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Abstract

We combine in situ XAS and DFT to determine the local structure of Cu(l) ions in the Cu-exchanged mordenite
(MOR) zeolite, one of the most promising materials for the selective oxidation of methane to methanol. Data
analysis points to a quasi-linear coordination geometry in the MOR side pocket and suggests that ca. 20% of the
Cu-ions exist as coupled di-copper(I) species, paving the way for more detailed structural refinements.
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1. Introduction

The selective oxidation of methane to methanol (MTM) represents a holy grail, having the potential to
revolutionize the energy sector and the chemical industry. Cu-exchanged zeolites are able to cleave the C-H bond
of CHy, stabilizing intermediate methyl species, which are released in the form of oxygenates (i.e. CH;OH) upon
interaction with H,O (Ravi et al., 2017; Snyder et al., 2018). Depending on the zeolite topology, a number of
active Cu-oxo species have been proposed to form during high-temperature activation in O, (Groothaert et al.,
2005; Grundner et al., 2015; Pappas et al., 2017; Pappas et al., 2018; Sushkevich et al., 2017; Tsai et al., 2014;
Vanelderen et al., 2015). However, the exact nature of the Cu active sites and the routes leading to their
stabilization are still debated.

The unique structural/electronic sensitivity of X-ray absorption spectroscopy (XAS) assisted by Density
Functional Theory (DFT) modelling has enabled remarkable advances in this direction (Bordiga et al., 2013;
Borfecchia et al., 2018a; Borfecchia et al., 2015; Martini et al., 2017).

Cu-zeolites are known to undergo the so called ‘self-reduction’, yielding large populations of Cu(l) ions after
thermal treatment in vacuum or inert gas flow (Borfecchia et al., 2015; Sushkevich and van Bokhoven, 2018;
Turnes Palomino et al., 2000). In our previous work on Cu-chabazite, we showed how interaction of these Cu(I)
ions with O; at 500 °C drives the material into a highly active state towards MTM (Pappas et al., 2017). Thus, a
detailed characterization of the Cu(]) state represents a crucial starting point in investigating its reaction with O to
active-O,/Cu(Il) moieties relevant to the MTM conversion.

Herein, we apply DFT-assisted XAS analysis to investigate the local structure of Cu(l) ions in Cu-MOR,
representing one of the most productive materials reported to date for MTM. The obtained results provide
experimental support to previous proposals of quasi-linear Cu(I) species in the so-called MOR side pocket (Tsai et
al., 2014; Vanelderen et al., 2015).

2. Materials and Methods

In situ XAS was collected on the BM23 beamline (Mathon et al., 2015) of the European Synchrotron Radiation
Facility (ESRF, Grenoble, France) on a Cu-MOR zeolite (Cu/Al=0.36, Si/Al=11, Cu 3.18 wt%, as determined by
EDS compositional analysis) synthesized as reported elsewhere (Borfecchia et al., 2018b). The material was
prepared in the form of a self-supporting pellet of optimized mass and activated at 400 °C inside a devoted glass
cell equipped with kapton windows, which allows to perform measurements under controlled atmosphere. After
activation, the sample was cooled under vacuum and measured at room temperature (RT). Cu K-edge XAS
spectra were collected in transmission mode, using a Si(111) double-crystal monochromator. The incident and
transmitted X-ray intensities were detected using ionization chambers filled with a He/Ar mixture. To characterize
the Cu(I)-MOR state, we collected four consecutive XAS scans in the 8800-9995 eV range (25 min/scan). After
energy alignment and normalization to the edge-jump using Athena (Ravel and Newville, 2005), the four ux(E)
curves were averaged. The corresponding k*-weighted ¥ (k) function (Fig. 1b) was Fourier transformed (FT) in the
Ak = (2.4-12.0) A™! range.

The EXAFS fits were performed in R-space, in the AR = 1.0-5.0 A range, using Arthemis (Ravel and Newville,
2005). Phase and amplitude of each path were firstly calculated using as starting guess the DFT-optimized
ZCu(I)@MORsp geometry (Fig. 2a). We included all the single scattering (SS) paths involving O and Al/Si atoms
(referred to as Ogy and T, respectively) in the investigated R range. To limit the number of optimized variables,
all the included SS paths were optimized with the same amplitude factor (So?) and energy shift (AE), both guessed
in this initial fit. A subsequent fit included an additional Cu—Cu SS path, parametrized with fixed o’c, = 0.008 A2
and guessed coordination number Nc,. Here, So> was fixed to the best-fit value of 0.85 obtained in the first fit, to
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avoid excessively high correlations with Ncy. In both fits, the O/Si SS paths in the 3-5 A range from the absorber
were parametrized by a common contraction/expansion factor oy and a DW factor 62..fy increasing as the
square root of the path length Resr (Borfecchia et al., 2015).

For DFT analysis, clusters of increasing sizes were extracted from the periodic structure of the MOR zeolite taken
from the database of structures which is maintained by the IZA (Baerlocher and McCusker, 1996). Dangling
bonds were saturated with hydrogen atoms at a bond length of 0.96 A along the corresponding O-Si bonds of the
crystal resulting in T-OH type clusters. One (or two) Si atom(s) at T3 site were replaced by Al leading to charged
clusters. Si, O, and Al atoms in the 8 MR of the side pocket hosting the Al-substituted T sites and the Cu(I) ions
were allowed to relax whereas the remaining atoms were kept fixed to maintain the rigidity of the crystalline
zeolite. Convergence tests were performed for cluster size considering the adsorption energy of Cu(I) ions at the
Al-substituted T sites (Fermann et al., 2005). These calculations converged for clusters with radii larger than 5 A,
containing at least 22 tetrahedral (Si or Al) atoms and showed a good agreement with the approach of designing
zeolite clusters proposed by (Migues et al., 2015). All calculations have been carried out within Gaussian 09,
Revision D. 01 (Frisch, 2016). Cu-MOR structures were optimized by the Kohn-Sham DFT (Kohn and Sham,
1965; Parr and Yang, 1994). DFT energies were determined using the Becke’s three-parameters hybrid exchange-
correlation functional, B3LYP (Becke, 1993; Lee et al., 1988). For Cu(l) ions, Si, O and H atoms, the non-
relativistic effective core potential (ECP) and LanL.2DZ (Hay and Wadt, 1985) basis sets were used. Such basis
sets are largely used to study molecules or clusters containing transition metals. Optimized geometries were
characterized as minima (zero imaginary frequencies) evaluating the second-order derivative matrix from the
vibrational analysis.

3. Results and discussion

Fig. 1 reports the in situ XAS data for the investigated Cu-MOR zeolite, after thermal treatment in vacuum at 400
°C and cooling to RT. From the XANES (Fig. 1a), it is clear that the Cu ions in the systems exist in a virtually
pure Cu(l) oxidation state. Within the resolution of our measurements, no trace of the pre-edge peak arising from
s —3d transition in d° Cu(Il) ions is detected. The XANES is dominated by a prominent rising-edge peak at
8982.5 eV, assigned to the 1s —4p transition in Cu(l) ions. The rising-edge peak is only slightly less intense than
the white-line peak at 8994.5 eV. Overall, the XANES for Cu(I)-MOR closely resembles the one of the linear
[Cu(I)(NH3)2]" model compound (Giordanino et al., 2014; Janssens et al., 2015). In line with previous Cu K-edge
XANES studies (Kau et al., 1987; Solomon et al., 2014), the characteristic XANES features observed here point
to quasi-linear Cu(]) sites. Notably, similar XANES features are detected under operando conditions during the
MTM process over Cu-MOR, after interaction of CH4 with the Os-activated materials (Borfecchia et al., 2018b).
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Fig. 1. (a) In situ Cu K-edge XANES of the investigated Cu(I)-MOR zeolite obtained after activation at 400 °C in vacuum compared
with the XANES of the perfectly linear [Cu(I)(NH3)2]* model compound (Janssens et al., 2015). (b) Correspondent k?y(k) EXAFS
spectra; the k-range employed for the FT (2.4-12.0 A™") is highlighted by an orange box. (c, d) Phase-uncorrected (c) modulus and (d)
imaginary part of the FT-EXAFS spectra of Cu(I)-MOR and [Cu(I)(NH3)2]".

In the phase-uncorrected FT-EXAFS, we note a first maximum at 1.5 A, with a broad shoulder at 2.1 A. At longer
R-values, only a broad feature peaking at 3.9 A is observed. The first shell intensity is compatible with the one
observed for the [Cu(I)(NH3)2]" model compound, suggesting the presence of two framework O atoms (Olyy) in
the first coordination shell of Cu. To get further insights in the local structure of Cu(I) ions, we turned to DTF-
assisted EXAFS analysis. Here, computational analysis is employed as a guide in defining the absorber local
environment, i.e. number/type of coordination shells and related coordination numbers (Borfecchia et al., 2015),
avoiding excessively high correlations among fitting parameters. Driven by previous studies on Cu(I) in the MFI
(Tsai et al., 2014) and MOR (Vanelderen et al., 2015) frameworks, we explored the coordination of Cu(l) inside




the side-pocket (SP) of the MOR zeolite. By DFT, we considered both a monomeric Cu(l) site (Fig. 2a) and a
coupled Cu(I)---Cu(I) site (Fig. 2b). In both cases, DFT confirms a quasi-linear geometry for Cu(l) sites,
coordinated to two Ol atoms with bond angles of about 144°. The second-shell environment is composed by an
additional O24, atom and, at slightly longer distances, a Si atom and the charge-balancing Al one. For the coupled
Cu(I)---Cu(I) model, DFT indicates a Cu—Cu distance of 3.57 A.

Initially, we fitted the experimental spectrum of Cu(I)-MOR using the ZCu(I) @MORsp model as starting input
(Fig. 2c,d). Overall, the model provided a good reproduction of the experimental data up to 3.5 A, with an R-
factor value < 1% and physically meaningful values of all the optimized parameters (Table 1).
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Fig. 2. (a) DFT-optimized model of ZCu(I)@MORsp (Cu, green; O, red; Si, grey; Al, yellow). DFT distances from the Cu center (A)

and O1sCuO1lsv bond angles (°) are indicated. (b) The same as part (a) but for ZCu(I)---Cu()@MORsp. (c, d) Comparison between

experimental and best fit FT-EXAFS spectra (magnitude and imaginary parts in parts (c) and (d), respectively) using the

ZCu(I)@MORsp as initial guess. The principal contributions to the EXAFS signal are also reported, vertically translated for clarity.
(e, f) The same as parts (c, d) but adding a Cu-Cu SS path in the fit model.

Table 1. Best-fit parameters optimized in the EXAFS fit of the k?>-weighted spectra of Cu(I)-MOR.
Fit parameters ZCu(I) @MORsp ZCu(l) ---Cu()Z @MORsp

DFT EXAFS DFT EXAFS
So? 0.85 % 0.05 0.85
AE (eV) -5+1 -5+l
Fit R-factor 0.00836 0.00768
n° par. (n° ind.) 10 (26) 11 (26)
Noiw 2 2
<Roiw>(A) 207 1.923+0.002 2.052.11*  1.923+0.002
doitw(A?) 0.0038 + 0.0004 0.0038 + 0.0004
Nozfw 1 1
Roztw (A) 2.36 2.39+0.01 2.32/2.26* 2.39+£0.01
o (A?) 0.015 + 0.002 0.013 £ 0.002
Nrew 2 2
<Rriw> (A) 291 2.93+0.01 2.90/2.89° 2.93+0.01
1w (A?) 0.016 + 0.002 0.015 + 0.003
Ncu _ 0.2+0.1
Rcu(A) - _ 3.57 4.37+0.05
Pcu(A?) _ 0.008 + 0.002
Otfar-fiw —0.05+0.01 —0.05+0.01
Ptar-tw (A?) 0.02+0.01 0.02+0.01

2Values for sites 1 and 2, respectively (see ZCu(I)---Cu(I)Z@MORsp geometry in Fig. 2b).

The EXAFS-optimized Cu—O1y, bond length is ~ 0.15 A shorter than the DFT one, while the other are structural
parameters are globally in fair agreement with the optimized geometry. Nonetheless, the high DWs values
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obtained for the Oz and Ty contributions evidence a high level of structural disorder in the second coordination
sphere of Cu(l) ions. Fitting results allow us to rationalize the absence of a well-defined second-shell peak with
the partial antiphase between SS involving the O2s, and Ty atoms, together with small but significant structural
differences among Cu(I) species hosted at different Al sites in the zeolite. Nonetheless, the broad EXAFS feature
centred at ca. 3.9 A in the experimental spectrum was not reproduced by the ZCu(I)@MORsp model (insets of Fig.
2¢,d).

DFT results show how the same coordination mode is still kept for both mono-copper and coupled di-copper sites.
Thus, we have repeated the fit including an additional Cu—Cu SS path to assess the presence and the abundance of
ZCu(I)---Cu(I)Z cores (Fig. 2e,f). While the best-fit EXAFS parameters remained largely unchanged with respect
to the initial fit (Table 1), the additional Cu—Cu contribution allowed us to significantly improve the signal
reproduction in the high-R range (insets of Fig. 2e,f). EXAFS analysis suggests that 20 = 10 % of Cu ions in the
system participate into such coupled configurations. However, the Cu—Cu distance refined from EXAFS, 4.37 +
0.05 A, significantly exceeds the one predicted by DFT. It is clear that experimental peak we are attempting to
reproduce consists in a broad feature, most likely reflecting a broad distribution of Cu—Cu distances, depending on
Al siting in the zeolite lattice as well as on the higher mobility of Cu(I) ions with respect to Cu(Il) ones (Goltl et
al., 2016). Overall, the proposed models resulted in a satisfactory but preliminary fit to the data, paving the way to
future work needed to fully reproduce the experimental signal.

4. Conclusions

In this work we combined in situ XAS and computational modelling to characterize the local structure of Cu(I)
ions in the MOR zeolite. The characteristic XANES features suggest quasi-linear Cu(I) species coordinated to two
framework oxygens. DFT optimization of mono-copper(l) and coupled di-copper(l) species in the MOR side
pocked confirms the qualitative insights from XANES. DFT-assisted EXAFS fits further corroborated the local
structure of Cu(l) species. EXAFS analysis evidenced a quite high level of structural disorder from the second
coordination sphere of the cations, as well as the presence of long-range Cu—Cu contributions involving ca. 20%
of the Cu ions. These results represent the first step towards a more detailed structural analysis of Cu(l) ions in the
MOR framework. Moreover, the obtained insights will pave the way to future computational/spectroscopic studies
targeting to the interaction of O, with the Cu(l) species characterized here, of relevance in designing selective
oxidation processes for the valorisation of the lowest alkanes.
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