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Methane to Methanol Transformation on Cu’**/H-ZSM-5
Zeolite. Characterization of Copper State and Mechanism

of the Reaction

Anton A. Gabrienko,* Alexander A. Kolganov,® Svetlana A. Yashnik,"”
Vladimir V. Kriventsov,” and Alexander G. Stepanov*®

Cu-modified zeolites provide methane conversion to methanol
with high selectivity under mild conditions. The activity of
different Cu-sites for methane transformation is still under
discussion. Herein, ZSM-5 zeolite has been loaded with Cu?**
cations (1.4wt% Cu) as characterized by UV-vis DRS, EPR,
EXAFS, and 'H MAS NMR. It is inferred that Cu®" cations,
attached to the cation-exchange Al-O —Si sites of the zeolite
framework, can exist in the form of either isolated or paired
Cu’" sites. The transformation of methane to methanol on Cu**
/H-ZSM-5 has been verified by the observation of the methoxy
species formation with *C MAS NMR and FTIR spectroscopy.
The related mechanisms have been analyzed by DFT calcula-

Introduction

Methane, being a widely accessible raw material,"’ has great
potential as an inexpensive reactant for the chemical industry.”
The selective low-temperature conversion of methane to
valuable chemicals such as methanol® acetic acid,”™ and
aromatic compounds®™ on metal-modified zeolites and metal
oxides is considered to be a promising alternative to high-
temperature and energy-consuming processes of methane
utilization via intermediate syngas production.” The search for
the optimal catalytic processes for rational methane conversion
is currently a focus of research groups worldwide.

Cu-modified zeolites are considered to be promising
catalysts for methane utilization.” Methane chemical activation
by these catalysts was reported in the pioneering work by
Groothaert et al.® That study of Cu-containing ZSM-5, MOR,
and other zeolites was inspired by the properties of methane
monooxygenase (MMO) that contains some copper-oxo active
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tions. The calculations show that the paired Cu** sites enable
heterolytic C—H bond dissociation via the “alkyl” pathway
resulting in methylcopper species, which however are not
detected experimentally due to further rapid transformation to
surface methoxy species through methyl radical formation and
recombination with Si—O~Al site. Based on the obtained data, it
has been concluded that methane transformation to methanol
on paired Cu®" sites, having no extra-framework oxygen ligand,
is possible in Cu-modified zeolites. The pathways of Cu®"
cations regeneration with O, and H,0O have been experimentally
explored.

sites capable of converting methane into methanol at ambient
temperature and pressure with almost 100% selectivity.”
Importantly, extra-framework copper species of great diversity,
such as Cu®" cations,”® multinuclear copper-oxo clusters,” linear
CuO-like chains,"” could be loaded in the zeolite pores by the
post-synthetic modification. To date, the following copper
species of different compositions and structures possessing
activity for methane transformation were identified: mononu-
clear [Cu**—OH]™, [Cu?’T0O]*, and Cu** cationic species, ™"
binuclear [Cu,(u-0)1** ® and trinuclear [Cu,(u-O);]*" oxo-
clusters.®®#' The reactivity of the trinuclear copper-oxo
clusters is currently under intense investigation.'? It is
considered that the extra-framework O-ligands are crucial for
the reactivity of copper-oxo clusters.***"'¥ On the other hand,
the possibility of methane activation by Cu®* cations®™ has
not been fully understood so far.

In this work, a Cu-containing H-ZSM-5 zeolite sample,
selectively modified with Cu*™ cations, was intentionally
prepared. The state of the copper sites was analyzed by EXAFS,
UV-vis DRS, and EPR methods and it was shown that copper
species in the zeolite were mainly represented by isolated or
paired Cu?" sites bound to the framework cation-exchange
Si—-O™—Al sites. ®C MAS NMR and FTIR spectroscopy study has
shown the formation of methoxy species and methanol from
methane on this zeolite sample. The mechanism of methane
transformation to methanol involving cationic Cu®" sites was
analyzed by DFT calculations. Additionally, the possible path-
ways of Cu>* cations regeneration by O, or H,0 were explored
experimentally.

© 2025 Wiley-VCH GmbH
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Results and Discussion

Characterization of Copper Sites in Cu-Modified ZSM-5
Zeolite

EXAFS Data

The curves of the radial distribution function (RDF), describing
the Cu atom local arrangement and resulting from the EXAFS
spectra of the zeolite samples and reference materials, are
presented in Figure 1. The structural parameters, such as
interatomic Cu—O and Cu—O—Cu distances (R) and Cu coordina-
tion number (CN), derived from the EXAFS data, are shown in
Table 1 for the Cu*>*/H-ZSM-5 sample and in Table S1 for bulk
CuO and Cu-foil.

The RDF curve of Cu-foil (Figure 1a) shows peaks related
only to the Cu—Cu distances of metallic copper. The main peak,
located in the region of 1.65-2.86 A, corresponds to the
shortest Cu—Cu distances in the FCC metal structure."” RDF
curve fitting gives the structural parameters R, ¢,=2.54 A and
CN=12.0 for the main peak (Table S1). Other observed peaks
are attributed to the next Cu—Cu distances. Considering this
data, no metallic form of Cu® was found in Cu?*/H-ZSM-5 within
the sensitivity of the EXAFS method. This is also confirmed by
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Figure 1. Radial distribution function (RDF) curves describing Cu local
arrangement for the reference samples, Cu-foil (a) and bulk CuO (b), and
Cu?*/H-ZSM-5 (c). For the zeolite, RDF curves are presented for the following
samples: as-synthesized (green line), after vacuum activation at 673 K (blue
line), and further treated with O, at 673 K (red line).

Table 1. EXAFS structural parameters for Cu species in Cu®'/H-ZSM-5
zeolite samples, Cu—O distance (R¢, o) and Cu coordination number (CN).

Sample RCu—O/A CN
as-synthesized 1.94 43
activated 1.94 4.1
O,-treated 1.95 45

Chem. Eur. J. 2025, 31, €202403167 (2 of 13)

the observation of only cationic copper species in the X-ray
photoelectron spectra of the activated Cu®*/H-ZSM-5 (Fig-
ure S1).

The RDF curve of bulk CuO (Figure 1b) has characteristic
peaks distinct from those for metallic copper. The first intense
peak in the region of 1.3-2.2 A is assigned to the shortest Cu—O
distances typical of CuO, arrangement."” The parameters
obtained by RDF curve fitting (Table S1) are R, o=1.96 A, CN=
4.1. The next peaks are those from the other distances, for
instance, Cu—O—Cu, typical of bulk Cu0."™

The RDF curves for the Cu®*/H-ZSM-5 sample are shown in
Figure 1c. The curves show the main peak at 1.0-2.1 A, which is
attributed to the nearest Cu—O distance after the comparison
with the CuO reference. Importantly, no peaks were found in
the region of 2-4 A, unlike those for bulk CuO or Cu-modified
MOR and ZSM-5 zeolites containing [Cus(u-O);]*" species.*'®
Hence, the formation of a noticeable number of copper-oxo
clusters or large CuO-like agglomerates can be excluded, at
least within the sensitivity of the EXAFS method. This is also
confirmed by XRD and TEM methods (Figure S2). In particular,
the X-ray diffractogram of as-synthesized Cu®*/H-ZSM-5 exhib-
its only the reflections related to the MFI-type zeolite phase
(Figure S2a)."” TEM images demonstrate the uniform spatial
distribution of Si, Al, and Cu atoms over the intracrystalline
zeolite void and the absence of any copper agglomerates on
the external surface of the zeolite crystals (Figure S2b). There-
fore, the obtained RDF curves are due to the contribution of
Cu’* cations attached to the framework Si—O —Al sites of the
zeolite. The structural parameters obtained after curve fitting
are shown in Table1 and are similar to those previously
reported for ZSM-5 and MOR zeolites containing Cu’" cationic
sites"®: Re, o =1.94-1.95 A and CN=4.1-4.5. It should be noted
the CN value obtained for the studied samples is lower than
that observed by UV-Vis DRS and EPR methods (vide infra). This
is likely caused by the low sensitivity of the EXAFS method
towards the ligands located in the first coordination sphere but
at different distances from Cu®" cation, similar to the case with
[Cu(H,0)s]*" complexes whose geometry is distorted due to the
Jahn-Teller effect."

Different treatments of Cu?*/H-ZSM-5 do not affect the
position and the number of the detected peaks (Figure 1c). This
means that the structure and composition of the major part of
the copper species present in the zeolite sample are intact.
However, it can be seen that the vacuum activation of the
sample (at 673 K) leads to a slight reduction in the amplitude of
the main Cu—O peak and related CN of copper atoms, as
compared to the parameters of the as-synthesized sample
(Table 1). Such changes can indicate the reduction of a minor
portion of Cu®" sites to Cu™ ones and a decrease in the number
of O-ligands."® If the activated sample was treated with O,, the
intensity of the peak and coordination number increased.
Hence, the treatment of the activated sample with O, leads to
the reverse oxidation of Cu* to Cu** and an increase in the
number of O-ligands in the first coordination sphere of the
copper atoms.

© 2025 Wiley-VCH GmbH
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UV-Vis DRS Data

The spectrum of the as-synthesized Cu**/H-ZSM-5 sample
(Figure 2, line 1) shows two bands at 12300 and 47500 cm™'.
These bands are assigned to the d-d transition of Cu** and the
0> —Cu*" ligand-to-metal charge transfer (LMCT) bands of
[Cu(H,0)s*" cations, respectively.”” Another absorbance at
>38000 cm™' is accounted for by the fundamental absorption
edge of ZSM-5 zeolite (Figure $3).*" Importantly, the specific
bands related to the agglomerated copper species are absent in
the spectrum of Cu®*/H-ZSM-5.

The activated Cu**/H-ZSM-5 sample (Figure 2, line 2)
exhibits two main bands at 44200 cm™' (O*"Cu®" LMCT) and
13900 cm™' (Cu** d-d transition) indicating the presence of
Cu®" cations in the O-environment.*™*'%22 The shift, broad-
ening, and increased intensity of the detected bands, as
compared to the as-synthesized sample, indicate water mole-
cules removal from the coordination sphere of Cu?" cations and
the strong interaction of Cu®>* with the framework Si—O~Al sites.
According to the energy of the observed bands, these cations
have D,, and C,, symmetry of the O-ligand field. Additionally,
the spectrum of activated zeolite demonstrates an absorbance
at 17700-25000 cm™" which is assigned®" to the intervalence
transition related to the presence of Cu™ species, usually
appearing after high-temperature dehydration of Cu-modified
zeolites.'®?"%

The treatment of the Cu>*/H-ZSM-5 sample with O, leads to
the following changes in the spectra (Figure 2, line 3). The
intensities of the LMCT and d-d transition bands slightly
increase and broad absorption from Cu™ species (intervalence
transitions) disappears. This indicates Cu™ oxidation to Cu®™.
This is accompanied by the appearance of a new 0> —Cu?*
LMCT band at 32000 cm™' which indicates the formation of
extra-framework CuO-like species® presumably as [Cu,(u-0);]**
oxo-clusters

4
2+ 4. 5
Cu?*/H-ZSM-5 44200
(1) as-synthesized .
23] (2) activated
g (3) O,-treated
-
o) 1
3 1
2 \
$ :
321 :
2 |
= |
2 |
= o
3 2
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0 +HrrrerrrrrrrTr— T Ve et Tt Tl T TTT T
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Figure 2. UV-vis DR spectra of Cu®*/H-ZSM-5 samples: as-synthesized (green
line, 1), after vacuum activation at 673 K (blue line, 2), and further treated
with O, at 673 K (red line, 3).
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EPR Data

The EPR spectra of Cu’"/H-ZSM-5 samples are presented in
Figure 3. The as-synthesized sample exhibits a signal with g, =
2.38 and g, =2.07 which is typical of hydrated Cu®* species.*”
The spectra of the samples activated under vacuum and treated
with O, contain at least two poorly resolved signals with g, =
2.27-2.32 and g, at around 2.04, which is in agreement with
previously reported data for Cu-containing ZSM-5.%™%229 Sy ch
parameters are indicative of Cu*" sites with C,, C;, and D,
oxygen environments.2*2%

Double integration of the EPR spectra shown in Figure 3
was used to measure the concentration of EPR-active Cu®"
species (spins) in Cu**/H-ZSM-5. The obtained data are shown
in Table 2 and are discussed below.

The State of Copper Sites in the Zeolite Sample

The data obtained by EXAFS and UV-vis DRS are complemen-
tary and allow us to make the following conclusions. The main
state of copper in the Cu®"/H-ZSM-5 samples, activated and
treated with O,, is Cu>" cations coordinated by four O-ligands.
These O-ligands are from the zeolite ZSM-5 framework
(Si—O™—Al and Si—O-Si sites) as illustrated in previous theoret-
ical and experimental work on EPR characterization of Cu®*

Cu?*/H-ZSM-5
2138 2.07

i

250 300 350 400
H/mT

Figure 3. EPR spectra of Cu>"/H-ZSM-5 samples: as-synthesized (green line,
1), after vacuum activation at 673 K (blue line, 2), and further treated with O,
at 673 K (red line, 3).

Table 2. Cu** spin concentration™ (umol g') in Cu*"/H-ZSM-5 zeolite
samples under different conditions.

Sample Before CH4 ad- CH4 adsorbed CH4 adsorbed
sorption (298 K) (523 K)

as-synthe- 220 - -

sized

activated 130 80 25

O,-treated 120 100 20

[a] The accuracy of the EPR quantitative method is about 30 %.

© 2025 Wiley-VCH GmbH
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cationic sites in ZSM-5 zeolite.** The presence of the copper-
oxo clusters was also detected for Cu**/H-ZSM-5 by UV-vis DRS
(Figure 2), however, their number is minor because no signs of
these species were detected by EXAFS (Figure 1c). Therefore, a
possible effect of copper-oxo clusters on methane activation
will not be considered further.

The effect of vacuum activation of Cu>*/H-ZSM-5 zeolite at
673 K (apart from water removal) is the reduction of some Cu?"
sites to Cu™ state,”” which is a reversible process according to
EXAFS and UV-vis DRS data (Figures 1c and 2). The zeolite
sample treatment with O, at 673 K leads to Cu™ transformation
to Cu?* and an increase in the number of O-ligands in Cu ion
coordination sphere, which may result in copper-oxo clusters
(e.g., [Cus(u-0);*") formation. However, as we have noted
above their quantity is low. Thus, it is reasonable to suggest
that the reduction process involves such copper-oxo clusters
and leads to the formation of the reduced and O-ligand
deficient copper-oxo clusters, for instance, [Cu,(u-0),]*" species
as reported previously.

The data on BAS concentration (framework Si—O(H)—Al
groups) obtained by 'H MAS NMR method for the parent H-
ZSM-5 and Cu®"/H-ZSM-5 samples (Tables 3 and 4) show that
there is a remarkable difference in this parameter between the
H-form and Cu-modified zeolite. Importantly, BAS concentration
remains unchanged for the samples activated under vacuum
and treated with O,. Having determined the BAS concentration
and the Cu/Al atomic ratio, the unit cell composition and
copper species concentration were assessed for the Cu®*/H-
ZSM-5 sample (Table 3) considering the presence of both Cu**
cations and oxo-clusters, [Cus(u-O),]*" or [Cu,(u-0);1*™, in the
sample. The results confirm that Cu>" cations are the major
state of copper in Cu?**/H-ZSM-5 samples. Indeed, the obtained
concentration of Cu®" cations (210 umolg™) is in line with the
total content of Cu in the sample of 1.38 wt% which gives the

Table 3. Zeolite unit cell composition™ and Cu?* and [Cu,(p-0),1*" species
concentration® (umol g~') in Cu?"/H-ZSM-5 zeolite.

Sample Unit cell composition Cu*t [Cus(p-

0).**
H-ZSM-5 | H5.4‘ [A|5.45i9oA601921 - -
Cu**/H- | Cu?* 1 ,[CuUs(u-0) > T o1 Has | 210 20
ZSM-5 [Al5 4Sigo60195]"

[a] Estimated based on Cu/Al ratio and BAS concentration (Table 4). [b]
Estimated based on unit cell composition. [c] Parameter n equals 2 for the
activated sample and 3 for O,-treated one.

Table 4. Properties of zeolite samples.

Sample Si/ CuPl/wt Cu/ BAS concentration'/
Al® % Al umol g~'

H-ZSM-5 17 - - 940

Cu’*/H- 17 1.38 0.29 485

ZSM-5

[a] Obtained from #°Si MAS NMR. [b] ICP-OES data on Cu and Al contents
(Wt %). [c] Measured by 'H MAS NMR method, the accuracy is 5-10%.
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estimated number of Cu atoms of 215 umolg™'. Hence, the 'H
MAS NMR results support the observations made by both
EXAFS and UV-vis DRS regarding the state and composition of
copper species in Cu?*/H-ZSM-5.

It is interesting to compare Cu** concentrations obtained
directly by EPR (Table 2) and assessed based on ICP-OES and 'H
MAS NMR data on the total copper content and BAS
concentration (Tables3 and 4). In the case of the sample
treated with O,, which contains copper predominantly in the
Cu’" state, the number of EPR-visible spins (120 umolg™)
amounts to only half of that resulting from the total copper
content (215 umolg™") or as detected by EPR for the as-
synthesized sample (220 pmolg ™). The same trend of EPR-silent
Cu*" species in Cu-containing zeolites after water removal was
reported earlier.”2?*? This phenomenon was accounted for by
several reasons: (i) the formation of antiferromagnetic Cu®*
pairs (5=0), for instance, in Cu**—0*—Cu®" structures;"® (i)
the coordination of extra-framework O-ligand (O~, OH") to
isolated Cu*" sites;**** (jii) the change in isolated Cu>* cation
coordination (symmetry decrease) and, as the result, fast
relaxation;®¥ (iv) weak magnetic interaction of Cu?* cations
located in close proximity (4-7 A).222%4 |mportantly, possible
reduction of Cu®* to Cu™ state was experimentally excluded
from the list?>®<9 35 additionally supported by the data
reported in this work. The intact BAS concentration after the
sample treatment with O,, as compared to the vacuum-
activated Cu’*/H-ZSM-5, implies that Cu’' sites do resist
reduction during vacuum activation at 673 K (at least for the
current Cu/Al ratio). It is also obtained that the number of
Cu—O—Cu sites is low (present as [Cus(u-O);]*") in the studied
samples as expected for Cu/Al <0.3.'®®d Additionally, the
presence of extra-framework O-ligands for Cu*™ cations is not
confirmed by UV-Vis DRS. Thus, only two options are left,
namely, isolated Cu?* cations with low coordination symmetry
and weak-magnetically interacting Cu®" cations (further re-
ferred to as paired sites). For the latter species, the interaction
Cu—Cu distance is suggested to be longer than can be reliably
detected by EXAFS,?? therefore, such paired Cu*" cations are
considered to be isolated in terms of EXAFS but weakly
interacting in terms of EPR and magnetic susceptibility
study.®d

For Cu’*/H-ZSM-5, it is, therefore, reasonable to suggest
that Cu?>* cations are mostly present as isolated (>7 A) and
paired Cu?* cations (4-7 A) with no extra-framework O-ligands.
The exact proportion between these two types of copper
species is difficult to determine precisely. However, taking into
account the quantitative EPR data, it can be accepted that a
maximal quantity of paired sites does not exceed half of the
total number of Cu** cations.

© 2025 Wiley-VCH GmbH
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Methane Activation by Cu”>* Cations in ZSM-5 Zeolite (a) Cu**/H-ZSM-5

Copper Site Evolution at Methane Adsorption and Activation:
UV-Vis DRS and EPR Data

The UV-vis DR spectra for Cu>*/H-ZSM-5 samples with adsorbed
methane are presented in Figure 4. After methane adsorption at
room temperature (296 K) on the activated sample (Figure 4a),
the intensity of the bands at 44200 and 13900 cm™' remarkably
increases, and the band at 32000 cm™' appears. It can be
suggested that the latter band originates from methane (b) Cu2*/H-ZSM-5 (0,)
adsorption on O-ligand deficient copper-oxo clusters (for
example, [Cus(u-0),1*"). If methane was adsorbed on the O,-
treated Cu®*/H-ZSM-5 sample (Figure 4b), no changes were
observed in the spectrum. In this case, O-atoms restore defects
in the copper-oxo clusters forming [Cu,(u-0);]** species and
occupying the sites for methane adsorption. The heating of the
samples at 523 K with adsorbed methane leads to a drastic
decrease in the intensity of all the bands (Figure 4). This
demonstrates Cu?** to Cu’ reduction caused by methane
chemical transformation. FrTr1rr1r1rr1rr1r1 171711

EPR spectra of Cu®*/H-ZSM-5 samples with adsorbed 250 300 350 400
methane are presented in Figure 5. The parameters of the HimT

Figure 5. EPR spectra of the activated Cu**/H-ZSM-5 sample (a) after
methane adsorption at 296 K (blue line, 1) and after further heating at 523 K
for 1 h (green line, 2). EPR spectra of the O,-treated Cu”>*/H-ZSM-5 sample
(a) Cu2t/H-ZSM-5 (2) (b) after methane adsorption at 296 K (red line, 3) and after further heating

] at 523 K for 1 h (green line, 4).

] (1) activated
3] (2)+CH,
1(3)523K
signals (Figure 5, lines 1 and 3) remain the same as for the
zeolites before CH, adsorption (Figure 3, lines 2 and 3) apart
from a slight broadening of the spectral lines. Heating of the
samples at 523 K results in a significant decrease in the intensity
of the observed signals. Spin concentration becomes lower by
3-5 times indicating that EPR active Cu** sites interact with
A\ methane which is in line with the UV-vis DRS data (Figure 4).
] g Thus, the UV-vis DRS and EPR data show the following.
15000 30000 45000 Methane strongly interacts with Cu species of Cu**/H-ZSM-5
Wavenumber/ cm~' sample at room temperature (296 K). This is seen by the
] (b) Cuz/H-ZSM-5 (0,) absorbance increase in the UV-vis DR spectra at the particular
] wavenumbers and the broadening of the EPR signals. The
evolution of UV-vis DR and EPR spectra indicates the symmetry
change of the ligands in the first coordination sphere of the
Cu*" sites. Such perturbation can result from methane entrance
into the coordination sphere of the Cu®" sites and its relatively
strong adsorption on them. Previously, we have observed the
formation of methane adsorption complexes on Cu®" cations
and [Cu,(u-0);]*" oxo-clusters with the 'H HYSCORE®™ and FTIR
spectroscopy®™ methods. Here, UV-DRS and EPR experiments
confirm our earlier finding. In such a complex, methane
experiences strong polarization of the C—H bond which makes
4 ; : its further chemical transformation possible.
B e S R It should be noted that methane transformation (at 523 K)
) ) ) on the Cu®"/H-ZSM-5 samples leads to the reduction of Cu®"
Figure 4. UV-vis DR spectra of the activated (a) and O,-treated (b) Cu**/H- . L. . ) . 24 }
ZSM-5 samples: pure zeolite (blue lines, 1), after methane adsorption at sites existing in the form of isolated or paired Cu®" cations.
296 K (red lines, 2) and further heating at 523 K for 1 h (green lines, 3). Therefore, the presented data evidence that these two types of

F(R.) / Kubelka-Munk units

1 (1) O, -treated
1 (2) + CH,
1 (3)523K

F(R.) / Kubelka-Munk units

14

Chem. Eur. J. 2025, 31, €202403167 (5 of 13) © 2025 Wiley-VCH GmbH

850807 SUOWWIOD @A eaID 8|qeo!|dde ayy Aq pausenob are ssjoie YO ‘85N JO Se|n. 10} AreiqiT8UIUQ 48] UO (SUORIPUOO-pUE-SULBYLICD" A3 | 1M Afelq1jBUI [UO//:SANY) SUORIPUOD PUe SWwie 1 8u3 88S *[5202/20/8T] Uo AriqiTauliuo A8M ‘BRa AiseAlun eoluyoe L A Z9TE0YZ0Z WeUd/Z00T OT/I0p/wod A8 im Aeiq euluo edo.ne-Ansiweyo//sdny wolj papeojumod ‘0T ‘sloz ‘G9/ETZST



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202403167

copper species may be involved in the activation and further
chemical transformation of methane.

Evidence for Methane Transformation by °C MAS NMR
Spectroscopy

Figure 6 shows >C CP/MAS NMR spectra of the surface species
formed after methane transformation on the zeolite samples at
523 K. Full-range *C MAS NMR and ">C CP/MAS NMR spectra
are found in Figures S4 and S5. Methane transformation on
Cu’*/H-ZSM-5 starts at 473 K and the methoxy-like species are
detected on the zeolite surface up to 573 K. Note that the
parent H-ZSM-5 zeolite is inactive for methane activation and
transformation as demonstrated in our previous study.™
Depending on the conditions, two or three signals in the
specific region of 53-63 ppm are detected (Figure 6). In our
recent works,®* the assignment of the detected signals to
particular methoxy species has been suggested based on "C
MAS NMR and DFT data. The resonance at 63 ppm belongs to
the methoxy-like Cu—O(CH;)—Cu or Cu(CH;OH)Cu species
formed after methane interaction with the reactive Cu—O—Cu
sites of bi- and trinuclear copper-oxo clusters, for instance,
[Cuy(u-O)1*" or [Cus(u-0)5]°". The absence of this signal in the

(a) Cu**/H-ZSM-5

58

70 60 50 40
6/ ppm

(b) Cu?*/H-ZSM-5 (0,)

58
63

53

70 60 50 40
o/ ppm

Figure 6. °C CP/MAS NMR spectra of the methoxy-like species formed after
methane-"*C reaction at 523 K for 1 h on the vacuum activated (a) and O,-
treated (b) Cu?*/H-ZSM-5. Full-range *C (CP) MAS NMR spectra are shown in
Figures S2 and S3. The model spectra obtained after fitting are shown in
Figure S6.
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spectrum of methane on activated Cu**/H-ZSM-5 (Figure 6a)
and its appearance in the spectrum for O,-treated Cu?>*/H-ZSM-
5 (Figure 6b) confirm such an assignment because the presence
of a small quantity of [Cus(u-O);]** oxo-clusters was observed
by UV-vis DRS (Figure 2). The signal at 58 ppm arises from the
methyl groups attached to the zeolite framework, i.e. by
Si—O(CH;)—Al fragments. The third signal at 53 ppm originates
from methanol adsorbed on zeolite BAS.

The highest concentration of the methoxy-like species is
observed at 523 K (Figure S4). The relative integrated intensity
of the signals at 53-63 ppm is 8% and 5% for the activated and
O,-treated Cu**/H-ZSM-5 samples, respectively. For the former
case, this amounts to 24 umol of methoxy-like species per
zeolite gram (initial concentration of methane-*C s
300 pmolg ™). Such value is equivalent to 0.11 mol of extracted
methanol per 1 mol of Cu®* cations in the zeolite (or 0.09 mol
CH;OH per 1 mol Cu-total).

Importantly, the *C MAS NMR data for the activated Cu®*/
H-ZSM-5 sample support our conclusion on the properties of
Cu*" cations to provide activation and further chemical trans-
formation of methane. According to the results obtained in this
work, this type of copper sites transforms methane into surface
methoxy-like species and methanol. Therefore, it is important to
inquire into the mechanisms of methane activation and its
transformation to methanol on Cu®" cationic species in ZSM-5
zeolite.

Methane Activation on Isolated Cu** Cations

The activated Cu?*/H-ZSM-5 sample demonstrates the forma-
tion of the two surface methoxy-like species as a result of
methane activation and transformation, namely, Si—O(CH;)—Al
species and methanol adsorbed on BAS (Figure 6a). In our
earlier work,®™ we have presumed that methane C—H bond
dissociation on isolated Cu®® cations occurs through the
heterolytic pathway with the formation of surface Si—O(CH;)—Al
and copper hydride species (“carbenium” pathway). Alterna-
tively, the “alkyl” pathway of heterolytic C—H bond dissociation
could be considered,®” which may result in BAS (Si—O(H)-Al)
and methylcopper species. In this regard, we have performed
the DFT calculations to compare these two pathways and
establish the mechanisms of methane C—H bond activation
with the assistance of isolated Cu®" cations.

Our calculations (Figure 7) show that the previously sug-
gested “carbenium” pathway is strictly unfavorable with an
intrinsic activation barrier of 320 kJmol™". On the other hand,
the “alkyl” pathway is characterized by the activation energy of
95 kJmol™". Therefore, the DFT method shows that methane
activation on isolated Cu®" cations should occur with the
formation of the Cu-methyl species similar to alkane C—H bond
dissociation on the Zn, Ga, and In-containing zeolites."**"

3C MAS NMR does not detect any surface species apart
from methoxy-like ones (Figures S4 and S5). This can be due to
the broadening or shift of the C NMR signal of the methyl
group bonded directly to the paramagnetic Cu** site. Usually,
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Figure 7. Possible pathways of methane C—H bond dissociation on isolated Cu®* cations in Cu®>*/H-ZSM-5 zeolite. Oy, denotes one of the Si-O —Al sites of

ZSM-5 zeolite to which a Cu®" cation is attached.

the methyl group attached to a metal atom exhibits the
chemical shift at —40-0 ppm.©*?

To clarify this, we have applied FTIR spectroscopy to
monitor the surface species formed from methane on the
activated Cu**/H-ZSM-5 sample (Figure S7). Similar to the "C
MAS NMR result, the formation of only methoxy-like species
was observed (see the description for Figure S7). Taking "C
MAS NMR, FTIR, and DFT results into account, it can be
suggested that methane activation by Cu’" cations should
occur following an alternative pathway.

Methane Activation on Paired Cu’?™ Sites

To inquire into the mechanism of methane activation by Cu®*
cations, we have further analyzed the pathway of methane
transformation with the assistance of paired Cu®" sites. Such a
state is enabled by the close proximity of copper atoms (~6.1 A
in the considered model, Figure 8) in the zeolite. Initially, we
have assumed that methane activation on paired Cu?* cations
could be performed similarly to methane activation on bi- and
trinuclear copper-oxo clusters,* i.e. by homolytic C—H bond
cleavage, which is driven by a high spin density on the extra-
framework oxygen atoms of copper-oxo clusters. However, the
calculated Loewdin spin densities for the paired sites are mostly
localized on the copper cations, while the spin density on the
framework oxygen atoms is negligible (Figure S8). Therefore,
the homolytic pathway is not possible. Taking this into account,
we suggest an alternative mechanism for methane activation
(Figure 8) on Cu®" pairs.
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The activation is initiated by methane adsorption on a
paired Cu*" site (—48 kimol™") followed by the heterolytic C—H
bond dissociation on one of the Cu*™ cations (Figure 8). The
dissociation results in the formation of the methylcopper
species and BAS. This step has an activation energy of
149 kimol™" (TS1) which is higher than that for methane C—H
bond dissociation on an isolated Cu?* site (95 kJmol™, Figure 7)
due to less constrained local confinement of isolated Cu**
cation. Further, the formed Cu—C bond splitting occurs (TS2)
simultaneously with the electron transfer from the carbon atom
to a copper one, resulting in the methyl group migration on the
second Cu”" site and the reduction of the first one to Cu™ state.
This step has a low activation barrier of 42 kimol™'. The methyl
radical is stabilized on the second copper cation that retains an
oxidation state of 4 2. However, such a structure has relatively
high energy, therefore, the methyl radical rebounds to the
framework Si—O—Al site with the electron transfer to the Cu®*
site. The products of this step, proceeding without an activation
barrier, are Si—O(CH,)—Al species and Cu™ cation. As follows
from the described reaction pathway (Figure 8), methane trans-
formation on a paired Cu** site results in Si—O(CH,)—Al and
Si—O(H)—Al species as well as in the reduction of both copper
sites to Cu* state. Regarding the observed methoxy-like species
(Figure 6a), it can be now concluded that these species are
formed as the result of methane activation by paired Cu** sites.
The performed calculations show that methane can be trans-
formed into the surface methoxy species by the paired Cu®*
sites with no extra-framework O-ligand required.

To validate the described mechanism, the reported UV-vis
DRS data in Figure 4a can be used. Comparing the spectra
presented by lines 1 and 3 (line 2 is ignored since the spectrum

© 2025 Wiley-VCH GmbH
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Figure 8. Possible pathway of methane C—H bond dissociation on a paired Cu®*
denotes one of the Si—-O~

is perturbed by methane adsorption on the active Cu** sites), it
can be seen that the intensity of the band at 44200 cm™
(exhibited by Cu®" cations) decreases by about 1.4 times as the
result of Cu®* site reduction to Cu™ upon methane activation
and transformation. This means that 29% of Cu?" sites
(60 umolg™) participate in the reaction with methane. Accord-
ing to the mechanism presented in Figure 8, methane reaction
with paired Cu®" sites should result in one methoxy group per
two Cu?" cations consumed. Therefore, one can expect the
formation of 30 pmolg™" of methoxy-like species which is close
to the number of the species (24 umolg™) detected by '*C MAS
NMR (vide supra). Thus, the suggested mechanism agrees well
with the quantitative data provided by UV-vis DRS and *C MAS
NMR methods.

Additional confirmation for the suggested mechanism can
be found in "H MAS NMR spectra shown in Figure 9. The spectra
demonstrate that BAS concentration increases after methane
activation on the activated Cu®*/H-ZSM-5 zeolite (Figure 9a and
b), which is predicted by our DFT calculations as shown in
Figure 8. '"H MAS NMR detects bridged Si—O(H)—Al groups (BAS)
at 3.9 and 5-6 ppm (isolated and H-bonded, respectively) and
terminal Si—OH groups at 1.8 ppm.®*

Methanol Formation and Paired Cu** Site Regeneration

We have calculated the energy profile (Figure 10) demonstrat-
ing a further possible pathway of the surface Si—O(CH;)-A

Chem. Eur. J. 2025, 31, €202403167 (8 of 13)
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site resulting in methoxy species formation in Cu®*/H-ZSM-5 zeolite. O,
—Al sites of ZSM-5 zeolite to which a Cu?" cation is attached.

Cu?*/H-ZSM-5

1.8
Si-OH

Si-O(H)-Al

1 r
-5 250 300 350 400

8/ppm HImT

Figure 9. 'H MAS NMR and EPR spectra of Cu>*/H-ZSM-5: activated under
vacuum at 673 K (a), after methane reaction at 523 K for 1 h (b), O,-
regenerated at 773 K for 0.5 h (c), H,0O-treated at 473 K for 1 h (d). Unreacted
methane, O,, and H,O were removed from the zeolite samples (see
Experimental section).

species removal. This can be achieved by water addition which
converts the methoxy species to a methanol molecule and a
new BAS through a step with the activation barrier of
117 kJmol™" (TS3). This step occurs through the intermediate
stabilization of protonated methanol molecule [CH;0H,]*
which, however, has relatively high energy and, therefore,
transforms further to methanol and BAS (deprotonation) with-
out the activation barrier. The formed methanol molecule is
strongly bound to a BAS but can be desorbed from the zeolite
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Figure 10. Possible pathway of methoxy species, formed from methane with the assistance of a paired Cu?" site, transformation to methanol on Cu?*/H-ZSM-
5 zeolite. Oy, denotes one of the Si—-O Al sites of ZSM-5 zeolite to which a Cu>* cation is attached.

by adding another water molecule (the last step in Figure 10),
which has been demonstrated experimentally.®¥ After methane
activation and methanol desorption, the resulting state of the
considered model, representing Cu?*/H-ZSM-5 zeolite, is re-
duced paired Cu™ site, two BAS, and a water molecule
adsorbed.

The formed Cu™ sites are not active for methane activation
and transformation as follows from a recent report® and the
data shown in Figure S9. The regeneration of the copper
species in zeolites can be performed by oxidation with
molecular oxygen®® or water,*? though the latter option is
debatable.®” Here, we studied two possible ways to regenerate
the initial Cu*™ paired sites with O, or H,0 by 'H MAS NMR and
EPR methods, which were used to monitor zeolite BAS and Cu?*
sites, respectively. Figure 9 shows the obtained results. After
methane reaction on the activated Cu®>"/H-ZSM-5 zeolite, BAS
concentration increases and the number of Cu?" cations
decreases simultaneously due to the reduction to Cu* (compare
Figures 9a and b). This is seen by the increased intensity of the
signal at 3.9 ppm and decreased intensity of the EPR resonan-
ces, which become better resolved due to fewer Cu** spins.
Further, the spent zeolite was treated with either O, at 773 K or
H,O at 473K in an attempt to regenerate copper sites.
Figures 9a and ¢ demonstrate that the zeolite returns to its
initial state in terms of BAS and Cu®*" concentration after the
treatment with O,. On the contrary, for the zeolite treated with
H,O, the number of BAS remains almost the same as it was
observed after the reaction with methane, whereas the
concentration of Cu?* cations slightly decreases (compare
Figures 9b and d). This implies that Cu®" cations in ZSM-5
zeolite can be regenerated only by the treatment with O, but
not with H,0O, at least under the conditions of our experiments.

Chem. Eur. J. 2025, 31, €202403167 (9 of 13)

Conclusions

In this study, the mechanism of methane activation on Cu-
modified H-ZSM-5 zeolite (Cu**/H-ZSM-5), loaded with Cu®*
cations, was studied. The zeolite sample was investigated by
UV-vis DRS, EPR, EXAFS, FTIR spectroscopy, and MAS NMR
methods with respect to the state and evolution of the copper
sites and the surface species formed during methane activation
and transformation. The DFT method was applied to analyze
the possible pathways of methane C—H bond dissociation with
the assistance of copper cationic sites in ZSM-5 zeolite.

The state of the copper species was characterized by UV-vis
DRS, EPR, and EXAFS methods during the vacuum activation
and subsequent treatment with O, of the zeolite samples as
well as upon interaction with methane. Our results demonstrate
that, in Cu?*/H-ZSM-5, copper is mostly present in the form of
Cu*" cations, isolated and paired ones.

3C CP/MAS NMR and FTIR spectroscopy detected the
formation of different methoxy-like species from methane
activated on Cu?*/H-ZSM-5. To understand possible pathways
of methane activation on Cu®" cations, DFT calculations were
performed. Although DFT results show that the heterolytic
dissociation, resulting in Cu—CH; species and BAS, is a
preferable pathway for methane C—H bond activation on Cu®*
cations, it occurs only for paired sites. Further transformation of
the Cu—CH, species on paired Cu®" sites could follow the
pathway: (i) methyl radical formation after breaking Cu—C bond
and (ii) the radical recombination with the zeolite Si—-O"—Al site.
This reaction results in additional BAS, surface Si—O(CH,)—Al
species, and two Cu* cations, as observed by MAS NMR, FTIR,
UV-vis DRS, and EPR methods.
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It was experimentally obtained that Cu** cations in ZSM-5
zeolite could be regenerated only by the treatment with O, but
not with H,0.

Experimental

Reagents and Materials

Copper(ll) acetate monohydrate (>98%), methane-">C (99% "C),
were purchased from Aldrich Chemical Co. Inc. CH, (99.9%) and O,
(99.9%) were industrially produced gases. Methane-">C, methane,
and molecular oxygen were used after water trace removal at liquid
nitrogen temperature via freezing and thawing circles.

Zeolite Sample Preparation and Characterization

An H-form of ZSM-5 zeolite (H-ZSM-5) provided by Novosibirsk
Chemical Concentrates Plant, Novosibirsk, Russia was used for
copper species loading. Al and °Si MAS NMR analysis revealed a
Si/Al ratio of 17 and 4% extra-framework aluminum species
(Figure S10). The content of 2.05 wt% for aluminum and 0.09 wt %
and 0.05wt% for iron and sodium impurities, respectively, was
obtained by elemental analysis (ICP-OES).

Zeolite containing Cu’" cations (denoted further as Cu®*/H-ZSM-5)
was prepared by the ion exchange of H-ZSM-5 with copper acetate
solution.”” Copper concentration in the solution was 0.039 M.®®
Weight concentration of the zeolite in water suspension was
10 wt%. After the ion exchange, Cu®*/H-ZSM-5 was dried at 393 K
and further calcined in airflow and 773 K. The sample is referred to
as as-synthesized”. Such sample was kept under ambient atmos-
phere before spectroscopic measurements.

The amount of copper loaded in the Cu>*/H-ZSM-5 sample was
1.38 wt% (Cu/Al=0.29) as obtained by the ICP-OES method. The
state of the copper species was analyzed by UV-vis DRS, EPR, and
EXAFS (vide supra). The sample was also characterized by 'H MAS
NMR method to measure the quantity of Brensted acid sites (BAS,
bridged Si—O(H)—Al groups).”* Table 4 shows some characteristics
for the Cu”*/H-ZSM-5 sample.

Sample Preparation for Spectroscopic Studies

For spectroscopic experiments, zeolite samples were treated
according to the following activation procedure: (i) evacuation at
673 K for 18 h under vacuum with a residual pressure above the
sample of <107°Pa; (ii) treatment with pure O, (industrially
produced gas, 99.9%), if needed, under the static pressure of
500 mbar for 1 h at 673 K followed by evacuation at 423 K for 1 h.
The sample evacuated at 673 K is referred to as ,activated” while
the sample which was additionally treated with O, is referred to as
,O,-treated”. These samples were kept sealed inside the spectro-
scopic cell or NMR ampules before and during spectroscopic
measurements.

For UV-vis DRS experiment, approximately 200 mg of zeolite
powder were activated inside special homemade glassware (Fig-
ure S11) that was directly connected to a UV-vis cell. This cell is
made of optical-grade and UV-transparent quartz glass and
equipped with a valve through which methane can be dosed inside
the cell. Methane (industrially produced gas, 99.9%) was dosed
inside the cell up to the pressure of 100 mbar to study the
interaction of methane with copper sites in situ.
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For EXAFS measurement, approximately 900 mg of zeolite powder
was activated inside a glass ampule. After the activation procedure,
the ampule was sealed off with a micro-torch flame to preserve the
sample. Before the measurement, the ampule was unsealed under
Ar atmosphere inside a glovebox, and the zeolite powder was
transferred into a homemade EXAFS cell.

For *C MAS NMR experiment, a zeolite sample (20-30 mg) was put
into a high-axially symmetric glass ampule (which is made of a
borosilicate glass tube of 3.0 mm outer diameter) and activated
with the procedure mentioned above. After activation, the zeolite
sample was loaded with methane-C, with the concentration of
adsorbed methane being equal to 300 umolg™', at 77 K (liquid
nitrogen) followed by sealing the ampule off with micro-torch
flame. Such glass ampule (length of about 10 mm) could be tightly
inserted in 4 mm zirconia MAS NMR rotors for in situ *C MAS NMR
analysis of the products of methane interaction with copper sites.

EPR measurements were performed using the samples prepared for
B3C MAS NMR experiments by putting them into the borosilicate
glass tube of 5.0 mm outer diameter and 7-inch length (Wilmad
NMR tube).

Zeolite Sample Regeneration

Separate experiments were performed to study possible ap-
proaches to regenerate Cu** sites in Cu®*/H-ZSM-5 zeolite after the
reaction with methane. Four samples were prepared and further
analyzed by 'H MAS NMR and EPR methods. For each sample, the
same amount of zeolite was used (35 mg) which was placed in a
special glass cell of 3.3-3.9 cm? in volume (Figure S12).

To prepare the first sample, Cu?*/H-ZSM-5 zeolite was activated at
673 K for 18 h under vacuum, and a glass cell was sealed off with
micro-torch flame. The activated zeolite was transferred to a MAS
NMR ampule which was further sealed off.

For the second sample, Cu’"/H-ZSM-5 zeolite was activated at
673 K and further exposed to methane pressure. To do that, the
methane was first dosed into a calibrated volume of the vacuum
line at room temperature (296 K) and then transferred into the cell
containing zeolite by freezing with liquid nitrogen. The cell was
sealed off under the residual methane pressure of 14 mbar. The
amount of methane dosed into the calibrated volume was selected
to create a pressure of about 2 bar inside the cell at room
temperature. The sealed cell with the activated zeolite and
methane inside was heated at 523 K for 1 h. Afterward, an excess of
unreacted methane was evacuated from the cell at room temper-
ature up to a pressure of < 107> Pa. The cell was again sealed off,
zeolite was transferred into an ampule which was sealed off.

To prepare the third sample, Cu**/H-ZSM-5 zeolite was activated at
673 K and reacted with methane at 523 K (following the procedure
described above). Then, methane was removed from the cell and
the zeolite was exposed to a static pressure of O, (600 mbar) at
773K for 0.5h (the cell was connected to the vacuum line).
Afterward, the O,-regenerated zeolite was again evacuated under
vacuum at 673 K for 18 h, with the cell and NMR ampule being
subsequently sealed off.

The fourth sample was prepared as follows. Cu®>*/H-ZSM-5 zeolite
was activated at 673 K and reacted with methane at 523 K, with
methane being further evacuated. Then, the zeolite was exposed to
H,O pressure of 25 mbar at 296 K. H,0O vapor was transferred into
the cell containing zeolite at 77 K. The cell was sealed off and
heated at 473K for 1 h. The water was removed from the H,O-
treated zeolite under vacuum at 473K for 3 h followed by
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evacuation at 673 K for 18 h. The NMR ampule with the zeolite
inside was sealed off.

All four samples were studied with '"H MAS NMR and EPR methods.
For the study with EPR, MAS NMR ampule with the zeolite sample
was inserted into the borosilicate glass tube of 5.0 mm outer
diameter and 7-inch length (Wilmad NMR tube).

Ultraviolet-Visible Near-Infrared Diffuse Reflectance (UV-vis
DR) Spectroscopy

A Shimadzu UV-2501 PC spectrophotometer equipped with an ISR-
240 diffuse reflectance accessory was used to record the UV-vis DR
spectra. The spectral range of 11000-53000 cm™' was monitored
with respect to the BaSO, reflectance standard. The obtained
spectra are presented in the Kubelka-Munk units: F(R,) vs wave-
number.

Electron Paramagnetic Resonance Spectroscopy

Pulse EPR measurements were carried out at a temperature of
liquid nitrogen (about 77 K) using a CMS 8400 spectrometer. The
following parameters were used for EPR spectra acquisition: work-
ing frequency of 9.4 GHz, modulation amplitude of the magnetic
field of 0.5 mT, modulation frequency of 100 kHz, and magnetic
field sweep rate of 1 mT/s. The values of the g-factors for the
signals were determined using an external standard, 107> M TEMPO
solution in toluene (g=2.00). For quantitative assessment of Cu®"
spin concentration, a monocrystal of CuCl,x2H,0 was used as an
external standard with a spin number of 3.3x10". The relative
accuracy of the approach is about 30%.

Solid State Magic Angle Spinning Nuclear Magnetic
Resonance Spectroscopy (SS MAS NMR)

NMR spectra were recorded using a Bruker Avance-400 spectrom-
eter (9.4T) equipped with a broad-band double-resonance MAS
probe. The chemical shift was referenced® to TMS for 'H, **C, and
Si NMR spectra and 0.1 M AI(NO,); solution for Al NMR with an
accuracy of 0.1 ppm.””!

The glass ampules with the samples of activated zeolite were
inserted into the zirconia rotor that was spun at 5kHz by
compressed air. For 'H MAS NMR spectra Hahn-echo pulse
sequence m/2 —t—m—T acquisition, where t is equal to one rotor
period, was used. /2 pulse of 6.0 us was used for proton excitation.
32 scans with a 60 s delay were accumulated. *C MAS NMR spectra
were obtained with high-power decoupling, and 2000 scans with
5 s delay were recorded. For *C CP/MAS NMR spectra, the proton
high power decoupling field strength was 11.7 G (5.0 us length of
90° 'H pulse); contact time was 2ms at the Hartmann—Hahn
matching condition of 50 kHz; the delay between scans was 2 s.
40000 scans were acquired.

YAl and #Si NMR spectra were recorded with the use of 4 mm
rotors filled with zeolite powder preliminary kept under a moist
atmosphere for several hours. A spinning rate of 10-15 kHz was
used. Al MAS NMR spectra were obtained with a short 0.6 us pulse
(n/12), and 10 000 scans were accumulated with a 0.5s recycle
delay. *Si MAS NMR spectra were recorded with a 5.0 ps pulse (1/2)
and 60 s repetition time, and 1000 scans were acquired for signal
accumulation.

Chem. Eur. J. 2025, 31, €202403167 (11 of 13)

Density Functional Theory Calculations

ZSM-5 zeolite unit cell of the MFI framework type was represented
by the molecular clusters containing 40 T-atoms (for isolated Cu®*
site) and 34 T-atoms (for paired Cu?*...Cu*" sites) (Figure S13). The
initial MFI-type structure was taken from the Database of Zeolite
Structures."” To compensate for the charge of extra-framework
Cu?* cation, aluminum atoms were placed in T7 and T12 positions
of the ZSM-5 framework.® For the structures with two Cu®"
cations, two pairs of silicon atoms at T5 and T11 positions were
replaced with aluminum atoms. The terminal framework oxygen
atoms in the clusters were replaced by H atoms at distances of
1.47 A from Si atoms. These H atoms were fixed during all geometry
optimizations to avoid unrealistic distortions of the zeolite
framework.””!

Spin-unrestricted DFT calculations were carried out using the ORCA
5.0.2 program package.”" Hybrid exchange-correlational PBEO func-
tional was used to describe the exchange-correlational term."? To
account for the dispersion interactions, D3BJ correction was
applied.”™ 6-31G* basis set*” was used for the zeolite framework
(Si, Al, O) and terminal H atoms (Himina) While def2-TZVP basis
set®” was applied for the extra-framework atoms (Cu, C, H).
Transition states were identified using the CI-NEB procedure® as
implemented in ORCA.*"

For all calculations by ORCA, the default convergence criteria were
used. Specifically, the SCF iteration was considered converged
when the energy difference between successive steps was less than
1x10°® Hartree. The geometry optimization was considered com-
plete when the energy difference between successive geometries
was less than 5x107® Hartree, and the root-mean-square and
maximum energy gradients were less than 1x10°* Hartree/Bohr
and 3x10°* Hartree/Bohr, respectively.

Extended X-Ray Absorption Fine Structure (EXAFS)

The EXAFS (Cu—K edge) spectra for all studied samples were
recorded at EXAFS Station of the VEPP-3/VEPP-4 M complex™” at
the Siberian Synchrotron and Terahertz Radiation Center (SSTRC,
Novosibirsk) under transmission and fluorescent modes using
electron energy of 2 GeV and an average storage ring current of
100 mA during the measurements. A channel-cut Si(111) mono-
chromator was used. The EXAFS spectra were measured using
ionizing chambers and fluorescent detectors with a step size of
approximately 1.5 eV.

The y(k) oscillations were extracted by the standard procedure.*®

The pre-edge part was extrapolated to the EXAFS oscillation region
with Victoreen polynomials. The smooth region of the absorption
spectrum was formed by the cubic splines. The inflection point of
the absorption edge was used as the initial point E, of the EXAFS
spectrum. The atomic radial distribution functions (RDF) were
derived using the Fourier transform modulus K*y(k) in the wave-
number interval of 3.0-12.5 A~". The structural information, i.e.,
distances (R) and coordination numbers (CN), was obtained by
simulating the spectra with VIPER"® and EXCURV92" codes after
preliminary resorting with Fourier filtering to published X-ray
diffraction data for the reference bulk compounds"' at fixed
Debye — Waller factors. The interatomic distances (R) were deter-
mined with a standard accuracy of 0.02-0.03 A. The accuracy for
determining coordination numbers (CN) was 10-15%. Fixed values
of Debye factors were 0.007-0.008 A% The values of the R-factor
were within 2-3%. The amplitude reduction factor (S, was fixed to
0.9. The values of the E, were within —3-0 eV. The obtained values
of the R-factor were no more than 3%.
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Supporting Information Summary

The authors have cited additional references within the
Supporting Information.®” The Supporting Information includes
the following data. Experimental details on reagents and
materials, zeolite sample preparation and characterization,
parameters used for spectroscopic measurements and DFT
calculations. EXAFS structural data of the local Cu arrangement
for the reference materials. Cu 2p and Cu LMM core-level XPS
spectra of the activated Cu®*/H-ZSM-5 zeolite. Powder XRD
pattern, HAADF-STEM and EDX elemental mapping images of
as-synthesized Cu®*/H-ZSM-5 zeolite. UV-vis DR spectrum of the
parent H-ZSM-5 zeolite. "C (CP) MAS NMR spectra of
methane-"C adsorbed on Cu?*/H-ZSM-5 samples. FTIR spectra
of methane adsorbed on the activated Cu®*/H-ZSM-5 zeolite.
Léwdin spin population on paired Cu®* site. **Si MAS NMR and
Al MAS NMR spectra of the parent H-ZSM-5 zeolite. The
schematic picture of the homemade UV-vis DRS cell used. The
photos of homemade Pyrex glass cells. The cluster models of
ZSM-5 zeolite.
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