2 

treatment at 673 K, leads to the remarkable changes in the spectra: the LMCT band shifts to 

44500 cm–1 and its intensity increases. The related d-d transition band shifts to 13900 cm–1 

and undergoes a noticeable broadening. These spectral changes indicate the removal of water 

ligands and the stabilization of the copper in the state of Cu2+ cations at the exchange sites 

containing two Si–O––Al units [Z2Cu(II), where Z = Si–O––Al].43, 61-62 Therefore, Z2Cu(II) 

sites present in both samples of Cu/H-ZSM-5 zeolite. A minor LMCT band at around 29000 

cm–1 can also be found in the spectrum of the activated Cu(0.1)/H-ZSM-5 zeolite (Figure 3a). 

This band can be attributed to another type of monocopper species of Z[Cu(II)(OH)] and/or 

Z[Cu(II)O] composition61-63 or to some Cu-oxo clusters such as tricopper [Cu3(µ-O)3]2+,22 

though the latter one is less-likely due to low Cu content in sample I. Hence, our results 

suggest that the activated sample I contains mostly monocopper Z2Cu(II) sites, with the 
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amount of distinct Cu sites being negligible, since other bands, apart from those related to 

Z2Cu(II), is hardly detectable in Figure 3a. Contrary, the spectrum of the activated Cu(1.4)/H-

ZSM-5 zeolite features a strong band centered at around 32000–33000 cm–1 (Figure 3b) 

which is assigned to Z2[Cu3(µ-O)3] species.22 This points to the presence of additional type of 

Cu2+ sites (Z2[Cu3(µ-O)3]) in sample II. Previous studies64 indicated that Cu/H-ZSM-5 

materials with Cu/Al of 0.2–0.5 are dominated by Z2Cu(II) and Z2[Cu3(µ-O)3], and this in line 

with our spectroscopic observation in Figure 3b for sample II having Cu/Al ratio of 0.29 

(Table 1).  

  

Figure 3. UV–vis DR spectra of Cu(0.1)/H-ZSM-5 (a) and Cu(1.4)/H-ZSM-5 (b) zeolite 

samples: as-prepared (black lines), after evacuation and treatment with O2 at 673K (red lines). 

Loading of copper into H-ZSM-5 zeolite via the ion exchange leads to the substitution of 

the protons of the Si–O(H)–Al framework hydroxyl groups for Cu2+ hydrated cations, with a 

theoretical stoichiometry H+:Cu2+ = 2. Further high-temperature activation of Cu-containing 

zeolite results in the stabilization of Cu2+ cations in the pores as Z2Cu(II) sites,64 bridged 
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dicopper Z2[Cu2(µ-O)] species,21, 65  and Z2[Cu3(µ-O)3] tricopper oxo-clusters22-23 depending 

on copper loading and the amount of paired Si–O––Al sites.64 It is reasonable to propose that 

the Cu/Al ratio higher than 0.264 can provide neighboring Cu sites which can yield the 

multinuclear copper species, whereas the low copper content results exclusively in isolated 

monocopper sites. By comparing the amount residual hydroxyl groups in the activated 

Cu(0.1)/H-ZSM-5 and Cu(1.4)/H-ZSM-5 samples with Cu/Al ratio, the presence and 

population of the clustered and isolated monocopper sites can be estimated.  

Table 1. Properties of Zeolite Samples. 

Sample ICP-OES data 1H MAS NMR 
data 

Unit cell compositionc 

Cu / 
wt.% 

Cu/Al 
atomic 
ratioa 

Si–O(H)–Al 
concentration 
(BAS) / µmol/gb 

H-ZSM-5   940 H5.4Al5.4Si90.6O192 
Cu(0.1)/H-
ZSM-5, 
sample I 

0.10 0.02 900 Cu2+
0.11H5.2Al5.4Si90.6O192 

Cu(1.4)/H-
ZSM-5, 
sample II 

1.38 0.29 485 Cu2+
1.16[Cu3O3]2+

0.13H2.8Al5.4Si90.6O192  

aEstimated based on ICP-OES data on Cu and Al content (wt.%). 

bThe accuracy is 5–10 %. 

cEstimated based on Cu/Al ratio and Si–O(H)–Al groups concentration. 

 

Analysis of Si–O(H)–Al concentration of the zeolite samples was carried out by means of 
1H MAS NMR spectroscopy using benzene as internal standard, following the procedure 

described previously.44-45  The data on bridged hydroxyls concentration as well as the other 

properties of the samples are summarized in Table 1. There is good agreement between Cu/Al 

ratio determined with ICP-OES and the Si–O(H)–Al amount found for Cu(0.1)/H-ZSM-5, if 

one assumes the presence of only Z2Cu(II) sites. This strongly favors the conclusion on 

Z2Cu(II) being dominant type of copper species in the sample.  

In the case of Cu(1.4)/H-ZSM-5, there is remarkable decrease of Si–O(H)–Al 

concentration. However, the presence of only Z2Cu(II) at Cu/Al ratio of 0.29 in the sample 

should result in Si–O(H)–Al amount of  390 µmol/g, which is remarkably lower than the 

detected one. Obviously, the formation of Cu clusters such as Z2[Cu3(µ-O)3], as proposed 

from the UV–vis DRS data, must also be taken into account. Therefore, the presence of both 
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Z2Cu(II) and Z2[Cu3(µ-O)3], each substituting the protons of two Si–O(H)–Al sites, as well as 

Si–O(H)–Al concentration of 485 µmol/g were taken into account to calculate the unit cell 

composition. In such a case, Cu/Al ratio determined from the unit cell composition perfectly 

meets the ratio obtained based on ICP-OES data. Thus, we conclude that sample II contains 

both types of Cu species with the fraction of Z2[Cu3(µ-O)3] to be around 10% as follows from 
1H MAS NMR quantitative data (Table 1) and assuming that the number of substituted Si–

O(H)–Al groups correlates well with Cu/Al ratio for the sample.  

 

3.2. Methane Activation on Cu/H-ZSM-5 Zeolites. 13C MAS NMR Analysis of the 

Surface Species Formed. 

13C MAS NMR spectroscopy was used to study methane interaction with the activated Cu 

sites in Cu(0.1)/H-ZSM-5 (sample I) and Cu(1.4)/H-ZSM-5 (sample II) zeolites. Figure 4 

shows 13C CP/MAS NMR spectra of surface species formed as the result of methane-13C 

activation on the zeolites after the NMR samples were heated at 523 K for 1 h. The signals 

observed are located in the region of 53–63 ppm indicating the formation of methoxy-like 

surface intermediates.  Full range 13C CP/MAS NMR and 13C MAS NMR spectra, before and 

after the heating, are shown in Figures S3 and S4.  

The chemical shift of 56–59 ppm is typical for methyl group attached to the framework 

bridged Si–O––Al sites, i.e. the surface methoxide or methoxy species previously detected on 

various H-form zeolites.8, 10, 31-32, 66 Therefore, the signal at 58.6 ppm (Figure 4a–c) can be 

plausibly assigned to surface methoxy Si–O(CH3)–Al sites, which is in agreement with 

previously suggested assignments for Cu-ZSM-5 and Cu-MOR,38-39, 41 but contradicts to 

another attribution of the signal to Cu–OCH3 species on Cu-ZSM-5.40 The signal at 51–53 

ppm was previously assigned to strongly adsorbed methanol on the surface of the H-form and 

Cu-containing zeolites, in particular, on BAS.38-41, 67 There is a consensus on the origin of 

such a signal. 
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Figure 4. 13C CP/MAS NMR spectra of methane-13C (a–c) and methanol-13C (d) adsorbed on 

Cu-containing zeolites and heated at 523 K for 1 h. Methane-13C was adsorbed on dehydrated 

and O2 treated Cu(0.1)/H-ZSM-5 (a) and Cu(1.4)/H-ZSM-5 (b), on only dehydrated 

Cu(1.4)/H-ZSM-5 (c). Methanol was adsorbed on dehydrated Cu(1.4)/H-ZSM-5 (d). All 

spectra were recorded at ambient temperature. 

 

To validate the  assignment of the signals at 53–59 ppm, an additional experiment has been 

performed with methanol-13C adsorbed on Cu(1.4)/H-ZSM-5 zeolite (Figure 4d). Two signals 

at 52.9 and 58.6 ppm could be clearly distinguished in the resulting 13C MAS NMR spectrum 

similar to the spectral features observed upon methane activation (Figures 4a–c). The major 

signal at 52.9 can be directly related to methanol adsorbed on BAS. The minor signal at 58.6 

ppm evidences the formation of surface-bound methoxide resulting from the transformation of 

metahanol over the residual BAS of the zeolite.68-69  

Importantly, methanol-13C was adsorbed on Cu(1.4)/H-ZSM-5 zeolite which was not 

treated with O2 at high temperature and therefore contained Cu(I) sites resulting from partial 

Cu(II) sites reduction.43, 59, 62, 70 However, no specific signals either at >62 ppm previously 

attributed to methanol adsorbed on Cu(I)39 could be observed in Figure 4d. This implies that 

the complex of methanol with Cu(I) sites as intermediate does not form at methane activation 

on Cu(1.4)/H-ZSM-5  zeolite.  

The third detected signal in Figure 4b with the chemical shift of 62.6 ppm still requires an 

assignment. A similar signal at 61.2 ppm was first observed  by Narsimhan et al.38  for 

methane activation on Cu-MOR catalyst and it was attributed to methyl group attached to Cu–

(a)
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40
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O(CH3)–Cu bridging species. A similar signal at 62 ppm was assigned by Sushkevich et al.39 

to methanol adsorbed on Cu(I) sites. Dyballa et al.41  suggested that the signal at 63–64 ppm  

arose from dimethyl ether adsorbed on BAS. However, a pathway to dimethyl either 

formation has not been discussed. Validation of these suggested assignments can be made by 

comparing the behavior of sample I and sample II, since only the latter one contains Cu–O–

Cu fragments due to clustered Cu sites. The results in Figure 4a–c show that the signal at 62.6 

ppm is exclusively formed over the Cu-rich sample II featuring such bridging Cu–O–Cu 

moieties (Figure 4b), while it is not detected for sample I containing only monocopper species 

(Figure 4a). These results indicate a direct correlation between the presence Cu–O–Cu 

moieties in the zeolite and the signal at 61–63 ppm, which most likely should be attributed to 

Cu–O(CH3)–Cu type species. The exact structure and the composition of the intermediate, 

either methanol strongly adsorbed in between two Cu atoms23 (Cu–(HOCH3)–Cu  species) or 

methoxide38 (Cu–O(CH3)–Cu species), can be clarified with the aid of  corresponding DFT 

calculations (vide infra).  

 

3.3. DFT Calculations of 13C Chemical Shifts of Possible Methane Activation 

Intermediates. 

13C CP/MAS NMR data reported above provide an insight into the nature of the methoxy-like 

intermediates formed upon methane activation by Cu-containing zeolites. To further 

rationalize the NMR data and gain a better molecular-level understanding of the 

intermediates, we have performed DFT calculations for the number of model structures 

representing the possible methoxy species in Cu-ZSM-5 zeolite. Figures 5 and 6 summarize 

the optimized structures of the computed intermediates and adsorption complexes. The 

computed NMR parameters that is the respective 13C chemical shifts are summarized in Table 

2 (see column “Calculated”). Table 2 also shows our assignments of the 13C chemical shifts 

based on NMR experiments performed (see column “Experimental”) as well as the 

assignments suggested in literature. Therefore, theoretical and experimental data reported in 

this work can be compared with those found in other studies.  

To validate the chosen method for calculations of 13C chemical shifts, we first computed 

the chemical shift of a lattice-bound methoxy group.  The optimized structure of the  model 

representing such a Si–O(CH3)–Al moiety is shown in Figure 5a. The computed 13C chemical 

shift for Si–O(CH3)–Al structure is 58.2 ppm, which is in an  excellent agreement with the 
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experimental value of 58.6 ppm found in this work for Cu-ZSM-5 and 59 ppm for the surface 

methoxy species detected on different ZSM-5 materials.8, 10, 31, 66  

5  
H  C  O  Si  Al  Cu

(a)

(c)

(b)
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Figure 5. Optimized structures, which were used to calculate the 13C NMR chemical shifts of 

Si–O(CH3)–Al (a), CH3OH adsorbed on  BAS (b),  DME adsorbed on BAS (c). Optimized 

distances are shown in Å units.   

The calculations predict the chemical shift of 52.5 ppm for the adsorption complexes of 

CH3OH with BAS (Figure 5b), whereas the adsorption complex with a Cu(I) cation (Figure 

6a) would give rise to the signal with a chemical shift of 64.8 ppm. Experimentally observed  

signal at 52.9 ppm (Figure 4) corresponds to the former  adsorption complex, whereas the 

latter one is not observed experimentally in this study. So, there is good agreement between 

DFT and NMR results in this work. Our calculations support the earlier assignment of the 

signal at 52.9 ppm  to methanol adsorbed on zeolite BAS of Cu-ZSM-5 and Cu-MOR.38-40 

Table 2. DFT predicted and experimentally observed chemical shifts assigned to various 
methoxy-like species. 

Species 

13C NMR chemical shift / ppm 
Reference for 
literature data Calculated Experimental Literature data 

Si–O(CH3)–Al  58.2 58.6 56–59  8, 10, 31-32, 38-39, 41, 66  
CH3OH on 

Cu(I)  64.8 N/Da 62 39 

(CH3)2O on 
Cu(I) 66.9 and 67.6 N/Da 67 39 

CH3OH on 
BAS   52.5 52.9 51–53 38-41, 67 

(CH3)2O on 
BAS 58.6 and 59.4 N/Da 59–60; 62–63 

(end-on; side-on) 
31, 39, 41, 67 

Cu–O(CH3)–
Cu   59.2 b 61.2 38 

Cu–(HOCH3)–
Cu  62.8 62.6 c c 

aN/D means that the  signal was not  detected. 

bSpecies are not formed under conditions studied. 

cThere was no signal reported for such assignment. 

Calculation of 13C chemical shift for the adsorption complex of the dimethyl ether (DME)  

(end-on type of adsorption) on BAS (Figure 5c) predicts values of 58.6 and 59.4 ppm, 

respectively, which is in good agreement with the experimental value of 59–60 ppm reported 

in previous studies on H-ZSM-5.31, 67 Our calculations give slightly different values for the 

chemical shift of two carbon atoms of DME adsorbed on BAS (Figure 5c) and on a Cu(I) site 

(Figure 6b). This can be explained by an asymmetry of the optimized structures of the 
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adsorption complexes which results in different local geometry and, therefore, different 

shielding constants and chemical shifts of the carbon atoms.  

Adsorption complex of DME (Figure 6b) with Cu(I) site was also considered. The 

calculated values of 13C chemical shift for this species are 66.9 and 67.6 ppm, which are in 

good agreement with the chemical shift of 67 ppm observed earlier for such type of a 

complex.39 The absence of the signal at 67 ppm in Figure 4 implies that the complex of DME 

with Cu(I) site is not formed in our case. Moreover,  DME formation from methane under 

water free conditions on Cu-ZSM-5 or Cu-MOR has never been observed. DME was detected 

to be formed during steam purging of Cu-MOR,22 probably as the product of methanol 

dehydration. Taking such reasoning into account, it is plausible to suggest that the observation 

of dimethyl ether on Cu-containing zeolites reported earlier39, 41 can be related with the 

presence of some quantity of water in the zeolite samples, which was not the case in the 

current work. Thus, our DFT calculations and NMR data allow us to conclude that DME 

should be excluded from the list of possible intermediates of methane activation on Cu-

modified zeolites under conditions of our experiments.  

Two more possible structures represent the methoxy-like intermediates that may contribute 

to the signal at 62.6 ppm  in Figure 4.  It is worth mentioning that this signal should belong to 

the intermediate formed on Cu–O–Cu sites according to NMR results discussed above. The 

first structure is Cu–O(CH3)–Cu (Figure 6c), i.e., the methyl group bound to extra-framework 

oxygen of Cu–O–Cu fragment. Such assignment was proposed in ref.38 for Cu-MOR zeolite, 

and Cu–O(CH3)–Cu species were theoretically predicted to be stable intermediates.28 The 

second structure is Cu–(HOCH3)–Cu intermediate (methanol adsorption complex with two 

Cu(I) sites) (Figure 6d) suggested as the alternative stable intermediate of methane 

activation.23 DFT calculations  show Cu–O(CH3)–Cu structure (Figure 6c) gives the signal 

with the 13C chemical shift of 59.2 ppm, which in significantly different from the 

experimentally observed signal at 62.6 ppm (Figure 4b). On the other hand, the calculation of 

the shift for Cu–(HOCH3)–Cu structure provides a reasonable value of 62.8 ppm which is in 

line with proposed assignment of the experimentally detected signal to the methoxy-like 

species bound to two Cu atoms.  

Thus, the results allow us to distinguish between to theoretically predicted stable 

intermediates of methane activation on Cu–O–Cu sites of [Cu2(µ-O)]2+ or [Cu3(µ-O)3]2+ 

species. In our particular case,  [Cu2(µ-O)]2+ structure was selected and examined here for  the 

calculations.  NMR and DFT data of the  current study  allow us to infer that Cu–(HOCH3)–
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Cu species is  a stable intermediate of methane activation on Cu-containing ZSM-5 zeolites 

with Cu–O–Cu active fragments.  

 

Figure 6. Optimized structures of CH3OH adsorbed on Cu(I) site (a), DME adsorbed on Cu(I) 

site (b), Cu–O(CH3)–Cu (c), Cu–(HOCH3)–Cu (d). 

3.4. Mechanisms of Methane Activation on Cu/H-ZSM-5 Zeolites. 

The combined NMR and DFT study on the nature of surface intermediates of methane-to-

methanol transformation on Cu/H-ZSM-5 zeolites has provided new insights onto the 

mechanisms of methane activation and conversion assisted with different Cu sites. The 

(a)

(c)

(b)

(d)

H  C  O  Si  Al  Cu
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structure and composition of the identified intermediates are in favor of particular methane 

activation mechanisms recently suggested based on theoretical and experimental studies. The 

formation of only three types of methoxy-like intermediates on Cu/H-ZSM-5 is confirmed. As 

evidenced with 13C MAS NMR and supported with model DFT calculations, methane 

transforms over Cu/H-ZSM-5 to surface methoxide Si–O(CH3)–Al (58.6 ppm), methanol 

adsorption complex with BAS (52.9 ppm), and methanol adsorption complex with two Cu 

atoms Cu–(HOCH3)–Cu (62.6 ppm). Importantly, the former intermediate is detected only 

when Z2[Cu3(µ-O)3] sites are generated in the zeolite after the treatment with O2. The other 

two intermediates are formed even when only Z2Cu(II) sites are present in the zeolite 

material.  

Thus, methane C–H bond homolytic cleavage mechanism involving methyl radical 

rebound step, described previously as one of the options,23, 28, 71 seems to be realized for 

Z2[Cu3(µ-O)3] sites in Cu/H-ZSM-5 since this pathway of methane transformation is 

predicted to yield stable intermediate of Cu–(HOCH3)–Cu composition. Based on the data 

reported in this work, other alternative mechanisms for Z2[Cu3(µ-O)3] sites involving Cu–

O(CH3)–Cu species formation can be considered as unrealizable under the conditions studied 

here. The same rebound mechanism can be also proposed for methane activation on various 

alternative di- and tricopper oxo-clusters since same Cu–(HOCH3)–Cu intermediate was 

observed with 13C MAS NMR for different Cu-MOR and Cu-ZSM-5 zeolites containing Cu–

O–Cu extra-framework species.38-41 The formation of other two intermediates, Si–O(CH3)–Al 

and methanol on BAS,  were detected for Cu/H-ZSM-5 dominated by monocopper Z2Cu(II) 

sites. This strongly supports the suggestion on the involvement of monocopper Cu(II) species 

in methane C–H bond activation via either homolytic or heterolytic pathways. Note, the role 

of other monocopper sites (Z[Cu(II)(OH)] or Z[Cu(II)O], observed as minor species in 

Cu(0.1)/H-ZSM-5) can be also important as predicted with DFT methods.24 Possible 

participation of monocopper sites of Cu-ZSM-5 zeolite in methane activation process has 

been recently studied experimentally.72 The proposed mechanism including heterolytic C–H 

bond cleavage, however, requires further investigation.   

4. Conclusions 

Two samples of zeolite H-ZSM-5  containing 0.1 wt.% Cu (Cu(0.1)/H-ZSM-5, sample I) and 

1.4 wt.% Cu (Cu(1.4)/H-ZSM-5, sample II) have been prepared. Both qualitative UV–vis 

DRS and quantitative 1H MAS NMR analysis of the state of copper in the zeolites have 

shown that the  sample I contains Cu in the form of Z2Cu(II) species (Z = Si–O––Al site), 
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while for the sample II both  Z2Cu(II) and Z2[Cu3(µ-O)3] species are present in the zeolite. 

Activation of methane on these samples results in the formation of three different surface 

methoxy-like intermediates with the signals at 52.9, 58.6, and 62.6 ppm in 13C CP/MAS NMR 

spectrum.  All three signals are detected for the sample II, containing  Cu–O–Cu extra-

framework sites in the form of tricopper [Cu3(µ-O)3]2+ oxo-clusters, whereas  only two signals 

at 52.9 and 58.6 ppm  are observed for the sample I, where the Cu–O–Cu sites are absent. 13C 

MAS NMR experiments with methane-13C and methanol-13C adsorbed on the samples I and II 

allowed us to assign  the signal at 62.6 ppm to methanol adsorbed in between two copper 

atoms (Cu–(HOCH3)–Cu species). The signal at 58.6 ppm is attributed to methyl group 

attached to framework bridged Si–O––Al site (Si–O(CH3)–Al  species), and the signal at 52.9 

ppm can be assigned to methanol adsorbed on the Brønsted acid site of the zeolite.  Such  

assignment has been fully confirmed by DFT calculations of 13C chemical shifts for a number 

of methoxy-like species which may be formed on the surface of Cu-containing zeolites with 

BAS and copper  oxo-clusters. The identification of the intermediates formed in the course of 

methane to methanol transformation allows further evaluation on the mechanism of methane 

activation on different Cu sites present in the zeolites. In particular, the mechanism with 

methyl radical rebound step23, 28, 71 seems to be the one which is realized for ZSM-5 zeolite 

containing Z2[Cu3(µ-O)3] oxo-clusters, because of the observation of methanol strongly 

adsorbed in between two Cu atoms, i.e., Cu–(HOCH3)–Cu species. The formation of other 

two intermediates, Si–O(CH3)–Al and CH3OH adsorbed on BAS,  may be indicative of  the 

involvement of Z2Cu(II) or other monocopper sites into methane activation.72  
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Figure S1. 29Si MAS NMR (left) and 27Al MAS NMR (right) spectra of parent H-ZSM-5 zeolite.  

29Si MAS NMR spectra shows few signals which are exhibited by Q4(0Al) structural units of ZSM-

5 framework (blue lines), Q4(1Al) structural units of silicon atoms with one aluminum atom in outer 

coordination sphere (red line), and Q3(0Al) structural units (green line). The integrated intensities of 

the signals provide Si/Al ratio of 17 for the zeolite sample according to equation V.6 in ref.1 27Al 

MAS NMR spectrum of the zeolite show the presence of the signals at around 54 and 0 ppm from 

framework AlO4 units and extra-framework AlO6 aluminum species, respectively.1  
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Figure S2. UV–vis DR spectra of parent H-ZSM-5 zeolite (a) and Cu(0.1)/H-ZSM-5 zeolite (b), 

both at ambient conditions.  

Figure S2 shows UV–vis DR spectrum of parent H-ZSM-5 zeolite in comparison with that for as-

prepared Cu(0.1)/H-ZSM-5 sample to demonstrate that the adsorption seen at >38000 cm–1 is due to 

the fundamental absorption edge (FAE) of ZSM-5 zeolite.  
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Figure S3.  13C MAS NMR (a,c) and 13C CP/MAS NMR (b,d) spectra of methane-13C adsorbed on 

dehydrated and O2 treated Cu(1.4)/H-ZSM-5 at ambient temperature (a, b), and after heating the 

sample for 1 h at 523 (c, d). Asterisks denote spinning side bands.  

 

 
Figure S4.  13C MAS NMR (a,c) and 13C CP/MAS NMR (b,d) spectra of methane-13C adsorbed on 

dehydrated and O2 treated Cu(0.1)/H-ZSM-5 at ambient temperature (a, b), and after heating the 

sample for 1 h at 523 (c, d).  
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Figure S5.  13C MAS NMR (a) and 13C CP/MAS NMR (b) spectra of methanol-13C adsorbed on 

dehydrated Cu(1.4)/H-ZSM-5 at ambient temperature. 
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